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Abstract�tc "Abstract"�


In this paper it is explained how automated decision table construction and interfacing can prevent a great deal of the current problems with knowledge based systems, viz. lack of adequate design methodologies, lack of validation and verification support, maintenance problems.  A decision table engineering workbench, that addresses these issues of decision table modeling and interfacing is presented.
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1.	Introduction


The decision table technique, with its ability to check a given specification for completeness, consistency and correctness, has been recognized as a very inviting formalism in a variety of areas such as program structuring, manual decision making, systems analysis and design, representation of complex texts, verification and validation of knowledge bases, knowledge acquisition.  Few attention, however, has been paid to the modeling process itself, the introduction of computer supported modeling and interfaces to other representation formalisms (such as program code, trees, rules, etc.), which is only possible through flexible computer support.


A decision table engineering workbench, therefore, creates a significant added value to the decision table technique.  In this paper it is illustrated how such a workbench, Prologa (Procedural Logic Analyzer, Vanthienen [�seq ref Vanthienen86�14�]), addresses these issues of decision modeling, validation and interfacing.


�


2.	Decision tables and knowledge based systems


Decision tables and knowledge based systems put strongly different emphases, but also show some striking similarities.  Knowledge based systems are mainly dealing with knowledge formulation (modularity, flexibility) and consultation (inference, user friendliness).  Decision tables traditionally stress the representation facilities (with the resulting additional checking capabilities for completeness, consistency and correctness).


Currently there are, in the context of knowledge based systems, two domains where decision tables are used efficiently and effectively:


-	during the verification and validation process,


-	as a fast way of executing the expert system.


2.1	Decision tables in validation & verification


Acquiring the correct and complete knowledge is one of the main problems in building knowledge based systems.  Also, maintaining the knowledge base is not a trivial task and often introduces unnoticed inconsistencies or contradictions.  Verification and validation of knowledge based systems are receiving increased attention (O'Leary, Goul et al. [�seq ref oleary�12�]).


It has been reported earlier (e.g. Vanthienen [�seq ref Vanthienen86�14�], Cragun and Steudel [�seq ref cragun�4�], Puuronen [�seq ref puuronen�13�]) that, in a vast majority of cases, the decision table technique easily allows to check for common V&V problems, such as contradictions, inconsistencies, incompleteness, redundancy, etc. in the problem specification.   (cf. Nguyen et al. [�seq ref nguyen�11�]).2.2	Using decision tables for fast execution


A lot of expert systems built nowadays are propositional expert systems, equivalent to decision tables.  A procedure to perform the transformation between propositional expert systems and decision tables (and thereby substantially increasing execution speed) is presented in Colomb and Chung [�seq ref colomb�3�].  2.3	Integrating the use of decision tables in building intelligent systems


Instead of building or generating decision tables only during the validation and verification process or as a fast way to execute the system, they can also be used with significant advantage in the knowledge acquisition phase itself, in which all the information has to be transformed into a coherent substance (Merlevede and Vanthienen [�seq ref MERLEVEDE�10�]).  With this approach, a hierarchy of decision tables is built, modeling the domain knowledge.  To this end, the Prologa system might be used, as illustrated in this paper.  The hierarchy of (validated) decision tables can then be converted to a full knowledge based application with advanced consultation possibilities.  This approach clearly has major advantages:


-	Checking for completeness and consistency can already be performed during the design of the knowledge based system.


-	The generation facility enables the knowledge engineer to concentrate on the modeling issues and to isolate the knowledge body (the decision tables) from its implementation (in whatever form).


-	Maintaining the knowledge based system is easier because it can be performed on the original tables followed by a new (partial) generation step.


3.	Modeling knowledge with a decision table engineering workbench


The construction of decision tables is a creative activity, but it contains several routine actions which are quite time-consuming.  In this section the advantages of decision table automation are elucidated.  The Prologa (PROcedural LOgic Analyzer) system, a PC based interactive design tool for computer supported construction and manipulation of decision tables, is illustrated.  This decision table engineering workbench incorporates powerful rule based knowledge acquisition and representation, table based verification and adequate consultation interfaces to common shells and languages.


3.1	The added value of automated decision table construction


Originally, decision tables were used to construct the logic of computer programs in a clearly arranged manner.  The main interest was the efficient conversion of the table into program code, thereby leaving some important questions unanswered:


-	How to construct decision tables?


-	How to introduce computer support in the construction process?


With the application field of the decision table shifting away from programming and expanding into other areas with logical complexity, the conversion problem became less relevant and gradually more attention was paid to the design of methods for decision table construction (Verhelst [�seq ref verhelst80�19�], CODASYL [�seq ref codasyl�2�]).  


The introduction of the computer in this process, however, received very few attention.  Besides some interesting developments (e.g. Vieweg [�seq ref vieweg�20�], Johnson and King [�seq ref johnsonking�6�], Welland [�seq ref welland�21�]), in most cases, the role of the system is limited to checking (or converting) ready made decision tables, while little or no support is available for the modeling process itself.


Automated decision table construction, however, offers many advantages:


-	The writing and drawing can be taken over completely by the computer.


-	A number of routine jobs that induce many errors when performed manually, can be automated, e.g.: filling action entries, generating the complete set of condition combinations.  The same argument can be adduced for some manipulations of the decision table, such as the reordering of conditions and actions.


-	Introducing a workbench in the design process provides interactive possibilities that simplify the design process, such as automatic checking for consistency, correctness and completeness.


-	The system can be used for optimization purposes, such as optimal contraction, layout, decomposition into subtables or conversion into efficient code.


-	Making good use of the interfacing features of decision tables to other representation formalisms, such as program code, trees, rules, is only possible through flexible computer support.


The concept of computer supported modeling  was introduced by Verhelst [�seq ref verhelst80�19�].  The workbench is based on these theoretical concepts (Verhelst [�seq ref verhelst80�19�], Maes [�seq ref maes�7�], Vanthienen [�seq ref Vanthienen86�14�]) and practical experiences with earlier implementations (Maes [�seq ref maes�7�], Clement and Stroobants [�seq ref clement�1�], Maes, Vanthienen and Verhelst [�seq ref maesvv81�9�], Vanthienen [�seq ref Vanthienen86�14�]).


3.2	Decision table construction with Prologa


Depending on the characteristics of the problem domain, several manual methods for the construction of decision tables can be distinguished, (Verhelst [�seq ref verhelst80�19�]), dealing with comparable stages when analyzing the problem.  The main difference between them is the order in which these stages are treated and the way they are worked out.  The following stages can be distinguished:


1.	obtain conditions, condition states and actions of the decision situation;


2.	specify the problem in terms of decision rules;


3.	fill the decision table based on the rules;


4.	check for completeness, correctness and contradictions;


5.	simplify the decision table and display it.


In Prologa the construction of decision tables proceeds in a similar way.  When building a decision table, the designer essentially specifies: a list of conditions with their states, a list of actions and a list of relations between condition states and actions (in the form of logical expressions or rules).  This will enable the system to construct, display and optimize the corresponding decision table.


To illustrate the working of Prologa in detail, a complete session, from knowledge acquisition to the implementation of the resulting decision system, is shown with regard to the following small problem situation:


The number of holidays depends on age and years of service.  Every employee receives at least 22 days.  Additional days are provided according to the following criteria:


-	Only employees younger than 18 or at least 60 years, or employees with at least 30 years of service will receive 5 extra days.


-	Employees with at least 30 years of service and also employees of age 60 or more, receive 3 extra days, on top of possible additional days already supplied.


-	If the employee has at least 15 but less than 30 years of service, 2 extra days are given.  These 2 days are also provided for employees of age 45 or more.  The 2 extra days can not be combined with the 5 extra days.


Define the conditions, condition states and actions.


First a list (figure �seq fig list�1�) is made of all condition and action statements that are mentioned in the text or problem description (restatements and complements are deleted from the list).


 conditions


 age < 18� age >= 60� service >= 30� 15 <= service < 30� age >= 45�
 actions


 assign 22 days� 5 extra days� 3 extra days� 2 extra days��
�
figure �seq fig�1�:  list of condition and action statements


Next, condition and action statements are grouped into subjects and relevant states.  Each condition should have an exhaustive set of mutually disjoint states.  This is done by putting the different states of a condition on a  domain scale (figure �seq fig scales�2�).


- Age:	<18  |  18-<45  |  45-<60  |  >=60�- Service:	<15  |  15<-30  |  >=30


figure �seq fig�2�: condition subjects and condition states


Actions have a standard set of action values, only the action subjects must be defined.  The possible action values are:


	x	:	this action should be executed;


	-	:	this action must not be executed;


	.	:	undefined;


	?	:	contradiction (in the resulting decision table).


Conditions, condition states and actions are filled into the Prologa Action & Condition Editor.


Specify the knowledge rule by rule, while the table is filled out and checked.


Based on the text (if any) and on the conditions, condition states and actions, the problem situation is now translated into Prologa rules and entered in the Prologa Rule Editor.


A decision situation usually does not consist of a collection of independent descriptions, but contains several levels of structure, e.g. general rules, exceptions, ... (Maes [�seq ref maes�7�], Maes and Van Dijk [�seq ref maesdijk86�8�]).  Therefore, the Prologa specification language makes use of logical expressions with different levels of significance.  Basically two levels are distinguished: definite and preliminary consequence.  General (preliminary) rules can be overruled by later specifications (exceptions), while a definite rule can not be neutralized (and may even lead to contradiction messages).  In combination with the ONLY operator a possible consequence is also provided (indicating that complementary elements are not allowed).  For a detailed discussion of the decision rules, see Vanthienen [�seq ref Vanthienen86�14�].


Every decision rule, once defined, is automatically applied to the decision table.  The decision table is available for display at any time, in expanded or contracted form and also in the form of a horizontal or vertical decision tree.  It is automatically checked for:


-	empty columns,


-	unreferenced conditions or actions,


-	contradictions.


In the decision rules constructed below, with regard to the holidays example, no specific formal notation is used because of the illustrative purposes.


-	Every employee receives at least 22 days.


Rule 1:	assign 22 days  definitely if  always;


-	Only employees younger than 18 or at least 60 years, or employees with at least 30 years of service will receive 5 extra days.


Rule 2:	5 extra days  generally if only  age < 18  or  age >= 60  or  service >= 30;


The preliminary decision table, corresponding to the present set of rules, is shown in figure �seq fig narule2�3�.
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figure �seq fig�3�: the decision table display after entering rules 1 and 2


-	Employees with at least 30 years of service and also employees of age 60 or more, receive 3 extra days, on top of possible additional days already supplied.


Rule 3:	3 extra days  generally if  age >= 60  or  service >= 30;


-	If the employee has at least 15 but less than 30 years of service, 2 extra days are given.  These 2 days are also provided for employees of age 45 or more.  The 2 extra days can not be combined with the 5 extra days.


Rule 4:	2 extra days  generally if  (45 <= age < 60  or  age >= 60  or  15 <= service < 30)  minus  rule 2;


�From common sense knowledge, it is clear that an employee younger than 18 years can not have 15 or more years of service.  The impossible condition combinations should be discarded from the table by adding the rule:


Rule 5:	impossible  definitely if  age < 18  and  �(15 <= service < 30  or  service >= 30);


The final decision table is shown (in expanded form) in figure �seq fig expandedtable�4�.
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figure �seq fig�4�: the expanded holidays decision table


Throughout the modeling effort, conditions, condition states and actions can be inserted, deleted or reordered.  The updates are immediately reflected in the decision table.


Simplify the decision table


When the (expanded) decision table has been constructed and verified, it can (automatically) be simplified in the following ways:


-	Table contraction: From the expanded decision table, adjacent columns or groups of columns leading to similar action configurations are contracted into combined columns, thereby minimizing the number of columns for the given condition order.  When all the states of a condition can be combined, this will lead to a condition state which is irrelevant, but partial contraction is also provided.  The final contacted decision table, is shown in figure �seq fig contractedtable�5�.
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figure �seq fig�5�: the contracted holidays decision table


-	Row order optimization: This determines the condition order which results in the minimum number of (contracted) columns.  The condition order is the same for all columns of the decision table.   For a table with n conditions, this implies a choice between n! alternative condition orders, some of which might be infeasible because of the supplied precedence constraints.


4.	An illustration of advanced features of the decision table workbench


Once the decision logic is entered into Prologa, the decision table(s) is constructed, and this information can be used for several other purposes than displaying the table.  This section illustrates the working of advanced features in Prologa, going beyond the basic automated design of decision tables.4.1	Structure of a group of decision tables


In Prologa, a decision table can refer to one or more subtables.  There are two types of (possible recursive) subtables: the action subtable, which is a further specification of a certain action (comparable to a PROCEDURE in programming) and the condition subtable which determines the value of a condition (comparable to a FUNCTION in programming).  All subtables are of the closed type, this means that after ending a subtable the calling table regains control.


Prologa also offers the possibility to display the structure of the interdependencies between different tables in several graphical ways.


4.2	Optimal test sequences


Depending on the purpose of the decision table, it might be transformed into optimal test sequences, taking into account condition test times and column frequencies (if available).  In decision table research, a lot of effort has (successfully) been spent on generating this optimal tree (see e.g. Verhelst [�seq ref verhelst80�19�] for an overview).  Generating optimal test sequences is very useful when the decision table has to be executed frequently or automatically.  If test times or frequencies are not supplied, the average number of tests is minimized.  In the resulting execution tree, conditions are not always tested in the same order anymore.Figure �seq fig optcode�6� shows the optimal code, generated by Prologa for the holidays example.
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figure �seq fig�6�: optimal code generated by Prologa


4.3	Code generation and restructuring


In some cases decision tables are designed to be converted to executable program code, often based on optimal test sequences (see e.g. CODASYL [�seq ref codasyl�2�], Welland [�seq ref welland�21�]).  Currently Prologa supports two languages: Pascal and COBOL. -	Pascal code: The program code generator will produce the structure of the resulting if-then-else statement (according to the Pascal syntax).-	COBOL code: Based on the information contained in a decision table, Prologa can convert it into a COBOL EVALUATE statement.  This option also works the other way around: a decision table can be generated automatically from a COBOL EVALUATE statement.  This table can then be used to check the statement for consistency and completeness (and then converted again to COBOL).


�4.4	Text and rules


Building a decision table from a text (laws, management procedures, systems specifications, ...) is a common application area, where the overview and communication abilities of the visual two-dimensional representation are highly appreciated.  The opposite direction (from tables to text), however, is also interesting: rebuilding a text or a set of action oriented rules from a correct decision table offers new perspectives in such areas as education, translation, legislation, etc.  This rewriting feature is currently being investigated in the context of Prologa (see Vanthienen and Wets [�seq ref vanthienenwetslisbona�18�]).  The translation of the table into a minimal rule representation for each action is also interesting in the implementation of knowledge based systems.  Preliminary results are shown in figure �seq fig minact�7�.
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figure �seq fig�7�: minimal rule generation


4.5	Expert system shells


The generation of expert systems from decision tables has been implemented for two commercial tools: AionDS and KBMS (from former aion and aicorp companies respectively, now Trinzic) and has been applied to real world applications.  An illustration of the full AionDS generation is given in figure �seq fig adsgen�8�.
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figure �seq fig�8�: AionDS application generated by Prologa


The interface offers three related generation options: a decision centre, the consultation manager and the spare table option.


-	Decision centre: This option only generates the basic knowledge structure with no additional consultation facilities.  It is appropriate if one wants to make use of consultation options offered by the expert system shell itself or of an own specific environment.


-	Consultation manager: The consultation manager provides the application with a question and answer user interface, explanation facilities and the following extra features: a chronological survey of the questions, answers and conclusions reached; condition variables with their values; the possibility to alter previous answers and restart reasoning (what-if simulations).


-	Spare table: This option offers the possibility to replace the current decision table knowledge in the decision centre by its updated version.


4.6	Consultation environments


As pointed out previously, generation to expert system shells results in a lot of consultation possibilities for decision tables.  But Prologa also has its own consultation environments.  Up till now, the following ways to consult the tables have been provided:


DECADE/DeTaConsult: This decision table consultation environment is similar to an expert system shell, and incorporates rule based knowledge representation, table based verification, extensive consultation facilities (explanation, specific help, selective restart, case archivation for later use or prototype cases, what-if analyses) and interfaces to existing procedures and databases (Hazevoets, Vanhoutte and Vanthienen [�seq ref hazevoets�5�]).


During a consultation, the user is asked to select the appropriate condition states to determine a unique path through the decision table(s).  Only relevant conditions are presented, in the order in which they are included in the decision tables.  The resulting actions are then shown to the user or interpreted.  Switching from one table to another in a hierarchy of decision tables is performed entirely by the system and is transparent to the user.


Consult/Walk: For quick consultation and prototyping purposes, a complete decision situation can easily be consulted (or visualized in walking down the decision tree) via questions and answers, with subtables being activated automatically, but without the features of a full-blown consultation environment.  Subtables may be recursive and the number is not limited.  See figure �seq fig walktree�9� for a walk consultation of the holidays table.
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figure �seq fig�9�: consulting the holidays table


4.7	1st-Class


The 1st-Class system (from former aicorp) is an inductive learning tool that represents knowledge in the form of trees, optimized programs or rules, starting from a set of examples.  Looking at a decision table column by column, the table can be seen as a set of examples.  In this way 1st-Class can be used to transform and optimize the table in several ways (e.g. conversion to rules, trees, programs).  


The interface between Prologa and 1st-Class is a two way interface.  The first part of this interface converts a Prologa file (which contains the decision table definitions) into a 1st-Class file (which contains the definitions of factors, results and examples).  An interesting feature of the use of a decision table as a training set is that one can be sure that the set of examples is complete and consistent.


The reverse part of the interface allows to build a decision table starting from a 1st-Class application.  This is mainly done for two reasons: to check 1st-Class applications for completeness and consistency, and to build decision tables automatically from a (large) set of examples through the inductive learning facilities.


4.8	Export possibilities


Several export options are provided by Prologa as indicated in the following menu screen (figure �seq fig export�10�):
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figure �seq fig�10�: export possibilities


5.	Application experiences


The decision table workbench Prologa has been used in a large number of applications and environments (see e.g. Vanthienen and Robben [�seq ref vanthienenrobben�16�] for the development of a legal knowledge based system).  Some examples of the more common areas of experience:


-	verification and visualization of legal procedures;


-	checking consistency in medical treatments;


-	help desk applications for computer networks;


-	validation of knowledge based systems;


-	modeling and verification of complex procedural decision situations in general;


-	information systems analysis, descriptions of systems requirements and software engineering;


-	rates and premiums in banks, insurance companies;


-	checking technical specifications in manufacturing;


-	generating test cases for program structures.


Besides the classical arguments for the use of decision tables (easy checking for completeness, consistency and correctness), a number of less known advantages have been revealed by these experiences: good communication facilities, full lifecycle support, ease of translation, ... (see Vanthienen [�seq ref Vanthienen86�14�]).


6.	Conclusions


Over the years there has been a major change in research and application areas of decision tables.  The renewed interest in the concept in e.g. the area of verification and validation of expert systems, illustrates the importance of this knowledge representation technique.


The features of decision tables can only be exploited in an optimal way if suitable computer support is offered.  The decision table workbench Prologa presented is this paper, is an open tool for the construction and advanced manipulation of decision tables.  This automation of the development process can make the decision table play an important role in designing, validating and implementing a large class of decision situations.
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