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Preface 

This book has three objectives. The first is to present a new methodology for man­
agement information system (MIS) development as an application of mathematical 
general systems theory; the second is to establish a theoretical foundation for MIS 
development; and the third is to demonstrate the utility of set theory combined with 
extended Prolog (extProlog) for MIS development. 

Traditionally, MISs have been developed from a software engineering perspective, 
leading to the problem that MIS development is limited to the operational framework 
allowed for by the lifecycle approach or its variations. Thus, while the lifecycle ap­
proach sets a starting point for MIS systems engineering, it is unable to provide an 
operational framework that is more than simply common sense in systems engineer­
ing. Historically, the "hard" systems methodology was proposed in engineering before 
the inception of the lifecycle approach, and although developed independently, the two 
approaches are almost identical. A criticism of the hard systems methodology is that 
it is merely engineering common sense and does not provide operational theory. To 
establish a more sophisticated theory for MIS development, the problem must there­
fore be investigated from a viewpoint other than a software engineering perspective. 
This book sets out to demonstrate that a systems theory approach or model theory 
approach is a more satisfactory alternative that accounts for the systems nature of an 
MIS. 

In general, MIS development is currently performed without a formal disciplinary 
framework, and as such remains somewhat of an art. This problem has been pointed 
out repeatedly by those in pursuit of formal approaches to information systems de­
velopment as a real engineering discipline. However, it should be noted that although 
formalism plays a fundamental role in the construction of a solid operational theory 
for MIS development, a simple formalism that does not include systems concepts is 
not sufficient. 

To overcome these problems, a formal (general) systems theory approach to MIS 
development was developed. The model theory approach presented in this book is 
one realization of the formal systems theory approach, and can be summarized as 
follows: 
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• It is not a software engineering approach but a systems approach. In particu­
lar, it views an MIS as a hierarchical system consisting of three components: 
a transaction processing system, a data transformation system, and a problem-
solving/decision support system. A model-theoretic structure is derived for each 
component based on general systems theory concepts. 

• It is a formal approach in the sense that a model is constructed based on the formal 
structures and described in set theory. 

• A system, either a transaction-processing system or problem-solving system, is 
constructed of two components: a user model component and a standardized com­
ponent. The former component is dependent on the target problem, and the latter 
is independent of the problem. System construction is supplemented by the latter 
component. 

• The user model component can be translated into an executable system by auto­
matic system generation. Upon translation, the standardized component is attached 
to the user model. Thus implementation is an integral part of the approach, facili­
tating rapid systems development. 

• The implementation language is extProlog. 

The model theory approach adopts extProlog, an extension of regular Prolog, as the 
implementation language to treat numerical problems as well as symbolic problems. 
This language has a narrow semantic and syntactic gap with the set-theoretic descrip­
tion, allowing a model described in set theory to be translated into an extProlog model 
automatically. The implementation stage can thus be included as an integral part of 
the model theory approach. This addresses the two criticisms of formal approaches: 
that they are mainly concerned with the specification of systems development and do 
not positively address the implementation stage, and that it is perceived that advanced 
mathematical knowledge is necessary for formal approaches. This book asserts that 
working knowledge of elementary set theory and logic should be considered easy and 
indispensable for every professional systems engineer. 

The model theory approach claims the following advantages over standard ap­
proaches: 

• It provides a reliable system specification (a general assertion for formal ap­
proaches). 

• It facilitates reliable implementation and rapid systems development by providing 
a user interface (for the transaction processing system) and a goal-seeker (for the 
problem-solving system) as black box components for MIS development coupled 
with automatic systems generation. Once a system specification has been given in 
computer-acceptable set theory, an executable transaction processing or problem-
solving system can be produced. The executable system is expected to be a correct 
realization of the specification. 

• It may reduce the cost of systems development by providing a means of acceler­
ating development and by being usable on open-source software (Linux, Apache, 
postgreSQL, PHP). 

• It can realize an intelligent MIS that accounts for both problem-solving and trans­
action processing functions on an integrated platform. 
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• It facilitates end-user maintenance by allowing system construction to be per­
formed using elementary set theory rather than a computer language. 

An MIS is modeled as a three-layer system in the model theory approach, where the 
lowest layer is the transaction processing system and the highest layer is the problem-
solving/decision support system. These layers are linked by an intermediate layer that 
acts as a data transformation system, such as a data mining system. The model theory 
approach is applied to all three layers to derive formal systems-theoretic structures and 
to specify development procedures based on these structures. 

This book consists of six parts. The first part, "New Paradigm of Systems Devel­
opment," outlines the model theory approach and explains the intention of the model 
theory approach, which is to support end-user development by exploiting the increas­
ing power of information technology. 

The second part, "Model Construction Language and Systems Implementation 
Language," introduces set theory as a basis for model construction in subsequent chap­
ters and extProlog as an implementation language. A restricted form of set theory 
called computer-acceptable set theory is introduced to describe the user model. The 
current approach allows the user model to be translated into an executable system au­
tomatically. Familiarity with set theory may be all that is required to develop a system 
by the model theory approach. Prolog, which is the basis for extProlog, is not a popu­
lar programming language, since it is typically understood to be a special language for 
artificial intelligence applications. However, extProlog is promoted here as a general-
purpose language with artificial intelligence as a suitable application. Construction 
methods for graphical user interfaces in extProlog are also provided as indispensable 
components for MIS development, although a standard browser-based user interface is 
used for the transaction processing system. 

The third part, "Model Theory Approach to Solver System Development," presents 
the model theory approach to problem-solving system development, focusing on the 
main engine of the system: the solver. The structure of the solver is determined by a 
model-theoretic structure representation and shown to be decomposable into two com­
ponents: one dependent on the target system (user model), and another independent 
component (standardized goal-seeker). The former must be prepared by a systems de­
veloper, while the latter is produced as a standardized goal-seeker and is provided as a 
black box component for systems development. The systems development procedure 
is derived based on this decomposition. The identified structure of the solver provides 
a means of classification for solver development, and thus assists in making the system 
development process operational. 

The fourth part, "Solver System Applications," demonstrates the development of 
a solver for each class of problem using a typical example. The last chapter of this 
part presents a formalization of the entire structure of the problem-solving system 
as a "skeleton model" and a construction of an intelligent data mining system as an 
example. The standard data mining system as the intermediate layer is treated as a 
problem-solving system in this book. 

The fifth part, "Model Theory Approach to Transaction Processing Systems De­
velopment," discusses transaction processing system development in the model theory 
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approach. The structure of a transaction processing system is also identified as a model-
theoretic structure, and is similarly decomposed into two components: a user model 
component that is dependent on the target system, and a user interface component that 
is independent of the target system. The systems development procedure is derived 
based on this decomposition, in which the independent user interface is provided as 
a black box component. Systems that include intrinsic problem-solving components 
but which are usually treated as transaction processing systems are also discussed as a 
specific class of systems that require application of the model theory approach to deal 
with both the transaction processing system and the problem-solving system in the 
same framework. The discussion includes the definition of a browser-based intelligent 
MIS and an example. An intelligent MIS is the ultimate target of the model theory ap­
proach. Database connectivity is also discussed. The model theory approach requires, 
in particular, object-oriented database connectivity with the transaction processing 
system. 

The sixth part, "Theoretical Basis for extProlog," presents the theoretical founda­
tion of extProlog as background for the model theory approach. 

This book is written for those wanting to know how a theoretical foundation can 
be established for MIS development, how a real working MIS can be developed based 
on formal systems theory, and conversely, how formal systems theory can be applied 
to the real world of information practices. It is assumed that the reader has working 
knowledge of elementary set theory and logic and is familiar with some systems con­
cepts such as automaton models. 

A draft of this book has been used at senior and higher levels as a textbook for 
information-oriented systems engineering courses. The content has been reviewed by 
a professional systems engineering group and can therefore be used as a textbook for 
advanced undergraduate and graduate courses as well as a reference for systems engi­
neers and systems scientists. If the reader wishes to quickly understand the idea of the 
model theory approach, he is recommended to first read Chapter 9 on problem-solving 
system development and Sections 14.5, 14.6, and 14.7 on transaction processing sys­
tem development. Chapters and sections marked with * can be skipped at the first 
reading. 

The development of the model theory approach benefited from numerous discus­
sions and contributions from many people since 1985. Initial research began at the 
Tokyo Institute of Technology (Tokyo, Japan) and now continues at the Chiba Insti­
tute of Technology (Chiba, Japan). The authors would like to express their gratitude 
to all the research partners and former students who have made contributions to the 
development of the model theory approach and who have applied the approach to var­
ious problems. In particular, we must first thank Nomura Research Institute (Tokyo, 
Japan), which gave financial support and cooperated with the authors' research at T.I.T. 
Mr. Shimazu, President of Fusion Ltd. (Japan) is gratefully acknowledged for provid­
ing the opportunity to work on data mining systems, and without whose help the scope 
of this approach would be substantially restricted. Prof. X. Chen, Central South Uni­
versity (Changsha, China), also gave the authors many opportunities to present this 
work in graduate courses at C.S.U. Prof. R. Banerji, Emeritus of St. Joseph's Univer­
sity and Prof. N. Shiba of the Chiba Institute of Technology are humbly acknowledged 
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for patient discussions on the theoretical aspects of this book. Our appreciation is also 
extended to the members of the Formal Approach Study Group of the Japan Society of 
Management Information Systems, which is directed by Prof. T. Saito of Nihon Uni­
versity (Chiba, Japan), for valuable feedback. 

Yasuhiko Takahara 
Yongmei Liu 2006 
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New Paradigm of Systems Development 



New Systems Development Methodology: The Model 
Theory Approach 

This chapter introduces the new systems development platform presented in this book. 
This new development methodology for management information systems (MISs) is 
based on a formal model-theoretic structure derived from the systems concepts of gen­
eral systems theory (GST). The model is represented in set theory and implemented 
in a fourth-generation programming language, extProlog, by automated system gen­
eration. The extProlog language is an extension of standard Prolog that allows for the 
implementation of an MIS. As discussed in Section 1.2, the new methodology provides 
a platform for the development of both transaction processing systems and problem-
solving systems as the two principal components of an MIS. 

1.1 Necessity for a New Systems Development Methodology for 
Management Information Systems 

An MIS, the target of the model theory approach, can be modeled as a hierarchical 
system consisting of a transaction (data) processing system (TPS) and a problem-
solving/decision support system. Figure 1.1 shows the general scheme of an MIS (see 
also Fig. 14.5). 

A TPS is an input-output system, having a transaction input and user request as 
inputs, and a transaction output and user response as outputs. The transaction output is 
typically a modification of a file system within the TPS. 

A problem-solving information system is modeled as a goal-seeking system in 
which the problem (assumed to be associated with a goal) is specified by the user and 
data from the TPS. The function of the goal-seeking system is to produce a solution 
satisfying the goal or suggest solution candidates to the user. 

The TPS traditionally constitutes the infrastructure of an MIS, and the information 
system is understood as being almost equivalent to a TPS. However, as discussed in 
Chapters 4 and 15, the problem-solving/decision support system has become more 
and more important as requirement levels for the information system have risen. The 
motivation for the new systems development methodology proposed in this book is 
founded on the following observations: 



1 New Systems Development Methodology: The Model Theory Approach 

tion input 

User 
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Fig. 1.1. General MIS model. 

(1) The rapid increase in computing power, and decreasing cost of workstations and 
personal computers means that most information systems are now developed on 
these platforms. Decision makers can also solve problems on these platforms. As 
such, a new methodology that makes best use of workstations and personal com­
puters must be explored. Popularization of open software also demands a new 
methodology. 

(2) Companies are now facing global competition in a rapidly changing business envi­
ronment. Decision makers need to make the right decisions at the right times, and 
require technological support in order to do so. However, the conventional sys­
tems development methodologies such as the lifecycle approach are notoriously 
slow and unwieldy, and as such are not suitable for the problem-solving function. 
A light, rapid systems development methodology is therefore required. 

(3) Traditionally, systems development follows the way in which a user puts forward 
the request for information, and the system developer then develops an appropriate 
system. However, since the perceived requirement of the user is semistructured or 
unstructured and also changeable, it is very difficult for the system developer to 
understand the request of the user precisely. Furthermore, the users themselves 
may know only a certain condition of the problem, without understanding the true 
nature of the problem from the beginning, and quite often a significant amount 
of time is spent interacting with the solution process before a clearer perspective 
of the problem is obtained. It is therefore the user who is best equipped to build 
a system, suggesfing that a methodology oriented around end-user development 
(EUD) is necessary. 

(4) Almost every nontrivial system is built assuming that it is to be modified during 
operation. In general, however, the end user must have detailed knowledge of the 
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system or prior involvement in its development in order to modify the system 
effectively. This issue may be resolved by the introduction of a rapid, easy, and 
not-software-engineering-oriented formalized systems development methodology 
(See Chapter 14). 

1.2 Outline of Model Theory Approach 

Although the structure shown in Fig. 1.1 is too general to produce meaningful results, 
it can be specialized according to the objectives of the proposed model theory ap­
proach. Figure 1.2 shows a model of an "intelligent" MIS for the support of intelligent 
business activities, representing the ultimate target of the model theory approach. (See 
Chapter 15.) 

In Fig. 1.2, the TPS of Fig. 1.1 is represented as an automaton model in which the 
database (DB) saves the current state while the data processing system (DPS) provides 
a state transition function [Takahara and Kubota, 1989]. 

Problem/self-organization 

User layer 

Request/supplementary 
information 

Adaptive layer 

Problem-solving 
layer 

Problem-solving 
system 

Transaction input 

Aggregated data 
Data transformation 
systenî  

Transaction 
processing system 

Response 

Fig. 1.2. Intelligent MIS model. 



6 1 New Systems Development Methodology: The Model Theory Approach 

The problem-solving information system of Fig. 1.1 is decomposed into two lev­
els in Fig. 1.2: the problem-solving system and the data transformation system. The 
data transformation system transforms the data of the TPS into information neces­
sary for the problem-solving system by abstraction (aggregation) and/or data mining 
[Takahara, Asahi and Hu, 2004]. 

The problem-solving system is broken down into a further two layers: a problem-
solving layer and an adaptive layer. The two layers and the user (layer) correspond to 
the control layer, the adaptive control layer, and the self-organization layer of the layer 
model of GST, respectively [Mesarovic and Takahara, 1989]. The three-layer model is 
called a skeleton model, and is discussed in Chapter 13. 

The problem-solving layer, the lowest layer of the skeleton model, usually consists 
of two components: the problem specification environment (PSE) and the extended 
solver (extSLV), as shown in Fig. 1.2. The PSE specifies the structure of the problem 
to be solved, but is in general not a problem representation. The problem is instead 
formed and solved in the extSLV. Since the problem is usually specified outside of the 
solver, the solver in Fig. 1.2 is called an extended solver, the output of which is the 
(primary) solution. 

Although the TPS is a principal target of current systems engineering, the problem-
solving system is much more complicated and theoretically challenging. The first nine 
chapters (Chapters 4-12) in this book investigate the problem-solving system in the 
model theory approach. Chapter 13 deals with the data mining function, and Chap­
ters 14-16 are devoted to TPS development. 

The objective of the first nine chapters, dealing with the problem-solving system, 
is to establish a general basis for the construction of a problem-solving system, specif­
ically the design and implementation of the extSLV using a formal problem-solving 
structure. It should be noted that because the problem-solving layer is responsible for 
the primary activity of the problem-solving system, the extSLV is the real engine of 
the problem-solving system. Chapter 15 shows that the intelligent MIS of the model 
theory approach is constructed by direct application of the extSLV. 

The principal function of the extSLV is to yield an optimized (or satisfactory) solu­
tion for an identified problem. Although optimization may appear to be too specialized 
for the MIS concept, it is a valid part of an intelligent MIS model. Uncertainties asso­
ciated with a problem are dealt with by the adaptive layer and the user layer. The role 
of the extSLV in this context is discussed in detail in Chapter 13. 

As an outline of the model theory approach, the formalized structures of informa­
tion systems are introduced here without detailed explanation in order to set the context 
for the formulation at the outset. Full discussions can be found in Chapters 5 and 14. 

The model theory approach begins from a general formulation of the two types of 
information systems, that is, the TPS and the problem-solving system. Thus, the for­
mulation explicitly divides the structures of each information system into two parts: a 
standard part and a target-specific part. In the TPS, the standard part is formalized as 
a standardized user interface, and the target-specific part is formalized as a user model 
structure of a TPS. For the problem-solving system, the standard part is formalized as 
a standardized goal-seeker, and the target-specific part is formalized as a user model 
structure of a solver system. The standardized components are then implemented as 
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standard subsystems in the model theory approach and provided as black box compo­
nents to systems development. 

The formalized user model structure of the TPS is given as follows: 

User Model Structure of TPS = 

(ActionName, AttrName, ResName, {//}y, para, 

{Paralist/, delta-lambda(actionN/), actionN/}/), 

where 

ActionName: set of action (command) names, 
ResName: set of response names, 
AttrName: set of attribute names used in the file system, 
{//•};• set of file structures (//: AttrName->{true, false} or /y cAttrName), 
para: ActionName^-p(AttrName): action parameter specification function, 

where p(AttrName) is the power set of AttrName, 
Paralisti = realization(para(actionN/)), where actionN/ e ActionName, 
delta-lambda: ActionName—>U{realization(resName)| resName e ResName}: 

interface component of an atomic process, 
actionN/: Paralist/->U{realization(resName)| resName € ResName}: 

implementation component of an atomic process. 

The user model is constructed as a family of atomic processes. 
The formalized user model structure of the problem-solving system is given as 

follows: 

User Model Structure of Solver System (with Dynamic Programming 
Goal-Seeker) = 

(A,C,S,X, genA, constraint, goalElement, invst, co, Cf>, 

where 

A: set of actions, 
C: set of states, 
S : C X A -> C: state transition function, 
A : C X A —>• i4: output function, 
genA: C —> p(A): allowable action specification function, 
constraint: C ^-{true, false}: constraint predicate for a state, 
goalElement: C -> Re: evaluation of a state, where Re is the set of real numbers, 
invst: C -^{true, fase}: stopping condition for backward solving activity, 
CO € C: initial state, 
Cf c C: set of final states. 
These structures are discussed in detail in Chapters 14 and 5, respectively. These 

results lead to the following systems development procedure for the model theory ap­
proach: 
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(i) A system developer constructs a model for the target system using the user model 
structure as a template. The constructed model is called a user model, and is 
described in set theory. 

(ii) The developer rewrites the user model in set theory into a user model in computer-
acceptable set theory, which is then translated into a user model in extProlog by 
a compiler (setcompiler). 

(iii) The extProlog interpreter attaches the standardized components, the standardized 
user interface, or the standardized goal-seeker to the user model in extProlog 
depending on the type of the target system. 

(iv) Finally, the extProlog interpreter executes the combined model to realize the in­
tended system. 

The final form of the user model produced by a system developer is called an im­
plementation structure. The implementation structure for a TPS is presented as follows 
(see Chapter 14): 

Implementation Structure of User Model for TPS in (Computer-Acceptable) Set 
Theory 

func(<list of function names>); /•declaration of function names used 
in the user model*/ 

ActionName.g=<list of action names>; /•specification of ActionNames*/ 
/•definition of atomic process of 
actionNi*/ 

<actionNi>.g=para(actionNi) ; /•specification of parameters for 

actionNi*/ 

delta_lambda([actionN,],paralist)= /•interface component of actionNi*/ 
res<o-res:= actionNi (paralist) ; 

actionNi(paralist) =res-o. /•implementation component of 
(res,c2) :=0(c,paralist) ; actionNi*/ 

Here, ^ is a function defining the next state (new contents of the file system) and the 
user response. 

Similarly, the implementation structure for a solver system is given as follows (see 
Chapter 4): 

Implementation Structure of User Model for Solver System in 
(Computer-Acceptable) Set Theory 

func(<list of function names>); /•declaration of function names used in 
the user models/ 

delta(state,action)=nextstate <-> 
nextstate:= ̂ (state,action); //state transition 

genA(state)=actionset <-> 
actionset:= 9'(state) ; //allowable actions for a given state 

constraint(state) <-> 
/i (state); //permissible state 

initialstate0=cO <-> 
cO:=^ (state); //initial state 

finalstate(state) <-> 
/> (state); //final state 
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goalElement(state)=r <-> 
r:=(f (state) ; //evaluation of a state (output) 

invst(state) <-> 
r(state); //stopping condition of backward solving 

process 
preprocessO <-> 

preO; //preprocessing for goal-seeker 
postprocess() <-> 

postO; //postprocessing for goal-seeker 

Here, S, (p, d, and ^ are functions, and ju, p, ^, pre and post are predicates. The 
predicates preprocessO and postprocess() can be omitted. 

A user model in standard set theory is not suitable for processing on a computer. 
For example, the symbol U cannot be directly read by a computer. The notion of 
"computer-acceptable" set theory here refers to modification of standard set theory 
such that the model in set theory can be accepted by the setcompiler. This trans­
lation is discussed in Chapter 2. The setcompiler is supported by the model theory 
approach. 

The above is a general outline of systems development by the model theory ap­
proach. The details of the development of the TPS and the problem-solving sys­
tem differ slighdy, as shown in the next two figures. Figure 1.3 shows the detailed 
development procedure for a TPS. The figure also includes operation of the developed 
TPS. 

When a target problem requires TPS development, the system developers are as­
sumed to verify their perception of the problem by creating a data flow diagram (DFD). 
A DFD is regarded as a generalized block diagram in the model theory approach. 
A user model in set theory is generated from this image of the problem with the assis­
tance of the formalized user model structure for the TPS. The user model in set theory 
is then transformed into a representation in computer-acceptable set theory. The repre­
sentation is finally translated into a user model in extProlog automatically. Upon trans­
lation, a standardized user interface, called an internal user interface (stdDPS_UI.p), 
is attached to the user model in extProlog. 

The user model is executed under the control of another user interface, called an 
external user interface (stdUI.php), to realize the intended function. The external user 
interface is an interface between the end user and the system, and the internal user 
interface is an interface between the external interface and the user model. 

The systems development procedure for a problem-solving system is shown in 
detail in Fig. 1.4. 

When a target problem requires development of a problem-solving system, the sys­
tem developers are also assumed to verify their system concept through the use of a 
block diagram with a structure called the problem specification environment (PSE) 
as the input (see Chapter 5). Its output is a solution. A user model in set theory is 
constructed from the block diagram using the formalized user model structure of the 
problem-solving system given above. The user model is then transformed into a rep­
resentation in computer-acceptable set theory. The representation is translated into a 
user model in extProlog in the same manner as for the TPS. On translation a standard­
ized goal-seeker is attached to the user model in extProlog. Finally, a solving system 
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performed by system 
developer 

supported by model 
theory approach 

User commah 

Response/ 
update file 

Fig. 1.3. Development procedure forTPS. 

is created by the extProlog interpreter. As shown in Fig. 1.4, the solving system is 
given as an output of the extProlog interpreter. More specifically, the solver system is 
not a newly created system but a combination of the interpreter and the user model in 
extProlog. 

Appendix 1.1 presents a user model in extProlog generated by the setcompiler, and 
Appendix 1.2 shows the same extProlog user model generated manually. 

The model theory approach can be summarized as follows: 

• It is not a software engineering approach but a systems theory approach, based on 
a systems model. 

• It has the model theory structures of information systems, derived from general 
systems theory concepts. 
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perfonned by system 
developer 

supported by model 
theory approach 

Solution/ 
suggestion 

Fig. 1.4. Development procedure for problem-solving system. 

• It is a formal approach in the sense that a model is developed using the model 
theory structure and described in set theory. 

• A model in set theory can be translated into an executable system automatically as 
an integral part of the approach. 

• System construction is supplemented by standardized components specified by the 
formal structure, facilitating rapid systems development. 

• The implementation language is extProlog. 

Figure 1.5 shows a comparison of the model theory approach with other well-
known approaches. It should be noted that the target of the other approaches is TPS 
development, whereas the model theory approach addresses both TPS and solver de­
velopment. 
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Systems approach 

Object oriented 

Informal 

Model theory 
approach 

Formal 

Structured analysis, | VDM-sl 
agile, extreme 
programming, 
LAPP 

Ad hoc 

Fig. 1.5. Comparison of model theory approach with other approaches. 

It is clear that the structured analysis, agile, extreme programming, LAPP (Linux, 
Apache, postgreSQL, PHP) and object-oriented approaches are not formal approaches. 
Although VDM-sl (Vienna Development Method specification language) is a for­
mal approach, it does not include a system model for an information system such 
as the user model structure mentioned above. The three main advantages of the 
model theory approach are the provision of a theoretical basis for information sys­
tems development, automatic system generation using standardized components, and 
facilitation of rapid systems development. Consequently, it can provide a method­
ology that facilitates a more rapid, less expensive, more reliable, and easier system 
development. 

1.3 Example of Model Theory Approach to Systems Development 

A pattern-finding problem in data mining is examined here in order to demonstrate 
the model theory approach [Berndt and Clifford, 1996]. Consider a given set of time-
series data and template data. Let the time series -̂O and template r() be functions given 
by 

s:N 

t:M 

Re, 

Re, 

where Â  = {0 , . . . , n — 1}, M = {0 , . . . , m — 1}, and Re is the set of real numbers. 
The pattern-finding decision problem is then given as follows. Let 

F C (Â  X M)* 
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be a set of outputs, where (Â  x M)* is the free monoid of (Â  x M). lfy= aoai * --ai e 
y, where Uk = (ik, jk) e N x M, is a selected action, then s(ik) is supposed to be 
matched to t(jk) for /: = 0 , . . . , /. 

The desirability of an output y = yoy\ • • • 3̂ / is then measured by 

/ 
G(y) = ^\s(ik)-t(j,)l 

k=0 

where flEjt = (ikjk)-
The decision problem is then to find y such that the following condition is satisfied: 

G(y) -> min with respect to y e Y, 

Constraint conditions can be imposed for j e F. In the present case, ao = (0,0) and 
^/ = (n — 1, m — 1) must hold for y = aoai -—ai^. Let 

constraint: (Â  x M)* -> {true, false} 

be a unary predicate to specify the set F, or K = {jlconstraintCj) = true & y e 
(N X M)*}. Then, the decision problem for a problem-solving system or a solver 
(SLV) can be represented as follows: 

((A^ X M)*, constraint, G). 

This is a set-theoretic formulation of the problem, and represents the starting point of 
the model theory approach, that is, it presents a problem specification environment. 
The final user model structure of the model theory approach is then given by 

(i4, C, (5, A, genA, constraint, goalElement, invst, CQ, Cf), 

which is quoted above. This section shows the explicit construction of the components 
of the model structure. 

The SLV solves the problem, affording the optimal solution. In the model theory 
approach, the problem-solving process is first formalized as an automaton (the user 
model structure is composed of an automaton and a goal). The sets and functions 
necessary for the automaton representation are as follows: 

Let 

A = N X M; the set of actions, 

C = N X M; the set of states, 

and 
genA : C - > p(A) , 

where 

genA((x, y)) = {(x -h 1, j ) , (x -f-1, y + 1), (x, y + 1)} for any (x, y) e C. 

Here, genA(c) is a set of allowable actions for the state c e C. 
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Then let 
(5: C X A ^ C, 

where 

^((^9 j)» (w, v)) = c2 <-> (M, V) e genA(x, y)&c2 = (u,v) & constraint(c2). 

Here, Sis a state transition function. 
Finally, let 

A : C X A -> A, 

where 
X(c,a) = a. 

Here, A is an output function. 
This formulation specifies the automaton: 

solving process automaton = {A,C, S, X). 

The next step involves formulation of the dynamic optimization problem by in­
troducing a goal: evaluation of the output y e Y, The goal is used to determine the 
optimal action sequences on A. In the present case, the goal G : K ^- Re is decom­
posed into elements goalElement in order to use a standardized dynamic programming 
(DP) approach, which is called a DP method in the model theory approach. 

Let 

goalElement: C —> Re, 

where 
goalElement((M, v)) = \s(u) — t(v)\. 

Then, the following relation holds: 

G(y) = ^ goalElement(tZf) 

where 

y =:aia2"'ai. 
In other words, G(y) is an additive function of goalElement (a/). This leads to the 

following dynamic optimization problem: 

dynamic optimization formulation 

= {A,C,S,X, genA, constraint, goalElement, invst, CQ, Cf), 

where CQ = (0,0) and Cf = {(n — l ,m — 1)}. This is a formulation of a user model 
for the DP method. 

If the above formulation is expressed in a form that can be accepted by a com­
puter and is subsequently processed by the setcompiler (Fig. 1.4), an executable 
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/*warp2.set*/ R:=0 
. func( [de l ta , invdel ta ,genA, ) 

i n i t i a l s t a t e , g o a l e l e m e n t , .otherwise 
dis ,warpoutput2]); ( 

R:=dis(C) 
delta(C,A)=C2 <-> ) ; 

C2:=A, dis([X,Y])=D <-> 
constraint(C2); Ft:=[4,5,6,7,6,5,4], 

Fs:=[4,6,8,10,8,6,4], 
invdelta([U,V])*Ys <-> D:=abs(getvalue(Fs,X)-getvalue 

{U<1 and V<1) -> (Ft,Y)); 
( 
Ys: = [] invst(Cs) <-> 
) CO:=initialstate(), 

.otherwise member(CO,Cs); 
( postprocess0 <-> 
(U<1 and V>=1) -> solutionSS(SS) , 

{ CO:=initialstate() , 
Ys:=[[U,V-l]] Cs0:=warpoutput2(C0,SS), 
) Cs:=append([CO],CsO), 

.otherwise Rs:=goalValue(Cs), 
( xwriteln(0,"Rs='',Rs) , 
(U>=:1 and V<1) -> TCs:=transpose(Cs) , 

( showKTCs, "trajectory") ; 
Ys:=[[U-l,V]] 
) goalValue(Cs)=Rs <-> 

.otherwise (Cs=[]) -> 

{ ( 
Ys: = [[U-l,V], Rs:=[] 

[U-1,V-1], ) 
[U,V-1]] .otherwise 

) ( 
) [C|Cs2]:=Cs, 

); R:=goalElement(C,A), 
Rs2:=goalValue(Cs2) , 

genA([X,Y] )=As <-> Rs:=append([R],Rs2) 
As;=[[X+l,Y],[X+1,Y+1],[X,Y+1]]; ) ; 

constraint(C) <-> warpoutput2(C,SS)=Cs <-> 
C>=0; (SS=[]) -> 

( 
inltlalstattt()=C <-> Cs:=[] 

C:=[0,0]; ) 
.otherwise 

finalstate(C) <-> ( 
C=[6,6]; [A|As]:=SS, 

C2:=delta(C,A), 
goalEleinont(C,A)=R <-> Cs2 :=warpoutput2 (C2,As) , 

(C=[6,6]) -> Cs:=append([C2],Cs2) 

( ); 

Fig. 1.6. User model in computer-acceptable set theory. 

system can be obtained. Figure 1.6 shows a user model warp2.set for the pattern-
finding problem, which is acceptable by a computer. Appendix 1.1 shows the cor­
responding executable system warp2.p generated from warp2.set by the setcompiler. 
Chapter 2 discusses the computer-acceptable description of set theory for a user 
model. 
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Fig. 1.7. Output of pattern-finding system: optimal warp. 

The model description above includes a function inwS (invdelta) that is not an el­
ement of the user model formulation; it is the inverse of S, that is, in\S : C -^ p(C) 
such that inv^(c) = {c'\(3a)(S{c\ a) = c)}. Theoretically speaking, inwS can be gen­
erated from the user model formulation. However, as such a naive inverse operation is 
not efficient for implementation of in\S; the function is assumed to be supplied by the 
user model when the DP method is used. Specifically, a user is assumed to provide an 
efficient algorithm using a specific property of the target problem. A typical example 
is the inverse operation of a matrix. 

Appendix 1.1 presents the compiled output, warp2.p, which is an executable sys­
tem. In the warp2.p compile, the standardized dynamic programming (DP) strategy 
program stdDPsolver62.p is attached by the statement #include "stdDPsolver62.p". 
The entire code of stdDPsolver62.p is given in Appendix 5.1. Figure 1.7 shows the tra­
jectory {(iic, jk)k} of a solution y, where the horizontal coordinate is ik and the vertical 
coordinate is jk. An extra predicate postprocess() is included to generate the graph in 
warp2.set. 

The internal mechanism of the DP method, which can be ignored by an ordinary 
system developer, is based on a function, idGoahC -> Re, called an ideal evaluation 
of a state (see Chapter 5). Let idGoal be recursively defined as 

idGoal(cf) = 0 where Cf e Cf, 

idGoal(c) = goalElement(c) -f min{idGoal((5(c, a))\a e genA(c)}. 

The evaluation idGoal is a partial function, generated by a generator automaton called 
genGoal. Suppose CQ e dom(idGoal), where dom(idGoal) is the domain of idGoal. 
Then, a DP strategy 

d :C -^ A 

is defined by idGoal as follows: 

ff(c) = a* ^ min{idGoal((5(c, a))\a e genA(c)} = idGoal((5(c, a*)). 



Appendix 1.1 User Model in extProIog Generated by Setcompiler: Pattern-Finding Problem 17 

Here, c is a goal-seeker model in set-theoretic terms and is supplied as a standardized 
solver (black box component) by the model theory approach (refer to Fig. 5.4). 

Let (co, c i , . . . , Cit) be a solution or an output of the goal-seeker, where Ci+\ = 
S(ci,a(ci)) = 7r(c/) and Ck € Cf. The generator representation of SLV is then given 
by 

SLV = (C, ;r,co, Cf>, 

where n : C -^ C such that 
7r(c) =S(C,(T(C)). 

Appendix !•! User Model in extProlog Generated by Setcompiler: 
Pattern-Finding Problem 

The following is a model in extProlog generated by the set compiler from the user 
model shown in Fig. 1.6: 

//warp2.p 

func{"warp2.set", [delta,invdelta, initialstate,goalelenient,dis,goalValue, 
warpoutput2]) ; 

delta(C,A,CC):-
C2:=A,constraint(C2), 
CC:=C2 ; 

invdelta([U,V],Ys):-
if and(ltsds{U,l),ltsds(V,l)) then 

Ys:=[] 
else 

if and(ltsds(U,l),gesds(V,l)) then 
Ys:=[[U,minussds(V,l)]] 

else 
if and(gesds(U,l) ,ltsds(V,l) ) then 

Ys:=[[minussds(U,l),V]] 
else 

Ys:= [ [minussds(U,1),V], [minussds(U,1), 
minussds(V,1)],[U,minussds(V,1)]] 

end 
end 

end ; 
genA([X,Y],As):-

As := [ [plussds (X, 1) ,Y],[plussds(X,l),plussds{Y,l)], 
[X,plussds(Y,l)]] ; 

constraint(C) :-
gesds(C,0) ; 

initialstate(C):-
C:=[0,0] ; 

finalstate{C):-
eqsds(C, [6 ,6]) ; 

goa lElement (C,A,R) : -
i f eqsds{C , [6 ,6 ] ) then 

R:=0 
e l s e 

R:=dis{C) 
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end ; 
dis( [X,Y] ,D) :-

Ft:=[4,5,6,7,6,5,4], 
Fs:=[4,6,8,10,8,6,4], 
D:=abs(minussds(getvalue(Fs,X), 

getvalue(Ft,Y))) ; 
invst(Cs):-

CO;=initialstate(), 
member(CO,Cs) ; 

postprocess () :-
solutionSS(SS), 
CO:=initialstate(), 
CsO:=warpoutput2(CO,SS), 
Cs:=append([CO],CsO), 
Rs:=goalValue(Cs), 
xwriteln(0,"Rs=",Rs), 
TCs:=transpose(Cs), 
showl(TCs,"traj ectory") ; 

goalValue(Cs,Rs):-
if eqsds(Cs,[]) then 

Rs:=[] 
else 

[C|Cs2]:=Cs , 
R:=goalElement(C,A) , 
Rs2:=goalValue(Cs2) , 
Rs:=append([R],Rs2) 

end ; 
warpoutput2(C,SS,Cs):-

if eqsds(SS,[]) then 
Cs:=[] 

else 
[A I As] :=SS , 
C2:=delta(C,A), 
Cs2:=warpoutput2(C2,As), 
Cs:=append([C2],Cs2) 

end ; 
?-funcCall("warp2.set"),stdDPsolver(),postprocess(); 
#include "stdDPsolver62.p" ; 

Appendix 1.2 User Model in extProIog Generated by Manual: 
Pattern-Fitting Problem 

The following is a model in extProlog manually generated from the user model of 
Fig. 1.6: 

/•warpDP2.p*/ 

#include "stdDPsolver62.p"; 
delta(C,A,CC):-

C2:=A, 
constraint(C2) , 
CC:=C2; 

i n v d e l t a ( [ U , V ] , Y s ) : -
if U<1 and V<1 then 
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Ys:=[] 
else 

if U<1 and V>=1 then 
Ys:=[[U,V-l]] 

else 
if U>=1 and V<1 then 

Ys:=[[U-l,V]] 
else 

Ys:=[[U-l,V],[U-1,V-1],[U,V-1]] 
end 

end 
end; 

genA( [X,Y] ,As) :-
As:=[[X+l,Y],[X+1,Y+1],[X,Y+1]]; 

initialstate([0,0]); 
finalstate([6,6]); 
constraint(C):-

C>=0; 
goalElement([6,6],A,0):-l; 
goalElement(C,A,R);-

R:=dis(C); 
dis{[X,Y],D):-

Ft:=[4,5,6,7,6,5,4], 
Fs:=[4,6,8,10,8,6,4], 
D:=abs(getvalue(Fs,X)-getvalue(Ft,Y)); 

invst(Cs):-
initialstate(CO), 
member(CO,Cs); 

?-function([dis]),stdDPsolver(), 
warpoutput(); 

/•draw Figure 1.1*/ 
warpoutput():-

solutionSS(SS), 
initialstate(CO), 
warpoutput2(CO,SS,CsO), 
append([CO],CsO,Cs), 
goalValue(Cs,Rs), 
xwriteln(0,"Rs=",Rs), 
TCs:=transpose(Cs), 
showl(TCs,trajectory); 

goalValue( [],[]):-!; 
goalValue([[X,Y]ICs2],Rs):-

goalElement([X,Y],A,R), 
goalValue{Cs2,Rs2), 
append([R],Rs2,Rs); 

warpoutput2 (C, [],[]):- ! ; 
warpoutput2(C,[A|AS],Cs):-

delta(C,A,C2), 
warpoutput2(C2,As,Cs2), 
append([C2],Cs2,Cs); 
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Part II 

Model Construction Language and Systems 
Implementation Language 



Computer-Acceptable Set Theory for Model 
Construction 

To realize an information system by the model theory approach, a user model in 
set theory as introduced in Chapter 1 must be described in a form that can be ac­
cepted by a computer. For example, the symbol "^" cannot be accepted by a com­
puter, and must be replaced by an appropriate term, in this case "notmember." The 
system-defined predicates and functions are used to describe the predicates and func­
tions necessary for the user model with greatest efficiency. Set theory created in this 
way is described here as computer-acceptable set theory, and is the focus of this 
chapter. 

2.1 Implementation Structure of User Model in 
Computer-Acceptable Set Theory 

A user model in computer-acceptable set theory has the following simple structure (see 
Fig. 1.6): 

Function declaration 
Set of statements specifying the user model structure 
Preprocess predicate 
Postprocess predicate 

The function declaration consists of the following statement: 

.func([function-namei,..., function-name^J); 

which should include every user-defined function name. Although standard names 
need not be declared, redundant declarations are allowed. A statement is a well-
formed formula of computer-acceptable set theory, as defined below. The predicates 
preprocessO and postprocess() are used for initialization and input-output operations 
and may be omitted. 
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2,2 Well-Formed Formula of First-Order Predicate Calculus 

The basic syntax of the set-theoretic description in the model theory approach is based 
on first-order predicate calculus. The definition starts with the introduction of a well-
formed formula (wff) of standard first-order predicate calculus. 

The formulation of a wff is based on the definition of a relational structure [Bridge, 
1977], as given by 

ST = (A, {n\i e / } , {fj\j e J], {ck\k e K}}, 

where / , J and K are index sets and 

(1) A, the domain of ST, is a nonempty set. 
(2) r/ is a relation on A, i.e., r/ c A x • • • x A. 
(3) fj is a function on A, i.e., / / : A x • • • x A -> A. 
(4) ck is a constant element of A, i.e., Q € A. 

The first-order language L(ST) for the structure ST = (A, {r/|/ e I}, {fj\j e 
J]y {ck\k € K}}, then consists of 

(1) individual variables vo,v\, 
(2) individual constant symbol Q for each k e K. 
(3) a >l(/)-ary predicate symbol r/ for each / e I. 
(4) a //(7)-ary function symbol fj for each j e J. 
(5) logical connectives -̂  (not) and & (and). 
(6) universal quantifier V. 
(7) parentheses (,). 

The set of terms of the first-order language L, Term(L), is the smallest set X such 
that 

(1) all individual variables vo,v\,... and constant symbols Ck are members of X. 
(2) if r i , . . . , r^(y) e X, then fjitx,..., t^(j)) e X for each j e J. 

The set of atomic formulas of L, Atom(L), consists of all elements of the form 
n ( ^1 , . . . , tm)), where t\,,.., t^) e Term(L). 

Finally, the set of well-formed formulas (or simply formulas) of L, Form(L), is 
defined as the smallest set Y such that 

(l)Atom(L)C Y. 
(2) if(p,y/ e Y, then ^cf), <f> & y/, Vvi(f> e Y. 

Additional logical connectives V, ->, and o are defined in terms of the primitives 
as follows: 

A V 5 = - ( - A & - i 5 ) , 

A-^ B = ^Av B, 

A^ B = A-^ B&B -> A, 

The above is a standard definition of a wff. The connectives -^ and <̂-> are the main 
ingredients for a wff in the model theory approach. 
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The following are extensions of the first-order language for computer-acceptable set 
theory. A symbol is an alphanumeric string starting with an alphabetical character. 

(1) The universal quantifiers are not explicitly used in this approach. Square brackets 
[and] are used to represent a list structure. For example, [1, a, "A"] is a list. 

(2) The conventional expression of numbers is used for numeric constant symbols. 
12.3 is a numerical constant symbol. Arithmetic and relational operators are used 
in the usual way. The absolute operator is given by a function abs(). For example, 
| - 5 | = a b s ( - 5 ) . 

(3) A constant symbol is given by the form .(symbol). For example, .Ab is a constant 
symbol. 

(4) "(string)" is used as a text-type constant symbol. For example, "order ID cannot 
be changed" is a text-type constant symbol. 

(5) A symbol that is not a constant is a variable. For example, XI is a variable. 
(6) A variable with the suffix ".g" is treated as a special variable called a global vari­

able. A global variable is a variable that is valid over the entire model, whereas a 
regular variable is valid only within the statement in which it is used. A statement 
is defined in (13) below. For example, the statement "ActionName.g=["quit", 
"register"];" defines a global variable ActionName.g. 

(7) A file is denoted by the form (filename).lib and is treated as a global variable. 
Since a file is a list of records (see Chapter 14), it is treated as a set in the model 
theory approach (see Section 15.3). The term "stdUI-para.lib" in Section 1.2 is 
a global variable that represents a file. 

(8) The equality symbol == is used as a binary predicate symbol. 
(9) The symbol := is used as a binary predicate symbol to indicate the assignment 

of a value t> to a variable jc, i.e., x := v. 
(10) Due to restrictions on keyboard input, logical operator symbols are replaced by 

computer-acceptable symbols (see the list below). 

Connective 

-
A(&) 

V 

<^ 

—> 

# 

Computer-acceptable 
symbol 

not() 

and 

or 

<-> 

-> 

<> 

Example 

- P 
p andq 

porq 

p^q 

p^ q 

P / ^ 

Replaced example 

not(/?) 

p and q 

porq 

p <-> q 

p-> q 

p <> q 

Here, "and" is replaced by "," by convention. 
(11) A set is represented as a list term. For example, [1, [2, 3], x] is a set expression, 

where " [ . . . ]" is treated as a function. More precisely, [... ] is a composition of a 
binary function symbol dot(). For example, [1,2, 3] = dot(l, dot(2, dot(3, nil))) 
where nil denotes the empty list. 
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(12) Let A, B, and C be formulas. Then, an expression (left-hand side) may be re­
placed as follows: 

(A -^ 5)&(-A -> C) = (A)->iB) otherwise (C). 

(".otherwise" can be also used.) For example, 

(x >= a)->(y = u) otherwise (y = v). 

This is a fundamental construction in the model theory approach. 
(13) The following four types of formulas terminated by ";" are called statements: 

(i) (global variable) = (term). Used to define global variables, e.g., 

ActionName.g = ["quit", "register"]; 

(ii) (predicate symbol)((argument list)) <-> (formula). Used to define predi­
cates, e.g., 

p{y,x,[])<->y = x^x; 

(iii) (function symbol)((argument list)) = (variable) <-> (formula). Used to 
define functions, e.g., 

createY(["a", 1,"^",2]) = Y <-> 

Y := defSet(p(j, x, []), [jc, ["a", 1, "^", 2]]); 

(iv) atomic formula. Used to define a record of data, e.g., 

connection("tokyo", "oosaka", 5); 

(14) A user model in set theory is a set of statements. For example, "warp2.set" in 
Chapter 1 is a user model. 

(15) Quantifiers are not used explicitly in the model theory approach. However, every 
statement is assumed to be quantified by the universal quantifier. 

(16) A metastatement "func([ ]);" is used to declare function symbols. 
(".func([... ])" can be also used.) If a predicate is listed in func([ ]);, it can 
be used as a function. For example, 

func([/7,...]); p(x, y, z)<->z=x^ y; 

then, z := /?(2, 3) yields z = 6. System-defined functions need not be declared. 
The basic system-defined functions are presented in Appendix 2.1. 

(17) Appendix 2.1 lists the system-defined functions and predicates that are used in 
this book to construct and manipulate sets, predicates, and functions. 

The following is an example of a statement defining the function update-order3: 

update_order3([oid,...,est_payment])=res <-> 

(project(order.lib,opos,[oid,...,sdate])) -> 
( 
Date:=getDate2() , 
order.lib:=replaceList(order.lib,opos,[oid,...,Date]), 
res:=["UPDATE_ORDER...", ["est_del = ",est_del,...,est_payment]] 
) 
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.otherwise 
{ 

r e s : = " . . . " 
); 

Here, oid,... ,est_payment are variables and hence terms. Then [oid,... ,est_payment] 
is a term because [..] is a function. Since update-order3 is a function, update_order3 
([oid,... ,est_payment]) is a term. Then, since res is also a term, update_order3 
([oid,... ,est_payment]) = res is an atomic formula, since = is a predicate. Similarly, 

project(order.lib,opos,[oid,...,sdate]), 
Date:=getDate2(), 
order.lib:=replaceList(order.lib,opos,[oid,...,Date]), 
res:= ["UPDATE_ORDER...", ["est_del=",est_del,...,est_payment]] 
res:="..." 

are atomic formulas. The sequence of formulas 

Date:=getDate2(), 
order.lib;=replaceLiSt(order.lib,opos,[oid,...,Date]), 
res:=["UPDATE_ORDER...",["est_del=",est_del,...,est_payment]] 

is a formula because "," is a connective. Then, 

(project(order.lib,opos,[oid,...,sdate])) -> (..).otherwise(...) 

is a formula. Finally, 

"update_order3([oid, ...,est_payment])=res<->....otherwise (res: = "...">;" 

is a statement defining the function update_order3(). Although universal quantifiers 
are omitted, every variable in the statement is assumed to be quantified by V. 

It should be noted that not all statements can be meaningful as an element of a 
model description, as discussed below. 

2.4 Sets 

a. Set Notation 

A set is represented as a list in the model theory approach, where X = {jci,. . . , jc„} 
is represented by X = [ x i , . . . , Xn]. An empty set is represented by []. Although this 
convention is convenient, it should be noted that since in general [a,b] ^ [b,a], 
checking equality between sets requires sorting a list in the model theory approach. For 
example, an equality check between sets A and B is performed by sort(i4) = son(B) 
instead of A = B, 

b. Set Construction 

A set is constructed by identifying elements of a list directly or by an extension of 
a predicate. "ActionName.g=["quit", "register"]" is an example of set construction by 
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the identification of elements. An extension is given by the function defSet(). Suppose 
a set Ys is given by 

Ys = {y\p(y,x, {parameterlist)),;c e Xs}. 

This set is then constructed as 

Ys:=defSe t (p{y ,x , [parameter l i s t ] ) , [ x , X s ] ) ; 
p ( y , x , [ p a r a m e t e r l i s t ] ) <-> 

d e f i n i t i o n of p { ) ; 

For example, {n *n|n e {1,2,3,4,5}} is given by 

Ys:=defSe t{p (y ,x , [ ] ) , [x, [ 1 , 2 , 3 , 4 , 5 ] ] ) ; 
p { y , x , [ ] ) < - > y = x * x ; 

c. Set Algebra Notation 

Due to restrictions on keyboard input, set-theoretic operator symbols are replaced by 
the following computer-acceptable terms and atomic formulas: 

Operator 
symbol 

n 
u 
X 

-

II 
6 

^ 

C 

^ 

Computer-acceptable 
term 

intersectionO 

unionO 

product 

minusQ 

cardinalityO 

.in (member) 

.notin (notmember) 

subsetO 

notsubsetO 

Example 

AHB 

AUB 

Ax B 

A- B 

\A\ 

X e Xs 

X iXs 

Ac B 

A ^ B 

Replaced example 

intersection (A, B) 

umon(A,B) 

product(A, iB) 

m\nus(A, B) 

cardinality(A) 

X .in Xs (member(jc, Xs)) 

X .notin Xs (notmember(jc, Xs)) 

subset(5. A) 

notsubset(^. A) 

d. Set Modification 

A new element x is added to a set (list) Xs as follows. 

X s 2 : = u n i o n ( X s , [ x ] ) . 

Since a set is represented as a list, a new element x is appended to a set (list) Xs by 

Xs2:=append(Xs , [x ] ) . 

It should be noted that union([l, 2], [2]) = [1,2] and append([l, 2], [2]) = [1,2,2]. 
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An element x is deleted from a set (list) Xs by 

Xs2:=minus(Xs, [x] ) . 

In the above expressions, the element [x] is used. However, a set (list) can replace [x]. 
An element jc of a set Xs is replaced by another element y by 

pos:=invproject(Xs,x), Xs2:=replaceList(Xs,pos,y); 

The function invproject(X5', x) gives the position pos of JC in Xs, 
In general, Xs2 in the above expressions must be a variable that differs from Xs. 

''Xs := append(X5', [JC])" is not allowed. However, if Xs is a global variable (for 
example, Xs = Ys.g), the following expressions are allowed: 

Y s . g : = u n i o n ( Y s . g , [ x ] ) ; 
Y s . g : = a p p e n d ( Y s . g , [ x ] ) ; 
Y s . g : = m i n u s ( Y s . g , [ x ] ) ; 
p o s : = i n v p r o j e c t ( Y s . g , x ) , Y s . g : = r e p l a c e L i s t ( Y s . g , p o s , y ) ; 

2.5 Predicate (Relation) 

a. Relation Construction 

A relation is simply represented as a predicate, which is defined in the following form: 

p{v\,...,Vn)<-> 

conditions on [v\,... ,Vn]\ 

For example, 
p(x ,y ) <-> 

x<=y; 

An atomic formula representing a record is created by the predicate "assign," as dis­
cussed in Section 2.7. 

b. Relation Modification 

(i) If a relation is given by a set (its extension), the method of modification for the set 
is applicable to the relation, 

(ii) If a relation is given by a predicate p(x), it can be modified by 

P2(x) <-> 
(condition(x)) -> 

( 
/•modified statement*/ 
) 

.otherwise 
( 
p(x) 
) ; 
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c. Quantifiers 

Quantifiers are not used explicitly in the model theory approach. However, if the target 
set Z is finite, the functions of the quantifiers are handled by defSet() in the following 
way: 

(i) universal quantifier: (Vjc € Z)(p(x)): 

(Vjc e Z)(/7(jc)) is true if and only if (iff) Z = defSet(/72(jc, jc, []), [x, Z]), 

where 

p2(x,x,[]) <-> 

(ii) existential quantifier: (3x e Z)(p(x)): 

(3JC € Z)(p(x)) = true iff [] <> defSet(p2(jc, JC, []), [JC, Z ] ) , 

where 

p2{x,x,[]) <-> 

d. Data (Record) Handling 

Data may be defined as a class of atomic formulas that have a common predicate name. 
In this case, the data correspond to a table in a database, where each atomic formula 
represents a record of it. This is discussed in more detail in Section 2.7. 

2.6 Functions 

a. Function Construction 

A function is defined in several ways. 

(i) A function may be represented as a set or a relation. Suppose / : { 1 , . . . , 10} -> 
Â  such that f{n) = n^n. Then, 

/ = { ( n , n * n ) | n € { l , . . . , 1 0 } } . 

In the model theory approach, / is defined by defSet() as 

f : = d e f S e t ( p f ( y , x , [ ] ) , [ x , [ 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 1 0 ] ] ) ; 
pf (y ,x , [] ) <-> 

y = [x,x *jc]; 

It should be noted that [n,n + l , . . . , n + ^ — 1] can be generated by the system-
defined function genlndex(n, k). 
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Suppose / : X -> y is specified as 

fix) = 

z if condition(jc) = true, 

z^ if condition'(jc) = true, 

z'' if condition''(jc) = true. 

Then, f : X -> Y is described in the model theory approach as 

f{x)=y <-> 
(condition(x)) -> 

(y:=z), 
(condition'(x)) -> 

(y:=z'), 

(condition"(x)) -> 
(y:=z"); 

In particular, if / is specified as 

. . . \y\ if condition A is true, 

I j2 Otherwise, 

/ is described by 

f(x)=y <-> 

(conditionA)->(y:=yi) 

.otherwise (y:=y2); 

(iii) A function can be defined by a predicate using the metastatement func([... ]) in­
troduced in Section 2.3. 

(iv) According to recursive function theory, a complicated function can be defined in 
three ways: composition, primitive recursion, and minimization. 

• Composition 

Suppose f : X -^ Y and g : y ^- Z are given. Then, a function h : X ^' Z is defined 
by the composition operation as h(x) = g(f(x)). This operation is accepted if / , g, 
and h are declared in the metacommand func(). 

• Primitive Recursion 

Let Â  be the set of integers. If / : X -> Y and g : N x Y x X -> F are given, the 
primitive recursion operation defines a function h : N x X -> Y as 

h(0,x) = f(x) 
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and 
h(n -f 1, jc) = g(n,h(n,x),x). 

In the model theory approach, h is constructed by 

hin, x) = y^(n=0)->{y = f(x)) 

.otherwise 

(y = g{n,h{n,x),x))\ 

The essence of primitive recursion is the recursive operation. To avoid the stack mem­
ory problem that may occur in recursive operations, this definition is implemented by 
the defSetO function as 

h(n,x)=y <-> 
{n=0) -> 

( 
y:=f(x) 
) 

.otherwise 
( 
y.g:=f(x), 
ns:=genlndex(1,n), 
y s : = d e f S e t ( p r e c u r s i o n ( y , z , [ x ] ) , [ z , n s ] ) , 
y :=p ro j e c t ( y s , 0 ) 
) ; 

p r e c u r s i o n ( y , z , [ x ] ) <-> 
y : = g ( z , y . g , x ) , 
y . g : = y ; 

• Minimization 

Suppose / : Â  X X -> Re is given, where Re is the set of real numbers. Then, a new 
function /z : X -> Â  is generated by the minimization operation as follows: 

h{x) = m\m{n\f(n,x) = 0,n e N]. 

In general, h may be a partial function, whereas / is assumed to be a total function. If 
Â  is finite, that is, Â  = { 0 , 1 , . . . , L}, the minimization operation is implemented by 
defSetO as 

h(x,N)=y <-> 
y s : = d e f S e t ( p m i n ( y , n , [ x ] ) , [ n , N ] ) , 
y : = p r o j e c t ( y s , 0 ) ; 

pmin(y ,n , [x] ) <-> 
(f{n,x)=0) -> 

{ 

y:=n, 
.b reak 
) 

Since only finite sets are used in the model theory approach, the composition 
operation and the defSet() function are sufficient for generating computable 
functions. 
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b. Function Evaluation 

(i) Suppose a function f : X -> Y is defined as a set, that is, / = {(jc, /(A:))|JC e X]. 
In this case, y is obtained by the predicate member(). Execution of 
member([jc, y], f) yields y for a given x. Let / = [[1,2], [2,4], [3, 9j]. Then, 
member([2, y], f) yields j = 4. 

(ii) Suppose a function f : X -> Y is defined by 

f (x) =v <-> 
(specification of v ) ; 

In this case, y is simply obtained by y := f(x) if / is declared in func(). For 
example, / is defined as 

f (x)=y <-> y=x*x; 

Then, y := / (2) yields y = 4. 

c. Function Modification 

(i) Suppose a function / : X -> K is defined as a set, that is, / = {(jc, /(JC))|JC e X]. 
In this case, a new function f\:X->Y where 

I y 1 otherwise, 

is created by 

Ix:=invproject(f , [xl ,yO]) , 
f l := r e p l a c eL i s t ( f , I x , [ x l , y l ] ) ; 

The function replaceList(/, Ix,[xl,y\]) replaces the Ixih element by [jcl, j l ] 
i n / , 

(ii) Consider a function f : X -^ Y defined as 

f (X): 

fi(x: 

=y < 

)=y 

-> 
(condition(x)) -

(y:=z) 
(condition'(x)) 

(y:=z' 

(condition"(x)) 
(y:=z" 

<-> 
(x=xl) -> 

( 
y:=yl 
) 

.otherwise 
( 
y:=f(x) 
) ; 

> 
/ 
-> 
) , 

-> 
); 
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2.7 User Model Description in Set Theory 

The previous sections introduced basic notation for the description of a user model in 
set theory. This section illustrates how this notation is used in practice for user model 
construction. 

a. State Transition 

For a TPS the state set C is usually represented by 

C = Fix " X Fn, 

where 

Fj C (Attryi X ••• xAitrjkT^ 

Here Fj is a set of files and Aiivjt is an attribute set of Fj. State modification can 
be achieved by two methods: change of the record number in a file, or change of the 
content of a record. 

(i) Change of the record number in a file is easily performed by the functions ap-
pend(), unionO, and minusQ. 

(ii) Change of record content usually requires three steps. Suppose a record ro in the 
file Fi is to be replaced by another record r\. The procedure is then as follows. 
Step 1: Identification of the position of ro = (attroo, • • •, attroA:) in F/. This is 

performed by 

pos := invproject(F/, ro); 

It is important to note that attroo,..., attroit of ro can be variables unless a 
"key" element (e.g., the *TD" element) is a variable. Here, invproject() as­
signs proper values to the variable elements if the operation is successful. 

Step 2: Generation of r\. Suppose this operation requires replacement of attrop by 
a new value Vp, Then, r\ is given by 

r\ := replaceList(ro, p^Vp)', 

If the position p is unknown, step 1 can be reapplied to ro. 
Step 3: Replacement of ro by ri: This operation is performed by 

Fi := replaceList(Ff, pos, ri); 

b. Response Generation 

Response generation usually requires evaluation of the current state c € C. If the 
evaluation can be completed by dealing with one record in a file, it can be performed 
by projectO or member(). However, there are many cases that require every record in 
a file to be checked. Such operations are carried out by defSet(). Suppose for Fj c 
(Attryi X • • • X Attr^jt)* that the last elements of the records satisfying a predicate 
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p2() are to be collected. This requirement is realized through the use of defSet() as 
follows: 

res:=defSet(pi(y,r, [parameter_list]), [r,Fj]); 
pi(y,r,[parameter_list]) <-> 

attrO:=project(r, 0) , 
(p2(attr0)) -> 

( 
y:=attrO 
) ; 

Here, project(r, 0) provides the last element attrO of the record r. 

c. Data Handling 

Since the system-defined function listPred() provides the class of records of data (a 
file) as a list (a set), data handling is relatively easy in the model theory approach. For 
example, suppose the following data are provided, where the first element of a list is 
assumed to be a key: 

connection(["tokyo","oosaka"],5); 
connection(["tokyo","nagoya"],3); 
connection(["nagoya","oosaka"],2); 

Here, ["tokyo", "oosaka"] is a key of the list (["tokyo", "oosaka"], 5). Then, 

L:=listPred("connection"); 

yields 

L=[ [ ["tokyo","oosaka"] ,5] , [["tokyo","nagoya"],3], [["nagoya","oosaka"],2]] . 

An atomic formula can be created by the predicate "assign." For example, the state­
ment 

assign(["connection",["oosaka","fukuoka"]],8); 

creates the atomic formula 

connection(["oosaka","fukuoka"],8); 

Since "assign" can overwrite a formula by applying a key, an atomic formula can be 
modified. For example, the statement 

assign(["connection",["oosaka","fukuoka"]],8.5); 

can replace 

"connection(["oosaka","fukuoka"],8)" 

by 

"connect ion(["oosaka","fukuoka"],8.5)". 
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An atomic formula can be erased by a predicate "retract-by head." For example, 
"connection(["oosaka", "fukuoka"], 8.5)" is erased by 

retract_byhead(connection(["oosaka","fukuoka"],8.5)) ; 

Here, since ["oosaka", "fukuoka"] is a key, the predicate retract-byhead(connection 
(["oosaka", "fukuoka"], x)) can perform the same function with jc as a dummy variable. 
It should be noted that the standard predicate "retract" of Prolog requires that the target 
object be fully specified. A text-type constant symbol of the above example can be 
replaced by a regular constant symbol. 

2.8 User IVIodel Compilation 

A user model in computer-acceptable set theory is translated into a model in extProlog 
by the setcompiler. Figure 2.1 outlines the compilation scheme. 

Setcompiler 

Fig. 2.1. Setcompiler. 

The parser translates an arithmetic/logic formula, a predicate, a function, or an if-
then formula into a corresponding internal object of extProlog. Thus, each statement of 
the user model is translated into a list of objects, and the entire user model is translated 
into a list of lists. 
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Consider the user model of Fig. 2.2. 

/*register53.set*/ 
fiinc ([delta_laTnbda, register] ) ; 
ActionNaina.g= ["quit", "register"] ; 
/•atomic process of register*/ 
register.g=["name","institute"]; 
delta_lainbda([.register] )=res <-> 

paralist:=stdUI_para.lib, 
resr^register(paralist), 
atdni_ra8.Iib2:=res; 

register([name,institute])=res <-> 
(notmember'[[name,institute],y],participant.lib)) -> 

( 
participant.Iib2:=union(participant.lib, 

[[[name,institute],[0,0,0]]]), 
res := [name, institute, .new_registration, .fee, .tracJc] 
) 

.otherwise 
( 
[fee,track,date]:=participant.lib([name,institute]), 
(fee <> 0 and traclc <> 0) -> 

( 
res:=[name,institute,.pre_registration,.receipt, 

.proceeding] 
) 

.otherwise 
( 
res:=[name,institute,.incomplete_registration, 

.fee, .tracJc] 
) 

); 

Fig. 2.2. Example of a user model in computer-acceptable set theory. 

Figure 2.3 shows the parsed result of the function register() in Fig. 2.2. 

[ eqsds (reg i s t er ( [name , ins t i tu te ] ) , r e s ) 
i f f 
[notmember ( [ [name, institute] ,y] .participant .lib) ,_imply, 
(participant .lib2,_assign, union (participant, lib, [ [ [name, institute] , 
[0,0,0]]]),,,res,_assign,[name,institute,_new_registration,_fee,_trac]c]) 
,_otherwise,([fee,traclc,date],_assign,participant.lib([name,institute]),, , 
[ (_and(_nesds(fee,0),_nesds(track,0))),_imply, (res,_assign, [name,institute 
,_pre_registration,_receipt,_proceeding] ) ,_otherwise, (res,_assign, 
[name,institute,_incomplete_registration,_fee,_track])])]] 

Fig. 2.3. Parsed form of the function register(). 

The following are typical correspondences between the original formula and the 
parsed result: 

register([name,institute])=res ^^ _eqsds(register([name,institute]),res), 
<-> ô- iff, 
(notmember([[name,institute],y], o (notmember([[name,institute],y], 

participant.lib)) participant.lib)), 
-> <r^ -imply, 
fee <> 0 and track <> 0 <^ _and(_nesds(fee,0),_nesds(track,0)). 
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The translation is performed in the following way: 

• Operator symbols are replaced by internal symbols: 

= -> _eqsds, 

:= -> -assign; 

• Constant symbols have "." replaced by "_": 

.new_registration -> _new_registration; 

• Variable and numeric symbols are not changed: 

fee -> fee, 

0 - > 0 ; 

• Arithmetic and logic formulas are replaced with the prefixed normal form: 

fee <> 0 -> _nesds(fee, 0); 

where "_nesds" is the internal representation of " < > " (not equal). 
• Predicates and functions are not changed: 

register([name,institute]) -^ register([name,institute]). 

The parsed result is again translated into standard extProlog code by the translator. 
extProlog is discussed in more detail in Chapter 3. Figure 2.4 shows the extProlog TPS 
user model generated from Fig. 2.2. 

//register53.p 
f line("register53.set", [getDate,fileFunction,invproj ectList,invproj ect, 

getInclex,getSubtable,check_participant,plist,total_fee,trackplist/ 
delta_larabda,register,setupparticipant,updateparticipant, 

reg_update]); 
actionName.g(["quit","register"]); 
register.g(["name","institute"]); 
delta_lambda([_register],Res):-

xread{"stdUI_jpara.lib",StdUIjoara.lib, "text") , 
Paralist:=StdUIjpara.lib, 
Res:=register(Paralist), 
StdUI_res.Iib2:=Res, 
appendf("stdUI_res.lib","w",StdUI_res.Iib2 ); 

register([Name,Institute],Res):-
xread{"participant.lib",Participant.lib,"text"), 
if notmeraber([[Name,Institute],Y],Participant.lib) then 

Participant.lib2:=iinion(Participant.lib,[[[Name,Institute], 
[0,0,0]]]), 

appendf("participant.lib","w",Participant.Iib2 ), 
Res:=[Name,Institute,_new_registration,_fee,_sym] 

else 
[Fee, Sym,Date] : «sf ileFunction ("participant. lib" , 

[Name,Institute]), 
if and(nesds(Fee,0),nesds(Sym,0)) then 

Res:=[Name,Institute,_pre_registration,_receipt 
,_proceeding] 

else 
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Res:=[Name,Institute,_incomplete_registration 
, _f ee, _sym] 

end 
end ; 

?-funcCall("register53.set") ,stdDPS_UI() ; 
#include "stdDPS_UI.p"; 

Fig. 2.4. User model in extProlog "registers3.p" generated from "register53.set". 

The function names "delta-lambda," "getDate," "fileFunction," "invprojectList," 
and "invproject" are appended to func by the setcompiler as standard functions. The 
last statement, #include "stdDPS_UI.p," sets the standardized internal UI to be in­
cluded upon execution. 

2.9 Input-Output Operations in Set Theory 

Input and output operations for a user model are usually defined in the preprocess() 
and postprocessO predicates of a user model. The actual operations are provided by 
extProlog predicates. As mentioned in Section 2.8, a predicate form is not modified 
on translation, and hence in principle, the input-output predicates of extProlog can 
be used directly for the input-output operations of a user model (see Fig. 1.6 and 
Appendix 1.1). The input-output predicates of extProlog are discussed in Chapter 3. 

Appendix 2.1 System-Defined Predicates and Functions Used in 
This Book 

append () : binary function; 

See Section 2.4. 

a s s e r t 0 : unary predicate; 

See Section 3.4, 

a s s i g n 0 : binary predicate; 

See Section 3.4. 

c l e a r s h e e t () : unary predicate; 

c l e a r s h e e t (Wp) implies that a spreadsheet of extProlog whose ID is WP is cleared. 

concat () : ternary predicate; 

concat ("ABCD" , "abed" , x) implies x="ABCDabcd" . 

def Set () : ternary function; 

See Section 2.4. 

d e l e t e L i s t () : binary function; 
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l i s : = d e l e t e L i s t ( [ 1 , [3,4] ,3] ,2) implies l i s = [ l , 3 ] . 

genlndex () : binary function; 

x : = g e t l n d e x ( n , k ) implies x= [ n , n + l , . . . , n+k - l ] . 

ge tDate () : nullary function; 

X: =getDate () implies x = c u r r e n t t ime in the form 

[ y e a r , m o n t h , d a y , h o u r , m i n u t e , s e c o n d ] . 

ge tDate2 () : nullary function; 

x :=getDate2 0 implies x = c u r r e n t t ime in the form [year ,month , day] . 

g e t v a l u e () : ternary predicate; 

See Section 3.4. 

i n v e r s e () : unary function; 

x= inve r se ( [ a , b , c , d ] ) implies x= [ d , c , b , a ] . 

i n v p r o j e c t O : binary function; 

x : = i n v p r o j e c t ( [ a , b , c ] ,c) implies x=3 o r ' c ' is the third element of [ a , b , c ] . 

l i s t P r e d O : unary function; 

See Section 2.7. 

load_go{) : unary predicate; 

See Section 15.3. 

malcewindowSS () : 4-ary predicate; 

malcewindowSS (Wp, "mytree" , W, H) is to open a spreadsheet Wp whose title is 
"mytee" and size is W x H. 

p r o j e c t 0 : binary function; 

X: =pro j e c t ( [ l , 2 , 3 ] ,2) implies x=2 . 

r e p l a c e L i s t 0 : binary function; 

l i s : = r e p l a c e L i s t ( [ 1 , 2 , 3 ] , 2 , [3 ,4 ] ) implies l i s = [ l , [3 ,4] ,3] . 

r e t r a c t 0 : unary predicate; 

See Section 2.7. 

r e t r ac t—byheadO : unai7 predicate; 

See Section 2.7. 

s e t v a l u e () : ternary predicate; 

See Section 3.4. 
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showl () : binary predicate; 

See Appendix 3.1. 

s o r t () : unary function; 

x : = s o r t ( [ b , 2 , a , l , " e " , 4 , "cd"] ) implies x : = [ " c d " , "e" , a , b , 1, 2 , 4] . 

sortmax () : unary function; 

x : = s o r t ( [ b , 2 , a , l , " e " , 4 , "cd"] ) implies x:= [4, 2, l , b , a , "e" , "cd"] . 

sum () : unary function; 

x=sum( [1 ,2 ,3 ] ) implies x=6. 

t r a n s p o s e () : unary function; 

x : = t r a n s p o s e ( [ [ a , b , c] , [ 1 , 2, 3] ] ) implies x= [ [a, 1] , [b,2] , [c, 3] ] . 

x read () : binary predicate; 

x read (0, Ans) is to get data from the dialog window, whose window pointer number is 
0 and insert it into the variable Ans. 

x w r i t e l n ( 0 , - ) : predicate; 

x w r i t e l n ( 0 , "Ans=" ,X) is to display {"Ans=",x) in the dialog window. 

The following are special predicates for data mining [Takahara, 2003]: 

procC("entropy",-,-) . 

procC("getcategory",-,-), 

procC("getelement", - , -) , 
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Implementation Language: extProlog'̂  

This chapter introduces extended Prolog (extProlog). Although primarily used as an 
implementation language for the model theory approach in a hidden manner similar to 
a machine language, knowledge of this language is also helpful for understanding the 
model theory approach, for the following reasons: 

(1) Input-output operations are provided by predicates of extProlog as well as HTML. 
(2) Advanced control schemes, such as those used in Chapter 13, are implemented 

with direct support of extProlog. 
(3) The standardized components of extSLV and TPS are implemented in extProlog. 
(4) An efficient user model can be direcdy constructed in extProlog if a system devel­

oper is familiar with extProlog. 

The extProlog language is adopted for implementation of the model theory ap­
proach due to its semantic closeness to set-theoretic modeling and other advantages 
as discussed below. This semantic closeness allows a model described in set theory to 
be translated into an extProlog model automatically by the setcompiler. Consequently, 
extProlog is discussed in this chapter at considerable depth. It is assumed that readers 
are familiar with the C programming language, although familiarity is not absolutely 
necessary. 

3.1 Extended Prolog (extProlog) 

Practical experiences with the model theory approach projects have led to the following 
language requirements (R1-R9) for the model theory approach: 

Rl: It should be readily capable of implementing a model described in set-theoretic 
terms, and should also be a general-purpose language. 

R2: It should support the model integration approach [Takahara, lijima, and Shiba, 
1993] and allow for the representation of a composite system consisting of sub­
systems. It is common in practice for a complicated system to be built as a system 
of subsystems (discussed in Chapter 13). 
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R3: It should have good numeric processing capabilities, since the management prob­
lems targeted by the new methodology are basically dependent on numerical 
processing. 

R4: It should have good symbolic processing capabilities, since many real problems 
require heuristic solution algorithms. This case is illustrated in Chapter 15. 

R5: It should have database connectivity. 
R6: It should provide a standard graphical user interface (GUI). Although every MIS 

should have an interface between the system and the user, it is not usually neces­
sary to build a beautiful GUI: rapid development of the GUI is more important. 
This chapter, and Chapters 14 and 15, discuss standardized GUIs for extSLV and 
TPS, respectively. 

R7: It should provide reasonable program execution speed. 

Conventional Prolog already satisfies some of these requirements. However, basic 
Prolog also presents some difficulties as the implementation language for the proposed 
development approach: 

• It is not a fully general-purpose language and is weak in a number of areas includ­
ing execution control. 

• It does not support the model integration approach. 
• It is not particularly good for numerical processing. 
• It does not provide database connectivity. 
• It does not provide a GUI. 
• Programs in standard Prolog are unreadable in the sense that functional expression 

is not allowed. 

To overcome the weaknesses of standard Prolog, an extended form of Prolog called 
extProlog [Takahara et al. 2003] has been developed. The specific extensions are as 
follows: 

El: Array (vector and matrix) processing. This is realized in two ways. Firstly, 
standard Prolog itself is already strong in terms of list processing, but is un­
able to perform arithmetic operations on lists directly. The arithmetic opera­
tions are extended for lists as termwise operations in extProlog. For example, 
if X = [XI, X2] and Y = [71, 72], X + Y yields [XI -h Kl, X2 + Yl]. The 
same holds for Boolean expressions. 

E2: Introduction of a model description language (MDL) as a provision for the model 
integration approach. This is discussed in Chapter 13. 

E3: Numerical execution tools. Numerical processing is improved in extProlog by 
introducing predicates and functions on lists and numerical computations. 

E4: Introduction of object-oriented database connectivity, and provision for standard 
SQL queries. This is discussed in Chapter 16. 

E5: Standardized GUIs. Figure 1.7 shows an example of a standardized GUI. This is 
discussed in Appendix 3,1. 

E6: Program structure control functions such as/or, if, and repeat clauses. 
E7: Introduction of a mechanism to call a predicate as a function. In general, if F of a 

predicate p(X\,..., X^, 7) is defined as an output of /?(), pQ can be called as a 
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function using the form Y := p(X\,..., X„) if it is declared in functionQ. (See 
Section 3.4.2.) Of course, /?() can also be used in the form p(Xi,..., X„, F). 

3.2 Examples 

This section presents two typical examples of extProIog programming. The first is a 
numerical programming example, and the second is a symbolic programming example. 

3.2.1 Numerical Example 

Prolog is usually considered a language most suitable for symbol processing. How­
ever, extProlog is extended to handle numeric processing for management in a reason­
able way. This section will discuss numerical programming in extProlog using a linear 
simultaneous equation as an example. The problem is solved by the Gauss-Jordan 
method in both C and extProlog programs. 

The following is a C program for solving a linear simultaneous equation: 

/*simuleq3.c*/ 
/•solution of simultaneous equations*/ 
/•A'x=b;A=[A',b]*/ 
#define N 100 
#include <stdio.h> 
mainO 

{ 
f l o a t a [ N ] [ N + 1 ] = { { 1 , 2 , 5 } , { 3 , 1 , 5 ) } ; 
f l o a t x[N] ; 
i n t i , n = 2 ; 

/ • s o l v e by Gauss-Jordan method*/ 
for ( i=0 ; i<n ; i++) 
{ 

m y p i v o t ( a , n , i ) ; 
) 
f o r ( i = 0 ; i < n ; i + + ) 

x [ i ] = a [ i ] [ n ] ; 
fo r ( i=0 ; i<n ; i++) 

p r i n t f ( " x [ % d ] = % e \ n " , i , x [ i ] ) ; 

m y p i v o t ( a , n , i ) 
f l o a t a[N] [N+1] , 
i n t n , i ; 

{ 
f l o a t a i i , a k i ; 
i n t k, j ; 

a i i = a [ i ] [ i ] ; 
f o r { j=i ; j<=n; j++) 

a [ i ] [ j ] = a [ i ] [ j ] / a i i ; 
f o r (k=0;k<n;k++) 

{ 
i f { k l = i ) 
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{ 
aki=a[k] [ i ] ; 
fo r ( j= i ; j<=n ; j++) 

a[k] [ j ]=a[k] [ j ] - a [ i ] [ j ] * a k i ; 
} 

Programs in C can be translated into extProlog in a straightforward manner, as 
discussed below. However, the converse is not true. 

In principle, a Prolog program consists of a set of rules (clauses), and each rule is 
of the following form: 

qO'-P\0.'",PnQ\ 

where q{), p\0,..., pnO ^^^ predicates. The comma, "," should be understood as the 
"and" connective. The qQ component is the head of the rule, and :- p i Q , . . . , /?«(); is 
the tail. Although the rule is usually understood to indicate the following implication 
relation, 

if the predicates pi ( ) , . . . , pnQ are true, then the predicate ^()is true, 

this interpretation is not used in this chapter. The theory of Prolog as a logic program­
ming language is discussed in detail in Chapter 17. Here, a rule is interpreted as a 
subroutine. In a numerical program of extProlog, pi () is a predicate representation 
of a numerical equation and q{) represents a procedure head. As shown below, there 
is no structural difference between a numerical program in C and its counterpart in 
extProlog. 

The primary modifications involved in translation from C to extProlog are as fol­
lows: 

1. The declaration part is omitted. 
2. All variable names should start with an uppercase letter. 
3. The terminal symbol";" is replaced with "," except for the very end terminal ";". 
4. Array expressions are replaced with special predicates. 
5. A subroutine name is used as the head of the corresponding rule. 
6. A special rule "?-main();" is appended to the Prolog program to initialize execution 

of the main() rule. 
7. System-defined subroutines in C are replaced with system-defined predicates in 

extProlog. 

The first modification follows from the fact that variables in Prolog are type-
less. This feature makes Prolog the most convenient platform for complicated system 
development. The development methodology presented in this book relies heavily on 
this feature. 

The above C program consists of two routines, main() and mypivot(), and there­
fore the corresponding Prolog program consists of two rules, with heads main and 
mypivot. 

After the declaration part has been omitted and the variable names have been mod­
ified, the main routine appears as follows: 
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mainO 
{ 

} 

for (I=0,-I<N;I++) 
{ 

mypivot (A,N, I) ; 
} 
for ( I=0; I<N;I++) 

X[I]=A[I] [N] ; 
for {I=0;I<N;I++) 

p r i n t f ("X[%d]=%f\n'M,X[I] ) , 

Furthermore, inserting the data assignments i4 := [[1, 2,5], [3,1,5]], Â  := 
strlen(i4), and X := constantlist(0, Â ) into the above code in place of the correspond­
ing C codes, a[N][N + 1] = {{1, 2,5}, {3,1,5}}, n = 2, and float Jc[A ]̂, results in the 
following extProlog program, which corresponds to main() in the C program: 

/•simuleqlO.p*/ 
/•solution of simultaneous equations*/ 
/*A'x=b;A=[A',b]*/ 
mainO : -

/•specify [A',b]*/ 
A:=[[l,2,5],[3,1,5]], 
/•get dimension of A*/ 
N:=strlen(A), 
X:=constantlist(0,N), 
/•solve by Gauss-Jordan methods/ 
for{I:=0;I<N;I++) 
begin 

mypivot (A,N, I) 
end, 
for(12:=0;I2<N;I2++) 
begin 

getvalue(A, [12,N] ,Ain) , 
setvalue(X,I2,Ain) 

end, 

/•Ans=solution^/ 
xwriteln(0,"Ans=",X); 

?-main() ; 

X[I] = A[I][N] is replaced by two special predicates: getvalue() and setvalue(). 
They are discussed in Section 3.4.2. 

In the same way, the extProlog rule representing the subroutine mypivot() can be 
obtained as follows: 

mypivot (A,N, I) : -
getvalue(A,[I,I],Aii), 
for(J:=I;J<=N;J++) 
begin 

getvalue(A,[I,J],Aij), 
setvalue(A,[I,J],Aij/Aii) 

end, 
for(K:=0;K<N;K++) 
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beg in 
i f K o l then 

g e t v a l u e ( A , [ K , I ] , A k i ) , 
fo r ( J2 :=I ; J2<=N;J2++) 
beg in 
getvalue(A,[K,J2],Akj2), 
getvalue(A,[I,J2],Aij2), 
setvalue(A,[K,J2],Akj2-Aij2*Aki) 

end 
end 

end; 

Combining the two rules main() and mypivot() gives a complete extProlog program 
for the solution of a set of simultaneous linear equations. It should be noted that since 
the size of the problem is evaluated by the line Â  := strlen(A), the program can solve a 
system of simultaneous linear equations of any dimension; that is, the program need 
not be modified at all even if the size of the problem changes. This is, of course, more 
than a simple translation of the C program. 

The above discussion demonstrated how a Prolog program can be directly trans­
lated from a C program. Although the generated program is workable, it may not be 
optimally efficient. Using the system-defined functions and predicates provided by the 
extension, the program can be made more efficient [Takahara et al. 2003]. 

A numerical program in C basically consists of assignment statements, condi­
tional statements (if clauses etc.), and repeat statements (for clauses etc.). Since these 
statements are allowed in extProlog (refer to Section 3.4), any routine (main routine or 
subroutine) of a numerical C program can be translated almost directly as a single 
extProlog rule, as demonstrated above. 

3.2.2 Symbolic Example 

Prolog and extProlog are strong in terms of symbolic programming. It is important to 
observe that although a C program can be translated into an extProlog program easily, 
the converse is not true for a symbolic program. This is a significant advantage over C 
for systems development. 

The following is a trivial example of a symbolic processing program in Prolog: 

/•Socrates.p*/ 
die(X):-animal(X); 
die(X):-man(X); 
man(plato); 
man{Socrates) ; 
?-die(X),xwriteln{0,X,"will die"); 

The program represents the following logical relations: 

If X is an animal, X will die. 
If X is a man, X will die. 
plato is a man. 
Socrates is a man. 
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The program infers who will die from the above relations. 
In extProlog, predicates are categorized as belonging to either the self-executable 

predicate class or the rule head class. All of the system-defined predicates and predi­
cates for numerical computation belong to the former class. For example, the system-
defined predicate xwriteln() in the above program is a self-executable predicate that 
displays a text specified by its argument in a window when executed. The predi­
cates setvalueO and getvalue() in the numerical example in Section 3.2.1 are also self-
executable predicates. 

On the other hand, all of the user-defined predicates belong to the rule head 
class. The predicate die() in the above program is a member of the rule head class. 
A rule is considered as a subroutine definition in this chapter. Execution of a pred­
icate in the rule head class implies execution of the body (tail) of the rule corre­
sponding to the predicate. The biggest difference between a subroutine in C and that 
in Prolog is that more than one subroutine can be defined for one rule head predi­
cate. 

Consider die(X) in the above example. This is a rule head predicate for which 
two subroutines, die(X):-animal(X) and die(X):-man(X), are defined. Although the 
tail specifies a logical condition and the head represents a logical conclusion in the 
conventional interpretation of Prolog, this chapter interprets them in a different way; 
the head is considered to represent a procedure head and the tail represents its body, as 
mentioned above. 

If there is more than one subroutine definition for a rule head predicate, the first 
subroutine is usually executed first, and the remaining subroutines are stored in a spe­
cial stack to be executed later if execution of the first fails. This mechanism is called 
backtracking, and is an important feature of Prolog. If a rule is selected by a rule head 
predicate, the selection is called matched, and unification succeeds. 

The body of a subroutine in Prolog, that is, the tail of a rule, can be considered 
to be composed of a series of subroutine calls. For example, the subroutine die(X):-
animal(X) consists of one subroutine call, animal(X). Execution of die(X) is called 
successful if the subroutine call of animal(X) is successfully completed. 

The Prolog interpreter, an engine to execute a Prolog program, saves the necessary 
subroutine calls as a list in its push-down stack and executes subroutine calls from 
the list. It is usual that execution of one subroutine call triggers other subroutine calls, 
which are appended to the subroutine call list to yield a new list, and each call is 
executed in a last-in, first-out manner. 

The initial subroutine call list is given by a special rule of the following form: 

?-/̂ i () , . . . , /^. .O; 

where (pi(), . . . , /?«()) is the initial list in the push-down stack. The above rule is 
called a query clause. Execution is carried out in this sequence. For example, the 
initial list of the above example of socrates.p is (die(X), xwriteln(0, X, "will die")). 
As such, matching of die(X) is attempted first. Since matching with the first rule, 
die(X):-animal(X), triggers another subroutine call, animal(X), the subroutine call list 
is updated as (animal(X), xwriteln(0, X, "will die")). That is, die(X) is replaced with 
animal(X). 
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The next call is the predicate animal(X). Since no subroutine is prepared for an-
imal(X) or no subroutine head cannot be matched to animal(X), the subroutine call 
fails and due to the backtracking operation, the second rule, die(X):-man(X), is at­
tempted. Consequently, the subroutine call man(X) is induced, and the list is updated 
as (man(X), xwriteln(0, X, "will die")). 

The subroutine call man(X) is matched to man(plato), yielding X = plato. Since 
the selected subroutine does not have a tail and the matching does not require the 
execution of any more tasks for the subroutine, the call list becomes (xwriteln(0, X, 
"will die")). When a rule does not have a tail, it is called a fact. The rule man(plato) is 
a fact. 

Since xwriteln() is a self-executable predicate, and since X = plato, execution 
of the predicate displays the text "plato will die" in a window (window ID = 0). 
Consequently, the list becomes empty and the program execution ends. 

It is important to note that a Prolog variable is local, with meaning valid only in 
the rule in which it is defined. In other words, the same variable symbol can be used in 
different rules with a different meaning. This is discussed in detail in Chapter 18. 

The real advantage provided by extProlog originates from its capacity for symbol 
processing. To illustrate this fact, let us consider a maze search program, which is again 
a trivial program but more meaningful than the "socrates.p" program presented above. 
Figure 3.1 illustrates the maze problem. 

start 

1 1 2 

14 r^ 
1 7 [S 

1 ^ 
1 ^ 
i 3 

finish 
Fig. 3.1. Maze problem. 

A program for solving the problem is given below [Convington, Nute and Vellino, 
1997]. 

/*mazePro log4 .p*/ 
mazeO : -

mypath([start],Solution), 
xwriteln(0,"solution=",Solution); 

mypath([finish IRestOfPath], [finish|RestOfPath]) :-
mypathC[CurrentLocation|RestOfPath],Solution):-

connected_to(CurrentLocation,NextLocation), 
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not(member(NextLocation,RestOfPath)), 
mypath([NextLocation,CurrentLocation|RestOfPath],Solution); 

connected_to(Locationl,Location2):-
connect(Locationl,Location2); 

connected_to{Locationl,Location2):-
connect(Location2,Locationl); 

?-maze(); 
connect(start, 1) ; 
connect(1,2)j 
connect(2,3)\ 
connect(3,6) 
connect(4,5)i 
connect(6,9); 
connect (5,6); 
connect(4,7), 
connect (7,8), 
connect(8,finish); 

The program is constructed using a typical strategy in Prolog, that is, it makes 
extensive use of the backtrack function. The principal subroutine is mypath(). The list 
[CurrentLocation|RestOfPath] of mypathQ represents a path (list of location IDs) from 
the start location to CurrentLocation, where CurrentLocation is the first element of the 
list and RestOfPath is the remaining sublist. The subroutine mypath() extends the path 
to one that connects the start location to the finish location. The extension is made by 
a recursive call. The subroutine first finds NextLocation, which is connected to Cur­
rentLocation, using the data set connect(). The predicate not(member(NextLocation, 
RestOfPath)) requires that NextLocation not be in RestOfPath or a path must not form 
a loop. This requirement can be satisfied by the backtracking function. If a Next-
Location is found, the necessary path is obtained by extension of the extended path 
[NextLocation, CurrentLocation |ResrOfPath]. The extension operation is performed 
by calling mypath() recursively. The operation ends when the extension reaches the 
finish location. 

The subroutine call mypath([start], Solution) states that a solution is an extension 
of the initial path "[start]." 

Such a maze-solying program would be much more involved in C. The simplicity 
of the Prolog (extProlog) program as illustrated above originates from the following 
features: 

(i) A Prolog variable is typeless, making it unnecessary to specify data types before 
writing a program, as is required in C. 

(ii) Prolog has a backtracking function, which is very useful for problem-solving. In 
C, such a backtracking function needs to be coded, significantly increasing the 
complexity and length of the program in C. 

(iii) In general, complicated data structures (for example, tree structures with 
substructures on nodes) can be conveniently represented as a simple list struc­
ture in Prolog, and the structure can be dynamically constructed and modified on 
execution. This convention cannot be used in C. 

Consequently, as a problem becomes more complicated, programs written in C 
become much longer than the corresponding solution written in extProlog. 
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3.3 Basic Syntax 

This section will introduce the basic syntax of extProlog. Since the complete syntax 
of extProlog is more complicated than that of standard Prolog due to the extension, 
the basic syntax, which is sufficient for understanding essential parts of subsequent 
discussions in this book, is introduced. 

The syntax structure of Prolog is given below. Its description employs the following 
notation: 

program body=progbody 
rule=clause 
predicate=literal 
query clause=qclause 

It should be clear that predsym, conssym, and varsym indicate predicate symbol, 
constant symbol, and variable symbol, respectively. 

Basic Syntax of extProlog [Maier and Warren, 1988]: 

<program>::=<progbody><qclause>|#include"<conssym>.p" ; 
<progbody><qclause> 

<progbody>::= E\<clause><progbody> 
<clause>::=<literal><tail>; 
<qclause>::=?-<litlist>; 
<literal>::=<predsym>(<arglist>) 
<arglist>::= e|<term><argtail> 
<argtail>::= e\,<arglist> 
<term>;:=<conssym>|<varsym> 
<tail>::=c| :-<litlist> 
<litlist>::=<literal><littail> 
<littail>: := F.\ ,<litlist> 

where 

predsym = Ic(Ic+uc+digit)* 
<conssym> = Ic(Ic+uc+digit)*(digit* 
<varsym> = uc(Ic+uc+digit) 
Ic = any lowercase letter 
uc = any uppercase letter 
digit = any digit 

The first line of the syntax states that a Prolog program consists of a progbody and a 
qclause, or #include "(conssym) .p," a progbody and a qclause. The symbol "|" denotes 
"or." The other lines can be understood in the same way. For example, the second line 
states that a progbody can be empty (e) or consist of a clause and a progbody. 

Figure 3.2 shows how the program body of "socrates.p" can be derived from the 
syntax specification: 

<progbody> 
-><clause><progbody> 
-^<l i teral><tai l>;<progbody> 
-><predsym>(<arglist>)<tail>;<progbody> 
-^die (<arg l i s t>)<ta i l>;<progbody> 
-vdie(<term><argtai l>)<tai l>;<progbody> 
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->>die 
->die 
->die 
->die 
-•die 
-•die 
-•die 
-•die 
-•die 
-^die 
-•die 

(<varsym><argtail>)<tail>;<progbody> 
(X<argtail>)<tail>;<progbody> 

->die(X 
-•die(X 
-^die(X 
-•die(X 
->die(X 
-•die(X 
-•die(X 

->die(X 
->die(X 
^die(X 
-^ 
-•die(X 
-•die(X 

<tail>;<progbody> 
:-<litlist>;<progbody> 
:-<literal><littail>;<progbody> 
:-<predsym>(<arglist>)<littail>;<progbody> 
:-man (<arglist>)<littail>;<progbody> 
:-man (<term> <argtail>)<littail>;<progbody> 
:-man (<varsym><argtail>)<littail>;<progbody> 
:-man (X<argtail>)<littail>;<progbody> 
:-man (X)<littail>;<progbody> 
:-man (X);<progbody> 

-animal (X); 
-animal (X); 
-animal (X); 
-animal (X); 
-animal (X); 
-animal (X); 
-animal (X); 
<progbody> 

-animal (X); 
-animal (X); 
-animal (X); 

die(X 
die(X 
die(X 
die(x: 
die(X 
die(X 
die(X 

die(X 
die(X 
die(X 

-animal (X);die(X 
-animal (X);die(X 

:-man(X);<progbody> 
:-man{X);<clause><progbody> 
:-man(X);<literal><tail>;<progbody> 
:-man(X);<predsym>(<arglist>)<tail>;<progbody> 
:-man(X);man (<arglist>)<tail>;<progbody> 
:-man(X);man (<term><argtail>)<tail>;<progbody> 
:-man(X);man (<conssym><argtail>)<tail>; 

:-man(X);man (plato<argtail>)<tail>;<progbody> 
:-man(X);man (plato)<tail>;<progbody> 
:-man(X);man (plato);<progbody> 

:-man(X);man (plato);man(socrates);<progbody> 
:-man(X);man (plato);man(socrates); 

Fig. 3.2. Derivation of socrates.p. 

3.4 extProlog as General-Purpose Programming Language 

Prolog is fundamentally a logic programming language, and is usually not considered 
to be a general-purpose language. However, Prolog is extended here as extProlog to 
function as a general-purpose language suitable for the model theory approach. Sec­
tion 3.2 demonstrated this general-purpose functionality of extProlog. 

3.4,1 Execution Control in extProlog 

Program structure control is facilitated by the following clauses (formulas) in 
extProlog: 

(1) (/"clause 
An //"clause in extProlog is written as follows: 

if b(X) then 
PI 

else 
P2 

end; 

Here b(X) is a formula, and PI and P2 are litlists. An i/clause is used in "mypivot(A, 
N,L)" of Section 3.2.1. 
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(2) switch clause 
Suppose C is a variable that represents a predicate a(Y) or b(Y). A switch clause in 

extProlog is then written as follows: 

s w i t c h ( c a s e ( C ) , X), / •X=case .C(Y)*/ 
X; 

c a S e . a ( Y ) : -
P I ; 

c a s e . b ( Y ) : -
P2; 

If C = a(Y), then X = case.a(y). Consequently, X induces execution of the rule 
case.a(y):-Pl. 
(3)/6>r clause 

Afar clause in extProlog is written as follows: 

fo r (b(X)) beg in 
PI 

end; 

A/<9r clause is used in "simuleqlO.p" of Section 3.2.1. 
(4) do-while clause 

This case is examined using a specific example: computation of the sum X = 
0 + 1 + • + 99. 

The corresponding clause in extProlog is as written below: 

sum(X):-
assign(regl,0), 
assign(regSum,0), 
repeat, 

assign(regSum,getvalue(regSum)+getvalue(regl)), 
inc(regl,1), 
g e t v a l u e ( r e g l ) > = 1 0 0 , 1 , 

regSum(X); 

where inc() is a system-defined predicate introduced to enhance the execution speed 
of extProlog. 

3.4.2 Operations on Sets and Lists 

This section will discuss extensions related to set manipulation [Takahara et al. 2003]. 
A set is manipulated in extProlog as it is in computer-acceptable set theory. 

a. Representation of Sets, Relations, and Functions 

(i) Sets 
A set is represented as a list: 

set = [(31, . . . , a , i ] , 

where elements ai represent atomic elements of Prolog: an integer, real, constant, 
string, or a more complicated element. Hence, naturally, any set can be represented 



3.4 extProlog as General-Purpose Programming Language 55 

in extProlog. In particular, if cf/ (/ = 1 , . . . , n) is a list, the expression of a set is a rep­
resentation of a matrix. For example, [[1, 2, 3], [4, 5, 6]] is an expression of a matrix, 
where [1, 2, 3] and [4, 5, 6] are row vectors. An empty set is represented by [] or nil. 
(ii) Relations 

A relation is simply represented as a predicate, 
(iii) Functions 

A function is represented as a special relation. For sets X and F, a function is a 
binary relation f c X x Y that must satisfy the condition 

(V(x, y\ (X, /mix, y), (X, /) e f ^ y = /). 

While standard Prolog cannot handle functions of the form Y := f(X), extProlog 
allows such expressions, as discussed in Section 3.1. In order to use the function form 
of an expression for a predicate, a function declaration must be made for it. Consider 
the following example: 

q O : -
func t ion ( [nex tV , p revV]) , 
X:=6, 
XX:=10, 
Z2:=2+prevV(2+nextV(X,XX),XX), 
xwr i t e ln (0 , "Z2=" ,Z2) ; 

nextV(X,XX,Y):-
Y:=X+2+XX; 

prevV(X,XX,Y):-
Y:=X-2+XX; 

? - q ( ) ; 

Here, function([nextV, prevV]) declares that the predicates nextV() and prevV() will be 
called as functions with value given by the last variable, while the rest of the parameters 
specify the domain. In fact, func() in computer-acceptable set theory is translated into 
function(). 

b. Construction of Sets 

A set is constructed by specifying elements of a list directly or by extension of a 
predicate of Prolog. In extProlog, the latter construction is supported by the func­
tion defSet(). Consider the following program, which constructs the set Ys = {y\y = 
j c * 5 , j < 16,jc € {1,2,3,4,3,2,1}} = {5, 10, 15}. (If {1, 2, 3,4, 3, 2,1} is a set, it 
should be just {1,2, 3,4} because it does not have duplicated elements.) 

/•testdefSet.p*/ 
qO:-

X s : = [ l , 2 , 3 , 4 , 3 , 2 , l ] , 
Ys:=defSet(consY(Y,X, [ 0 ] ) , [X,Xs]) , 
x w r i t e l n ( 0 , " Y s = " , Y s ) ; 

consY{Y,X,P):-
Y:=X*5, 
Y<16; 

? - q ( ) ; 
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It should be noted that defSet() is used in the same way as it is in computer-acceptable 
set theory. 

c. Operation on Sets 

The following standard operations on sets are supported by the predicates member, 
subset, union, intersection, minus, and &, in extProlog: 

X e Xs <^ member(X, Xs) = true; 

X C Xs <^ subset(X, Xs) = true; 

Zs = XsUYs ^ Zs := union(X5, Ys); 

Zs = Xs DYs ^ Zs := intersectionCXi", Ys)\ 

Zs = Xs — Ys <^ Zs := minus(X5, Ys); 

Zs := Xs xYs <> Zs := &(Xs, Ys). 

Since a set is represented as a list, it can be more flexibly manipulated in extProlog 
using the order property of a list than in standard set theory. 

d. Operations on Lists (Functions) 

The following are system-defined predicates provided to facilitate operations on lists: 

(i) Unary and Binary Operations on Lists 
Most unary and binary arithmetic operations are extended as a termwise operation 

applicable to lists. For example, 

\og([a\,..., an]) = [ log(al ) , . . . , \og(an)], 

[ a l , . . .,an] > b <^ al > b,... ,an > b. 

The operations -f, —, *, / , < , = , > , > = , < = are extended in the same manner. A scalar 
b can be dealt with as the list [^,..., ^] in a list operation. The following demonstrates 
the extension: Let X := [1,2, 3] and Y := [4,5,6]. Then, 

Z:=X/Y <^Z = [1/4,2/5, 3/6]; 

Z2 

Z3 

Z4 

= X / 7 < ^ Z 2 = [ l /7 ,2 /7 ,3 /7] ; 

= 8/y 4>Z3 = [8/4,8/5,8/6]; 

= X * y <» Z4 = [1 * 4,2 * 5, 3 * 6]. 

The "*" operation has some exceptions when used for matrices and vectors, as ex­
plained below, 
(ii) Special Functions and Predicates for Lists 

Many special functions and predicates are defined for lists. Suppose Xs— [a 1 , . . . , 
an] and Ys = [bl,..., bn]. Then, the following are typical functions: 

\n(Xs) = sir\en(Xs) = ^(number of elements), 

sumCXs*) = al -\ 1- an, 
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min(Xs) = the smallest element of Xs, 

msix(Xs) = the largest element of Xs, 

Z :== distinctCX^) ^ Z is the sublist of X J where duplicated elements are deleted. 
Let Xs = [1, 2, 3,4, 3,2,1]. Then, 

Z := distinct(X^) <^ Z = [1,2, 3,4]. 

It is an important feature of extProlog that functions are usually defined recursively 
with respect to the list structure. For example, 

sum([[al,.. .,an], [bl,.. .,bm]]) = [sum([al,.. .,an]),sum([bl,.. .,bm])], 

Basic manipulations of a list are performed by the predicates project, append, se­
lect, replace and a function, replaceList. [Takahara et al. 2003]. The following are 
typical examples: 

project([<2l, a2, a3], 2, X) -o- X = a2, 

project([al, a2, a3], X, a2) ^ X = 2. 

appQnd([a\,a2,a3],[b\,b2],X)<^ X = [al,a2,a3,bl,b2], 

select(a2, [a 1, a2, a3], X) ô- X = [a 1, a3]. 

An element of a list is replaced by "replace" and by "replaceList": 

replace([a 1, a2, a3], 2, W, X) ^ X = [«1, b2, a3], 

X :=replaceList([al,a2,a3], 2,^72)^ X = [al,b2,a3]. 

(iii) Matrix Manipulation 
The product operation "*" on matrices and vectors follows the conventional rules, 

as illustrated by the following examples. Let 

Then, 

A 

A 

X 

A: 

B 

X 

^B = 

*X = 

* A = 

= [[1,2], [3,4]], 

= [[5,6], [7, 8]], 

= [2,3]. 

: [[19, 22], [43,50]], 

: [8,18], 

= [11,16], 

transpose(A) = [[1, 3], [2,4]]. 

The inner product given as follows: 

sum([l, 2] * [3,4]) = sum([l * 3,2 * 4]) = 1 * 3 + 2 * 4. 
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An element of a matrix is manipulated by two predicates, getvalue() and setvalue(). 
Suppose A is a matrix. Then, the (I,J)th element of A is obtained by 

g e t v a l u e C A , [ I , J ] , X ) . 

The Ith row vector is obtained by 
g e t v a l u e ( A , I , X ) . 

The (I,J)th element is replaced with 
s e t v a l u e ( A , [ I , J ] , V ) . 

Similarly, the Ith row vector is replaced with 
s e t v a l u e (A, I , V) . 

If A is a vector, the Ith element is manipulated by 
getvalue (A, I,X) , 
setvalue (A, I,V) . 

For example, let A = [[1,2, 3], [a, h, c]]. Then, the second row vector of the matrix 
can be obtained by getvalue(A, 1, V) where V = [a, b, c]. 
(iv) Construction of Lists 
There are cases in which we want to have a list rather than a set. There is a function 
defListO for list operations, which corresponds to defSet() for set operations. Suppose 
a datum Xs is given that shows evaluations of the items "a" and "b": 

Xs = [[a, 2], [b, 4], [a, 2], [b, 5], [a, 3], [b, 5]]. 

The evaluation of "a" is given by the list [2, 2, 3]. If defSet is applied to get the list, 
[2, 3] is generated rather than [2, 2, 3]. The function defList is used to get [2, 2, 3]. 
The following is a program to generate [2, 2, 3]: 

/•testdefList.p*/ 
qO:-

Xs:=[[a,2], [b,4], [a,2] , [b,5] , [a,3], [b,5]], 
Ys:=defList(consY(Y,X, [a]), [X,Xs]), 
x w r i t e l n ( 0 , " Y s = " , Y s ) ; 

c o n s Y ( Y , [ a , E ] , [ a ] ) : -
Y:=E; 

?-q{) ; 

The program generates Ys=[2, 2, 3]. 

3.4.3 Global Variables 

A Prolog variable is in principle a local variable in a program. However, there is an 
occasion where a global variable must be used. A global variable is supported by the 
system-defined predicate assert() in standard Prolog. In extProlog, its modified version 
assignO is also used, with the following syntax: 

assign([(predname), conssym],. . . , conssym^], (parameter list)) 

If the above predicate is executed, a new fact (prednameXconssym^,..., 
conssym^, (parameter list)) is created if a fact (predname)(conssym|,..., 
conssym„, X) does not exist, where X is any parameter list. If such a fact exists, X is 
replaced with (parameter list). The difference between assert() and assign() is that as-
sert() always creates a new rule or a new fact whenever it is executed, whereas assign() 
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does not necessarily create a fact but modifies an existing one. For example, execu­
tion of assign([goal, 2], V) creates a fact goal(2, V) if goal(2, X) does not exist, and if 
goal(2, X) exists, it is modified to goal(2, V) when assign([goal, 2], V) is executed. 

Chapter 2 introduced two global variables, *.lib and *.g, for computer-acceptable 
set theory. The global variable *.g is implemented by the predicate assign(). 

3.5 Graphical User Interface in extProlog 

A graphical user interface (GUI) is an indispensable component of an information 
system. Every application discussed in Chapters 6 to 16 has a GUI. A GUI not only 
presents results in an understandable way to an end user, but also assists in under­
standing the target problem and helps one to improve the solving system. A GUI is 
also crucial for data input in transaction processing. 

The model theory approach supports GUI construction in two ways: by provid­
ing extProlog predicates to build basic GUIs and by allowing for the use of a popular 
browser with PHP. The first way is mainly used for problem-solving, whereas the sec­
ond is for transaction processing in the current book. Since a predicate of extProlog 
can be directly used in computer-acceptable set theory, the first way provides a sys­
tems developer with every kind of basic GUI function in the simplest way: static or 
dynamic, character-oriented or graphical. Appendix 3.1 presents GUIs in extProlog 
[Takahara,Y. etal. 2003]. 

3.6 Execution Speed of extProlog 

Since extProlog is an interpreter language, program execution speed is much slower 
for extProlog than for compiler languages. This may be the only major problem with 
the use of extProlog. To face this problem, basic computations are implemented as 
C subroutines in extProlog, which can be called as Prolog predicates. The practica­
bility of extProlog with respect to execution speed can be evaluated, for example, by 
examining a simplex tableau algorithm of linear programming (LP): 

Consider an LP problem given by 

c^X -> max 

The program for solving this problem is about 275 lines in length, and the response 
time is measured with respect to n, the dimension of the matrix A. 

Tolerable response times can be defined in many ways. One definition is that ex­
ecution time of less than 1 s is desirable, 1-3 s is acceptable, and longer than 3 s is 
undesirable. According to this definition, suppose a tolerable response time is 3 s. The 
result shows that the current implementation of extProlog can solve an LP problem of 
size 30 X 30, which requires a data size of about 1000, in much less than 3 s. Although 
n = 30 would not encompass the entire domain of problems, it represents reasonably 
good coverage of small-scale problems. Thus, execution speed is not considered to be 
a serious issue, considering the rapid progress in computer power. 
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Appendix 3.1 Graphical User Interface in extProlog 

a. Tree Display in a Spreadsheet 

One of the most important applications of a spreadsheet as a GUI for a problem-solving 
system is a tree display. A tree display is used in Chapter 12. The tree display is im­
plemented by the higher-level predicate [Takahara, Y. et al. 2003] 

drawtree(Title, D, Wp), 

where Title is a name assigned to the spreadsheet window, and Wp is the window 
pointer. Every window is given an identifying number, called a window pointer. Fi­
nally, D is a data element that takes the following data structure: 

D = [[nodei, branchi, nnodei] , . . . , [node„, branchy, nnode«]], 

where a tree is represented as in Fig. 3.3. 

branchi 

Fig. 3.3. Tree structure. 

In Fig. 3.3, nnode/ is a child node of node/ and the nodes are linked by a branch 
denoted by branch/. Suppose D is given by 

D:=[ 
[nodeO,reduced,nil], 
[node0,normal,node1], 
[nodel,no,node2], 
[nodel,yes,node3], 
[node2,young,nil], 
[node2,pre_presbyopic,nil], 
[node2,presbyopic,node4], 
[node3, liypermotrope, node5 ] , 
[nodes,myope,nil], 
[node4,myope,nil], 
[node4,liypermetrope,nil] , 
[node5,young,nil], 
[nodes,pre_presbyopic,nil], 
[nodes,presbyopic,nil]]. 

Figure 3.4 shows the representation of D on a spreadsheet graph with window 
pointer of 3. 

It should be noted that the ith branch datum branch/ is displayed with the child 
node nnode/ on the spreadsheet. For example, [nodel, no, node2] in D creates nodel 
and node2 at the cells [B, 2] and [C, 3], respectively, and the branch datum "no" is 
displayed in the cell [C, 3] with "node2". » 
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Fig. 3.4. G U I of a tree. 

b. GUI on Graph Window 

A graph—plot graph, bar graph, pie graph, radar graph, xyplot graph, or trajectory 
graph—is opened and displayed by the higher-level predicate 

showl(D, (graph type)), 

where showl() is a subroutine (Prolog rule) [Takahara, Y. et al. 2003]. The following 
program uses showl() to display two graphs: 

/•testgraph.p*/ 

qO:-

Data:=[[l,2,3], [5,3,1]] , 

Data2:=[[l,2,3] , [1,3,5]] , 

showl(Data,plot), 

showl([Data,Data2] ,trajectory,"multiple"); 

?-q(); 

The data are given by Data and Data2. 
Figure 3.5 shows a plot graph with data given by the data structure D — 

[{list of data) 1 , . . . , (list of data) ,1] where each map is specified by (list of data),. 
A multiple-trajectory graph is generated by the following predicate: 

showl (Data, trajectory, "multiple")-
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The data structure is given by 

Data = [(trajectory da ta) i , . . . , (trajectory data);„]. 

Using these, multiple-trajectories are displayed in a window, where each trajectory is 
specified by (trajectory data). Figure 3.6 shows an example of a multiple-trajectory 
graph. Chapters 7 and 8 illustrate more meaningful multiple-trajectory graphs. 
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Part III 

Model Theory Approach to Solver Systems 
Development 



Model Theory Approach to Solver System 
Development: Outlines 

This chapter outlines the process of problem-solving system development by the model 
theory approach as a preliminary for Chapter 5. Specifically, development of extSLV is 
the target. A problem classification system is introduced for development. Throughout 
this book, extSLV development is carried out based on this classification scheme. 

If the reader wishes to get a sketchy idea of the model theory approach to problem-
solving system development, he is recommended to first read Chapter 9. 

4.1 Model Theory Approach to extSLV Development 

Before presenting the model theory approach to extended solver (extSLV) develop­
ment, let us first examine how general systems theory (GST) contributes to informa­
tion system development. Mesarovic and Takahara [1974] proposed a general scheme 
in which GST can be used for systems practices, as outlined in Fig. 4.1. 

Computer realization of 
problem-solving 

Verbal description 
of problem 

Block 
diagram 

z 
GST model 

Detailed 
mathematical 
model 

Fig. 4.1. Basic strategy of general systems theory approach. 

It is usual that system analysis and synthesis starts from a verbal description of a 
system and its block diagram representation. However, there is a large gap between 
a block diagram description and a detailed mathematical model. In the model above, 
a GST model can be used to fill this gap, since a GST model is expected to explic­
itly describe the structural properties of the target system. Since it is unwise to seek 



68 4 Model Theory Approach to Solver System Development: Outlines 

a solution for a system problem before understanding its structure, the GST descrip­
tion can be helpful for generating a meaningful mathematical model and assist with 
manipulation. 

The same is expected to hold for the relationship between a block diagram de­
scription of a problem and information system development. It should be noted that a 
computer program is a type of detailed formal model. A GST model is required as a 
necessary mediator. In this book, the model theory approach provides the required GST 
model. The approach, in fact, plays a bigger role in information system development 
than GST for the case of detailed mathematical modeling, because the implementation 
phase (realization of an executable system) is also addressed as an integral part of the 
model theory approach. Its model is more than a mediator. 

Figure 4.2 shows the scheme of the model theory approach presented in this book 
for construction of extSLV. 

Image of system Model theory approach 

Input-output 
image of 
extSLV 

System 
theory 

Model theory 
(set theory) 

Solving process model in 
set theory (user model) 

Goal-seeker model 

Realization of system 

User model 
in extProlog 

HI 
Standardized 
goal-seeker 

Fig. 4.2. Model theory approach to extSLV. 

stdPDsolver.p or 
stdDPsolver.p 

The input-output image of extSLV corresponds to the block diagram shown in 
Fig. 4.1, in which the input is a problem specification environment (PSE) and the out­
put is a solution. (See Fig. 1.2.) The GST model shown in Fig. 4.1 is given by a com­
bination of a solving process model in set theory and the goal-seeker model shown in 
Fig. 4.2. The solving process model is a user model in Section 1.2. It is produced by 
formalizing the basic understanding of GST that a problem-solving activity is essen­
tially an incremental dynamic process. 

The problem-solving process is outlined in Fig. 4.3, where CQ and Cf denote the 
initial state and final state set of the problem-solving activity, respectively. 

The problem is defined as the gap between CQ and Cf, and the problem-solving 
activity is expressed as a dynamic process that takes the initial state to the final state 
set. The dynamic process is represented by an automaton. The state transition occurs 
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Fig. 4.3. Dynamic problem-solving process. 

due to an action "a," and a successful sequence of actions, aa ' . . . a'', takes the initial 
state to the final state. 

The problem-solving process shown in Fig. 4.3 can be realized by the goal-seeking 
model in GST [Mesarovic and Takahara, 1974]. Figure 4.4 shows the goal-seeking 
model specifically for problem-solving. 

Problem j 
specification 
environment | 
(PSE) 1 • 

Goa il:G 

r 

Goal-seeker: 
D 

^ 
a 

r 

Process: P 

^ 
^ 

State 1 

Solution: y 
w 

Fig. 4.4. Goal-seeking model for problem-solving. 

The goal-seeking model consists of two basic parts: process P and goal-seeker D. 
The process P is an object that is a target of the goal-seeking activity of D. The process 
is an input-output system with inputs consisting of two components: the external input 
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PSE and the input parameter called the decision or manipulating variable "a" specified 
byD. 

The PSE provides conditions to determine the target problem. These conditions are 
usually represented as a relational structure, which is formally given by 

PSE = (class of base sets, class of relations, class of functions, class of constants). 

Since the PSE is fixed during the problem-solving activity, P is described as having 
only one internal input "a." The goal-seeking system is then a closed system that be­
haves as a generator, that is, as an automaton without an external input. In this respect, 
the system differs considerably from that for the transaction processing system (see 
Chapter 14), which is an open system. 

The goal-seeker D, using feedback information on the state of the process, selects a 
suitable value for "a" in reference to the goal G, which represents an evaluation of the 
desirability of the behavior of P controlled by "a." Although the goal may or may not 
be given explicitly by the environment, the goal-seeker always requires the existence 
of a goal in the model theory approach, and the goal-seeker is designed to yield an 
optimum or satisfactory solution for that goal. 

Embedding the problem-solving process (Fig. 4.3) into P (Fig. 4.4) yields the 
problem-solving system. For the problem-solving process, let 

A = set of values of the action variable 

and 
C = set of values of the state variable. 

The problem-solving process is then given by the following automaton representation: 

problem.solving.process = (A, C, S, CQ, Cf), 

where r5: C x A -> C. 
Replacing P (Fig. 4.4) with the problem-solving process gives the problem-solving 

system shown in Fig. 4.5. This system is called an extended solver (extSLV) in the 
model theory approach. Although the PSE specifies the structure of the problem to be 
solved, it is in general not a problem representation. The target problem is therefore 
formed and solved inside the extSLV, whereas for a regular solver, the problem is 
specified externally. 

The target of the goal-seeker in Fig. 4.5 consists of a process (state transition), a 
goal, and auxiliary information relevant to the PSE. The combined structure is called a 
decision problem in GST. In the model theory approach, the decision problem is called 
a user model for the extSLV. 

The goal-seeker specifies a value for the control parameter "a" of the process (au­
tomaton) to achieve the specified goal using information from the user model. The 
output of the goal-seeker is the solution "y." 

In the model theory approach, the goal-seeker is designed for the relational struc­
ture model of a user model as presented in Section 1.2 such that the goal-seeker is in­
dependent of the individual properties of the target problem. The individual properties 



4.1 Model Theory Approach to extSLV Development 

extSLV 

71 

Aw 
infc 

Problem specification 
environment: fixed 

miliary 
)rmation 

1̂ 
w\ 

Goal-seeker:D 
a:C~>A 

A A A 1 
Li ^ * a- action goal c: state 

I I I T 

State transition 
5:CxA-^C 

i L 

^ f 

StateiC 

Solution: y 

W 

Process: 
user model for 
extSLV 

Fig. 4.5. Problem-solving system: extSLV. 

are embedded in the instantiation of the user model. This independence was illustrated 
in the example in Section 1.3, where stdDPsolver62.p was the independent goal-seeker. 
The goal-seeker is then standardized and provided as a black box component. 

The goal-seeker is characterized by a strategy to derive "a." The basic solving 
strategy is given in two ways: by the hill-climbing method with a push-down (PD) 
stack, which is called a PD method, or by a modified dynamic programming (DP) 
method, which is called a DP method. Both are discussed in Chapter 5. 

According to Fig. 4.5, the extSLV is described using the structure 

extSLV = (goal-seeker, user-model-structure-of-extSLV). 

The goal-seeker is then represented by 

goal-seeker = {A,C,a), 

where cr : C ^- A. 
Since a user model is a decision problem in GST [Mesarovic and Takahara, 1989], 

the relational structure is given as 

user-model-structure-of-extSLV = {A, C, <5, A, genA, constraint, goal, st, CQ, Cf), 

where 

A: set of actions, 
C: set of states. 
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S : C X A -> C: state transition function, 
A : C X A -> A: output function, 
genA: C -^ p(A): allowable action specification function, 
constraint: C -^ {true, false}: constraint predicate for a state, 
goal: C -> Re: evaluation of a state, where Re is the set of real numbers, 
St: C -> {true, false}: stopping condition, 
Co e C: initial state, 
Cf C C: set of final states. 

The state transition function S is generally a partial function, and genA() and con-
straintO are used here to ensure that S behaves properly. The function genA(), an al­
lowable action specification function, specifies the allowable or preferable actions for 
a given state (see Chapter 9). The predicate constraint() determines whether a state is 
permissible. In the knapsack problem, for example, although any jewel can be put into 
the knapsack, the resultant state may be prohibited due to problem restrictions. The 
predicate constraint is also an effective means of representing heuristics for a target 
problem (see Chapter 8). The state transition function S is naturally assumed to satisfy 

S(c, a) = c' -^ a e genA(c) and constraint(c') = true. 

The stopping condition st: C -> {true, false} is, in many cases, given by 

st(c) = true -o- c € Cf. 

If an instance of the user model structure is given in set theory for the target problem, 
a solver system for the problem is automatically created by the setcompiler. 

Some comment should be made regarding other approaches that have dealt with 
optimization problems using set theory and logic [Domenico et al., 2001; Hooker, 
2000], and logic programming languages for implementation. Although these meth­
ods appear quite similar to the model theory approach, there are a number of important 
differences. First, the most fundamental difference is that these previous approaches 
are concerned with the derivation of a solving algorithm for a given specific problem, 
whereas the model theory approach is first concerned with the structure of a problem-
solving system in general, which is formalized as a combination of the standardized 
goal-seeker and a user model, and then development of a solving structure of a spe­
cific problem based on this structural analysis. In short, a problem-solving system is 
constructed following the metasystem model or the relational structure in the model 
theory approach. 

The second difference is therefore in the classification of problems. In algorithm-
oriented theories, problems are usually assumed to be defined on numerical spaces 
(e.g., Euclidean spaces), and are classified using metric space concepts such as linear 
and nonlinear problems, and convex problems. The classification of the model theory 
approach, as introduced in Section 4.3, is concerned with the structure of a problem 
and not with its expression. 

Finally, it is natural that the resultant solving algorithm should differ between the 
two approaches. Since the present scheme uses an analysis result of the solving system 
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to develop an algorithm, the resultant algorithm is typically procedural. This clearly 
distinguishes it from constraint programming, in which the declarative style of pro­
gramming is emphasized. 

4.2 Design Procedure of extSLV 

The design procedure derived from the model theory approach in Fig. 4.2 is shown in 
Fig. 4.6. 

Fig. 4.6. Design procedure of extSLV. 

The procedure consists of six stages: drawing input-output block diagram, input-
output specification in set theory, process specification as an automaton, generation of 
user model in set theory (dynamic optimization formulation), translation of the user 
model into an executable system in extProlog, and tuning. 

extSLV is divided into the two independent components of process and goal-seeker 
in Fig. 4.5. Since the process represents the dynamism of a problem-solving activity 
as appropriate for the target problem, it must be specified as a user model by a system 
developer following the user model structure. The minimum tasks required for the 
developer are then (i) formalizing the problem-solving activity in the user model form, 
and (ii) translating it into an executable system using the setcompiler. The first four 
stages performs the former task. The goal-seeker is attached to the user model on 
translation at the fifth stage. 

Although the standardized goal-seekers can perform their function satisfactorily 
for many problems, they may not be quite efficient for certain problems. In such cases, 
tuning must be performed for the goal-seeker after a working solver has been con­
structed. 
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Chapter 5 will discuss each stage in detail. The most difficult part of user model 
formulation may be identification of the state of the automaton. It is shown in Chapter 5 
that the present methodology provides a basic and general procedure for identifying 
the states. 

4.3 Classification of Problems for extSLV 

It is clear that implementation of the design procedure depends on the character of the 
problem under consideration. In order to make the procedure operational, classification 
of problems is required. 

In general, problems can be categorized into those suitable for a conventional 
solver algorithm and those that are not. In some fortunate situations, the PSE can be 
transformed into a problem to which a conventional solver (or solving algorithm) is 
directly applicable. Figure 4.7 outlines this case, in which the extSLV is decomposed 
into a problem formulator (PRF) and a conventional solver. 

Problem specification 
environment PRF Conventional 

solver 

Primary solution 
• 

Fig. 4.7. Conventional solver. 

A typical example of a conventional solver is the linear programming (LP) algo­
rithm, which requires a problem to be represented in a standardized form. The PRF in 
Fig. 4.7 transforms the parameters of the PSE into a standard form as required by the 
solver. In this case, problem identification may be difficult because the problem must 
be formulated to satisfy the required form. The model theory approach is concerned 
with the latter case, which is more common in practice. The latter case requires further 
classification of the problem. 

The model theory approach uses the following three dimensions for categorization 
of problems when a conventional solver is not applicable: 

1. Explicit solving action — implicit solving action (E/I) 
2. Closed goal — open goal (C/O) 
3. Closed target — open target (C/O) 

An explicit solving action indicates that an output (solution) of the extSLV is a 
sequence of actions of the solution process. The dynamic process S in Fig. 4.5 is then 
defined by the PSE, and the output in a natural way, as will be shown in Chapter 5. Typ­
ically, the traveling salesman problem, which is discussed in Chapter 6, has an explicit 
solving action, whereas the knapsack problem, which is discussed in Chapter 10, does 
not. How a solution is derived is not relevant to the solution of the knapsack problem. 
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A closed-goal problem implies that evaluation of the output is given by the prob­
lem specification. The traveling salesman problem is a closed-goal problem because 
if a traveling route (output) is given, its evaluation measure, the traveling distance, 
naturally follows. 

A closed-target problem is a problem for which the final state (Cf in Fig. 4.3) of the 
solving process can be directly determined when process 8 is specified. In general, the 
final state is not uniquely specified. The traveling salesman problem can be described 
as a closed target, while the knapsack problem cannot. If the problem is an open target, 
the stopping condition of the solving activity cannot be easily determined. It should be 
noted that even if the goal-seeker reaches a final state Cf, it does not necessarily mean 
that a solution is obtained. A path to a final state may be a solution only if it satisfies a 
specific criterion, for instance, to be the shortest. 

There are eight possible cases for classification. Table 4.1 lists the classification 
and examples. 

Table 4.1. Problem classification. 

Notation Example 

E-C-C Traveling salesman problem 
E-C-O Linear quadratic dynamic optimization problem 
E-O-C Regulation problem 
E-O-O General control problem 
I-C-C Cube root problem 
I-C-O Knapsack problem 
I-O-C Class scheduling problem 
I-O-O Data mining problem 

The traveling salesman problem and the knapsack problem are well known as typ­
ical operations research problems. The regulation problem is a classical control en­
gineering problem in which the state of a target system is required to be brought to 
a set point by a control action as soon as possible. Although the control engineering 
problem is very different from conventional MIS problems, it will be shown that the 
problem is handled in the same way as MIS problems. This demonstrates the general­
ity of the model theory approach. The class schedule problem is a problem to develop 
a class schedule of a school. These problem types are the subjects of Chapters 6-12. 

4.4 Implementation Structure of extSLV 

An implementation structure represents a complete user model in set theory, which 
is directly derived from the relational structure user-model-structure-of-extSLV. Once 
it is constructed and compiled, a workable system is generated. Figure 4.8 shows the 



76 4 Model Theory Approach to Solver System Development: Outlines 

implementation structure of an extSLV, in which the PD method is used as the stan­
dardized goal-seeker. 

func(); 
delta:CXA-^C; 
genA:C->p(A) ; 
constraint:C->{true, false} ; 
initialstate:()-»C 

(nullary function); 
finalstaterC—>{true, false); 
goal:C->Re; 
st:C->{true, false} ; 
preprocess ()->{true,false}; 
postprocess()—>{true, false); 

//declaration of function names 
//state transition 
//allowable actions for a given state 
//permissible state 

//initial state 
//final state 
//goal 
//stopping condition of the solving process 
//preprocessing for goal-seeker 
//post-processing of the goal-seeker 

Fig. 4.8. Implementation structure in extProlog using stdPDsolver. 

The functions in Fig. 4.8, delta(), genA(), constraint(), initialstate(), and final-
stateO, are determined by an automaton representation of the solving process for 
a given problem specification environment. The function goal() directs the solving 
process activity, while the predicate st() determines when the solving activity must be 
stopped. The predicate preprocess() prepares a solving process environment includ­
ing modification of the PSE. The predicate postprocess() prepares an output form of a 
solution. They can be omitted. 

The implementation structure for an extSLV in which the DP method is used is 
shown in Fig. 4.9. 

func(); 
delta :CXA->C ; 
invdelta:C->p (C) ; 
genA:C-»p(A) ; 
constraint :C->{true, false); 
initialstate:{)—»C 

(nullary function); 
f inalstate:C->{true, false); 
goalElement: CXA-^Re ; 
invst: p (C)-^{true, false) ; 
preprocess ()->{true,false); 
postprocess()-^{true, false); 

// declaration of function names 
//state transition 
//inverse state transition 
//allowable actions for a given state 
//permissible state 

//initial state 
//final state 
//goal 
//stopping condition of the solving process 
//preprocessing for goal-seeker 
//pos-tprocessing of the goal-seeker 

Fig. 4.9. Implementation structure in extProlog using stdDPsolver. 

The implementation structure also consists of func(), a user model for the DP 
method, and two predicates, preprocess() and postprocess(). It should be noted that 
in Fig. 4.9, a user model of the DP method includes an extra function 

invdeltaiC -^ p(C), 
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and goal() and st() in Fig. 4.8 are replaced by 

goalElement:C x A ^- Re 

and 
invst:p(C) -> {true, false}, 

respectively. The example presented in Section 1.3 illustrates the use of these func­
tions. 
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User Model and Standardized Goal-Seeker* 

This chapter presents detailed explanations of the design stages of Fig. 4.6 and theo­
retical results from the user models and standardized goal-seekers featured in Fig. 4.5. 
The theoretical results can be omitted if readers are interested in practical aspects of 
the model theory approach. There are eight cases of user models according to the clas­
sification of Section 4.3. This chapter investigates two extreme cases: the E-C-C case 
and the I-O-O case. The other cases can be considered as combinations of these two 
extreme cases. 

5.1 User Model for the E-C-C Case 

This section investigates the case of E-C-C, explicit solving action, closed-goal, and 
closed-target states. 

5.1.1 Drawing Input-Output Block Diagram 

At this initial stage, the problem specification environment (PSE) and its solution 
(output) or solution candidates of a target extended solver (extSLV) are conceptually 
described. Figure 5.1 illustrates an input-output block diagram of the traveling sales­
man problem. 

towns, 
connection, 
starttown, -
traveling distance 
—> minimum 

extSLV for traveling 
salesman problem 

optimum permutation on 
towns 

Fig. 5.1. Input-output block diagram of traveling salesman problem. 
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Figure 5.1 indicates that towns, connecting information among them, and the start­
ing town constitute the input structure. A solution is a traveling sequence of the towns 
with a minimum traveling distance. 

5.1.2 Input-Output Specification in Set Theory 

At this stage, the input PSE and the output of the block diagram are represented in set-
theoretic terms. It is usual that the PSE is specified by a relational structure [Bridge, 
1977] rather than a simple family of sets. It must be noted that the output set of the 
input-output specification is not a set of solutions; rather it is a set of solution candi­
dates. A real solution of extSLV is selected from the candidates. Then, 

Input structure: 

(class of base sets, class of relations, class of functions, class of constants). 

Output set Y: 
Y C A*, 

where A is the set of solving actions and A* is the free monoid of A. The representation 
y C A* comes from the assumption of the explicit solving action. An element a e A 
usually has a complicated structure, which is determined by the PSE. In the example 
of Section 1.3, the input structure is (N, M,s,t,G) and A is specified by Â  x M or a 
set of pairs of integers. In this case, A does not have a complicated structure. 

5.1.3 Process Specification as Automaton 

At this stage, the solving activity process S of Fig. 4.5 is represented as an automaton. 
Because K c A* in the current case, a general form of S can be specified as 

S:Y X A - ^ Y 

such that 
^iy,^) = yci, 

where ya is the concatenation of y and a, and Y and A are then the state set and the 
action (input) set of the state transition function S, respectively. 

The output function X : Y x A -^ A takes a special form for the current case: 

X(y,a) = a. 

In many cases, Y is too large to be used as a state set. However, we can often find 
a map cy : F -> C such that co satisfies the relation 

(Vy, y\ a)icoiy) = coiy') -^ co(ya) = cy(/a)); 

CO is called a state reduction map. Then we have the following fact. 
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Y X A — ^ A 
coi i I i I 

C X A ^' ) A 

Fig, 5.2. Automaton homomorphism by co. 

Proposition 5.1. kercy C Y x Y is a Nerode equivalence, orco is an automaton homo­
morphism, where (y, y') e kercy ^^ 0}(y) = (o{y') [Mesarovic and Takahara, 1989]. 
That is, there is an automaton {A, C', S', X') such that the diagrams in Fig. 5.2 are 
commutative. 

Proof. Refer to Appendix 5.3. 

If cy is found, (K/kercy) will be used as a state set. Moreover, (F/kercy) is expected to 
be of a manageable size. If we allow the trivial case that co{y) = j , it follows that co 
always exists. As such, the state set will be denoted by C and the state transition func­
tion and the output function will be denoted by (5: C x A -^ C and i : C x A -> A, 
respectively. 

The example of Section 1.3 has co : Y -> C, where C = N x M and 
co(a\,. ..,ak) = ak. Then the relation co(y) = (o(y^) -^ coiya) = co(y^a) trivially 
holds for ^ € i4 = Â  X M. Other examples of cy are given in the subsequent chapters. 

There may be a misunderstanding that an automaton formulation can be introduced 
because the target problem has the explicit solving action property or is a dynamic 
problem. This is not true. The automaton formulation comes from the dynamics of the 
solving process. This issue is discussed in Section 5.2. 

As mentioned in Section 4.1,3 is, in general, a partial function. In order to ensure 
that S behaves properly, the following two functions are used: 

genA: C -> p(A) 

and 
constraint: C -> {true, false}, 

where p (A) is the power set of A. The following should hold: 

S(c, a) = c' -^ a e genA (c) and constraint {c') = true. 

The output function X : C x A -> A'\s 

k{c,a) = a. 

Let the initial state be 
CO e C, 

where CQ = co{A) for the null string A € A*. Obviously, 

constraint (co) = true 

should hold. 
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Because a problem is a closed-target problem for the E-C-C case, let the set of 
target states be 

Cf c C; 

Cf may be or may not be a singleton set, and 

(Vcf € Cf) (constraint(cf) = true) 

must hold. 

An automaton specification of the process is then as follows: 

Automaton specification of process = (A,C,Y,d,X, genA, constraint, co, Cf). 

In general, C ^ Y. 

5.1.4 Dynamic Optimization Formulation 

Because a state transition function is a discrete state space representation, if an evalu­
ation function 

G:Y -^ Re 

is introduced for the output, we have a dynamic optimization problem, where Re is the 
set of real numbers. 

Because a problem in the E-C-C case is a closed-goal problem, an evaluation func­
tion is given by the PSE, which is expressed by C : K -> Re. We assume that y is 
desirable if G(y) is small. A dynamic optimization formulation of the process specifi­
cation is then as follows: 

Dynamic optimization formulation = {A, C, Y,S,^., G, genA, constraint, st, CQ, Cf), 

where st : C -> {true, false} is a stopping condition. In many cases, st is as 
follows: 

st(c) = true <-> c € Cf. 

In many practical cases of explicit solving action, the following additivity condition 
is satisfied for G. 

Definition 5.1. Additivity Condition 
If G : Y -> Re satisfies the condition 

G(ya) = G{y)-{- goalElement(a) 

for some function goalElement:A -> Re, where y e A*, a e A, goalElement(a) > 0, 
and G(A) = 0, G is called additive. When G is additive, the dynamic optimization 
formulation will be called an additive formulation. 
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The example of Section 1.3 illustrates a case of additive formulation. A simple but 
important case of an additive goal is given by 

G(j) = lengthof J 

or goalElement((3) = 1. This goal requires the shortest path for a solution. 
When the additive condition holds, its dynamic optimization formulation is given 

by 

Dynamic optimization formulation = (A,C,Y,S,A, goalElement, genA, 

constraint, st, CQ, Cf). 

5.2 User Model for I-O-O Case 

This section discusses another extreme user model of the case of I-O-O, which is the 
least structured case. 

5.2.1 Drawing Input-Output Block Diagram 

This stage is exactly the same as that of Section 5.1.1. Figure 5.3 illustrates an 
input-output block diagram of the data mining system problem, which is discussed 
in Chapter 12. The data mining system problem belongs to the I-O-O case. 

Data set, 
Attribute set, 
Output attribute 

extSLV for data 
mining system 
problem 

Decision tree 
• 

Fig. 5.3. Data mining system problem. 

The data mining system of Fig. 5.3 is assumed to generate a decision tree that 
describes implications of a given data set. 

5.2.2 Input-Output Specification in Set Theory 

This stage is also essentially the same as that of Section 5.1.2. The PSE is represented 
by a structure. 

Input structure: 

(class of base sets, class of relations, class of functions, class of constants). 
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Because the case is of implicit solving activity, the output is not given in a relation 
with a solving activity. Then formally. 

Output set: 

where y eY can have an involved structure reflecting the property of the target prob­
lem. Certainly, a decision tree of Fig. 5.3 cannot be represented by a simple structure 
(see Chapter 12). 

5.2.3 Process Specification as Automaton 

At this stage, the solving activity process S is determined as an automaton. Because the 
problem is of implicit solving activity, the state transition is specified in a way different 
from that in Section 5.1. In general let 

A = [a\a: K - > Y), 

Then, S \Y y. A -^ Y is, defined as 

S{y,a) = a{y). 

It is obvious that A is often too large to be manipulated conveniently. In order to 
overcome this difficulty, heuristics can be used to reduce the size of A [Takahara and 
Saito, 2005]. This book assumes that A is represented as a parameter set rather than 
as a set of mappings. This assumption is illustrated in the examples of the subsequent 
chapters. 

We will use the symbol C for the state set Y, i.e., ^ : C x A -> C. In general, S is 
also a partial function in the current case. Then, the following two functions are used 
to ensure that S behaves properly: 

genA : C -^ p{A) 

and 
constraint: C —> {true, false}. 

The function genA can be used to effectively reduce the action set depending on the 
state. S must satisfy 

d{c, a) = c^ -> a e genA(c) and constraint(c') = true. 

The output function A : C x A -> Y is different from that of Section 5.1. In the 
current case it is given by 

X(y,a) = y. 

Let the initial state be 
CO e C, 

Heuristically, a trivial state is used to specify CQ. If an element of C is a set, CQ = 0 
(empty set) is a usual candidate. Obviously, constraint(co) = true must hold. 
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In the case of I-O-O, the set Cf of target states is not given a priori. Unless the 
dynamic programming method discussed in Section 5.3 is used, target states arc used 
only for specifying the stopping condition. In many cases of I-O-O, including the data 
mining case, Cf can be satisfactorily specified as 

Cf = {c\(ia e A)(S(c, a) is undefined)}. 

That is, the stopping condition implies the situation from which the solving process 
activity cannot proceed further. Another case is illustrated by an optimization problem 
of control engineering of Chapter 8, in which the time span for the solving process is 
given a priori. For example, if the goal is specified as 

I 
T 

goal(c, a) dt. 

then [0, T] is the span for process operation. The stopping time is given by T, which 
is the stopping condition. 

Using the above heuristic consideration, the automaton specification of the process 
is then given as 

Automaton specification of process = (A,C,Y,S,A, genA, constraint, CQ, Cf). 

5.2.4 Dynamic Optimization Formulation 

Because the current problem is of the I-O-O type, there is no legitimate goal for the 
problem. Nevertheless, a goal is needed and is used to evaluate an action even in the 
case of an open goal. In fact, a goal can be a design parameter in this case. Heuristics 
are again used for determination of a convenient goal. In many cases, an estimation of 
the length of the solving path is used, or desirability of an output is described using 
a standard form (for example, a quadratic form). These heuristics are illustrated in 
Chapters 7, 11, and 12. Let a goal be formally represented as 

goal: C -> Re. 

If C = F has a preference relation <, it is desirable that the following compatibility 
relation holds: 

c <c' ^^ goal(c) > goal(c'). 

Naturally, this relation cannot always be satisfied in practice. 
A dynamic optimization formulation of the process is then given as follows: 

Dynamic optimization formulation = (A, C, 7, (5, /I, goal, genA, 

constraint, st, CQ, Cf>, 

where 5'r : C -> {true, false} is a stopping condition, i.e., 

st(c*) = true <^ c* e Cf&min{goal(c)|c e Cf} = goal(c*). 
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5.3 Standardized Goal-Seeker by Modified Dynamic Programming 
Method 

The final step of the design is to attach a standardized goal-seeker to a dynamic op­
timization formulation. This section discusses a standardized goal-seeker based on 
dynamic programming (DP) and hence (A, C, Y, S, A, goalElement, genA, constraint, 
St, Co, Cf) is used as its target structure. 

We assume that Cf is a singleton set, i.e., Cf = {cf}. This assumption is not essen­
tial. The external behavior of a goal-seeker is formally given by a mappings : C -> A. 
Then, combining a and S, we have a dynamical system ;rcr : C ^- C, where 

na(c) =S(c,a(c)). 

Here K^ is called a dynamical mapping, which is a generator expression of extSLV. 
The function a is characterized by a strategy that specifies an action "a" depending 

on "c." This section will use a modified DP method as the strategy, simply called a DP 
method. Figure 5.4 illustrates the structure of the DP method. 

goal 

Solution process 
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Problem 
specification 
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Ideal goal 
database 
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Solution jgeneration phase 

Fig. 5.4. Goal-seeker by dynamic programming (DP) method. 

In the method, a solution is obtained in two phases: the ideal goal generation phase 
and the solution generation phase. The concept of these phases is illustrated by a maze 
problem in Fig. 5.5 in which a cell is given an identification number. The solution is 
obviously the path 1-4-5-6-9-8. 

An ideal goal is a function idGoal:{cell} -^ Re, where {cell} is the set of cells. It 
shows the length of the shortest path to the exit. In the ideal goal generation phase 
the system proceeds backward. Because cell 8 is the exit of the maze, the ideal goal 
idGoal is specified as idGoal(8) = 0. Because cell 8 can be accessed by cell 9 in one 
step, idGoal(9) = 1. Similarly, because cell 6 accesses cell 9 in one step or cell 8 in 
two steps, idGoal(6) = 2. In this way, the ideal goal idGoal() is generated as shown in 
Fig. 5.5. 



5.3 Standardized Goal-Seeker by Modified Dynamic Programming Method 87 

X 
1 

4 

2 

5 

7 1 8 

3 

6 

9 

idGoal gen. 
8-0 
9-1 
6-2 
5-3 
4-4 
1-5 
7-5 

Sol gen 
1-5 
4-4 
5-3 
6-2 
9-1 
8-0 

Fig. 5.5. Goal generaion and solution generation. 

In the solution generation phase the system proceeds forward and starts from initial 
cell 1. Suppose the solution generation activity is in cell c/. Then it proceeds to cell cy, 
which satisfies the condition 

min{idGoal(c')|c' is directly connected to Q } = idGoal(cy), 

where c/ is directly connected to Cj. The solution path moves from c/ to Cj. We will 
prove below that Cj can be always found. The total solution path 1-4-5-6-9-8 is 
specified in this way. 

When the DP method is used, two auxiliary functions, invS : C ^>^ p(C x A) and 
invst:p(C) -> {true, false}, are used in order to improve computation speed. They are 
shortenings of "inverse (5" and "inverse st." Let inv<5() be 

inv(5(c2) = {(c, a)\S(c, a) = C2 & constraint(c) = true &a e genA(c)}. 

Let invstO be 
invst(C') = true ^ CQ e C\ 

The function m\S will be used for the backward operation of the idGoal generation, 
while the function invst provides a stopping condition for the backward operation. 

5.3.1 Reduced-Layer Model 

The most serious problem with the standard DP method is that because it has to evalu­
ate almost every state of the state space with respect to a given goal, heavy computation 
is required for a real problem. In order to avoid heavy computation we must find a way 
to reduce the number of states to be evaluated. The concept of a reduced-layer model 
is introduced for that purpose. 

Definition 5.2. Backward Layer Structure [Ck C C}k 
Let a class of subsets Q C C{k = 0, 1,2,...) be defined as follows: 

Co = {cf}. 

Ck = {c2l(3c e Ck-i)(Ba e A)(S(c2, a) = c & constraint(c2) 

= true &a e genA(c2))} - U{Cp|p < A:}. 

Here {Q C C]k will be called the backward layer structure of C. 
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Ck is the set of states reachable going backward from Q - i in one step. It should be 
clear that for Fig. 5.5, 

Co = {8}; Ci = {9}; C2 = {6}; C3 = {5}; C4 = {4}; C5 = {1,7}. 

Definition 5.3. Restricted Allowable Activity Function 
Because C/ n Cy = 0 holds for / 7»̂  7, a function 

g e n A * : U { Q U - > ^ ( A ) 

is defined as follows: Let c e U{Q}/ be arbitrary. Let k be the unique integer such that 
c e Q . Then, if A: > 0, 

genA*(c) = {a\d(c,a) e Ck-\} ngenA(c). 

Otherwise, 
genA*(cf) = 0 . 

Here genA* is called the restricted allowable activity function. 

Of course, genA*(c) C genA(c) holds. 

Definition 5.4. Reduced-Layer Model 
The following dynamic optimization formulation 

Reduced-layer model = (A, C, K, J, A, goalElement, {Ck]k, genA*, constraint, 

St,C0,Cf) 

will be called the reduced-layer model. 

The difference between the dynamic optimization formulation and the reduced-
layer model is that the latter uses genA* instead of genA. 

The following are fundamental facts for a reduced-layer model. 

Proposition 5.2. Suppose CQ € Ck for some k. Then, there exists a\a2" -ak e A* such 
thatS{co,ai) = ci € Ck-uS(co,a\a2) = C2 e Ck-2,--^ ,S(co,a\a2"-ajc) = Cf. 
Furthermore, ak € genA* (c^_i). 

Proof. Refer to Appendix 5.4. 

Proposition 5.3. Suppose S{co, y) = Cffor some y. Then CQ e Ckfor some k. 

Proof Refer to Appendix 5.5. 

Combining Proposition 5.2 and Proposition 5.3, we have the following theorem. 

Theorem 5.1. If (5(co, y) = Cf for some y, then there exist k,co € Ck, and 
aia2"'ak e A* such that S{co,a\) = ci e Ck-\,S{co,a\a2) = C2 e Q _ 2 , . . . , 
S(co,a\a2 " -ak) = Cf, andai^i e genA* (c/). 
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Theorem 5.1 asserts that if there is a sequence y that takes the system from CQ to 
Cf, another sequence cTTn be found for the reduced-layer model that can do the same 
thing. 

Definition 5.5. Semioptimal Solution 
An optimal solution of a reduced-layer model will be called a semioptimal solution. 

The following are conceptual results. 

Corollary 5.1. If gen A = gen A*, a semioptimal solution is an optimal solution of a 
dynamic optimization formulation. 

Corollary 5.2. A semioptimal solution yields the shortest step path from CQ to Cf. Fur-
thermore, it yields an optimal path among the shortest paths from CQ to Cf. 

In the subsequent discussions S(co, y) = Cf is assumed to hold for some y. 

5.3.2 Ideal Goal Generation 

We will develop a DP method for the reduced-layer model. 

Definition 5.6. idGoal Family 
Let CO € Ck for some k. Let us define a class of functions idGoal^ : Cp ^^ Re for 
/? = 0,1,2, 3 , . . . recursively. 
(i) Let idGoalo : Co -> Re be given as 

idGoalo(cf) = 0. 

(ii) Suppose idGoalp_i is given. Then, for c e Cp, 

idGoalp(c) = min{goalElement((3) + idGoalp_i(J(c, a))\a 6 genA*(c)}. 

{idCoalply, will be called the idGoal family. 

The idGoal family of the maze problem of Fig. 5.5 is given in Fig. 5.5. 
Let us reformalize the above recursive relation as an automaton (generator), gen-

Goal, using 'm\S. For the sake of notational convenience, (5* : C x A -^ C x Re is 
introduced as 

(5*(c, a) = {S{c,a), goalElement(a)). 

If inv(5 is used, {idGoal^jp is given by the following relation. 

Proposition 5.4. Suppose c e Cp. Then 

idGoalp(c) = min{goalElement((2) -\- idGoalp_i(c')|(c, a) e inwS(c^)&c^ e Cp-i] 

holds. 

Proof. Refer to Appendix 5.6. 
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Let(5Goal: [Cp}p x {idGoalp}^ x p (C) -> {Cp}p x {idGoal^lp x p ( C ) be 

SGoa\{Cp, idGoalp, Cp = (C^+i, idGoalp+i, C^^^), 

where (C^+i, idGoal^+i, C* j) is specified by the following relations: 

Cp+i = U{{c|(3a)((c,a) € invJ(c2))}|c2 € Cp] - C*, 

C*+i = C* U C^+1, 

and fore € C^+i, 

idGoaly^-fi(c) = min{goalElement(a) + idGoal^(c2)|(c,a) € inv^(c2) & C2 G Cp). 

The stopping condition, invst:p(C) -> {true, false}, for genGoal is given in the user 
model as 

invst(Cp) = true <^ CQ e Cp. 

Using the functions SGoal and invst, we can define a generator, genGoal. 

Definition 5.7. genGoal 

Let an automaton (generator) be 

genGoal = {{Cp]p x {idGoaly^}^ x p(C),r5Goal, invst, ({cf}, idGoalo, {cf})), 

where 
idGoalo = {(cf,0)}. 

Let genGoal be called a generator for the idGoal family. 

The process of the ideal goal generation phase is given by genGoal. 

5.3.3 Solution Generation 

Once the idGoal family, {idGoalp}, is given, a semioptimal solution is obtained in a 
straightforward way. Suppose CQ e Q holds for some k, i.e., invst(CA:) = true. 

Proposition 5.5. Let p <k. Then 

(Vc € Cp)(3a e genA*(c))(c' = S(c, a) e Cp-i& idGoalp(c) - idGoalp_i(c') 

= goalElement(a)). 

Furthennore, ifidGo2i\p{c) — idGoalp_i(^(c, a*)) = goalElement(a*)/c?ra* e A, 

min{goalElement(a)+idGoalp_i((5(c,a))|a e genA*(c)} = goalElement(a*) 

-i-idGoalp-i((5(c,a*)), 

i.e., a* e genA*(c) and is a desired action. 

Proof. Refer to Appendix 5.7. 
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The proposition says that for c in Cp we can always find a desirable action a in 
genA*(c) that takes c to c' in C^_i, which is characterized by the values of idGoal for 
them. 

Theorem 5.2. A semioptimal solution y = a\a2" -ak, S(co, y) = Cf, is given by the 
following relation: 

c\ = S(co, a\) e Ck-\& idGoaU(co) — idGoaU-i(ci) = goalElement(ai). 

C2 = S(ci,a2) e Ck-2& idGoaU_i(ci) — idGoaU-2(c2) = goalElement((32). 

Cf = S{ck-\,ak) € Co& idGoali(Q) — idGoalo(cf) = goalElement(ait). 

Theorem 5.2 gives a procedure to generate a semioptimal solution. 
Let k be the first number that satisfies CQ e Q and let it remain fixed. Let strategy: 

C X A -> C X A be for c e Cp and a e A 

strategy(c, a) = ( Q , ^2) <^ ̂ (c, ^2) = C2&C2 6 Cp-i& idGoalp(c) — idGoalp_i(c2) 

= goalElement(«2)-

Existence of a strategy is asserted by Theorem 5.2. The stopping condition st : 
C X A ^- {true, false} is given in the user model as 

st(c, a) = true -<-> c € Cf. 

Definition 5.8. genSol 
Let an automaton (generator) be 

genSol = {C X A, strategy, st, (CQ, ^O)), 

where ao can be any element in A. Then genSol will be called the generator for a 
solution generation. 

The strategy is a combination of a state transition function and an output function. 
A solution is given by an automaton (generator) genSol. 

5.4 Standardized Goal-Seeker by Hill Climbing with Push-Down 
Stack Method 

The goal-seeker is easily hampered by a deadlocked situation due to ill-structured con­
straints of a problem-solving system. This section investigates a strategy equipped 
with a push-down stack that enables backtracking to avoid such a deadlocked situ­
ation. If the system meets a deadlocked situation, it must return to a previous state 
(backtracking) to proceed in another direction. The stack saves information necessary 
for backtracking. A strategy can be designed using a combination of the hill-climbing 
method and a push-down stack. This method will be called the PD method. 
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The target formulation of a user model is assumed to be given by 

Dynamic optimization formulation = {A,C,Y,S,X, goal, gen A, constraint, 

5f,C0, Cf), 

where goal() is given as a function whose domain is the set of states. If the formulation 
is given as 

Dynamic optimization formulation = {A,C,Y,S,X, goalElement, genA, 

constraint, st, CQ, Cf), 

where goalElement: A -^ Re, it can be reformulated in the form with goal: C -> Re. 
Let C^ = C X Re, 

d^ :C^ X A-^ C" such that S^c, r) , a) = (d(c, a), r + goalElement(a)), 

X' :a xA--^Y such that ^ ( ( c , r) , a) = X{c, a), 

genA^ : C^ -^ p(A) such that genA^((c, r)) = genA(c), 

constraint^ : C^ —> {true, false} such that constraint^((c, r)) = constraint(c), 

CQ = (co, 0), 

q = {(cf,r) |cf6Cf,r G Re}, 

st^ : C^ -^ {true, false} such that st^{(c, r)) = st(c). 

Consequently, this section assumes that the target formulation is given as {A ,C,Y,S,X, 
goal, genA, constraint, st, CQ, Cf). 

Figure 5.6 illustrates the structure of the hill-climbing method with a push-down 
stack. 
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Fig. 5.6. Goal-seeker by hill-climbing with push-down stack. 

This section investigates general properties of Fig. 5.6. Let us start by introducing 
some underlying concepts. 
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Definition 5.9. legalAs: C ^ p(A*) 
Let us define a function legalAs:C -> p(A*): for c e C, 

a\a2• "Up e legalAs(c) iff S{c,a\) = c\ &a\ e genA(c) &constraint(ci) = true 

& S(c\,a2) = C2 & ^2 € genA(ci)& constraint(c2) = true 

& S(cp-\,ap) = Cp & Qp € genA(cp_i) & constraint(cp) 

= true. 

Definition 5.10. Solvable State and Unsolvable State 
Let c G C be called a solvable state iff (3a 6 legalAs(c))((5(c, a) e Cf). Let c e C be 
called an unsolvable state iff c is not solvable, i.e., (V« € legalAs(c))((5(c,«) ^ Cf). 

Definition 5.11. Forward Layer Structure {Cp]p on C 
A class of subsets {Cp}p, Cp C C (p = 0,1,2,...), will be defined recursively. Let 

Co = {co}; 

Cp+i = {c'\(3c e Cp)(3a e A)(a e gcnA(c)&S(c,a) 

= c' SL constraint(c') = true)} - U{Cr|r < p]. 

The class [Cp)p is the forward layer structure on C. 

Note the difference between Definition 5.2 and Definition 5.11. 

Definition 5.12. Linear Order Relation < on \JCk 
Let c, d € U Q be arbitrary. Then p and q are unique such that c e Cp and c' e Cq. 
Let 

c < c' ô- /7 < ^. 

Definition 5.13. Restricted Allowable Activity Function of PD Method: genA*:UCib 

Let a function genA*:UQ -> p{A) be defined as follows: let c e U Q . Because 
i ^ j -^ d n Cj = 0 , there is a unique p such that c e Cp. Then, 

genA*(c) = [a\a e genA(c) & S(c, a) e C^+i}. 

Here genA* is the restricted allowable activity function of the PD method. 

Definition 5.14. Solution Path and Efficient Solution Path 
Let a e legalAs(co) be called a solution path iff S(co, a) e Cf C C. Let a = 
aia2" -ap e legal As (co) be called an efficient solution path iff a is a solution path 
and satisfies the following relations: 
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S{co,a\) = c\ € Ci, 

^(ci,^2) = C2 € C2, 

• 

S(cp-i,ap) = Cp e Cp = Cf, 

where for / < /?, Ci ^ Cf. 

The efficient solution path will be used as a desirability criterion for the goal-seeker of 
the PD method. 

Definition 5.15. Baclitrack: C -> p(A) 
Let a function backtrack: C -> p (A) be such that for any solvable c e C, 

a e backtrack(c) iff a e genA(c) and <5(c, a) is a solvable state. 

Although a goal is used to select an action to yield the next proper state on a Q , it 
is not necessarily compatible with the order of C. However, if it is compatible, it will 
be shown to derive stronger results. We use the following compatibility condition. 

Definition 5.16. Compatibility Condition for Goal 
A goal is said to satisfy a compatibility condition iff it satisfies the following relation: 
fore,c' E ^Cp, 

goal(c) > goal(c') <^ c < c'. 

Definition 5.17. Strategy of the Hill-Climbing Method with Push-Down Stack: 
Opd : UCp ~> A 
Let Opd : UCp -> A be 

where a* e backtrack(c) and satisfies 

min{goal(r5(c, a))\a e backtrack(c)} = goal(J(c, a*)). 

Then Gpd will be called the strategy of the hill-climbing method with a push-down 
stack. 

The goal-seeker of this section is characterized by Opd. It should be noted that the 
definition of Gpd is independent of the compatibility of the goal: Gpd is not a simple 
feedback law because it requires a backtrack operation to ensure that (5(c, Gpd{c)) is a 
solvable state. 

Definition 5.18. Loop-Free Strategy 
A strategy a : C -^ A is called loop free if it satisfies 

(V/7,^)(p^^->7r^(co)^7r^(co)) . 

where Ttfj is the dynamical mapping of cr, i.e., na{c) = J(c, o-(c)) and nS (CQ) = 
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The following is an obvious but fundamental fact for problem-solving. 

Theorem 5.3. Suppose C is finite and the initial state is solvable. Then, if a strategy o 
is loopfreCy p exists such that n§{cQ) e Cf or it yields a solution. 

Proof. Refer to Appendix 5.8. 

The following is also intuitively clear. 

Proposition 5.6. Let c e Cpbe arbitrary. Then 

(Vcc)(3^)(« e legalAs(c) & J(c, a) = c' -> c' e Q ) . 

Proof. Refer to Appendix 5.9. 

The following is also a fundamental fact for the PD method. 

Proposition 5.7. Let a e legalAs(co) be arbitrary. Let d = S(co, a). Then, (3a' e 
legalAs(co))(a' = ai" - ak&S(co, a\,... .ai) e Ci for each i&d(co, «0 = c'). 

Proof. Refer to Appendix 5.10. 

Theorem 5.4. There is a solution path iff an efficient solution path exists. 

Proof Refer to Appendix 5.11. 

We will characterize an efficient solution path. The following should be obvious. 

Corollary 5.3. Suppose a = a\a2' • -ap e legal As(co) is a solution path. Suppose a 
satisfies the following relations: 

S(co,ai) = c\ ^ Co, 

Sic\,a2) = C2^ CoUCi, 

S{cp-\,ap) = Cp ^ U{Ck\k < p). 

Then, a is an efficient solution path. 

An efficient solution path is a solution path that never goes backward (with respect 
to the order of C) on the way to a target state. The following should be also obvious. 

Corollary 5.4. Suppose a = a\a2" -ap e legal As(co) is a solution path. Suppose a 
satisfies the following relations: 

ai e genA*(co), 

a2 e genA*(ci), whereS(co,a\) = c\, 

as e genA*(c2), whereS(ci,a2) == C2, 

ap e genA*(c^_i), where S(cp-2, ap-\) = Cp-\. 
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Then, a is an efficient solution path. 
When the goal is compatible, we have strong results for Opd> 

Proposition 5.8. Let c e Cp be solvable. Suppose the goal is compatible. Let a* e 
<^pd(c), where Opd is a strategy of the PD method. Then, 

S(c,a*) e Cp^i. 

Proof. Refer to Appendix 5.12. 

Corollary 5.5. If the goal is compatible, Gpd is loop free. 

Corollary 5.5 indicates that if the goal is compatible and if the strategy is Gpd, the usual 
technique of problem-solving that the trajectory of states is saved to avoid repetition 
of states is not necessary. 

Theorem 5.5. The strategy Opd of the PD method always yields an efficient solution 
path if the initial state is a solvable state and the goal is compatible. 

In practice there are two ways to derive an efficient solution path. The first way is to 
use Corollary 5.3, which says that an efficient solution path is produced if a next state 
C'l is found outside of U{C^ |/? < /} for every /. However, because it is usual to consume 
a large amount of memory to memorize VJ{Cp\p < /} , Corollary 5.3 has difficulty with 
respect to computation speed and memory limitation. Then, if we use a heuristic that 
the history H of the visited states may cover an essential part of U{Cp | p < /} , / / may 
be substituted for KJ{Cp\p < i]. In general, this heuristic is useful because in any case 
H must be saved in order to make a strategy loop free. 

The second way to derive an efficient solution path is to use Theorem 5.5. In that 
case, the goal is required to be compatible. Although the compatibility condition might 
be considered very exceptional, that is not necessarily true. If a target problem belongs 
to the class of implicit solving actions and a : K -> K is selected as an action to 
improve an output y, and if the goal is defined to evaluate the improvement, the com­
patibility condition holds. The data mining system problem of Chapter 12 corresponds 
to this case. 

Figure 5.7 shows the total process of a general goal-seeker based on Corollary 5.3 
and Theorem 5.5. 

All necessary information to yield an action Opd{c) is stored in a push-down stack. 
The goal-seeker, first, tries to pop up the top information. If the trial fails, in general 
it indicates failure of the goal-seeker. However, in the case of an open target, it may 
indicate that the goal-seeker has reached a final state. (Refer to the definition of Cf in 
Section 5.2.3.) In either case, the operation of the goal-seeker must finish. If the trial 
is successful, the goal-seeker gets (c, As, H, a), current state, set of available actions 
C genA(c), the history of the visited states, and the history of selected actions as the 
top information of the stack. It then selects (a*, RA), where a* is assumed to satisfy 
the relation 

min{goal((5(c, a))|a e As] = goal((5(c, a*)) 

and RA = As- {a*}. 
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C Goal-seeker y 

(c, As, H»ot) <—popup(stack) 

(a*,RA)<-sigma(c,As,H,a) 

< ^ a*=D? ^ 
(backtrack)^^ 'T~^— 

Goal:g(c) 

Yes 

No 

cc<—8(c,a*) 

• 

As2<-genA(cc),H2<-Hc,a2<-aa* 

• 

Push 
down((c,RA,H)(cc,As2,H2,a2)) 

^ r 

< r st(cc)=true? J ^ 

Yes 

End 

Fig. 5.7. Total process of goal-seeker based on Corollary 5.3 and Theorem 5.5. 

Note that S(c, a*) must not be equal to an element of H (refer to Theorem 5.5). 
If c is a deadlocked state, a* = [] is assumed. In this case the goal-seeker must do 
the backtrack operation; that is, it pops up the next information from the stack. This 
backtrack operation ultimately ensures the condition "(5(c, a*) is a solvable state" or 
a* e backtrack(c) holds and hence a* = Opdic). 
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If a* is a regular action (a* ^ []), the goal-seeker applies a* to the process S 
to get the next state cc = d{c, a*). It generates the set of available activities As2 
for the next state cc. The goal-seeker saves (pushes down) two pieces of information, 
(c, RA, H, a) and (cc, As2, HI, a2), where H2 = H - c and a2 = a - a*, i.e., the 
current state c and the action a* are appended to H and a, respectively. The former 
information (c, RA, / / , a) will be used when the goal-seeker backtracks to the state c. 
The latter information is used at the next state cc. Then, the stopping condition st() is 
checked. If st(cc) = true, the total process must finish. If ^^(cc) y?!̂  true, it goes to the 
pop up stage. 

The total extSLV, which consists of the goal-seeker and the process J, is formalized 
as a generator: 

extSLV = (Stack, solProc, st, (CQ, genA(co), [], [])>, 

where Stack is the state set of extSLV and (CQ, genA(co), [], []) is an initial state. 
Stack, solProc:Stack -^ Stack and st : C -^ {true, false} are defined as follows: 

Let 

r = C X p(A) X H X Sol; stack element, 

H = C*; history of states, 

Sol = A*; history of actions, 

S t a c k e r * . 

Let sigma: F A X p(A) be defined by 

(a*. As — {a*]) if min {goa\{d{c,a))\a e As 

& constraint(<5(c, a)) = true} 

= goal(J(c,a*)), sigma (c, As,(p,a) = 

([], []) otherwise. 

In the definition of sigma, the condition a* e backtrack(c) is not required because the 
condition "(5(c, a*) is a solvable state" is supported by the backtracking, as mentioned 
above. Then, 

solProc:Stack -^ Stack is given by 

7*yn7Ai+i if sigma (y„) = (a*, RA) and a* ^ [], 
solProc(7*7n) = 

otherwise. 

where 

yn = {c,As,g),a), 

yl^ = (c, A 5 - { a * } , ^ , a ) , 

y«+i = iS(c, a*), genA (J(c, a*)), cp -c^a- a*). 
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Finally, st : C -^ {true, false} is given by 

st(c) = true ô- c 6 Cf. 

The generator is actually a push-down automaton without input. 

Appendix 5.1 Standard DP Solver 

The following program is listed as a reference, whose detailed explanation is omitted 
[Takaharaetal. 2004]: 

/*stdDPsolver62.p*/ 
//enhanced DP solver;State=N times R 
/•this is a solver for traveling salesman problem:tsales2.set*/ 
/•this is a solver for warp2.set*/ 
/•state=[last_visited_city,remaining_cities]•/ 
//state=[X,Y] 

stdDPsolver0 :-
if preprocessO then 
else 

Dummy1:=1 
end, 
retract([regH,regE]), 
stdDPsolverO(), 
if postprocess0 then 
else 

Dummy2:=1 
end; 

/•main part^/ 
StdDPsolverO():-

function([goal] ), 
depCity.g(DepCity), 
finalstate{Cf), 
assign(selectN,20), 
repeat, 

retract([goal]), 
saveGoal(Cf,0), 
assign(regH,[Cf]), 
assign(goal,[]), 
genGoaK [Cf] ,CCs0) , 
if CCsO=[] 
then 

selectN(SN), 
SNN:=SN^2, 
assign(selectN,SNN), 
Done:=0 

else 
assign(regCCs,CCsO), 
Done:=l 

end, 
Done=l,1, 

regCCs(CCs), 
CO:=initialstate(), 
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getGoal(CO,VO), 
assign(regE,[VO]), 
assign(regH, [CO]), 
process(CO, [],Cf,SS), \, 
xwriteln(0,"SS=",SS),1, 
assign(solutionSS,SS); 
saveGoaK [T,R] ,V) :-
switch(goal (T, R, V) ,Goal) , 
univ(Goal,[N,R,V]), 
assign([N,R],V); 
getGoaK [T,R] ,V) :-
switch(goal {T,R, V) ,Goal), 
Goal,I; 

/•goal generation*/ 
genGoal(Cs,CCs):-

assign(regH,[]), 
assign(regVs,[]), 
assign(regl,1), 
invdeltaO(Cs,CsO), 
regVs(Vs), 
selectC(Vs,CsO,Cs2), 
i f invs t (Cs2) o r Cs2= [] t hen 

CCs:=Cs2, 
i f Cs2=[] then 
end 

else 

end; 
genGoal(Cs2,CCs) 

invdeltaO( [],[]):-!; 
invdeltaO(Cs,CCs):-
assign(rregCs,Cs), 

assign(rregCCs, []), 
repeat, 

rregCs([X|Xs]), 
invdeltal(X,Ys), 
append(rregCCs,Ys,rregCCs), 
assign(rregCs,Xs), 
Xs=[],!, 

rregCCs(CCs), 
retract([rregCs,rregCCs]); 

invdeltal(C,Cs):-
getGoaKC,V) , 
assign (regCs, [] ) , 
regH(H), 
invdelta(C,CADs), 
i f CADs=[] then 

Cs=[] 
e l s e 
/•generation of new elements of goal*/ 
assign(regCADs,CADs), 
repeat, 

regCADs([[C2,D]|Xs]), 
if getGoal(C2,V2) then 



saveGoal(C2,V+D) 

e l s e 
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if V+D<V2 then 

end 

regl(I), 
II:=I+1, 
assign(regl,II), 

append{regVs,[[V+D,I]],regVs), 
append(regH,[C2],regH), 
saveGoal(C2,V+D), 
append(regCs,[C2],regCs) 

end, 
assign(regCADs,Xs), 
Xs=[],l, 

regCs(Cs), 
retract([regCs,regCADs]) 
end ; 

/•solution generation*/ 
process (C, Sol, CCSSol) :-

strategy(C,A,C2), 
append(Sol,[A],Sol2), 
if C2=CC 
then 

SSol:=Sol2 
else 

process(C2,Sol2,CC,SSol); 

strategy (C, A, CO :-
getGoaKCV) , 
regH(H), 
genA(C,As), 
assign(regAs,As), 
RegA.g: = [] , 
RegC.g:=[], 
RegV.g:=V+l, 
repeat, 

regAs([A2|Xs]), 
delta(C,A2,C2), 
if not(member(C2,H)) and 

getGoal(C2,V2) and V2<RegV.g then 
RegV.g:=V2, 
RegC.g:=C2, 
RegA.g:=A2 

end, 
assign(regAs,Xs), 
Xs=[], 1, 

A:=RegA.g, 
CC:=RegC.g, 
retract([regAs]); 

selectC(Vs,Cs,CsO):-
N:=strlen(Cs), 
selectN(SelN), 
xwriteln(0,"Num. of backward states=",N), 
if N<=SelN then 

CsO:=Cs 
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else 
sort(Vs,Vsl), 
transpose(Vsl,[Vlst,list]), 
project(list,[[l,SelN]],IlistO), 
project(Cs,IlistO,CsO) 

end; 

Appendix 5.2 Standard DP Solver 

The following program is listed as a reference, whose detailed explanation is omitted 
[Takaharaetal. 2003]: 

/*stdPDsolverl22.p*/ 
stdPDsolver0 :-

if preprocessO then 
else 

Dummy:=1 
end, 
xwriteln(0,"trace mode?(y/n)"), 
xread(0,Ans), 
if Ans="y" then 

assign(trace,-3) 
end, 
stdPDsolverO(), 
if postprocess0 then 
else 

Dummy2:=1 
end; 

StdPDsolverO():-
delGamma(0), 
assign(gammald,0), 
initialstate(CO), 
if genA(CO,AsO) then 
else 

xwriteln(0,"I guess your genA has some problem"), 
fail 

end, 
goal(CO,VO), 
assign(_regV,[VO]), 
getGammald(GId), 
saveGamma(GId, [CO,AsO, [],[]]), 
so lP roc (CO, [GId] ) , 
_regStack(Stack2), 
retract([_regStack,_regC]), 
proj ect(Stack2,1,GId2), 
loadGamma(GId2,[Yf,Asf,Solf,Hf]), 
assign(_Solf,Solf), 
xwriteln(0,"Solf=",Solf), 
assign(_Yf,Yf), 
xwriteln(0,"Yf=",Yf),1; 

saveGamma(GId,D):-
switch(gamma(floor(GId/5),GId,D) ,GI) , 
assert(GI); 

loadGamma(GId,D):-



Appendix 5.2 Standard DP Solver 103 

switch(gamma(floor{GId/5),GId,D),GI), 
GI, 1 ; 

delGamma(I):-
concat( [gamma, ".'M] ,GIT) , 
parse(GIT,[GIO]), 
univ(GI,[GIO,Id,D]), 
if GI then 

retract([GIO]), 
delGamma(I+l) 

end; 

solProc(CO,StackO):-
assign(_regStack:,StackO) , 
assign(_regC,CO), 
repeat, 

_regStack{Stackl), 
_regC(Cl), 

goalseeker(CI,Stackl,CCl,A,C2,Stack2), 
if C2<>cfail then 

goal(C2,V2), 
_regV(L), 
append(L,[V2],L2), 
Len:=strlen(L2), 
if Len>200 then 

project(L2,["r",200,Len],L22) 
else 

L22:=L2 
end, 
assign(_regV,L22), 
showl(L22,plot) 

end, 
if C2<>cfail and st(C2) then 

Done:=l 
else 

Done:=0 
end, 
a s s i g n ( _ r e g S t a c k , S t a c k 2 ) , 
i f Stack2=[] then 

xwriteln (0, "NO NEXT JOB'I ! ! " ) 
end, 
assign(_regC,C2), 
Done=l or Stack2=[],!; 

goalseeker(C,[G|GS],CC,A,C2,Stack2):-
if status(trace,-3) then 
xwriteln(0,"****••*****•**•*****••**••*•*") , 
x w r i t e l n ( 0 , " [ s t a t e C ] = " , C ) , s t o p 
end, 

mu(C,G,CC,A,C2,Gs2) , 
append(Gs2,Gs ,S tack2) ; 

mu(c fa i l ,G ,CC,A,C2 ,Gs ) : - ! , 
loadGamma(G,[CC,AAs,SSol,HH]), 

if status(trace,-3) then 
xwriteln(0,"[state C ]=",CC),stop 
end. 



104 5 User Model and Standardized Goal-Seeker 

i f HH=[] then 
H:=[] 

e l s e 
p ro jec t (HH, -1 ,H) 

end, 
i f SSol=[] then 

So l := [ ] 
e l s e 

project(SSol,"head",Sol) 
end, 

if status(trace,-3) then 
xwriteln(0,"[AAs ]=",AAs),stop 
end, 

Sigma([CC,AAs,Sol,H],A,C2,RA), 
if status(trace,-3) then 
xwriteln(0,"[selected A]=",A), 
xwriteln(0,"[next C ]=",C2), 
xwriteln(0,"[RA ]=",RA),stop 
end, 

if A<>[] then 
append(Sol,[A],Sol2), 
exp_to_text(CC,TCC), 
append([TCC],H,H2), 
getGammald(GId), 
saveGamma(GId,[CC,RA, 
Sol2,H2]), 
Gs:=[GId] 

else 
Gs:=[] 

end; 

mu(C,G,C,A,C2,Gs) :-
loadGamma(G,[CC,AAs,SSol,HH]), 

if genA(C,As) then 
else 

xwriteln(0,"I guess yor genA has a problem"), 
fail 

end, 
if status(trace,-3) then 
xwriteln(0,"[As ]=",As),stop 
end, 

Sigma([C,As,SSol,HH],A,C2,RA), 
if status(trace,-3) then 
xwriteln(0,"[selected A]=",A), 
xwriteln(0,"[next C ]=",C2), 
xwriteln(0,"[RA ]=",RA),stop 
end, 

if A<>[] then 
delta(C,A,CC2), 
append(SSol,[A],Sol2), 
exp_to_text(C,TC), 
append([TC],HH,H2), 
getGammald(GId), 
saveGamma(GId,[C,RA,Sol2,H2]), 
Gs:=[GId,G] 

else 
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Gs: = [G] 
end; 

Sigma ( [C, [] ,Sol,H] , [] ,cfail, [] ) :-!; 
Sigma { [C,As,Sol,H] ,A,C2,AAs) :-

assign{_regAs,As), 
assign(_regGs,[]), 
assign(_regAAs, []), 
assign(_regCCs, []), 
repeat, 

_regAs([X|Xs]), 
if delta(C,X,CCO) then 

CC:=CCO 
else 

CC:=cfail 
end, 
append(_regCCs,[CC],_regCCs), 
if CC=cfail then 

xwriteln(0,"constraint violated") 
append{_regGs,[l.Oe+12],_regGs) 

else 
exp_to_text(CC,TCC), 

if member(TCC/H) or CC=C then 
xwriteln(0,"repeated state"), 

append(_regGs,[l.Oe+12],_regGs) 
else 

goal(CC,V), 
append(_regAAs,[X],_regAAs), 
append(_regGs,[V],_regGs) 
end 

end, 
assign(_regAs,Xs), 
Xs=[],!, 

_regGs(Gs), 
if status(trace,-3) then 
xwriteln(0,"[goal(As) ]=",Gs),stop 
end, 

Min:=min(Gs,I), 
if Min=1.0e+12 then 

A:=[], 
C2:=cfail, 
AAs:=[] 

else 
project(As,I+l,A) , 
_regCCs(CCs), 
project(CCs,I+l,C2), 
_regAAs (AAsO) , 
minus(AAsO,[A],AAs) 

end, 
retract ( [_regAs,_regGs,_regAAs,_regCCs] ) ; 

getGammald(Id):-
gammald(Id), 
assign(gammald,Id+1); 
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Appendix 5.3 Proof of Proposition 5.1 

Let C = (K/kerco). Then co is identified as co(y) = [y]. Let S' : C x A -> C\ where 
S^ is defined as 

S\[y],a) = [S(y,a)l 

Note that if [y] = [y'] or co(y) = co(y'), then co(S(y,a)) = co(ya) = co{y'a) = 
(Jo(S(y\ a)) for any a. That is, [̂ (3 ,̂ a)] = [S(y\ a)]. Then, the left diagram is com­
mutative. Similarly, let A' : C x A -> A be given by 

A\[yla) = a. 

Then the right diagram is also commutative. Then co is an automaton homomorphism 
from{S,X)io{S\X'), Q.E.D. 

Appendix 5.4 Proof of Proposition 5.2 

Because co € Q , there is a\ such that S(co,a\) = c\ e Ck-\ and c\ e genA*(co). 
Similarly, if c^ e Ck-p, there is ap-^i such thai S(cp, ap^i) = Cp^\ 6 Cic-p~\ and 
Qpj^x e genA*icp). Then, S(co, a\a2 --ak) e Co = [cf]. Q.E.D. 

Appendix 5.5 Proof of Proposition 5.3 

Let y = apUp-i - - -ax be such that S{co, y) = Cf. Let S(co,apap-\ • • -^2) = ci, 
S(co,apap-\ •••as) = Q , . . . ,(5(co,ap) = Cp-i, 

Because S(c\,a\) = Cf, c\ e C\. If CQ ^ Ci, there must be a first c/i e Ci such 
that Cj € C\ for 7 < / 1 . Similarly, if CQ ^ C2, there must be a first c/2 € C3 such that 
Cj G Ci U C2 for i\ < j < 12. In this v^ay, we can generate / 1 , / 2 , . . . , /A: such that 
Cip e Cp^\ and c/jt = CQ. Q.E.D. 

Appendix 5.6 Proof of Proposition 5.4 

Suppose 

min{goalElement(a)-f idGoalp_i((5(c, a))|a 6 genA*(<:)} 

= goalElement(a*) + idGoaly^_i((5(c, a*)) 

for some a* G genA*(c).Letc' = ^(c,a*).Then, c' € Cp-\ because a* e genA*(c). 
Furthermore, (c, a*) e '\nvS{c'). Consequently, 

goalElement(a*) + idGoalp_i(<5(c, a*)) > min{goalElement(a) 

+ idGoalp-i(c')|(c,fl) e invt5(c')&c' e C;,_i}. 

Conversely, suppose 

min{goalElement(fl!) + idGoal^_i(c-')|(c,a) e inv^(c')&c' e Cp-\} 

= goalElement(a*) + idGoalp_i(c'*), 
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where (c,a*) e inv<5(c'*) and c'* e Cp-\. Then, r5(c,a*) = c'*. Because c e 
Cp,a* e genA*(c). Consequently, 

min{goalElement(a) + idGoalp_i((5(c, a))\a e genA*(c)} 

< goalElement(a*)H-idGoalp_i(c'*). Q.E.D. 

Appendix 5.7 Proof of Proposition 5.5 

It is obvious that for any c e Cp there is a € genA*(c) such that S(c, a) = c^ e Cp-\, 
Furthermore, for any a e genA*(c), S{c, a) e Cp-\. Because 

idGoalp(c) = min{goalElement(a) + idGoalp_i((5(c, a))\a e genA*(c)}, 

the following holds for some a* 6 genA*(<:): 

idGoalp(c) = goalElement(a*) + idGoal^_i(<5(c, a*)). 

Suppose idGoal^(c) = goalElement(a*) + idGoalp_i(f5(c, dz*)) for a^ in A. Because 
idGoalp-i is defined for S{c, a*), d{c, a*) e Cp-\ and hence «* e genA*(c). If 

min{goalElement(a) + idGoalp_i((5(c:, «))|fl! G genA*(c)} < goalElement(a*) 

+ idGoalp_i(J(c,a*)), 

then 

idGoalp(c) = min{goalElement(a) 4- idGoalp_i((5(c, a))\a e genA*(c)} 

< goalElement(a*) + idGoalp_i((5(c, a*)) = idGoalp(c), 

which is a contradiction. Q.E.D. 

Appendix 5.8 Proof of Theorem 5.3 

Let CP = {co, Ttaico),..., nS(co)}. If C^ = C, C T l Cf ^ 0 . Suppose CP / C. 
Because a is loop free, C^ C C^ C -- - C CP. Because C is finite, C^ D Cf / 0 for 
some p. Q.E.D. 

Appendix 5.9 Proof of Proposition 5.6 

We use mathematical induction. 

(i) Suppose a = a e legalAs(c). Then a e genA(c) and constraint((5(c, a)) = true. 
Let c' = S(c, a). Due to the definition of Cp^\, 

c' eCp^iVc' eU[Cr\r<p}, 

I f c ' ^Cp+i , then(3r ) (c '6C, ) . 
(ii) Suppose if length(a) < /, then S(c,a) e Cg for some q. Let ^ = aa and 
\ength(fi) = / + 1 where a e genA(<5(c, a)) is arbitrary. The induction hypothesis im­
plies (5(c, a) € Q for some ̂ . Then, the argument (i) implies that J((5(c, a ) , a) e Q + i 
or S(S(c, a), a) e Cr for some r. Q.E.D. 
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Appendix 5.10 Proof of Proposition 5.7 

Because of Proposition 5.6, k exists such that S(co, a) = c' e Ck. Because c^ e Ck = 
[c^\a e genA(c) & S(c,a) = c'&c e Q - i & constraint(cO = true}} - U{Cr|r < 
/ : - ! } , 

c = S(ck-\,ak)&Ck-\ € Ck-\&ak e genA(cjt_i)&constraint(c') = true. 

Because Ck-i € Q - i , Ck-2 and ak-\ exist such that 

Ck-\ = S(ck-2,ak-\)&Ck-.2 e Ck-2&ak-\ e genA(C/:_2)&constraint(cA:_i) = true. 

In this way we can find ai,a2, >. - ,ak,c\,..., Q _ I such that 

^(^0,^0 = ci € C\&a\ e genA(co)&constraint(ci) = true, 

S(c\,a2) = C2 e C2&a2 e genA(ci)&constraint(c2) = true, 

S(ck-\,ak) = c' € Ck&Gk e genA(c)t_i)&constraint(c') = true. 

Consequently, a^ = a\ -- -ak e legalAs(co), Sico, a\ •-- ai) e Ci and S(co, a') = c^ 
Q.E.D. 

Appendix 5.11 Proof of Theorem 5.4 

The if part is obvious. The only if part comes from Proposition 5.7, where c' e Cf. 
Q.E.D. 

Appendix 5.12 Proof of Proposition 5.8 

Because c is a solvable state. Proposition 5.7 asserts that there is a = ci\ - - -ak € 
legalAs(c) such that 

S(c,a\) = ci e Cp-fi, 

S(ci,a2) = C2 e Cp4-2, 

S(ck-\,ak) = Ck € Cf. 

Because ai e genA(c) and S(c, a\) is a solvable state, c < S(c, a\) implies goal(c) > 
goal((5(c, ai)) > goal(r5(c, a*)), that is, c < S{c,a*). Then, the definition C^+i im­
plies that J(c, a*) e Cp+i. Q.E.D. 
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Part IV 

Solver System Applications 



Traveling Salesman Problem: E-C-C Problem 

This chapter examines the case E-C-C of the problem classification presented in Ta­
ble 4.1. The famous traveling salesman problem is used as a typical example of the 
case. We develop extSLV for the problem following the development procedure of 
Chapter 4. 

The stdDPsolver will be used for the present system as the goal-seeker. 

6.1 Traveling Salesman Problem 

This chapter discusses the traveling salesman problem as a typical example of the 
E-C-C case. It is the simplest problem according to the problem classification of the 
model theory approach and is also the most classical topic in the problem-solving lit­
erature. Because the problem of the E-C-C or the final state is explicitly identified 
from the problem-solving environment (PSE), the modified dynamic programming 
(DP) method will be adopted to attack the problem. 

First, the general method of Chapter 4 will be applied to derive a basic extended 
solver (extSLV) for the problem and then tuning will be done for the goal-seeker. 

6.2 User Model of Traveling Salesman Problem for 
DP Goal-Seeker 

A user model for the traveling salesman problem is built based on Fig. 4.6. 

6.2.1 Drawing Input-Output Block Diagram 

At the first stage, the input and the output of the problem must be specified conceptu­
ally. Figure 6.1 shows an input-output block diagram of the traveling salesman prob­
lem. 

The input is a problem specification environment that provides information for the 
problem structure. The input to the traveling salesman problem must give which towns 
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towns, 
connection, 
starttown, 
traveling distance 
—> minimum 

extSLV for traveling 
salesman problem 

Optimum permutation 
on towns 

Fig. 6.1. Input-output block diagram of traveling salesman problem. 

the salesman must visit, how the towns are connected, the traveling distances between 
the towns, and which town the salesman must start from and return to. The problem 
is to find the shortest route that visits every town once and only once. The solution, 
which is an output of the system, is the sequence of towns traveled. 

6.2.2 Input-Output Specification in Set Theory 

At this stage the input and the output of the first stage are described in set-theoretic 
terms. The description forms the basis of the later formulation. Figure 6.2 shows stage 
2 of the traveling salesman problem. 

Input:<T, connection, starttown > 
T={t,f,....,f'} 
connection cTxTxRe 
starttowne T 

extSLV for 
traveling 
salesman 
problem 

Output: yeCTxT)* 

Fig. 6.2. Input-output specification in set-theoretic treatment of the traveling salesman problem. 

(i) Input Specification 

The input is given by a structure 

(7, connection, starttown), 

where T = {r, r ' , . . . , f'} is a set of towns, connection C T x T x Re is a relation 
that specifies the connections among the towns and the distances between them. An 
element (t,t\r) e connection implies that the towns t and t^ are directly connected 
and the distance between them is r. Finally, starttown e T is the town from which the 
salesman starts and to which he must return. 

(ii) Output Specification 

The output set F is a subset of {T x T)*, the free monoid ofTxT, i.e., 

Y C{T X T)*. 
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If y = (t\,t2)(t2i t^)'" {tk-2, tk-\){tk-\,tk)y the salesman is supposed to visit towns 
in the sequence {t\,... ,tk).Oi course, there should be no repetition in the sequence. 
A pair {ti-\, U) will be called an action. The action {ti-\, ti) implies that the salesman 
visits the town U after ti-\ if it is feasible. A real solution is an optimum element of Y, 

6.2.3 Process Specification as Automaton 

(i) Action Set 

The action set A is given by the problem specification environment (PSE) 

A = r X r . 

(ii) State Transition Function 

According to the general procedure of Chapter 5, the state set is given by {T x T)*. 
However, for the traveling salesman problem, a desirable state reduction mapping co : 
y -^ C is easily found. Let 

(o{y) = (last(j), T - setCj)) e T x p{T) 

and 
cy(A) = (starttown, T), 

where last(j) is the last town of y and set(j) is the set of towns in y. If j = 
{t\,t2){t2,ti), last(y) = 3̂ and set(y) = {̂ 1,̂ 2, 3̂}- Then it is easy to check that 
(Vj» y\ ci){(o{y) = co(y^) -> co(ya) = co(y^a)) holds for a e A. Let 

y = y\ "'ym(t{,t), 

y' = y["'yn(t2.t). 

a = {t,t'), 

where {t\,t) and (^2,0 ^ ^ the last actions. 
Let 

co{y) = co(/). 

Then, 
(t, T - sct(y)) = (t,T- setCj')). 

Let 
co(ya) = (t\ T - set(ya)) 

and 
coiy'a) = (t\ T - set(j'a)). 

Because T — sei(y) = T — set(jO» 

T — sei(ya) = T — set(j'a), 

or co(ya) = co(y^a). 
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Furthermore, for any Cf € Cf, we have co(cf) = (starttown, 0 ) or cw(Cf) = 
{(starttown, 0)}. Then, if y e co~^ ({(starttown, 0)}), we have co(y) = (starttown, 0 ) , 
i.e., y e Cf. (last()7), T — set(j)) will be used as a state for the traveling salesman 
problem. 

Let 
C = Txp{T). 

The state transition function d : C x A -> C is then 

If an action is (t, t'), the salesman travels from the town t to the town t', which becomes 
the last town visited and the remaining towns are T' — [t^]. 

(iii) Output Function 

The output function A : C x A -> A is 

X{c,a) = a. 

(iv) genA 

The allowable activity function is 

genA((r, T')) = {(r, t')\t' e r&(3v)((t, t\ v) e connection)}. 

An action (f, f) is allowed for a state {t, T') if t is connected to t', 

(v) constraint 

The constraint is 

constraint((r, T')) = true ^tiT'or{t = starttown and T^ = T), 

Note that / ^ 7 ' is an obvious requirement. If the last town visited is the starttown, we 
have an exception for the requirement. 

(vi) Initial State 

An initial state CQ is 
CO = (starttown, T), 

(vii) Final State 

A final state Cf is 

Here Cf is a singleton set. 

Cf = (starttown, 0 ) . 
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(viii) Inverse Stopping Condition 

The inverse stopping condition invst: C -^ {true, false} is 

invst(/, R) = true -f> /? ^ 0 and t = starttown. 

(ix) Inverse Transition 

The inverse transition inv^ : C -> p (C) is 

in\S(c) = [c^\(3a e A)(S(c\a) = c&a e genA(c')&constraint(c'))}. 

6.2.4 DP Optimization Formulation 

The traveling salesman problem is a closed-goal problem. The goal is given as an 
evaluation of the output. Let goalElement: A -> Re be such that 

goalElement((r, t^)) = distance(f, ?'), 

where goalElement((/, t^)) is the distance between / and t^ given by the connection 
relation of the PSE. 

Then, if y = (tutiWi, 3̂) • • • (tk-2, tk-\){tk-\Jk). 

goal(> )̂ = goalElement((/i, r2))+goalElement((/2, 3̂))H hgoalElement((//t-i, ît))-

In this case, the function goal satisfies the additivity condition, i.e., 

god\{ya) = goa\(y) -\- goalElement(<3). 

A dynamic optimization formulation of the traveling salesman problem is given for the 
modified DP goal-seeker as 

user model = (A, C, Y, S, inwS, A, genA, constraint, goalElement, invst, CQ, Cf). 

6.3 Implementation in extProlog 

If a system developer implements delta(), invdelta(), genA(), constraint(), initialstate(), 
finalstateO, and goalElement() in computer-acceptable set theory to derive an imple­
mentation structure of Fig. 4.9 for the traveling salesman problem, a basic extSLV can 
be obtained for it by compilation. The entire user model in set theory is presented in 
Appendix 6.1. 

The input data consists of 26 Japanese cities. This case cannot be solved by a 
simple backtracking algorithm of Prolog [Covington et al. 1997]. 

The output or a solution of the solver is presented in Fig. 6.3. 
The solution is given by the variable Route in the dialog window, which starts from 

Tokyo and returns to it from Chiba. Figure 6.4 shows the behavior of the goal. 
The horizontal coordinate corresponds to the order of the 26 towns the salesman 

visits, while the vertical coordinate corresponds to the value of the goal. According 
to the experiences induced from solver constructions, an optimal solution usually dis­
plays a smooth behavior and does not change its value abruptly. Figure 6.4 is compat­
ible with this heuristic judgment. 
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^K«ii 
],[20,17],C17,19],[19,21],[21,11]] 
"Route="[tokyo,sapporo,aonor i,ak i ta,sakaia,Fukush ina,s 
enda i,nagoya,Fukuoka,kunanoto,kagosh i na,oo i ta,takanaiu 
,okayana,hiroshina,natue,kobe,oosaka,kyoio,kanazaua,n i 
igaba,toyana,nagano,uisunon iya,n iio,ch iba,bokyo] 
"You can change Function oF Graph:""out_0»g"" (source/ 
sink)" 
"DeFault is [sink]" 
"You can change range oF X-cord. or tinespan<integer)" 
"DeFault is [5]" 
"You can change Type oF Graph:""out_0*g" 
"Type:plot,bar,pie,radar,xyp1ot,trajectory" 
"DeFault is [plot]" 
"MODEL:""out_0.g"" GO" 
tsalesDP44.p" ends" 
"normal reset state" 
"May I help you?" 
X>| 

Fig. 6.3. Solution of a traveling salesman problem. 

Fig. 6.4. Behavior of goal. 

6.4 Timing of Goal-Seeker 

It is natural that as the number of towns increases, the computation time and the amount 
of memory required increase, until finally, a solution cannot be obtained. This problem 
comes from the following facts: 

1. Because the relation connection is given as connection cT xT x Re, the process­
ing of genA : C -> ^(A) becomes drastically slower as the cardinality | r | of T 
becomes larger. Note that in genA, (t,t\ D) e connection must be decided and 
can be determined by checking each element of connection. 
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2. Because C = T x p{T), we have |C| = n x 2", where n = \T\. Then, the number 
of the checking operations of the ideal goal elements increases exponentially as n 
increases. 

3. Because the function invdelta is given as invdelta : C -^ p(C), computation of 
the backward operation of the DP method increases rapidly as n increases. 

We cannot control the size of T or C. However, execution speed can be made faster 
by the following tuning. 

In order to face the first issue, the set of elements of the connection is reorganized. 
That is, instead of using an element (t,t\ r) directly, a new relation connect(0 C 
{T X Re)* is defined for each r G 7 as 

connect(0 = [{t', r)\{t, t\ r) e connection}. 

Then, in order to check (f, t', r) e connection we have only to check the small relation 
connected- The predicate connect() is generated by transDB() as the preprocess in 
Appendix 6.1. 

For the second issue, a goal element goal((^, T'), r) e goal is represented in the 
form goal.^(r', r). Then, checking of goal((/', /?), r ') can be done by directly check­
ing the predicate goal.r'(). This modification can provide a remarkable improvement 
in the execution speed. 

For the third issue, it should be noted that 

invdelta(C') = U{{c'|(3«)(a e genA(c')&S(c\a) = c)},ce C] 

= U{first(connect(0) x {/? U [t}}\{t, R) e C], 

where first(connect(0) = {t^\(3r){{t, t', r) e connection)}. Then we can avoid com­
puting the existential quantifier operation by using connect(r). The direct product op­
eration of sets is available in computer-acceptable set theory. This can avoid a large 
time-consuming operation associated with the existential quantifier. 

Obviously, invdelta recursively produces a large subset of the state set. If the pro­
duced subsets are processed in a naive way, the required computation time easily 
becomes prohibitive. In order to avoid this difficulty, evaluation of states at the goal 
generation phase should be restricted to relevant ones. The selection criteria of the 
relevant states are determined by heuristics. In particular, it should be noted that the 
number of states is controlled by the parameter selectN of stdDPsolver62.p. Its value is 
tuned to a given problem by the trial and error method. 

With the above improvements, a traveling salesman problem of 26 towns was suc­
cessfully solved by the DP method on a PC in less than 2 s. The 26 towns constitute a 
realistic route for a 1 -month traveling period. 

Appendix 6.1 User Model for Traveling Salesman Problem 
/*tsales2.set*/ 
/•this is a solver for traveling salesman problem*/ 
/*state=[last_visited_city,remaining_cities]*/ 
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.func ( [ g e t R o u t e , g e t D i s t a n c e , i n i t i a l s t a t e , g o a l , d e l t a , i n v d e l t a . s o r t , 
g e t c o n n e c t , i n v p r o j e c t , p r o j e c t 2 , g e n A ] ) ; 

d e l t a { [ T , R ] , [T,T2])=C2 <-> 
R2:=minus(R, [T2]) , 
C2:=[T2,R2] , 
c o n s t r a i n t ( C 2 ) ; 

invde l ta ( [C2,R2])=CADs <-> 
R22:=append([C2] ,R2) , 
R :=so r t (R22) , 
ge t connec t{C2 ,L) , 
LT:= t r anspose (L) , 
T s : = p r o j e c t ( L T , 1 ) , 
Ts2:=minus(Ts ,R) , 
(Ts2<>[]) -> 

( 
Is:=invproject(Ts,Ts2,"m"), 
Ds:=project(LT,2), 
Ds2:=project2(Ds,Is), 
Cs:=product(Ts2,[R]), 
CADs:=transpose([Cs,Ds2]) 
) 

.otherwise 
( 
C:=depCity.g, 
TSize:=totalCSize.g, 
(cardinality(R)=TSize and 
project(Ts,I,C)) -> 
( 
Ds:=project(LT,2), 
D:=project(Ds,I), 
CADS:=[[[C,R],D]] 
) 

.Otherwise 
( 
CADs:=[] 
) 

) ; 

genA ([T,R])=As <-> 
getconnect(T,L), 
LT:=transpose(L), 
Ds:=project(LT,1), 
Ds2:=intersection(Ds,R), 
As:=product([T],Ds2); 

constraint ( [L,R] ) <-> 
C:=depCity.g, 
TCs:=totalC.g, 
(notmember(L,R) or (L=C and 
cardinality(R)=cardinality(TCs))); 

invst( [[C,R] |Xs]) <-> 
R<>[], 
C=depCity.g; 
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I x i i t i a l s t a t e () =Z <- > 
TCs := to t a lC .g , 
C=depCity.g, 
Z:=[C,TCs]; 

finalstate (Cf) <-> 
C:=depCity.g, 
Cf=[C, []]; 

preprocess {) <-> 
retract([.connect] ) , 
totalC.g: = [] , 
TId.g:=l, 
transDBO , 
TCsO:=totalC.g, 
t o t a l C S i z e . g : = c a r d i n a l i t y ( T C s O ) , 
de lGoa lO , 
xwriteln(0,"Which city do you want to 

start?",TCs), 
xread(0,DepCityO), 
Itok:yo:=invproject (TCsO, "tokyo") , 
DepCi ty: = Itokyo, 
depCity.g:=DepCity; 

delGoalO <-> 
I : = T I d . g , 
p r o c C ( " c r e a t e i n d e x " , [ 1 , I - l ] , [ J s ] ) , 
Z : = d e f S e t ( p d e l G o a l ( y , J , [ ] ) , [ J , J s ] ) ; 

p d e l G o a l ( y , J , [] ) <-> 
c o n c a t ( [ " g o a l " , " . " , J ] , G o a l J ) , 
r e t r a c t ( [ G o a l J ] ) ; 

p o s t p r o c e s s () <-> 
SS:=SS.g, 
TCs := to t a lC .g , 
Route:=getRoute(TCs, SS), 
xwriteln(0,"Route=", Route), 
DisO:=getDistance{TCs,SS), 
append([0],DisO,Dis), 

showl (Dis,"plot") , 
delconnect(); 
delconnectO <-> 
I:=totalCSize.g, 
procC{"createindex",[1,1],[Js]), 
Z:=defSet(pdelconnect(Y,J,[]),[J,Js]), 

pdelconnect(Y,J,[]) <-> 
concat([.connect,".",J],Con), 
retract{[Con]); 

getDistance(TCs,SS)=Dis <-> 
Ds.g:=[], 
D s : = d e f S e t ( p D i s t a n c e ( Y , X , [ T C s ] ) , [ X , S S ] ) , 

/ / x w r i t e l n { 0 , " D s . g = " , D s . g ) , 
Dis :=Ds .g ; 

pDis tance(Z , [X,Y] , [TCs] ) <-> 
project(TCs,X,XN), 
project(TCs,Y,YN) , 
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distance (XN,YN,D) , 
Z:=D, 
(Ds.g=[]) -> 

( 
Ds.g:=[Z] 
) 

.otherwise 
( 

Ds.g:=append(Ds.g,[project(Ds.g,0)+Z]) 
) ; 

distance(X,Y,D) <-> 
connection(X,Y,D),1; 

distance(X,y,D) <-> 
connection(Y,X,D); 

getRoute(TCs,SS)=Route <-> 
RO:=defSe t (pRoute (Y,X, [TCs] ) , [X ,SS] ) , 
CO:=depCity.g, 
project(TCs,CO,CON), 
Route:=append(RO,[CON]); 

pRoute (Z , [T ,T2] , [TCs] ) <-> 
p r o j ec t (TCs,T,TN), 
Z:=TN; 

/•connection(tolcyo, sapporo, 15) ->connection. tolcyo 
(sapporo,14)•/ 

transDBO <-> 
C s : = l i s t P r e d ( " c o n n e c t i o n " ) , 
XX:=de fSe t (p t r ansDB(Y,X , [ ] ) , [X ,Cs ] ) ; 

p t ransDB(Y, [A,B,D] , [ ] ) <-> 
TCO:=totalC.g, 
(project(TCO,10,A)) -> 

( 
I :=IO, 
TC1:=TC0 
) 

.o t l i e rwise 
( 
g e t T I d ( I ) , 
append(TCO,[A],TC1) 
) , 

( p ro jec t (TCI , JO,B) ) -> 
( 
J :=JO, 
TC2:=TC1 
) 

.o t t i e rwise 
( 
g e t T I d ( J ) , 
append(TCI,[B],TC2) 
), 

totalC.g:=TC2, 
LI:=getconnect(I), 
(Ll<>[]) -> 

( 
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append(LI, t [ J , D ] ] , L 2 ) , 
saveconnec t ( I ,L2) 
) 

. o t he rw i se 
( 
s a v e c o n n e c t ( I , [ [ J / D ] ] ) 

L l l : = g e t c o n n e c t ( J ) , 
(Ll l<>[] ) -> 

( 
append(Ll l , [ [ I ,D] ] ,L22) 
saveconnect(J,L22) 
) 

.otherwise 
( 
saveconnect(J,[[I,D]]) 

Y:=l; 

getconnect(I)=L <-> 
concat([.connect,".",!],Con), 
LO:=listPred(Con), 
(L0=[]) -> 

( 
L:=LO 
) 

.otherwise 
( 
L:=project(LO,1) 
) ; 

saveconnect(I,L) <-> 
concat([.connect,' 
assign(Con,L); 

,1],Con), 

getTId(I) 
I:=TId.g, 
TId.g:=I+l; 

/•base data*/ 

connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 

•aomori","sapporo",5); 
•aomori","akita",!); 
•sendai","akita",3); 
'aomori","sendai",2); 
•hiroshima","okayama",1) 
'takamatu","okayama",1); 
•kobe","okayama",1); 
'kobe","oosaka",!); 
'kobe","matue",1.5); 
'sapporo","oosaka",12); 
'sendai","oosaka",8); 
'tokyo","oosaka",4); 
'fukuoka","oosaka",6); 
'kyoto","oosaka",0.5); 
•kanazawa","tokyo",3); 
'kanazawa","oosaka",3); 
'nagoya","oosaka",2); 
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connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection' 
connection! 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 
connection 

"kanazawa","toyama",1); 
"kanazawa","kyoto",2); 
"utsunomiya","tokyo",1); 
"fukushima","mito",1); 
"utsunomiya","mito",1); 
"utsunomiya","nagano",2); 
"tokyo","mito",!); 
"chiba","mito",!); 
"chiba","nagoya",3.5); 
"tokyo","nagoya",3); 
"tokyo","fukuoka",!3); 
"tokyo","sapporo",!5) ; 
"nagoya","fukuoka",10); 
"nagoya","sapporo",!8); 
"fukuoka","sapporo",28); 
"niigata","tokyo",4); 
"niigata","kanazawa",!); 
"nagano","tokyo",3); 
"toyama","tokyo",6); 
"niigata","toyama",1); 
"nagano","toyama",!.5); 
"chiba","tokyo",0.5) ; 
"yokohama","tokyo",0.5) ; 
"chiba","yokohama",!); 
"kyoto","tokyo",4.5); 
"kyoto","nagoya",!.5); 
"toyama","kyoto",4); 
"takamatu","tokyo",8.5) ; 
"takamatu","nagoya",5.5) ; 
"takamatu","oosaka",3) ; 
"takamatu","fukuoka",6.5) ; 
"toyama","matue",2); 
"kyoto","matue",!.5); 
"sendai","sapporo",8); 
"sendai","tokyo",?); 
"sendai","nagoya",!0); 
"sendai","fukuoka",11); 
"niigata","sakata",4.5); 
"sendai","sakata",!.5); 
"ooita","tokyo",!5); 
"ooita","oosaka",8) ; 
"ooita","fukuoka",!.5) ; 
"takamatu","ooita",3) ; 
"niigata","fukushima",2); 
"utsunomiya","fukushima",5)i 
"sendai","fukushima",!.5); 
"sakata","fukushima",2); 
"aomori","tokyo",!0); 
"sakata","akita",8) ; 
"sakata","aomori",8.5), 
"sakata","sapporo",!0), 
"sakata","fukuoka",20); 
"kumamoto","tokyo",!8) ; 
"kumamoto","nagoya",!5); 
"kumamoto","fukuoka",2); 
"ooita","kumamoto",2); 
"kagoshima","tokyo",!8.5); 
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connection("kagoshima","nagoya",15.5); 
connection("kagoshima","fukuoka"/2.5); 
connection("ooita","kagoshima",2.5); 
connection("kumamoto","kagoshima",1); 
connection("hiroshima","tokyo",9); 
connection{"okayama","tokyo",8.5); 
connection("hiroshima","fukuoka",3); 
connection("takamatu","hiroshima",2); 
connection("matue","hiroshima",1.5); 

The following should be noted about the model: 

1. The predicate transDB() generates connect() and represents a town name in an 
integer. For instance, Itokyo is an integer to represent Tokyo. 

2. In postprocessO the solution is obtained by _SS(SS), in which town names are 
represented by integers. The integers are translated into the original names by 
getRoute(). Here getDistance() calculates the traveling distance, which showl() 
displays in Fig. 6.4. 
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Regulation Problem: E-O-C Problem 

Chapters 7 and 8 discuss a control engineering problem. Control engineering prob­
lems are interesting for three reasons. First, although control is a type of management, 
because a target of control engineering is a continuous dynamic physical system, a 
control engineering problem is naturally different from a management problem. On 
the other hand, the methodology of this book has been developed and aimed at man­
agement problems. However, because it is based on the concepts of general systems 
theory (GST), it should be a general theory, which implies that our methodology 
must be applicable to control problems. It is interesting to see how our theory can 
work as a general theory in a field that is considered outside the scope of the original 
intention. 

Second, as the role of the data processing function of the MIS indicates, numerical 
processing is a basis of the MIS. If the model theory approach can handle control 
engineering problems that present the most typical numerical problems, we can expect 
that it can effectively address numerical aspects of MIS problems. 

Third, targets of our extended solver (extSLV) are, in general, ill structured. How­
ever, the problems of control engineering are well structured and their models are 
described by differential equations. Therefore, we can expect that if an extSLV is ap­
plied to such a well-structured problem, a deep insight into the solver may be obtained 
because a detailed analysis is possible for a well-structured problem. 

The stdPDsolver will be used for the present system as the goal-seeker. 

7.1 Regulation Problem 

For the sake of simplicity, a simple but typical dynamic problem shown in Fig. 7.1 will 
be used as the target of this chapter. 

As Fig. 7.1 shows, the dynamic problem consists of a body of mass m and a spring 
with a spring constant of/:. The body is fixed by the spring to a wall. The input of the 
system is a force a(), which is a time function, applied to the body, and the output is the 
displacement of the body. Suppose that an initial condition (MQ* ^O) is given arbitrarily, 
where wo is an initial displacement and VQ is an initial velocity. Then the regulation 
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1 1 
Displacement u(t) 

Fig. 7.1. A simple dynamic system. 

problem of this chapter is to determine a force a() such that the body is taken to a state 
(wf, 0), where Mf is also an arbitrarily given set point. 

The dynamic behavior of this problem can be described by the following differen­
tial equation: 

m—r- = a — ku. 

The above equation can be transformed into a state space representation in the 
usual way. That is, the state is a vector (displacement, velocity). The representation is 

du 

-di='^ 

dv k 1 
—- = u H a. 
dt m m 

(7.1) 

Two control engineering problems can be defined for the above problem. 

(i) Feedback Law Problem 

Let a desirable set point be (wf, 0). Find a feedback law: {(M, V)} -> [a] that takes 
the system to the state (wf, 0) from an initial state (MQ, t>o) as soon as possible. The 
situation is that initially the system was at (Mf, 0) but due to a disturbance input it was 
taken to the state (MQ, DO). 

For the feedback law problem, if the transition time is required to be a minimum, 
the problem becomes an optimization problem. We will treat the problem not as an 
optimization problem but as an efficient solution problem in this chapter. The efficient 
solution concept is introduced in Section 5.4. According to the classical control theory, 
a feedback law is determined as an algorithm of a FID (proportial, integral, differential) 
controller. A feedback law will be derived using the model theory appraoch and will 
be found to be different from that of the PID controller. 

The following problem is a simple version of the feedback law problem. 
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(i)' Regulation Problem 

Let (wo, VQ) be an initial state. Let (wf, 0) be a desirable state (wf is a set point). Find a 
time function a() that takes the system from (wo, ̂ o) to (wf, 0). 

This chapter discusses the regulation problem first and then the feedback law prob­
lem. The optimization problem is investigated in Chapter 8. 

7.2 User Model of Regulation Problem for PD Goal-Seeker 

Let us consider the regulation problem. Because the output is a sequence of actions 
a{t), the problem belongs to the explicit solving-action class. Because evaluation of 
an output is not given by the problem, the problem will be of the open-goal type. We 
will show that the state space representation of (7.1) can be used as the process of 
the extSLV representation, and hence a target state is explicitly identified. Then, it is 
a closed-target problem. Consequently, the regulation problem belongs to the E-O-C 
class. 

The E-O-C class is a large class, and many game-type problems belong to this 
class. For example, the Chinese checkers problem presented in Appendix 7.2 is an 
example. Although the regulation problem belongs to the E-O-C class, it is different 
from many game-type E-O-C problems. First of all, the regulation problem is numer­
ical, while many game-type problems are symbolic. The biggest difference is that the 
state set of the automaton formulation for the regulation problem is an infinite set, 
while the usual game-type problems including the Chinese checkers problem have fi­
nite state sets. Because the state set of the regulation problem is an infinite set, we 
cannot apply the brute force method of checking every state or a simple backtracking 
algorithm to find a solution to the problem. 

7.2.1 Drawing Input-Output Block Diagram 

Figure 7.2 shows the first stage of the regulation problem. 

Regulation 
problem -

extSLV 
for 
regulation 
problem 

Desirable 
- • action 

sequence 

Fig. 7.2. Input-output diagram of regulation problem. 

7.2.2 Input-Output Specification in Set Theory 

At this stage the input and the output are described in set-theoretic terms. 
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(i) Input Specification 

Because an extSLV of the regulation problem must be implemented on a computer, its 
input, the regulation problem of the differential equation model, must be transformed 
into a difference equation model. A difference equation model will be generated by the 
mean value theorem as follows: 

du/dt = v ^ (u(t + /i) - uit))/h = v(t -f l9/i) (0 < (9 < 1), 

dv/dt = —ku/m + a/m -^ (v{t -\- h) — v(t))/h 

= -ku(t + eh)/m + a(t + eh)/m (0<9 < 1). 

Then, the dynamic system can be described by the following difference equation: 

v(k -f 1) = -hku(k)/m + v{k) -f ha{k)/m, 

u(k-\- 1) = u(k) -h hv(k -h 1). 

Let Up X Vp and A^ be the state set and the input set of the dynamic system, respec­
tively, where 

Upz=Vp = Ap = RQ (set of real numbers). 

Let the state transition function Sp : (Up x Vp) x Ap -> Up x Vp of the system be 

Sp{(u, D), a) = (U -\- hv, —khu/m + u + ha/m). 

Let an initial state be 

CO = (wo,^o)-

Let a desirable state Cf be 
Cf = (Mf,0), 

where Wf is a set point. 
Then the input of the extSLV is described by the following structure: 

{Up, Vp,Ap,dp,C{),C{). 

Although no further result can be derived for the input structure from here in 
the general case, the current case can yield an important fact. That is, we can check 
whether the current regulation problem has a controllability property, because it is a 
linear time-invariant problem [Mesarovic and Takahara, 1989]. Let 6pi{u,v),d) = 
K''^{F{u, v) -\- ha), where 

^=\-h/m\)' ^ = \0 l ) ' ^ = \h/n)-

Then, rank[A'~^/i, K~^Fh\ = 2, which states that the regulation structure has con­
trollability, i.e., 

(Vco)(3a € Ap*){Sp{cQ,a) = Cf), 

where Ap * is the free monoid of Ap. This property is naturally essential for solving 
the current problem. 
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(ii) Output Specification 

Let the output set Y be 

A desirable output is a selected element of Y. 

7.2.3 Process Specification as Automaton 

At this stage, an automaton description of the solving activity will be formalized. In 
order to derive an automaton formulation, a state set and an action set must be identi­
fied. 

(i) Action Set 

The action set A is given by the problem specification environment (PSE) as 

A = Ap = Re. 

(ii) State Transition Function 

Because Y = Ap*, the general result of Chapter 5 states that an automaton formulation 
of the solving activity can be given as follows: 

Y : state set 

and 
A : action set. 

The state transition function Sg : Y x A ^^ Y is then given by 

Sg(y,a)=:y'a, 

where y-aisa concatenation of y and a. Note that Sg is a representation of the activity 
process of the dynamic solving process. Conceptually, it is completely different from 
Sp, the representation of the dynamics of the problem. 

The output function ^g : Y x A -^ A is given by 

Ag(y,a) = a, 

The above automaton formulation comes from the general arguments in Section 5.1.3. 
However, we can introduce a state reduction map co. Let co *. Y —> U x V be given by 

co(y) = Sp(co,y). 

Then, if (o(y) = cy(j') (or Sp(co, y) = Sp(co, y')), we have 

co(ya) = Sp(co,ya) 

= Sp(Spico,y),a) 
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= Sp(Sp{co,y),a) 

'=Sp(co,/a) 

= coi/a). 

That is, CO satisfies the condition of the state reduction map of Chapter 5 and the left 
side of the commutative diagram of Fig. 7.3 is satisfied. 

CO 

(UpXVp) 

X A 

I 

X Ao 

5g Y X, A 

(0 

• > UpXVp (UpXVp) X Ap 
•i O-l 

Fig. 7.3. Automaton homomorphism by reduction mapping w. 

Because the output function Â  : K x A -> A satisfies Xg(y,a) = a, the right 
side of Fig. 7.3 trivially holds, where A : {Up x Vp) x Ap -> Ap is A((M, D), a) = a. 
Then we have a reduced automaton representation {A,UpxVp/Sp, X), which is equal 
to the usual state space representation of the control engineering problem. We will use 
the representation as the process representation, where Sp.Up, and Vp will be denoted 
by (5, {/, and V, respectively, in the subsequent discussions. 

Because a state transition function of the extSLV is, in general, a partial function, 
two functions, genA \ {U x V) -> p{A) and constraint : {U x V) -^ {true, false}, 
are introduced in (iv) and (v) below to secure its proper behavior. Here S satisfies for 
a e genA(c), 

S(c, a) = c' -^ constraint(c') = true. 

(iii) Output Function 

The output function k : C x A 

(iv)genA:C->p(A) 

In the current case. 

A is naturally 

X{c,d) = a. 

genA(c) = A. 

(v) constraint: C -^ {true, false} 

The current problem has no effective constraint. That is, 

constraint(M, v) = true. 

Then, 6 of the regulation problem is a total function. Certainly, a constraint can be 
imposed on the behavior of the system if it is necessary. Chapter 8 illustrates that the 
constraint can be used as an effective means to solve a control engineering problem. 
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(vi) Initial State 

The initial state is the same as that given in Section 7.2.2, i.e., 

CO = (MO, VQ). 

(vii) Final State 

The final state is the same as the one given in Section 7.2.2, i.e., 

Cf=(Mf,0). 

(viii) Stopping Condition 

Let St: C -> {true, false} be given by 

st(c) = true -o- c = Cf. 

7.2.4 PD Optimization Formulation 

Because the regulation problem does not have a goal specified by the PSE, it can be 
used as a design parameter. Let goal: C -> Re (Re is the set of real numbers) be given 
by 

goal((M, v)) = 30 * (M - uff + v^. 

This goal is used in Appendix 7.L The goal is defined from a heuristic consideration 
that the state must ultimately reach Cf. Selection of the goal is important because the 
convergence time depends heavily on the selection. The weight (30, 1) is determined 
by trial and error. 

Finally, the dynamic optimization formulation or a user model is given by 

user model = {A,U x V,Y,S,X, goal, genA, constraint, st, CQ, Cf). 

7.3 Implementation in extProlog 

The goal-seeker of the hill-climbing method with push-down stack is used in this chap­
ter. When a user model is implemented in computer-acceptable set theory and is com­
piled into extProlog, a workable solver is realized. Appendix 7.1 presents an entire 
user model in set theory for the regulation problem. 

It must be noted that although genA() can be theoretically defined as 
genA((w, v)) = A(= Re), in practice genA((w, v)) must be a finite set. In Appen­
dix 7.1, it is heuristically specified as 

genA((M, v)) = [-20, - 1 0 , - 5 , - 3 , - 1 , 0 , 1 , 3,5,10, 20]. 
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Fig. 7.4. Output of extSLV and behavior of dynamic system. 

It should also be noted that S does not represent a real-time system but is a model 
representation to plan a solution. The goal-seeker generates a plan of control of the 
dynamic system using the model and yields it as a solution. 

Figure 7.4 illustrates the dynamic behavior of (M, U, a) for a solution a(). 
The square curve in Fig. 7.4 that moves in a nonlinear fashion shows control input 

a(). The triangular curve corresponds to velocity t)(), while the smooth-wave curve 
corresponds to displacement M() — Mf. The curves show that the behavior converges to 
Cf = (wf,0). 

The behavior of the control input a () is quite different from that of the conventional 
FID controller, the output of which usually shows a smooth behavior. Although the PD 
method does not yield a real optimum solution (see Section 5.4), its behavior is similar 
to that of an optimum "bang-bang" solution. This comes from the fact that the solution 
is derived as a local optimum specified by the hill-climbing method, although it may 
not be a global optimum. This optimality is well illustrated by Fig. 7.5, which shows 
trajectories of (w, v). 

Figure 7.5 presents four trajectories with initial states (10,10), (0, 10), (0, —10), 
and (10, —10). The trajectories cover the whole domain of the state space. The final 
state (equilibrium point) is (5,0) which is selected in an arbitrary way. The trajectories 
show highly nonlinear but well-known optimal behaviors [Tu, 1994]. If the controller 
is linear, a trajectory approaches the final state drawing a circle, while the trajectories 
of Fig. 7.5 go to the equilibrium state almost directly. It should be noted that the basic 
behavior is restricted by the fact that if t>() > 0, then W()(M'() = u()) must increase 
with time and if t> () < 0, w () must decrease. This restriction indicates that the goal-
seeker by the PD method provides a fairly optimal nonlinear controller with the help 
of proper selection of the goal. 

Figure 7.6 shows the behavior of the goal value for the case of the initial state 
(10,10). 

It should be noted that goal() exhibits monotonically decreasing behavior. 
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Fig. 7.5. Trajectories of (u,v). 

X-W out_0.g <2> 

goal 

jHBita 

A=[-80,-40,-20,-10,-5,-3,-1,0,1,3,5,10,20,40,80] 

solvingstep 
B i * * -^B-^ 

12 16 20 ^ 

[dp, [ . CrtMne 1 2:C6:C8 I save 
C line rectangle circle erase label 

no-change 1 tools 

Fig. 7.6. Behavior of goal () for (10, 10). 

7.4 Validity of PD Method for Regulation Problem 

The fundamental difference between a usual problem of MIS and the regulation prob­
lem is, as mentioned in Section 7.2, that the state set of the former is finite, while that 
of the latter is infinite. If the state set is finite, a solution can be obtained by the PD 
method (in principle) if Cf is reachable from CQ or the regulation problem is control­
lable. The PD method can cover the brute force behavior. 

Because the state set is infinite, different circumstances exist, although the PD 
method is still valid [La Salle and Lefschetz, 1961]. This validity is retained from the 
following properties of the regulation problem: 
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1. The goal: C -^ Re is a continuous function and satisfies the following property: 

goal(c) > 0 and goal(c) = 0 <^ c = Cf, 

where C = U x V isa state set. 

2. Suppose ao, a\,a2,... is an action sequence given by the PD method. Let 

Ci = S(co, ao'" ai-i) (/ = 1,2,.. .). 

Then the sequence goal(co), goal(ci), . . . decreases monotonically, i.e., 

goal(co) > goal(ci) > ••• , 

if goal(Q) is small. (Refer to Fig. 7.6.) This property comes from the facts that ai is 
given by the hill-climbing method with respect to goal(c) and that no backtracking 
can occur. (No backtracking occurs because the constraint is free.) 

3. If goal(c) > 0, there ha e As such that goal((5(c, a)) < goal(c) holds. This is due 
to the fact that the function goal() is of quadratic form and J is a linear function. 

Then, validity of the PD method can be argued in the following way: 2 implies 
that there is r such that lim/^oo goal(c/) = r > 0. Actually, 3 implies r = 0. Then, 1 
implies that lim/_>oo Ci = Cf. 

7.5 Feedback Law Problem and Case-Based Reasoning 

Using the above results, let us investigate the feedback law problem. The input-output 
diagram of this problem is illustrated in Fig. 7.7. 

Control problem 
extSLV 

Feedback 
"• law 

Fig. 7.7. Feedback law problem. 

In general, a feedback law is represented by the following function: 

fb:U xV -^ A, 

Let 
Ci = S{ci-u fb{ci-i)) (/ = 1,2,. . .), 

where ci e U xV. Then the following relation is required of a valid feedback law: for 
any co e U x V, 

lim Ci = Cf (7.2) 

holds. 
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Let the output set FB be given by 

FB = {fb\fb :C' -^ A,C' CU xV,fb satisfies (7.2) with respect to C]. 

A construction of the extSLV of the feedback law problem is given by the extSLV 
of the regulation problem. 

Let cr : C -> i4* be given by 

cr (c) = a solution of the regulation problem with respect to the initial state c, 

where C c U xV and c e C ^^ the regulation problem has a solution with respect to 
c. In general, C ^ U x V, and C depends on the specification of A. Let fb:C->A 
be such that 

fb(c) = a (c)(0), 

where a(c)(0) is the first element of a(c). lfa(c) = aoa\ "-an" -, then fb(ci-\) = 
at and c/ = S(ci-\, a/-i) hold, that is, (7.2) holds or fb e FB. 

In the real implementation fb is given by the case-based reasoning method [Russel 
andNorvig, 1995]. Let 

fb(a,co) = {(ci,ai)\a(co) = aoa\ "-an"- ,Ci = (5(c/_i,a/_i)}. 

Let 
Case C C : set of cases. 

Then a feedback law fb is given by Case as 

fb = U[fb(a,co)\coeCasc}. 

Figure 7.4 presents the relation {((«, v), a)], which corresponds to fb((T, CQ) or a 
subset of the feedback law. 

The biggest advantage of the model theory approach is that the functions genA, 
goal, and constraint can be flexibly defined so that a nonlinear controller can be 
designed. (See Chapter 8.) This is certainly beyond the scope of traditional control 
theory. 

Appendix 7.1 User Model for Regulation Problem 

/•regulation.set*/ 
/•regulator problem*/ 
/•mechanical system^/ 
/•E-O-C problem*/ 
/•mu"=a-ku^/ 
/•u'=v^/ 
/•v'=-ku/m+a/m^/ 

.func{[delta,genA,initialstate, setPoint,_Solf]); 
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d e l t a ( [U,V] ,A) = [U2,V2] <-> 
V2:=-0.1*U+V+0.1*A, 
U2:=U+0.1*V2, 
c o n s t r a i n t ( [ U 2 , V 2 ] ) , ! ; 

genA(C)=As <-> 
A s : = [ - 2 0 , - 1 0 , - 5 , - 3 , - 1 , 0 , 1 , 3 , 5 , 1 0 , 2 0 , 4 0 ] ; 

cons tra in t (C) <-> 
C=C; 

initialstate ()=C0 <-> 
CO: =[0,0] ; 

setPoint()=S <-> 
S:=10; 

goal( [U,V])=Re <-> 
S:=setPoint 0, 
Re:=30*(U-S)*(U-S); 

st([U,V]) <-> 
S=setPoint{), 
abs{S-U)+abs(V)<0.1; 

postprocess () <-> 
CO:=initialstate0 , 
Solf : = _Solf 0 , 
genControlLaw(CO,Solf,CLaw), 
xwriteln(0,"CL=",CLaw); 

genControlLaw(C, [],[]) <->!; 
genControlLaw(C,[A|AS],[[E,A]|Ls]) <-> 

S:=setPoint 0, 
E:=C- [S,0] , 
CC:=delta(C,A), 
genControlLaw(CC,As,Ls); 

In Appendix 7.1 the parameters are as follows: 

/ i = 0 . 1 , 

k/m = 1, 

l /m = 1. 

The predicate postprocess() generates a control law using a regulation problem solu­
tion Solf given by _Solf(). 

Appendix 7.2 Chinese Checkers Problem 

This appendix introduces the Chinese checkers problem. Although the problem itself 
would not be the target of a management information system, it is interesting as a 
nontrivial E-O-C problem and is a typical example of a game problem, for which 
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the model theory approach is quite effective. However, this is the only game problem 
presented in this book. 

The Chinese checkers problem describes a board game with the initial state as 
shown in Fig. 7.8, where 32 tokens (black disks) are arranged on grid points of the 
board. 
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Fig. 7.8. Initial state for Chinese checkers problem. 

A token can be moved horizontally or vertically to an empty grid point by skipping 
one token, and the skipped token is removed. Tokens may be placed only on the 32 
grid points occupied in the initial state and the central grid point. Let the grid points be 
represented by their coordinates. In the initial state, four tokens on [3, 1], [1, 3], [3,5], 
and [5, 3] can be moved. Suppose the token on [3, 1] is moved. The initial arrangement 
of tokens is then transformed into that shown on the right figure of Fig. 7.8. The token 
on [3,2] is removed and the token on [3, 1 ] is moved to [3,3]. Let the action be denoted 
by [[3,1], [3, 2], [3, 3]]. 

The problem is to find the sequence of actions that transforms the initial state into 
a state that leaves only one token on the board. Let the user model of the Chinese 
checkers problem be formalized as follows. 

Let 
/6 = {0,1,2,3,4,5,6}. 

The action set A is then given by 

A C (/6 X / 6 ) ^ 

where, for example, a = [[3,1], [3,2], [3, 3]] e A produces the state transition shown 
in Fig. 7.8. Let AObQ defined as 

AO = {[[[0,3], [1, 3], [2,3]], [[0,4], [1,4], [2,4]], [[4,0], [4,1], [4,2]], 

[[3,0], [3,1], [3,2]], [[0,2], [0, 3], [0,4]], [[2,0], [2,1], [2,2]], 

[[2,6], [3,6], [4,6]], [[2,0], [3,0], [4,0]], [[6, 2], [6, 3], [6,4]], 

[[2,1], [3,1], [4,1]], [[0,2], [1,2], [2,2]], [[1,2], [2,2], [3, 2]], 

[[2,2], [3,2], [4,2]], [[3,2], [4,2], [5, 2]], [[4,2], [5, 2], [6,2]], 

[[1, 3], [2, 3], [3, 3]], [[2, 3], [3, 3], [4, 3]], [[1,2], [1, 3], [1,4]], 
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[[2, 1], [2,2], [2, 3]], [[2, 2], [2, 3], [2,4]], [[2, 3], [2,4], [2,5]], 

[[3,4], [3,5], [3, 6]], [[2,4], [2,5], [2, 6]], [[3,1], [3,2], [3, 3]], 

[[3, 2], [3, 3], [3,4]], [[3, 3], [4, 3], [5, 3]], [[4, 3], [5, 3], [6, 3]], 

[[1,4], [2,4], [3,4]], [[2,4], [3,4], [4,4]], [[3,4], [4,4], [5,4]], 

[[4,4], [5,4], [6,4]], [[2, 5], [3,5], [4,5]], [[3, 3], [3,4], [3, 5]], 

[[4,1], [4,2], [4, 3]], [[4, 2], [4, 3], [4,4]], [[4, 3], [4,4], [4,5]], 

[[4,4], [4,5], [4, 6]], [[5, 2], [5, 3], [5,4]]]}. 

The set AO represents a subset of feasible actions, where each element is an action 
[[XI, n ] , [X2, Y2], [X3, F3]] that satisfies the condition XI = X2 = X3 and Yl < 
Y2 < F3, or XI < X2 < X3 and n = 72 = F3. The other feasible actions are 
derived from AO (see definition of As below). 

Let 
C C (/6 X /6 )* . 

Although an element of C can be used as a representation of a state of the puzzle, 
an extension of C is used for the state set of the user model. The extension facilitates 
computation. 

Let vari: C -> Re be defined as follows: When c = [[x\,y\],..., [xk, Jit]], let 

XO = I'Xi/k, 

yo = I^yi/k. 

Then, let 
vari(c) = I( |x/ -xo\^ + \yi - yo^/k. 

Using the vari function, the state set C of the user model is defined as 

C C C X Re, 

where 
[c,v] e C_'(r^ V = vari(c). 

Let the state transition function delta: £ x A -> ^ be given by 

delta([c, D], [[jcl, y l ] , [x2, yl], [x3, y3]]) = [c2, v2] ^ 

c2 = (c- {[x\, yl], [x2, y2]}) U {[jc3, y3]}& 

v2 = vari(c2)& 

constraint([c2, v2]) = true. 

The function vari is a measure of the divergence of the token distribution: 
Let gen A : C -» p ((/e x I^)^) be given by 

genA([c, V]) = As = {[[x\, y l ] , [JC2, y2], [x3, y3]]|[;cl, y 1] e c& 

([[jcl,yl],[^2,y2],[jc3,y3]]€A0v 

[[jc3, y3], [jc2, y2] , [ jcl , y 1]] e A0)&[jc2, y2] € c&[jc3, y3] ^ c]. 
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Let constraint: C -^ {true,false} be given by 

constraint([c, v]) = true ô-1> < \c\/2. 

A combination of a constraint condition and the backtracking function is effective for 
controlling the problem-solving activity (See Chapter 8). In the Chinese checkers prob­
lem, the constraint condition is designed heuristically to prevent the token arrangement 
from diverging. The condition requires that the arrangement converge to a final state 
as the action sequence expands: 

Let cO be given by 

cO=[ 
[2,0], [3,0], [4,0], 
[2,1], [3,1], [4,1], 

[0, 2], [1,2], [2, 2], [3,2], [4, 2], [5, 2], [6, 2], 
[0,3], [1,3], [2, 3], [4, 3], [5, 3], [6, 3], 
[0,4], [1,4], [2,4], [3,4], [4,4], [5,4], [6,4], 

[2,5], [3,5], [4,5], 
[2,6], [3, 6], [4,6]]. 

Then, 

Let 

Let 

Let 

initialstate = [cO, vari(cO)]. 

finalstate([c, v]) = true <-> |c| = 1. 

goal([c, u]) = v. 

st([c, v]) = true <-> |c| = 1. 

The above definitions in set theory allows the user model of the Chinese checkers 
problem to be derived directly in set theory as follows: 

/•cchecker.set*/ 
• fxinc ( [ d e l t a , va r i , genA, i n i t i a l s t a t e , i n i t i a l s t a t e O , g o a l ] ) ; 

[ 1 , 3 ] , [ 2 , 3 ] ] , 
[ [0 ,4] 
[ [4 ,0] 
[ [3 ,0] 
[ [0 ,2] 
[ [2 ,0] 
[ [2 ,6] 
[ [2 ,0] 
[ [6 ,2] 
[ [2 ,1] 
[ [0 ,2] 
[ [1 ,2] 
[ [2 ,2] 
[ [3 ,2] 
[ [4 ,2] 
[ [1 ,3] 

3t;u . y = 

[1,4] 
[4,1] 
[3,1] 
[0,3] 
[2,1] 
[3,6] 
[3,0] 
[6,3] 
[3,1] 
[1,2] 
[2,2] 
[3,2] 
[4,2] 
[5,2] 
[2,3] 

I L L V J , J J , 

[ 2 , 4 ] ] , 
[ 4 , 2 ] ] , 
[ 3 , 2 ] ] , 
[ 0 , 4 ] ] , 
[ 2 , 2 ] ] , 
[ 4 , 6 ] ] , 
[ 4 , 0 ] ] , 
[ 6 , 4 ] ] , 

[ 4 , 1 ] ] , 
[ 2 , 2 ] ] , 
[ 3 , 2 ] ] , 
[ 4 , 2 ] ] , 
[ 5 , 2 ] ] , 
[ 6 , 2 ] ] , 

[ 3 , 3 ] ] , 
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[ 2 , 3 ] 
[ 1 , 2 ] 
[ 2 , 1 ] 
[ 2 , 2 ] 
[ 2 , 3 ] 
[ 3 , 4 ] 
[ 2 , 4 ] 
[ 3 , 1 ] 
[ 3 , 2 ] 
[ 3 , 3 ] 
[ 4 , 3 ] 
[ 1 , 4 ] 
[ 2 , 4 ] 
[ 3 , 4 ] 
[ 4 , 4 ] 
[ 2 , 5 ] 
[ 3 , 3 ] 
[ 4 , 1 ] 
[ 4 , 2 ] 
[ 4 , 3 ] 
[ 4 , 4 ] 
[ 5 , 2 ] 

[ 3 , 3 ] , 
[ 1 , 3 ] , 
[ 2 , 2 ] , 
[ 2 , 3 ] , 
[ 2 , 4 ] , 
[ 3 , 5 ] , 
[ 2 , 5 ] , 
[ 3 , 2 ] , 
[ 3 , 3 ] , 
[ 4 , 3 ] , 
[ 5 , 3 ] , 
[ 2 , 4 ] , 
[ 3 , 4 ] , 
[ 4 , 4 ] , 
[ 5 , 4 ] , 
[ 3 , 5 ] , 
[ 3 , 4 ] , 
[ 4 , 2 ] , 
[ 4 , 3 ] , 
[ 4 , 4 ] , 
[ 4 , 5 ] , 
[ 5 , 3 ] , 

[ 4 , 3 ] 
[ 1 , 4 ] 
[ 2 , 3 ] 
[ 2 , 4 ] 
[ 2 , 5 ] 
[ 3 , 6 ] 
[ 2 , 6 ] 
[ 3 , 3 ] 
[ 3 , 4 ] 
[ 5 , 3 ] 
[ 6 , 3 ] 
[ 3 , 4 ] 
[ 4 , 4 ] 
[ 5 , 4 ] 
[ 6 , 4 ] 
[ 4 , 5 ] 
[ 3 , 5 ] 
[ 4 , 3 ] 
[ 4 , 4 ] 
[ 4 , 5 ] 
[ 4 , 6 ] 
[ 5 , 4 ] ] ; 

d e l t a ( [ C , V ] , [ [ X 1 , Y 1 ] , [ X 2 , Y 2 ] , [ X 3 , Y 3 ] ] = [ C 2 , V 2 ] <-> 
C 2 0 : = m i n u s ( C , [ [ X I , Y l ] , [ X 2 , Y 2 ] ] ) , 
C 2 : = a p p e n d ( C 2 0 , [ [ X 3 , Y 3 ] ] ) , 
V 2 : = v a r i ( C 2 ) , 
c o n s t r a i n t ( [ C 2 , V 2 ] ) ; 

v a r i ( C ) = R e <-> 
[ X s , Y s ] : = t r a n s p o s e ( C ) , 

L : = c a r d i n a l i t y ( C ) , 
X O : = s u m ( X s ) / L , 
Y O : = s u m ( Y s ) / L , 
U : = a b s ( X s - X O ) , 
V : = a b s ( Y s - Y O ) , 
R e : = (sum(U*U*U) +sum(V*V*V) ) / L ; 

genA( [C,V] ) =As <-> 
r e g A s . g : = [ ] , 
A s O O : = d e f S e t ( p g e n A ( W , U , [ C ] ) , [ U , C ] ) , 
A s : = r e g A s . g ; 

p g e n A ( S , [ X , Y ] , [C] ) <-> 
A : = a c t i o n S e t . g , 
( m e m b e r ( [ [ X - 2 , Y ] , [ X - 1 , Y ] , [ X , Y ] ] , A ) a n d 

m e m b e r ( [ X - 1 , Y ] ,C) a n d n o t m e m b e r ( [ X - 2 , Y ] 
( 

r e g A s . g : = a p p e n d ( r e g A s . g , [ [ [ X , Y ] , [ X - 1 , Y ] , [ X - 2 
( m e m b e r ( [ [ X , Y ] , [ X + 1 , Y ] , [ X + 2 , Y ] ] , A ) a n d 

m e m b e r ( [ X + 1 , Y ] ,C) a n d n o t m e m b e r ( [ X + 2 , Y ] 

O) -> 

Y] ] ] ) ) , 

C)) -> 

r e g A s . g : = a p p e n d ( r e g A s . g , [ [ [ X , Y ] , [ X + 1 , Y ] , [ X + 2 , Y ] ] ] ) 

) , 
( m e m b e r ( [ [ X , Y - 2 ] , [ X , Y - 1 ] , [ X , Y ] ] , A ) a n d 

member([X,Y-1],C) and notmember([X,Y-2],C)) -> 

( 
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r e g A s . g : = a p p e n d ( r e g A s . g , [ [ [ X , Y ] , [ X , Y - 1 ] , [ X , Y - 2 ] ] ] ) 

(member([[X,Y],[X,Y+1],[X,Y+2]],A) and 
member{[X,Y+1],C) and notmember([X,Y+2],C)) -> 

{ 
r e g A s . g : = a p p e n d ( r e g A s . g , [ [ [ X , Y ] , [X,Y+1], [X,Y+2]]]) 

) , 
S:="OK"; 

cons tra int ( [C ,V] ) <-> 
L:=cardinality(C), 
V<L/2; 

initialstate {) = [C,V] <-> 
C:=initialstateO0, 
V:=vari(C); 

initialstateO0=C <-> 

C:=[ 
[2,0] , [3,0] , [4,0] , 
[2,1] , [3,1] , [ 4 , 1 ] , 

[ 0 , 2 ] , [ 1 , 2 ] , [2,2] , [3,2] , [4,2] , [5,2] , [6 ,2] , 
[0,3] , [1,3] , [ 2 , 3 ] , [ 4 , 3 ] , [ 5 , 3 ] , [6,3] , 
[0,4] , [1,4] , [2,4] , [3,4] , [4,4] , [5,4] , [6,4] , 

[ 2 , 5 ] , [3,5] , [ 4 , 5 ] , 
[2,6] , [3,6] , [4 ,6 ] ] ; 

f i n a l s t a t e ( [C,V]) <-> 
c a r d i n a l i t y ( C ) = 1 ; 

goal ( [C,Re])=Re; 
s t ( [ C , V ] ) <-> 

lambda{[C,V]), 
c a r d i n a l i t y ( C ) = 1 ; 

lambda([C,V]) <-> 
(puzzleWp.g=WpO) -> 

( 
Wp:=WpO 

) 
. o the rwi se 

( 
puzzleWp.g:=[] 
) , 

maJcewindowSS (Wp, "puzzz le" ,X1, Yl, 8 , 8 ) , 
c l ea r shee t (Wp) , 
puzzleWp.g:=Wp, 
regC.g:=C, 
Success :=defSe t (p lambda(Y,X, [Wp]) , [X,C] ) ; 

p lambda(Y, [ I , J ] , [Wp]) <-> 
#(Wp, I , J ) :="X" , 
Y:="s" ; 

A solution of the problem is given as "Solf' in Fig. 7.9. 
In "Solf," the starting action is [[1, 3], [2, 3], [3, 3]] and the final action is [[5, 3], 

[4, 3], [3, 3]]. The solution strategy for this problem depends heavily on the combina­
tion of the constraint condition and the backtracking function. Figure 7.10 shows the 
dynamic behavior of the goal. 

The zigzag behavior clearly shows that backtracking due to the constraint provides 
a strict control on the goal-seeking activity. 
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"Solf="[C[l ,3D,[2,3],[3,3n],[[2, l l ,C2,2],C2,3]] ,[[0,2: 
, [ l , 2 ] ,L2 ,2 ] ] ,CC0,4] , t0 ,3 ] , [0 ,2 ] ] , [ [3 ,2 ] ,C2 ,2 ] , [ l ,2 ] ] , 
[ [ 0 , 2 ] , [ 1 , 2 ] , [ 2 , 2 ] ] , [ [ 3 , 0 ] , [ 3 , 1 ] , [ 3 , 2 ] ] , [ [ 2 , 3 ] , [ 2 , 2 ] , [ 
2 , 1 ] ] , [ [ 2 , 0 ] , [ 2 , 1 ] , [ 2 , 2 ] ] , [ [ 2 , 5 ] , [ 2 , 4 ] , [ 2 , 3 ] ] , [ [ 4 , 5 ] , [ 
3 , 5 ] , [ 2 , 5 ] ] , [ [ 2 , 6 ] , [ 2 , 5 ] , [ 2 , 4 ] ] , [ [ 4 , 6 ] , [ 3 , 6 ] , [ 2 , 6 ] ] , [ [ 
2 , 3 ] , [ 2 , 4 ] , [ 2 , 5 ] ] , [ [ 2 , 6 ] , [ 2 , 5 ] , [ 2 , 4 ] ] , [ [ 3 , 3 ] , [ 3 , 4 ] , [ 3 , 
5 ] ] , [ [ 1 , 4 ] , [ 2 , 4 ] , [ 3 , 4 ] ] , [ [ 3 , 5 ] , [ 3 , 4 ] , [ 3 , 3 ] ] , [ [ 3 , 2 ] , [ 3 , 
3 ] , [ 3 , 4 ] ] , [ [ 5 , 2 ] , [ 4 , 2 ] , [ 3 , 2 ] ] , [ [ 4 , 0 ] , [ 4 , 1 ] , [ 4 , 2 ] ] , [ [ 4 , 
3 ] , [ 4 , 2 ] , [ 4 , 1 ] ] , [ [ 2 , 2 ] , [ 3 , 2 ] , [ 4 , 2 ] ] , [ [ 4 , 1 ] , [ 4 , 2 ] , [ 4 , 3 ] 
] , [ [ 4 , 3 ] , [ 4 , 4 ] , [ 4 , 5 ] ] , [ [ 6 , 4 ] , [ 5 , 4 ] , [ 4 , 4 ] ] , [ [ 6 , 2 ] , [ 6 , 3 ] 
, [ 6 , 4 ] ] , [ [ 3 , 4 ] , [ 4 , 4 ] , [ 5 , 4 ] ] , [ [ 6 , 4 ] , [ 5 , 4 ] , [ 4 , 4 ] ] , [ [ 4 , 5 ] 
, [ 4 , 4 ] , [ 4 , 3 ] ] , [ [ 5 , 3 ] , [ 4 , 3 ] , [ 3 , 3 ] ] ] 
•'Yf="[[[5,3],[4,3]],2,5000e-01] 
URRNINCipredicabe ' p o s t p r o c e s s O ' is not d e f i n e d ! ! ! 
ccheckerPD2*p" ends" 
"nornal rese t s t a t e " 
"May I help you?" 
X > | 

Fig. 7.9. Solution for Chinese checkers problem. 

Fig. 7.10. Dynamic behavior of goal. 
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8 

Linear Quadratic Optimization Problem: E-C-O and 
E-O-O Problems 

Chapter 7 introduced a simple dynamic system as a control engineering problem and 
investigated it as an E-O-C problem. This chapter formalizes an optimization problem 
for a general second-order dynamic system and examines it as an E-C-O problem. The 
goal is defined as a traditional quadratic problem. Because the goal of the optimiza­
tion problem has parameters that can be modified by a user, the problem can also be 
considered as an E-O-O problem. This chapter introduces a constraint condition to in­
vestigate the significance of backtracking, which is the most basic characteristic for 
distinguishing the goal-seeker from conventional controllers. 

The stdPDsolver will be used for the present system as the goal-seeker. 

8J Linear Quadratic Optimization Problem 

Let us introduce an optimization problem that is given in the following way: 

Optimization Problem 

Let a general second-order dynamic system be as follows: 

u' = t), 

v^ = —fiu — at> + a , 

where a G Re and fi e Re. 
Let an initial state be (MQ* ^O)- Let a desirable state be (wf, 0). Find a control func­

tion fl() that minimizes the following performance function: 

g((u, v), d)= I ((M, V) - (s, 0)f Q((u, v) - (s, 0)) -t- ra^dt (8.1) 

0 

subject to 
\u-s\ > |u|, 
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where Q > 0 (positive symmetric matrix), r > 0, and [0, tf] is the time span for the 
optimization operation. The variables w(), u(), and aQ are time functions over [0, ^f]. 

The above constraint is introduced arbitrarily to produce a situation in which an 
analytical solution could not be found. (The condition can be understood to require a 
"soft landing.") 

This optimization problem is usually called a linear quadratic problem (LQP), 
which is the most basic and typical dynamic optimization problem [Tu, 1994]. 

The optimization problem can be attacked in two ways, depending on whether 
the target state is fixed as Cf of Section 7.2.3. If so, the problem belongs to the E-C-C 
class, and if not it belongs to the E-C-O class. If the problem is recognized as an E-C-C 
problem, a (modified) dynamic programming (DP) method can be used. This chapter 
investigates the problem as an E-C-O problem, so that the hill-climbing method with a 
push-down stack (PD method) is used for the goal-seeker. As the subsequent discussion 
shows, it will be demonstrated that the same goal-seeker as used for the regulation 
problem of Chapter 7 can be used for the present case, although the representation of 
the solving activity or the user model is completely different. 

8.2 User Model of Linear Quadratic Optimization Problem for 
PD Goal-Seeker 

A user model of the optimization problem is derived following the development pro­
cedure of Fig. 4.6. 

8.2.1 Drawing Input-Output Block Diagram 

The input-output block diagram is given in Fig. 8.1. 

Optimization 
problem 

extSLVfor LQP 

Desirable action 
sequence 

Fig. 8.1. Input-output block diagram of a linear quadratic problem. 

8.2.2 Input-Output Specification in Set Theory 

(i) Input Specification 

The problem specification environment is given by 

du/dt — V, 

dv/dt = —fiu — av -{- a, 
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g((u, V), a) = J ((«, V) - (s, 0)f G((w, V) - (s, 0)) + ra^dt, (8.2) 

0 

\u-s\>\vl 

(ii) Output Specification 

Y = {y\y:[0,tf]^A}, 

where A = Re. A desirable sequence of actions will be selected from Y. 

8.2.3 Process Specification as Automaton 

(i) Action Set 

The action set A is given by the problem specification environment (PSE) as 

A = Re. 

(ii) State Transition Function 

It should be noted that if [/ x V of Chapter 7 is used as a state set, the goal is not a 
function on the state set but is a function on its trajectory set. We must extend the state 
set so that the goal can be a function of the state. 

The extension is done by introducing the following relations: 

dg/dt = ((«, V) - (5,0))^e((", V) - (s, 0)) + ra\ 

dt/dt = 1. 

The last relation is introduced to represent the fact that the solving activity is termi­
nated by the upper time limit tf of the integral. 

Then, the state is 

c = (u,v,g,t) eC = U xV xG xT, 

where M G [/ = Re, o G V = Re, g e G = Re, and f € 7 = Re. 
Although the original problem is a continuous one, it must be discretized so that it 

can be dealt with on a computer. The above differential equations are transformed 
into difference equations as done in Section 7.2.2. Then, the state transition func­
tion S : UxVxGxTxA -^ UxVxGxT is given by the following 
equations: 

V2 = —hpu + (1 — ha)v -F ha, 

U2 = U + hV2, 

g2 = g-\- h(qi{u2 - sf + q2vl -h ra^), 

t2 = t-\-h, 

where S((u, v, g, t), a) = (u2, V2, g2, ^2). 
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(iii) Output Function 

The output function X : C x A -^ A is 

X(c,a) = a. 

(iv)genA: C - > p ( A ) 

The function genAQ is the same as that given in Section 7.2.3. That is, 

genA(c) = A, 

(v) constraint: C ->• {true, false) 

constraint([M, v, g, t]) — true ô- |M — 5| > \v\. 

(vi) Initial State 

The initial state CQ is given by modifying the initial state given in Chapter 7. That is, 

initialstate(co) -^00 = (UQ, VQ, 0,0). 

(vii) Final State 

The final state is not defined in the current case. 

Cf: undefined 

(viii) Stopping Condition 

The stopping condition is given by the last component of the state: 

st((M, V, g, t)) = true ^(r> t = tf 

8.2.4 PD Optimization Formulation 

goal: C -> Re is naturally given as 

g03A((u,v,g,t))= g. 

Then, a user model of the current problem is given by 

user model = {A,C,Y,d,X, goal, genA, constraint, st, CQ, Cf). 
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8.3 Implementation in extProlog 

Because the optimization of the control engineering problem is formalized in the stan­
dard form, an extended solver (extSLV) for the problem is derived by expressing the 
user model in computer-acceptable set theory and compiling it. The entire user model 
is given in Appendix 8.1. 

In the implementation, a = - 2 , yff = 2, A = [-80, - 4 0 , - 2 0 , - 1 0 , - 5 , - 3 , - 1 , 
0 ,1 , 3,5,10, 20,40, 80], (MQ, ^O) = (10,4), and Q and r of the output evaluation 
((u,v) — (s,0))^Q({u,v) — (s,0))-\-ra^ = q\(u — s)^ -\-q2V^ + ra^ are specified as 

qi =30 ,^2 = 1, and r = 0.01. 

Here (a, fi) = (—2,2) indicates that the dynamic system is set as a typical unstable 
(unstable focus) system. 

Figure 8.2 shows dynamic (w,t;)-behaviors of extSLV, where the control aQ is 
determined by the stdPDsolver. 

Fig. 8.2. Behaviors with respect to initial states. 

The trajectories derived from initial states (10,4), (0,4), (0, —4), and (10, —4) 
display nonlinear but stable behaviors. As such, the desired set point (5,0) is reached. 
It should be noted that the constraint |M — 5| > |t;| is naturally satisfied for every 
trajectory due to the backtracking function, which distinguishes extSLV from conven­
tional solvers. If the goal-seeker were a linear controller, the constraint could not be 
satisfied. 

Figure 8.3 shows the dynamic behavior of (u,v,a), which corresponds to the 
trajectory in Fig. 8.2 starting from (UQ, VQ) = (10,4). The curve whose value shows 
abrupt change corresponds to a(), control input. This is a solution produced by 
extSLV for the LQP. The curve that approaches 0 corresponds to D(), velocity, while 
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the smooth curve corresponds to M(), displacement, which shows that the behavior 
converges: Cf = (5,0). The highly nonlinear movement of a() comes from the con­
straint \u — s\ > |t)|. If the constraint is ignored, aQ displays a regular bang-bang 
control behavior. 

time 

Fig. 8.3. Behavior of («, v, a) from (10,4) in Fig. 8.2. 

The results of this chapter show that the behavior of extSLV is quite different from 
that of a controller designed by the conventional control engineering technique. In 
particular, a problem whose control is not feasible for a conventional controller can be 
made a feasible problem for extSLV with the help of a proper constraint (see Fig. 8.2). 
This fact indicates that a constraint can be used in a positive way for extSLV, although 
a constraint is usually treated as a negative condition in conventional optimization 
theory. This fact owes to the backtracking function. 

Appendix 8.1 User Model for Linear Quadratic Optimization 
Problem 

/•Iqp.set*/ 
/•optimization problem*/ 
/•mechanical system*/ 
/*E-0-C problem*/ 
/*mu"=a-ku*/ 
/*u'=v*/ 
/*v'=-ku/m+a/m*/ 

.func([goalElement,setPoint,initialstate]); 
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d e l t a ( [U,V,GoalV,T] ,A) = [U2,V2,GoalV2,T2] <-> 
V2:=-0.1*U+V+0.1*A, 
U2:=U+0.1*V2, 
R:=goalElement{U2,V2,K), 
GoalV2:=GoalV+0.l*R, 
T2:=T+0.1, 

constraint([U2,V2,GoalV2,T2]), 1; 

goalElement {U,V,A) =R <-> 
S:=setPoint0, 

R:=(U-S)* (U-S)*30+V*V*1+A*A*0.01; 

genA(C)=As <-> 

As :=[-80,-40,-20,-10,-5,-3,-1,0,1,3, 5,10,20,40] ; 

constraint ( [U, V,GoalV,T]) <-> 

V>= -4; 

initialstate () = [10,10,0,0] ; 

setPoint ()=5; 

goal( [U,V,GoalV,T])=Re <-> 

Re:=GoalV; 

St([U,V,GoalV,T]) <-> 
abs(T-5)<0.01; 

The model description should be clear, where h = O.l and f̂ = 5 are assumed. It 
faithfully represents the user model formulation of the problem. 
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Cube Root Problem: I-C-C Problem 

This chapter discusses a cube root problem as a simple case of an I-C-C problem. As 
shown below, an extended solver (extSLV) for this problem can be easily developed 
when the model theory approach is applied because the problem is simple. It is, how­
ever, puzzling to see that we cannot find a nontrivial problem for the case of I-C-C, 
although there are many tough problems for its neighboring cases of E-O-C, I-O-C, 
E-C-O, and I-C-0. For example, the regulation problem of Chapter 7, an E-O-C prob­
lem, can become a tough problem if the number of bodies, which must be controlled, 
increases. The magic square problem of I-O-C is quite difficult if its size becomes 
large. The conventional dynamic optimization problem in Chapter 8 falls into the 
E-C-O class. The famous knapsack problem described in Chapter 10 is an I-C-O 
problem. 

The stdPDsolver will be used for the present system as the goal-seeker. 

9.1 Cube Root Problem 

The cube root problem is to find a cube root ^ of a given (positive) real number a, i.e., 
b — ̂ . That is, the problem is to solve the following equation: 

f{b) = b^-a=0. 

The term "cube" has no particular significance and is selected because "cube" is more 
complicated than "square." Usually, this problem is used to illustrate Newton's method 
or its convergence problem. This chapter deals with the problem from a different point 
of view from the conventional ones. 

9.2 User Model of Cube Root Problem for PD Goal-Seeker 

A user model of the cube root problem is built following Fig. 4.6. 
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9.2.1 Drawing Input-Output Block Diagram 

At this stage, the input and the output of the desired extSLV are presented conceptu­
ally. Figure 9.1 shows a block diagram representation of an extSLV of the cube root 
problem. 

a real cube root to be 
found; allowed error 

H 
extSLV for 
cube root 
problem 

Cube root 
— • 

Fig. 9.1. Block diagram description for cube root problem. 

9.2.2 Input-Output Specification in Set Theory 

(i) Input Specification 

Let a € Re be a positive real number whose cube root is to be found and p e Re 
an allowed error. (See the final state defined below.) Then, the problem specification 
environment (PSE) of the problem is given by 

(ii) Output Specification 

The output set Y is 

PSE= (Re,a,p). 

y = Re. 

9.2.3 Process Specification as Automaton 

(i) Action Set 

Section 5.2 showed that because the problem is a case of I-C-C, a general form of an 
action is given by a function a^: Re -> Re. However, because a^ is characterized by a 
real number, let 

A = Re: set of actions. 

(ii) State Transition Function 

Following the general procedure of Chapter 5, let 

Y = Re: set of state. 

Then, let the state transition function S : Y x A -^ Y be given as follows: 

S(y,a) = y + a, 
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(iii) Output Function 

The output function 1 : 7 x A —>• F is given by the general procedure 

(iv) genA 

Let genA : Y -^ p(Re) be 

genA(y) = [-\y^ - a| * e, | / -a\^ e], 

where e € Re is a design parameter. 

(v) constraint 

Let constraint: Y -> {true, false} be 

constraint(j) = true <^ y > 0. 

(vi) Initial State 

Let the initial state be 
CO = L 

(vii) Final State 

The final state set Cf is supposed to be given by the problem as 

Cf = b l \y^-a\<p]. 

(viii) Stopping Condition 

Let the stopping condition st: 7 -> {true, false} be 

st(};) = true <^ y e C{. 

In the above formulation, genA is the only significant design factor. 

9.2.4 PD Optimization Formulation 

Suppose that goal: F -^ Re is given by the problem as 

goal(j) = \y^ -al 

The user model of the cube root problem is 

user model = (A, F, (5, i , goal, genA, constraint, st, CQ, Cf>. 
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9.3 Implementation in extProlog 

If the above formulation {A, F, <5, A, goal, genA, constraint, st, co, Cf> is described in 
computer-acceptable set theory and is compiled, we have a desired extSLV for the 
problem. Appendix 9.1 presents an entire user model of the extSLV for the cube root 
problem, where a = 80, /? = 0.01, and e = 0.01. 

Figure 9.2 shows the dynamic behavior of the goal. It shows that the desired solu­
tion is obtained within ten steps. 

Fig. 9.2. Goal behavior of solver. 

9.4 T\ining of PD Goal-Seeker for Cube Root Problem 

Because the problem is trivial, no tuning is required except for the adaptation of e in 
genA. e is related to the convergence speed and its stability. 

Appendix 9.1 User Model for Cube Root Problem 

/•cuberootV.set*/ 

.fxinc ( [delta,genA, initialstate,goal] ) , 

delta (y,a) = y2 <-> 
y2 := y+a, 
constraint(y2); 

genA (y) = As <-> 
e := 0.01*abs{y*y*y-x.g), 
As := [-e,e]; 

constraint(y) <-> 
y >= 0; 
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i n i t i a l s t a t e {) = c <-> 
c := 1; 

f i n a l s t a t e (y) <-> 
r := g o a l ( y ) , 
r < p . g ; 

S t (y ) <-> 
f i n a l s t a t e ( y ) ; 

goal (y ) = r <-> 
r := a b s ( y * y * y - x . g ) ; 

p .g = 0 . 0 1 ; 
x .g = 80; 

The above program is a straightforward representation of the user model formula­
tion. 
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Knapsack Problem: I-C-O Problem 

This chapter discusses the well-known knapsack problem. This problem is another 
classical problem and is quoted as often in the problem-solving literature as the trav­
eling salesman problem of Chapter 6. According to the problem classification of the 
model theory approach, the knapsack problem is more difficult than the traveling sales­
man problem because the former is less structured than the latter. Since the target state 
is not well specified except that it should be an optimal state, the stopping condition of 
the knapsack problem requires an involved expression to secure optimality. 

The stdPDsolver will be used for the present system as the goal-seeker. 

10.1 Knapsack Problem 

The problem is given as follows: Suppose we have a knapsack and n (many) stones 
that may contain precious gems. The iih stone weighs wi and its price (value) is p/. 
We want to pack as many stones as possible into the knapsack. There is, however, an 
upper limit maxL on the load for the knapsack. The problem is to select stones so that 
the total value of stones in the knapsack is maximized. 

This problem is usually investigated as an integer programming problem. Let jc/ e 
{0,1}(/ = 1 , . . . , n). Then the integer programming formulation is to find {jc/} such 
that 

^ Xipi -^ max 

subject to 
/ XiWi < maxL. 

According to our classification, the problem belongs to the I-C-O class because a so­
lution is not a sequence of any solving activity, but rather an evaluation of a solution 
candidate is given. Because the output set (a set of solution candidates) will be used as 
the state set (because of the implicit solving activity), the target state is unknown. If a 
target state were known, it would be a solution. 
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10.2 User Model of Knapsack Problem for PD Goal-Seeker 

10.2.1 Drawing Input-Output Block Diagram 

At this stage, the input (problem specification environment, PSE) and the output (solu­
tion) of the extended solver (extSLV) of the problem should be conceptually described. 
Figure 10.1 shows an input-output block diagram description of the extSLV. 

Stones, 
prices, 
weights, 
max load of knapsack 
goal 

extSLV for knapsack 
problem 

Stones in knapsack 
• 

Fig. 10.1. Block diagram of knapsack problem. 

The problem is characterized by stones, their weights, their prices, the maximum 
load of the knapsack, and a goal description. The PSE is specified by a structure on the 
parameters. The output set is a set of solution candidates: a class of stone sets. 

10.2.2 Input-Output Specification in Set Theory 

At this stage, the input-output description of Section 10.2.1 is formalized in set-
theoretic terms. 

(i) Input Specification 

Let the identities of the stones be given by 

/ = { 1 , . . . , n} : index of stones. 

Let the prices of the stones be represented by 

PO = {pi,.. . ,/?,,} : list of prices of stones, 

where 
Pi = price of the iih stone. 

Let the weights of the stones be represented by 

WO = {w\,.. .,Wn} : list of weights of stones, 

where 
Wi = weight of the iih stone. 

Let a function weight: p (/) -^ Re be given by 

wcighi(r) = ^{wi\ien, 
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where / ' C / . The function weight() will be used to obtain the total weight of stones 
in the knapsack. 

Let goal: p (/) -> Re be given by 

goaKn =-j^{pi\i e n 
where / ' C / . Then goal() will be used to evaluate the total value of the stones in the 
knapsack. Because stdPDsolver is designed to minimize goal(), goal() is defined as 

Let the maximum load = maxL € Re. 
Let the constraint relation be the function constraint: p ( / ) -^ {true, false}, where 

constraint(/') = true o weight(/') < maxL. 

The predicate constraint() checks whether the total weight of the stones in the knapsack 
is within its limit. 

Then, the PSE is given by the following structure: 

PSE = {/, PO, WO, weight, constraint, goal, maxL). 

(ii) Output Specification 

The output set is the family of solution candidates that is given by 

10.2.3 Process Specification as Automaton 

At this stage, the solving activity of the extSLV is represented by an automaton. We 
introduce several auxiliary variables. Let 

EO = {p\/w\,..., Pn/wn] : list of efficiency factors. 

As pi/wi becomes higher, it is more preferable for selection. 
Let 

E = {e\,... ,en] : sorted list of £"0, 

where 
ei>e2>'">en. 

That is, £ is a reordered list of EO according to the efficiency values. 
Let 

iOrder : I ^^ J : correspondence from E to EO, 

where 

iOrder(/) = j ^ (ei = Pj/wj). 
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The function iOrder() shows the correspondence from E to EO. In subsequent discus­
sions, E will be used instead of EO or a stone with the highest efficiency factor is 
given 1 as its identity number. When the result is reinterpreted in the original identi­
fiers, iOrderO is used for the interpretation. 

Let 
P = { p j , . . . , p^} : sorted list of PO with respect to iOrder, 

where 
iOrder(/) = j <^ p'l = Pj. 

That is, P is a reordered list of PO so as to be compatible with the order of E. 
Let 

W = { to j , . . . , u)̂ J : sorted list of WO with respect to iOrder, 

where 
iOrder(/) = y o t/̂ / = Wj. 

That is, ly is a reordered list of WO so as to be compatible with the order of E. 

(i) Action Set 

The action set A is, in general, equal to {a\Y -> Y]. However, let us parameterize 
a : K -> K by (/, j) e J x 7, where an action (/, j) implies that a stone / in the 
knapsack is replaced by another stone j outside of the knapsack, i.e., 

A = J X J. 

(ii) State Transition Function 

Because the problem belongs to the I-C-O class, the state set is specified by Y, i.e., 

C = Y : state set. 

The state transition function S : Y x A -^ Y is then 

S(J\(iJ)) = 

J' U {j} if constraint(y^ \j[j]) = true, 

{J' - [i}) U [j} if constraint((y' - {/}) U {j}) = true, 

fail otherwise. 

The first condition constraint(7' U [j]) = true indicates the situation that even if the 
jth stone is put into the knapsack, the total weight does not exceed maxL. 

(iii) Output Function 

The output function A : F x A -> F is simply given by 
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(iv) genA 

In the present case, genA : Y -> p(A) is slightly complicated. Let the current state be 
J'. Let 

r' = j - r. 
Let 

sortMinJ' = sortmin(JO. 

sortmin(JO sorts J' in the order in which a smaller number has a higher priority. 

sortMaxJ'' = sortmaxCJ''); 

sortmax(JO sorts in the order, in which a larger number has a higher priority. 
Let 

project(sortMinJ', [[1, 3]], MinJ'), 

where MinJ' is the list of the first three elements of sortMinJ'. Let 

project(sortMaxJ'', [[1, 3]], MaxJ''). 

Then, let 
genA(JO = MinJ' x Maxr . 

That is, MinJ' is the set of the three worst elements in J' (or in the knapsack) and 
MaxJ '̂ is the set of the three best elements in J '̂. The function genA() seeks to replace 
the three worst stones in the knapsack by the best three stones outside of it. The number 
of stones (three in this case) is heuristically determined and can be tuned to a given 
situation. 

(v) Constraint 

The constraint is the same as given in Section 10.2.2, i.e., 

constraint(y') = true <-> weight(y') < maxL. 

(vi) Initial State 

Let the initial state be 
CO = [ 1 ] , 

where w[ < maxL is assumed. 

(vii) Final State 

As mentioned above, a final state of the knapsack problem cannot be specified. 
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(viii) Stopping Condition 

The stopping condition st : 7 -> {true, false} is the most difficult in the formulation 
of the knapsack problem. Informally, let st() be defined as 

si(y) = true -^ j is not surpassed by the last D trials, 

where D is also heuristically decided. In the implementation D = 30 is used. Note that 
precisely speaking, because the above st() depends on Y* as well as on Y, it cannot be 
a regular stopping condition although it can be made a regular one if the state definition 
is modified. 

10.2.4 PD Optimization Formulation 

The goal: C -> Re is given in Section 10.2.2, i.e., 

goa\(J') =-"^[Pjlj e J']. 

Finally, a user model for the PD goal-seeker is 

user model = {A,Y,S,1, goal, gen A, constraint, st, CQ). 

10.3 Implementation in extProIog 

If the user model specified in Section 10.2 is described in computer-acceptable set 
theory and compiled, a workable extSLV for the knapsack problem is realized. Ap­
pendix 10.1 presents a entire user model of the knapsack problem where the num­
ber of stones is assumed to be 500. The model generates randomly a problem of 500 
stones by the predicate preprocess(). Although the PD goal-seeker is not designed 
to generate a true optimum solution, it actually yields a solution that is almost an 
optimum. This fact is checked by the branch and bound method of the knapsack 
problem. 

Figure 10.2 shows a solution (output of the solver) produced by the solver. 
"stones in knapsack" = [139,.. .,486] presents the final solution and [Total 

Weight, Total Value] = [70.0,1508.0] shows the weight and the total value of it. Be­
cause maxL is set to be 70, the solution makes the best use of the constraint. 

Figure 10.3 displays the dynamic behavior of the goal. 
The horizontal coordinate corresponds to solving steps, while the vertical coor­

dinates corresponds to the value of goal(). The figure says that the constraint is not 
effective during the first 48 steps and after that, exchange is performed between stones 
inside and outside of the knapsack. The stopping condition checks optimality during 
the exchange operation. 
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,[38,39],[39,28],[39,29],[39,40],[40,41],[41,42],[42,4 
5],[45,46],[46,47],[47,48],[48,49],[49,50],[50,51],[51 
,52],[50,51],[49,50],[52,43],[51,44],[51,49],[50,51],[ 
51,52],[52,53],[49,50],[53,52],[50,51],[52,53],[51,52] 
,[48,49],[53,50],[52,51],[51,53],[50,51],[53,52],[49,5 
0],[50,53],[51,50],[52,51]] 
"Y f= " [ 53 ,52 ,50 ,47 ,46 ,45 ,44 ,43 ,42 ,41 ,40 ,39 ,38 ,37 ,36 ,35 , 
34,33,32,31,30,29,28,27,26,25,24,23,22,21,20,19,18,17, 
16,15,14,13,12,11,10,9,8,7,6,5,4,3,2,1] 
"s tones i n knapsack="[139,168,318,477,6,28,173,195,236 
,270,374,19,25,82,115,145,291,307,356,491,23,52,58,60, 
154,219,282,315,410,466,481,388,417,21,57,348,389,418, 
478,153,248,396,430,49,143,266,381,163,186,486] 
"[Total Ueight,Total Value]="[70.00000,1508*000] 
knapsackPD3.p" ends" 
"nornal reset state" 
"Hay I help you?" 

Fig. 10.2. Solution by the solver. 
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Fig. 10.3. Dynamic behavior of goal. 

10.4 T\ining of PD Goal-Seeker for Knapsack Problem 

The knapsack problem has a simple structure except for the specification of the stop­
ping condition. However, as the number of stones increases, it becomes more difficult 
to get a solution because required processing time grows exponentially. Tuning of the 
stack of the PD goal-seeker is used to overcome the problem. An element of the stack 
consists of the four components state, possible action set, past history of states, and 
action history. 

1. State: Because a state is an element of ^ ( 7 ) or a list of the indices, its represen­
tation size increases proportionally as the number of stones increases. However, it 
is clear that efficient stones are less likely to be removed once they are selected. 
They are supposed to be fixed elements that can be ignored in the "working" state 
representation. If this is so, a smaller working state representation is obtained. 
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2. Action history: The action history is necessary if it is used to compute an output. In 
the current problem, however, it is not required for computation of an output and 
hence can be completely ignored in a stack element. 

3. History of states: The history of states is used to check the repetition of states. It 
can easily become a huge list as the number of stones increases. In order to avoid a 
list that is too long it can be a good heuristic procedure to save only the most recent 
states. However, we have another problem: how many states are to be saved? It is 
also answered heuristically. Although there is a risk that state repetition can occur 
if such heuristics are used, this procedure can work reasonably well. 

Appendix 10.1 User Model for Knapsack Problem 

/*knapsack4.set*/ 
/•minimization*/ 
/*Ei=Pi/Wi*/ 
/*state={ll,...,Ik}*/ 
/*action=[li,Ij]*/ 
func ( [ sum,goa l , so r tmax ,ge tWP,genProb ] ) ; 
d e l t a ( C , [ [ ] ,12])=CC <-> 

C2:=append(C, [12]), 
(constraint(C2) ) -> 

( 
CC:=sortmax(C2) 
) 

.otherwise 
( 
CC:=[] 
) ; 

delta(C, [1,12])=CC <-> 
C2:=append(C, [12]), 
(constraint{C2)) -> 

{ 
CC:=sortmax(C2) 
) 

• o t l ie rwise 
( 
SubC:=minus (C, [ I ] ) , 
SubC2:=append(SubC, [ 1 2 ] ) , 
( cons t r a in t (SubC2) ) -> 

( 
CC:=sortmax(SubC2) 
) 

. o t l i e rwise 
( 

C C : = [ ] 
) 

) ; 
getWP(C2)=[R,S] <-> 

C l : = g e t C l . g , 
C:=append(C2,Cl) , 
W:=regW.g, 
P :=regP .g , 
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W2:=project(W,C), 
P2:=project(P,C), 
R:=sum(W2), 
S:=sum(P2); 

getCl.g=[] ; 

geiiA(C)=As <-> 
(C=[]) -> 

( 
As:=C] 
) 

.otherwise 
( 
MinC:=C, 
I:=regl.g, 
MaxR:=minus(I,C), 
{MinC=[]) -> 

{ 
MinC2 :=[[]] 
) 

•Otherwise 
{ 

MinC2:=project(MinC, [[1,3]]) 
), 

(MaxR=[]) -> 
( 
MaxR2:=[] 
) 

.Otherwise 
( 

MaxR2:=project(MaxR,[[1,3]]) 
), 

As:= product(MinC2,MaxR2) 
); 

constraint (C) <-> 
[ W , P ] : = g e t W P ( C ) , 

MaxL:=regMaxL .g , 
W<=MaxL; 

initialstate ()=C <-> 
C:=[l]; 

St(C) <-> 
R:=goal(C), 
[MaxP,MaxC,D]:=regMaxP.g, 
(R<MaxP) -> 

( 
regMaxP.g:=[R,C,0] , 
.fail 
) 

.otherwise 
{ 
(D<30) -> 

( 
regMaxP.g:=[MaxP,MaxC,D+1], 
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.fail 
) 

goal(C)=R <-> 
(C=[]) -> 

( 
R:=0 
) 

.Otherwise 
( 
[R2,P2]:=getWP(C), 
MaxL:=regMaxL.g, 
(R2<=MaxL) -> 

( 
R:=0 -P2 
) 

•Otherwise 
( 
R:=1000 
) 

); 

preprocess () <-> 
Count:=500, 
[WO,PO]:=genProb(Count), 
EO:=PO/WO, 
I n d : = p r o c C ( " c r e a t e i n d e x " , [ 1 , C o u n t ] ) , 
EI:=transpose([EO,Ind]), 
EIMax:=sortmax(EI), 
Iorder:=project(transpose(EIMax),2) , 
regl.g:=Ind, 
W:=proj ect(WO,lorder), 
P:=project(PO,lorder), 
regW.g:=W, 
regP.g:=P, 
CO:=initialstate() , 
regMaxL.g:=70, 
regMaxP.g:=[0,C0,0]; 

genProb(Count)=[W,P] <-> 
W:=procC("randomgen",[Count,[1,2,3,4,5,6,7,8,9,10], 

[0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1]]), 
L2:=procC("randomgen",[Count,[1,2,3,4,5,6,7,8,9,10]< 

[0.1,0.1,0.1,0.1,0,1,0.1,0.1,0.1,0.1,0.1]]), 
P:=L2*4; 

postprocess () <-> 
[MaxP,MaxC,DD]:=regMaxP.g, 
[MaxW,MaxPP]:=getWP(MaxC), 

xwriteln(0,"[MaxW,MaxP]=",[MaxW,MaxP]); 

The predicate preprocess() generates a problem of 500 stones (Count = 500) and 
sets maxL = 70 (regMaxL.g = 70). getWP() calculates the total weight and value of 
stones in the knapsack. 
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Class Schedule Problem: I-O-C Problem 

This chapter discusses a class schedule problem as an I-O-C problem. The problem 
relates to the design of a class schedule for a college and includes assignment of in­
structors, subjects, and classrooms to slots of a weekly timetable. In order to simplify 
the problem, we will consider the class schedule for one grade of a specific department. 

It is clear that the class schedule problem belongs to the implicit solving activity 
problem class. The output, a class schedule, is not a sequence of solving actions. Fur­
thermore, it is also clear that the problem does not have an explicit evaluation function 
of an output. It is, however, not clear whether the problem has an explicit target state. 
We assume that an output of the current solver is a tentative schedule that avoids con­
flict as much as logically possible. The schedule produced may not be the final one. 
The final schedule can be determined only after negotiation over intrinsic conflicts, 
and this phase is assumed to be out of the scope of the current system. As such, the 
final state is a situation in which no further logical assignment is possible under the 
given constraint. The class schedule problem is handled as a closed-target problem in 
this sense. 

The stdPDsolver will be used for the present system as the goal-seeker. 

11.1 Class Schedule Problem 
The class schedule problem can have many variations. This chapter investigates two 
problems. The first problem is that because an instructor is allowed to have preferences 
for particular timetable slots, there may be conflicts among instructors. We assume 
some order of priority among them, which may be related to seniority or other factors. 
The second problem is that a classroom must be able to accommodate the number of 
registered students. 

11.2 User Model of Class Schedule Problem for 
PD Goal-Seeker 

A user model for the class schedule problem is constructed following Fig. 4.6. 
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11.2.1 Drawing Input-Output Block Diagram 

At this stage, a target solver is described as an input-output system specifying its 
input as the problem specification environment (PSE) and its output as the solution. 
Figure 11.1 illustrates the input-output of a solver for the class schedule problem. 

Inst, Sub, Room, D, T, 
roomSize, taught, 
preference ^ 

solver for class 
schedule problem 

Class 
• 

schedule 

Fig. 11.1. Input-output block diagram of class schedule problem. 

The class schedule problem is specified by five sets and four relations: Inst, Sub, 
Room, D, 7 , roomSizeO, taught(), preference(), and constraint(). The sets Inst, Sub, 
and Room represent instructors, subjects, and classrooms, respectively. The set D is a 
set of dates from Monday to Saturday. The set T is a set of lecture times from first to 
fourth. The function roomSize() indicates a relation between a room identification and 
its capacity. The function taught() is a correspondence between instructors and their 
teaching subjects. The function preference() shows when an instructor prefers, to have 
classes. The output of the class schedule problem is a class schedule candidate, which 
is not necessarily a final one. 

11.2.2 Input-Output Specification in Set Theory 

At this stage, the input and output given in Section 11.2.1 are described in set-theoretic 
terms. 

(i) Input Specification 

Let 

Inst = { p i , . . . , pn) ' set of instructors. 

Sub = {5"!,..., /̂u} : set of subjects. 

Room = { r i , . . . , r/} : set of classrooms, 

D = {mon, tue, wed, thu, fri, sat} : set of class days, 

r = {1,2,3,4} : set of lecture times. 

Let taught: Sub -> Inst x Int be given by 

ia.ughi{si) = (pj, n) iff the subject si is lectured by the instructor pj whose registered 

student number is n. 
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Let roomSize: Room -> Int be given by 

roomSize(rjt) = number of seats in the room rk. 

Let preference: Inst -> (Sub x D x T)* be given by 
preference(/7/) = (s, d,t)... {s\ d\ t') iff the instructor /?/ wants to have a class 

of the subject s at (time) t of (day) d,..., and a class of the subject s' at t' of d\ 
respectively. 

Then the input is given by the following structure: 

PSE = (Inst, Sub, Room, D, 7, taught, roomSize, preference}. 

(ii) Output Specification 

The output set K is a class of time schedule candidates. It is given by 

Y = {y\y : D ^ (T xSubx Inst x Room)*}. 

That is, y(mon) = (t, s, p,r)... (t\ s\ p\ r') iff on Monday at time t the subject s is 
taught by the instructor p in the room r, and at time t' the subject s' is taught by the 
instructor p ' in the room r'. In general, y = nill (empty list) is possible. An element 
J G y is a partially scheduled timetable. 

11.2.3 Process Specification as Automaton 

At this stage, the solution-finding activity is formalized as an automaton. 

(i) Action Set 

Because the problem belongs to the implicit solving activity class, the action set A is 
formalized in the following way: let 

A = [a\a\ Y ^ Y). 

In the above formulation, an action aQ is represented as a mapping. However, because 
a set of mappings is too general to be processed effectively, it is normal for the implicit 
solving case that a mapping be replaced by a parameter that characterizes the mapping. 
For the class schedule problem, the following set is used as the set of parameters for 
actions: 

A = {D xT) X (Sub X Inst x Room). 

For example, a parameter 

((mon, 1), (5i,/7i,ri)) € A 

implies an action to assign a class, where a subject 5i is taught by an instructor p\ in a 
room ri, to the first class (1) on Monday. 
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(ii) State Transition Function 

Let Y be the state set following the general formulation of Chapter 5. Then, the state 
transition function S : Y x A -^ Y is defined as follows: 

S(y,(d,t,s,p,r)) = 

where 

nil if (3(ss, pp, rr))((t, ss, pp, rr) e y(d)), 

y' otherwise, 

y{d') ifd' ^d, 

y{d)'{t,s,p,r) if d' = d. 

In the above definition y{d) • {t, s, p, r) is the concatenation of y(d) and (f, s, p, r). At 
the same time, since y{d) is a list, it is treated as a set and hence (f, ss, pp, rr) e y(d) 
is a valid expression. The expression d(y, {d, t, s, p, r)) = nil indicates that there is a 
conflict. 

Here Sis a partial function. As usual, it is restricted by two functions, genA : Y -> 
p(A) and constraint: Y -> {true, false}, i.e., 

S(y, a) = y^ -^ a e genA(j) and constraint (S(y, a)) = true. 

The function genA and constraint are defined below. 

(iii) Output Function 

The output function X : Y x A ^^ Y is defined by 

(iv) genA: C -> p(A) 

For the class schedule problem, genA is somewhat complicated. Its definition requires 
the following auxiliary functions: 

Let subject: Y -> p(Sub) be given by 
subject(j) = Sub — {s\{3(d, t, p, r))((f, s, p, r) e y(d))], the set of subjects that 

have not been assigned in the schedule table y. 
Let av : y -> p (D X 7) be given by 
av(j) = D X T — {{d, t)\(3{s, p, r))((t, s, p, r) e y{d))}, the set of empty slots 

in the schedule table. 
Suppose 5' C Sub is ordered according to the priority of instructors. Then, let 

selects : p(Sub) x Int -^ p(Sub) be given by 
selectS(5', n) = 5'' ^ 5'' C 5", and the set 5'' is the set of n elements in 5' that 

have the highest priorities; the cardinality of 5 '̂ is n. 
Suppose DT' C D X T is ordered according to preference over D x T. In gen­

eral, the earliest morning time slot is less preferred than the noontime slot. Then, let 
selectDT : p(D x T) xlnt-^ p(D x T) be given by 
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selectDT(Dr', n) = DT'\ where DT'' is the set of n elements in DT' that have 
the highest priorities; the cardinality of DT'^ \sn. 

Let selectR : Sub -^ Room be given by 
selectR(5) = r, where r is an optimal room for the subject s with respect to its 

size. 
Let taught? : Sub -> Inst be given by 

taughtP(5) = p <^ (3Ax)(taught(5, /?, n)). 

Let 
PriorP = {p\(3a e (Sub x D x 7)*) (preference(/7) = «)} c Inst, the set of 

instructors who have preferences. 
Let 
PriorS = [s\(3p)(3n)(p e PriorP&taught(5) = (p,n))] C Sub, the set of subjects 

that can have priorities due to priorities of the instructors. 
Let desirabilities: PriorS -> D x 7 be given by 
desirabilities(5^) = (d,t) ^(^ p = taughtP(5)&(5', ̂ , r) e preference(/7); the class 

of the subject s is desired to be held on (J, t). 
Then, genA : Y -^ p(A) is defined as follows: Suppose n is a fixed integer. 

genA(j) — As <r> 

51 = selectS(subject(};), n) - PriorS & 

52 = selectS(subject(}'), n) n PriorS & 

SPR\ = {(5, taughtP(5), selectR(5))|5 6 51} C Sub x Inst x Room & 

Av — sclectDT(av{y), n) & 

As\ = Av xSPR\& 

As2 = {((d, r), (5, taughtP(5), selectR(5)))|5 e S2&(d, t) = desirabilities(5)} & 

As = AslUAsl. 

(v) constraint: C -> {true, false} 

The constraint of the class schedule problem is simple: constraint: Y -^ {true, false} 
is defined by 

constraint(j) = true for all y e Y. 

In other words, there is no constraint. This comes from the strategy that conflicts 
among slot assignments are dealt with by S. 

(vi) Initial State 

The initial state yo e Y is 

yo(d) = nil for all d e D. 

In other words, jo is the empty timetable. 
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(vii) Final State 

The class schedule problem has meta-final states given by the PSE. Because the func­
tion of a final state is to specify a stopping condition of the solution-finding activity, 
let the set of final states Yf c Y be 

y e Y{ <-> av(y) = 0 V S(y, a) is not valid for any a e genA(j). 

In other words, a final state is a situation in which every slot is filled or no assignment 
is possible due to a conflict. 

(vii) Stopping Condition 

The stopping condition st : 7 ->• {true, false} is given by the PSE as follows: 

si(y) = true ^(^ y e Y{. 

11.2A PD Optimization Formulation 

At this stage, we have to introduce an evaluation function for the output such as 

goal : r -> Re. 

The current problem does not have a goal given by the PSE. When a goal is not 
given by the problem, one way to determine it is to use a heuristic estimation of the 
"distance" from the current situation y to Ff. In particular, the current problem will use 
the function goal: Y -> Re, defined by 

goal(>') = |subject(y)|; number of subjects that have not yet been assigned. 

Then, we have a user model for the class schedule problem as follows: 

user model = (A, F, F, J, A, gen A, constraint, goal, st, yo, Yf). 

11.3 Implementation in extProlog 

The entire user model of the class schedule problem is listed in Appendix 11.1. The 
class schedule is implemented in a frame structure of extProlog [Takahara et al. 2003]. 
Figure 11.2 shows an output or a solution of the current solver. According to the solu­
tion, on Monday the first class is [sl3,pl3,[r2,100]], that is, the subject is sl3, whose 
instructor is pl3 and the room r2 is assigned to it. The number of registered students for 
the class is 100. The solution illustrates the situation in which the scheduling cannot 
be completed due to conflicts. Two time slots, [thu,4] and [fri,4], remain unassigned. 

Figure 11.3 shows a dialog output when the computation finishes. It states that the 
assignment for the slots is unsuccessful because there are conflicts for assignments of 
{s9,sl0}. Here s9 is a subject given by instructor p9, who wants to have the class in 
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Fig. 11.2. Class schedule. 
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Fig. 11.3. Dialog output of class schedule problem. 

the fourth session on Monday. This time slot is already occupied by subject si5 of 

instructor p4, who has a higher priority than p9. Similarly, slO is a subject given by 

instructor p 10, who wants to have the class in the first session on Friday. This time slot 

is already occupied by subject si of instructor pl, who has a higher priority than plO. 
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Figure 11.4 shows a behavior of goal(). It decreases linearly, which implies that the 
value of goal() decreases by 1 for each action and there is no backtracking. The goal, 
however, cannot reach 0, and when it reaches 2, the computation is over. This implies 
that there are two slots that remain unfilled. 
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Fig. 11.4. Behavior of goal of class schedule problem. 

11.4 Tbning of PD Goal-Seeker for Class Schedule Problem 

The current problem has the following properties: 

1. There is no backtracking. 
2. There is no repetition of states. 

The first property comes from the peculiar stopping condition of the problem. In gen­
eral, the backtrack operation occurs when S becomes invalid. However, as the above 
definition implies, this situation indicates that the solving activity has reached the stop­
ping state for the current stopping condition. 

The second property comes from the fact that |av(_y)| > |av(r5(j, a))\ holds for 
any y and a. Because of this property, / / , the history of states, can be neglected in 
the stack. Because H consumes a large amount of memory, the discard of H is quite 
helpful for computation speed as well as saving memory. 

Appendix 11.1 User Model for Class Schedule Problem 

/*classschedule2.set*/ 
fimc ( [taught,roomSize,getFrameId,prev_goal,goal,min,selectR]), 
frame (state_frame, [ 

[.mon, [] ] , 
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[.tue,[]], 
[.wed, []], 
[.thu, []], 
[.fri, []], 
[.sat, []], 
[.av, []], 
[.subject, []]]); 

/•priority order*/ 
prof .g=[.pl,.p2,.p3,.p4,.p5,.p6,.p7,.p8,.p9,.plO,.pll,.pl2,.pl3, .pl4, 

.pl5]; 
/•order is specified in genPriority*/ 
sub.g=[.si,.s2,.s3, .s4, .s5,.s6,.s7,.s8, .s9,.slO,.sll, .sl2,.sl3,.sl4,.sl5, 

.Sl6,.Sl7,.sl8,.819,.s20,.s21,.s22]; 
/•subj ect-prof-audience#*/ 
taught(s)=y <-> 

L:=listPred("taughtD"), 
member{[s,p,n],L), 
y:=[p,n] ; 

taughtD(.sl,.pl,31) ; 
taughtD(.s2,.p2,41) ; 
taughtD(.s3,.p3,59) ; 
taughtD(.s4,.p4,26) ; 
taughtD(.s5,.p5,53) ; 
taughtD(.s6,.p6,58) ; 
taughtD(.s7,.p7,97) ; 
taughtD(.s8,.p8,93) ; 
taughtD(.s9,.p9,23) ; 
taughtD(.slO,.pl0,82) 
taughtD(.sll,.pll,71) 
taughtD(.sl2,.pl2,82) 
taughtD(.sl3,.pl3,81) 
taughtD(.sl4,.pl4,82) 
taughtD(.sl5,.pl5,81) 
taughtD(.sl6,.pi,73) ; 
taughtD(.sl7,.p2,21) ; 
taughtD(,sl8,.p3,41) ; 
taughtD(.sl9,.p4,42) ; 
taughtD(.s20,.p5,22) ; 
taughtD(.s21,.p6,36) ; 
taughtD(.s22,.p7,67) ; 
/•room data*/ 
room.g=[.rl,.r2]; 
roomSize(r)=n <-> 

1: =listPred("roomSizeD" 
member([r,n],L); 

roomSizeD(.rl,50) ; 
roomSizeD(.r2,100) ; 

/•preference of prof^/ 
preference(.p3, [ [.s3, [.wed,2]], [.sl8, [.wed,3]]]) 
preference(.pi, [[.si, [.fri,l]], [.sl6, [.fri,2]]]) 
preference{.p4, [ [ .s4, [.mon,3]], [.sl9, [.mon,4]]]) 
preference(.p9, [ [.s9, [.mon,4]], []]) ; 
preference(.plO, [[.slO, [.fri,l]],[]]); 
preference{.p7, [[.s22, [.sat,l]], [.s7, [.sat,2]]]); 
delta(C, [[D,T] , [S,P,R]])=CC <-> 
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Clss:=C->D, 
(member([T,SS,PP,RR],Clss)) -> 

( 
xwriteln(0,"conflict:[D,T]=",[D,T]), 
CC:=[] 

) 
•Otherwise 

( 
N:=getFrameId(), 
defFrame(.state_frame,N,[]), 
concat{[.state_frame,".",N],CC), 
CC->.mon:=C->.mon, 
CC->.tue:=C->.tue, 
CC->.wed:=C->.wed, 
CC->.thu:=C->.thu, 
CC->.fri:=C->.fri, 
CC->.sat:=C->.sat, 
Clss2:=append(Clss,[[T,S,P,R]]), 
CC->D:=Clss2, 
Nav:=minus(C->.av,[[D,T]]), 
CC->.av:=Nav, 
Nsubject:=minus(C->.subject,[S]), 
CC->.subj ect:=Nsubj ect 

/•generate alternative*/ 
genA(C)=As <-> 

SsO:=C->.subject, 
AvO:=C->.av, 
(SsO=[] or AvO=[]) -> 

( 
As:=[] 
) 

.otherwise 
{ 
/•select 3 subjects*/ 
project(SsO, [[1,3]],Ssl), 
Sl:=minus(Ssl,priorS.g), 
(Sl<>[]) -> 

( 
/ / S P R = [ [ S , P , R ] , . . . ] 

S P R l : = d e f S e t ( p S P R ( Y , S , [ ] ) , [ S , S 1 ] ) , 
/ / • s e l e c t 3 pos 
Av:=project(AvO, [ [ 1 , 3 ] ] ) , 
Asl:=product(Av,SPRl) 
) 

.otherwise 
( 
Asl:=[] 
), 

//subject with priority 
S2:=minus(Ssl,Sl), 
(S2=[]) -> 

( 
As:=Asl 
) 

/•append desirabilities^/ 
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. o t he rw i se 

As2:=defSet(pAs(Y2,X2, []) , [X2,S2]) , 
As:=append(Asl,As2) 

); 

pAs(Y2,PS, []) 

pSPR(y,S, []] 

Y:=[S,P,R] ; 

D s : = d e s i r a b i l i t i e s . g , 
member([PS,[PD,PT]] ,Ds) , 
[PP^PSize ] := taugh t (PS) , 
PR:=se lec tR(PS) , 
Y2:=[ [PD,PT] , [PS,PP,PR]] , 

[ P , S i z e ] : = t a u g h t ( S ) 
R :=se l ec tR(S ) , 

selectR{S)=R <-> 

[P,Size]:=taught(S), 

Rs:=room.g, 

minRO.g:=[-l,100000] , 
Ys:=defSet(pRoom(Y,X, [Size]), [X,Rs]), 

R:=minRO.g; 

pRoom(Y,R, [Size]) <-> 

Rsize:=roomSize(R), 

(Rsize>=Size) -> 

( 
Y:=[R,Rsize] , 
[RO,RsizeO] :=minRO.g, 

{Rsize<RsizeO) -> 

( 
minRO.g:=Y 

) 
); 

constraint (C) < 

member (C, [] ] 

/•set up initial state*/ 

initialstate {)=Fr <-> 

N:=getFrameId() , 

defFrame( .state_frame,N, [] ) , 

concat([.state_frame,".",N],Fr) 

SubO:=sub.g, 

PSub:=priorS.g, 

Sub:=union(PSub,SubO), 

Fr->.subject:=Sub, 

/•favorable time order*/ 

Fr->.av:=[[.mon,2],[.mon,3], 
[.tue,2], [.tue,3], 
[.wed,2],[.wed,3], 

[.t]iu,2] , [.thu,3] , 

[.fri,2],[.fri,3], 

[.mon,1],[.mon,4], 
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[.tue,l],[.tue,4], 
[.wed,1],[.wed,4], 
[.thu,l],[.thu,4], 
[.fri,l], [.fri,4], 
[.sat,l], [.sat,2]]; 

/•generate frame #*/ 
getFrameld(N) <-> 

.frameld(N), 
assign(.frameId,N+l); 

.frameld(O); 

st(C) <-> 
R:=goal(C) , 
V:=prev_goal.g, 
(V>R) -> 

( 
prev_goal.g:=R, 
.fail 
) ; 

prev_goal.g=1000; 

goal(C)=R <-> 
R:=cardinality(C->.subject); 

preprocess 0 <-> 
genPrior0 , 
assign(.frameld, 0) , 
timetableWp.g:=[] ; 

/•generate priority^/ 
genPrior0 <-> 

priorS.g: = [] , 
d e s i r a b i l i t i e s . g : = [ ] , 
L:=listPred("preference"), 
P s : = d e f S e t ( p g e n P r i o r { P , X , [ ] ) , [ X , L ] ) , 
a s s i g n ( . p r i o r P , P s ) , 
SubO:=sub.g, 
PSub :=pr io rS .g , 
Subl:=union(PSub,SubO), 
sub.g:=Subl; 

pgenPrior(P,[P,Y],[]) <-> 
desirabilities.g:=append(desirabilities.g,Y), 
genPriorS(P,Y); 

genPriorS{P,Y) <-> 
S s : = d e f S e t ( p P r i o r S ( S , Z , [P] ) , [Z ,Y]) , 
p r i o r S . g : = a p p e n d ( p r i o r S . g , S s ) ; 

p P r i o r S ( S , [S, [D ,T] ] , [P] ) ; 

preprocess 0 <-> 
_Yf(Cf) , 
lambda(Cf) , 
{Cf->.subject<>[]) -> 

( 
xwriteln(0,"assignment is not successful"), 
xwriteln(0,"maybe there are conflicts about",Cf->.subject) 
) 
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.otherwise 
( 
xwriteln(0,"assignment is successful") 
); 

/•display time table*/ 
lambda(Fr) <-> 

WpO:=timetableWp.g, 
{WpO<>[]) -> 

( 
Wp:=WpO 
), 

makewindowSS(Wp,"timetable",Xl,Yl,5,25) , 
clearsheet(Wp), 
timetableWp.g:=Wp, 
DY.g: = [[.mon,0] , [.tue,4], [.wed,8] , [.thu,12], [.fri,16], [.sat,20]], 
dummy2:=defList(pclass2(dum2,x2,[Fr,Wp]),[x2,DY.g]); 

pclass2(dum2,[D,Y],[Fr,Wp]) <-> 
Ls:=Fr->D, 
sheet(Wp,0,Y):=D, 
sheet(Wp,0,Y+3):="******•••*•******••***••*••**•*****••*••*•******•", 
(Ls<>[]) -> 

( 
dummy:=defList(pclass(dum,x, [Wp,Y]), [x,Ls]) 
), 

dum2:="OK2"; 

pclass(dum,[T,S,P,R],[Wp,Y]) <-> 
sheet(Wp,T,Y):=S, 
sheet(Wp,T,Y+l):=P, 
sheet(Wp,T,Y+2):=R, 
dum:="OK"; 

The user model of the time schedule problem is longer than those of the previ­
ous problems because the present problem requires more data than the others. The 
predicate preprocess() rearranges data according to the priorities. The predicate post-
processQ displays Fig. 11.2. 
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Data Mining Problem: I-O-O Problem 

This chapter discusses a data mining system as a nontrivial example of the model the­
ory approach. Needless to say, the system has a special significance for the model 
theory approach due to its role in the intelligent management information system of 
Fig. 1.2. Because a data mining system is not usually considered as a problem-solving 
system, this trial may seem strange. This trial has three objectives. First, from a theo­
retical viewpoint, this trial demonstrates how the model theory approach is applicable 
to a more realistic system than a simple academic example. It is shown that although 
a data mining problem is the least structured, the model theory approach is applicable 
to it in constructing a solver. Second, from a practical viewpoint, because the model 
theory approach is strong in exploration of the structure of a target system, good in­
sight into a data mining system can be obtained throughout the trial. This is beneficial 
in practice because a data mining system has become crucial for sofisticated manage­
ment. Third, this chapter shows how tuning of stage 6 of Fig. 4.6 can be performed 
using the insights. Because the goal-seeker of the model theory approach is developed 
on a general level, it is desirable in practice that a generated solver be tuned according 
to specific properties of the target. 

The stdPDsolver will be used for the present system as the goal-seeker. 

12.1 Data Mining Problem 

A data mining system of this chapter is modeled as an input and output system, in 
which the input is a data set from a relational database and the output is a decision 
tree for the set. The tree is assumed to reveal semantic implications of the data set. 
The tree form is selected as the output form, because among the output forms of a data 
mining system, a decision tree form may be the most complicated. The most crucial 
point for this type of data mining system is how to define the evaluation criterion for a 
decision tree. This chapter adopts the idea of entropy commonly used for data mining 
systems. 
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12.2 User Model of Data Mining Problem for PD Goal-Seeker 

A user model for the data mining system is constructed following Fig. 4.6. 

12.2.1 Drawing Input-Output Block Diagram 

This stage presents a conceptual description of a target extended solver (extSLV) spec­
ifying the problem specification environment (PSE) and the solution (output). Fig­
ure 12.1 shows an input-output block diagram of a solver for the data mining problem. 

Data set extSLV for data 
mining problem 

Decision tree 
• 

Fig. 12.1. Data mining solver problem. 

The data mining solver of this chapter is supposed to derive a decision tree from 
a given data set. Figure 12.2 shows an example of a data set that is used for illustra­
tion in this chapter [Witten and Frank, 2000]. It shows the advice of an optician to a 
customer. 

The data set shown in Fig. 12.2 has five attributes: lenses, age, prescription, astig­
matism, and tear. It states that if a customer has values, e.g., young, myopic, no, and 
normal, for the attributes of age, prescription, astigmatism, and tear, respectively, then 
the advice of the optician will be that the lenses should be soft. The attribute "lenses" 
is then called an output attribute, while the other attributes are called input attributes. 

Figure 12.3 illustrates an example of a decision tree that corresponds to the above 
data set. In fact, it is the actual output of the data mining solver of this chapter. The 
presentation form of the tree is slightly different from the usual one because it is dis­
played in the spreadsheet of extProlog. A node is denoted by a pair of a branch name 
and a node number. For example, node 1 is denoted by [reduced, 1]. It states that the 
node 1 is linked (with node 0) by the branch "reduced." In the same way, node 0 is 
linked with node 2 by the branch "normal," while node 2 is connected with nodes 3 
and 9 by branches "yes" and "no," respectively. 

Some nodes represent attributes and are called attribute nodes. Node 0, which rep­
resents the attribute "tear," is an attribute node. Node 1 represents a terminal that does 
not represent an attribute, and is called a terminal node. It will be shown in subsequent 
sections that an attribute node is a node that requires more detailed analysis by tree 
expansion, while a terminal node is one that does not. 

Nodes 0, 2, 3, 4, 9, and 10 are attribute nodes, while the remaining nodes are ter­
minal nodes. The relation between a node number and an attribute is shown at the 
bottom of Fig. 12.3. For example, node 2 corresponds to the attribute "astigmatism." 
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ALst=[lenses,age,prescription,astigmatism,tear], 
D0: = [ 

[ soft,young,myope,no,normal], 
[none,young,myope,no,reduced], 
[none,young,myope,yes,reduced], 
[hard,young,myope,yes,normal], 
[none,young,hypermetrope,no,reduced], 
[soft,young,hypermetrope,no,normal], 
[none,young,hypermetrope,yes,reduced], 
[hard,young,hypermetrope,yes,normal], 
[none,pre_presbyopic,myope,no,reduced], 
[soft,pre_presbyopic,myope,no,normal], 
[none,pre_presbyopic,myope,yes,reduced], 
[hard,pre_presbyopic,myope,yes,normal], 
[none,pre_presbyopic,hypermetrope,no,reduced], 
[soft,prejpresbyopic,hypermetrope,no,normal], 
[none, pre_jpresbyopic, hypermetrope, yes, reduced] , 
[none,pre_presbyopic,hypermetrope,yes,normal] , 
[none,presbyopic,myope,no,reduced], 
[none,presbyopic,myope,no,normal], 
[none,presbyopic,myope,yes,reduced], 
[hard,presbyopic,myope,yes,normal], 
[none,presbyopic,hypermetrope,no,reduced], 
[soft,presbyopic,hypermetrope,no,normal], 
[none,presbyopic,hypermetrope,yes,reduced], 
[none,presbyopic,hypermetrope,yes,normal]]. 

Fig. 12.2. Example of input: data set. 
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Fig. 12.3. Example of output: decision tree corresponding to Fig. 12.2. 
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Because node 1 is a terminal node, it does not have an attribute name but has a fre­
quency distribution [0,12,0] over the attribute value list V\ = [soft, none, hard] of the 
output attribute "lenses" ("lenses" takes a value from {soft, none, hard}). The list V\ 
is also presented at the bottom of Fig. 12.3. The distribution at node 1 indicates that 
the data set of Fig. 12.2 has exactly 12(= 0 + 12 + 0) data elements with the value 
"reduced" for the attribute "tear," which is the attribute of node 0, and all of these data 
elements have "none" as the value of the output attribute "lenses." This fact can be 
confirmed with reference to Fig. 12.2. 

The decision tree shows that if a customer's tear is "normal" (the attribute of the 
node 0 = tear), astigmatism is "yes" (the attribute of node 2 = "astigmatism"), the pre­
scription is hypermetrope (the attribute of node 3 = "prescription"), and the customer 
age is presbyopic (the attribute of node 4 = "age"), then the advice will be "lenses" 
= none with 100% certainty because the value distribution of the node 5 is [0, 1,0]. 
However, because the supporting number is 1 = 0 + 1 -f 0, this is not strong advice. 

12.2.2 Input-Output Specification in Set Theory 

At this stage, the input PSE and the output solution are formalized in set-theoretic 
terms. It is usual that the PSE is represented by a structure rather than by simple sets. 
The output set is a set of solution candidates. Figure 12.4 illustrates stage 2 of the data 
mining solver. 

Input:(Do, ALst, VLst, dom) SLV for data 
mining 
system 

Output: set-theoretic 
-^ representation of decision tree 

Fig. 12.4. Input-output specification of the data mining solver in set theory. 

(i) Input Specification 

The input is given by the structure 

{Do, ALst, VLst, dom), 

the components of which are specified as follows: 

a. Let the attribute set of the given data set be 

ALst = {ai\I e la) (L = {1,2 , . . . ,n}) , 

where ai is the output attribute and a2, • • •, ^n are input attributes. 
In Fig. 12.2,/T = 5,Ia = {1, 2, 3,4,5}, and ALst = {lenses, age, prescription, 

astigmatism, tear}. That is, a\ = lenses, a2 = age, as = prescription, a^ = 
astigmatism, and as = tear. 

Let 
/+ = / a - { l } 
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and 
ALst+ = {a,|/ € /+}. 

b. Let dom : ALst -^ VLst be given by 

Vi = dom(a/) : domain of at or value set of a/. 

Let 
VLst = {yi , . . . ,V„}. 

In Fig. 12.2, we have 

Vi = {soft, none, hard}, 

V2 = {young, pre_ presbyopic, presbyopic}, 

V3 = {myope, hypermetrope}, 

V4 = {no, yes}, 

V5 = {reduced, normal}. 

Then, for example, dom (a\) = Vi = {none, soft, hard}. 
Let 

V = U VLst 

and 
V+ = V2U.. .U V„. 

c. Let 
X = p(V\ X " ' X Vn) (the power set of Vi x • • • x Vi,). 

Then, a target data set Do of the data mining solver is an element of X, i.e.. 

Do e X : input data set of data mining. 

Figure 12.2 shows Do of the example which is used in this chapter. 

(ii) Output Specification 

Figure 12.3 shows a final decision tree. The output F is a set of intermediate decision 
trees including final ones. An intermediate decision tree is essentially a subtree of a 
final decision tree. Let us consider the intermediate tree shown in Fig. 12.5: 

An intermediate tree consists of two components: nodeStr and nodeData. The com­
ponent nodeStr describes the tree structure, while nodeData represents the node prop­
erties. The node (2, yes, {age, prescription}) of nodeStr of Fig. 12.5 is a special node 
that exists only in an intermediate tree. This node is a temporary node that is either 
expanded as another subtree using an attribute in {age, prescription} or transformed 
into a terminal node like node 1. It is called a limbo node. According to the final tree 
of Fig. 12.3, the limbo node (2, yes, {age, prescription}) is transformed into node 3 us­
ing the attribute "prescription," while the other limbo node (2, no, {age, prescription}) 
is transformed into node 9 using the attribute "age" on its expansion. The principal 
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nodeStr 

©reduced f \ 

© 

nodeData 

nonnal 

yes 

no 

(2, yes, {age, prescription}) 

(2, no, (age, prescription}) 

0 

1 

2 

tear. Do 

(0 ,12 ,0) ,D, 

astigmatism, D2 

Fig. 12.5. Intermediate tree. 

element of a limbo node is the remaining attributes of ALsf^ that are not used on the 
path from node 0 to the limbo node. For instance, {age, prescription} is the principal 
element of (2, no, {age, prescription}). It should be clear that 

{age, prescription} = ALst"^ — {attribute of node 0, attribute of node 2}. 

Consequently, there are three kinds of node in nodeStr: attribute node, terminal 
node, and limbo node. A limbo node does not have a node number. The value of node­
Str of Fig. 12.5 can be represented as follows: 

nodeStr = {(0, reduced, 1), (0, normal, 2), (2, yes, {age, prescription}), 

(2, no, {age, prescription})}. 

That is, an element of nodeStr takes the form (n,v,n') or (n, u, set of attributes), 
where n,n^ e N and v e V" .̂ 

Properties of attribute nodes and terminal nodes are given by nodeData, which in 
Fig. 12.5 is represented as 

nodeData = {(0, tear, Do), (1, (0,12,0), D\), (2, astigmatism, D2)}. 

It shows, for example, that node 2 represents the attribute "astigmatism" and data D2, 
which is a subset of Do and is given by 

D2 = {d\d e Do and J(tear) = normal}, 

where d(tew^) is the value of data element d for the attribute "tear." In other words, D2 
is the set of data elements in Do that satisfy the branch values on the path from node 0 
to node 2. 
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Similarly, an element (1, (0,12,0), Di) of nodeData indicates that node 1 is a 
terminal node (because the second component is not an attribute name) and D\ is 
given by 

D\ = [d\d e Do and ^(tear) = reduced}. 

As mentioned above, (0, 12, 0) of node 1 indicates that at the node the attribute 
ai = lenses takes the value soft 0 times, none 12 times, and hard 0 times in Di. 

Formally, an element of nodeData takes the form (n, attr, D) or (n, list of 
integers, D), where n e N, attr € ALst"^, and D e X. 

The output y corresponding to Fig. 12.5 is given by 

y = (nodeStr, nodeData). 

Now, let us formalize Y. Let 
Â  = {0,1,2,...}. 

Then, because {n,v,n') e N x V^ x N and (n, t), set of attributes) e N x V^ x 
pCALst"*"), we have 

nodeStr c p(N x y-^ x (N U p(ALst+))), 

or 
nodeStr e p(p(N x V^ x (N U p(ALst+)))). 

Similarly, we have 

nodeData C p{N x (Â * U ALst+) x X), 

or 
nodeData € p(p(A^ x (Â * U ALst+) x X)). 

Here Â * is the free monoid of Â , or the set of strings on Â . In this book, a string and 
its vector expression are used interchangeably. 

It should be noted that nodeData is a functional relation from Â  into (A *̂ U 
ALst"^) X X, i.e., nodeData : Â  -^ (N* U ALst"*") x X is a partial function. 

Finally, y is given as 

yep(p(NxV-^x(N U p(ALst"^))) x p(^(N x (N* U ALst+) x X)), 

or 

Y Cp(^(N xV-^ X (NUp(ALsi^))) x p(p(N x (N* UALst+) x X)). 

Although Y has a complicated structure, it is not important whether Y can be easily 
understood, but it is important that Y be formally described so that we can proceed to 
the next step of the solver development. 

12.2.3 Process Specification as Automaton 

At this stage, the process S of the goal-seeking system is determined as an automa­
ton. In particular, delta(), genA(), constraint(), initialstate(), finalstate(), and st() are 
specified. 
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(i) Action Set 

Because the data mining solver is a case of implicit solving activity, the general result 
of Chapter 5 shows that an action set A is defined in the following way: 

A = {a\a:Y -^ Y}. 

Of course it is not easy to manipulate an action specified as a mapping. Following the 
usual procedure used in the previous chapters, let us replace a mapping by a parameter 
that characterizes it. 

Considering Fig. 12.5, suppose an action is applied to the limbo node (2, yes, {age, 
prescription}) to expand the intermediate tree as shown in Fig. 12.6. 

0 
yes 

(2, yes, {age, prescription}) 

II- a=(2, yes, prescription) 

0 
yes 

hypermetrope 

myope 

(3, hypermetrope, {age}) 

(3, myope, {age}) 

Fig. 12.6. Expansion of intermediate tree. 

The action of Fig. 12.6 transforms the limbo node into an attribute node "prescrip­
tion" with a node number of 3. Consequently, the action can be characterized by a 
parameter a = (2, yes, prescription), where (2, yes) specifies to which limbo node 
the action is applied, and prescription shows what attribute is assigned to the node. 
In fact, according to Fig. 12.3 the limbo node becomes a new node 3, which rep­
resents the attribute "prescription," and two limbo nodes, (3, hypermetrope, {age}) 



12.2 User Model of Data Mining Problem for PD Goal-seeker 191 

and (3, myope, {age}), are generated. It must be clear that {age} is specified by 
{age} = {age, prescription} — {prescription}. Let us formalize the above idea. 

Because an action that is applied to a limbo node («,y,As), As C ALst"^, is 
specified by (n, u, attr) for some attr e As, let 

A = N X V^ X (ALst"^ U {dummy}) : set of actions, 

where dummy is a special symbol used when a limbo node is transformed into a ter­
minal node. 

(ii) State Transition Function 

Let leaf : {nodeStr} -^ p(N xV x p(ALst+)) be such that 

leaf(nodeStr) = {(n,v, As)|(w, u, As) e nodeStr and As C ALst"*"}. 

Then leaf(nodeStr) specifies the set of limbo nodes in nodeStr. Let getNdId: 
{nodeData} -> Â  be such that 

getNdld(nodeData) = n' ^ n' = max{n|(3 attr, /))((«, attr, D) e nodeData)} + 1. 

Then getNdld(nodeData) yields a node number for the next newly generated node. 
A state transition function S : Y x A -> Y is specified using the above def­

initions. Let (nodeStr, nodeData) e Y and (n,t>,attr') € A be arbitrary. Note that 
if an action (.n,D,attr') is applicable, there is a unique limbo node (n,D, As) such 
that (n, t>, attr') e (n,v, As) in nodeStr. Let n' = getNdld(nodeData), (n, attr, D) e 
nodeData, and D' = {d\d e D, ^(attr) = u}. Then, (5((nodeStr, nodData), («, o, attr')) 
= (nodeStr', nodeData') is given as follows: 

a. If attr' ^ dummy, 

nodeStr' = (nodeStr - {(n, v, As)}) U {(n, v, n')} U {(«', v\ As - {attr'})| 

v' e dom(attr')}, 

nodeData' = nodeData U {(n\ attr', D')}. 

b. If attr' = dummy, 

nodeStr' = (nodeStr - {(n, v, As)}) U {(n, v,«')}, 

nodeData' = nodeDataU {(n', elementN(D, attr, v, Vi), D')}, 

where elementN(D, attr, u, Vi) is defined in Section 12.2.4. 
In general, (5 is a partial function. As usual, in order to ensure that S behaves prop­

erly, two functions, genA : Y -> p(A) and constraint : Y —>• {true, false}, are used. 
Then, S must satisfy the following relation: for a legitimate state j , 

S(y,a) = y' -^ a e genA(j) and constraint(j') = true. 
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(iii) Output Function 

The output function X : Y x A -> Y is naturally 

(i\)genA:Y ^ Sj(A) 

Let (nodeStr, nodeData) be arbitrary. Let (n, v. As) be the first element of leaf(nodeStr) 
if leaf(nodeStr) / 0 . (Because a set is implemented as a list, leaf(nodeStr) is linearly 
ordered). Let (n, attr, Dn) e nodeData. Then, 

0 if leaf(nodeStr) = 0 , 

{({n, v), dummy)} if inf(elementN(D„, attr, v, V\)) 

= OorAs = 0 , 

[(n,v)} X As otherwise. 

genA((nodeStr, nodeData)) = 

where inf(elementN(D,i,attr, u, Vi)), a measure of information, is defined in 
Section 12.2.4. 

(v) Constraint 

The function constraint is trivial for the current case, i.e., 

constraint(j) = true. 

There is no constraint. 

(vi) Initial State 

The initial state yo € F is given as a trivial situation: 

JO = ({(-1, [], ALst+)}, { ( - 1 , [], Do)}). 

That is, nodeStr of yo consists of one limbo node (—!,[], ALst"^), where —1 and [] 
indicate a virtual node number and a virtual branch value, respectively. 

(vii) Final State 

The set of final states Yf c Y is specified as follows: 

Yf = {y\y = (nodeStr, nodeData) & leaf(nodeStr) = 0} . 

That is, y e Yfisa. situation in which no action is feasible. 
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(viii) Stopping Condition 

Let the stopping condition st: K —>• {true, false} be given by 

st(y) = true <^ y e Yf. 

The solving activity is suspended when no action is feasible. 
Let us consider Fig. 12.5. In this case, 

leaf(nodeStr) = {(2, yes, {age, prescription}), (2, no, {age, 

prescription})}, 

genA((nodeStr, nodeData)) = {((2, yes), age), ((2, yes), prescription)}. 

Let 
a = ((2, yes), prescription) e genA((nodeStr, nodeData)). 

Then 
n' = 3 = getNdld(nodeData). 

Because prescription 7̂  dummy, 

nodeStr' = {(0, reduced, 1), (0, normal, 2), (2, no, {age, prescription}), 

(2, yes, 3), (3, hypermetrope, {age}), (3, myope, {age})}, 

nodeData' = nodeData U {(3, prescription, D^)], 

where D3 = {d\d e D2 & ^(astigmatism) = yes}. 
The automaton specification of the process is then given as 

automaton specification of process = (A, K, <5, i , genA, constraint, st, yo, Yf). 

12.2.4 PD Optimization Formulation 

Because an automaton formulation is a discrete state space representation, if an eval­
uation function goal : F ^- Re is combined with it, we have a dynamic optimization 
formulation or a user model. 

Because the current problem is of the I-O-O type, there is no legitimate goal for 
the problem. We can design an appropriate goal. In fact, we adopt a heuristic method 
that evaluates an intermediate tree by its uncertainty using the entropy concept [Witten 
and Frank, 2000]. The tree is expanded in the direction that minimizes its uncertainty. 

Let us define an uncertainty concept of a tree. Suppose y = (nodeStr, nodeData) is 
fixed. 

a. Let 
leaf(nodeStr) = {(nu viJi),..., (rik, Vk, 4 )}-

b. Let 

(rii, attr/, D/) e nodeData. (/ = I,.. .,k) (Note that«/ is given in leaf(nodeStr)). 
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c. Let 

nit = \{d\d e Di & ^(attr/) = vi & t/(attri) = vu}\ (/ = 1 , . . . , A:), 

where |Set| is the cardinality of the set Set and dom(attri) = Vj = {on, • • . , ^u}- Let 

elementN(D/, attr/, t>/, Vi) = ( n / i , . . . , nis). 

d. Let 

t 

and 

inf(elementN(D/, attr/, o/, Vi)) = - ^ Pitlog(/?it) = inf(M/i,..., nis). 

Here pa is assumed to give the probability for the event that the attribute a\ takes the 
value v\t at the limbo node (n/, o/, ^/). The function inf() gives an entropy measure of 
elementN(D/, attr/, u/, V\). 

e. Let goalO : (Â  x V x p(ALsf*")) x {nodeData} -^ Re be given by 

goalO(n/, Vi, £i, nodeData) = (|D^'|/l^ol)inf(elementN(D/, attr/, D/, Vi)), 

where (n/, attr/, D/) € nodeData and Dy = {d\d e D/&^(attr/) = o/}. Here 
goalO(n/, 0/, ^/, nodeData) is an uncertainty measure at the limbo node (n/, t)/, £[). 

f. Finally, let goal: y ^- Re be given by 

goal(y) = ^{go2i\0(ni, Vi,£i, nodeData)|(n/, o/, ^/) e leaf(nodeStr)}. 

It should be noted that goal(y) neglects uncertainties associated with terminal 
nodes because goal() is used for evaluation of actions, while actions are related only to 
limbo nodes and uncertainties of terminal nodes are not related to the evaluation. 

Let us illustrate goal() using Fig. 12.6. 
Let a = (2, yes, prescription) e genA((nodeStr, nodeData)). 
Let leaf(nodeStr) = {(2, yes, {age, prescription})}, where n2 = 2, 02 = yes, and 

£2 = {age, prescription}. 
Let 

D2 = {(soft, young, myope, no, normal), 

(hard, young, myope, yes, normal), 

(soft, young, hypermetrope, no, normal), 

(hard, young, hypermetrope, yes, normal), 

(soft, pre_presbyopic, myope, no, normal), 

(hard, pre_presbyopic, myope, yes, normal), 

(soft, pre_presbyopic, hypermetrope, no, normal), 

(none, pre_presbyopic, hypermetrope, yes, normal), 

(none, presbyopic, myope, no, normal). 
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(hard, presbyopic, myope, yes, normal), 

(soft, presbyopic, hypermetrope, no, normal), 

(none, presbyopic, hypermetrope, yes, normal)}. 

Then, (n2, attr2, D2) = (2, astigmatism, D2) € nodeData, 

D2 = {d\d e D & J(astigmatism) = yes} 

= {(hard, young, myope, yes, normal), 

(hard, young, hypermetrope, yes, normal), 

(hard, pre_ presbyopic, myope, yes, normal), 

(none, pre_ presbyopic, hypermetrope, yes, normal), 

(hard, presbyopic, myope, yes, normal), 

(none, presbyopic, hypermetrope, yes, normal)}, 

nil = l̂ s'oftl ~ If^l^ e D2& J (astigmatism) = yes & J(lenses) = soft}| = 0, 

nil = l^nonel = \{d\d E D2 & 6?(astigmatism) = yes & J(lenses) = none}| = 2, 

^23 = l^hardl — l{^l^ E D2 & t^(astigmatism) = yes & ^(lenses) = hard}| = 4, 

elementN(D2, astigmatism, yes, {soft, none, hard}) = (0, 2,4), 

P2l = ^21 / X 2̂f = 0/(0 -f 2 + 4) = 0, 

P22 = 1122/ X ^2r = 2/(0 -f 2 + 4) = 1/3 = 0.333333, 
t 

P23 = «23/ X n2t = 4/(0 -f 2 + 4) = 2/3 = 0.666667, 
t 

- X ^2/ log(/72f) = inf(n2i, ^22, n23) = inf(0, 2,4) = 0.918296, 
t 

goal0(2, yes, {age, prescription}, nodeData) = (ID2I/ID0I) inf(M2i, ^22, «23) 

= (6/24) * 0.918296 = 0.229574, 

where because leaf(nodeStr) is a singleton, goal(j) = goal0(2, yes, {age, prescription}, 
nodeData) = 0.229574. 

A user model for the data mining problem for the PD goal-seeker is as follows: 

user model = (A,Y,d,X, goal, genA, constraint, st, >'o, î f>. 

12.3 Implementation in extProlog 

At this stage, the user model is implemented in set theory and is compiled. On com­
pilation the standardized goal-seeker, stdPDsolverl22.p, is attached to the user model. 
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X - « q"t_o^g <2> „lHiril>ci| 

g|l3^„J•„•„„•.••••„Qri;^MK^ .nQ-ch€ina:e.l iboQls 

Fig. 12.7. Dynamic behavior of data mining system. 

We then have a working data mining solver. Appendix 12.1 presents the entire user 
model, and Fig. 12.3 shows a decision tree generated by the solver. 

Figure 12.7 shows the dynamic behavior of the goal for the example of Fig. 12.2. 
The horizontal coordinate of Fig. 12.7 shows actions or corresponds to node cre­

ations. Fifteen nodes are created. The vertical coordinate shows the values of the goal 
or the uncertainty of intermediate trees. Because a value of the horizontal coordinate 
corresponds exactly to a node number of Fig. 12.3, Figure 12.7 shows that the extSLV 
decreases the uncertainty of the tree without backtracking as the tree expands. The flat 
parts of Fig. 12.7 correspond to transformation of limbo nodes into terminal nodes. The 
optimum goal value = 0 is attained at the tenth node creation, although the final state 
is not reached. When the fourteenth node is created, Fig. 12.3 is given as a final output. 

12.4 T\ining of PD Goal-Seeker for Data Mining Problem* 

At stage 5 of Fig. 4.6, a workable data mining solver has been generated. However, 
because the data mining solver has some convenient properties, the solver can be im­
proved by tuning. We will show that the user model and the goal-seeker can be sim­
plified by tuning. The real implementation is done based on the simplified form. This 
simplification saves memory and improves computation speed. 

We use the following properties of the data mining solver for tuning: 

(i) An action, genA(), and goal() are essentially related only to the limbo nodes, or 
elements of leaf(nodeStr). 

(ii) There is no backtracking, 
(iii) There is no repetition of state. 

Because of property (i), we divide nodeStr into the parts of Unlimbo and Limbo. 
Unlimbo represents nonlimbo nodes and Limbo represents the limbo nodes in nodeStr, 
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i.e., nodeStr = (Unlimbo, Limbo), where an element of Unlimbo takes the form of 
(node number, branch name, node number) and an element of Limbo takes the form 
of (node number, branch name, set of attributes). Limbo is actually leaf(nodeStr) men­
tioned above. 

Consequently, the set Limbo is a subset of ^(N x V x p(ALst"^)). Let a sub­
set of N X ALst"^ X X be symbolically denoted by nodeData. Let the current state 
be J = (nodeStr, nodeData) where nodeStr = (Unlimbo, Limbo). Suppose n' = 
getNdld(nodeData), (n, v, attr') is applicable to (n, v. As), (n, attr, D) e nodeData, 
and D' = [d\d e D, ^(attr) = v}. Here D' is denoted by element(D, attr, u, *). Then, 
lets : Y X A -^ Y be refined as 

r5((nodeStr, nodeData), (n, t), attr')) = (nodeStr', nodeData'), 

where nodeStr = (Unlimbo, Limbo) and nodeStr' = (Unlimbo', Limbo') and the fol­
lowing hold: 

a. If attr' / dummy 

«' = getNdld(nodeData), 

Unlimbo' = Unlimbo U {(n, u, n')}, 

Limbo' = (Limbo — {(n, v. As)}) U genLimboNd(n', attr', D', As), 

where genLimboNd(n', attr', D\ As) = {(«', v\ As - {attr'})|u' e dom(attr')}, 

nodeData' = nodeData U {(n', attr', D')}, 

where D' = {d\d e D, ^(attr) = v] and (AI, attr, D) e nodeData. 

b. If attr' = dummy, 

n' = getNdld(nodeData), 

Unlimbo' = Unlimbo U [(n,v,n^)}, 

Limbo' = Limbo — {(n,v, As)), 

nodeData' = nodeData U {(n', elementN(D, attr, v, Vi), D')}, 

where (n,attr, D) e nodeData and D' = {d\d e D,d(aiir) = v}. Note that 
elementN(D, attr, v, V\) was defined in Section 12.2A. 

Let genA^ : (Unlimbo x Limbo) x {nodeData} -> p(A) be given by 

genA^((Unlimbo, Limbo), nodeData) 

| 0 ifLimbo = 0 , 

{((n, u), dummy)} if inf(elementN(Z), attr, o, VI) = 0 or As = 0 , 

{(n, o)} X As otherwise. 

Let goal^ : (Unlimbo x Limbo) x {nodeData} -^ Re be given by 

goal^((Unlimbo x Limbo), nodeData) = E{goalO(n/, Vi,€i)\{ni, vi^ii) € Limbo}. 
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Let 

Let 

yo = (({[]}, { ( -1 , [], ALst+)}), { ( - 1 , [], Do)}). 

Y[ = ((N xV X N)x {0}) X (N X V^ X X) 

= target states in (Unlimbo x Limbo) x {nodeData}. 

Then, we have a reduced user model 

reduced user model = {A,Y,d, goal^, genA^, yo, Y[). 

For property (ii), it should be noted that backtracking in the goal-seeker can occur 
in three ways. When the constraint is active, we may have a situation in which any 
available action cannot yield a legitimate state. Fortunately, the data mining solver 
does not have an active constraint. The second is when an action yields a repeated 
state. Apart from the backtracking operation, the goal-seeker is not permitted to return 
to a past state. Theoretically, the goal-seeker does not return to a past state in the data 
mining solver because Unlimbo of <5 is a monotonically increasing set as shown above, 
i.e., Unlimbo increases to Unlimbo U {(n, v, attr')} if an action is applied. 

The third is that genA() yields an empty set. In the data mining case, that situation 
is a final state. (Refer to the definition of st().) Consequently, a backtracking situation 
does not occur for the data mining solver. If there is no backtracking, the stack of the 
stdPDsolver can be simplified. 

Appendix 12.1 User Model for Data Mining Problem 

/•datamining.set*/ 
/*state=tree*/ 
/*.nodeStr(nd,v,nd')*/ 
/•.nodeStr{nd,v,[])*/ 
/•limbo node=[[nd,v,As],...,[nd',v',As']]*/ 
/•nodeData(nd,attrN,data)•/ 
/•.nodel(nd,V,inf)•/ 
/•action=[Nd,V,Attr]•/ 

func([genLimboNd,inf,dom,infNd,getnodeData]); 
/•As=empty;entropy=0;terminal node^/ 
getnodeData(Nd)=Y <-> 
L:=listPred(.nodeData), 
member([Nd,Y],L); 

delta( [Leaf, [NdldMax, [Attrl,Datal]]], [[Nd,V],Attr2]) 
=[Leaf2,[Nd2,[Attr3,D2]]] <-> 

(Attr2= .dummy) -> 
( 
[[Nd,V,As]|Leaf2]:=Leaf, 
Nd2:=NdIdMax+l, 

//expand tree 
(.nodestr(Nd,V,[Nd2])) -> 
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( 
A : = l 
) 

.Otherwise 
( 

a s s i g n ( " n o c u t " , [ . n o d e S t r , N d , V ] , [ N d 2 ] ) 
) , 

[A t t r ,Da ta ] :=ge tnodeDa ta (Nd) , 
ALs t :=aLs t .g , 
I : = i n v p r o j e c t ( A L s t , A t t r ) , 

V l : = v l . g , 
N:=procC("getelementN", [Da t a , I ,V , V I ] ) , 

( [[] ,N]=getnodeData(Nd2) ) -> 
( 
AA:=1 
) 

.Otherwise 
{ 

assign("no cut",[.nodeData,Nd2],[[],N]) 
) , 

Attr3: = [] , 
D2:=N 
) 

.otherwise 
( 
Attr3:=Attr2, 
ALst:=aLst.g, 
I2:=invproject(ALst,Attr2), 
//get node Id 
Nd2:=NdIdMax+l, 
//•update .nodeData 

[Attr,D]:=getnodeData(Nd), 
I:=invproject(ALst,Attr), 
D2:=procC("getelement",[D,I,V,"*"]), 

[Attr2,D2]=getnodeData(Nd2)) -> 
( 
A:=l 
) 

.otherwise 
( 

a s s i g n ( " n o c u t " , [ . n o d e D a t a , N d 2 ] , [ A t t r 2 , D 2 ] ) 
) , 

/ / expand t r e e 
( .nodeStr(Nd,V,[Nd2])) -> 

( 
A2:=l 
) 

•Otherwise 
( 

assign("no cut",[.nodeStr,Nd,V],[Nd2]) 

//update Leaf 
LLeaf:=minus(Leaf, [[Nd,V,As]]), 
Limbo:=genLimboNd(As,[Nd2,[Attr2,D2]]), 
Leaf2:=append(Limbo,LLeaf) 

) ; 
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genA ( [X, [NdldMax, [ A t t r l , D a t a l ] ] ] ) = A s <-> 
(X=[]) -> 

( 
As:=[] 
) 

•Otherwise 
( 
[ [ N d , V , A t t r s ] | L s ] : = X , 

ALs t :=aLs t . g , 
V l : = v l . g , 

[ A t t r , D a t a ] : = g e t n o d e D a t a ( N d ) , 
I : = i n v p r o j e c t ( A L s t , A t t r ) , 

V l : = v l . g , 
N : = p r o c C ( " g e t e l e m e n t N " , [ D a t a , I , V , V I ] ) , 

I n f : = i n f ( N ) , 
(lnf=0) -> 

( 
As:=[[[Nd,V], .dummy]] 

) 
.o t l i e rwise 

( 
( A t t r s = [ ] ) -> 

( 
As:=[[[Nd,V], .dummy]] 

) 
. o t l i e rwise 

{ 
As: = 

p r o d u c t ( [ [ N d , V ] ] , A t t r s ) 
) 

) 
) ; 

/ • g e n e r a t e limbo node*/ 
genLimboNd(As,[Nd2,[Attr2,D2]])=Limbo <-> 

Att r2V:=dom{Attr2) , 
A s 2 : = m i n u s ( A s , [ A t t r 2 ] ) , 
L i m b o : = i n v e r s e ( d e f L i s t ( p l i m b o ( y , x , [ N d 2 , A s 2 ] ) , [ x , A t t r 2 V ] ) ) ; 

p l imbo(y,V2,[Nd2,As2])<-> 
y:=[Nd2,V2,As2]; 

g o a l ( [ L e a f , [ N d l d M a x , [ A t t r l , D a t a l ] ] ] ) = R e <-> 
(Leaf=[]) -> 

( 
Re:=0 
) 

.o t l ie rwise 
( 

V l : = v l . g , 
DOSize:=dOSize.g, 

i n f s : = d e f L i s t ( p g o a l ( y , x , [ V l , D O S i z e ] ) , [ x , L e a f ] ) , 
Re:=sum(infs) 
) ; 

p g o a l ( y , [ N d , V , A t t r s ] , [ V l , D O S i z e ] ) <-> 
L : = l i s t P r e d ( . n o d e l ) , 
{member([Nd,V,Inf] ,L)) -> 
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( 
A:=l 
) 

.Otherwise 
( 

[Attr,Data]:=getnodeData(Nd), 
ALst:=aLst.9/ 
I:=invproject(ALst,Attr), 

N:=procC("getelementN", [Data,I,V, VI]), 

InfO:=inf(N), 

Inf:=InfO*sum(N)/DOSize, 

assert(.nodel(Nd,V,Inf) ) 

y:=Inf; 

/• stopping condition •/ 

St(C)<-> 
finalstate(C); 

/•final state*/ 

flnalstate ( [Leaf, [Nd, [Attr,Data] ] ] ) <-> 
Leaf=[] ; 

infNd(Data,I)=InfI <-> 
LenD:=cardinality(Data), 
VLst:=vLst.g, 
project(VLst,I,VI), 
project(VLst,l,VI) , 
LenR:=cardinality(VI), 
Js:=procC("createindex",[l,LenR]), 
InfI:=sum(defList(pInfI(y,x,[Data,I ,LenD,VI,VI]) ,[x,Js])) ; 

pInfI(y,J,[Data,I,LenD,VI,VI]) <-> 
VIJ:=project(VI,J), 

NIJ:=procC("getelementN",[Data,I,VIJ,V1]), 

Inf:=inf(NIJ), 
y:=Inf*sum(NIJ)/LenD; 

.mytree(-l); 

dom(AttrN)=AttrV <-> 
ALst:=aLst.g, 
I:=invproject(ALst,AttrN), 
VLst:=vLst.g, 
AttrV:=project(VLst,I); 

preprocess () <-> 
//data 

D0:=[ 
[.soft,.young,.myope,.no,.normal], 
[.none,.young,.myope,.no,.reduced], 
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.hard 

.none 

.soft 

.none 

.none 

.none 

.none 

.young,.myope,.yes,.reduced], 

.young,.myope,.yes,.normal], 

.young,.hypermetrope,.no,.reduced], 

.young,.hypermetrope,.no,.normal], 

.young,.hypermetrope,.yes,.reduced], 

.young,.hypermetrope,.yes,.normal], 
.myope,.no,.reduced], 
.myope,.no,.normal], 
.myope,.yes,.reduced], 
.myope,.yes,.normal], 
.hypermetrope,.no,.reduced], 
.hypermetrope,.no,.normal], 

.reduced], 

.normal], 

.none, 

.hard, 

.none, 

.soft, 

.none, 

.hard, 

.none,.pre_presbyopic, 

.soft,.pre_presbyopic, 

.none,.pre_presbyopic, 
pre__presbyopic, 
pre_presbyopic, 
pre_presbyopic, 
pre_presbyopic,.hypermetrope,.yes, 
pre_presbyopic,.hypermetrope,.yes, 
presbyopic,.myope,.no,.reduced], 
presbyopic,.myope,.no,.normal], 

.none,.presbyopic,.myope,.yes,.reduced], 

.hard,.presbyopic,.myope,.yes,.normal], 
.hypermetrope,.no,.reduced], 
.hypermetrope,.no,.normal], 
.hypermetrope,.yes,.reduced], 
.hypermetrope,.yes,.normal]], 

[.lenses,.age,.prescription,.astigmatism,.tear], 
cardinality(DO), 

.none,.presbyopic 

.soft,.presbyopic 

.none,.presbyopic 

.none,.presbyopic 
aLst.g 
DOSize 
dOSize.g:=DOSize, 
retract([.nodeData,.nodel,.nodeStr]), 
assign{.nodel, [] ) , 
retract([.gamma]), 
ALst:=aLst.g, 
VLst:=procC("getcategory",[DO,ALst]), 
vLst.g:=VLst, 
proj ect(VLst,1,VI), 
vl.g;=V1, 

//initialize 
NdO:=0, 
assignC'no cut" , [ .nodeData,NdO] , [ [] , DO] ) , 
getInitialNode(AttrO,IO), 
assignC'no cut", [ .nodeData, NdO] , [AttrO,DO]) , 

initialstate ()=C0 <-> 
NdO:=0, 
[Attr0,D0]:=getnodeData(NdO), 
ALst:=aLst.g, 
ALstp:=proj ect(ALst,-1) , 
LeafO:=genLimboNd(ALstp,[NdO,[AttrO,DO]]), 
CO:=[LeafO,[NdO,[AttrO,DO]]]; 

getInitialNode(AttrO, 10) <-> 
[ [],Data]:=getnodeData(0), 
ALst:=aLst.g, 
LO:=cardinality(ALst), 
myreglnf.g:=[-1,1110000] , 
L:=procC("createindex",[2,L0-1]), 
Ys:=defSet(pinitialNode(Y,I,[Data]),[I,L]), 
[IO,V]:=myreglnf.g, 
retract([.myreginf,.regl]), 
AttrO:=proj ect(ALst,10); 
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p i n i t i a l N o d e ( Y , I , [ D a t a ] ) <-> 
I n f I : = i n f N d ( D a t a , I ) , 
[ I I , I n f I I . l :=myreglnf . g , 
( I n f I I > I n f I ) -> 

( 
m y r e g i n f . g : = [ I , I n f I ] 

) ; 

consNdNL(NdNL) <-> 
consNdNLO(), 
NdNL:=regN.g, 
r e t r a c t ( [ . r e g N ] ) ; 

consNdNLOO <-> 
L : = l i s t P r e d ( . n o d e D a t a ) , 
Ys:=defSet{pconsNdNL(Y,X, [ ] ) , [X,L]) , 
r e g N . g : = i n v e r s e ( Y s ) ; 

pconsNdNL(Y, [Nd, [Attr^D]] , [] ) <-> 
(At t r= [ ] ) -> 

( 
Y:=[Nd,D] 
) 

. o t h e r w i s e 
( 
Y:=[Nd,Attr] 
) ; 

cconsNode(M2) <-> 
cconsNodeO(), 
M2:=regM.g, 
retract([.regM,.nodeStr]); 

cconsNodeOO <-> 
L:=listPred(.nodeStr) , 
Ys:=defSet(pconsNode(Y,X,[]),[X,L]), 
regM.g:=Ys; 

pconsNode(Y,[Nd,V,[Nd2]],[]) <-> 
(etype{Nd2,"list") ) -> 

( 
A;=l 
) 

.Otherwise 
( 
Y:=[Nd,V,Nd2] 

inf{D)=InfX <-> 
p r o c C ( " e n t r o p y " , [ D ] , [ I n f X ] ) ; 

dispdtree(D,NdNL) <-> 
dummy:=defList(ptree(dum,Dx, []), [Dx,D]), 
.mytree(WpO), 
(WpOo -1 ) -> 

( 
Wp:=WpO, 
X1:=0, 
Y1:=0 
) 
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. o t h e r w i s e 
( 
make windows S(Wp, "mytree'\Xl, Yl, W,H) , 
assign(.mytree,Wp) 

pro jec t (NdNL, l , [Nd ,AN]) , 
d rawch i ld ( [ " " ,Nd] ,Wp,Xl ,Yl ,W) , 
dispNdN(Wp,W+l,NdNL); 

p t ree(dum, [N,A,CN] , [] ) <-> 
( .nodeSt r (N,L)) -> 

( 
append{[[A,CN]],L,L2), 
assign{[.nodeStr.N],L2) 
) 

.otherwise 
{ 
assign([.nodeStr^N],[[A,CN]]) 

dum:="OK"; 

dispNdN(Wp,W,NdNL) <-> 
Row:=5, 
L:=card ina l i ty (NdNL) , 
p r o c C ( " c r e a t e i n d e x " , [ 1 , L ] , [ I s ] ) , 
dummy:=defList(pNdN(dum,I ,[Wp,W,NdNL,Row]),[I , Is]) , 
V l : = v l . g , 
r e t r a c t ( [ . r e g l ] ) , 
#(Wp,0,W+Row):="V1=", 
#(Wp,l,W+Row):=V1; 

pNdN(dum,I,[Wp,W,NdNL,Row]) <-> 
p ro jec t (NdNL, I ,N) , 
J :=(I- l )%Row, 
K : = f l o o r ( ( I - l ) / R o w ) , 
#(Wp,K*2,W+J):=N; 

drawchild([Attr,N],Wp,X,Y,W) <-> 
.nodeStr{N,[C|Cs]),1, 
#(Wp,X,Y):=[Attr,N], 
retract(.nodeStr(N,[C|Cs])), 
#(Wp,X,Y+l):= .t_bar, 
drawchild(C,Wp,X+l,Y+l,Wl), 
(W1>1) -> 

( 
procC("createindex", [Y+2,W1-1], [Is]), 

dummy:=defSet{pchild(dum,10,[Wp,X,Y]),[10,Is]) 
), 

drawbrother(Cs,Wp,X+1,Y+Wl+1,W2), 
W:=W1+W2+1; 

pchild(dum,IO,[Wp,X,Y]) <-> 
#(Wp,X,IO):=.i_bar, 
dum:="OK"; 

drawch i ld ( [A t t r ,N] ,Wp ,X ,Y , l ) <-> 
# (Wp,X,Y) :=[At t r ,N] ; 

d rawbro ther ( [ ] ,Wp,X,Y,0) <-> ! ; 
drawbrother([BIBs],Wp,X,Y,W) <-> 
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# (Wp,X- l ,Y) := . t_ba r , 
drawchild(B,Wp,X,Y,Wl), 
(Bs<>[] ) -> 

( 
p r o c C C ' c r e a t e i n d e x " , [Y+1,W1] , [ l i s ] ) , 
Dummy:=defLis t (pbrother(dum,I , [Wp,X]), [ I , l i s ] ) 
) , 

drawbrotlier(Bs,Wp,X,Y+Wl,W2) , 
W:=W1+W2; 

pbrother(dum,I , [Wp,X]) <-> 
# ( W p , X - l , I ) : = . i _ b a r , 
dum:="OK"; 

postprocess () <-> 
cconsNode{M2), 
consNdNL(NdN2), 
dispdtree(M2,NdN2); 

The predicate preprocess() generates the basic sets ALst and VLst. Although the 
function goal() seems involved, in fact it is a straightforward implementation of the 
goal of Section 12.2.4. The predicate postprocess transforms an output of the extSLV 
into the data structure of Appendix 3.1 and displays it in the tree form of extProlog. 
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Task Skeleton Model: Intelligent Data Mining System'* 

Because the problem classification of Chapter 4 is a general one, any problem can be 
covered by it. Furthermore, because the methodology of Chapters 4 and 5 is also gen­
eral, in principle every problem can be attacked by it. It is obvious, however, that there 
are problems that cannot be solved by it in a practical sense. Extension of the basic 
extSLV of Fig. 4.5 is necessary to address more difficult problems. In the model the­
ory approach there are two ways for extension: introduction of a hierarchical multilevel 
system [Takahara and Liu, 2005] and extension to a task skeleton model. This chapter 
introduces the task skeleton model. An intelligent data mining system is developed as 
a demonstration of the model. 

13.1 General Concept of Problem-Solving System 

Let us start from investigation of a general concept of problem-solving including un­
certainty and the role of an end user (EU). The principal idea of this book is to view 
problem-solving as a cooperative task of a computer system and an EU. The user and 
the computer are in a "reflexive" (continuous feedback) relationship. In the course of 
solving the problem over time, the EU and the computer "walk hand in hand," i.e., nei­
ther one can proceed without affecting and simultaneously being affected by the other. 
In such a "symbiotic" relationship, the user has a goal-seeking (or adaptive) function, 
while the computer functions as a "process," i.e., performs algorithmic and numerical 
functions. 

To represent the user-computer symbiosis in a problem-solving system, the con­
cept of a generic goal-seeking problem (GSP) of the GST can be used. The context 
for a GSP is provided by sets of the relationship identities on which a GSP is defined 
[Mesarovic and Takahara, 1989]. Namely, 

M : set of alternative decisions, 
U : set of uncertainties which affect the outcome of a decision, 
Y : set of outcomes, 
V : assessment or evaluation set. 
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This well-known concept is viewed here in the most general of terms. Given a 
context, a GSP is defined by three relationships: 

P : M X U -> Y image mapping, 
G:MxYxU->V assessment mapping, 
Const: U -> p (M) constraint relationship. 

Here P is the model yielding the feasible outcome of the decisions, G is a yardstick 
used to compare alternative decisions, and Const is the constraint on the domain of 
actions depending on the anticipated uncertainties. Finally, V has a certain ordering 
relation for the comparative assessment of decisions. Let the relation be denoted by <. 

Definition 13.1. Goal-Seeking Problem 
A goal-seeking problem (GSP) is formally defined by the following structure: 

GSP = (M, U, F, V, P, G, Const). 

A key role in characterization of a GSP is played by the uncertainty set, U. Two cases 
have to be considered: [/ is a singleton U = [UQ] and U has more than one element. 
In the first case, the function of a GSP is specified by the following statement: 

Given WQ e U (or U = [UQ]), find m* e M D C(uo) such that the following holds: 

(Vm e M n C(uo))(G{m, P(m, UQ), UQ) < G(m*, Pirn'', MO), WO) 

-> G{m, P(m,uo),uo) 

= G(m*,P(m*,Mo),Mo)). 

This decision problem is well defined as an optimization type as in the previous chap­
ters. 

In the second case, when U is not a singleton there is more than one feasible out­
come for a given selected decision. If U is not a singleton, which is almost universally 
the case in practice, there is no way optimization can be used to identify the desired 
decision. If a decision m e M is best (optimal) for one outcome of uncertainty u e U, 
it may be far from that for another u^ e U, except in very special, restricted circum­
stances. This is why the decision problem is ill defined. 

In order to provide a basis for a rational procedure to the second case, additional 
specifications are needed that will transform the problem from ill defined to well de­
fined. One additional specification that has to be made in order to proceed in a sys­
tematic way with the process of decision making is referred to as the selection of a 
decision principle [Mesarovic and Takahara, 1989]. 

The selection of a decision principle can proceed in two directions: 

(i) Leading to a specific UQ e U derived from additional (subjective, or risk-aversion-
based) specifications made by the decision maker. 

(ii) Leading to a subset U' C.U that contains a set of feasible uncertainties, either one 
of which can come to pass. This case falls into the category of decision making 
under true uncertainty. 
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Examples of the first approach are plentiful: given U^ C U as the expected set of 
uncertainties, MQ can be the most probable element, and it can be derived from U' by a 
statistical measure based on objective or subjective probabilities, or it can be derived by 
focusing on special conditions, e.g., worst-case view by taking min (or max) operation 
on U^ to identify UQ. 

Examples for the second approach are less common. An example is the satisfaction 
approach, which is based on the decision maker's selection of a tolerance function on 

T :U' -^V, 

Given T and the decision problem, the function of a GSP is then defined by the fol­
lowing statement: 

find m* e M such that 

G(m*, P(m*, u), u) < T(u) and m* e C(u) 

for all u eU' [Mesarivic and Takahara, 1989]. 
The solution is not unique, and any element of the set M' (Z M that satisfies the 

above condition is acceptable. 
Another aspect of the uncertainty set, which is of special importance for the design 

of a problem-solving system, refers to the function of uncertainty. A GSP is a target of 
the problem-solving layer of Fig. 1.2. Because the solving activity of the layer depends 
on the GSP, the uncertainty can be a parameter that controls the solving layer. The 
value of the parameter is decided by the higher layers of Fig. 1.2. This chapter treats 
the uncertainty in this context. 

Two categories of uncertainties can be recognized from the control viewpoint: 
structural Us and parametric Up,OYU = UgxUp. The structural uncertainty Us refers 
to alternative categories (or types) of relationships, while the parametric Up refers to 
behaviors of the relationships. The former changes the model used in decision making, 
e.g., from linear to nonlinear, from numeric to symbolic, or changes other relationships 
in a GSP. The parametric uncertainty refers to the selection of a specific model from a 
given category by selecting the corresponding parameters. 

In general, multilevel, hierarchical concepts of a complex systems theory are used 
to provide a management model to deal with the two categories of uncertainties 
[Mesarovic and Takahara, 1989; Takahara and Mesarovic, 2003]. Of particular rele­
vance is the so-called multilayer task structure, which is shown in Fig. 13.1, which 
corresponds to the upper echelon of Fig. 1.2. 

The user layer addresses the structural uncertainty Ug. In the next layer, the adap­
tive layer, the parametric uncertainty Up is addressed under the assumption that Us is 
dealt with by the upper layer. The task is ultimately to identify U^ C U(= Us x Up) 
or a single element u e U iobc used in the decision selection process of the lowest 
layer. Note that the specification of Us is a part of the control from the user layer to the 
adaptation layer. It is also true that specification of Up is a part of the control from the 
adaptation layer to the lowest layer. 

On the lowest layer, the problem-solving layer, a set of decisions M* is selected 
using the relationships selected on the upper layers. This is the activity that has been 
discussed in the previous chapters. 
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User layer 

Adaptive layer 

1 1"̂  
Problem-solving layer 

Fig. 13.1. Hierarchical goal-seeking system. 

13.2 Task Skeleton Model 

The previous chapters have assumed that the problem-solving layer is composed of 
two components, the problem specification environment (PSE) and the extended solver 
(extSLV). Usually, these components are not simple ones but are composites of sub­
systems. These subsystems are identified by functions that are called as tasks. 

Figure 13.2 shows a composite model called a task skeleton model [Takahara, 
Chen, and Shiba, 2003]. 

In the model, extSLV is further decomposed into two components, a problem for-
mulator (PRF) and a solver (SLV), and a PSE is identified as the output of a com­
ponent called a data model generator (DMG). It consists of a PSE constructor and a 
data-transformation component connected to a database. 

Although an SLV is still a major part in solving a problem in the task skeleton 
model, its sole activity cannot determine a solution. A solution can be found as a result 
of cooperation of the problem-solving layer, the adaptive layer (system), and the user 
layer. 

13.2,1 Problem-Solving Layer 

Let a GSP be 
GSP= ( M , f / , y , P , G , Com) 

as specified in Definition 13.1, where V = Re is assumed. 
The function of the problem-solving layer is to find a solution (decision) under the 

condition that a predicted uncertainty element is given, i.e., M* e (7, which is selected 
by the higher control layers. We call the decision problem of the problem solver with 
M* a particularized decision problem PP(M*). That is, 

PP(w*) = (M,{M*},^, Const), 
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Fig. 13.2. Task skeleton model. 

where g is the composition of P and G, i.e., 

g:Mx {u*} 

such that 

Re 

g(m, u*) = G(m, M*, P(m, u*)). 

Then, the task of the problem-solving layer is given by 

given u* e U, find m* e C(M*) that is optimal for PP(M*). 

The problem-solving layer specification has three stages: data model generator 
(DMG) specification, problem formulator (PRF) specification, and SLV specification. 

The first-stage DMG specification transforms external data into a PSE. (See the 
data transformation system and the PSE constructor of Chapter 15.) Because a function 
of set theory is a type of a relation and a constant is also a type of a function, a structure 
that specifies a PSE in Section 5.1.2 can be represented by a family of relations. In 
general, then, a PSE is given in the following way: 

DM(u) =: {Ri(u)\i el], 

where w e ^ , / is an index set, and Ri(u) is assumed to be given by a relation, table 
(matrix), or a set of vectors over values of attributes, i.e., 

Ri(u)C V/i X . . . X Vij, 

Vii, " ">yiJ are sets of values of respective attributes. 
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It should be noted that because a DM(M) depicts a native figure of the problem or 
because it is a parameterized representation of the problem structure, it provides good 
means for the adaptive layer and the user to modify the problem structure. Of course, 
u e U is the control variable for that purpose. 

The second stage of the problem-solving layer specification, PRF specification, 
prepares a problem representation PP(w) suitable for the SLV. Then, the PRF is speci­
fied as a mapping: 

PRF : DM(w) h^ PP(w), 

i.e., for each w G L̂  the problem formulator specifies a problem structure PP(M) for the 
SLV activity. 

Finally, an SLV can be represented as a mapping 

SLV : {PP(M)} -> Y 

such that if PRF(DM(M*)) = PP(w*), SLV(PP(M*)) = y* is an optimum solution of 
g, i.e., m* is an optimum solution of ^(m, w*) and y* = P{m'^, M*). 

13.2.2 Adaptive Layer 

A distinguishing feature of the problem-solving layer is that its task is actual problem-
solving using an algorithm. It represents the primary activity of problem-solving. This 
is in contrast to the task on the adaptive layer and the user layer that control parameters 
of the given GSP, or, precisely speaking, parameters of the PSE for the problem-solving 
layer to produce a better solution. 

In Section 13.1, the uncertainty set U was decomposed into two sets, U = UpxUs, 
where Up is a set of operational parameters that is the target of the adaptive layer. 
The adaptive system of that layer, ADPS, consists of two components: a heuristic rule 
for adaptation, ADR: M x Up x Ug -^ Up, and a solution evaluation rule ADC c 
M X Up X Ug. The adaptive system is then given by 

ADPS = (M, U, ADR, ADC). 

ADR is a modification rule of Up to improve a solution m* that is given by the 
problem-solving layer. Suppose Up is the current selected value of Up. Let m* be an 
optimal solution generated by the problem-solving layer for (wp, M*), where u* e Us 
is selected by the user layer. Then, if (m*, Up, w*) ^ ADC, m* is considered unsat­
isfactory by ADPS, which then generates u' = ADR(m*, Up, M*) and requests the 
problem-solving layer to regenerate a new solution for (w'̂ , u*). If the new solution is 
still unsatisfactory, the above cycle is repeated. 

ADC is a metaconstraint that cannot be included in Const of the problem-solving 
layer. There are three typical metaconstraints: 

1. A GSP assigned to the SLV must be feasible. 
2. The SLV must produce a solution in the allotted decision time frame. 
3. There are "soft" constraints that should normally be met but can be ignored in 

some situations. 



13.3 Intelligent Data Mining System 213 

Metaconstraint 1 requires that the SLV can generate a solution. Usually Const of 
the GSP is relaxed to make the GSP feasible. Metaconstraint 2 requires that the solving 
activity be suspended by the adaptive layer if the period of activity exceeds the time 
allowed. Metaconstraint 3 indicates an ethical requirement as a typical soft constraint, 
while an economical one is considered to be a hard constraint. 

13.2.3 User Layer 

A solution is forwarded to the user from the adaptive layer if it satisfies ADC. The 
user is supposed to evaluate whether the solution is satisfactory. There is an important 
special case. Let 

T :US->RQ 

be a tolerance function. Suppose the EU can select a finite set U'^ = {MJI, . . . , Usp] C 
Us as a feasible scenario. In this case mi is called satisfactory with respect to U^ if it 
satisfies the relation 

O^UseU',)(g(mi,Us)<T(us)), 

Because U'^ is finite, this condition can be represented as a predicate 

(girtti, Us\) < T(us\))& ''' &(g(mi, Usp) < T{usp)). 

Then, the satisfaction condition can be embedded into Const or into ADC as an addi­
tional condition. In this case, m*, which is an optimal solution generated by ADPS and 
extSLV, is automatically a satisfactory solution. 

In practice the ultimate task of the user is to select an appropriate scenario, or a 
subset of (/.y. 

13.3 Intelligent Data Mining System 

13.3.1 Framework for Intelligent Data Mining System 

Chapter 12 discussed data mining as an example of the model theory approach. It is 
a topic of interest in MIS because of its importance, and many software packages are 
now commercialized. However, at least one deficiency can be identified in current data 
mining activities. It is said that data mining output is used for prediction or classifica­
tion using only the class of attributes of a target data set [Weiss and Indurkhya, 1998]. 
The data mining activity is then not far from conventional statistical analysis. Data 
mining should be linked to a deep knowledge of management to yield a truly useful 
result. The linking mechanism is missing. This section will address this problem as 
problem-solving development. 

Development of an intelligent data mining system (IDMS) follows the task skele­
ton model discussed in Section 13.2. The problem-solving layer performs regular data 
mining. As Fig. 13.2 shows, the layer consists of the three components: DMG, PRF, 
and SLV. The DMG is to yield data and parameters; the PRF is to preprocess them. 
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which includes cleansing, clustering, categorization, and/or transformation of data val­
ues to produce a structure model; and the SLV is to carry out data mining of the struc­
ture model prepared by PRE In the IDMS, the mining operation is performed in three 
ways: reduction of the given data set, generation of a decision tree, and generation of a 
rule set. The problem-solving layer carries out these primary activities of a data mining 
system. 

The main function of the IDMS is performed by the adaptive layer, which adjusts 
the solving-layer operation. The adaptive layer first gets a user's goal or a query that is 
supposed to represent his intention in data mining. It then loads extensive knowledge 
from a knowledge base (KB), which can address the query. Actually, it should be a 
mediator between the query of the user and the shallow knowledge produced by the 
data mining operation. Based on the query of the user and the extensive knowledge, 
it selects a proper subset of the attribute set using a standard statistical technique and 
the decision tree analysis of data mining. The rule-generation operation of data mining 
is then applied to the reduced data set, which is a restriction of the original data set 
with respect to the selected attributes. Parameters of the rule generation are tuned by 
analysis of generated rule sets so that hopefully a meaningful rule set can be generated. 
Finally, by combining the query, the extensive knowledge, and the produced rules, the 
IDMS generates an expert system and executes it to produce predicative statements 
about queries given by the user. 

The user examines the output of the adaptive layer and changes some parameters 
of the DMG so as to get a satisfactory solution. 

13.3.2 Problem-Solving Layer of IDMS 

The problem-solving layer is an input-output system. The inputs are the data set for 
data mining and the parameters to control it. 

The data shown in Fig. 13.3 are used as a typical example of a data set, called the 
"weather problem" [Witten and Frank, 1998]. 

In this data set the user is supposedly interested in the weather conditions when a 
game is played. The output attribute is "play," while the other attributes are the input 
attributes. 

As mentioned above, the problem-solving layer is assumed to perform both the de­
cision tree generation and the rule generation. Decision tree generation is used to check 
the relevance of input attributes of the data set to its output attribute. The generation 
produces a decision tree as shown in Fig. 13.4 [Witten and Frank, 1998]. Figure 13.4(a) 
shows the original display of the tree in extProlog, while Fig. 13.4(b) shows a redrawn 
tree in a more standard form. The decision tree shows that if the outlook is sunny and 
the humidity is high, the game will not be played. The confidence of the assertion is 
100%. 

Figure 13.4 also shows that the attribute of temperature is not included in the tree 
representation, which means that the adaptive layer can judge that the temperature is 
not relevant to the output attribute "play" and can reduce the attribute set by deleting 
temperature from the original attribute set for the rule-generation operation. 
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Fig. 13.3. Weather problem: data set. 

The rule-generation operation is applied to the reduced data set. Figure 13.5 shows 
an example of the output of the rule-generation operation where the restricted attribute 
set {play, outlook, humidity, windy} is used. 

The rule set generation is controlled by the confidence number (ConL), the support 
number (SupL), and the attribute set (where irrelevant attributes are ignored). As shown 
below, the output of the rule set generation is produced as a Prolog rule set. 

The operations of attribute selection, tree generation, and rule generation are con­
trolled by commands of the adaptive layer to the problem-solving layer. 

13.3.3 Adaptive Layer of IDMS 

Figure 13.6 shows the strategy of the adaptive layer. The strategy consists of seven 
stages. 

At the first stage, the adaptive layer obtains a query (dmEV) from the user. It is 
assumed to be given in predicate form. 

Figure 13.7 shows a trivial example of dmEV. The user simply wants to know what 
kind of satisfaction X can be obtained for the current situation. 

At the second stage of Fig. 13.6, extensive knowledge dmSTNDKN is obtained 
from the KB relevant to the user's query. It is also assumed to be represented in rule 
form. The knowledge dmSTNDKN must be able to provide a link between dmEV 
and the rules generated from the data set, that is, factual knowledge about the data 
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Fig. 13.4(a). Decision tree output of the problem-solving layer. 
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Fig. 13.4(b). Decision tree output of the problem-solving layer. 

set. Predicates of dmSTNDKN hopefully connect the predicates used in the query 
and attributes of the data set. Figure 13.8 shows a trivial example of dmSTNDKN 
for Figs. 13.3 and 13.7. Determination of dmSTNDKN is the most difficult step of 
Fig. 13.6. It is done inside the adaptive layer. 

At the third stage of Fig. 13.6, a small subset of the data set is extracted. Extraction 
of the subset can be performed using random sampling, stratified sampling, and equal-
distance sampling. In the example of this chapter, the selection is done by simply 
sampling entries at random. 
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1. If outlook is overcast, then play is yes with confidence of 100% 
and support number 4. 

2. If humidity is normal, then play is yes with confidence of 85.7% 
and support number 6. 

3. If windy is false, then play is yes with confidence of 75% 
and support mmiber 6. 

4. If humidity is normal and windy is false, then play is yes with 
confidence of 100% and support number 4. 

Fig. 13.5. Rule output of the problem-solving layer. 

Start 

Get dmEV from user 

Get dmSTNDKN 

Select subset of data (sampling) 

Attribute selection 

Generate rule dmR 

Z 
Generate dmES from dmEV, dmSTNDKN, dmR 

1 
Execute dmES for prediction 

End 

Fig. 13.6. Strategy of dmES.m. 

satisfaction(X) ? 

Fig. 13.7. Example of dmEV. 

If outlook=overcast and play=yes, satisfaction=high. 
If outlook=sunny and play=yes, satisfaction=medium. 
If outlook=sunny and play=no, satisfaction=low. 

Fig. 13.8. Example of dmSTNDKN. 
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At the fourth stage of Fig. 13.6, attribute selection is performed by finding a rele­
vant attribute subset and removing unimportant or redundant attributes. 

At the fifth stage, a reduced data set is determined by deleting the irrelevant at­
tributes from the original data set. For example, the attribute temperature is ignored in 
the attribute set. A rule-generator algorithm is then applied to the reduced data set to 
generate a rule set dmR. In order to avoid overfitting of rules to the given data set, the 
current system uses a simple method to adjust SupL and ConL to cut off unimportant 
rules. This stage requires repeated operation of rule generation. 

At the sixth stage, the system combines dmEV, dmSTNDKN, and dmR to yield an 
expert system dmES. This can be easily done because dmEV, dmSTNDKN, and dmR 
are represented in if-then rules and the IDMS is developed in extProlog. 

At the final stage, dmES is executed to produce some answers (predictions) rel­
evant to dmEV. Confidence factors of dmR specify the uncertainties of the predic­
tions. 

13.3.4 Implementation of IDMS 

The model space of extProlog, which is shown in the right-lower window of Fig. 13.9, 
is used as the platform to implement the IDMS [Takahara et al. 1993]. Figure 13.9 
shows the real structure of the system, which consists of four components, that is, two 
spreadsheets, dminput.s and dmPara.s, and two models, dmSLV3.m and dmES3.m. 
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Fig. 13.9. Implementation of the system on the model space in extProlog. 
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The spreadsheets keep two data, a data set X\ for data mining and parameters 
X2 for control of the mining operation. Naturally, these parameters can be controlled 
by the user because they are data on the spreadsheets. Let Xi = [datamodel, attrlist, 
dniEVFname], in which datamodel specifies the file name of the preprocessed data set, 
attrlist is the attribute list of the data set, and dmEVFname shows the name of the file 
that saves a query of the user. Let X2 = [command, ratio, supL, confL, maxrulenum, 
attrsellst]. The first element, command, specifies an operation of the problem-solving 
layer; the second element, ratio, controls a reduction rate of the data set used for at­
tribute selection; the third and fourth elements, supL and confL, specify the values 
of the supporting level and the confidence level, respectively; the fifth element, max­
rulenum, indicates the maximum number of rules that are to be generated at the fifth 
stage; and the last element, attrsellst, shows the attribute set selected at the fourth 
stage. 

The parameter set X2 is adjusted to suppress overfitting, and X\ and X2 can be 
controlled by dmESS.m and the user. The dmSLVB.m is a model written in the model 
description language (MDL) of extProlog [Takahara et al. 1993], which corresponds 
to the problem-solving layer of Fig. 13.2 and performs the operational activities of 
Fig. 13.6. 

The dmES3.m is the model for the adaptive layer of Fig. 13.2, which implements 
the strategy of Fig. 13.6. Both dmSLV3.m and dmES3.m are reported in [Takahara 
etal.2002]. 

Because the data preprocessing is already completed in this example. Fig. 13.3 
does not show the original data set but rather a preprocessed one. In the original data 
set, the temperature or humidity data might be numerical. In that case, categorization 
of values should be done by the PRF to produce a secondary data set. 

After deleting the irrelevant attribute "temperature" using Fig. 13.4, rule generation 
is performed for a given pair (supL, confL). For instance, the case of supL = 2 and 
confL = 70% produces 14 rules. Because 14 rules are too many when compared 
with the given data set, the pair (supL, confL) of dmpara.s is modified to generate a 
more concise rule set. Finally, 4 rules are generated for supL = 4 and confL = 60%. 
Although the modification can be performed by dmES3.m, it is done manually in the 
current implementation. The final result is illustrated as Prolog rules in the "dmR.p" 
part of Fig. 13.10. 

The rules of dmR.p are combined with dmEV and dmSTNDKN listed in Fig. 13.10 
to produce an expert system, dmES, in extProlog. Figure 13.10 is the entire code of 
dmES, which is just a combination of dmR.p, dmEV.p, and dm STNDKN.p. It should 
be noted that dmES collects facts about attributes outside of the data set and predicts 
the status of satisfaction of the user based on dmR and the facts. 

The total structure can be summarized as Fig. 13.IL 
It should be noted that the expert system can dynamically change depending on 

data mining and KB. 
Figure 13.12 illustrates a real communication between a user and the system. 

According to Fig. 13.10, dmES starts with execution of the user's satisfaction query, 
satisfaction(X). It depends on dmR(), and hence dmR() is next driven: dmR() drives 
the fact collection program. The fact collection program communicates with the user. 
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;-outlook(overcast); 
:-windy(false); 
:-humidity(normal); 

dmR(3,play(yes) , 1 .OOOOe+00, 4) :-humidity (normal) , windy (false) ; 

/•dmSTNDKN.p*/ 
satisfaction (high) :-dmR(Id,play (yes) ,Conf ,Sup) , out look (overcast) , 

xwriteln(0,"You must be highly satisfied!!!play=yes with ", 
[Conf,Sup]),assign(resstatus,1); 

satisfaction (medium) :-dmR(Id,play (yes) ,Conf ,Sup) , outlook (sunny) , 
xwriteln(0, "You can be happy! ! !play=yes with ", [Conf ,Sup] ) , 
assign(resstatus,1); 

satisfaction (low) :-dmR(Id,play (no) ,Conf ,Sup) , outlook (sunny) , 
xwriteln(0, "You may be disappointed play=no with ", [Conf,Sup]), 
assign(resstatus,1); 

satisfaction(X):-
resstatus(0), xwriteln(0,"sorry!!!"); 

/*£act collection*/ 
ask(A,V):-

known(yes, A, W ) , ! , 
V=W; 

ask(A,V):-
known(X,A,V),!,fail; 

ask(A,V):-
xwriteln(0,"Attr:Value=' 
xwriteln(0,"?(yes/no)")< 

,[A,V]), 
xread_parse(0,Y), 

assert(known(Y,A,V)), Y=yes; 
known(); 
humidity (V) :-ask (humidity, V) ; 
windy (V) :-ask (windy, V) ; 
outlook(V):-ask(outlook,V); 
temperature(V):-ask(temperature,V); 

/•dmEV.p*/ 
?-assign(resstatus,0),satisfaction(X); 

Fig. 13.10. Generated expert system: dmES.p. 
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Fig. 13.11. Implemented structure of IDMS. 

It first asks whether it is windy. If the user answers yes, it checks whether the outlook 
is overcast. If the user answers yes again, dmR() yields one predicative conclusion: 
"You must be highly satisfied! !!play = yes with [0.75, 6]." It states that the game will 
be played with probability 0.75. The conclusion is derived based on the rules mined 
from the data. 
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Transaction Processing System on Browser-Based 
Standardized User Interface 

This chapter presents the model theory approach to development of a transaction 
processing system (TPS), which is the main target of current systems engineering. 
With this approach, the system developer constructs the specification for the target 
system based on the relational structure of the TPS (presented in Section 1.2). The 
specification is described in computer-acceptable set theory (introduced in Chapter 2) 
and then compiled into an executable TPS in extProlog. The system is executed under 
the control of a standardized user interface (UI) designed in PHP. The UI has been 
developed on several levels of sophistication. For the sake of simplicity, this chapter 
discusses TPS development using the simplest UI. 

This chapter reconfirms the following advantages of the model theory approach 
over the standard approaches: 

• It provides a reliable system specification (a general assertion for formal ap­
proaches). 

• It facilitates reliable implementation and rapid systems development by providing 
a user interface (for the transaction processing system) and a goal-seeker (for the 
problem-solving system) as black box components for MIS development coupled 
with automatic systems generation. Once a system specification has been given in 
computer-acceptable set theory, an executable transaction processing or problem-
solving system can be produced. The executable system is expected to be a correct 
realization of the specification. 

• It may reduce the cost of systems development by providing a means of acceler­
ating development and by the system's being usable in the open-source software 
LAPP (Linux, Apache, postgreSQL, PHP). 

• It can realize an intelligent MIS that accounts for both problem-solving and trans­
action processing functions on an integrated platform. 

• It facilitates end-user maintenance by allowing system construction to be per­
formed using elementary set theory rather than a computer language. 
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14.1 Model Theory Approach to Transaction Processing System: 
Canonical Structure 

This chapter addresses application of the model theory approach to TPS development. 
Although the target of this chapter is a TPS, as Section 14.3 shows, a TPS in the model 
theory approach includes a problem-solving system as a subsystem. The preceding 
chapters dealt with the problem-solving system, and the definitions referred to in this 
chapter are drawn from that discussion. 

Traditionally, TPSs have been developed without using formal methods. However, 
there is a school of thought that emphasizes the importance of a formal approach 
[Fitzgerald et al. 1998], claiming that the formal approach can address the difficulties 
associated with the traditional approach. In particular, a formal approach can assist 
in identifying deficiencies in a system specification in an early stage of development. 
Rigorous validation of a developed system is possible in a formal approach. Provid­
ing reliable documentation is also easier by a formal approach because formalized 
statements can be used as documents. If the formal specification can be automatically 
translated into an executable system, as proposed here, rapid systems development 
can be realized. Most importantly, however, a formal approach can establish systems 
engineering as a solid engineering discipline that is more than just an art. 

The most notable example of a formal approach to TPS development is VDM-
sl (Vienna development method specification language) [Fitzgerald et al. 1998]. Al­
though VDM-sl relies on set theory and logic, its model description language should 
be considered as a computer language with strict type requirements rather than set 
theory. It is certainly better from a practical perspective for an ordinary system devel­
oper not to be required to learn another computer language in addition to set theory 
and logic. Furthermore, as the name indicates, VDM-sl is principally designed for the 
specification phase of information systems development: the advantages of formalism 
cannot be fully appreciated if it is relevant only to specification. 

The model theory approach presented in this chapter differs from VDM-sl in sev­
eral points. The fundamental difference is that the model theory approach addresses 
both SLV development and TPS development. It is not restricted to TPS development. 
The model theory approach is based on a general formalized structure of an informa­
tion system. Set theory and logic are used for the model theory approach in the standard 
form. Moreover, the proposed approach includes the implementation phase for systems 
development as an integral part, and is supported by automatic system generation. On 
generation, a standardized UI is attached to the executable system, eliminating the need 
for the construction of a user interface. 

Figure 14.1 shows a simple problem that can be treated by this approach. A detailed 
discussion of this problem is given in Section 14.6. The figure is part of the data flow 
diagram (DFD) for a workshop registration system [Koizumi et al. 2003]. A more 
meaningful example is given in Chapter 15. 

A DFD is used as an extended block diagram in this approach. It should be noted 
that systems engineering usually starts from a block diagram representation of the 
target problem (see Fig. 4.1). The model theory approach follows that tradition. 



14.1 Model Theory Approach to Transaction Processing System: Canonical Structure 227 

check_participan^R^ g_updateRes 

participant.lib 

Fig. 14.1. DFD for a workshop registration system. 

The DFD shows that when the user (organizer) issues the command "register" with 
supporting information, the process "register" handles the command using the current 
data in the file "participant.lib" and returns a response "regisrerRes" to the organizer 
and at the same time updates the file. 

The development procedure of the model theory approach is applied to the DFD 
to derive a target system (see Section 14.6). Figure 14.2 illustrates a browser-based 
implementation of the system shown in Fig. 14.1. 

IlifiJMii^itJtltf^-j^iti 

£He £dit Ĵ iew fio gookmarks lools ||elp 

^ ^ -v-̂  ' ^ l ^ - ^ \'-^ http://localhost/stdUI4.php|v|lp, 

-X1& 

i jRed Hat, \m. i jR«d Hat Jtetwork OSimPort LJSHOP CiPr<>duct« OTraining 

Sc»kvt. a â stamaiKl aiKl c l i c k OK! 

quit 
'total^fcc" 
'check partic»pant" 

"reg.^update" 

Done 

ExtemalUI 

Fig. 14.2. Browser-based implementation. 

It is not important to understand this implementation in detail at this point, but it 
should be understood that Fig. 14.2 can be abstracted into Fig. 14.3, an image of a 
browser-based MIS, which is the starting point of this chapter. 
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Fig. 14.3. Image of browser-based MIS. 

In the abstracted model, an MIS is assumed to consist of two subsystems: a UI 
and a basic MIS (BMIS). The interface is called an external UI, which is illustrated as 
an overall structure in Fig. 14.2. Appendix 14.3 discusses the external UI. Since the 
external UI is standardized and implemented in PHP using a standard browser, and 
is provided as a black box in MIS development, the development theory for the MIS 
is concerned primarily with the BMIS. In fact, the theory has been developed on the 
assumption that the following three subsystems are given as black box components. 

Assumption 14.1. The following three components are provided as black box compo­
nents for MIS development by the model theory approach: 

External UI: ^ : UlState x f/o x V -> L̂  U VQ, 

internalUI: U({actionN/} x Paralist/) -^ {name of <5_/lactionN,}i x Res, 

Goal-seeker: o : C -^ A. 

The internalUI is defined in Definition 14.14 in Appendix 14.2, and the goal-seeker 
was discussed in Sections 5.3 and 5.4. 

Following the MIS model shown in Fig. 14.3, let the four sets [/QJ VQ, (7, and V be 
defined as follows: 

UQ: input alphabet to the external UI, 

Vo* output alphabet from the external UI, 

U: input alphabet to the BMIS, 

V: output alphabet from the BMIS. 
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The external UI accepts a command UQ € UQ from a user and sends it to the BMIS 
as an input u e U. The BMIS processes the command and generates a proper response 
V e V, which is returned to the user by the external UI as an output VQ e VQ. The 
external UI is thus formally given by 

(f ("input", MO, - ) = <fi(Mo) = u e U, 

and 
(f("output", - , v) = ^2(v) = voe Vo, 

where UlState = {"input", "output"} and <^\ : UQ ̂  U SLnd^2 ' V -> VQ. 

We start here with the formalization of the BMIS. 

Definition 14.1. Formal model of the BMIS 
Let 

7̂  = {0,1,2, . . .} 

be the time set to describe the BMIS as a discrete system. The BMIS is a formal system 
called a time system [Mesarovic and Takahara, 1989], and is expressed as 

BMIS C L̂ ^ X V^, 

where L̂ ^ = [x\x : T ^ U}. 

Starting from the formal model of the BMIS, a canonical model of the BMIS can 
be derived as presented below. The formal derivation is given in Appendix 14.1. 

Since the BMIS is a causal stationary discrete time system [Mesarovic and 
Takahara, 1989], it can be represented by a reduced automaton model ([/, V, C,S, A,co), 

S : C X U -^ C (state transition function), 

X : C X U -^ V (output function), 

CO € C (initial state). 

Let S and X be extended asS : CxU* -> C andl : CxU* ^ V* where S(c, A) = 
c and S(c, xu) = S(S(c, x), u) and X(c, A) = A and A(c, xu) = X(c, x) • A(S(c, x), u). 
U* and V* are the free monoids of U and V respectively. A denotes the null string. 
Then, a congruence relation ~co^ ^* ^ ^* can be defined as 

(x,x') 6~co^ (yy)WSico,x),y) = HS(co,x'),y)), 

Consequently, the BMIS can be represented by the following structure, which is 
called the canonical model of the BMIS. This is the most basic characterization of the 
BMIS. 

Definition 14.2. Canonical state space model of the BMIS 
The canonical state space model of the BMIS is described by 

canonical state space model = {U, V, U*/^cO, ĉan? ̂ csm, [A]), 
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where 

<̂can : U*/^cO xU ^ ^*/~cO such that ScaniM, u) = [x - u] 

and 
l̂-can : U*/^cO xU -> V such that Acan (M, u) = X(3(co,x), u). 

Figure 14.4 shows a schematic of this structure. 

UoeUo 
Input/command 

voeVo 
Output/response 

External user 
interface in PHP 

u e U 
V G V 

BMIS 

Process-
5can(c,u)=c2 

^can(c,u)=V 

State: 
c e U V c O 

Next state: 
C2GU*/~CO 

<U*/-cO, [A]> 
Memory of state 

I. 
Fig. 14.4. Canonical state space model for BMIS. 

14.2 Realization Structure of BMIS: File System 

An implementation model for the BMIS is derived from {U, V, C^*/~c05 ̂ can, '̂ can, 
[A]) using the following structure, called the realization model. In the realization 
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model, the memory of state is represented by a family of files, called the file sys­
tem. The notation realization() is used to represent the set-theoretic denotation for a 
name. For the name n of an attribute or a response let 

realization(n) = set of instances indicated by n. 

For example, for an attribute name "applicant." 

realization("applicant") = {"banerji", "shiba", "takahara", "saito",...}. 

Let 

realization(namei,..., namejt) = realization(namei) x • • • x realization(namejt). 

The definition of the realization structure is then given as below. 

Definition 14.3. Realization structure of the BMIS using a file system 

1. ActionName: set of action (command) names = {« i , . . . , At̂ }, 
2. ResName: set of response names, 
3. AttrName: set of attribute names used for actions = {attri , . . . , attr/}, 
4. para: ActionName-> p(AttrName): action parameter specification function, where 

p(AttrName) is the power set of AttrName. 
5. Paralist/ = realization(para(actionN/)), where actionN/ e ActionName. para 

(actionN/) will be typically denoted by P,i x • • • x Pini. 
6. {fj]j: set of file structures such that fj: AttrNameO-> {true, false} or fj C Attr-

NameO, where AttrNameO is the set of attribute names used in the file system. 

The input and output alphabets U and V are then given by 

U = U{{actionN} x realization(para(actionN))|actionN e ActionName}, 

V = U{realization(resName)| resName e ResName} 

= Res. 

That is, M € L̂  is a pair of an action name and an action parameter. 
The sets ActionName and ResName and the para function are given by the devel­

oper as external information, where the following should hold: 

AttrName = U{para(actionN^)| actionN/ 6 ActionName}. 

The file system, which must implement (t//~cO» [A]), is not given in the system 
specification. It can be considered even an independent component when designed 
as a database. Appendix 14.2 formally discusses relationship between the file system 
and {U/^cO, [A]). The result leads to the realization structure for the BMIS shown in 
Fig. 14.5. 

Figure 14.5 shows that the BMIS is decomposed into two components: an internal 
UI and a user model. The user model consists of atomic processes. When the BMIS on 
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Fig. 14.5. Realization stmcture of the BMIS. 

file system [fj}j is represented by {U, V, C, S, X, CQ), an atomic process r5_iactionN, • 
C X P/i X • • • X Pini -> Res X C is defined as follows: for each actionN/ € ActionName 
and ( p i i , . . . , Pmi) € Paralist/, 

-̂> âctionN/ {c, pn, . . . , Pini) = (Hc, u), S(c, u)), 

where u = (actionN/, p / i , . . . , pini). <5_AactionN/ represents the unit operation corre­
sponding to actionN/ eActionName. 

The total system shown in Fig. 14.5 starts with execution of the external UI. The 
interface accepts a user command for the BMIS as a pair of an action name and an 
action parameter, that is, (actionN, paralist)€ {actionN} x realization(para(actionN)). 
In Fig. 14.11(b), action = "register" is selected, and in Fig. 14.11(c) parameter val­
ues "takahara" and "cit" are assigned to para("register") = {"name", "institute"}. The 
external UI sends it to the internal UI. The internal UI, then, selects a proper atomic 
process according to the action name, and the selected atomic process <5_AactionN ex­
ecutes the command using the parameter and information from the file system. On 
execution, an appropriate response is prepared by the atomic process and is returned to 
the user via the user interfaces (see Fig. 14.11(d)). At the same time, the file system is 
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updated by the process. Strictly speaking, the external interface first obtains the name 
of the target system in extProlog (see Fig. 14.11(a)). 

The BMIS is always implemented in the scheme shown in Fig. 14.5, which imitates 
the scheme of an organizational cybernetic model [Takahara and Mesarovic, 2003]. 
The total structure is called modTPS (model based TPS). 

The internal UI of Fig. 14.5 is an interface between the external UI and the user 
model, and acts as a coordinator of atomic processes. It is standardized and imple­
mented in extProlog, and is provided as a black box for BMIS development. The in­
ternal UI has another function, which is to transmit a response from the user model to 
the external UI. On transmission, the internal UI acts as an identity mapping. 

14.3 Atomic Process and Relational Structure of User Model 

According to Fig. 14.5, the BMIS can be realized once the user model has been con­
structed. For implementation of the user model, the atomic process <5_/lactionN/ is fur­
ther decomposed into two components: an interface component and an implementation 
component. 

Definition 14.4. Implementation structure of atomic process 
The implementation structure of the iih atomic process is given as follows: 

implementation structure of/th atomic process = (/th interface component, 

iih implementation component), 

where 

/th interface component = {(5_lambda(actionN/) : Paralist/ -^ Res), 

/th implementation component = (^/ : C x Paralist/ —> Res x C), 

and 

delta_lambda(actionN/)(paralist) = res ô- (3c, c2)((res, c2) := (pi(c, paralist)). 

Here, c and c2 are the state values of the file system, and </>/ is an implementation of 

Real operation of the atomic process is performed by cpt. The user model is thus 
a family of atomic processes, where an atomic process corresponds to an operator of 
the organizational cybernetic model. Since the function indicated by a command name 
(action name) is performed by an atomic process, each action name is associated with 
one atomic process. 

According to the implementation structure of an atomic process, the detailed struc­
ture of the /th atomic process is shown in Fig. 14.6. 

As shown in Fig. 14.6, an atomic process consists of two components: an in­
terface component and an implementation component. After an action name and its 
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Fig. 14.6. Implementation structure of atomic process. 

parameter have been specified by a user as an input (refer to Fig. 14.11(b, c)), and 
the internal UI has selected an atomic process associated with the action name and 
triggered the interface component, the selected interface component reads and for­
mats the action parameters as a list and sends the list (paralist) to the implementation 
component. 

Finally, the relational structure representation of the user model, required for im­
plementation, is given below. 

Definition 14.5. Relational structure of user model 

relational structure of user model = (ActionName, para, 

{/th interface component, /th implementation component}/). 

The set ActionName and the function para() are used by the external UI to com­
municate with the user. Figure 14.2 presents ActionName for the registration system 
as a list. The user selects an action from the list to start the system (see Section 14.4). 

There are two types of implementation components: a transaction type and a solver 
type. A transaction-type implementation component is a simple type that triggers state 
transition in the file system using information in the paralist. The content of the file 
system is consequently modified by the transition. In Fig. 14.6, this modification is 
illustrated as the transition of the current state c to the next state c2. The process 
"register" in Fig. 14.1 is an example of a transaction-type process. An appropriate 
response is also produced according to the state transition (see Fig. 14.11(d)). 
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The implementation component for a solver-type atomic process is not a simple 
mapping because a problem-solving task must be performed. The process "jobarrange" 
in Chapter 15 is an example of a solver-type process, in which an optimum matching 
problem is solved. 

Since the extSLV discussed in the preceding chapters is a general problem-solving 
system, the structure of the solver type component can be obtained by replacing the 
implementation component in Fig. 14.6 with the extSLV. Figure 14.7 shows the imple­
mentation structure of a solver-type atomic process. 
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Fig. 14.7. Implementation structure of solver-type atomic process. 

Information for the problem specification environment (PSE) is supplied from the 
user and the file system. Data from the file system is usually transformed into ab­
stracted information suitable for problem-solving. The output from extSLV is called 
the primary solution, and may be modified as a secondary solution that is more 
understandable for the user. The solver-type component is discussed in detail in 
Chapter 15. 

14.4 Dynamic Process of modTPS 

The dynamic process of modTPS is summarized in Fig. 14.8. 
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Fig. 14.8. Dynamic process of modTPS. 

The activities "get TPS name," "get action name," and "get action parameter" are 
performed by the external UI. Here, "get TPS name" determines the target TPS. If 
the action name is "quit," the operation of the TPS is suspended. The activities "select 
atomic process" and "process action" are performed by the internal UI and the selected 
atomic process, respectively. After "process action," the TPS waits for a new command 
from the user. 

14,5 Development Procedure for TPS Using the Implementation 
Structure of the User Model 

Figure 14.9, essentially a reproduction of Fig. 1.3, shows the systems development 
process for a TPS and operation of it. 
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Fig. 14.9. TPS development process by the model theory approach. 

A systems developer must provide a user model of the target system in computer-
acceptable set theory, and that is the developer's only responsibility. The user model is 
first constructed from the DFD of the target following the relational structure provided 
in Section 14.3. Then, the model is transformed into a representation in computer-
acceptable set theory. Chapter 1 introduced the representation as an implementation 
structure. The following is also a reproduction of the implementation structure men­
tioned in Chapter 1. 

Implementation Structure of User Model for TPS in (Computer-Acceptable) Set 
Theory 

func(<list of function name>); /•declaration of function names used 
in the user model*/ 
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ActionName.g=<list of action names>; /*specification of ActionName*/ 
/•definition of atomic process of 
actionNi*/ 

<actionNi>.g=para(actionNi) ; /•specification of parameters for 
actionNi*/ 

/•interface component of actionN^*/ 
delta-lambda([actionNi] ,paralist)= /•implementation component of 

res<^res:=actionNi(paralist) ; actionNi*/ 
actionNi(paralist) =res 

(res,c2) :=<^(c,paralist) ; 

The set ActionName and the function para are represented as the global variables 
(see Chapter 2) ActionName.g and (actionN/).g, respectively. 

The setcompiler then translates the model into an extProlog user model and at­
taches the internal UI. 

Finally, the derived user model is executed by the extProlog interpreter under the 
control of the external UI, which accepts a user request and outputs a response prepared 
by the user model. The user model also modifies the file system if necessary. The 
three systems, the extProlog user model, the extProlog interpreter and the external 
UI, construct the target TPS. Section 14.6.5 shows an example of the implementation 
structure. 

The development process involves five components: the formal structure of the 
user model, the setcompiler, the internal UI, the extProlog interpreter, and the external 
UI. The setcompiler is presented in Chapter 2, the external UI is discussed in Appen­
dix 14.3, and the extProlog interpreter is discussed in Chapters 17 and 18. The others 
are introduced in this chapter. 

14,6 User Model Construction: Example 

Figure 14.10 outlines the user model construction procedure using the implementation 
structure of a user model. 

The construction procedure consists of six stages: 

drawing of the data flow diagram (DFD) as a generalized block diagram, 

specification of action names and response names in set theory, 

design of the file structure system and para function, and realization of names, 

design and description of atomic processes in the relational structure, 

compilation of the user model into an extProlog system to which the 

standardized internal UI is attached, and 

test and operation under control of the external UI. 

The simple example shown in Fig. 14.1 is used to illustrate the TPS development 
procedure. 
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1 

Fig. 14.10. User model construction and compilation for TPS. 

14.6.1 DFD (Generalized Input-Output Block Diagram) 

The input-output block diagram definition and input-output specification in set theory 
are critical phases in TPS development. Currently, a DFD is used as a generalized block 
diagram to determine the input and output sets or the functions of the target system. 
Figure 14.1 will be used for the registration system. 

14.6.2 Specification of ActionName and ResName in Set Theory for Registration 
System 

From the DFD in Fig. 14.1, the following input-output specification can be derived 
directly. 

ActionName set: 

ActionName = {"register", "check_participant", "total_fee", "quit", 

"reg-update"}, 

where 

register: registration of participant, 

reg_update: update of registration, 

check-participant: display of participant information, 

total-fee: display of total fee paid for registration, 

quit: suspension of system. 
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ResName set: 

ResName = {"registerRes", "check_participantRes", "total_feeRes", 

"reg_updateRes"}. 

14.6.3 Design of File Structure System {fj}j and Para Function, and Realization 
of Names 

The DFD in Fig. 14.1 specifies one file name for this system. Suppose the para function 
and hence AttrName are given as follows: 

para function: 

para("register") = {"name", "institute"}, 
para("reg_update") = {"name", "institute", "fee", "track"}, 
para("check_participant") = {"name"}, 
para("total_fee") = 0 , 

where 

name: participant name, 

institute: affiliation of participant, 

fee: paid registration fee, 

track: workshop track of participant, 

date: date of event. 

For example, para("register") = {"name", "institute" } implies that the action "register" 
requires information of ("name", "institute") for its execution. 

AttrName set: 

AttrName = {"name", "institute", "fee", "track", "date"}. 

Then, Proposition 14.6 of Appendix 14.2 implies the file structure f\ as below. 

File structure system {fj ]j: 

/ i = participant.lib = {"name", "institute", "fee", "track", "date"}. 

Realization of the attribute names is given below. 

Realization of attribute names: 

Name = realization("name") = set of participant names (= set of strings). 

Institute = realization("institute") = set of institute names (= set of strings). 

Fee = realization("fee")= set of integers. 

Track = realization("track") = set of track names. 

Date = realization("date") = set of event dates (= {(Y, M, D)}). 

Using realization of attributes, the file system is realized as follows. 
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Realization of file system: 

Participant.lib = ((Name x Institute) x (Fee x Track x Date))*. 

It is assumed that in the model theory approach every file is suffixed with ".lib" (refer 
to Chapter 2). 

An element of ResName is realized in a similar way. 

Realization of ResNames: 

RegisterRes = realization("registerRes") = Name x Institute x RegType x RegData, 

where 

RegType = {.pre_registration, .new_registration, 

.incomplete_registration}, 

RegData = {(.fee, .track), (.receipt, .proceeding)}. 

Check-participantRes = realization("check_participantRes") 

= Institute x Track, 

Total-feeRes = Int, 

Reg_updateRes = realization("reg_updaters") 

= {"reg_update is completed","input data is wrong"}. 

It should be noted that .pre_registration, .new_registration, .incomplete-registration, 
.fee, .track, .receipt, and .proceeding are constant symbols (see Chapter 2). 

14.6.4 Design of Atomic Process 

Following the formulation presented in Section 14.5, the atomic process for "register" 
is given as follows. 

Atomic process for register: 

delta-lambda([register], paralist) = res o res := register(paralist); 

register([name, institute]) = res o (res, Participant.lib) 

:= (p (Participant.lib, [name, institute]); 
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f ([name, institute, if [[name, institute],*] 

.new_registration, .fee, .track], ^ Participant.lib, 

Participant.lib U {[[name, 

institute], [0,0, dateV]])) 

^(Participant.lib, 

[name, institute]) 

if [[name, institute],*] 

6 Participant.lib & 

fee 7̂  0& track 7̂  0, 

otherwise 

([name, institute, 

pre_registration, .receipt, 

.proceeding], Participant 

.lib) 

([name, institute, 

.incomplete-registration, 

.fee, .track], Participant.lib) 

where "*" is used as a wild card symbol. 
The meaning of 0 must be clear. For example, if a participant has not registered yet, 

i.e., [name, institute,*] ^ Participant.lib, the registration information [[name, institute], 
[0, 0, dateV]] is appended to Participant.lib and the corresponding response, [name, 
institute, .new_registration, .fee, .track], is produced, which states that this registration 
is new and the new registrant is required to pay a registration fee and specify sessions 
of interest. dateV is the date when the registration operation is performed. 

14.6.5 Implementation Description of User Model in Computer-Acceptable 
Set Theory 

A user model of the registration system in computer-acceptable set theory is given 
below, in which one action "register" is illustrated: 

/•register53.set*/ 
func ([delta_lambda,register]); 
ActionNaine.g= ["quit", "register"] ; 
/•atomic process of register*/ 
register.g= ["name","institute"]; 
delta—lambda( [ .register] ,paralist) =res <-> 

res := register (paralist); 

register ( [name,institute] )=res <-> 
(notmember([[name, institute],y],participant.lib)) -> 

( 
date:=getDate2{), 
participant.lib := union(participant.lib,[[[name, 

institute],[0,0,date]]]), 
res:= [name, institute, .new_registration, .fee, .tracJ<:] 
) 

.otlierwise 
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[fee,track,date] := p a r t i c i p a n t . l i b ( [ n a m e , i n s t i t u t e ] ) , 
(fee <> 0 and tracJc <> 0) -> 

( 
res:=[name,institute,.pre_registration, 

.receipt,.proceeding] 
) 

.otlierwise 
( 
res:=[name,institute,.incomplete_registration, 

.fee, . traclc] 

); 

The following are correspondences between the implementation structure shown 

in Section 14.5 and that in the above model: 

func(<list of function name>) ;<->-f\inc ( [delta—lambda, register] ) ; 

ActionName.g=<list of action names>;'<->'ActionNaine.g= ["quit" , "register"] ; 

<actionNi> .g=para (actionNi) ;«o-register.g= ["name" , "institute"] ; 

interface component of <actionNi>;<<->delta—lambda( ["register"] ,paralist) = 

res <-> 

implementation component of <actionNi>;-<->register( [name, institute] ) = 

res <-> 

14.7 Operation of Compiled User Model 

Figure 14.11 illustrates real operations of the registration system, which is generated 

from the user model of Section 14.6.5 by the setcompiler. Figure 14.11(a) shows the 

"get TPS name" function phase of the modTPS shown in Fig. 14.8, where "registerS.p" 

im, OM] 
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registerS.p OK I 

t- - v„Htst0fy 
Mr M> "^ m ^ I Document Done (0,096 sec . : h^H^l 

Fig. 14.11(a). Specification of user model. 
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£il« Idit t i m go gookisarks loola Help 
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"quit* 
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Fig. 14.11(b). Selection of action (command name). 

is specified as the target TPS. The system "registers.p" is a superset of "registers3.p" 
of Section 14.6.5. 

Figure 14.11(b) shows the "get action name" function phase. Since "registers.set" 
contains the definition ActionName.g = ["quit", "total_fee", "check-participant", 
"register", "reg-update"], five actions are displayed as action candidates. The action 
name "register" is selected in the figure. 

Figure 14.11(c) shows the "get action parameter" function phase. The action "reg­
ister" requires two parameter values for name and institute, or register.g = ["name". 

I~:B>I 
File Edit View Go Bool^marks Tools Window Help 

u k ; ' ^ 1 1 U^«P^°^^'^°^^^^^^'^-P^PHG^?!^^^^ P ^ -Back 
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Name 

state=2c2getParafn=register7.pcn0=V'register\"q_g=register.gt0count=2 

quest ion: "name" 

"naine"pkahara 

"institute"lcT"^ 

OKJ 

•^ 4i^ \ ^ m m \ Document Done (0.091 sees) HH^I 

Fig. 14.11(c). Input of parameter. 
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Fig. 14.11(d). Response for action "register". 

"institute"] (i.e., para("register")={"name", "institute"}). The values "takahara" and 
"cit" are inserted in the figure. 

Finally, Fig. 14.11(d) illustrates the response of the action "register" or the phase 
after the "process action" function, showing that "takahara" is already registered and 
hence should receive a receipt and the proceedings. 

More sophisticated external UIs have been designed for the model theory approach, 
which are illustrated in Chapter 16 [Yano, 2005]. 

Appendix 14.1 Derivation of Canonical Representation of BIMIS* 

We introduce several concepts and facts about a time system [Mesarovic and Takahara, 
1989]. Let 5 c X X y be a time system where 

and 

U' 

Y = V' 

Definition 14.6. Initial response function 
Let Co be a set. Then, a function PQ : CQ x X -^ Y that satisfies 

(x,y)eS^(3c)(y = Po(c,x)) 

is called an initial response function ofScXxY. The set Co is called an initial state 
set. 

In order to give descriptive power to the time system model, three operations on 
time functions are introduced: 
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(1) Restriction operation 

Let 

r = [0, 0 , Tts = U, s), Tt = [t, 00), r = [0, r], Lts = [^ ]̂» 

^^ =x\P,Xt =x\Tt,Xts =x\Tts,x! =x\P,x_f^ =x\Lts' 

(2) Concatenation operation 

Let "•" be the concatenation operator, which is specified as follows: 

where 
\x\s) ifs < t. 

x\s) = 
ifs > t. 

(3) Shift operation 

Let a^ be a shift operator for a time function that is specified as follows: 

<^\xuu){s) = Xuv(s — t), where u -\-1 "^ s '^v -\-1. 

That is, a' shifts Xuv by t parallel to the time axis. 
Let 

rj\-) = a-'(-\Tt). 

Using the above definitions the fundamental character of the BMIS is given below. 

Definition 14.7, Causal system 
An initial response function PQ : Co x X -^ Y of S C X x Y is called causal iff for 
any c e CQ the following holds: for any x and jc' and t, 

x' = x" -^ Po(c,x)\r = PQ{c,x')\r. 
Then, a time system S is called causal iff S has a causal initial response function. 

We have the following fact. 

Theorem 14,1. Suppose a time system S is output-complete. Then S is causal iff the 
following holds: 

x' = x'' -> S(x)\P = S(x')\P, 

where 5'(jc)|r^ = {}'M(̂ 5 y) ^ S} [Mesarovic and Takahara^ 1989]. 

Definition 14.8. Stationary system 

A time system S is stationary iff for any t the following holds: 

r]\S) C 5, 

where //^((x, y)) = ((r]^(x), rj^(y)). 
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Definition 14.9. State space representation 

For a time system S C X x Y and for a set C let 

S = [SstlSst :C X Xst -^ C and s,t eT and s < t] 

and 
l = lXMt :C xU -^Vandt eT], 

Then, (S, 1) is called a state space representation of S iff the following conditions are 
satisfied: 

(1) J satisfies 

(a)Ssu(c, Xsu) = Stu{Sst{c, Xst), Xtu) (composition property), 

where s ^ t ^ u, 

{P)6tt{c, Xtt) = c (consistency property). 

(2) ( jc j ) eS<^(3ce C)(VO(j(0 = lt(Sot(c,x%x(t))). 
Sst and A/ and C are called state transition function, output function and state set, 
respectively. 

Definition 14.10. Time-invariant state space representation 
Let a response function at t be defined as 

Pt(c,xt)(s) = Xs(Sts(c, xts), xt(s)), where t S s. 

Then, a state space representation (S, i> is called time invariant iff the following 
conditions are satisfied: 

(i) Pticxt) = cT^[Poic,o-'(xtM 
(ii) Sts(c, Xts) = Souic,(T~^{xts)), where u =s -t, 

(iii) rj^(X) = X. 

It should be noted that Xt(c,u) = Xo(c,u) can be proved from Pt(c,Xt) = 
a'[Po(c,cT-\xt))l 

Theorem 14.2. Every causal stationary system can be modeled as a time-invariant 
state space representation [Mesarovic and Takahara, 1989]. 

Corollary 14.1. MIS C X x Y is a causal stationary discrete time system. Conse­
quently, it can be represented by a time-invariant state space representation. 

Definition 14.11. State space representation of BMIS 
Let 

StateSpaceRepresentationofBMIS = {U, V, C, S, i ) , 

where 

d{c,u) = Soi(c,u), 

i (c , u) = /lo(c, u). 
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Assumption 14.2. We can assume without loss of generality [Mesarovic and Taka-
hara, 1989] that {U, V, C, 6, X) is reduced, i.e., 

(Vjc)(/l(c, jc) = )i{c\x)) -^ c = c\ 

where X is extended as A : C x C/* ^- V* such that A(c, []) = [] and A(c, JCM) = 
X{c, x) • X{S{c, x), u). S is also extended as r5: C x L̂ * -> C in the same way. 

Corollary 14.1 presents a starting model of the BMIS, which is shown in Fig. 14.12. 

UOGUQ 
Input/command 

voeVo 
Output/response 

External user 
interface in PHP 

ueU 

r" 

veV 
BMIS 

Process-
8(c,u)=c2 
X(c,u)=v 

State- c Next state- c2 

Memory of state 

I 

Fig. 14.12. State space model for BMIS. 

The structure of the BMIS consists of two components: a memory of state and 
a process. The process component provides both control of the memory of state and 
preparation of a response for the input, and the memory of state saves the state of the 
BMIS. Since the process and file system components can be considered to constitute an 
automaton model, the model is called an automaton model for transaction processing, 
and a user command is called an action. 
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In order to derive a detailed structure for C, we make the following assumption. 

Assumption 14.3. The target behavior of system development is described by a 
subbehavior sub-MIS c 6^^ x V^ of the BMIS such that there is CQ G C and the 
following holds: 

(x,y) e sub-MIS ^ (VO(j(0 = HcQ,x')(t)). 

Here CQ is a fixed initial state or a reset state of an MIS. Then we have the following 
representation of the state set C. 

Proposition 14.1. Let ~coC U* x f/* be as follows: 

(x, jc') 6-cO^ (Vj e U*)WS(co, x\ y) = HS(co, x% y)). 

Then, ~cO is a congruence relation such that the following functions are well defined: 

<5can ' U*/^cO xU ^ U*/^cO such that8c2in{[x], u) = [x ' u] 

and 
^cm • ^*/~cO xf/ -> V such that Xc2in{[x], u) = X(S(co,x), u). 

Proof Scan is well-defined. Suppose [x] = [> ]̂. Let u e U and z e U* be arbitrary. 
Then, [x] = [y] implies /l(<5(co, Jc), uz) = HS(co, y), uz). Then X{S{S{co, jc), M), Z) = 
X(S(S{co, y), w), z) holds. It implies i(r5(co, xu), z) = HS{co, yu), z). Consequently, 
[xu] = [yu]. 

Furthermore, Acan is also well-defined. Suppose [JC] = [y]. Then, [x] = [y] implies 
/l((5(co, x), u) = X(S(co, y), u). Q.E.D. 

Moreover, Scan is simple. However, since /lean represents a problem-solving opera­
tion as discussed in Section 14.3, it is sometimes complicated. 

Proposition 14.2. Let a function rj : U*/^cO-^ C be such that //([JC]) = ^(CQ, JC). 

Then the following diagrams are commutative. 

uy^co xu ^^^ f/*/-̂ co uy^co xu - i^^ v 
rj ]r i I i rj rj I II I I 

C X U - ^ C C X U - ^ V 

Proof rj is well-defined because [x] = [x'] implies (Vj)(/l((5(co, x), y) = A(<5(co, x'), 
y)), which implies S(co,x) = S(co,x') ({S,X) is reduced). Then, rj(Scan([x],u)) = 
f]([xu]) = S(co, xu) = S(S(co, x), u) = S(rj([x]), u) holds. Moreover, ican([-^], w) = 
A(<5(co, JC), U) — /i(;/([jc]), u) also holds. Q.E.D. 

Definition 14.12. Realization of state space representation 
A state space representation {U, V, C\ S\ k', c^) is called a realization of {U, V, C, S, 
A, Co) if there is a surjection h : C -^ C such that /I(CQ) = CQ and the following 
diagrams are commutative: 
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C X U - ^ C C X U - ^ V 
h i i I ih h i l l i I 

C X U - ^ C C X U - ^ V 

Corollary 14.2. ([/, V, //(t/*/~co), S,X,co) is realized by {U,V,U*/^cO, ĉan, 
'̂ canj [A]). Furthermore, for any X e U*, 

^can([A],^) = /l(co,x). 

Proof. First, it must be shown that S(rj{U*/^co),n) C //(^*/~co) holds for any 
u. Let M € L̂  be arbitrary. Then c e rj(U*/^co) implies (Sx)(c = rj([x])). Then, 
S(c,u) = d(r]([x]),u) = ^(^can([-^], w)) (because of Proposition 14.2) = r]([xu]) e 
rj(U*/^co) is true. Hence, 3 : r](U*/^co) x f/ ^- ' / (^*/^co) is well-defined or 
{U,V,rj(Uy-^co),Sa,co) is realized by (f/, V, (/*/-^o,^can, ^can, [A]). Next, 
Acan([A], x) = /l(co, Jc) Can be proved by mathematical induction. The commutative 
diagram of Proposition 14.2 implies that Acan([A], u) = ^(S(co, A), u) = A(co, u) 
holds. Suppose Acan([A], JC) = X(co,x) is true. Then, /lcan([A], JCW) = '^'can([A], JC) • 
>^can(^can([A],x),M) = X(co,x) • /lcan(^can([A], x ) , M) = Hco,x) • XcaniM, u) = 

A(co, Jc) • >^(//([Jc]), u) = A(co, x)' A(J(co, Jc), u) = /i(co, JCM) holds. Q.E.D. 

We have a strong result. Let Cr = {C|(3JC 6 f/*)(c = S(co, JC))}. Then 

Proposition 14.3. rj of Proposition 14.2 is an isomorphism between ([/, V, Cr, (5, i , CQ) 
and {U, V, U*/^cO, Scmu ^can, [A]). 
Proof. Since the relation c e t](U*/^ CQ) <-> (3JC e U*)(c = (5(co, Jc)) holds, Cr = 
r](U*/^ Co). The mapping rj is injective because //([JC]) = ^([jc']) implies S(co, x) = 
J(co,Jc')- Hence, (Vj)(A(^(co, Jc), j ) = ^(3(c0iX'),y)) holds, which implies JC ~CO 
JC'. Therefore, [JC] = [JC'] holds. Q.E.D. 

It should be noted that // is essentially an automaton isomorphism, or any re­
duced state space representation of the BMIS is isomorphic to (U, V, U*/^cO, ĉan> 
>̂ canj [A]) whose isomorphism is given by rj. 

Appendix 14.2 Derivation of Realization Structure of BIVIIS on 
File System* 

Let 
AttrNameO = AttrName U {"actionName"}, 

where "actionName" is an attribute to denote the action name of an event. 
Let 

CQ = realization(AttrNameO)* 

and 
SO:CQXU ->CjQ 
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such that for u = (actionN/, p) So(a,u) = a • {q\,... ,qt, actionN/) where p G 
realization(para(actionN^)) and 

, . = ( 
I project(/7, attry) if attr^ e para(actionN/), 

otherwise, 

where '*' indicates a dummy data. 
For example, if para(actionN/) = {attr2, attra} and p^ = (p\, pi) where p\ e 

reaIization(attr2) and p2 € realization(attr3), then project(p, attrs) = p2. 
Let ( ^ 1 , . . . , ^/) = ^ be denoted by ext(actionN/, £). 

Proposition 14.4. There is an injection k : U* -> CQ and hence a bijection h : 
k{U*) -^ U* such that the following diagram is commutative: 

k(U*) xU - ^ k(U*) 

hi i I i h 

Ui i I I [] 

Consequently^ (U, V, 6^*/~cO» ĉan» 'lean, [A]) can be realized by (U, V, k(U*), So, 
Ao, A), where io • k(U*) x U -^ V is Ao(c, u) = ^cmilhic)], u). 

Proof. Let us prove the above fact using an example. Let 

u = (actionN, p) 

and 
u^ = (actionN', p'). 

Then, let k be defined as follows: 

k{u • M') = (ext(actionN, p), actionN) • (ext(actionN', p), actionN'). 

Then, k is an injection. Q.E.D. 

Consequently, the memory of state could be realized by one file whose attribute 
name set is AttrNameO = AttrName U {"actionName"}. This realization is, however, 
impractical. For example, it may not satisfy the normal form conditions of database 
theory. 

In order to derive a more practical realization we assume that AttrNameO is de­
composed into a file system {fj}j such that the following conditions hold: 

(i) ufj = AttrName U {"actionName", "date"}, 
(ii) fj D {"actionName", "date"}. 



252 14 Transaction Processing System on Browser-Based Standardized User Interface 

where "date" and "actionName" are attribute names to denote the date and the action 
name of an event, respectively. 

Let 
C = (realization(/i))* x • x (realization(/y))* 

and 
Srep : C_X U -^ C_ 

such that for u = (actionN/, p) r5rep((«i,..., aj), w) = ( ^ i , . . . , fij), where 

append(/7., actionN/, dateV) to ay if para(actionN|) 0 fj ^ 0, 

aj otherwise, 

and p. is the sublist of p corresponding to para(actionN/) fl fj and dateV is the date 
when the transaction event takes place. 

Proposition 14.5. There are two functions k : U* -^ C_ and h : k(U*) -> U* such 
that the following diagram is commutative: 

k(U*) xU ^ kiU"") 

h ]^ i I i h 

Ul i I i [] 

U*/-cO x U ^ i/V~cO 

Furthermore, h is a surjection. 

Proof Let us prove the above fact using an example. Let 

ActionName = {al, a2], 

para(al) = {attrl, attr2, attrS} and para(a2) = {attr2, attrS, attr4}, 

/ I = [attrl, attr2, actionName, date], f2 = [attr2, attr3, actionName, date], 

/ 3 = [attr3, attr4, actionName, date]. 

Suppose we have the following transactions: 

OndateVl ul = (a l , [pU,/7l2,/7l3]), where 

[ p l l , p\2, pl3] e realization(para(al)), 

On dateV2 u2 = (a2, [p2l, p22, p23]), where 

[p2l, p22, p23] 6 realization(para(a2)), 

On datey3 M3 = (al , [p3l, p32, p33]), where 

[p3\, p32, p33] e realization(para(al)). 

It is assumed that dateV 1 < datey2 < datey3. 
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Then, (a\,p\)(a2,p2)(al,p3) e f/*, where pl^ = [pll, pl2, p\3], p2 = 
[p21, /?22, p23l p3 = [p3l, p32, p33l Let A: : L̂ * -> C be as follows: k((a\,p\) 
(a2, p2)(al, p3)) = (« 1, «2, a3) ^ ct 1 = J l l • J12 • dl3, «2 = d2\ • d22 • d23 and 
a3 = ^31 • ^32 • J33, where 

^ l l = (pll,/7l2,fifl,dateVl),^12 = (*,/721,^2,dateV2), 

t/13 = (p31,/732,al,dateV3), 

d2\ = (/7l2,/?13,al,dateyi),^22 = (/721,p22,a2,dateV2), 

^23 = (p32, /?33, a l , dateV3), 

d31 = (/;13,*,al,dateVl),c/32 = (/?22,/723,a2,dateV2), 

^33 = (/733,*,al,dateV3). 

Conversely, let h : k(U*) -> U* be defined as follows. Let 

a=alUa2Ua3 = {dn,dl2,dl3,d2l,d22,d23,d3l,d32,d33}. 

Let ^ C a X a be given by 

d^d' ^ date(t/) = date(c/'). 

Then ^ is an equivalence relation. Let 

[d\ 1] = {Jl 1,d2\,d3l}, wheredate(^ll) = dateVl, 

[dl2] = {d\2,d22,d32}, where date(J 12) = dateV2, 

[dl3] = {d\3,d23,d33], where date(J 13) = dateV3. 

It should be noted that d ^ d' -^ actionName(J) = actionName(6?') and 
actionName(t/11) = a 1, actionName(J12) = a2 and actionName(6?\3) = a\. Let 

U[t^ll] = [pi 1, p\2] U [/7l2, p\3] U [/7l3, *] = [/7l 1, /7l2, p\3] = ph 

U[d\2] = [*, p2\] U [/?21, p22] U [p22, p23] = [p2l, p22, p23] = p2, 

\J[d\3] = [p3l, p32] U [p32, p33] U [p33, *] = [/?31, p32, p33] = p3. 

Then, (al , a2, a3) indicates the following events. 
On date(t/ll) = dateVI an action actionName(^ll) = a l is selected with the 

parameter p 1. 
On date(^12) = dateV2 an action actionName(fif 12) = a2 is selected with the 

parameter pi. 
On date(c/13) = dateVI an action actionName(J13) = a l is selected with the 

parameter p3. 
Therefore, h{a\, a2, a3) = (actionName(cf 11), pi)(actionName(^ 12), p2) 

(actionName(c/13), p3). The sequence order is determined by the order of date((i 11) < 
daie{dl2) < daie(dl3). 

Since h(al,a2) = (actionName(6fll), /7l)(actionName(^12), p2), the above di­
agram is commutative. Q.E.D. 
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Let 
^rep(£, W) = Acan([/2(£)], u). 

Corollary 14.3. 

{U, V, k(U*), (5rep, >lrep> [A]) is a realization of the BMIS. 

The above result indicates the following. 

Corollary 14.4. A simple workable file system is given by 

fj = para(actionNj) U {"actionName", "date"}, 

where actionNj e ActionName. 

Proof It is obvious that U/y = AttrName U {"actionName", "date"} and fj D 
{"date", "actionName"} hold. Q.E.D. 

It can be assumed without loss of generality that actionN :^ actionN' -> para 
(actionN) ^ para(actionN'). However, for (actionN, p) e U and (actionN', p^) e U 
the formula actionN ^ actionN' -> p :^ p' may not hold. If the formula holds, we 
have a strong result. 

Proposition 14.6. Suppose that for any (actionN, £) € U a/i J (actionN', p') e U the 
following holds: 

actionN ^ actionN' -^ p :^ p\ 

Let E c U X U be an equivalence relation given by 

((actionN,/?), (actionN', p')) e E <^ p = p\ 

Then, 
(u, u') e E -> u ~co " • 

Proof Let u = (actionN,/;) e U and u' = (actionN',/?') e U and (u,u^) e E. 
Then, p = p' and hence actionN = actionN' due to the assumption. Consequently, 
(Vz)(/l(<5(co, M), Z) = (̂<5(co, M'), Z)) holds and hence we have u ~cO "'• Q.E.D. 

In other words, if actionN ^ actionN' -^ p ^ p' holds, the conditions U/y = 
AttrName U {"actionName", "date"}, / / D {"actionName", "date"} can be relaxed as 
follows: 

(i) U/y = AttrName U {"date"}, 
(ii) / ; 3 {"date"}. 

In general, (t/, V, k{U*), Srep, Arep, [A]) is a redundant realization. For example, if 
fj represents a "master file" whose transaction history is not important ("static" file), 
realization(/y) can be used instead of realization(//)* in C because the last element 
of a string in realization(/y)* is essential for it. Or for a file fj whose transaction 
history is important ("dynamic file"), if a proper "state" attribute is introduced for it. 
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the same convenience can be obtained. For the subsequent discussions let realization 
of the BMIS on a file system {fj]j be denoted by (U, V, C, S, A, CQ). 

Let 
(5-A : C X [/ -> Res X C 

such that 
(5_A(c, u) = (X(c, u), S(c, u)). 

Using this function, another function 

^-^actionN/ : C X P/i X • • • X Pini - > ReS X C 

is derived: for each actionN/ e ActionName and ( p / 1 , . . . , PmO ^ Paralist/ 

<5-^actionN, {c, Pi\, . • - , Pini) = Wc, u), S(c, u)), 

where u = (actionN/, p / i , . . . , pini). <J->lactionN/ represents the unit operation corre­
sponding to actionN/ € ActionName. 

Definition 14.13. Atomic process 
<5-AactionN, will be called an atomic process, i.e., 

ith atomic process = (Paralist/, Res, C, (5-A actionN/ >• 

Finally, a realization model of the BMIS is given in terms of atomic processes as 
follows. 

Definition 14.14. Realization model of BMIS 

The following is called a realization model of the BMIS: 

BMIS = (internalUI, user model), 

where 

internalUI: U({actionN/} x Paralist/) -^ {nameof ^-AactionN,}/ x Res 

such that 

internalUI(actionN/, / ? / ] , . . . , pinO = (name, res) <^ 

res := delta-lambda(name)(/7/i,..., pmi) 

and 
user model = [ith atomic process}/, 

where delta-lambda()() was given in Definition 14.4. That is, the family of the atomic 
processes is called a user model. 
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Appendix 14.3 External User Interface* 

The external UI is an interface between the user and the internal UI and is implemented 
in PHP. Its total function is summarized as f : UlState x UQ x V -> U U VQ in 
Section 14.1. In fact, the external UI consists of four functions: getSname (get system 
name), getAname (get action name), getPara (get parameter) and go. The relationships 
between these functions are shown in Fig. 14.13. 

When execution of the external UI is started, the function getSname is per­
formed first, generating a request to the user to input the name of the target TPS 
(see Fig. 14.11(a)). The next function, getAname, then displays a list of action 
names, taking data from ActionName.g of the implementation structure, and requests 
the user to specify an action by its name (see Fig. 14.11(b)). If the selected ac­
tion actionN/ is equal to "quit," the operation of the TPS is suspended. Otherwise, 
the next function, getPara, is performed, which displays a parameter name list ex­
tracted from para(actionN,) in the implementation structure and requests the user 
to provide necessary parameter information (see Fig. 14.11(c)). The system name. 

( Start J 

getSname 

5 
getAname 

No 

Action = "quit"? 

getPara 

Yes 

End 

Go/display 
response 

Fig. 14.13. Flow chart for external UI. 
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action name, and parameter information are saved in special files of the file system, 
stdUI_model.lib, stdUI_action.lib, and stdUI_para.lib, respectively. Finally, the func­
tion go is executed, triggering execution of the target atomic process through the in­
ternal UI. The execution result or response produced by the atomic process is saved 
in another special file stdUI_res.lib. After displaying the response in stdUI_res.lib via 
the external UI and receiving an acknowledgement from the user (see Fig. 14.11(d)), 
the function control passes to getAname. The entire program for the external UI is 
given in Takahara et al. [2003]. 

The external UI can be defined as an independent component of a user model for 
the following reasons: 

(i) Because the structure of the user model is formalized, the data that must be trans­
ferred between the UI and the user model can be represented in a standardized 
form. Consequently, the UI can access the data in a standardized procedure. 

(ii) Because variables of extProlog and PHP are typeless, there is no type conflict 
among them on model integration. 
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15 

Browser-Based Intelligent Management Information 
System: Temporary Staff Recruitment System 

This chapter presents an example of systems development involving a combination of 
the methodologies for developing a transaction processing system and a solver sys­
tem treated separately in previous chapters. The user model includes a solver-type 
atomic process as well as transaction-type processes. The target system is a temporary 
staff recruitment system (employment system) that must perform optimum matching 
between job-seeking applicants and job-offering clients as a typical problem-solving 
activity. The development leads to a browser-based intelligent management informa­
tion system (MIS), which is a modification of Fig. 1.2 in Chapter 1. 

15.1 Systems Specification 

The informal specification of the target system is given below [Avgerov and Cornford, 
1998]. 

South East Employment is a recruiting agency that specializes in industrial and 
secretarial recruitment. The company operates in a largely decentralized manner 
through branch offices. Operating procedures in the company are largely standard­
ized, and each branch has a similar structure, although the branch managers are given 
adequate authority to run their own branches. A common type of data is reported from 
each branch, and accounting is performed centrally at the head office. 

Branch managers are responsible for the operation of their own branches with the 
assistance of three to eight consultants, one clerical assistant, and one location ad­
ministrator. The consultants deal with client companies ("clients")* and applicants for 
employment ("applicants") endeavor to meet their requirements and match personnel 
to job vacancies. There are two types of consultants: recruitment consultants, dealing 
with the recruitment of permanent personnel; and temporary controllers, dealing with 
the placement of temporary personnel. 

The agency has decided to take action to improve the way it handles the task of 
temporary personnel placement. In the existing procedure, the temporary personnel 
agent looks through the client file, collects relevant information, and telephones clients 
to canvass for business every morning. If a client indicates that temporary staff are re­
quired, the controller looks through the file containing the details of all applicants and 
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selects those available with the skills required by the client. The agent then telephones 
the applicants and asks whether they are interested in working for the day, week, or 
entire length of the booking, and arranges a placement if an agreement is reached. 
The agent also compiles reports on temporary staff based on feedback received from 
clients. 

At the end of the week, the temporary personnel return their time sheets to the 
branch office (signed by the client company) and collect another time sheet for the 
coming week of their booking along with remuneration for the previous week's work. 
All the submitted time sheets are dispatched on Saturday mornings by courier to the 
accounts department at the head office, and the preparation of wages begins the fol­
lowing Monday. In this way, temporary personnel are paid on Fridays, one week in 
arrears. 

There is no formal method of documenting the temporary personnel's performance 
in the various placements made by the agency. 

On Fridays, a large number of temporary personnel come to the office at the same 
time to collect wages and time sheets, putting the agent under pressure and causing the 
office to fall into confusion. Although other staff attempt to provide assistance, their 
involvement is very limited because the temporary personnel agent is the only staff 
member with full knowledge of the required arrangements. 

The analyst providing information for development of the MIS has identified three 
main units of operation related to the business of temporary personnel placement: 

(i) Registration and maintenance of applicant files, 
(ii) Canvassing of clients, negotiation with applicants, and matching of applicants to 

jobs, 
(iii) Administration of payments. 

Three recommendations are proposed by the analyst: 

(i) All members of staff should be able to perform all tasks involved in the three units 
of operation, 

(ii) All members of staff should be able to (1) deal with the registration of new 
applicants according to the availability of time, (2) update applicant files with 
performance information for the various placements arranged, and (3) deal with 
payment claims, 

(iii) A new computer-based information system should be provided to facilitate this 
work structure, providing a common formal information basis and appropriate 
structures for information utilization and maintenance. 

In parallel with the design of a computer-based information system, the analyst 
will design new organizational procedures. 

15.2 DFD for Specification and Browser-Based Intelligent MIS 

Figure 15.1 shows the data flow diagram (DFD) for the employment system in accor­
dance with the analysis above. 
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Applicant 

I Telephoning j 

Notific5ti«rtr 

Client 

Fig. 15.1. DFD for temporary staff recruitment system. 

Four files are used for the system: applicant.lib, client.lib, assignplan.lib, and as-
signment.lib. These files store information on applicants, clients, placement plans, and 
real placement, respectively. 

According to the DFD the required organizational procedure is designed as fol­
lows: when an applicant registers, the applicant's details are inserted into applicant.lib 
by the action "appregist." Similarly, client details are registered into client.lib by 
"cliregist." The function "jobarrange" is then performed using the profiles of appli­
cants and clients. The matching results are stored in assignplan.lib, and telephoned 
to relevant applicants and clients seeking agreements. Responses are recorded in as­
signplan.lib by the functions "confirmApp" and "confirmCli." When the matching is 
accepted by both sides, the matchingplan is recorded as a real placement in assign-
ment.lib by "jobassign," applicant.lib and client.lib are updated accordingly, and the 
placement results are telephoned to the relevant parties. When an applicant comes to 
the offices on Friday with a time sheet, the action "timesheet" is performed, which 
checks past wages, calculates new payment, and provides a new time sheet. The ac­
tion "salesfigure" sends sales figures to the accounts department at the head office. 
According to a feedback report from a client, the profile of an applicant is modified by 
"changeData." 

Since the action "jobarrange" is a typical problem-solving activity, it is imple­
mented as a solver-type atomic process. The total process of the DFD is there­
fore implemented in a browser-based intelligent MIS consisting of three layers: a 
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User command 
(action name, actihn parameter) 

Action name, 
action^armndter 
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atomic 
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jobarrange 

Problem 
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Data transformation 
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Transaction 
type atomic 
process: 
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Transaction 
processing 
laycj-

Primary data:state c 

Fig. 15.2. Browser-based intelligent MIS. 

transaction-processing layer, a data-transformation layer and a problem-solving layer. 
Figure 15.2 shows the intelligent MIS scheme that is a modification of Fig. 14.5. 

The construction of each of the components of Fig. 15.2 is detailed in the sections 
below. 

15.3 TPS Development for Employment System 

15.3.1 Input-Output Specification in Set Theory 

From the DFD in Fig. 15.1, which outlines the basic behavior of the system, the 
following input-output specification can be derived directly for the temporary staff 
recruitment system. 
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ActionName set: 

ActionName = {"appregist", "cliregist", "jobarrange", "appStatus", 

"cliStatus", "assignplanStatus", "confirmApp", 

"confirmCli", "jobassign", "assignStatus", 

"timesheet", "salesfigure", "changeData**}, 

where 

appregist: registration of applicant, 
appStatus: display of applicant.lib, 
cliregist: registration of client, 
cliStatus: display of client.lib, 
jobarrange: matching between applicant and client, 
assignplanStatus: display of assignplan.lib, 
assignconfirmApp: confirmation of applicant assignment to assignplan, 
assignconfirmCli: confirmation of client assignment to assignplan, 
jobassign: assignment of job, 
assignStatus: display of assignment.lib, 
timesheet: handling of time sheet and payment, 
salesfigure: reporting of sales status to head office, 
changeData: changing data in files. 

ResName: 

ResName = {"appregistRes", "appStatusRes", "cliregistRes", 

"cliStatusRes", "jobarrangeRes", "assignplanStatusRes", 

"assignconfirmAppRes", "assignconfirmCHRes", 

"jobassignRes", "timesheetRes", "salesfigureRes", 

"changeDataRes"}. 

15.3.2 Design of File Structure System {fj}j and Para Function, and Realization 
of Names 

According to the DFD in Fig. 15.1, four files are specified for this system. The detailed 
structures of them are determined by the function para: ActionName -> p(AttrName) 
with some heuristic considerations. The function para is defined as follows. 

Para function: 

para("cliStatus") = {"cName", "cAddress"}, 

para("appStatus") = {"aName", "aAddress"}, 

paraC'jobassign") = 0 , 

paraC'assignconfirmCli") = {"cName", "cAddress", "aName", "aAddress", 

"c Accept"}, 
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para("assignconfirmApp") = {"cName", "cAddress", "aAccept"}, 

para("assignplanStatus") = 0 , 

para("jobarrange") = 0 , 

para("salesfigures") = 0 , 

para("timesheet") = {"aName", "aAddress", "cName", "hours"}, 

paraC'cliregist") = {"cName", "cAddress", "cJtype", "cLevel", "cWtime", 

"cPlevel", "number"}, 

para("appregist") = {"aName", "aAddress", "aJtype", "aLevel", "aWtime", 

"aPlevel"}, 

para("changeData") = {"fNname"}, 

para("assignStatus") = {"aName", "aAddress", "cName", "cAddress"}. 

AttrName: 

AttrName = {"aid", "aName", "aAddress", "aJtype", "aLevel", "aWtime", "aPlevel", 

"cid", "date", "canme", "cAddress", "cJtype", "Level", "cWtime", 

"cPlevel", "num", "aAccept", "cAccept", "pay", "fName"}. 

Consequently, let the file structure system [fj]j be as follows. 

File structure system {fj]j: 

applicant.lib = {"aid", "aName", "aAddress", "aJtype", "aLevel", "aWtime", 

"aPlevel", "cId", "hours", "date"}, 

client.lib = {"cId", "cName", "cAddress", "cJtype", "cLevel", "cWtime", 

"cPlevel", "num", "date"}, 

assignplan.lib = {"aid", "cId", "aAccept", "cAccept", "date"}, 

assignment.lib = {"aid", "cId", "cPlevel", "paymenthis"}, 

where 

aid: applicant ID, 
aName: applicant name, 
aAddress: applicant address, 
aJtype: applicant job type, 
aLevel: applicant skill level, 
aWtime: applicant workable time, 
aPlevel: applicant desired payment level, 
cId: client ID, 
hours: worked hours, 
date: date of event. 
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cName: client name, 
cAddress: client address, 
cJtype: job type offered by client, 
cLevel: skill level requested by client, 
cWtime: client available working time, 
cPlevel: payment level offered by client, 
num: number of available positions, 
aAccept: acceptance by applicant, 
cAccept: acceptance by client, 
paymenthis: payment history, 
fName: file name. 
The set-theoretic realization of attribute names is naturally defined as follows: 

Realization of attribute names 

Aid: set of applicant IDs (= Int), 
AName: set of applicant names (= set of strings), 
AAddress: set of applicant addresses (= set of strings), 
AJtype: set of applicant job types (= {"yl", *V2", "y3", "7*4"}), 
ALevel: set of applicant skill levels (= {"low", "mid", "high"}), 
AWtime: set of applicant-workable times (= {"mor", "eve", "all"}), 
APlevel: set of applicant-desired payment levels (= {"high", "mid", "low"}), 
CId: set of client IDs (= Int), 
Hours: set of worked hours (= Int), 
Date: set of event dates (= {{Y, M, D)}), 
CName: set of client names (= set of strings), 
CAddress: set of client addresses (= set of strings), 
CJtype: set of client-desired job types (= {"y 1", "7*2", "73", "y4"}), 
CLevel: set of client-requested skill levels (= {"high", "mid", "low"}), 
CWtime: set of client-available working times (= {"mor", "eve", "all"}), 
CPlevel: set of client-offered payment levels = {"high", "mid", "low"}), 
Num: set of numbers of available positions (= Int), 
AAccept: set of acceptance replies by applicant (= {"yes", "no"}), 
CAccept: set of acceptance replies by client (= {"yes", "no"}), 
Paymenthis: set of payment history (= (Pay x Date)*) 
FName: set of file names (= set of strings). 
(Pay X Date)* is the free monoid of (Pay x Date). 

Using these realizations of attributes, the file set structure system implies the file 
system implementation as follows. 

Implementation of file system 

Applicant.lib = Aid x AName x AAddress x AJtype x ALevel 

X AWtimeA x APlevel x CId x Hours x Date, 
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Client.lib = CId x CName x CAddress x CJtype x CLevel 

X CWtime x CPlevel x Num x Date, 

Assignplan.lib = Aid x CId x AAccept x CAccept x Date, 

Assignment.lib = Aid x CId x CPlevel x (Pay x Date)*. 

Realization of ResNames: 

AppregistRes = set of messages, 

• • • • 

15.3.3 Design of Atomic Process: {delta-lambda(actionN/), actionN/}/ 

Atomic processes are defined on the above definitions of state (file system). This 
section discusses only two atomic processes: appregist and jobarrange. They have 
transaction-type and solver-type implementation components, respectively. The other 
atomic processes have transaction-type implementation components, which are pre­
sented in employment4.set in Appendix 15.1. 

(1) appregist 

This process has a typical transaction-type implementation component, whose repre­
sentation is given by the formal structure described in Section 14.5: 

delta—lambda ( [ — appregist] ,paralist) =res <-> 
res := appregist(paralist); 

appregist ( [name,add,type,level,wtime,pay])=res <-> 
[res,applicant.lib] := (^(applicant.lib, [name,add,type,level, 

wtime,pay]); 

where for Date = getDate2() and ID = getAId(), 

^(applicant.lib, [name, add, type, level, wtime, pay]) 

["appregist is completed", applicant.lib- if - '(3 Aid, P, D)([AId, name, 

[ID, name, add, type, level, add, type, level, wtime, pay, 

wtime, pay, — 1, Date]] P, D] e Applicant.lib), 

[ ["already registered", applicant.lib] otherwise. 

The meanings of (p should be clear. For example, if [Aid, name, add, type, level, 
wtime, pay, P, D] is not in Applicant.lib for any Aid, P, and D, Applicant.lib is 
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extended by appending a new element [ID, name, add, type, level, wtime, pay, —1, 
Date]. Here ID is the identification number of the applicant and Date is the date when 
this operation is performed. The Cid part of the new element is — 1 because the appli­
cant has yet to be assigned to a client. 

(2) jobarrange 

The atomic process "jobarrange" has a solver-type implementation component. It is 
implemented by the following form (see Fig. 14.7): 

delta-lainbda ( [_jobarrange] ) =res <-> 
res:=jobarrange(); 

jobarrange 0=res <-> 

load- go ("j obarrange4 2.p"), 
res:="job assignment is completed"; 

Here, load_go() is a system-defined predicate that loads and executes an extProlog 
program. The real implementation component of the current atomic process is sepa­
rately prepared as "jobarrange42.set," which is shown in Appendix 15.2. Section 15.5 
discusses the model construction. Its compiled model is "jobarrange42.p," which is 
called and executed by load-go. 

15.3.4 Implementation Description of User Model in Computer-Acceptable Set 
Theory 

The computer-acceptable atomic process is induced from the design mentioned in Sec­
tion 15.3.3. The final implementation form is produced by adding three statements— 
the predicate "func," the set declaration "ActionName," and the function "para"—to 
the atomic process representations. The entire description is given in Appendix 15.1. 

15.4 Data Transformation System 

The solver for the employment system requires modified data from the file sys­
tem. The modification is performed by the data transformation system shown in 
Fig. 15.3. 

File system: 
applicant.lib," 
client.lib 

Data transformation 
system 

PSE: 
a.g, eg, 
applicantNum, 
clientNum 

Fig. 15.3. Data transformation system. 
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Two modifications are performed on the data: 

(i) Quantification of job type, skill level, and working time. Quantification is realized 
by three functions: transJType, transLevel, and transWTime, respectively, which 
are given below, 

(ii) Abstraction of Applicant.lib and Client.lib. Abstracted objects are represented by 
a.g and e g as defined below. 

• Quantification 

transJType:AJtype -> JT(= p({ l , 2, 3,4})) such that 

transJType01) = [1,2,3,4] , 

transJType(y2) = [2,3,4], 

transJTypeO-3) = [3,4], 

transJType(y4) = [4], 

where 1, 2, 3, and 4 represent detailed job types. 

transLevel:ALevel -> L(= {1,2, 3}) such that 

transLevel("low") = 1, 

transLevelC'mid") = 2, 

transLevel(*'high") = 3. 

transWTime:AWtime -^WT(= {["eve"], ["mor"], ["eve", "mor"]}) such that 

transWTime("eve") = ["eve"], 

transWTime("mor") = ["mor"], 

transWTime("aH") = ["eve", "mor"]. 

• Abstraction 

Let 
a.g c Aid X 7 7 X L X WT x PL 

such that 

(aid, jt, /, wt, pi) e a.g <^ (3 name, add, jtype, level, wtime, plevel, cid, date) 

((aid, name, add, jtype, level, wtime, plevel, cid, date) 6 Applicant.lib & 

jt = trans JType(j type) & / = transLevel (level) & 

wt = transWT(wtime) & pi = transLevel(plevel)). 

Let 
eg C Cid X JT X LxWT X PL X Num 
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such that 

(cid, jt, /, wt, pi, num) e eg <^ (3 name, add, jtype, level, wtime, plevel, date) 

((cid, name, add, jtype, level, wtime, plevel, num, date) e Client.lib & 

jt = transJType(jtype) & / = transLevel(level) & 

wt = transWT(wtime) 8c pi — transLevel(plevel)). 

Two parameters, applicantNum and clientNum, are also afforded by the data transfor­
mation system. The parameters applicantNum and the clientNum represent the number 
of applicants and the list of available positions of clients, respectively. Both are defined 
formally as follows: 

applicantNum = |a.g|, 

clientNum = [num|(3 cid, jt, /, mt, pi) 

((cid, jt,l,wt,pl, num) e eg)]. 

The data-transformation system is embedded in the preprocess of the solver system, 
jobarrange. The entire model in set theory is listed as the predicate data_trans() in 
Appendix 15.2. 

15.5 Solver Development: Jobarrange 

15.5.1 Job Arrangement Problem 

This section discusses the job arrangement problem as an I-O-C problem (see Sec­
tion 4.3). It is clear that the job arrangement problem belongs to the implicit solving 
activity problem class. An action is not specified a priori. Furthermore, it is also clear 
that the problem does not have an explicit evaluation function of the output, assign-
plan. However, because the final state can be given as a situation in which no further 
assignment can be found under the given constraints, the job arrangement problem is 
handled as a closed-target problem. This is simplification of the optimization problem. 
If real optimization must be performed, the stopping condition used for the knapsack 
problem can be used for the current problem (see Chapter 10). The stdPDsolver will 
be used for the present system as the goal-seeker. 

15.5.2 User Model of Jobarrange Problem for PD Goal-Seeker 

The user model for the job arrangement problem is constructed following Fig. 4.6. 

a. Drawing Input-Output Block Diagram 

At this stage, the target solver is drawn as an input-output system with the problem 
specification environment (PSE) as the input and the solution as the output. Figure 15.4 
illustrates the input-output of the solver for the job arrangement problem. 

The job arrangement problem is specified by the two lists, a.g and eg, and by two 
parameters, applicantNum and clientNum, given as the outputs of the data transforma­
tion system. 
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PSE: 
a.g, eg, 
applicantNum," 
clientNum 

Solver for job 
arrangement problem 

Solution: 
• 
assignplan 

Fig. 15.4. Input-output block diagram of job arrangement solver. 

b. Input-Output Specification in Set Theory 

The input and output given in Section 15.5.2.a are described in set-theoretic terms as 
follows. 

(i) Input Specification 

The PSE for a solver of the job arrangement problem is simply given by 

PSE = {a.g, eg , applicantNum, clientNum). 

(ii) Output Specification 

The output set K is a class of assignment plans, which is given by 

y = ( A i d x C i d x {-1} x {-1})*. 

That is, if (aidi,cidi, — 1, — 1) (aid;,cid/, — 1, — 1) e K, an applicant aid/ is 
assigned to a client cid/. The (—1,-1) component of the element indicates that re­
sponses for acceptance have yet to be given by either the applicant or client. 

c. Process Specification as Automaton 

The solution-finding activity is formalized as an automaton as follows. 

(i) Action Set 

Because the problem belongs to the implicit solving activity class, the action set A is 
in general formalized in the following way: 

A = {a\a: Y -^ Y). 

In the above formulation, an action a e A is represented as a mapping. However, 
because a set of mappings is too general to be processed effectively, it is usual for the 
implicit solving case for a mapping to be replaced by a parameter that characterizes 
the mapping. For the job arrangement problem, the following set is used as the set of 
parameters for actions: 

A = Aid X Cid. 

For example, an element 
(aid, cid) e A 

implies an action to assign an applicant aid to a client cid. 
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(ii) State Transition Function 

The output set Y can be used as the state set following the general formulation. How­
ever, for the sake of computational convenience of a constraint and a goal, two auxil­
iary elements are appended to the output. The following form is used for the state set: 
let G = Re (set of real numbers) and Vm = (Int)^^^^, where CNUM = |Client.lib|, 
and cliOrder:Cid -> Int such that cliOrder(cid) = / ô- cid is the identification of the 
/th element of Client.lib. Note that Client.lib is treated as a list as well as a set. Then, 

C = (Aid X Cid)* xG xVm. 

The state transition function S : C x A ^^ C is then defined as 

r5(((aidi, cidi) • • • (aid^, cid^, gt, vrrit), (aid, cid)) 

= ((aidi, cidi) • • • (aid/, cid/) • (aid, cid), gt^uvnit+i), 

where 

gt-\.i = gt + unsatisfaction(aid, cid), 

vmt{i) + 1 if cliOrder(cid) 

vrutii) otherwise. 
vmt+\{i) = 

The function unsatisfaction is provided in the definition of the goal below. A vector 
vm e Vm indicates how many applicants have been assigned to each client on plan­
ning. As usual, the state transition function S is a partial function, restricted by two 
functions genA : C -> p(A) and constraint: C -^ {true, false}, i.e., 

S(c, a) = c' -> a e genA(c) and constraint((5(c, a)) = true. 

These functions are given below. 

(iii) Output Function 

The output function A : C x A -> 7 is given by 

/l((aidi, cidi) • • • (aid/, cid/), gt, vmt, a) 

= (aidi, cidi, - 1 , - 1 ) • • • (aid/, cid/, - 1 , - 1 ) . 

(iv)genA:C->fs>(A) 

Let genA be defined as 

genA((aidi, cidi) • • • (aid/, cid/), gt, vmt) 

{(aid/4-1, cid) I cid E Cid} iit < applicantNum, 

[] otherwise, 

where Applicant.lib is treated as a list (aid/+i is the next element of aid/). 
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(v) constraint: C -> {true, false} 

Let the constraint be defined as follows: 

constraint((aidi, cidi) • • • (aid^, cid/), gt, vrut) — true -o- (3 aN, a Ad, 

aJt, aL, aWt, aPl, cl, aD)((aidt,aN, aAd, aJt, aL, aWt, aPl, cl, aD) € 

Applicant.lib)&(3 cN, cAd, cJt, cL, cWt, cPl, num, cD)((cidr, cN, cAd, cJt, 

cL, cWt, cPl, num, cD) e Client.lib)&(clientNum > vntt & aJt D cJt ^ 0 

&aWtncWt ^0). 

The condition clientNum > vnit ensures that an applicant cannot be assigned to 
a client over the number of the available positions. Since the jobytpe (aJt and cJt) 
represents the coverage of jobtype, aJt Pi cJt ^ 0 indicates that an applicant can 
meet a jobtype required by a client. A similar requirement for working time implies 
the condition a Wf fl cWf ^ 0 . 

(vi) Initial State 

The initial state CQ 6 C is given by 

co = (ni l ,0 , [0 , . . . ,0]) . 

At the initial state, the value of the goal is 0, and no applicants are assigned to clients. 

(vii) Final State 

The set of final states Cf C C is given by 

((aidi, cidi) • • • (aid/, cid^), g, vm) e Cf -o-

t = number of applicants or no assignment is possible due to conflicts. 

(viii) Stopping Condition 

Let the stopping condition be defined by 

st(c) -<-> c € Cf. 

d. Goal for PD Solver 

(ix) Goal 

The following evaluation function must be defined: 

goal : C -> Re. 

The PSE of the current problem does not provide a goal. When a goal is not given 
by the problem, an appropriate goal should be designed by a heuristic consideration. 
For the current problem, the following goal: C ^^ Re is used: 
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goal((aidi, cidi) • • • (aid;, cid^), g, vm) = unsatisfaction((aidi, cidi)) H 

+ unsatisfaction((aid;, cid/)) = g. 

where 

for 

and 

unsatisfaction((aid, cid)) = (aPl - cPl) -\-\cL-aL\- \aJt H cJt\ 

(aid, aN, a Ad, aJt, aL,aWt, aPl, cl, aD) e Applicant.lib 

(cid, cN, cAd, cJt, cL, cWt, cPl, num, cD) € Client.lib. 

If a PI > cPly the applicant cannot be satisfied. If cL ^ aL, the applicant or the 
client cannot be satisfied. It is assumed that the similarity between an applicant and a 
client can be measured by \aJt D cJt\ and that the more similar their relevant jobtypes 
are, the bigger is the satisfaction obtained. The goal is determined as accumulation of 
unsatisfaction. Thus, the user model for the job arrangement problem is as follows: 

user model = (A, C, F, S, genA, constraint, st, goal, co, Cf). 

15.5.3 Implementation Structure of User Model of Solver 

Appendix 15.2 shows the implementation structure of the user model for the solver. 

15.6 Operation of Employment System 

Figure 15.5 illustrates operation of the generated system. Figure 15.5(a) shows the start 
screen, which is displayed when the external UI, stdUI43.php, is executed. 

| - » stdUl - Konqueror ...:EEiili. 
ismtu mm «i/T̂ (V) )&tm -y-j'^^-'im v-i\^m imm 

II ^ iSPff(o): M 'h t t p i / i ^a i hosys^ """ " 

//stdUI43.php state=cO getSname Input a system name! 

|employment4.p OK 

Fig. 15.5(a). Start screen. 
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The dialog asks the user to input a model name. In the case of Fig. 15.5(a), the 
input is "employment4.p." After "OK" has been clicked, the action names, given in 
ActionName.g of the user model, are displayed in Fig. 15.5(b). 

isRfdi"iieicE) ^(lo'^m^(Q^"'y^^^-'?W^-'^ 57^;j«^^ -
^)\,1T (to 

Jj l > iSP^te)- l l i ^ httpyyibcalhdsWtdUriS I D ' 
i-^, :•». 4> ^ S- Ci .» x> i^Ti gQ ^g ^ ^ ^ c f Q 
//stdUI43 php state-1c1 getAnamesystem nameemployment4 p 

fn>employment4.p Select a command and click OKI 

•quit" 

"appStatus" 
"jobOffer" 
"posStatus" 
"joban-ange" 
"asslgnplan" 
"assignconflrmApp" 
"asslgnconfirmCir 
"lobassign" 
"timesheet" 
"salesTigures" 

„OKJ 

Fig. 15.5(b). Display of action names. 

«^-M stdUi - Konqueror 

iSWrOJ iMtt̂ CQ «mO0 at;(f i) 
1 ^ny (b) 

y^^ ^V'-'^ce) V-

ji E> lilVfCs} g '^ l http7/iocai¥6Wstdui43php 

7"^^7";rgf""^~~^"" 
1 //stdLII43 php state-2c2 getPara 

1 ACTION Name is 
1 specltled:\"registration\"getPara:p 
1 not relative call 

1 "name"!sal to 

j "address-|n|hon-U 

1 "Jobtype"jJ2 
,|^^^l„|p,^g^ 

j "wtimeHall 

"pay-FigR 

i_^ mz 

> 

araNc 

^•«"' ' \S.l " C ^ ' 

-1getPara:itemO 

oi^as^W^ 
^\'^\\ 

H 
i 

-getPara:para-rn>employment4.pcn(j 

Fig. 15.5(c). Parameter information for an action. 

The figure shows the action "appregist" selected. After "OK" has been clicked, the 
selection is confirmed and execution starts. 
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As mentioned in Section 14.2, every action actionN/ is associated with parameter 
information, para(actionN^). Figure 15.5(c) shows how the parameter information for 
"appregist" is collected from the user. 

I ^ WfHsi- M'http'feai'hblti^t^^ 

^ - « stdUi - Komiiienr pllJpl^iJ: 

'«piku mm «mG!) mtm >ŷ >̂~̂ (B) v-icD ifî csi o^yi^bm 
^^y> 

î -4î ^̂  sa ĵ ^ î̂ ^^^ î̂ aatf 
//stdUI43 php State-Id getAnamefn-en)ployment4 p Select a command and click OKI 

"quit" 
"registration" 
"appStatus" 
"jobOffer" 
"posStatus" 

"assignplan" 
"asslgnconflrmApp" 
"asslgnconflrmCli' 
"jobassign" 
"tlmesheet" 
"salesflgures" 

IB 

l : i f 7 

Fig. 15.5(d). Selection of action "jobarrange." 

I D J53f(g): fffh^py/lbcaiho^^^^^^^ 

4 stdUi - Konqueror JlSl iHj 
«i»ff(u mm «mco 5«t(S) *:/V-5^-^(B) v-}iij) iŝ cs) o^yy^oao 

i€^^»# SQ f ^^ii^^agcaacf m 
//stdUWa.php State-Id getAnamefn-employment4.p Select a command and click OKI 

"quit" 
"registration" 
"appStatus" 
"jobOffer" 
"posStatus" 
"jobarrange" 

"asslgnconflrmApp" 
"assignconflrmCli" 
"jobassign" 
"tlmesheet" 
"salesflgures" 

OK) 

nr 

Fig. 15.5(e). Selection of action "assignplanStatus." 
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The action "appregist" requires information on name, address, jobtype, (skill) 
level, wtime (working time), and desired pay level. In the figure, the inputs are "saito," 
"nihon.U," "j2," "high," "all," and "high." When "OK" is clicked, the information is 
saved in a special file stdUI_para.lib in the file system, which is used by the atomic 
process "appregist" to execute the action "appregist." After the action has been per­
formed by the process, the system returns to the waiting state ready for the next action 
input. 

Figure 15.5(d) shows the action "jobarrange" selected, which will make a matching 
plan between-applicants and clients. 

Figure 15.5(e) shows that action "assignplanStatus" selected, which displays the 
job arrangement plan. 

Figure 15.5(0 shows the result of jobarrange42.p, where "saito" is assigned to 
"maruzen." 

-̂MsWUI-Konqueror _ p H l l l 

WD mm mm mm'-^iV-^'^^o'mv^-m'^kim^^^^ 
I E> iSi?r(2) M hHpy/localhost/stdUI43 php l ) ^ 

,̂4.4- § s J 4̂  '-̂^ a c9 <̂  ̂  a a cf 
//stdUI43 php state-dcS goaction should startmProsheet begins, now YOUR WS IS direct 
color.iinchangeable color map call new.dbpdic jO*0 unknown character ¥ 
res_array[0]=I|"nanbcnidlen«7conslen-7 

response 

[("nanba"/cit","j4";'mid"/eve"/inld"l,rsakurasulsan"/tsudanuma","j4'/low",'eve","low"]4-l,-1D 

(("shiba";'funabashr,"j2","high"/eve","high"],("maruzen","tsudanuma","j3"/mld","air,'mid"],{-1,-''D 

pakahara^"yokohama^"j1^"hlgh^"aH^"hlgh"],("database^"shlbuya^"jl^"high^"aH^"high^,[-1,-1]l 

(psalto^"nihon_LI^"j2^"hlgh^"aH^"hlgh^,("'n3J'uzen^"tsudanuma^"j3^"mld^"al̂ /mld"),[-1,-lD 

UK 
m 

Fig. 15.5(f). Result of problem-solving by action "jobarrange." 

Appendix 15.1 Transaction Processing Part of Employment 
System in Computer-Acceptable Set Theory 

/*employment4.set*/ 
.fiinc ( [getDate2,getAId,getCId,appregist,appStatus,jobregist,jobStatus, 

jobarrange, assignplanStatus, assignconf irmApp, assignconf irmCli, 
jobassign,replaceList,timesheet,assignStatus,transCPl, 
salesfigures,changeData]); 

ActionName.g = ["quit","appregist","appStatus","jobregist","jobStatus", 
"jobarrange","assignplanStatus","assignconfirmApp", 
"assignconfirmCli","jobassign","timesheet","assignStatus", 
"salesfigures","chaangeData"]; 
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changeData.g =["f i1ename"] ; 
cheuigeData2. g = [ "newdata" ] ; 
delta—lainbda ( [_changeData] ) =res <-> 

paralist:=stdUI_para.lib, 
res:=changeData(paralist), 
stdUI_res.Iib2:=res; 

changeData ( [fname])=res <-> 
res:="not implemented"; 

assignStatus.g = ["appname" , "appaddress" , "cliname" , "cliaddress"] ; 
delta—lainbda( [_assignStatus] ) =res <-> 

paralist:=stdUI_para.lib, 
res:=assignStatus(paralist), 
stdUI_res.Iib2:=res; 

asslgnStatus { [Aname,Aaddress,Cname,Caddress])=res <- > 
(Aname= -1) -> 

( 
(Cname= -1) -> 

( 

res:=defSet(paStatusO(A,X,[]),[X,assignment.lib]) 
) 

.otherwise 
( 

member([Cid,Cname,Caddress|X],client.lib), 

res:=defSet(paStatusl(A,X, [Cid,Cname,Caddress]), 
[X,assignment.lib]) 

) 
) 

.otherwise 
( 

member([Aid,Aname,AaddressIX],applicant.lib), 
(Cname= -1) -> 

( 
res:=defSet(paStatus2(A,X,[Aid,Aname,Aaddress]), 

[X,assignment.lib]) 
) 

.otherwise 
( 

member([Cid,Cname,Caddress|X],client.lib), 
member([Aid,CidIX],assignment.lib), 
res:=[Aname,Aaddress,Cname,Caddress|X] 

) 
) ; 

paStatusO(A, [Aid,Cid|Y], [] ) <-> 
member{[Aid,Aname,AaddressIZ],applicant.lib), 
member([Cid,Cname,Caddress|ZZ],client.lib), 
A;=[Aname,Aaddress,Cname,CaddressIY]; 
paStatusl(A,[Aid,CidIY],[Cid,Cname,Caddress]) <-> 
member{[Aid,Aname,AaddressIZ],applicant.lib), 
A:=[Aname,Aaddress,Cname,CaddressIY]; 
paStatus2(A,[Aid,Cid|Y],[Aid,Aname,Aaddress]) <-> 

member([Cid,Cname,Caddress|Z],client.lib), 
A;=[Aname,Aaddress,Cname,Caddress|Y]; 

jobStatus.g = ["name" , "address"] ; 
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delta-lanibda ( [_jobStatus] ) =res <-> 
paralist:=stdUI_para.lib, 
res:=jobStatus(paralist), 
stdUI_res.1ib2:=res; 

jobStatus ([name,address])=res <-> 
(name= -1) -> 

{ 
res:=client.lib 
) 

.otherwise 
( 

member { [Aid,name,address,JT,L,WT,P,Cid,D],applicant.lib), 
res:=[name,address,JT,L,WT,P,Cid,D] 

) ; 
appS tatus.g =["name","addre s s"]; 
delta—lambda ( [_appStatus] ) =res <-> 

paralist:=stdUI_para.lib, 
res:=appStatus(paralist), 
stdUI_res.Iib2:=res; 

appStatus ([name,address])=res <-> 
(name= -1) -> 

( 
res:=applicant.lib 
) 

.otherwise 
( 
member([Cid,name,address|X],client.lib), 
res:=[name,address|X] 
); 

delta—lambda ( [_jobassign] ) =res <-> 
res:=jobassign(), 
stdUI_res.lib:=res; 

jobassign ()=res <-> 
Date:=getDate2(), 
applicant.g2:=applicant.lib, 
client.g2:=client.lib, 
jobassignO:=defSet(pJassign(A,X,[Date]),[X,assignplan.lib]), 
assignment.lib:=append(assignment.lib,jobassignO), 
applicant.1ib:=applicant.g, 
client.lib:=cllent.g, 
res:=jobassignO; 

pJassign(A,[[Aid,Cid],[X,Y]],[Date]) <-> 
(X="yes" and Y="yes") -> 

( 
project (applicant.g,AI, [Aid,Aname,Aadd,AJType, 

ALevel,AWTime,APLevel,CIdO,ADate]), 
project(client.g,CI,[Cid,Cname,Cadd,CJType, 

CLevel,CWTime,CPLevel,Num,CDate]), 
A: = [Aid,Cid,CPLevel,Date, []], 
applicant.g2:=replaceList(applicant.g, AT , [Aid, 

Aname,Aadd,AJType,ALevel,AWTime,APLevel, Cid,Date] ) , 
client.g2:=replaceList(client.g,CI,[Cid,Cname, 

Cadd, CJType, CLevel, CWTime, CPLevel, Num-1, Date] ) 
) ; 

assignconf irmCli.g = ["name" , "address" , "appname" , "appaddress" , "accept"] , 
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delta—laxnbda ( [_assignconf irmCli] ) =res <-> 
paralist:=stdUI_para.lib, 
res:=assignconfirmCli(paralist), 
stdUI_res.1ib:=res; 

asslgnconflrmCll ( [Cname,Cadd,Aname,Aadd,accept])=res <-> 
(member ( [Aid, Aname, Aadd, AJType, ALevel, AWTime, 

APLevel,CId,ADate],applicant.lib) and 
member([Cid,Cname,Cadd,CJType,CLevel,CWTime, 

CPLevel,Num,CDate],client.lib)) -> 
( 
(project(assignplan.lib,PI,[[Aid,Cid],[X,Y]])) -> 

( 
assignplan.lib:=replaceList(assignplan. 

lib,PI,[[Aid,Cid],[X,accept]]), 
res:="assignplan.lib is updated" 
) 

•Otherwise 
( 
res:="Applicant or client name is wrong" 
) 

) 
.otherwise 

( 
res:="Applicant or client name is wrong" 
) ; 

assignconflrmApp.g = ["name" , "address" , "accept"] ; 
delta—lambda ( [_assignconf irmApp] ) =res <-> 

paralist:=stdUI_para.lib, 
res:=assignconfirmApp(paralist), 
stdUI_res.lib:=res; 

asslgnconflrxnApp ( [Aname,Aadd,accept] ) =res <-> 

(member( [Aid,Aname,Aadd,AJType,ALevel,AWTime,APLevel,Cid,ADate] , 
applicant.lib) ) -> 

( 
(project(assignplan.lib,PI,[[Aid,Cid],[X,Y]])) -> 

( 
assignplan.lib:=replaceList(assignplan.lib, 

PI, [[Aid,Cid] , [accept,Y]]), 
res:="assignplan.lib is updated" 
) 
.otherwise 

( 
res:="Applicant name is wrong" 
) 

) 
.otherwise 

( 
res:="Applicant name is wrong" 

) ; 

delta—lambda ( [_assignplanStatus] ) =res <-> 
res:=assignplanStatus(), 
stdUI res.lib:=res; 
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asslgnplanStatus ()=res <-> 
res:=defSet(pPlan(A,X, [] ), tX,assignplan.lib]); 

pPlan(A, [[Aid,Cid] , [X,Y]] , [] ) <-> 
member ( [Aid, AName, AAdd, AJType, ALeve 1 , 
AWTime,APLevel,CId,ADate],applicant.lib) , 
member([Cid,CName,CAdd,CJType,CLevel, 
CWTime,CPLevel,Num,CDate],client.lib), 
A: = [ [AName, AAdd, AJType, ALeve 1 , AWTime, APLevel ] , [CName, CAdd, 

CJType,CLevel,CWTime,CPLevel],[X,Y]]; 

delta—laxhbda ( [_jobarrange] ) =res <-> 
res:=jobarrange(), 

stdUI_res.lib:=res; 

jobarremge ()=res <-> 
load_go{"j obarrange4 2.p"), 
res:="job assignment is completed"; 

salesfigures.g =["cname","caddress"]; 
delta—lambda ( [_salesf igures] ) =res <-> 

paralist :=stdUI__para .lib, 
res:=salesfigures(paralist), 
stdUI_res.lib2:=res; 

salesfigures ([Cname,Caddress])=res <-> 
(cname= -1) -> 

{ 
Pays:=defSet(pPays(A,X, [-1]), 

[X,assignment.lib]), 
) 

.otherwise 
( 
member([Cid,Cname,Caddress|X],client.lib), 
Pays:=defSet(pPays(A,X,[Cid]), 

[X,assignment.lib]) 
), 

TPays:=transpose(Pays), 
Sales:=sum(project(TPays,3)), 
res:=[TPays,["sales=",Sales]]; 

pPays(A,[Aid,Cid,CPl,D,Phis],[CCid]) <-> 
(CCid= -1 or CCid=Cid) -> 

( 
project (Pliis,0, [P, -1] ) , 
A: = [Aid, Cid, P] 
) ; 

timesheet.g = ["name", "address" , "company" , "liours"] ; 

delta—lanibda ( [_timeslieet] ) =res <-> 
para l i s t :=s tdUI_para . l ib , 
res:=timeslieet (para l is t ) , 
s tdUI_res. l ib2:=res; 

timesheet ( [Aname,Aadd,Cname,liour] ) =res <-> 
proj ect (appl icant .1ib ,AI, [Aid,Aname,Aadd|X]), 

(project (assignment . l i b , Asl, [Aid,Cid,Cpl,D, Pliis] ) ) -> 
( 
Pay:=transCPl (Cpl) *liour, 
(Pliis<>[] ) -> 

( 
project (Pliis, 0, [P,Pdate] ) , 
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{Pdate = -1) -> 
( 

Date:=getDate2() , 
project(Phis,"head",PhisO), 
Phis2:=append(PhisO,[[P,Date],[Pay,-1]]), 
res:=["time sheet is accepted",P,.next_sheet] 

) 
.otherwise 

( 
Phis2:=append(Phis,[[Pay,-1]]), 
res:=["time sheet is accepted","no payment",.next_sheet] 

) 
) 

.otherwise 
( 
Phis2:=[[Pay,-l]], 
res:=["no payment","time sheet is accepted",.next_sheet] 
), 

assignment.Iib2:=replaceList(assignment.lib, 
Asl,[Aid,Cid,Cpl,D,Phis2]) 

) 
.otherwise 

( 
res:="maybe names are wrong" 
) ; 

transCPl(CPl)=P <-> 
(CPl="high") ->(P:=1500) 
•Otherwise 

( 
(CPl="mid") ->(P:=1000) 
.otherwise 

( 
P:=900 
) 

); 

jobreglst.g = ["name" , "address" , " jobtype" , " joblevel" , 

"wtime","paylevel","number"]; 

delta—lainbda( [_jobregist] ) =success <-> 
[name,add,type,level,wtime,pay,num]:=stdUI_para.lib, 
success := jobregist(name,add,type,level,wtime,pay,num), 
(success = 1) -> 

(res:="jobregist is successfully completed"), 
stdUI_res.lib2:=res; 

jobregist (name,add,type,level,wtime,pay,num)=success <-> 
date:=getDate2(), 
Id:=getCId(), 
client.Iib2:=append(client.lib,[[Id,name,add,type, 

level,wtime,pay,num,date]]), 
success:=1; 

appregist.g = ["name","address","jobtype","level","wtime","pay"]; 

delta—lambda ( [_appregist] ) =res <-> 
[name,add,type,level,wtime,pay]:=stdUI_para.lib, 
res := appregist(name,add,type,level,wtime,pay), 
stdUI res.lib:=res; 
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appregis t ( n a m e , a d d , t y p e , l e v e l , w t i m e , p a y ) = r e s <-> 
(member{[AId,name,add,T,L,WT,PL,P,D], 

a p p l i c a n t . l i b ) ) -> 
( 
r e s : = " a l r e a d y r e g i s t e r e d " 
) 

. o t h e r w i s e 
( 
d a t e :=ge tDa te2 ( ) , 
I d : = g e t A I d ( ) , 

a p p l i c a n t . l i b 2 : = a p p e n d ( a p p l i c a n t . l i b , [ [ Id , 
n a m e , a d d , t y p e , l e v e l , w t i m e , p a y , - l , d a t e ] ] ) , 

r e s : = " a p p r e g i s t i s completed" 
) ; 

g e tAId ( )= Id <-> 
I d O : = a I d . l i b , 
I d : = p r o j e c t ( I d O , l ) , 
a l d . l i b 2 : = l d + l ; 

g e t C I d ( ) = I d <-> 
I d O : = c I d . l i b , 
I d : = p r o j e c t ( I d O , l ) , 
C l d . l i b 2 : = l d + 1 ; 

Appendix 15.2 Data Transformation and Solver Parts of 
Employment System in Computer-Acceptable 
Set Theory 

/•jobarrange42.set*/ 

.func ( [unsatisfaction,goal,transJType,transLevel,transWTime,_Solf]); 
delta ([X,GV,Vs],[A,V])=[X2,GV2,Vs2] <-> 

R:=unsatisfaction(A,V), 
X2:=append(X,[[A,V]]), 
GV2:=GV+R, 
Vpos:=invpreject (eg, [V|Dv] ) , 
Num:=proj ect(Vs,Vpos) , 
Vs2:=replaceList(Vs,Vpos,Num+l), 
constraint([X2,GV2,Vs2]); 

unsatisfaction(A,V)=R <-> 
member([A,AJT,AL,AWT,APL],A.g), 
member([V,VJT,VL,VWT,VPL,Num],C.g), 

R:=(APL-VPL)+abs(VL-AL)-cardinality(intersection(AJT,VJT)); 

genA ([X,GV,Vs])=As <-> 
N:=cardinality(X), 
ANum:=applicantNum.g, 
Nums:=clientNum.g, 
AIds:=project(transpose(A.g),1), 
(N<ANum) -> 

( 
C I d s 2 : = d e f S e t ( p C I d s ( A , X , [ ] ) , [ X , C . g ] ) , 
A s : = p r o d u c t ( [ p r o j e c t ( A i d s , N + 1 ) ] , C I d s 2 ) 
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.otherwise 
( 
As:=[] 
) ; 

pCIds(A, [V,VJT,VL,VWT,VPL,Num] , [] ) <-> 
Num>0, 
A:=V; 

constraint {[X,GV,Vs]) <-> 
clientNum.g>=Vs, 
[A,V]:=project{X,0), 
member ( [A, AJT,AL,AWT, APL] ,A.g) , 
member([V,VJT,VL^VWT,VPL,Num],C.g), 
AL>=VL, 
intersection(VWT,AWT)<>[], 
intersection(AJT,VJT)<>[]; 

initialstate ()=C <-> 
C:=[[],0,constantlist(0,cardinality(clientNum.g))]; 

finalstate ([X,GV,Vs]) <-> 
ANum:=applicantNum.g, 
N:=cardinality(X), 
N=ANum; 

st(C) <-> 
finalstate(C); 

goal ( [X,GV,Vs] )=Re <-> 
Re:=GV; 

preprocess () <-> 

data—trems () ; 
data— trans () < - > 

getApplicant(), 
applicantNum.g:=cardinality (A.g) , 
getClient0, 
TCs:=transpose(C.g), 
Nums:=project(TCs,0), 
clientNum.g:=Nums; 

getApplicant0 <-> 
As:=defSet(pAg(A,X,[]),[X,applicant.lib]), 
a.g:=As; 

pAg(A,X, [] ) <-> 
X<>" []" and X<>"", 
[Aid,Name,Add,JType,Level,WTime,PLevel,CId,Date]:=X, 
CId= -1, 
JT:=transJType(JType), 
L : = t r a n s L e v e l ( L e v e l ) , 
WT;=transWTime(WTime), 
PL := t ransLeve l (PLeve l ) , 
A:=[Aid,JT,L,WT,PL]; 

g e t C l i e n t 0 <-> 
C s : = d e f S e t ( p C s ( A , X , [ ] ) , [ X , c l i e n t . l i b ] ) , 
c .g :=Cs ; 

pCs(A,X, [] ) <-> 
X<>" [] ", 
[CId,Name,Add,JType,Level,WTime,PLevel,Num,Date]:=X, 
JT:= t ransJType(JType), 
L:=transLevel(Level), 
WT:=transWTime(WTime), 
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PL:=transLevel(PLevel), 
A:=[CId,JT,L,WT,PL,Num]; 

transJType(JType)=JT <-> 
(JType="jl") -> 

( 
JT:=[1,2,3,4] 
) 

.otherwise 
{ 
(JType="j2") -> 

( 
JT:=[2,3,4] 

) 
.otherwise 

( 
(JType="j3") -> 

( 
JT:=[3,4] 
) 

.Otherwise 
( 
(JType="j4") -> 

( 
JT: = [4] 
) 

) 

transLevel(Level)=L <-> 
(Level="high") -> 

( 
\ 
L:=3 

.Otherwise 

V 

(Level="mid") -> 

\ 
L:=2 

.otherwise 

V 

{Level="low") 

\ 
L:=l 
) 

) ); 

transWTime(WTime)=WT <-> 
(WTime="all") -> 

WT:=[1,2] 

.otherwise 

{WTime="mor") -> 
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( 
WT:=[1] 
) 

. o t h e r w i s e 
( 
{WTime="eve") -> 

( 
WT:=[2] 
) 

) 
) ; 

postprocess () <-> 
S o l : = _ S o l f 0 , 
a s s i g n p l a n . l i b 2 : = d e f S e t ( p G e n P ( P , X , [ ] ) , [ X , S o l ] ) ; 

pGenP(P , [A id ,C id ] , [ ] ) <-> 
P:=[Aid ,Cid , [ -1 , -1 ] ] ; 

The data transformation is implemented as a preprocess of the jobarrange. Note that a.g 
and eg are produced by two predicates, getApplicant() and getClient(), respectively, 
using defSet(). 
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16 

Database Connectivity for the Model Theory Approach'* 

The target of the model theory approach is development of an intelligent MIS, as illus­
trated in Fig. 1.2 and in Fig. 15.2. The lower part of the system, a transaction processing 
system (TPS), constitutes the infrastructure of an MIS. Its main task is management of 
data. Although a simple file system is used for TPS development in Chapters 14 and 15, 
the model theory approach requires implementation of database connectivity because 
the file system is, in fact, supported by a database system. The language extProlog and 
hence the model theory approach are extended to implement that function. 

The extension of extProlog is realized in two ways. First, extProlog is extended 
to handle a database as a relational database system does. This is certainly needed, 
because there are applications in which a regular database system rather than a sim­
ple file system is employed in the model theory approach. Second, it is extended to 
manipulate a relational database in an object-oriented way. This is necessary for han­
dling complicated data structures for the model theory approach. As Chapters 14 and 
15 show, a data structure for the approach may not satisfy even the first normal form 
requirement of a relational database. In fact, the approach allows an attribute to take a 
list structure as its value. Needless to say a complicated data structure is also inevitable 
for problem-solving. 

This chapter first discusses the latter extension of extProlog and then, the for­
mer extension as an application of the latter. Finally, it is presented how the extended 
scheme is embedded into the model theory approach. 

16.1 Database Connectivity in extProlog 

The language extProlog uses postgreSQL as its database system. Since it is a relational 
database manipulated by SQL (standard query language), a special object-oriented 
database language (OODB) is designed for extProlog. Then, a subsystem is devel­
oped for extProlog that interprets the OODB language to SQL and vice versa. Because 
OODB and extProlog are seamlessly connected, extProlog itself can function as an 
object-oriented language. 
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16.2 OODB Language 

We first introduce the syntax of OODB and explain its semantics using examples. 

16.2.1 Syntax of OODB Language 

This subsection introduces the syntax of OODB. In the following definitions, 
(constant symbol), which denotes a Prolog constant, (integer), (Prolog predicate list), 
(Prolog variable), (Prolog variable list), and (Prolog value), which denotes a value for 
a Prolog variable, are used as well-known terms. 

The syntax consists of four definitions: definition of class, definition of object, 
definition of method, and definition of data processing. 

1. Definition of class 

<class definition>::= class(<class name>,<attribute list>); 

<class name>::= <constant symbol> 

ottribute list>::= [<attribute listO>] 

<attribute listO>::= <attribute listl>|<attribute listl>, 
inherits(<class name list>) 

<attribute listl>::= <atomic attribute declaration>|<attribute listl>, 
<atomic attribute declaration> 

<class name list>::= <class name>|<class name list>,<class name> 

<atomic attribute declaration>: := "<attribute namexattribute type>" 

<attribute name>::= <constant symbol> 

<attribute type>::= int|float|<string> | <pointer>|<vecpointer> 

<string>::= char(<integer>) 

<pointer>::= <class name> 

<vecpointer>::= <pointer>{<integer>,<integer>) 

2. Definition of object 

<object definition>::= <object name>: = newdbob(<db name>/<class name>) 

<object name>::= <constant symbol>|this 

<db name>::= <constant symbol> 

3. Definition of method 

<method definition>: := <method declarationxmethod implementation> 

<method declaration>::= methodclass(<method name>,<method input>, 
<method output>) :- 1; 
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<method name>::= <constant symbol> 

<method input>::= <class name> 

<method output>::= <class name>|undef 

<method implementation>::= <method name>(<method argument list>):-
<Prolog predicate list>, 
return(<return object>); 

<method argument list>::= <Prolog variable list> 

<return object>::= <object name>|<Prolog variable>|void 

The cut operation is used in the method declaration in order to avoid unnecessary 
execution of unification. 

4. Definition of data processing 

<data assignment>::= <variable form>: = <value form> 

<variable form>::= <Prolog variable>|<attribute form> 

<attribute form>::= <attribute head> -> <attribute name> 
I<attribute head> -> []|<attribute head> -> 
[<attribute name list>]|<attribute head> -> <integer> 

<attribute head>::= <object name>|<attribute head> -> <attribute name> 

<attribute name list>::= <attribute name>|<attribute name list>, 

<attribute name> 

<value form>::= <data form>|<action form> 

<data form>::= <Prolog value>|<attribute form> 

<action form>::= <object name>*<method form>|<action form>*<method form> 

<method form>::= <method name>(<method argument list>) 

16.2.2 Example of Program in OODB Language 

A program that deals with a database consists of the two parts, a program head and a 
program body. Classes and methods are defined at the program head, and objects and 
data processing are defined in the program body. Real execution is specified by rules in 
the program body. Let us explain the above definition using an example. The example 
is a part of a personnel database as illustrated in Fig. 16.1 [Ishizuka, 1996]. Figure 16.2 
shows its program in the OODB language. 

There are three classes: company, divisions, and division. The three objects compA, 
diva, and divb are objects of the company, division, and division, respectively. In 
Fig. 16.1, the object compA has two divisions, diva and divb. The object divb is a 
member of the lower divisions of the object diva or the object diva, is the upper divi­
sion of the object divb. 
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Fig. 16.1. Personnel database. 

First, let us define classes, a method, objects, and a program body, and then explain 
the syntax using the program. 

Let us examine the syntax using the above example. 

(i) Definition of Class 

The program in Fig. 16.2 has three class definitions: company, division, and divisions. 
The class company has the two attributes of name and divs, the types of which are 
char(40) and divisions, respectively. Here char(40) represents a string with a maximum 
length of 40, while divisions represents a class. Because a class is allowed to be used 
as a type, a complicated data structure can be defined in OODB, which is difficult for a 
regular relational database because it does not allow a class to be an attribute type. 
Here "company, ["name char(40)", "divs divisions"]" corresponds to (class name), 
(attribute list} while "divs divisions" corresponds to (atomic attribute declaration) of 
the syntax, "divisions" is a (pointer), that is, a (class name). 

The class division has the attributes of name, affiliations, upper, and lower. The 
types of affiliation, upper, and lower are also classes. 
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/••personnel data base**/ 
/••program head **/ 
/* class definition */ 
class(company,[ 

"name char(40)", 
"divs divisions"]); 

class(division,[ 
"name char(40)", 
"affiliation company", 
"upper division", 
"lower divisions"]); 

class(divisions,[ 
"vecdiv division(0,10)"]; 

/* method definition */ 
methodclass(cre_division,company,company):-!; 
cre_division(D,N):-

D:=newdbob(mydb,division), 
N:=newdbob(mydb,division), 
this->divs->veddiV->X:=N, 
N->upper:=D, 
return(this); 

/••program body**/ 
personne lmain( ) : -
/ * ob jec t d e f i n i t i o n */ 

compA:=newdbob(mydb,company), 
diva:=newdbob(mydb,division), 
divb:=newdbob(mydb,division), 
divas:=newdbob(mydb,divis ions) , 

/ * objec t data assignment */ 
compA->[]:=["CompA",divas], 
d iva->aff i l la t ion:=compA, 
d ivb->[name,af f i l ia t ion ,upper] :=["Divb",compA,diva] , 
d ivas->vecdiv->0:=diva , 

/ * usage of method */ 
X:=compA*cre_divis ion(divb,dive) , 
Xwrite ln(0 ,"current d i v i s i o n s " , d i v a - > a f f i l i a t i o n - > d i v s ) ; 

? -personne lmain0; 

Fig. 16.2. OODB representation of Fig. 16.1. 

The type of the attribute vecdiv of the class divisions is a vector of the class di­
vision. A value of vecdiv is then a list of objects of the class division, whose length 
is 11. Internally, ["vecdiv division(0, 10)"] is expanded as ["vecdivO division", , 
"vecdiv 10 division"]. 

(ii) Definition of Object 

Four objects, compA, diva, divb, and divas, are defined in the program. The object 
compA is created by the predicate newdbob(mydb, company), which indicates that 
compA is an object of the class company and is stored in a database mydb of Post-
greSQL. In the same way, the object diva is defined as an object of the class division 
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in mydb, the object divb is defined as an object of the class division in mydb, and the 
object divas is classed as an object of the class divisions in mydb. The object divas is a 
vector of objects of the class division. 

The terms compA, mydb, and company correspond to (object name), (db name), 
and (class name), respectively. 

(iii) Definition of Method 

One method, 
cre_division, 

is defined in the program. The predicate methodclass(cre_division, company, com­
pany) indicates that cre_division is a name of a method that is to be applied to the 
class company and that yields an object of the class company as its output. 

The argument N of the method cre_division specifies an object that is appended 
to the attribute divs of the object "this" to which the method is applied. The other 
argument D specifies an object that is an upper division of the object N. The object D 
and argument N are created in the method just in case they are not yet defined. If they 
are already defined, the two newdbob objects are ignored. Finally, the predicate 

return(this) 

yields "this" as an output of this method. 
The terms cre_division, company, company, and (D, N) correspond to 

(method name), (method input), (method output), and (method argument list) of the 
language specification, respectively. 

(iv) Data Processing 

In the program, four data assignments of objects are illustrated. The whole class of 
attributes [name, divs] of the object compA is indicated by []. Hence, the assignment 
command 

compA - > [ ] : = ["CompA", divas] 

assigns "CompA" and divas to the attributes name and divs of the object compA, re­
spectively. 

In order to assign a value to a specific attribute, the operator - > is also used. The 
object compA is assigned to the attribute affiliation of the object diva by the statement 

diva -> affiliation := compA, 

which means that diva is a division belonging to compA. 
The statement 

divb -> [name, affiliation, upper] := ["Divb", compA, diva] 

implies that values "Divb", compA, diva are assigned to attributes, name, affiliation, 
and upper of divb, respectively. 
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The statement 
divas -> vecdiv -> 0 := diva 

implies that the value diva is assigned to divas as its 0th element. 
The operations comp -> [], divas -> vecdiv -> 0, this -> divs -> vecdiv -> 

X, diva-> affiliation, and divb -> [name, affiliation, upper] correspond to (attribute 
head) -> [], (attribute head) -> (integer), (attribute head) -> (Prolog variable), 
(attribute head) -> (attribute name), and (attribute head) -> [(attribute name list)] of 
the language specification, respectively. Furthermore, ["CompA", divas] corresponds 
to (data form). 

(v) Execution of Method 

The data assignment expression X := compA * cre_division(divb, dive) illustrates 
how a method is used. It implies that the method cre_ division is applied to the object 
compA and the output of cre_division is assigned to X. Because the object dive in the 
argument list of the method cre_division is not yet defined, it is created in the method. 

16.3 Implementation of OODB Language 

The above language specification is implemented using a relational database. Actually, 
an interpreter is designed to connect extProlog with a relational database so that the 
relational database can be viewed as an object-oriented database from extProlog. The 
interpreter communicates with the relational database in SQL. 

In order to represent the interpreter in set-theoretic terms, let us introduce the fol­
lowing three structures and three arrays of them. The structures are actually functions. 

16.3.1 Structure A 

Structure A is defined as representing an attribute of a class. It has the following at­
tributes: 

name (string), 
type (string), 
start (int), 
end (int), 
link (int), 

where string and int represent types of attribute. The type string is a general name of 
char(n) where n is a natural number, while the type int naturally indicates integers, 
"type," "start," and "end" are used to represent (attribute type), the start index, and the 
end index of a vector, respectively. The latter two are used only when the attribute is 
a vector. The attribute "link" is used to link to the next attribute. As Fig. 16.3 shows, 
each attribute of the class company is realized by structure A, and the family of real­
izations of the structures are organized as a list, where Attr represents an array of the 
realizations. 
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Class[i] Attr[j] Attr[k] 

l j 
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Class[l] 

divisions 
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-1 

-1 

s 

char(40) 

0 

0 

k 

^1 P 

1 

— w 

divisions 

0 

0 

-1 

Attr[t] 

vecdiv 

division 

0 

10 

-1 

i r class[s] class division 

Fig. 16.3. Class representation structure. 

Let 

String = set of strings, 
Int = set of integers, 
ALst« = {name, type, start, end, link}, 
Va = String U Int, 

Then, a realization of structure A is represented as a function 

realization of structure A : ALst^ -^ Va. 

16.3.2 Structure C 

Structure C is defined as representing a class. It has the following attributes: 

name (string), 
attribute (int), 
parent (int), 
child (int), 
link (int). 
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The attribute "attribute" represents a pointer to the first element of the list of 
attributes that constitute the class, while "parent" and "child" are pointers to other 
classes. They are used to implement inheritance. The attribute "link" is also used to 
represent a pointer to another class. Classes in one database are organized as a list by 
"link." 

Let 

ALstc = {name, attribute, parent, child, link}, 

Vc = String U Int. 

Then, a realization of structure C is represented by a function 

realization of structure C : ALstc -^ Vc 

16.3.3 Structure O 

Structure O is defined as representing an object. It has the following attributes: 

name (string), 
dbname (int), 
classname (int). 

The attribute "dbname" and "classname" are pointers to a database in which the object 
exists and to a class to which the object belongs, respectively. 

Let 

ALsiob = {name, dbname, classname}, 

Voh = String U Int. 

Then, a realization of structure O is represented by a function 

realization of structure O : ALsioh -^ Vob-

Let arrays of realizations of the above structures be Attr, Class, and Obj. That is, 

Attr : Â  -^ [ALst^, V^], 

Class : Â  -> [ALstc, Vd, 

Obj : TV -> [ALst^^, Vobl 

where Â  = {0,1,2,. . .} and [ALst^, Va] = {x\x : ALst^ -^ V^}. The definitions 
of [ALstc, Vc] and [ALst^^, Vob] have the same meaning. Then, for example, Attr[0] 
implies a realization of structure A whose index is 0. The index value is used for the 
link value. If Attr[l] is linked to Attr[0], the value of the "link" attribute of Attr[0] is 
1. The convention is applied to Class and Obj. If we use the usual notation of mathe­
matics, the value of link of Attr[0] is denoted by Attr(0)(link). However, following the 
convention of database literature, we use 

Attr[0].link(= Attr(0)(link)). 
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Figure 16.3 shows the class company. It consists of Class[i], the iih element of Class. 
The class has the two attributes of "name" and "divs." They are represented by a list 
of attribute structure. The first attribute of company, "name," is represented by Attr|j], 
the yth element of Attn Therefore, the value of "attribute" of Class[i] is equal to j . The 
attribute "name" of Attr[j] has "name" as its value. The values of the attributes "start" 
and "end" are 0 because "name" is not a vector type. The attribute "link" of Attrlj] has 
k as its value because the next attribute "divs" is represented by Attr[k]. 

Because the attribute type of "divs" is divisions, the type of Attr[k] has "divi­
sions" as its value. Because Attr[k] is the last attribute of the class company, the 
value of "link" of Attr[k] is nil (—1). Because no inheritance is assumed for the 
class company, the "parent" and "child" of a realization of company take — 1 as their 
values. Class[i] is linked to Class[l], where both are supposed to exist in the same 
database. 

The class "divisions" is also represented by Class[l] in Fig. 16.3. The attribute 
"attribute" of Class[l] is pointed to Attr[t], which represents an object "vecdiv" of the 
class divisions. Because vecdiv is a vector of the class division, Attr[t] takes division, 
0, and 10 as its values of "type," "start," and "end," respectively. 

As Fig. 16.4 illustrates, a class is implemented as a table in a relational database, 
while an object is implemented as an entry of a table. 

class company 

_id name divs 

compA "" -1 h Initial state of object compA 

Fig. 16.4. Internal representation of class company. 

Pointers are represented by integers. 
When the statement 

comp A := newdbob(mydb, company) 

creates an object of the class company, the creation internally generates the table of 
Fig. 16.4 and Obj[n], where n is an integer. The attribute "name" of Obj[n] naturally 
takes compA as its value. 

It is a basic assumption that there is no duplication in object names. According to 
Fig. 16.3, the pointer to the class company is / and its pointers to the attributes "name" 
and "divs" are j and k, respectively. When values are assigned to the attributes of 
compA, they are inserted into the name part and the divs part of the entry of the object 
compA, where "" and —1 are used as initial values. 

When a table for a class is generated (refer to Fig. 16.4), an extra attribute, the 
name of which is _id, is appended to the attributes of the class. The attribute _id is 
used as a key of the table. Due to the current convention that no duplication exists in 
object names, the name of an object is assigned to the attributes. 

Using the arrays introduced above, we can prove the following theorem. 
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Theorem 16.1. The specification of OODB introduced in Section 16,2 can be imple­
mented using the arrays Attr, Class, and Obj, and a relational database that uses SQL 
as its manipulation language. 

Proof. Refer to Appendix 16.1. 

The functions inheritance and polymorphism are also implemented. The inheri­
tance is realized by copying inherited attributes into a class definition. The polymor­
phism is realized with the restriction that the implementation of a method is placed 
immediately after its method declaration predicate, methodclass. Under the restriction, 
the Prolog interpreter can find a correct implementation of the method. 

16.4 SQL and OODB Languages 

Sometimes, it is necessary to construct an application system that handles tables rather 
than complicated data structures. A typical case is given when the TPS component of 
Fig. 1.2 is implemented as discussed in Chapter 14. Because SQL is designed to deal 
with tables, it is superior to an object-oriented database language in these applications. 
The language extProlog manipulates table handling in two ways. The first method is 
to use SQL commands directly. An SQL command can be written in text form and can 
be executed in extProlog. For instance, the following commands create a table called 
company: 

sqlcom - > cmd : = "create table company (name char(40));", 
X : = sqlcom * sqlexec(), 

where the object sqlcom and its method sqlexec() are supplied by extProlog. The SQL 
command "create table company (name char(40));" is executed by sqlexec(), which 
calls the postgreSQL system. This method essentially does not use the object-oriented 
scheme. 

The second method is to extend OODB to manipulate a table. The second method, 
which allows the object-oriented approach and the SQL approach simultaneously, will 
be presented in this section. Tables are assumed not to be huge or comparable in size 
with the main memory when the second method is used. Because a 64-bit CPU is now 
available, this restriction is not serious. 

16.4.1 Example of Table Handling in OODB Language 

In order to illustrate the objective of this section, let us consider the example given by 
Fig. 16.5 [Date, 1989]. 

This example consists of the four tables s (supplier of parts), p (parts), j (project), 
and spj (relationship among supplier, parts, projects). The structures of the tables are 
as follows: 

sno 
sname 
status 

char(5), 
char(20), 
int, 
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P = ( 

D = 

spj = ( 

city 
pno 
pname 
color 
weight 
city 
jno 
jname 
city 
sno 
pno 
jno 
qty 

char(15)) 
char(6), 
char(20), 
char(6), 
int, 
char(15)) 
char(4), 
char(10), 
char(15)) 
char(5), 
char(6), 
char{4), 
int)). 

SPJ 
<object> 
spji 
spj2 
spj3 
spj4 
spj 5 
spj 6 
spj 7 
spj8 
spj9 
spj 10 
spjll 
spj 12 
spj 13 
spj 14 
spj 15 
spjl6 
sp jl7 
spjl8 
spjlS 
spj 20 
spj21 
spj 22 
spj 23 
spj 24 

SNO 
SI 
SI 
S2 
S2 
S2 
S2 
S2 
S2 
S2 
S2 
S3 
S3 
S4 
S4 
S5 
S5 
S5 
S5 
S5 
S5 
S5 
S5 
S5 
S5 

PNO 
PI 
PI 
P3 
P3 
P3 
P3 
P3 
P3 
P3 
P5 
P3 
P4 
P6 
P6 
P2 
P2 
P5 
P5 
P6 
PI 
P3 
P4 
P5 
P6 

JNO 
Jl 
J4 
Jl 
J2 
J3 
J4 
J5 
J6 
J7 
J2 
Jl 
J2 
J3 
J7 
J2 
J4 
J5 
J7 
J2 
J4 
J4 
J4 
J4 
J4 

QTY 
200 
700 
400 
200 
200 
500 
600 
400 
800 
lOO 
200 
500 
300 
300 
200 
100 
500 
100 
200 
100 
20O 
800 
400 
500 

SNO 
SI 
S2 
S3 
S4 
S5 

SNAME 
Smith 
Jones 
Blake 
Giark 
Adams 

STATUS 
20 
10 
30 
20 
30 

CITY 
London 
Paris 
Paris 
London 
Athens 

PNO 
PI 
P2 
P3 
P4 
P5 
P6 

PNAME 
Nut 
Bolt 
Screw 
Screw 
Cam 
Cog 

COLOR 
Red 
Green 
Blue 
Red 
Blue 
Red 

WEIGHT 
12 
17 
17 
14 
12 
19 

CITY 
London 
Paris 
Rome 
London 
Paris 
London 

JNO 
Jl 
J2 
J3 
J4 
J5 
J6 
J7 

JNAME 
Sorter 
Punch 
Reader 
Console 
Collator 
Terminal 
Tape 

CITY 
Paris 
Rome 
Athens 
Athens 
London 
Oslo 
London 

Fig. 16.5. Database for parts. 

Suppose the data of Fig. 16.5 are given. When we use the data in the second of 
the two ways mentioned above, it must be transformed into table forms that are com­
patible with OODB. For instance, the table s is transformed into a class and objects by 
the following program: 

class(s, 

aOO :-

[ "sno char(5)", 
"sname char(20)", 
"status int". 
"city char{15)"]); 

si: = newdbob(hisdb, s) , 
s2: = newdbob(hisdb,s), 
s3: = newdbob(hisdb,s), 
s4: = newdbob(hisdb,s), 
s5: = newdbob(hisdb,s), 
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s i 

s2 

S3 

s4 

s5 

-> 
- > 
-> 
-> 
-> 

[] 

[ ] 

[ ] 

[ ] 

[ ] 

[ "S I " , "Smi th" ,20 , "London" ] , 
[ " S 2 " , " J o n e s " , 1 0 , " P a r i s " ] , 
["S3","Blalce",30, " P a r i s " ] , 
["S4","Clar lc" ,20, "London"] , 
["S5", "Adams",30, "Atliens"] ; 

-aOO; 

The class declaration generates a template s. The literal si := newdbob(hisdb, s) 
in the rule aOQ creates an object of the class s in the database hisdb. The literal 
si -> [] := ["SI", "Smith", 20, "London"] then inserts data "SI," "Smith," 20, 
"London" into the object sl. In the same way the objects s2, s3, s4, and s5 are created 
and appropriate data are inserted into them. Because the conversion can be done by a 
Prolog program in extProlog, a user need not write a program like the one listed above. 

This section investigates how the tables created as above can be handled in OODB. 
Let us consider the following simple SQL command, which is applied to the table s: 

select s.sno, s.sname, s.city from s; 

This command selects data corresponding to the attributes sno, sname, city from the 
table s and creates a subtable. 

It is true that this operation can be realized in an object-oriented way. For exam­
ple, the following program aaO() is an object-oriented implementation of the above 
command: 

class(s,[ "sno char(5)", 
"sname char(20)", 
"status int", 
"city char(15)"]); 

class(stable,["ss s(0,10)"]); 
methodclass(getelements,stable,undef):-!; 
getelements(Attrlist):-

Ss: = this -> [] , 
X: = Ss -> Attrlist, 
return(X); 

aaOO :-

ssob: = newdbob(hisdb,stable), 
ssob -> ss: = [sl,s2,s3,s4,s5], 
X: = s s o b * g e t e l e m e n t s ( [ s n o , s n a m e , c i t y ] ) ; 

?-aaO() ; 

The table stable has a single entry that is a vector of eleven tables whose templates 
are given by s. The declaration methodclass says that the rule below it, getelements, 
is an applicable method to the class stable. The type of an output of the method is 
undefined (undef). 

The method getelements has a parameter, Attrlist. The literal Ss := this -> [] in­
serts the data list of the current object (this) into Ss. That is, Ss is a list that is equivalent 
to an entry of the table s. The next literal X := Ss -> Attrlist extracts a sublist of Ss 
corresponding to Attrlist and inserts it into X. The literal return(X) outputs X. 
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The execution of the method is carried out in the rule aaO(). An object ssob is 
created by the literal ssob: = newdbob(hisdb, stable), and the literal ssob -> ss: = [si, 
s2, s3, s4, s5] inserts si , s2, s3, s4, s5 into it. Finally, by applying getelements to ssob, 
where Attrlist = [sno, sname, city], we have the desired result. 

There are two difficulties with the above procedure. First, a user must specify ex­
plicitly the rows si, s2, s3, s4, s5 in the program. If the number of rows changes, 
the program must be modified, which is obviously undesirable. Second, in the present 
program, the user must create a new class and write a method for it even though the 
required processing is trivial, at least from the SQL viewpoint. 

Although one line is enough to describe the above operation in SQL, a rather com­
plicated program must be written if we follow the object-oriented approach. A user 
should not be required to accept this inconvenience. 

The above example uses only one table. However, in general, an SQL command 
uses more than one table and includes condition clauses like group by... having It is 
not feasible to expect a user to be always able to write a program in an object-oriented 
way that is equivalent to the given SQL command. 

This section will extend OODB in a way such that the following conditions can be 
met: 

1. The host language, extProlog, can implement the same functions as those given by 
SQL commands without the necessity for an SQL command embedded in a host 
language. Then, one language can process tables as well as objects. 

2. A user is not required to create a metatable, the element of which is another table 
as illustrated above when an SQL command is implemented. 

3. When a program is written in an extended language, the ease of its writing, its 
readability, and its execution speed must be comparable to the counterpart in SQL. 

If OODB can be extended while still satisfying the above conditions, it can provide 
a powerful environment, because OODB has strong descriptive capability for compli­
cated data structures, and conventional database processing can also be performed in it. 

16.4.2 Implementation Scheme for SQL Functions 

This section summarizes basic facts of OODB, which will be used for the implemen­
tation. (Refer to Section 3.4.2.) 

(i) Representation of Set 

A set is represented as a list: 

Representation of set = [a\,.. .,an]. 

Here ai represents an atomic element of Prolog. It can be an integer, a real, a 
constant, a string, a list, or a more complicated element. Hence, naturally, an atom can 
cover the entire types of SQL. In particular, if a/ (/ = 1 , . . . , n) is a list, the expression 
of a set is a representation of a table. For instance, [[1,2, 3], [4, 5, 6]] is an expression 
of a table (or of a matrix). An empty set is represented by []. 
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(ii) Construction of Set 

A set is constructed by directly specifying elements of a list or by extension of a pred­
icate of Prolog. The latter is, of course, important. In extProlog the latter construction 
is given by the predicate defSet() (Refer to Section 3.4.2). 

In this section, defSet() is decomposed into the two predicates: extent_of() and 
in(). Suppose a predicate p{X^ (parameterlist)) is defined by a user. Then, the set 
Xs of X that satisfies the predicate, i.e., Xs = {X\p(X, (parameterlist))}, is given 
by 

Xs := extent_of (p(X, (parameterlist))). 

When the predicate /?() denotes a specific row of a table by a variable K, the notation 
is expressed by in(). For instance, if we want to say that Y represents a row in a table 
t, the following expression is used: 

in(r,o. 

An example of in() is given in the program al() below. 

(iii) Definition of Table 

In OODB the template of a table is defined as a class. For instance, in Section 16.4.1 
the table s is specified as follows: 

class(s,[ "sno 
"sname 
"status 
"city 

char(5) ", 
char(20) ", 
int", 
char(15)"] 

(iv) Creation of a Row of a Table 

A row is defined as an object. For instance, the following literal can create a row in a 
table s: 

^1 := newdbob(mydb, s). 

(y) Specification of an Attribute Value 

The value of an attribute a in an object si (row) is expressed by si -> a. A value can 
be inserted using the same expression. For instance, si -> city: = "Tokyo". 

(vi) Row Insertion 

If we want to insert values u i , . . . , o,̂  into all of the attributes of an object obn, we can 
write as follows: 

obn- > [] := [vu,,.,Vnl 

Each Vi is inserted into the iih attribute. 
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(vii) Table Insertion 

If we want to simultaneously insert a value v into an attribute a of objects obi,..., obn 
of the same class, we can write as follows: 

[ob\,... ,obn] -> a := V, 

In general, if we want to simultaneously insert a list of values v\,... ,Vfn into a list of 
objects obi, • • • > obn of the same class, we can write as follows: 

[obu...,obn] -> [] := [vu...,Vm], 

where m is the number of attributes of the class. 

(viii) Deletion of an Object 

The following predicate deletes objects s\,.. .,Sn from the database mydb: 

destroydbob("mydb", [^i,..., Sn]). 

(ix) View function in OODB 

The view function is implemented in the following procedure: 

1. Construct data as a table (list of lists) 

2. Display the data by the following predicate: 

createDM((nameof view), (data)). 

The data will be displayed on a spreadsheet of extProlog. 

(x) Operations on Lists 

The following are system-defined predicates to facilitate operations on sets. 

• Unary and binary operations on lists (sets) 

Most of the unary and binary arithmetic operations are extended as termwise opera­
tions to be applicable to lists. Refer to Section 3.4.2. 

• Predicate in() 

The predicate in() can be used to check whether an element belongs to a list as it is 
usually interpreted in SQL. For example, suppose X and Xs are an element and a list, 
respectively. Then in(X, Xs) = true iff X is an element of Xs. In this case, in() is 
equivalent to member() of Prolog. 
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• Special functions for lists 

Many special functions are defined for lists (sets). Refer to Section 3.4.2. Usual func­
tions used for sets in SQL are all implemented in extended OODB. 

(xi) Special Functions to Describe SQL Functions 

Two functions, group_by() and joint-of(), are introduced to provide easy implemen­
tation of some SQL functions. The function group_by is used as follows: 

(grouped table) : = group_ by ({target table), {list of attributes for grouping), 

{retrieval condition)). 

The function joint-of is used as follows: 

(jointed table) := joint_of({list of subtables to be jointed)). 

Their meanings are explained using examples below. 

16.4.3 Implementation of SQL Functions in OODB Language 

Let us examine SQL functions in the following categories: 

(i) Data definition 
(ii) Data retrieval 

(iii) Updating of table 
(iv) Embedding SQL commands 

(i) Data Definition 

The data definition has two functions, create-table and create-view. The create-table 
function is implemented by the class definition discussed in Section 16.4.2. 
The create-view function is also discussed in Section 16.4.2 except for how a sub-
table is constructed, which is discussed below. 

(ii) Data Retrieval 

We assume that SQL commands for data retrieval can be expressed in two forms: 

select {selection list)from{list of table names), 

select {retrieval condition) group by {row list) having {retrieval condition). 

There are other forms including terms such as "order by" and "into {temporary 
file)." However, functions from these terms are simply implemented in Prolog after 
necessary data is retrieved using the above functions. 
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a. The case in which "group by" is not used 

We investigate this case using the following example: 

select Tl.al, T2.a2 from tl Tl, t2 T2 where p(Tl,T2) 

where Tl and T2 are variables to represent rows of table tl and table t2, respectively, 
and al and a2 are names of attributes of tl and t2, respectively. Here p(Tl, T2) is a 
predicate to specify a retrieval condition. This command is implemented by the fol­
lowing rules: 

a l O : -

Ans: = e x t e n t _ o f ( q a ( X ) ) ; 

q a ( X ) : -

i n ( T l , t l ) , 
i n { T 2 , t 2 ) , 
p a { T l , T 2 ) , 
X: = [Tl -> a l , T 2 -> a 2 ] ; 

where pa() is a predicate that is an implementation of the retrieval condition p() in 
OODB. The rule qa() requires that the variables Tl and T2 represent rows of tables tl 
and t2 by in(Tl, tl) and in(T2, t2), respectively, and furthermore, satisfy the predicate 
pa(). The literal 

X: = [Tl -> a l , T 2 -> a2] 

extracts values corresponding to the attributes al and a2 from Tl and T2. 
Let us consider the following SQL command, which consists of a simple retrieval, 

subretrievals, exists, and SQL functions: 

select 
from 
where 

spjx.^no 
spj 
exists 
(select 
from 
where 
(select 
from 
where 

spjx 

• 

spj spjy 
spjy.pno ='p2' and spjy.qty 
avg(spjz.qty) 
spj spjz 
spjz.pno = 'pi' and 
spjz.sno = spjx.sno)). 

This is a retrieval command regarding the table spj of Fig. 16.5. 
The following is a direct translation of the above SQL command into an OODB 

program. Suppose we are given the following class definition of the table spj: 

class(spj, [ 

"sno char(5)", 
"pno char(6)", 
"jno char(4)", 
"qty int'']); 
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Then, the required program is 

a2() :-

Xs: = extent_of(qa{X) ) , /•select spjx.jno*/ 
Ans: = Xs; 

qa(X):-

in(SPJX,spj), /*from spj spjx*/ 
Ys: = extent_of(qb(Y,SPJX) ) , /•select • •/ 
Ys <> [], /•exists^/ 
X: = SPJX -> jno; /•spjx.jno^/ 

qb(Y,SPJX):-

in(SPJY,spj), /•from spj spjy^/ 
SPJY -> pno = 'p2', /•spj.pno = 'p2'^/ 
Zs: = extent_of(qc(Z,SPJY,SPJX)), 
SPJY -> qty > average(Zs -> qty), 
Y: = SPJY; 

qc(Z,SPJY,SPJX):-

in(SPJZ,spj), /•from spj spjz^/ 
SPJZ -> pno = 'pi', /•spjz.pno = 'pi' and^/ 
SPJZ -> sno = SPJX -> sno,/•spjz.sno = spjx.sno^/ 
Z: = SPJZ; 

Because select-from-where is implemented as Xs: = extent-of(/^(X, (parameter))), 
the condition "where exists..." is implemented by the predicate qa(). The expression 
"in(SPJY, spj)" of qb() corresponds to "from spj spjx." 

The command "existsO" is implemented as follows: first, find the set Ys that satis­
fies the condition of exists(); second, check Ys <> []. The condition is expressed by 
the predicate qb() in the rule qa(). Ys is, therefore, determined by qb(Y,SPJX), where 
SPJX is a parameter. 

The expression "from spj spjy" is implemented as in(SPJY, spj). The part "(select 
avg(... = spjx.sno))" is implemented by "Z^* := extent-of(... > average(Z5' - > 
qty)." Here Zs is the set where the condition "from spj spjz where . . . = spjx.sno". 
The function "average" in the program is obviously a counterpart of "avg" of SQL. 

b. The case in which "group by" is used 

We will investigate this case using the following SQL command: 

select T.al,T.a2, f(T.a3,T.a4) 
from t T 
where pi(T) 
group by T.al,T.a2 
having p2(T), 

where f(T.a3, T.a4) is a binary function. 
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The above SQL command is realized by the following program: 

a3() : -

q l ( T ) : -

q2{Y) :-

Ts : = e x t e n t _ o f ( q l ( T ) ) , 
Ys: = group_by(Ts, C a l , a 2 ] , q 2 ( Y ) ) , 
Ans: = j o i n t _ o f ( [ m i n ( Y s -> a l ) , m i n ( Y s -> a 2 ) , 

f(Ys -> a3,Ys -> a 4 ) ] ) ; 

i n (T , t ) , 
p l a ( T ) ; 

p2a(Y) ; 

where ql() and q2() are rules corresponding to the retrieval conditions pl() and p2(), 
respectively. 

Let us consider the above implementation using the following SQL command re­
garding the table spj of Fig. 16.5: 

select SPJ.sno, SPJ.pno, max(SPJ.qty) - min(SPJ.qty) 
from spj SPJ 
group by SPJ.sno, SPJ.pno 
having sumCSPJ.qty) > 500; 

The above command is implemented as follows: 

a4() : -
Ts : = e x t e n t _ o f ( q l ( S P J ) ) , 
Ys: = g r o u p _ b y ( T s , [ s n o , p n o ] , q 2 ( Y ) ) , 
Ans: = j o in t_o f ( [min (Ys -> sno) ,min(Ys -> p n o ) , 

max(Ys -> q ty) -min(Ys -> q t y ) ] ) ; 
q l ( S P J ) : -

i n ( S P J , s p j ) ; 
q2(Y) : -

sum(Y -> qty) > 500; 

The literal "Ts := extent-of(ql (SPJ))" gets a table (list of rows) that satisfies the 
select-from function and inserts the table into Ts. Because there is no where condition, 
Ts is equal to the table spj. Then, the function group_by does grouping of the table 
Ts, where each group consists of rows that have the same value with respect to the 
attributes [sno, pno]. That is, the result is [[spjl, spj2], [spj3, spj4, spj5, spj6, spj7, 
spj8, spj9], . . . , [spj22]], where, for example, spjl and spj2 constituting the subgroup 
[spjl, spj2] have the value [SI, PI] for [sno, pno]. The subgroups are substituted into 
Y of q2(Y) and finally Ys is determined as a set of subgroups that satisfies the rule 
q2(). Then, we have 

Ys = [[spjl, spj2], [spj3, spj4, spj5, spj6, spj7, spj8, spj9], 

[spjl2], [spjl3, spjl4], [spjl7, spjl8, spj23], [spjl9, spj24], [spj22]]. 

Finally, Ans is given by joint-of(). Note that "min(Ys -> sno)" is used to eliminate 
duplicated elements in Ys -> sno. As mentioned in Section 16.4.2, Ys -> sno is equal 
to [[spjl, spj2] -> sno,...] and [spjl, spj2] -> sno is equal to [spjl -> sno, spj2 -> 
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sno] = [SI, SI] and hence we have a duplicated result. Also, min([Sl, SI]) yields SI. 
On the other hand, 

Tmix(Ys -> qty) — min(Ys -> qty) = [max([spjl -> qty, spj2 -> qty]) 

- min([spjl - > qty, spj2 - > qty]),...] = [700 - 200,. . .] = [500,. . .] . 

The command "joint_of' transforms these results into a table. Section 16.5.b uses the 
above implementation as an example of database connectivity for the model theory 
approach. Figure 16.7(c) shows the result. 

The joint operation in retrieval can be easily implemented. For instance, let us 
consider the following SQL command: 

select s.sno^p.pno 
from s,p 
where s.city = p.city; 

This is implemented by 

a5() :-
Ans: = extent_of(p(X)); 

p(X) :-
in(S,s) , 
in(P,p), 
S -> city = P -> city, 
X: = [S -> sno,P -> pno]; 

The union operation in retrieval can also be implemented without difficulty. Let us 
consider the following SQL command: 

select s.city from s 
union 
select p . c i t y from p; 

This is implemented by 

a6{) :-
Ss: = extent_of (pKS) ) , 
Ps: = extent_of(p2(P)) , 
union(Ss -> city,Ps -> city,Ans); 

pKS) :-
in(S,s) ; 

p2(P) :-
in(P,p); 

The operation "union" of a6() is a system-defined predicate of OODB. 

(iii) Updating of Table 

There are three kinds of updating operations: update, delete, and insert. These are 
implemented by the extent_of predicate. Let us consider the following example of 
update: 

update p 
set color = 'orange' 
where p.color = 'red'; 
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This is implemented by 

a7() :-

Ps: = extent_of(p(P) ) , 

Ps -> color: = 'orange'; 

p(P):-
int(P,p) , 
P -> color = 'red'; 

Similarly, let us consider the following SQL command of delete: 

delete from j 

where j.jno not in(select spj.jno from spj); 

This is implemented by 

a8() :-

Js: = extent_of(p(J)), 

destroydbob{mydb,Js); 

p(J):-

in(J,j), 

SPJs: = extent_of(p2(SPJ)), 

not(member(J -> jno,SPJs -> jno)); 

p2(SPJ):-

in(SPJ,spj); 

It is assumed that the table j exists in the database "mydb." It should be noted that 
if SPJs is obtained before computation of Js and if SPJs is used as a parameter of p(), 
execution speed of a8() will be optimized. 

As an example of "insert," let us consider the following problem: 
"Increase the output by 10% of every supplier who supplies a red part." 

The above problem is implemented by the following OODB program: 

a9() : -

pKS) : 

According to [Date, 1989], the above problem is solved by the following SQL 
command: 

Ss 
Ss 

in 
in 
P 
P 

(S, 
(P, 
-> 
-> 

= extent_ 

> qty: 

r spj), 

,P), 
color 

pno = 

= 

= 
S 

_of (pKS 
(Ss -> 

'red', 
-> pno; 

:)) , 
qty)' »1, . 1; 

create 

insert 

update 

table 

(sno 

primary 

into 

select 

from 

where 

spj 

reds 

char(5), 

key(sno)); 

reds(sno) 

spj.sno 

spj,p 
spj.pno = p.pno and p.color = 'red'; 

set qty = spj.qty*1.1 

where spj.sno in (select reds.sno from reds); 

This example shows that the update operation of SQL needs an involved procedure. 
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(iv) Embedding SQL Command 

Because the OODB is seamlessly connected with its host language extProlog, as 
demonstrated above, there is no embedding problem in the reference system. 

16.4.4 Ease of Description in OODB Language 

The previous section shows that every SQL command can be implemented in OODB. 
This section examines whether OODB is an easy language. 

SQL can be used as a restricted and structured natural language for a user when 
the database manipulation is described. Furthermore, a description can be made in 
a declarative way. This indicates that SQL should be considered a quite convenient 
language for a user. 

OODB is also a declarative language, but due to the nature of Prolog there is no 
term to describe a relationship among statements. For instance, because Prolog does 
not have "where," the meaning of a5() cannot be grasped as easily as its corresponding 
SQL statement. This indicates that a program written in Prolog is less structured than 
a command of SQL and is quite similar to a program written in an assembly language, 
although it may be claimed that because OODB is similar to an assembly language, it 
can be more flexible than SQL. 

Regarding readability, it is true that a language akin to a natural language is supe­
rior to one that is unlike a natural language. However, when a complicated command is 
to be built, the analytical description of OODB can be more readable than a structured 
description in SQL. Let us consider the following command [Date, 1989]: 

select distinct spjx.sno 
from spj spjx 
where exists 

(select p.pno 
from spj spjy 
where not exists 

(select j.jno 
from j 
where not exists 

(select • 
from spj spjz 
where 

spjz.sno = spjx.sno and 
spjz.pno = spjy.pno 
and spjz.jno = j.jno))); 

It is doubtful that a user can understand this command correctly and quickly. In 
order for it to be understood, the user may have to analyze it. The following program 
is an analyzed representation of the above command. 

alOO : -
J s : = e x t e n t _ o f ( p i ( J ) ) , 
Xs: = e x t e n t _ o f ( p 2 ( X , J s ) ) , 
d i s t i n c t ( X s -> s n o , Z ) , 
Ans: = Z; 
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p K J ) : -
i n ( J , j ) ; 

p 2 ( X , J s ) : -
i n ( X , s p j ) , 
Cs: = e x t e n t _ o f ( p 3 ( C , X ) ) , 
minus (Js -> jno^Cs -> j n o , [ ] ) ; 

p 3 ( C , X ) : -
i n ( C , s p j ) , 
X -> sno = C -> sno, 
X -> pno = C -> pno; 

OODB provides a natural means to describe a command in an analytical way. 

16.4.5 Execution Speed in OODB Language 

In order to improve execution speed in OODB, the following execution mechanism is 
introduced: 

1. When an object (a row of a table) is requested for execution, it is loaded into the 
main memory as a predicate; 

2. Execution on the object is carried out in the main memory without using the hard 
disk; 

3. When execution of a program is over, the object in the main memory is copied to 
the hard disk. 

These operations are automatically performed by the system. The above on-memory 
database mechanism naturally enhances execution speed and makes OODB a practi­
cal tool for an intelligent MIS development. The on-memory database mechanism has 
become feasible because a 64 bits microprocessor is available. 

16,5 Database Connection to Model Theory Approach 

The previous sections presented a database-handling scheme as an extension of extPro-
log. This section shows how the scheme is embedded into the model theory approach. 
Two methods are available for integration. 

a. Direct Connection Method 

As mentioned in Section 16.4, the extProlog extension includes a scheme for handling 
SQL commands directly. The direct connection method uses this function. The fol­
lowing atomic process "execSQC accepts an SQL command from the external UI and 
returns the result of the command to the UI: 

execSQL.g=["data base name","SQL command"]; 
delta_lambda{[_execSQL] ,paralist)=res <-> 

res:=execSQL{paralist); 
execSQL{[dbn, cmd])=res <-> 

db.g:=dbn, 
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.sqlcom ->.cmd:=cmd, 
resO:= .sqlcom *sqlexec(), 
res:=append(["table",-1],resO); 

The argument "dbn" in execSQL specifies to which database the SQL command 
"cmd" is applied. The name ".sqlcom" is the object name in computer-acceptable set 
theory for the object sqlcom introduced in Section 16.4. 

In this atomic process, an SQL command, which is represented by "cmd," is in­
serted into the object sqlcom and executed by the method sqlexec(). Real execution 
is carried out by the postgreSQL system. The result is sent to the external UI by 
res:=append(["table, —1], resO) in table form. Here " — 1 " in ["table", —1] indicates 
that no attribute is specified for a column of the table, that is, it is a blank. 

Figure 16.6 shows how the direct connection method works. Figure 16.6(a) shows 
the selection of the action execSQL, which implies selection of direct connection. 
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Fig. 16.6(a). Selection of direct connection. 

The external UI then requests the user to input an SQL command. Figure 16.6(b) 
shows an input of "select * from 7," which indicates that the user wishes to view the 
entire contents of table J (Fig. 16.5) in the database "hisdb." The tables in this section 
are inserted into the database "hisdb" as classes by the database-handling model shown 
in Appendix 16.2 (see Section 16.4). 

The atomic process "execSQL" executes the SQL command, giving the result 
shown in Fig. 16.6(c). The figure shows the internal form of table J. It should be 
noted that the first column of Fig. 16.6(c) corresponds to the attribute "_id." 

b. Indirect Connection Method 

The other method implements the connection using the same scheme as that used to 
connect the solver "jobarrange42.p" to the TPS "employment4.set" in Chapter 15. This 



312 16 Database Connectivity for the Model Theory Approach 
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Fig. 16.6(c). Output of SQL command. 

method has an advantage over the first in that the object-oriented scheme can be fully 
exploited. The only inconvenience of the indirect method is that a database must be 
reconstructed in the object-oriented way. 

The embedding scheme consists of two steps: 

(1) A database-handling model is prepared in set theory and compiled (see 
Appendix 16.2) or in extProlog as discussed in the previous sections. 

(2) The model in extProlog is called by the following atomic process: 

execPrologPrg.g=["PrologPrg name"]; 
delta_lambda([_execPrologPrg],paralist)=res <-> 
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res:=execPrologPrg(paralist); 
execPrologPrg([prgn])=res <-> 

load_go(prgn), 
res : =loadclb_res () ; 

loaddb_res()=res <-> 
res:=append(["table" , -1] ,db_res . l ib) i 

When the action "execPrologPrg" is selected by the user, the external UI requests the 
name of the database-handling model as an input. The model is then executed by the 
atomic process "execPrologPrg" using the system-defined predicate "load_go." The 
output of execution is saved in the file "db_res.lib" by the database-handling model 
(see Appendix 16.2). The atomic process then retrieves the result by the loaddb_res() 
function and sends the data to the external UI. 
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Fig. 16.7(a). Selection of indirect connection. 

Figure 16.7 shows the operation of the scheme using an implementation of the 
group_by function discussed in Section 16.4.3 as an example. Figure 16.7(a) shows 
the user selection of the action "execPrologPrg," which corresponds to the indirect 
connection method. 

Following the definition of the atomic process, the external UI requests the user to 
input the name of the model in extProlog. Selection of the model "sqlex9.p" is shown 
in Fig. 16.7(b). (The model in set theory is listed in Appendix 16.2.) 

Figure 16.7(c) shows the final result of model execution, which is presented 
in a reduced form of the table SPJ by the group_by operation as explained in 
Section 16.4.3. 
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Fig. 16.7(b). Input of database-handling model name. 

FHHi^^H^^^^^^H H H ^ E B ^ d ^ ^ H H H l i l 
E l l * ijiiit Si«» Uo a^ofiRarkJ! loci* t^ip 

V * * > • ^ ' ' '̂ t̂̂  .., h*»p. Vlooo(hwjt's}<aJ:i4SW php 

„,:"?«<} H»t. inc. rs f tw Hat Htnotk . ,Support . >S»»P S. Product* . ,Tr»i«tnii 

/MtIL l44^fil)piivv.to.MH«n »u(c»[^Ji ^ gfMU>n)»pjr»««qltx*> (X'md=k'ti par»»lw\W=«*c|l*'\'> p 

A< 1 ION l»ARAVn TJ R «fra> in sjvx.lKdr;! 

(iN<Tin<HlcI 'khtxiU <! irt " 

ronini tioin user *nod (̂ 

( _s5 "_jH. "»iX»Wi<)(> 

r »S pS 4tKHHi«Xt 

*" ' s^ }>4 (Ul(»<Klr+W 

< ^_'«-* ^p(> •» (HMKte-KHj 

^ _<•- _p* <><M>(ii)<i(» ^ i i '^ fP^gsJ 

J5!iiy 

|tisi*;'l>i;?S¥;;;S;>ii 

\ B-^ 

B I R ^ 

Fig. 16.7(c). Output of database-handling model. 
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Appendix 16.1 Proof of Theorem 16.1 

Let us define the following sets: 

Obj„ = set of names of object, 

Cname = set of names of class, 

Attr„ = set of names of attribute, 

Attrtype = set of types of attributes = {int, float, string} U Cnamej 

and 
DataV = Int U Float U String, 

where Int, Float, and String are sets of integers, floats, and strings, respectively. DataV 
is a set of values of attributes of a usual relational database. Let 

Attr = Attr„ x Attrtype 

and 
ObV = Int U Float U String U Obj„, 

where ObV is the set of values of attributes of OODB. Let 

Int;n = { 0 , . . . , m - 1 } . 

Int;„ is an index set of objects, where the number of objects is m. 
Based on the above sets and the three arrays, the following functions are defined. 

Definition 16.1. Let obj: Int;;i -^ Obj,̂  be such that 

obj(i) = Obj[i].name, 

where Obj[i].name is the value of the attribute "name" of Obj[i]. The same convention 
is used below. 

Definition 16.2. Let obindex: Obj„ -> Int;„ be such that 

obindex = obj~^ 

The function obj~^ exists because no duplication is allowed for objects. 

Definition 16.3. Let cname: Obj„ -> Cname t>e such that 

cname(obj„) = Class[Obj[obindex(obj„)].classname].name. 

The function cname yields the class name of an object. 

Definition 16.4. Let attrnamelist: Cname -^ {-id} x L)^j(Attrrt)^ be such that 

attrnamelist(cname) = fist of attributes of the class Cname-

For instance, attrnamelist(company) = (_id, name, divs). 
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Definition 16.5. Let attrtypelist: Cname —̂  {string} x U ^ j (Attrtype)^ be such that 

attrtypelist(cname) = list of types of attributes of Cname-

For instance, attrtypelist(company) = (string, string, divisions). 

Definition 16.6. Let attrtype: (Cname x Attr^) -> Attrtype be such that 

if attr̂ i € attrnamelist(cname)j 

attrtype(cname, attr„) 
typeof attr„ of Cname if attr̂ i e attrnamelist(cname)j 
undefined otherwise. 

For instance, attrtype(company, name) = string. 

Definition 16.7. Let attrlist: Cname -> {(-id, string)} x U^j(Attr)^ be such that 

attrlist(cname) = ((-id, String), (attr„i, typcj ) , . . . , (attr^jt, type^)), 

where the class Cname is assumed to be specified by the attribute list 
((attr;,!, typei ) , . . . , (attr,,^, type^)). 

For instance, attrlist(company) = ((-id, string), (name, string), (divs, divisions)). 

Definition 16.8. Let objV: (Obj„ x Attr„ x DataV) -> ObV be such that 

if attrtype(cname(obj^),attr,i) e {int, float, string} 

objV(obj,j,attr„, J ) = d; 

if attrtype(cname(o/?yVi),attr;i) € (attrtypeHst(cname(obj„)) — {int,float,string}) &d e 
Int 

objV(obj„, Siiir n,d) = obj(^); 

otherwise 

objV(obj„, attr„, d) = undefined. 

When attr„ ^ {int, float, string} holds or the type represents a name of a class, d e 
DataV is an integer that represents a pointer to an object. For instance, objV(diva, 
affiliation, d) = compA, where obindex(compA) = d. 

Definition 16.9. Let entryV: (Obj,̂  x Attr^ x ObV) -> DataV be such that 

if attrtype(cname(obj,J, attr„) e {int, float, string} 

entryV(obj„,attr„,D) = v, 

if attrtype(cname(obj„),attr„) e (attrtypelist(cname(obj„)) 

— {int, float, string})&y e Obj„ 

entryV(obj„, attr̂ ,̂ v) = obindex(t)), 
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otherwise 

entryV(obj„, attr„, v) = undefined. 

For instance, entryV(diva, affiliation, compA) = obindex(compA) = / e Int, 
where Obj[i].name = compA. 

Definition 16.10. Let initialattrV: Obj„ -> Obj^ x U^j(DataV)^ be such that 

initialattrV(obj„) = list of initial values of obj„in the table where obj„ is defined. 

For instance, initialattrV(conipA) = (compA,"", —1). 
Initial values of attributes are given in the following way: 

int 0, 
float 0.0, 
string 
pointer —1, 
vecpointer (— 1 , . . . , — 1). 

Functions from Definitions 16.1 to 16.3 are defined on the arrays Obj : Â  -> 
[ALst̂ ;̂, Vob] and Class : Â  -^ [ALst^, Vd. Functions from Definitions 16.4 to 16.7 
are defined on the arrays on Class : Â  -> [ALstc, Vd and Attr:N -> [ALsta, Va]. 
Functions from Definitions 16.8 to 16.10 are given as compositions of the functions 
from Definitions 16.1 to 16.7. The desired interpreter is constructed by the above func­
tions. 

The predicate 

(object name) := newdbob((db name), (class name)) 

is implemented by the following two SQL commands: 

sqlLcreate table (class name)(attrlist((class name))), 

sql2:insert into (class name)(attrnamelist((class name))) values 

(initialattrV((object name))); 

attrlist((class name)) of sqll yields the definition of a class. When these two com­
mands are executed, a table like that in Fig. 16.4 is created in the database that repre­
sents the required class. 

We will use the notation x = execsql(sql) to denote that x is obtained by execution 
of an SQL command sql where execsql:{SQL command} -> DataV. 

Let us consider the data assignment operation using the following typical case: 

(object name 1) -^ (attr^l) := (object name2) —>• (attrr„2). 

This predicate is implemented by the following two SQL commands: 

sql3:select (attr„2) fromcname((objectname2)) where_id = (object name2). 
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Let jc3 = execsql(sql3). Suppose obj„ = objV((objectname2),attr„2, ;c3) e Obj„. 
Then, let 

sql4:update cname((object name 1» set (attr^l) = entryV((object name!), 

(attr„l),obj„), 

where -id = (object namel). 
If A:4 = execsql(5^/4) (x4 is a dummy in this case), the pointer of obj„ = (object 

name2) -^ (attrn2> is assigned to the attribute (attr^ 1) of the object (object namel) of 
the class cname((object namel)). 

According to the syntax, the following form is allowed for the left and right sides 
of the data assignment: 

(object name) -> (attr^l) - > • • . - > (attr„/:). 

This case is implemented by recursive execution of sql3. 
Suppose the assignment uses the following form: 

(object name) -^ []. 

In this case, the list of attributes of (object name) is first obtained as 

[_id, attr,^l,..., attr,,/:] = attrnamelist(cname((object name))). 

Then, (object name) —> [] is decomposed as a set of the following predicate: 

(object name) -> attr„/. 

Finally, the sql3 type command is repeatedly applied for each of the above predicates. 
Let us consider implementation of a method. Let the following be a typical form: 

X := (object name) *m(—), 

where m is the name of a method. 
There are two problems with the implementation of m. First, because m() is defined 

as a rule rather than as a function, a special mechanism must be devised to assign a 
computation result to X. Second, the constant object name "this" may be used in the 
definition of m(). Then, "this" must be properly replaced by (object name) during 
computation. In order to solve these problems, two special predicates, _THIS() and 
-RETURNVALO, are introduced. The predicate _RETURNVAL() addresses the first 
problem, while _THIS() handles the second. 

The above application of the method m() is internally represented as 

is(X, action((object name), m(—)). 

Then, the above predicate is executed by the following steps: 

1. The value of Y of _THIS(Y) is saved onto a stack. The stack is necessary because 
m() can call another method that may also use "this." 
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2. (object name) is inserted into _THIS(-) and a fact _THIS((object name)) is cre­
ated. (-THIS is the name of the fact.) 

3. m(-) is executed by the interpreter of extProlog. For the execution "this" is re­
placed by (object name) in _THIS(). 

4. If m(-) has a predicate return(V), the value of V is inserted into 
_RETURNVALUE(-) and a fact _RETURNVALUE(V) is created. 

5. V in _RETURNVALUE(V) is produced as output of the function action. 
6. The value of Y saved at step 1 is returned into _THIS(). 
7. The predicate is() assigns the value of V to X. 

According to the syntax, the following form is also allowed: 

(object name) * method 1() * • • • * methodnQ. 

This form is implemented by recursive application of the function action. Q.E.D. 

Appendix 16.2 Database-Handling Model in Computer-Acceptable 
Set Theory 

The following illustrates a database-handling model in computer-acceptable set theory 
that implements the group_by function. When a database-handling model is compiled, 
a statement "? — (model name) main();" is automatically attached to the compiled 
output. In the current case (model name) = sqlex9.set. 

/•sqlex9.set*/ 

/•definition of classes:see Fig. 16.5*/ 
class(_spjj,[ 

"_sno 
"_pno 
"_jno 
"_qty 

class(_spj, [ 
"_sno 
"_pno 
"_jno 
"_qty 

class(_s, [ 
"_sno 
"_sname 

char(5)", 
char(6)", 
char(4)", 
int"]); 

_s"/ 

_P". 
_j"/ 
int"]); 

char(10)", 
char(20)", 

"_status int", 
"_city 

class(_p, [ 
"_pno 
"_pname 
"_color 

char(20)"]); 

char(10)", 
char(20)", 
char(10)", 

"_weight int", 
"_city char(20)"]); 
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class(_j , [ 
"_jno char(10)", 
"_jname char(20)", 
"_city char(20)"]); 

/•start of model execution*/ 
sqlex2. setmainO <-> 
/•creation of objects*/ 

db.g:="_hisdb", 
createObl0, 
createOb2(), 
createObS 0, 

/•insertion of data*/ 
insertDatal() , 
insertData2() , 
insertData3(), 

/•implementation of group—by*/ 
a.lO; 

createObl0 <-> 
Hisdb:=_hisdb, 
_sl:=newdbob(Hisdb,_s), 
_s2:=newdbob(Hisdb,_s), 

• 

_j6:=newdbob(Hisdb,_j), 
_j 7;=newdbob(Hisdb,_j); 

createOb2() <-> 
Hisdb:=_hisdb, 
_spjl:=newdbob(Hisdb,_spj), 
_spj2:=newdbob(Hisdb,_spj), 

• 

_spj23:=newdbob(Hisdb,_spj), 
_spj24:=newdbob(Hisdb,_spj); 

createObBO <-> 
Hisdb:=_hisdb, 
_spjjl:=newdbob(Hisdb,_spjj), 
_spjj2:=newdbob(Hisdb,_spjj), 

• 

_spjj23:=newdbob(Hisdb,_spjj), 
_spj j 24:=newdbob(Hisdb,_spj j); 

insertDatal() <-> 
_sl->[] :=['_sl','Smith',20,'London'], 
_s2->[]:=['_s2','Jones',10,'Paris'], 

• 

_p5->[] := ['_p5','cam','Blue',12,'Paris'], 
_p6-> [] := ['__p6' , 'cog' , 'Red' , 19, 'London' ] ; 

insertData2() <-> 
_jl->[] : = ['_jl'/'sorter','Paris'], 
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_ j 7 - > [ ] : = [ ' _ j 7 ' , ' t a p e ' , ' L o n d o n ' ] i 
i n s e r t D a t a 3 0 <-> 

_ s p j l - > [ ] : = [ _ s l , _ p l , _ j l , 2 0 0 ] , 
_ s p j 2 - > [ ] : = [ _ s l , _ p l , _ j 4 , 7 0 0 ] , 

_ s p j 2 3 - > [ ] : = [ _ s 5 , _ p 5 , _ j 4 , 4 0 0 ] , 
_sp j24->[ ] : = [ _ S 5 , ^ 6 , _ J 4 , 5 0 0 ] ; 

a . 1 0 <-> 
T s : = e x t e n t _ o f ( a . l . q l ( S P J ) ) , 
Ys :=g roup_by(Ts , [_ sno ,_ j )no ] , a . I . q2 (Y) ) , 
Xs := jo in t_of ( [min(Ys->_sno) ,min(Ys->_pno) , 

max(Ys->_qty) -inin(Ys->_qty) ] ) , 

/•result is saved into "db—res.lib"*/ 
appendf("db_res.lib","w",Xs); 

a.l.ql(SPJ) <-> 
in(SPJ,_spj); 

a.l.q2(Y) <-> 
sum(Y->_qty)>500; 
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extProlog as Logic Programming Language" 

This chapter presents the theoretical base of extProlog. It is discussed as a logic pro­
gramming language. It would therefore be convenient to start with the definition of 
logic programming; however, there is no formal definition of a logic programming lan­
guage. It is commonly understood that a logic programming language is one that has 
the ultimate goal of providing clarity and declarativeness for programming. In general, 
a programming activity consists of two parts: design of the algorithm (heuristic) and 
its implementation in a language. The algorithm part can be further decomposed into 
a logic aspect and a control aspect. The logic aspect refers to the facts or data and the 
rules and requirements specifying what the algorithm does. The control aspect refers 
to how the algorithm can be implemented by arranging the rules and requirements in a 
particular order. The latter aspect becomes serious when the algorithm is modified. 

In a common programming language like C, a user is required to determine the 
control aspect as well as the logic aspect, and hence that kind of language is called 
procedural. In a logic programming language, however, a user is required to specify 
only the logic part, and the control part is dealt with by the language. In other words, if 
a user declares a structure (in the sense of model theory) or an objective of a program, 
the logic programming language processor takes responsibility to realize the objective, 
although the responsibility may not be taken care of successfully. 

It should be noted that extProlog can deal with a procedural program as well as 
a declarative one if required. For instance, the extProlog program for a simultaneous 
equation of Section 3.2.1 demonstrates this case. This flexibility is a big advantage for 
extProlog. However, because extProlog is required to behave as a logic programming 
language, its theoretical base lies in the theory of logic programming languages. This 
chapter discusses this aspect of extProlog. 

17.1 Prolog as Logic Programming Language 

Because Prolog is a logic programming language, its programs can represent logi­
cal truths about the world using first-order predicate calculus [Bridge, 1977]. Let us 
consider the following Prolog program, which is used as a working example of this 
chapter and Chapter 18: 
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/•testgpa.p*/ 
testgpa(X,Who):-var(X) and var(Who),1,xwriteln(0,"illegal goal form")i 
testgpa(X,Who):-grandparent(X,Who); /•rl*/ 
/•inference rule to find grandparent*/ 
/* parents (X,Y,Z) ^Y and Z are parents of X*/ 
/*parent (X,Y) -(̂  Y is a parent of X*/ 
parent(X,Y):-parents(X,Y,Z); /*r2*/ 
parent(X,Y):-parents(X,Z,Y); /*r3*/ 
grandparent(X,G):- parent(X,P),parent(P,G); /•r4*/ 
/•database of parent-child relation*/ 
parents(wil,cha,dia) 
parents(hen,cha,dia) 
parents(cha,phi,eli) 
parents(dia,edw,fra) 

/•r5^/ 

/•r6*/ 

/*r7*/ 
/•r8^/ 

?- testgpa(wil,Who), xwriteln(0,Who, "is a grand parent of ",wil); 

The sentence grandparent(X, G):-parent(X, P), parent(P, G) presents a true defi­
nition of the concept of a grandparent, that is, G is a grandparent of X if some P is a 
parent of X and G is a parent of P. It must be noted that Prolog can express more than 
logical truths [Clocksin and Mellish, 1997]. The following are typical examples: 

1. (Control information) Prolog can represent control information. Let us consider 
the following sentence: 

testgpa(X, Who):-var(X) and var(Who), !, xwriteln(0, "illegal goal form"); 

var(X) does not say anything about a grandparent but refers to a state of affairs. 
The cut operation relates only to something about the proving process of a propo­
sition. 

2. Prolog can convert symbols to a character string such as a constant abc into "abc", 
a predicate to a list by the univ operation, and structures to clauses and so on. 
These operations violate predicate calculus propositions. 

3. (Self-organization) Prolog can modify hypotheses using the assert operation. We 
will be in a position of having a different set of axioms at different points in the 
proof. 

4. (Higher-order calculus) In Prolog, a logical variable is allowed to stand for a 
proposition appearing in an axiom. For instance, in the program 

implies(Assum, Concl):-
asserta(Assum), 
call(Concl), 
retract(Concl); 

the variables Assum and Concl are supposed to represent propositions or predi­
cates. This feature is reminiscent of what higher-order logic can provide. 

In summary. Fig. 17.1 shows the position of Prolog relative to first-order predicate 
calculus. As Fig. 17.1 indicates, Prolog is a language that deals with a special class of 
sentences called universal formulae of Horn clauses as a part of logic programming. 
Although Prolog is not completely covered by predicate calculus, a theoretical basis 
of Prolog is examined using predicate calculus. 
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Predicate calculus Prolog 

Fig. 17.1. Prolog and predicate calculus. 

17.2 Predicate Calculus 

In the subsequent discussion, predicate calculus (syntax) and model theory (seman­
tics) are used. The calculus is necessary for a mechanical theorem proof, whereas 
model theory is used to show the validity of the proving process. As such, the ar­
guments rely on the equivalence between predicate calculus and model theory. The 
equivalence is usually represented by the following completeness theorem [Bridge, 
1977]. 

Completeness Theorem 

A set of sentences Z C Sent(L) is consistent iff Z has a model. 
In the standard definition, the inference rules of calculus are modus ponens and 

the generalization. However, as the subsequent discussion of Prolog shows, another 
inference rule, the resolution principle, is used. This chapter is based on the following 
assertion: 

A set of universal formulae of Horn clauses S yields an empty clause by the reso­
lution principle iff S does not have a model. 

We will introduce several concepts and definitions to illustrate the above result. 
First-order predicate calculus was introduced in Chapter 2. This chapter uses a re­
stricted form of the standard one. 

Definition 17.1. Relational Structure 

A relational structure is an ordered triplet 

ST = {AAnU e I}Ack\k e K}) 

with associated function i : / ^- Â "̂  such that 
(i) A, the domain of ST, is a nonempty set, 

(ii) / is a set such that each / e IX(i) is a positive integer and r/ is a /l(/)-arity relation 
on A, 

(iii) AT is a set such that for each k e Kck, a distinguished element is an element of i4. 
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Although functions are included in the standard definition of a relational structure 
(see Chapter 2), the above definition excludes functions because, in principle, Prolog 
deals only with predicates (relations). 

Definition 17.2. First-Order Language 
A first-order language L(ST) for the structure ST = (A, {r/|/ e / } , {ck\k e K}) 
consists of 

(1) individual variables Vb> V^i,...; 
(2) individual constant symbol Ck for each k e K; 
(3) a /l(/)-arity predicate symbol r/ for each / e / ; 
(4) logical connectives -̂  (not) and & (and); 
(5) universal quantifier V; 
(6) parentheses (,). 

Formally, variable symbols are Vb, ^ i , — However, for the sake of readability, Prolog 
variable symbols will also be used in addition to the formal ones. This convention is 
also used for constants. 

Definition 17.3. Term 
The set of terms of the first-order language L, Term(L), is the smallest set X such that 
all individual variables Vo,V\,.., and constant symbols Ck are members of X. 

Definition 17.4. Atomic Formulae 
The set of atomic formulae of L,Atom(L), consists of all elements of the form 
n(t\,..., tm)), where Ti , . . . , 0.(/) e Term(L). 

An atomic formula ri(t\,..., tx{i)) or its negation ->ri(t\,..., tx{i)) is called a lit­
eral. The working example has an expression parents(wil, char, dia). Here parents is 
a ternary predicate symbol and parents(wil, char, dia) is an atomic formula, in which 
wil, char, and dia are constant symbols. 

Definition 17.5. Well-Formed Formula 
The set of well-formed formulae (or simply formulae) of L, Form(L), is the smallest 
set Y such that 

(i) Atom(L) c Y, 
(ii) if (f),y/ e K, then-^,0«fev^, VV/^ e Y. 

The following expressions on the left-hand side of the equal sign are also used for 
those on the right-hand side: 

Av B = - ( -A&- .B) ; 

A-> B = -^Av B; 

A^ B = A^ B&B -> A; 

3Vi(p = "^(VV/-^^). (3 is called the existential quantifier.) 
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Definition 17.6. Scope 
The scope of the quantifier VV/ (or 3 V/) is a subformula that extends to the end of the 
enclosing formula, or to the next unmatched right parenthesis if the latter comes first. 

For instance, in the formula 

VVi(Vy2(parent(Vi, V2) V -iBVsparentsCVi, V2, V3))), 

thescopeofVVi is(VV2(parent(Vi, V2)v-^3V3parents(Vi, V2, V3))), the scope of VV2 
is (parent(Ki, V2) V -"3 V3parents(Ki, V2, V3)), and the scope of 3 V3 is parents( Vi, V2, 
V3). 

A quantifier binds all occurrences of its associated variable in its scope. They are 
then called bound variables. A variable that is not bound by any quantifier is called a 
free variable. 

A formula that contains at least one free variable is called an open formula. A for­
mula that is not an open formula is called a closed formula or a sentence. 

In the formula -^3V3parents(Vi, V2, V3), V3 is bound while V\ and V2 are free. In 
VVi(VV2(parent(Vi, V2) V -3V3parents(Vi, V2, V3))), Vi, V2, and V3 are bound and 
hence it is a sentence. 

Definition 17.7. Denotation 
Let ST = {A, {nli e / } , {ck\k e K}} be given. Let a = (ao, « i , . . . ) be an infinite 
sequence of elements of A. The denotation of a term t in L(ST) with respect to a, r[a], 
is defined as follows: 

( i ) i fns Vi,thenr[a] = ar, 
(ii) ift is Ck, then r[a] = Q . 

Here a = (ao, a\,.. .)is called an interpretation of the variable symbols. An inter­
pretation is dealt with as a function like a(V/) = ai. 

Definition 17.8. Satisfaction 
That an interpretation a = (ao, a\,..,) satisfies a formula </> in L(ST), which will be 
denoted by ST \=a <p, is defined recursively: 

(i) ST \=a ri(tx,t2,...) iff (ri[a], f2[a],...) ^ /̂S 
(ii) ST \=a -^(f> iff it is not the case that ST ^a (f>', 
(iii) ST |=« ^&(p iff ST \=a (p and ST K (p\ 
(iv) ST \=a VV/(̂  iff for any ^ 6 A ST ^aih/i) (f>\ 

wherea(^//) = (ao,<2i,... , a /_ i , ^ , a /+ i , . . . ) . 

Definition 17.9. Model 
Let ST be a realization for a first-order language L in which every constant symbol 
and every predicate symbol is defined as a constant and a relation in ST, respectively. 

(i) (f) e Form(L) is valid (or true) in ST just in case ST \=a (p for all sequences a. 
When (f> is valid in ST, we say ST is a model for (f>, 

(ii) (/) e Form(L) is universally valid if it is valid for all realizations for L. 



330 17 extProlog as Logic Programming Language 

(iii) (̂  6 Form(L) can be satisfied if for some realization ST2 for L and some sequence 
b in the domain of ST2, ST2 h ^ 0-

(iv) (f) € Form(L) is refutable if -»</> can be satisfied. 

Note that a sentence o is valid in a structure ST, or ST is a model of a, iff it can be 
satisfied in ST. 

Definition 17.10. Logical Implication 
If (j) and (p are sentences in a first-order language L, then (j) logically implies (p, i.e., 
0 i= ^ if whenever a structure ST is a realization of L such that ST \= ̂ , then ST |= ^. 
If (̂  1= ̂  and (p \= (f>,^ and ^ are said to be logically equivalent, i.e., ^ = ^. 

The following are important logical equivalence relations: for formulae / and g, 

VJCVJ/ ^ VyVx/, 

Wx(f&g)^Wxf&Vx8. 
and 

17.3 Special Forms 

17.3.1 PrenexForm 

As mentioned above, Prolog uses a special formula, the universal formula of Horn 
clauses. We first introduce a standard form of formula, called conjunctive formula. 

A formula is in the prenex form if all the quantifiers appear at the left of the formula 
and the scope of each is the remainder of the formula. The string of quantifiers is called 
the prefix, while the remainder of the formula is called the matrix: 

VVi(VV2(parent(yi, V2) v -.3V3parents(Vi, V2, V3))) 

is not in prenex form, while 

Vyi(VV2(VV3(parent(yi, V2) V -parents(Vi, V2, V3)))) 

is in prenex form. Also, VVi VV2VV3 is a prefix, whereas parent( Vi, V2) v-'parents(Vi, 
V2, V3))) is a matrix. 

17.3.2 Universal Formula and Conjunctive Normal Formula 

A universal formula is a formula in the prenex form in which the prefix contains only 
universal quantifiers, and the matrix is a conjunction of disjunctions of literals. A con­
junction of disjunctions of literals is called a conjunctive normal formula. If we are 
allowed to use function symbols, a formula is converted into a universal formula by 
the following steps: 
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1. Removing implications by the definition A -> B = ->A v B. 
2. Moving negation inwards by De Morgan's law. 
3. Skolemizing. 
4. Moving universal quantifiers outward. 
5. Distributing & over v. 
6. Putting into clauses, where each disjunction in a conjunctive normal form is called 
a clause. 

Let us consider a simple example. Let a formula be F = (/> —> -"(-"^ "^ x)- Then, 

F =^ --'(f)V -'(-'V^ V x) (step 1) 

=>--(/> V (i//&-^x) (step 2) 

^ (-'(/> V i//)&(-^(p V - / ) (step 5). 

Step 3 needs an explanation. Skolemizing addresses an existential quantifier. If a for­
mula has an existential quantifier at this step, variables in the scope of the quantifier are 
replaced by Skolem constant symbols, which are new symbols that are not used else­
where. If the existential quantifier is in the scope of a universal quantifier, variables 
associated with the existential quantifier are replaced by function symbols to express 
how what exists depends on what variables are chosen to stand for. Because the for­
mulation of this chapter does not allow function symbols, we are concerned with a 
formula that does not require Step 3. 

17.3.3 Horn Clauses 

A clause with at most one unnegated literal is called a Horn clause. For example, 
->(p V ^ of the example of Section 17.3.2 is a Horn clause. A Prolog program itself is 
a universal formula of Horn clauses. In fact, as explained below, the working example 
testgpa.p is a representation of a universal formula: 

(VX, Who , . . . , Who9)((testgpa(A:, Who) v -var(X) v -var(Who) 

V -i! V -'xwriteln(0, "illegal goal form")) 

&(testgpa(X2, Who2) v -.grandparent(X2, Who2))& • • • &(-.testgpa(wil, Who9) 

V -ixwriteln(0, Who9, "is a grandparent of*, wil)). 

There are three cases for Horn clauses in a Prolog program, 

(i) A clause with no unnegated literal: 

-•Gl V - 2 2 V . •. V - G n = -.(Gl&(22&. • • &Qn). 

This form will be used for a goal, and in a Prolog program it is expressed as 

? - ( G 1 , G 2 , . . . , G A I ) , 

where "&" is replaced by ",". 
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?-testgpa(wil, Who), xwriteln(0, Who, "is a grandparent of", wil) 

is an example of this case. 
(ii) A clause with one unnegated literal: 

P I v - e i v - e 2 v . . . v - Q n = PI V -^(Ql&Q2& " ' &Qn) 

= P\ ^(Q\&Q2&'"&Qn). 

This form will be used for rules, and in a Prolog program it is expressed as 

Pl>(Ql&Q2&'"&Qn). 

parent(X, Y):- parents(X, Y, Z) is an example of this case, 
(iii) A clause consisting of one unnegated literal: 

P I . 

This form will be used for a fact. The predicate parents(wil, cha, dia) is an example of 
this case. 

17.4 Theorem Proving in Prolog 

A Prolog program Z is a universally quantified conjunction of clauses, i.e., 2 = 
VJCP(JC), where P(x) is a conjunction of clauses. The task in Prolog is to decide 
whether Z logically implies a goal list ^i& • • • &gk, where each g/ is an atom, and 
the list is assumed to be existentially quantified. That is, we want to know whether 

yxP(x) logically implies ^ygi(y)&• • • &gk(y), 

or 
WxP(x)^3ygi(y)&^''&gk(y). 

This question is transformed into the following form. 
Using the relations 

(ST h V;cP(jc) implies ST |= 3ygi(y)& • • • &gk(y) for any structure ST) 

iff ST \= --VJCP(JC) V Sygi(y)& • • • &gk(y) for any structure ST 

iff not the case that ST |= VJCP(JC) or ST |= 3ygiiy)& - - - &gk(y) 

for any structure ST, 

the above question is transformed into the following form: 

WxP(x)^3ygi(y)&'-'&gk(y) 

iff ^^xP(x)^3ygi(y)&'''&gk(y) 
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iff -'(WxP{x)) V 3yg\(y)& • • • &gk(y) is universally valid 

iff - ( - (VJCP(JC)) V 3>;^i(3;)& • • • &gk(y)) is unsatisfiable 

iff (VjcP(jc))&Vj(-'gi(>') V • • • V -^gkiy)) is unsatisfiable 

iff (VjcVj)(P(jc)&(-^^i(j) V • • • V -^gkiy)) is unsatisfiable. 

That is, the implication of a goal list ^i& • • • &gk by a Prolog program I can be 
reduced to unsatisfiability of a universal formula. If all structures could be enumerated, 
we could test unsatisfiability, although this is not practical. Let us consider a practical 
way. 

Suppose / is a matrix of a conjunctive normal form, i.e., 

/ = C1&C2&.. .&Cn(= P(x)&(-^gi(y) v • • • v-^gk(y)), 

where Ci is a clause. 
Let 

5 = { C l , . . . , C n } . 

Let 

D = arbitrary domain or universe, 

Con/ = the set of constants in / , 

CD : Con/ -> D. 

Let 

Bf.DXv = b^se of / 
be constructed as follows: 

Take any atom A from / . Form a new atom by replacing each constant a in the 
argument list of A by CD{ci)y and replacing each variable in the argument list by any 
member of the domain D. 

Let us consider the working example. In the example let 

Ci(y 1, V2) = testgpa(Vl, V2):- var(Vl) and var(V2),!, 

xwriteln(0, "illegal goal form"), 

C2(V3, V4) = testgpa(V3, V4):- grandparent(V3, V4), 

C3(V5, V6, VI) = parent(V5, V6):- parents(K5, V6, V7), 

C4(V8, V9, yiO) = parent(V8, V9):- parents(y8, VIO, V9), 

CsCVll, V12, V13) = grandparent(Vll, V12):-parent(Vll, V13), 

parent(V13, V12), 

C6 = parents(wil, cha, dia), 

C7 = parents(hen, cha, dia), 

Cg = parents(cha, phi, eli), 

C9 = parents(dia, edw, fra), 
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Cio(V14) =?-testgpa(wil, V14), xwriteln(0, V14, "is a grandparent of', wil). 

Con/ = {wil, 0, "illegal goal form", "is a grandparent of , cha, dia, hen, phi, eli, 

edw, fra}. 

Let D = Con/ and let Co be the identity mapping. Then, testgpa(wil, 0) e Bf^o^Co-
If D = Con/ and Co is the identity mapping. Con/ and B/^D^CD ^^^ called the 

Herbrand universe and Herbrand base, respectively. The predicate testgpa(wil, 0) is an 
element of the Herbrand base. 

Definition 17.11. Herbrand Interpretation 
Suppose / is a universal formula such as WxWyP(x)&('-^g\ (j) V • • • v -'gkiy))- Let the 
matrix of / be Ci& • • • &Ck. Let 5 = {C i , . . . , C^}. Let D = Con/ and Bf^ conf, ID = 
Herbrand base. 

Then, a Herbrand interpretation for / or 5 is 

Herbrand interpretation = {Conf, ID, TA), 

where 
ID = identify mapping 

and 

TA = truth assignment for Bf^ conf, ID, ie., TA : Bf^ conf, ID -^ {true, false}. 

In fact, a Herbrand interpretation is a structure (Con/, {r, \i e / ) , Con/), where {r/ \i e 
1} is specified by TA. Then, the concepts of satisfaction and model are applicable to a 
Herbrand interpretation. 

Let us consider the working example. Let 

/=V\ / (Ci&C2&---&Cio) , 

where V = ( V I , . . . , V14). 
Because the set of predicates (relations) is 

{testgpaO, testgpa(wil,), var(), !, xwriteln(), grandparent(), parent(), parents(), 

parents(wil, cha, dia), parents(hen, cha, dia), parents(cha, phi, eli), 

parents(dia, edw, fra)}, 

Bf, Conf, ID = {testgpa(wil, wi l ) , . . . , parents(fra, fra, fra),. . .}. 

If TA : Bf^ Conf, ID -^ {true, false} is specified as TA(parents(wil, cha, dia)) = false 
(or (wil, cha, dia) ^ parents), (Con/, ID, TA) cannot be a model of / . 

Definition 17.12. Ground Instance of Clause in / 
A ground instance of a clause in / is a clause that is constructed by replacements of 
variables from the Herbrand universe. That is, a ground instance of a clause is con­
structed by denotation of the clause in a Herbrand interpretation of / . 



17.5 Theorem Proving by Resolution Principle 335 

For the above example, C2(wil, wil) = testgpa(wil, wil) V -"grandparent(wil, wil) 
is a ground instance. 

Theorem 17.1. For a universal formula / , if there exists a structure ST = {A, {r,}, 
[ck]) that is a model for / , then there is a Herbrand interpretation H = (Con/, ID, 
TAH) that is a mode I for f. 

Proof Refer to Appendix 17.1. 

Theorem 17.2. Let S be a set of clauses. Let H be a Herbrand interpretation ofS. Let 
G be the set of ground instances of clauses in S. Then 

H\=SiffH\=G. 

Proof Refer to Appendix 17.2. 

Theorem 17.3. (Herbrand's Theorem) A clause set S is unsatisfiable iffO is unsat-
isfiable. 

Proof Refer to Appendix 17.3. 

17.5 Theorem Proving by Resolution Principle 

As mentioned above, in order to prove the relation VjcP(jc) |= 3yg i ( j ) , . . . , gk(y)^ 
w ĥich is a task of the Prolog interpreter, unsatisfiability of a universal formula (VjcVj) 
{P(x)&(-^g\(y) V • • • V -'gkiy)) has only to be shown. Then, Theorem 17.3 states 
that unsatisfiability of G, the set of ground instances of clauses in {P(x)&(-^g\{y) v 
. . . V "^gjt(y)), has to be shown. This theorem proving must be formally performed by 
a Prolog machine. 

In predicate calculus, formal theorem proving is usually achieved by applying the 
two inference rules modus ponens and generalization to axioms. Because this method 
is not efficient for a computer, another inference rule called the resolution principle is 
used for Prolog [Maier and Warren, 1988]. 

Suppose that 5 is a set of clauses of propositions. The resolution principle is stated 
as follows: 

Definition 17.13. Resolution Principle 
The resolution rule takes two clauses from S such that one contains a literal and the 
other contains its complement. It constructs the new clause C, called the resolvent, 
by taking the union of the two clauses and deleting the complementary pair of the 
literals. 

The most important formal property of the resolution principle is that if (and only 
if) a set of clauses is unsatisfiable, they will yield an empty clause (refutation) via 
resolution. This property is called refutation complete. 

We will illustrate refutation completeness for a conjunctive form of propositions 
using the working example. 
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Let 

a = pa(wil, cha), 

b = pas(wil, cha, dia), 

c = gpa(wil, phi), 

d = pa(cha, phi), 

e = pas(cha, phi, eli). 

Let I ' = {Ci, C2, C3, C4, C5} be 

C\ : a <- b; 

C2 ' c <— a,d\ 

C3 : d <- e\ 

C4:b; 

C5 : e; 

Let the goal be 

In order to show Z' [= c, 

has to be shown. Let 

C'j 

E = S'&-'C is unsatisfiable 

Ce : --c; 

Then ^ = {Ci, C2, C3, C4, C5, Ce} is a set of clauses of the proposition. Because 
Bf, Conf, ID = {̂ » b, c, d,e}, Z has 2^ = 32 Herbrand interpretations. Each interpreta­
tion is characterized by TA, 

TA : {a,b, c, d, e] -> {true, false}. 

For instance, one interpretation is 

TA(a) = true, 

TA(^) = false, 

TA(c) = true, 

TA(t/) = false, 

TA(^) = true. 

This interpretation will be expressed as {a, -^b, c, -^d, e). Let us represent the set of 
interpretations in a systematic way using a tree structure. Figure 17.2 shows a binary 
tree on {a, Z?}. 
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Fig. 17.2. Semantic tree on {a,b]. 

In Fig. 17.2, each path from the root node to a leaf node represents a Herbrand in­
terpretation on{a,b}. For example, the path to node 5 corresponds to the interpretation 
(a, -^b). Because the tree lists all the interpretations, it is called a semantic tree. 

Let us consider the semantic tree Ts on {a, b, c, d, e]. The tree shown in Fig. 17.3 
is a subtree of Ts. 

Fig. 17.3. Failure tree. 

There are 32 paths in Ts corresponding to the 32 Herbrand interpretations. Sup­
pose S is unsatisfiable. We will show that the resolution principle produces an empty 
clause. 

Because no path of Ts can be a model of L, one of the clauses C\,... ,Ce should 
not hold on any path. For example, on the path (a, b, c, d, e) from node 1 to node 15 
of Fig. 17.3, Cd cannot hold because -'C does not hold on the path. 

Let us call a node / in Ts a failure node for a clause C if the path from the root 
node to / contains the complement of every literal in C, and no ancestor of the node 
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/ has this property. For example, node 8 of Fig. 17.3 is a failure node for Ce because 
it contains the complement of every literal of Ce, i.e., -«c but nodes 4, 2, and 1 do not 
have this property. 

A semantic tree is called a failure tree if every path contains a failure node. It is 
clear that when drawing a failure tree, to check whether a path can be a model in Z, we 
can prune off the branches below the failure node so that the failure nodes are actually 
the leaves. For instance, in Fig. 17.3 we do not have to list nodes 14 and 15, so that 
node 8 is a leaf node. The tree of Fig. 17.3 is derived from Ts in this way. 

Let us call a node i a resolution node in L if both its children are failure nodes. 
For instance, nodes 3 and 11 of Fig. 17.3 are resolution nodes. (Node 3 is a resolution 
node because C4 and C\ do not hold for (-^a, ->b) and (-^a, b), respectively.) 

Because the tree under consideration has a finite number of nodes, a nonempty tree 
has a resolution node. If there is no resolution node, there should be an infinite number 
of nodes. 

Let us consider resolution node 11. Because nodes 12 and 13 are failure nodes, 
there must be two clauses, C and C , that fail at them, respectively. Actually, C = C3 
and C' = C5. Because C fails at node 12 and does not fail at node 11, C should contain 
-i^ as its literal. Similarly, C' contains e as its literal. Let C = -^e\/s\\/'"WSp and 
C^ = e V t\ V " ' V tq. Then, if the resolution principle is applied to C and C with 
respect to--^ and e, the resolvent is C^^ = s\V" -vspVti v- • -vr^y. Actually, C = d. 
Because node 12 is a failure node for C, 5i v • • • v Sp must fail on the path from the 
root to resolution node 11. The same is true for î v - -- v tq. Then the resolvent must 
fail by node 11. Consequendy, we have a reduced failure tree for Z U {C} , in which 
node 11 or its ancestor is a failure leaf node. Notice that Z |= C''. Figure 17.4 shows 
the real new failure tree. 

Fig. 17.4. Reduced failure tree. 
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Nodes 9 and 3 are resolution nodes in the new tree. If the same procedure 
is repeated, a reduced failure tree (Fig. 17.5) is obtained for the set of clauses 
E U {̂ } U {c V ->a} U [->a} U {a]. Then, the final resolution to resolution node 1 
produces an empty clause. 

Fig. 17.5. Semifinal reduced failure tree. 

Because the set of ground instances of clauses G of 0/xWy)(P(x)&(->gi (j) V • • • v 
-^gk(y)) is a conjunctive form of propositions, we have that if the clause set 5 of G 
is unsatisfiable, we can obtain the empty clause by resolution on G. If we want to use 
this result directly, we may have to generate a large set G. Fortunately, we can avoid 
this situation using the lifting lemma mentioned below [Maier and Warren, 1998]. 

In order to explain the lemma, we must introduce the concept of a unifier. The 
unifier is a type of substitution operation that replaces a variable by another variable as 
well as by a constant. For instance, let us consider the following clause: 

C2(V3, V4) = testgpa(V3, V4) v -grandparent(V3, V4). 

Let a unifier be ^ = {V3 = wil, V4 = Who}, where V3 and V4 are to be replaced by 
wil and Who, respectively. (Note that Who is a variable.) Then, it produces 

C2O — testgpa(wil. Who) V -igrandparent(wil. Who). 

Let another clause be 

Gio(V4) = -•testgpa(wil, V4) v -•xwriteln(0, V4, "is a grandparent of , wil). 

Then, 

C\o0 = -'testgpa(wil, Who) v -«xwriteln(0, Who, "is a grandparent of , wil). 

Using a unifier, the definition of the resolution principle can be extended. For the cur­
rent example, ~^grandparent(wil, Who)v~'xwriteln(0, Who, "is a grandparent of , wil) 
is a resolvent of C2 and CIQ. 

Armed with the above concepts, the lifting lemma can be stated. 

Lifting Lemma 

If clauses C and D have instances C and D\ respectively, and E^ is a resolvent of C 
and D\ then C and D have a resolvent E such that E^ is an instance of E. 
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The lifting lemma states that we can "lift" those ground relations on predicate 
clauses and avoid generating ground instances. 

Prolog uses the resolution principle for a mechanical theorem-proving inference 
rule. However, although the resolution principle tells us how to derive a consequence 
from two clauses, the principle does not tell us how to decide which clauses to look at 
next or which literals to match. In other words, it is difficult for the principle to find a 
proper sequence of steps. In fact, as Chapter 18 shows, the Prolog interpreter of this 
book adopts the depth-first search method, a kind of brute-force method to check every 
possible resolution. 

The Prolog interpreter of this book also adopts the strategy of linear input resolu­
tion; that is, at each stage, we resolve the clause last obtained with one of the original 
hypotheses. In Prolog, the literal to be matched is always the first one in the goal clause, 
and the new goals are placed at the front of the goal clause. 

The Prolog depth-first strategy has a problem in that it can get into a "loop" and 
hence never follow up some of the alternatives. For example, let us consider the unifi­
cation of the following clauses [Clocksin and Mellish, 1997]: 

equal(X, X); 

?-equal(foo(y), F); 

Then, we have 
Y = foo(Y) = foo(foo(r)) = • • • . 

A value for Y is never obtained. 

Appendix 17.1 Proof of Theorem 17.1 

We must show that if ST [= / , then there is a choice for TA// such that H \= f. Let 
ri{c\,C2,..., Cn) be any atom in the Herbrand base of / , where each c/ is a constant. 
Let 

TA//(r/(ci, C2, . . . , Cn)) = true ^ (C(ci), C(c2) , . . . , C{cn)) e n, 

where C(ck) == Ck. 

The formula / can be written as VX^, where WX_ signifies a universal quantifier for 
each variable in g. Thus, ST |= / iff ST |=/ g for every interpretation / . Similarly, to 
show that / / [ = / , we must show that for every interpretation / , H \=i g. 

Consider any interpretation / that maps variables to the Herbrand universe, Con/. 
Consider the function / ' = CI. V maps variables to values in A, so V is an interpre­
tation relative to ST. Thus, ST \=j' g. Consider any atom 

ri{t\,,..Jn) 

in g. We have 
H N nih,. ,.,tn) ^ H \= nicu . . . , Cn), 
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where c/ = ID[ti) if ti is a constant, and Q = I{ti) if // is a variable. Also 

ST h r n ( ^ i , . . . , fn) ^ ST h viidu . . . , ^n), 

where c// = C{ti) = C(ci) if ti is a constant and J/ = /'(//) = C(I(ti)) = C(c/) if/| 
is a variable, because / ' = C/. We have that di = C{ci) for every /. Therefore 

ST \=r n(tu ...Jn)^ST\= rKC(c i ) , . . . , C(cn)) 

<^ H |= r / ( c i , . . . , c„ ) <^ST \=j> ri{t\,...Jn)' 

Because ST |=// r/ <(^ H \=i n for every atom r/ in g, H \=i g and hence, because / 
is arbitrary, H \= f. Q.E.D. 

Appendix 17.2 Proof of Theorem 17.2 

We prove that any Herbrand model for 5" is a model for G and vice versa. First note 
that S and G have the same set of Herbrand interpretations. They have the same set of 
constants and the same Herbrand bases. Let / / be a Herbrand model for S. Let CG be 
a clause in G. There must be a clause Cs in S such that CG is a ground instance of 
C5. Let / be an interpretation such that I(Cs) = CG- We know that H \= S, hence 
H 1= VXC5, H \=i Cs. However, 

H^j Cs^ H^ I(Cs) ^H\=CG, 

so H \= CG' Because CG is arbitrary, H \= G; hence / / is a model for G. 
Similarly, suppose / / is a Herbrand model for G. Let C5 be any clause in 5. We 

want to show that H \= "iXCs, where X_ is the set of all variables in C5. For any 
interpretation /, /(C5) is some clause CG in G. So 

H^iCs^H\= I(Cs) ^ H\=CG. 

Hence, H makes every clause in S true, and thus is a model for 5. Q.E.D. 

Appendix 17.3 Proof of Theorem 17.3 

Suppose S is unsatisfiable. If G is satisfiable. Theorem 17.1 implies that G has a Her­
brand interpretation. Then, Theorem 17.2 implies that S also has a Herbrand inter­
pretation, which is a contradiction. Suppose G is unsatisfiable. If 5 is satisfiable, S 
has a Herbrand interpretation, and hence G has a Herbrand interpretation, which is a 
contradiction. Q.E.D. 
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Implementation of extProlog'̂  

An extProlog program is executed by the extProlog interpreter. This chapter discusses 
how the interpreter is designed for extProlog. Chapter 17 indicated that the main func­
tions of a Prolog interpreter are unification and backtracking. A Prolog program is 
executed by these functions. Then, it is natural to guess that a generalization of a push­
down automaton (PDA) can be a model for the interpreter, where the push-down stack 
of a PDA can handle the backtracking while the head can perform unification, provided 
an appropriate Prolog database for matching is supplied [Takahara and lijima, 1990]. 
The Prolog interpreter of this book is constructed as a generalized PDA with a Prolog 
database. 

18.1 Implementation of extProlog: Generalized PDA (Push-Down 
Automaton) Model 

The following program is used in Chapter 17. It is again used as an example for this 
chapter. 

Example 18.L 

/•testgpa.p*/ 
testgpa(X,Who):-gpa(X,Who); 
/•inference rule to find grandparent*/ 
pa{X,Y):-pas{X,Y,Z); 
pa(X,Y):-pas(X,Z,Y); 
gpa(X,G):- pa(X,P),pa(P,G); 
/•database of parent-child relation*/ 
pas(wil,cha,dia); 
pas(hen,cha,dia); 
pas(cha,phi,eli) ; 
pas(dia,edw,fra); 

/•rl*/ 

/•r2^/ 
/•r3^/ 
/•r4^/ 

/•r5^/ 
/icrS*/ 
/•rV^/ 
/•r8*/ 

?- testgpa{wil,Who), xwriteln(0, "Who=",Who); 

The program finds a grandparent (gpa) of "wil." The predicate symbols pa and pas 
are abbreviations of parent and parents, respectively. 
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Let a Prolog program be, in general, represented as 

rlist = ( r i , . . . , Oi) or rlist = r i . . . r„, 

where r/ is a rule of Prolog. The query predicate is not included in rlist. 
Let a rule form be 

where pi () and pij () are predicates and j depends on /. Although pij () can be a general 
literal, it is assumed to be a predicate in this chapter. For notational convenience, the 
rule is denoted by 

Pi\pn,..., Pij 

or simply by 
Pilqi, 

where qi is the predicate list pn,..., pij. For the sake of simplicity, let us assume that 
rlist is fixed in the subsequent discussions. 

Example J8.2, The program rlist of Example 18.1 is given by 

rlist = ( r i , . . . , r 8 ) , 

where 

ri = testgpa(X, Who):- gpa(X, Who), 

r2 = pa(X, Y):- pas(X, Y, Z), 

rg = pas(dia,edw,fra). 

Then, 

/7i() = testgpa(X,Who), 

/^ii() = gpa(X,Who). 

Let Rule be the set of tail segments of rlist, i.e.. 

Rule = { r i . . . r„, r2 . . . r„, r3 . . . o^, rn-\rn, r„}. 

Example 18.3. Rule of Example 18.1 is given by 

Rule = { r i . . . rg, r2 . . . r g , . . . , ryrg, rg}. 

For a given Prolog program let 

N = set of nonnegative integers, 

Var = set of variable symbols in the Prolog program. 
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Cons = set of constant symbols including text type constants 

and numerals in the program, 

Func = set of function symbols in the program, 

extVar = Var x Â , 

and 

Fred = set of predicate symbols in the program. 

Example 18,4, In the program of Example 18.1, 

Var={X, r , Z , W h o , G , P } , 

Cons = {wil, cha, dia, hen, phi, eli, edw, fra}, 

Func = 0(empty set), 

extVar={(X,0) , (X, l ) , . . .} , 

Pred = {testgpa, gpa, pa, pas}. 

For notational convenience we write 

X.k 

instead of {X, k). The symbol k is called a unification index. 
Let us define a set of terms. Term, as follows: 

1. extVar U Cons C Term; 
2. If / is an n-ary function symbol and if ^ i , . . . , /̂ are terms, then 

/ a i , . . . , r / ) G T e r m ; 

3. Term is the smallest set that satisfies conditions 1 and 2. 
Let ^ be a nonnegative integer. Then, let a unification-indexed term t[k\ for a term 

t be as follows: 
(i) If f is a variable, 

t[k] = t.k. 

(ii) If Ms a constant, 
t{k] = t. 

(iii) If t\,.. .,tn are terms and if / is an n-ary function, 

f(tu ... ,tn)[k] = f(ti[kl,,. Jnlk]). 

Let the set of unification indexed terms be called extTerm. 
If /?(?, . . . , r') is a predicate and k is an integer, then the unification-indexed pred­

icate p[k] denotes a predicate generated from p by suffixing its terms with k, that 
is, 

p[k] = p(t,...,t')[k] = p(t[kl,..,t'[k]). 
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Note that each of / , . . . , f' can be a predicate as well as a term. This definition covers 
both terms and predicates. Let extPred be the set of unification-indexed predicates. 
Because functions (including constants) are special relations, extTerm is treated as a 
subset of extPred. 

Example 18,5. For Example 18.1, 

wil, X.2 e extTerm 

and 

testgpa(gpa(X, Who), pa(X, cha))[l] 

= testgpa(gpa(X, Who)[l], pa(X, cha)[l]) 

= testgpa(gpa(X.l, Who.l), pa(X.l, cha)) e extPred. 

If 

q = {p\,...,pt), let 

q{k] = {px{k],,,,,pAk]), 

Example 18.6. For Example 18.1, 

{pa{X, P), pa(P, G))[2] = (pa(X, P)[2], pa(P, G)[2]) 

= (pa(X.2, P.2), pa(P.2, G.2)). 

Let Q be the set of sequences of unification-indexed predicates: 

Q = {Q\ci = (piWl..., p\)[k'])} orQ = {q\q = p[k]... p'[k']}, 

wherek,. . . ,k' are nonnegativeintegers. 

Example 18.7. For example, 

(pas(X,y,Z)[3] ,pa(P,G)[2])€Q. 

Let us define the unification operation. In general, a binary relation /? c X x F is 
called functional iff the following relation holds: 

{x,y),{x,y') e p-^ y = y. 

Let 
D = extVar x extPred. 

The relation e e D* is then called a functional relation if {d\d is an element of e} is 
functional, where D* is the free monoid of D. For convenience, a functional relation e 
is treated as a partial function, i.e., e : (extVar) -> extPred. 

Let 

pDatabase = [e\e e D* and e is a functional relation} c D*. 

Then pDatabase is the set of Prolog databases associated with a PDA, or e 6 pDatabase 
is a Prolog database. 
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Example 18.8, The following is a Prolog database e of Example 18.1: 

(X. l ,wi l )GD, 

(X.O,Who.l)G D, 

(X.2 ,X.1)€D, 

(Who.l,G.2)€ D, 

e = (XA, wilXX.O, Who.l)(X.2, A:.l)(Who.l, G.2) € pDatabase. 

Here e is a functional relation because {(XA, wil), (X.O, Who. 1), (X.2, X. 1), (Who. 1, 
G.2)} is functional. 

Because e of Example 18.8 is essentially a function from the domain {XA, X.O, 
X.2, Who.l} to extPred, standard notation for a function is used for e, i.e., dom(e) == 
{X.l, X.O, X.2, Who.l} and e(X.O) = Who.l. 

The automaton of the PDA performs the unification operation using a Prolog data­
base in pDatabase. Let eval: extPred x pDatabase -> extPred be given by 

eval(c, e) = c if c 6 Cons, 

Qwa\(e(X.k), e) if X.k e dom(e), 

X.k otherwise, 

Q\a\(p{ti,..., ti), e) = p(e\a\(t\,e),..., evalft, e)), 

where p is either a function symbol or a predicate symbol. In particular, if p(t\,... ,ti) 
is an arithmetic or logic formula and if e\a\(p(t\,... ,ti), e) can be calculated as the 
conventional operation whose value is v, then 

e\a\(p(t\,...,ti),e) = v. 

Example 18.9. In Example 18.1, suppose 

e = (X.l,wil)(X.0,Who.l)(X.2,A:.l)(Who.l,G.2). 

Then 

eval(wil, e) = wil, 

eval(X.2, s) = eval(e(X.2), e) = eval(X.l, e) = eval(e(X.l), e) = wil, 

eval(pa(X, P)[2], s) = eval(pa(X.2, P.2), e) 

= pa(eval(X.2, e), eval(P.2, s)) 

= pa(wil, P.2), 

eval((l + 2 + 3),e) = 6, 

eval(l =2,e) = false. 

Let 

unif: extPred x extPred x (pDatabase U {fail}) -^ pDatabase U {fail} 
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be defined by 
unif(ri, ti, s) = unif(eval(fi, e), eval(f2j ^), ^), 

where if r* = eval(ri, e) and f| = eval(r2, s), unif(r*, ti^^e) is specified by the follow­
ing ten cases: 

Case 0. 
unif(ri*,r|,fail) = fail. 

Case 1. 
£ if Ci = C2, 

where ci, C2 e Cons. 

Case 2. 

unif(ci,C2,e) = 
tail it c\ ^ C2, 

unif(ci, X2.k2,s) = e • (X2./:2,ci), 

where e • (X2.^2, c\) is the concatenation of ^ and (X2-̂ 2» c\). 

Case 3. 
unif(ci,/7(),e) = fail, 

where /?() is a predicate. Unification between a constant and a predicate must fail. 

Case 4, 
unif(Xi.k\',C2',s) = e ' {X\.k\,Q). 

C^̂ -e 5. 

Case 6. 

Case 7. 

Cfif̂ "̂  8. 

Case 9. 

•frx k X k X _ I ^• (^ i -^ i '^2 .^2) i f ^ i < ^ 2 , 
e • (X2./:2J-^i-^i) otherwise. 

unif(Xi./:i, /7(), e) = e - (Xi./:i, /?()). 

unif(/7(),C2,e) = fail. 

unif(/7(),X2./:2,e) = (X2.^2,M)). 

unif(pi(Xi, . . . , Xn), P2{y\,. • . , ym), e) 

fail ifpi ^ P2 or n i^ m, 

unif([Xi,. . . , Xn\, [ F i , . . . , Ym\, e) otherwise, 

where 

unif([Xi,...,x„],[ri,...,r^],£) 
= unif([X2,..., X„], [72 , . . . , î m], unif(Xi, Fi, e)). 

The function unif represents the unification operation. A successful unification ex­
pands pDatabase. 
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Example 18,10. For Example 18.1, suppose 

E = (X.5, cha) e pDatabase. 

Then 

unif(pas(X, Y, Z)[5], pas(wil, cha, dia)[6], e) 

= unif(pas(cha, 7.5, Z.5), pas(wil, cha, dia), e) 

= unif([cha, Y.5, Z.5], [wil, cha, dia], e) 

= unif([y.5, Z.5], [cha, dia], unif(cha, wil, e)) (see Case 1) 

= unif([r.5, Z.5], [cha, dia], fail) (due to Case 1) 

= fail (due to Case 0). 

Using the above notation, the Prolog interpreter can be modeled by a PDA as fol­
lows: 

Prolog interpreter = (A, C, F, co, yo, <̂>, 

where 

A = 0; empty input set, 

C = r = Q X Rule X N X pDatabase; state set, 

CO = (^o[0], rlist, 1, A); initial state of head, 

yo = A; initial state of stack, 

S : C X r -^ C X r*; state transition function, 

where qo is the initial query. 
For S(c\, y\) = (c2, 72*)» ^i ^̂  ̂ ^^ top element of the push-down stack and y2 is 

an element of F* that replaces y\. The definition of S is given below. 
If p[k] is executable, 

Si(p[k]a,fi,t,e),y) = 
((«, rlist, ty e), y) if p[k] i=- fail, 

(y,A) ifp[/:] = fail. 

If {^p\q) is the first rule to which unification is applicable and unif(/7[/:], p\t\ e) :^ fail, 

S{{p{k]a,p{p\q)p\t,e\y) 

= i(q[t]a, rlist, / + 1, umf(p[k], p[t], e)), y • (p[k]a, /3\ t, e)). 

If (p\q) is the first rule to which unification is applicable and unif(p[k], p[t], e) = fail, 

S{{p{k]a, p{p\q)p . ' ' £ ) ' y ) = j (j, ^ ^ ) if ^ ' = A. 

Here e e pDatabase is an instance of the Prolog database for unification. 
Figure 18.1 is a conceptual illustration of the formulation. Here d e D represents 

an element generated by unification, and y is the top element of the stack. The unifi­
cation index is represented by / € Â  in the state set C. 
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Prolog database 

Initial data 

(qo[0],rlist,l,A) 

Unification index 

- Push-down stack for backtracking 

Fig. 18.1. Prolog interpreter as a push-down automaton. 

Example 18. J1, Let us check the behavior of Example 18.1 using the above formula­
tion. 

Let 

CO = (^o[0],rlist, 1, A), 

qo = (testgpa(wil, Who), xwriteln("Who=", Who)), 

rlist = (r i , . . . ,r8) , 

70 = A. 

Let 
S(co,yo) = (c\,y*), 

where because unif(testgpa(wil, X)[0], testgpa(X, Who)[l], A) ^ fail, 

c\ = (<7i,(ri,. . . ,r8),2,ei), 

qi = (gpa(X,Who)[l],xwriteln("Who=",Who)[0]), 

e\ = unif(testgpa(wil, Who)[0], testgpa(X, Who)[l], A) 

= A . (X.l = wil, Who.O = Who.l), 

7l* = A.(^o[0] , (r2, . . . ,r8) , l ,A). 

Let 

where 

S(cuyi)=:: (<:'2, 72*)' 

71 = top of the stack(= (^o[0], (r2 , . . . , rg), 1, A); 
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because unif(gpa(X, Who)[l] , gpa(X, G)[2], si) ^ fail, 

C2 = (^2, ( n , . . . , ^ 8 ) , 3 , e 2 ) , 

q2 = (pa(X, P)[2] , pa(P, G)[2], xwriteln("Who=", Who)[0]), 

82 = ei' unif(gpa(Z, Who)[l] , gpa(X, G)[2], ei) 

= ei'(XA = X.2, Who.l = G.2), 

72 = yi -(^l* (''5,.-. ,^8), 2,6:1). 

Let 
S{C2, 72) = (C3, 73*), 

where 
y2 = top of the stack(= (qu (^5 , . . . , rg), 2, e i )); 

because unif(pa(X, / ' ) [2] , pa(X, y)[3] , ^2) / fail, 

C3 = ( ^ 3 , ( n , . . . , r 8 ) , 4 , e 3 ) , 

^3 = (pas(X, r, Z)[3], pa(P, G)[2], xwriteln("Who=", Who)[0]), 

^ 3 = ^ 2 - unif(pa(X, P)[2], pa(X, y)[3] , ^2) 

= £2 • (X,2 = X.3, P.2 = r.3), 

73* = 2̂ • (^2, ( n , . . . , ^8), 3,6:2). 

Let 

where 
73 = top of the stack(= (^2, (^3, • • •, rg), 3, ^2)); 

because unif(pas(X, Y, Z)[3], pas(wil, cha, dia)[4]) ^ fail, 

C4 = ( ^ 4 , ( n , . . . , ^ 8 ) , 5 , e 4 ) , 

^4 = (pa(P, G)[2], xwriteln("Who=", Who)[0]), 

£4 = 63 ' (X.3 = wil, Y3 = cha, Z.3 = dia), 

74* = 3̂ • (^3, (^6, n, rg), 4, £3). 

Let 

S(C4, 74) = (C5, 75*)v 

where 
74 = top of the stack(= (^3, (re,..., rg), 4, ^3)); 

because unif(pa(P, G)[2], pa(X, Y)[5]) ^ fail, 

C5 = fe,(n,...,^'8),6,e5), 

^5 = (pas(X, y, Z)[5], xwriteln("Who=", Who)[0]), 
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£5 = £4 • (X.5 = cha, G2 = F.5), 

75 = N • (^4, ( r s , . . . , rs), 5, ^4). 

Let 

S(C5, 75) = (C6, 76*)' 

where 
75 = top of the stack(= (^4, ( n , . . . , rs), 5, ^4)); 

becauseunif(pas(X, F, Z)[5],pas(wil, cha, dia)[6],65) = fail and ( r 6 , . . . ,rs) ^ A, 

C6 = ( ^5 , (^6 , . . . , ' *8) ,6 ,e5) , 

Let 

^(^6, y6) = (C7, 77*), 

where 

76 = top of the stack(= (^4, ( o , • • •, ' 's), 5, £4)); 

because unif(pas(X, 7, Z)[5], pas(hen, cha, dia)[6], £5) = fail and (ry, rg) 7̂  A, 

cj = (q5,(n,rs),6,e5), 

71 = 76. 

Let 
S(C7, yi) = (eg, yg*), 

where 

77 = top of the stack(= (^4, ( n , • • •, n), 5, 64))', 

because unif(pas(X, Y, Z)[5], pas(cha, phi, eli)[6]) ^ fail, 

eg = (^6 , (^1 , . . . , ' ' 8 ) , 7 ,^6) , 

qe = (xwriteln(0, "Who=", Who)[0]), 

^5 = es • (X.5 = cha, Y.5 = phi, Z.5 = eli), 

78* = 77-(^5 , (^8), 6,^5). 

Let 

S(cs, 78) = (C9, 79 ) ' 

where 
ys = top of the stack(= (^5, (rg), 6, ^5)); 

because xwriteln(0, *'Who=", Who)[0] is executable, 

eg = ( < ? 7 , ( n , . . . , r g ) , 7 , e 7 ) , 

^7 = A, 
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xwriteln(0, "Who=", Who)[0] -> evaluation of Who.O; 

eval(Who.O, ee) = eval(Who.l, ee) = eval(G.2, ee) = eval(F.5, ee) = phi. 

"Who = phi" must be printed out due to execution of xwriteln(0, "Who=", Who)[0]. 
This shows that the interpreter behaves in a desirable way. 

References 

Takahara, Y. and lijima, J. (1990) Systems Theory, Kyouritu (in Japanese). 



Index 

V, 24, 328, 329 
Tta, 86 
^-^actionNp 232 

{actionN/).g, 238 
action, 115,248 
action name, 232 
action parameter, 232 
action set, 131, 147, 154, 162, 171, 190, 270 
actionN/,7, 238 
ActionName, 7, 231,239 
ActionName.g, 238 
adaptive layer, 209, 212, 214 
ADC, 212 
additive, 14 
additivity condition, 82 
ADPS,212 
ADR, 212 
allowable activity function, 116 
ALst, 186 
append, 39 
assert, 39, 58 
assign, 39, 58 
atomic formulae, 24, 328 
atomic process, 232, 241, 255 
attribute node, 184 
attrlist, 316 
AttrName, 7, 231,240 
attmamelist, 315 
attrtype, 316 
attrtypelist, 316 
automaton, 14 
automaton specification of process, 82, 85 

backtrack, 94 
backtracking, 49, 51, 91, 343 
backward layer structure, 87 
bar graph, 61 
basic MIS, 228 
BMIS, 228 
bound variable, 329 
branch and bound method, 164 
branch name, 184 
browser-based MIS, 227 
brute force behavior, 135 
brute-force method, 340 

CQ, 116, 133, 148, 155,163 
canonical model of the BMIS, 229 
causal, 246 
Cf, 116,133, 148 
Cf, 155 
Chinese checkers, 138 
class schedule problem, 169, 269 
classification of problem, 74 
clause, 331 
clearsheet, 39 
closed formula, 329 
closed goal, 74 
closed target, 74 
cname, 315 
compatibility condition, 94 
completeness theorem, 327 
composition, 31 
computer-acceptable set theory, 8, 23 
concat, 39 
confidence number, 215 
conjunctive formula, 330 



356 Index 

ConU215 
Cons, 345 
conssym, 52 
constant symbol, 24, 328 
constraint, 72, 116, 132, 155, 163, 173, 192 
construction of list, 58 
construction of set, 55, 301 
control engineering problem, 127 
cube root problem, 153 

D,346 
Do, 187 
data definition, 303 
data flow diagram, 9, 226 
data handling, 35 
data mining system, 183 
data model generator, 210, 211 
data processing, 292 
data retrieval, 303 
data set, 184, 187 
database connectivity, 44 
database system, 287 
decision principle, 208 
decision tree, 183 
declarativeness, 325 
definition of class, 288, 290 
definition of data processing, 289 
definition of method, 288, 292 
definition of object, 288, 291 
definition of table, 301 
defList, 58 
defSet, 39, 55 
deleteList, 39 
delta-lambda, 7, 233, 238, 241 
denotation, 329 
depth-first search method, 340 
DFD, 9, 226, 239 
distinct, 57 
dmEV, 215, 219 
DMG, 210, 211, 213 
dmR,218 
dmSTNDKN,215 
dom, 187 
do-while clause, 54 
DP method, 86, 89 
drawtree, 60 
dynamic optimization formulation, 82, 85, 

92, 193 
dynamic optimization problem, 14 

dynamic problem, 127 
dynamical mapping, 86 

E-C-C,79, 113 
E-C-O, 145 
E-O-C, 127, 129 
efficient solution path, 93 
embedding SQL command, 309 
end-user development, 4 
entropy, 193 
entry V, 316 
EUD,4 
eval, 347 
execution of method, 293 
expert system, 214 
explicit solving action, 74 
extended solver, 6 
external UI, 228, 256 
external user interface, 9 
extPred, 346 
extProIog, 3, 44 
extProlog interpreter, 343 
extSLV, 6, 98, 235 
extTerm, 345 
extVar, 345 

fact, 50, 332 
failure node, 337 
feedback information, 70 
feedback law problem, 128, 136 
filestructure, 7, 231,240 
file system, 231,251 
final state, 116, 133, 148, 155, 163, 174, 192 
first-order language, 24, 328 
first-order predicate calculus, 24, 325 
fj,231 
for clause, 54 
formal approach, 11, 226 
forward layer structure, 93 
free variable, 329 
Func, 345 
func, 26, 237, 242 
function, 30, 55 
function declaration, 55 
functional relation, 346 

genA, 72, 116, 132, 148, 155, 163, 172, 192 
general systems theory, 3 
general-purpose language, 53 



Index 357 

generalization, 327, 335 
geriGoal, 90 
genlndex, 39 
genSol, 91 
getDate, 39 
getDate2, 39 
getvalue, 39 
global variable, 58 
goal, 14, 85, 133, 148, 174, 193, 194, 272, 

331 
goal-seeker model, 68 
goal-seeking model, 69 
goal-seeking problem, 207 
goalElement, 14 
graphical user interface (GUI), 44, 59 
ground instance, 334 
group by, 305 
GSP, 207, 208, 210 
GST, 3, 67 

hard constraint, 213 
head, 49 
Herbrand base, 334 
Herbrand interpretation, 334, 337 
Herbrand universe, 334 
hill-climbing method with a push-down stack, 

71 
Horn clause, 331 

I-C-C, 153 
I-C-O, 159 
I-O-C, 169, 269 
1-0-0,79,183 
ideal goal, 86 
ideal goal generation, 86 
idGoal family, 89 
//*clause, 53 
implementation component, 7, 233 
implementation of OODB, 293 
implementation procedure, 238 
implementation structure, 8, 23, 237, 243 
implementation structure of TPS, 8, 237 
implicit solving action, 74 
initial response function, 245 
initial state, 116, 133, 148, 155, 163, 173, 

192,249,272 
initialattrV, 317 
input, 69 
input attributes, 184 

input specification, 114 
input-output specification, 239 
integer programming, 159 
intelligent MIS, 5 
interface component, 7, 233 
internal UI, 233 
internal user interface, 9 
intemalUI, 228 
inv(5, 87, 117 
inverse, 39 
inverse S, 87 
inverse st, 87 
inverse stopping condition, 117 
inverse transition, 117 
invproject, 39 
invst, 87, 117 

KB, 214 
knapsack problem, 159 
knowledge base, 214 

legalAs, 93 
lifting lemma, 340 
limbo node, 187 
linear input resolution, 340 
linear quadratic problem, 146 
list, 54 
list structure, 51 
listPred, 39 
literal, 328 
In, 56 
load-go, 39 
logic programming, 325 
logic programming language, 53 
logical connective, 24, 328 
logical equivalence, 330 
loop free, 94 
LQP, 146 

makewindowSS, 39 
management information system, 3 
manipulating variable, 70 
matched, 49 
matrix, 330 
matrix manipulation, 57 
max, 56 
MDL,44 
mechanical theorem-proving, 340 
min, 56 



358 Index 

minimization, 32 
MIS, 3 
model, 329 
model description language, 44 
model integration approach, 43 
model space, 218 
model theory approach, 6, 68, 226 
modified dynamic programming method, 71 
modus ponens, 327, 335 
multiple-trajectory graph, 61, 62 

N,344 
node number, 184 
nodeData, 187 
nodeStr, 187 
numeric processing, 45 

obindex, 315 
obj, 315 
object-oriented, 287 
object-oriented database, 287 
obj V, 316 
OODB, 287 
open formula, 329 
open goal, 74 
open target, 74 
operations of the registration system, 243 
operations on list, 56 
operations on set, 54 
output attribute, 184 
output function, 247 
output specification, 187 

para, 7, 231 
paralist, 234 
Paralist/,7, 231 
parametric uncertainty, 209 
participant.lib, 240 
particularized decision problem, 210 
PD method, 91 
PDA, 343 
pDatabase, 346 
PID controller, 128 
pie graph, 61 
plot graph, 61 
postgreSQL, 287 
postprocess, 39 
Pred, 345 
predicate, 55 

predicate symbol, 24, 328 
predsym, 52 
prefix, 330 
prenex form, 330 
preprocess, 39 
PRF, 74, 210, 211,213 
primitive recursion, 31 
problem formulator, 74, 210, 211 
problem specification environment, 6, 9 
problem-solving layer, 209 
problem-solving system, 3, 13 
procC, 41 
procedural, 325 
Process, 69 
program structure of an extSLV, 76 
project, 39 
Prolog, 45, 326, 340 
Prolog database, 346 
Prolog interpreter, 49, 349 
PSE, 6, 9, 235 
push-down automaton, 343 

Q,346 
query clause, 49 

radar graph, 61 
Re, 82 
realization, 231,240, 249 
realization model, 255 
realization structure, 231 
reduced, 229, 248, 250 
reduced state mapping, 115 
reduced-layer model, 87 
refutable, 330 
refutation complete, 335 
register, 241 
regulation problem, 129 
relation, 29, 55 
relational database, 183 
relational structure, 24, 327 
relational structure representation, 234 
replaceList, 39 
representation of set, 300 
reset state, 249 
ResName, 7, 231,240 
resolution node, 338 
resolution principle, 327, 335 
resolvent, 335 
ResStatus, 241 



Index 359 

restricted allowable activity function, 88, 93 
retract, 41 
retract-byhead, 41 
Rule, 344 
rule, 332 
rule head class, 49 

satisfaction, 329 
satisfaction approach, 209 
satisfied, 330 
scope, 329 
self-executable predicate, 49 
semantic tree, 337 
semioptimal solution, 89 
sentence, 329 
set, 27, 54 
setcompiler, 8, 36, 238 
set value, 41 
shift operator, 246 
showl,41, 61 
skeleton model, 6 
Skolemizing, 331 
SLV, 13,210,211,213 
soft constraint, 213 
software engineering approach, 10 
solution generation, 86, 91 
solution path, 93 
solvable state, 93 
solver, 13,210 
solver type, 235 
solving-process model, 68 
sort, 41 
sortmax, 41 
special functions and predicates for list, 56 
spreadsheet, 60 
SQL, 287, 297 
St, 72, 82, 85, 133, 148, 155, 164, 193 
standardized external UI, 238 
standardized goal-seeker, 6, 79, 86 
standardized internal UI, 238 
standardized UI, 226 
standardized user interface, 6 
state reduction map, 80, 131 
state set, 247, 349 
state space representation, 245-247 
state space representation of BMIS, 247 
state transition function, 116, 131, 147, 154, 

162,172,191,247,271,349 
stationary, 246 

stdDPS-UI.p, 9, 39 
stdDPsolver, 113 
stdPDsolver, 127, 145, 159, 169, 183, 269 
stdPDsolver.p, 76 
stdUI.php, 9 
stopping condition, 82, 85 
strlen, 56 
structural uncertainty, 209 
structure A, 293 
structure C, 294 
structure O, 295 
sum, 41, 56 
SupL,215 
support number, 215 
switch clause, 54 
symbolic programming, 48 
syntax of extProlog, 52 
syntax of OODB, 288 
systems approach, 10 
systems development, 236 

tail, 49 
task, 210 
Term, 345 
term, 24, 328 
terminal node, 184 
time invariant, 247 
time system, 229, 245 
tolerance function, 213 
TPS, 3, 225 
trajectory graph, 61 
transaction processing system, 3, 225 
transaction type, 234 
transpose, 41 
traveling salesman problem, 113 
tree display, 60 
truth assignment, 334 
typeless, 51 

U,231 
uncertainty, 193, 207 
undef, 299 
unif, 347 
unification, 49, 343, 349 
unification index, 345 
unifier, 339 
universal formula, 330 
universal formula of Horn clauses, 331 
universal quantifier, 24, 328 



360 Index 

universally quantified conjunction of clauses, 
332 

universally valid, 329 
unsatisfiability, 335 
unsolvable state, 93 
updating of table, 307 
userlayer, 209, 212 
user model, 6, 13, 14, 79, 117, 133, 148, 155, 

164, 174, 195, 233, 234, 237, 242, 273 
user model construction, 238 
user model in computer-acceptable set theory, 

8 
user model in extProlog, 8 
user model in set theory, 8 

V,231 
valid, 329 
Var, 344 
variable, 24, 328 

varsym, 52 
VDM-sl, 12,226 
Vienna development method, 12 
Vienna development method-specification 

language, 226 
view function in OODB, 302 
VLst, 187 

warp2.p, 15 
warp2.set, 15 
well-formed formulae, 24, 328 
workshop registration system, 226 

xread, 41 
xwriteln, 41 
xyplot graph, 61 

>;o, 173, 192,272 
Kf, 192 




