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Preface

The present book includes extended and revised versions of a set of selected papers
from the 6th International Conference on Simulation and Modeling Methodologies,
Technologies and Applications (SIMULTECH 2016), held in Lisbon, Portugal, in
the period July 29-31, 2016.

SIMULTECH 2016 received 76 paper submissions from 35 countries, of which
29% were included in this book. The papers were selected by the event chairs, and
their selection is based on a number of criteria that include the reviews and sug-
gested comments provided by the program committee members, the session chairs’
assessments, and also the program chairs’ global view of all papers included in the
technical program. The authors of selected papers were then invited to submit a
revised and extended version of their papers having at least 30% new material.

The purpose of the 6th International Conference on Simulation and Modeling
Methodologies, Technologies and Applications (SIMULTECH 2016) was to bring
together researchers, engineers, applied mathematicians, and practitioners interested
in the advances and applications in the field of system simulation. Four simulta-
neous tracks were held, covering on one side domain independent methodologies
and technologies and on the other side practical work developed in specific
application areas. The specific topics listed under each of these tracks highlight the
interest of this conference in aspects related to computing, including Conceptual
Modeling, Agent-Based Modeling and Simulation, Interoperability, Ontologies,
Knowledge-Based Decision Support, Petri Nets, Business Process Modeling and
Simulation.

The papers selected to be included in this book contribute to the understanding
of relevant trends of current research on Simulation and Modeling Methodologies,
Technologies and Applications, including Discrete-Event Simulation, Image
Simulation, Cluster Simulation, and Agent-based Simulation.

We would like to thank all the authors for their contributions and also to thank
the reviewers who have helped ensuring the quality of this publication.

April 2017 Mohammad S. Obaidat
Tuncer Oren
Yuri Merkuryev
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Credibility, Validity and Testing of Dynamic
Simulation Models

Yaman Barlas®™®
Industrial Engineering Department, SESDYN Lab, Bogazi¢i University,
34342 Bebek, Istanbul, Turkey
ybarlas@boun. edu. tr
http: //www. ie. boun. edu. tr/labs/sesdyn/

Abstract. Also called ‘model validity’ testing, model credibility evaluation has
always been a controversial issue in any modeling methodology. We briefly
discuss why this important notion is so controversial. To this end, we classify
major types of models, particularly as they impact the notion of model credi-
bility: i- Purely statistical forecasting (black box) models, and ii-
Causal-descriptive policy (transparent) models. We then focus on what makes
causal-descriptive model credibility and evaluation unique and quite difficult,
compared to short-term forecasting models. One important result is that
causal-descriptive model credibility consists of two different aspects: structural
and behavioral. In most simulation modeling (particularly system dynamics
policy simulation), establishing structure credibility must strictly precede be-
havior credibility; the latter has no value without the former. We thus discuss
Structural tests and output behavior tests for dynamic simulation models sep-
arately. Structure tests can further be classified into direct and indirect structure
tests. We place special emphasis on indirect structure tests. We also provide a
quick overview of recent model testing software developed in SESDYN Lab-
oratory at Bogazi¢i University. Finally we discuss model credibility in broader
context and some implementation issues.

1 Introduction

Model credibility and validity have long been recognized as one of the main issues in
simulation and modeling in general [1, 3, 5, 9-11, 13-17, 19, 20, 21, 23]. A main
difficulty comes from the fact that two different types of models necessitate two very
different approaches to model credibility testing. Credibility of a causal-descriptive
(theory-like, “transparent”) model is critically different from that of a purely correla-
tional (data-driven, “black-box) model [3, 5]. In purely correlational (black-box)
modeling, since there is no claim of a causal, meaningful structure, the model is
assessed valid if its output behavior matches real output data within some specified
range of accuracy, without any questioning of the credibility of the relationships that
constitute the model. For such models, model validity essentially means the validity of
the output behavior. Models that are built primarily for short term forecasting purpose
(such as time-series or regression models) belong to this category. On the other hand,
causal-descriptive (transparent) models are hypotheses as to how real systems actually

© Springer International Publishing AG 2018

M.S. Obaidat et al. (eds.), Simulation and Modeling Methodologies, Technologies
and Applications, Advances in Intelligent Systems and Computing 676,
https://doi.org/10.1007/978-3-319-69832-8__1



4 Y. Barlas

operate in creating the dynamics of interest. In this case, generating an “accurate”
output behavior is not sufficient for model credibility; what is crucial is the validity of
the internal structure of the model. The model structure is defined to be the totality of
the relationships that exist in the model. A descriptive policy-oriented model must not
only reproduce/predict the real behavior, but must also explain how the behavior is
generated, and be able to suggest ways of improving the existing behavior. Most
dynamic simulation models, particularly policy-design-oriented ones (such as system
dynamics models) fall in this category.

In this article we focus on credibility of causal-descriptive simulation (transparent)
models. Since these models are hypotheses about how systems actually operate in real
life, testing of such models faces a fundamental philosophical challenge: is it possible
to ‘prove’ conclusively the truth of any given scientific hypothesis? This fundamental
and unresolved philosophy of science question is discussed in the context of model
validation by Barlas and Carpenter [5]. To summarize very briefly, there are two
opposing schools in approaching this question: The logical positivist (empiricist)
school argues that by a proper method and enough data, it is philosophically possible to
prove conclusively the truth of a scientific hypothesis. The implication of this radical
philosophy for model validation is that a model is meaningless unless its validity is
‘proven’ by a standard method and enough data. There is no gray area, no ‘degrees of
validity’ and any claim of validity must be supported by data. According to the
opposing (relativist, conversationalist) philosophical school however, truth of a sci-
entific hypothesis can never be positively and conclusively proven, no matter what
method is used and how much data are processed. ‘Truth’ of scientific hypotheses do
not have final and rigid ‘yes or no’ answers; hypotheses are assumed to be ‘true’
temporarily and a result of a holistic (scientific and social; objective and subjective)
process, until better hypotheses are developed. The implication for model validity is
that there are degrees of model validity established gradually by multiple inputs (both
quantitative and qualitative data, both scientific and social), and a critical dimension of
model credibility is its usefulness with respect to a purpose. In this paper we submit
that this relativist-conversationalist philosophy is more appropriate in discussing
credibility of simulation models.

As mentioned above, validation of a causal-descriptive simulation model consists
of two main components: structure testing and behavior testing. Structure validation
means establishing that the relationships used in the model are an adequate represen-
tation of the real relationships, with respect to the purpose of the study. Behavior
validation consists of demonstrating that the behavior of the model is “close enough” to
the observed real behavior. For transparent models, there is no point in testing the
behavior validity, until the model demonstrates an acceptable level of structure validity.
The model would be refuted if a relationship in the model conflicts with a
known/established “real relationship”, even if the output behavior of the model matches
well the observed system behavior. For causal-descriptive models, validity ultimately
means credibility of the internal structure of the model, and structure validation must
precede behavior validation. (See [3] for more discussion).

In the following sections, we first discuss structure credibility, its different
dimensions and some specific test methods. Next we discuss output behavior
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credibility and some selected tests and tools. We conclude with some observations on
implementation problems, avenues for improvements and further research.

2 Structure Credibility Testing

As defined above, structure is defined to be the totality of relations that exist in a system
(model or real system). Testing the credibility of model structure, as explained above, is
the essence of model credibility for causal-descriptive models, so it must precede output
behavior validity testing. (See Fig. 1). Testing the credibility of model structure consists
of two types of tests: 1- direct structure testing, 2- indirect structure testing [3]. Direct
structure tests assess the credibility of the model structure, by direct comparison with
knowledge about real system structure. This involves taking each relationship (mathe-
matical equation or some form of relationship) individually and comparing it with
available knowledge about real system. There is no simulation involved and these tests
are highly qualitative in nature. Indirect structure tests, on the other hand assess the
credibility of the structure indirectly, by applying some special behavior tests on
model-generated behavior patterns. (See [7, 11]). Different than direct structure tests,
these tests involve simulations, so they are relatively more quantitative in nature.

Structure Validity

4 A

Behavior Validity

?gzes:: ztt:r e Tests Indirect Structure Tests
* Structure-confirmation test : Extremme-condiion test { \
*p " frmation test Behavior sensitivity test -
arameler-contirmanon tes * Boundary adequacy test Behavior Pattern Tests
* Direct extreme-condition test ary adequacy *
Model PRCnatir e * Phase relationship test BTS Software
Completed =2 (Fm‘;er s Senge 1980) ¥ test | * Qualitative Features Analysis 3> EBarlas 1985, 1)9893, 1996 and 1997)
. * Qi Sterman 1984
(Richardson and Pugh 1981) F Slts So:tswarelgsu (Forrester and Senge 1980)
(Barlas 1996) (Forrester and Senge 1980) =
o Some Implementation Methods: (Barlas 1985, 198%b and 1996)
* Formal Inspections/Reviews (Peterson and Eberlein 1994)
* Walkthroughs (Carson and Flood 1990)

Model Purpose,
(Problem ID)

Fig. 1. The main components and logical order of model credibility testing.

2.1 Direct Structure Tests

Direct assessment of model structures is crucial in model credibility, but the difficulty is
that such tests are highly qualitative and judgmental by nature. For instance, ‘structure
confirmation test’ involves taking each equation and asking: does such a (similar)
relationship exist in reality? [3, 11]. To establish structure validity, the answer to this
question must be ‘yes’ for each equation in the model. But answering this question
cannot be quantified, nor can it be automated. Different people may express different
opinions in such tests. Hence, direct structure tests are critically important conceptually,
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but weak in application. Another important direct structure test is ‘parameter confir-
mation’ test that requires that each parameter in each equation has a real life meaning
that can be explained and defended -in other words meaningless, dummy parameters
are not allowed. There are two direct structure tests that are particularly important,
because they are more quantitative and objective in nature. The first one is ‘unit
consistency test’ that requires that the units of variables and parameters in each
equation must automatically (naturally) give the unit of the left hand side variable,
without using any dummy parameters to make the units match [3, 11, 22]. This test is
an absolute requirement that all equation-based models must pass. Also note that this
test is strongly related to (must be applied together with) the parameter confirmation
test above. The other important and relatively quantitative direct structure test is ‘direct
extreme condition test’ that requires that each equation must yield ‘logically defend-
able’ extreme values, when the input variables and/or parameters are set at extremes [3,
11, 22]. This is in a sense a ‘stress’ test applied to each equation; if the equation has a
logical weakness (hidden in normal operating range of inputs), the weakness may be
revealed under extreme input conditions. Some other direct structure tests are shown in
Fig. 1, in the first box. By their nature, the principles of direct structure credibility and
related tests are much more useful when they are applied as ‘model equation writing
principles’ during model construction (rather than as ‘validity tests’ after the model has
been completed. This point will be discussed below, under Building High-quality
Models versus Testing Structure Validity.

2.2 Indirect Structure Tests

Indirect structure tests assess the validity of model structure indirectly, by applying
selected behavior tests on model-generated behavior patterns. (See [7, 11]). These tests
involve simulation, and can be applied to the entire model, as well as to isolated model
sub-structures. For example, extreme-condition simulation test involves assigning
extreme values to selected parameters and comparing the model-generated behaviors to
the “anticipated” (or observed) behaviors of the real system under the same (or similar)
extreme condition. (See [7] for illustrations). Indirect structure tests can be interpreted
as strong behavior tests that can provide information on potential structural flaws. Their
main advantage over direct structure tests is that they are much more suitable to
formalize and quantify, since they involve simulations and output assessments. Other
early examples of indirect structure tests include boundary adequacy test, phase rela-
tionship test [11], “Qualitative Features Analysis” by Carson & Flood [9] and the
“Reality Check” feature of VENSIM simulation software [18]. In this article, we
present a general method and software that we developed for indirect structure testing.

‘Indirect structure testing software’ (ISTS) is a computerized algorithm that seeks to
automate indirect structure credibility testing [12]. In indirect structure tests, the
modeler makes a claim of the form: “if the system operated under some condition C,
the behavior B should result”. The model is then simulated under condition C and is
said to “pass” this test, if the resulting model behavior is similar to the expected
behavior B. In the automated structure-oriented behavior testing environment, the
modeler hypothesizes a dynamic behavior by choosing a dynamic pattern from a
template of all basic patterns (summarized in Fig. 2). The computerized algorithm then
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1. Constant

ZFRO CONST
2. Growth
PLINR PEXCR NEXCR SSHGR

3. Decline

NLINR PEXDC NEXDC SSHDC

4. Growth-and-decline

CR*D* (with varianis GR1DA, GR1DB, C+PED ( with variants G1PED
CR2DA, and GR2DB) and G2PED)

5. Decline-and-growth.

D*CR* (with variants DICRA, DIGRB, D*PEG (with vaxiants D1PEG
D2GRA, and D2GRB)} and D2PEG)

6. Oscillatory

OSCCT OSCGR OsSCDC

Fig. 2. Template of basic dynamic patterns.

takes the dynamic behavior generated by the model, “recognizes” it and tests if it
belongs to the pattern class hypothesized by the modeler. ISTS is thus essentially a
‘dynamic pattern recognition’ algorithm. The algorithm used is a pattern
recognizer/classifier based on Hidden Markov Models (HMM). The statistical pattern
recognition is achieved by a classification of feature vectors extracted from the data.
Hidden Markov Models do not represent the whole data with a single feature vector. In
HMM-based pattern recognition, one dimensional data is divided into segments and a
sequence of feature vectors is extracted. (An alternative approach to dynamic pattern
recognition problem is presented in [25, 26]). In the dynamic behavior recognition
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problem, a dynamic behavior can be denoted by a sequence y(k), k = I, 2, ..... , K,
where K is the number of data points. As depicted in Fig. 3, such a signal would be a
somewhat distorted (or “noisy’’) version of one of the patterns given in the template of
Fig. 2. The next step is to extract features from each data segment. Basic dynamic
patterns are characterized by successive time segments of growth or decline and their
trends (as growing or declining rates). Therefore, it is reasonable to form the feature
vector using the slope and 2™ derivative (“curvature”) information of the data in each
segment. The features can be obtained by fitting polynomials to each segment data. The
slope of the first-order polynomial provides trend information, which is growth, decline
or constant. The second-order polynomial can be used to obtain the second derivative,
which will yield the curvature information. In addition to slope and curvature, the level
of the selected variable also provides useful information. Thus, the segment mean level
becomes the third element of the feature vector. In summary, each feature vector is
M = 3 dimensional and given by three components; slope, curvature, and mean. By
comparing the feature vectors computed from a given output behavior (as in Fig. 3) to
the feature vectors that characterize the predefined pattern classes (as seen in Fig. 2),
ISTS computes the likelihoods of the given dynamic behavior to belong to each pre-
defined class. Finally, the given behavior is ‘recognized’ and classified into the pattern
class that maximizes the likelihood. The general flowchart of ISTS algorithm is given
in Fig. 4.

y(k) 1
075
05 |
0,25 4
0 : T ? ; t + ; t
1 " 21 31 4 51 61 Al 81 9tis 101 1 k

Fig. 3. A dynamic output behavior example.

Based on ISTS algorithm, a user-friendly indirect structure validity testing and
calibration software (SiS) has been developed [2]. The purpose is to bridge ISTS
algorithm and the existing VENSIM simulation software and automate the validity
testing and parameter calibration of dynamic simulation models. The software is
written in JAVA programming language. SiS software consists of validity testing and
automatic parameter calibration functions. Figure 5 illustrates the general structure of
the validity testing function of SiS.
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Input simulation data
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Check for zero, constant
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!
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L

Evaluate HMM
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4

Recognize shape based on
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LY

| Check for convergence |

| Report results |

Fig. 4. The flowchart of ISTS pattern recognition-classification algorithm.

The user first hypothesizes the output behavior pattern expected from the model in
certain conditions (like some extreme condition). The hypothesized output pattern is
selected from a template of existing basic patterns, like the ones shown in Fig. 2.
“Integrator” part of SiS loads the selected model to VENSIM and issues the command
to start simulation. Simulation output behavior generated by VENSIM model is read
back by “integrator”. “Main” part takes the simulation output pattern (like the one in
Fig. 3) and executes ISTS Algorithm to perform the validity test. If the output behavior
is classified in the hypothesized pattern class, then the test is passed, else it is failed. For
instance, the output behavior shown n Fig. 3 would be recognized and classified by SiS
as SSHGR pattern (shown in Fig. 2). SiS also has an automated model calibration and
policy analysis function that determines those parameter values that yield the output
dynamics that fit best to the desired pattern class [2, 25].
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3 »
i Simulation
4 Software
1
Vensim®
8

ISTS Algorithm

Our Software (SiS)

Fig. 5. General structure of indirect structure testing function of SiS.

2.3 Building High-Quality Models Versus Testing Model Validity

The above sections summarized direct and indirect model structure tests and some

related software. Another important dimension of structure credibility is that it is most
critical to use of the principles of (direct) structure credibility during model con-
struction. This way, to adopt a well-known quality control principle, model credibility
will be ‘built-in’ rather than ‘inspected in’ later by model testing. The main principles
of high model credibility that must be followed during model construction are:

e Problem statement and model purpose must be clear and specific

e Time unit, model resolution, aggregation and time horizon must all be properly and

consistently selected in the light of model purpose

All variables and parameters must have real life meanings

All variables and parameters must have meaningful units

All equations and logical expressions must have explainable meanings

All equations must have natural unit consistency, without using any dummy

parameters to make the units match

Equations must yield logical extreme results under extreme input conditions

Established formulations and structures in related literature must be used

Correctness of the simulation program must be verified: Does the simulation model

correctly represent my conceptual model? Does it have any unintended, careless

errors, including simple typing errors?

e If the model is time-continuous, is the time step (dt) small enough to rule out any
spurious dynamics caused by numeric errors?

e [tis best to start with a small model and embellish gradually, one structure at a time,
by using partial structure tests in each step

e Good model documentation is crucial for others to assess the quality of the model
(establishing model credibility also means convincing other people).
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The above list highlights the most important structure validity principles particu-
larly for equation-based simulation models (like system dynamics, as discussed in
[22]). The list can be properly modified for other types of simulation models. For any
type of causal-descriptive modeling, if these principles are utilized during model
building, a high quality (hence highly credible) model can be constructed to start with,
which is much more effective than carrying out the structure credibility tests at the end,
after the model is completed.

3 Output Behavior Credibility Testing

After enough confidence is established in the credibility of model structure, output
behavior validity tests can be carried out (last box, Fig. 1). The purpose of behavior
tests is to demonstrate that the dynamics of the model are “close enough” to the
observed real dynamics. However, the match between the model dynamics and real
data can be measured in two very different ways: i- point-by-point match, ii- dynamic
‘pattern’ match. In most regression models and short-term forecasting studies, validity
of the model is judged by how well it matches the real data on a point-by-point basis.
But the situation is very different for long-term policy-oriented simulation studies (such
as system dynamics). In such studies, it is nether possible, nor meaningful to expect a
good point-by-point match between the model dynamics and real data. These
causal-descriptive models start with a set of initial conditions and generate the
long-term dynamics of the system endogenously, not by ‘curve fitting’. The purpose is
not to provide short-term forecasts by optimum curve fitting, but to project long-term
dynamic consequences of adopted policies [6, 11, 22]. In short, the purpose is to
provide long-term pattern predictions, so the validity must be measured by how well
the real dynamic patterns (periods, frequencies, trends, phase lags, amplitudes...) are
reproduced/predicted by the model [4, 6, 11]. Thus, suitable statistical tools and
methods focusing on dynamic pattern components are needed. One such method and
software is ‘Behavior Testing Software II’ (BTS II) developed at Bogazici University,
SESDYN Laboratory [8]. To start with, two very different types of patterns are treated
separately by BTS II: steady-state patterns can be processed by suitable statistical tools,
whereas fransient patterns can not be measured or analyzed statistically, since they
consist of non-stationary, non-repetitive features. Periods and amplitudes of oscilla-
tions, mean levels, long-term trend slopes are examples of stationary measures for
which BTS 1II provides statistical tools. Transient dynamics on the other hand can be
characterized by features like maxima, minima, inflection points that can be measured
graphically (see Fig. 6). After this initial separation of the model dynamics, BTS II can
be used to measure the relevant patterns of model dynamics and real data and then
compare them to assess how close the pattern components are (by comparing trends,
periods, amplitudes, autocorrelation functions, etc.). Transient pattern features can be
measured and compared by the graphical tools provided by BTS II. If the test results
are not satisfactory, the model parameter values and/or certain model structures may
have to be revised by the analyst.
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Fig. 6. Overview of behavior credibility testing software (BTS II).

4 Concluding Observations

For meaningful and productive model credibility testing, the modeler must be proficient
in two dimensions: in conceptual and philosophical foundations, and in accessing and
using relevant tools and software. In this article we first discussed the conceptual and
philosophical foundations. We then provided an overview of available tools and soft-
ware that can be used in different phases of testing model credibility, namely structural
and behavioral. For wide spread and standardized use of tools and software, there is need
for more user-friendly model testing software that can directly and easily communicate
with the existing simulation modeling software. A recent step in this direction is BATS
(Behavior Analysis and Testing Software) developed at Bogazici University, SESDYN
laboratory [24]. BATS integrates features of two tools and software reviewed in this
article: SiS for indirect structure testing and BTS 1I for output behavior testing (see
Fig. 8), has a user-friendly interface and can communicate directly with Vensim soft-
ware (Fig. 7). But the final version of the software is not released yet, because there are
still some communication problems with Vensim software and links with other simu-
lation software are not established yet. Certainly more research is needed to develop new
tools and software for model credibility testing.

In another dimension, as emphasized in the article, it is most critical to use of the
principles of structure credibility during model construction (rather than testing the
model after it is completed). To rephrase a well-known quality control principle, model
credibility should be ‘built-in’ rather than ‘inspected in’ later by model testing. In this
sense, ‘model quality’ is actually a much better term than ‘validity’ or ‘credibility’ in
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evaluating simulation models. It is possible to argue that ideally the term quality should
permanently replace the terms validity and credibility in simulation modeling.

Finally, one must keep in mind that model credibility cannot be established by
purely formal tools, algorithms and software. Model credibility establishment is a
prolonged, distributed process that starts with model construction and does not end till
the implementation of model recommendations. It is a gradual, multi-dimensional
process that involves not only the modeler/analyst, but also various stakeholders, which
means that building confidence in model is unavoidably a social process. Credibility of
policy recommendations and successful implementation is a very important and dif-
ferent problem in itself, not addressed in this article [11]. There are methods like group
modeling and interactive simulation gaming to engage stakeholders to address the
issues of successful policy design and real life implementation.

Data-series Commands
Excel BATS Vensim
Export Simulation
results
Control View

USER

Fig. 7. Overview of BATS software.

Data Importing Data Visualization
Load From File Plot
* Model Docking Window Model Analysis
Draw Data Analysis * Hypothesis Tester
Classify * Behavior Space Classifier
Trend )
. * Behavior Class Mapper
Data Preparation Autocorrelation
Split AutocorrelationTest
Select Spectral Density
Exponential Smoothing Amplitude Estimation
Moving Average Crosscorrelation
<Trend > Summary Stats

* Graphical Comparison

Fig. 8. Main features and functions of BATS software.
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Abstract. Planning systems for harvest operations need to employ com-
plex algorithms to calculate various aspects of the harvest plan such as
the order in which to harvest field rows or when and where to unload
harvesters. In traditional modelling and simulation approaches, it is not
easy to vary the algorithm as a simulation parameter. This either lim-
its the solution space for a system or it forces significant duplication to
set up various models with the necessary algorithms. In this paper, we
present the Model-Based Development of a planning system that lever-
ages the strategy pattern to enable efficient variation of the optimisation
algorithms at various stages of the planning process. We illustrate the
system by applying it to a real field and discuss issues such as coping
with large fields and how to carry out a real harvest operation according
to the plan.

1 Introduction

There are various steps to calculating optimised solutions for harvest operations.
These steps include partitioning of the field and calculating optimised coverage
plans for harvesters and route plans for other vehicles. One approach to the
problem involves the use of various optimisation algorithms that produce cover-
age plans for the harvesters [1,2]. However, planning of harvester routes is just
one part of the harvest operation planning. Path planning for grain wagons (or
similar) that service the harvesters must often also be developed. Algorithms
exist for optimising service plans [3] but they are independent from those of har-
vesters. This independence makes it difficult to explore in detail how the various
types of algorithms interact and combine to produce a complete solution for the
harvest operation.

As an example, little research has previously been conducted into how har-
vesting and loading algorithms can affect operational execution times of har-
vest operations. Examples of planning tools for operations often employ a single
algorithm; such as in-field unloading [4] or single point unloading [5]. Farmers
will generally choose a plan with which they are familiar without considering
alternatives.
© Springer International Publishing AG 2018
M.S. Obaidat et al. (eds.), Simulation and Modeling Methodologies, Technologies

and Applications, Advances in Intelligent Systems and Computing 676,
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In this paper, we seek to explore how different optimisation algorithms can
be combined. We will explore this using a formal' model in combination with the
strategy pattern from software engineering. The strategy pattern is used in the
model to encode different optimisation algorithms. A novel aspect here is that
the strategies representing the different kinds of algorithms (harvest routing
and grain wagon path planning) co-exist and collaborate to produce the final
solution.

From an operational research perspective, the harvest operation is an exam-
ple of an output material flow (OMF) operation where material is removed from
the field and transported to another location [6]. The machinery utilised within
the OMF operation can be divided into two groups; Primary Units (PUs) which
perform the main task i.e. harvesting the crop, and Service Units (SUs) which
service the PUs by receiving harvested material and transporting it away. The
capacity of the PU is many times smaller than the expected yield of the field,
and therefore a PU unloads either to a nearby SU or directly to an out of field
storage point.

The planning of the tasks of the PUs and SUs are often considered sepa-
rately [7], with coverage plans being developed for PUs [1,2] and path plans
being developed for grain wagons [3]. However, the tasks are spatially and tem-
porally dependant on one another, so in order for efficient plans to be produced
the plans must be developed concurrently [8].

To assist with the planning of in-field operations, fields can be decomposed
into a number of tracks or rows. Many methods have been proposed for the
decomposition of fields [4,9-11]. Fields are typically divided into headlands which
encircle the field and can be used for turning, and working rows which transect
the main area of the field. By confining all field traffic to drive along these
predefined rows, the trafficked area of the field can be limited which has been
shown to produce benefits on increased yield and better soil structure [12].

In the above mentioned approaches, the planning for the various kinds of
vehicles is performed independently, as is the decomposition of the field. In
our work, we consider all vehicles simultaneously when planning, although field
decomposition is still done separately.

A different approach to optimisation was carried out in a EU project called
DESTECS. In this project design space exploration is performed by sweep-
ing parameters of models of cyber-physical systems [13]. Among other things,
the DESTECS project proposes methodological guidelines for modelling fault-
tolerant cyber-physical systems, which also involve the use of the strategy pat-
tern to model faulty behaviour as well guarding against it [14]. This is sim-
ilar to the presented approach, in that the strategy pattern is used in the
DESTECS project to explore different behaviours of a system. However, while
the DESTECS project used the strategy pattern to make a system more fault-
tolerant, in this work the strategy pattern is used to help find optimised solutions
to use in a harvest operation.

! Formal in this context means that the model is developed in a notation that is given
semantics in a formal logic.
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The strategy pattern is a design pattern [15] with two key features. First, the
strategy pattern allows selection of different algorithms to be done at execution
time and; secondly, it defines a family of interchangeable algorithms. Essentially,
this allows the same functionality to be executed in different ways. Broadly
speaking, the strategy pattern consists of a contract that defines the functions
of a strategy in terms of their inputs and outputs including the properties that
these functions may have. Given this contract, a specific strategy must provide
an implementation of the functions that obeys the input and output properties
of the contract, but which is free to use whatever algorithms are desired.

The remainder of this paper is structured as follows: in Sect.2 we present
the architecture of the formal model of the harvest operation based on the strat-
egy pattern. The technologies that have been used to implement the model are
described in Sect. 3. Next, the execution of the model is demonstrated in Sect. 4.
Following that, in Sect. 5, we report the results of applying the model to a case
study of a real field. The results are then discussed in Sect.6. Afterwards, in
Sect. 7, we describe how analysis of data reported by harvesters and grain wag-
ons can be used to continuously optimise a plan over the course of a harvest.
Finally, we conclude the paper in Sect. 8.

2 Model Architecture

2.1 Model Overview

The model was developed according to the structure shown in Fig. 1. The Exe-
cution Engine is responsible for coordinating the simulation and is connected to
both the State and the three Strategy classes. The State contains the physical enti-
ties involved in the harvest operation. The harvesters are the PUs of the operation.
Coverage plans and coordinated service points are developed for the harvesters by
the employed strategies. The grain wagons are the SUs of the harvest operation
and are used to convey material from the harvesters to the out-of-field storage.
The service points coordinate when and where the grain wagons must meet the
harvesters in order for material to be passed between the two.

Execution Engine State

Reads and writes » [ field : Field

- harvesters : Harvester[*]

- grainWagons : GrainWagon[*]
- storagePoint : Storage

Consults ¥

Route Strategy Deconflict Strategy Load Strategy

Fig. 1. Model structure realised as a UML class diagram. Originally published in [16].
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Both the harvesters and the grain wagons are modelled by their physical para-
meters such as their working/non-working speed, storage capacity and material
offload rate. These parameters are specified in the initialisation of the model.
The storage point is the out-of-field storage where all material from the field
must be transported to in order for the harvest operation to be completed. This
too is modelled by its capacity.

The strategy classes define how certain aspects of the harvest operation are
executed. In Fig. 1 these strategies are represented by the Route Strategy, Decon-
flict Strategy and Load Strategy classes.

Route Strategy. A route strategy is responsible for constructing the routes
for harvesters. The routes direct the harvester from its location to a point where
it will next require a service. A similar approach to the planning of routes for
harvesters was also utilised in [4]. In this way the routes for multiple harvesters
can be constructed in a consecutive manner.

As already stated, the construction of routes for the harvester and grain
wagon are dependent on one another, therefore the route strategy must call
functions from the loading strategy to ensure that the harvester is able to be
serviced at the end of the route. The route strategies are allowed to produce
more than one possible route for the harvester, these are later distinguished by
the load strategy as appropriate.

Two route strategies have been implemented within the model: Predefined
Route strategy and Greedy Route strategy.

The Predefined Route strategy enables the model to execute coverage plans
that have been developed externally, provided they are represented as a sequence
of rows to harvest. This strategy receives the assignment of a sequence of rows
to a harvester as an input. A route is constructed which navigates the harvester
along the sequence of rows, inserting service points where they are needed.

The Greedy Route strategy employs a search algorithm on the field to create
a route for the harvester which will end with the harvester being as full as
possible and in a position where it can be serviced. An extra constraint is also
implemented within the strategy that every row must be harvested in its entirety
and that all headland rows must be harvested before work rows.

Deconflict Strategy. A deconflict strategy is responsible for determining if
a vehicle can move along its route, or calculating new routes if this is not
possible. In the Simple Deconflict strategy a vehicle to reroute is chosen non-
deterministically.

A deconflict strategy is responsible for the infield coordination of the vehicles.
It is possible that conflicts can arise when a vehicle may block the path of another
vehicle. In this case the deconflict strategy is employed to determine what course
of action (such as planning a new route, or waiting for the obstruction to pass)
is to be taken.

The Simple Deconflict strategy ensures that two vehicles cannot travel
towards each other either along the same row or along two adjacent rows.
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Load Strategy. A load strategy is responsible for assisting the route strategy
to find a location where the harvester can be serviced and for constructing a
route for the grain wagon from its current position to the service point and then
to the out of field storage.

This is done through three functions of the load strategy that are called
by the route strategy: isDoneExtendingRoute (), isRouteServiceable(), and
finaliseRoute().

isDoneExtendingRoute() checks if it is possible to extend a harvester’s
route. A common reason why it would not be possible to extend a harvester’s
route is if there are no more remaining rows in the field to be harvested, or if
the harvester is full.

finaliseRoute () modifies a harvester’s route to ensure the final position of
the harvester is valid. For example if harvesting the full length of the final row
of a harvester’s route will cause the harvester to exceed its capacity, the route
is modified so that a service point is required at some point along the length of
the final row.

isRouteServiceable() checks that a grain wagon is able to converge on the
service point that is required by the harvester’s route, for example that there
is a previously harvested row adjacent to the service point in which the grain
wagon can move.

Four different versions of the load strategy have been developed in the model.
These cover the four basic ways in which harvesters are unloaded during grain
harvests.

The Single Point Unload version requires the harvester to transport material
directly to the out of field storage point without using a grain wagon. It is
important that the harvester must avoid the event of becoming full without a
navigable path to the out of field storage. This strategy limits the amount of
traffic in the field, which could offer benefits when reducing soil compaction.

The Headland Unload version limits the grain wagon to only travelling in
the headland areas of the field. The harvester must avoid becoming full in the
middle of the field as a grain wagon would not be able to meet it, therefore
service points must be coordinated before the harvester becomes full while it is
turning in the headland area.

The Infield Static Unload version allows the grain wagons to drive in the work-
ing areas of the field in order to meet the harvester. Service points are planned for
the last possible moment to ensure that the harvester is full when it unloads.

The Infield Moving Unload version is similar to the Infield Static Unload
strategy, however the harvester and the grain wagon are both moving when the
load is being passed. As the machines remain in motion it is imperative that the
grain wagon is travelling in the same direction as the harvester when they meet
at the service point.

The Route, Load and Deconflict strategies are represented in Fig. 1 by their
contracts. The various concrete versions of each strategy must conform to these
contracts. Figure 2 shows how the various load strategies are realised based on the
ILoadStrategy class that defines the contract. Whenever the model is executed,
a concrete strategy of each kind must be provided to the Execution Engine.
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«Interface»
ILoadStrategy

+isDoneExtendingRoute(...)
+finaliseRoute(...)
+isRouteServiceable(...)

I

HeadlandLoadStrategy SinglePointUnloadStrategy

InFieldMovingLoadStrategy InFieldStaticLoadStrategy

Fig. 2. Load strategy hierarchy realised as a UML class diagram.

Not all versions of a strategy can be used in all situations. In order to cope
with this, a notion of strategy feasibility has been introduced. The strategy feasi-
bility check is implemented as a function in each of the strategies and invoked at
the beginning of model execution in order to check if the field meets the require-
ments of the strategy configuration. The advantage of this approach is that the
feasibility of each version of a strategy is encapsulated in that version itself, so
the remaining parts of the model need not be aware of its specific details.

The concrete versions of strategies can be used to model different optimi-
sation algorithms and therefore vary in implementation detail as well as the
restrictions they impose on the harvest operation.

3 Model Implementation

The model drives the development of a harvest planning system, which is devel-
oped using the Vienna Development Method (VDM) and implemented using
code generation. VDM is one of the longest-established formal methods for the
development of computer-based systems. This method focuses on the develop-
ment and analysis of a system model expressed in a formal language.

The strategy pattern is based on object-oriented (OO) features [17], as
enabled by the VDM++ formal modelling language [18]. VDM++ is the OO
dialect of VDM. Broadly speaking, a VDM++ model consists of a series of defi-
nitions for types, functions, operations, etc. The OO features of VDM++ allow
for structuring the model into classes and provide standard OO mechanisms such
as inheritance.

In addition to allowing for an effective implementation of the strategy pat-
tern, the OO features of VDM++ have other useful benefits, including the ability
to add new versions of a strategy that reuse parts of an existing strategy and
change only those parts that must be different. Additionally, object-orientation
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facilitates modularity and encapsulation which, while not essential to develop
the model, make it easier to do so.

There are several reasons for choosing a formal language such as VDM++
over an OO implementation language such as Java or C++. The use of VDM++
promotes a high-level approach that abstracts away details that are of little
importance to harvesting operations. The formal semantics underpinning the
VDM language allow us to have confidence in the results and that there are no
errors in the language and tool that can “contaminate” the result. Additionally,
VDM has features that enable us to describe the properties of the model and its
functions, and these properties are constantly checked during model execution.
For example, in the model the capacity is expressed as a floating point number,
which must always be positive and smaller than 1. VDM invariants allow us
to attach such a property to the capacity variable in order to ensure that the
model never violates this. While that is a simple example, VDM allows us to
express any arbitrary property that can be described in terms of first-order logic.
Many of the benefits of using VDM cannot be achieved using implementation
languages, which operate at a lower level of abstraction. In particular imple-
mentation languages must take things such as the underlying hardware platform
into account. Use of VDM allows us to focus solely on the development of the
strategies, which is our primary concern.

4 Model Execution

In order to execute the model, it is first necessary to configure the harvest
operation by loading both the field and the resources, i.e. the State, and also one
of each class of strategy to guide the Execution Engine during the simulation.
Once this is done, the model is executed and whenever the Execution Engine
reaches a point where it needs to make a decision that depends on a strategy, it
will consult whatever strategy it has loaded and the output of the strategy will
be used to further progress execution of the model. As an example, in Fig. 3, the
Execution Engine needs to know which vehicles are movable at a given point in
time. One particular version of the strategy may allow the harvesters to move
because they can offload in the work rows. Another version may not allow the
harvesters to move because they can only offload in the headlands and they
cannot fully harvest the next work row.? In this way, different versions of a
strategy lead to different outcomes in the model.

One of the key features of the model is the ability to explore strategy combina-
tions and how their interactions affect the performance of the harvest operation.
One way to do this is by fixing two kinds of strategies and varying the remainder
(for example, load strategies) thus investigating how a particular aspect of opti-
misation affects the overall harvest operation. Conversely, if external restrictions
dictate the use of a particular strategy, then the other strategies may be manip-
ulated to find the best solution within the restrictions. For a small number of

2 In both of these examples, the route strategy consults the load strategy as part of
its calculation of movable vehicles.
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Fig. 3. Strategy dispatching realised as a UML sequence diagram. Originally published
in [16].

strategies, testing the different scenarios of interest can be done with manually
written tests. However, when the number of scenarios to be tested is large then
an automated combinatorial testing feature for VDM can be used to concisely
specify the various combinations and automatically generate and execute the
corresponding tests [19].

4.1 Simulation Visualisation

As part of model execution, a log of all the important events in the harvest
operation is produced. Logged events include vehicle movement, harvesting of a
row, passing load between harvesters and grain wagons, etc. Once execution is
completed, this log can be inspected in order to get a full understanding of the
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harvest operation outcome. This log can also be seen as a harvest plan since it
contains detailed instructions of when and where the different vehicles must go.

In order to better understand what occurred during the simulation, the log
can also be analysed. However, as manual inspection of the log is difficult, a
proof-of-concept visualization tool was developed to analyse the log and replay
the simulation as shown in Fig. 4. The figure shows a representation of the field
partitioned into work rows and headlands. The black square represents the har-
vester, the circle represents the grain wagon and the square at the bottom rep-
resents the storage point. As the log is processed, the visualiser displays an
animation of the vehicles moving along the field.

Fig. 4. Simulation visualisation. Originally published in [16].

5 Results

This section demonstrates the approach by reporting results of executing vari-
ous simulations with the model in order to explore the interactions between all
possible combinations of the strategies described in Sect.2.1. Every execution
was performed with the same resources and on the same field. The focus is not
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on changing the parameters of the simulation such as number of harvesters or
harvester capacity but in changing the strategy versions used in each simulation.

The simulations were carried out on a representation of a real field located in
the vicinity of the Research Center at Foulum, Denmark (56°29'N, 9°35'E). The
yield of the field is simulated and is lower for headland rows than for working
rows, as is typical in real fields (due to excess soil damage, lower nutrients, etc.).
The yield is further constrained such that a complete lap of the field can be
made without exceeding the harvester capacity, and no single working row can
exceed the capacity of the harvester. The field, partitioned into rows, is shown
in Fig. 5.

Fig. 5. Agro Park field. Originally published in [16].

The results of the simulations are summarised in Table 1. Each row in the
table represents a particular simulation, indexed by the Sim. (Simulation) col-
umn. The Route and Load columns identify the combination of strategies used in
each particular simulation (the same deconflict strategy — Simple Deconflict — is
used for all simulations). The Op. Time (Operational Time) column reports the
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duration of the harvest operation in seconds and serves as an indication of how
well a combination of strategies performs. Finally the Ezec. Time (Execution
Time) column reports the actual, physical time in seconds it takes to execute
the simulation.

The simulation was executed using a Java 7 code generated version of the
model on a Fujitsu LIFEBOOK U772 laptop with a 1.7 GHz Intel Core i5 proces-
sor and 8 GB of memory running a Windows 7 Professional Edition operating
system.

Table 1. Results summary. Originally published in [16].

Sim | Route Load Op. time [s] | Exec. time 3]
1 Greedy Headlands 425.558 12.619

2 Predefined | Headlands 497.38 13.417

3 Greedy In field static | 420.694 12.319

4 Predefined | In field static | 463.484 13.912

5 Greedy In field moving | 410.298 7.056

6 Predefined | In field moving | 446.854 7.25

7 Greedy Single point 679.498 26.977

8 Predefined | Single point 623.347 4.421

6 Discussion

Table 1 shows that for the field subject to analysis, for most of the unloading
strategies, the Greedy Route strategy produces a better solution, than the Pre-
defined Route strategy as indicated by the operational time. This is due to the
harvester’s route used as an input for the Predefined Route strategy being devel-
oped as a coverage plan that ignores the coordination of the grain wagons. As
the Greedy Route strategy was able to enquire the constraints of the unloading
strategy while developing the harvester’s route, the final solution is more inte-
grated and allows for more efficient operations. This indicates that it may be
advantageous to use optimisation approaches that consider both harvesters and
grain wagons when developing routes.

The Infield Moving Unloading strategy offers the best operational times for
both of the routing strategies. This unloading strategy is likely to offer the best
solution as it allows the harvester to be completely full when it offloads and does
not require the harvester to stop. It is also worth noting that the model allows
this hypothesis to be further confirmed by adding additional route strategies and
checking the resulting operational times.

In terms of actual execution times, most combinations yield similar results for
Greedy and Predefined strategies. The exception is for the Single Point Unload
strategy, where the Greedy version has a significantly higher execution time. This
is mostly due to the fact that many more routes have to be computed for this
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particular combination, which makes it significantly slower than its Predefined
Route counterpart.

The field used for these simulations is small, especially in terms of the num-
bers of rows and headland laps. Indeed, when the model was under initial devel-
opment, small fields were preferred as they allowed for quick execution of model
simulation, which enabled fast iterations of model development. However, as the
model stabilised and we began to apply the system for the harvest planning of
larger fields, we experienced significant performance issues.

For larger fields (ten rows or more), the performance of the system was
unacceptably slow. The primary culprit for the poor performance was the data
representation of the field and the algorithms used to implement common oper-
ations on the field (such as shortest path calculation). One of the reasons for
these inefficient implementations was the use of VDM itself. As a formal mod-
elling language, VDM and its associated tools are more concerned with semantic
fidelity and validity of analyses than with simulation performance.

To address this issue, the field representation in the model was replaced with
a handwritten Java implementation. The Overture VDM-Java bridge [20] was
used to connect this implementation to the model, and a new mechanism called
the delegate was introduced to ensure seamless realisation and integration of the
final system. The introduction of the Java component led to performance gains
of 3000% [21] that effectively addressed the performance issues of the previous
version of the model and helped us achieve acceptable system performance for
much larger fields.

7 Live Planning

The harvest planning system as described so far uses offline planning techniques
to analyse harvest operations. Essentially, this means that planning is only done
once, and that the system takes no measures against unforeseen scenarios that
may necessitate re-planning over the course of the harvest operation. Live plan-
ning techniques, on the other hand, continuously analyse data reported by the
vehicles (positions, bin levels etc.) and try to optimise the harvest plan by assign-
ing more efficient routes to the vehicles. A live version of the system can therefore
be seen as a tool that serves to guide the operators of the vehicles throughout
the harvest operation.

A live system is currently under development, and we expect to use it in a
realistic harvest setting in the near future. The live system will run on a server
that receives live data from the vehicles and uses this data to further improve
the harvest plan. Once new routes have been calculated, these will be assigned to
the vehicles, which connect to the server via light-weight clients. A light-weight
client is responsible for communicating live data to the server and provide the
operator of the vehicle with information about the route that the vehicle is
currently assigned. The structure of the live system is visualised in Fig. 6.
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Fig. 6. The structure of the live system realised as a UML class diagram.

As a first step, the live planning system computes initial routes for each
vehicle, which is similar to what the offline planning system already does. Based
on the initial routes, the vehicles start to harvest the field, and as the harvest
progresses, the vehicles report live data to the server. If the data reported by
the vehicles indicates a need for re-planning, then the live system responds by
calculating and assigning new routes to the vehicles. This step is repeated until
the harvest operation has completed.

Several situations may occur which necessitate re-planning. For example, a
harvester may report a bin level that is smaller than what is expected by the
system. In that case the system may decide to extend the harvester’s route to
compensate for the smaller bin level. However, changing the harvester’s route
may necessitate re-calculations of unload points, hence also affecting the routes
of other vehicles. As another example, a vehicle may encounter an unexpected
obstacle in the field that prevents it from following the route it has been assigned.
Similar to the previous example, such situations necessitate re-planning which
may affect the other vehicles that participate in the harvest operation.

The harvest planning system is only a viable solution if using the system
leads to better harvest results. To show this, the results obtained using the live
system will be compared to those obtained using traditional harvest approaches,
i.e. before the harvest planning system was used. When the live system has
been used in a realistic harvest setting it will be possible to obtain quantitative
evidence that shows if the system achieves better results. Demonstration of this
is crucial in order to convince farmers to start using the system.

8 Conclusions and Future Work

In this paper, we have presented the model-based development of a harvest
planning system. We have shown how the strategy pattern enables the appli-
cation of different optimisation algorithms to different phases of the harvest
planning system. Further, we have shown how such algorithms can be easily var-
ied across multiple simulations, enabling a swift and comprehensive exploration
of the design space.

We have shown an example application of our system to develop plans for
a small real field in Denmark. As the size of the fields increases, the perfor-
mance of the model was greatly degraded. This was dealt with by replacing a
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portion of the model with a handwritten Java component that provides efficient
implementations of the more computationally-intensive operations in the model.

The next step in our work is to validate the plans produced by the system
by applying them to a real harvest and verifying if the results are better than
those obtained with traditional harvest planning approaches. Towards that end,
work has begun on a live planning system that will assist vehicle operators in
following a harvest plan. This system will also take advantage of live data to
adapt and improve the plan on-the-fly.
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Abstract. As the most active project in the Hadoop ecosystem these days [1],
Spark is a fast and general purpose engine for large-scale data processing. Spark
runs programs up to 100x faster than Hadoop MapReduce in memory, or 10x
faster on disk [2]. However, Spark performance is impacted by many factors
especially memory and JVM related, which makes capacity planning and tuning
for Spark clusters extremely difficult. Current estimation based solution are
highly dependent on experience which are trial-and-error and far from efficient
and accurate. Here, we propose a novel Spark simulator based on CSMethod [3],
extension with a fine-grained multi-layered memory subsystem, well suitable for
this scenario. The whole Spark application execution life cycle is simulated,
hardware activities derived from software operations are dynamically mapped
onto architecture models for processors, storage, and network devices. Experi-
mental results with several popular micro benchmarks and a real case IoT
workloads demonstrate that our Spark Simulator achieves high accuracy with an
average error rate below 7%, with light weight computing resource. Case studies
are also demonstrated to show the simulator’s capability.

Keywords: Spark simulation * Cluster simulation + Performance modelling -
Memory modelling + In-Memory computing * Big data - Capacity planning - IoT

1 Introduction

Spark is an open-source data analytics cluster computing framework, which promises
performance up to 100 times faster than Hadoop MapReduce for certain applications
[4]. It provides primitives for in-memory cluster computing that allows user programs
to load data into a cluster’s memory and query it repeatedly [5]. In Spark, data is
abstractly represented by RDD. Users can explicitly cache an RDD in memory across
machines and reuse it in multiple MapReduce like parallel operations [6]. Spark
became an Apache top-level project in February 2014 [7].

In Spark performance tuning, memory related tuning should be a high priority.
Spark provides a wide range of hardware and software parameters to control the
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memory behaviour. Since complex interactions exist between these parameters, it is
very difficult to find an optimized parameters configuration that would maximize the
Spark cluster performance.

Traditional Cluster design and deployment decision are experience or measurement
based, which can’t meet Spark cluster deployment criterions very well. Due to the very
new nature of Spark, very few users can take sound and accurate decisions based on
experience. On the other hand, upon cluster availability, measurement based opti-
mization is extremely time consuming and can be easily interrupted by random envi-
ronment factors like disk or network interface card (NIC) failures.

Simulation based cluster analysis in general is a much more reliable approach to
obtain systematic optimization solutions. Among the various simulation methods
proposed [8—11], CSMethod [3] is a fast and accurate cluster simulation method which
employs a layered and configurable architecture to simulate Big Data clusters on
standard client computers (desktop or laptop).

The Spark workflow, especially the DAG abstraction, is very different from the
Hadoop MapReduce workflow. In addition, current CSMethod based MapReduce
model’s memory subsystem is too coarse to meet accuracy requirements for Spark
simulation. To fill these gaps, this paper proposes a new simulation framework which is
based on and extending CSMethod. All performance intensive Spark parameters and
workflow are modeled for fast and accurate performance prediction with a fine-grained
multi-layer memory subsystem.

The whole Spark cluster software stack is abstracted and simulated at functional
level, including computing, communications and dataset access. Software functions are
dynamically mapped onto hardware components. The timing of hardware components
(storage, network, memory and CPU) is modeled according to payload and activities as
perceived by software. A low overhead discrete-event simulation engine enables fast
simulation speed and good scalability. The Spark simulator accepts Spark applications
with input dataset information and cluster configurations then simulates the perfor-
mance behaviour of the Spark application. The cluster configuration includes the
software stack configuration and the hardware components configuration.

The following key contributions are presented in this paper:

e We propose a new framework to simulate the whole performance intensive Spark
workflow, including: DAG generation; RDD input fetch, transfer, shuffle and block
management; Spill and HDFS access.

e We describe a fine-grained multi-layer memory performance model which simulates
the memory behaviour of Spark, JVM, OS and H/W layers with high accuracy.

e We demonstrate a simulation based Spark cluster deployment planning evaluation
and optimization approach with high accuracy (>93%) and low computing cost.

The rest of this paper is organized as follows. Section 2 presents the proposed
Spark simulator in details. The experimental environment set up and the workload are
then introduced in Sect. 3. Section 4 illustrates the evaluation results and its analyses.
Real case IoT Spark cluster deployment planning and Memory related Spark perfor-
mance tuning case studies are then presented in details in Sects. 5 and 6. Section 7
overviews related work. A summary and future work thoughts are described in the final
section.
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2 Spark Simulation Framework Architecture

In this section, we introduce the proposed Spark simulation framework in details.

2.1 Spark Behaviour Model

The proposed Spark model was developed using Intel®CoFluent™ Studio [12] which
provides an easy to use graphical modeling tool in a System-C simulation environment.

Simulation speed of our performance simulator is faster than general simulators
because we abstract actual computation down to time estimation.

1. The software behaviours (data flow) are divided into several basic operations such
as compression, serialization, sorting, partition, match, mathematical computation,
hash, shuffle, file system/memory access, etc. These basic operations are then
dynamically mapped to hardware timing models which would return the timing of
these operations.

2. The hardware models are implemented as a global performance library. The timing
and utilization of hardware resources like CPU, memory, disk, network, and cluster
topology are modeled. The modeling principle is CSMethod which is described in
another paper [3]. To provide a fast understanding of CSMethod, here we give a
short example of CPU computing time estimating modelling.

T=aX fxXyxd+e (1)

Where 1 is computing time of a software operation like java serialization; o is CPU
Cost which is a function of CPI (Clocks Per Instruction) i.e. o = f(CPI); P is data set
size; v is performance indicator, for example, if a processor is running at 1.6 GHZ out
of maximum frequency 2.7 GHZ then y = 2.7 + 1.6, § is current running thread count
which is dynamically modeled and tracked by simulator and, € is CPU core count.

The top level of our Spark behaviour model is shown in Fig. 1, which includes: a
Master, a Network, Slaves, Clients and AppMasters. Clients submit jobs to the cluster
and act as workload generators. The Master takes the resource management role. The
AppMaster analyses the job configuration and generates a DAG of tasks to be executed
by slave nodes in the cluster. The Network connects all the components logically and
simulates the Cluster network topology, bandwidth and latency. The Clock model
synchronizes the timing between all the logic blocks. The Slaves receive tasks gen-
erated by the AppMaster and launch the TaskRunner to execute the tasks with
resources provided by the NodeResourceManager in themselves.

As shown in Fig. 2 the TaskRunner simulates the Spark task workflow behaviour,
including: fetchInput, RDD transfer, Shuffle and result computing.

Different types of task inputs can be fetched by the Fetchlnput module:
HadoopRDD, cached RDD, or shuffle RDD tasks. The remote shuffle data are copied
by the Copier and the Router which are connected to the network module to simulate
shuffle behaviour. Fetched RDD blocks are transformed by specific RDD operations in
the RDDTransform module. Depending on the specified Spark task type, the trans-
formed RDD block can be used to form the result output or the shuffle output.
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38 Q. Chen et al.

The result output is generated by the ResultTask module which computes the final
result and writes it to HDFS. The shuffle output is generated by the ShuffleMapTask
module that partitions the output in hash keys and then dispatches the output to specific
shuffle output files.

Finally the ‘task finish’ signal and the task performance metrics are committed to
the scheduler, then the TaskRunner module waits for the next task to be dispatched to
it. Performance intensive software functions like compress, decompress, serialize,
de-serialize, sort, hash operations are modeled within the TaskRunner module.

2.2  Memory Model

The RDD Block manager and the performance library are used by the TaskRunner
module to simulate dataflow events (RDD block read/write, JVM/OS memory
apply/free, disk read/write, CPU apply/free, network transfer, HDFS read/write) and to
generate the timing information. During the whole simulation cycle the cluster hard-
ware resource usage is tracked and updated dynamically by the performance library.
In order to obtain high accuracy, the Spark simulation memory model has been
implemented in 4 different layers: Spark, JVM, OS and physical memory. The last
three layers are modeled as a global memory performance library as shown in Fig. 3,
and was called by the Spark layer to simulate RDD block management behaviour.

Java Virtual Machine

Java Heap Manager

GC Manager

[ Java Object Manager

Operating System

Process Memory Manager

Physical Memory Manager

[ Physical Memory ]

Global memory performance model Library

R N\ A\ Y

[Virtual Address Paging & Swapping Manager

Fig. 3. Structure of multiple layered memory model.



Cluster Performance Simulation 39

e Spark software stack layer: Spark RDD block management behaviour are modeled
by simulating RDD block put, get and cache operations.

e JVM layer: the JVM heap space capacity limits, GC triggering mechanism and
object management behaviour are modeled, so that when JVM heap doesn’t have
enough free space to hold new object then GC happens.

e OS layer: the virtual space, paging, swapping slab and disk file cache/buffer
behaviour are modeled. The file (usually on disk) access requests are cached or
buffered by OS managed free system memory.

e Physical memory layer: the physical memory bandwidth latency and capacity limits
are modeled by keeping track of concurrent memory accesses.

The hierarchy of this memory model is similar to real systems, each level is itself a
class and has respective behaviours and can be inherited. The simulation granularity is
configurable to achieve the simulation trade-off between accuracy and speed, for
example swapping operation could be done per page or per block.

This memory model simulates the full system memory behaviour within a single
process in a standard personal computer with timely response.

2.3 Simulator User Input

The input of the simulator is composed of the Spark S/W stack configuration, the H/W
components configuration and the Spark application/job abstraction.

Table 1. Cluster hardware and software settings.

Cluster | Node number and network topology

Processor | Processor type, core count, thread count and frequency
Storage | Storage count and type: SSD or HDD

Memory | Memory type and capacity

Network | NIC count and bandwidth 10 or 1 GBit/s

The cluster hardware components configuration is listed in Table 1. While the
Spark software stack configuration is listed in Table 2.

Table 2. Spark JVM OS parameters.

Level |Modeled Software Parameters

Spark | Spark.executor.memory
Spark.default.parallelism
Spark.storage.memoryFraction

Spark.shuffle.compress
Spark.shuffle.spill.compress
Spark.rdd.compress

Spark.io.compression.codec

(continued)
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Table 2. (continued)

Level |Modeled Software Parameters

Spark.io.compression.snappy.block.size

Spark.reducer.maxMblInFlight
Spark.shuffle.consolidateFiles
Spark.shuffle.file.buffer.kb
Spark.shuffle.spill
Spark.closure.serializer
Spark.kryo.referenceTracking

Spark.kryoserializer.buffer.mb
Spark.shuffle.memoryFraction
SchedulerRevivelnterval

Akka threads number

YARN | Yarn.scheduler.minimum-allocation-mb
Yarn.scheduler.increment-allocation-mb
Yarn.scheduler.maximum-allocation-mb
Yarn.scheduler.minimum-allocation-vcores
Yarn.scheduler.increment-allocation-vcores
Yarn.scheduler.maximum-allocation-vcores
HDFS | Dfs.block.size

JVM | Heap size

Young generation ratio

EdenSurvRatio

GC drop ratio

(0N} Memory flush ratio

Memory dirty ratio

Memory flush interval

Transparent huge page

Model abstraction is defined from the following aspects: RDD information: size,
partition number, and storage location (HDFS, shuffle and memory cache). Operation
information: operation type (shuffle or map) and operation CPU cost.

2.4 Simulator Output

Timelines, charts and console output windows provided by the Intel CoFluent Studio
development toolkit are used to visualize metrics. Many other metrics extracted from
output result files are also observed using spreadsheets.

3 Experimental Setup

This section describes the configuration of our experimental setup. It is followed by a
presentation of the benchmarks used for the evaluation of the model.
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3.1 Experiment Cluster

Table 3 lists the target cluster hardware components and the software stack elements
used for our baseline experiments. This setup is representative of mainstream data-
center configurations used for Big Data processing.

Table 3. Cluster hardware and software settings.

Cluster |5 Nodes, connected by one rack switch
4 slave worker nodes 1 master node
Processor | Intel® Xeon® E5-2697 v2, 24 cores per node with HT disabled

Disk Direct Attached Storage, 5 x 600 GB SSD per node, 1 drive for OS, 4 drive for
Spark S/W stack

Memory | 128 GB, 2 channel DDR3-1333 per node
Network | 10 Gbit/s Ethernet

oS RedHat6.4

Java 1.7.0_67

Spark Spark 1.2

Platform | CDHS5.2

3.2 Workload Description

Three workloads are used to conduct the experiments. Widely used in machine
learning, K-Means clustering is a method of vector quantization, popular for cluster
analysis in data mining. As an iterative application Spark K-Means is often used as a
typical application to show Spark advantage. PageRank is another good example of a
more complex algorithm with multiple stages of map and reduce iterations. It benefits
from Spark’s in-memory caching mechanism with multiple iterations over the same
data. SparkTC is an implementation of transitive closure. It can be thought of as
establishing a data structure that makes it possible to solve reachability questions [13].
The configuration of these three workloads are shown in Table 4.

Table 4. Experimental workload baseline configurations.

Parameters Value
K-Means input data set size in GB | 40/80/160
K-Means dimensions 30
K-Means iteration number 5

K-Means cluster number 1024
PageRank input data set size in GB | 11/22/40
PageRank iteration number 5

SparkTC edges 200
SparkTC vertices 100/200/400




42 Q. Chen et al.

4 Evaluation and Analysis

In addition to above micro-benchmark, we have also validated our simulator with 2
machine learning algorithms: SVM, ALS and an IoT real case usage scenario, all with
error rate less than 7%. As the limitation of this paper, this section only describes the
micro-benchmark validation in detail.

The Spark simulator accepts 33 parameters for each workload simulation, but we
only choose several parameters to do performance trend study, which are related to the
system performance bottleneck. Only the most sensitive parameters are scaled while
the other parameters are set as default.

4.1 Baseline Validation

Three different workload input data sizes were used to illustrate the accuracy of our
simulator. The detailed workload input parameters are shown in Table 4.

Execution Time for Different Spark WorkLoad:
Measured Versus Simulated

1.2

1
0.8
0.6
0.4
0.2

0

40G 80G 160G 11G 22G 40G 100V 200V 400V
KMeans PageRank SparkTC

m simulated ® Measured on Target 5-Node Cluster

Fig. 4. Measurement Vs. simulation of Spark performance.

Figure 4 shows normalized Spark execution times as measured on the experimental
cluster and as predicted by the simulator. As we can see, the simulation results are
always very close to the real hardware measurements, the average error rate is 4.5%.

4.2 Memory Model Accuracy Analysis

The simulation accuracy of memory related parameter is evaluated at three different
system levels: Spark, JVM and OS. As the model at higher system level are based on
the lower ones, the simulation accuracy of higher level are lower than that of the lower
one. As shown in Fig. 5, all average error rate are less than 7%.
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Average Error Rate at Differente System Level
8%
7%
6%
5%
4%
3%
2%
1%
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Spark S/W Stack level JVM level OS level
Fig. 5. Simulation accuracy of memory model.

4.3 Software and Hardware Parameters Scalability Analysis

The scalability analysis has been extended to all software and hardware parameters
supported by the framework which are list in Tables 1 and 2. It shows that the average
error rate between actual performance and simulated performance is within 6%
regardless of the type of the software parameter being changed. For hardware
parameter scaling, the average error rate is within 5%.

As software parameter scaling examples will be descript in detail in Sect. 5, here
we focus on a processor scaling example to show the hardware parameter scaling
ability of our Spark model. The computing intensive K-Means workload was selected
for this evaluation.

Normalized Spark KMeans Execution Time on
Different CPU Frequency

1.2

0.8
0.6
0.4
0.2 S
0 T —
1.2G 1.6G 2.0G 2.3G 2.7G

—8—simulated —@—measured —®—errorrate

Fig. 6. Normalized execution time of CPU Frequency Scaling.

Figure 6 shows the CPU frequency scaling for the K-Means workload. Higher CPU
frequencies improve the processing performance and reduce the workload execution
time. The simulated performance has the same trend as the measured performance and
the average error rate is 7.7%.
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Normalized Spark KMeans Execution Time on
Different CPU Core Count scaling
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Fig. 7. Normalized CPU core count scaling.

Figure 7 shows the CPU core count scaling for the K-Means workload. More CPU
cores reduce the workload execution time. Simulated and measured performance have
the same trend with an average error rate of 4.2%.

4.4 Simulation Speed

All simulations are running on a standard desktop equipped Intel(R) Core i7-5960 CPU
and 16 GB DDR memory. For different benchmarks and configurations, the native
execution time on experiment cluster ranges from 10 min~ 30 min. To predict the
native execution time, the simulator would cost 15 min to 4 h.

Simulator Execution Time(s) on Different Cluster
Node Number
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Fig. 8. Simulator execution time of 50 GB dataset for various node counts.
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Figure 8 shows the actual simulation processing time for a 50 GB data set pro-
cessed by the Spark PageRank workload. The cluster size is scaled from 5 to 60 nodes.
The simulation processing time ranges from 1 to 2 h. This simulation speed is slower
than the lighting fast in memory computing engine: Spark, but still acceptable for
cluster deployment planning evaluation and optimization.

5 Case Study 1: Spark Cluster Deployment Planning

Cardiac arrhythmia is broad term describing dozens if not hundreds of conditions
which range from benign to life-threatening. Patients with various cardiac arrhythmia
conditions often wear Cardiac Event Recorders (CERs). Cardiac Event Recorders are
portable devices which record the heart’s electrical activity while the patient is going
about their normal routine. CERs, and many other medical devices can automatically
upload data to data center via the patient’s smartphone [14]. The solution system
architecture shown in Fig. 9.

Spoﬁg

input data batches of batches of
stream Spark input data Spark  processed data Real
Smart Time

CERs Phones

Streaming Engine Alert

\_Y_l

Performance intensive
component in this solution

Fig. 9. Cardiac IoT real time monitoring and alerting solution architecture.

This is a high-level description of a BigData analytics system which can utilize
machine learning to perform real-time alerting and also near real-time reporting for
patients and medical professionals. Kafka is used as a buffer before data is written to
HDEFS and also ingested by Spark Streaming which is used to perform real-time
analytics and alerting contacts when conditions are identified such as ventricular fib-
rillation. Patients and medical professions are able to analyze and visualize data on a
website served by Impala.

In this solution spark engine cluster is the system performance bottleneck, the
engine should be powerful enough to process streaming data in real time. Streaming
jobs will execute every few seconds and should operate on data generated immediately
preceding the window. In short, the maximum time data waits to be processed should
be less than or equal to the window.

Assuming 300 fields with naive serialization, each record should be about
300 * 4 bytes which is 1.2 KB. Four bytes is assumed since these outputs are typically
either small integer or floating point values. Another data point is that cardiac arrhythmia
affects 2% to 3% of the population or about 10 million people in the United States.
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One event per minute means we’ll be ingesting about 200 MB per second (10 million
people * 1.2 KB per event/60 s) or 12 GB per minute.

To figure out the capability of our 4-node baseline cluster in processing this
streaming task through performance simulation. As shown in Fig. 10 with the data
ingestion rate increase from 0.6 million to 3.2 million kilo record per second, the spark
cluster will failed to process the data in real time while ingestion rate is larger than 2.4
million kilo record per second.

Processing Capablity of a 4-node Spark Streaming Cluster
(Wolf Island Simulation)

. 1 record/min for each patient
record size: 300 attributes x 4 bytes = 1.2KB / record
40
30 I I

0.6 Million 1.3 Million 2.4 Million 3.2 Million

N
=]

-
S)

Number of Patients (Million)

m Data Ingestion Rate (Krec/sec) m Streaming Processing Speed (Krec/sec)

Fig. 10. Baseline cluster processing capability.
To support more CERs devices spark cluster needs to be scaled up and vice versa.

Simulation based spark performance scaling for cluster deployment planning will be
demonstrated in the following section.

CPU Frequency Scaling Analysis

4-Node Streaming Analytics Cluster ‘A_/"If lsl_and

Simulation
2.2
2
1.8
1.6
14
12

1.6GHz 2.0GHz 2.4GHz 2.6GHz 3.0GHz 3.3GHz

—ae— Normalized Throughput = @ = Linear Scaling

Fig. 11. CPU frequency scaling result.
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Figure 11 represents the capability of baseline cluster scaling with CPU operating
frequency. As predicted by simulator, the cluster capability will increase to support 3.1
million patients with frequency increased to 3.3 GHZ from baseline value of 2.6 GHZ.
As 3.3 GHZ is the maximum CPU frequency, if more than 3.1 million patients need to
be support, then we have to scaling other cluster configurations.

Simulated result of spark cluster capability scaling with core count on each server
node is shown in Fig. 12, with core count increased to 28 per node the scaled cluster
could support about 4.25 million patients. The normalized throughput scaling trends is
very close to linear scaling (red line), which means current workload is completely
CPU intensive. In this case more CPU core or higher CPU frequency could scale up the
overall system performance very well.

CPU Core Count Scaling Analysis Wolf Island
4-Node Streaming Analytics Cluster Simulation

8C 12C 16C 20C 24C 28C

—e— Normalized Throughput = @ = Linear Scaling
Fig. 12. CPU core count scaling results.

Then we evaluated the system performance with difference CPU type as shown in
Fig. 13, where server node with Intel Xeon E5-2687 W V3 (Hasware micro-architecture)
could support 0.93 million patients compared to server node with Intel Xeon E5-2650 V2
(IvyBridge micro-architecture) could only support 0.63 million.

million patients per server ~ Wolf Island
Simulation

Baseline HSX ES-2687TW
IVB E5-2650v2

Fig. 13. CPU generation scaling results.
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With the limitation of CPU frequency, core count and micro-architecture, cluster
performance could only be scaled at a very limited range, if much more patients need to
be support, more server node have to be add into cluster like the following scaling.

From the simulation result, to support 10 million patients there should be at least 16
server nodes in the spark cluster as shown in Fig. 14.

In some other cases, cluster performance also need to be scaled down to save cost
and power, through decommission some server nodes or slow down the CPU operation
frequency. Simulation based performance prediction could also help how to scale the
cluster performance down.

Cluster Size Scaling Analysis
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Fig. 14. Node count scaling results.

6 Case Study 2: Memory Optimization for Spark
Performance

Memory tuning is critical in Spark. The Spark PageRank optimization is a good
candidate to illustrate how memory settings at different layers impact Spark perfor-
mance, and how simulation based tuning can help optimize Spark application perfor-
mance. Trade-offs at Spark, and JVM levels are described in this section, and then
simulation based optimization solution was shown at the end of this section.

Spark PageRank is memory intensive and generates a large set of intermediate data
which pushes up the system memory utilization. These intermediate data are also
shuffled across cluster nodes. Shuffle is the operation that moves data point-to-point
across machines. It has a critical impact on Spark performance, as shown in the latest
Spark core performance optimization work [15]. In the Spark workflow, intermediate
data is held in the memory buffer first and then written to disk when the buffer is about
to become full (buffer spilling). As the latency of spill data write process is very long,
the size of the memory buffer reserved for intermediate data heavily impacts the Spark
performance.
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The spill buffer is part of the executor JVM heap, whose size is controlled by the
Spark parameter shuffle.memory.fraction. If the spill buffer is large enough to hold all
the collected data, then no spill occurs, or else, it flushes the buffer first and continue to
collect shuffle data. Larger spill buffer size would reduce the number of spill operations
hence improving performance. However since the spill buffer space is taken from the
JVM heap, a big spill buffer would leave very few memory left for other tasks, such as
RDD transfers, that share the same JVM heap space.

Table 5. Cluster hardware and software settings.

Approach | Executor memory | Executor count | Executor VCore
1 6 GB 16 1

2 12 GB 8 2

3 48 GB 2 8

4 96 GB 1 16

Executor memory and VCore which are configured by JVM and YARN settings are
also very performance sensitive. We run the simulation with four sets of different
memory configurations shown in Table 5 together with 5 different shuffle memory
fraction configurations and get following result shown in Fig. 15.

Simulated Spark PageRank Execution Time for Differenct
Shuffle Memory Fraction and Executor Memory
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96GB
48GB
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H500-700 m700-900 m900-1100

Fig. 15. Simulation based optimization of Spark memory system.

This figure demonstrates how simulation based optimization can be used in a
systematic way to explore execution time against the shuffle.memory.fraction and the
executor memory size in GB. Best performance is achieved for a 12 GB executor
memory size combined with a shuffle. memory.fraction of 0.5. This represent a 71%
improvement compared to the default configuration (6 GB, 0.2). We can use the
simulator to predict performance for different cluster configuration without real cluster
deployment with much higher accuracy than experienced estimation.



50 Q. Chen et al.

There is no general solution that can satisfy all cases but simulation based opti-
mization can be used to thoroughly explore the space of possible solutions so that the
best configuration trade-off can be found.

7 Related Work

Several existing simulator are dedicated to simulate the MapReduce computing para-
digm, but no Spark simulator is currently available. The most closely related works are
based on full system simulators which usually are general purpose functional simu-
lators. One of this kind is Simics-based [16] cluster simulator that can run any kind of
unmodified Big Data applications, but these simulators was often used to characterize
Spark and other Big Data workloads [17], their simulation speed are very slow espe-
cially when the node number of the target cluster increases, what’s more Simcs can’t
provide accurate timing information for cluster applications.

Simflex is based on Flexus simulation engine and SMARTS rigorous sampling
engine [18] while Flexus was also built on Simics.

An instruction set simulator-based full system simulator [19] can run unmodified
message-passing parallel applications on hundreds of nodes at instruction level, but
similarly because it is a low level simulator its simulation performance is poor and it
can hardly be used for performance optimization.

Compared to the above mentioned simulators this paper proposes a fast and high
accuracy layered simulation framework. Several hundred nodes clusters can even be
simulated on a desktop in relative short time.

8 Conclusion and Future Work

As the computing core of next Big Data clusters, Spark plays an important role in
capacity planning consideration. It is critical to be able to predict Spark performance
accurately and efficiently so that the right design decisions can be taken. This is
however a challenging task due to vast hardware diversity and rapidly increasing
software complexity. In this paper, we proposed an innovative simulator used to
simulate Spark cluster performance at system level.

We have validated its accuracy and efficiency via several widely used benchmarks.
Experimental results demonstrate the accuracy and capability of our Spark simulator:
the average error rate is below 7% across the scaling of 33 software parameters and 5
group of hardware settings.

The ability to quickly simulate Spark clusters with high accuracy on commodity
clients makes our simulator a promising approach as a design tool to perform capacity
planning before real deployment. For our 5 nodes 50 GB data set size configuration,
simulation times vary between 30 min and 4 h.

Moreover system engineers could also use this simulator to optimize Big Data
cluster configuration, maximize cluster performance, evaluate server design trade-offs
and make system-level design decisions.
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For easier Spark development, the Spark ecosystem brings additional functionality

like MLib (machine learning library), GraphX, Spark Streaming and Spark SQL. We
will extend our Spark model to these functionalities. As heterogeneous architecture are
more and more popular in data center these days, we will also extend our capability to
support the simulation of heterogeneous systems like XEON + FPGA based clusters.
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Abstract. Recent developments in live-cell microscopy imaging have led to the
emergence of Single Cell Biology. This field has also been supported by the
development of cell segmentation and tracking algorithms for data extraction. The
validation of these algorithms requires benchmark databases, with manually
labeled or artificially generated images, so that the ground truth is known. To
generate realistic artificial images, we have developed a simulation platform
capable of generating biologically inspired objects with various shapes and size,
which are able to grow, divide, move and form specific clusters. Using this
platform, we compared four tracking algorithms: Simple Nearest-Neighbor (NN),
NN with Morphology (NNm) and two DBSCAN-based methodologies. We show
that Simple NN performs well on objects with small velocities, while the others
perform better for higher velocities and when objects form clusters. This platform
for benchmark images generation and image analysis algorithms testing is openly
available at (http://griduni.uninova.pt/Clustergen/ClusterGen_v1.0.zip).

Keywords: Microscopy - Synthetic time-lapse image simulation - Cell
tracking - Cluster tracking

1 Introduction

Recent advances in live-cell microscopy imaging have enhanced images quality and
triggered the development of techniques for detecting and observing cellular structures
and their kinetics [1, 2].
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Live-cell imaging entails the tasks before and during image acquisition at the
microscope, which includes image refinement, such as tuning illumination, focus, drift
correction, stage positioning and microscope components selection (e.g. shutter, lens,
camera, stage) [3]. It follows image processing (e.g., registration, segmentation,
tracking, statistical quantification and background correction) [3, 4].

Microscopy software packages include automatic correction algorithms for noise
attenuation, contrast correction, illumination compensation, etc. [5].

The first step is usually image registration (overlay of two or more images of the
same object at different instants, viewpoints or sensors) is a classical step with several
methods available, which are based on modality, intensity, type of data, dimensionality,
domain and type of transformation, and registration methodologies [6, 7].

The next step is the segmentation of cells or cellular structures of interest [8], where
these segmented objects are detected, located, and separated from the background. The
main challenge here is to automatize it with high specificity and sensitivity for a wide
number of cases. Presently, there are various approaches, such as intensity threshold-
ing, feature detection, morphological filtering, region accumulation, deformable model
fitting, etc. [8].

When handling a time series, one needs track the objects between frames, i.e., to
link the segmented objects in the actual frame with the ones from the previous frame,
so as to attain the object’s trajectory. With the information describing the target defined
by the state sequence Xy, k ¢ N (where N is the set of frames), and the measurements
defined by Z;, the goal of tracking is to estimate X;, given all measurements until the
moment Z;., [9]. This is made difficult by noise, occlusions, illumination changes,
complex motions and object’s shape dynamics, which can enhance the misidentifica-
tion of object tracks [10].

Currently available tools for tracking in different microscopy settings include the
‘Cell-C’, based on DAPI staining and fluorescence in situ hybridization images [11],
‘CellTracer’, which applies morphological methods to automatically segment bacterial
cells, yeast and human cells [12], ‘MicrobeTracker’ and its accessory tool ‘SpotFin-
der’, which segment Escherichia coli and Caulobacter crescentus cells and detected
fluorescent spots within [13], ‘Schnitzcells’, which segments and tracks E. coli cells in
confocal or phase contrast images [14] and, ‘CellAging’, which was developed for cell
segmentation and tracking in order to study the segregation and partitioning in cell
division of protein aggregates [15].

The validation of these tools requires gold-standard images, usually manually
annotated by biology experts. However, this validation is problematic, as it is
expert-dependent (both inter-user and intra-user variability can be high) and is
impractical in high-throughput data-sets [16]. To overcome this problem, a viable
alternative is using artificial images of biologically inspired objects. These images,
whose ground truth is known, can be used for the accurate quantitative evaluation of
the image processing algorithms [4].

Next, we provide a comprehensive literature review of existing tools for simulation
of synthetic microscopy images and of recent developments on cell tracking algo-
rithms. In Sect. 3 we present the contributions to the development of the image sim-
ulation tools (models and parameters) and the implementation of three different
tracking algorithms. In Sect. 4, the tracking results of several examples are presented
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using different parameters. Finally, in Sect. 5, we present our final remarks on the
development of simulation tool and the results of the three algorithms, along with a
description of potential future endeavors.

2 State of the Art

2.1 Synthetic Image Generators

There have been several contests and open challenges on microscopy image process-
ing, usually requiring that each methodology is tested on the same benchmark data-sets
(acquired by an independent laboratory or created by artificial image generators) [8].
Such artificial image generators require realistic biological models, and commonly use
theoretical and experimental information on the statistical distributions of the object’s
behavior [17] and spatial and temporal data [18, 19]. If the object studied is a cell, these
models should include morphology parameters such as cell shape and size, location of
subcellular structures, kinetic and spatial statistics of cell growth, cell division, cell
migration and models of internal cell functions.

The architecture of microscopy image simulators based on biological models can be
divided in three main stages: the digital phantom object generation, the simulation of
the signal passing through the optical system and the simulation of the image formed
on a specific sensor [20].

Simulators such as ‘SIMCEP’ [21] have provided a gold-standard platform to
validate and test image processing tools, such as the previously mentioned ‘CellC’ [11],
the open-source and Java-based image processor ImageJ, and the commercially
available MCID Analysis (Imaging Research Inc., Catharines, ON, Canada; Evaluation
ver. 7.0), along with other image processing tools [22]. The phantom objects are
generated with different cell parameters, such as probability of clustering, cell radius,
and cell shape and with parameters related to the sensors and the optical system, such
as background noise and illumination disturbance [22, 23].

‘CytoPacq’ is another toolbox specifically developed to simulate all three phases.
For that, it is equipped with three different modules. The first module (‘3D-cytogen’)
generates the digital object phantom, which imitates the cell structure and behavior
generating microspheres, granulocytes, HL-60 Nucleus and images of Colon Tissue.
The second module (‘3D-optigen’) simulates the transmission of the signal through the
lenses, objective, excitation filter and emission filter (various sets of equipment can be
simulated). The last module, ‘3D-acquigen’ is the digital CCD camera simulator of the
image capture process (noise, sampling, digitization) by changing the camera selection,
the acquisition time, the dynamic range usage and the stage z-step [20, 24]. The same
group also introduced a novel versatile tool (“‘TRAgen’), capable of generating 2D
time-lapses by simulating live cell populations as a ground-truth for the evaluation of
cell tracking algorithms. In this work, they included models of cell motility, division
and clustering up to tissue-level density [25]. Both simulators have been an important
step in the simulation of cellular dynamics, such as intracellular protein or RNA levels
or even cell migration, division and growth [2, 3].
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Another toolbox, called ‘SimuCell’ [26], is capable of generating artificial micro-
scopy images with heterogeneous cellular populations and diverse cell phenotypes.
Each cell and their organelles are modeled with different shapes and distinct distri-
butions of biomarkers over each shape, which can be affected by the cell’s microen-
vironment, demonstrating the importance of good cell placement (e.g. in clusters,
overlapping existing cells) [26].

The ‘CellOrganizer’ toolbox was developed based on laboratory data and using
machine-learning techniques to generate the entire cell, including structures such as the
nucleus, proteins, cell membrane and cytoplasm components [27]. Although the
learn-based model was capable of extracting a very precise shape model, it cannot be
described in precise mathematical terms [28].

Most image generators have focused on the simulation of morphological features
and spatial information of the cell. Morphological information can suffice to create
multidimensional images, but it cannot simulate time-lapsed multimodal and functional
images, where important time-dependent processes are present. To simulate such
images of bacterial cells, the ‘miSimBa’ (Microscopy Image Simulator of Bacterial
Cells) tool has been under development [29]. The simulated images can reproduce
spatial and temporal bacterial time-dependent processes by modeling cell growth,
division, motility and morphology: shape, size and spatial arrangement [29]. Rele-
vantly, these simulation tools can also be used to generate “null-models” [30], to study
statistical patterns in absence of a particular mechanism (e.g. removing the nucleoid to
study how it influences the spatial distribution of protein aggregates).

2.2 Cell Tracking

Several tracking methods have been proposed, differing on how they process available
object features, type and number of tracked objects [10]. In order to decide which
approach to follow, the object’s representation, defined during the segmentation pro-
cess, must be taken into account. Objects can be represented through points, geometric
shapes, silhouette and contour, articulated shape model or skeletal model, leading to
different developmental approaches [10]. Tracking methodologies were divided into
three main categories: Point Tracking, Kernel Tracking and Silhouette Tracking [10].

Objects in Point Tracking are represented by points and tracked based on their
position and motion. The main issues of this methodology are the presence of occlu-
sions and the entries and exits of objects in the field of view. This category has been
divided in Deterministic and Statistical methods. Deterministic methods associate each
object with the application of motion constraints, while statistical methods take into
account random perturbations and noise during the tracking process [10]. The
Nearest-Neighbor (NN) algorithm is the source of all deterministic approaches and uses
only the distances between objects in k and k—1, matching the objects with the smallest
distances. This distance can be based on position, shape, color and size [31].

An efficient visual object tracking algorithm was proposed by [32] that combines
NN classification with descriptors based on the scale-invariant feature transform,
efficient sub-window search and an updating and pruning method to achieve balance
between stability and plasticity. This method successfully handles occlusions, clutter,
and changes in scale and appearance.
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The probabilistic data association filter (PDAF) and the joint probabilistic data
association filter (JPDAF) are the basis for the statistical methods. PDAF uses a
weighted average of the measurements as input, modeling only one target and con-
sidering linear dynamics and measurement models. JPDAF is an extension of PDAF,
allowing multiple target tracking. The assumptions are the same when calculating the
target’s association probabilities jointly. In both methods, if the model is linear, then
the Kalman Filter has a relevant influence. One of the problems of these methods is the
incapacity to recover from errors, because only the last measurement is used [31]. The
Kalman filter is an optimal estimator, which means that it assumes parameters from
indirect, inaccurate and uncertain observations and if all noise is Gaussian, the linear
Kalman filter minimizes the mean square error of the estimated parameter. This filter is
widely used to obtain the optimal state estimate [31].

A different method [33] combining the JDPAF and a particle filtering [34] was
proposed and was named ‘Monte Carlo JPDAF’. This method uses three models: the
first with near constant velocity, the second with near constant acceleration and a third
with both models, which achieved the best performance.

Another statistical method is the multiple hypothesis tracking (MHT), which is one
of the most used with point features, but has computational limitations both in time and
memory [9]. This method postpones data association until enough information is
available. The MHT starts by formulating all possible hypotheses, which develop into a
set of new hypotheses each time new data arrives, generating a tree of hypothesis [31].
For each hypothesis, the position of the object in the next frame is predicted and then
compared with the measurements, calculating their distance. The associations are made
for each hypothesis, generating new hypotheses for the next iteration [10]. The tree of
hypotheses should be cut, because it grows exponentially with the measured data. This
can be done by clustering, i.e., measurements are subdivided into independent clusters.
If a measurement cannot be associated with an existent cluster, a new one is created.
Another way of cutting the tree is pruning, meaning that as new iterations are added, a
part of the tree is deleted [31].

Unlike PDAF and JPDAF, the MHT method can deal with objects entering, exiting
and being occluded from the field of view. Kernel Tracking can be done using tem-
plates and density-based appearance models or multi-view appearance models. Tem-
plates use basic geometric shapes, while multi-view models encode different views of
the object. Mean shift and KLT (Kenade-Lucas-Tomasi) are examples of template and
density-based appearance models [10].

In mean shift, the appearance of the objects being tracked is defined by histograms.
Similarities are measured using the Bhattacharyya coefficient [35] and the
Kullback-Leibler divergence [36]. The process tries to increase similarity between
histograms, by repeating each iteration until they converge [37].

KLT is an optical-flow method, which uses vectors to show the changes in the
image (i.e. translation). A version of this method was proposed in which the translation
of a region centered on an interest point is iteratively computed. Then, the tracker
evaluates the tracked patch, computing a transformation in consecutive frames [38].
These methods are effective while tracking single objects, but have problems dealing
with multiple objects. Silhouette Tracking consists in using precise information about
the shape of the objects, using Shape Matching and searching for an object silhouette
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and its model in each frame. Each translation from frame to frame is handled separately
by finding corresponding silhouettes detected in two consecutive frames. Another
approach is based on the evolution of the object contour, connecting the correspondent
objects by state space models or by minimizing the contour energy [10].

When tracking objects, one usually obtains multiple measurements. The incorrect
ones are referred to as false measurements or clutter. The measurement with highest
probability of being originated from the tracked object is then selected. If the algorithm
selects the wrong measurement or if the correct measurement is not detected, a poor
state is estimated. To solve this issue (reducing the computational cost), a validation
region (measurement gate) is selected. The measurement gate is a region in which the
next measurement has a higher emergence probability [31].

3 Methodologies

3.1 Implementation of the Image Generator - Tool Interface and Basic
Functionalities

The image generator interface and the tracking methods were implemented using the
C# language from Visual Studio 2015. This sub-section focuses on the implementation
of the image generator and its basic features. In order to facilitate the analysis of the
tracking algorithms an intuitive interface was designed. The time-series generator
allows the user to change a number of settings such as the number of objects, frames,
clusters, and their features. The generator automatically creates a csv file containing the
object’s properties (position in X and y coordinates and a shape-related factor called
“morphology”, which is a rational number between O and 1 as defined in the Object
Shape Sub-Section). The tool interface is shown in Fig. 1. At the top row of the
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Fig. 1. Image generator tool interface.
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window there are frame handlers, to advance forward and backward in the time-series,
or to go directly to a specific frame. The “Time-Lapse” button reproduces the full
time-series with a frame-rate of 25 frames/second.

The left bar contains the boxes to write the desired width and height of images, in
pixels. The user can also choose the number of objects in each frame, and the total
number of frames. The “Maximum Velocity” is the maximum distance, in pixels, that
an object can travel between frames, while the “Maximum Morphology Difference” is
the maximum difference of the “morphology” factor that an object can have between
frames, in percentage. The ‘“Physical Move” button controls the option of giving
objects physical limitations to their kinetics. If it is selected, each object has a velocity
and orientation assigned to it, meaning that its position dynamics will depend on these
two variables. If it is not selected, objects will move arbitrarily between frames.

One can also select “Allow Entries/Exits”, to allow the objects to enter and exit the
image limits. If unselected, objects collide and are reflected by the edges of the image
when reaching them. When the option “Allow Occlusions” is selected, objects move
without restrictions due to superposition between them. If it is not selected, objects
collide between them similarly as when colliding with the edges.

Objects clustering can also be forced checking the “Create Clusters” option. When
selected, all objects of each cluster have the same physical features. In this setting,
“Physical Move” is automatically selected and “Allow Occlusions” is deselected,
blocking the correspondent checkboxes. The button “Cluster Properties” (shown in
Fig. 5) leads to a new window with the options for clusters’ creation. Here, the desired
number of clusters, objects per cluster, and size of the clusters in pixels can be selected.
It is also possible to choose between two types of objects’ kinetics: “Follow the
Leader” and “Alternative Movement”. The application of “Cluster Centre Force” and
its strength are shown in Fig. 6 and explained in the Sub-Section Cluster Creation.

3.2 Object Modeling

This sub-section focuses on the modeled features, namely object shape, movement,
growth, division and clustering, which were improved from the previous toolbox
towards a realistic simulation of the bacterial cell spatial and temporal organization.

Object Shape

To create a realistic simulation of bacterial cells, we first need to investigate how they are
classified by their shape. Bacterial cells can have a spherical shape (coccus) a rod-shape
(bacillus), while other bacteria have shown a vast diversity of shapes, such intermediate
shapes (coccobacillus) or curved/corkscrew shapes (spirochete, spirillum and vibrio), or
even square and star shapes, each of them with its specific purpose [39, 40].

Bacteria can also have a wide range of cell sizes (volumes that range from 0.02 to
400 um®), where even a vast variability can be observed within the same species
[41, 42]. These variations can be explained due to cell adaptation to external factors,
such as lack of nutrients leading to starvation, situations of extreme temperatures (low
and high) or of extreme dryness [42].
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A typical bacterial cell envelope is mainly composed by a cytoplasmic membrane
and peptidoglycan (also known as murein) cell wall. Bacteria can also be divided in
two groups regarding a fundamental difference in the cell envelope: Gram-negative and
Gram-positive bacteria. In the first group (which is the case of E. coli) a bacterial outer
membrane is also present (with intercalating pore-forming proteins, called porins), with
lipopolysaccharides connected to the exterior of that outer wall. The interior of the
outer wall is then connected to a very thin murein wall by a lipoprotein [43]. In the
second group (which is the case of human pathogenic bacterium Streptococcus
pneumonia), the cell envelope consists of a very thick murein wall (sometimes more
than 10 times thicker than the first group) with teichoic acids spread across the murein.
The shape is maintained and determined by the way murein is incorporated during
cellular elongation, especially in rod-shape organisms, such as E. coli [44] and
B. subtilis [45], as the murein is the main cell wall structure that supports the stress
from the outside [46], as computational physical models have been develop to study
how defects in the murein can affect E. coli shape (and the shape robustness to murein
damage) and how different murein defect patterns can build bacterial shape patterns
such as curved rods and spirochaetes [47]. Along with the cell wall, other cytoskeleton
proteins are associated with bacterial shape, such as FtsZ (tubulin homologue), MreB
(actin homologue) and crescentin [39, 45] (Fig. 2).

Fig. 2. Example of bacterial cell shapes. Spherical shape (coccus) in dark gray, a rod-shape
(bacillus) in orange, intermediate shape (coccobacillus) in green and curved shapes (spirochete,
spirillum and vibrio) in blue.

In the first version of this generator [48], objects were just represented by circles and
the morphology factor (radius), which only represented coccus shaped bacteria. There
was a conversion factor that determines the maximum radius of the objects (corre-
sponding to morphology value 1). By default, this factor was initialized at 30. The
development towards realistic bacterial cells will involve the representation of objects
with this variables: Object_ID (identifies each object), MajorAxisSize (size of Major
Axis), Orientation (defines the orientation of the Major axis), MinorAxisSize (size of
Minor Axis), Curvature (0 if you want to create line objects and 1 if both ends of the
Major Axis touch, transforming the long bacteria into a circle) IDPixelList (this vari-
able populates all pixels that correspond to the object), Centre (center of mass of the
object), Division (this value starts at 0, changes to the time step where the division
event occurred), Parent (equal to its Object_ID in every time-step except in the
time-step after a division event, which is equal to the parents Object_ID). With these



60 L. Martins et al.

new parameters we are able to change the shape of the cell towards more realistically
bacterial shapes. Cells with similar MajorAxisSize as MinorAxisSize will have coccus
shape, when we increase the MajorAxisSize, we will get intermediate shapes (coc-
cobacillus) and with large increases of MajorAxisSize we will have bacillus shapes.
Using the Curvature and large MajorAxisSize we will create curved shaped objects.
These properties are populated for each time-step of the simulation and can be changed
by events such as cell growth, division, motility and clustering, as explained in the next
sub-sections.

Object Growth

Bacterial cell cycle is normally divided in three stages, specifically a period between its
“birth” and the initiation of DNA replication, a replication period when the cell
increases its mass and size (Cell Growth) and, finally, a binary fission process into two
new daughter cells (Cell Division), which is repeated over the next generations [49].

The creation of new murein polymer can lead to cell growth through cell elongation,
as murein is inserted in the sidewalls at the middle of the cell or at the poles. The
creation of the division septum at the mid-cell then leads to a division event (this is also
the main process for cell growth in spherical cells, where cell elongation does not
occur), where two daughter cells are created [39]. Each of those processes have their
own protein and enzymatic apparatus, working in specific places of the cell wall [39,
45]. The FtsZ cytoskeleton protein along with various other proteins create the division
septum at the middle of the cell (as two proteins MinC and SImA that are present in the
rest of the cell, inhibit the assembly of the FtsZ ring required for division [50].

In the first version of this generator [48], the morphology shape-related factor called
was set at 0.05 (this value was chosen to emulate biologically inspired objects that
slowly change their shape over time). Although this process emulates how other cell
shapes (bacillus, coccobacillus, vibrio) change their cell size, this actually needs to be
changed in truly spherical shaped cells (cocci) as they do not have an elongation
process [51], but create a division septum at mid-cell, which allows them to create two
daughter cells roughly of the same size of the parent cell due to entropic forces [39].
For the remaining shapes, we implement the creation of new pixels along the Major
Axis as the growth process.

Object Division

In the first version of this generator [48], no division process was implemented. This
new version has implemented object division This feature is intended to be an
approximation to living cell proliferation, where a parent cell “splits” in half, origi-
nating two daughter cells. In this specific case, since objects are represented only by
circles, not by complex shapes, division consists in splitting an object with a mor-
phology factor m into two objects with a factor m/2.

There was a factor named “Division Probability”, measured in percentile that
defines the probability of occurring a division for each object, in each frame of the
time-series, which happens stochastically. The daughter objects inherit from the parent
the physical parameters share the same cluster force (if inside a cluster). An example of
an object division is shown in Fig. 3.
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®e
(A) (B)

Fig. 3. Example of object division from frame (A) to frame (B).

Object Motility

Bacterial growth as a colony can also be dependent on the capability to move in the
direction of more favorable conditions, which at its basic form is normally associated
with Brownian random movement or active movement towards a specific gradient, e.g.
chemicals (chemotaxis) and temperature (thermotaxis) [52].

According to the user’s selection, objects can have movement respecting a number
of physical rules. If this option is deactivated, objects will move arbitrarily through the
image. In each frame, each object can move to a new x and y coordinates by an
arbitrary distance that cannot be higher than the “Maximum Velocity” value in pixels.

If entries and exits are deactivated and if an object is heading to the image boundary,
it is reflected respecting Snell’s Law, as seen in Fig. 3 causing a change in the angle’s
direction of movement. If occlusions are deactivated, when two objects are about to
collide, they change to opposite orientations in an approximation to the reflection laws,
but ignoring differences in their morphologies (Fig. 4).

(A) (B) (C) (D)

Fig. 4. Collision between objects with “Physical Move”. Objects in: (A) Frame 10; (B) Frame
16; (C) Frame 19; (D) Frame 23.

With occlusions and “exits and entries” also deactivated, objects will avoid the
positions where they collide with other objects or go out the image boundaries,
searching for a position considering these limitations and the maximum distance they
can move between frames. If the user chooses to give objects “Physical Move”, in
addition to previous features, each object will have a velocity and an orientation
assigned to it, meaning that their position dynamics will depend on these two values. In
each frame, each object will have new x and y coordinates distanced “d” (no bigger
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than “Maximum Velocity”) from the previous frame coordinates, direction “0” (be-
tween 0 and 2pi radians), with both components using an independent random variable,
consistent with the Brownian random movement. Collisions between objects might
need to be reconsidered as bacterial cells tend to create clusters when they bump with
other cells, and not move away from those cells.

Cluster Creation
In terms of spatial arrangement, bacteria can be organized in single forms or be
grouped in pairs (diplo prefix), in chains (strepto prefix). Cocci bacteria can also
organize in groups of 4 (tetrad), 8, 16 or 32 (sarcinae) or in grape-like clusters (staphylo
prefix). Bacilli bacteria can organize in palisade structures (side by side) or can be in
unstructured spatial clusters [40].

When selecting the option “Create Clusters”, the Generator will create a time-series
with the number of clusters, objects and size of cluster chosen by the user. These
options (shown in Fig. 5) must be consistent and take into consideration the image size.

5! Cluster Properties - O X
Number of Clusters |2 Movement Type
« v
Number of Objects [10— ¢ Follow the Leader
per Cluster " Alternative Movement
Cluster size |100 pixels I™ Cluster Center Force
Strength (1-10) |0
Save | Cancel |

Fig. 5. Interface options for cluster properties.

In “Alternative Movement” (as shown in Fig. 6A) all objects of each cluster have
the same physical parameters, which means that they move in the same direction with
the same speed (with a small independent arbitrary component).

In the “Follow the Leader” movement mode (as shown in Fig. 6B), each cluster has
a leading object. The characteristics of the other objects of the same cluster are
dependent on the leader’s behavior. The leader “receives” the physical parameters at
first frame (velocity and orientation) and at each frame the other objects of its cluster
will move in the leader’s direction, minimizing the distance to it, but respecting the
“non-collision” rule. If two objects from different clusters collide, one of them will start
belonging to the other cluster. This may cause the “merging” of clusters.

The “Cluster Centre Force” feature is exclusively for “Alternative Movement” that
creates an attraction force at the cluster’s center, with a selectable strength selected by
the user. This force keeps cluster’s objects together, even when colliding with the
image borders or other objects. Increasing the strength, the objects will move faster to
the cluster’s center. In this mode of motility, when objects from different clusters
collide, they will be “left behind” by their cluster until they can join it again.
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Fig. 6. Exemplificative frames of (a) ‘Alternative’ Movement (b) ‘Follow the leader’
Movement.

3.3 Tested Tracking Algorithms

In this Section, we give a small introduction to Nearest-Neighbor Algorithms that were
used to test our image generation tool, namely the Simple Nearest-Neighbor (NN) and
the Nearest-Neighbor with Morphology (NNm) Algorithms. We also introduce the
Density-Based Spatial Clustering of Applications with Noise (DBSCAN), which is
mainly used to track clustered objects.

Simple Nearest-Neighbor Algorithm

The first tracking algorithm tested was the Simple NN. This method only takes into
consideration the position of each object in each frame of the time-series, and uses the
Euclidian Distance between points to find matching objects between frame n and n + 1.
Being d, the distance between two objects:

dy = \/(xn _xn+1)2 + (n _yn+1)2 (1)

Where x,, and y, are the positions of each object in frame n and x, . and y, .| are the
positions in frame n + 1. Having the distance between each object in frame »n and all
objects in frame n + 1, correspondences are made based on the minimum distance. The
object in frame n + 1 closer to each object in frame n is assigned to it. If two objects in
n + 1 are assigned to the same object in n, the closer object is assigned, until all
correspondences between frames are unique [31].

Nearest-Neighbor with Morphology Algorithm

The NNm algorithm accounts not only for the differences between the positions of each
object in each frame, but also for a shape-related factor, called morphology. This
algorithm calculates the distance percolated by each object between frames n and n + 1
using Eq. (1). Being m,, the morphology of each object in frame n, and m,, , | the shape
factor in n + 1, the difference, d,,, between these variables is calculated by:

dmzlmn_mn+1| (2)
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The total difference, d;, between each object in each frame pair is given by (3) with «
and f being the weights given to each partial distance. Here different weights are used
(as presented in the Results section), in order to study the best way to combine them:

dy=o-dy+-dy (3)

Cluster Tracking

Identifying clusters is one of the most complex issues of image characterization [53]. In
this work, the problem lays in tracking objects knowing that they are grouped in
clusters. Since bacteria often group this way, the goal is to find a method that improves
tracking of clustered objects. One of the main problems of clustered objects is illus-
trated in Fig. 7A. Using NN (or NNm) to track these frames, the algorithm will
immediately misidentify at least two of the objects of frame n + 1. This will occur in
objects 1" and 3’, and it happens because their position in n + 1 is exactly the same that
objects 2 and 4 have in n.

To solve this problem we implemented a tracking algorithm that considers the
cluster’s features and its singularities. The first step of this method to track clustered
objects is to correctly identify the clusters in the image and the objects belonging to
each of them. The adopted method was the Density-Based Spatial Clustering of
Applications with Noise (DBSCAN) [55] in its revised version [54]. This method
formalizes the notion of “cluster” and “noise”, using the definition of density to
characterize clusters, meaning that to define a cluster, the density of the neighborhood
of each point has to be higher than a given threshold. ‘MinPts’ is the minimal number
of objects in the neighborhood, and Eps is the neighborhood radius (see Fig. 7B).

(A) (B) A cluster A core object
Frame n Y °
00 ) XS

e e o °
< NN o
oo o ° . o n
[ J ° L J [ J L

Frame n+1 A border object A density-reachable object
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Fig. 7. (A) Example of a possible misidentification using the NN Algorithms. (B) ‘MinPts’ is
defined as the minimal number of neighborhood objects, and Eps as the neighborhood radius, a
core object (Red) is defined when its local density is higher than ‘MinPts’ and a border object
(Orange) in its local density is less than ‘MinPts’. Two density-reachable objects are defined if a
chain of core objects exists with distances between them smaller than Eps. Adapted from [54].
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Objects can be divided into three categories: core, border and noise (see Fig. 7B).
An object is a core object if its local density is higher than ‘MinPts’. It is considered a
border object if its local density is less than ‘MinPts’ and it belongs to the neighbor-
hood of a core object. An object is classified as noise if in its Eps radius there are less
than ‘MinPts’ objects and none is a core. Finally, we identify two density-reachable
objects if there exists a chain of core objects between them (see Fig. 7B), with dis-
tances between them smaller than ‘MinPts’ [54].

This approach improves clustering identification when the data has dense adjacent
clusters [54]. They also introduced the concept of core-density-reachable objects,
which is similar to the chain of density-reachable objects, but cutting border objects
from chain’s ends and staying unclassified until all core objects are identified [54].

The algorithm has two main steps: ‘dbscan’ and ‘ExpandCluster’. The first step lies
in covering each object and running ‘ExpandCluster’ if the object is unclassified. Then,
it returns all objects that are core-density-reachable from that one. If it is a core object, a
cluster is produced. If it is a border object, it has no core-density-reachable objects, and
proceeds to the next one. After all chains from the core object are known, it is assigned
to its best density-reachable chain and all border objects.

After identifying the clusters in all frames with DBSCAN, a novel algorithm for
object tracking was developed. This algorithm assumes that objects are grouped and
move in clusters, treating each cluster as a separate individual while tracking. The first
step (with all clusters identified) is to isolate the clusters and calculate their centroid, in
coordinates x and y:

N
Xcentroid = Zi:l .X,‘/N (4)

After all centroids are calculated, they are processed as objects, since they have their
own coordinates. The NN algorithm is then applied to these coordinates, tracking each
cluster individually and resulting in a sequence of results similar to object tracking.

4 Results and Discussion

We generated several time-series that can be used as a benchmark to test tracking
algorithms. For this, we simulated examples with different starting number of objects
(20 to 160) and ‘Maximum Velocity’ (V =5, 10, 15, 20 and 30).

The generated images have a 1000 x 500 pixel size (first and second experiment)
and 1500 x 100 (third experiment). The implemented Tracking Algorithms automat-
ically processes the csv files with the objects’ true positions produced by the Image
Generator. The detected object tracking is then compared with the gold standard. In this
comparison, a False Positive (FP) is counted when one object is incorrectly tracked
from one frame to another and a True Positive (TP) is accounted when one object is
tracked correctly between two consecutive frames. It is important to notice that errors
that occur in the beginning of the time series are typically propagated through the entire
sequence. We present in the following tables the tracking error (false discovery rate),
calculated as FP/(FP + TP).
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4.1 Simple Nearest-Neighbor Algorithm

We tested 10 time-series of 100 frames for each example with different objects and
different maximum velocity. In Table 1, we present the tracking performance of the
Simple NN algorithm, based on the ground-truth produced by the image generator. The
tracking error is calculated on every frame and accumulated until the end of the
time-series. In this case, the morphology shape-related factor called was set to 0.05
(this value was chosen to emulate biologically inspired objects that slowly change their
shape over time). The results from Table 1 show that this simple algorithm can handle
the increase in the number of objects while keeping a small velocity, and that when
raising the velocity to 20 and 30 the tracking performance was significantly reduced.

Table 1. Tracking errors of the Simple Nearest-Neighbor Algorithm.
Obj. V=5(V=10|V=15/V=20 V=30
20 {0,00 |0,92 1,06 4,19 119,20
40 10,26 | 1,27 3,23 5,93 124,01
60 [ 0,06 | 1,58 5,63 12,38 |39,66
80 (0,24 | 1,84 6,62 |15,74 |45,06
100 | 0,27 | 1,20 7,85 19,94 |49,76
120 | 0,22 | 1,69 10,57 21,16 |51,86
140 10,55 3,71 14,16 |26,57 |58,07
160 (042 |4,12 1491 33,74 63,89

4.2 Nearest-Neighbor with Morphology Algorithm

In this second experiment, we show how tracking taking into account the morphology
of the object can be helpful in the worst case scenario of the last experiment. In
Table 2, we present the results of the tracking performance of the NNm Algorithm. In
this case we also produced 10 time-series of 100 frames for each example with different
objects and different maximum velocity, but also with distinct morphology factors.

We tested the algorithm in two configurations; the first giving a 60% importance to
the calculated distance between objects (o factor in Eq. 3) and 40% to the calculated
morphology difference (§ factor). For the second configuration we used 40% for o and
60% for B. The impact of the shape-related factor was also studied using both 0.05 and
0.1. For this section we extended our results [48] to include lower velocities and less
objects when comparing our analysis against the simple NN algorithm. From Table 2,
we observe that tracking results are improved by using the NNm Algorithm (e.g. in the
worst case scenario the error percentage was reduced from 64% to 47%) for the m
factor = 0.05 case, but at lower velocities, the Simple NN algorithm achieves similar
results (compared with NNm) even with a large number of objects.

It is important to note that, as most of bacterial cells in live-cells imaging are placed
in agarose gel, where they do not move very fast, but they are able to grow and create
large clusters of cells, in cells that have large movement capabilities, other tracking
algorithms need to be used and compared. We also should note that the second con-
figuration (40% for o and 60% for f§) gave better results than the first one, so giving
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Table 2. Tracking errors of the Nearest-Neighbor with Morphology Algorithm.

Obj. | m factor = 0.05 m factor = 0.1
V=5V=10/V=15/V=20V=30V=5V=10/V=15V=20 V=30
o = 60% and ff = 40%
20 [0.00 [092 [0.00 [227 [11.28 [0.00 000 143 037 |14.17
40 000 046 245 (336 1810 |0.00 033 200 |871 |21.06
60 (006 '1.08 [320 (882 [30.61 034 031 [410 (827 [27.12
80 024 143 [466 |11.00 |3427 [0.00 088 540 1376 |34.87
100 027 147 602 1471 (41,60 (020 (196 [6,03 [17,79 |40,55
120 [0.00 110 1627 |1492 4205 [0.13 174 924 [19,68 4445
140 022 (219 929 1834 4896 027 (266 |834 [21,59 4890
160 |0.13 (332 1032 (2549 |5535 (0.9 [3.03 |1026 |2539 |5532
o =40% and f = 60%
20 (000 (066 [000 (263 [699 (000 000 [143 [002 [890
40 (000 (046 150 (3.6 1492 [0.00 048 045 |552 | 15.66
60 [0.06 [0.84 [1.62 666 2402 034 002 241 7.3 | 22.69
80 024 137 310 730 2665 [0.00 |0.65 400 990 | 27.80
100 0.19 |0.84 1426 10,57 (3337 020 1.07 (396 |12,07 3244
120 [0.00 |0.84 1453 1080 (3395 0.3 079 639 | 14,07 37,09
140 [0.18 089 636 1458 13930 025 161 [534 |1518 41,36
160 [0.13 |1.88 727 20,78 (46,81 [0.19 [2.03 806 | 18,93 4938

more importance to the morphology factor, improved the results (comparing the results
for the same number of objects and same velocities). Results might still be improved by
using different configurations of the o f§ parameters, so this is will be one of our future
efforts in the improvement of tracking algorithms.

4.3 Cluster Tracking

The Create Clusters property was used to test the same tracking algorithms (Simple NN
and NN with Morphology Algorithms with « = 40%). The simulated parameters were:
number of clusters (1, 5 and 10), number of objects per cluster (10 and 15), maximum
velocity (5 and 10), Alternative Movement, Center Force (4) and morphology factor
(0 and 0.05). The tracking results are presented in Table 3. For the Cluster creation, we
used 10 time-series (and averaged the results) of 200 frames and calculated the object
tracking error on every frame accumulated throughout the time-series.

The DBSCAN algorithm tries to separate each cluster in every frame. Therefore, if
the number of clusters is the same between the actual frame and the previous one (t and
t — 1), then they are matched using NN, treating them as isolated objects and aligned
using their centroids. If the number of clusters changes, the first step is skipped and the
number of objects inside each cluster is checked. When, inside a cluster, there are more
objects in t then in t — 1, these ‘extra’ objects are labeled as ‘Possible Entry’. If there
are fewer objects, they are labeled ‘Possible Exit’. This tagging is temporary and
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compares the “Possible Exit” features to the features of all other objects of the frame t —
1, linking it to a “Possible entry” in another cluster (meaning that it left one cluster to
join another), classifying it as noise, or as an object leaving the image. The main
difference between DBSCAN 1 and DBSCAN 2 algorithms is that, in the first, this
classification is done after the tracking and in the second it is done before the tracking,
equalizing the number of objects between the clusters.

Table 3. Tracking errors, within clusters with different properties, using the Simple and
Morphology NN Algorithms with different number of clusters (1 to 10), different number of
objects per cluster (5 to 15), and different maximum velocities (2 to 10).

N° of clusters | Obj./Clusters | m factor = 0 m factor = 0.05
V=2/V=5V=10V=2[V=5 V=10
Simple NN Algorithm
1 5 295 1058 |2.62 1.93 232 |14.23
10 332 779 3042 [0.93 |9.88 [23.33
15 463 |11.74 /15091 |2.94 |10.74 | 38.06
3 5 0.05 |240 |7.69 0.00 [4.57 |9.01
10 1.07 |7.11 |27.83 220 |9.07 |30.08
15 3.05 | 14.74 14377 |2.76 |16.77 |45.44
5 5 023 |222 |6.25 0.72 |3.28 |9.74
10 070 |7.48 3471 |1.57 |10.95 31.89
15 3.06 |17.43 (4522 |3.53 |16.06 |44.51
7 5 0.58 [255 1278 |1.04 |1.95 |14.52
10 1.58 |11.21 /13376 |1.81 |11.78 |40.35
15 3.14 | 19.81 [48.55 [4.01 |17.75 |48.96
10 5 099 |339 1781 |0.25 |5.40 |17.13
10 1.95 |12.20 13826 |1.52 |11.64 |42.47
15 3.84 21.14 |53.90 |4.87 |23.52 |57.34
NN with morphology (0. = 40% and f = 60%)
1 5 0.00 |0.00 |0.00 1.93 [0.00 |7.92
10 0.01 |1.27 |4.88 3.04 552 |13.83
15 0.18 |3.76 |21.14 |1.75 |4.63 |20.76
3 5 038 |1.08 |1.66 0.00 |1.23 |4.08
10 1.18 |1.26 1033 |0.03 |2.13 |12.52
15 1.81 [529 12024 (192 |8.12 [22.44
5 5 0.00 |1.78 |2.58 0.10 |0.68 |5.77
10 071 |1.80 |12.98 |0.15 |4.69 |15.93
15 1.54 |7.16 2077 1093 |595 |22.07
7 5 020 |041 |2.82 041 035 |5.13
10 0.78 [392 |15.08 |0.48 |3.60 |17.84
15 1.22 |8.14 2578 |1.99 |6.86 |27.11
10 5 0.04 097 |6.93 0.15 |231 |7.20
10 048 [3.78 |16.15 |0.54 455 |19.71
15 1.11 |873 2836 (222 |10.13 |34.12
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Results from both DBSCAN Algorithms are presented in Table 4 (m factor = 0.00)
and Table 5 (m factor = 0.05).

Table 4. DBSCANI1 (DB1) and DBSCAN1 (DB2) tracking errors comparison for different
number of clusters, objects per cluster, and maximum velocities, with m factor = 0.

mmd = 0.00

Clusters | Objects/Cluster | Vmax =2 | Vmax =5 | Vmax = 10
DB1 | DB2|DBI1 | DB2 |[DB1 |DB2
1 5 0.00 1 0.00 | 0.00 | 0.00 | 0.16| 0.16
10 0.00 |1 0.00 | 5.55 |4.67 | 297| 2.97
15 0.24 10.24 | 1.92 |2.59 | 12.94|12.96
3 5 3.10 {2.47 |5.76 |6.01 | 8.81| 8.72
10 0.70 | 1.02 | 4.86 | 4.89 | 11.28|10.70
15 0.83 10.83 |3.86 |3.86 | 16.44|16.34
5 5 5.01 1520 |2.46 | 2.58 | 15.87|16.80
10 1.44 11.04 |5.43 |5.54 | 13.71|14.56
15 0.27 10.27 | 5.84 | 5.74 | 19.29 | 19.35
7 5 2.05/1.89 |4.82 529 | 6.37| 6.49
10 247 1223 1452|481 |16.18|16.51
15 0.83 10.83 | 8.44 | 8.60 |25.45|25.36
10 5 3.15 12.8219.50 19.03 |11.90 | 12.11
10 245333 |5.81 |6.00 |17.55|17.57
15 1.24 |1 1.24 | 8.65 | 8.65 |28.29 | 28.29

Comparing Table 3 with Table 1, we can observe that the simple NN cannot handle
clusters adequately (for V = 10, m factor = 0.05 and 160 objects/cluster, we have a
4,12% error while for V = 10, m factor = 0.05, 10 clusters and 15 objects/cluster, for a
total of 150 objects we have a 57.34% error rate). From Table 3, we can observe that
the NNm algorithm handles much better the cluster creation, giving almost one half of
the errors (worst case scenario of 34.12% versus 57.34% for the same configuration).

From Tables 4 and 5 we can conclude that DBSCAN Algorithms do not improve
significantly over the NNm algorithm (Table 3) for the same configuration. A strange
behavior for lower velocities was identified in both DBSCAN algorithms, where
increasing the objects actually decreased the tracking errors. This behavior is
explainable by the higher movement restriction of objects belonging to clusters with
larger number objects, but further studies are required to further analyze this behavior.
This behavior has not been identified in both simple NN and NNm algorithms.
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Table S. DBSCAN1 (DB1) and DBSCAN1 (DB2) tracking errors comparison for different
number of clusters, objects per cluster, and maximum velocities, with m factor = 0.05.

mmd = 0.05
Clusters | Objects/Cluster | Vmax =2 | Vmax =5 | Vmax = 10
DB1 | DB2|DB1 |DB2 |DB1 |DB2
1 5 096 1096 | 1.67| 1.67| 9.75| 9.75
10 0.00 |0.00 | 9.64| 9.64| 9.14| 7.82
15 0.85/0.85 | 3.87| 3.87|10.49|10.49
3 5 0.00 | 0.00 | 5.06| 5.02|13.97|14.89
10 545|543 | 3.06| 2.81| 991 | 9.83
15 1.99 [1.99 | 3.78| 3.77|19.55|19.63
5 5 2.18 12.69 | 10.72 | 11.23|20.79 | 22.28
10 1.94 1233 | 642| 7.55|16.61|17.37
15 0.79 10.79 | 6.49| 6.19|20.84|20.82
7 5 4.07 |420 | 7.54| 7.43|13.78|12.98
10 337 14.06 | 4.63| 5.46|18.29|18.54
15 2.00 (2.00 | 7.06| 7.22|27.59|27.70
10 5 2.02 190 | 833| 8.41|13.55|14.38
10 1.81 1230 | 6.42| 6.43|21.07|21.42
15 2.76 |2.67 | 991 | 9.98|34.52|34.52

5 Conclusions and Future Work

To support high-throughput experiments of single cell imaging, reliable automated
image processing methods are required. Although most studies focus on automatic
segmentation of cells or cellular structures, in time-series proper object tracking is also
necessary, especially because tracking errors propagate, meaning that even small
tracking errors (particularly on the initial frames) lead to a high percentage of
misidentified tracks overall.

To validate Tracking Algorithms, it is necessary to use a labelled ‘ground truth’.
Sometimes this ground-truth can be manually obtained, but this strategy is not feasible
on a Big Data scenario. A more viable alternative is to generate artificial images by
simulating biological cell models. To produce such artificial images, we developed an
open source platform that can simulate biologically inspired bacterial systems, by
creating cells that of different shapes and sizes, cells that can grow and divide and, cells
that can move as a single objects or as clustered objects.

Using this Platform, we evaluated three tracking algorithms (Simple NN, NNm and
two variations of the DBSCAN Algorithm). The obtained results show that, for cases
with lower maximum velocity, the Simple NN Algorithm was able to track objects
even with a significant increase in the number of objects.

Meanwhile, the NNm algorithm can help reducing tracking errors when the
velocity is increased. In the example where we forced the creation of clusters, the
Simple NN algorithm was unable to handle the increase of number of clusters and
objects in a cluster (even for a constant number of objects). On the other hand, the



Generator Platform of Benchmark Time-Lapsed Images Development 71

NNm and the DBSCAN algorithms showed similar, significant capabilities to handle
large clusters. In the near future, we plan to study and compare other tracking
methodologies in different cluster configurations using the proposed framework. Here,
the newly developed object division module will be used to test division tracking in
dense clusters.

We expect this open-sourced tool' to help future endeavors in the development of
new tracking algorithms, as it can produce huge amounts of benchmarked images.

The next steps of our work will be to introduce a new module that generates
secondary bodies inside the primary objects, simulating internal cell organelles and
structures. A future application will also be made available as a web-based system to
improve usability and compatibility.
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Abstract. We developed a new strategy for elucidation of functional impact of
mutations in proteins. Using molecular dynamics simulations, we explore
flexibility of proteins in the sites of their binding to the other proteins. Binding
of two or more proteins go through the stage of intermediate binding complexes.
On this stage the number of possible conformations of the proteins’ binding sites
are interacting with each other. Increasing flexibility in the binding sites increase
a probability of the best-energy docking of proteins. Our computational simu-
lations demonstrated that a missense alteration of MET (p.Tyr501Cys), which
lead to an increase of flexibility of the protein, may improve the binding of the
receptor with its ligand HGF (hepatocyte growth factor) and thus be considered
as activating. Accordingly to this conclusion, a patient presenting a hepatocel-
lular carcinoma MET Y501C-mutated showed a good response when treated by
a potent MET inhibitor (cabozantinib), with a decrease of —65% of the
alpha-foeto-protein (AFP).

Keywords: Personalized cancer medicine + Molecular dynamics * Structure
of proteins - Sema domain - MET - c-Met

1 Introduction

In Personalized Medicine, physicians select therapeutic regimens based on patients and
diseases unique features, such as genomic or proteomic markers. In oncology partic-
ularly, treatments need to counteract the molecular alterations driving the tumor pro-
gression [16]. Nevertheless, one characteristics of tumor cells is their lack of genomic
stability, which usually results in the accumulation of a high number of mutations [3].
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Long before the wide availability of high-throughput molecular technics, the average
number of mutations presented by a tumor was evaluated to nearly 10,000 alterations
by cell [33, 35]; and the development of next-generation DNA-sequencing methods
only reinforced the hypothesis of a high genomic complexity [39]. Launched in 2004,
the Catalogue of Somatic Mutations in Cancer (COSMIC) is a database aimed to
collect and display expert-curated information on acquired mutations found in human
cancers [1]; (http://cancer.sanger.ac.uk/cosmic). In 2016, this repository included more
than 4 million coding mutations across the entire genome, most of them located within
400 key cancer genes [8].

One of the most important task for Personalized Medicine is to elucidate, at the
protein level, the functional effect of each of the genomic variations [25, 31], decipher
the molecular determinants of drug-specific sensitivity in tumors [37] and, finally,
predict the outcome of patients treated by such molecular-driven therapies. In certain
cases, the structural and/or functional impact of a single residue change within a protein
sequence may be simple to estimate, for example, when the change occurs between two
residues oppositely charged and implicated in a salt bridge, or by insertion of a
hydrophobic residue instead of a hydrophilic residue that participates in hydrogen
bonding [34]. However, in other cases, the effect of a residue substitution might not be
that obvious. In this chapter, we will review a possibility to determine protein activity
changes that occur due to these mutations and show how molecular dynamics
(MD) simulation might help in this concern.

2 MET Structure and Function

MET (also called hepatocyte growth factor receptor, HGFR) is a tyrosine kinase
receptor encoded by the proto-oncogene MET.

MET primary product is a pre-pro-protein, which undergoes a proteolysis to gen-
erate alpha and beta subunits, further linked via disulfide bonds to form the mature
receptor. The structure of the mature receptor includes an extracellular region, com-
posed of a semaphorins-homology domain (Sema domain), a cysteine-rich domain
(MRS domain), and four immunoglobulin-like structures (Ig domains); and a
juxtamembrane/intracellular region responsible for the MET tyrosine kinase activity
(kinase domain) [9]. The MET receptor has significant structural similarity to Ron and
Sea receptors [12, 27, 32].

Binding of MET with its ligand HGF (hepatocyte growth factor), occuring within
the Sema domain, induces the dimerization and activation of the receptor and promotes
cellular survival, migration, and invasion [36]. This cell-surface receptor is expressed in
epithelial cells of many organs including the liver, pancreas, prostate, kidney, muscle,
and bone marrow, during both embryogenesis and adulthood [21]. MET-activating
point mutations have been associated with several tumor types: hepatocellular carci-
noma, head and neck cancers, and papillary renal cell carcinoma [40]. Additional
alterations, such as amplification or overexpression, have also been related to the
occurrence of multiple human cancers [6, 14, 15, 20, 24].

In order to be activated, MET requires binding of its ligand HGF, which is active
only after proteolytic conversion to a two-chain configuration [11, 32]. Direct binding
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sites show that HGF-beta chains bind to the extracellular domain of MET with a Kd of
about 90 nM. Analysis of the MET-HGF interface shows a set of moderately com-
plementary side chains on both sides (Fig. 1).

Fig. 1. Interaction of the extracellular Sema domain of Met (green) with the HGF-beta chain
(brown).

2.1 Sema Domain and MET p.Tyr501Cys Point Mutation

The Sema domain of MET forms a “seven-bladed beta-propeller” having a shape of a
funnel with an inner diameter of 25 A and a total diameter of approximately 50 A. The
blades of this propeller are antiparallel beta-strands. The Sema domain is stabilized by
the interactions between C- and N-terminal residues, and the beta-propeller structure is
stabilized by seven disulfide bridges also found in a number of proteins with notable
amino-acid homology. The HGF beta-chain associates with the Sema domain at the
bottom face of the propeller with at least seven electrostatic pair interactions between
the two proteins [32, 38].

In this chapter, we report an unusual mutation (observed in a patient carrying a hep-
atocellular carcinoma) located within the residue tyrosine 501 of MET (p.Tyr501Cys),
which corresponds to the interface between the C- and N-terminal of the Sema
domain. From the general point of view and using basics of amino-acid physico-
chemistry features and polypeptide structure and conformation, substitution of a tyrosine
residue to a cysteine residue would unlikely make any changes, unless said cysteine creates
a new disulfide bond, which is not the case here. In the chapter, we hypothesized that this
particular mutation involving a codon, which participates in the hydrophobic node linking
the N- and C-terminals of the Sema domain, may affect the flexibility and thus the capacity
of activation of the MET receptor after binding to its ligand.

3 Flexibility Defines Protein-Protein Binding

Creation of the MET-HGF complex is defined by docking of these two proteins. It has
been shown by Panjkovich and Daura [22] that flexibility in the specific binding points
of proteins is a critical parameter that affects their binding. The authors elucidated
proteins’ flexibility using Normal Mode Analysis (NMA), which calculated
low-frequency modes that correspond to large collective oscillations of the protein and
high-frequency modes that correspond to small local fluctuations (as described by
Dykeman and Twarock [7], and what are most interesting, a flexibility value can be a
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criterion of protein-docking possible “hot spots”. Marsh and Teichmann (2014) studied
the effect of protein flexibility on evolution of protein—protein complexes. They found
the more nonhomologous subunits assemble into the complex, the more flexible they
have to be. Liu and coauthors demonstrated that crystallographic B-factors, which are
related to vibrational motion of protein atoms, are an important feature that can elu-
cidate the biological interface in protein—protein complexes [18]. They also showed
that B-factors could separate the real biologic interfaces in complexes from artificial
interfaces created by the crystal packing (i.e., in preparation of crystals for X-ray
crystallography). B-factors are used for prediction of protein—protein interfaces in the
program SPIDER [23]. Levy and colleagues studied more than 100 protein—protein
complexes and demonstrated that flexibility of the binding partners is a very important
feature of protein—protein association [17]. Actually, the binding process is not only
related to the three-dimensional structure of proteins but also to the four-dimensional
set of possible conformations adopted by means of the flexible regions of the involved
proteins. Transition-state conformational ensembles for general folding of proteins and
their bindings have similar characteristics for different proteins [17]. Taking into
consideration importance of local flexibility of protein—protein binding sites, we
assumed that increasing flexibility of the Sema domain of MET would improve its
binding with HGF and consequently increase the activity of the entire complex.

4 Mutation Y501C Increases Flexibility of the Sema Domain
in Its Binding Sites

We conducted MD for the wild-type and mutated proteins. We found significant
increase in flexibility of several binding sites of the Sema domain (Fig. 2). The violet
rectangles encompass the most flexible regions of the mutant structure. Maximum
flexibility changes occur in the binding sites of the Sema domain that are in direct
contact with the HGF protein (Fig. 3). Note that the regions around residues 150 and
209 of the Sema domain having profound picks on the plot are in direct contact with

Fig. 2. Superposition of the 300 ns conformers, with the wild-type represented by brown
ribbons of the alpha-trace and the Y501C mutant of the Sema domain of MET shown as blue
ribbons [38].
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HGEF residues during its binding. These results suggest that the mutation Y501C (ty-
rosine to cysteine) of MET leads to a significant increase in the flexibility of the MET
Sema domain in the regions contacting HFG. Such changes may improve the binding
and consequently the activity of the MET-HGF complex.

s
08 2 Loy
) 134137
. # g

——sema_wt  ——sema_Y462C

Fig. 3. Flexibility (defined by B-factor values) of the Sema domain residues in the wild-type
(brown) and Y501C mutant (blue) conformers as calculated from a 300 ns MD trajectory.
Residues numbers are on the circle.

5 Patient Treatment Based on the MD Simulations

A patient was diagnosed with hepatocellular carcinoma (HCC), with the MET Y501C
missense mutation that was elucidated from circulating tumor DNA. Using results of
MD simulation, we estimated that this mutation activates MET protein that is active in
cancer development. The drug cabozantinib—a MET inhibitor was prescribed for the
patient. This drug caused significant (65%) reduction of alpha-pheto protein (AFP), a
tumor marker for HCC.

6 Conclusion

Study of flexibility of binding sites in protein—protein complexes with molecular
dynamics simulations can be used for estimation of possible functional impact of
mutations of amino acids located in these sites. This information is extremely important
to physicians for making decision on proper treatment.
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7 Methods

Sema domain mutant Y462C was produced by replacement tyrosine 462 with cysteine.
Disulfide bridges between the relevant cysteine pairs in each protein were generated.
The SEMA domain of MET protein from the complex with heparin [32] pdb ID 1shy
was used.

All simulations were conducted as described by Tsigelny and coauthors, starting
with molecular dynamics (MD) for both the wild-type and mutated versions of Sema
domain of MET [38]. Each of proteins were placed in an octahedral water box consisting
of approximately 48,500 TIP3P water molecules and 9 neutralizing K* ions modeled by
Joung/Cheatham ion parameters [13]. The simulations were conducted using the
GPU/CUDA-accelerated version of PMEMD implemented in the AMBER14 software
suite [4, 5, 10, 29, 30], with the protein described by AMBER {14 SB parameters. Each
of the two protein systems were subjected to the following minimization/simulation
steps: (i) Unrestrained minimization for 10,000 steps; (ii) Gradual constant volume
heating from 0 to 100 K over 5 ps with restraints applied to the protein backbone;
(iii) Gradual constant pressure heating to 310 K over 100 ps with restraints applied to
the protein backbone; (iv) 300 ns unrestrained constant pressure simulation at 310 K.

The Langevin thermostat algorithm [19] was applied for regulation of temperature
with a 1.0 ps™" collision frequency, and the pressure was regulated isotropically during
the second heating step and the production simulation by means of the Berendsen
barostat algorithm [2] at a reference pressure of 1.0 bar. Bond lengths for bonds
involving hydrogen were constrained using the SHAKE algorithm [28], allowing for a
time step of 2 fs. Periodic boundary conditions were applied, and the particle mesh
Ewald (PME) method [26] was used for the evaluation of electrostatics.
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Abstract. Obtaining data for the training of failure prediction algo-
rithms has long been an issue. A framework for automating the gener-
ation of this data for the training and deployment of these algorithms
has recently been introduced. Unfortunately, the framework was only
tested on a single deprecated operating system. In order to general-
ize the approach a few key functions must be performed, one of which
being realistic workload generation. Unfortunately, a workload generator
capable of generating sufficient workload has not been developed for a
Microsoft Windows active directory environment. This paper introduces
a tool that makes the implementation of this new framework possible on
a modern Microsoft operating system. We present data generated by the
tool to demonstrate its efficacy, and finish with several extensions and
applications.

Keywords: Network traffic generator - Load generator - Machine learn-
ing * Online failure prediction.

1 Introduction

Many ways of generating realistic traffic or capturing live traffic for replay
exist. Unfortunately, most of these methods involve naively replaying previously
recorded traffic which cannot successfully simulate encrypted authentication ses-
sions. Being able to simulate this type of encrypted traffic is necessary to create
realistic workload for modern identity management services. This research is
the result of an ongoing attempt to generalize the Adaptive Failure Prediction
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(AFP) framework developed by Irrera et al. in [1] to predict failure in a Microsoft
domain controller.

AFP automates the process of retraining a failure prediction algorithm after
an underlying system change by placing a target system under load before inject-
ing software faults to accelerate failure. Consequently, in order to produce real-
istic workload for an authentication service, full-stack encrypted sessions are
necessary.

This work introduces the Distributed PowerShell Load Generator (D-PLG),
developed for generating several kinds for network traffic in modern Microsoft
Windows systems. This work also demonstrates the validity and generalizabil-
ity of D-PLG by presenting results of several tests in a simulated production
environment. Finally, this work demonstrates how the AFP framework leverages
D-PLG in order to generate network transactions of arbitrary arity between
unbounded network components with dynamic volume, variety, veracity, and
velocity.

2 Related Work

The following two subsections briefly summarize recent advances in the two fields
relevant to this research: online failure prediction, and network traffic generation.
Specifically, how D-PLG fits into these fields.

2.1 Online Failure Prediction

Salfner et al. [2] published a survey of online failure prediction techniques that
categorized machine learning approaches to failure prediction into a taxonomy.
Unfortunately, these techniques require steady system states to be effective which
has become increasingly difficult due to the shrinking software development life-
cycle.

It has recently been pointed out that while many effective techniques for
predicting failure exist, these techniques are too difficult to maintain and conse-
quently are not being used. In response, Irrera et al. [1] introduced a framework
called the Adaptive Failure Prediction (AFP) framework for dealing with this
problem. The AFP automates the process of generating failure data in order to
train a failure prediction algorithm. By automating this process, it can be done
regularly to enable a predictor to adapt to underlying system changes that might
occur during a software update.

The AFP was validated using out-dated software and only worked under very
specific circumstances. This research seeks to enable the validation of the AFP on
modern systems. Specifically, the target of this research is a Microsoft Windows
active directory domain services server. To that end, a full-stack authenticated
session traffic is required in order to sufficiently load the service so that when
failure is induced, it will happen quickly and in a realistic way. At the time of
publication, we could find no such generator.
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2.2 Network Load and Traffic Generation

While many tools for the purpose of generating network traffic exist, we could not
find any that are capable of generating traffic with the intent of creating compu-
tational load for cryptographic systems such as the Microsoft Domain Services.
In general, existing tools are classified into three categories: application, flow,
and packet generators [3,4]. Application-level generators emulate traffic pro-
duced by applications on a network, flow-level generators replicate traffic using
statistical modeling, and packet-level generators craft and inject packets into
a network. Network traffic generators are further classified as open- or closed-
loop. Open-loop generators use a packet arrival model for packet timing, whereas
closed-loop generators wait for a response to a sent request prior to sending the
next request [5].

At the time of publication, none of the tools available generate the necessary
interaction with a deployed Microsoft Windows active directory environment
necessary to facilitate the implementation of the AFP framework. Active direc-
tory implements the Kerberos authentication protocol in Windows domains and
due to its cryptographic nature cannot be tested against replayed or random
traffic; rather, a sequence of valid and invalid requests and responses are neces-
sary to stress test this framework. Indeed, multi-step “handshakes” are necessary
for rich service delivery and this capability is not realized by the current tools
with any degree of modularity or extensibility.

A brief review of the traffic generators considered when researching this prob-
lem follows. The Distributed Internet Traffic Generator (D-ITG) [3] is, as its
name implies, a distributed traffic generator capable of performing application,
flow, and packet-level generation using both open- and closed-loop operations —
sessions are initiated at specific time intervals and, within each session, new
requests are not sent prior to receiving a response to the previous request. Sadly,
D-ITG currently only supports TCP, UDP, ICMP, DNS, Telnet and VoIP which
does not suit our needs.

NTG [4] is an application-level, distributed network traffic generator which
is both open- and closed-loop. A key feature of NTG, as it relates to our prob-
lem, is that it interacts with existing network services. Unfortunately, it is only
limited to web, mail, and multimedia servers/services, which is insufficient for
our purposes.

Swing [6] is a flow-level, closed-loop traffic generator that observes live net-
work traffic, extracts distributions from the traffic, and generates new traffic
in a manner consistent with the observed traffic distributions. While this tool
provides the ability to generate statistically-realistic traffic from generators to lis-
teners across a link, the lack of both two-way traffic and interaction with existing
services (specifically authentication services) does not satisfy the requirements
for our problem.

A final tool worth mentioning, while not a network traffic generator, is
Microsoft’s Active Directory Performance Testing Tool (ADTest) [7]. Official
Microsoft documentation is limited [8-11], and ADTest is designed to assess
the ability of Microsoft 2003/2008/2012 Active Directory Lightweight Directory
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Services (AD LDS) servers to add organization units and users, and make var-
ious changes to Active Directory to aid in developing requirements for an AD
LDS deployment. It is important to note that Microsoft no longer supports this
tool [9]. Also of importance, ADTest is not capable of testing other services that
rely on active directory domain services for authentication (e.g. RDP, SMB,
etc.), nor can it be extended to do so, and is therefore insufficient for the goals
of this research.

In general, these tools are sufficient for generating traffic in a network, but
they do not generate the full-stack, two-way authentication necessary to create
significant computational workload for active directory domain services. The
AFP requires the target system be placed under realistic computational load
before injecting faults to capture the most realistic failure data possible [1,12].
A tool to generate this type of traffic did not previously exist.

3 Distributed PowerShell Load Generator (D-PLG)

This research introduces D-PLG, a tool for the generation of realistic network
traffic in a Microsoft Windows domain for the purposes of software testing or
computational workload generation. D-PLG can be classified as an application-
level closed loop traffic generator and is a basic Windows PowerShell script that
uses native PowerShell cmdlets for all of its functionality ensuring that the most
realistic traffic possible is generated without overburdening the client machines
used for generating load. D-PLG offers what has not seen in other traffic gener-
ation products or tools by making actual service requests and producing actual
challenges and responses for Windows authentication protocols.

D-PLG is written in the Windows PowerShell environment which provides
a tremendous amount of power and flexibility to generate traffic exactly as the
actual services run by users would. As a result, D-PLG does require the use of
client machines. However, this work shows that generating this type of realis-
tic traffic is possible by utilizing only a small number of machines, or without
producing a noticeable burden on in-use client machines.

o |

Authentication
DNS
Master
Controller @ Generator
Remote Desktop

m

Router
Domain
Controller
Terminal
Services
Mail
Services

Generator

Logging
Service

Fig. 1. How each type of traffic that is generated is routed. Log events are offloaded
to logging service for further analysis.
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The D-PLG architecture used for this work is shown in Fig. 1. D-PLG is most
effective if used by a few client machines during idle downtimes but is developed
in such a way that a user can still use a machine that is generating load, but may
notice degraded performance depending upon how much traffic that particular
client is being asked to generate. D-PLG is currently designed to be centrally
controlled, asking a configurable list of clients to produce traffic for a fixed period
of time.

D-PLG implements a feature that has not been previously seen and thus,
a comparison with the existing tools is difficult. Relevant existing tools simply
replay previously observed traffic. While this naive approach may be highly rep-
resentative of realistic traffic, it is not capable of creating any real computational
workload for cryptographic systems. Modern cryptography relies on random and
dynamic challenge-response protocols, as a result any inbound requests that are
not capable of generating dynamic challenge responses are typically dropped
immediately.

At the time of writing, D-PLG is comprised of three modules capable of gen-
erating full-stack web requests, Microsoft remote desktop protocol, Microsoft
server message block (SMB) file sharing, and all associated authentication traf-
fic. An intended byproduct of all of this traffic is domain name system (DNS)
requests. An important part of any active directory domain is DNS and as a
result, no load generator would be complete without performing DNS lookups.

The rest of this section outlines each of the three modules currently imple-
mented as well as plans for future modules.

3.1 Web Browsing

D-PLG is capable of generating full-stack web requests and presently simu-
lates an actual user browsing. This module is implemented using the ‘Invoke-
WebRequest’ PowerShell cmdlet which upon completion returns an object rep-
resenting the full document object model (DOM). With the DOM, D-PLG can
programmatically simulate random browsing within a returned web page by
completing and submitting web forms and requesting multiple different pages in
a session. This functionality is different from the functionality implemented in
many of the existing tools that only generate one-way transmission of the web
request. As a result, this module allows D-PLG users to generate realistic load
against web servers and potentially automate realistic web application testing.

3.2 Remote Desktop Protocol

Remote Desktop Protocol (RDP) is a simple protocol that allows the sharing and
remote control of a Windows desktop environment. This module was included to
generate authentication traffic with the active directory domain services server
as well as place computational workload on the remote desktop services server.
Applications for this module could include network infrastructure capacity and
server sizing planning. The module takes advantage of a modified third party
cmdlet [13] which invokes a call to the native windows remote desktop application
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(mstsc.exe). A single modification was made to tell the cmdlet not to present a
window as to avoid interrupting an individual who may be using the computer
at the time of load generation.

Currently, the RDP module makes a full-stack remote desktop connection
with an RDP server without producing a window which can allow us to take
advantage of clients in active states. The script then sleeps for a few seconds
and then closes the connection. Future versions will implement some sort of
actual interaction with the RDP server like file upload or application use. This
functionality was based on a tool previously developed by Microsoft [14] which
is no longer maintained as evidenced here [15].

3.3 Server Message Block (SMB) and File Sharing

D-PLG implements an SMB file sharing module that connects to a local or
remote share, creates a file in the share, fills that file with random ASCII data,
saves the file, deletes the file, and finally deletes the share. This sequence of
operations ensures that full-stack SMB file sharing requests are utilized and
thus, causing the domain services server to authenticate the transaction and
the file sharing services server to process the data being uploaded. This simple
module could additionally be used to ensure a file server is live before beginning
more complex operations.

Like the other modules, the SMB module was rapidly built due to the flexi-
bility of this framework and implemented in only fourteen lines of code. Future
versions will implement a variable amount of upload data or allow the user to
select his or her own file. By allowing the user to upload a custom file, this
module could be used to test application aware firewall rules to ensure certain
types of files are or are not allowed to traverse a network.

3.4 Possible Future Modules

Many core active directory domain services have been implemented as a proof
of concept, it should be noted however that implementing additional services is
trivial. For example, simple message transfer protocol (SMTP) traffic could be
implemented in a single line of PowerShell code using the ‘Send-MailMessage’
cmdlet. Additionally, the ‘Out-Printer’ cmdlet would allow for the sending
of realistic full-stack network printer traffic. To facilitate future development,
D-PLG is published in its current form under the MIT license on GitHub!.

These modules demonstrate the extensibility of D-PLG and are capable of
generating traffic that is representative of sophisticated network interactions
that are necessary to create a performant workload generator for the tableau of
modern networking services.

! https://github.com /paulljl/master/D-PLG.


https://github.com/paullj1/master/D-PLG

Distributed PowerShell Load Generator (D-PLG) 89

4 Experimental Methodology

The following two subsections outline the experiments designed to validate
D-PLG. The first describes in detail the virtual test environment. The following
section, details the experiments which utilized the virtual environment.

4.1 Virtual Environment

The virtual environment was hosted on two VMWare ESXi 5.5 hypervisors each
with two 2.6 GHz AMD Opteron 4180 (6 cores each) CPUs and 64 GB memory.
The individual virtual machines are detailed in Tables1, and 2. D-PLG uses
cmdlets that did not exist until PowerShell version 3.0 so each of the Microsoft
(MS) Windows computers had the MS Windows Management Framework ver-
sion 4.5 installed. The installation of this framework also necessitated the instal-
lation of the MS .NET Framework version 4.5. In an enterprise environment
these software frameworks would more than likely already be installed as they
are part of the service pack updates that have since been released by Microsoft.

Table 1. Hypervisor 1.

Qty | Role | Operating system | CPU/Mem
1 DC | Win. server 2008 | 2/2GB
5 Client | Win. 7 1/512MB

Table 2. Hypervisor 2.

Qty | Role | Operating system | CPU/Mem
1 RDP | Win. server 2008 |1/4GB
1 Log | Ubuntu 14.04 LTS |1/1GB

In addition to the requisite software being installed, each client was added
to the domain and required a few minor modifications. First, D-PLG creates
remote ‘PSSessions’ on each client machine and then invokes the cmdlets that
have been assembled to generate the desired load. To enable these sessions, the
credentials of the controller must be delegated to the clients so that they may
be used to perform actions on behalf of the controller. This delegation is done
very simply through the PowerShell cmdlet ‘Enable-WSManCredSSP’. The final
modification was for convenience; a copy of the scripts to be executed remotely
was placed on the desktop of the Administrator user.

The domain controller had two MS Windows Server roles enabled: active
directory domain services, and domain name service (DNS). One domain admin-
istrator account was used control the load generation, and individual user



90 P. Jordan et al.

accounts were created for RDP use and simple authentication traffic. The RDP
server only had one MS Windows Server role enabled: remote desktop services.

The Ubuntu server was deployed and used as a central syslog repository for
analyzing load on the domain controller and RDP server. The default rsyslog
application was simply configured to accept incoming connections and then the
rsyslog Windows agent was installed on the domain controller and RDP server.

D-PLG is organized into two scripts. The first is the ‘Locall.oadGen’ script
and is placed on each client computer. It should be noted here that this practice
may not be ideal in a production environment, but the placement and removal
of this script could easily be automated when the controller runs. The second
script ‘RunLoadSim’ is designed to act as a command and control element that
connects to each client and executes the ‘LocalLoadGen’ script as an asynchro-
nous job. For the purposes of this research, the command and control script was
executed from our RDP server.

4.2 Experiment Design

Two experiments were designed to validate, test, and demonstrate the efficacy
of D-PLG and are detailed here. In both of the following tests, D-PLG was run
five times, where each execution consisted of five minutes of traffic generation
within the virtual environment. The domain controller was sized based on the
Microsoft community recommendation for up to fifteen thousand users in [16].
The goal of these experiments was to produce sufficient traffic to achieve the level
of workload that a production domain controller should be able to sustain based
on how its size. ESXi’s reporting tools were used to measure success by collecting
the relevant data in the form of packet captures at the virtual switchports of
one client machine, the terminal server, and the domain controller. Further data
collected came from the ESXi performance data. After each test, the perfor-
mance data were exported from each of the hypervisors on the terminal server,
one client, and the domain controller. In these data, CPU utilization, memory
utilization, disk operations, and network traffic were reported on twenty second
intervals. Finally, as previously stated, the rsyslog Windows Agent was used to
forward log events from the domain controller and RDP server to an Ubuntu
server. These log entries were then split into pieces that corresponded with each
round of the tests.

The primary question we wanted to answer is, how much traffic can a Power-
Shell script really generate, and is it enough to sufficiently load an enterprise
domain controller? The first experiment was designed to answer that ques-
tion. To maximize the amount of traffic and subsequent workload generated,
the client machines were only configured to make a single request. To do this,
the ‘RunLoadSim’ was only tasked to perform a basic authentication request to
the domain controller. The goal was to maximize the number of authentication
requests the server could handle based on the way it was sized. In this case, that
number was fifteen thousand users and a goal CPU utilization of 40%. To pre-
vent overburdening the client machines, we found that the highest frequency at
which these events could be created and handled was 10 per second. Fortunately,
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five clients running for five minutes making ten requests per second equated to
exactly fifteen thousand requests.

It should be noted here that the client machines used were significantly less
powerful than average desktop computers typically found in an enterprise envi-
ronment. Each authentication event took 20ms so the maximum number of
requests per second that was observed was fifty. As a result, this same exper-
imental setup can sufficiently load a domain controller sized for seventy-five
thousand users.

The second experiment was designed to determine how much load could be
produced without having a significant effect on the resources available to each
client machine. We configured the clients to utilize each of the modules that are
currently implemented in D-PLG. In each round of the test the client machines
looped continuously making an authentication request to the domain controller,
a full RDP connection, an SMB share connection, a web request to a randomly
selected URL, and finally a web request to a URL randomly selected from the
page returned by the first request. The loop was configured to run twice per
second, however due to the high latency of the web requests, the client was not
expected to make that many requests every second of the test. This configuration
choice was made to ensure maximum utilization when possible.

5 Experimental Results

In this section the results and data collected after conducting the tests described
in Sect. 4.2 are detailed. To answer the quantity question, the number of packets
produced per second was explored as well as CPU utilization, memory utilization,
log events, and network operations on the domain controller. In this first round
of tests, the domain controller reported an average of 56,291 log events over
each five minute test or approximately 187 log events per second. In addition,
an average of 6,267 packets per second were captured over each of the five tests.
Figure 2 shows the distribution on the number of packets sent and received by
the domain controller for each test and tells us that the load was consistently
high throughout each test. On the client side, as predicted, the load was also
relatively high as seen in Fig. 4.

The load generated against the domain controller was consistently at 40%
which is exactly in-line with the amount of load it should be expected to endure
during peak business hours per the Microsoft community recommendations for
sizing [16]. Unfortunately in this case, the client machines would likely not have
been usable during the test. Fortunately, because only five low-end are needed
machines to produce this load over a relatively short period of time, a simple
solution to this problem would be to purchase five inexpensive desktop computers
for this purpose, or conduct testing during an idle downtime (Figs.3 and 5).

The second test evaluates whether the client machines could produce a suffi-
cient amount of realistic traffic without being over burdened so that they could
be used to generate load even as individuals use them. To answer this question,
CPU utilization, memory utilization, and packets transmitted per second were
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Fig. 2. How many packets per second were sent or received by the domain controller
across all five rounds of the first test. In each test, approximately 1.8 million packets
were captured.
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Fig. 3. How many packets per second were sent or received by one of the clients across
all five rounds of the first test.

100.0%
90.0%
80.0%
70.0%

60.0%

~=CPU

F
- 4
3 g
X R

30.0% “@-Active Memory

Percentage Usage

S °°$,e°v°°m°»°

S S & ©
S » D S © I
NN NN & &

Time (mm:ss)

Fig. 4. Client CPU and memory utilization during the first test.
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Fig. 5. Domain controller CPU and memory utilization during the first test.

examined with respect to the client. The average number of packets generated
over the five minute tests was 5,499 and the remainder of the data can be seen in
Fig. 6. These same data with respect to the domain controller and RDP server
were examined as shown in Figs. 7, and 8 respectively.
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Fig. 6. Client CPU and memory utilization during the second test.

While the number of packets sent was relatively high, these results do not
demonstrate a sufficient amount of load on either the domain controller or RDP
server. We suspect that this is due to the majority of the time spent during the
test retrieving web-pages. As a result, if a proxy server or application aware fire-
wall is the target of this load generation, this level of traffic is sufficient for that
purpose. These results also show that a client computer asked to generate traffic
could still be used during a test. In future work, this infrastructure could be
tested with non-blocking web-requests so that more load can be placed against
the local services while web requests are being processed externally. Alterna-
tively, more client machines could be used during the test.

In general, the results observed lead us to believe that D-PLG an be extended
and used under any circumstance where dynamic network transactions are
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Fig. 8. RDP server CPU and memory utilization during the second test.

required between unbounded network components. Further, these results show
that D-PLG can be leveraged by the AFP framework in future work.

6 Future Work

There are many opportunities for improvement in D-PLG. If D-PLG is to be used
to simulate realistic network traffic patterns that would normally be generated
by humans, much work would have to be done to balance the kinds of requests
that get made. For example, a typical user might log in, browse the web for a few
minutes, check his or her e-mail, then maybe send an e-mail. Currently, D-PLG
is extremely predictable with respect to what kind of request it will make next.
The framework can be made a lot more relevant with programmatic generation
schemes such as REGEX-based pattern generation or training of input validity
via machine learning. For the purposes of implementing the AFP however, the
level and quality of load observed is sufficient.

More configuration options could be added like the depth of a browser sim-
ulation or having the browser simulate filling out web forms using configurable
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data. D-PLG could also allow for finer grain control over the SMB module allow-
ing users to select a file or specify the size of the randomly generated file. Most
of these configuration options would be implemented in a straightforward way.

Finally, as previously discussed, other modules which take advantage of more
of the native Windows PowerShell cmdlets like ‘Send-MailMessage’ and ‘Output-
Printer’ could be implemented with relative ease.

7 Conclusion

Based on the results of the tests presented in this work, D-PLG is capable
of providing sufficient load of network services in a Microsoft Windows enter-
prise domain. Five clients were able to generate fifteen thousand authentication
requests over a five minute time period which was very near the limit that the
domain controller should be expected to handle based on the Microsoft com-
munity recommendations. Further, since the configuration was based on these
recommendations, these results should generalize and scale for larger networks.
The use of client machines to produce this load is negligible and have proven that
it can be done centrally, with only a few machines, without placing a significant
burden on those client machines, and without installing any additional software
by use of the native Windows PowerShell cmdlets. Finally, if necessary and client
machines are used during idle down times, significant load can be generated by
D-PLG.

As a result of this work, D-PLG was successfully implemented and used
to experimentally validate additional fault loads to extend and generalize the
AFP framework [17]. This generalization allows for the implementation of the
framework on modern Microsoft systems that is able to predict a wider range of
faults than before.

Finally, there are many established needs for having network traffic and load
generators. This work has demonstrated one important role D-PLG can play,
and results suggest that D-PLG can fill many other needs for dynamic traffic
generation. For example, in cybersecurity training events, traffic generators are
used to simulate real traffic to mask malicious traffic. Other uses include equip-
ment sizing, stress testing, and software testing. D-PLG can fill these needs as
well and in general can be naturally extended and used under any circumstance
where dynamic network transactions are required between unbounded network
components.
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Abstract. Agent-based Modeling and Simulation (ABMS) has become
a quite popular approach among researchers in the community, mainly
due to its simplicity, expressiveness and wide applicability. However, in
most cases, ABMS tools demonstrate reduced performance, especially
when dealing with large experiments. This paper presents HLogo, a par-
allel variant of the NetLogo ABMS framework, that aims to increase the
performance of simulations by utilizing Software Transactional Memory
and multi-core CPUs, while maintaining the user friendliness of NetL-
ogo. HLogo is implemented as a Domain Specific Language embedded
in the functional language Haskell, which means that it also inherits
Haskell’s features, such as strong static typing, a module system and a
vast collection of programming libraries.

Keywords: Agent-based Modeling - Agent-based simulation - Concur-
rent agent-based simulation - Concurrent NetLogo.

1 Introduction

Simulating a system as a set of interacting agents has gained significant popu-
larity in the past decades. The approach proved to be both natural and widely
applicable in various areas, giving rise to the so called Agent Based Modelling
and Simulation (ABMS) field. In the latter, complex system behaviour often
emerges from the interaction of relatively simple agents and simulation allows to
study these emergent phenomena. ABMS has been shown to have broad applica-
bility, e.g. in social sciences [13], ecology [15], biology [28], and physics [39]. As
a consequence, numerous ABMS frameworks have been proposed [6,29,36], and
research has focused on various aspects of the latter, such as methodology [32],
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ease of use [40], portability [2], and expressiveness [31]. The size of agent pop-
ulations may be a crucial factor towards the emergence of certain sought-after
system phenomena, so performance is also an important aspect. The ability to
scale up simulations to large populations comes down to, basically, how much
computation the used ABMS framework can “crunch” per time unit. However,
till recently little attention was devoted in improving the performance of avail-
able ABMS frameworks [30].

This paper extends our previous work reported in [4] by introducing in greater
depth a new ABMS framework called HLogo. The framework is strongly inspired
by the well-known NetLogo framework [38]. Like NetLogo, HLogo also strives
for simplicity. For this reason HLogo is implemented, actually embedded, in a
powerful and pure functional programming language called Haskell [1], hence the
name “HLogo”. Unlike NetLogo, HLogo is a concurrent ABMS framework, that
aims to speed up simulations by harvesting the parallelism available in modern
multi-core CPUs. HLogo offers three unique features which also constitute the
main contribution of this paper:

— HLogo allows agents to run concurrently, with the latter implemented by
utilizing a technology called Software Transactional Memory (STM) [33]. This
allows the complexity of synchronizing agents to be completely hidden from
the programmers, hence keeping HLogo just as simple as NetLogo, despite the
concurrency. Coupled with Haskell’s lightweight (green) threads, the overall
ABMS execution enjoys significant benefits from multi-core parallelism.

— HLogo is embedded as a Domain Specific Language (eDSL). As a DSL it has a
simple base syntax. As an embedded DSL it also inherits all the advantages of
its host language, Haskell. For example, it inherits Haskell’s module system
(which NetLogo lacks), allowing HLogo programmers to import and use a
plethora of Haskell libraries. The decision to embed the DSL, rather than
directly implementing it, does mean however that its syntax is limited by
that of its host language.

— HLogo is statically typed and it inherits Haskell’'s type inference. This
strengthens the safety of HLogo programs without burdening the user with
writing type annotations.

The rest of this paper is organized as follows. Section 2 outlines the NetLogo
approach to ABMS, in order to explain the concepts implemented in HLogo.
Section 3 presents related work in the area of Logo-like simulation platforms
and parallel approaches to simulation. Some important features of Haskell, the
implementation language of choice, are presented in Sect. 4. The HLogo language
is presented in Sect. 5 with Sect. 6 discussing the parallel features of the former,
and Sect. 7 reporting an experimental evaluation of the former. Finally, Sect. 8
concludes the paper and presents future research directions.

2 Agent Based Modelling and Simulation in NetLogo

The ABMS community has enjoyed the introduction of a significant number of
simulation platforms that differ in a number of characteristics, such as modelling
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approach, efficiency, user-friendliness, etc. NetLogo [38] is one of the most well
known and widely used platforms, mainly due to its simplicity, small learning
curve and the ease by which users create simulations, or experiments as the
former are referred to in NetLogo.

Three kinds of agents exist in the NetLogo environment, namely patches,
turtles and links, each modelling a different aspect of the simulation world. All
entities are stateful and active, i.e. they have a set of attributes (variables)
which determine their state and the user can encode agent behaviour using the
provided domain specific language. The latter offers a set of primitives that
target encoding of both agent perception and action mechanisms, simplifying
the task significantly.

Patches are stationary agents, that form the two dimensional (or three dimen-
sional) world, i.e. the grid on which turtles “live”. The dimensions of the grid are
fixed during the execution of an experiment and in the case of patches, variables
and code allow modelling of complex environments. Turtles are agents that are
dynamically created during the experiment and can move on the grid with links
connecting two turtles, i.e. representing a relation between the latter. Agents
can be organized into breeds, although the depth of such organisation is lim-
ited to one. Each breed can have its own user-defined attributes, apart from the
system-specified ones. For instance, this declaration:

breed [cows cow]
cows-own [age hunger]

defines a new breed called cows, with each of its member having attributes age
and hunger.

One of the important notions in programming NetLogo agents is that of an
agentset, i.e. a set of agents of a specific type (either turtles, patches or links)
that have certain characteristics. For instance, all agents of a specific breed are
part of the agentset with the same name (e.g. cows). More interesting agentsets
are formed with the use of NetLogo primitives, as for example cows in-radius 3
which forms an agentset of all cows located around the calling agent at a specific
distance. A rich set of primitives similar to the above allow implementation of
agent perception mechanisms. Among those are the with primitive that defines
a boolean condition on the agentset formation, i.e. the line cows with [age>4],
will collect all cows older than 4 years old.

Execution involves asking an agent or a set of agents to perform some action.
For instance, the following line of code:

ask cows in-radius 3 [set hunger 0]

commands all cows inside the specific radius to set their hunger attribute to 0.
The observer entity is the initiator of the experiment, and can ask other agents
to execute some code, and every agent can ask other agents to perform some
action. The built-in variables self and myself refer to the currently executing
agent (similar to ‘this’ in OO), and the parent caller that asked this agent,
respectively. Besides built-in commands an agent can execute custom commands
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defined by user-defined procedures and user-defined functions called reporters, in
NetLogo terminology.

Finally, the state of other turtles can be queried by using the “of” primitive.
For example, the expression [age] of cows reports back a list of all cows’ ages
in the simulation world. In addition to reporting an attribute, “of” can also
evaluate a function on the target agent’s context and report the result.

The approach, briefly outlined above, has become widely accepted by
researchers using ABMS in a number of fields, with the list of publications citing
NetLogo becoming quite large and increasing steadily each year, proving that
the environment has sufficient modelling capabilities. However, building large
experiments is currently not sufficiently supported, mainly due to the fact that
the execution model is sequential. During an ask command as the one shown
above, each agent in the set has to complete the execution of the code given to
it, before the next agent in the set can start. Although this approach does solve
a number of problems, it simply cannot take advantage of the computational
power offered by current multi-core processors.

Running a simulation in parallel is a rather complex task, since executing
agents have constant access to a shared environment as well as each other’s
states. Handling concurrent changes creates a major challenge that any par-
allel simulation platform must address. This work addresses the problem by
introducing a NetLogo variant implemented in Haskell, relying to the Software
Transactional Memory control mechanism provided by the later.

3 Related Work

Since this work deals with a parallel ABMS platform developed in Haskell, this
section first discusses existing implementations of NetLogo ABMS platforms,
then parallel simulation platforms, and finally existing simulation frameworks in
Haskell.

NetLogo [38] models are written in a dialect of the educational programming
language Logo. The language is dynamically typed with lexical variable scoping
and is implemented in the Scala programming language. A compiler translates
NetLogo code to Java bytecode, to be later run in a Java Virtual Machine (JVM).
The platform includes a GUI to visualize simulation results, and a rich collection
of predefined models. A limited form of type checking based on agent types
(turtles, patches etc.) is supported, i.e. there are certain commands that can only
be run in a specific agent context and a user defined procedure that contains
them must be run in the same context as well.

ReLogo [24] is a NetLogo clone embedded as a DSL in Groovy (an OO
language running in JVM) that comes as a part of the Repast simulation suite.
As is the case with NetLogo, ReLogo is single-threaded and comes with a rich
GUI & IDE based on Eclipse. Although Groovy 2.0 introduced optional static
typing, ReLogo cannot type-check many of its expressions: agentsets are untyped,
and ask/of /with closures cannot track the type information of their context (self,
myself). The simulation user has to either resort to type-casting or turn off
Groovy’s static typing in the pertinent code.
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In order to speedup large sets of experiments, both NetLogo and ReLogo
support parameter sweeping [19]: running multiple instances of the same model in
parallel, each on its own CPU core, while varying the model’s input parameters.
Taking a more traditional approach, HLogo, tries to inject parallelism inside
a single instance of a simulation run; this can be crucial for large models or
time-critical simulations where any performance gain is desirable.

To the best of our knowledge, the work described in this paper is the first
to apply Software Transactional Memory in Agent-Based Modelling. However,
there are other approaches in the literature that investigate the issue of speeding
up ABM execution using various parallel techniques: the work described in [21]
proposes to execute Agent-based systems through Distributed Discrete-Event
Simulation. The key problem as reported in the paper, is the decomposition
of the environment which leads to the problem of fair load balancing of the
distributed machines. SPADES [30] is another Distributed Agent Simulation
Environment that explicitly models the full agent cycle (sense-think-act), while
having distributed execution and reproducibility of results. The work reported in
[22] employs a well known parallelization technology, OpenMP, to speed up the
execution of agent-based models. However, the technique restricts the implemen-
tation language of ABM frameworks to only those which provide an OpenMP
implementation, i.e. C, C++4, Fortran. It also adds the burden of annotating
simulation code with extra OpenMP pragmas, which is rather discouraging for
simulation developers. SASSY [16] is a scalable agent based simulation system
that acts as a middle-ware between an agent-based API and a Parallel Discrete
Event simulation (PDES) kernel. The difference in SASSY compared to [21,30] is
that the ABM framework can be built up from existing standard PDES kernels.
An innovative method of executing mega-scale Agent-Based Models in the mas-
sively parallel Graphics Processing Unit (GPU) is proposed in [10]. Although,
it is well established that this method can lead up to considerable speed gains,
we feel that the expressiveness of Agent-based models that can be run on this
platform is rather restricted. A similar framework is Flame GPU, built on-top
the FLAME ABM framework [17], and has successfully been applied on project
EURACE to simulate the European economy model [8].

Within the Haskell community, our work is the first Logo-based simulation
framework implemented in Haskell. Other simulation packages for Haskell are
for example Hasim [3] and the recently introduced Aivika [35]; both are libraries
for Discrete Event Simulation (DES). Hasim [3] provides process-based DES,
however it does not employ any kind of parallelism. Aivika provides DES with
extensive system dynamics. There is also the event-monad library that provides
a monad (see also Sect.4.2) and monad transformer for events; it can be used as
a low-level helper library to build a simulation framework. Users can create an
event-graph simulation system and schedule events to it. In principle, it does not
employ any parallelism, but it could theoretically be used together with some
parallel strategy to exploit parallelism.
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4 Haskell

The functional programming language Haskell [1] was selected as the HLogo
implementation platform, for two main reasons. Firstly, it is an excellent choice
for embedding domain specific languages (DSLs) [14] and HLogo is designed as a
DSL. Secondly, Haskell offers an excellent implementation of Software Transac-
tional Memory (STM) [9], which is crucial for realizing HLogo’s parallelism. This
section will introduce several concepts from functional programming necessary
to explain the embedding of HLogo in Haskell, and introduce STM.

4.1 Static Typing

An important feature that HLogo gets from its implementation in Haskell is
that the latter is a statically typed language. This extends to HLogo as well,
which is in contrast to NetLogo’s dynamic typing. For example, in Haskell, and
thus also in HLogo, a type error in an expression such as 1 4 non_number will
be detected at compile time. It should be noted that NetLogo also checks type
consistency of its expressions, but the majority of such checks is done at runtime
and consequently, such errors, as in the example above, are detected rather
late. In this respect, HLogo can be said to provide more safety for agent-based
modeling. However, if the user needs dynamic typing, e.g. for its flexibility, it
can be supported in Haskell through the Data.Dynamic module.

HLogo also takes advantage of Haskell’s powerful type system and thus can
type-check not just simple arithmetic expressions, but also more elaborate state-
ments. The majority of built-in Logo-like commands need to be executed in a
specific agent context, e.g. the command forward n may only be executed by a
turtle agent (other types of agents are immovable). The example below presents
a NetLogo expression, and its HLogo counterpart, where we erroneously “ask”
the patch at location (0, 0) to die:

%% NetLogo version: yields error only later at runtime
ask patch 0 0 [die]

-- HLogo version: this program does not type-check
ask (atomic die) =<< patch 0 0

In this case, HLogo will detect the error successfully at compile time. Elab-
orating more on this error, the action die should only be invoked on either a
turtle or a link, whereas patches are to live through out the simulation, so they
should not “die”. In Haskell, this is enforced by overloading the name die, which
is achieved by defining die as an operation of a ‘type-class’ called TurtleLink.
Haskell type-classes offer a similar concept to interfaces in OO languages, e.g.
Java, used for ad-hoc polymorphism. A type-class defines a set of operations,
but it only defines their signatures, and thus provides no implementation. When
the type T is declared to be an instance a type-class, e.g. TurtleLink (in OO
jargon we would say T" ‘implements’ TurtleLink), T" gets all TurtleLink’s oper-
ations including die, but on the other hand the declaration must specify how
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T implements those operations. In HLogo turtles and links are declared to be
instances of TurtleLink, thus allowing die to be overloaded for both types of
agents. On the other hand, patches are not instances of the former type-class;
therefore the action die in the above code yields a type error.

Haskell’s strong type system also comes with Hindley-Milner type inference
[23], which makes type annotations optional. This provides type safety to the
user, without the burden of annotating the code with type signatures. For exam-
ple, the following command is a variation of the previous example:

ask (atomic (do {forward 3 ; die})) =< agentT

There is no need to explicitly annotate the type of agentT. Haskell type sys-
tem can infer that it must be a turtle: it “knows” that die expects an agent
which is an instance of TurtleLink, whereas forward expects a turtle (patches
and links are not supposed to move around). So by implication Haskell success-
fully infers that the agent on which the above commands are applied has to be
of type Turtle.

4.2 Monads

In Haskell, types can be parameterized. For example, lists of integers are of type
[Int]. Actions that perform input/output (IO) are instances of the type I0 a,
where a is the type of the result of such an action. For instance, the function
getChar that reads from the console and returns the read character has the type
I0 Char. The [.] and I0 parts in these examples are called type constructors; they
construct a new type from the type given to them.

Being a purely functional language, Haskell has no natural concept of side
effect and thus modeling agents that are stateful and have actions with side
effects on their own or other’s states and the environment does not come natu-
rally. However, such states and side effects are brought into the language through
monads [27]. In functional programming, a monad is a generic concept for com-
posing items through an associative operator. A simple example of a monad is
lists with the concatenation operator. It should be noted that in Haskell function
compositions are allowed and thus monads can be used to compose computa-
tions. In more technical terms, a Haskell Monad is a type-class and for the purpose
of this discussion, we will assume that this type-class offers an associative oper-
ator “” for composing monadic actions'. A type constructor M can be made an
instance of Monad by providing a concrete definition for “;”. If M is a monad, then
an expression of type M a is a monadic action: when executed, at the end will
produce a value of type a. For example, the previously mentioned type construc-
tors, I0 and [.] are both monads and the function getChar is thus a monadic
action. The set of commands for HLogo agents, such as forward and die also
form monads.

! The actual definition of Monad offers a slightly different and richer set of opera-
tions [26].
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Monadic actions can be sequentially composed with the do notation.
E.g., suppose ¢ is a monadic action of type M Int, then the expression:
do{z « c; return (z+1) } is a new monadic action?. It first evaluates/executes
¢, then binds the produced value in the variable z, then z 4 1 is returned as the
produced value of the whole action. The concept is general through the overload-
ing of “” operator (recall that Monad is a type-class) and the exact meaning of
the example do expression above depends on the used monad (which M is being
used). If it was the IO monad, or the monad of agents’ commands, the meaning
is roughly as described above. If the monad was the list monad, it would have
the net effect of constructing the list [z+ 1]z € ¢].

The expression do{e; ; es ; ...} will evaluate the expressions ey, es, ... in the
given order. When ey, e, ... are written vertically, and start at the same column,
we can drop the use of delimiters “{“,”}”, and the “” to get a cleaner syntax.

A do-sequence that does not explicitly specify a return as the last expression,
implicitly returns whatever the last expression returns. For example, the HLogo
expression below is a monadic action that first obtain the set of all patches in
the simulation, and then it returns the number of elements of this set.

do p <+ patches
count p

There is also the e =< d operator that we saw before in Sect. 4.1, that pipes
the value returned by the monadic action d as an input for e. So, the above code
can also be written more succinctly as count =< patches.

4.3 Software Transactional Memory (STM)

STM is a concurrency control mechanism that allows concurrent processes to
be programmed without having to synchronize them, and yet allowing them
to safely operate on common states. This makes the task of programming such
processes much easier and much less error prone. There is no need to worry about
race conditions, nor deadlocks. STM’s concurrency relies on the so-called transac-
tions—a concept that originally comes from the database domain. A transaction
is a sequence of reads and writes to a set of so-called transactional variables or
TVars. A TVar represents an actual store in the memory, which can be shared by
multiple transactions. The execution of a transaction is virtually atomic, that is,
its intermediate changes on the TVars it operates on cannot be witnessed by any
other transaction. The idea originates from the field of Distributed Databases,
where a transaction corresponds to an atomic SQL query or update. Whereas
database transactions operates on tables’ rows or columns, transactional mem-
ory operates at the level of memory stores. Historically, transactional memory
was introduced in 80’s by Knight as an extension to Lisp with suitable hardware
modifications to enable concurrency [18]. In 90’s, Shavit and Touitou turned
the idea to a pure software implementation of the approach, and coined the

2 The actual symbol in Haskell is <— instead of «. We use the later just for improving
the presentation.



HLogo: A Haskell STM-Based Parallel Variant of NetLogo 105

term Software Transactional Memory. Recently, STM programs can be further
accelerated through hardware instruction-set extensions, e.g. with Transactional
Synchronization Extensions (TSX) of the Intel® Skylake processor.

Multiple transactions can run in parallel, however each transaction 7 does not
directly write to its TVars. Instead, it keeps a separate log of reads and writes
to the TVars, with writes not committed yet. At the end of the transaction, it
checks if one of its TVars has been modified with respect to its value at the start
of 7. If no modifications have occurred, all 7’s writes are committed and the
transaction is said to be successful. Otherwise, 7 is aborted, and later retried
again.

Haskell has an excellent STM library [9] and furthermore, its strong type sys-
tem guarantees that transactions are ‘safe’. It is important that aborted trans-
actions have no irreversible side effects, in other words, if they do have effects,
we should be able to rollback those effects. This can present a problem, as for
example in cases where within a transaction we perform IO actions (e.g. to read
a value from the keyboard), which typically cannot be rollbacked. In most other
language implementations, this cannot be enforced. In Haskell however, STM
transactions and 10 actions are both monadic actions, but of different types: a
transaction that returns an integer will have the type STM Int whereas an 10
action that read an integer from the keyboard has the type I0 Int. Haskell type
system guarantees that expressions of these monads cannot be intermixed, in
the same way that Haskell does not allow an instance of Int to be subtracted
from an instance of Bool.

In HLogo, a model typically consists of many agents. To gain parallelism,
agents’ actions can be composed from transactions. Internally, committing a
transaction involves complicated orchestration where different places in the mem-
ory must be locked and unlocked in a certain order. However, this process is
hidden from the programmers: from their perspective transactions are lock free,
thus making concurrent programming much easier for them. For HLogo this is
important, since we want to maintain NetLogo’s user friendliness. Using STM
does have its price. It introduces overhead due to aborted transactions. But
still, experiences reported with STM in the literature suggests that considerable
speedup can still be expected [25].

Ultimately, transactions are run by threads for concurrent execution. There
are several options on how to do this. The obvious one is to run each transaction
on its own thread. Haskell provides so-called green threads, i.e. virtual threads
managed by a virtual machine (or by a language’s runtime-system), as opposed
to OS’ native threads. Green threads use less memory and can be activated
and synchronized faster. A large number (thousands; even millions) of green
threads can be created without running out of memory. Haskell runtime-system
employs an M:N threading model, where M green threads are automatically
mapped to N OS (heavy weight) threads for multi-core parallelism. While this
maximizes concurrency, in our case most of the time the number of available
CPU cores is much less than the number of agents. The above solution would
lead to performance degradation. Section 6 will discuss our solution to this.
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5 HLogo

Both NetLogo and HLogo are instances of Domain Specific Languages (DSLs) for
describing and simulating dynamic systems. A DSL is a programming language
that offers, through appropriate notations and abstractions, expressive power
focused on a particular problem domain [37]. NetLogo is a native DSL, i.e. it has a
dedicated parser and a compiler or interpreter to execute its code, whereas HLogo
is an embedded DSL (eDSL). An eDSL is embedded inside another language
(host), usually a general purpose programming language and tries to imitate
a native DSL by providing its language constructs in terms of the constructs
of the host. It is an imitation in the sense that it may not look or even work
entirely the same as the DSL it imitates, but it tries to. On the other hand, an
eDSL can be more rapidly developed because we do not need a separate parser
and compiler for it. An eDSL also inherits all the important features of its host
language. HLogo inherits, among other features, Haskell’s:

— expressiveness and its powerful type checking, as discussed in Sect. 4.1,

— module system, thus allowing us to organize HLogo agents into separate mod-
ules, a feature that NetLogo currently (as of version 5.3.1) lacks, and

— the already vast collection of open-source Haskell libraries (Hackage).

Haskell was chosen since it is a brilliant host language for embedding
DSL’s [14], as has been demonstrated in various cases [5,11,26]. In particu-
lar, the expressiveness provided by higher-order functions and type classes is
crucial for imitating native DSL constructs. This approach also makes HLogo
more easily extendible: new constructs can be simply added by the inclusion of
more higher order functions, whereas in a native DSL we would need to modify
the parser and interpreter.

It is true though, that as an eDSL the syntax of HLogo will be limited by the
syntax of its host language, Haskell. For example, in NetLogo binary operators
have higher precedence than function application; e.g. we can write: print 143.
This is not possible in HLogo, because in Haskell the precedence is reversed.
So, the same code in HLogo has to be written as: print (1+3). As mitigation,
Haskell’s clean syntax and support for overloading can often be exploited to
provide acceptable syntactical imitations of the original NetLogo constructs.

Nearly the complete set of NetLogo’s standard library has been ported to
HLogo. In the sections that follow, we limit ourselves to explaining how the
main concepts are represented in HLogo. A complete example of a simple model
is also included.

5.1 HLogo Agents

By default in each simulation there are always turtles, patches, and links. Iden-
tifiers of the corresponding names can be used to refer to them, e.g. turtles
represents the set of all turtles in the model at hand. The dimension of the sim-
ulation world is set through command line and this determines the number of
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patches in the model. Turtles can be created dynamically e.g. by the command
create_turtles N. The command ask create link with [ =X « creates a
link between « and 3. These agents come with a number of pre-defined proper-
ties. E.g. turtles and patches have x and y coordinates specifying their position.

We can introduce a new breed of turtles and define new attributes for them.
Technically, this requires the user to define a new Haskell datatype represent-
ing the breed, along with the corresponding set and get functions to access its
attributes. To avoid having to write such boilerplate code, we employ Template
Haskell [34], a compile-time meta-programming technique that will generate the
needed code. As an example, the following code is part of the preamble of the
example HLogo model in Fig. 1:

—-- HLogo eDSL is a library
import Language.Logo

-- generates: cows,cows_here,...
breeds ["cows", "cow"]

-- generates getter/setter: energy
breeds_.own "cows" ["energy"]

breeds and breeds_own are actually Template Haskell macros. The first creates,
among other things, Haskell identifiers named cows and cow which can be used
to refer to all cows, or to a specific cow (e.g. as in cow 0 0, the cow at position
0, 0). The second creates a new attribute for cows, which can be referred to by
the identifier energy.

5.2 Commands

As mentioned in Sect.2, NetLogo’s main primitives for invoking commands on
agents are: ask, of, and with. HLogo also provides these primitives (since “of” is
a keyword in Haskell, the name “of_” is used instead).

The general syntax of ask is ask ¢ = «, where c¢ is the command to invoke
and « is an agent (or an agentset) and which has the obvious effect of invoking
c on « (or all members of «). More precisely, a command like ¢ is a monadic
action. The monad has a quite rich structure, but abstractly we can view com-
mands as instances of the I0 monad. For example xcor and ycor are commands
that return respectively the z and y coordinates of the given agent. Other exam-
ples include forward and die mentioned in Sect.4.1. These are actually STM
transactions, which can be turned into commands by wrapping them with the
function atomic—the connection will be discussed later. The whole construct
ask ¢ =< « is again a command; it simply returns void.

Since these are monadic actions, commands can be composed with the do
notation (see also Sect.4.2), e.g. do {c¢i1;...;¢n}, and we can invoke them on a
set of agents, e.g. all turtles, as in:

ask (do {c1;...;¢n}) =K turtles
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The primitives of _ and with can be used with similar syntax: of _ ¢ =< « and
with ¢ =< a. The primitive of _ is actually just a slight variation of ask; whereas
ask always returns void, of - ¢ =< « returns whatever value c returns. If « is an
agentset, the construct then returns a list of the results of invoking ¢ on every
member of «. The primitive with expects ¢ to be of type 10 Bool and « to be an
agentset. It returns a new agentset consisting of those members of «, on which
c returns true.

5.3 Procedures

NetLogo allows procedures to be defined through the to ... end syntax, for
instance the code below defines the move[p] procedure, which will turn all cows
5° to the right, then move them p points forward:

to movelp]
ask cows [right 5 forward p]
end

In HLogo, the same definition is achieved by a top-level function bound to its
corresponding right-hand side monadic action:

move p = ask (atomic (do {right 5; forwardp })) =K cows

5.4 A HLogo Model Example

A complete model simulating a population of cows living on a field is shown
in Fig.1. In this simple model, Grass grows on random patches in the field
and cows move around randomly, eating grass to gain energy. Regrowth of the
grass and loss of energy are not included in this simple model. The example
code also demonstrates a rudimentary support for visualization: the command
snapshot can be called at any place in HLogo code to save an image of the
current simulation’s 2D canvas to a fresh postscript image. The image in Fig. 2
shows a snapshot of a run of the model in Fig. 1. Live visualization, as offered
by the NetLogo platform, is part of future work.

6 Parallelizing HLogo

Both HLogo and NetLogo models are compiled to native code to run simula-
tions. HLogo uses the Haskell compiler whereas NetLogo is actually compiled to
Java bytecode which is then interpreted by a JVM; however, nowadays JVMs
regularly employ Just-In-Time (JIT) compilation to native code. Both HLogo
and NetLogo’s simulation engines use similar data-structures to store agents: a
2-dimensional array for patches, and tree-based maps for turtles/links. However,
they differ fundamentally on how they execute their commanding primitives
(ask/of /with). E.g. in NetLogo’s ask A ¢ where A is an agentset, the command
¢ is invoked on every agent in A, in a sequential manner. NetLogo does pro-
vide a variant called ask—concurrent; but this only simulates concurrency by
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setup = do
ask (do c < one_of [green, brown]
atomic (set_pcolor c)
) =< patches
cs < create_cows 50
ask (do x + random_xcor
y < random_ycor
atomic (do set_color white
set_energy 50
setxy xy
) cs

reset_ticks

go = forever (do
t < ticks
when (t > 1000) stop
ask (do {move ; eat_grass}) =< cows
snapshot
tick)

move = do
r < random 50
atomic (do {right r ; forward 1})

eat_grass = atomic (do
Cc < pcolor
when (c==green) (do set_pcolor brown
e  energy
set_energy (e + 30)))

Fig. 1. An example of agent model in HLogo. Cow-turtles move around and eat grass-
patches to gain energy.

Fig.2. An example of HLogo visualization output. White triangles represent cows.
Green patches are patches with grass. Brown patches have no grass.



110 N. Bezirgiannis et al.

interleaving the execution of ¢ between the agents in A. In other words, it does
not run the agents in parallel. In contrast, HLogo tries to parallelize the exe-
cution of ask/of/with by utilizing Software Transactional Memory (STM) and
green threads, two technologies for parallelism provided by Haskell discussed in
Sect. 4.3.

Figure3 shows the algorithm of the worker function behind HLogo’s ask.
The function askWorker gets the command ¢ to execute and an agentset A.
It also gets a few other things as context: self is the id of the agent that calls
it and parent is the id of self’s parent (in NetLogo also denoted by myself).
The worker adopts a ‘divide and conquer’ strategy: it randomly splits A into NV
subsets, called slices, where N is the number of available CPU cores. For each
slice B, a separate green thread ¢ will be created, and the command ¢ will be
executed on every agent § in B. So, the execution of the slices is parallel, but
within each slice the agents execute sequentially. Executing ¢ on an agent § will
need a context similar to the context passed to askWorker, except that § is now
the ‘self’, and the worker’s self is its parent. Finally, the worker will wait until
all slices finish their execution.

To randomly split A we use a high-quality treefish random generator library
[7]. This random generator is splittable, allowing the random generator used by
askWorker to be split into N fresh generators, one for each slice so that the
threads do not have to compete on a single generator. Note that ¢ may contain
another ask, which then needs a random generator to do its own splitting.

Notice that askWorker blocks at the end, to wait until all the threads it
spawned have completed. There is also a non-blocking variant of ask named
ask_async where the worker simply continues.

askWorker (self,parent) c A =

N «+ the number of CPU cores

slices «— use rndG to split A into N parts

T 0

for B € slices
t «— (A() — for g € B — executeCommand (g3, self) ¢)
run ¢() as a new thread
T —TU{t}
1141

wait until all threads in 7" finish

Fig. 3. The algorithm of HLogo ‘ask’ implementation.

The other two primitives, of_ and with, are implemented in a similar man-
ner, with the only difference being that their workers need to collect (of_) and
filter (with) the results of executing ¢ on the agents in A. All three primitives
are themselves commands, which implies that their usage can be nested. For
example, in:

ask (ask eat_grass =< cows_here) =X green_patches (1)
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This command will ask every green patch to pass back all the cows that are
currently on the patch, and ask these cows to eat the grass there. Note that
this nesting will have maximum N? + 1 green threads running. Haskell runtime
system will automatically load-balance the threads to the available CPU cores,
if for example there are some patches with less or no cows on them.

6.1 Commands and Transactions

A Haskell thread expects to execute some code with 10O effects. Consequently,
commands are instances of the I0 monad. However, if this simple approach is
followed, race conditions might occur between the agents. Consider the follow-
ing HLogo ‘procedure’ (in Haskell terminology this is a ‘function’) defining the
command eat_grass:

eat_grass = do g < grass
when (g > 30) (do set_grass (g — 30)
e < energy
set_energy (e + 30))

If we allow the commands in eat_grass’s body to operate in the IO monad, two
race conditions may happen: (a) two cows eat grass from the same patch, but
the patch grass level is decreased only once; (b) at another point in the program,
an agent ‘ask’s to (destructively) modify the energy of a currently-eating cow.

Instead, what Hlogo actually does is to store agents’ attributes in TVars,
i.e. transactional variables as discussed in Sect. 4.3. Basic agent commands (e.g.
right, left, forward, but also getters and setters such as grass and set_grass
in the example above) are allowed to execute only inside an STM transaction.
In other words, these commands are instances of the STM monad. As discussed
in Sect. 4.2, using the do-notation we can compose multiple monadic actions to
form a more complicated monadic action. This also applies to STM transactions.
This means that the command eat_grass is an instance of STM. The code in (1)
is thus not type correct since ask expects an instance of I0 as the command.

We extend the language with the command atomic which given an STM
transaction will try to ‘run’ it; when the atomic succeeds, it means its effects
have been committed as a whole to the outside (I0) world, and will not be
rollbacked. The type of atomic is STM @ — I0 a. So abstractly it is a function
that turns an STM transaction into an instance of the I0 monad. To fix (1) we
can do the following, which is now type correct, parallel, and race-condition free
(we underline ‘atomic’ to make it stand out):

ask (ask (atomic eat_grass) =< cows_here) =X green patches  (2)

Does this mean that the programmer should create as large transaction blocks
as possible and merely surround them with a single atomic? Not exactly, since
larger transactions can affect performance negatively, since the probability to
conflict with transactions running on other threads increases. If a large trans-
action has to be rollbacked, the computation it has performed up to the point
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of rollback is also wasted. With HLogo, it is left to the programmer to decide if
the whole transaction should be atomic or if it is safe to break it into smaller
atomic blocks. As an example, below is a variation of eat_grass that avoids the
above mentioned race-condition (a) and is faster than the variant with top level
atomic in (2). It does not however avoid the race-condition (b).

eat_grass = do g « atomic grass
atomic (when (g > 30) (do set_grass (g — 30)
e « energy
set_energy (e + 30)))

Despite the gain in parallelism, STM is not a ‘silver bullet’ to all problems
that occur in a parallel setting. The execution of multiple STM transactions
is inherently non-deterministic. In the simplest case, two simultaneous threads
competing to modify the same TVar do not always commit in the same order.
Consequently, HLogo simulations are non-reproducible, but still consistent with
respect to race-conditions. On the bright side, HLogo’s engine guarantees that
on a l-core configuration, and if we do not use any asynchronous primitive such
as the previously mentioned ask_async, the simulation of any agent model is
reproducible.

7 Experiment

To compare the performance of HLogo to that of NetLogo, we ran the following
benchmarks. They are run on 100 x 100 patches, forming a torus-shaped canvas.
The benchmarks are simulated for 1000 ticks.

1. The benchmark Redblue has N turtles. The patches are randomly colored red
or blue. At every tick, each turtle moves one step forward, and then turns 30°
to the left if it is on a red patch, and else 30° to the right. Agents never write
to the same TVar, and therefore their transactions never need to roll back.

2. The benchmark Cows has N cows. The patches are seeded with grass. The
cows move around randomly and eat grass. Consumed grass will regrow after
some random time (but below a certain maximum). Cows compete thus for
the grass, so some transactions may conflict and have to roll back.

3. The benchmark Termites has N termites. Each patch may contain 1 wood
chip. Termites navigate randomly to find a wood chip, pick it up and move it
next to other wood chip(s). Later on, sparse areas of wood chips are formed.
In this benchmark, termites compete both for picking up and placing of wood
chips.

4. The benchmark Dummy has N turtles, each simply wiggles randomly and
moves. Similar to RedBlue, agents do not conflict, but furthermore they do
not interact.

These benchmarks are run on a system provided by the SURF foundation
with 32 cores Intel® Xeon E5-2698, 128 GB RAM. Hyper-Threading is disabled
since it does not provide true CPU-core parallelism. The OS Ubuntu 16.04 64 bit



HLogo: A Haskell STM-Based Parallel Variant of NetLogo 113

was installed, with The Glorious Glasgow Haskell Compiler version 8.0.1 and
NetLogo 5.3.1 running Java-8 version OpenJDK 1.8.0_111.

We run them on different configurations, with varying number of CPU cores
(1, 2, 4, 8, 16, 32) and the problem size (N). 20 simulations are run for each
benchmark and each configuration where we compute the average run time and
resident memory. Note that NetLogo first needs to parse and compile the model,
and then launches the JVM before it can start running a simulation. Being
an embedded DSL, HLogo does not do these. To make the comparison fair,
when measuring NetLogo’s run time we exclude the time it takes to do the
aforementioned preparation tasks. The benchmarks results are shown in Table 1:
speedup is measured as the ratio of NetLogo execution time over the HLogo
execution time for all experiments conducted; additionally, the memory ratio,
i.e. HLogo memory used over the NetLogo memory used is given. Figure 4 shows
a visualization of the absolute execution time of all four benchmarks.

Table 1. Execution speedup and memory usage of HLogo versions compared to Net-
Logo for a varying number of processors (cores). N is the size of the problem.

Problem | N Execution speedup HLogo, #cores | Memory ratio HLogo, #cores
1 2 4 8 16 32 1 2 4 8 16 32
RedBlue 1000 | 0.74 | 1.18 | 1.82 | 2.87 2.87/1.33 /0.12/0.19/0.3 |0.34|0.38 |0.44
2500 | 0.55 | 0.67 | 1.04 | 1.96 |2.57|2.33 |0.12/0.180.25|0.48 | 0.72 |0.72
5000 | 0.56 | 0.65 | 0.99 | 1.77 |3.01 |3.12|0.12|0.180.27|0.47 | 0.85 |0.98
10000 | 0.54 | 0.67 | 1.09 | 2.02 3.24 1 4.15[0.13/0.19/0.28 | 0.48 | 0.85 | 1.24
20000 | 0.46 | 0.53|0.82|1.73 |3.22 | 3.55|0.16 | 0.21 | 0.330.48 | 0.91 | 1.69
30000 | 0.40 | 0.50 | 1.00 | 1.82 | 3.23 | 4.71|0.180.26 |0.390.65 | 1.14 | 1.85
Cows 100 3.29 | 5.08 | 7.57 | 10.79 | 8.99 | 6.54 |0.10|0.17 /0.3 |0.52 | 0.82 |0.87
250 |2.7314.00 | 6.64 | 8.57 |8.27 | 597 0.100.16 |0.29 | 0.51 | 0.78 |0.88
500 |2.04 | 3.36 | 5.19 | 6.90 7.09 6.55 | 0.10|0.17/0.3 1 0.54|0.87 | 1.08
1000 | 1.55 | 2.59 | 4.08 | 5.37 | 6.03 | 5.97 | 0.10|0.16 | 0.29 | 0.53 | 0.88 | 1.15
2000 | 1.16 | 1.84 | 3.27 | 4.52 5.28 [5.41/0.10|0.17]0.29 |0.53 |0.92 | 1.32
3000 0.90 | 1.04 | 2.28 | 3.57 |4.86 [ 4.92|0.10|0.17|0.25|0.46 | 0.91 | 1.77
Termites 100 1.26 | 1.72 | 2.45 | 4.29 |3.96 |3.03 |0.10|0.16 | 0.26 | 0.37 | 0.39 | 0.43
250|1.081.75/2.693.80 |5.01 |5.01/0.090.16|0.31|0.51|0.81 |0.87
500/ 1.09 | 2.06 | 3.15 5.17 |7.13|6.42 |0.10/0.17|0.31|0.58 | 1.10 | 1.77
1000 | 0.58 | 1.05 | 2.04|2.98 |4.35 | 5.37|0.10|0.16 | 0.3 |0.57 | 1.08 | 2.06
2000 | 0.42 | 0.84 |1.45|2.78 |4.61 |6.01|0.09|0.14|0.27|0.51 | 0.97 | 1.89
3000 0.46 | 0.67 | 1.172.30 |4.03 |{6.30|0.09|0.15|0.25/0.48 |0.90 | 1.5
Dummy | 1000 0.540.95|1.24|1.56 |1.75|1.17 |0.25|0.450.84| 1.56 | 2.43 | 2.81
2500 | 0.45|0.55/0.90|1.59 |1.95|1.79 1 0.22 /0.3 |0.49|0.99 | 1.91 | 3.81
5000 | 0.41]0.51|0.91 | 1.60 2.42|2.38 [0.23/0.34|0.52|0.96 | 1.86 | 3.64
10000 | 0.40 | 0.48 | 0.85| 1.58 | 2.77 |2.96 | 0.24 | 0.32|0.56 | 0.91 | 1.72 | 3.51
20000 | 0.33 1 0.42|0.70 | 1.30 |2.52 | 2.56 |0.280.41 |0.58/0.99 | 1.75 | 3.22
30000 | 0.32/0.53|0.94|1.60 |2.39 |{3.07|0.3 |0.44|0.68| 1.18| 2.19 | 4.28
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Fig. 4. NetLogo & HLogo execution time for the 4 benchmarks.

Overall, we can clearly witness the speed gain in HLogo as we increase the
number of cores, while the performance scalability is retained. HLogo manages
to be at its best 10.79 times faster than NetLogo using a configuration of 8 cores.
Even with two cores HLogo manages to match or surpass the speed of NetLogo,
while using on average 78% less memory, which is a positive outcome considering
the fact that STM concurrency incurs certain overhead.

More specifically, the benchmark RedBlue at Fig. 4(a) shows linear growth
of the execution time relative to the problem size, which is expected for this
model. HLogo manages to be faster than NetLogo on a configuration of 4 cores
and above; however, on less cores HLogo’s speedup (see Table 1) actually worsens
fast, attributed perhaps to the administrative costs of managing and distributing
the turtles agentset to the different cores.

The results of the Cows benchmark (shown at Fig. 4(b)) indicate a sublinear
complexity behaviour, since normally the overall workload grows less than the
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number of cows as there is no much grass left to be eaten. Again, the speedup
of HLogo is positive for almost all core configurations; however, the speedup
degrades (Table 1) as the problem size increases, which is due to increasing con-
flicts between the cows as they compete for the grass, hence leading to more
STM rollbacks.

The Termites benchmark at Fig.4(c) suggests a superlinear complexity of
the model, since the turtles (termites) compete greatly with each other for
(dis)placing the wood chips (patches) into forming piles. HLogo manages to
be at its best 7.13 times faster than NetLogo using a configuration of 16 cores;
the speedup degrades similarly to the Cows benchmark, attributed to the vast
competition between the turtles.

The Dummy benchmark of Fig. 4(d) shows analogous complexity behaviour
(linear) to the RedBlue benchmark. The HLogo speedup benefit is mostly pos-
itive but less than what is offered by RedBlue, although the problem has less
agent interaction. This can be attributed to the fact Dummy’s model has one large
atomic block, whereas RedBlue has finer-grained atomic blocks. For the latter,
this leads to smaller-sized STM logs and less traversal of the logs’ contents when
committing each STM log, i.e. atomically writing out the effects to memory.

HLogo, the above benchmarks, and other examples are available as open-
source software at http://github.com/bezirg/hlogo.

8 Conclusions and Future Work

We have presented HLogo, a variant of the ABMS framework NetLogo, that
offers an embedded DSL front end. At the back end it utilizes Software Transac-
tional Memory (STM) to obtain performance gains from multi-core execution,
and at the same time hide the complexity of concurrent programming from the
programmers. As an embedded DSL, HLogo has the advantage of inheriting the
Haskell’s module system, thus allowing its programmers to import any of the
whole wealth of Haskell libraries. Furthermore, the DSL is statically strongly
typed for all its expressions and agent commands, which adds a certain level of
safety when crafting a model.

Our benchmarks showed that HLogo’s performance does not suffer from the
use of STM. In fact, on multi CPU cores HLogo runs faster than NetLogo.
Giving HLogo more cores progressively increases its speed. HLogo also uses less
memory than NetLogo, up to a certain number of CPU cores (8 in most of our
experiments’ configurations). On the other hand, the trade off is that HLogo
simulations on multiple cores are not reproducible. Despite this, we believe that
there is room for applying HLogo, namely on problems where reproducibility is
not a factor, and where speedup is crucial to keep the running time feasible.

As a final note, we want to add that HLogo’s STM-based parallelism is in
principle framework-agnostic and thus could be applied to other ABMS frame-
works. For example, it can be applied to NetLogo. It should be possible to
extend NetLogo with the atomic construct. Then, one can use one of available
STM implementations in Scala (the implementation language of NetLogo) and
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mimic the described Haskell implementation. This might be attractive to the
already large NetLogo community, thus giving NetLogo the performance bene-
fits of HLogo.

Future Work. Our work so far has mainly focused on providing a front end
ABMS DSL and its backend simulation engine. To improve HLogo’s usabil-
ity it will need a decent visualization front end, e.g. as NetLogo now has and
this is a future work direction. Another feature that HLogo currently lacks and
would come as a great addition is parameter sweeping, i.e. executing the model
with multiple runs, each with a different parameter input (similar to NetLogo’s
BehaviorSpace tool).

With respect to its simulation engine, HLogo currently splits the workload to
threads using a random divide and conquer strategy. If transactions that write
to some common TVars are distributed to different CPU cores, this may lead
to transactions conflicts and therefore rollbacks. On the other hand, assigning
them to the same CPU core will avoid rollbacks. A smarter dynamic workload
distribution strategy should take this into account. Such a strategy could be
based on for example the turtles’ last known positions, or how they are connected
by links. Turtles that are close to each other, e.g. linked together, are more likely
to conflict. A static approach is probably less likely to be successful because
turtles move around, and links can be added and removed dynamically.

On the technical side, the turtles and links agentsets can be modified, cur-
rently, only in a non-concurrent fashion: a thread has to acquire a lock on the
agentset to create or remove (die) a turtle or link. By changing the data struc-
ture to a concurrently modifiable tree-map implementation we would benefit
from faster in-parallel insertions and deletions of turtles and links. Furthermore,
we can consider optimizing the tree-map data structure used to store the tur-
tles (see the beginning of Sect.6) with a hybrid representation where turtles are
added in-order into a who-indexed vector, which if needed is transformed into
a sparse tree-map implementation when removals happen (as in ‘die’) dynami-
cally at runtime. For the patches, we can consider low-level optimization of their
array data structure by storing the indices (patches) in the so-called Z-order
scan (similar to a zigzag) instead of linearly as it is now. A Z-order patch array
would result in better performance because of better data locality: agents most
often interact with 2D-neighbouring patches and would then store the data of
the neighbouring patches close to each other, leading on average to less cache
misses than accessing the array in the common row order.

HLogo currently requires programmers to specify the atomicity level of the
agents by inserting calls to the function atomic. Through this mechanism, the
programmers can increase parallelism e.g. by grouping an agent’s access to unre-
lated T'Vars to different atomic blocks. As future work, we want to investigate if
the function atomic can be extended e.g. to log information that would enable a
simulation run to be reproduced or at least to some degree reconstructed, even
if it was originally run on multiple cores. The challenge here is to be able to
log enough information without slowing down the simulations. We also want to
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investigate if the insertions of atomic can be done automatically, e.g. through
data flow analysis. Moreover, some STM transactions can be accelerated after
applying certain optimizations, e.g. a wiggling cow move:

atomic( do{right =< random 50 ; left =< random 50})

can be optimized to atomic( do{i « random 50 ; j « random 50 ; left(i+j)})
which is faster since the STM transaction log is shortened through combining
two modifications of the turtle’s heading (right, left) to one (left). The program
remains consistent since this code runs atomically: no other agent could have,
in anyway, witnessed the intermediate modification.

Finally, since Cloud computing has become widely available, it might also
be interesting to investigate if HLogo can be extended to a distributed setting.
For example, this would enable HLogo models to run in High-performance Com-
puting (HPC). There is also the extreme case where models cannot fit in a
single shared memory machine and have to be distributed to multiple processing
nodes. There are Haskell technologies, such as Distributed Software Transac-
tional Memory [20] or Cloud Haskell [12] that can be employed towards this
direction.
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Abstract. Managing risks in supply chains is challenging for most com-
panies, given that the globalisation process is strengthening production
constraints and also introducing more procurements risks. This is even
more difficult for smaller companies because of their lack of resources to
develop specific expertise or buy expensive tools. In order to be success-
ful, a project aiming at improving the state of practice in this area must
address two key activities: gaining a good knowledge of the actual needs
and validating the results. This paper reports about the process followed
for supporting those activities using an agile approach. It relies on an
initial survey conducted in companies, mostly from the manufacturing
domain in Belgium and Germany together with the deeper involvement
of 10 companies which provided concrete requirements directly linked
with validation cases. We present the main outcome of the requirements
gathering process, especially the survey analysis, as well as the lessons
learned about our iterative validation process.

Keywords: Discrete Event Simulation - Manufacturing - Supply chain -
Procurement risks - Risk management - Validation

1 Introduction

Supply chain risk management (SCRM) is the implementation of strategies in
order to manage both everyday and exceptional risks throughout the supply
chain. This can be achieved through a continuous risk assessment aiming at
reducing the number of vulnerabilities, thus ensuring continuity [1]. Such risks
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can occur for several reasons, both of external nature (procurement risks of
geographic, political, social nature, etc.) and internal to the company (machine
reliability, nature of specific operations, etc.). The Risk management (RM) is
performed by either qualitative or quantitative models [2].

Supporting companies to take the right decisions in the face of risks is a chal-
lenging task. Small and medium enterprises (SMEs) are particularly challenged
because of limited resources they can devote to this task, despite the fact that
failing to address risks could dramatically affect their business. The ultimate
goal of our research is to produce a user-friendly and tool-supported methodol-
ogy that will guide the user through the whole risk assessment process, as shown
in Fig. 1.

In order to support our research, it was important to fully characterise cur-
rent practices of SMEs with respect to supply chain risks by getting answers to
following questions:

— What are the risks perceived by companies?

— How do they rank such risks in terms of importance, taking into account both
likelihood and impact?

— How do they manage such risks in terms of people and tools?

— What do they require of methods and tools in order to integrate them?

In this paper, we report on the process followed to answer those questions,
based on two complementary kinds of activities:

— an initial survey conducted in the manufacturing sector across Belgium and
Germany to understand the state of practice and the main needs.

— iterative validations conducted during the project with a user committee,
giving feedback on successive refinements of the tool prototype and enabling
a deeper understanding of SMEs needs.

In addition to findings specific to risk management for supply chains, this
paper also presents some lessons learned from the process. More specifically,
it stresses the importance of a number of non-functional requirements such as
usability, learning ability and security for a successful adoption by SMEs.

The paper is structured as follows: Sect.2 gives some background related
to risk and risk management, Sect.3 presents the survey process including an
overview of the participating companies, procurement aspects, risk perception
and tool related requirements. Section4 describes the validation process, the
resulting refined requirements as well as the lessons learned during this process.
Finally, in Sect. 5 a conclusion is drawn and some recommendations for a similar
tool development process are given.

2 Background on Risk

2.1 Notion of Risk

Supply Chain Risk impacts every organization irrespective of sector, size or loca-
tion in the supply chain [3]. The notion of risk is, of course, more general and all
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companies have to address risks that can affect their business, i.e. they need to
develop adequate strategies to face events likely to occur with undesired conse-
quence. Defining risk involves thus two key components: the probability that an
undesired event occurs and its consequence’s magnitude. Those aspects are part
of all risks definitions, e.g. the ISO 31000 standard about risk management defines
risk as the impact on uncertainty to objectives [4]. Nevertheless, the first quanti-
tative risk assessment approach was defined by Bernouilli in 1738 [5] as the mean
value of the undesired consequences (L;) weighted by their likelihood p(L;). So
the total risk can be written as: Riotqr = Y. Li * p(L;)

Undesirable events can be identified using a variety of techniques which
are extensively described in referenced books [6,7]. This includes informal tech-
niques such as brainstorming and check-lists to more structured and systematic
techniques like FTA (Fault-Tree Analysis), FMEA (Failure Mode Effect Analy-
sis), HAZOP (HAZard OPerability), RCA (Root Cause Analysis). Although, the
later mentioned techniques are likely to be more effective, a fundamental issue
is that risk identification is never complete [4].

Risk likelihood can be modelled with probability distributions [8], as the
occurrence of a risk hazard in a process or system is uncertain. In [9], a theory of
probabilistic risk analysis is developed, which is associated with the concept of
system reliability. As a risk is defined as deviation from a target value, statistical
measures can be applied to operationalise and compare possible magnitudes of
such deviations [10]. Evaluation of the risk analysis and the reliability of a system
can be done with the Monte-Carlo method [11].

Assessing the likelihood of such events is challenging task. The assessment
of the likelihood may rely on past observations either common to a domain
(e.g. mean time before failure time of some machine) or directly collected as
part of the company operation (e.g. reliability of a supplier to deliver in time)
and moreover on simulation techniques. For complex open systems, a system
dynamics approach is recommended [12].

2.2 Risk Management

The basic process of risk management (Fig.1) is described in standards ISO
31000 and ONR 49000 ff. IEC 31010 provides an overview of corresponding risk
management methods and techniques for a specific process.

The main objective of risk management lies in the assessment of major corpo-
rate goals in regards to risk policy strategies. Hence, risks affecting long lasting
business success need to be controlled. However, enterprises will never be able
to totally eliminate risks and will always have to consider a certain degree of
residual risk [13]. One key task of risk management is to identify and analyse
risks as early as possible in order to take cost optimal risk treating actions [3].

The objectives to be assessed are, for instance, strategic, organisational, and
related to projects, products or processes. However, Heckmann pointed out that
there is no common definition of SCRM [14]. This literature review provides an
overview of several classes of risks.
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Risk assessment
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Risk identification

Risk monitoring

Risk analysis

Risk evaluation

Risk treatment

Fig. 1. Risk management process according [4].

In order to reduce complexity, an aggregation of three risk classes was per-
formed, which considers transportation and warehouse risks in the context of
manufacturing.

— Quantity risks are related to how lack or excess of materials (from raw mate-
rials to produces) affect a manufacturing process.

— Quality risks are related to the good or bad conditioning of materials as well
as the respect of specifications for internal quality. Finally,

— Delay risks concern the time aspects, especially for the supply of materials,
the processing time and the transport from/to warehouses.

Those classes are detailed in Table1 and are also widely reported in the
literature [15-22].

Table 1. Risk classification.

Risk class

Definition

Root cause

Quantity

Risks leading to deviations in the
disposed quantity

Insolvency, storage, order cycle,
sourcing strategy, supplier, order
strategy

Quality | Risks regarding the quality of Processing, sourcing strategy,
supplied goods supplier, logistics
Delay Risks causing unscheduled Processing, logistics, delivery time,

deviations

transportation capacity, number of
brokers/transfer points

The quantitative assessment of supply chain risks is evaluated using the
probability of an undesired event and its expected consequence. For instance,
Ziegenbein extended the approach to the number of suppliers and interruption
time. However, this approach is a mathematical model. There is no connection
to the process and value added chain [23].
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3 Survey on Risk Management in Supply Chain SMEs

3.1 Survey Process

The survey was carried out between October 2014 and mid-2015. It was based on
a trilingual form (French, German, English) that was distributed to companies
in Belgium (mostly in Wallonia) and Germany through different communication
channels, such as dedicated mailing lists and social networks. The geographical
factors were determined by the collaborative SimQRi project, which involved a
representative set of industrial SMEs and their focus on risk assessment [24].

e |

13. How would you categorise risks during the procurement process for your company?
Please prioritise the following risks using a hierarchy.

‘ Demand risks ‘ | Supply risks | 1

2
‘ Transportation risks ‘ ‘ Quality risks |

Fig. 2. Example of question [25].

The survey was composed of about 40 questions in total and had different
sections: one to understand the company size and business, one to understand
the importance of the procurement process, another one to identify the current
way in which risks are managed, and finally one to determine the requirements
necessary for better tool support. Figure 2 illustrates a typical question, designed
to be simple to understand and answer. The indicative time needed to answer the
survey is about 15 min. The survey was available through a dedicated website.

3.2 Characterisation of Participating Companies

Around 70 companies answered the invitation and despite their answers being
anonymous, we were able to record the contact data of the companies interested
in following the project and wanting to get more involved in the process through
a user committee. The initial user committee was also the first target group used
to fine-tune the survey before it was released to a wider audience. The average
age of the participants was 45 years, 9 were female and 61 male, with an average
number of 15 years of professional experience in risk management.
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A global overview of the whole sample is depicted in Fig. 3. The number of
participating companies was balanced between Belgium and Germany (given the
size of the activity sectors in both countries). A great variety of manufacturing
industrial sectors were covered, with no predominance of any specific sector. The
majority of the companies were medium-sized (between 50 and 250 employees),
though Walloon companies tended to be smaller, which corresponds well to their
economic make-up. About one third (26 participants) had a position associated
with risk management, 21 participants are not compelled to carry out risk man-
agement but do so anyway, 13 participants have a little experience with risk
management but are interested, and 5 participants have no experience with risk
management at all.

70 participants
12,9% 87,1%
female male
1% 31,9% 51,5% 7,1%| 8,5%
u3:) 1 30- 44 yearsold 45 - 59 years old 060 | n.s.
20% 25,7% 30%
less than 4 yearson | between 5 and 14 years between 15 and 29 14,3% 10%
N N over 30 years n.s.
job on job years on job
L 24,3% 74,3%
1,4%/ employee executive / manager
other
7,1%
37,1% 30% 18,7% — o relation
d risk no Ision to risk low relation, _171%
content of the position management, does it anyway but interested other

Fig. 3. Main characteristics of participating companies [25].

Sector 8,6% elect(ron)ric industry

n=70
( ) 10% auto industry
40% 8,6% chemistry and
n/a plastics
wmz% metal production /
working
10% machine construction

each 2,9% aeronautic, energy &

10% other water supply
each 1,4% process industry, medical

technology

Fig. 4. Sectors represented in the survey [25].
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The main sectors of activities are shown in Fig.4. The automotive indus-
try (10%) and machine construction (10%) are leading, followed by elec-
tric/electronic industry (8,6%), chemistry/plastics (8,6%) and the metal pro-
duction/working (4,2%). Other sectors are less represented. Over 58 of the com-
panies participating are located in Germany, five in Belgium, one in the Nether-
lands, and three are from other countries in the European Union (EU). Three
other companies are located outside of the EU. Globally this is consistent with
the survey area and relative importance of the sectors within that area.

The size and turnover results present quite a similar profile, as shown in
Fig. 5. Less than four companies have fewer than 50 employees (“small” size),
25 companies have up to 250 employees (“medium” size) and 13 companies are
over 250 employees.

Finally, regarding to procurement risks more specifically, for the most
part the participating companies were manufacturers of final products (60%
of answers), however there was also a significant number of part assembly

0,
Headcount 5,7% less than 50 10% less than 10 M. €

(n=70)

35,7%
up to 250

30%
Up to 50 M. €

more than 250 Turnover

(n=70) 20% more than 50 M. €

Fig. 5. Size and turnover of the participating companies [25].

14,2% < 10

27% > 10

34,3% > 100

Fig. 6. Distribution of the number of suppliers [25].
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companies (25%), as well as part suppliers (15%), though to a lesser extent.
With respect to the number of suppliers for each company, Fig.6 shows the
average of suppliers is quite high. Interestingly, there were as many companies
present with fewer than 100 suppliers, as companies with more than 100 sup-
pliers. This calls for methods and tools able to manage an important supplier
base.

3.3 Risk Management

Asked where risk management takes place in the company, 31 participants named
the “executive board”, 18 participants “supply chain management”, and 5 par-
ticipants “logistics”. Whilst 5 participants chose “other sections”, 10 did not
specify at all. Half of the participants do not prioritise risks, 57% do not even
have a system for the categorisation of risks, all of which is depicted Fig. 7.

- project leadership
8% - controlling
- purchasing department
- quality management

15% not defined

25% supply chain 44% executive board

management

Fig. 7. Function in charge of risk management [25].
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Fig. 8. Risk prioritisation in global process [25].

To set up a priority hierarchy of risks relevant to global manufacturing
processes, we asked the companies to rank their top 3 risks. Figure8 shows
quality risks (products that cannot fulfil quality requirements), supply risks
(constraints on the volume and the delays required by the clients), and risks
related demands (which are directly related to procurement).
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Fig. 9. Risk prioritisation for procurement process [25].

Considering procurement processes (before manufacturing) more specifically,
Fig. 9 shows a similar top 3 risks, with procurement risks logically ranking first.
Other risks that intervene, though to a lesser extent, are economical risks (e.g.
bankruptcy of a supplier), political risks (related to the political situation of a
country or region), transport risks (possibility of losses or delays in conveyance)
and storage risks (losses or stocking degradation).

3.4 Need for Better Risk Management Tools

The survey reveals that the majority of SMEs does not have any kind of risk
management tool or, more precisely, that they rely on standard office tools, like
spreadsheets. Barely 10% of companies have dedicated tools for risk manage-
ment. In this section, we present a summary of requirements identified by direct
questions about better tool support.

Regarding the Risks that Require More Support. Figure 10 shows the
same top 3 as those identified in the previous section, which is quite consistent
with the importance of those risks. Over 50% chose quality risk and demand risk,
while over 80% do not see the benefit in receiving support in assessing political
and warehousing risks.

>8,6% 55,7%

48,6%
35,7%
25,7%
a 5 5 5
% Z o & = 17,1%  15,7%
[ - 2 = t
= < > £ g = a0 11,4%
= o = 2 & 2 &£
E] § g g S | £ | 53¢
g a 3 i 2 = =982 Others

Fig. 10. Tool support by risk categories [25].
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Fig. 11. Non-functional requirements for tool support [25].

Regarding the Most Important Tool Requirements. Figure 11 shows how
key requirements for SME oriented tooling were ranked. Three clearly emerging
requirements at about the clarity of the user interface, the learning curve and
the intuitive use. Those are actually quite interrelated.

3.5 Fine-Grained Requirements Identification Using Correlation
Analysis

The support of assessing and simulating external risks is a challenging task. In
order to identify interrelations between surrounding risks and desired support
of risk management, a correlation analysis was performed. A computation of
the Pearson correlation was carried out, in order to check the significance (s)
of the SMEs status and expectations on the current risk management tools
and simulation. The following tables show an extract of the computed Pearson
correlation. Beside the variable itself, the Number of answers (N) as well as
the correlation coefficient (cc) and significance (s) are given. The significance is
expressed by two different levels:

— *: The correlation is significant at the level of 0.01 (2-sided)
— **: The correlation is significant at the level of 0.05 (2-sided)

In Table 2 the impact of the prioritised risk classes beside the position in the
supply chain, the information sharing and data protection are represented. The
correlation identifies an increasing impact of risks, namely quality (cc =0.439**
$=0.001), supply (cc=0.338** s=0.009) and transport risk on the company.
This means, the impact of risks would decrease, if you get support by risk man-
agement tools and especially simulation. Instead, the correlation reveals the high
dependency of external effects on the vulnerability of a supply chain and the need
of accounting external risks in the software. However, these correlations match
with the findings of desired support for relevant risks by a risk management
tool. With respect of the other top ranked quality and supply risk (cf. Fig. 10)
the correlation analysis confirms the importance of the supporting
manager by assessing those risks with an adequate risk management
tool.

Another finding is the negative correlation regarding the position in the sup-
ply chain (cc=—0.429** s=0.007). Usually, with increasing tier in the supply
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chain, the higher the vulnerability. The reason is the increased complexity by
the use of more downstream suppliers. In fact, there is a low need for sup-
port by risk management tool with increased tier in the supply chain.
Furthermore, the correlation analysis of the sharing information with other com-
panies and data protection shows significant influence in risk management. For
this purpose, risk management tools should integrate the functionalities
of information sharing and data protection.

Table 2. Correlation with scalability: support of assessing and simulating risks.

Variable N |cc S

Impact quality risk 58 10.439** 1 0.001
Impact supplier risk 581 0.338** 0.009
Impact transport risk 58| 0.310%* 0.018
Position in supply chain 38 | —0.429%* | 0.007

Ease the sharing of procurement risk analysis | 58 | 0.432** | 0.001
and simulation across company members

Protection of company data about risk 58 10.311%* 0.018
information and procurement process

A major issue in risk management are the interrelation between risks and
the difficulty of their assessment, also no correlation for top 3 risk categories
of quality, demand and supply risks could be derived (cf. Fig.9). However, the
highest correlation and significance affects warehouse risks (cf. Table 3). In con-
trast to quality risks, warehouse risks are a not favoured risk category
regarding risk management tool support. However, there is an impact on
warehouse risks and the simulation of surrounding risks in general. A signifi-
cant correlation of quality (cc=0.237*, s=0.048) and supply risks (cc=0.223,
s=0.063) emerge.

Table 3. Correlation with risk management.

Variable N |cc S

Difficulty warehouse risk | 70 | 0.239* | 0.046
Difficulty quality risk 7010.237*% | 0.048
Difficulty supply risk 7010.223 |0.063

After a more general view on risk management and simulation, an overview
of the software and their interrelations to several parameters (non-functional,
functional) is given. If participants are using a risk management software, they
had to rate the software by several aspects. That is why only few people answers
those questions referenced in Table 4. Nevertheless, users of current risk man-
agement software, rate the overall existing software less good (negative correla-
tion coefficient), when the number of suppliers of a company increases (N =7,
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cc=—0.835% $=0.019). The operation of the risk software seems thus
to be perceived more complex when managing a high number of sup-
pliers. This might result of different causes like intrinsic complexity of such
scenarios or an unclear presentation of the graphical user interface which should
be addressed in the software analysis and development.

Table 4. Correlation with overall assessment of the software.

Variable N cc S
Number of suppliers | 7 | —0.835* | 0.019

In contrast, the correlation between the rating of the clearness of the user
interface and the number of suppliers show positive correlation and significance
(cf. Tableb). This is due to the fact, that there is a more important need
for a risk management tool with increasing number of suppliers and
this is not linked to the performance at all. With increasing number of
suppliers there is a need for clearness of the software’s user interface (N=7,
cc=0.770*%, s= 0.043). Not surprisingly, the software is easy to learn, when the
clearness of software’s user interface increases. Thus, it is mandatory to account
the layout of the user interface during software development.

Table 5. Correlation with clearness of software’s user interface.

Variable Ncc S
Number of suppliers 7 10.770* | 0.043
Software is easy to learn |8 |0.745 |0.034

After presenting “non-functional” requirements and their correlation as well
as significance, the “functional” requirements are examined in Table 6. Current
users of a risk management tool state that quality risk assessment with
adequate time effort is difficult (N=8, cc=0.721%*, s=0.044). Anyhow, due
to a lower number of answers, there is a need of more reliable data for statistical
evidence. In the performed computation only such statistical evidence showed up
for this prioritised risk class (cf. Fig. 9) which is a desired support risk category,
too (cf. Fig. 10).

Table 6. Correlation with comparatively short time risk assessment possible.

Variable N cc S
Difficulty quality risk | 8 | 0.721% | 0.044
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Moreover, Table7 shows evidence, that the developed software should
be usable without expertise or training programs. A reasonable value
of performance, regarding minimal economic effort and less time con-
sumption is desired. If software recognises input errors and reports them to
the user, the user does not need the help of experts for interpreting simulation
results analysis (N=8, cc=0.771*, s =0.025).

Table 7. Correlation with specific advice to avoid input errors by the software.

Variable Ncc S

The softwares analysis results 8 1 0.771* | 0.025
are reasonable without expertise

Table 8. Correlation with integration: automate data export from company procure-
ment and supply chain systems.

Variable N |cc S
Number of employees 3810.355* | 0.029
Turnover 38 10.451** | 0.004

Ease the sharing of procurement risk analysis | 58 | 0.482** | 0.000
and simulation across company members

Protection of company data about risk 58 0.266* |0.044
information and procurement process

Support heavy simulation on external 58 0.518** | 0.000
infrastructure

Finally, about the need for integration, the results of correlation analysis
shown in Table 8 confirm that an automated data export from companies
procurement and supply chain systems (ERP-System) is mandatory
and that the bigger the company, the more important this require-
ment. Moreover, the sharing of simulation across company members is related
to less effort (0.482** s=0.000). But with automated data export the protec-
tion of the company data have to be considered (cc=0.266%, s=0.044), as well
as other fields of application/opportunities, such as simulation of external effects
on the company itself (cc=0.518%* s=0.000).

4 Agile Requirements Validation Process

The results expressed in the survey have to be taken with care, because questions
can be misinterpreted and their statistical significance is not always very high
especially when filtering on specific sub-samples. As the questions were mostly
closed there can be some bias and important requirements can also be missed. For
this reason, it was important to ensure the elaboration of requirements more in
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deep. An efficient technique to achieve this in a software development project is
to rely in an Agile approaches, where successive versions of the tool are produced
on a regular basis in order to get some form of feedback from the end-users [26]. In
a first draft, the tool has a very partial demonstration, also later the users might
start to use the tool themselves. At each step requirements are revisited and
new requirements might be discovered. In this section, we describe the approach
followed and a summary of the resulting tool requirements.

4.1 Overview of the Agile Process Followed
The project execution was organised at two levels:

— five major iterations of six months duration (except the last one) aimed at
releasing an artefact that could undergo so form of validation with end-users
and, based on the collected feedback, to more precisely define the goals of the
next iteration.

— each iteration was divided in short technical sprints of typically two to max-
imum four weeks with internal demonstration and debrief usually through
teleconference.

Table 9 shows a summary of the main goals, artefacts and validation feedback
that was produced during the five major iterations of the project execution.

Table 9. Major iterations of the Agile process followed.

Iteration Goals Artefact produced | Validation feedback
Semester 1 |Domain survey Requirements Requirements amended by
Technical Simulation user committee
foundations framework
Semester 2 |Tool architecture First prototypes for |[User interface require-
editor and simulator |ments from experts
Need to enrich modelling
and query language
Semester 3 |Integration and web |Web version on-line |Need for process support
deployment Usability suggestions
Security concerns
Integration needs
Semester 4 | Addressing needs for[Web UI with risk|More usability suggestions
process support, wizard Need for report generation
security and Desktop-based UT Missing user manual
integration
Extension |Report generation |Final version of web |Further needs about
(3 months) |Bundling and desktop tools  |report template, ERP
integration, risk
parameter estimation
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4.2 Summary of Functional and Non-functional Tool Requirements

This section presents a summary of the consolidated list of requirements at the
end of the project, including initial requirements gathered during the survey and
various updates collected during the project iterations with the user committee.
The requirements were sorted in the two major categories of functional and
non-functional requirements [27]. For each category a table is produced to detail
the main requirement types, some representative requirements and the time the
requirement was identified. Those tables are discussed in the next section.

Functional Requirements. They are detailed in Table 10. The users wishes
for a tool providing support in the risk analysis process, starting with risk iden-
tification and the elaboration of a risk-oriented model that can be simulated
using the Monte-Carlo simulation, too. During the simulation, specific probes
are used to compute risk related queries into the model in a statistical way. The
simulation results can be analysed in direct relation to the risks, all of which is
presented on a dashboard. The effects of specific measures can then be considered
and simulated again in order to control the significant risks.

Table 10. Functional requirements.

Req. type Requirements Introduced
Process modelling Process API Semester 1
Graphical web editor Semester 1
Risk identification Probability distributions Semester 1
KPI definition, query language | Semester 2
Risk wizard Semester 3
Risk simulation Discrete Event simulation Semester 1
Monte Carlo simulation Semester 1
System dynamics simulation Semester 2
Process attributes support Semester 3
Risk analysis and mitigation | Trace analysis tool Semester 2
Risk dashboard, ABC Analysis | Semester 3
Sweep on parameter Semester 3
Detailed reports Semester 4

Non-functional Requirements. They are summarised in Table11. Such
requirements are very important for user adoption. A key requirement is that
the manufacturing processes should be captured through a web-graphical edi-
tor. This interface should be designed with usability and ease of installation in
mind and it will fully operate in “Software as a Service” mode. This will support
collaborative work, anyhow, it also has to cope with some threats and barriers
occurring as a result of confidentiality requirements. In order to address the needs
of more advanced users and their confidentiality, the need for a desktop-based
interface was identified.
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Table 11. Non-functional requirements.

Req. type Requirements Introduced
Usability Diagnostic of input error Semester 1
Collaboration: model sharing Semester 2
Editor palette, properties, zoom Semester 3
Process oriented user interface Semester 3
Ease of deployment | Web-based tool Semester 1
Desktop version packaging Semester 4
Integration Web-service API Semester 2
Early Warning System (Excel) Semester 2
Traceability of measures Semester 2
Interface for suppliers ratios (SAP, Oracle) | Semester 2
Eclipse-based integration Semester 4
Security Project/User isolation Semester 2
Data confidentiality Semester 3

4.3 Lessons Learned

Consistent User Experience Based on Process Support. An efficient way
to provide a globally consistent user experience is to align the organisation of the
user interface on the domain processes. In this case, this is particularly relevant
because the risk management process shown in Fig. 1 is composed on a sequence
of steps: risk identification, analysis, evaluation and treatment. Moreover, the
process is iterative: after identifying measures, the model can be modified and
then assessed again for the effectiveness of the measures or to decide about how
to deal with residual risks. The way the process was reflected in the user interface
is simply through a sequence of tabs that are followed one after the other: The first
tab to build the supply chain models, second tab to decorated it with risks, and
then to simulate and finally to analyse. This organisation is shown in the Fig. 12.

Hiding Modelling Complexity. Quantitative risk assessment needs to build a
supply chain model with a precise semantics and capturing risks in mathematical
form. In order to favor adoption by non specialists, especially in a SME context,
those aspects should be hidden as much as possible. The following means were
used to reach this goal:

— Graphical editor composed of supplier/process/storage nodes connected with
flow of parts (either raw parts, partly assembled or final products). Such
editor can easily be drawn by the end-user and automatically translated to
the underlying simulation model (cf. Fig. 12).

— Risks as well as Key Performance Indicators can be quantified on the model
using specific formulas referring to model elements. As those are evaluated
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over specific model instance, we called them model queries. Writing such
queries is not very complex but still requires some training to learn about
the model primitive and how to combine them. In order to enable new users
to assess some standard kinds of risk directly, a simplified risk model was
made available to assess delay, quantity and quality risks. Through the use
of a wizard depicted in Fig. 13, the user can directly instantiate the model
without having to write any formula.

— In the same spirit, macros can also be developed for more specific problems,
e.g. for dealing with sustainability. In this context, it is possible to provide
estimators for process energy consumption or supplier COs emission.
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Drawbacks of Web-Tools. While web tools operating in SaaS mode are
attractive because it does only require a browser on the user side and limits
the update on the server side. However, it has some drawbacks one must be
aware of, such as:

— Development complexity can be non-trivial, especially when dealing with
evolved user interfaces like graphical editors, dashboards and a wizard. This
complexity can strongly reduce the ability to deliver new features.

— Browser compatibility is not always guaranteed. The used javascript frame-
work (especially for graphical editors) should be tested with care.

— Security can also become a major barrier as companies can be reluctant to let
their process and risk models be processed in servers outside their premises.

Those drawbacks motivated us to develop two complementary user interfaces
connected to the same simulation engine:

— a web-based user interface simpler and used for awareness and for SME having
no security concerns.

— an desktop (Eclipse-based) tool provided more advanced capabilities in terms
of functionality, security and integration, but more complex to use.

Benefits of Open Tools. When developing features it is always useful to favour
open design and open format that will enable the adopting user to further adapt
the tool to its own need. The desktop version of the tool is based on the Eclipse
Open Source platform and relies on highly configurable components. For exam-
ple, the look-and-feel and even behaviour of the SIRIUS-based graphical editor
can be tuned using an XML file [28]. In the same spirit, the report generation is
based on BIRT that supports many output format (both Open Document and
Microsoft format) and is based on templates that can easily be customised by
end-users through a WYSIWYG editor [29]. Figure 14 shows the export and dis-
play of simulation results under the form of probability distribution for different
kind of risks.
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5 Conclusions

In this paper, we presented key requirements to build an efficient tool support
for supply chains risk management. In order to best address the needs of SMEs,
specific care was devoted to key adoption requirements like usability, learn-ability
and integrability.

Rather than focusing on the presentation of the final requirements, we also
detailed the process followed to gather them, based on a field survey and an
Agile development process and summarised some lessons learned.

Despite some requirements could have been better anticipated, the flexibil-
ity of the Agile approach allowed us to do quick adjustments. In the end, we
could produce two complementary user interfaces: a simpler web-based showcas-
ing our tooling and a desktop based with more functionalities, integration and
evolution capabilities. After successful validation, our work is now undergoing
an open-sourcing process under the OscaR framework [30] and further rework
for exploitation by SMEs.

Beyond the specific application field of supply chain, we also believe that
the reported process and lessons learned can be useful for those engaging in a
SME-oriented tool development in another field.
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Abstract. Stationary network problems are considered, unifying lin-
ear Kirchhoff equations and non-linear element equations, possessing a
proper signature of the derivatives. The global non-degeneracy of the
Jacobi matrix is proven, providing the applicability of globally conver-
gent tracing algorithms for such systems. It is shown that stationary
problems in gas transport networks can be written in the form necessary
for the global convergence. Two stabilized algorithms for the solution of
these problems are implemented. The algorithms outperform a standard
Newtonian solver for a number of realistic networks. The algorithms do
not depend on the starting point, are stable, converge for all scenarios
and, additionally, provide feasibility indicator for the problem statement.

Keywords: Non-linear systems - Globally convergent methods
Stationary network problems

1 Introduction

This paper is an extension of our previous work [1], where we have began inves-
tigating a possibility to stabilize Newtonian solvers of the stationary network
problems on example of gas transport networks and piecewise-linear Katzenelson
algorithm. Here we add our new research results on generic non-linear Armijo
stabilizer and compare both algorithms with the standard Newtonian solver on
a number of realistic network scenarios. We also go deeper in details describing
the modeling of gas transport networks, in particular, add a proof that all phys-
ically stable network elements also possess a signature necessary for stability of
the solver.

Simulation generally requires to solve the large systems of non-linear equa-
tions. Normally Newtonian methods are applied for solution of such systems
equipped with stabilizers such as backtracking line search. Usually to achieve
convergence one should select a starting point in a basin of attraction of the
method, sufficiently close to the solution. This makes the whole solution pro-
cedure a game of chance depending on the correct guess for the starting point.
The situation is complicated by possible existence of multiple solutions or, even
worse, the absence of solution. With the ordinary Newtonian method one cannot
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distinguish a failure of the solver from the real absence of solution (infeasibility)
of the problem.

On the other hand, there are globally convergent Newtonian methods devel-
oped over the years. Whenever these methods are applicable, the solution exists
and is unique, and convergence to it is guaranteed from an arbitrary starting
point. The methods are applicable when the mapping f : R™ — R™ represent-
ing the system of equations f(x) = 0 has non-degenerate Jacobian in the whole
space. In addition f must be proper, i.e., pre-image of every compact set is com-
pact. In this case f becomes a diffeomorphism, i.e., is invertible and both f and
f~1 are differentiable. This property guarantees the existence and uniqueness of
the solution. The following tracing algorithm can be used to find the solution,
see Fig. 1. One starts from an arbitrary point xg, takes its image yo = f(xo),
connects yg with the origin y = 0, e.g., by a straight line and reconstructs pre-
image of this line in z-space. The obtained line in z-space goes from the starting
point zg to the solution x* we are looking for.

Xo Yo

Fig. 1. Globally convergent tracing algorithm. Pre-image space (on the left) and image
space (on the right) are linked by a diffeomorphism. One connects an image yo of a
starting point g with the origin y = 0 by a straight line and reconstructs its pre-image.

In this paper we will show how to apply these ideas to the solution of
stationary problems in transport networks. We will use the property proven
in our conference paper [1], that network problems,; described by a combina-
tion of linear Kirchhoff equations and non-linear element equations of the form
F(Pin, Pout, @) = 0, possessing a signature of derivatives Vf = (+ — —), have
globally non-degenerate Jacobian. Considering gas transport networks, we show
that the necessary signature is satisfied in a physical domain, i.e., in pressure
range 1...150 bar. This means that the equations in the physical domain do not
require any modification and whenever a solution in the physical domain exists,
it is unique. Further one needs to continue the equations beyond the physical
domain keeping the same signature of the derivatives. The solver occasionally
performs iterations in the non-physical domain and there should not be any fold
or other topological singularity hindering the convergence. So all the folds must
be eliminated from the non-physical domain. After that the solution exists and
is unique in the whole space. Whenever it belongs the non-physical domain, this
is an indicator that the original system does not have a solution in the physical
domain, i.e., is infeasible.
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Globally non-degenerate Jacobian is not sufficient yet for the global con-
vergence. One needs to use Newtonian stabilizers with theoretically guaranteed
convergence. The necessary proofs are available for Armijo rule [2], Katzenelson
algorithm [3] and their variants [4-7].

The present paper is organized as follows. In order to set the stage, in Sect. 2
we repeat the proof [1] of global non-degeneracy of Jacobian for transport net-
work problems with a proper signature of non-linear elements. Then, in Sect. 3
we present suitable Newtonian stabilizers providing global convergence of the
solver. In Sect. 4 we apply the methods to simulation of gas transport networks
and discuss the obtained numerical results.

2 Generalized Resistive Systems

We will consider systems of the form [1]:
ZjneQe = les)’ fe(ljirnpout; Qe) =0, (1)

where indices n = 1...N denote the nodes and e = 1...FE the edges of the net-
work graph, I,. is an incidence matrix of the graph, Q. are flows through the
edges, ng) are source/sink contributions, localized in supply/exit nodes, P, are
nodal variables (pressure, voltage, etc. — dependent on the context). The element
equations possess derivatives of the signature:

8f./OPin > 0, 8f./OPpus < 0, 8f./0Q. < 0. 2)

Lemma. System (1) under condition (2) possesses globally non-degenerate
Jacobi matrix.

Proof. The Jacobi matrix of the system has the form:

1= ). 3)

where I contains derivatives 8, /OP, of the element equations and R is a diag-
onal matrix containing positive entries —9f./0Q.. Note that I has the same
pattern and the signs of entries as I. After elementary transformations we have

det J = [[(~Re) det IR7'I™. (4)

The matrix L = IR™T 7 has sizes N x N and possesses a pattern and signs of
entries identical with the Laplacian matrix L = I I . For the graphs containing
several connected components both matrices have a block-diagonal structure,
where we can select one block and further consider L, L corresponding to one
connected component. Both matrices have one zero eigenvalue, corresponding
to an obvious eigenvector v = (1...1). The difference between L and L is that
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L is symmetric and v is its left and right eigenvector, while L is not symmetric
and v is its left eigenvector. This degeneracy is related to the structure of the
incidence matrix, i.e., every column of I contains only two entries +1 and —1,
so that the sum of entries in every column vanishes.

Consider any other vectors annulating L from the left:

(Uf/)n/ = ZvnjneRgljn’e = Vprdy — Z UnUpn = 0, (5)

n,e n#n’

dyp = ZIn/eRe_ljn’ev Unn' = — ZIneRe_ljn'e'

Here we separate diagonal and non-diagonal contributions and see from the sign

patterns of I and I that d,, > 0, while up, > 0 if n # n' are connected by

an edge and u,,, = 0 otherwise. Also, from the annulation of the matrix by
= (1...1) we have

dy = Z Unp! - (6)

n#n’

Thus we have

Z (Un/ — U )Upps = 0. (7)

n#n'

Let us consider a maximal entry v, > v, for all n # n’. The above condition
gets LCP form, satisfied only if

(vn’ - Un)unn’ = 07 (8)

i.e., for connected nodes v,, = v, must be satisfied. In this way the maximal
value propagates to all connected nodes in the graph, leading to the conclusion
that v, = Const is the only solution. Therefore, only the vectors proportional
to v = (1...1) are the left annulators of L.

To eliminate the degeneracy, one has to remove (at least) one Kirchhoff equa-
tion in the connected component and fix the corresponding nodal variable to a
constant value. Physically this corresponds to the creation of an entry point
for the flow and setting a pressure (voltage, etc.) value there: P, = Const for
n € Pset. On matrix level it corresponds to the removal of (at least) one row
from the matrices I, I and the corresponding row and column from L, L. Search-
ing the left annulators of L, we obtain a similar system but with v, = 0 for
n € Pset and the equations with n’ € Pset. We come to the conclusion that the
maximal value v,,; propagates to all connected nodes ¢ Pset and to their neigh-
bors € Pset, where v, = 0 is set. Thus, the maximal value v, = 0. Similarly,
considering the propagation of the minimal value, we also have v,, = 0. There-
fore, v = 0 is the only solution, the matrix L does not have non-zero annulators
and det L # 0.



144 T. Clees et al.

Further, it is easy to show that det L > 0. The standard Laplacian matrix
L is symmetric and positive semi-definite. Removing the Pset nodes makes it
strictly positive definite, so that det L > 0. Considering a linear homotopy

TN =I(1 =X 41\, RN =1-(1—X)+ R\, (9)
L) =IRYWIT(), L(0) =L, L(1) = L,

during the transition A\ € [0, 1] all matrices have the same sign pattern as at the
beginning and at the end of the path. We know that det L > 0. If det L < 0, we
can find a point in between where det f/(A) =0, i.e., find a degenerate matrix in
the considered class of matrices, which, as we have just proven, does not exist.
Thus, det L > 0.

Finally, we conclude that det J does not vanish and has a sign (—1)¥ defined
only by the number of edges in the connected component. In particular, when
piecewise linear element equations are considered, det J has the same sign in all
pieces. |

The systems (1) under condition (2) will be further called generalized resistive
systems. The “purely” resistive systems, depending on the difference of nodal
variables, form a special subclass of generalized resistive systems, whose element
equations can depend on nodal variables separately. This special subclass corre-
sponds to I=Tanda symmetric Jacobi matrix. Our main conclusion is that the
generalized resistive systems can be treated in pretty the same way as resistive
ones, although their Jacobi matrix is not symmetric anymore.

3 Globally Convergent Algorithms

Global non-degeneracy of Jacobian is not yet sufficient for global convergence
of the solver. In practice, accelerated algorithms are often used, e.g., [8,9], for
which the global convergence is not always guaranteed. It is important to choose
the algorithms with theoretically proven convergence, to make use of the advan-
tages of globally non-degenerate Jacobian. In particular, one should not allow
Newtonian iteration to take always the full step. Every Newtonian step dz is a
solution of linearized problem J(z)dx = — f(z), where the linearization becomes
less and less applicable when the step length is increased. Without a control of
the step Newtonian iterations would go to infinity or create complex and beau-
tiful fractal structures, practically meaning divergence of the method. On the
other hand, too small steps lead to a slowdown. A stabilization algorithm should
provide a good balance between the restriction of the step and convergence rate
of the method.

Armijo stabilizer. The algorithm from [2] is one of the standard stabilizers and
is well described in the textbooks, e.g., in [6]. It works for generic non-linear
problems with globally non-degenerate Jacobian. The idea is to restrict the
Newtonian step by observing a merit function, usually a norm of the residu-
als ||f(z)]|. The necessary condition is a simple decrease of the merit function
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[|f(z + Xdz)|| < ||f(z)|], while to avoid the algorithm of getting stuck, a condi-
tion of sufficient decrease is formulated: || f(x + Adz)|| < (1 — aA)||f(x)]| with a
constant « € (0,1).

Algorithm (backtracking line search):
repeat until convergence:
do Newtonian step dx

set A=1

trial point: z; =z + Adx

do A= )\/2 (* bisection *)
until [[f(zy)]] < (1 —aN)||f(z)]] (* sufficient decrease of residual *)
T =1y (* trial point accepted *)

The algorithm is globally convergent, provided that J(x) is Lipschitz continuous
and ||J~!(x)|| < C. The proof can be found in [6].

Katzenelson stabilizer. The algorithm has been originally formulated in paper
[3] and works for continuous piecewise linear resistive systems. Such systems are
composed of linear Kirchhoff equations and piecewise linear element equations of
the form f(Pi, — Pout, Q) = 0, relating a difference of nodal variables P;,, — P,y to
the flow @ through the element. Continuity means that the mapping y = f(z) as
a whole is C-continuous, resistiveness means that the element equation in every
piece can be written as P;,, — P,y = RQ + Const, where R > 0 is the resistance.
As a result, the derivatives of the element equation possess the signature (2).
Under these conditions the Jacobian determinant det J of the system has the
same sign in all pieces. Although this mapping is not a diffeomorphism anymore,
it is a homeomorphism, every point y still has a single pre-image x. The linear
system in every piece essentially coincides with the one appearing in Newtonian
step. The only necessary modification is that, whenever the step attempts to
leave the piece, the algorithm should stop at the border:

Algorithm (piecewise linear tracing):
do Newtonian step using the current Jacobi matrix;
if the solution leaves the piece:
stop at the border;
update the Jacobi matrix to the other side;
proceed to the next piece;
else:
return the solution.

The algorithm is globally convergent and comes to the solution in a finite number
of steps. The proof is given in [4]. This paper also relaxes the condition that
det J has to be of the same sign in all pieces. This condition has been imposed
only on unbounded pieces, while in bounded ones det J can change sign and even
vanish, producing a locally degenerate system. The algorithm has been extended
to process such cases, still providing convergence in a finite number of steps.
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In paper [5] the continuous piecewise linear mappings were represented in a
so called maz-min form:

f(z) = max; min; az;x + byj. (10)
Further, using for max-min functions their definition in terms of absolute values:

max(z,y) = (r +y + v — y[)/2, (11)
Inin(x,y) = ((E + Yy — |(E - y|)/27

continuous piecewise linear systems have been transformed to systems combin-
ing globally linear functions and absolute value functions. The paper discusses
the relation of such systems with linear complementarity problems (LCPs) and
Karush-Kuhn-Tucker (KKT) conditions and presents a number of algorithms for
their solution, converging in a finite number of steps.

Strictly speaking, algorithms from Katzenelson family are designed for piece-
wise linear systems, however, in practice, they are also applicable for the systems
composed of piecewise linear and (slightly) non-linear parts, which particularly
appear in gas transport networks. The reason is that stops at the borders still
work as a good stabilizer to Newtonian method. Katzenelson algorithm is also
less sensitive to instabilities appearing for almost degenerate systems, e.g., when
some of the resistances tend to zero or infinity. On the other hand, Armijo
algorithm is applicable for generic non-linear systems. In certain cases it can
overperform Katzenelson algorithm, jumping over multiple boarders at once, if
the merit function will allow this jump.

4 Application to Gas Transport Networks

In addition to pressure P, gas transport networks possess several other nodal
variables: density p, compression factor z, absolute temperature T', and further
characteristics, dependent on gas composition, such as molar mass u, critical
pressure P, critical temperature T, etc. The gas characteristics are distributed
over the network by a principle of molar mixing. These values enter into equation
of state (EOS), which can be written in a form P = f(p,...) or p = f~Y(P,...).

An important property for stability of the network is that function f monoto-
nously increases w.r.t. the first argument. Indeed, consider a gas volume, depicted
on Fig. 2 left, in equilibrium with external pressure P,,;. Suppose that diameter
of the volume is decreased as a result of a fluctuation. This leads to increase
of the density p. If EOS provides increasing internal pressure P, collapse of the
volume will be stopped. This behavior forms a typical negative feedback loop
stabilizing the diameter of the volume. Otherwise, if EOS provides decreasing
pressure, the feedback is positive and collapse will continue until the volume
shrinks into a point. We see that stability of the medium leaves only EOS with
the signature of the first type.

Further, consider an element, depicted on Fig. 2 right, described by a certain
equation of the element (EOE). The element is equipped with two reservoirs and
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a stationary solution with a fixed throughput Qs.; is considered. Let, at first,
the input pressure be fixed: P;, = Pset. Suppose that the output pressure P,
is decreased as a result of a fluctuation. If EOE will provide the increase of the
flow @, then the gas will be accumulated in the output reservoir and increase its
density pout. EOS will provide the increase of the output pressure. This forms a
negative feedback loop, returning the element to the original state. Otherwise,
if EOE will provide decreasing (), the output pressure will continue to drop. So
again, the positive feedback will render the element unstable. Now let the output
pressure be fixed: P,,; = Pset. Suppose that the input pressure P;, is decreased
as a result of a fluctuation. If EOE will provide the decrease of the flow @, then
the gas will be accumulated in the input reservoir and the input pressure will
increase. The negative feedback indicates stability of the element. Otherwise, if
EOE will provide increasing @, the input pressure will fall, the positive feedback
indicates instability of the element.

ext

ext

Fig. 2. Analysis of stability in gas transport network: on the left — stability of the
physical medium (EOS), on the right — stability of the flow through the element (EOE).

In summary, this analysis is shown in Table 1. The negative feedback is avail-
able only if EOE provides the change of @ opposite to the change of P,,; at
fixed P, and the change of @ in the same direction as the change of P;,, at the
fixed P,,¢, as it should be for the signature Vf = (+ — —). As a result, we have
proven that physical stability of the elements in gas transport network implies
the generalized resistive condition.

Table 1. Analysis of the physical stability of an abstract element in the gas network.

Fixed | Fluctuation | EOE | EOS | Feedback
P Pout | QT |Pout T|—
P Pout | Ql |Pout ||+
Pout | Pin | Ql |Pnl |-
Pout | Pin | QT |Pnl |+

Continuation. In practice, EOS and EOE are given by approximate formu-
lae valid in a certain domain, e.g., for gas transport networks pressure range
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1...150 bar and flows 0...1000 Nm?/h. The physical stability of the elements
implies correct signature condition inside this domain, while outside the equa-
tions can be continued using the following universal formula:

f(xl, 73?”) = f(i‘l, ceey i‘n)

+) " (min(zx — ag,0) + max(zy, — by, 0)), (12)
k=1
2 = min(max(xy, ax), bg).

The formula describes a continuation of a function of n variables, specified
in a box ap < zp < by, to the whole R™. The function in the box is monoto-
nously increasing w.r.t. each argument and its continuation also possesses this
property. The first term in this formula clamps the arguments into the box,
while the further terms provide correct signature of the gradient outside of the
box. The connection of the functions on the border of the box is C°-continuous.
Better smoothness can be achieved as follows. The max-min functions can be
transformed to an absolute value representation (11), then one can use a smooth
regularization for the absolute value function, e.g.,

|z]e = Va2 + €2. (13)

This substitution improves the smoothness of the connection, actually making
it C'*°-continuous.

In our application, the continuation formula (12) with n = 1 can be
used directly for monotonously increasing function p = f(P,...) in EOS. For
EOE with a signature Vf = (+ — —) one can apply a suitable replacement
f(Pin, —Pout, —Q), making the function monotonously increasing w.r.t. each
argument, then use the continuation formula (12) with n = 3.

Elements. Further we describe the implementation details for simulation of gas
transport networks, performed by the software Mynts (Multi-phYsics NeTwork
Simulator [10]), developed in our group. For the experiments we used several
test networks of various complexity, from the simplest 100-nodal one, shown
on Fig. 3, to 4K-nodal real-life network. In Table2 the detailed parameters of
the test networks are given. Figure 4 shows the internal structure of compressor
and regulator stations in the networks. Typical elements used in gas transport
networks are listed below.

Pipes: in the simplest case can be represented by a quadratic resistive model [11]
Pm|Rn| *Pout|Pout‘ :RQ|Q|» (14)

where P is a pressure, () is a flow, R is a resistance coefficient, depending on
diameter, length and friction characteristics of the pipe. For realistic modeling
more complicated element equations can be used, based on friction models by
Nikuradze, Hofer or Prandtl-Colebrook [11,12].
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Fig. 3. Gas transport network simulation in Mynts. The network topology with the
resulting pressure distribution, shown by color.

Resistors: physically correspond to short pipe segments, described by the same
quadratic formula, with R specified explicitly.

Valves: simple switching elements

P;,, = Py (open); Q@ =0 (closed). (15)

Regulators: control elements dropping pressure, physically correspond to a vari-
able resistor, whose value is automatically adjusted to satisfy one of the fol-
lowing control goals: a fixed output pressure (SPO), a fixed input pressure
(SPI) or a fixed flow value (SM). Being combined with the given upper and
lower bounds: PH = min(SPO, POMAX), PL = max(SPI,PIMIN), QH =
min(SM, MM AX), the element equation defines a polyhedral surface shown in
Fig. 4, top. Here every face corresponds to the best possible satisfaction of the
control goal, e.g., P, = PH (typical for SPO-mode), Q = QH (typical for
SM-mode), P;, = P,,: (bypass BP, equivalent to an open valve), Q = 0 (OFF,
equivalent to a closed valve), etc. Like any piecewise linear equation, it can be
represented in max-min form:

max(min(min(min(P;,, — PL, — Py + PH),
_Q+QH),P2H_Pout)a_Q) =0. (16)
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Fig. 4. Gas transport network simulation in Mynts (cont’d). On the top — a regulator
station, on the bottom — a compressor station. On the left — control element diagrams,
on the right — internal structure of the stations.

Compressors: control elements increasing pressure, they also have a resistive
equation, similar to a battery with internal resistance in electrotechnics. They
also can be configured to satisfy the control goals of SPO, SPI and SM type.
The element equation defines a polyhedral surface shown in Fig. 4, bottom. The
corresponding max-min form is:

max(max(min(min(P;,, — PL, — Pyt + PH),

_Q+QH),PZH_P0ut)a_Q) =0. (17)
Nodal equations: have the form of EOS
P=f(p.T,..) or p= U P,T,..0), (18)

using an approximation formula [12,13], such as AGA, Papay, ISO standard
AGAS8-DC92, etc. As we have already shown, the physical stability of the medium
requires that the functions f, f~! increase monotonously w.r.t. the first argu-
ment, in this way supporting the existence and uniqueness of a solution.

In real scenarios further variables and equations are added, describing tem-
perature distribution, gas composition, more detailed modeling of control ele-
ments, etc.
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Regularization. To provide strict resistive property for all elements, their equa-
tions should be properly regularized. In pipe/resistor equations one needs to add
a laminar term (@) to the right hand side, where € is a small positive constant.
This term provides non-degeneracy of the system and correct signature of the
equation for @ = 0. Also the €(P;, — P,y:) term should be added to the left
hand side to protect the system from similar problems at P = 0. Note that the
absolute value function in the Q|Q| and P|P| terms has a different meaning:
Q|Q)| provides the correct symmetry of the equation in reversal of the flow direc-
tion, while P|P| removes a fold in the mapping and provides the existence and
uniqueness of a solution everywhere in the space of variables, including the non-
physical domain P < 0. As we already mentioned, the physical solution cannot
be located in this domain, however, the tracing algorithm can wander there on
intermediate iterations.

For valves and control elements one should also introduce regularization
terms to provide the resistive signature for every face of the element equation.
Properly regularized equations have the form:

Valves:
Py — Pout = EQ (Open);
Q = €(Pip, — Pout) (closed). (19)
Regulators:
max(min(min(min(P;, — €P,yu: — €Q) — PL,
EPin_ out — 6Q+PH) (P - out) Q+QH)
Pin - out GQ) ( - Pout) - Q) = 0 (20)
Compressors:
max(max(min(min(P;, — €P,yt — €Q — PL,
EPin_ out — 6Q+PH) (P - out) Q+QH)
Pin - out GQ) ( - Pout) - Q) =0. (21)

Feasibility Indicator. The obtained system belongs to the generalized resistive
type and, therefore, it always has a unique solution. On the other hand, it can
happen in real scenarios that they do not have a solution. The determination
whether a solution for given conditions exists represents a so-called feasibility
problem. Usually solutions disappear when one requires too much from the net-
work, e.g., to transport a large amount of gas through a long pipe system with
only one supply where Pset =10 bar and all compressors are switched off. There
is no physical solution for such a scenario, while a solution of our generalized
resistive system will exist. This solution, however, will be located in the non-
physical domain, where some nodes have negative pressure. This can be used as
an indicator of feasibility for the tested scenario.
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Practically, observing the work of the algorithm, we often see that a solution
goes to the non-physical domain, wandering there along complex trajectories.
Finally it either returns to the physical domain if the problem is feasible or
remains in the non-physical domain otherwise. Considering the solution as the
function of a regularization parameter z*(¢) and removing the regularization
e — 40, we observe that the solution for feasible problems will have a limit
in the physical domain, while for infeasible ones it either has a limit in the
non-physical domain or tends to infinity.

We note that e-regularization is one possibility to provide global convergence
of the tracing algorithm. The other possibility is a modification of the algorithm
described in [4], making it applicable also for degenerate Jacobi matrices encoun-
tered in bounded pieces. An investigation of this possibility is part of our further
plans.

We have implemented two globally convergent algorithms in a test mode in
our network simulator Mynts under the option solver_strategy =stable. Using a
number of realistic scenarios from our partners, we have compared the perfor-
mance of the algorithms vs. the option solver_strategy = standard, representing a
generic Newtonian solver. The results of our comparison are presented in Table 2.
We see that the generic solver provides worse convergence and diverges in cer-
tain scenarios, while the new algorithms always converge, in agreement with
their theoretical properties.

Table 2. Gas transport network simulation, comparison of the algorithms. For every
network two scenarios are considered, different by numerical values of Pset, QQset and
compressor /regulator SM, SPO settings. Divergent cases are marked as ‘div’. Number
of iterations (iter.) and timing (t) are given. Simulation is performed on a 3 GHz Intel
i7 CPU 8 GB RAM workstation.

Network | Nodes | Edges | Scenario | Solver_strategy Feasible?
Standard | Stable
Armijo | Katzenelson
iter | t, s |iter |t, s |iter|t,s
N1 100 111 |S1 3 001 2 |0.01| 2 |0.01 Y
S2 57 10.17 |11 |[0.03| 4 |0.02 Y
N2 931 |1047 |S1 11 [0.27 12 |0.31| 8 [0.25 Y
S2 div | — 13 10.36 (32 |0.77 N
N3 4466 | 5362 |S1 div | — 26 3.3 |13 |2.0 Y
S2 47 16.5 |26 [3.3 |14 |19 Y

5 Conclusions

Stationary network problems have been considered, unifying linear Kirchhoff
equations and non-linear element equations of the form f(P;,, Pout, @) = 0, pos-
sessing a signature Vf = (+ — —). The global non-degeneracy of the Jacobi
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matrix has been proven, providing the applicability of globally convergent trac-
ing algorithms for such systems. It has been shown that the stationary problems
in gas transport networks can be written in the form necessary for the global
convergence. T'wo stabilization algorithms have been implemented, Armijo back-
tracking line search and Katzenelson piecewise linear tracing. The algorithms
have been applied to several realistic networks and their performance has been
compared with a generic Newtonian solver. The generic solver provides slower
convergence and fails in certain scenarios. The tracing algorithms have better
performance and converge for all scenarios.

As a future work, we plan to enhance our approach with advanced modeling
of gas compressor stations, including calibrated characteristics and measured
physical profiles into the control element equations.

Acknowledgements. We are grateful to the participants of SIMULTECH 2016 con-
ference for fruitful discussions.
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Abstract. In multi-task control systems, control quality is subject to
deterioration due to system dynamics and several scheduling artefacts.
Based on open-loop scheduler or feedback scheduling, we investigate the
advantage of some new techniques, such as the subtask scheduling and
the predictive delay control, used to deal with control and scheduling
co-design constraints. In the latter, at each time instant, the measure-
ment signal is predicted by extrapolation that minimizes the effect of the
measurement obsolescence. This predictive method, compared to other
complex dynamic methods, is easier to formulate and its results within
a discrete-time control algorithm are suitable for embedded systems. In
the present work, simulations are conducted to show that the predictive-
delay control can improve the control quality even in the absence of a
dynamic priority assignment like in the Earlies deadline First Algorithm.
However, in order to take advantage from the potential of both methods
namely the predictive-delay control and the subtask-scheduling, another
alternative is to combine them in the same solution to better deal with
the input-output latency. The experimental validation is accomplished
using the servo-motor and the inverted-pendulum systems through a sto-
chastic execution-time implementation.

Keywords: Overload -+ Predictive-delay - Input-output latency
Subtask scheduling - Real-time - Control - Performance analysis -
Feedback-scheduling + TrueTime

1 Introduction

In embedded systems, control tasks design is often accompanied by other system
tasks, with more or less hard real-time constraints (ex., decision, measurement,
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saving and communication tasks). The first characteristic of a control task is
its recurrent or periodic nature. On one hand, we must choose the appropri-
ate scheduler in order to respect real-time constraints for each task. But on the
other hand, prior to the scheduler choice, one should determine a real-time exec-
utive, up to the application design (w.r.t. required services), that agrees with
the associated funding. Whereas, commercial executive does not propose refined
scheduling algorithms such as the earliest deadline first (EDF). This lack lets the
way open for researchers to seek suitable solutions, and even if these algorithms
are implemented, it is therefore essential to fill them in with all due care and
attention.

In control theory, selection of appropriate task period is a fundamental con-
straint, while in scheduling theory, the processor load is one of the most common
constraints. The choice of a processor for an embedded system is initially based
on these two constraints, which means that there is a relationship between the
period and the processor load. Furthermore, insuring schedulability does not
necessarily mean control with high performance, and reducing the task periods
does not necessarily increase the quality of control [1].

Open-loop algorithms schedulers such as the Rate or Deadline Monotonic
(fixed priority) and EDF (dynamic priority) algorithms cannot manage the tasks
system in processor overload and tasks overrun (i.e., missed deadlines) situa-
tions. They do not deal with the problem of period selection or takes care of
the scheduling latencies. Several solutions have been proposed for the problem
of period selection and the other scheduling and control co-design constraints.
Feedback and feed-forward real-time mechanisms are used in [2-5] to handle the
period rescaling problem. Nevertheless, the subtask scheduling [6], the control-
server [2] and the predictive-delay control [1] deal with the input-output latency,
which is a significant artifact that may deteriorate the control.

The real-time communities have been working on this subject for 20 years.
The seminal work presented in [7], solves an optimization problem based on a
non linear criterion, then in [8] other criteria are proposed for the optimization
of control performance as a function of the period and the computing latency.
Later, there has been suggestions to resolve other optimization problems on-line
to fit the scheduling constraints as schedulability or task periods selection, like
in [9] by RST & Hoo algorithms together or by the LPV method [3,4]. These
solutions are referred to as the indirect feedback scheduling (FBS). Methods
that suggest priority assignment, like in [5] with the LQG method or in [10-12]
are called direct FBS. In the class of the direct FBS we also find the solution of
[13,14] based on the Predictive Control Model.

Particularly, authors in [2,6] have studied the impact of the scheduling jitters
on the QC using the jitterbug tool [2] and then those of the latencies on the
QC using the TrueTime tool [15]. The authors, proposed an indirect FBS to
rescale tasks periods, based on a processor load estimator. The subtask solution
is reconsidered by [16,17] in order to enhance the schedulability under fixed
priority scheduling or by [18-20] to minimize the input-output jitter. Finally, in
[2] the subtask scheduling is used to improve the QC.
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These methods are recent theories and research results which may be of
valuable help. In this context, we aim through the present contribution to eval-
uate the predictive-delay control and the subtask scheduling methods, based or
not on the feedback scheduling technique, using a static and a dynamic algo-
rithms such as the RM and EDF schedulers. Firstly, in Sects.2, 3 and 4, the
task model, the processes, the experimental setting and scheduling techniques
are detailed. In Sect.5 an example, showing the benefits and backwards of all
the above-mentioned methods, is presented.

In Sect. 6, using two case studies and intensive simulation where computing
duration varies, we first show that the used FBS fails in stabilizing processes
controlled by low priority tasks, in case of processor overload. Then, the subtask
scheduling method studied in [2] and the Predictive-Delay Control (P-DC) pro-
posed in [1] are tested, taking into account the effect of delays as an inherent
characteristic of a feedback scheduling. Finally, after this analysis and compari-
son, we show that combining both of these methods leads to even better result.

2 Task Model and Experimental Settings

Lets first introduce the classical task model with the associated notation: we
call tasks system the set of tasks S = {71,...7n} involved in a given real-time
system and denote the number of tasks by N. In addition, two jobs of a task are
considered perfectly interchangeable in that they perform identical treatment.

A given task 7; is characterized by its period h;, its observed execution-time
C;(k) at time index k, its worst execution time C; and the date of its first arrival
(or offset) O;. The tasks systems studied in this work have implicit-deadlines (i.e.,
tasks must terminate before their next release). Each periodic task generates a
potentially infinite set of jobs 7;(k), where k refers to the k' sampling period:
every sub-request job is released every h; time unit.

2.1 Task Division into Calculate-Output and Update-State

A typical model to get the minimum latency from the measure input to the
control output is to split the controller code into two segments: Calculate-Output
and Update-State. The control output is send to the process before the Update-
State segment [21], see Listing 1. We implement the P-DC with this model for
two reasons:

(i) to conform, in terms of matching and comparison, the P-DC method with
the subtask scheduling which is based on this typical model,

(ii) to check the efficiency of this method with the minimum of latencies not due
to scheduling artifacts.
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Fig. 1. Task division into Calculate-Output and Update-State.

In Fig.1 the execution time of the Calculate-Output segment C., is a rate of
C;(k) (in %). This means that the delay from the jobs start time to the end of the
Calculate-Output segment will be at least C,, C;(k). However, preemption from
higher priority tasks may induce a longer delay, where the time from the jobs
release/arrival time until its start time is noted the sampling latency Ls and Lio
is the Input-Output latency representing the C., segment latency. The second
segment returns C,s(%) of C;(k), which is reserved to update the PID state
variables. This duration can be also subject of preemption from higher priority
tasks and noted by Lus as an Update-State Latency. Finally the response time
latency is defined by

Lresp = Ls + Lio + Lus.

It is important to know that in the P-DC method the task scheduling is assumed
by the RM scheduler under the FBS. Nevertheless, in subtask scheduling, we
assign the priorities to the tasks segments (subtask model) where the scheduling
is assumed with the FP protocol. This technique is proposed in [2] and imple-
mented under the TrueTime tool. The subtask scheduling method is detailed in
Sect. 3.

In the sequel, we specify the used FBS as well as the servo-motor and the
pendulum processes to be controlled with a PID controller and finally specify
the cost criterion of the QC.

2.2 Physical Processes

The first case study application concerns three second order processes. It consists
of three similar servo-motors, each one described by the transfer function

1000

G(s) = m . (1)
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We define by r the reference signal, y; the measure of i*" process and u; the
control send to this process. The second case study consists of three inverted-
pendulum which are a convolution of the inverted pendulums, carts, motors and
the pulley chain mechanisms as specified by the transfer functions (Fig.2). The
Inverted pendulum is often considered as reference benchmark in control design
problems. For our simulation, the pendulum starts from the center which corre-
sponds to an angle of Orad. It will be constrained to an impulsion of 0.0873 rad
(about 5°), applied on the cart two seconds after the beginning of the simulation.

:
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Fig. 2. The inverted pendulum, version on cart.

2.3 Feedback Scheduling and the EDF Protocol

The purpose of the used FBS, is to rescale periods and hence keeps the task
system in a non-overloaded state. However, this advantage requires a particular
executive (i.e., offering this complicated service to implement) and raises the
problem of unpredictable latencies of tasks with lower priorities as stated in [1].
Job durations of the three controller tasks 7y, 79 and 73 are generated according
to a Weibull distribution as in [1]. This distribution is defined by three parame-
ters: the localization parameter [ which fixes the best case execution-time, the
shape factor A and the scale factor p. Variation in task execution-times during
the simulation is accompanied by task periods rescaling, in order to achieve an
observed processor utilization associated to the used schedulability bound.

At the end of each job 7;(k), the execution time C;(k) is smoothed by a low
pass filter. The FBS relies on this value, to calculate an estimate for the CPU
utilization factor U (t) = Zf\il C;(k)/hi(t). The EDF algorithm is also tested in
this paper, because it is considered as an FBS that rescale periods when U is
upper than 1. The average actual period of task 7; in stationarity, h,, is given
by iLz = hlU [2]
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2.4 PID Controller

The PID controller defined by Eqs. (2-7) is used. This controller is developed in
[22]. Given the fact that we rescale periods by FBS to ensure estimated schedu-
lability, ay and by parameters are recomputed according to formulas (5) and (6).
Thus, a derivative term is computed using backward differences and a low pass
filter (Eq. (4)) is used.

P(k) = (3 (k) — y(te)). (2)
I0R) = (k= 1)+ K x Z0(6) = y(t0). 3)
D(k) = ag * D(k — 1) + by * (y(ter) — y(t)), (4)
— Ta 5

N Ty ®)

Nx K «xTy

b= Nt T ©)
u(k) = P(k) + I(k) + D(k). (7)

PID parameters (K, T;, Ty, N) are tuned in a way to obtain a system closed-
loop bandwidth of w, = 20 rd/s and a relative damping £ = 0.707. This excludes
the fact that the controller design and discretization may be a source of insta-
bility for the range of the sampling periods h;. For such convergence the cost (8)
has been specified to respect a threshold of 0.36. This outset for divergent costs
is taken for a simulation time T;,, =5 ms.

Tsim
Tor = / I — yildt | (8)

i

0

3 Subtask Scheduling

To simulate the subtask scheduling, the task model presented in Subsect. 2.1 is
used. With a fixed priority assignment scheduling protocol, we assign the highest
priority to the Calculate-Output segment (time critical part) and the lowest
priority to the Update-State segment (must respect the period as deadline). It
is obvious that the improvement will concern 73, the task which has the lowest
priority.

3.1 Schedulability

It is noted in [2] that the ideal case of subtask scheduling under FP scheduling
suggests that all Calculate-Output tasks segments have higher priorities than
all Update-State tasks segments. Unfortunately, such priority assignment may
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render the tasks system unschedulable. In cases where this approach does not
work, an iterative algorithm is used. Given a schedulable original tasks system,
the iterative algorithm attempts to minimize the deadlines of the Calculate-
Output segments while maintaining schedulability.

In our work, the used FBS does not care about job overruns and the basic
FP implementation technique of [2] is used. Since the TrueTime tool supports
dynamic changes of priorities, we simply insert the TrueTime instruction “Set-
Priority” in the code when entering a new segment (i.e., subtask in this model),
see Listing 1. Note that the priority changes may introduce additional context
switches, which can degrade the performance in a real system.

Listing 1. Implementation of subtask scheduling under fixed priority scheduling.

t := CurrentTime;
SetPriority(P_CO);
LOOP

Readlnput;
Calculate—Output;
WriteOutput;
SetPriority(P_US);
Update—State;
t:=t+ h;
SetPriority(P_CO);
SleepUntil(t);
END;

}

© ® N O v oA W N =

= e
[ S

-
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It has been established in [2] that the input-output latency Lio is reduced to
42% and the used cost (an LQG function based on the control and the output
signals), is reduced up to 26%. Nevertheless, it is also noted that even if the
latency is fixed and known, delay compensation can only recover part of the
performance loss. This fact is illustrated by an example where the control cost
of an integrator is given by J & 0.79h + L, for details, see [2].

4 Predictive-Delay Control

To improve the QC, the P-DC method brings up a predicted response time
latency Lresp; of the concerned task 7; to calculate the control signal w;. This
artifice helps bypassing several practical problems like schedulability, conver-
gence and computation time from which suffer most of proposed solutions. The
method relies on an estimate Lresp;, the current and the previous measures to
extrapolate the forthcoming measure y; required in the PID control calculus
(Fig. 3). Without the P-DC, the measure to be used in the PID will be obsolete.
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Fig. 3. Predictive measures based on Lio [1].

5 Overloaded System-Based Comparison Without FBS

In order to check the effect of some disadvantage of EDF and subtask techniques,
under overload conditions, we experiment the tasks system defined in Table 1,
where tasks 79 and 73 are perturbed (with lower priorities), and a utilization rate
slightly overflowed U = 1.093 (Fig. 4g). Durations are given in ms. The shape
factor p is chosen high enough to ensure wide confident interval of the C;(k)
values.

Table 1. The three servo-motors tasks system for an overloaded processor.

rrem il A
6 4 |3.70.0009 3
7213 |4 [3.70.0009 3
73|14 |4 [3.70.0009 3

For most simulations, we noticed that when the FBS is turned off, the sub-
task algorithm outperforms in terms of improvement, but the QC values of the
three solutions are close. The simplest solution for embedded implementation
is the one for which only the prediction of the measurement, to improve the
control (Fig. 4f), is used. The two other solutions, Subtask and EDF, induce two
important problems in embedded design, such as the energy consumption due
to the number of task context switching and the difficulty of managing the pri-
orities in the queues of tasks. Another drawback is unplanned fairness between
tasks which is contradicts specifications for systems where some tasks have to be
prioritized over others. For instance, the task 7 is more penalized under EDF
than under the two other solutions.
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It is important to note, that the use of the FBS only diverges the control,
because small periods increase the latencies. Nevertheless, when the FBS is con-

1), the best

results are obtained for low priority tasks and equivalent for the others.
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6 Comparison and Hybridization Under FBS
and Scheduling Artefacts

6.1 Tasks Systems

The tasks systems used in the present section are described in Tables2 and 3.
The best case execution time 1 is turned down to 3.1 ms to have convergent and
divergent costs by a large confident interval of C;(k).

Table 2. The three servo-motors tasks system for scheduling artifacts characterization.

R Ci A
6 4 3.1 0.0009 3
72113 |4 3.1 0.0009 3
7514 |4 [3.10.0009 3

The system defined in Table 3 is simulated with the same range of processor
utilization U; as in the three servo-motors example, where periods and execution
times are both multiplied by a factor of 1.6. It is worth noting that the task
sampling period never exceeds the divergence threshold of 27 ms for the servo-
motor and 60 ms for the inverted pendulum. These thresholds are related to the
PID setting described in the next subsection.

Table 3. The inverted pendulums tasks system characterization.

rrem oy 1 A
m 9.6 |7.5 500014 3
72120.8 |7.55]0.0014 |3
75224 |7.5]5]0.0014 3

6.2 Impact of the Input-Output Latency on QC

For the tasks system presented in Table 2, the QC may diverge because of high
input-output latency of lower priority tasks, due to preemption from tasks of
higher priority level. Figure5 confirms this behavior. The motor controlled by
the task 75 diverges.

6.3 Case of Subtask Scheduling

Nevertheless, for overload situation, it can happen that 73 is blocked most of
the time. Scheduling of this case is shown in Fig. 6. The output measure y; for
each task 7; of the tasks system defined in Table 2 is shown in Fig. 7. Undesirable
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Fig. 6. Scheduling diagram of the three servo-motors example with the subtask schedul-
ing method under overload situation.
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Fig. 7. Output measures of the three servo-motors example with the subtask scheduling
method under overload situation.

breaks in the diagram testify the overload situation under subtask scheduling
method. In this marginal case, tasks 75 and 73 are concerned within the interval
times [2.5, 3.5] and [2.5 3.8], respectively. Figure 7 shows the divergence of tasks
with lower priority 73 and then 75 as a consequence to the overload situation.
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6.4 Case of P-DC Solution

With the observed C;(k), within the overloaded case of the subtask simulation
of Sect. 3 we obtain the P-DC result presented in Figs.8 and 9.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
time(s)

Fig. 8. Scheduling of three servo-motors under P-DC with an estimate Lresp.

I
0 0.5 1 L5 2 2.5 3 3.5 4 4.5 5

time(s)

Fig. 9. The three servo-motors controls converge to the set point with a low cost for
an overloaded system.

6.5 Hybridization

Table4 sums up the comparison (about 2000 simulation samples) among six
different implementation issues for the P-DC solution in the first column of each
task. The first line is used for the ideal P-DC solution where the actual latency
is used for the prediction of the output y. The last line is reserved for the hybrid
solution proposed to enhance the QC of tasks 75 and 73. We observe that when
the hybrid solution is not involved in the comparison tests, for mild to moderate
deterioration as in the case of task 75, or for obvious deterioration like in the
case of task 73, using estimated Lresp (line 4, 5) or its previous values (line 2
and 3), the P-DC solution may be helpful.

More precisely, in the case of the task 7o the performance is usually better
when the Lio“?(WCET) or Lio“*(C;(k)) are used to predict the output. This
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Table 4. Summary statement in comparison and hybridization between subtask
scheduling and P-DC for the case of the three servo-motors.

T2 T3

# wins [%] | # wins [%] # wins [%] | # wins [%]

P-DC solely | hybridization involved | P-DC solely |hybridization involved
1| Actual Lio 0.2 0 70.7 36.3
2|Previous Lio 0 0 0 2.90
3 |Previous Lresp |10.8 11.4 1.4 0.4
4|Lio“?(WCET) |45.4 43.6 0 0.03
5|Lio®? (C;(k)) 43.5 44.6 0 0
6| Lio“(C;(k)) 0.1 0 15.2 4.16
7|Subtask only 0 0 12.7 0.13
8|Subtask & P-DC|0.8 0.4 0.8 56.06

remark does not necessarily mean that the Lio"?(WCET) is longer, however, it
may be more adequate than the other tested response times for the prediction
of y5. Meanwhile, this may mean that the task response-time is usable for the
prediction, particularly in the case of moderate deteriorations.

In the case of 73, the subtask scheduling combined with P-DC leads to a
solution that outperforms those obtained using P-DC or the subtask scheduling
solely. Also, the smoothed and the previous Lio may be appropriate for the y3
prediction.
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Fig. 10. Output and costs for a divergent QC (a) and for improved QC (b, ¢, d), case
of the three servo-motors.
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The obtained performances of 20000 simulations are carried out in the graphi-
cal simulation. It is observed that the improvement amounts of divergent controls
(e.g., Fig. 10a), based either on the previous or on an estimated Lio which are
computed on the basis of the previous and an estimated Lresp, respectively is
sensibly the same. Figure 10c shows the QC improvement when using actual Lio
in case of task 73. This result is not far from the improvement based on the
subtask solution shown in Fig. 10b.

Implementation of solutions based on the previous Lresp or Lio needs system
calls to save the response time and eventually the sampling latency for each job
termination. However, solutions with the response-time calculated on the basis
of upper bounds may show significant improvements.

To verify these results, we plot the Lio impact on the QC of the 20000
samples for each technique. Figure 11a shows the improvement of the QC when
the previous value of Lio is used as an estimate. The result in Fig. 11b is based
on actual Lio and is similar to the one obtained when the previous Lio is used.

The smoothed Lio in Fig. 11c, can be considered as the easiest prediction if
we use a simple filter; the same as the one used to smooth the execution-time
values. Similarly in Fig. 11d, the result gives the best cost where J, 3 is all time
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Fig. 11. Improved QC and performances comparison between proposed solutions, case
of the three servo-motors.
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under 0.12 < 0.15. In all the tested cases, it is noticed that J,,, never exceeds
the value of 0.36 which is considered as a threshold in our specification.

It is also important to recall that, due to the overload situation, it was very
difficult to accomplish the 20000 simulations samples for subtask solution.

For the example of the inverted pendulum, Figs. 12a and b show the impact
of the input-output latency on the QC for 20000 simulation samples of 5s. The
pendulum is considered as a benchmark with a more sensitive cost, where J,, <
0.09 for convergent control situation. The Cost J,.,, converges for all the samples,
which confirms the result obtained for the first example of three servo-motors.

It is also noticed that the P-DC method is more appropriate for impulse
response systems like in the pendulum case.

(a) (®)
0.054 - - 0.058
0.056
0.052
Jyrs p 0.054
yr
0.05 0.052|
0.05
0.048
0.048
0.046 . CR
125 13 135 14 145 15 0048 e 135 12 145 15

Actual Liog(ms) Lios (ms)
Fig.12. Improved QC and performance comparison, case of the three inverted
pendulum.

7 Conclusions

In this paper, predictive control simulation results are compared with those of
naive control techniques. They show that predictive-delay method is able to
improve performance of second and third order systems for a wide range of
execution time in the presence of scheduling artefacts, while within the conven-
tional executives (using fixed priority algorithms) it maintains the quality of
control above the specified values. We found out that the hybridization of P-DC
and subtask techniques, under an FP protocol, is a promising path that helps
improving significantly the quality of the control. Indeed, hybridization can sug-
gest a better quality than a scheduling or a feedback scheduling based solely on
the predictive-delay control. Hence, it can be deduced that the predictive-delay
control would be used not only to make up for scheduling latency but also to
recover the control signal in overload situations. To sum up concluding remarks;
reducing the input-output latency, through a subtask scheduling technique, can
help boosting the P-DC method. For further works, we can compare the P-DC
technique with other methods like the control server [23].



Predictive-Delay Control for Overloading in Real-Time Scheduling 169

References

10.

11.

12.

13.

14.

15.

16.

17.

Sahraoui, Z., Grolleau, E., Mehdi, D., Ahmed-Nacer, M., Abdenour, L.: Predictive-
delay control based on real-time feedback scheduling. Simul. Model. Pract. Theory
66, 16-35 (2016). https://doi.org/10.1016/j.simpat.2016.02.013

Cervin, A.: Integrated control and real-time scheduling. Ph.D. thesis, Lund Uni-
versity (2003)

Sename, O., Simon, D., Ben Gaid, M.E.M.: A LPV approach to control and real-
time scheduling codesign: application to a robot-arm control. In: Proceedings of
the 47th IEEE Conference on Decision and Control (CDC), Cancun, Mexico, pp.
4891-4897 (2008)

Robert, D., Sename, O., Simon, D.: An H., LPV design for sampling varying
controllers experimentation with a T-inverted pendulum. IEEE Trans. Contr. Syst.
Technol. 18, 741-749 (2010)

Xu, Y., Arzén, K.E., Bini, E., Cervin, A.: Response time driven design of control
systems. In: Proceedings of the 19th International Federation of Automatic Control
(IFAC) World Congress, Cape Town, South Africa (2014)

Cervin, A., Eker, J.: Feedback scheduling of control tasks. In: 2000 Proceedings of
the 39th IEEE Conference on Decision and Control, vol. 5, pp. 4871-4876 (2000)
Seto, D., Lehoczky, J.P., Sha, L., Shin, K.G.: On task schedulability in real-time
control systems. In: Proceedings of the 17th IEEE Real-Time Systems Symposium,
Washington, D.C., USA, pp. 13-21 (1996)

Ryu, M., Hong, S., Saksena, M.: Streamlining real-time controller design: from
performance specifications to end-to-end timing constraints. In: Proceedings of
the Third IEEE Real-Time Technology and Applications Symposium (RTAS),
Montreal, Canada, pp. 91-99 (1997)

Robert, D., Sename, O., Simon, D.: Sampling period dependent RST controller
used in control/scheduling co-design. In: Proceedings of the 16th International
Federation of Automatic Control (IFAC) World Conference, Czech Republic (2005)
Bini, E., Cervin, A.: Delay-aware period assignment in control systems. In: Pro-
ceedings of the Real-Time Systems Symposium (RTSS), Barcelona, Spain, pp.
291-300. IEEE (2008)

Yepez, J., Fuertes, J., Marti, P.: The large error first (LEF) scheduling policy for
real-time control systems. In: Proceedings of the Real-Time Systems Symposium
WIP, Cancun, Mexico, pp. 63-66 (2003)

Xia, F., Dai, X., Sun, Y., Shou, J.: Control oriented direct feedback scheduling.
Int. J. Inf. Technol. 12, 21-32 (2006)

Henriksson, D., Cervin, A., Akesson, J., Arzén, K.E.: On dynamic real-time
scheduling of model predictive controllers. In: Proceedings of the 41st IEEE Con-
ference on Decision and Control, Las Vegas, NV, vol. 2, pp. 1325-1330 (2002)
Henriksson, D., Akesson, J.: Flexible Implementation of Model Predictive Con-
trol Using Sub-optimal Solutions. Institutionen for reglerteknik, Lunds tekniska
hogskola. Lund University (2004)

Cervin, A., Henriksson, D., Lincoln, B., Eker, J., Arzén, K.E.: How does control
timing affect performance? Analysis and simulation of timing using Jitterbug and
TrueTime. IEEE Contr. Syst. Mag. 23, 16-30 (2003)

Gerber, R., Hong, S.: Semantics-based compiler transformations for enhanced
schedulability. Citeseer (1993)

Gerber, R., Hong, S.: Slicing real-time programs for enhanced schedulability. ACM
Trans. Program. Lang. Syst. (TOPLAS) 19, 525-555 (1997)


https://doi.org/10.1016/j.simpat.2016.02.013

170

18.

19.

20.

21.

22.

23.

7. Sahraoui et al.

Crespo, A., Ripoll, 1., Albertos, P.: Reducing delays in RT control: the control
action interval. In: Proceedings of the 14th IFAC World Congress, pp. 257262
(1999)

Albertos, P., Crespo, A.: Real-time control of non-uniformly sampled systems.
Contr. Eng. Pract. 7, 445-458 (1999)

Balbastre, P., Ripoll, 1., Crespo, A.: Control tasks delay reduction under static and
dynamic scheduling policies. In: 2000 Proceedings of Seventh International Con-
ference on Real-Time Computing Systems and Applications, pp. 522-526. IEEE
(2000)

Astrom, K.J., Wittenmark, B.: Computer-Controlled Systems, 3rd edn. Prentice-
Hall Inc., Upper Saddle River (1997)

Astrom, K.J., Hagglund, T.: PID Controllers: Theory, Design, and Tuning, 2nd
edn. Instrument Society of America, Research Triangle Park (1995)

Aminifar, A., Bini, E., Eles, P., Peng, Z.: Designing bandwidth-efficient stabiliz-
ing control servers. In: Proceedings of 34th IEEE Real-Time Systems Symposium
(RTSS), Vancouver, British Columbia, pp. 298-307. IEEE (2013)



Agent-Based Modelling and Simulation
Framework for Health Care

Karam Mustapha(@), Quentin Gilli, Jean-Marc Frayret,
and Nadia Lahrichi

Mathematical and Industrial Engineering Department,
Polytechnic University of Montreal, 2500, chemin de Polytechnique,
Montreal H3T 1J4, Canada
{karam.mustapha, quentin. gilli, jean-marc. frayret,
nadia. lahrichi}@polymtl. ca

Abstract. Colorectal cancer is a diagnosis of particular concern for older
Canadians. Treatment of colorectal cancer requires a complex decision-making
process of treatment. These treatments may involve surgery and either pre- or
post-operative radiation or chemotherapy, which can have a great impact on the
quality of life of patients due to the rigorous requirements of treatment and the
inconvenient side effects. The conceptual and architectural modelling is chal-
lenging due to the diverse and complex dimensions. In this chapter we have
proposed a modelling approach based on an additional structure to simplify the
design of simulations. The modelling approach considers the complexity of the
modelling process, where in the various models are developed. We developed a
computer simulation environment of patient care trajectories using the agent in
order to evaluate new approaches to increase hospital productivity and adapt
hospital clinical practice conditions for the elderly and patients with multiple
chronic diseases. So, we have developed a multi-agent framework to simulate
the activities and roles in a Health Care (HC) system. This framework can be
used to assist the collaborative scheduling of complex tasks that involve mul-
tiple personals and resources. In addition, it can be used to study the efficiency
of the HC system and the influence of different policies.

Keywords: Health care - Agent-based simulation - Colorectal cancer

1 Introduction

Almost 88% of the Canadian population over the age of fifty' (41% women and 46%
men) will develop some form of cancer during their lifetime. Lung, breast, colon, rectal
and prostate cancers represent more than half of all new cancer cases (52%). Colorectal
cancer is the third most common cancer among men and women and are considered the
second leading cause of cancer death among men and the third among women.
Health Care (HC) is a rich domain for multifaceted simulation studies. The con-
ceptual and architectural modelling is challenging due to the diverse and complex

! http://www.cancer.ca/ ~ /media/cancer.ca/CW/cancer%20information/cancer%20101/Canadian%
20cancer%20statistics/canadian-cancer-statistics-2013-FR.pdf.
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dimensions. In this domain, simulation generally aims at experimenting and testing
management policies or organizational designs in a controlled environment in order to
understand their economical, human and environmental consequences. This chapter
deals with the simulation of cancer patients’ pathways. With the aging population and
the intricacy of the medical system, the management of HC activities has become
increasingly complex. Therefore, simulation is a relevant tool to model this complexity
and improve its operations. In particular, agent-based modelling and simulation sig-
nificantly extend the capabilities of simulation approaches such as discrete-event
simulation as discussed in the next section.

Providing high-quality care is a priority among health professionals. However,
resources are limited and their utilization must be optimized in order to meet high
quality standards and patients’ unique profiles. Therefore, the challenge faced by HC
providers and managers is to design organizational and medical processes that deliver
the right treatment, to the right patient, at the right time using the right resources.
Factors, such as socio-demographic and environmental characteristics, as well as the
characteristics of the organizational and decision-making systems, can be used to
simulate patient care trajectories, from their diagnosis to the end of the treatment.

In this chapter, we propose to study the efficiency of organization decisions which
aims at: (i) describing the HC organization; (ii) modelling and simulating the beha-
viours and decisions of its actors and (iii) implementing these decisions and observe
their local and global effect on the HC, and (iv) supporting each step with specific
conceptual and software support.

This chapter presents different objectives, the first objective presented requires the
agent-based modelling and simulation of complex behaviours, decision-making pro-
cesses and interactions between hospital staff and patients. The most appropriate
technology to simulate these complex mechanisms is Agent-Based modelling and
Simulation (ABS). The second objective is therefore to create and validate the patient
agent model, which includes a physiological model of how the cancer evolves in time
in response to specific treatments. Also, to simulate a large number of patients treated
simultaneously with the same resources of the hospital; this step of the project is only
concerned with the general behaviour of the patient agent, and how well it can be
configured in order to simulate colon and colorectal cancer patients with different
attributes. As for third objective, healthcare decision makers need reliable tools to
support them in decision making for adapting policies to help cut costs or reduce
waiting time, and to provide visualization which allows them to rehearse innovative
ideas before they are implemented.

Contributing to aforementioned objectives, we aim to developing a computer
simulation environment of patient care trajectories using the agent in order to evaluate
new approaches to increase hospital productivity and adapt hospital clinical practice
conditions for the elderly and patients with multiple chronic diseases. Ultimately, the
simulation model will include: the physical health of the patient; the cognitive state of
the patient; the psychosocial state of the patient; the hospital resources, staff and
physicians. For that, we have developed a multi-agent architecture to simulate the
activities and roles in a HC system. This architecture can be used to assist the col-
laborative scheduling of complex tasks that involve multiple personals and resources.
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In addition, it can be used to study the efficiency of the HC system and the influence of
different policies.

So, this chapter describes the general scope of this simulation project and presents
an up to date ABS. Next, the general conceptual model of the simulation is described
and finally simulation results are presented.

2 Literature Review

Many research projects are based on the agent paradigm to model and/or simulate
complex systems. Indeed, this paradigm provides a tailored approach to model complex
systems by explicitly addressing the study of the interactions and behaviours of their
components. The design of HC agent-oriented models is a difficult task that requires the
use of specific knowledge and skills. This section defines ABS and introduces a
detailed analysis of ABS applications in the medical domain. Finally, this section also
presents different ABS development framework.

2.1 Agent-Based Simulation

ABS is an abstract representation of reality that involves the elaboration of a descriptive
model, which reproduces the behaviour of the system by modelling its components,
including their decision-making capabilities and interactions patterns, as agents. An
agent can be defined as an entity, theoretical, virtual or physical, capable of acting on
itself and on the environment in which it evolves, and capable of communicating with
other agents [22].

Research in ABS is prolific. It is known under different labels, including
multi-agent simulation, individual-based models and agent-based models. These tools
are part of a more generic technology known as multi-agent systems; this domain of
applications is much larger than simulation. In the literature, the concept of agent is
generally defined as [22] “...a computer system situated in an environment, which is a
way autonomous and flexible to achieve the objectives for which it was designed.”

In practice, the multi-agent paradigm is used at two levels: for modelling and for
simulating. At the first level, it is required to create multi-agent models that (1) re-
produce the naturally distributed structure of the studied systems, or (2) propose a
representation of complex problems. Such models can be used for developing reactive,
deliberative or hybrid agent models. The second level involves the simulation (i.e.
experimentation with these models). Such a simulation may or may not be based on
distributed software architecture. In other words, the operational simulation model is
not necessarily multi-agent. It may be object-oriented or translated into other simulation
languages (e.g. DEVS).

2.2 Agent-Based Simulation in the Health Care Domain

HC operation management is a domain that is well suited to ABS because it involves
many people interacting with their own decision-processes. With agent-based mod-
elling, it is possible to explicitly model these individuals and their interactions.



174 K. Mustapha et al.

However, although ABS is growing in the medical domain, applications to the real
world are still rare [5, 28].

In the medical domain, [27] identifies 200 papers, in which simulation is used.
More than 70% of these applications used Monte Carlo simulation, while 20% used
Discrete-Event Simulation, less than 9% used System Dynamics, and finally only 1%
used ABS.

For instance, [34] uses ABS to reorganize hospital emergency departments.
Recently, several simulation techniques have been used in conjunction to capture
different dimensions. [23] Use DES and ABS to model a healthcare system, in which
patients choose their hospital based on a linear additive service function of three factors
(i.e., hospital reputation, travel distance, waiting time). Finally, [7] proposes one of the
first systematic studies aiming at comparing SD and ABS based on a simple mathe-
matical model of interactions between a tumour and immune cells. The authors con-
cluded that both modelling paradigms are not always equivalent.

In most organizational simulations in the medical field, agents, whether patients,
doctors or nurses are of reactive type and their behaviour is very specific to the purpose
of the simulation. In [21], the author discussed the introduction of a multi-agent system
into the medical field, which helps the management take decisions and actions, and also
ensures the communication and coordination by reducing the errors of diagnosis and
treatment, and by improving time required for the medical resources, and other medical
departments. However, [20, 25] use simulation in order to analyse the performance of
an emergency department in different configurations. In these studies, agents are used
to model resources that move through the hospital with predefined process time. In
[19], modelling deals mainly with the different types of treatment associated with their
time and resource requirements, which then become predefined in the simulation. Only
patient’s arrival time and resource availabilities change dynamically. In these models,
the agents travelling times within the hospital is predefined. However, it can also be
dynamically computed in the simulation as in [39], which models the evacuation of a
hospital undergoing a fire, or in [24] that use simulation to study different transport
configurations for clean and dirty equipment in the hospital.

Also, some authors proposed the concept of an online medical service system for
internet users using a multi agent system, the user can get access to the details of the
closest and best health care system such as hospital, medical clinic, etc. [10]. However,
[14] used the medical sensor modules with combinations of wireless telecommunica-
tion technology based in the multi-agent system. The papers [12, 16], proposed a
hybrid system with human and artificial agent members. [12] Proposed an operational
algorithm to describe the operations of a hybrid multi agent system based intelligent
medical diagnosis system called Clinical Diagnosis System (CDS) [13]. Also, [26]
presented hybrid architecture of a multi-agent consultation system for obesity oriented
health problems.

Some authors propose a multi-agent oriented learning environment aimed at
learning using a positive approach to perform diagnostic reasoning and modelling of a
domain [30]. In [3], the authors proposed the model of practical data mining diagnostic
which intends to support real medical diagnosis by two emerging technologies - data
mining [40] and multi-agent system [6, 22]. In the next section we present the patient
agent models.
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3 Patient Agent Models

In the literature review, we have presented various research based on the definition of
methodologies to guide the designers in the development of multi-agent models in
general. However, they present a number of weaknesses related to modelling HC, and
their simulation, for example, at present, there is no generally accepted health care
ontology for generating and analysis of medical or health care information. This makes
it difficult to communicate between several systems developed in different areas. Also,
other limitations related to the framework can be synthesized by the following: (i) the
absence of an approach which ensures the passage of the conceptual level to the
implementation level; (ii) the transition from design to implementation is costly in time
and development efforts; (iii) consideration of the organization; (iv) multi-modelling
and (v) time management.

In this study we proposed a modelling approach based on an additional structure to
consider the complexity of the modelling process, where in the various models is
developed. The real system is first represented by the HC domain and then the overall
modelling approach is based on an incremental approach in which different models are
developed. The expert’s fields of intervention are specified including different models:
conceptual modelling and simulation oriented agents.

In the process of modelling and simulation patient trajectory, the model distin-
guishes three main steps: the conceptual modelling, the conceptual agent modelling,
and operation modelling (Simulation Oriented Agents - SOA).

The patient is the central actor of the HC system or real system. It interacts with
many resources, including physicians, nurses and equipment. Its dynamic condition is
the main driver of resource utilization, and its reaction to treatment defines the system
quality level. In order to design such an agent, different models are proposed to
describe its place in the overall system, and its complex behaviour.

Conceptual modelling is based on several models specifying the nature of the agents
and the architecture of multi-agent system. In the following, it is for the programmer to
operationalize the conceptual model agent. Each agent identified at the conceptual level
is specified and implemented according to the constraints related to the development
environment. It is always for the programmer, to take into account the technical con-
straints ignored at the simulation. Thus, the multi-agent system will be deployed in a
software environment enabling its execution to conduct simulation experiments.

The conceptual modelling and conceptual agent modelling are described next. With
regard to operating step, it will be addressed in the next section on the architecture
simulation support.

3.1 Conceptual Model

The general conceptual model proposed in this study defines the main interactions
between the patient and its environment (Fig. 1). It is composed of four dimensions and
includes different aspects of the patient, its environment, and the HC system. These
dimensions are related to physiology of the patient, the psychosocial state and support
of the patient, the decision processes and the resources used to treat the patient. The
links between the different aspects identified within these four dimensions represent
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their mutual dependencies. The central part represents the patient agent. The other parts
represent the hospital staff involved in the treatment selection, as well as patient support
(e.g., family members, nurses) (for more details see the Ref. [9]).

Physician agent

v
Treatment |, Physician decision
plan N model

System
Resource q Patient decision
Model model

: | Patient health model :

Cancer evolution

Treatment

implementation

Toxicit;

Patient emotional
model

Fig. 1. General conceptual model.

1
1
1
1
1
Patient agent

Psychosocial Dimension. The psychological dimension includes an emotional model
of the patient agent and its social influences, especially in the form of support from
family members and nurses. This model describes a response to specific situations and
will eventually contribute to measuring the patient quality of life during treatment.

Physiological Dimension. This dimension includes both the patient’s health model (its
general physical and health condition) and its cancer evolution model. Both are affected
by treatment in different manners, while influencing each other. In practice, this
dimension includes on the one hand, the absolute physiological state of the patient and
cancer, and, on the other hand, the perception of this state obtained from observations
(e.g., analysis, scans, and biopsies). While the first information is not necessarily
known, the second can be out-dated, and more or less accurate. The variable describing
the cancer evolution model in particular is described in the next. Finally, in this model,
the patient health model is influenced by his or her emotional model.

Decision Dimension. This dimension includes both the patient’s and the physician’s
decision models. It represents the main actors’ decision-making processes and pref-
erences that contribute to treatment selection and treatment implementation. It is the
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part of the conceptual model that directly contributes to the decision and implemen-
tation of patient care trajectories. Here, the patient decision model is influenced by its
health and emotional models, while the physician decision model is influenced by the
patient cancer and health models. The patient decision model also contributes to plan
each individual treatment according to the system resource availabilities.

System Dimension. The system dimension represents the virtual hospital resources
and processes. When a physician requests a type of treatment, it must be planned
according to the hospital priority, the workload of the resources required for this kind
of treatment, as well as the preferences of the patient. The different sub-models of these
dimensions’ influence each other in order to emulate the general relationships between
the patient, his/her cancer, the medical staff, and the patient’s support. The relationship
between the patient and the hospital processes and resources are addressed through the
dynamic specification of the treatment program into the care trajectories, which defines
how the patient interacts with the different resources for his/her treatment and
tests/scans. The next section focuses on the conceptual agent model.

3.2 Cancer Evolution Model

Modeling the evolution of cancer is an important step for the simulation of care
trajectories. In order to do this, the cancer will be modeled into two parts, the main
tumor and metastases. Metastases are meant as a general term referring to every
cancerous cell found in the patient’s body that are not part of the main tumor. This may
be an isolated cell traveling in the patient’s body or a small tumor hooked somewhere
else than the main tumor. The main tumor size and the number of metastases are two
important information as they influence the decision about the treatment [1]. Both will
be simulated from their appearance (size 1 cell for the tumor and no metastasis) to the
end of the treatment. It is useful to model the evolution of the cancer before the
diagnosis so that out of treatment evolution parameters can be validated and the dis-
tribution of metastasis density can be known. The evolution of the tumor model that
will be described later has four parts: a free evolution and the three evolutions under
each of the three treatments, which are radiation therapy, surgery and chemotherapy
developments.

For the metastases evolution model, there are only two parts: as for the tumor
model, a free evolution and an evolution under chemotherapy. There is no special
evolution under radiation therapy because it has no effect on metastasis other than to
reduce the emission of cancerous cells by the main tumor.

o Tumor Free Growth

There is a lot of mathematical models of tumor growth based essentially on
population-based models [36]. The original population-based model was developed by
Maltus at the end of the 18th century, using Eq. (1):

Variation = Number of birth — Number of death (1)
———

X ( 8(X (1))
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here Xp(t) is the tumor size over time given in numbers of cells. One of the most
common formulas used for g(x) is an empirical law (see Eq. 2) described by Gompertz
in 1825 [36], which describes the evolution of the main tumor from the appearance of
the first cancerous cell to a larger tumor.

g(x) =a*x*In (”) )

X

with a being the rate of tumor growth (it is related to doubling time (DT) of the tumor);
b is a constant equals 10'? and represents a maximum diameter of 12.4 cm (this value
is used in most studies on solid tumours). Other tumour growth models exist, such as
logistic and exponential models. The Gyllenberg-Webb model divides the evolution of
the tumor in different phases depending on its size in order to describe its evolution
more precisely [11].

In the simulation, the Gompertzian formula for the tumor free evolution was used.
In order to determine a, we used [2], which characterizes the tumor growth of 27
patients suffering from colorectal cancer. Using this empirical study, we computed a
Weibull distribution law of the doubling time, from which we randomly generated a
doubling time DT. Assuming that this doubling time is a constant over the tumor
growth, this allows us to calculate the time it takes for the tumor to be a given
percentage P of the maximum size b using Eq. (3).

TumourSize(t) = ehr (3)

Once the T is known, a is calculated using the Gompertz curve function, therefore,
the link between the doubling time and a can be calculated using Eq. (4).

in(P)\ , (2
B 1n(— lrr:<(b))) * # @
= In(P * b)

o Tumor Growth After Radiation Therapy

First, only external radiation therapy is modeled. Its impact on the size of the tumor is
calculated one session at a time. Consequently, the remaining number of cells is the
number of cells before treatment multiplied by the percentage of surviving cells S
represented by Eq. (5) from [38].

§ = ¢ Alwd fnd’) +8 (5)

with oo and P being constants for colon and colorectal cancer, respectively 0.339 and 0.067,
as empirically estimated by [35]; d is the dose used during the session; and A and B are two
parameters associated with the patient, corresponding to the effect of a variety of factors.
They follow a normal distribution determined using [35]. This model is based on two
assumptions. First, each cell that cannot further divide itself after the radiation therapy
session, is considered dead. Second, the tumor keeps growing freely between sessions.



Agent-Based Modelling and Simulation Framework for Health Care 179

o Tumor Growth During Chemotherapy

The action of chemotherapy is determined using a model developed and tested with
two types of chemotherapy drug (i.e., Fluorouracil and Capecitabine) on colon and
colorectal cancer [4]. Based on this study, the function g(x) in Eq. (1) is described by
Egs. (6) and (7):

8(x) = (ac — E(1)) * x (6)

E(t) = EO Zi Concentration(t, T;) (7)

With a. being the exponential growth factor of the tumor. It is determined according to
the parameters of the Gompertzian growth and the tumor size at the beginning of
chemotherapy. Concentration (t, Ti) represents the function of drug concentration
injected at time T during session i, in the patient’s body over time. EO is the effect of
the drug on the decrease of the tumor [36]. EO depends on the patient and on the type of
treatment. We model three types of drug administration: Oral, injection with syringe
and long injection like Portacaths [32] and Piccline [33]. The function of concentration
of drug in the patient’s body over time is different for these three types of adminis-
tration (see Egs. 8, 9 and 10), based on [4, 36].

For Injection with Syringe and Oral Administration
1 1 orpti
Concentration(t, T;) = Dose (E + * tanh(k(t — T,))) s gWAbsorption(Ti=0)) (g

with Absorption being the speed of drug elimination from the patient’s body; k is the
speed of drug assimilation; and Dose is the dose injected during the session. The only
different between injection with syringe and oral administration is k, which is bigger for
injection.

For Long Injection

Concerning long injection, the only new parameter is duration, which is the length of
time of the injection, as shown in Eq. (9).

1 1
Concentration(t, T;) = Dose (— + =« tanh(k(t — T,)))
22 (9)

% e (% + Ltanh(10(t—T;—duration)) ) «(Absorptionx(T;—t + duration))

Finally, the function of the tumor’s size during chemotherapy is:

j’ (ac—E(s))ds )
Xpc(S1,,1) = Sr.€' witht > T, (10)

with Sz, is the tumour’s size before the beginning of chemotherapy. This value is also
used in the metastatic evolution model.



180 K. Mustapha et al.

o Tumor Growth After Surgery

The effect of surgery on the size of the tumor is simpler than the other two treatments
described above. Indeed, depending on the cancer (colon or rectum) and the type of
surgery, the effect of the surgery can be described as a probability of having cancerous
cells from the main tumor remaining in the body. The next section presents an illus-
trative example of a cancer patient treated with two treatments.

o Metastases Growth

For the development of metastases, we use a model developed by Iwata ([17]). In this
model, the growth of main tumor and the metastases are described by a set of math-
ematical equations. The tumor growth is modeled by X, (), which can either be the
Gompertzian function (2) or the exponential function (3). Next metastases growth,
produced by the main tumor and other metastases, is described by Eq. (11).

B(x) = m*x? (11)

with m being the coefficient of colonization, and o2 being the fractal dimension of
blood vessels infiltrating the tumor.

Considering that all tumors evolve similarly is not entirely correct. Indeed, although
they all originate from the main tumor (i.e., their nature is similar), their spread and
evolution depend on their location. However, accurately modeled movement of each
tumor cell in the body is impossible. The Iwata model and its assumptions are con-
sidered valid and used in the majority of evolution models of metastases. Iwata’s model
is defined by the system of Eq. (12):

Oples) | Detsplen) _ ()

ot ’

p(x,0) = 0, (12)
g(1) = p(1,1) = [[° B(x) * p(x, )dx + B(X,(1)).

with p(x, ) being the density of metastases in the patient’s body (i.e., the number of
tumors containing x cells at time t), and g(x) being the function defined above. Both
parameters m and o2 are specific to each patient and have a normal distribution, which
are determined thanks to [1, 17].

The value of interest for the decision-making is the Metastatic Index (MIn). It is
defined by Eq. (13) in [1]. It represents the total number of metastatic tumors of size
between n and X, (7) in the patient’s body at time T.

X,(T)
M) = [ plx e (13)

The resolution of the Iwata model is more complex than that of the primary tumor.
Furthermore, there is general solution of this model with a function g(x) with
chemotherapy. Therefore, in order to keep calculation time reasonable within the
simulation environment, the Iwata model is only used to describe the evolution of
metastases without treatment using function g(x) defined in Eq. (2).
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o Metastases Growth During Chemotherapy:

Granted there is no general solution to the Iwata model with chemotherapy, in order to
determine the effects of chemotherapy on metastases, we first made three assumptions:

Cancer cell dispersion in the body (i.e., f(x)) is neglected. Because cancer cell
progressing through the patient’s body is directly in contact with the drug, we assume it
is automatically destroyed.

All metastatic tumors evolve along the same decay law as the primary tumor under
chemotherapy. In this study, we use Eq. (6):

The number of tumors given by p(x, T.), as defined in (12) at the end of the free
evolution of metastases, remains unchanged during the chemotherapy treatment. Only
the tumour’s size is affected.

Based on these hypothesis, the new distribution of metastases during chemotherapy
(t > T.) can be calculated based on p(x, T,) as defined at the end of the free evolution
of metastases, using Eq. (14):

p(Xl,t) = ,()(Xz,Tc) with X1 ZXPC(XQ,I) (14)
We define a new function X;:cl as.

X

1 _ _
X, (X1,1) =X, = ol (a—E()ds

(15)

Therefore, MI during chemotherapy can be calculated using Eq. (15):

MIL(1) = / oeel0) o (X, (1), 7. ) (16)

n

3.3 Conceptual Agent Model

The conceptual agent model must determine a number of properties of the previous
conceptual model presented. Focusing mainly on aspects of design and analysis, the
conceptual agent model integrates the major concepts of agent, role, service and
relationship, defined as:

— The agent is an active entity of the environment;
The role is played by the concept of an agent;
— A service is a function performed by an agent;
A relationship is an interaction between entities.

The concepts behind the conceptual agent model are defined through a meta-model.
This meta-model defines as precisely as possible all the concepts involved in a con-
ceptual agent model and semantic relationships. The conceptual agent meta-model is
formalized by the UML class diagram shown in Fig. 2.

In this conceptual model presented an agent plays different roles. The same role can
be played by several agents. A role provides services, while a service may require a
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Fig. 2. Conceptual agent model.

task. Relationships can develop between roles. There are two sub-types of interactions,
simple and complex interactions (informational). The simple relationship is an
exchange of information to complete tasks, the distribution of tasks or the sharing of
knowledge and the complex relationship for example assumes that agents must coor-
dinate their actions in order to combine their skills to solve complex tasks. An inter-
action composed protocol. Finally, there are several types of agents: reactive (If the
simple behavior is required, a type of stimulus-response behavior is sufficient),
deliberative (If decision making and negotiation are needed, it will be the capacities of
a deliberative agent to perceive its environment and the behavior of other agents),
hybrid (Reactive behavior and deliberative behaviors are needed. For example, an
agent “smart” capable of interacting with another agent when disruptive events occur).
In the next section we present the Simulation of Care Pathways for Patients (SiCaPP).

4 Simulation Methodology (SiCaPP)

The objective of this section is to present the software solution restraint to accompany
the process design and Simulation of Care Pathways for Patients (SiCaPP) for colon
and rectal cancer treatment by integrating the functional and software requirements, and
based on multi-agent modelling.
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SiCaPP represents an implementation solution for the conceptual agent model and
is characterized by:

— Specification, the agents’ behaviour in appropriate languages to the granularity of
agents, it is to describe how the agent should behave during the simulation without
prejudging how they will actually be implemented (language programming, simu-
lation language, environment, etc.)

— The specification of interactions between agents which results in dynamic simula-
tion. These interactions will have different implementation issues that are involved
as agents of a same environment.

The simulation environment aims both to facilitate the handling of models and
supervise their implementation in order to exploit their results.

5 SiCaPP Architecture

SiCaPP architecture presents different services, these services include the following
information: agents’ management, time management, and inter-agent communication.
The agents’ management provides all the functions needed to manage the life cycle of
agents addressing, functions such as launch and stop. It allows for example, adding,
changing, or deleting the agents dynamically, it maintains a directory of these agents
taking particular account of the simulator in which they operate. Secondly, the
inter-agent communication presents different communication languages like ACL
message and provides the communication between agents in the environment. It can
also manage a directory like yellow pages integrating information on the capabilities
and/or agent played roles of the simulation. Finally, the time management is rarely
mentioned in multi-agent, of the fact that the distributed nature of the simulation is
often more conceptual than software. Thus, time management is implicitly centralized
on the reactive multi agent system and is not managed in the deliberative systems if not
in relative terms.

In this architecture, we also define a different role that includes the following
information:

A set of actions that can be performed, i.e. a patient role is to approve action
prescribed by physician.

— A set of protocols, which describe how this role should interact with other roles.
— A set of goals.

The SiCaPP system is organized into different packages (Fig. 3), packages include:

— User interface: It is a GUI-based logic which enables the user to generate, simulate
patients and show simulation results graphically.

— Database: It is used to register generated patients and the simulation results.

— Patient population: It generates patient’s population; this information includes
aspects of a patient’s personnel information and physical health such as treatment
plan, medication and diagnosis.
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Patient simulation: Controlled by physicians who decide whether diagnostics are to
be accepted, perform medical and surgical interventions, provide prescriptions, and
perform chemotherapy and radiotherapy treatment in collaboration with nurse.
Treatments protocols: It describes a method to be used during the treatment (e.g.
drug, medical treatment) or a medical research study.

Treatment plan: This package is used to choose a treatment trajectory plan for
patients based on the epidemiological studies and real data.

Equation methods: it contains different sets of mathematical equations used in our
model, e.g. gompertz model which describes the evolution of the main tumour from
the appearance of the first cancerous cell to a larger tumour, iwata [6, 17] model
which is used to describe the evolution of metastases.

Clinical profile: It is used to check the physical and psychological state of the
patient, it is based on different notions e.g. depression, status performance, sleep
disturbance and fatigue. We are using the epidemiological studies and Jewish
Hospital real data.
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Fig. 3. SiCaPP architecture diagram.
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6 SiCaPP Kernel

Medical information of a patient is one of the most sensitive types of information; this
information includes aspects of patient’s personnel information and physical health
such as treatments, medicines and diagnosis. A patient may be treated by any number
of physicians or nurses but they must all belong in the team which is responsible for
this patient. A physician can treat any number of patients and maintain the medical
history for each patient (see Fig. 4).
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Fig. 4. Patient class diagram.

The patient is considered as a composed class to calculate tumour evolution using
mathematical models. Tumour growth is based essentially on population-based models
[36]. Also this class is used to verify the stage before and during the treatment (di-
agnosis step). Each patient has a medical profile; this profile contains a record of all
treatments used within the medical group. If the patient has been treated in any facility
within the same medical group, we will have an existing patient record and a medical
history for the patient; this may need to be updated. A treatment instance is created for
all patients admitted and updated throughout the patient’s stay. The treatment will
subsequently be added to the patients’ medical record upon patient discharge.
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6.1 Generate Population

Based on epidemiological studies and the real data, two different methods are used to
generate the population of patient. Figures below show a state chart for the class to
generate a virtual patient population. Firstly, this class generates the age and gender
using the epidemiological studies (Fig. 5) alternatively we can extract this information
from real data (Fig. 6). Secondly, based on the age and gender we choose the cancer
type (two types are available: colon and rectal) and stage. Alternatively, we can also
extract this information from real data. Finally, we use the gompertz model to deter-
mine the tumour size in mm and we can calculate the stage using the iwata model. If
the stage obtained is different using both models we have to re-determine the stage
again and repeat the same procedures. In case stage results are matching, population
generated is registered in the data base.

Start Start

Generate Age and Gender using
cpidemiological studies

Extract patient
information from
data base

Determine
Cancer Type

Extract Stage

Determine
Stage

Calculate
Tumor Size
Using Gompertz Model
Free evolution

Calculate
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Using Gompertz Model
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[If simulated
stage different
the Stage of

[If stage patient]

obtained is
different the
generated
Stage]

Verify the
stage
Using Iwata
Model

Population registered
in the data base

Fig. 5. Generate population using the epi- Fig. 6. Generate population using the real data.
demiological studies.

6.2 Treatment Selection

Figure 7 shows a state chart for the treatment class which is responsible for generating
a treatment plan for each patient. This treatment is defined by the physician. The patient
has to perform some diagnosis which enables treatment plan choosing. When the
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patient approves the treatment, the following information must be stored in the gen-
erated file to be used in the simulation step. In case the patient rejects the treatment, the
physician has to choose another type of treatment in collaboration with the medical
team and patient.
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Fig. 7. Select treatment plan.

6.3 Treatment Trajectory

The Fig. 8 shows a state chart of class used to treat patients who have colon or rectal
cancer. This treatment is created by the physician. First of all, the patient should be
examined prior each treatment or session of treatments such as radiotherapy or
chemotherapy. This is needed to evaluate the physical and psychological state of this
patient and determine the stage of the cancer. After this evaluation the physician will be
able to verify the patient’s ability to continue treatment or suspend it for some period
until the patients’ state is re-evaluated or the treatment is adjusted (for example change
the dose of the medication). During treatment, the patient may need to undergo more
examinations if it is necessary or if the physician has any concerns.
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6.4 Treatment Modifications During Chemotherapy

Treatment interruption or dose reduction was specified for reactions unlikely to become
serious or life-threatening (National Cancer Institute of Common Toxicity Criteria)
(Fig. 9). No dose was required for the grade O, 1 and first appearance of a grade 2
toxicity. Treatment with capecitabine was interrupted in cases of grade 2 toxicity and
was not continued until toxicity resolved or improved to grade 1. When treatment was
continued, capecitabine doses were reduced as follows: (1) by 25% for patients who
experienced a second appearance of a given grade 2 toxicity or any appearance of grade
3 toxicity or (2) by 50% for patients who experienced a third appearance of a given grade
2 toxicity, a second appearance of a given grade 3 toxicity, or any appearance of grade 4
toxicity. Treatment was discontinued if a given toxicity occurred, despite dose reduc-
tion, for a fourth time at grade 2, a third time at grade 3, or a second time at grade 4.
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Fig. 9. Dose modification for capecitabine.

7 Validation

The first objective was to validate our modelling and simulation oriented agents; the
results of the simulation are presented in Fig. 12. These simulations should allow us to
validate our simulation platform for executing further simulations that involve treating
patients with colon and rectal cancer. The input data of the simulation and the results
are stored in a database, which was added into our simulation platform.

To do that, we carried out different experiments, using the Java eclipse software
package with a 3,5 GHz Intel Core i7 processor and 32 GB of RAM. More specific, we
used the JADE platform (Java Agent Development Framework). JADE it’s a MAS
development environment complies with the FIPA very diffused and included a set of



190 K. Mustapha et al.

tools included facilitating various MAS development phases [31]. The experiment aims
at assessing the ability of the model to replicate the results of real studies with specific
treatment protocols. In order to compare the simulation results with actual data, we
used the results for the real patients after treatments. The treatments results are clas-
sified by survived or not.

7.1 Experiment and Generate the Virtual Population

In this experiment, we must calibrate the model’s parameters. In order to do this ABS, we
use the Jewish Hospital real data, which allows us to validate our model during the different
type of treatment. The real data include 773 patients who have colon and colorectal cancer.
However, among these patients there are just 56 patients that have a complete profile, more
precisely they have the stage, type of treatments, and the results after treatments which
characterized by survived or not. Each of these patients have different types of information
(or different profile), like stage, age, cancer type, type of treatment, and the protocol
received by patients for different treatments. Patients in this protocol received two daily
doses of chemotherapy treatment continuously without rest periods.

(1) Colon Cancer (2) Colorectal cancer
10 10
8 8
o 6 6
= =
: L I I i : i ii
2
2
o == = - 0 s.ﬁ-i
P P
el NY Y Q Q
D Q Q Q ") © N
“f’“’“‘”b“q’ ﬁv’%"v@@@%
AGE Age
HF mH =F mH
(3) Colon and Rectal cancer (4) Output results
stage

40

Stage | Stagell Stagelll Stage IV

%

Stage | Stagell Stage Stage
] v
M Colorectal- Died M Colorectal- Not Died

M Colorectal ®Colon H Colon - Died Colon - Not Died

Fig. 10. Real data analyses.
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Figure 10 explains the contents presented in the Jewish Hospital real data. Firstly,
we present the percentage of patients (male and female) who have Colon and Rectal
Cancer in our real data, secondly we present just the percentage of patients who have a
colon and rectal cancer with complete profile, and finally we present the percentage of
output results which is classified by Survived or not.

To start our simulation, we must create several populations of virtual patients based
on the Jewish Hospital real data. Firstly, the user can be select one real patient from the
data base to generate the following 100 virtual patients (or more) who have a similar
real patient profiles and same treatment plan. During the generation of patient profiles,
we used the Gompertz model which describes the evolution of the main tumour from
the appearance of the first cancerous cell to a larger tumour (we determine the stage and
the tumour size of the population generation). Then, we use the iwata model to describe
the evolution of metastases. In case the stage obtained and real patient stages are
matching, the population generated is registered in the data base and we can prepare the
simulation step. However, we must generate the various parameters used by mathe-
matics equations as Gompertz model and iwata model. In this chapter, the model was
calibrated for one protocol.

To validate our work, we select five patients with different profiles to show the
effectiveness of our model. The table below represents the Jewish Hospital (patients
selected) and the population generation. This table presents the patient Number (P), the
stage (St), the type of cancer (CT: Colon (C) or Colorectal (Col)), the different treat-
ments (like surgery (Sug), Radiotherapy (Rad) and Chemotherapy (Ch)) and the Output
results (Op) (Survived (S), or Not Survived (NS)). However, the real data and the
population generation have the same profile (Table 1).

Table 1. Real data and population generation information.

Jewish hospital real data Population generation

Op

PN | St CT | Sug | Rad | Ch PN [ S CT | Sug | Rad | Ch

Experiment 1 | 1 I Col [ No | No | Yes | S 100 | II Col | No No | Yes
Experiment 2 | 1 IV | Col | No | No | Yes | NS | 100 | IV | Col | No No | Yes
Experiment 3 | 1 I Col [ No | No | Yes | S 100 | II Col | No No | Yes
Experiment 4 | 1 IIT | Col | Yes | No | Yes 100 (IIT | Col | Yes | No | Yes

S
Experiment 5 1 IV C Yes No No 100 IV. C Yes No No
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7.2 Calibration and Simulation Results

In order to calibrate the model for the configuration of the real hospital data, we first
need to estimate the impact of each parameter on the results based on their role in the
model. For example, the percentage of progressive disease is only defined by the
parameter of the Gompertz evolution, the parameters of the chemotherapy EO, and
Absorption and Dose. There are other parameters such as m, o and the maximum and
minimum size of the tumour in the selection of the virtual population [9]. Thus, to
calibrate the model, we proceed by trial-and-error, using a dichotomy approach to set
each parameter and replicate the results of the hospital data as best as possible. Con-
cerning the duration of the simulated treatments, the median duration reported in both
studies was used for the corresponding tests. The final values of the parameters for each
calibration are shown in Table 2. Concerning the parameter Absorption, it has been set
equal to its defined in [36] value, while the average value of o2 was taken in [17].

Table 2. Calibration parameters.

Experiment

1 2 3 4 5

Parameters | Average Average Average Average Average
(Standard (Standard (Standard (Standard (Standard
deviation) deviation) deviation) deviation) deviation)

6+108 6+10-% 6+10% 6+10%8 6+10%
- (31079 (3+107%) (3+1079) (31079 (3#1079)

o2 0,66 0,66 0,66 0,66 0.66
(0.03) (0,03) (0,03) (0,03) (0,03)

P 0.87 0.87 0.87 0.87 0.87
E0 3,1«1073 3,1+1073 3,1+1073 3,1+1073 3,1+1073

Absorption 0,6 0.6 0,6 0,6 0,6
Dose > 0.45 > 045 > 045 > 0.45 > 0.45

Figures below show the stage before and after treatment for each experiments
presented (before and after simulation). However, firstly we calculate the stage before
start the treatment to precise a treatment plan for each patient, secondly, during the
simulation step we need to verify the stage during the treatment in some cases to
change the type of treatment/or change the radiotherapy and chemotherapy doses for
example (Fig. 11).



Agent-Based Modelling and Simulation Framework for Health Care

Stage before treatments

Stage after treatments

Mean nllhgg before treatments

Mean of stage after treatments

Total number of patients = 100.0

8 Stage 1 WStage? WStaged  Staged

— ( -
] »
@ E
E
St 15
& .
e s
= .
Total number of patients = 100.0 Total number of patients = 100
)
Mean of stage before treatments Mean of stage after treatments
N k w0
- 0
= a0
-] ™
&
E : sl
B W
0
IS »
o
Total namber of patients = 100,0 Total number of patients = 100
Mean nl stage before treatments Mean of stage after treatments
2 -
s £
£
S
-]
o]
&
Total number ulpihmli 100.0 Total mber of patients = 100
T e |
Mun of stage before treatments Mean Mmeﬂhr treatments
A ot Y
50
s = -
) ™ B
E i
= F . s
5 || - :
bl 2
& -
= . |
o o
Total number of patients = 100.0 Total number of patients = 100
P i
Mean of stage before treatments Mean of stage after treatments
wn w0
E E
° El
= 27
. Y
5 .
IS 0
% s
= .

Total number of patients = 100

W Stadk 1 @ Stade? @ Stade3 ~ Staded

Fig. 11. Simulation results.




194 K. Mustapha et al.

In figure below we compare our simulation results with the results presented in the
real hospital data which are classified by survived or not.

Simulation Results

100
90
80
70
60
50
40
30
20

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

® Hospital Real Data-Survived  ® Hospital Real Data-NotSurvived ® Simulation-Survived Simulation-NotSurvived
Fig. 12. Comparative analysis.

8 Discussion

The results obtained from the validation model tests are very interesting. In the specific
context of some treatment (drug, dose and specific protocol), the model can be cali-
brated relatively easy to obtain excellent accuracy. Correspondingly, some model
parameters can be properly adjusted in order to properly extrapolate the impact of a
variable dose for a drug and a given protocol. So, in the agent based simulation
platform, it is necessary to present a set of specific parameters for each drug, each
protocol and duration of treatment, this implies a number of performing calibration.
Moreover, further validation with specific data for each patient will be required to
refine accuracy. In addition, several other aspects of the agent based conceptual model
will be developed, such as the inclusion of side effects, etc. Similarly, the hospital’s
resources and management processes will also be modeled.

9 Conclusion and Future Work

This chapter introduced a conceptual model aiming at the development of a simulation
environment capable of emulating the simultaneous care trajectories of several of
cancer patients. Our research has focused on the definition of a modelling approach for
agent’s oriented simulation of HC, with the main objective to allow a more organi-
zational modelling/agents oriented simulation of HC.

Before this model can be implemented and tested within the simulation environ-
ment, several other aspects of the conceptual model presented in Fig. 1 will have to be
developed. Along the same line, the hospital resources processes will have to be
modeled as well.
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For this we have developed a simulation platform for the implementation of the
conceptual model and implementation of multi-agent system. This platform used a
simulation platform based on a specific simulation environment (JADE). This simu-
lation allowed us to analyse the presented simulation behaviour in the HC system. We
have conducted with our simulation platform several simulations of the HC allowing
the study of several relevant scenarios.

The validation phase described in this chapter gives very important results to reality
reproduce, but it is preliminary. Indeed, validation must be detailed with more specific
data for each patient and have a better model calibrated than just on population
averages, before integration in the simulation platform. Thus, validation with a more
specific method, reflecting the better use of the model in the simulation platform, is
required. This requires much more detailed data in the treatment of each patient, to be
provided by the Jewish General Hospital in Montreal.

To complete the simulation platform, it will take the next step in this focus on the
most important part will be the “Patient health model”, because it will determine the
impact of patient treatment side effects that is an important aspect of treatment against
cancer. Indeed, the fight against cancer advanced by chemotherapy can be seen as a
balance between enough drugs for reducing cancer, but not too much to not kill the
patient.
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Abstract. In gene dynamics modeling, parameters of Boolean networks
are identified from continuous data under various assumptions expressed
by logical constraints. These constraints may restrict the dynamics of
the network to the subclass of canalyzing or nested canalyzing func-
tions, which are known to be appropriate for genetic networks. This
paper introduces high performance algorithms, which solve the para-
meter identification problem by so called Zhegalkin identification and
exploit the restriction to canalyzing or nested canalyzing functions result-
ing in reduced calculation time. The constraints are formulated in terms
of orthogonal ternary vector lists, which offer an efficient representation
for Boolean functions. The canalyzing constraints can be intrinsically
incorporated in an existing Branch-and-Cut algorithm, which lead to a
natural restriction of the search space and thus of the calculation time.
For nested canalyzing constraints this is not possible. Instead, an identi-
fication algorithm based on enumeration is proposed. The algorithms are
applied to mRNA micro array data from mice under different contami-
nant conditions and good correspondence to a known apoptotic pathway
can be shown.

Keywords: Parameter identification + Networks - Gene dynamics -
Systems biology * Boolean functions + Ternary logic

1 Introduction

A current field of research in systems biology is gene dynamics modeling, since
understanding the dynamics of the genetic model could help the therapeutic
process [17].

Kaufman [11] has shown that Boolean function are appropriate to model
genetic networks, due to their common characteristics, as periodicity, global
complexity and self organization. Canalyzing functions, introduced by Kauffman
in 1993, are a subclass of Boolean functions, which turned out to describe the
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highly ordered dynamics of gene networks better than other Boolean models,
due to their stabilizing effect on the discrete dynamical behavior [4,12,13]. In
genetic networks canalization is the ability of a genotype to produce the same
phenotype regardless of environmental variability [8]. With nested canalyzing
functions [11], Kauffman et al. introduced in 2003 a subclass of canalyzing func-
tion with increased stabilizing effects. These seem to be particularly capable to
describe genetic networks [8].

A successful approach to identify parameters of Boolean functions from
contiuous-valued signals like microarray data uses Zhegalkin polynomials to rep-
resent these functions, see [2,5,16,20]. The Zhegalkin identification problem is
a Mixed Integer Quadratic Program (MIQP) which can in principle be solved
with standard tools like CPLEX or Xpress, where Branch-and-Cut algorithms
are used. One major problem of Boolean identification is the exponential growth
of the cardinality of the solution set with the number of interacting genes. Thus,
those methods are applicable up to a model order of n = 10, where already very
large runtimes of hours or days occur, [4].

Furthermore, a clustering problem has to be solved to determine groups of
genes of unknown cardinality—denoted connectivity degree—which affect each
other. Combining the clustering and the Zhegalkin identification problem leads
to a problem of discrete optimization with even higher complexity. First approx-
imations for the solution of this combined problem have been found by a pre-
processing step based on the Pearson Correlation Coefficient in [4]. Next, exploit-
ing efficient representations of Zhegalkin polynomials as orthogonal ternary vec-
tor lists (OTVLs), [1], and adapting tensor decomposition techniques from [14]
allows integration of both steps reported in [15]. Moreover, the solution set of the
identification algorithm can be reduced by fixing the maximum number of rows
of the OTVL representing the solution. This leads to highly efficient computa-
tion with controllable degree of accuracy, because optimality of the solution is
guaranteed by a Branch-and-Cut algorithm used for the reduced solution set. In
this paper, the latter method is restricted to the subclass of canalyzing functions
(CFs) due to their interesting properties. This introduces additional constraints
for the optimization problem, as already reported in [2,7], but the reduced solu-
tion set is not efficiently exploited therein. This work shows how to incorpo-
rate those constraints in the Branch-and-Cut identification algorithm in [15] by
expressing canalizing functions as OTVLs based on [3]. The proposed algorithm
for the identification of CFs is by orders of magnitude more efficient since the
search space is considerably reduced as obvious from Table 1. Furthermore, it is
shown how to express nested canalyzing functions (NCFs) as OTVLs to exploit
their efficient representation. A simple incorporation of NCF's in the Branch-
and-Cut algorithm is not possible due to their iterative definition. Instead, an
identification algorithm via enumeration is proposed, which is up to a reason-
able connectivity degree computationally tractable and favorable compared to
the Branch-and-Cut algorithm without constraints because of their small num-
ber. The constrained identification methods are applied to gene expression data
from mRNA extracted from mouse liver cells.



200 A. Eichler and G. Lichtenberg

This work is organized as follows. Section?2 introduces fundamentals of
Boolean functions, Zhegalkin polynomials and OTVLs. In Sect.3 the Branch-
and-Cut Boolean identification algorithm from [15] is described. Section4
presents how to express CFs as OTVLs and adapt the identification therefore.
In Sect.5 the formulation of NCFs as OTVLs is described. The results on an
application to real data are shown in Sect.6. Finally conclusion are drawn in
Sect. 7.

2 Fundamentals

The set B={0,1} denotes the set of logicals, U=[0,1] the unit interval. Negation
of Booleans is denoted by —z=Z, for real variables £ =1—2x holds. With ® the
Kronecker product is denoted.

2.1 Boolean Functions and Zhegalkin Polynomials

A Boolean function (BF) b : B” — B can be represented by its truth vector
b = (by,...,ban) € B2" ie., the last column of the truth table as shown in
Table 2.

Ezample 1 ([3]). Consider the Boolean function

b(y1,y2) = =(y1 A y2), (1)

which is given by the truth table

b(yl, y2)

== =] =]E ]
EEERE
S

| =] =] =

=]

).

Definition 1. A Zhegalkin polynomial p(y) = 1(y)'b is a multilinear polyno-
mial with b € B2" being a truth vector and 1(y) the so called literal vector, given
by [15] as

with its truth vector b = (1 11

)= (Gn) @0 () <0 ®

Proposition 1 ([21]). A Zhegalkin polynomial evaluated at Boolean values'y €
B" gives the same (Boolean) result as the BF represented by the truth vector b.

Thus the Zhegalkin polynomials can be seen as the bridge between the Boolean
and the real set U. Since if y € U then p(y) € U as well, if however y € B then

p(y) € B.
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Table 1. Number of BFs, CFs and NCFs. Table 2. Truth table.

n | BFs CFs NCFs Yn Y2 Y1 D(YL, s Yn)
14 4 2 0 010 |b

2116 14 8 0 0|1 by

31256 120 64 0 110 b3

4| 65536 3514 736 0 11 [ba

5 4.2950-10° | 1292276 10624 : A

6 |1.8447-10'° | 1.0307-10"" | 183936 111 e

Ezample 1 (continued). To illustrate this for the BF (1) the corresponding Zhe-
galkin polynomial is calculated as

/

(1 —=y1)(1 —y2) 1
vp=| B g Q
Y192 0

It can be easily seen that if y;,y2 € B, then the Zhegalkin polynomial leads to
the same solution as the BF (1), as declared in Proposition 1.

2.2 Ternary Vector Lists

Ternary Vector Lists (TVLs) are a common concept in Boolean algebra, because
of its outstanding advantages for large scale problems, [1]. A TVL of a BF
represents all elements of the Boolean space B2?" where the function is 1 by
ternary vectors (T'Vs). A TV t has the structure

teT"={0,1,—}". (5)

A zero element ‘0’ in the TV describes that the corresponding variable appears
negated, a one element ‘1’ that it appears not negated. The latter ‘—’ is the don’t
care symbol, that can stand for either ‘1’ or ‘0’.

A TVL with k lines is of the form

Taking all lines of the truth table with ones always leads to a valid TVL of a
BF. TVLs with smaller number of lines might be possible by using ‘—’.
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Ezample 1 (continued). With the truth table in (2) valid TVLs for the BF (1)
of the running example are

00
01
10

T, = Ty = [gé] ;o Ta= {96] ;o Ta= [(1)(—)] : (6)

This can easily be checked by replacing ‘—’ with both ‘0’ and ‘1’.

This example shows that TVLs are not unique, i.e., there exist different TVLs
for the same BF. Another important property is orthogonality [1].

Definition 2. A TVL T is orthogonal, if each binary vector appears only once
in T. This is the case, if for any pair of lines of T in at least one column a
(0,1)-combination appears. Two TVLs T4 and Tp are orthogonal if T4 and
Tp have no binary vectors in common. This is the case if for any pair of lines
of T4 and Tg in at least one column a (0,1)-combination appears.

A binary vector (BV) is a vector with only ‘0’s and ‘1’s. It can represent only
one line of the truth table, while a ternary vector (TV) due to ‘—’ can represent
multiple BVs.

Ezample 1 (continued). For the TVLs of the example it is obvious that all TVL
representations are orthogonal except of T3 with no (0,1)-combination in any
column. Here the binary vector [00] appears in both lines.

In the following an orthogonal TVL is denoted as OTVL. In [1] operations for
OTVLs are described. Important for this work are the complement and the
difference operators, which are visualized in Table 3 for 3 variables. The comple-
ment CPL(T) = T of a given OTVL T is defined as the OTVL of all binary
vectors that are not in T. The difference DIF(T 4, Tp) of the OTVLs T4 and
Tpg results in an OTVL of all BVs, that are in T4 but not in T . If the result
is the empty OTVL [ ], T4 is totally included in Tp.

Table 3. Graphical representation of operands for TVLs, [1].

Ta = {(1)91] @ CPL(Ta) = Ta = [916] @
Tp = [1--] @ DIF(TA,Tg) = [00-] @

Lemma 1 ([3]). An OTVL T is orthogonal to its complement T.

Proof. With Definition 2 two TVLs are orthogonal, if they do not have any BVs
in common. The complement of an OTVL T contains all BVs, that are not in
T and is thus orthogonal to T.
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Proposition 2 ([3]). For an OTVL T with k lines the number of ones in the

corresponding truth vector b is Ny = b'l = Zle 2N where N; _ is the number
of —’s in the i-th line of T.

Proof. The number ones in b is equivalent to the number of BVs in T. A TV
with no ‘—’s represents a single BV and since a ‘—’ stands for either 1 or 0, a
TV with N_ times the ‘—’ symbol, includes 2V~ BVs. Due to orthogonality no
BV appears more than once in T, so that the number of BVs in each line can
simply be added.

2.3 OTVLs and Zhegalkin Polynomials

Since OTVLs and Zhegalkin polynomials are two different representations of BF's,
it is possible to find the corresponding mapping between both representations.

Proposition 3 ([3]). Given is an OTVL T of n variables, that is represent-
ing a BF f, then the corresponding Zhegalkin polynomial, determined by pr, is
calculated as

pr(y) =D [[Tiw)
j=1i=1
Ui, ift;;=0,
withT (ti,yi) = Q yi, iftji=1, (7)
1, ifty=—

Proof. Assume T is an OTVL, i.e. without ‘—’s, then [, T'(¢;;, v;) corresponds
to the {-th row of the literal vector. Since t; is only a line of T when b; =1 due
to the construction of an OTVL, (7) is equal to 1(y)'b, what finishes the proof for
OTVLs without ‘—’s. If T is an OTVL with a ‘—’ in the k-th column, than this is
equal to a TVL with the same row and a ‘1’ in the k-th column and additionally
the same row and a ‘0’ in the k-th column. For the row with the ‘1’, if it is the
n-th row, it is T[], T'(tni, ¥i) = Uk H?:Li#k T (tni, i), and for that with the ‘07,
if it is the m-th row, it is [T, T (tmi, i) = Uk H?:L#k T (tmi, yi)- Thus the sum
is (k) [licy i T(tmis i) = Tz i T(tmis yi), since [Ty oy Ttmis yi) =
H?:L#k T(tni, yi). What finishes the proof for all OTVLs.

Ezample 1 (continued). Let’s consider Ty = [9(1)} of the running example. Eval-
uating (7) for Ty leads to

p(y) =1y +1%2 = (1 —y1)y2 + (1 —y2) = 1 —y190

as derived with the literal form (4) before.
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3 Zhegalkin Identification by Branch-and-Cut Algorithm

Finding the best Boolean model for continuous normalized data is known as
Zhegalkin identification problem, see [6], that has been shown to be well suited
for Boolean identification of gene networks [2,4,20]. In [15] the Zhegalkin identifi-
cation problem is solved with the help of OTVLs by a Branch-and-Cut algorithm.

In contrast to the first references, the efficient algorithm in [15] allows to
include this clustering problem in the identification. A cluster is denoted as the
set of genes, which affects the dynamics of a gene of interest, since a gene is
never affected by all others genes, but only a subset, the cluster. The size of
the cluster, called connectivity degree, and the cluster itself are unknown and
have to be determined in the clustering problem. To build on the Zhegalkin
identification algorithm from [15] it is shortly introduced here.

3.1 Minimization Problem

A Zhegalkin function of n signals can be modeled by n truth vectors or the
respective OTVLs. The state space model for signal [ is then given as

yl(t + 1) = l(y(t))lbl =PTy (Y(t))7 Vi = 1,... iz (8)

with pr,(y) as defined in (7). The prediction error between y;(t + 1) predicted
with the OTVL T; as model as in (8) and the measurement value (¢t + 1) of
signal [ at any time t =0,--- , T —1 is defined as d;(t +1) = y; (¢t +1) — Gt + 1).
The task of the Zhegalkin identification problem is to find the optimal OTVL
T} and the corresponding Zhegalkin polynomial that solves the minimization
problem

T-1
minJ; with J; = ;dl(t)? (9)

It is clear that this minimization problem has to be solved for all signals [ =
1,...,n. Therefore this index is omitted in the following.

One major problem of Boolean and thus Zhegalkin identification is the high
cardinality of the search space. There exist 2(2") different BF's of n variables. This
fast growth in the number of variables n is exemplarily shown in Table 1. To deal
with this problem, the algorithm presented here finds the best approximation T+
with fixed maximal number of rows, instead of searching for the optimal solution.
This row restriction significantly reduces the search space by preserving the basic
properties as it is approved in Sect. 6 by the numerical example.

3.2 Branch-and-Cut Algorithm

The Zhegalkin identification with rank restriction from [15] is a Branch-and-
Cut algorithm, where the nodes represent possible OTVLs. The algorithm is
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initialized with the empty OTVL. The children in the next level are all 3 OTVLs
with one line. The following levels are built respectively by adding one TV, that is
orthogonal to the parent node, to the OTVL of the parent node while descending
in the search tree. This is equivalent to elongate the OTVL of the parent node
by one line. The algorithm can be summarized in the following steps:

(1) Initialization
(2) Repeat: Define branching node, branch node, cut nodes
(3) End: According to stop criteria

The implemented Branch-and-Cut algorithm uses a best first strategy, therefore,
the branching node is always the leaf (node without children) with smallest
error function and with less than the maximal permitted row number. When
branching, for each TV that is orthogonal to the OTVL of the branching node, a
leaf, where this TV is added to it, is generated. For each new node the prediction
error is calculated, and when it is clear, that this new branch can not decrease
the current global best solution JT, the node is cut, i.e., deleted from the search
tree. The cutting condition hereby is

cut node j if 3t € {1,.., T} : d;(t) > J*. (10)

Here d;(t) is the prediction error of node j at time t and J* is the cost of
the current best solution. The cutting condition (10) can be explained by the
fact that y(t) € U and thus non-negative. Therefore the Zhegalkin polynomial of
every TV is non-negative as well. Thus if the modeled value for one time exceeds
the measured one by more than the current error, the error can not get smaller
if a further TV is added.

This is visualized for a simple example of n = 4 in Fig. 1. The blue points
describe all nodes of the search tree. The straight red lines describe the cutting
planes (cutting lines for 7' = 2), defined by JT, the distance of the current best
solution and the measurement. All nodes outside the cutting planes are worse
than the best solution and further branching of those nodes can not improve
the solution, because by adding another TV something positive (or zero) in all
directions is added. For more explanations see [15].

Several stopping criteria exist, like a desired lower threshold of the cost or
a maximum number of iterations, can be set manually. If the algorithm stops
because no node is branchable anymore, i.e., every leaf has reached the maximal
permitted row number, then the optimal T in the restricted search space is
found with minimal cost J*.

Including the Clustering Problem. In general the Branch-and-Cut algo-
rithms runs for each possible cluster, set of genes the considered gene may depend
on, separately. However, if the initial lower bound J* for each new cluster is set
to the lowest optimal bound J™ of all previously identified clusters, advantage
of this information can be taken: if a cluster with a very good solution has been
found, the cutting condition (10) of the following clusters is tightened from the
beginning on, i.e., a lot of nodes are cut, leading to reduced calculation effort.
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nodes before cut nodes before cut
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Fig. 1. Evaluating the cutting condition [15].

4 Canalyzing Functions

As mentioned above CFs and NCF's are subclasses of the BFs that are particu-
larly suited to model genetic networks. Therefore, it is discussed in the following
how to extend or adapt the Boolean identification algorithm, such that the result-
ing identified model is restricted to be either canalyzing or nested canalyzing.
One possibility therefore would be to include a canalyzing or nested canalyzing
test in each branching step. This however is only efficient if the test is compu-
tationally cheap to be realized and if the ratio between the number of BFs and
those to be tested for is large enough. Since both points do not hold for CFs nor
for NCF's, testing would not be efficient. Alternative solutions are searched for
instead, starting with CFs. For these, it is shown in the following how to adapt
the root of the Branch-and-Cut search tree, such that only CFs can be generated
by branching. This is very efficient since no testing is needed. Furthermore, the
rank restriction can be applied as before to further reduce the search space and
save calculation time. In the next section it is shown that this is not as easy
possible for NCFs.

4.1 Definition of Canalyzing Functions

CF's are a subclass of BFs with the property, that their result is fixed, if one
specific input takes a specific value, no matter what values the other inputs
take.

Definition 3 ([16]). A Boolean function f is canalyzing if there exists an
i € {1,..,n} and a fired s, v € {0,1} such that for all y € B™ we have

FW1y ooy Yiy ooy Yn) =0 if y; = s.
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The variable y; is termed as canalyzing variable, s as canalyzing value and v as
canalyzed value. If no ¢ can be found, so that the condition above is fulfilled, the
function is classified as non-canalyzing. For a canalyzing Boolean function the
following holds

Lemma 2 ([3]). Given a BF f for n variables that is canalyzing in y; with
canalyzing value s and canalyzed value v, then its complement f is canalyzing in
y; with s and v.

Proof. The complement of the BF f is defined as f=1—f. Thusif f(y1,...,u; =
Sy ..y Yn) = U the complement f evaluated for y; = s is
f(ylv“'vyi :Sa“'ayn) =1—-v=7.

In total, according to [9] the number of CFs for n variables is

N.(n)=2((— )+ zn: k+1( >2k+122n_k '

=1

The values of N.(n) for n =1, ...,6 are shown in Table 1.

4.2 OTVLs of Canalyzing Functions

Whereas expressing canalyzing functions as Zhegalkin polynomials has been con-
sidered in [4,5], this work is focused on expressing canalyzing in form of OTVLs
to be able to restrict the Branch-and-Cut algorithm of Sect. 3 to only canalyzing
functions.

If a BF is canalyzing, for the respective OTVL one of the two following
Lemmas holds, depending on the canalyzed value.

Lemma 3 ([3]). Given an OTVL T for n variables and with k lines, then T
s canalyzing in variable y. with canalyzing value s and canalyzed value v = 0 if
and only if tjc =35 forall j =1,... k.

Proof. The corresponding Zhegalkin polynomial is calculated by (7). Since ¢;. =

sforall j=1,...,k, (7) can be written as
k n
pT( Z H T jzayz (11)
Jj=1li=1,i#c

If y. = s, i.e. the canalyzing value is taken, then T'(s,y.) = T(5,s) = 0, thus
p(y) with y. = s is equal to v = 0.

Lemma 4 ([3]). Given an OTVL T for n variables and with k lines, then T
18 canalyzing in variable y. with canalyzing value s and canalyzed value v = 1,
if and only if T includes a TV t¢ defined as t° = [t5,...,t5] with t& = s and
t¢=— forallie{l,...,n}\c
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Remark 1. To be included in T, the TV t° must not be a line of T, but all BVs
in t¢ must appear in T, i.e., DIF(t¢,T) = []. The empty TVL corresponds to a
Boolean vector with only zeros.

Proof. If T is canalyzing with v = 1 its complement T is canalyzing with v = 0,
see Lemma 2. According to Lemma 1 the complement T is orthogonal to all TVs
in T. Thus there has to be a (0,1)-combination for any pair of rows out of T and
T. As proposed T has to include t¢, where are only ‘—’s in row j except of in
the c-th column. To be orthogonal to t¢ in every line of the complemented T in
the cth-column there has to be the element 5. Thus T is canalyzing with v = 0
according to Lemma 3.

Ezample 1 (continued). The BF (1) from the running example is canalyzing with
canaylzing variable y; as well as y3, both with canalyzing value ‘0’ and canalyzed
value of ‘1’: if y; or yo, respectively, takes the value ‘0’, than the result of the
Boolean function is ‘1’, independently of the other variable. This is also obvious
from the OTVL representations in (6), which fall in the class of OTVLs described
in Lemma4.

4.3 Zhegalkin Identification with Canalyzing Constraints

In [2,4-6] it is shown how to express canalyzing functions as Zhegalkin polyno-
mials and integrate those constraints in the Zhegalkin identification. Here it is
shown how to restrict the Branch-and-Cut algorithm in Sect. 3 to canalizing con-
straints. In addition to its good biological properties another worthwhile advan-
tage of canalyzing functions is their reduced number compared to all Boolean
functions, see Table 1. There the number of canalyzing Boolean functions for n
variables is compared all existing Boolean functions. A significant decrease of
the number of canalyzing functions compared to all Boolean ones is obvious.
The adaption introduced here of the identification algorithm takes advantage of
that and can considerably reduces the calculation time thereby.

To restrict the Branch-and-Cut algorithm from [15] to canalyzing functions,
only few adaptions are necessary. First instead of initializing the search tree with
the empty OTVL as before, it is to initialize with the 2n TVs of n variables,
which are canalyzing with v = 1 (Fig. 2).

[--0] [1--] -] [-0-] [0--]

-0
1--1 J1--1 [1-- -0-1 [o--] To--
010 0-0 01- 100] [100 1-1
Fig. 2. Search tree for Boolean identification restricted to canalyzing functions with
n = 3 and row number restricted to two, [3].
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Example 2. For 3 variables, due to Lemma4 all TVs, which are canalyzing with
v =1 are given as

[1__] ) [_1_] ) [__1] ) [O——] ’ [_0_] ) [__0] )

where the canalyzing variable of the two TVs in the first columns is the first
variable with the canalyzing value 1 and 0, e.g., for the second and third variable.

Due to Lemma4 any orthogonal TVs can be added to these root-nodes, without
loosing the canalyzing property. Furthermore each existing canalyzing function
with v = 1 (with respect to the maximum line constraint) is in the search space,
because by initialization all existing combinations of canalyzing variable and
value are covered, and can thus be identified.

To cover also the canalyzing functions with v = 0 as additional roots those 2n
TVs, which are canalyzing with v = 1, are taken again, but subtracted from the
TV only consisting of ‘—’s, describing the whole Boolean space. Note that the
subtraction operation for Zhegalkin polynomials is equivalent to the Difference
operation for the corresponding OTVLs. Subtracting a TV of the whole Boolean
space is equivalent to building the complement, thus due to Lemma 2 the result-
ing OTVL is canalyzing with v = 0. If one of these root-nodes with v = 0 should
be branched, then instead of adding all orthogonal TVs, all orthogonal TVs are
subtracted. Hereby the canalyzing property with v = 0 is preserved. Note that
for checking if a TV is orthogonal, it is more efficient to check if it is orthogonal
to all TV’s that are substracted, then from the difference itself. To distinguish
between the OTVLs canalyzing with v = 1 and v = 0, v is added as further
variable to each node. In the branching step, if for the branching node we have
v = 1, orthogonal TVs have to be added, otherwise subtracted. For the cutting
step, the cutting condition also depends on v as follows

witho=0 if3te{l,.,T}: d;(t) > J*T

t node j
et node {withvl i3t e {1, T} : dy(t) > —J+.

5 Nested Canalyzing Functions

NCFs are a natural specialization of CFs, [8], considering the case, when a CF
does not get the canalyzing input. If in that case, the restricted function is again
canalyzing in another variable etc., it is said to be nested canalyzing, [19].

Definition 4 ([8]). Let f be a BF in n variables and o a permutation order on
1,...,n. The function f is nested canalyzing in the variable order Ty (1), ..., To(n)
with canalyzing value vector s = [s1,...,8,] € B™ and canalyzed value vector
v =[v,...,v,] €EB", if
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v if To1) = S1,
Ve if To1) =51 N To(z) = S2,
v3 if To(1) =51 N To(z) = 52 A Tz) = 83,

f(xla"'7xn) =
Un if To(1) =851 N " N Zpn-1) = Sn—1 N Zo(n) = Sn,
(12)
If f is nested canalyzing with canalyzing value vector s = [s1,...,8,] and

canalyzed value vector v = [v1,..., V], it is also nested canalyzing with canalyzing
value vector s = [s1,...,3,] and canalyzed value vector v = [v1,...,Ty).

Analogously to Lemma 2 for CFs, the following can be stated and proven for
NCFs.

Lemma 5. Given a BF f of n variables, which is nested canalyzing in variable
OTder Ty(1)ys To(n) With canalyzing value vector s = [51,:.,371] and canalyzed
value vector v = [v1,...,v,], then the complement function f is nested canalyzing
in variable order To(1),...; To(n) With 8 = [s1,..., 8,] and v = [01,..., 0y ].

The application of this Lemma is shown for a small example with n = 3 in
Table 4.

Table 4. Properties of a nested canalyzing OTVL and its complement.

| [ T2 [T2=T |
1— 001
OTVL [ooo] [o 1—]
permutation order o {z1,x2, z3}|{x1, 22, 23}
canalyzing value vector s (111) (111)
canalyzed value vector v (100) (011)
graphical representation @ @

According to [8] the number N,.(n) of all NCFs for a given n is calculated
iteratively by

Nnc(n) =2E(n) with

n—1
B =1, B@) =4, Bm=2"+> (" )2 Bn-r+1) wnzs  (13)
r=2 T

Due to the iterative Definition 4 testing an OTVL of being nested canalyzing
is an iterative application of canalyzing tests. If a variable has been found in
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which the OTVL is canalyzing, possibly a difference operation is necessary if
v = 1. Then the OTVL reduced by the respective column has to be tested again,
until no column is left or the reduced OTVL is not canalyzing. Such a test can
be implemented as a depth-first search algorithm. It is costly; in worst case n
canalyzing tests have to be performed.

The Branch-and-Cut identification algorithm restricted to CFs, as discussed
in Sect. 4.3, can not be further restricted to NCFs. The reason therefore is that
a constriction of NCF's, similar as for CF's, that preserves the nested canalyzing
property when a OTV is added, is not possible for NCFs.

On the other hand, enforcing the nested canalyzing property by testing each
node of the Branch-and-Cut identification algorithm restricted to CFs for being
nested canalyzing is not appropriate either, since, as discussed above, this oper-
ation is costly and would increase the complexity and thus the calculation time
enormously.

To avoid the testing in the algorithm, as alternative, identification by enumer-
ation is proposed here. This is possible due to small number of NCFs compared
to CFs, see Table 1. For enumeration, the generation of all existing nested can-
alyzing OTVLs for a given n is necessary. A respective algorithm is given in
Algorithm 1. As a prerequisite the following results are needed.

Proposition 4. Let f be a BF of n variables and let b € B?" be the correspond-
ing truth vector. If f defines a nested canalyzing function, then b has an odd
number of ones, N1, and an odd number of zeros, Ny, respectively.

Proof. This can be proven by Definition4. By fixing one variable z,, to s; as
in (12), one half space of the Boolean space B2" is set to vy, i.e., 2"~ elements
in b are set to vy, which is an even number if n > 1. According to the definition,
for the remaining half space, half of the elements are set to vy by fixing z,, to
So, etc.

In general, a Boolean space B2" """ consists of an even number of elements
as well as the respective Boolean half space IB%Q(TH)7 if i < n. Therefore in (12) by
iteratively fixing the variable z,, to s;, in iteration ¢ an even number of elements

is set to v; for i € {1,...,n—1}. For ¢ = n only one element of the two remaining
elements of B is set to v,,. So the total number of ones and zeros respectively is
uneven. O

Proposition 5. Let T = [t11 -+ t1,] be an OTVL with one line and without

any don’t cares, then the corresponding BF f(x1,...,x,) is nested canalyzing in
all possible permutation orders o with canalyzing value vector s = [t11,...,t1n]
and canalyzed value vector v =10, ...,0].

Proof. In Proposition 4 it has been stated that a BF can only be nested canalyz-
ing having an uneven number of ones and zeros respectively. Therefore, according
to Proposition 2 for OTVLs with one line only those without any don’t cares can
be nested canalyzing. This does not allow the conclusion, that they have to be
nested canalyzing, but it can be shown according to Theorem 3, where it is stated,
that an OTVL is canalyzing in x; with s = ty; and v = 0, if t1; = to; = -+ = tp,
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where k is the number of lines. In an OTVL with only one line this is valid
for all n columns if there is no don’t care. Therefore, an OTVL with one line is
canalyzing in every possible variable z; with s = #1; and v = 0. Reducing this
OTVL by column i does not change this characteristics, so the same is valid for
the reduced OTVL as well. Thus the OTVL is nested canalyzing. O

For n = 1 there are two NCFs, see (13). Due to Proposition4 the corre-
sponding BF's have to have an odd number of ones and zeros. Therefore, with
Proposition 2, it can be concluded that [ ] and [-] are not NCFs for n = 1, but
T, 1 = [1] and its complement T} » = T = [0], according to Lemma5. For n = 2,
(13) states that there are 8 NCFs. For n = 2 there are four OTVLs with one line
and without any don’t cares. Due to Proposition 5 these are nested canalyzing
and, according to Lemma 5, their complements as well. Thus, all NCFs for n = 2
are given by

To1 =1[00], Teo=1[10], Te3=1[01], To4=][11], (14)

Tos=Ts1, Tosg=To2, Tor=Ts3, Tog=Ts,.
The set of nested canalyzing OTVLs for n = 2, F,,.(2), is the prerequisite to
build the sets of all nested canalyzing OTVLs with n > 2 variables recursively,
as it is also the case for the calculation of the respective set sizes (13).

Theorem 1. Given are the sets of all nested canalyzing OTVLs with 2,...,n — 1
variables as Fye(2), ..., Foe(n—1), which are composed as Fy.(i) = {FP.(i), FP.(i)}.
Here FP_(i) contains the complement of all OTVLs in FP,(i). Then the set of nested
canalyzing OTVLs for n variables are derived according to Algorithm 1 .

Proof. Tt is to prove (i) that the number of all generated OTVLs by Algorithm 1
is Npe(n) in (13), (ii) that the generated OTVLs are all NCFs and (iii) that the
generated OTVLs all represent different BF's.

To show (i) note that both in line 2 and 9 of Algorithm 1 an OTVL is added to
the set FZ,(i). Line 2 is called 2" times and line 9 is called (37—, (,",)2" ' E(n—
r+1)) times, what adds up to E(n). In line 14, the number of OTVLs is doubled
by considering the complements. This leads to Ny.(n) and proves (i).

The statements (ii) and (iii) are proven by complete induction. Obviously
the given OTVLs for n = 2 in (14) are nested canalyzing and represent different
BFs. Assume that all OTVLs for NV variables generated with Algorithm 1 are
nested canalyzing and represent different BF's. This implies that this holds for
<N wvariables, since the OTVLs for N are generated based upon those. To get
the OTVLs of (N + 1) variables the algorithm adds (N — 7 4+ 1) columns to
those OTVLs of r < N, that consist only of ‘1’s or ‘0’s, so that the resulting
OTVL is canalyzing in the respective variable (see Theorem 3). Thus all OTVL
for (N +1) are NCFs, what proofs (ii). Assume all FP_(i;) are different BFs. Due
to construction none of those has a columns with only ‘1’s or ‘0’s. Thus when
N —i1+1 of those columns are added, to generate OTVLs for N +1 variables from
the elements in FP_(i1), the 2V~™ ! different valid assignments and different
placements result in different Boolean functions with different canalyzing value
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Algorithm 1. Generate all nested canalyzing OTVLs for n, given Fy.c(2),. .., Fac(n—1).
1: Ff.(n) = {}: define empty set
Generate NCFs for n variables and 1 line
Iterate over all 2" wvariations to fill n places with 0’s and 1’s

2: for 7 = 1 to 2" consider T,; as the 4i’s of those variations,
set FP.(n) = {Ff.(n), Thn;:}

3: end for
Generate NCFs for n variables and >1 lines

4: 1=2"+1

Iterate over the NCF's with n — (r — 1) variables with r between 2 and n — 1

5: forr=2ton—1

6: Iterate over all NCFs in FE.(n — (r — 1)) with n — (r — 1) variables

7 for t=FE(n— (r—1)) +1to 2E(n — (r — 1)) consider T,,_(,._1)+,

Iterate over all combinations to place the n — (r — 1) columns of T\ _(r_1)4
in the n columns of Ty, ;

8: for =1 to (Tfl) place T,,_(r—1),. at the I’s place combination of T, ;,
Iterate over all 2"~ combinations to fill remaining r — 1 columns with
equal rows

9: for k=1 to 2" ! fill remaining columns of T, ; with the k’s combina-

tion,
10: set FL.(n) = {FL(n),Tn:},i=1i+1
11: end for
12: end for
13: end for
14: end for

15: Fne(n) = {FZ.(n), FE.(n)}

vectors s and permutation orders o. Given FP,(iy) with i; # iy, all OTVLs
with N 4 1 generated by those have N — s + 1 columns with only '1’s or '0’s,
thus represent different BFs than those based on FPE,(i1) with N —i; + 1 such
columns. O

Example 3. We will show exemplarily how to generate all nested canalyzing
OTVLs for n = 3 with Algorithm 1. In line 2 to 3 of the algorithm all OTLVs
with one line are generated. For n = 3, there are 8 of them given as

T3, = [000] , T35 =[100], Tss3=1[010], Ts, =[001],

B

T35 = [011] , Tz =[110], T3 =[101], Tszg=[111].

The for-loop in line 5 is only called once, since n — 1 = 2. The for-loop in line 7
is called four times for the NCFs in FE,(2), which are given in (14) as Ta5, Ta.6,
Ts,7 and Ty 5. Let’s consider only the case Ty 5 as an example.

To get an OTVL for n = 3 an additional column has to be added, as first,
second or third column. The iteration over these possibilities is realized in line 8.
There are two choices for the column to be added, either the one of only ‘1’s or
of only ‘0’s. The iteration over the different possibilities is performed in line 9.
All NCFs with n = 3 resulting from T; 5 are summarized in Table 5.
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Table 5. All nested canalyzing OTVLs for n = 3 built by T2 5 from (14).

Adding the new column in the
1. column|2. column|3. column
Choosing 1| 157 | 511 | [611
Choosing 0| (057 | [601) | [610]

This can be done analogously for Tg g, T2 7 and Tg g from (14).

6 Application of the Constrained Identification
Algorithm

The presented identification algorithm is applied to gene expression data also
used in [3,5,15]. The considered gene expression data are measurements of
mRNA extracted from mouse liver cells using microarray technology (GeneChip
Human Exon 1.0 ST Array). The measurements were repeated four times (T = 3)
after 2, 4, 12 and 24 hours [18]. In total the expression levels of 21799 genes could
be detected. Three different mRNA samples were tested, one treated with the
contaminant Benzo(a)pyrene (BaP) with a concentration of 5uM, one with a
lower one of 50nM and one control sample without treatment. The samples will
be called T5uM, T50nM and Control in the following. This contaminant BaP
is found in cigarette smoke and automobile exhaust and is connected to deadly
diseases such as cancer. Geneticists assume that the contamination of cells with
BaP with the high concentration of 5uM leads to the cellular process apoptosis,
programmed cell death, but not the contamination with the low concentration.
Therefore the present gene data is analyzed with regard to apoptosis.

The apoptotic pathway for mice can be found in the KEGG database, [10],
hosted by Kanehisa Laboratory. From all detected genes, 78 are, due to the
database, known to be involved in the apoptotic pathways. These are extracted
and considered in the following. The database gives for each gene a set of genes
where it may depend on. This knowledge is taken into account for a first identifi-
cation, where these sets are taken as possible clusters for the identification of the
respective gene. Thereby possible solutions of clusters are a priori reduced. The
identification without constraints as given in [15] is applied, the adapted one with
canalyzing constraints as presented in Sect. 4.3 and the identification by enumer-
ation restricted to NCFs. The maximum number of rows of the resulting OTVLs
is restricted to two using the Branch-and-Cut algorithm. For the identification
for each gene a model for connectivity degree two up to the set size given in the
database is identified with canalyzing constraints. For the identification without
constraints the maximal connectivity degree for each gene is restricted to 5 due
to exploding calculation time. For the same reason, the maximal connectivity
degree of 5 is also set for the identification with nested canalyzing constraints.
Remind, that while the constraint to canalyzing functions reduces the search
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Fig. 3. Identified extrinsic pathway for T5uM and T50nM with given clustering con-
straints, (canalyzing functions in red canalyzing functions, with no constraints in black,
that with minimum error is shown).

space and thus the calculation time of the identification, for nested constraints
this is not the case and enumeration is used.

A cutout of the identified network is shown in Fig. 3 for both samples with
contamination. In general the apoptotic pathways consists of the extrinsic path-
way and the intrinsic one. Here the extrinsic one is shown in detail. The expecta-
tion, that the concentration of T5uM leads to apoptosis, while that of T50nM
does not, is affirmed here. According to the database the extrinsic pathway is
triggered by engagements at the death ligands, which activate caspase-8. That
induces a signaling cascade, resulting in an activation of caspase-3, what leads to
cell death. This can be seen for T5uM, where caspase-8 is activated leading to
and activation of caspase-3. The red arcs with circled tail and triangular head,
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denote the canalyzing genes, thus the major influencing one. For nested cana-
lyzing functions the numbers in the blue arcs determine the canalyzing order,
thus the major influencing ones have a small number. If the tail is colored, its
canalyzing value is one, if the head is colored, the canalyzing value is one, and
zero otherwise. Thus, for the network of T5uM this means that the activation
of Fadd activates caspase-8 in any case, what initiates caspase-7 independently
from any other genes. A well known result in apoptosis is confirmed hereby.
Correspondingly, a deactivation of Tradd will definitely lead to an activation of
caspase-3 and thus to apoptosis. Comparing the results to the low concentration
sample T50nM, here, none of the interconnection, responsible for apoptosis
are found. This indicates that the low concentration of BaP does not lead to
apoptosis as expected.

The identification is repeated, without considering the dependency sets given
by the database, but testing all possible clusters with connectivity degree from two
to four. Note that thus for one gene (748) + (738) + (728) = 1505504 different clusters
have to be checked. The identification with canalyzing constraints is performed
with maximum number of rows of the OTVL restricted to two and the identifica-
tion with nested canalyzing constraints using enumeration. The algorithm with-
out constraints is not tractable anymore. The average errors over the models for all
genes are given in Table 6 for both cases, the identification considering the depen-
dency sets and the general one with all possible clusters and for high and low
concentration. For each gene the best model identified has been considered. Two
trends are recognizable in the results. First, when all possible clusters are consid-
ered, smaller errors are obtained. This is clear since the search space is increased.
Second, the average errors for T50mM are slightly larger. This also let suspect,
that the high concentration rather lead to apoptosis than the low one. Here only
the genes involved in apoptosis are considered, but if other processes are executed,
other genes may be involved. In general it can be said that all models fit well, since
biologists talk about good approximations if an error < 1073 is achieved. Remark
that for the identification the maximum number of lines of the identified OTVLs
was restricted to two, which is necessary to reduce the solution space and make
the problem tractable. This seems to be very small. To make a statement if this
is enough, we have to disregard the models achieved with nested canalyzing con-
straints, since here due to identification by enumeration the rank can be possibly
larger. The respective average error is reported in brackets in Table 6. The errors

Table 6. Root mean square errors of the identified models. For each gene the best
model identified is considered. For the errors in brackets the models identified with
nested canalyzing constraints are disregarded.

Clusters constrained by biologists | All possible clusters
T50nM | 9.95-107* (1.2 1073) 1.24-107* (1.43-107%)
T5uM 9.99-107% (1.2-107%) 3.62-107° (6.19-107°)
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only slightly increase, which suggests that the low rank might be enough for a
model of appropriate quality.

The better fit of the models achieved for the sample T5uM are confirmed
when the continuous gene expression level dynamics are analyzed. Therefore, the
measurements and the prediction using the identified model are compared. The
prediction of gene [, initialized with the measured values y(0), is determined by

yi(t+1) =pr,(y(t) with y(0)=y(0).

The dynamics of two genes for T5uM and T50nM are shown in Fig. 4. Here with
caspase-6 and caspase-8, two genes right in the center of the extrinsic pathway
are depicted. The predictions for T5uM fit very well, what is not astonishing
since errors of 5.3 -107° and 1.4 - 10~® are achieved. For the sample T50nM
the error of the identified model is with 1.8 - 10™* and 3.2 - 10~* also small but
compared to T5uM up to 103-times worse, which is confirmed by the prediction.
This also supports the conclusion, that other processes then apoptosis with other
genes involved might occur for that sample.

T50nM - caspase-6 T5uM — caspase-6 T50nM - caspase-8 T5uM — caspase-8
= 0.48 = 0.48 5 0.64 = 0.64
S .44} [T measurement || S ) 1y e <
g - - prediction £ £ 06 g 06
Z 0.4 2 0.4 2 Z
£ N ) ) £
5 0.36 5 0.36 5 0.56 £ 0.56
2032 == 2032 g g
% ) 052 %0.52
1 2 3 o1 2 3 12 3 12 3
discrete timesteps discrete timesteps discrete timesteps discrete timesteps

Fig. 4. Measured vs. predicted gene expression level dynamics for T50nM and T5pM.

To analyze the long term behavior, predicted for 20 time steps are simulated.
The simulation of caspase-6 is exemplarily shown in Fig.5. One simulation is
performed with the actually measured initial condition, shown in red. In addi-
tion, simulations with perturbed initial condition are shown in blue. While for
T50nM and T5uM the performance of the disturbed prediction is not only sta-
ble but also very robust, this is not the case for Control, where the disturbed
trajectories show a chaotic behavior. In T50nM all trajectories converge to the
measured initial value, while in T5uM all trajectories also converge, but the
prediction of the measured initial value performs a step. This may indicate that
some reaction is taken place.

It has been stated before that for some identification methods the connec-
tivity degree had to be limited for calculation time reasons. To analyze the
calculation time in further depth, the average calculation times for one clus-
ter are shown in Table 7 for the different connectivity degrees and identification
methods. In general it can be seen, that the calculation time rises with higher
connectivity degree. Only for the very small ones this is not that clear to see. It is
assumed, that here the calculation time is mainly effected by initialization steps
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Fig. 5. Long term behavior of caspase-6 in simulation.

Table 7. Comparison of the mean calculation time per cluster for the identification
with the preselected set of possible clusters proposed by the biologists and the identifica-
tion over all possible clusters. Empty items have not been calculated due to calculation

time issues.

Connectivity |Canalyzing ncf No constraints
degree
Preselected | All clusters| Preselected |All clusters | Preselected | All clusters
clusters clusters clusters
2 0.0105s 0.0098 s 0.0195s 0.0003 s 0.0195s —
3 0.0022s 0.0030s 0.0015s 0.0023 s 0.0268 s —
4 0.0057 s 0.0161s 0.0126's 0.0370s 0.7213s —
5 0.0222s — 0.2197s — 71.0064 s —
6 0.5548 s - - - - —
9 0.1870 h — — — — —
11 19.9031 h - — - - —

and is therefore equal for all connectivity degrees. As a second observation it can
be concluded, that the identification with canalyzing constraints is considerably
faster than without constraints. This is clear since the search space has been
considerably reduced. The calculation time with nested canalyzing constraints
is somewhere in between. Although the ratio of nested canalyzing function com-
pared to all, and also to all canalyzing functions, is very small as shown in
Table 1, the Branch-and-Cut algorithm exploiting rank restriction is not possi-
ble, but enumeration has to be performed, as described in Sect. 5. Therefore, the
calculation time is in average larger than with canalyzing constraints at least for
connectivity degrees larger than 2.
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Remind that for the identification without constraints with the preselected
set of possible clusters proposed by the biologists the maximal connectivity
degree for each gene is restricted to 5, although for some genes the preselected
set is larger. But already for a connectivity of 5 the average calculation time for
one possible cluster is with 71s more than a minute. And if a gene may depend
on 11 genes, according to suggestions of the biologists, with a connectivity degree
of 5 this results in (') = 462 possible clusters, and thus in more than 546 min
for only one gene. In comparison, with canalyzing constraints one cluster takes
0.022s for a connectivity degree of 5 leading to approximately 10s in total. For a
connectivity degree of 11, the maximum one found in the database, the identifi-
cation with canalyzing constraints takes 28.66-103 s. Note that when all possible
clusters are considered, there are 1426425 possible clusters. With an average cal-
culation time of 0.0161s this results in 6.4h only for one gene for canalyzing
constraints. For nested canalyzing constraints the time is ~ 2.5x as long for one
gene.

7 Conclusions

The paper presents how to express canalyzing and nested canalyzing functions
in terms of OTVLs. Based on the definition of canalyzing OTVLs, it is shown
how to restrict the solution space of the Branch-and-Cut algorithm for Boolean
identification in [15] to canalyzing functions by simple adaptions mainly in the
initialization step. Thereby the restriction to a maximum number of lines, that
as a core of the algorithm leads efficiently to a suboptimal solution, does not
need to be given up. The advantage of the restriction to canalyzing function is
twofold, first from the biological point of view, since canalyzing functions are
known to describe gene networks better than other functions, and second from
the computational point of view. By the adaption of the Zhegalkin identification
algorithm presented in this paper, the search space is enormously reduced by
the canalyzing constraints, what leads to manageable computation times even
for larger data.

Nested canalyzing functions are a subclass of canalyzing function, which have
drawn the interest of biologists due to their favorable properties for gene identifi-
cation. However due to their iterative definition, the line restriction exploited in
the Branch-and-Cut algorithm in [15] can not be applied. Instead, identification
by enumeration is proposed here. Therefore, an algorithm for the generation of
all nested canalyzing OTVLs is introduced.

The presented algorithms have been applied to experimental gene data. The
Boolean identification restricted to canalyzing and nested canalyzing function
result in well fitting models with desirable properties like stability and robust-
ness, while restricting the calculation time significantly compared to Boolean
identification without constraints. The reduction in calculation time makes the
considered large scale problem with 78 genes tractable also for higher connec-
tivity degrees tractable and allows to incorporate the clustering step in the
identification. Furthermore assumptions of the biologists regarding the network
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structure and the importance of specific genes for the specific process apopotosis
could be approved by the algorithm presented here.
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Abstract. We propose to use genetic algorithms to search for the best
vaccination strategy for a given scenario using the output of the simula-
tion program as fitness score. The efficacy of vaccine varies significantly.
Therefore, the real challenge is to find a good strategy without a pri-
ori knowledge of the efficacy of the vaccine. We use surrogate function
instead of real simulation to achieve 1000 times speedup. The average of
the absolute value of errors is less than 0.5% and the rank correlation
coefficient is greater than 0.93 for almost all the scenarios. The optimal
solution with surrogate has fitness value very close to one using simula-
tion. The difference is generally less than one percent. Our search results
confirm the convention wisdom to vaccinate school children first. It also
reveals that there is appropriate strategy which works for most scenarios.
It would be interesting to build autonomous software searches through
the scenario space and adaptively revise the surrogate to produce better
search results.

Keywords: Vaccination strategy - Simulation for disease control -
Surrogate-based genetic algorithm

1 Introduction

Agent-based stochastic simulation is an established approach for the study of
infectious diseases. The flexibility to incorporate important concepts into simu-
lation model is one of the advantage to such approach. However, it still needs
a significant amount of computing resources sometimes. Epidemiologists usually
have to carefully craft the scenarios to demonstrate their points. Vaccination is
one of the important means to mitigate pandemic flu, thus it is vital to determine
the vaccination priority with limited amount of vaccine. Instead of evaluating a
few options, we formulate it as an optimization problem and use genetic algo-
rithm to search for the best vaccination priority. The search space can contain
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many dimensions, for example, house-hold structure is one of the important
dimensions [2]. Here we focus on the dimension of vaccine efficacy.

The vaccine efficacy (VE) is a measure of relative risk (RR) that generally
takes the form V E = 1— RR. The absolute efficacy of a vaccine compares relative
risk in a vaccinated group with that in a control group [3]. Two important
measures for vaccine efficacy are vaccine efficacy for susceptibility (V Ey), that
is the relative risk a vaccinated individual being infected, and vaccine efficacy
for infectiousness (V' E;), that is the relative risk of an individual being infected
by a vaccinated one. Vaccine efficacy varies significantly, for example, Basta et
al. categorized several reports of influenza vaccine trail, and estimated that the
V E, ranges from 0.08 to 0.79 [3].

With limited amount of available vaccine, the infectious disease control
agency has to determine the amount of vaccine allocated to various groups. Usu-
ally the health care professionals has the highest priority and then the agency
can use policy tools to distribute vaccines to different age groups. There are
different objectives to choose vaccination strategies. Two objectives are studied
in this paper. One is to reduce the total number of infected individuals [1], and
the second is to reduce the economical impact of the epidemic [4]. We focus
on the distribution of vaccine among different age groups and search for the
distributions which optimize the objective functions. For a given scenario, that
is the setting of our simulation module, the gene encodes the vaccine distribu-
tion among age groups and the fitness function can be one of the two objective
functions. The fitness evaluation is done by running the simulation module first.

Each simulation run takes about 3 min, thus the fitness evaluation becomes
the bottleneck of the optimization process. Using a faster approximation function
in place of the true fitness function, in our case the simulation program, is called
surrogated-assisted evolutionary computation [5]. The idea was first suggested
in the mid-1980s [6]. We construct a surrogate function, which combines table
lookups and linear interpolations.

For each objective function, we study 9 different vaccine efficacy settings,
both VE; and V E; are enumerated from 0.1 to 0.9 with the increment equal to
0.4. For each setting, the genetic algorithm with simulation as well as surrogate
as fitness function are applied to search for the optimal solutions. For both
objectives, the top solutions for both cases point to allocate more vaccine to
school-age children, which confirms the results in the literature [7]. However,
we do observe that when the objective is total economic impact, when V E;
increases the amount of vaccine allocated to elementary school children decreases
and young adults increases.

The fidelity of the surrogate function is studied. For both objectives, the
difference between the output of surrogate function and the simulation divided
by the output of simulation is less than one percent in average, the worst case is
less than four percent and the average of the absolute value of error is also less
than one percent.
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2 Material and Method

In this paper, the simulation software that we used is developed by [8]. Below is
a brief description of the simulation software which implements a stochastic dis-
crete time agent-based model. The mock population of the model is constructed
according to national demographics from Taiwan Census 2000 Data (http://eng.
stat.gov.tw/). The connection between any two individuals indicates the possi-
bility of daily and relatively close contact that could result in the successful
transmission of the flu virus. An important virus-dependent parameter is the
transmission probability which is denoted by psrans. It is the probability that an
effective contact results in an infection. A contact group is a daily close associ-
ation of individuals, where every member is connected to all other members in
the same group. There are eleven classes of contact groups in the model: com-
munity, neighborhood, household cluster, household, work group, high school,
middle school, elementary school, daycare center, kindergarten, and playgroup
[2]. The population size of Taiwan is about 22.12 million, the detail of age groups
is shown in Table 1.

Table 1. The information of each age group.

Age group i | Age | Population (#AG;) | Type

1 0-5 1.72 million Preschool children

2 6-12 | 2.36 million Elementary school children
3 13-15| 0.99 million Middle school children

4 16-18 | 0.97 million High school children

5 19-29 | 3.86 million Young adults

6 3064 | 10.28 million Adults

7 65+ | 1.94 million Elders

Each individual can belong to several contact groups simultaneously at any
time. The duration of a simulation run is set at 365 days. Each day has two
12-hour periods, corresponding to daytime and nighttime. During the daytime,
contact occurs in all contact groups. School-age children go to schools. There are
around 7.8% school-age children do not go to school in Taiwan. They stay home
in our simulation. Preschool children go to daycare center, kindergarten or play-
group. Young adults and adults go to work group. During the nighttime, contact
occurs only in communities, neighborhoods, household clusters, and household.
School closure policy of CDC Taiwan is also implemented. The so called 325
policy works as follow: when two symptomatic cases occurred in the same class
within a 3 days interval then that class is closed for 5 days. The model parameters
are similar to ones in a study by [9], with modifications to fit Taiwan situation
better with the help of study outcome in contact diary study [10].
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Fig. 1. The quantile-quantile (g-q) plot. [1].

In this paper, the scenario of the simulation is the following: the p¢rens 1S
set at 0.1, the vaccine is available 30 days after the index case occurred, total
2.5 million of doses are applied to different age groups according to the priority.
Only the vaccine priority and vaccine efficacy (V F;, VE;) can be changed.

The simulation is a stochastic process. To assess the stochastic variability of
simulation results, we carried out a thousand-run experiment for a typical base-
line case, where VE; = VE, = 0.5 and each age group is allocated 500,000 doses.
Similar to the finding reported in [8], the number of infected cases follows nor-
mal distribution. The quantile-quantile plot is shown in Fig. 1. The mean of the
number of infected cases is 5,694,972 and standard deviation is around 10,850.
These numbers serve as a reference of the stochastic variability of the simula-
tion system, especially we take 10,850/5,694,972 ~ 0.002 as the coefficient of
variation of the simulation system.

There are seven age groups in our simulation and the vaccine is allo-
cated in the unit of 10,000 doses. The total number of possible combination is
O30+ 7! ~ 3.69 x 10, An exhaustive search is not feasible. We thus use genetic
algorithm with simulated annealing to search for optimal solution. The hybrid
simulated annealing genetic algorithm (HSAGA) adds a simulated annealing
component in each iteration in the genetic algorithm. The idea is to increase
stochastic variability at the early stage of evolutionary step to escape local min-
ima/maxima.

We follow the formulation of Meltzer to compute the economical impact of
epidemics. In his formulation, people are divided to three age groups, zero to
nineteen years old, twenty to sixty four years old and sixty five and above.
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For different age group, the probability of clinic visit and hospitalization once
infected are different, also the cost of treatments are different, moreover, the
daily productivity lost is also different. However, the cost of vaccine and the side
effect caused by vaccination are not included.

A vaccine priority is defined by (e, X), where e = (VE;, VE;) represent the
vaccine efficacy and X = (21,22, ..., £7) represent the allocation of vaccine to
age groups, z; is the amount of vaccine for age group ¢. We sometimes omit e
when it is clear. Let p denote a vaccine priority, and we use sim(p) to denote
the value if the objective function reported by the simulation program with p.
We use point instead of vaccination priority when there is no confusion. Let S
denotes the set of points already simulated, that is for all p € S the value of
sim(p) is known. Let Cj,sis denote the baseline case with no vaccination, that
is Cpasis = stm(0). We use p; and p;; to denote vectors with only nonzero
dimension ¢ and nonzero dimensions j and k respectively. We sometimes abuse
the notion to use p; and p; 1, to denote the projection of point p to it" dimension
and to j** and k*" dimensions respectively.

| v

Parents; = {p,p, ..., P} [Simulated annealing]
A
. Copy the best p 4
Check the -
stopping criteria = [ Selection ]
Parents;.1 = {p,P, ..., D} [ ]
Crossover
Copy the first nine p
v
Children; =f{p, D, ..., D'} [ Mutation ]
|

Fig. 2. Process of HSAGA.

In hybrid simulated annealing genetic algorithm, the population is consists
of vaccine priority represented in prefix sum format. The population size is ten,
and each iteration begins with simulated annealing step to perturb each candi-
date, followed by selection, crossover and mutation. Figure2 is the flow chart
of the process. For a given allocation, we carried out 5 simulation runs, and
the fitness score is the average value of objective function of each run, and the
smaller the fitter for both total number of infected cases and economic impact.
The best solution of the previous generation and the first nine solutions for
this generation become the candidates of next generation. At the beginning of
each iteration, we carry out a simulated annealing step for each candidates. It is
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a temperature controlled mutation, that is we mutate each candidate accord-
ing to the temperature (that is number of iterations up to the point in our
case). The process stops at 200 iterations and the early stop condition is that
five consecutive iterations consist of the same candidates. (the convergence of
the stopping criterion discussed in Sect.3.) The vaccine priority is encoded
in prefix sum format, that is p = (20,50, 50, 70,20, 30,10) can be written as
p = (20,70, 120,190, 210, 240, 250), since the total amount of vaccine is always
2.5 millions the last coordinate can be dropped. Given two genes (vaccine pri-
orities), the crossover operation is the following: Randomly generate a pair of
numbers g1, g2 where 0 < g1 < go < 250, if the interval [g1, g2] covers the same
number of chromosomes, then we exchange the covered part. The segment of
chromosomes x;, z; is covered by interval [g1, go] if and only if z;_1 < go < x;
and z; < g2 < xj41. Figure 3 is an example of crossover operation. We randomly
increase g; or decrease go if a direct exchange is invalid, that is the length of
covered segments differs.

p4 = (20, 30,50, 93, 144, 175,250)
pB = (30,59,100, 133,162,193, 250 )
‘ Random select two numbers: [ 63,181 |
4 =(20,30,50,100, 133,162,250 )
pB’ =(30,59,93,144,175,193,250)

Fig. 3. Crossover of HSAGA.

The mutation operation is defined as following: Randomly pick index i and
randomly generate a number x, replace x; with x and sort the resultant sequence.
Figure4 is an example of mutation operation.

p=(10,29,93,144,175,178,250)

Random select a index, change a random number [100],
and re-sort the chromosome.

p'= (10,29, 93,100, 144, 175, 250 )

Fig. 4. Mutation of HSAGA.

It is feasible to use simulation results as fitness score, however, the cost can
easily become prohibitively high if we allow the search space to include more
dimensions, for example, the infectiousness of the virus, prans- A more efficient
approximation function for the fitness score, the surrogate, can speed up the
search yet sacrifices accuracy.
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We first construct the surrogate for points in which only single age group
is vaccinated. That is p; = (0,0, ..., x;,...,0). We set our resolution at 100,000,
that is the vaccine allocated at 100,000 doses per unit. We carry out simulation
at the resolution 100,000, and use linear interpolation to estimate the points
not sampled. Note that only a few points are sampled, i.e., simulated, other
points are estimated. Let sim(p;) denote the outcome for all points with only
one nonzero dimension. Let A(p;) denote the value reduced at point p;, that is
A(p;) = sim(p;) — sim(0), note that it is always a negative value. Given a point
p = (z1,...,x7), the single variable surrogate for p, denoted by suri(p), is:

7

suri(p) = sim(0) + 3~ A(py) (1)

i=1

The intuitive explanation is that we can add the contribution of individual age
group to be the effect of vaccination priority p.

We plot the results of points simulated for the case that the objective function
is total infected cases. In Fig. 5, we can see the results of the case when vaccine
efficacy e = (0.9, 0.9). The solid dots are the simulation results, and we use linear
interpolation to estimate the values of other points. Every line becomes flat when
the amount of vaccine is greater than the population in that age group.

total cases
8,500,000

8,000,000

7,500,000

7,000,000

6,500,000

6,000,000

—o—AG6

—o—AG7

5,500,000
0 500,000 1,000,000 ;... 1,500,000 2,000,000 2,500,000

Fig. 5. Simulation points for e = (0.9,0.9).

When the independent assumption is closer to the reality, the above approxi-
mation works better. However, vaccination of one age group do have some effect
on other age groups. The interaction among age groups can be intricate. For
example, in Fig.6 the interaction between middle school children and young
adults is demonstrated. The the difference between sim(p) and the estimation
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sury (pi ;) — sim(py ;)
400000
300000

200000

100000

-100000

Fig. 6. Error of sury(p) for e = (0.9,0.9).

sury (p) increases when the amount of vaccine allocated to these two age groups
increases. This demonstrates the idea of herd immunity, that is the individuals
get protected when some of their contacts vaccinated.

To study the interaction, we sample some two value points, that is p;, =
(0,0, ..., z;,0,...,xk,...,0), for each age group we use one fifth of the population
as the incremental unit. That is for each age group we try five possible values,
called sampled value. There are twenty one combinations of two age group, and
for each combination there are twenty five points to be simulated.

We use 6(p; x) to denote the extra reduction due to interaction. That is the
cases saved after individual effects being accounted. If p;; is a sampled point
then 6(pjx) = sim(pj k) — suri(pjk), otherwise pick sampled values which are
closet lower bound and upper bound of z;,xy a;, say @; s11, 0k, Gk t+1, Such
that a; s < x; < aj641 and ars < o < ag41. The combination of these four
values gives us four sampled points, and using a bilinear interpolation we derive
d(pj k). Given an arbitrary point p, we can define the surrogate to be:

7 6 7
sura(p) = sim(0) + Z A(pi) + Z Z 6(pj.) (2)

i=1 j=1k=j+1

3 Results

We develop a method to encode the allocation by gray level to facilitate the
further exploration and visualization of the relationship between the structure
of the allocations and the final outcomes. One encoding scheme, called volume
scheme, is to set the color white to denote zero dose and black for 2.5 million
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doses. Let z; be the number of doses for age group ¢, the gray level is computed
by following equation:

X

gyome =255 x 1

2

= 3

2.5 million doses 3)
Another encoding scheme, called ratio scheme, is to set the color white to denote
zero percent of the age group i vaccinated and black hundred percent and we
use #AG; to denote the population of age group i. The gray level is computed
by following equation:

X

#AG;

gt =255 x [1 — ] (4)
Each age group is then assigned a gray level according to the encoding scheme.
We use a line segment with that gray level to represent vaccination level of each
age group, as shown in the top half of Fig. 7. The allocation is then represented
by stacking the seven line segment vertically (in the middle part of Fig. 7, we put
the line segment horizontally). For a set of ordered allocations, the line segment
for each allocation is stitched together according to the ordering. The sequence

0-5 6-12  13-15 16-18 19-29 30-64 65+

allocation p = (200000, 500000, 600000, 700000, 100000, 200000, 200000 )

volume schemeof p : 235 204 194 184 245 235 235

gretio = 255 x 1 — #Zi(}i]
ratioschemeof p : 225 201 100 71 248 250 229 <—
L
rotate — 90°
The gray level (ratio scheme) of allocations : ; V i
0-5
6-12
13-15
16-18 .
19-29
30-64
65+

larger ° ° smaller
»
>

Sorting by the number of infected cases

Fig. 7. The gray level [1].
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of allocations is sorted from left to right where the better allocations are on the
right side.

The rationale of our choice of stopping criteria is explained below. We carried
out long testing run with 200 iterations (HSAG Asg) for VE, = VE; = 0.9 and
minimizing the number of infected cases as the objective. For each iteration
we record the best and the worst candidates (allocations) in population. As
shown in Fig. 8, the best candidate stayed roughly the same after 50 iterations.
Therefore, the algorithm stops when all candidates for the last 5 iterations stays
the same. The difference between the solutions of HSAGA and HSAGAs
is comparable to the coefficient of variation of the simulation system. But the
number of allocation examined is reduced from 2,379 to 806.

5,600,000
--------- the best candidate (HSAGA)

0.9

5,500,000 the worst candidate (HSAGA)

--------- the best candidate (HSAGA,qo)
5,400,000

the worst candidate (HSAGA3q0)

5,300,000

%]
(]
®
S 5,200,000
©
-
1© 5,100,000
5,000,000 /\
4,900,000 A ]\ A
4,800,000
0 20 40 60 80 100 120 140 160 180 200
The best candidate & . B Number of Iterations
(HSAGA)

The worst candidate .l‘-|:|- T

(H5AGAY Sorting by the order of iterations.

»

The best candidate :F
(HSAGAz0)

The worst candidate | "5 NI LI I |
(HSAGAq0) )\ .

Fig. 8. The best and worst candidates for each iteration [1].

To study the fidelity of surrogates, for each objective, we first define a specific
point where every age group is allocated five hundred thousand doses and evalu-
ate this point in twenty five vaccine efficacy scenarios, which are the combination
of VE; = {0.1,0.3,0.5,0.7,0.9} and VE, = {0.1,0.3,0.5,0.7,0.9}. The results
are summarized in Table 2. It is obvious that when vaccine efficacy increases the
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Table 2. Basic data (ptrans = 0.1).
e Fitness score | sim(p) sur1(p) Error(%) | sura(p) Error(%)
0.9,0.9 | cases 4,455,427 4,788,075 7466 | 4,554,759 2.229
costs 8,310,193,513 |9,072,602,444 |9.174 8,512,802,617 |2.438
0.9,0.7 | cases 4,698,266 5,147,952 9571 | 4,731,243 0.702
costs 8,636,331,563 | 9,528,002,760 | 10.325 | 8,710,257,099 | 0.856
0.9,0.5 | cases 4,927,159 5,456,360 10.751 | 4,993,846 1.354
costs 8,944,919,355 |9,911,405,181 | 10.805 9,083,785,087 | 1.552
0.9,0.3 | cases 5,136,272 5,704,787 11.069 | 5,234,124 1.905
costs 9,224,445,098 |10,216,491,911 | 10.755 9,410,459,583 | 2.017
0.9,0.1 | cases 5,325,681 5,916,227 11.089 | 5,438,429 2.117
costs 9,476,035,337 | 10,475,664,986 | 10.549 9,682,863,056 | 2.183
0.7,0.9 | cases 4,525,532 4,860,707 7406 | 4,600,653 1.660
costs 8,440,720,497 |9,197,907,660 |8.971 8,615,053,744 | 2.065
0.7,0.7 | cases 4,923,963 5,344,757 8.546 | 4,974,683 1.030
costs 9,044,648,213 | 9,863,755,496 | 9.056 9,175,655,156 | 1.448
0.7,0.5 | cases 5,305,347 5,749,844 8.378 | 5,348,224 0.808
costs 9,610,802,718 |10,414,323,826 | 8.361 9,709,532,384 | 1.027
0.7,0.3 | cases 5,662,708 6,102,766 7.771 5,719,132 0.996
costs 10,133,753,596 | 10,892,462,317 | 7.487 10,224,617,062 | 0.897
0.7,0.1 | cases 5,989,095 6,396,327 6.800 6,017,286 0.470
costs 10,605,482,865 | 11,289,767,047 | 6.452 10,653,313,538 | 0.451
0.5,0.9 | cases 4,595,987 4,926,931 7.201 4,615,127 0.416
costs 8,5672,456,927 |9,316,533,042 | 8.680 8,628,217,122 | 0.650
0.5,0.7 | cases 5,154,211 5,519,088 7.079 5,217,634 1.231
costs 9,459,349,619 | 10,168,897,087 | 7.501 9,603,219,799 | 1.521
0.5,0.5 | cases 5,696,168 6,054,460 6.290 5,761,392 1.145
costs 10,295,232,338 | 10,932,444,351 | 6.189 10,429,951,232 | 1.309
0.5,0.3 | cases 6,197,872 6,496,988 4.826 6,269,209 1.151
costs 11,051,416,638 | 11,560,757,834 | 4.609 | 11,188,587,896 | 1.241
0.5,0.1 | cases 6,643,572 6,871,103 3.425 6,686,484 0.646
costs 11,714,159,054 | 12,093,787,579 | 3.241 11,808,407,140 | 0.805
0.3,0.9 | cases 4,667,510 4,986,218 6.828 4,715,911 1.037
costs 8,706,327,242 | 9,425,362,495 | 8.259 | 8,823,518,764 | 1.346
0.3,0.7 | cases 5,382,617 5,706,862 6.024 5,456,423 1.371
costs 9,869,728,585 | 10,497,181,689 | 6.357 | 10,031,709,255 | 1.641
0.3,0.5 | cases 6,088,743 6,352,334 4.329 6,146,112 0.942
costs 10,078,025,225 | 11,444,599,275 | 4250 | 11,061,241,640 | 0.758
0.3,0.3 | cases 6,729,075 6,904,506 2.607 6,747,887 0.280
costs 11,958,598,433 | 12,257,519,318 | 2.500 | 11,981,746,073 | 0.194
0.3,0.1 | cases 7,263,008 7,372,166 1503 | 7,314,731 0.712
costs 12,768,149,330 | 12,944,705,598 | 1.383 | 12,876,565,372 | 0.849

(continued)
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Table 2. (continued)
e Fitness score | sim(p) sur1(p) Error(%) | surz2(p) Error(%)
0.1,0.9 | cases 4,736,192 5,055,614 6.744 4,821,752 1.807
costs 8,834,230,799 | 9,547,862,072 |8.078 9,033,828,853 | 2.259
0.1,0.7 | cases 5,618,656 5,903,184 5.064 5,665,777 0.839
costs 10,201,768,794 | 10,839,386,839 | 5.321 10,384,390,225 | 0.900
0.1,0.5 | cases 6,489,120 6,668,593 2.766 6,492,402 0.051
costs 11,671,364,522 | 11,984,186,486 | 2.680 11,665,366,594 | -0.0514
0.1,0.3 | cases 7,237,598 7,320,671 1.148 7,259,207 0.299
costs 12,827,763,376 | 12,972,558,681 | 1.129 12,850,427,436 | 0.177
0.1,0.1 | cases 7,818,985 7,838,093 0.244 7,838,812 0.254
costs 13,721,178,999 | 13,755,770,229 | 0.252 13,764,865,999 | 0.318

Table 3. Runtime with surrogate and simulation.

e Total infected cases Total economic impact
T'(sim(p)) | T(sura(p)) | T(sim(p)) | T(sura(p))
0.9,0.9 | 82,653.61 |53.16 91,518.68 |58.28
0.9,0.5 | 89,637.37 | 49.65 106,255.28 | 83.13
0.9,0.1104,406.32 | 49.20 106,067.88 | 55.17
0.5,0.9 1 91,068.05 | 57.12 104,915.09 | 58.73
0.5,0.5116,980.7 | 55.30 104,642.72 | 57.01
0.5,0.1 | 145,683.09 | 55.28 92,484.57 |50.42
0.1,0.9 1 99,839.43 | 47.76 88,817.69 |65.37
0.1,0.5 | 85,5684.94 | 50.45 120,088.66 | 63.62
0.1,0.1]121,445.46 | 54.24 76,828.46 | 80.70

“T()’: runtime (sec)

number of cases decreases. We define the error to be the difference between the
output of the surrogate and the fitness score produced by running simulations
divided by the output of simulation. The error of the two variable surrogate is
less than 2.3% which is a significant improvement of single variable surrogate
which has error rate up to 11% with the objective being minimizing total number
of infected cases. For the objective of minimizing total economical impact, the
error of two variable surrogate is 2.4 where single variable surrogate has error
rate up to 10.8. The improvement testifies that 6(p; ;) captures some interaction
between age groups. The supremacy of two variable surrogate is obvious, from
now on we only report the results of comparing the two variable surrogate and
real simulation.

In Table 3, we summarize the statistics of computational complexity of the
two approaches. It clearly demonstrated that time complexity wise, the surrogate
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approach is at 1000 times faster than using simulation as fitness function except
the case where e = (0.1,0.1) and the objective is to minimize economical impact.

Next we feed the points selected by HSAG A with surrogate to the simulation
program and the results are summarized in Table 4. The errors are all below one
percentage and the average of absolute value is 0.253% for total infected cases
and 0.216% for economical impact, both are not too far from the stochastic
variation, estimated to be 0.2 percent.

Table 4. Best points by surrogate evaluated with simulation.

e Total infected cases ‘ Total economic impact

sura(p) | sim(p) |error(%) | sura(p) sim(p) error(%)
0.9,0.9 | 4,901,232 | 4,920,204 | —0.386 | 9,460,595,360 |9,416,211,685 |0.471
0.9,0.5 | 5,208,127 | 5,242,480 | —0.655 | 9,938,339,456 |9,948,597,768 | —0.103
0.9,0.1 5,507,174 | 5,514,175 | —0.127 | 10,224,255,420 | 10,218,091,156 | 0.060
0.5,0.9 | 5,006,845 | 5,011,839 | —0.100 | 9,684,640,457 |9,646,015,970 |0.400
0.5,0.5 | 5,844,636 | 5,831,230 | 0.230 11,019,845,319 | 11,993,632,032 | 0.398
0.5,0.1 6,661,038 | 6,663,824 | —0.042 | 11,989,881,558 | 11,993,632,032 | —0.031
0.1,0.9 | 5,102,442 | 5,125,954 | —0.459 | 9,908,066,854 |9,893,251,961 |0.150
0.1,0.5 6,616,598 | 6,604,124 | 0.189 12,239,839,408 | 12,245,493,581 | —0.046
0.1,0.1| 7,851,587 | 7,858,971 | —0.094 | 13,846,741,066 | 13,886,024,236 | —0.283

For genetic algorithms, the rank preserving surrogates are preferred. One
metric to measure the fidelity of surrogates is rank correlation coefficient (r5) [11]:

6 x SN (Rali] — Rpli))®
N(N2 —1)

rs =1— (5)
All the allocations of Tables7 and 9 evaluated by the simulation program are
collected. For each objective function we do the following. For each allocation
there are two fitness scores associated with it, one by simulation program and
one by surrogate function. Let R4 be the rank by simulation and Rp rank
by surrogate. For each objective the rank correlation coefficient of these two
sequences for each setting is shown in Table 5. For the objective to minimizing
total number of infected cases, the coefficients are all greater than 98% except
one at 93%. And for the objective to minimize economical impact, the coefficients
are all greater than 94% except one at 69%. It is reasonable to conclude that
the surrogate function preserves the ordering well except the odd case of e =
(0.1,0.1) and objective being minimizing economical impact.

The result of HSAG A with simulation as fitness function is shown in Table 6.
All the searches end in less than one hundred iteration, and the number of points
examined is in the vicinity of one thousand. We note that the best allocations
always concentrate on vaccinating students regardless the efficacy of the vaccine
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Table 5. Rank correlation coefficient.

e Total infected cases | Total economic impact
N Ts N Ts
0.9,0.9 807 |0.99207 1,061 | 0.98607
0.9,0.5 846 | 0.99065 1,201 | 0.95658
0.9,0.1 /958 | 0.99039 1,191 0.95138
0.5,0.9 | 887 | 0.98576 1,201 | 0.98567
0.5,0.5 | 1,038 | 0.99072 1,120 0.97843
0.5,0.1| 1,207 1 0.99071 928 | 0.98363
0.1,0.9 /950 | 0.98516 915 | 0.97219
0.1,0.5 864 | 0.99269 1,196 | 0.94865
0.1,0.1 /911 | 0.93938 702 | 0.67569

235

Table 6. The optimal allocation p of HSAGA with total infected cases for each vaccine

efficacy.
e Function | Total cases | Total Total p (x10* doses)
iterations |allocations

T1|T2 |T3 T4 |T5|Te | T7
0.9,0.9 | sim(p) 4,899,198 |59 806 0 |104|79|67|0 |0 |0
sura(p) 14,901,232 |72 989 0 |89 |81|80|0 |0 |0
0.9,0.5| sim(p) |5,212,224 |60 846 0 (95 [83/72/0 |0 |0
sura(p) |5,208,127 |68 910 0 80 |90|80|0 |0 |0
0.9,0.1| sim(p) |5,490,111 |71 958 0 95 |78|77|0 |0 |0
surz(p) |5,507,174 |69 911 0 80 |90|80|0 |0 |0
0.5,0.9 | sim(p) 4,978,657 |63 887 0 97 |80|73|0 |0 |0
surz(p) |5,006,845 |82 1,086 0 /90 |80|80|0 |0 |0
0.5,0.5| sim(p) |5,816,957 |79 1,038 0 |91 |83|76|0 |0 |0
surz(p) |5,844,636 |81 1,060 0 88 |80|82|0 |0 |0
0.5,0.1 sim(p) 6,644,779 |93 1,207 0 (83 |83/83|1 |0 |0
surz(p) 16,661,038 |79 1,047 0 (72 |88/90(/0 |0 |0
0.1,0.9 | sim(p) |5,093,340 |70 950 0 90 |81|79]/0 |0 |0
sura(p) 5,102,442 |67 901 0 |79 |88(83|0 |0 |0
0.1,0.5| sim(p) 16,588,382 |64 864 0 |70 |93|87|0 |0 |0
surz(p) 16,616,598 |71 964 0 (79 |81/90(/0 |0 |0
0.1,0.1] sim(p) |7,853,438 |68 911 0 12051790 [0 |0
sura(p) 7,851,587 |80 1,025 0 (10070800 |0 |0
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Table 7. The gray level of total allocations of HSAGA (total infected cases).

e [Jtotal sim(p) in HSAGA [|total sura(p) in HSAGA

}MMM k’“*”’””’”"*‘““““"—{

0.9,0.9

0.9,0.1

0.5,0.9

|
05&1’MM : IW : |
QLQ9‘MM : I yﬂ |
wmmmmmmwuu--uﬁ ymmmmmwwm-i--ﬁ
01@5} : . = I
01&4‘“. I l I

el S i i

for the objective to minimize total number of infected cases. The similar conclu-
sion can be made for the case to minimize economical impact, except that when
the vaccine efficacy increases some vaccine allocated for elementary students are
relocated to young adults.

For a given vaccine efficacy setting, the HSAG A examined around one thou-
sand vaccine allocations. These allocations are sorted according to their fitness
score and the sequence is visualized according to the method above shown in
Table 7. The sorted sequence for each setting is visualized with volume scheme,
the top one, and with ratio scheme, the bottom one. We can see that for those
allocations on the right end, the black segments are concentrating on school
children. And according to those bottom graphs junior high and high school
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students get the highest priority. More specifically, for 2.5 million doses, 70 to
90 percent of junior high and high school students get vaccinated and the rest
goes to elementary school students.

The same HSAGA process is carried out with surrogate in place of the
simulation and the results are summarized in Table 6. The visualization is shown
in Table 7. It is clear that the general recommendation is also to vaccinate school
children.

Table 8. The optimal allocation p of HSAGA with total economic impact for each
vaccine efficacy.

e Function | Total costs (US$) | Total iterations | Total allocations | p (><104 doses)
T1 | T2 | T3 | T4 |5 Z6 L
0.9,0.9 | sim(p) 9,399,213,853 80 1,061 0 09069 91| 0 |0
sura(p) | 9,460,595,360 82 1,128 0 | o|89]60 /101 0 |0
0.9,0.5 | sim(p) 9,903,198,767 83 1,201 0 12 | 85 | 68 8| 0 |0
sura(p) | 9,938,339,456 118 1,582 0o |30|90|80]| 50| 0 |0
0.9,0.1 | sim(p) | 10,174,555,653 86 1,191 1 |84 82|78 2| 3 |0
sura(p) |10,224,255,420 s 1,062 0 |80 |90 |80 o 0 |0
0.5,0.9 | sim(p) 9,612,330,559 89 1,201 0 085 |65|100, 0 |0
sura(p) 9,684,640,457 82 1,121 0 090 |60 | 100 0|0
0.5,0.5 | sim(p) 10,956,501,348 7 1,120 0 56 | 85 | 80 291 0 |0
sura(p) | 11,019,845,319 82 1,001 o |s7/81|82| o] o |0
0.5,0.1 | sim(p) | 11,966,458,234 68 928 o |95|77|78] ol o |0
surg(p) |11,989,881,558 71 960 0 |70|90 |90 ol 0 |0
0.1,0.9 | sim(p) | 9,836,908,825 64 915 o | ol/se|62]102] 0 |0
sura(p) 9,908,066,854 94 1,260 0 0/83(39|128) 0 |0
0.1,0.5 | sim(p) | 12,188,514,945 89 1,196 0 81|82 86| 0 |0
sura(p) | 12,239,839,408 92 1,213 0o |68|60|80| 42| 0 |0
0.1,0.1 | sim(p) 13,853,884,964 51 702 4 75169 |92 1, 4 |5
sura(p) | 13,846,741,066 | 107 1,467 0o |48/80/96| o020 |6

We first search good vaccination strategy using HSAG A with computer sim-
ulation as the fitness scorer. The results are shown in Table 8. We again use the
grey level plot to visualize the good strategy for different vaccine efficacy. The
result is shown in Table9, where the economical impact decreases from left to
right. In Table8, it is still the case that the best strategy is to vaccine school
children especially junior high and high schoolers. However, when V E, increases,
the vaccine allocates more to young adults and less to elementary school children.

The efficacy of the vaccine is difficult to determined beforehand. Although,
we searched for best allocation for each vaccine efficacy setting. It is desir-
able to know if vaccine efficacy has a big impact on the choice of vac-
cine allocation. It is clear that the qualitative statement, “vaccinate school
children”, applied to all scenarios. We compute one specific allocation, piP ., =
(0,900000, 800000, 800000, 0, 0,0), for all scenarios, and compare with the solu-
tions produced by HSAGA with surrogate (Table6). The result is show in
Table 10. Since the standard deviation of the simulation system is 10,850 and
the coefficient of variation is about 0.2%, it is not too stretchy to say that
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Table 9. The gray level of total allocations of HSAGA (total economic impact).
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allocation pJP, . works well even if we do not know the efficacy of the vaccine.
For the objective to minimizing total economical impact, we simply allocate
more vaccine to junior high school and high school students and allocate
the rest of stockpile equally to elementary school students and young adults,
pib . = (0,450000, 800000, 800000, 450000, 0, 0) is the result. For pi2 .. the error
is less than 1.63%, although it is much higher than 0.2%, but still a good enough
under the uncertainty of vaccine efficacy (compare with Table8).
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Table 10. Impact of vaccine efficacy.

e Total infected cases Total economic impact
sura(pel,.) | Difference | error(%) | sura2(ph,,) Difference | error(%)

0.9,0.9 14,900,564 | —668 —0.014 9,5697,357,275 | 136,761,915 | 1.446
0.9,0.5 5222468 | 14,341 | 0.275 9,962,001,314 | 23,661,858 | 0.238
0.9,0.1 5,509,732 | 2,558 0.046 10,346,550,571 | 122,295,151 | 1.196
0.5,0.9 5,006,845 |0 0.000 9,842,475,757 | 157,835,300 | 1.630
0.5,0.5| 5,844,413 | —223 —0.004 |11,071,276,794 | 51,431,475 0.467
0.5,0.116,674,396 | 13,358 0.201 12,116,240,881 | 126,359,323 | 1.054
0.1,0.9 5,097,761 | —4,681 —0.092 |10,003,117,556 | 95,050,702 | 0.959
0.1,0.5]6,618,829 | 2,231 0.034 12,268,792,069 | 28,952,661 | 0.237
0.1,0.1 7,862,525 | 10,938 0.139 13,894,648,482 | 47,907,416 | 0.346

4 Conclusion and Discussion

Our results confirm the finding of previous studies that school children should be
vaccinated with high priority no matter in term of the number of total infected
cases or economical impact. We discover that a good allocation for one spe-
cific vaccine efficacy setting works well for other settings as well. Although the
preliminary results are promising, a thorough study with parameters such as
transmission probability as well as household structures is necessary before a
definite conclusion can be drawn. We also notice that certain pair of age groups
has stronger interaction, that is their collective protection is much stronger than
the sum of individual protections. We suspect that the connection patterns of the
underlying contact network implicitly defined in the simulation play an impor-
tant role.

We propose to use surrogate-based evolution computation to search the vast
scenarios of agent-based stochastic disease spreading simulation. Our surrogate
construction scheme works for both effective measurements. The average of error
of two variable surrogate is less than 0.3%, when the objective is to reduce the
total number of infected case; it is less than 0.5% with total economical impact
as the objective.

We note that certain age group combination has stronger interaction, that is
their collective protection is much stronger than the sum of individual protec-
tions. And we suspect the connection patterns of the underlying contact network
implicitly defined in the simulation play an important role.

One obvious future direction is to explore the vast landscape of scenarios with
various objective functions and constraints. For example, the vaccine available
date may vary, the infectiousness of the virus strand might vary, and other
mitigation strategies such as antiviral treatment and school closure might vary.
The objective function can vary too.
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Currently, we construct our surrogate using only the output of the simulation
results. However, the intrinsic structure used by the simulation program might
be useful information to construct more efficient and higher fidelity surrogate.
Moreover, mathematical diseases modes might provide important insight for this
direction.

Finally, we envision that an autonomous software searches through the huge
scenario space with the help of surrogate function and adaptively executes sim-
ulation program to revise the surrogate function to produce higher fidelity sur-
rogate and better search results.
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Abstract. The goal of the study is presenting a population submodel developed
using the system dynamics (SD) approach and discussing solutions for the
integration of the SD methodology with discrete time control in formulating
long-term projections for population evolution and its influence on healthcare
demand. This study relies on historical demographic data and officially for-
mulated scenarios for the most likely population projections for the Wroctaw
Region. The historical parameters are applied from 2002 to 2014, and projected
trends are adopted for 2015 to 2035. The preliminary findings confirm the
validity of using the hybrid simulation approach for a more advanced explo-
ration of demography-dependent health policy issues.

Keywords: System dynamics - Discrete simulation - Demography - Age
pyramid - Healthcare demand

1 Introduction

Economic studies typically depend on extended demographic forecasts, and population
projections are an essential and imperative input for a range of such analyses. Credible
estimations on the size and structure of future population directly affect the correct
examination of long-term macroeconomic performances and behaviours. Therefore,
economic analyses that consider the effects of population dynamics usually take into
account demographic forecasts. For example, the impact of population aging on eco-
nomic growth and the macro-economy in general is one of the most common issues to
be researched in economics [1]. As such, the number of elderly citizens and the share of
insured employees among the entire adult population influences the financial sustain-
ability of the social security system [2]. Moreover, on-going changes in the structure of
local populations affect urban development and land use [3]. Health policy models use
population projections as important key inputs, equally essential to epidemic data [4].

The most common approach to incorporating population forecasts in economic
studies is based on using census data and moderate demographic scenarios developed
and published by national statistical units or global organizations such as the World
Bank or the United Nations. Another popular solution for predicting population
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changes is to utilize a stochastic forecasting method. For example, time series mod-
elling techniques are frequently applied when estimating basic demographic parameters
such as fertility, mortality, and migration rates [5]. In particular, short-term fluctuations
in vital statistics are adequately modelled with this well-developed methodology. As
such, Lassila et al. [6] proposed the original method of stochastic forecasting with
revisions of demographic forecasts. The primary concept of their approach is that each
update in the official population projection alters people’s perception of the future.

Another approach that successfully addresses the age-structured demographics in
many real-life systems is simulation modelling. Assuming that basic demographic
measures, such as fertility, mortality, and migration, may be considered as descriptive
parameters of stochastic processes, the stochastic simulation may be applied to analyse
aspects on demographic uncertainty. First, the predictive distributions of future popu-
lation are formulated and, utilizing Monte Carlo (MC) methods, the output estimations
of population structures are obtained [2]. The MC approach may also be supported with
micro-simulations [7] that enable to model individual behaviour. The MC processes are
then used to convert global probabilities into characteristics of individual behaviour.

Another well-known simulation methodology offers an alternative perspective on
demographic phenomena. The system dynamics (SD) approach proved to be useful in
policy formulation and for addressing the dynamic complexity of a system [8]. For
example, Barber and Lopez-Valcarcel [9] used an SD submodel to simulate demo-
graphic changes towards forecasting the demand for medical specialties. Masnick and
McDonnel [10] used the SD approach to link groups of individuals with health con-
ditions to clinical workloads.

The aforementioned simulation approaches differ significantly. An MC model
simulates a range of potential scenarios, each with an assigned probability of occurrence,
and produces forecasts, usually in the form of relevant means, probabilities, and a
dispersion of results around an expected value. The SD is a deterministic approach,
particularly helpful when the goal of a study is to formalize a mental model of a complex
phenomenon. It also helps explore the relationship between a system’s structure and its
behaviour after minor or major changes. Typically, SD models are not created to yield
exact quantitative predictions, but are intended to explore multiple policy options. These
models may enable a better understanding of the performance of large and complex
systems, allowing for both qualitative and quantitative problem analyses.

The overall goal of our project is to develop a methodology that would enable the
prediction of the future demand volume and intensity for healthcare services. Conse-
quently, we aim at the development of a hybrid simulation model that would allow
alignment of demographic forecasts with health policy models. To this effect, we
combine the discrete-event simulation (DES) approach, the most often used technique in
the field of healthcare management [11, 12], with an SD paradigm and build a hybrid
simulation model. This would enable us to preserve the unique and valuable features of
the DES approach with the possibility of holistically analysing the problem according to
SD methodology. In this study, we focus on presenting the SD population submodel
driven by the separate discrete engine that controls the frequency of near continuous
computation and shifts the members of a population between successive age cohorts.
The hybrid model performs time-step simulations that replicate population evolution
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according to the continuous SD paradigm, while the simulated demographic changes
directly influence the DES submodel that generates the discrete demand for healthcare
services.

The input parameters describing the population are calculated based on historical
and forecasted rates of primary demographic parameters, retrieved from various
databases and official projections published by the Polish Central Statistical Office
(CSO) [13]. The output of the simulation is represented by the total number of indi-
viduals in every age/gender cohort. The model enables us to distinguish each individual
in every cohort group. The movement of individuals with health conditions are
recorded after the patient is first registered in the healthcare system. The model samples
the attributes from empirical distributions, and adjusts and assigns them individually to
each patient.

In our research, we expect to verify the credibility of the approach based on the SD
method, developed by Forrester [14] and extended by a modification of time step in the
population module in response to feedback from the discrete module.

2 Healthcare Simulation

According to many authors, simulation plays an important role in healthcare decision
making [15]. This commonly used decision support technique allows health policy
makers to examine short- and long-term effects of planning processes and determine
the implications of prevention and treatment procedures at regional and national levels.
Overall, simulation modelling helps analyse the current work of healthcare service
providers. Studies typically concentrate on the unit providing healthcare services, such
as hospitals, operating theatres, outpatient departments, emergency units, or diagnostic
centres [16, 17]. Models for simulating epidemics are designed to predict the dynamic
rate and spread of infectious diseases, and analyse the direct and indirect causes of the
intensification of civilizational diseases (e.g. dementia, diabetes, cardiovascular dis-
eases) [18, 19]. As such, simulations are used to forecast long-term population needs
and determine the resources needed to cover the expected demand [20, 21]. Simulation
methods are helpful when evaluating the plans for rescue activities in extreme situa-
tions, such as natural disasters, traffic problems, industrial incidents, and terrorist or
bioterrorist attacks [22, 23]. Simulation is also a popular educational tool and a widely
applied approach in a range of research studies.

Many applications of simulation in healthcare have been demonstrated in past
decades. However, a universal, conclusive procedure for matching the most suitable
simulation technique to a specific problem has not been hitherto elaborated. According
to many authors, the DES approach is the most popular technique in the field of
healthcare management [11, 12]. However, within the area of health policy and fore-
casting, when research aims at establishing long-term predictions for health service
demand, the SD approach is also a frequently selected method. Health policy studies are
usually strongly associated with the structure of the population and its dynamics on a
local, regional, or national level. The intensity and diversity of population needs
strongly depend on age-gender cohorts that, in turn, change according to constantly
observed variations in such demographic parameters, such as the average expected
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length of life, birth and death rates, and fluctuations in migration parameters [4]. The
amount of time that passes from the moment a diagnosis is formulated further influences
the level and structure of healthcare needs for patients with diagnosed diseases [24].

According to [25], when using the SD approach, we gain a systematic view of
patient movements and a more strategic perspective of system behaviour, although we
lose the ability to include uncertain factors that are prominent in healthcare systems.
Additionally, patient-oriented issues are considered as aggregate, instead of individual
level.

In this study, we used the well-established methodology of SD modelling to capture
overall population evolution. However, in order to be able to maintain the uncertain
character of system behaviour, we modified the approach to allow for the use of
age-gender cohorts simulated by the SD submodel as to generate discrete demand for
healthcare services.

3 Input Data

The study was conducted in the two subregions of Lower Silesia, the fourth largest
region in Poland. These two subregions, named the Wroctaw Region (WR), after the
capital of Lower Silesia (Wroctaw), and eight other administrative districts situated
nearby the capital, are the subject of our analysis.

According to the CSO [13], total WR population has been increasing annually since
1995 (Table 1, Fig. 1) for both genders. Between 1995 and 2014, the male population
increased by 3.18% and the female population by 4.87%. This growth is a result of the
aging trend.

Table 1. Structure of the WR population according to age-gender groups from 1995 to 2014.

11995 2000 2005 2010 | 2014
Total number of females (F) and males (M)
F | 604848 | 604226 | 608160 | 622112 | 633074
M | 561852 | 557928 | 558057 | 570442 | 579707
Children aged 0-4 as % of total number of
females/males
F |[505% |4.19% |3.87% |5.03% |4.82%
M|572% |479% |4.45% |5.74% |5.62%
Children aged 5-19 as % of total number of
females/males
F |21.72% | 19.60% | 15.70% | 13.21% | 12.88%
M |23.38% |21.23% | 17.11% | 14.40% | 14.06%
People aged 60+ as % of total number of
females/males
F |19.16% | 20.40% | 20.79% | 23.38% | 26.17%
M | 13.57% | 14.05% | 14.19% | 16.84% | 19.52%

Source: [13]
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Fig. 1. Comparison of age pyramids of the WR population using historical data from 1995 (dark
colour) and 2014 (light colour). The lengths of the horizontal bars correspond to cohort size. The
largest cohorts are displayed at the bottom of the graph (Source: [26]).

From among the two edge groups, the youngest population in relation to the total
population decreases, while the oldest population expands. For example, the number of
adolescent cohorts (females and males between 5 and 19 years old) decreased by
37.93% (girls) and 38.37% (boys) between 1995 and 2014, while the number of senior
cohorts increased by 42.94% (females) and 48.40% (males) during the same period.

4 Model Description

We have applied the chronological ageing approach described by Eberlein et al. [27].
The outline of the first version of the model was presented in [28] and the extended
version was described in [26]. To better visualize the general concept, we present
population aging chains using SD notations (Fig. 2).

There are ten cohorts and ten state variables that define cohort population: five
female and five male cohorts. Each cohort represents a separate state variable described
by the stock level. The stocks accumulate dynamic objects that move through the
system. At each simulation time step, the stocks report the present quantitative status of
the individuals belonging to particular cohort. At each moment of passing simulation
time, the stocks report the present quantitative status of the individuals belonging to
particular cohort. In accordance with Krahl [29], we defined the internally generated
state-change events and linked them with state variables. The state variables change at
discrete times when their associated flow rates also change. The flows are used to model
the movement of individuals over a specified period of time. Input and output flows that
move to and from the particular stock are aggregated into one dynamic object that
controls the appropriate state variable. The resultant flow instantly increases or
decreases the number of individuals in the cohort. This eliminates rounding errors and
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Fig. 2. Population aging chains (Source: [26]).
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significantly improves accuracy of the simulation output. The initial population data
matches historical conditions in 2002 based on information published by the CSO [13].

The simulation begins in 2002 and runs through 2014 according to parameters
calculated on the basis of historical values extracted from statistical data bases for the
WR. Beyond 2014, the exogenous parameters are extrapolated based on the official
forecasts published by the CSO [30]. All input parameters are calculated separately for
female and male cohorts and for each calendar year, according to the simulation
horizon. The solid empirical grounds of our model increase the credibility of the
simulation.

4.1 Computer Model

The ExtendSim [29] environment was chosen to construct the model due to the unique
capabilities of the software to link two simulation approaches in one construct. There
are two submodels that work simultaneously and exchange information on a regular
basis: the DES submodel, which was built using modules from the Item library, and the
SD submodel, developed from the blocks of the Value library. Both libraries are
available in the standard software package. The model uses a number of integrated
blocks defined according to the hierarchic approach.

The SD submodel represents the demographic dimension of the model, and sim-
ulates the dynamic changes in the WR population. The entire population is divided into
ten main integrated blocks representing ten age-gender cohorts (see Fig. 2). A crucial
role in the hierarchic SD blocks is played by the Holding Tanks—the elementary
blocks representing the stocks of the SD approach. The DES submodel represents the
healthcare aspects of the model, and generates patient arrivals to the healthcare system.
The DES submodel consists of the integrated block that simulates the prevalence of
needs-for service events. The two submodels are integrated and communicate with each
other: the SD simulates on-going changes in the WR population and the DES generates
the demand based on information passed from the age-gender cohorts. The additional
DES module helps control the passage of time in both submodels. Consequently, the
control of the SD objects is overtaken by the discrete blocks.

The built-in mechanism for database management is applied to enable storing all
input parameters and output simulation data in the external databases.

4.2 Cohorts 0—4

The youngest population is described by two cohorts, F 0—-4 and M 0-4 (Fig. 3),
separately for females and males. Both youngest cohorts are affected by two input and
three output flows. There is one primary and one additional input flow: births and
immigration, and one primary and two additional output flows: maturation, deaths, and
emigration.

The number of females of childbearing age (F 20-39 cohort) influences the primary
input flow (births) for both females and males. The initial values for fertility rates (from
2002 to 2014) are calculated based on data published by CSO [13]. Particularly, female
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Fig. 3. The youngest cohorts. X denotes F (female) or M (male).

fertility rates for each historical year are the result of dividing the total number of girls
aged 0—4 by the total number of females aged 20-39. Accordingly, male fertility rates
are calculated by dividing the total number of boys aged 0—4 by the total number of
females aged 20-39.

The primary output flow (maturation) describes the basic outflow of individuals
from the cohort. It is interpreted as the average residence time needed for a child to
leave the youngest cohort and enter the subsequent one (i.e. cohort 5-19). The values
of maturation time differ between every pair of cohorts. For example, it is five years
between F 0—4 and F 5-19, but 20 years between M 40-59 and M 60+. The immi-
gration and emigration input and output flows (migration) depend on migration rates
for young children (ages 0—4) moving to and from the WR and the total number in the
youngest cohort. The rates are calculated separately for boys and girls. The deaths
output flow is driven by death rates, calculated based on the number of recorded deaths
among the youngest WR population and the total number of children aged 0—4 living in
WR, separately for females and males.

The input parameters for 20022014 are calculated on the basis of historical values,
extracted from statistical databases for the WR. Beginning in 2015, the hypothetical
values of female and male fertility rates, migration rates, and death rates are adopted
according to different scenarios for population projections [30]. This is further
described in Subsect. 7.1.

4.3 Cohorts 5-19, 20-39, and 40-59

The series of middle cohorts, 5-19, 20-39, and 40-59, describes the WR population
older than four and younger than 60, separately for females and males. The cohorts are
affected by three input and two output flows, defined similarly to those of the youngest
cohort 0—4 (Fig. 4). The main difference is in the primary input flow, where maturation
from the previous cohort is used instead of birth input flow.
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Fig. 4. The youngest cohort. X denotes F (female) or M (male); the meaning of the symbols is
as follows: al—a2 is the previous cohort (e.g. 0-4), b1-b2 is the current cohort (e.g. 5-19), c1-c2
is the subsequent cohort (e.g. 20-39), xa is the maturation time from the previous cohort to the
current cohort (e.g. 5 years from the cohort 0—4 to 5-9), and xb is the maturation time from the
current cohort to the subsequent cohort (e.g. 15 years from the cohort 5-19 to 20-39).

4.4 Cohort 60+

The last two cohorts, F 60+ and M 60+, describe the oldest population, separately for
females and males (Fig. 5). The oldest cohorts are influenced by two input and two and
output flows: maturation from the previous cohort, migration (immigration and emi-
gration), and deaths. The flows are defined similarly to those of the youngest cohort 0—4,
except for the last one. The primary output flows (deaths) use the average life expec-
tancy parameters for female(s)/male(s) at the age of 60, instead of the death rates.
Historical values of these parameters (from 2002 to 2014) are estimated based on data
published by the CSO [13]. From 2015, the hypothetical values of female and male
average life expectancy are adopted according to different scenarios of population
projections, as published in [30]. This is further described in Subsect. 7.1.

maturation to X 60 + deaths X 60 +
"

life expectancy
X 60+

migration X 60 +

migration rate X
60 +

J

Fig. 5. The oldest cohort. X denotes F (female) or M (male).
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4.5 SD-DES Time Mechanism

The unique feature of the SD modelling approach is that numerical calculations are
based on differential equations. This enables the continuous observation of the beha-
viour of the dynamic process and allows the simulation to be designed for a contin-
uously changing system. In demographic studies, however, it is more convenient to
capture key events, such as births and deaths, at discrete moments, thus making the
mixed technique of transferring elements from one cohort to another at certain
moments and registering on-going changes in population structure on a continuous
basis more appropriate.

We have implemented the time-step mechanism, which is designed with the
assumption that time passes according to small constant discrete values. The flow rates
change at discrete moments defined by the time step, and values of all input and output
flows are updated according to differential equations. The flows that are connected with
particular stocks are subsequently aggregated into one dynamic object. The resultant
flow instantly increases or decreases the number of individuals in the cohort, and the
new value of stock level is registered. This approach may be described as the sampling
procedure that reads the value of the stock level, updates this value based on infor-
mation from the resultant flow, and downloads the obtained values into separate
objects, that is, the holding tanks. The key feature of this approach is the ability to
memorize, for any simulation step, not only the number of people belonging to a
particular cohort, but also their individual attributes, such as age, sex or other attributes
assigned to the moving objects (patients).

This ability to preserve the attributes is an extremely valuable quality when
attempting to link the SD and DES approaches. As such, the values uploaded from the
holding tanks may be used to parameterize the inter-arrival time distributions that
describe the patient’s presentations to the healthcare system and create the demand for
healthcare services. The discrete objects (patients) generated from the random varieties
retain their previously acquired attributes and may enter the DES model without delay.

5 Blending Problem

One of the challenges to be solved when using the SD approach to model the
chronological aging of the population is the blending problem [27]. Using a series of
stocks to represent population, the level of the population in every cohort and the total
one will be smaller than expected if there are intermediate outflows that drain the
cohorts located in the middle of the chain. Eberlein et al. [27] proved that if this
drainage rate is uniform along the aging chain. However, the total population will not
change, and the number of individuals in the older cohorts will be smaller for smaller
sizes of the age groups. When the drainage rates are different for different age groups,
both total population and that in particular cohorts changes as cohort size changes.
The blending problem is particularly evident when the aging chain is defined for a
long-run horizon and for demographic studies. In our model, the cohort blending
problem is a troubling issue because every cohort in our aging chain is characterized by
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different internal time ranges (i.e. 5, 15, 20 years) and is drained by two intermediate
outflows (i.e. deaths and emigration).

To overcome the blending problem, we have applied an optimization algorithm.
We adjust maturation times so that the total population level and the number of
individuals in every cohort would be similar to the historical data extracted from
empirical files for 2002-2014.

5.1 Optimization Algorithm

Optimization, sometimes known as goal seeking, is a useful technique that helps
determine ideal values for input parameters. The model is run multiple times using
different values for selected input and the solution space is searched until an acceptable
solution set is found. The objective function, defined by the user, minimizes or max-
imizes the pre-defined output measure and, through the process of averaging the
samples and sorting the solutions, the best solution set of parameters is found. This set
is then used to search for slightly different but possibly better solutions. Every new set
of the potential best solution is called a generation. This evolutionary algorithm con-
tinues to look for new generations until the probability of finding a better solution is
minimal. Subsequently, the process is terminated and the model is populated with the
best solutions found during optimization.

The entire procedure comprises ten steps, as presented in Table 2. The sequence of
the successive steps is arbitrary and another scheme would probably give other values
for the final maturation times.

Table 2. Steps of the optimization process. The search for the best maturation times.

Step | Pair of cohorts Tested range | Theoretical value Best solution
(years) (years) (years)

The search for the optimized maturation times between every pair of cohorts

No 1. |F0-4 and F 5-19 4-10 5 8.1

No 2. |F 5-19 and F 20-39 10-20 15 13

No 3. |F 20-39 and F 40-59 19-40 20 34

No 4. |F 40-59 and F 60+ 19-40 20 27

No 5. |[M 0-4 and M 5-19 4-10 5 7

No 6. |M 5-19 and M 20-39 | 10-20 15 12

No 7. |M 20-39 and M 40-59 |19-40 20 34

No 8. |M 40-59 and M 60+ 19-40 20 27

The search for the optimized coefficients to be multiplied by the length of life expectancy

No 9. |F 60+ 1-2 1 14

No 10. | M 60+ 1-2 1 1.2

We have applied the built-in ExtendSim Optimizer to minimize the mean per-
centage errors and mean absolute percentage errors (MAPE), as calculated between the
historical values extracted from CSO databases [13] and the values obtained during the
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simulation process. The differences were calculated every 1/100 years and subse-
quently integrated. This adopted configuration of optimization experiments is suitable,
according to ExtendSim recommendations, for deterministic problems. We searched
for the best maturation times between every pair of cohorts and the best lengths of life
expectancy. For maturation times, we were looking for the best values given in years
and for life expectancy for the coefficients to be multiplied by the historical value of the
parameter.

5.2 Simulation: Optimization Results

The results of the optimization confirm the necessity of calibrating the maturation
times. Figure 6 presents the MAPEs values, calculated between historical and simu-
lation data describing the total WR population for when the model was loaded with the
theoretical maturation times. Figure 7 shows MAPEs values calculated between his-
torical and simulation data describing the total WR population, after the maturation
times were modified according to the new values from the optimization experiment.

7,00%
6,00% -
5,00% -
4,00% -
3,00% -
2,00% -
1,00% -|

0,00% +— S NS
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

— Male Female

Fig. 6. MAPEs for female and male population between historical and simulation data.
Maturation times and life expectancy are equal to the theoretical values.

The simulation experiment performed on the theoretical values of maturation times
ended in 2014, with the MAPE values equal to 6.32% for male population and 5.85%
for female population, as per Fig. 6. The experiment performed on the optimized
maturation parameters produced much smaller MAPE values, equal to 1.99% for male
population and 0.43% for female population, as per Fig. 7.
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Fig. 7. MAPEs for female and male population between historical and simulation data.
Maturation times and life expectancy are defined through the optimization process.

6 Model Testing and Calibration

The goal of the population submodel is to track the evolution of the WR population
using aging chain cohorts. The model is run multiple times, and the primary function is
to minimize the total differences between the number of males and females in particular
cohorts. The output measures are the number of individuals in every cohort, as reg-
istered during the simulation at the end of the calendar year and the total population, for
males and females respectively.

The simulation begins in 2002 and is run for 2002-2014 using historical param-
eters. This determines that the validation period starts in 2002 and ends in 2014.
Figure 8 presents two age pyramids for 2014. The dark-coloured pyramid represents
the distribution of the WR population based on historical data published by the CSO
[13]. The light-coloured pyramid represents the simulation data.

Although there are differences in consecutive age cohorts between historical and
simulation data when comparing the total number of individuals belonging to each
cohort, the difference that relates to the total population is very small. The MAPEs
calculated for the entire WR population in the particular years indicate that the sim-
ulation model provides, on average, acceptable results for the estimation of the WR
population (Table 3). For particular age cohorts, in 2014, the MAPEs range from
0.18% to 12.73% (male population) and from 0.01% to 21.30% (female population).

The results demonstrate the usefulness of the SD approach in capturing the pop-
ulation evolution. It is not surprising that the differences between historical and sim-
ulation data begin to diverge (Fig. 7) only after a certain lapse of simulation time.
Cohort blending is a slow process and, over a relatively short period of time, would be
of only limited significance for slowly changing populations. However, it manifests
more intensively as the time of simulation experiment increases.
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Fig. 8. Comparison of the pyramids of the WR population built from historical (dark colour)
and simulation (light colour) data (Source: [26]).

Table 3. MAPEs calculated between historical and simulation data for total WR population in
particular years.

Year | Male | Female
2002 | 0.16% | 0.03%
2003 | 0.25% | 0.10%
2004 | 0.33% | 0.02%
2005 | 0.33% | 0.02%
2006 | 0.50% | 0.02%
2007 | 0.44% | 0.05%
2008 | 0.48% | 0.09%
2009 | 0.44% | 0.20%
2010| 1.61% | 0.36%
2011 | 1.74% | 0.39%
2012 | 1.69% | 0.34%
2013 | 1.77% | 0.34%
2014 | 1.99% | 0.43%
(Source: [26])

7 Simulation Experiments

From among a range of probable scenarios of projection assumptions for population
dynamics, as discussed by the Polish Government Population Council in 2014 [30],
four scenarios were considered to be the most likely, but only one scenario was
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officially recognized and published by the CSO. This scenario was adopted in our
studies. We assumed that the development of the WR population will be affected by the
demographic trends described in the official forecasts published by the CSO for 2014-
2050. Below, we present the results of the simulation.

7.1 Simulation Scenario

The simulation begins in 2002 and runs through 2014 according to parameters calcu-
lated on the basis of historical values. However, maturation times and life expectancies
were adjusted based on the output of the optimization algorithm. The following
assumptions were included in the model for running the simulation beyond 2015.

o Fertility rates. It is assumed that fertility rates will incur a slight decline during the
subsequent few years and, then, a gradual increase will be observed. By 2035, the
increase in fertility rates values is expected to be approximately 14.7% (males) and
16.7% (females), as compared to 2014.

e Death rates. The death rates will constantly grow from 2015 to 2035 for all age
groups, except for middle-aged cohorts (M 40-59 and F 40-59). For these cohorts,
a slight decrease of death rates will first be observed. However, beyond 2030, the
parameters will start to increase.

e Life expectancy. The difference between Poland and European countries will
remain at a similar level during the next 20 years. This indicates that, in the year
2035, a woman aged 60 will live on average 27.75 years and a man 24.27 more
years (24.39 years and 19.49 years in 2014, respectively).

e The difference between international and internal net migrations will decrease to
almost zero. However, the total number of immigrants and emigrants will decrease
by approximately 20%.

7.2 Simulation Results and Discussion

The simulation revealed many important demographic trends in the WR population, as
per Fig. 9, and confirmed that the dominant trend for the WR, that is, population aging,
is an irreversible phenomenon. The old-age rate, namely, the number of the oldest
cohorts among the entire population, will increase from 22.99% in 2014 to 25.46% in
2035. The median age of population, that is, the age that half of the population has not
yet reached and the other half has already lived, will, in 2035, be approximately 50
years. The next observation confirms another important trend related to the gender
structure of the population. Simulation results show that female subpopulation will
exceed the male subpopulation by more than 13%. The last observation demonstrates
that, although the number of teenagers in 2035 will decrease, the total number of
children 0-18 years old will be comparable to 2014.
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Fig. 9. Comparison of the age pyramids of the WR population built from the 2014 simulation

(dark colour) and 2035 simulation (light colour) data (Source: [26]).

7.3 Future Work

This section indicates the direction of the next phase of the research, according to the
goal of the project and resulting from the conclusions of this study. In the hybrid
model, the states of the age-gender cohorts, as recorded continuously during the
simulation in the SD module, will be directed to the DES module to generate the
demand for healthcare services. Figures 10 and 11 present the preliminary findings for

the F 60+ cohort.
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Fig. 10. Daily weekly trend of arrivals/day sampled from the F 60 + cohort (Source: [26]).
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Fig. 11. Weekly trend of arrivals/day sampled from the F 60+ cohort (Source: [26]).

The stock level representing the total number of the F60+ population (the upper line)
from 2014 to 2016 is converted to the flow of patients arriving to the healthcare system
(the bottom line). The indistinguishable set of individuals was modelled by the discrete
volume of needs-for-service expressed by females aged 60+ inhabiting the WR. The
results of the simulation demonstrate the integration of two opposite perspectives: the
projection of long-term population evolution based on aggregated data (the upper line)
and the discrete input flow of individuals arriving to the healthcare system (the bottom
line). The added value of this approach is the flexibility in the modelling of the arrival
process. Figures 10 and 11 present the number of patients F60+ arriving to health units.
Figure 10 was created based on daily sampling and Fig. 11 based on weekly sampling.

8 Conclusions

Demographic trends have a significant and stable effect on healthcare demand. The
demand for healthcare services is strongly driven by uncertain factors, and some of
these factors are closely related to on-going changes in age-gender population profiles.
As such, valid forecasts may facilitate long-term planning strategies by health policy
decision makers and enable health funds to accurately plan the future supply of ser-
vices. This, in turn, might improve the equity of access to health services across the
region and adjust the future regional budget to the changing needs of slowly but
constantly evolving age-gender cohorts.

Because of the increasingly complex nature of problems faced when attempting to
model healthcare systems, novel solutions are required. This research builds upon
previous studies on using hybrid simulation to support healthcare decision making. We
demonstrated the need of integrating the SD and DES methodologies to efficiently
perform projections of population dynamics and forecast demand for healthcare ser-
vices. SD is a well-known and often applied simulation technique to model demo-
graphic changes. The unique advantage of the SD model is its ability to capture the
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dynamically evolving volatility of the human population. The drawback of this
approach is that it produces perfectly mixed age/gender groups with indistinguishable
individuals. This means that for individuals belonging to a particular cohort, the
chances of becoming ill or dye are not related to their age. Moreover, the discrete event
simulation easily captures individual choices made by patients. Individual attributes,
such as age, place of residence, type of injury, and requested services, influence
patients’ decisions and consequently determine the utilization of healthcare resources.

Our goal was to construct a hybrid simulation model that would allow the linkage
of demographic forecasts with a discrete model to predict future demand for healthcare
services. In this study, we focused on the SD population submodel. The results
demonstrate the usefulness of the approach in capturing the population evolution. The
sampling procedure that reads and records values of stock levels enabled us to mem-
orize individual attributes acquired by members of the population during their lifetimes.
The results of the simulation experiments provide valuable insights into the dynamics
of regional demographic trends and offer a well-defined starting point for future
research in the health policy field.

The discussion presented in this paper is a first step toward more comprehensive
studies, and potential research directions are as follows. The aging chain population
model needs more extensive refinement and testing. Although the optimization algo-
rithm ensured the correct simulation of the total population, the sizes of particular
cohorts require additional calibration. The limitation of the model is that it assumes a
given and stable level of the morbidity trend per age group and the absence of tech-
nological progress effect. We would also like to extend the model with some
external/indirect incentives, such as economic growth, development of education or
transportation infrastructure, and influence of the national pro-demography programme
recently started by the Polish Government. The so-called family 500+ programme
supports families having at least two children by granting monetary educational ben-
efits. The programme is intended to increase fertility rates.

In addition, numerous technical problems need to be solved to better integrate the
two modules driven by different simulation paradigms. For example, the single sim-
ulation run lasts around 25 min. This length of time is unacceptable when running a
stochastic simulation that requires a number of independent replications.
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Abstract. Since project price is determined before the start of a project, project
cost estimation is a critical work for the EPC (Engineering-Procurement-
Construction) contractor in accepting profitable projects in competitive bidding
situations. The contractor should devote significant time and resources to
accurate cost estimation of project orders from clients. However, it is impossible
for any contractor to devote significant time and resources to all the orders
because such resources are usually limited. For this reason, the contractor must
dynamically decide bid or no-bid on the orders at each order arrival, and allocate
the limited resources to the chosen orders. In this paper, we develop a simulation
model of the project cost estimation process by reference to a generic model of
dynamic scheduling for the state-dependent work. Then we devise a simulation-
based method for dynamic scheduling in the project cost estimation process by
using the model to maximize the contractor’s profits. The method dynamically
selects orders and allocates the limited resources to them, on the basis of the
contractor’s resource utilization, and the expected profit from the order. The
effectiveness of our method is demonstrated through simulation experiments.

Keywords: Competitive bidding - Discrete event simulation - Project
management - Project selection - Resource allocation

1 Introduction

Project cost estimation is a critical work for the contractor in accepting profitable EPC
(Engineering-Procurement-Construction) projects in competitive bidding situations.
In EPC projects, the contractor delivers unique facilities, such as process plants,
structures, information systems, and so on, based on the client’s requirements for a
limited period of time under a lump sum turnkey basis [1]. Since any EPC project
includes unique and non-repetitive activities, many uncertainties exist in the project
execution process. Furthermore, since the project price is fixed before the start of the
project, the contractor often faces eventual loss in EPC projects. Thus, any contractor
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who seeks to increase profits and reduce the possibility of realizing a loss, i.e., deficit
risk, due to cost estimation error, should precisely estimate the project cost in order to
determine the bidding price [2].

Since the quality and quantity of the data available for cost estimation determine the
accuracy of estimated cost, a large amount of high-quality data is required to improve
accuracy. In process plant engineering, for example, AACE International [3] has
studied the data and methods that are required to attain the target accuracy of project
cost estimation. In fact, various cost estimation methods, such as parametric, analogy,
and engineering, are used in practice [4]; however, in any method, higher accuracy
needs more data and, accordingly, requires more engineering Man-Hours (hereafter
referred to as MH) to acquire and analyze the data for cost estimation.

Thus, experienced and skilled human resources who can acquire data and create
project plans are required for accurate cost estimation. However, those resources are
limited for any contractor; furthermore, once the orders are successfully accepted, the
corresponding project execution will also need considerable human resources. For
these reasons, the contractor should realize appropriate allocation of MH for cost
estimation to each order to maximize the total expected profit under the constraint of
total MH [2]. The contractor should also consider the deficit risk, due to cost estimation
error. This is because just a few deficit orders, which produce an eventual loss due to
cost estimation error, would result in a significant reduction of contractor’s profits
when the number of accepted orders is small.

This paper examines the cost estimation process of EPC projects in dynamic order
arrival situations. Then, we develop a simulation-based method that dynamically
selects orders and allocates MH for cost estimation to each selected order to maximize
the expected profits. For this purpose, we begin by building a simulation model of the
cost estimation process with reference to a generic model of the dynamic scheduling for
the state-dependent work and previous studies by Ishii et al. [5, 6]. In the state-
dependent work, work process, resources and time can be changed according to the
work situation. Sales, research and development, software testing, education, and
training, and so on are the typical examples of the state-dependent work.

In our simulation model, the cost estimation process is divided into four activities,
i.e., order selection, Class 4 estimate, Class 3 estimate, and Class 2 estimate, based on
the AACE cost estimate classification system [3] that indicates the methods, data, and
accuracy of cost estimation in each class. We next establish the order selection rules for
deciding bid or no-bid on arrived orders based on the threshold function of MH
utilization with respect to the expected profit of orders. This threshold function is
created through simulation experiments using our simulation model of the cost esti-
mation process. We finally analyze the effectiveness of our simulation-based method
through numerical examples.

2 Related Work

A variety of studies have been conducted on project cost estimation from the view-
points of competitive bidding, cost estimation accuracy, resource allocation, order
selection, and so on.
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For example, a number of researchers have conducted the studies on the competitive
bidding strategy [7] since Friedman [8] presented a method to determine an optimal
bidding price based on the distribution of the ratio of the bidding price to cost estimate.
However, little attention has been paid to profit volatility risk arising from cost esti-
mation error, which cannot be ignored in EPC projects. When, for instance, the number
of accepted orders is limited, the realized total profit from the projects might be sharply
lower than expected because the profit is significantly affected by a few deficit orders.
Accordingly, the accuracy of cost estimation should be considered in the EPC projects.

Oberlender and Trost [9] studied determinants of cost estimation accuracy and
developed a system for predicting accuracy. Bertisen and Davis [10] analyzed the costs
of 63 projects and evaluated the accuracy of estimated costs statistically. Jorgensen
et al. [11] studied the relationship between project size and cost estimation accuracy.
Uzzafer [12] proposed a contingency estimation model in consideration of the distri-
bution of estimated cost and the risk of software projects to estimate contingency
resources.

In addition, Humphreys [13], Towler and Sinnott [14], and AACE International [3]
demonstrated the relationship in cost estimation accuracy and the method and data used
for cost estimation in the field of process plant engineering projects. Furthermore, they
suggested that cost estimation accuracy is positively correlated with the volume of MH
for cost estimation.

Regarding resource allocation, several papers have analyzed the problem of allo-
cating scarce resources in competitive bidding (see Rothkopf and Harstad [15] for
detailed references). Among them, Kortanek et al. [16] considered sequential bidding
models where the obtained contracts require the use of restricted resources, such as
production capacity, at the time of actual production. In addition, several studies that
focus on the volume of MH for cost estimation and cost estimation accuracy have been
conducted. For example, Ishii et al. [17, 18] developed an algorithm that determines the
bidding prices under limited MH for cost estimation. Their algorithm allocates MH to
the orders so as to maximize expected profits based on the cost estimation accuracy
determined by allocated MH. In addition, Takano et al. [19] developed a stochastic
dynamic programming model for establishing an optimal sequential bidding strategy in
a competitive bidding situation. Their model determines the optimal markup in con-
sideration of the effect of inaccurate cost estimates. Furthermore, Takano et al. [20]
developed a multi-period resource allocation method for estimating project costs in a
sequential competitive bidding situation. Their method allocates resources for cost
estimation by solving a mixed integer programming problem that is formulated by
making a piecewise liner approximation of the expected profit functions.

Regarding the order selection in the cost estimation process, Shafahi and Haghani [21]
propose an optimization model that combines project selection decisions and markup
selection decisions in consideration of eminence and previous works as the non-monetary
evaluation criterion used by owners for evaluating bids.

Based on the above literature review, we can say that most studies have paid little
attention to the project cost estimation process in practical situations. More specifically,
the contractor needs to allocate MH for cost estimation dynamically to each arrived
orders with different attributes in practice. To the best of our knowledge, however,
none of the existing studies except Ishii et al. [5, 6] have investigated the project cost
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estimation process in dynamic order arrival situations. In light of these facts, this paper
develops a simulation-based dynamic scheduling method for selecting orders and
determining MH allocation dynamically in consideration of the contractor’s available
MH and the orders’ profitability.

3 A Generic Scheduling Problem in State-Dependent Work

In general, scheduling is a decision problem that develops a plan with reference to the
sequence of required works and time allocated for each item or activity necessary to
complete them under the constraints of process conditions, the amount of resources,
and so on. The goal of scheduling is to optimize one or more objectives, such as cost,
makespan, and so on. Although there are many scheduling problems in practice, the
production scheduling problems [22, 23] have been well studied. The production
scheduling problem is divided into several categories, based on the production system,
characteristics of data used, assumption of order arrivals, and so on. For example, in the
typical scheduling research, the scheduling problem has been addressed as static
scheduling problems and dynamic scheduling problems. The static problem consists of
a pre-defined set of orders. In contrast, the dynamic problem deals with continuously
arriving orders. However, in any case, the deliverables are predetermined, and orders
are scheduled so as to minimize the makespan or cost in the production scheduling. No
valuable deliverables can be obtained if the activities are eventually terminated in the
mid-process of the schedule.

In contrast, the project cost estimation process is classified as state-dependent work
that creates non-physical products, unlike the case of production. In the state-dependent
work, the work process, resources and time, and therefore the value of deliverables
from the work, can be changed according to the work situation. Sales, software testing,
research and development, education, and training, and so on are the typical examples
of state-dependent work.

The state-dependent work has the following characteristics,

Work activities can be terminated in the mid-process,
Deliverables gained through the work have some value according to the amount of
resources and time invested, no matter which work activities are terminated in the
mid-process,

e The value of the deliverables is evaluated based on the state when the work was
terminated or completed.

The project cost estimation process creates design documents, project cost,
schedule, etc., which have some value according to the amount of MH used if the
estimation activities are not completed. Accordingly, we can state that the project cost
estimation process has the above characteristics, and thus it can be classified as
state-dependent work.

Since the above characteristics are different from those of the ordinary production
process from the viewpoints of the scheduling problem as shown in Table 1, different
approaches should be taken in the scheduling of state-dependent work.



A Simulation-Based Dynamic Scheduling Method 265

Table 1. Scheduling problems in state-dependent work and production process.

State-dependent work Production

Evaluation Expected profits, Amount of accepted orders, Cost, Makespan
Customer satisfaction, etc.

Process Can change or skip by condition Cannot change. Entire
process must be completed

Value of Vary according to resource used Not vary

deliverables

3.1 A Generic Model of Dynamic Scheduling for State-Dependent Work

Based on the characteristics of the state-dependent work, we developed a generic
model of dynamic scheduling for the state-dependent work as shown in Fig. 1 [24].
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Fig. 1. Generic model of dynamic scheduling for state-dependent work.

In the model, we suppose that the work can be divided into N classes of activities,
i.e., Class NV, Class N — 1, ..., and Class 1 activity, and are carried out from Class N to
Class 1, sequentially. Jobs arrive randomly and are first filed in the queue for the Class
N activity and wait to be assigned resources to carry out the Class N activity by the
mechanism of resource management. If any resource is not assigned to the job by the
due date, then no activity is carried out due to lack of resources. If the resources are
assigned to the job, the activity is performed by creating the value of the Class N ac-
tivity. The job is then filed in the queue of the Class N — 1 activity and waits for
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resource assignment for the Class N — 1 activity. If the resources are not further
assigned to the job by the due date, the deliverables are evaluated based on the results
by the activity of Class N. By contrast, if the resources are assigned to the job waiting
in the queue of the Class N — 1 activity, the activity is done, and then filed in the queue
of the Class N — 2 activity. In our model, the same decision is made for the jobs in the
queue of each class until they complete the Class 1 activity or terminate the work on the
way to Class 1 activity.

The value of the deliverables in the state-dependent work gradually improves
through the activities in each class because the scope of the activity is wider and more
detailed according to the progress of activities. However, the work can be terminated
on the way to Class 1 activity; in such a case, the value of deliverables created through
the work is determined by the final class carried out. Then, the deliverables are eval-
uated, and the goals of the project cost estimation process are modified according to the
work results.

In addition, the generic model of dynamic scheduling in the state-dependent work
shown in Fig. 1 assumes to manage works with a three-layer management structure as
follows:

e 1° Layer (Resource management): allocates resources required to carry out the
activities of the job waiting in a queue file within the available resource,

e 2" Layer (Job management): decides whether to decline the activities on the newly
arrived job based on the goals set in goal management,

e 3™ Layer (Goal management): sets and changes goals in an appropriate time based
on the results of state-dependent work.

3.2 Scheduling Method

A variety of methods have been developed for scheduling systems in both academia
and industry. In this paper, we use the simulation-based method, which can adapt to the
dynamic job arrival situation in the state-dependent work.

Figure 2 shows the basic structure of the simulation-based dynamic scheduling
consisting of three modules, i.e. simulation, evaluation, rule management [24]. By
using the model of dynamic scheduling, the simulation module simulates the
state-dependent work under several scenarios, including job arrival conditions, simu-
lation rules, and operating conditions of the actual work environments, such as resource
conditions, and current working jobs. The results of simulations are evaluated in the
evaluation module, then the simulation rules are modified by the rule management
module, if necessary. The simulation-based method searches the best simulation rules
throughout the mechanism. Then, the simulation rules that perform best under the
simulation environments are used for controlling jobs in the actual work environments.
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Fig. 2. Basic structure of simulation-based dynamic scheduling.

4 A Model of Project Cost Estimation Process

As is the case with the state-dependent work, the project cost estimation process can be
divided into a series of activities that starts with the arrival of bid invitations and closes
by the date of bidding, i.e. due date. A variety of orders arrive, and the cost of projects
is estimated through the project cost estimation process. We decide the accuracy of cost
estimation by allocating MH to the cost estimation activities of newly arrived orders in
consideration of the MH availability, expected profits, competitive bidding situations,
and so on. When the available MH is not enough to estimate cost accurately, we must
allocate less MH, thereby reducing expected profit due to inaccurate cost estimation or
no-bid on the order.

Based on the above observations, we propose a model of the project cost estimation
process as shown in Fig. 3 [5, 6] by reference to the generic model for dynamic
scheduling in the state-dependent work. In the model, we assume that the cost is
estimated through three classes: Class 4, Class 3, and Class 2 estimate. Each class
needs MH and a period of time for cost estimation, and the accuracy of estimated cost
increases through the cost estimation activities in each estimate class. The cost estimate
classification matrix [3] can be used to set the cost estimation accuracy in each class.

The model of the project cost estimation process shown in Fig. 3 assumes to
manage the cost estimation process based on a three-layer management structure,
which modifies the generic model as follows:

e 1° Layer (MH allocation): allocates required MH to the orders waiting for cost
estimation,
2" Layer (Order selection): decides whether to bid on the newly arrived order,
31 Layer (Goal setting): evaluates the results of bidding, and modifies goals, if
necessary.

In the model, the order selection module decides whether to bid on the newly
arrived order from the viewpoint of the volume of orders to be accepted, the expected
profits, MH availability for cost estimation, and so on. The selected order is first filed in
the queue for the Class 4 estimate and waits to be assigned the MH for cost estimation
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Fig. 3. Model of project cost estimation process.

by the mechanism of MH allocation for cost estimation. If any MH is not assigned to
the order by the bidding date, the contractor does not bid for it due to lack of MH.
If MH is assigned to the order, its project cost is estimated with the accuracy of the
Class 4 estimate. This order is then filed in the queue of the Class 3 estimate and waits
for MH assignment for the Class 3 estimate. If the MH is not further assigned to the
order by the bidding date, the contractor decides the bidding price based on the
accuracy of the Class 4 estimate. By contrast, if the MH is assigned to the order, it is
estimated with the accuracy of the Class 3 estimate, and then it is filed in the queue of
the Class 2 estimate. The same decision is made for the orders in the queue of the Class
2 estimate.

5 Simulation-Based Method

This section shows a simulation-based method for dynamic scheduling in the project
cost estimation process based on the scheduling method and the model of the project
cost estimation process described in Sects. 3 and 4, respectively. Our simulation-based
method is developed based on the following assumptions:

Assumptions:

1. Orders for cost estimation arrive randomly;

2. Expected profit, required MH and periods for cost estimation of each estimate class
are predetermined;

3. Probability of a successful bid of each order is predetermined.

Since EPC contractors can collect their own data on past projects and market
situations, assumptions 2 and 3 are appropriate.
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5.1 Order Selection Mechanism

The simulation-based method for dynamic scheduling uses two mechanisms, i.e. order
selection and MH allocation for cost estimation, to simulate the project cost estimation
process. The order selection mechanism selects orders for cost estimation based on
order selection rules. The MH allocation mechanism assigns the MH for cost estimation
to each selected order, so as to maximize the expected profits from orders.

Order Selection Method
The order selection method [6] is based on the financial evaluation criteria and consists
of the following two steps:

Step 1: Calculate the expected profit per MH for cost estimation of the new arrival
order i as follows:

EPPC; = EP;/EM; (1)

where EPPC; is the expected profit per MH for cost estimation of order i, EP; is the

expected profit of order i, and EM; is the volume of MH required to estimate the

cost of order i. In this paper, EPPC; is calculated based on the Class 2 estimate in

AACE cost estimate class [3].

Step 2: Make the bid/no-bid decision on the new arrival order by considering EPPC;

of the order and the contractor’s MHU, which is the volume of MH being utilized

for cost estimation at the time of new order arrival. For this purpose, we use a

threshold function MHU,,(EPPC;), which indicates the upper limit of MHU in

selecting order i for cost estimation, as follows:

— The contractor selects the new arrival order i for cost estimation if MHU is lower
than MHU,,,(EPPC));

— Otherwise, the contractor decides not to bid on the order.

The contractor can expect higher profits from the order by estimating its project
cost in a higher cost estimate class. However, more MH is required for estimating cost
in a higher cost estimate class. In the above steps, the new arrival orders with low
expected profits are not selected for cost estimation when a large volume of MH is
being utilized for cost estimation. Thus, this method eliminates a possible shortage of
MH for cost estimation and, accordingly, allows the contractor to focus on estimating
cost of profitable orders. In other words, our order selection method works to maintain
the balance between order’s profitability and contractor’s MH utilization so that the
contractor’s expected profits are maximized in dynamic order arrival situations.

Determination of Threshold Function
In our model, orders with different attributes arrive randomly in a project cost esti-
mation process. Thus the MH utilization changes dynamically and unpredictably.
Consequently, it is very difficult to find a threshold function MHU,,(EPPC;) for
maximizing contractor’s expected profits.

In view of these observations, we develop a method that searches the threshold
function [6] by using the simulation model shown in Fig. 3. This method searches three
threshold points, P1(E;, N;), P2(E,, N,) and P3(E3;, N;), sequentially by applying them
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in the order selection mechanism. As shown in Fig. 4, the no-bid area is expressed as
follows:

U3_, {(EPPC, MHU)|EPPC < E;, MHU > N} 2)

The threshold function MHU,,,(EPPC;) marks the boundary between the no-bid
area and cost estimation area. The procedure of the simulation-based method is
described as follows:

Step 1: Set all the threshold points to (0, 0).

Step 2: Search P2(E,, N,) that maximizes the expected profit by running a simu-
lation under the current conditions, i.e., order arrival interval, cost estimation period
and required MH in each class of cost estimate, and expected profit of each order.
Step 3: Search P1(E;, N;) that maximizes the expected profit by running a simu-
lation, where P2(E,, N,) is fixed to the value searched in Step 2.

Step 4: Search P3(E3;, N3) that maximizes the expected profit by running a simu-
lation, where P1(E;, N;) and P2(E,, N,) are fixed to the values searched in Steps 2
and 3.

Step 5: Define MHU,,,(EPPC)) as the boundary formed by P1(E;, N;), P2 (E3, N>)
and P3(F;, N3) as shown in Fig. 4.
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Fig. 4. Area of bid/no-bid decision [6].

5.2 Allocation of MH for Cost Estimation

For the allocation of MH for cost estimation, we shall use a dispatching approach, as is
the case with the dynamic scheduling problem in production processes [23].

Specifically, when MH is released from cost estimation of an order, this approach
selects an order based on the dispatching rules, which prioritize orders in the queue of
each estimate class. The selected order is subsequently assigned the required MH for its
estimate class. If the required MH is more than the MH available, the selected order
waits in the queue until the required MH is released.
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One can use well-known dispatching rules for the allocation of MH, such as FIFO,
SPT, and EDD [23]; however, dedicated rules for a project cost estimation process can
also be designed. In addition, the advanced dispatching rule approach, which changes
dispatching rules dynamically according to the conditions of MH availability, condi-
tions of orders waiting for cost estimation activities in the queues, and so on, would be
effective as is the case with production systems [25].

6 Numerical Examples

This section evaluates the effectiveness of our simulation-based method for dynamic
scheduling based on the data and conditions used in the paper by Ishii et al. [6]. For the
simulation experiments, we use a general-purpose simulation system AweSim! [26].

6.1 Design of Simulation Experiments

To determine the threshold function MHU,,,,(EPPC;), we use the scenario selection system
developed by Nelson et al. [27]. This system statistically compares the results of simulation
runs and chooses sequentially the best threshold points P2(E>, N>), P3(Ej3, N3), P1(E;, N;)
from candidate points given by us. The volume of MH is set to 16,000 MH per period,
i.e., 16 [M MH], and the simulation period is set to 1200.

It is supposed that there are orders of the three sizes, i.e., Small, Medium, Large, in
our simulation experiments. For these orders, we consider three cases—Case 1, Case 2,
and Case 3—that have different expected profit of the Class 3 estimate, as shown in
Table 2. In addition, we consider three sub-cases—Case A, Case B, and Case C—based
on the order arrival intervals defined by the triangular distribution, as shown in Table 3.
In what follows, Case 1.A means that both Case 1 and Case A are considered. Table 4
shows parameters of triangular distribution that represents the probability of order
acceptance in each order size. It follows that by bidding for an order, the expected profit
shown in Table 2 is gained with the associated probability of order acceptance. Table 5
shows cost estimation conditions of each cost estimate class, i.e., total periods available
for cost estimation (due date for bidding), required periods and MH for cost estimation.

Table 2. Expected profit of orders (all cases) [MMS$] [6].

Order size
Small | Medium | Large
Case 1 | Class 4 /0.5 1 1.5
Class 3|5 10 15
Class 2 | 20 40 60
Case 2 | Class 4| 0.5 1 1.5
Class 3 | 10 20 30
Class 2 |20 40 60
Case 3 | Class 4| 0.5 1 1.5
Class 3 | 15 30 45
Class 2 | 20 40 60
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Table 3. Order arrival interval [Orders/Period] [6].

Parameters of triangular distribution | Order size
Small | Medium | Large
Case A | Min. 1.05 |2.70 3.15
Mode 1.50 |3.00 4.50
Max. 1.95 |3.90 5.85
Case B | Min. 0.84 |1.68 2.52
Mode 1.20 |2.40 3.60
Max. 1.56 |3.12 4.68
Case C | Min. 0.70 |1.40 2.10
Mode 1.00 |2.00 3.00
Max. 1.30 | 2.60 3.90

Table 4. Probability of order acceptance (all cases) [6].

Order size

Small | Medium | Large
Parameters of triangular distribution | Min. |0.05 |0.05 0.05
Mode | 0.20 |0.30 0.40
Max. | 0.90 |0.90 0.90

Table 5. Cost estimation conditions (all cases) [6].

Order size
Small | Medium | Large
Total periods available for cost estimation | 8 8 8
Periods for cost estimation Class 4 | 1 1 1
Class 3|2 2 2
Class 2|3 3 3
MH for cost estimation [M MH] | Class 4 | 1 2 3
Class 3|2 3 4
Class 2|3 4 6

Our simulation experiments evaluated each case by using the following order
selection rules and dispatching rules.

Order Selection Rule
The following two order selection rules, i.e. No selection and MHU basis are tested in
the experiments.

e No selection: All the arrived orders are selected for cost estimation.
e MHU basis: Orders are selected for cost estimation by the order selection mecha-
nism described in Sect. 5.
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Dispatching Rule for Allocating MH for Cost Estimation
The following three dispatching rules, i.e. FIFO, HEPF, and HACF are tested in the
experiments.

e FIFO: Orders are selected on a first-in first-out basis.
e HEPF: Order of the largest increment of EPPC is selected first.
e HACEF: Order of the highest acceptance probability first.

6.2 Results of Simulation Experiments

Figures 5, 6, and 7 depict the threshold function MHU,,,(EPPC;) together with the
threshold points P1(E;, N;), P2(E,, N,) and P3(E; N;) determined by our
simulation-based method for Cases 1.A, 1.B, and 1.C, respectively. For example, when
10 MH is being utilized by the contractor, the arrived order of 0.7 EPPC is selected for
the cost estimation in Case 1.A, however, it is not selected for the cost estimation in Cases
1.B and 1.C.
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Fig. 5. Area of bid/no-bid decision in Case 1.A [6].

We can see in the figures that the no-bid area becomes wider according to the
increase of the number of arrived orders in the cost estimation process. Indeed, Case 1.C,
where orders arrive most frequently among all cases, has the widest no-bid area. It is also
found from the figures that in making bid/no-bid decisions, Case 1.C puts a high priority
on the order’s expected profit, whereas Case 1.A takes into account both the order’s
expected profit and the contractor’s MH utilization. This implies that contractors should
pay attention to its MH utilization for cost estimation especially when the number of
arrival orders is limited.
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Fig. 7. Area of bid/no-bid decision in Case 1.C [6].

Figures 8, 9, and 10 show the expected profits of each combination of order
selection rules and MH allocation rules. Regarding the order selection rule, the MHU
basis rule gains larger expected profits than the no selection rule does. For example, in
Case 1.C, the expected profit by MHU basis HEPF is 168 [MMS$], and that by no
selection HEPF is 112 [MM$]. In addition, the improvement in the expected profits by
the MHU basis rule increases according to the increase of the number of arrived orders
in the project cost estimation process. In fact, the ratio of improvement in the expected
profits by MHU basis HEPF is about 22%, 34%, and 50% against the no section rule, in
Cases 1.A, 1.B and 1.C, respectively.
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On the other hand, as shown in Fig. 10, the effects of the MHU basis rule on the
expected profits are very small in Case 3. The main reason is that in Case 3, the
expected profits of the Class 3 estimate are close to those of the Class 2 estimate as
shown in Table 2. No selection rules allocate MH for cost estimation evenly to all the
orders and, accordingly, increase the number of Class 3 estimates. As a result, this rule
works well only in Case 3. By contrast, the MHU basis rules make bid/no-bid decisions
based on the threshold functions as shown in Figs. 5, 6, 7, and thus, they work
effectively in all cases.

Regarding the dispatching rules for allocating MH, HEPF and HACEF rules perform
slightly better than FIFO rules. However, they make no significant difference in the
expected profits, especially when the MHU basis rule is used for order selection.
The MHU basis rule removes orders having low expected profit at the gate of the cost
estimation process. Thus we guess that the dispatching rules that allocate MH for cost
estimation to the orders based on the expected profit, like HEPF and HACF rules,
cannot make a significant difference.

Tables 6, 7, and 8 show the ratio of cost estimate class determined by the HEPF
rule. The MHU basis rule makes many Class 2 estimates compared with the no
selection rule in Cases 1 and 2. Additionally, we observe that the number of no-bid
orders is also large in the MHU basis rule. For example, the MHU basis rule makes
no-bid decisions on 38.7% of arrived orders in Case 1.A as shown in Table 6. In the
case of the MHU basis rule, the ratio of no-bid orders increases according to the
increase of number of arrived orders in the project cost estimation process. Namely, the
ratio of no-bid orders increases as 38.7%, 50.4%, and 62.0% according to the increase
of the number of arrived orders in Case 1.A, Case 1.B, and Case 1.C. This maintains
the number of the Class 2 and Class 3 estimates, which bring more expected profits
than the Class 4 estimate.

Table 6. Ratio of cost estimate class in Case 1 HEPF rule (MHU: MHU basis, No: No
selection) [%] [6].

Case 1.A Case 1.B Case 1.C

MHU | No |MHU |No |MHU | No
No-bid | 38.7 0.0 /50.4 0.0/62.0 0.0
Class 4| 0.0 0.0/ 0.0 0.1/ 0.0 0.6
Class 3| 7.6 |50.1| 85 |719| 6.2 |87.0
Class 253.7 149.9|41.2 |28.1|31.8 |12.3

In our simulation, the average number of arrived orders is 1465, 1827, and 2195 in
Cases A, B, and C, respectively. In Case 3, however, the ratio of cost estimate class
provided by the MHU basis rules is very similar to that provided by no selection rules
as shown in Table 8. Since the expected profits per MH of the Class 3 estimate is
higher than that of the Class 2 estimate in Case 3, the MHU basis rule focuses MH for
cost estimation on the Class 3 estimates.
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Table 7. Ratio of cost estimate class in Case 2 HEPF rule (MHU: MHU basis, No: No
selection) [%] [6].

Case 2.A Case 2.B Case 2.C

MHU | No |MHU |No |MHU | No
No-bid |31.8 0.0]32.7 0.0 474 0.0
Class 4| 0.0 0.0/ 0.0 0.1/ 0.0 0.6
Class 3/ 13.3 [50.1|284 |719|21.5 |87.0
Class 21549 [49.9|38.9 |28.1|31.1 |12.3

Table 8. Ratio of cost estimate class in Case 3 HEPF rule (MHU: MHU basis, No: No
selection) [%] [6].

Case 3.A Case 3.B Case 3.C

MHU | No |MHU |No |MHU | No
No-bid | 0.6 0.0 0.7 0.0/ 0.9 0.0
Class 4| 0.0 0.0 0.1 0.1 0.6 0.6
Class 31494 |50.1|71.3 |71.9|855 |87.0
Class 2/50.0 [49.9|28.0 |28.1/13.0 |12.3

These observations confirm that our order selection mechanism in the
simulation-based method works well to allocate MH for cost estimation appropriately
so that the expected profits from orders are maximized in the dynamic order arrival
situations.

7 Conclusion

In this paper, we explore the project cost estimation process of EPC projects in
dynamic order arrival situations. The simulation model of the cost estimation process is
made by reference to the generic model for dynamic scheduling in the state-dependent
work, and then a simulation-based method is developed for dynamic scheduling in the
project cost estimation process. It selects orders for cost estimation based on order
selection rules and allocates MH for cost estimation to each selected order to maximize
the expected profits from orders. In this method, order selection rules decide bid or
no-bid on arrived orders by using the threshold function MHU,,,(EPPC;). This function
is determined through simulation experiments using the model of the project cost
estimation process. In addition, dispatching rules prioritize orders in the queue of each
estimate class to assign MH effectively. We analyze the effectiveness of our
simulation-based method in terms of the expected profit through numerical examples.

The following conclusions can be drawn from the analysis of the numerical
examples:

e QOur simulation-based method works well to allocate MH for cost estimation
appropriately so that the expected profits from orders are maximized in the dynamic
order arrival situations.
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e HEPF, HACF, and FIFO rules, which are used to dispatch orders waiting for cost
estimation, make no significant difference in the expected profits, especially when
the MHU basis rule is used for order selection.

There are several issues that require further research. For example, dispatching
rules that significantly improve the expected profit compared to the FIFO rule should
be developed. In addition, the advanced approach, which changes dispatching rules
dynamically according to the conditions of MH availability, orders waiting for cost
estimation activities in the queues, and so on, should be developed. An advanced
procedure to effectively determine the threshold function MHU,,(EPPC;) should be
devised. For example, a framework for simulation-optimization [28] could be applied
to the problem. In addition, a mechanism that dynamically changes rules of order
selection, i.e. the threshold function, according to the cost estimation conditions, such
as order arrival intervals, expected profits in each estimate class, and so on, should be
developed.
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Abstract. Regional cities in Japan have a lot of social issues. Various measures
are being considered to solve these social issues, but it is difficult to ascertain and
implement practical and effective measures. In this study, we proposed a new
causal inference for selecting indicators that have causal relations with the social
issues. If there was a causal relation between two sets of time series data, the slope
of the approximation line of the time-shifted correlation coefficients at the base
time returned a negative value. The causal inference was verified by using samples
of time series data. In addition, we achieved future predictions by the vector
autoregressive model using the causal indicators. The model was verified using
the actual time series data of 87 regional cities. As a result, it was possible to
simulate future predictions and to calculate the effects by introducing practical
and effective measures to solve social issues.

Keywords: Causal inference - Future prediction - Time series data - Regional
city - Social issue

1 Introduction

Regional cities in Japan have a lot of social issues such as depopulation, a decreasing
birth rate and aging populations, and decline of regional industries. Globally, employ-
ment, public security, and traffic jam by urbanization are common social issues in the
world. Various measures are being considered to solve these social issues, but it is
difficult to ascertain and implement practical and effective measures to address them. If
indicators related to the measures that have causal relations with these issues can be
determined through data-based analyses, more practical and effective measures can be
employed. Though several causal inferences using statistical analysis have been
proposed so far, they prove the causal relations of already-known incidents based on
their hypothesis [1-3]. We should find indicators that have causal relations with social
issues from many and unspecified data.

In this study, our objectives are to propose a new causal inference for selecting
indicators that have causal relations to solve social issues, and to achieve future predic-
tions for regional cities using the causal indicators and to quantify the effects of intro-
duced measures. As a result, it will be possible for regional governments to plan the
practical and effective measures that originate in the causal indicators obtained from this
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causal inference. In addition, they will be able to make predictions regarding their
regional cities in the future according to a model using the indicators that have causal
relations with various social issues.

2 Causal Inference Using Time Series Data

We considered that time series data were useful to determine causal relations because
the causal indicators and the effect indicators were distinguished easily by shifting the
time of two time series data sets. The Granger causality concept is already well-known
for determining causality using time series data [4]. However, it is difficult to explain
the causal relation between two time series data sets for a short term. Though the
Convergent Cross Mapping is a good method to find causality in nonlinear time series
data, it is unsuitable for the determining of social time series data that are mostly linear
relations [5].

“e-Stat”, a portal site in Japan, releases various time series data for 1,742 Japanese
regional cities [6]. The term of the time series data investigated every year is mainly
from 2000 to 2013, and we need a new causal inference using the time series data for
the short time period to find various indicators that have causal relations with social
issues.

In this work, we propose a causal inference using time series data to plan practical
and efficient measures for regional cities and to carry out future predictions by models
using the indicators that have causal relations with social issues. The following hypoth-
esis of the causal inference was conceived in this study.

2.1 Hypothesis of Causal Inference Using Time Series Data

In this study, we proposed a causal inference to find out the causal relations from varia-
tion of correlation coefficient between two indicators by shifting the time of two sets of
time series data. It is a method to determine the causal relations based on the Pearson
product-moment correlation coefficient [7-9].

According to the Pearson product-moment correlation coefficient, the correlation
coefficient R of Indicator X and Indicator Y is calculated from the following Eq. (1):

R = Yo (x=%)(vi-79)
VI (- %)y I (v -9)

where x indicates the time series data of Indicator X and y indicates the time series data
of Indicator Y.

Expressing this with the average Eq. (2) of the time series data of indicator X and
the average Eq. (3) of the time series data of indicator Y gives us following Eq. (4).

x=13x @
i=1

)]
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Then, expressing Eq. (4) with Egs. (5), (6), (7), (8) and (9) respectively, gives us
Eq. (10).
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Simple time series data of Indicator X shown in Table 1 were prepared to prove the
hypothesis. These time series data City A, B and C change in three patterns from Time
—2to Time T1 + 1.

Table 1. Time series data of Indicator X.

t T1 -2 T1 -1 T1 T1+1
City A x-1 X x+1 X+ 2
City B X X X X
City C x+3 X+2 x+1 X

If Indicator Y has a causal relation with Indicator X completely (R = 1.0), the time
series data of Indicator Y are shown as Table 2 according to the regression line:
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Y(t) =aX(t — 1) + b (a > 0). We assumed simply that Indicator X influences Indicator
Y at the next unit time.

Table 2. Time series data of Indicator Y.

t TI -1 T1 TI+1
City A ax—1)+b ax +b ax+1)+b
City B ax+b ax+b ax+b
City C ax+3)+b |ax+2)+b |ax+1)+b

From Tables 1 and 2, when Indicator Y is fixed at Time T1 and Indicator X is shifted
ateach Time T1 — 1, T1 and T1 + 1, Egs. (5), (6), (7), (8) and (9) are shown in Table 3.

Table 3. Expressions of Indicator X and Indicator Y when Indicator Y is at Time T1 and Indicator
Xis at each Time T1 — 1, T1 and T1 + 1.

tforX |T1-1 T1 TL+1

Sx Bx+2)/3 Bx+2)/3 Bx+2)/3

Sy 3y + 2a)/3 By + 2a)/3 By + 2a)/3

Sxx (3% + 4x + 4)/3 (3x% + 4x + 2)/3 (B3x> + 4x + /3
Svy (3y” + 4ay + 42)/3 (3y” + 4ay + 4a%)/3 (3y” + 4ay + 4a)/3
Sxy (3xy + 2y + 2ax + 4a)/3 (3xy + 2y + 2ax +2a)/3 (3xy + 2y + 2ax)/3

Equation (10) provides the correlation coefficient by substituting the equations of
Table 3. Figure 1 shows the correlation coefficient of Indicator X to Indicator Y at Time
T1. This is the representative result as it is not dependent on the values of a and b in
Y(t) = aX(t — 1) + b. From this result, we built the following hypothesis of the causal
inference: if Indicator Y has a causal relation with Indicator X and Indicator X is the
causal indicator of Indicator Y, Ryi_; > Ry > Ry, is completed.
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Fig. 1. Correlation coefficient of Indicator X to Indicator Y at Time T1 by the Pearson product-
moment correlation coefficient.
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In other words, the correlation coefficients of Indicator X to Indicator Y at a base
time: T become lower as shown in Fig. 2(a), and the slope of the approximation line has
a negative value. Similarly, the correlation coefficients of Indicator Y to Indicator X at
abase time: T rise, as shown in Fig. 2(b) if Indicator X is the causal indicator of Indicator
Y, and the slope of the approximation line has a positive value.

(a) b
£ T £ T (b)
.2 ! 0 !
0 | a% :
S > : © X<
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o -8 X [S )
S < : s |
S G I = Y- 1
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Time Time

Fig. 2. Correlation coefficient of Indicator X to Indicator Y at base time T (a) and correlation
coefficient of Indicator Y to Indicator X at base time T (b) when Indicator X is a causal indicator
of Indicator Y.

2.2 Verification of Causal Inference Using Samples of Time Series Data

The causal inference was applied to samples of time series data with an already-known
causal relation to confirm the above-mentioned hypothesis. The samples of time series
data of the causal indicator in this verification are shown in Fig. 3.

We assumed and prepared the samples of time series data of the causal indicator for
10 cities from City D to City M between 1990 and 2010. The data of each city increased
10% per year for 10 years and decreased 10% per year for 10 years, and the changing
years and the initial values of the 10 cities were different respectively.

Next, we assumed that the samples of time series data of the causal indicator affected
samples of time series data of the effect indicator in the next year by 30%. And the
influence of time series data of the causal indicator gradually decreased by 3% every
year, which lasted for 10 years. The samples of time series data of the effect indicator
for 10 cities from City D to City M between 2000 and 2010 in this verification are shown
in Fig. 4.

We calculated the correlation coefficients using the sample data of the effect indicator
based on 2005 and the samples of time series data of the causal indicator between 2000
and 2010. From the result of Fig. 5, if there is a causal relation between two sets of time
series data, the slope of the approximation line of the correlation coefficients at the base
time returns a negative value, and our hypothesis could be proved by using samples of
time series data.
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286 K. Nakazawa et al.

1.00 :
]
! y=-0.003x+1.0
e
c 098 .
.2 1
o :
& S
8 0.96 Slope of approximation line:
(3] Negative
g T
S 094 i
© 1
) 1
E i
o 092 1
5 i
]
]
0.90 ! !

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

Fig. 5. Correlation coefficients using sample data of effect indicator based on 2005 and samples
of time series data of causal indicator between 2000 and 2010.

3 Simulation Model for Future Prediction

We considered that future predictions of regional cities could be conducted by selecting
an appropriate model using the causal indicators. As mentioned below, several simula-
tion models for the future predictions were verified, and the most suitable model was
selected.

3.1 Selecting Simulation Model Through Verification

The model selection was considered using the following simulation models, verification
method, and time series data.

3.1.1 Simulation Models
As models in which plural causal indicators as explanatory variables were available, the
following 3 types of regression models:

1. Multivariate regression model (MR model)
Stepwise regression model (SW model)
3. Vector autoregressive model (VAR model)

were verified in this study [10].
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3.1.2 Verification Method

Population issue is a common significant target for a lot of regional cities in Japan. We
predicted the total population from 2000 to 2013 using time series data from 1985 to
1999 by 3 types of the simulation models, compared with actual data from 2000 to 2013.
In this verification, an actual city (City N) of 1.2 million population scale was targeted.

3.1.3 Time Series Data

First, we constructed a network of causal indicators based on the above-mentioned
causal inference. 238 kinds of time series data between 2000 and 2013 for 1,742 regional
cities in Japan were included in this network, and the causal relations were mutually
calculated using the causal inference. Causal indicators can be easily found and selected
using this network.

The following 6 kinds of time series data:

— Live births (person)

— In-migrants from other prefectures (person)
— Kindergarten pupils (person)

— Marriages (couple)

— Taxable income (thousand yen)

— Tax debtors per income levy (person)

were selected as the causal indicators of the total population from the network of
238 kinds of time series data. We also conducted the verification using the time series
data that directly influenced the total population such as the deaths and the out-migrants
to other prefectures in addition to the live births and the in-migrants. The time series
data of City N for this verification are shown in Table 4.

Table 4. Time series data of causal and direct indicators from 1985 to 1999 of City N for
verification of each simulation model.

Year | Total Live In- Marriages | Taxable Tax Kindergar | Deaths Out-
population | births migrants | (couple) | income debtors ten pupils | (person) | migrants
(person) (person) | (person) (million (person) (person) (person)

yen)
1985 | 1,088,624 | 14,003 83,718 8,697 1,317,664 | 443,164 | 21,452 4,471 78,451

1986 | 1,106,148 | 13,773 87,562 8,522 1,410,422 | 455,918 21,317 4,523 78,085
1987 | 1,126,485 | 13,999 | 90,742 8,885 1,521,780 | 471,283 21,790 4,753 80,193
1988 | 1,142,953 | 13,920 | 88,421 9,166 1,696,876 | 487,709 | 22,004 5,060 81,131
1989 | 1,157,005 | 13,090 | 91,848 9,484 1,793,159 | 496,645 21,918 5,038 85,576
1990 | 1,173,603 | 13,279 | 93,797 9,696 2,030,951 | 505,254 | 21,515 5,346 86,633
1991 | 1,187,034 | 13,494 | 91,537 10,049 2,243,247 | 528,811 21,582 5,487 87,751
1992 | 1,195,464 | 13,356 | 91,587 10,226 2,407,043 | 545,002 | 21,254 5,736 91,665
1993 | 1,199,707 | 12,855 | 90,167 10,718 2,341,293 | 557,276 | 20,895 6,032 93,102
1994 | 1,202,069 | 13,476 | 89,639 10,857 2,378,228 | 561,607 19,952 6,153 94,026
1995 | 1,202,820 | 13,146 | 87,846 10,897 2,398,720 | 561,574 19,476 6,399 91,268
1996 | 1,209,212 | 13,309 88,284 11,147 2,381,925 | 564,303 19,673 6,265 88,317
1997 | 1,217,359 | 13,423 87,209 10,465 2,443,415 | 567,349 19,799 6,461 85,304
1998 | 1,229,789 | 13,756 | 88,702 10,759 2,459,855 | 572,562 | 20,565 6,783 83,223
1999 | 1,240,172 | 13,590 | 87,196 10,211 2,417,085 | 572,331 21,071 7,186 83,975
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3.2 Verification of Future Prediction Using Simulation Models

The verification result using 3 types of simulation models and using the 8 kinds of time
series data is shown in Fig. 6. In this verification, we tried out 5 types of simulation:

e VAR model using 6 kinds of causal indicators such as live births, in-migrants, kinder-
garten pupils, marriages, taxable income, and tax debtors as explanatory variables

o VAR model using 4 kinds of direct indicators such as deaths, out-migrants, live births,
and in-migrants as explanatory variables

e MR model using 6 kinds of causal indicators such as live births, in-migrants, kinder-
garten pupils, marriages, taxable income, and tax debtors as explanatory variables

e MR model using 4 kinds of direct indicators such as deaths, out-migrants, live births,
and in-migrants as explanatory variables

e SW model using in-migrants, deaths, tax debtors, and kindergarten pupils that were
chosen as effective explanatory variables
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Fig. 6. Verification of total population by 5 types of simulation models using different kinds of
time series data. The results of MR models are almost the same level as the result of SW model.

As a result, we observed that the simulations using the VAR models showed good
coincidence with the actual data, especially in terms of using the causal indicators. The
average rate of relative error for the actual data with the VAR model using the causal
indicators was the lowest by 1.1%/year. The next lowest simulation was the VAR model
using the direct indicators, and the average relative error was 3.7%/year. The average
relative errors in the other simulation models were 5.6%/year at the same level.

We confirmed the relationship between the number of actual time series data and the
average rate of relative error of the simulation by the VAR model using the causal
indicators. Figure 7 shows the average rate of relative error for each year prediction of
City N by VAR model using each number of actual time series data. From this result,
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we confirmed the tendency that the average rate of relative error rose as the actual time
series data were short. In this case, it is necessary to collect the number of actual time
series data to 10 or more in order to adjust the average rate of relative error to 10% or
less.
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Fig. 7. Relationship between the number of actual time series data for each year prediction and
relative error in case of City N.
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Fig. 8. The number of cities in each average rate of relative error of total population by VAR
model and cohort-component method.
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Next, We calculated the average rate of relative error of simulations by the VAR
model using the causal indicators, compared with the cohort-component method. The
future population investigated by the cohort-component method is used as a bench mark
inJapan [11]. In this comparison, 87 cities that were 5% cities divided into 10 categories
on Japanese population scale were selected. The total population from 2007 to 2013 was
predicted by the VAR model using time series data from 2000 to 2006 of the 6 kinds of
causal indicators. Figure 8 shows the number of cities in each average rate of relative
error of the population prediction by both methods. It was confirmed that the total popu-
lation by the VAR model using the causal indicators was predictable in a smaller relative
error.

We concluded that it was possible to predict regional cities in the future by the vector
autoregressive model using the causal indicators that have causal relations with social
issues.

4 Future Prediction of Regional City Using Causal Indicators

A lot of regional cities in Japan are experiencing depopulation issues as described above,
We predicted the future population of a regional city by the VAR model using the causal
indicators.

4.1 Future Prediction for Regional City in the Future

We selected the causal indicators of the live births, the in-migrants, the kindergarten
pupils, the marriages, the taxable income, and the tax debtors per income levy that have
causal relations with the total population. Figure 9 shows the causal relation diagram of

Kindergarten
pupils

. Taxable income
In—-migrants

-

Total
Population

Marri
arriages Tax debtors

per income levy

Live births

Fig. 9. Causal relation diagram of total population and causal indicators selected from network
of 238 kinds of time series data.
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total population and the causal indicators. These causal indicators that have correlation
coefficients of 0.9 or more based on the total population data in 2006 were selected from
the network of 238 kinds of time series data. We predicted the total population from
2014 to 2050 by the VAR model using actual time series data of the causal indicators
from 2000 to 2013. In this future prediction, City O with a population of 275,000 was
targeted.

The future prediction of total population in City O was shown in Fig. 10. As aresult,
we predicted that the total population of City O would decrease from 276,000 people to
258,000 people between 2014 and 2050 (the population decrease rate being 6.3%). It
was suggested that the decrease of the total population was one of the social issues for
City O as well as a lot of regional cities in Japan.
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Fig. 10. Future prediction of total population in City O from 2014 to 2050 by VAR model using
causal indicators.

4.2 Future Prediction of Total Population by Introducing Measure

As shown in Fig. 9, in-migrants were one of important causal indicators of total popu-
lation from the viewpoint of population growth in the future. Then, we verified future
predictions by actual case studies introducing a measure of in-migrants increase. 4
regional cities from City P to City S that introduced a measure to increase in-migrants
were selected in this verification. In these cities, the measure that the residential area
was increased by the land development was introduced in 2006 or 2007, and in-migrants
consequently increased by 68%, 25%, 66% and 38% in 2013, respectively. The total
populations from 2007 or 2008 to 2013 were verified by the VAR model using actual
time series data of in-migrants from 2007 or 2008 to 2013, compared with actual data.
Figure 11 shows the verification results of 4 regional cities introducing the measure to
increase in-migrants. Each average rate of relative error for the actual data was 1.2%/
year in City P, 3.0%/year in City Q, 3.6%/year in City R and 2.6%/year in City S, and
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we confirmed the total population introducing the measure by the VAR model was
predictable in a smaller relative error.
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Fig. 11. Verification of simulations for total population in 4 regional cities by introducing
measure for in-migrants, compared with actual data.

Next, we assumed a measure for increasing in-migrants in City O, and set 5 types of
scenario that increase in-migrants gradually from 2017 to 2025, and increase from 2026
to 2050 by 10% (Scenario A1), 20% (Scenario A2), 30% (Scenario A3), 40% (Scenario
A4) and 50% (Scenario AS5), compared with the BAU scenario. Figure 12 shows the
simulation result of the total population in each scenario. From this result, we confirmed
that total population in City O increased by increasing in-migrants between 2017 and
2050. In the case of Scenario A4 (increasing by 40% from 2026 to 2050), the current
total population in City O (275,000 people) could be maintained in 2050.

Similarly, we considered that the kindergarten pupils and the live births were signif-
icant indicators to increase the total population for City O. Then, the simulations of the
total population were conducted by introducing measures to improve the kindergarten
pupils and the live births.

As well as the case of the in-migrants, we assumed measures for increasing the
kindergarten pupils and the live births, and set 5 types of scenarios respectively that
increase the kindergarten pupils and the live births gradually from 2017 to 2025, and
increase from 2026 to 2050 by 10% (Scenario B1 and C1), 20% (Scenario B2 and C2),
30% (Scenario B3 and C3), 40% (Scenario B4 and C4) and 50% (Scenario B5 and C5),
compared with the BAU scenario.

Figure 13 shows the simulation results of the total population by introducing measure
for the kindergarten pupils in each scenario. From this result, it was confirmed that the
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Fig. 12. Simulation results of total population in 5 scenarios by introducing measure for in-
migrants in City O.

total population increased by increasing kindergarten pupils, and the current total popu-
lation in City O could be maintained in 2050 in the case of Scenario B4.
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Fig. 13. Simulation results of total population in 5 scenarios by introducing measure for
kindergarten pupils in City O.
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Figure 14 shows the simulation results of the total population by introducing measure
for the live births in each scenario. From this result, the total population increased by
increasing the live births, and the current total population in City O could be maintained
in 2050 in the case of Scenario C5.
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Fig. 14. Simulation results of total population in 5 scenarios by introducing measure for live

births in City O.
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Figure 15 shows the relationship between the increase rate of the total population
and the increase rate of measures introduced for the in-migrants, the kindergarten pupils,
and the live births. We obtained the result that it is necessary to increase the in-migrants
by 5.5%, the kindergarten pupils by 5.7% and the live births by 6.8% for increasing the
total population by 1.0% for the BAU scenario.

It was suggested that the measure for the in-migrants could be more effective in
increasing the total population of City O if the difficulties such as cost-effectiveness,
resident acceptability and feasibility in introducing these measures were at the same
level.

5 Conclusions

We proposed a causal inference for selecting indicators that have causal relations with
social issues. If there was a causal relation between two sets of time series data, the slope
of the approximation line of the time-shifted correlation coefficients at the base time
returned a negative value. The causal inference was verified by using samples of time
series data. In addition, we also achieved future predictions by the vector autoregressive
model using the causal indicators. The model was verified using the actual time series
data of 87 regional cities in Japan. As a result, it was possible to simulate future predic-
tions and to calculate the effects by introducing practical and effective measures for the
in-migrants, the kindergarten pupils, and the live births that originated from the social
issue with deceasing total population.

As mentioned above, it was easily possible to determine the causal indicators and to
quantify the effect of introducing the measures by the VAR model using the causal
indicators in this study. For future work, we will be able to apply this causal inference
to a number of social issues by including more indicators related to economic and envi-
ronmental time series data in the network, and expand it to various fields. Moreover, we
need to simulate and verify the effects of introducing measures in consideration of the
characteristics of regional cities.

In terms of establishing a sustainable society, we expect that regional governments
select appropriate measures based on causal inferences through data-based analyses, and
decide on optimal measures after executing future predictions when these measures are
introduced.
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Abstract. The objective of this paper is to define new radio resources alloca-
tion scheme in heterogeneous environment that includes congestion control in
LTE-A cells. The originality of the proposed approach is that it manages both
mobile users and physical resources block. In addition, it is based on the
deployment of the Media Independent Handover protocol in order to facilitate
the communication between different network entities when performing inter
cell cooperation as well as when undertaking handover process. The proposed
scheme is evaluated with simulation analysis and results show throughput
improvement.

Keywords: LTE-A - MIMO/OFDMA - Radio resources allocation
Handover - MIH - Modeling and simulation - Performance evaluation

1 Introduction

New generations wireless mobile communication systems, provide to end users several
multimedia services. Many of these services are expensive in terms of resources. In
order to deal with this explosive resources demands, it is essential to have a large
network capacity. In order to fulfill such requirement, some technologies are chosen to
be deployed for the new generation wireless network, like the LTE-A systems, such as
MIMO, OFDMA, Beamforming, small cells enhancements, macro cells enhancements,
HetNets, etc. Coming along with their benefits, these new technologies introduce new
challenges in radio resource management (RRM) feature, which is vital to ensure
efficient exploitation of the available radio resources including interference manage-
ment and resource allocation. In this work, we deal with radio resource allocation in
downlink in the LTE-A system while ensuring cooperation aspect inside system [1].
Regarding the literature, we find out several interesting works investigating the
problem of radio resource allocation in OFDMA networks, some of which are men-
tioned below. Some works investigated resource allocation based on optimization
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theory approach [2-5], and others formulated the problem based on a game theory
approach [6, 7]. In [2] a radio resources allocation scheme for MIMO/OFDMA systems
with the employment of Beamforming technique is suggested. In this work, end users
are classified into two groups: interior users and exterior users in the cell. Interior users
are those for which the interference term satisfies that the sum of received signals in all
beams is considerably smaller than the Gaussian noise; all others are considered as
exterior users. Then, the total number of PRB is divided into Q groups (GPRB) with an
equal size, to be next sorted in decreasing order of power. The set of GPRBs that will
be allocated to exterior users, which is calculated according to their number in the cell,
are those with the minimum power for all eNodeBs. The rest of Q GPRBs will be
automatically allocated to interior users. In [3], authors considered imperfect channel
state information (CSI). This means that the CSI is estimated at the receiver, then it is
fed back to the source. The proposed scheme takes into account the bit error rate, the
rate requirement and delay requirement as QoS constraints. They proposed heuristic
approach with three steps. In the first step, the resource allocation unit decides the
number of subcarriers needed by each user according to its QoS requirements. Sec-
ondly, subcarriers are assigned to users according to the corresponding power alloca-
tion based on the outcomes of the first step and power constraint. In the third step, they
suggested the reallocation of some subcarriers according to user’s satisfaction.

2 The Proposed Cooperative Radio Resources Allocation

In this section, we present a dynamic and cooperative solution to the problem in order
to satisfy the LTE-A network features. We considered both network and users’ con-
straints. We classify users into edge and central users. In both cases, users will be
collected to MU-teams according to their localization, their velocity and their QoS
requirements. In the other side, PRBs are assigned by MU-team, we estimated the
required number of PRBs by each MU-team. Then the total available band is divided
into sub-bands according to the estimated value of required PRBs, one of them will be
assigned to the corresponding MU-team. The sub-band selection is based on the res-
olution of capacity maximization problem. We also studied the case when the
MU-team requirement risks overloading the cell, in such case the cell will
collaborate/coordinate with neighbors one to serve the group of users.

When working in this contribution, we look to find a solution of the problem, while
maximizing system capacity and maintaining performance. As mentioned above, we
focus on LTE-A RAT, but it could be extended to other RTAs. Our approach includes
four steps. In the first step, we focus on active users classified into central and edge
users. For both cases, we divide users into groups to form MU-teams. Such idea can
replace the deployment of small cells in order to cancel inter small cell interference. In
addition, it aims to resolve problems with edge user like interference and Ping-Pong
effect. In the second step, we select radio resources that will be allocated to each
MU-team, based on Channel Quality Indicator (CQI). Next, we track the allocation to
check whether the MU-teams’ requirements are satisfied or not, and if there is an
over-served MU-team. Both cases need a reallocation to improve proposed scheme
efficiency. In the last step, we aim to prevent a congestion state in the cell. So,
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we propose two different means. First approach is based on have collaboration between
overloaded cell with those that are under-loaded to serve some active users. The second
approach is based on triggering handover session for some users. We propose also a
new target selection scheme for handover session that considers several criteria,
including load factor and candidate capacity.

2.1 System Model

In this contribution, we investigate radio resource allocation for multi-cell downlink
OFDMA communication scenario in LTE-A systems. All eNodeBs are connected and
perform joint transmission to all users; such a case illustrates the global joint trans-
mission [8-10] (Fig. 1).
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Fig. 1. Tllustration of MIMO downlink communication.

With the OFDM scheme, the total band is equally divided into P physical resource
blocks (PRB) and each user can allocate an integer number of PRBs according to its
requirements. Consider MIMO as key technology of LTE-A, where each eNodeB is
equipped with Me transmit antennas and users’ devices are equipped with M, receive
antennas. Each eNodeB transmits a single data stream to each user with zero forcing

beamforming [11, 12]. We mean by M, the total number of transmit antennas equal to
E

>~ Me;, where E denotes the total number of eNodeB.

i=1
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The received signal Y} at user k in the set of K user scheduled in PRB p is modeled
as shown below:

Yp Zk ZH;uszS;z—’— Z ZHkl Iyl ]Z+Nk) (1)

j=lj#k i=
Where, HY; € CM>M- is the channel matrix between user k and eNodeB i at PRB p.
Sf ;. € CMexl g the data vector transmitted by the eNodeB i for user j employing the
H
beamforming vector W¥; € CM*! with E {Sf ; (S‘]” i) ] = 1. N} is the additive white

Gaussian noise with zero mean and covariance matrix GZIMr. Furthermore Z; denotes
the combining receive vector employed at user k. Therefore, the SINR for user k
connected to eNodeB e at PRB p is modeled as below:
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Moreover, the interference expression in (2) includes the interference introduced from
other eNodeB (ICI) as well as inter-user interference (co-user channel). However, with
Joint Transmission, inter-eNodeBs interference can be neglected; thanks to the coor-
dination between all eNodeBs when serving all covered users.

In practice, the uncertainty of CSI makes the cancellation of inter-users’ interfer-
ence an impossible task [1]. The zero-forcing beamforming strategy can give
inter-users interference relaxation by being limited to some threshold value y > 0
instead of being cancelled [13], which means that:

<y (3)

According to the description given above, the SINR at user k can be formulated as:
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The achieved data rate by user % in its served cell e for one PRB p:

N,

1
Ree =1 > log,(1+ SINRY,,) (5)
P p=1

Where N, denotes the number of allocated PRB to user k by eNodeB e, and the total
system capacity is modeled as:

E K

CT = Z Z Rk,e (6)

e=1 k=1

2.2 Inter-mobile Users’ Cooperation

In the macro cell, users are classified into edge and central ones. Then, they are
collected into groups to form MU- teams according to three metrics: localization, user’s
application and user’s velocity. The role of team leader can be assigned to one UE at
the same time according to an agreement with the operator. However, this role is not
limited to a single user; another one can fill it when principal leader is down so as to
maintain the MU-team. The number of mobile users by each MU-team may be fixed
taking into consideration the capacities of the leader device (Fig. 2).
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Fig. 2. Small cells with macro users clustering deployment.



302 M. Houda et al.

The proposed algorithm for MU- teams’ management is presented below.

Algorithm 1. M-UE teams Conception.

Initialization
L: list of active users in the sector/cell
B: number of MU-teams, B-o
V,: velocity of user k
R,,: available data rate in the MU-team
RR;: required rate by user &
# Create MU-teams
while Stop=false
if length (1) >1
1. Select a leader /, 1=1/{/},B=B+1
2. Define the max number of user in the MU-team N,,,,,
while i< N, and k< length (1)
if | V; —V/< threshold
Add the mobile terminal to the MU-team;
1=1/{k};
i=itl;
end if
k=k+1;
end while
if i< NV,
Stop=true;
end if
else

Stop=true;
end if
end while
# manage created MU-teams
for b=1 to B
for k=1to N #N is the number of user in the MU-team
if | V-V > threshold
user k will be removed from the MU-team
end if
end for
while i< N, and k< length (1)
if | V; —V < threshold
if RR, <R,,
Add the mobile terminal to the MU-team.
Rav = Rav' RRk
1=1/{k}
=i+l
end if
end if
k=k+1
end while
Liberate unused resources
end for
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The radio resources allocation for each MU-team will be communicated with the
eNodeB by the MU-team leader only, which will decrease signalization traffic in the cell.

2.3 Optimization of PRB Allocation

In the network side, we work on the selection of the best radio resources to be allocated
to each M-UE team. Therefore, the first issue is the estimation of the number of
required PRBs by all users in the M-UE team, according to the required QoS for each
user in the MU-team, which depends on the type of traffic. In our work, we considered
both real-time and non-real-time traffic. For users with real-time applications, fixed rate
are required and for those with non-real-time services, only minimum rate requirements
are demanded. The required number of PRBs for user i is calculated as follow:

. [RR,} -

Rprp

With [a] denotes the closed integer to a; RRi is the required rate of user i and RPRB
denotes the peak capacity of one PRB. Assume 64 QAM modulation without coding,
over 2 time slot (1 ms) a single PRB has 12 subcarriers and 14 symbols, or
12 x 14 = 168 resource elements (REs). Some of those REs are occupied by the
PDCCH and the downlink reference signals, leaving about 120 REs per PRB to carry
data on the downlink. In addition, with 64 QAM each RE holds 6 data bits, so the
maximum data rate delivered by one PRB is equal to:

RPRB = M,; X 720Kb/S (8)

So, the total number of required PRBs of the users’ team k is equal to:
Nk = Z n; (9)

Next, the available band will be divided into sub-bands, each one with a number of
successive PRBs equal to the estimated number of required PRBs. Our goal is to
maximize the cell capacity.

Mathematically, we can present this maximization problem as:

maximizeCr
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;
Ca : REY = yep, VK € {1.KRT}

E
C1 : Z
i=1

ZH W[ <y, Vie {1.E}j € {1.K}

~
o=

Cs : RYT >y er, Yk € {1.KVRT)

Cy i C, < Cueshota



304 M. Houda et al.

The problem (10), described above, is resolved when performing the PRB allocation
algorithm presented next.

Algorithm 2. PRBs Allocation.

Result: obtain the group of PRBs G, to be allocated to each MU-team b.
Input:
Available bandwidth
MU-teams list with leader localization and QoS requirements for each MU-team.
Begin

For each MU-team b

1. Define Set of users with real time services

Define Set of users with non-real time services
2. Initialize Gy, *

3. Resolve the problem (10)
End for
Update the available bandwidth to B= B- G,*
If B <=threshold
Execute the MIH collaborated cell
End
End

The selected GPRB will be allocated to the correspondent MU-team. In order to
maximize system throughput, we adopt downlink beamforming vector for each GPRB
and also for each MU-team.

2.4 Congestion Prevention

Congestion control challenge is considered in our contribution by proposing a con-
gestion prevention approach. The proposed approach aims to extend the system
capacity by collaborating with neighors Cells/RATs, or by trigerring an efficient
handover sessions. These two proposed schemes are detailed below.

Inter Cell and inter-RAT Collaboration

This step is executed by the MIIS server, which aims to form a group of cooperative
heterogeneous cells to extend the available capacity. Heterogeneity here describes not
only macro or small cells, but also different radio access technologies deployed by the
operator in the area. This explains our choice on using MIH technology to ensure a
simple communication between heterogeneous network equipment.

The selection of a collaborative cell or collaborative RAT is mainly based on the
load of each. This step is executed when one of the LTE cells risks depleting its
available resources, that can lead to a congested cell. In order to prevent such scenario,
the MIIS is charged to collect information about all neighbors of the current cell in a
limited area. Then, it communicates the list of candidates to the eNodeB. If the eNodeB
finds LTE-A cell among the list of candidates, it will be selected to establish a col-
laboration through direct communication between eNodeBs via X2 interface. Other-
wise, one of the least loaded RATs takes the place, and the two devices will exchange
direct messages; thanks to the MIHF sub layer.
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The selected cell/RAT is called “the grandmother cel/RAT”, because all new
connections, and if it is necessary some MU-teams, will be served by the selected
cell/RAT through their mother cell. In such case, the mother cell is considered like a
remote node when serving new calls and handover request. As soon as possible, the
mother eNodeB interrupts the connection with the “grandmother cel/RAT” and con-
tinues by itself to serve all connected user. Following, is the detailed the algorithm for
the inter-cell/RAT collaboration establishment, which is executed by the eNodeBs.

Algorithm 3. Cloud MIR-RR.

Initialization:
¢.. Current eNodeB
C..: available capacity in the current cell
Cloudgg: the RR cloud
Ceoud: total available capacity of the cloud
ClOudRR: {ec}
Ccloud:Cec
Stop=false
While C, o4 < threshold and Stop=false
Sending a request to MIIS for searching a cooperative cells
¢ Neighbors’ capacity state request
¢ Select under loaded LTE cells / RATs
¢ Response by the list of candidate L. sorted in ascending by load
If L, not empty
e Select the first cell/RAT in the list
e Establish collaboration via X2 or MIH.
e C=C + available capacity in the collaborative cell
e Cloud MIH = Cloud MIH [ {selected cell}
Else
Stop=true
end
End
If stop=true

Reject new call

Decrease the rate for some users
End
End

We define the new MIH primitive of service “MIH-Cooperate.req” exchanged
between the MIH information server and the eNodeBs to ensure the collaborative
resources allocation between LTE-A macro-cells.

MIH-based Handover Triggering
If there are no collaborative cells, the solution to prevent congestion state in the current
cell is to block all new sessions and if necessary handover sessions will be triggered for
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some users. The handover is assisted by the MIIS entity. The key step in the handover
process is the target selection. Next, we describe the proposed target selection scheme,
which aims to keep balanced load between neighbors while maintaining stability.

In order to make the target selection, we apply the WRMA (Weighted Rating of
Multiple Attributes) approach, presented in [16]. The WRMA is designed to make
handover decision and selection based on multiple network attributes reflecting the
QoS. WRMA approach takes two major steps:

e Assigning values for network parameters in this first phase according to the traffic
type and application priority. Authors in [16] used five parameters: line cost,
capacity, delay, jitter and error rate. In our contribution, we consider in addition to
these parameters the traffic load factor. We briefly describe these below:

— Line cost: The cost that may entail for using the service of the candidate base
station, with a predetermined rate;

— Capacity: This is the remaining or available capacity of the candidate.

— Delay: This is the delay in packet transmission that a base station registers with both
its mobile nodes and its CN. This is a way to look at the delay time that a mobile
node records in transmitting data to the base station as well as the delay time the
base station records in sending data to the CN via the backbone network.

— litter: This is the delay variation in transmitting data packets that a base station
registers with both its mobile nodes and its CN.

— Error rate: It stands for degree of errors in packet transmission when a base station
registers with its mobile nodes.

— Traffic load factor: It defines the threshold rate of each traffic type; this value is
between zero and one since it is the ratio of data rate for one traffic type R;7; by the
total data rate in the cell Ry

Rrri
e 11
Prri Ry (11)

The traffic load factor is used to ensure load balancing between neighbors when
selecting the target cell.

The WRAM scheme fixes four traffic types and eight levels of application priority.
Subsequently, parameters take different values for each traffic type as presented in the
Table 1.

Table 1. Assigned weight value of network parameters.

Parameter traffic type | Capacity | Delay | Jitter | Error | Cost | Traffic type
load factor (prt)

T1: Voice 3 6 5 2 6 3
T2: Video 5 6 6 3 3 5
T3: Best effort 3 1 1 8 1 3
T4: Background 2 1 1 1 1 1
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We adopt the same logic used by the work in [18] to assign weight values for the
load factor of each traffic type as new parameter. Indeed, first traffic type is voice packet
which is not resource demanding and even if it presents the majority of traffic in the
cell, there is no matter to serve new voice sessions in terms of system stability and load
balancing between neighbor cells. So, we assign weight 3, meaning being relatively
less important. The same situation for traffic type T3 and T4, to which we assign weight
3 and 1, respectively. Conversely, video traffic needs more resources and new sessions
may tip the balance. Hence, in order to give more importance later in the decision we
assign 5 for it.

Then, the WRAMA weighted ratios for each traffic type are calculated as below:

(12)

Where x; is the weight value assigned to parameter i

e When finishing with WRMA steps, the TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) [17, 18] method is used for selecting target network
based on the obtained weight ratios of network attributes. The TOPSIS method
computes a score for every candidate network according to parameters values that
are readily available via a local MIH. So the candidate that scored the highest marks
among all candidate cells will be selected.

Our approach occurs also in TOPSIS phase, in which we add the cell load factor (p) as
a 7™ attribute, since this parameter is independent from the application priority and the
traffic type in the WRMA results. Hence, cell load will keep the same value for all
traffic type.

The load factor for cell; or RAT; is calculated, according to the total number of
resources in p(t), and the number of used ones py(¢) for a period of time ¢, as shown
below:

pi(t) = py(t)/pr(1) (13)
The TOPSIS method takes place in five steps as described below:

Step 1: Parameters Normalization for All Candidates to Calculate TOPSIS Weight
TOPSIS weighted values are calculated from measurements presented in Table 2 using
formula (14), which is presented below:

wy=——P0 (14)

n

i=1

Where, wij is the normalized TOPSIS weight and pij is the measured parameter of
the candidate cell. Here, i and j are index for line and column of Table 2, respectively.
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Table 2. Candidates cells parameters.

Parameter | Capacity | Delay | Jitter | Error | Cost | Traffic_type load Cell/RAN Load
CCell factor (prr) factor (p)

Cl 30 50 10 |0.01 /10 |04 0.7

Cn 40 30 20 [0.12 |6 0.01 0.3

Step 2: WRMA_RATIO Adjustment

In this step, TOPSIS normalized values will be adjusted using WRMA weight values,
that result from the first phase of the approach as detailed above. This task depends to
the traffic type of the current mobile node session and its application priority level. It
consists simply of multiplying parameters values for each candidate cell. This step does
not include the load factor parameter since it is not used in the first phase.

Step 3: Ideal Solution and Negative-ideal Solution Estimation
Based on values resulting from last step the ideal solution S* takes the best value of
each parameter for all candidate cells and the worst value will be assigned to the
negative-ideal solution S- according to the parameter itself. Indeed, if the highest value
is the best, the smallest value will be the worst, which is the case of capacity parameter,
but for others that will be the inversed.

Mathematically, the ideal solution is modeled as below:

****]

S* = [pippiPipips

T, 15
= {(maxp;|i € {i..n}), (minp;|i € {i..n},j € {2..6})} (15)
Formula (15) is used to find the negative-ideal solution definition:

S™ = [p1P2P3PiPsPg ] (16)

= {(maxp;i|i € {i..n}), (minpy|i € {i.n},j€ {2..6})}

Step 4: Distance of each CRAN among the Ideal Solution and Negative-Ideal Solution
In order to calculate the score for candidate cell, values of the ideal solution and
similarly the negative-ideal solution are weighted for all candidate cell using formula
(17) below:

B 2
p— n 2. .
s; = Zj:i (pijfpj*) i=1.nj=1.6
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Step 5: Candidate Cells Scores Estimation
This final step is to calculate the weighted sum of each candidate cell using the
following formula:

(18)

Finally, the candidate with the highest score will be selected as target.

2.5 Radio Resources Allocation Track

To ensure the effectiveness of the radio resources allocation approach, a final step of
control is needed. This step consists of allocating track to see if there is over served
MU-teams of users. In such case:

e Withdraw unused resources to be reallocated to underserved MU-teams or to
incoming call/user;

e Or see the possibility to include new users/calls to one of the existing MU-teams
according to the proposed scheme described above.

Also, our solution takes into account resources as soon as it becomes available after a
terminal leaving.

3 Performance Evaluation

This section illustrates simulation results to evaluate our proposed algorithms in terms
of system throughput. We worked with the Matlab-based LTE-A System Level sim-
ulator developed by the TU Wien Telecommunications Institute [15, 19].

3.1 Simulation Parameters and Scenario

The adopted system parameters in simulations are presented in Table 3, which is given

below.

Table 3. Simulation parameter.

Parameter Description
Duration of simulation 200 TTIs
Number of users per macro cell | 100 UEs/MC; 591 in total
M, 4

M, 2

Cell radius 250 m
System bandwidth 20 MHz
Number of PRBs 100 RBs
PRB bandwidth 180 kHz
Real time requirement [14] 384 kbps
Non real time requirement [14] | 32 kbps
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Our approach aims to maximize cell capacity. To highlight this issue, we studied
the total throughput that corresponds to the sum of the effective throughput of all
scheduled users at each time slot. Since small cells deployment is expected to be dense
in future LTE-A system, we felt that it would be interesting to consider such scenario in
the simulation model. Indeed, the main objective of this technology is to extend system
capacity, especially for edge users, but in the other side inter small-cells interference
will increase dramatically and put more pressure on the macro cells users. Thus, in
simulations we considered femtocell deployment scenario, which is provided by the
simulator.

3.2 Simulation Results and Discussion

In this subsection, we present the simulation results carried out in order to evaluate the
performance of the proposed Radio Resources Allocation (RRA) scheme and compare
it with other competing schemes reported in the literature.

In this work, we compare results of two different configurations:

e Configuration 1: An interfered system and no optimization is performed with
femtocells deployment only;

e Configuration 2: An interfered system with joint MUE-teams and femtocells
deployment.

We also adopt as performance evaluation metrics the wideband SINR as well as the
average throughput that corresponds to the average effective throughput of scheduled
users at each time slot. The simulator provides the Empirical Cumulative Distribution
Function (ECDF) statistics of these results, which makes it easier to analyze the
achieved results.

The first result is shown in Fig. 3, which depicts the ECDF for all users’ throughput
to compare performance when considering macro-cells and femtocells with and without
the integration of our optimization algorithms. It can be seen that the analytical results
provided by our solution outperforms the nominal case. However, with our scheme, the
interference is minimized; providing better performance.

We observe that MUE-teams’ deployment besides femtocells, offers a higher
average throughput in comparison to the initial configuration. Indeed, the maximum
achieved throughput when deactivating the proposed optimizations algorithms is about
9.4 Mb/s. While, when performing our algorithms, 20% of users exceed this value with
the possibility to achieve 11.8 Mb/s.
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Fig. 3. Empirical CDF of global throughput.

Figure 4 shows performance of scheduling SINR in form of the empirical Cumu-
lative Distribution Function (CDF) when performing the proposed scheme. By
examining the curve, we conclude that for 90% of users, our scheme is able to find a
better choice of resources allocation than with the initial configuration case. We
evaluate the total average throughput according to the MU-team deployment.

4x2 MiMo: 20 MHz bandwidth,interference threshold=10e-9

0.9k initial femtocell configuration ‘ // /
femotocell+ proposed optimization ‘ / 7
0.8------ ] ! ! t : “ /
07 R S S S — /// i
0.6
S 05f-- /
w
0.4f--- /
0.3+ ; : //(
02k : Lo e :
0.4 - //
0
-15 -10 5 0 5 10 15 20 25 30

UE SINR [dB]

Fig. 4. Wideband SINR.

Figure 5 shows the variation of the average instantaneous throughput in the macro
cell with the concentrations of femtocells when performing our proposed schemes.
Even, more femtocells means more interference inside the macro cell where users may
suffer strong interference due to the transmission of small cells. Consequently, macro
users’ throughput may be affected dramatically. According to achieved result, despite a
significant increase of femtocells number, we can observe that macro users throughout
show a slower slight decrease thanks to the interference limitation. We can conclude
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that our optimization solution maintains the UE throughput level in various densities of
small cells. Furthermore, our approach ensures cooperation between scheduled users as
well as between eNodeBs. Such cooperative communication can reduce the transmitted
power of macro eNodeBs at MUE-teams leaders, which results in higher channel
capacity for users.

4x2 MiMo: 20 MHz bandwidth,100 UEs/macrocell, interference threshold=10e-9
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Fig. 5. Femtocells concentration deployment effect on average throughput.

In addition, we have studied the effect of the interference threshold value on
resource allocations in Fig. 6, where we have varied the threshold. As expected, when
the interference threshold increases, the achieved data rates for macro users are
affected. However, we can observe that the total MU-team throughput shows a slight
decrease according to the increase of interference level.
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Fig. 6. Effect of interference threshold level on average MU-teams throughput.
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4 Conclusion

The LTE-A small cells deployment is expected to be more and denser. This generates
potential inter-small cells interference that affect macro cell UE, contrarily to indoor
small cells UE users that will benefit of high quality links. Classical radio resource
allocation and interference mitigation techniques cannot address the challenge of
limiting interference between neighboring small cells and maintaining a high level of
reliability for macro UE communications. Moreover, we have proposed a RRA
approach, which can be implemented in stand-alone as well as networked small cells
scenarios.

We have proposed a cooperative RR allocation approach for LTE-A system. We
have devised a new way to manage active mobile users in the macro cell, in order to
minimize inter-user and inter-small cells interference and to improve their QoS. Fur-
thermore, we have considered the multi-RAT aspect of LTE-A system; we also
motivate the importance of inter-cell and inter-RAT cooperation. The proposed solu-
tion makes the heterogeneity an enabler to improve system capacity. We further pro-
pose a novel PRBs selection and allocation that optimize resources exploitation. Also
in case of congestion state handover session will be triggered and a modified WRMA
approach is proposed to select the target while considering candidates state and load
balancing between them. In the end of the article, we have discussed the effectiveness
of the proposed approach in a two-tier network in terms of system capacity, data rate
loss, and performance at both macro UEs and small cells UEs. Simulation results have
shown that the proposed scheme maximizes the system throughput while guaranteeing
QoS for users.
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