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The purpose of this study was to explore the subject 

of timescale estimating for rule-based systems. A model 

for estimating the timescale necessary to build rule-based 

systems was built and then tested in a controlled environment. 

One hundred eighty-five projects were used to collect 

data that were used to derive the prediction model. It is 

not uncommon to find in the literature, estimation models 

that are based on a sample size of fifteen to thirty 

projects. Fifteen projects were then run in this controlled 

environment to test the utilization of the derived model. 

It is important to point out in summary that the projects 

were not hypothetical classroom examples. 

There was no attempt made to forecast any other 

resources except timescale and effort. It is unfortunate 

that the existing estimating models for conventional soft-

ware do not apply more precisely to the resource estimation 

for construction of rule-based systems. 
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CHAPTER I 

INTRODUCTION 

The purpose of this study is to explore the subject of 

timescale estimating for knowledge-based systems. It is an 

attempt to formulate a model for estimating the timescale 

necessary to build knowledge-based systems. 

In this introductory chapter, background information 

for knowledge-based systems and software engineering is 

described. There is a short discussion of a tutorial that 

became the motivation for further pursuit of this project, 

a discussion of why conventional techniques do not work on 

knowledge-based systems, and the future potential for work 

of this type. 

Background for Knowledge-Based Systems 

Knowledge-based systems are computer programs that 

incorporate and act upon the knowledge or expertise that is 

normally associated with human experts. These systems know 

the rules of inference that allow them to reason within a 

limited domain of the problem space. The rules of inference 

are not guaranteed to produce the desired answer. These are 

not formal algorithms but heuristics (rules of thumb) or 

appropriate guidelines to the reasoning in a unique problem 



domain. Since these systems rely on the expert's knowledge 

of a given domain, they are often referred to.as expert 

systems. Each expert system consists of the following three 

major components: 

1. A database of facts or assertions about the subject 

matter, 

2. A set of rules of the form IF<condition>THEN<action>, 

and 

3. A monitor that executes the set of rules, given the 

database. This monitor is often referred to as an inference 

engine. This inference engine reads in the rules for execu-

tion each time the program is run. If the rules change the 

results change (6). Other components are a human interface 

and knowledge acquisition. 

One of the key elements of the knowledge-based system 

is rules. Rule-based systems provide an appropriate 

methodology for implementing knowledge-based systems. Rules 

are a natural formalism for capturing expertise, and they 

have the flexibility required for incremental development 

(6). The focus of this research is limited to knowledge 

bases that contain only rules. In this study the terms 

expert system, knowledge based system, knowledge-based expert 

system and rule-based expert system are used interchangeably. 

Research Motivation 

During a tutorial on knowledge-based systems on 

August 7, 1984, at the American Association of Artificial 



Intelligence (AAAI) conference, the following disturbing 

notes., were taken. The haunting ambiguity of these notes 

has been a driving force for this research into the subject 

of time estimation for building knowledge-based systems. 

The subject of this tutorial was "Pragmatics for Building 

Knowledge-Based Systems" and was presented by John McDermott, 

from Carnegie-Mellon University. Brief selections from the 

notes are presented. Problem sections are underlined. 

Effort Required 
A few days of interaction among a few experts, a few 
knowledge engineers, and a few prospective users. 
• # • • • • • • • • • • • • • • • • • * * 

Depending on the nature of the domain and availability 
of tools to assist with Knowledge Acquisition, it may 
be possible for the systems to be extended primarily 
by the domain experts with only modest assistance from 
the knowledge engineers. 

Has the system acquired substantial amounts of knowledge 
and become sufficiently capable so that when it performs 
its task, people don't snicker (10, pp. 1-6). 

The ambiguities highlighted by this tutorial represent 

what is an attitude taken by many who build knowledge-based 

systems. Rosemary M. Dyer, in her editorial column "Brain 

Waves," in the July, 1987, AI Expert Magazine makes the 

following observations. 

A not-so-funny thing happened to the expert systems on 
the way to the marketplace. They became a commercially 
exploitable commodity. Undoubtedly the present state 
of expert systems lies in commercial applications with 
customers who must be assured of rapid prototype develop-
ment and immediate use. 

It should be sufficient to point out that many of those 
rushing to jump on the expert systems bandwagon have 
either forgotten or chosen to ignore the basic axioms. 



First, a knowledge engineer is still fundamentally 
a computer scientist, not a Renaissance person. 

Both AI Specialists and those of us who are excited 
about potential applications of AI have reason to fear 
the backlash of widespread reaction to unrealistic 
expectations fueled by exaggerated claims (4, pp. 7-9). 

Her observation should be that knowledge engineers are 

fundamentally a cross-breed of computer scientist, software 

engineer, epistomologist, teacher, psychologist, and good 

listener. Unrealistic expectations fueled by exaggerated 

claims are rampant in the computer industry today when it 

comes to the commercialization of expert systems. It is 

imperative that the promoters of this technology get a grasp 

on this idea. Good quality expert systems will not be built 

if units of a few, levels of effort specified by modest 

assistance, and metrics like snicker continue to be a part 

of the pragmatics of building expert systems. A browse 

through the advertisements in the AI publications and an 

examination of the name of the software packages that are 

being brought to the marketplace causes alarm in the mind of 

one who is accustomed to using an engineering discipline to 

solve problems. Some of these packages are V.P. Expert, 

Guru, Personal Consultant, Gold Works, MacSmarts, Expert 

Wizard, Wish Lisp, Acquaint, and others (4). These are just 

a few of the packages that exist to help build expert systems 

Serious doubt is raised as to the capabilities of a Guru, or 

the dependability of an Expert Wizard. The implications of 

capabilities expressed in the titles of the software easily 



mislead the unaware end user into believing that the solu-

tions to difficult problems can somehow be magically 

produced. 

Complex problem-solving requires good product engineer-

ing. A major part of the success or failure of this tech-

nology will depend on how well timescale estimating can be 

accomplished. Problems cannot magically be solved or the 

amount of time to produce them will not automatically and 

accurately predict the timescale necessary to get the job 

done. The unrealistic expections, as referred to by Dyer 

(3), must become realistic and predictable. 

The real problem is that no one has addressed a formal 

approach to estimating the timescale for building knowledge-

based systems. To verify this assumption an in-depth 

literature search (on-line literature search for cost 

estimating for expert systems done by Kathleen Shea of 

Texas Instruments, Semiconductor Library, May, 1987) was 

done against the following databases: Dialog, National 

Technical Information Service (NTIS), and Educational 

Resources Information Center (ERIC). Dialog would cover 

the journal articles of ACM, IEEE, and the existing litera-

ture. The NTIS database covers all articles,of non-secure 

nature published by the Federal Government, and ERIC covers 

the entire field of educational literature. The search 

covered the years January, 1972 to May, 1987. The follow-

ing keywords were used: (1) Artificial Intelligence and 



Expert Systems and Estimating, (2) Knowledge-Based Systems 

and Estimating, (3) Rule-Based Systems and Estimating, (4) 

Artificial Intelligence and Expert Systems and Forecasting, 

(5) Knowledge-Based Systems and Forecasting, and (6) Rule-

Based Systems and Forecasting. 

There were no articles, book references, or technical 

reports found that were related to estimation of knowledge-

based systems. Ambiguous projections have been acceptable 

to this point in time, but these will no longer be accept-

able to those managing the building of knowledge-based 

systems. 

Software Engineering 

The area of software timescale estimating is receiving 

the attention of the software engineering community (10). 

However, the approaches taken in the conventional software 

timescale estimating models do not adequately cover the 

area of knowledge-based systems. Conventional software 

systems may or may not contain the same three basic com-

ponents as knowledge-based systems. These elements are the 

database of facts and assertions, a knowledge base contain-

ing rules, and a monitor that serves as an inference engine. 

It is never certain that the program will be constructed in 

a rigorous modular fashion that is necessary to support the 

separation of knowledge from inference as is evidenced in 

knowledge-based systems. The combination is usually 



intertwined into one element. The database, the rules, and 

the control structure (inference engine) are usually coded 

into the program structure. Though knowledge-based systems 

involve the use of software they are not predictable in the 

same manner as software systems. An analogy to this issue 

would be to use a sophisticated software timescale estimat-

ing model to predict the time to build a Lotus 1-2-3 spread-

sheet. The user can apply the Lotus 1-2-3 software to solve 

the problem but spreadsheets are not traditionally thought 

of as software and hence not estimated as such. It would 

be as difficult to apply conventional software estimating 

techniques to predicting knowledge-based systems as it would 

to apply the same techniques to predicting the time to con-

struct a Lotus 1-2-3 spreadsheet. 

It is important, in examining systems such as knowledge-

based systems and the engineering of these systems, to under-

stand some of the fundamental ideas of software engineering. 

It is by choice that there is a distinct difference between 

the engineering of knowledge-based systems and knowledge 

engineering. It is to be clearly understood that this 

section refers to the engineering of knowledge-based systems 

The subject of knowledge engineering usually refers to the 

acquiring and structuring of the knowledge that goes into 

a knowledge-based system. It is usually the same person 

that carries out the role of knowledge engineer and system 
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builder, but in the discussion of the application of 

estimating techniques this is not referring to the knowledge 

engineering but to the engineering of the problem solution. 

As a starting point to this discussion the definition of 

software engineering by Bauer is used. 

Software engineering is the establishment and use of 
sound engineering principles and good management 
practices, and the evolution of applicable tools and 
methods and their use as appropriate, in order to 
obtain—within known but adequate resource limitation— 
software that is of high quality in an explicitly 
defined sense (1, p. 3). 

A less formal approach to the definition of software 

engineering is: 

1. Making and maintaining software systems. The 

activity generally understood to include requirements 

specification; software system definition; software design, 

coding, and program testing; software system integration, 

verification-validation-certification; software maintenance, 

and capability for changeability for future enhancements. 

Documentation is assumed as an integral part of each of these 

steps. 

2. Devising tools and methods for making and maintain-

ing software systems, and using them appropriately. This is 

to include specification, design, coding, maintenance, con-

figuration management, and document and drawing control. 

3. Managing the whole process, within economic con-

straints of cost and timescale. For the process of software 



engineering to become manageable it must be a visible 

measurable set of recognized activities. 

The visibility referred to in the above steps is one of 

the reasons that timescale estimating is so important to the 

building of a product. Although software is different, the 

need for estimating is still as important. Boehm (2) points 

out the importance for software timescale estimates. He 

refers to this step as an important step in the product life-

cycle. It is important to understand that this project does 

not deal with software in the same context as he refers to 

in this writing, but the needs are analogous in both con-

texts. He lists these criteria as: 

1. Software project personnel have no firm basis 
for telling a manager, customer, or salesperson that 
their proposed budget and schedule are unrealistic. 
This leads to optimistic overpromising on in-house 
software development, low-balling on competitive 
software contract bids, and the inevitable overruns 
and performance compromises as a consequence. 

2. Software project managers have no firm basis 
for determining how much time and effort each soft-
ware phase and activity should take. This leaves 
managers with no way to tell whether or not the soft-
ware is preceeding according to plan. This basically 
means that the software is out of control from the 
project start (2, p. 19). 

Although Boehm (2) referred to software that is of a 

different nature than that of a knowledge-system the same 

principles apply to the building of systems of this kind. 

Further description by Boehm of the timescale estimation 

problem discusses the potential accuracy that can be 

expected in the building of software. This is important 



10 

because the ability to forecast knowledge-based systems 

far exceeds the criteria considered good in this case. 

He states: 

Reasonable Accuracy used in software projects cannot 
estimate as accurately as if one was estimating aspirin 
tablets, ketchup bottles, or transistor radios. There 
are reasons for this inaccuracy. 
1. Source instructions are not a uniform commodity, 

nor are they the essence of the desired product. 
2. Software requires the creativity and cooperation 

of human beings, whose individual and group 
behavior are usually hard to predict. 

3. Software has a much smaller base of relevant 
quantitative historical experience, and it is hard 
to add to the base by performing small controlled 
experiments (2, p. 32). 

The idea of uniformity of source is one of the things 

that makes the building of knowledge-based systems so invit-

ing. There is a consistency in the implementation of 

knowledge-based systems that is not usually found in con-

ventional systems. Knowledge—based systems that are built 

using single-line of reasoning backward-chaining as in the 

ones that are in this project have much more consistency 

because the basic control structure (inference engine) is 

static and the rules are of a consistent format. Single 

line of reasoning means that only one line of thought can 

be pursued. This is the normal model of operation for rule-

based systems. Backward chaining means the problem is goal 

directed. The knowledge engineer and domain expert will 

make a hypothesis and the program will try to prove or deny 

this hypothesis. 
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Because of the consistency this class of problem is 

much.easier studied in a controlled environment. It is 

possible to build a relevant database of quantitative 

historical information to be used in future experiments. 

This was one of the rationales for the attempt to study 

this class of systems in a controlled environment as is 

described in a later portion of this study. 

This consistency still does not solve the issue of 

cooperation and creativity of individuals on software 

projects. Boehm (2) suggests that if a conventional soft-

ware cost estimation model is within 20 percent of actual 

cost, 70 percent of actual timescale, that the model does 

well. In future systems these figures will become more and 

more tolerable for project estimation when applied to 

knowledge-based systems because they are more predictable 

than software. 

Basic COCOMO Model for Timescale Estimating 

The differences between knowledge-based systems and 

conventional software systems have been pointed out. 

Although the parameters are different there are some amazing 

similarities. In order to explore the differences and 

similarities of the model derived in this research and the 

ones proposed by other software engineers one of the most 

popular software cost estimating models is examined. 
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Also an attempt is made to apply this model to expert 

systems in order to show that the parameters of this model 

do not support the knowledge-based system. The model that 

is examined is COCOMO (Constructive COst MOdel). The basic 

COCOMO equation is: 

MM = 2.4*(KSDI)1 * 0 5 

TDEV = 2.5*MM°"38 

The factors of the equation are 

1. MM are man-months, 

2. KDSI represents the number of thousands of 
delivered source instructions, and 

3. TDEV represents the time of development. 

The driving factor for COCOMO is the number of delivered 

source instructions. In the case of this research the driv-

ing factor is the number of rules that are present in the 

knowledge-based systems. Just as in COCOMO, the estimation 

of the number of delivered rules consists of many other 

parameters. In this project there is derived a plan factor 

that is analogous to the KDSI in the COCOMO. There is not 

a direct mapping into an equivalent for software instruc-

tions. The COCOMO model is quite complex and there have 

been thousands of person months of effort spent in the 

derivation and use of this model. An in-depth discussion of 

this model is not possible nor productive in the scope of 

this study. 
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Life-Cycle Approaches 

Conventional software is based on a life-cycle approach. 

The models that approach cost estimating for conventional 

software are based on the fact that there is a well under-

stood engineering approach to the software life-cycle. 

Although the life-cycle is different in building knowledge-

based systems the idea that the estimate is tied to the 

product life-cycle is important. Unfortunately the life-

cycle in building knowledge-based systems is not as well 

understood as that of the conventional software project or 

product. The rationalization for the conclusion that these 

are less understood is that there is an absence of the 

addressing of the issue of a life-cycle for building knowl-

edge-based systems. Albeit there are differences in the 

building of knowledge-based systems there is much that can be 

learned by looking at where these systems fit in the class-

ification of software engineering systems. 

Lehman (8) classifies systems as divided into three 

types. It is important in looking at the application of 

some of the principles of software engineering to building 

knowledge-based systems to understand this classification 

process much better. There are three major classifications 

of software. These are S-type—specification type, P-type— 

programming type systems, and E-type—evolutionary type 

systems. 
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The first type of system Is the S-type. An S-type 

system can be characterized by the following'properties. 

The requirements can be precisely specified, the code is 

invariant with time, and an exact implementation can be 

achieved. These systems are usually very small in size. 

The P-type system is one for which a complete and 

precise specification of requirements can be given. Only 

an approximation of an exact solution exists to this 

problem. There may be an exact solution but the economy 

of the situation does not dictate an exact solution. A 

working usable system is usually acceptable. An example 

of this type of system is the conventional data processing 

application for a commercial installation. 

E-type systems are the systems in which the require-

ments will change as time evolves. There are many reasons 

that the changes occur. Some of these factors are organiza-

tional change, computer technology improvements, and others. 

E-type systems can probably be specified as being as good 

as the S-type systems or the P-type systems but the require-

ments are only temporary in their validity and applicability, 

E-type systems, more than any other, demand the need 

for accurate timescale estimating techniques. There has 

been extensive study into the area of building E-type 

systems. The attempts by Bauer (1), Boehm (2), and Reifer 

(II) represent an awareness of the necessity to produce good 

software systems. 
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The knowledge-based system has often been classified 

and sold as an E-type system, but this evolution is differ-

ent in nature. Here lies the difficulty in applying the 

estimating techniques of conventional systems. Knowledge-

based systems are evolutionary by the nature of the evolut-

tion of the knowledge. This creates a dynamic system with 

respect to the knowledge. It is possible to specify the 

requirements of the knowledge in a knowledge base at a given 

instance in time, but rarely is the knowledge stable over a 

period of time, especially during development. It is true 

that the knowledge is dynamic but the structure of the 

system is usually not. The definition given in the early 

part of this paper suggests that there is a rigid inferenc-

ing structure imposed on the problem and that interested 

parties must adhere to this control structure. This 

structure is referred to as an inference engine or a system 

monitor. It is important to note that this rigidity makes 

the system structure of a knowledge-based system static in 

nature. The knowledge is evolutionary but the system 

structure is quite static. Because of this imposed rigid 

nature one could expect not to encounter some of the same 

problems that occur in the building of a truly E-type 

software system. There will not be problems with the 

control structure because the control structure does not 

change. This is by definition. It is the assumption of 

this research that the basic control structure will remain 
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rigid and the focus of attention will be to the construction 

of the knowledge. The basic assumption of this problem is 

discussed further in later chapters. 

This makes the problem of timescale estimation not one 

of building software but one of acquiring, defining, 

structuring, and manipulating the knowledge, not software. 

This introduces a new set of factors that is addressed in 

Chapter II of this paper. 

Technology Transfer for Knowledge-Based 

Systems 

Knowledge-based systems have moved from research into 

widespread practical applications in a rapid manner. Prior 

to 1980, the idea of a knowledge-based system in a day-to-

day production environment was non-existent (5). Since 

1980, with the evolution of expert system shells for 

microcomputers, the number of knowledge-based applications 

is sharply on the rise (5). 

This rise is evidenced by the fact that there were 200-

plus projects at Texas Instruments to choose from-to collect 

data for this project and that more than 500 engineers have 

been trained in the subject of artificial intelligence and 

expert systems in the past three years. The impact of the 

magnitude of training effort indicates that the technology 

is in a state of transition from research to practice. 

As major corporations spend more money on this tech-

nology, the importance of timescale estimation will become 
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more critical. DM Data Inc. (9) projects that the artificial 

intelligence (AI) business will exceed one billion dollars 

this year and will exceed 4.2 billion dollars by 1990. 

Harmon and King (5) suggest that expert systems will comprise 

70 percent of the AI market and that more than 80 percent of 

that 70 percent will be done on some variation of a micro-

computer using some type of existing expert system shell. 

Livingston cites Carol Weizmann's suggestion that "to reach 

mainstream markets, AI vendors must make their products more 

accessible to end users and more relevant to the environments 

in which they operate" (9, p. 22). 

With the status of the technology as it stands today 

this will mean that knowledge-based systems will be on 

microcomputers and that they must fit into the networked 

microcomputer environment. It would be advantageous for 

the computer science community and the industry in general 

to stop working with vague concepts and ambiguous figures • 

when estimating the time necessary to build knowledge-based 

systems. The transition of this technology from research to 

practice will move much faster when this idea of timescale 

estimation is improved. 

The timescale estimating tools available just do not 

fit this type of problem. It was the attempt of this 

research to accomplish the following steps: 
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1. Derive the important timescale estimating param-

eters for collecting data about building knowledge-based 

systems. 

2. Collect these data and build a timescale estimating 

database to derive actual timescale figures. 

3. Study a sufficient number of cases to try and 

derive a model for estimating correctly the time involved 

in building a knowledge-based system. These projects are 

referred to as data acquisition projects or type one projects, 

4. Use as a hypothesis the output of the model. Study 

in a controlled environment this hypothesis and determine its 

validity for the estimating of the resources for building 

knowledge-based systems. The projects of the controlled 

environment are referred to as the controlled environment 

or type zero projects. 

Time estimating will be very important to the success 

of the transition of this technology from research to 

accepted practice. Building future knowledge-based systems 

will demand a more rigid formulation process. It is 

estimated that Texas Instruments will build more than 200 

rule-based expert systems in the business year 1987. This 

estimate is based on the number of systems that are cur-

rently known to be in progress. The actual cost projections 

are not currently available, but if this amount of effort 
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continues to increase at the pace the industry has been 

increasing, the amount of projected investment will be 

staggering (4). The terminology used in this project is 

consistent with the terminology used in the Mycin experi-

ment (3) . 
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CHAPTER II 

GUIDELINES FOR THE TIMESCALE 

ESTIMATING MODEL 

The first phase of this study involved the derivation 

of the parameters that should be measured in the building 

of knowledge-based systems. In order to carry out the 

orderly collection of the necessary data for this project, 

it was necessary to have a stable organizational environ-

ment in which to execute this study. This study was carried 

out under the auspices and funding of the Corporate Educa-

tion Program at Texas Instruments. The Corporate Education 

Program at Texas Instruments is recognized as a worldwide 

innovative leader in continuing technical education and 

especially in the area of artificial intelligence (3). The 

data that were collected for this project were able to be 

gathered as a result of the existing flow of the courses 

in the Artificial Intelligence portion of the Corporate 

Education curriculum. The progression of the study curric-

ulum for the Corporate Education Program at Texas Instruments 

in the area of knowledge-based systems consists of (1) Intro-

duction to Artificial Intelligence and Experts Systems (45 

hours of instruction), (2) Knowledge Engineering Skills I 

(45 hours of instruction), and (3) Knowledge Engineering 

Skills II (24 hours of instruction). 

21 
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These courses are usually offered over a one-week 

period, full-time; sometimes a two-week period, half-time; 

or over a full semester, three hours per week. The data 

collected for this model were collected after the students 

took Introduction to Artificial Intelligence and Expert 

Systems and sometime before the course Knowledge Engineering 

Skills II was taken. Students took the introductory course 

and then waited about six to nine months to take the second 

course. It was strongly recommended that the students have 

the opportunity to participate in some type of expert system 

building project in this interim period. 

One hundred eighty-five projects were used to collect 

data that were used to derive the prediction model. It is 

not uncommon to find, in the literature estimation, models 

that are based on a sample size of fifteen to thirty pro-

jects (1, 2, 4). The use of 185 projects provided a large 

enough sample size to make estimates for the controlled 

section of this project. Boehm (2) suggests that software 

projects are difficult to study in a controlled environment. 

Fifteen projects were then run in this controlled environ-

ment to test the utilization of the derived model. 

Another important factor was the quality of the people 

involved in the execution of the controlled projects. The 

projects studied in the controlled portion of this study 

were staffed by individuals who showed outstanding skills 
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in the introductory class, and on a volunteer basis agreed 

to actively participate in the controlled study to help 

collect the reported information. The information derived 

for the data gathering portion was done in the same manner 

as the controlled experiment but the projects were not as 

closely monitored to insure adherence to the prescribed 

methodology of building knowledge-based expert systems. 

Description of the Controlled Project 

Given the derived information from the data acquisition 

cycle and the formula for timescale estimating, the partici-

pants were to predict the necessary timescale for the con-

trolled knowledge-based systems building process. It is 

important to point out at this time that the systems studied 

in the controlled environment are either in current use or 

were intended for actual utilization on a daily basis at 

Texas Instruments. These were not hypothetical classroom 

examples. The following are some of the underlying assump-

tions of the particular project selected. 

1. The project must be done using an existing expert 

system shell [EST, Personal Consultant (PC), PC+, PC-Easy, 

Guru, and others]. This expert system shell consists of 

the monitor (inference engine), the environment to build the 

database and the knowledge base for the projects. This 

shell could be enhanced with conventional applications 

programming but the system control must be from within the 
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expert system shell. The conventional programming effort 

was isolated and not a part of the estimate produced from 

this timescale estimating model. 

2. The system must be done on some facet of the 

participant's real job and not on some hypothetical applica-

tion . 

3. The knowledge representation mechanism was to be 

rules. 

4. Because of the limited ability of the available 

expert system shells for microcomputers (especially the 

TIPC) the projects were to be single line of reasoning 

knowledge-based systems. It was suggested that the partici-

pants use either forward or backward Chaining and not try to 

mix the modes of reasoning. 

5. The participants were to either serve as domain 

experts or knowledge engineers but not both. There was to be 

only one domain expert and only one knowledge engineer on 

each project. 

6. The projects were to be carefully documented using 

either DoD-Mil-Std 2167 [the accepted software standard for 

all military contractors (5)], Texas Instruments Information 

Systems and Services (IS&S) software guidelines (6), or the 

prescribed software standard for the given organization. 

7. The users were required to construct a pert chart 

or a decision table to use in the timescale estimation cycle. 
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Project Building Guidelines 

The following was a suggested guideline for the 

sequence of events for the projects in the controlled 

environment. This was a suggested guideline, but not 

rigidly enforced. However, in a follow-up meeting of the 

participants, the consensus of opinion of the participants 

was that these guidelines were very helpful in the carrying 

out of each of the projects. 

1. Select a topic. 

2. Define the goals and objectives of the system where 

the term "goal" is not a Horn clause in logic. At this point 

actually code the goals into the expert system shell. It 

was suggested that each team derive the goals in the follow-

ing manner. Write a two-page description of the project. 

This description was to derive the major goals of the system. 

In the working of this document the participants were to use 

the words "major objective" to describe a major objective of 

the system. The number of times the words "major objective" 

appeared in this document was the original estimate of the 

number of goals for the system. This somewhat crude manner 

to arrive at the goals proved to be quite accurate in reality. 

3. Rule groups are defined as the number of objectives 

plus the number of major steps needed to implement the system. 

An example of an objective that would not be a major 

objective of the system would be the situation in which the 
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knowledge engineer had to put in initialization rules, meta 

rules, report generating rules, or rules that had to do with 

the implementation and were not a part of the main objec-

tives of the system. 

4. Define the subgoals for each of the rule groups. 

5. Enter the data into the timescale estimating model. 

6. Construct a question list for each subgoal. 

7. Construct a data dictionary for variable names and 

coding conventions. 

8. Refine the inputs to the cost model if necessary. 

9. Code the rules 

10. Test the rules. 

11. Each project was to hold regular reviews. Project 

teams were encouraged to invite other project teams to the 

system reviews. Each team was to hold a preliminary design 

review, a critical design review, and an acceptance test 

review. 

12. Each project was to use the instructor as a con-

sultant and referee if problems arose. 

13. The documentation was to be kept current during the 

project. The suggested documentation for each project was 

a requirements document, a design document, and a user's 

guide. The user's guide was to be as much on-line in the 

form of help facilities as possible. 

The interaction among projects and the instructor in 

this experiment was an important part of the success. The 
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participation in this project was on a volunteer basis, 

however, each of the project participants made a commendable 

effort to adhere to the controlled project criteria. 



CHAPTER BIBLIOGRAPHY 

1. Bauer, F. L., Software Engineering, Amsterdam, North-
Holland, 1972. 

2. Boehm, B. W., Software Engineering Economics, Englewood 
Cliffs, New Jersey, Prentice-Hall, 1982. 

3. Dosher, R., Technical Education at Texas Instruments, 
Third World Conference on Continuing Education, 
Orlando, Florida, October, 1986. 

4. Macro, Allen and John Buxton, The Craft of Software 
Engineering, New York, Addison-Wesley, 1987. 

5. Military Standard Defense Systems Software, Department 
of Defense, Washington, June 4, 1985, AMSC No. 
3608, DOT-MIL-STD 3167. 

6. Software Systems Standards, Information Systems and 
Services, Texas Instruments, Ref. No. 31654, 1983. 

28 



CHAPTER III 

TIMESCALE ESTIMATING MODEL FOR 

KNOWLEDGE-BASED SYSTEMS 

Boehm (1) suggests that software is difficult to study 

in a controlled environment, but this project shows that the 

subject of estimating knowledge-based systems can be studied 

in a controlled environment. 

This section describes the data base and the individual 

data elements defined to the data base. After explanation of 

the data base, an explanation of the derivation of the model 

and analysis of the results are discussed. 

Data Base and Data Element Description 

It was decided to build a data base to store the infor-

mation related to this project so that in the future the 

data could be made available for other research. The follow-

ing is a list of the data elements stored in the timescale 

Estimating Data Base. This list is provided to help acquaint 

the reader with the included model elements, and to help the 

reader put the project into proper perspective. These data 

elements represent the critical data elements to describe 

the model plus data elements to facilitate the use of the 

data base. 
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Project number.—This is a sequential number assigned 

to each project. This number was the observation number in 

the statistical representation of the data associated with 

this project. 

Project name.—A simple string to identify each project. 

Project description.—A description of each project. 

Worker months projected.—This number was stored for 

the fifteen projects that were done in the controlled 

environments. 

Worker months actual.—This figure was stored for all 

200 projects studied, both the data acquisition and the 

controlled portions of the study. 

Number of goals.--This was the number of goals for the 

system. It was concluded that each system would have only 

one goal because of the nature of the expert system shells 

used in the projects. However, that is not what this number 

represents. This represents the number of main objectives 

the system is to evaluate. 

Number of questions.—This number was the number of 

actual questions, or the number of external system inter-

faces that were in the final product, not the questions that 

were asked in the Knowledge Acquisition sessions. In some 

cases the information was extracted from Lotus Spreadsheets 

or from external data sources instead of from the user input, 

This number reflects this external information in addition 

to the questions. 



31 

Number of rules.—This is the number of "if then" 

conditions used in the system. The "else" clause was 

discouraged because of the different manner in which it is 

treated in the given expert system shells. 

Number of clauses.—This is the number of clauses 

contained in the if part of the if-then rules. 

Number of rule groups.—The rule groups match to the 

number of functional elements in the system. In some cases, 

however, the number of rule groups is equal to the number of 

goals, but this is not usually the case. This was an attempt 

for the knowledge engineer to express the number of indepen-

dent functions used in a system. An example of the differ-

ence between a rule group and a goal would be the situation 

in which the knowledge engineer would put in a series of 

rules to cause a particular goal or sequence of subgoals to 

happen in a repeatable sequence. The nature of the sequence 

rules is not a major goal of the system, but it is a necessary 

function of the expert system building process. 

Requirements documentation size.—Each of the control-

led projects was required to produce documentation that 

conformed to DoD-Mil-Std 2167, or the software standard of 

the given organization (2, 3). This number represents the 

number of pages of generated documentation. For the 

uncontrolled systems, the user was to produce a requirements 

document, but the rigor of DoD-Mil-Std 2167 was not followed 

explicitly. 
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Design documentation size.—The same standard was 

imposed for design documentation as requirements documenta-

tion. This number represents the number of pages of the 

design document. 

Remainder of project documentation size.—This number 

includes the number of pages of any other applicable 

documentation. 

Number of pert elements.—The number of pert elements 

represented the number of nonzero duration elements on the 

pert chart. It represented the number of tasks and not the 

milestones in the pert chart. 

Number of subgoals.—The number of subgoals is the sum 

of the number of intermediate goals that it took to implement 

the rule groups. The name subgoal is a bit misleading but 

it is usually the manner in which it is referred to by the 

members of the participating groups. Subgoals usually refer 

to the number of intermediate goals that are needed to 

functionally decompose the goals of the systems. In the 

case of this project this refers to the number of sub-rule 

groups, but was always referred to as subgoals. 

Project cost.—Project cost information was stored and 

is available, but this information was withheld because of 

the sensitivity and competitive nature of this information. 

This information is dependent on the particular corporate 

environment in which the projects were carried out. This 
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model is intended to be used in any setting, and the 

corporate cost information is not relevant to the use of 

this model. 

Project type.—This is a number (0 or 1) to separate 

the controlled projects for the uncontrolled projects. 

Type 0 projects are the projects run in a uncontrolled 

environment, and Type 1 projects are the projects run to 

collect the data used to predict the model for the controlled 

data. 

Model Division 

This section describes the model and the use of this 

model. The timescale estimation model is divided into the 

following two parts. 

The results portion.—The results portion is the portion 

that has to do with project deliverables for the knowledge-

based systems. These factors for a project are rules, ques-

tions, document size and clauses. 

The Planning portion.—The planning portion is comprised 

by the number of pert elements, the number of subgoals, the 

number of rule groups, and the number of project goals. 

This is the information that is known or can be easily 

estimated in the early parts of this project. 

Until the commercialization of expert systems, the 

attempts to forecast project length were done primarily by 

trial and error or not at all.' It is the need to engineer 
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solutions to difficult problems that has driven the need for 

a method of timescale estimating for knowledge-based systems. 

Model Explanation 

The model is explained by the following equations, 

illustrations, and tables. Table II (see Appendix) contains 

numerical results for the studied projects. Note that Type 1 

projects represent the projects wherein data to construct the 

model to predict Type 0 projects was derived. Type 0 projects 

represent the controlled study projects. The purpose of the 

controlled study projects was to validate the model. 

A multiple linear regression was used to analyze the 

data and to derive the model formula. The multiple regression 

option from the statistics package Statview 512+ (5) was used. 

Statview 512+ applies sweep operator to the XX' matrix of 

cross-product deviations to calculate required regression 

coefficients (4). Only four variables were used in the 

multiple linear regression because those variables are the 

only ones known at the beginning of the project. Table I 

represents a multiple linear regression that was run on the 

controlled data in the data collection phase of the project. 

The form of the model is 

Plan = (Cl*Pert) + (C2*Subgoals) + (C3*Goals) + 

(C4*Rule Groups) + C5. 

Examination of the Beta coefficient in Figure 1 suggests the 

following formula: 
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TABLE I 

MULTIPLE REGRESSION TABLES 

DF: 

M u l t i p l e R e g r e s s i o n Y j : P l s n 4 X v a r i a b l e s 

1184 I 1.996 | 1.993 I . 9 9 3 I . 3 6 6 | 

Analysis of Variance Table 
Source DF: Sum Squares: ! M e a n Square: F - t e s t : 

REGRESSION 4 3 3 9 3 . 6 8 1 8 4 8 . 4 2 6 3 4 4 . 9 7 1 

RESIDUAL 1 8 0 2 4 . 0 6 9 . 1 3 4 D - . 0 0 0 1 

T O T A L 1 8 4 3 4 1 7 . 7 5 

No Residual Statistics Computed 

Multiple Regression Yi:Plan 4 X variables 

Beta Coefficient Table 
t-Value: 

r a r a m e i e r . 

INTERCEPT 
vaiuo. 

-.659 

Pert .041 .006 .328 6.388 .0001 

SubGoals .018 .013 .09 1.445 .1502 

Goals .255 .052 .168 4.925 .0001 

Rule Groups .289 .046 .419 6.308 .0001 

Parameter: 

INTERCEPT 

Multiple Regression Y i :Plan 4 X varlablee 

Confidence Intervals and Partial F Table 

95% Lower: 95% Upper: 90% Lower: 90% Upper: Partial F: 

Pert Q28 053 03 0 5 1 40.81 

SubGoals .007 .044 -.003 ,039 2.088 
24.251 

Goals 1 53 358 17 .341 

Rule Groups 198 379 .213 .364 39.788 
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Plan = ((0.041*Pert) + (0.019*Subgoals) + (0.255*Goals) 

+ (0.289*Rule Groups)) 0.659. 

Boehm (1) suggests that if a cost estimation model is 

within 20 percent of actual cost and 70 percent of actual 

time, that the model does well. Using Boehm1s limits for 

accuracy of software, this discrepancy is quite small in 

reference to the accepted norm for accuracy. 

Figure shows a linear plot of Actual on the y—axis 

against Plan on the x-axis. 

y * ,693x • 1.259, R-squared: .749 
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Fig. 1—Linear plot of Actual vs Plan 
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Figure 2 shows the actual project deltas from the 

controlled experiment. 

Scattergram for column: Xi Delta 
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Fig. 2—Project delta for Type 0 projects 
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The focus of importance is on the construction of a 

knowledge base that represents the expertise of the domain 

expert and not on the intricacies of the coded control 

mechanism. This control mechanism is left up to the pro-

fessional programmer and is quite predictable. This factor 

tends to make the output of the knowledge-based systems 

more predictable in the accomplishment of the major objec-

tives of the system. The separation of inference from 

knowledge is one of the most important factors of the 

knowledge-based system and is reflected in the reduced 

complexity of the estimating model as reflected by this 

research. 

The units for Plan are person months where a person 

month is twenty-one working days. A working day consists 

of eight hours. The actual time does not take into account 

overtime, holiday, or weekend work. It is merely the amount 

of elapsed worker months using a regular eight-hour work day. 

Project Variations 

Because of the newness of this technology it was not 

feasible nor practical to follow all of the suggested 

project guidelines . Below is the manner in which the 

guidelines set for this effort were followed and some comment 

on each of the chosen areas. 

1. All projects done on a microcomputer using an 

existing expert system shell. The micros included the 



39 

TIPC, the TIPC with Nova board extension, and the TI 

Business Pro. 

2. All projects were to be done on a facet of the 

participant's real job and not on some hypothetical class-

room application. There were no exceptions. 

3. The knowledge representation mechanism was to be 

rules. There were no exceptions. 

4. Because of the limited ability of the available 

expert system shells for microcomputers (especially the TIPC) 

the projects were mostly backward chaining single line of 

reasoning knowledge-based systems. There were three of the 

fifteen of the selected systems that used forward chaining 

but the majority of the controlled sample used backward-

chaining. The original intention was to use backward-

chaining systems but there were valid justifications for 

the use of forward chaining. The chaining mechanism was not 

dictated, but the microcomputer environment somewhat 

restricted the possible applications. There is not enough 

evidence to conclude or disprove the validity of the model 

on forward chaining or mixed mode knowledge-based systems. 

5. The participants were to either serve as domain 

expert or knowledge engineer but not both. There was 

only one domain expert and only one knowledge engineer on 

each project. Because of the nature of this being a learn-

ing experience, in some cases the domain expert ended up 

helping the knowledge engineer do the actual coding. On 
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more than one of the projects it was observed that the over-

lap is inevitable and in some cases necessary between 

knowledge engineer and domain expert. 

6. The project was to be carefully documented using 

DoD-Mil-Std 2167, IS&S software guidelines, or the prescribed 

standard for software for the given organization. This 

requirement was followed very carefully. 

7. The users were required to construct a pert chart 

or a decision table to use in the resource estimation cycle. 

Most projects used the pert technique. 

There was no attempt made to forecast any other 

resources except timescale and effort. It is unfortunate 

that the existing estimating models for conventional soft-

ware do not apply more precisely to the resource estimation 

for construction of knowledge-based systems. 

This model is very restricted in the scope of the 

problems that it addresses, yet it is extremely accurate 

in that context. It should be with caution that a reader 

would try to adapt this model to other than rule-based 

expert systems. There is much work still left to be done 

on this model but it is a start in the right direction for 

this area of software engineering. There has been much 

written about estimating but none that is directly applicable 

to the area of expert systems. It is for this reason that 

this research was conducted and the model derived. 
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CHAPTER IV 

RESEARCH SUMMARY 

The purpose of this study was to explore the subject 

of timescale estimating for knowledge-based systems. A 

model for estimating the timescale necessary to build 

knowledge-based systems was built and then tested in a con-

trolled environment. In the introductory chapter, background 

information for knowledge-based systems and software 

engineering was described. There was a short discussion of 

a tutorial that became the motivation for further pursuit of 

this project, a discussion of why conventional techniques do 

not work on knowledge-based systems, and the future potential 

for work of this type. The focus of this research was 

limited to knowledge bases that contain only rules. 

Unrealistic expectations fueled by exaggerated claims 

are rampant in the computer industry. Good quality 

knowledge-based systems cannot be predicted with units of a 

few, levels of effort specified by modest assistance, and 

metrics like a snicker. 

Complex problem-solving still requires good product 

engineering. A major part of the success or failure of this 

technology will depend on how well timescale estimating can 

be accomplished. The problems cannot magically be solved 
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or the amount of time to produce them will not automatically 

and accurately predict the timescale necessary to get the 

job done. No one had addressed a formal approach to estimat-

ing the timescale for building knowledge-based systems. 

Ambiguous projections had been acceptable to this point in 

time, but will no longer be acceptable to those managing the 

building of knowledge-based systems. 

The approaches taken in the conventional software 

timescale estimating models do not adequately cover the 

area of knowledge-based systems. Conventional software 

systems may or may not contain the same three basic com-

ponents as knowledge-based systems. These elements are a 

database of facts and assertions, a knowledge base contain-

ing rules, and a monitor that serves as an inference engine. 

It is never certain that the program will be constructed in 

a rigorous modular fashion that is necessary to support the 

separation of knowledge from inference as is evidenced in 

knowledge-based systems. The combination is usually inter-

twined into one element. The database, the rules, and the 

control structure (inference engine) are usually coded into 

the program structure. 

There is a unique difference between the engineering 

of knowledge-based systems and knowledge engineering. It 

should be clearly understood that this research addressed 

the engineering of knowledge-based systems. 
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Knowledge-based systems project personnel should have 

a firm basis for telling a manager, customer, or salesperson 

that their proposed budget and schedule are unrealistic. 

There must not be optimistic overpromising on development, 

there must not be low-balling on competitive software con-

tract bids, and the inevitable overruns and performance 

compromises need not be consequence of poor estimating tech-

niques. Because of the more predictable nature of knowledge-

based systems projects need not be out of control from the 

project start. 

The ability to forecast knowledge-based systems far 

exceeds the criteria considered good in the case of con-

ventional software engineering. 

The idea of uniformity of source is one of the things 

that makes the building of knowledge-based systems so 

inviting. There is a consistency in the implementation of 

knowledge-based systems that is not usually found in con-

ventional systems. Knowledge-based systems that are built 

using single-line of reasoning backward-chaining as in the 

ones that are in this project have much more consistency 

because the basic control structure (inference engine) is 

static and the rules are of a consistent format. 

Because of the consistency of this class of problem 

it was much easier studied in a controlled environment. It 

is possible to build a relevant database of quantitative 

historical information to be used in future experiments. 
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Knowledge-based systems are evolutionary by the nature 

of the evolution of the knowledge. It is true that the 

knowledge is dynamic but the structure of the system is 

usually not. The definition given in the early part of 

this paper suggests that there is a rigid inferencing 

structure imposed on the problem and that the interested 

parties must adhere to this control structure. Because of 

this imposed rigid nature one could expect not to encounter 

some of the same problems that occur in the building of a 

truly E-type software system. There will not be problems 

with the control structure because the control structure 

does not change. This is by definition. It was the assump-

tion of this study that the basic control structure remains 

rigid and the focus of attention was to the construction of 

the knowledge. 

One hundred eighty-five projects were used to collect 

data that were used to derive the prediction model. It is 

not uncommon to find in the literature estimation models 

that are based on a sample size of fifteen to thirty projects. 

The use of 185 projects provides'a large enough sample size 

to make estimates for the controlled section of this project. 

Fifteen projects were then run in this controlled environment 

to test the utilization of the derived model. It is impor-

tant to point out in summary that the projects were not 

hypothetical classroom examples. 
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The following is the formula derived to predict the 

building of rule-based knowledge-based systems. 

Plan = ((0.041 * Pert) X (0.019 * Subgoals) + 

(0.255 * Goals) + (0.289 * RuleGroups)) - 0.659 

Boehm (1) states that if a cost estimation model is 

within 20 percent of actual cost, 70 percent of actual time, 

that the model does well. Using Boehm's limits for accuracy 

of software this discrepancy is quite small in reference to 

the accepted norm for accuracy. 

The focus of importance was on the construction of a 

knowledge base that represents the expertise of the domain 

expert and not on the intricacies of the coded control 

mechanism. This control mechanism is left up to the pro-

fessional programmer and is quite predictable. This factor 

tends to make the output of the knowledge—based systems more 

predictable in the accomplishment of the major objectives of 

the system. The separation of inference from knowledge is 

one of the most important factors of the knowledge-based 

system and is reflected in the reduced complexity of the 

estimating model as reflected by this research. 

There was no attempt made to forecast any other 

resources except timescale and effort. It is unfortunate 

that the existing estimating models for conventional soft-

ware do not apply more precisely to the resource estimation 

for construction of knowledge-based systems. The reason 



47 

that this research was conducted is because a problem with 

the projecting and planning of the building of knowledge-

based systems forecasts exists. This model is very 

restricted in the scope of the problems that it addresses, 

yet it is accurate within the Boehm defined constraints (1). 

It should be with caution that a reader would try to adapt 

this model to other than rule-based expert systems. There 

is much work still to be done on this model but it is a 

start in the right direction for this area of software 

engineering. There has been much written about estimating 

but none that is directly applicable to the area of expert 

systems. It is for this reason that this research was con-

ducted and the model derived. 
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TABLE II 

NUMERICAL RESULTS FOR DATA ACQUISITION 

50 

Pert iub6... Soals Rule Gro... ues... Rules :iau$e$ locume... Rctual 

12 6 3 3 10 24 61 16 1.24 
12 7 3 3 12 26 60 15 1.18 
23 15 3 4 28 51 125 35 2.84 
10 7 3 4 11 25 64 15 2.12 
11 7 3 3 11 23 57 16 1.25 
11 6 3 3 12 24 61 16 1.26 
13 6 3 3 11 25 61 16 1.50 
11 7 3 4 12 23 60 14 2.18 
24 14 3 4 23 50 115 35 2.42 

11 6 3 4 12 25 59 17 1.85 
27 14 3 4 25 49 118 33 2.07 

12 6 3 4 13 25 59 16 2.22 

11 6 3 3 12 25 61 16 1.55 

25 14 3 4 22 51 121 34 2.91 

11 6 3 4 11 24 59 16 1.24 

12 7 3 4 12 25 63 15 1.34 
24 15 3 4 25 51 126 34 2.29 

12 7 3 3 12 24 63 14 1.72 

12 7 3 4 11 23 57 15 1.64 

12 7 3 3 12 24 63 15 1.87 

11 6 3 4 11 24 58 16 2.19 

12 7 3 3 11 25 62 15 1.32 
23 16 3 5 27 50 118 34 2.88 

10 6 3 4 11 25 59 16 2.07 

11 6 3 4 12 25 55 16 1.84 

28 14 3 4 24 49 133 33 2.20 

24 14 3 5 24 52 132 33 2.34 

22 15 3 5 23 47 124 35 2.71 

11 7 3 3 13 26 61 16 1.86 

11 7 3 3 10 24 57 14 2.01 

11 7 3 4 12 24 64 15 1.74 

12 7 3 3 13 25 63 15 1.49 

11 6 3 3 12 23 58 16 1.11 

23 14 3 5 23 48 115 33 2.80 

11 6 3 t. 12 25 62 15 1.84 

10 6 3 3 12 24 68 16 1.60 

12 6 3 3 11 25 62 16 1.98 

27 14 3 t 22 52 131 33 2.93 

11 7 3 11 24 58 17 1.25 

24 15 3 5 25 50 105 33 2.89 



TABLE II—Continued 
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Pert J iubG... Soals Rule Gro... lues... Rules Clauses locume... Actual 

12 7 3 4 13 25 62 16 2.09 

12 7 3 3 12 26 62 17 1.96 

12 7 3 3 12 25 56 15 2.03 

21 15 3 5 26 48 124 32 2.84 

11 7 3 4 12 24 62 16 2.17 

11 6 3 4 12 26 59 15 1.89 

12 7 3 4 10 25 63 15 1.35 

11 7 3 4 11 25 61 16 1.75 

12 6 3 4 12 25 56 14 1.84 

12 6 3 3 11 25 63 15 1.61 

12 7 3 3 11 25 58 14 1.27 

11 6 3 3 13 24 58 15 1.76 

25 15 3 4 24 49 122 35 2.05 

11 6 3 4 11 25 64 16 1.32 

11 6 3 3 12 24 61 15 1.37 

13 6 3 4 10 25 63 16 2.10 
1 12 6 3 4 12 25 58 15 1.61 

11 7 3 3 12 25 60 16 2.09 

13 7 3 3 11 24 59 15 1.51 

11 6 3 4 12 25 66 15 1.50 

12 6 3 3 11 25 67 15 1.66 

12 7 3 3 13 24 63 15 1.48 

11 7 3 3 11 25 67 14 1.47 

24 15 3 5 25 52 121 34 2.41 

26 15 3 t 27 49 129 34 2.12 

24 14 3 4 26 48 121 33 2.93 

12 7 3 3 11 25 60 16 1.87 

24 16 3 5 24 51 115 34 3.00 

11 7 3 t, 13 26 59 16 2.16 

11 6 3 i, 12 24 59 15 1.81 

10 6 3 t 12 25 63 15 2.10 

10 6 3 t. 12 25 62 17 1.33 

24 14 3 5 26 52 127 33 2.37 

12 6 3 c , 12 25 60 15 2.19 

11 7 3 3 11 24 65 13 1.56 

12 7 3 3 12 23 61 15 1.44 

25 15 3 t 24 50 137 33 2.64 

24 14 3 c 25 47 125 32 2.55 

24 14 3 t 22 47 121 34 2.88 

12 7 3 I 13 25 61 16 2.03 



TABLE II—Continued 

52 

Pert SubG... Goals lule Gro... Ques. 

23 
47 
50 
50 
47 
52 
57 
46 
49 
49 
43 
48 
48 
55 
49 
49 
51 
48 
51 
48 
54 
47 
48 
51 
53 
47 
50 
49 
48 
54 
51 
40 
45 
55 
52 

56 
46 
53 

"4?" 

16 
28 
30 
30 
28 
29 
30 
32 
25 
29 
30 
28 
29 
30 
29 
31 
28 
30 
28 
29 
30 
26 
27 
31 
29 
30 
30 
30 

27 
32 
29 
29 
28 
29 
28 
29 
32 
30 
29 
29 

8 

8 

Rules Clauses 

24 
51 
42 
55 
48 
51 
49 
45 
46 
48 
49 
48 
48 
46 
53 
49 
44 
51 
49 
49 
49 
46 
46 
50 
47 
50 
50 
49 
52 
44 
49 
55 
49 
48 
50 
51 
51 
48 
47 
49 

49 
97 
96 

102 
95 

100 
99 

101 
98 

101 
95 

104 
98 
97 

103 
101 

100 
102 
101 

99 
99 

103 
101 
10(1 
101 

93 
99 

101 
97 

101 
97 
99 

10 
99 
96 
98 
95 

100 
99 
98 

Oocume... Actual 

121 
267 
249 
245 
262 
252 
206 
249 
268 
220 
255 
243 
255 
260 
281 
240 
239 
257 
266 
266 
241 
267 
269 
259 
244 
247 
253 
260 
240 
260 
242 
238 
246 
251 
256 
227 
266 
255 
229 
224 

35 
70 
69 
71 
66 
71 
68 
65 
69 
72 
67 
68 
65 
70 
74] 
69 
70 
69 
65 
69 I 
71 
69 
72 
70 
66 
71 
68 
61 
69 
68 
65 
66 
67 
71 
68 
66 

68 

67 
65 
68 

2.38 
5.33 
5.50 
5.33 
5.33 
5.53 
5.56 
5.43 
5.82 
5.26 
5.26 
5.36 
5.40 
5.66 
5.43 
5.93 
5.29 
5.26 
5.29 
5.82 
5.63 
5.26 
5.33 
5.40 
5.56 
5.40 
6.241 
5.46 
5.33 
5.70 
5.50 
5.13 
5.09 
5.63 
5.33 
5.50 
5.59 
5.36 
5.40 
5.23 
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Pert SubG.. Goals 

52 
48 
48 
49 
56 
52 
52 
45 
52 
56 
49 
51 
54 
50 
47 
47 
48 
52 
50 
55 
48 
51 
45 
48 
46 
50 
52 
46 
45 
45 
49 
55 
45 
49 
55 
46 
49 

46 

51 
27 
25 
30 
28 
52 
29 
50 
28 
50 
50 
50 
50 
28 
29 
28 
31 
28 
29 
51 
50 
30 
29 
32 
29 
29 
30 
52 
50 
50 
29 
29 
52 
51 
30 
31 
29 
29 
31 
29 

Rule Gro.. Ques. 

8 

10 
10 
10 
10 
10 
10 

10 

10 

10 
10 

10 

10 
10 

48 
51 
51 
54 
46 
43 
43 
50 
45 
54 
44 
51 
50 
49 
50 
50 
46 
51 
50 
46 
51 
50 
48 
50 
54 
50 
50 
47 
47 
46 
49 
48 

45 
49 
49 
48 
47 
48 
49 

ules ClausesDocume... Actual 

96 
107 1 
105 
105 1 
98 

1041 
100 

98 
97 

103| 
98 

101 
99 

101 
92 
96 
99 
97 

100 | 
99 
98 
96 
99 
99 

1041 
99_ 
97_ 
95_ 
99 
99_ 
99_ 

103] 
97_ 

101 
98 

105 
98 

1041 
99_ 

101 

246 
259 
249 
249 
268 
258 
255 
250 
218 
255 
254 | 
213 
251 
263 
245 
256 
250 
259 
248 
252 
240 
273 
222 
250 
2541 
251 
261 
218 
259 
261 
250 
247 
265 
279 
248 
236 
241 
258 
272 
259 

66 
641 
75 
68 
65 
65 
70 
67 
66 
68 
68 
68 
66 
64 1 
69 
73 
71 
65 
69 
66 
68 
66 
71 
75 
70 
70 
66 
67 
68 
66 
70 
70 
69 
67 
70 
68 

67 
76 
67 
68 

5.59 
5.55 
5.78 
5.46 
5.65 
5.63 
5.56 
5.16 
5.50 
5.53 
5.46 
5.53 
6.13 
5.95 
5.86 
5.83 
5.96 
6.00 
6.48 
5.96 
5.95 
5.86 
6.27 
5.85 
5.85 
6.441 
5.90 
5.76 
5.66 
5.76 
6.00 
6.06 
5.75 
5.83 
5.93 
5.90 
6.441 
5.83 
6.06 
5.83 
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Pert J iubG... joals Rule Gro... c CD
 

W
 Rules Causes locume... Rctual 

54 29 5 9 55 102 225 69 5.93 

49 31 5 10 49 99 249 66 6.73 

50 29 5 10 49 99 251 70 6.77 

50 30 5 10 44 99 242 72 6.00 

49 30 5 9 57 99 230 71 5.79 

49 29 5 9 54 96 237 70 5.76 

51 31 5 9 49 102 260 71 5.90 

47 29 5 9 44 93 241 72 5.70 

49 29 5 9 48 98 227 69 5.76 

52 31 5 9 49 98 244 65 5.93 

54 28 5 10 48 102 249 68 6.06 

52 30 5 9 52 95 240 66 5.90 

50 30 5 9 49 99 251 72 6.49 

50 29 5 9 49 99 242 67 6.72 

51 29 5 9 57 100 239 73 5.83 

50 30 5 9 48 99 238 68 6.50 

98 59 9 18 97 200 534 124 12.47 

102 62 9 19 93 197 540 142 13.07 

112 61 9 18 100 197 480 127 12.33 

89 59 9 19 103 194 507 127 12.65 

101 60 9 18 106 196 483 130 13.15 

111 55 9 18 115 204 508 150 11.89 

99 63 9 18 98 203 488 142 11.85 

108 59 10 20 101 196 521 140 13.39 

93 57 10 20 95 204 488 136 11.84 

90 56 10 19 96 205 509 132 13.07 

95 62 10 19 94 203 480 138 12.99 

100 61 10 20 102 193 560 138 13.68 

101 54 10 19 94 195 470 148 11.68 

91 61 10 19 98 204 549 145 13.20 

104 56 10 19 80 193 549 141 13.65 

145 92 14 29 155 290 758 197 19.06 

142 91 14 28 154 295 798 216 17.14 

170 89 14 28 126 300 746 216 20.47 

153 93 14 28 156 281 818 215 18.21 

153 96 14 28 160 287 695 209 18.70 

148 93 15 29 148 321 716 199 18.34 

145 95 15 29 154 314 836 212 18.29 

142 90 15 29 135 302 855 209 17.79 

146 94 15 30 146 282 737 203 20.87 
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Controlled Study 

Per t Sub... Goals Rule Gr... Que... Rules Clauses Docu... Rctual Plan 

1 50 29 5 9 50 99 251 70 5.78 6 .44 

2 50 30 5 9 49 99 251 72 5.73 6.49 

3 49 31 4 8 49 101 240 69 5.32 5 .93 

4 50 29 5 10 49 99 251 70 5.79 6.77 

5 50 30 4 9 50 99 253 68 5.47 6 .24 

6 49 31 5 10 49 99 249 66 6.00 6.73 

7 48 29 4 8 49 99 266 69 5.21 5.82 

8 49 25 4 8 46 98 268 69 5.17 5.82 

9 45 29 5 9 48 99 222 71 5.67 6.27 

10 48 25 4 8 51 103 249 75 5 .14 5.78 

11 49 29 5 9 48 98 241 67 5.79 6 .44 

12 50 29 5 9 49 99 242 67 5.81 6.72 

13 50 30 5 9 48 99 238 68 5.83 6.50 

14 50 29 5 9 50 100 248 69 5 .74 6.48 

15 49 29 5 10 49 99 250 70 5.82 6.00 
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GLOSSARY OF TERMS 

Project number is a sequential number assigned to each 

project. 

Project name is a simple string to identify each project, 

Project description is character string description of 

each project. 

Plan is the number stored for the fifteen projects that 

were done in the controlled environments. 

Actual is the actual time it took to carry out each 

project. 

Goals represents the number of main objectives the 

system is to evaluate. 

Questions is the number of actual questions, or the 

number of external system interfaces that were in the final 

product. 

Rules is the number of "if then" conditions used in the 

system. 

Clauses is the number of logical units contained in the 

if part of the if-then rules. 

Rule groups is the number of functional elements in 

the system. 

Subgoals is the number of intermediate goals necessary 

to functionally decompose the goals of the system. 

Project type is a number (0-1) to separate the con-

trolled project from the uncontrolled projects. Type 0 
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projects are the projects run in a controlled environment, 

and Type 1 projects are the projects run to collect the 

data used to predict the model for the controlled data. 
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