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Debugging, the process of locating and correcting errors in a computer

program, is a common programming task that is not well understood. Of the

several debugging studies reported in the literature, most compared the per-

formance differences between expert and novice programmers by measuring

their debug time and the number of errors found and corrected; a few pro-

vided information about their debugging process. This dissertation investi-

gates the on-line debugging process of expert and novice student programmers

by means of protocol analysis.

This dissertation describes three debugging experimentations that were

conducted to understand the debugging process and were used as the basis for

a cognitive model of subjects' on-line debugging behavior. In the three experi-

ments subjects debugged a defective Pascal program seeded with several errors

on a Apple Macintosh computer.

Some of the major results obtained through this research work are sum-

marized below:



Experts employed a comprehension approach in which they first

attempted to understand the program and then used this knowledge for

finding the bugs. Intermediates and novices employed an isolation

approach in which they immediately attempted to identify candidate bug

locations by searching the output for clues, recalling similar bugs, and

testing program states.

Experts corrected multiple errors before verifying the corrections while

novices corrected and verified single errors. Novices corrected the seman-

tic errors first and then the logic errors while experts corrected both

semantic and logic errors at the same time.

Experts were more efficient in correcting all of the errors, modified fewer

statements, and did not introduce more errors. Novices did not correct

all of the errors, made very extensive modifications and introduced many

new errors.

Program understanding played a key role in locating and correcting logic

errors.

Experts' superiority in locating and correcting errors was due to their

better (a) overall understanding of the program, (b) ability to identify

program segment containing the error, and (c) ability to select a correct

error hypothesis.
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An Investigation of the On-line Debugging Process of
Expert and Novice Student Programmers

Chapter 1

Introduction

Debugging, the location and correction of the errors in a computer program,

is one of the most common computer programming tasks. A large part of the

professional activity of a computer programmer consists of debugging programs.

It is not unusual for debugging and testing to consume 40 to 50% of the software

development resources (Boehm, 1981; Glass, 1982; Zelkowitz, et al., 1979; Myers,

1979). Yet we know surprisingly little about the debugging process.

Debugging computer programs is difficult for several reasons: (a) program-

mers often develop a wrong model about the way their program should work and

hence overlook many errors. (b) on-line debuggers are often very difficult to use

and may not supply the information needed by the programmers. For example,

many on-line debuggers frequently display the data values as a string of hexade-

cimal bytes. (c) the program semantics change as the programmers find and

correct errors. This makes it difficult for programmers to maintain their under-

standing of the program behavior. (d) the programmers must simultaneously

keep track of several aspects of the program's detailed procedure specification

(Gould, 1975). This often includes the data flow among procedures, control flow

of the program, and inputs and outputs to the program. (e) debugging requires

the effective application of problem solving skills, programming language



2

knowledge, problem domain knowledge, and debugging techniques learned from

previous experience.

1.1. Rationale for the Debugging Study

There are two basic motivations for studying program debugging process.

First, the debugging process is not well understood. Program debugging is

thought to be a skill acquired through experience. Several books (Brown &

Sampson, 1973; Tassel, 1978; Ward, 1986) devoted entirely to debugging have

been published and some debugging techniques and strategies are included in

most programming courses and textbooks. However, none of these books is

based on any empirical data and there is neither a widely accepted taxonomy of

debugging techniques nor a set of rules describing when a certain technique

should be applied. Furthermore, there are no objective methods for determining

whether someone is an expert debugger.

The second motivation for the study is desire to develop useful program

debugging aids. Since debugging occupies a large proportion of programmer

time, preventive measures are needed to minimize the debugging time during

development cycle. One way to accomplish this is to design and develop tools

that allow a programmer to obtain needed information during debugging. For

example, it has been shown that line number of the statement in which the error

occurred (Gould, 1975), program slicing (Weiser, 1982), nature and type of error,

values of critical variables in the program are useful in locating and correcting

errors. Hence psychological experiments on debugging are necessary to identify

the kinds of information needed and the debugging strategies employed by pro-

grammers. Most commercially available debugging tools are designed in an ad

hoc manner. It is assumed that program debuggers based on psychological
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theory will provide relevant information to the programmers and thereby

increase their debugging efficiency.

With these two considerations in mind, three debugging experiments based

on the method of protocol analysis are described in this dissertation work.

1.2. Previous Findings

Most debugging studies have concentrated on the influence of various pro-

gram characteristics and programming techniques. A partial list of these includes

debugging aids (Gould & Drongowski, 1974; Gould, 1975; Shneiderman, et al.,

1977; Brooke & Duncan, 1980; Oman, et al., 1987), program "style" features

(Shneiderman & McKay, 1976), programming language features (Gannon, 1976;

Gannon, 1977; Curtis, et al., 1979), and programming practices (Sackman, et al.,

1968; Myers, 1978). Typically in these studies the subject task was to locate or

locate and correct a single error seeded in the program and the performance

measures collected were whether the error was correctly identified or repaired and

the time to do so. Since only the correctness and time were recorded, these stu-

dies provided almost no information about what occurred during the debugging

process - what debugging strategies were used and how, when, and where they

were applied. Five recent protocol studies (Jeffries, 1982; Vessey, 1985; Gugerty

& Olson, 1986; Kessler & Anderson, 1986) have concentrated on the behavior of

the subjects during the debugging process in an effort to discover why experts are

more effective (e.g. faster, more efficient, found more errors, and introduced far

fewer errors) than novices.

Although these studies provided some general information about the debug-

ging process and performance differences between expert and novice program-

mers, the results cannot be generalized across different debugging environment
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for several reasons. Almost all of the studies investigated the debugging behavior

of programmers on a program seeded with one error. The subjects in many of

these studies used paper and pencil method of debugging and were not allowed to

use on-line debugging aids. Hence the experimental conditions in these studies

were not close to the real debugging environments.

1.3. Scope of the Thesis

In this dissertation, we investigate the on-line debugging process of novice,

intermediate, and expert student programmers. In particular, we report the

major results obtained from three debugging experiments performed over a

period of 16 months in academic environments, and propose a cognitive model of

on-line debugging behavior of expert and novice programmers. One major

feature that distinguishes this study from previous studies is its close simulation

of a real debugging environment.

The three experiments reported here are based on the method of protocol

analysis. The technique of protocol analysis involves presenting a subject with a

problem and asking him/her to "think aloud" while solving the problem (Erics-

son & Simon, 1980). This verbal protocol is then analyzed in an attempt to

obtain a "trace" of the problem-solving steps taken by the subject. Through

careful analysis, it is often possible to develop a coherent explanation of the

problem-solving steps employed by the subject. For many classes of problem solv-

ing, protocol analysis is recognized as being superior to other methods (e.g.

retrospective reporting) of gathering data. Also, this method has been success-

fully employed to study the behavior of subjects in program debugging (Jeffries,

1982; Vessey, 1985; Gugerty, & Olson, 1986). It was the successful application of

the protocol analysis in the previous studies that encouraged us to employ it in
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our study. In the experiments reported in this dissertation, subjects' verbal pro-

tocol was gathered only during the program edit sessions and all terminal activi-

ties with time stamps were recorded by the experimenter manually for the entire

debugging session. The rest of this section briefly describes the three experiments

and highlights some of the major results.

In the first experiment expert, intermediate, and novice programmers used a

Apple Macintosh computer to debug a Pascal program with three semantic and

three logic errors. Programmers were given a printed listing of the defective pro-

gram, a printed copy of input data file, and a copy of the correct output. The

results indicated that experts were more efficient as they located the errors faster,

tested fewer hypotheses, and did not introduce new errors. Experts corrected

multiple errors before verifying the corrections while novices and intermediates

corrected and verified a single error. Most novices corrected the semantic errors

first and then the logic errors while experts corrected both semantic and logic

errors at the same time. The major difference between the experts and novices

was the debugging strategy used. The experts seemed to apply a comprehension

strategy in which they first gained an understanding of what the program did

and then used this knowledge to locate and correct the errors. Intermediates and

novices seemed to employ an isolation approach in which they immediately

attempted to identify candidate error locations by searching the output for clues,

recalling similar errors, and testing program states.

In the second experiment, different groups of expert and novice program-

mers used a Apple Macintosh computer to debug a Pascal program with three

logic errors. Programmers were given a printed listing of the defective program, a

printed copy of input data file, and copies of the correct and incorrect outputs.
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During the debugging session, after programmers made their first modification to

the program, all materials were taken away and they were asked to reconstruct

the program.

The third experiment was similar to the second experiment except that pro-

gram reconstruction task was administered after 12 minutes of program debug-

ging.

The purpose of the last two experiments was to test the hypothesis that the

level of program understanding is a good predictor of debugging performance.

Our results indicated that program understanding plays a major role in locating

and correcting logic errors in the program. Expert programmers were more suc-

cessful in correcting errors because they first attempted to understand the pro-

gram before they make any modifications to the defective program. On the other

hand, novice programmers were not able to repair the error because they

incorrectly isolated the error. Hence the subjects' level of program understanding

during debugging seems to be a major factor in debugging performance, at least

for logic errors.

The cognitive model proposed in this dissertation views the debugging

behavior of programmers as an iterative program comprehension process. This

model reflects the debugging behavior of typical expert and novice programmers

and provides a detailed description of processes carried out by programmers and

identifies the major differences between expert and novice programmers.

This dissertation consists of four major parts. The first part, Chapter 2,

provides an extensive review of the existing behavioral research literature on

program debugging and identifies some important issues related to experimental

debugging methodology, and debugging theory. The second part, Chapter 3,
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reports the results of the first protocol study that compared the on-line debug-

ging process of expert, intermediates, and novice student programmers. The

third part, Chapter 4, reports two experiments which investigated the program

comprehension differences in debugging by expert and novice student program-

mers. The fourth part, Chapter 5, proposes a descriptive model of an on-line

debugging behavior of expert and novice student programmers. Our conclusions

and future work are discussed in Chapter 6.
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Chapter 2

Behavioral Research on Program Debugging:
An Overview

2.1. Introduction

Debugging is the process of making a program behave as intended. The

difference between intended (correct) behavior and the actual (incorrect)' behavior

is caused by various types of program errors which are to be located and

corrected during debugging. Many studies (Boehm, 1981; Glass, 1982; Zelkowitz,

et al., 1979; Myers, 1979) have reported that program debugging accounts for

almost half of the software development costs. In spite of its importance in

software development cycle, it has received comparatively little attention from

human factors researchers.

The major goals of this chapter are to provide an extensive review of the

existing behavioral research literature on program debugging and identify some

important issues related to experimental debugging methodology, debugging

theory, and the generalization problem. We conclude with some experimental

research problems that need to be addressed.

2.2. Objectives

There are three overall goals for this review. The first objective is to iden-

tify the various research methods employed in debugging studies. The second

objective is to classify debugging studies by research method and describe major

results from these experiments. The third objective is to classify the debugging
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environment used in the experimental studies and identify some of the associated

problems.

2.3. Research Methods

Selection of an appropriate research paradigm is critical in any scientific

research. A cursory look at the research literature in program debugging indicates

that research methods employed range from one subject protocol studies to well

designed controlled experiments and extensive field studies. Lukey (Lukey, 1980)

in a review of program comprehension and debugging, identifies three methods of

studying programming skills systematically: experimental approach, artificial

intelligence approach, and observational approach. "The experimental approach

involves constructing a theory and testing it experimentally. The artificial intelli-

gence approach involves constructing a theory and testing it by designing a com-

puter system that embodies the theory. The observational approach involves

gathering and interpreting data about naturally occurring programming

behavior." This review concentrates exclusively on the experimental approach.

Webb and Sondheimer (Webb & Sondheimer, 1979), in a survey of formal

methods of investigation into language design issues, identified three formal

investigation modes of the experimental approach: controlled experimentation,

protocol analysis, and field studies. Controlled experimentation attempts to dis-

cover cause-and-effeCt relationships. Here the experimenter carefully manipulates

independent variables and observes the effects of these changes on dependent

variables under controlled conditions. In a protocol study a subject is presented

with a problem and asked to "think aloud" while solving the problem (Ericsson

& Simon, 1980). In protocol studies, the experimenter keeps a written or tape

recorded record of subjects' perceived thought processes or a video taped record
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of terminal interaction or subjects' movement. This verbal or visual data can be

reviewed and analyzed for frequency of certain activities or clusters of behavioral

patterns. The field study is an experimental research study that is conducted in

a real-life setting. The experimenter actively manipulates variables, carefully con-

trols the influence of as many extraneous variables as the situation will permit,

and collects observations either at fixed or at random time intervals.

Although controlled experiments and field studies provide better control

over the experimental variables, they are not suitable for studying debugging.

For debugging activity, protocol analysis is superior to these other methods of

gathering experimental data because, through careful analysis, it is possible to

develop a coherent explanation of the debugging methods or strategies employed

by subjects. The chief advantage of protocol analysis, when compared with these

other methods, is that it gathers all the information the subject can verbalize and

communicate through their terminal activities and gestures as it occurs.

Protocol analysis does have its drawbacks. One is that the requirement to

"think out loud" tends to slow subjects down. However, Ericsson and Simon

(Ericsson & Simon, 1980) have shown that this does not affect the order or con-

tent of their problem solving steps. Another drawback is that it cannot record

what happens during incubation, when the subjects think over the problem for a

few days and come up with a solution. In spite of these limitations, protocol

analysis is the best known method for collecting someone's thoughts.

2.4. Experimental Debugging Studies

In this section, we survey the experimental debugging studies of program-

ming factors thought to affect debugging. The studies are organized by type of

investigation: controlled experiments, protocol analyses, and field studies.
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2.4.1. Controlled Experiments

Controlled experimentation is by far the most popular method of studying

debugging. Because of this, this section is subdivided by the programming factors

studied.

2.4.1.1. Programming Practices

Probably one of the first controlled experiments involving programmer per-

formance was Sackman's (Sackman, et al., 1968) study of debugging in time-

sharing and batch processing environments. They conducted two exploratory

experiments to compare debugging performance of programmers working under

conditions of on-line and off-line access to a computer. In their first experiment

twelve experienced programmers coded and debugged two programs using either

on-line or simulated off-line conditions, while in their second experiment nine pro-

grammer trainees did the same task using either interactive or noninteractive

facilities. Results favored both on-line condition and interactive mode for the

debugging process. However, this experiment is most famous for the large (28:1)

debugging time differences among the programmers.

An experiment in the area of program testing conducted by Myers (Myers,

1978) is also relevant to program debugging. Fifty-nine highly experienced data

processing professionals were divided into three groups and asked to test a small

PL/1 text formatting program that contained 15 known errors. Subjects in the

first group were asked to test the program by using a terminal and the

specification of the program. Subjects in the second group used not only a termi-

nal and specification but also a copy of the program listing. Subjects in the

third group were divided into three person teams and given the specification and

listing of the program. Further, the subjects in the third group were asked to test
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the program using manual walkthrough/inspection method. Subjects in all three

groups were not told the number or the nature of the errors in the program. At

the end of the testing session, subjects described the errors they found and listed

the time spent in preparing for the testing and the time spent testing. The major

results of this experiment were: (a) all testing methods are equal in terms of

error-detection capabilities, (b) certain types of errors are very difficult to detect,

(c) the ability to detect certain types of errors varied among the methods, and (d)

there was a significant variability among subjects, both in terms of the number

and the types of errors found.

2.4.1.2. Debugging Aids

Programmers use many different sources of information such as system and

compiler error messages, input data listing, incorrect output listing, flowcharts,

and domain knowledge to debug programs. Several studies (Gould & Drongowski,

1974; Gould, 1974; Oman, et al., 1987; Shneiderman, et al., 1977; Brooke & Dun-

can, 1980) looked at the influence of this information on program debugging.

Gould (Gould & Drongowski, 1974) asked professionals to find the single error

(there were three types of errors (array, iteration, and assignment statement)) in

single-page FORTRAN programs. Several different types of debugging aids were

studied: program listing, indicator of type of bug, the line number where the

error occurred, input data plus corresponding incorrect output, and input data

plus incorrect output data and correct output data. Their results showed that

assignment bugs took four times longer to find and were found less frequently

than the other two types of bugs. They felt that bugs in assignment statements

were the most difficult to detect primarily because subjects usually had to under-

stand the program to find the bug. Once they located the bug, the subjects were
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able to repair it in almost all cases. Debugging was much faster if the program-

mer had previous experience with the program. They also demonstrated that the

line number of the statement where the error occurred was by far the best

debugging aid.

Gould (Gould, 1975) asked ten professional programmers, with at least four

years experience, to identify the one line containing the error in the same twelve

programs used in his previous study. Subjects were given a program listing and

output and were told they could use an interactive debugging package if desired.

He found that subjects who were fast at debugging tended to find more bugs and

make fewer errors than subjects who were slow at debugging. He found large

individual differences among programmers that were similar to those found in

Sackman's study, but the range of individual differences was considerably less

than the 28:1 ratio found by Sackman. Other results were similar to his previous

study. Surprisingly, subjects used the debugging package on only 15% of the

programs.

Oman (Oman, et al., 1987) compared the debugging abilities of novice,

intermediate, and skilled student programmers. In particular they concentrated

on how programming experience and error messages affect debugging ability. The

subjects were presented two Pascal programs and were asked to find and correct

the single error (array bounds error or undefined error) in each program. The

only clue about the error was the error message; subjects had no actual output to

compare with the expected output and they were not permitted to use on-line

debugging aids. Half of the subjects received an error message containing a line

number and half only the error message. Experienced programmers located the

errors faster and made the proper correction more often than less experienced
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programmers. Furthermore, experts' performance was nearly identical for error

messages with and without line numbers. Intermediates performed a little better

when the error message contained a line number. Novices performed poorly com-

pared to both experts and novices when the message did not contain a line

number.

Shneiderman (Shneiderman et al., 1977) conducted a series of experiments

to evaluate the use of detailed flowcharts in common programming tasks such as

program composition, comprehension, debugging, and modification. In their

debugging experiment seventy students in an intermediate FORTRAN program-

ming course debugged a 147 source line FORTRAN program with three non-

syntactic errors. Subjects received a listing of the defective program, incorrect

output, and either a micro-flowchart, a macro-flowchart, or no flowchart at all.

They were told that the programs had at least one bug, which was apparent in

the output. No significant differences were found between groups with and

without flowcharts. They also suggested that "if one successfully debugs a pro-

gram one must have a thorough comprehension of it".

Brooke and Duncan (Brooke & Duncan, 1980) also conducted an experiment

to address the problem of whether the presentation of procedural information in

the form of flowcharts assists in the identification of errors. Twenty-four research

staff, postgraduates, and volunteers were given instructions on the correct pro-

cedure a hypothetical computer should follow in controlling a multigrade petrol

pump. One group of subjects received a procedural description of the instructions

in the form of a flowchart while the other group received it in the form of a list.

Subjects were also shown a list of six errors that would occur when incorrect pro-

cedures were followed in the computer program. After this initial instruction sub-



15

jects were given three faulty procedures and one symptom for each of these pro-

cedures and asked to identify which of a list of six errors would have the symp-

toms. Three types of errors (incorrect calculation, missing step in calculation, and

incorrect conditional statement sequence) were seeded in different areas of the

procedures. Results indicated that a flowchart failed to improve performance in

error detection. Therefore, they concluded that "the presentation of procedural

information in the form of a flowchart which emphasizes flow of execution does

not assist in the correct identification of faults in the procedure".

2.4.1.3. Programming Style

Programming "style" guidelines includes such things as variable names,

indentation, and commenting. Shneiderman and McKay (Shneiderman & McKay,

1976) carried out a series of experiments designed to investigate the efficacy of

these style guidelines. In one experiment, intermediate-level student programmers

were divided into two groups and each group was asked to debug two Pascal pro-

grams. One group received a mnemonic (meaningful names used) sequential

search program followed by a nonmnemonic (meaningful names not used) recur-

sive binary search program, while the other group received a nonmnemonic ver-

sion of the sequential search program followed by a mnemonic recursive binary

search program. Subjects were told that each program contained only one bug.

No significant differences were found between these two groups in the time to

locate bug. However, Shneiderman concluded that for the more complex pro-

grams the mnemonic variable names aided subjects' program comprehension. In

another experiment on indentation, intermediate student programmers were ran-

domly divided into two groups and asked to debug each of the two Pascal pro-

grams. As in the previous experiment, one group received an indented form of an
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iterative binary search program followed by a nonindented merge program, while

the other group received a nonindented binary search program followed by an

indented merge program. Subjects were told that each program contained only

one bug. Results showed no significant differences between the mean debugging

scores. Hence he concluded that "the advantage of indentation may not be as

great as some believe". However, he also noted that programmers' subjective

measures favored indentation.

2.4.1.4. Programming Language Features

Gannon (Gannon, 1976) conducted an experiment to evaluate the features

of two programming languages, TOPPS and TOPPSII. TOPPSII was derived

from TOPPS by altering nine language features such as expression evaluation

order, assignment operator, and control statements. In particular, he tested the

conjecture: "the errors attributable to a feature [assignment statement] in

TOPPSII would be less frequent and/or severe than the errors attributable to the

comparable feature [assignment operator] in TOPPS". The subjects for this

study were 51 undergraduate and graduate students. Each subject programmed

solutions for two problems. Half of the subjects solved the problem in TOPPS

and the other half of the subjects solved it in TOPPSII. All subjects were asked

to submit intermediate listings of their program. The listings of the subjects who

completed both problems were examined for errors and all errors were classified

according to number of errors, error occurrence, and error persistence. Based on

the error analysis, he concluded that the subjects preferred the use of assignment

operation as a statement.

In another experiment, Gannon (Gannon, 1977) compared the programming

reliability of subjects using a statically typed language and a "typeless"
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language. Thirty-eight student subjects were divided into two groups and asked

to program solutions to the same problem twice. One group of subjects first used

a statically typed language and then used a "typeless" language, while the second

group used these two languages in the opposite order. All subjects submitted

their intermediate program listing to the experimenter. An analysis of the errors

committed by subjects suggested that the features of a statically typed language

increased programming reliability more than the features of a "typeless"

language.

Curtis (Curtis, et al., 1979) conducted an experiment to investigate how

software characteristics relate to psychological complexity of software. Fifty-four

experienced FORTRAN programmers were asked to locate and correct a single

semantic bug in each of three programs. Subjects were given an incorrect pro-

gram listing, input files, a correct output, and erroneous output and allowed to

work at their own pace. The five independent variables manipulated were: pro-

gram type, program length, complexity of control flow, type of bug, and software

complexity metrics. The only dependent variable measured was the debug time.

They concluded that software science metrics developed by Halstead (Halstead,

1977) and cyclomatic complexity measure developed by McCabe (McCabe, 1976)

were related to the difficulty experienced by programmers in locating errors in

the code.

2.4.1.5. Program Slicing/Dicing

Weiser (Weiser, 1982) conducted an experiment to evaluate the theory that

"programmers use slicing (process of stripping away program of statements with

no influence on a given variable at a given statement) when debugging".

Twenty-one university graduate students and professional programmers
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debugged three Algol-W programs in random order. The size of the programs

ranged from 75 to 150 lines of code. In each of these modularized programs a sin-

gle statement was changed to cause a bug in one major module that performed

most of the computation. Subjects were given the incorrect program listing and a

sample of incorrect output. Most of the subjects performed the experiment at

home. After debugging three programs, subjects were given the task to identify

the relevant slices used in the original program from a set of 14 code fragments.

The results supported the slicing theory; that is, during debugging programmers

routinely break programs into coherent, discontinuous piece. He also suggested

that an unfamiliar program is more likely to be sliced by programmers.

In another experiment, Weiser and Lyle (Weiser & Lyle, 1986) extended

Weiser's previous work on program slicing to program dicing (process of combin-

ing multiple slices to further refine the location of program errors). Twenty

university graduate students and programming staff were divided into two groups

(control and experimental groups). The subjects' task was to find three bugs in a

FORTRAN program. During the practice treatment the experimental group

received instructions on program slicing and dicing and their use in locating pro-

gram faults. Prior to the actual debugging session, the experimenter and groups

of subjects discussed a sample correct output, variable naming conventions, gen-

eral algorithm used in the program, and a specification of the program. Subjects

in control group were given only a listing of the program to debug, whereas the

experimental group were given a program listing plus a listing of the relevant

slice with the diced set highlighted. Total debug time was measured for each

subject. The experimental group performed significantly better than the control

group.
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2.4.2. Protocol Analysis

Protocol analysis is aimed at trying to understand the debugging process.

One serious shortcoming of protocol analysis is that the time and effort involved

for each subject dictates a small set of subjects and hence precludes meaningful

statistical analysis of the data. There have been few protocol analysis studies of

debugging.

Brooks (Brooks, 1977) studied the program coding behavior of a single sub-

ject and developed an abstract model of programmer behavior. In his study, a

graduate student in computer science used both paper and pencil and hard-copy

computer terminal connected to an interactive computing system to construct

programs for 23 short problems, all of which involved manipulation of an arrays.

The subject was instructed to write the program in FORTRAN and then to

debug and run it. The subject was also asked to "think aloud" during the pro-

gram construction session. Both verbal and visual protocol data for the subject

were collected. An analysis of the protocol data indicated that subject's program

writing time exceeded the debugging time by as high as a 12 to 1 ratio and

debugging time and program length were highly correlated. It was hypothesized

that the small size of the programs attributed to this difference.

Jeffries (Jeffries, 1982) reported findings from an informal study of debug-

ging behavior of six experts and four novices. Her experts were graduate stu-

dents in computer science, while her novices had just finished their first program-

ming course. Each subject debugged two short Pascal programs, each containing

a number of syntactic, semantic, and logic bugs. Subjects worked with a print-

out of the program and a print-out of output from test runs. Experts found more

of the bugs and found them faster. She found that expert programmers read the
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program in the order in which it would be executed, main program first, then

procedures called by the main program, then procedures called by these pro-

cedures, etc. This apparently allowed them to form a hierarchical understanding

of the program, from an overall understanding of what the program does to the

role of individual statements. In contrast, novices read the program sequentially

from beginning to end like a piece of prose. Because of the structure of Pascal,

this in effect resulted in a bottom-up reading of the program. Hence they recog-

nized only the simplest, low-level patterns, such as incrementing a counter, and

they had difficulty judging which parts of the program were relevant and which

were irrelevant to bug they were searching for. As a result, they wasted much

time simulating some parts of the program and did not spend enough time on

other parts. In locating a bug with several possible causes, the experts were

better at switching between hypotheses as evidence accumulated while novices

focused on only one hypotheses at a time. Because of the small number of sub-

jects, she reported no statistical evaluation of her findings.

In verbal protocol analysis of 16 professional programmers Vessey (Vessey,

1986) found that chunking ability was a better measure of debugging expertise

than years of programming experience. "Chunking" refers to a person's capacity

to organize data elements into meaningful units that assist in problem solving.

Vessey classified the 16 programmers, into two groups of eight novices and eight

experts, on the basis of their chunking ability. Each programmer was asked to

debug a COBOL program containing a single error. She found that experts took

less time to find and correct the bug, stated fewer hypotheses about the bug, and

made fewer mistakes. Experts attempted to gain a high-level understanding of

the program and how it functions, with the goal of placing the error in context.

They seemed to "allow the program structure to unfold, place the clues in the
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context of that structure, and conceptualize the error in terms of the program

structure". Novices, on the other hand, appeared more anxious to find the error

and more committed to their error hypothesis which led them into a depth-first

search for the error. Without a model of the program's function and structure,

novices frequently changed program reference positions and took longer to

confirm or reject error corrections. Hence Vessey concluded that while both

groups used essentially the same basic debugging methods, the experts were more

effective in their application.

Kessler and Anderson (Kessler & Anderson, 1986) reported an investigation

of novice programmers' debugging behavior of LISP functions. They asked eight

novice LISP programmers to debug two sequences of one-line LISP functions.

Each of these sequences contained six buggy functions and three correct functions

(served as distractor items). Each sequence consisted of six bugs (two syntactic

bug and four semantic bugs) in fixed order. Subjects were asked to talk aloud

about their problem solving during the debugging process. In addition to the ver-

bal protocol, subjects' terminal interactions were recorded with time stamps. The

analysis of the protocol data indicated that subjects took as long to complete the

first problem in the sequence as they spent on all the other problems in the first

sequence. However, subject debugging performance improved considerably when

bugs were repeated in the second sequence. Most subjects used the same general

four episode debugging strategy for all problems: code comprehension, bug detec-

tion, bug localization, and bug repair. The last two of these episodes comprised

the major part of their protocol data. Finally, Kessler and Anderson developed a

production system model of novice debugging based on the debugging theory

obtained from the protocol data.
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Gugerty and Olson (Gugerty & Olson, 1986) conducted two experiments to

investigate expert-novice differences in debugging. They asked expert and novice

student programmers to find and correct a single error in a program using on-line

debugging. Subjects in the first experiment debugged a LOGO program while

subjects in the second experiment debugged a Pascal program. From the protocol

data, they found that while experts and novices employed the same debugging

strategy, the experts were faster and more successful. Prior to generating and

testing the initial hypotheses, experts and novices distributed their activities in

the same way. Novices took longer to debug programs because their initial

hypothesis was often not correct and hence they generated more hypotheses.

Finally, they concluded that expert-novice performance differences were due to

the different program comprehension abilities of these two groups.

2.4.3. Field Studies

Youngs (Youngs, 1974) studied errors in terms of error frequency, error

proneness, and error diagnosis and provided quantitative descriptions of errors

for representative programming environments. In his experiment, a group of 30

university students taking their first programming course and 12 professional

programmers submitted questionnaires, run logs, and all computer output from

debugging runs for their programming tasks. Programming languages ALGOL,

BASIC, COBOL, FORTRAN, and PL/1 were used in subjects' programming

tasks. In order to abstract the information provided by the subjects, a

codification scheme classified the errors by functional statement type (assign-

ment, I/O, iteration, etc.) the type of understanding required to correct the error

(e.g. syntax, semantic, logic, etc.), the specific manifestation of the error (omis-

sion, illegal operation, etc.), and system responses. Program errors were analyzed
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by working backward from the final (correct) version to the initial version. The

major results from this study were: (1) eight constructions accounted for 75% of

all errors, with assignment and I/O accounting for 29% and 14% respectively, (2)

seventy-five percent of the errors made by student programmers were semantic

and logic errors, (3) ALGOL and FORTRAN I/O formatting statements were the

source of a large number of errors, and (4) professional programmers eliminated

the different types of errors at different rates while novices corrected them at

about the same speed.

2.5. Problem Areas in Debugging Experimentation

Several articles (Brooks, 1980; Moher & Schneider, 1982) contain excellent

discussions of the methodological problems in the application of psychological

experimentation to the study of programming and programmers. They stress the

importance of standards of methodological rigor and classified the major metho-

dological issues. In this section we use a similar classification in a brief overview

of the experimental methodological problems in debugging studies. For a more

detailed discussion the reader should consult the Brooks, or Moher and Schneider

articles.

2.5.1. Subjects

Experimental subjects are a vital component in any debugging experiment.

However, programmers are notorious for their wide range of individual

differences. Thus it is difficult to divide the subjects into experimental groups.

Using a large number of subjects and a within-subject experimental design miti-

gates this problem somewhat.

In the various studies reviewed in this chapter, subjects were classified at
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various experience levels based on academic background (Gugerty & Olson, 1986;

Oman, et al., 1987), programmer's "chunking ability" (Vessey, 1985), program-

ming skill and programming experience (Gould, 1975; Gould & Drongowski,

1974). Most of the classifications were based on convenience. For students, the

most common source of experimental subjects because they constitute a readily

available cheap labor source, the classification is usually based on courses taken

in a degree program or year in school; for professional programmers it is usually

years of experience. It is not clear that these classifications adequately reflect pro-

gramming experience. Another complicating factor is that programmers vary

greatly in their ability to perform various tasks based on their experience, natural

ability, motivation, and environment (Curtis, 1979).

2.5.2. Materials

The high level programming languages FORTRAN, Pascal, LISP, COBOL,

ALGOL-W, and LOGO have been used in debugging studies. Since programming

languages differ from each other in choice of meaningful variable names, data

structure, documentation methods, modularization, control structures,

input/output specifications, and syntactic forms, the results of a single study

may apply only to the particular language used in that study. In order to evalu-

ate the generality of results across programming language researchers need to

replicate the debugging experiments with different programming languages. Also,

it is not clear whether subjects exhibit the same or different debugging behavior

when dealing with programs implemented in procedural language, non-

procedural language, or assembly language.

Program size is another problem. Programs used in debugging studies have

ranged from a one line LISP function (Kessler & Anderson, 1986) to 300 lines of
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FORTRAN code (Sheppard, et al., 1979). In one debugging study, Sheppard

(Sheppard, et al., 1979) investigated the effects of program length, bug type, and

control structure on debugging task and reported that:

"Increasing the number of lines of code had a modest effect on the time

needed to locate and correct the bug. The time required to correct a bug

of the type studied here [semantic bugs - computation, logical, and data] does

not increase linearly with number of lines of code, then, since there appear to

be two separate strategies for a bug - the identification of the problem subrou-

tine and the intraroutine search for the actual bug."

Shneiderman feels that "programmers working on long programs may apply

different strategies than those working on short programs" (Shneiderman, 1980).

Hence the size of the program severly limits the generalizability of conclusions

drawn from these studies.

The generalization problem arises again in the selection of the error type

used in debugging experiments. A survey of the literature shows that errors range

from syntactic errors, to run-time (semantic) errors, to logic errors. Most of the

previous studies on debugging employed non-syntactic errors because, syntactic

errors are easy to locate and correct. For example, Gould (Gould, 1975) studied

debugging as function of the syntax of the statement that contains the error, and

as function of the information available to the programmer. He concluded that

giving additional information to the programmer had little effect, but the type of

error made a great deal of difference. Atwood (Atwood, et al., 1978) studied

debugging as function of the position of the statement containing the bug in a

propositional hierarchy that represents the program. He concluded that the

difficulty of finding a bug was correlated with position in the structure. Both
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Gould and Atwood attributed the nature of the bug as the primary determinant

of the bug difficulty. On the other hand, Jeffries (Jeffries, 1982) maintained a

different view of the difficulty of finding a bug and claimed that:

"There may be in principle no a priori way to categorize bugs along a

difficulty dimension. The primary determinant of bug difficulty will be the

processes used to find the error. These processes will be strongly influenced by

the amount and nature of the context used to understand the bug. Some bugs

can be found seeing only the token in which they occur (some spelling error),

others require a knowledge of the surrounding statement (many syntax errors),

others require an understanding both of the statement and the role it plays in

the program. Still others can only be found by understanding the algorithm

that solves a subproblem and yet others require an understanding of multiple

subproblems and how they interact. However, there will always be multiple

ways to discover any given bug, so the nature of the bug itself may not be a

good predictor of the processes likely to be used to isolate it. ... the

programmer's knowledge and debugging strategies will exert a major influence

(on difficulty of bug)."

2.5.3. Procedure

In every debugging experiment subjects were provided with a listing of the

defective program. In addition subjects were given supplementary materials such

as detailed specification of the program, flowcharts, samples of correct output,

listing of incorrect output, and clues to the type or location of the bug. Subjects

had the option of selectively using or not using this information to locate and

correct errors in the program. However, Gould (Gould, 1975) reported that:
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"Subjects can, and do, use many different sources of information to debug

program. Besides the sources they bring to the experiment, such as previous

experience, aptitude, motivation, knowledge of the application, and prefer-

ences for various debugging strategies, there are different sources [input data,

output data, mnemonic names, comments] available in the experiment itself.

The general ways that subjects go about debugging are related to, among

other thing, (a) what sources of information are available to them and (b)

which ones they use."

Instructions given to subjects during the debugging experiment may play a

vital role in determining the outcome of the experiment. For example, knowledge

about the number of errors in a program or the proximity of error within a pro-

gram may influence the selection of a particular strategy or minimize debug time.

Hence the debugging instructions given to subjects during experimentation must

be precise and unambiguous. Since debugging instructions given to subjects

varied from one experiment to another, it is very difficult to compare and con-

trast results from these studies. This has been pointed out by Shneiderman

(Shneiderman, 1980):

"Debugging experiments suffer from the artificiality of laboratory experimen-

tation. If the subjects are told that a single bug exists which can be fixed by

modification to a single line, the situation is vastly different from reality where

such information is not available. It would be interesting to study performance

(and emotional reactions) when a single bug is included in a program but some

subjects are told that a single bug exists, some are told five bugs exists and

some are told an unknown number of bugs (possibly zero) exist."
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2.5.4. Dependent Variables

Dependent variables are an important component in any controlled experi-

mentation. In almost all previous debugging studies only time and correctness

measures were used as dependent variables. Typical correctness measures were

whether the error was correctly located or located and corrected, the number of

errors corrected, and the number of errors made during debugging. Time meas-

ure was often the total debug time of programmers. A major problem with time

measures is that the experimenter cannot guarantee that all the subjects time

were spent on the task. These measures provide debugging performance

differences between expert and novice programmers, but they provide almost no

information about the actual debugging process.

2.8. Summary

Program debugging is a complex task with many components and relatively

little empirical evidence to explain what programmers actually do when debug-

ging their or someone else's program. In our review of behavioral studies of pro-

gram debugging, we evaluated various research methods, discussed current

debugging theory, and identified shortcomings of debugging experimentation.

Finally, some broad issues related to program debugging that have not been ade-

quately addressed are listed below:

debugging strategies employed

difficulty of various types of programming errors

classification of subjects based on debugging experience

influence of program factors

influence of programmer factors
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debugging aids used or needed

Some of these issues are described further in Chapter 6.
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Chapter 3

A Protocol Analysis of the On-line Debugging Process

3.1. Introduction

Almost all debugging studies have concentrated on performance differences

between expert and novice programmers. Typically in these studies the subject

task was to locate or locate and correct a single error seeded in the program and

the performance measures were whether the error was correctly identified and

fixed and the time to do so. Since only the correctness and time were recorded,

these studies provided almost no information about what happened during the

debugging process - what debugging strategies were used and how, when, or

where they were applied.

However, three recent protocol analysis studies (Gugerty & Olson, 1986;

Jeffries, 1982; Vessey, 1985) investigated differences in the debugging process of

expert and novice programmers. The major results from these studies were dis-

cussed in Chapter 2.

In this chapter we present the results of the first of these protocol studies

that compared the debugging process of novice, intermediate and expert student

programmers. The subjects were presented listings of a defective program with

six errors, input data file and desired output, and the program on a floppy

diskette and were asked to correct the defective program using an Apple Macin-

tosh computer. In addition, subjects were asked to think-out-loud during each

program edit session. All subjects had previous experience with Mac Pascal pro-

gramming environment on a Macintosh computer.



31

We attempted to simulate a real environment as much as possible. The pro-

gram used in the Vessey (1985) and Gugerty and Olson (1986) studies contained

only a single error. Our program contained six errors. In Jeffries (1982) study the

subjects were given a program listing, sample runs of "experimenter selected test

cases", and if specifically requested, runs from an interactive debugging system.

Our subjects were free to use the on-line debugger or any other debugging aid

and to run the program as often as they liked.

3.2. Experiment 1

3.2.1. Subjects

The subjects in this experiment were six novices, six intermediates, and six

expert Pascal programmers, all volunteers. The novices were just finishing their

second term of an introductory Pascal programming course at Oregon State

University. The intermediates were finishing their third term of a junior level

data structure sequence at Oregon State University. The expert group was com-

posed of graduate students in computer science at Oregon State University. All

experts were very experienced student programmers and, in addition, they had

either taught introductory Pascal programming courses or served as a consultant

for students enrolled in Pascal programming courses at Oregon State University.

3.2.2. Materials

The program to be debugged was a 73-line Pascal program that read in 19

integer value from a file, sorted them in ascending order using a bubble sort, and

searched for five key values in the sorted list using a binary search routine. All

subjects were familiar with the binary search routine and the bubble sorting algo-

rithm. The program was implemented as two procedures (Read Data and
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Bubble Sort) and one function (Binary Search). These three subprograms were

called by the main program in that order. The program was written in a struc-

tured fashion with indenting and meaningful names, and contained three lines of

comments describing the program, but had no in-line comments.

There were six errors -- three semantic errors and three logic errors -- in the

program. Programs with semantic errors (e.g. undefined variables, array bounds,

division by zero) compile correctly, but when executed terminate abnormally with

an error message and no other output. Programs with logic errors have no com-

pilation and/or semantic errors, but when executed terminate normally with

incorrect results. Each procedure and function contained one semantic error and

one logic error. The three types of semantic errors were (i) attempt to read past

end-of-file mark in the Read Data procedure (ii) an index exceeding array bounds

in the Bubble Sort procedure, and (iii) incompatibility between data types in the

Binary Search function. These errors were selected because they are errors com-

monly made by students. For the three semantic errors, the Mac Pascal inter-

preter displayed the following three error messages along with an index pointing

to the line number of the statement where the error occurred:

An attempt has been made to access data beyond the end of a file or

string.

The value of a variable or sub-expression is out of range for its

intended use.

An incompatibility between types has been found.

The three classes of logic errors selected were:

off-by-one error -- the number of iterations through a loop is counted

incorrectly in the Read Data procedure.



33

assignment statement error -- a variable is assigned an incorrect

value in the Bubble Sort procedure.

predicate error -- an incorrect conditional expression in the Binary-

Search function.

The listing of the defective program, with six errors, is shown in Appendix

Al. Each of the errors could be corrected by modifying only one statement.

Correct versions of these statements are shown in the defective program listing as

in-line comments.

3.2.3. Procedure

Subjects performed the debugging task individually. They were given a

printed listing of the defective table lookup program and a printed copy of the

input data file, both of which were also available to them on a floppy diskette.

They were also given a copy of the correct output (see Appendix A2). Subjects

were not told how many or what type of errors the program contained and that

each of these errors could be repaired by changing only one statement. Subjects

were informed that they could debug the program at their own pace and use any

debugging techniques or on-line aids.

During the debugging session, an experimenter recorded what program ob-

jects the subjects were examining and what activities they were performing. The

experimenter did not ask any questions to confirm whether they were performing

a particular activity. For the purpose of this study, we considered the following

program objects: program segments (i.e. global comments and declarations, main

program, Read Data procedure, Bubble Sort procedure, and Binary Search func-

tion), listing of input data file, printed copy of expected output, listing of pro-

gram, Pascal program window, error message window, program output (text)
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window, and observe window. Activities performed by subjects were categorized

as follows:

examine listing of input data

examine listing of expected output

examine program segment (in program listing or on screen)

examine error window

examine program output window

examine observe window

hand simulate program segment (in program listing)

enter input data

compare expected output and actual output

use on-line debugging tool

run program

modify program segment

After each program modification(s) and before they ran the program subjects

were asked to state their hypotheses. In addition, whenever subjects encountered

a semantic error they were asked to explain the meaning of that error. The

subject's debugging process was recorded as an episode outline representing

his/her activities on program objects. As an example, part of the episode outline

of subject N2 is given in Appendix A3.

3.2.4. Results

Most subjects began their debugging session by studying the program.

Table 3.1 shows that even though experts spent more time in their initial reading
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of the program, their debugging time was considerably less. All experts except

El and E6 spent at least 25% of their total debugging time studying the program

prior to testing their first hypothesis whereas 17% and 5% were the largest per-

cent of debugging time spent on initial reading of the program by intermediates

and novices respectively. In fact half of the novices and intermediates immediate-

ly ran the program without doing any initial program reading.

Table 3.1. Debugging Performance Data

Novices

Subject number
Total

N1 N2 N3 N4 N5 N6

Initial program reading
time (in minutes)

1 0 0 3 2 0 6

Time to first
modification (in minutes)

4 3 3 5 3 6 24

Number of statements
modified

14 30 32 18 18 27 139

Total number
of runs

11 26 24 17 7 21 106

Number of new
errors introduced

2 10 7 3 1 6 29

Number of errors
not corrected

3 0 4 3 0 3 13

Total debugging
time (in minutes)

67 66 55 55 35 58 336

Number of debugging
write statements

2 5 2 3 1 4 17

Table 3.1a

Experts, intermediates, and novices also differed in the order in which they
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Intermediates

Subject number
Total

I1 12 13 14 15 16

Initial program reading
time (in minutes)

3 0 2 4 0 0 9

Time to first
modification (in minutes)

4 5 4 4 3 3 23

Number of statements
modified

7 12 8 10 12 13 62

Total number
of runs

9 16 12 10 15 17 79

Number of new
errors introduced

0 5 1 2 3 3 14

Number of errors
not corrected

0 1 0 0 0 1 2

Total debugging
time (in minutes)

17 52 38 32 31 49 219

Number of debugging
write statements

1 3 4 3 3 0 14

Table 3.1b

read the program. Experts read the program in the order in which it would be

executed - main program, Read Data procedure, Bubble Sort procedure, and

Binary Search function. Most novices and intermediates read the program from

beginning to end like a piece of prose. This supports similar findings of Jeffries

(1985) that experts attempt to gain an high level understanding of the program

and how it functions while novices use a bottom-up approach to understand the

program.

Experts made far fewer references to the source program than novices and



37

Experts

Subject number
Total

El E2 E3 E4 E5 E6

Initial program reading
time (in minutes)

2 8 7 5 7 0 29

Time to first
modification (in minutes)

7 11 8 8 13 3 50

Number of statements
modified

7 6 10 8 7 15 53

Total number
of runs

4 2 7 5 4 14 36

Number of new
errors introduced

0 0 2 1 0 3 6

Number of errors
not corrected

0 0 0 0 0 0 0

Total debugging
time (in minutes)

14 12 23 20 17 33 119

Number of debugging
write statements

0 0 1 1 1 2 5

Table 3.1c

intermediates. Table 3.2 shows the number of different program segments sub-

jects referenced during debugging. Overall, novices and intermediates referred to

program segments more often than experts (mean = 40.2 for novices, mean =

33.2 for intermediates, and mean = 22.8 for experts). Fisher's exact test on this

data indicated the difference between novices and experts, and intermediates and

experts are statistically significant (p < 0.05, and p < 0.05, respectively). Over

half the novice and expert references were to the Read Data procedure and the

Binary Search function while over half the intermediate references were to Bub-
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bleSort procedure and Binary Search function.

Table 3.2. Frequency of Program Segment References

Novices

Subject
number

global
declaration

and comments

main
program

Program Segment Name Total
number of
references

Read
Data

Bubble
Sort

Binary
Search

N1 1 3 10 5 10 29
N2 1 11 8 8 14 42
N3 2 7 16 8 20 53
N4 5 8 14 16 7 50
N5 2 5 5 4 6 22
N6 3 11 13 10 8 45

Total 14 45 66 51 65 241
Mean 2.3 7.5 11.0 8.5 10.8 40.2

Table 3.2a

Intermediates

Subject
number

global
declaration

and comments

main
program

Program Segment Name Total
number of
references

Read
Data

Bubble
Sort

Binary
Search

Il 1 4 3 6 5 19
12 6 3 7 11 9 36
13 3 4 7 3 10 27
14 5 5 5 6 16 37
15 2 6 5 9 14 36
16 4 8 4 18 10 44

Total 21 29 31 53 64 199
Mean 3.5 4.8 5.2 8.8 10.7 33.2

Table 3.2b

All the experts successfully located and corrected all six bugs, two of the in-

termediates failed on the logical error in the Binary Search function, and only two

novices found all the errors. All novices introduced at least one new error while

five intermediates and three experts introduced errors. Table 3.1 shows that no-
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Experts

Subject
number

global
declaration

and comments

main
program

Program Segment
Bubble

Sort

Name
Binary
Search

Total
number of
references

Read
Data

El 3 7 6 2 3 21
E2 2 2 4 3 3 14
E3 4 4 6 3 7 24
E4 3 5 5 2 8 23
E5 4 3 6 3 5 21
E6 2 8 6 8 10 34

Total 18 29 33 21 36 137
Mean 3.0 4.8 5.5 3.5 6.0 22.8

Table 3.2c

vices introduced 29 new errors during debugging, and intermediates introduced

14 new errors, most of which were not immediately corrected. The six errors in-

troduced by experts were immediately corrected.

The number of debugging statements in Table 3.1 is the number of write

statements inserted in various program segments to keep track of certain vari-

ables at particular locations in the program. Novices and intermediates inserted

many more debugging write statements than experts. They generated consider-

able output because they inserted write statements inside loops to print an en-

tire array or traced the values of variables not involved in an error. Novices and

intermediates also had over four times as many program runs as experts. Experts

inserted far fewer write statements, usually at end of procedures, but often used

on-line debugging tools to trace variables. However, none of the novices or inter-

mediates used on-line debugging tools. They often hand simulated the execution

of one or more of the procedures in the program making notes about the values

of the variables at various stages of the program. No expert explicitly hand exe-

cuted the program.
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Experts, intermediates, and novices differed in both the order and the way

in which they corrected errors. Novices (except N5) and intermediates corrected

only one error at a time while experts corrected groups of errors at a time. As

shown in Table 3.3c, subject El simultaneously corrected semantic error 1 and

logical errors 2 and 3 first, then semantic error 3 and logical error 2 second, and

finally semantic error 3. Experts made the corrections in rapid succession and

then ran the program to verify corrections. Table 3.3a shows that the four no-

vices who did not find all the errors failed to to find at least three errors. These

four novices (except N3) found only the semantic errors. Table 3.3b shows that

with few exceptions, intermediates corrected the three semantic errors first and

then the three logical errors. Note that subjects 12 and 16 did not correct the

logical error in the Binary Search function. The groups of errors corrected at the

same time by experts included both semantic and logical errors and often in-

volved several procedures and a function. The size of these groups ranged from

one to five. Experts generally seemed to correct errors procedure by procedure

(see subjects E4 and E5).

The general single error correction strategy for novices and intermediates

was to repeatedly perform the three steps: (1) Form hypothesis about a bug; (2)

Modify one or more program statements to test the hypothesis: and (3) Run the

program to see the effect of the changes. When the modified statements intro-

duced additional errors, four novices and three intermediates did not immediately

restore the program to the previous state. The experts multiple error correction

strategy had the same three steps. However, their hypothesis was about multiple

errors and their program editing was more extensive. They ran the program after

making several corrections to see effects of the change. The three experts who in-

troduced errors immediately removed them by undoing the previous modification.



Table 3.3. Bug Correction Order

Novices

Subject number Seml Sem2 Sem3 Logl Log2 Log3
Ni 1 2 3 * * *
N2 1 2 3 6 5 4
N3 1 2 * * * *
N4 1 2 * 3 * *
N5 3 1 4 5 1 2
N6 1 2 3 * * *

* did not correct error

Table 3.3a

Intermediates

Subject number Semi Sem2 Sem3 Logi Log2 Log3
Il 1 3 4 2 5 6
12 1 2 3 5 4 *
13 1 2 4 6 3
14 2 3 5 6 1 4
15 1 2 3 .6 5 4
16 1 2 4 5 3 *

Table 3.3b

Experts

Subject number Seml Sem2 Sem3 Logi Log2 Log3
El 3 1 2 1 1 2
E2 2 1 1 1 1 1

E3 2 1 3 4 1 4
E4 1 2 3 1 2 3
E5 2 1 1 2 1 1

E6 1 2 3 4 4 5

Table 3.3c

Legend:
Seml : Semantic error
Sem2 : Semantic error
Sem3 : Semantic error
Logl : Logical error in
Log2 : Logical error in
Log3 : Logical error in

in procedure Read Data
in procedure Bubble Sort
in function Binary Search
procedure ReadData
procedure Bubble Sort
function Binary Search

41
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Tables 3.4a, 3.4b, and 3.4c give the cumulative error correction times for

each subject and each error. There were a considerable differences in total debug-

ging time between the three classes of subjects. The novices, intermediates, and

experts averaged 55, 35, 20 minutes respectively. Novices took as long to find the

semantic error as the experts took to find all the errors. Most novices spent over

half their debugging time working on logical errors.

Table 3.4. Cumulative Bug Correction Time (in minutes)

Novices

Subject number

Ni N2 N3 N4 N5 N6

Initial program
reading time

1 0 0 3 2 0

Time to correct
Seml

14 8 19 5 16 10

Time to correct
Sem2

21 12 21 10 6 13

Time to correct
Sem3

22 16 * * 20 25

Time to correct
Logl

* 66 * 27 35 *

Time to correct
Log2

* 55 * * 6 *

Time to correct
Log3

* 52 * * 12

Total debugging
time (in minutes)

67 66 55 55 35 58

* did not correct error

Table 3.4a
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Intermediates

Subject number

Il 12 13 14 15 16

Initial program
reading time

3 0 2 4 0 0

Time to correct
Seml

4 5 9 8 3 5

Time to correct
Sem2

6 16 12 10 5 14

Time to correct
Sem3

8 18 23 18 7 38

Time to correct
Logl

5 22 38 32 31 43

Time to correct
Log2

12 20 20 6 27 19

Time to correct
Log3

17 * 28 17 25 *

Total debugging
time (in minutes)

17 52 38 32 31 49

* did not correct error

Table 3.4b

Novices modified over twice as many statements (139) as intermediates (62)

while experts only modified 53 statements. Each error could be repaired by

changing only one statement as shown in Appendix Al. Experts changed a single

statement to repair almost all errors. In many instances novices almost totally

rewrote the function or procedure. Over half of the intermediates substantially

revised some functions and procedures. This seems to imply that the novices and

intermediates to a lesser degree are familiar with the functions such as bubble
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Experts

Subject number

El E2 E3 E4 E5 E6

Initial Program
reading time

2 8 7 5 7 0

Time to correct
Semi.

14 12 11 8 17 3

Time to correct
Sem2

7 11 9 11 13 5

Time to correct
Sem3

11 11 12 20 13 7

Time to correct
Logl

7 11 23 8 17 25

Time to correct
Log2

7 11 9 11 13 25

Time to correct
Log3

11 11 23 20 13 33

Total debugging
time (in minutes)

14 12 23 20 17 33

Table 3.4c

sort and binary search, but they know how to perform these functions in only

one particular way. As examples, versions of the Read Data procedure, Bub-

bleSort procedure, and Binary Search function constructed by novices are given in

Figures 3.1a, 3.1b, and 3.1c. All reflect extensive modifications to the original pro-

cedure or function.

3.3. Discussion

The results of this study provide some insight into the differences between

novice, intermediate, and expert programmers and the role of experience. Like
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procedure Read Data (var infile : text; var a : arraytype;
var count : integer);

var
index : integer;

begin
for index := 1 to size do

a[index] := 0;
index := 1;
while not eof(infile) do

begin
while not eoln(infile) do

begin
read(infile, a[index]);
write(a[index]);
index := index + 1;

end;
readln(infile);

end;
count index;

end;

Figure 3.1a. Subject N4's Correct Version of ReadData procedure

procedure BubbleSort (var a : arraytype; count : integer);
var

j, temp : integer;
begin

for i := 1 to count-1 do
for j i+1 to count do

if 41 < a[i] then
begin

temp 4];
a[j] := a[i];

:= temp;
end;

end;

Figure 3.1b. Subject N5's Correct Version of BubbleSort Procedure
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function Binary Search (a : arraytype; key, count : integer) : integer;
var

low, high, middle : integer;
begin

low := 1;
high := count + 1;
middle :----- trunc((low+high) / 2);
while (low <> high) and (a[middle] <> key) do

begin
if key < a[middle] then

high := middle
else

low := middle + 1;
middle := trunc((low+high) / 2);

end;
if key = a[middle] then

BinarySearch := middle
else

BinarySearch := 0;
end;

Figure 3.1c. Subject N5's Correct Version of BinarySearch Function

previous debugging studies we found that experts located and corrected the er-

rors faster and did not introduce new errors. From the protocol data we collected

we can begin to see the reasons for these performance differences.

The debugging strategy used seemed to be the major difference between the

experts and the novices and intermediates. There appear to be two general de-

bugging strategies: comprehension and isolation. The experts used a comprehen-

sion strategy in which they first gained an overall understanding of the programs

and how it functions and then used this knowledge to locate and correct errors.

Novices and intermediates seemed to first attempt a comprehension strategy, and

then shift to the isolation strategy in which they focused entirely on one error at

a time.
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Perhaps the strongest support of the experts' comprehension strategy was

their ability to correct multiple errors at the same time. They corrected both se-

mantic and logic errors at the same time. Often these errors were in different

procedures. Our protocol data showed that the experts made these multiple er-

ror corrections in one minute or less bursts. This type of burst activity suggests

that the experts in their search for the cause of a particular error were able to

recognize and correct other errors they encounted. It would seem impossible to

do this without a good overall comprehension of the program because it involves

recognizing an error in the context of the entire program. The experts also ap-

peared quite confident of their corrections. They did not stop and verify each

correction, but instead waited until all corrections were made before running the

program to verify them.

The data for both the semantic and logic errors indicates that the novices

and intermediates initially attempted to use a comprehension strategy and then

switched to an isolation strategy. They first tried for an overall understanding of

the program, but failed because they adopted a bottom-up-approach in which

they read the program statements in their physical order. From this bottom-up

approach they were only able to gain low level understanding of parts of the pro-

gram. This is in marked contrast to the experts who read the program in the

order it would be executed and hence were able to gain an overall understanding.

The novice and intermediate programmers' lack of success may explain why they

spent less time on their initial study of the program than experts.

After their initial reading, the novices and intermediates quickly plunged

into experimenting with the program. Since the program contained semantic er-

rors, their experimenting resulted in a semantic error message and a pointer to
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the statement where the error occurred. The error message and pointer to the

statement were ready-made for a shift to an isolation strategy. Since most inter-

mediate and novices found all the semantic errors first, it suggests that they suc-

cessfully applied the error message and statement pointer information in an isola-

tion strategy to find all the semantic errors. However, the logic errors were hard-

er to find using the isolation strategy because the only information available was

the discrepancies between the actual output and the correct output. There was

no specific information about the type of the error or where it occurred. This

lack of specific error information seems the most probable explanation for why

the four novices, who could not find all the errors, altogether could find only one

logic error but only failed to find two semantic errors. This suggests that novices

need explicit information, such as semantic error messages, about errors in order

to repair them. They seemed unable to determine which procedure or function

contained the logic errors. Many spent a long time attempting to correct the log-

ic error in the Binary Search function, but could not verify the correction because

of the errors in the Read Data and Bubble Sort procedures.

The isolation strategy adopted by the novices and intermediates seems to

explain why they systematically located, corrected, and verified a single error at a

time starting with the semantic errors. The protocol data showed that when no-

vices and intermediates searched for the cause of a semantic error they generally

confined their search to one procedure or function and frequently passed over a

logic error in the same procedure. They seemed to be looking for the cause of

one particular error and were oblivious to other errors. This is similar to

Vessey's (1985) finding that novices use a depth-first debugging approach concen-

trating on one error at a time.
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Vessey (1985) concluded that experts and novices use the same overall de-

bugging strategy -- comprehension. However, all her subjects were professional

programmers. Our results suggest that experts use a comprehension strategy

while intermediates and novices use an isolation strategy. We believe that some

of our intermediates and novices probably briefly attempted a comprehension

strategy before switching to an isolation strategy. Vessey's results may have

been influenced by the fact that her subjects' task was a paper and pencil exer-

cise.

Our data showed that experts studied a program twice as long as intermedi-

ates and novices before making a modification. This is inconsistent with Gugerty

and Olson's (1986) finding that novices spent more time studying a program than

experts. We believe that the type of errors in the programs account for much, if

not all, of this difference. Our program contained both semantic and logic errors

while the Gugerty and Olson program contained a single logic error. Our sub-

jects received an error message and a pointer to the statement where the error

occurred when they ran the program. Hence many of our subjects attempted to

correct this error first. The only information available to subjects about the logic

error in the Gugerty and Olson study was the discrepancy between the actual

program output and the correct output. Hence the subjects spent the time

studying the program listing and program statement of purpose, and using a note

pad to hand simulate execution of the program in order to find the cause of the

logic error. Another difference was the Mac Pascal environment was familiar to

our subjects while the Gugerty and Olson subjects only had a 25 minute training

session to become familiar with the Turbo Pascal environment. This may also

explain why their subjects did not use on-line debugging tools and ours did.
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In all previous debugging studies the subjects made very little use of on-line

debugging aids. In our study only the experts made use of on-line debugging aids

to trace variables. However, our novices and intermediates inserted debugging

write statements. Many of these were placed inside loops. From the considerable

output they generated, it seemed clear that they only had a general idea about

the error. The few of our experts who inserted debugging write statements

seemed to have a good idea about the error as they placed the debugging write

statements at the beginning and end of subprograms and hence generated only a

small and useful quantity of output. This appears to demonstrate the value of

debugging experience and practice.

3.4. Conclusions

This research provided some insights into the on-line debugging process of

student programmers. Program comprehension was a major difference between

the three classes of student programmers. Experts gained the best understanding

of the program because they read the program in the order in which it would be

executed - main program, read data procedure, sort procedure, and binary search

function. On the other hand many intermediates and most novices read the pro-

gram from beginning to end like a piece of prose. Hence the experts were able to

employ a comprehension approach to debugging while intermediates and novices

employed an isolation approach. The comprehension approach seems to explain

why the experts were faster and more successful in correcting all six errors and

why they often corrected multiple errors. The isolation approach seems to explain

why intermediates and novices were slower and corrected single errors. Lack of

overall understanding of the program and no explicit error messages seems to ex-

plain why novices had so much trouble correcting the logic errors.
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The results from this study indicated that better program comprehension

was the major reason for the superior debugging performance of experts. Howev-

er, in order to provide a solid evidence that program comprehension plays a vital

role in program debugging process, we need to measure the depth and level of

subject program comprehension after the initial program study, at the time of

the first modification, and at the end of the debugging session. The two experi-

ments described in the next Chapter will address this issue.
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Chapter 4

Program Comprehension Differences in Debugging by
Expert and Novice Programmers

4.1. Introduction

In the protocol study reported in Chapter 3 the major difference between

the experts and novices was the experts used a comprehension debugging strategy

while the novices and intermediates used an isolation strategy. It strongly sug-

gested that superior program understanding was the major reason experts were

able to employ this strategy. In other protocol studies (Gugerty & Olson, 1986;

Jeffries, 1982; Jeffries, 1982; Kessler & Anderson, 1986; Vessey, 1985) subjects'

program comprehension also seemed to account for most of the debugging perfor-

mance differences between experts and novices. However, in these studies and our

study the degree of program understanding or whether the subjects gained the

understanding from an initial study of the program or gradually during the

debugging process was not clear.

The two protocol studies reported in this chapter attempt to address these

questions and the hypothesis that the degree of program comprehension is a good

predictor of debugging performance. In both experiments the subject's under-

standing of the program was measured early in the debugging process and again

at the conclusion of the debugging session. A program reconstruction task

(Shneiderman, 1980) was used for the early measure of understanding. In the

first experiment the recall task was administered immediately following the sub-

jects' first modification and it was administered after 12 minutes in the second
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experiment. For the measure of understanding at the conclusion of the experi-

ment a comprehension quiz was employed in the first experiment and doze pro-

cedure (Cook, et al, 1983) in the second.

A recall/reconstruction task is a common measure of program understand-

ing. However, the program recall/reconstruction task used in this experiment is

different from other similar tasks reported in the literature (Wiedenbeck, 1986;

Shneiderman, 1980) in three respects: (a) subjects recalled a defective program,

(b) subjects were not told prior to the experiment that they would have to recall

a program, and (c) subjects knew the overall function of the defective program.

4.2. Experiment 2

4.2.1. Subjects

The subjects in this experiment were six novices and six expert Pascal pro-

grammers, all volunteers. The novices were just finishing their second term of a

Pascal programming course at Oregon State University. The experts group was

composed of graduate students in computer science at Oregon State University.

All experts were very experienced student programmers.

4.2.2. Materials

The program to be debugged was identical to the one used in Experiment 1

except it was implemented as a monolithic program rather a modular program.

Since modular programming facilitates program comprehension of subjects by

allowing them to concentrate on a small portion of a program and to encode that

portion into higher level semantic concepts (chunks) (Shneiderman & Mayer,

1979), we felt a monolithic program would provide a better test of comprehen-

sion. The program was a 50-line Pascal program that read in 19 integer data
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from a file, sorted them in ascending order using bubble sort, and searched for

five key values in the sorted list using a binary search routine. It was written in a

structured fashion with indenting and meaningful names, contained three lines of

comments describing the program, but had no in-line comments. All subjects

were familiar with the binary search routine and the bubble sorting algorithm

used in the program.

There were three logic errors in the program: (a) off-by-one error -- the

number of iterations through a loop is counted incorrectly, (b) assignment state-

ment error -- a variable is assigned incorrect value, and (c) predicate error --

incorrect conditional expression. These three logic errors were identical to the

ones used in the protocol experiment described in Chapter 3. These errors were

selected because they are errors commonly made by students and require

thorough understanding of the problem domain. Semantic errors were not

included in this experiment because our previous protocol study indicated that

subjects can repair these errors without understanding the program.

The listing of the defective program, with three errors, is shown in Appen-

dix Bl. Each of these errors could be corrected by modifying only one statement.

Correct versions of these statements are shown in the defective program listing

as in-line comments.

4.2.3. Procedure

Subjects performed the debugging task individually. They were given a

print-out of the defective table lookup program and a printed copy of input data

file, both of which were also available to them on a micro diskette. They were

also given a copy of the correct output and incorrect output (see Appendix B2).

Subjects were not told how many or what type of errors the program contained
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or that each error could be repaired by changing only one statement. Further,

subjects were informed that they could debug the program at their own pace and

use any debugging techniques. The data gathering procedure was identical to the

procedure used in the protocol study described in the previous chapter. To

measure subjects understanding early in the debugging process, immediately after

the first modification to the program, the program and other materials were

taken away and the subjects were given 20 minutes to create a program on-line

that was as close as possible to the original one. Further, they were instructed

not to change the algorithm(s) used in the defective program. The subjects were

not told beforehand that a reconstruction task would be administered during the

debugging session. For the reconstruction task the subjects began with a pro-

gram template that contained only the declaration part of the program. The

program template is shown in Appendix B3. During their recall task, an experi-

menter recorded the order in which program statements were recalled, the time

spent in each of the three routines of the program, and the total number of refer-

ences to the declaration part contained in the program template. After the pro-

gram reconstruction task subjects resumed their debugging session.

Finally, after debugging session, subjects were given the correct version of

the program and asked to answer nine questions in a comprehension quiz about

the program. The quiz is shown in Appendix B4. The purpose of this test was

to measure subjects' understanding of the program at the conclusion of the

debugging session.

4.2.4. Results

Although the defective program was implemented as a monolithic program,

it contained three distinct functions: read 19 integer data items from the input
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file (Read Data), sort all integer data items using bubble sort (Bubble Sort), and

search for five key values in the sorted list (Binary Search). The grade for the

recalled program was based on separate grading for each routine. Two grading

schemes, one based on functional correctness of the program and the other based

on verbatim recall of the program, were employed.

For functional correctness grading the three functions were broken into a

number of parts (chunks). Each part consists of one or more program statements

and represents a familiar pattern in the specified algorithm. Program parts in

each of these functions are as follows:

Read Data function:

initialize index or count variables

iterate to read in a set of integer values

read an integer value and assign its value to an array element

increment the index variable by one

count the total number of input values

Bubble Sort function:

iterate to count the number of passes

iterate array comparison for each pass

compare two successive array elements

interchange two array elements

Binary Search function:

search for five key values

read in a key value

initialize the beginning (low) and the end (high) of the array elements

iterate search process

compute the value of the middle index
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test for equality and set appropriate index values

terminate search process

The functional recall score is the total number of program parts subjects recalled

correctly. Table 4.1. shows the total number of parts recalled, the number of

parts recalled correctly, and the number of times the part was missing in the

recall for each part for both novices and experts. If a subject recalled a different

algorithm (e.g. linear search instead of binary search) it was treated as missing all

parts. The functional score for each subject is also shown in Table 4.2.

As can be seen from Table 4.1 and Table 4.2, there were considerable

differences between the expert and novice programmers. Experts recalled more

parts (mean = 15.5 for experts, and mean = 11.8 for novices), more parts

correctly (mean = 13.5 for experts, mean = 8.5 for novices), and had fewer miss-

ing parts (mean = 0.5 for experts, and mean = 4.2 for novices) than novices.

For each of the three parameters, Fisher's exact test indicated significant

differences between expert and novice programmers (p < .05). For each of the

three functions experts recalled more parts than novices and a higher percentage

of the parts recalled were correct. Also experts had fewer missing parts for each

function. Both experts and novices performed better in recalling parts contained

in Read Data and Bubble Sort functions than in Binary Search function. Experts

recalled nearly twice as many parts of Binary Search as novices. Furthermore,

novices averaged nearly three missing parts in Binary Search while only one

expert missed one part.

For verbatim recall grading, a statement was graded as correct if it was

identical to the original except for indentation, and spacing. If subjects used

different variable names, changed the statement order, or omitted one or more
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Table 4.1. Functional Score of Novices and Experts by Program Parts

Program
parts

Novices Experts

Number
of parts
recalled

Number
of parts
recalled

correctly

Number
of

missing
parts

Number
of parts
recalled

Number
of parts
recalled

correctly

Number
of

missing
parts

Read
Data

partl 5 4 1 6 6 0
part2 6 5 0 6 6 0
part3 6 4 0 6 6 0
part4 6 6 0 6 6 0
part5 2 1 4 4 3 2

Total 25 20 5 28 27 2
Percent 83% 67% 17% 93% 90% 7%

Bubble
Sort

partl 6 3 0 6 6 0
part2 5 2 1 6 5 0
part3 6 4 0 6 5 0
part4 6 6 0 6 6 0

Total 23 15 1 24 22 0
Percent 96% 63% 4% 100% 92% 0%

Binary
Search

partl 2 2 4 5 5 1
part2 4 4 2 6 6 0
part3 4 2 2 6 6 0
part4 4 3 2 6 4 0
part5 3 4 3 6 5 0
part6 3 0 3 6 2 0
part? 3 1 3 6 4 0

Total 23 16 19 41 32 1

Percent 55% 38% 45% 98% 76% 2%

Overall
Total 71 51 25 93 81 3
Percent 74% 53% 26% 97% 84% 3%
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Table 4.2. Functional Score of Novices and Experts

Subjects
Number
of parts
recalled

Number
of parts
recalled

correctly

Number
of

missing
parts

Novices

N1 16 12 0
N2 9 6 7
N3 16 10 0
N4 6 5 10
N5 9 5 7
N6 15 13 1

Total 71 51 25
Mean 11.8 8.5 4.2
Percent 74% 53% 26%

Experts

El 16 13 0
E2 15 15 1

E3 15 10 1

E4 16 14 0
E5 16 14 0
E6 15 15 1

Total 93 81 3
Mean 15.5 13.5 0.5
Percent 97% 84% 3%

statements, it was counted as incorrect. All in-line comments in their recall were

ignored. In addition, if a subject recalled correctly a corrected version of an

incorrect statement (e.g. count := index) of the defective program, it was con-

sidered as incorrect. One point was awarded for each correctly recalled state-

ment. A subject's verbatim score was the sum of the points.

Table 4.3 shows the total number of program statements recalled verbatim

by subjects. As can be seen from this table, expert programmers recalled more

program statements verbatim than novice programmers (mean percent = 40.9%
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Table 4.3. Total Number of Statements Recalled Verbatim By
Novices and Experts

Program Statement Novices Experts

index := 1; 3 0
while not eof(infile) do 3 4

begin 6 6
readln(infile, Ondex1); 3 2
index := index + 1; 4 2

end; 6 6
count := index; 1 1
for i := 1 to count - 1 do 2 2

for j := 1 to count - 1 do 1 2
if a[j] > a[j + 1] then 2 4

begin 6 6
temp := a[j]; 3 6
84j + 11 := a[j]; 0 0
41 := temp; 0 0

end; 6 6
for i := 1 to numkey do 1 2

begin 3 5
write('key = 1; 4 2
readln(key); 4 6
low :---- 1; 3 6
high := count; 2 2
while low <> high do 1 2

begin 3 6
middle := (low + high) div 2; 2 5
if key >= a[middle] then 1 3

high := middle 2 1

else 3 5
low := middle + 1; 2 2

end; 3 6
if key = a[low] then 0 1

arrayindex := low 0 0
else 1 1

arrayindex := 0; 1 0
writeln('key = ', key, ' value = ', arrayindex); 1 0

end; 3 5

Total 86 107
Mean 14.3 17.8
Percent 40.9% 50.9%
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for novices, mean percent = 50.9% for experts). Most of this difference was

reflected in their recall of the BinarySeach routine. It is interesting to note that

both experts and novices recalled the begin-end pairs (syntactic beacons) better

than any other statements in the program.

The verbatim score of each subject is shown in Table 4.4. Surprisingly

novices had higher verbatim score than experts in the Read Data function (mean

4.3 for novices, and mean = 3.5 for experts), but they scored less than experts

in the Bubble Sort and Binary Search functions (mean =---- 3.3 for novices, and

mean = 4.3 for experts in Bubble Sort function, mean = 6.7 for novices, and

mean = 10.0 for experts in Binary Search function). Note that experts' score is

substantially higher than that of novices in the Binary Search function (p < .05).

Both experts and novices spent almost the same amount of time (approxi-

mately 6 minutes) prior to their recall task and, except for Binary Search func-

tion, recalled almost the same number of program statements. In addition, there

were little differences in the mean overall recall time between the experts and

novices.

The purpose of the post session comprehension quiz was to test subjects'

understanding of the program at the end of the debugging. There were nine

questions in the comprehension quiz, five of which had two parts, and one point

was awarded for each correct answer. This yielded a maximum comprehension

quiz score of 14 points. Subjects' post session program comprehension quiz score

along with recall verbatim score, functional score (total number parts recalled

correctly), and number of errors corrected are shown in Table 4.5. As can be seen

from this table novices scored lower than experts (mean = 10.8 for novices, and

mean = 12.8 for experts) on the comprehension quiz. However, this differnce
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Table 4.4. Verbatim Score of Novices and Experts

Subjects

Function name

Read Data Bubble Sort Binary Search Total

Novices
N1 6 5 13 24
N2 5 3 2 10
N3 4 4 10 18
N4 3 3 2 8
N5 3 0 3 6
N6 5 5 10 20

Total 26 20 40 86
Mean 4.3 3.3 6.7 14.3

Experts
El 4 4 8 16
E2 3 4 11 18
E3 3 4 4 11
E4 6 5 12 23
E5 0 3 11 14
E6 5 6 14 25

Total 21 26 60 107
Mean 3.5 4.3 10.0 17.8

was not significant. Note that the two novices (N1 and N6) who corrected all

three errors had the two highest verbatim recall, functional recall, and post ses-

sion quiz score among the novices. Notice also that the expert (E3) who failed to

correct all three errors had the lowest verbatim, functional, and post session quiz

scores among the experts. Correlation coefficient were calculated between the

debugging performance of subjects (total number of errors corrected) and pro-

gram recall performance (functional score, verbatim score), and post comprehen-

sion score (r = 0.86, r = 0.70, and r = 0.77, respectively). These relatively high

correlation coefficients seem to indicate that subjects' program comprehension is

related to their debugging performance.
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Table 4.5. Comprehension Scores vs Debugging Performance

Subjects Verbatim
score

Functional
score

Post quiz
score

Number of
errors

corrected

Novices

N1 24 12 14 3
N2 10 6 7 2
N3 18 10 10 1

N4 8 5 11 1

N5 6 5 8 1
N6 20 13 14 3

Total 86 51 64 11
Mean 14.3 8.5 10.7 1.8

Experts

El 16 13 14 3
E2 18 15 14 3
E3 11 10 10 2
E4 23 14 12 3
E5 14 14 13 3
E6 25 15 14 3

Total 107 81 77 17
Mean 17.8 13.5 12.8 2.8

The error correction order of experts and novices are shown in Table 4.6.

The four novices (N2, N3, N4, and N5) and one expert (E3), who failed to correct

all errors, all failed to find the error in the Binary Search function. Note that all

subjects except E2 located and corrected only one error at a time.

4.3. Experiment 3

4.3.1. Subjects

A different group of expert and novice programmers at Oregon State

University participated in this experiment. There were six subjects in each group.

As in the previous experiment, the novices were enrolled in the second sequence
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Table 4.6. Error Correction Order

Subjects Logic error
in Read Data

Logic error
in Bubble Sort

Logic error
in Binary Search

Novices

N1 1 2 3
N2 2 1 *

N3 * 1 *
N4 1 * *
N5 * 1 *
N6 3 2 1

Experts

El 2 3 1

E2 2 2 1

E3 2 1 *
E4 1 2 3
E5 2 1 3
E6 1 2 3

did not correct error

of an introductory Pascal programming course, and the experts group was com-

posed of graduate students in computer science department.

4.3.2. Materials

The program used in this experiment was identical to the one used in the

previous experiment (see Appendix B1).

4.3.3. Procedure

As in the previous experiment, subjects were presented listings of the defec-

tive program, input data file, incorrect output, correct output, and the program

on a micro diskette. Subjects were instructed to debug the program at their own

pace and use any debugging techniques. However, they were not told the total

number of errors in the program or the type of the errors contained in the
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program. During the debugging session, an experimenter recorded subjects' ter-

minal activities. After 12 minutes of program debugging all materials were taken

away and a 20 minutes program reconstruction task was administered. After

this program reconstruction task subjects resumed their debugging session.

Finally, after the debugging session, a doze procedure comprehension test was

given to subjects. The doze procedure is a "fill-in-missing-parts" procedure.

Tokens in the program being tested are systematically deleted and replaced by a

blank space. A subject's ability to fill in the blanks is related to the extent to

which the program is understood. The doze procedure version of the program is

shown in Appendix B5.

4.3.4. Results

Since this experiment is almost identical to the previous experiment, the

programs recalled by subjects were graded using both the verbatim and func-

tional grading schemes described in the previous experiment. Even though the

recall task was administered at end 12 minutes, almost all results were the same

or similar to those found in the previous experiment. The rest of this section

briefly describes these results.

Functional recall scores for all subjects are shown in Tables 4.7 and 4.8.

Again as in the previous experiment, experts recalled more parts of each of the

three functions than novices (mean = 13.5 for novices, and mean = 15.8 for

experts) and more often they recalled them correctly (mean = 10.3 for novices,

and mean = 13.1 for experts). Fisher's exact test for each of these differences

between experts and novices was significant (p < .05). Furthermore, experts

were much better than novices in recalling parts in the Binary Search function.

Also, note that all experts except El recalled all 16 parts of the program, while
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Table 4.7. Functional Score of Novices and Experts by Program Parts

Program
parts

Novices Experts

Number
of parts
recalled

Number
of parts
recalled

correctly

Number
of

missing
parts

Number
of parts
recalled

Number
of parts
recalled

correctly

Number
of

missing
parts

Read
Data

part]. 6 6 0 6 6 0
part2 6 5 0 6 6 0
part3 6 5 0 6 5 0
part4 6 5 0 6 6 0
part5 4 2 2 5 3 1

Total 28 23 2 29 26 1
Percent 93% 77% 7% 97% 87% 3%

Bubble
Sort

part]. 5 5 1 6 6 0
part2 6 2 0 6 4 0
part3 6 3 0 6 6 0
part4 6 6 0 6 6 0

Total 23 16 1 24 22 0
Percent 96% 67% 4% 100% 92% 0%

Binary
Search

part]. 5 5 1 6 6 0
part2 5 5 1 6 6 0
part3 4 3 2 6 5 0
part4 3 2 3 6 2 0
part5 5 4 1 6 6 0
part6 4 2 2 6 4 0
part? 4 2 2 6 4 0

Total 30 23 12 42 31 0
Percent 71% 55% 29% 100% 74% 0%

Overall
Total 81 62 15 95 79 1

Percent 84% 65% 16% 99% 82% 1%
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Table 4.8. Functional Score of Novices and Experts

Subjects
Number
of parts
recalled

Number
of parts
recalled

correctly

Number
of

missing
parts

Novices

N1 14 9 2
N2 14 9 2
N3 11 10 5
N4 16 14 0
N5 10 6 6
N6 16 14 0

Total 81 62 15
Mean 13.5 10.3 2.5
Percent 84% 65% 16%

Experts

El 15 11 1

E2 16 13 0
E3 16 15 0
E4 16 13 0
E5 16 15 0
E6 16 12 0

Total 95 79 1

Mean 15.8 13.2 0.2
Percent 99% 82% 1%

only two novices (N4 and N6) recalled all parts. Subjects' recall performance was

better than those in Experiment 2 because they had more time to study and

work with the program.

Tables 4.9 and 4.10 show the total number of statements recalled verbatim

by subjects. Expert programmers recalled more program statements verbatim

than novice programmers (mean percent = 48.5 for novices, and mean percent =

59.0% for experts). This difference between experts and novices was significant

for Binary Search function (p < .05). As in experiment 2, both experts and
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Table 4.9. Total Number of Statements Recalled Verbatim By
Novices and Experts

Program Statement Novices Experts

index := 1; 3 1

while not eof(infile) do 5 5
begin 6 6

readln(infile, a[index]); 4 4
index := index + 1; 4 4

end; 6 6
count := index; 2 1
for i := 1 to count - 1 do 3 4

for j := 1 to count - 1 do 2 4
if a[j] > a[j + 1] then 2 4

begin 6 6
temp := a[j]; 6 6
a[j ± 11 := a[j]; 0 0
a[j] := temp; 0 0

end; 6 6
for i := 1 to numkey do 2 2

begin 4 6
write('key = 1; 4 1

readln(key); 3 6
low :=--- 1; 4 6
high := count; 4 3
while low <> high do 1 3

begin 3 6
middle := (low + high) div 2; 4 6
if key >= a[middle] then 2 2

high := middle 1 3
else 3 3

low := middle + 1; 1 3
end; 3 6

if key = a[low] then 2 2
arrayindex :--= low 0 0

else 2 3
arrayindex := 0; 0 0

writeln('key = ', key, ' value = ', arrayindex); 0 0
end; 4 6

Total 102 124
Mean 17.0 20.7
Percent 48.5% 59.0%
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Table 4.10. Verbatim Score of Novices and Experts

Subjects
Function name

Read Data BubbleSort BinarySearch Total

Novices
N1 4 4 3 11
N2 5 4 7 16
N3 4 4 4 12
N4 7 6 15 28
N5 4 2 3 9
N6 6 5 15 26

Total 30 25 47 102
Mean 5.0 4.2 7.8 17.0

Experts
El 3 4 6 13
E2 7 4 14 25
E3 4 6 13 23
E4 7 6 14 27
E5 3 6 10 19
E6 3 4 10 17

Total 27 30 67 124
Mean 4.5 5.0 11.2 20.7

novice programmers recalled syntactic beacons better than other program state-

ments and recalled almost the same number of statements (mean = 32 for

novices, and mean = 34 for experts).

Subjects' post session program comprehension score is shown in Table 4.11.

Novices scored less in their comprehension task than experts (mean = 8.8 for

novices, and mean = 9.2 for experts) and took more time to complete the post

session comprehension task (i.e. doze procedure) than experts (mean = 8.3

minutes for novices, and mean = 6.2 minutes for experts). Analysis of this data

using a nonparametric test indicated no significant differences between experts

and novices. Note that the two novices (N4 and N6) who corrected all three

errors had the two highest verbatim, functional, and post session quiz scores
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among the novices. The only expert (E6) who did not correct all three errors had

the lowest post session quiz score among the experts. As in Experiment 2, fairly

high correlation coefficients were obtained between the debugging performance of

subjects (total number of errors corrected) and program recall performance (func-

tional score, verbatim score), and post comprehension score (r = 0.77, r = 0.76,

and r = 0.64, respectively).

Table 4.11. Comprehension Scores vs Debugging Performance

Subjects Verbatim
score

Functional
score

Post quiz
score

Number of
errors

corrected

Novices

N1 11 9 8 1
N2 16 9 9 2
N3 12 10 8 0
N4 28 14 11 3
N5 9 6 7 1

N6 26 14 10 3

Total 102 62 53 10
Mean 17.0 10.3 8.8 1.7

Experts

El 13 11 11 3
E2 25 13 9 3
E3 23 15 11 3
E4 27 13 8 3
E5 19 15 9 3
E6 17 12 7 2

Total 124 79 55 17
Mean 20.7 13.2 9.2 2.8

Subjects' error correction order is shown in Table 4.12. All experts except

E6 successfully located and corrected all errors, while only two novices (N4 and

N6) corrected all errors. Experts spent more time in reading the program prior

to their first modification to the program (mean = 4.8 minutes for novices, and
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mean = 7.7 minutes for experts). The error correction order of subjects was

similar to the one found in the previous experiments.

Table 4.12. Error Correction Order

Subjects Logic error
in Read Data

Logic error
in Bubble Sort

Logic error
in Binary Search

Novices

N1 * * 1

N2 * 1 2
N3 * * *
N4 1 2 3
N5 * 1 *
N6 3 1 2

Experts

El 3 1 2
E2 3 1 2
E3 3 1 2
E4 1 2 3
E5 1 1 2
E6 2 1 *

did not correct error

Experts were more efficient than novices in debugging the program (mean

debug time = 35.0 minutes for novices, and mean debug time = 29.2 minutes

for experts). Since other debugging performance measures, debugging strategies,

and activities were similar to those found in experiment 2, they are not discussed

in this section.

4.4. Discussion

In Experiments 2 and 3 subjects' program comprehension was measured

during and after the debugging session. The results indicated a strong connec-

tion between subjects' program comprehension scores and the number of errors

corrected. This confirms the importance of program comprehension suggested in
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previous debugging studies. The results also replicated many findings obtained

in the protocol study reported in Chapter 3. For example, expert programmers

were more efficient in locating and correcting errors; experts corrected almost all

errors and did so at a much faster rate than novices. However, experts' multiple

error correction strategy reported in Experiment 1 was not supported by these

experimental data. One plausible explanation for this behavior may be due to

the fact that only three logic errors and no semantic errors were seeded in the

program.

One surprising observation was that all subjects recalled the correct version

of the incorrect assignment error in swap part of the Bubble Sort routine. A few

experts also recalled the off-by-one error in the Read Data routine correctly. It is

interesting to note that none of experts or novices included the correct version of

the predicate error in the Binary Search routine in their recall. This seems to

indicate that both experts and novices chunk common related statements such as

the swap routine and remember them as a unit, rather than treating each stat-

ment as an independent unit to be remembered separately. Furthermore they did

not seem to realize these statements were incorrect in the program because

almost all subjects failed to locate and correct these error statements immediately

after their recall task. We do not have a good explanation for their behavior

other than that subjects seemed to assume that relatively difficult sections of the

code contain the error. All subjects in both experiments initially thought that

the Binary Search function was entirely responsible for the anomalous behavior of

the program and modified one or more statements in this particular function.

Both expert and novice programmers recalled almost the same number of

statements in program reconstruction task. This result is inconsistent with large
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difference reported by Wiedenbeck (Wiedenbeck, 1986), Shneiderman (Shneider-

man, 1976), and Shneiderman and Mayer (Shneiderman & Mayer, 1979). In the

previous studies the program presented to subjects did not contain comments

describing the overall function of the program and for the recall task they were

not provided a program template containing the declarations. Our experts were

more successful than novices in recalling the entire program. Novices often

recalled many redundant statements such begin-end pairs, incorrect statements,

and statements that are not relevant to the algorithms used in the program. For

example, even though they were told to reconstruct the program two novices in

the first experiment replaced the binary search with a linear search routine in

their recall.

In both experiments, subjects used a program template provided by the

experimenter to reconstruct the original defective program. As expected, in these

experiments, expert programmers' verbatim recall score was superior to that of

novice programmers. It is interesting to note the following three observations

about their program recall: (a) expert programmers used variable names included

in the template more appropriately than novice programmers. For example,

almost all experts used variable name "index" as an index variable while novices

used it as a variable to store the number of data elements read from the input

file. (b) novices frequently declared one new variable name (i.e. boolean : found;)

in the program and attempted to use this variable in the Binary Search routine.

Novices, who attempted to recall Binary Search, recalled the version of the Binar-

ySearch routine given in the textbook prescribed for the class. As a result they

recalled a different version of the Binary Search program. (c) none of the expert

programmers attempted to recall a different algorithm other than the ones used

in the defective program, while a few novice programmers recalled a linear search
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algorithm instead of binary search algorithm. These observations may partly

explain why expert programmers were superior than novice programmers in recal-

ling program statements.

Both expert and novice programmers in the second experiment obtained

higher verbatim recall score than those in the first experiment (see Table 4.13).

A large part of the difference seems attributable by more time studying and

working with the program before the reconstruction task. As mentioned in the

procedure section of the experiments, subjects in Experiment 2 participated in

recall task after their first modification of the program statement, while subjects

in Experiment 3 recalled the program after 12 minutes into the program debug-

ging session. This procedural difference allowed subjects in Experiment 3 to

modify, on the average, more program statements than subjects in Experiment 2.

Table 4.13. Comparison of Experiment 2 and Experiment 3

Subjects'
Performance

(percent score)

Experiment 2 Experiment 3

Novices

Verbatim score 41% 49%
Functional score 53% 65%
Post quiz score 76% 80%
Number of errors

corrected
61% 56%

Experts

Verbatim score 51% 59%
Functional score 84% 82%
Post quiz score 92% 83%
Number of errors

corrected
94% 94%

All subjects in both experiments initially attempted to comprehend the pro-

gram by reading program listing of the defective program, input data, expected
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output, and actual output. Typically expert programmers spent more time in

initial reading of the program than novice programmers. This observation is con-

sistent with the finding reported in Chapter 3. In the previous protocol study,

however, three novices, three intermediates, and one expert did not attempt to

understand the program through initial reading and immediately ran the pro-

gram. This can be explained by the type of errors in the program. Both seman-

tic and logic errors were seeded in the program used in Experiment 1, whereas

only logic errors were studied in the experiments reported in this chapter. Hence

it seemed that the semantic error message along with the line number in the pro-

gram where the error occurred prompted novices and intermediates to run the

program immediately without trying to understand the program at the beginning

of the debugging session. This implies that novices and intermediates tend to use

this explicit error information to isolate the error to a particular segment of the

program in order to limit their search space and to employ error sensitive stra-

tegies to locate and correct errors.

In the 20-minutes reconstruction task in Experiments 2 and 3, the experi-

menter gathered information about the order in which subjects recalled indivi-

dual program statements. During recall all subjects frequently referred to the

variable declaration part of the program template. In general experts' recall of

the program was smoother as novices frequently modified previously recalled pro-

gram statements. Typically, all experts recalled a group of statements, paused

for a few seconds, and then resumed recalling. This seems to indicate that

experts chunk a group of statements in the program and recall them as a single

unit. Experts' program chunking was also quite evident from their in-line com-

ments in the recalled program. For example, experts (E2, E5, and E6 in Experi-

ment 2, and E4 in Experiment 3) inserted either a blank line or an in-line
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comment at the beginning of each function while recalling the program. During

recall none of the novices inserted any blank lines or in-line comments between

each function in the program. This observation plus novices' modification of pre-

viously recalled statements seems to indicate that they do not chunk program

statements as much as experts do.

Various debugging measures such as initial reading time of the program,

total debug time, and total number of errors corrected were recorded for all

experts and novices. Both experts and novices spent almost equal amount of

time in reading the program prior to their first modification to the program.

None of the novices or experts immediately ran the program without doing any

initial program reading. Even though two novices (N2 and N5) spent relatively

more time than others in initial reading of the program, they failed to correct all

errors in the program. All other debugging performance measures (number of

runs, number of modifications, and number of errors introduced) of experts and

novices were the same or similar to those found in Experiment 1. This seems to

indicate that major results obtained in the previous study are replicatable.

During the debugging session, subjects performed several activities. For

example, at the beginning of the debugging, all subjects closely examined the

input data listing, the actual output, the expected output, and the defective pro-

gram listing to find a clue about the error and isolated the error to the Binar-

ySearch function. None of the subjects, however, immediately ran the program

without any initial reading of it. Since the defective program was implemented

as a monolithic program, all subjects read the program from beginning to end in

a physical order. In order to trace the value of a certain variable novices inserted

many debugging write statements inside the loop constructs, while almost all
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experts used the on-line debugging aids. Both experts and novices performed

identical activities during debugging, but experts seemed to carry them out more

efficiently and successfully than novices.

4.5. Conclusions

Previous debugging studies that compared novices and experts inferred that

better program comprehension was the major reason for the superior performance

of experts. Experiment 1 strongly suggested this. The results of Experiments 2

and 3 provide the first solid evidence that experts do obtain a better understand-

ing of the program.

Program understanding may not be that important for locating and correct-

ing semantic errors because the error message with line number information often

helps programmers easily identify the cause of the error. But logic errors are

more difficult to locate and correct because the only information available about

the error is the discrepancy between the actual output and the expected output.

Hence for logic errors, it is important that programmers understand not only the

overall function of the program but also very detailed statement-level under-

standing of the program. Hence for debugging logic errors it seems like the level

of program understanding clearly separates the expert programmers from novice

programmers.

This study also indicated that the primary reasons for the expert program-

mers' superiority in locating and correcting logic errors was their (a) ability to

isolate the error to the program segment where the error manifested, and (b)

ability to select the correct hypothesis. Novice programmers, on the other hand,

had difficulty isolating the error to a program segment. Hence they corrected

only a few of the logic errors and spent more time debugging the program than
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experts.

Even though we found significant differences in program comprehension

between expert and novice programmers, this study did not reveal the full range

of the expert programmers' debugging skill because they debugged rather a small

program in a familiar problem domain.
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Chapter 5

A Model of On-line Debugging Behavior of

Expert and Novice Programmers

5.1. Introduction

Human factors researchers in programming have used notions from cogni-

tive psychology and problem solving to produce conceptual models of program-

mer behavior for various programming tasks. However, only a few researchers

proposed cognitive models for program debugging. For example, Gould (Gould,

1975), and Kessler (Kessler & Anderson, 1986) described models of how errors in

computer programs are detected. Shneiderman (Shneiderman & Mayer, 1979)

developed a generic model to explain the behavior for basic programming tasks

such as program composition, comprehension, debugging, modification, and learn-

ing.

This chapter presents a conceptual model of on-line debugging behavior of

expert and novice student programmers which is based on the results of the three

experiments described in Chapters 3 and 4. The model explains the typical on-

line debugging behavior of expert and novice Pascal programmers. The model

assumes that program contains unknown number of semantic and logic errors.

The debugging model proposed in this chapter is different from previous

models in three ways. First, it explains how errors in computer programs are

detected as well as corrected. Second, it describes the on-line debugging behavior

of both novice and expert programmers. Third, it views program debugging as a

comprehension-like activity.
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5.2. Previous Debugging Models

This section briefly summarizes debugging models reported in the literature.

Gould's (Gould, 1975) model is based on his investigation of how experi-

enced programmers found non-syntactic errors seeded in a FORTRAN program.

In his model, Gould claims that in the experts strategy they first look for indica-

tions of errors. If they find a clue that can lead to the detection of an error, they

generate a hypothesis about the error and then evaluate the hypothesis. Under

certain circumstances such as repetitive failure of a particular debugging stra-

tegy, the expert will resort to a different strategy. Gould also argues that the

experts look for syntactic errors first and then non-syntactic errors. This model is

also supported by Gould and Drongowski (1974) where expert programmers

debugged errors seeded in a FORTRAN program. However, it is not clear to

what extent Gould's model describes the way novices detect errors.

Kessler (Kessler & Anderson, 1986) developed a model of debugging based

on protocol data and introduced a production system simulation of the ideal

novice debugger. Their computational model completely specifies the processes

necessary to debug one-line LISP functions. It does so by breaking the debugging

processes into four episodes: code comprehension, bug detection, bug localization,

and bug repair. Since this model is implemented as goal-directed production sys-

tem, it does not describe the real processes carried out by the novices in each

episode, but it does explain some of the difficulties novices encounter when

debugging LISP functions.

Shneiderman (Shneiderman & Mayer, 1979) developed a cognitive model of

programmer behavior based on a number of controlled psychological experiments.

Shneiderman and Mayer claim that the experienced programmers develop a corn-
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plex multileveled body of knowledge about programming concepts and techniques

during debugging. This model separates the syntactic knowledge from semantic

knowledge. The syntactic knowledge is more precise and detailed information

about the programming language such as the format of iteration, conditional or

assignment statements, valid character sets, and the names of library functions.

The semantic knowledge consists of general programming concepts that are

independent of specific programming languages. It ranges from low-level under-

standing of various program statements to higher level strategies for producing a

specific program. This model also includes a long-term memory for syntactic and

semantic knowledge, and a working memory for construction of problem solu-

tions. Finally, Shneiderman and Mayer suggested that the internal representa-

tion of a program created by the programmers is very critical for successful

debugging.

5.3. Empirical Support of the Model

Our original motivation in pursuing the debugging experiments described in

Chapters 3 and 4 was to see how subjects program comprehension affects debug-

ging, identify what type of processes subjects carry out during debugging, and to

pinpoint why expert programmers differ from novice programmers. Results

obtained from these experiments encouraged us to develop a debugging model.

Hence the support for the debugging model described in this chapter comes from

previous program debugging studies, but primarily from the results of the three

debugging experiments described in Chapters 3 and 4.

5.4. A Model of On-line Debugging Behavior

Gross descriptive models of on-line debugging behavior of novice and expert
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programmers are illustrated in Figures 5.1a and 5.1b, respectively. They assume

that the key to error detection and correction is the programmers' understanding

of the program. By understanding we mean constructing a mental description of

what the program does and how it is done. The following subsections describe

the descriptive model in detail and highlight expert and novice differences.

5.4.1. Initial Program Study

Both expert and novice programmers begin their debugging session by

studying the defective program either on the screen or on the printed listing.

Generally they read program to get an idea about what the program is supposed

to do. However, a few novices in Experiment 1 immediately ran the program,

probably because they were looking for an explicit system error message. A

major expert and novice programmers difference during the initial study is the

order in which they read the program. Experts read the program in the order in

which it would be executed - main program first, then procedures called by the

main program, then procedures called by these procedures, etc. Novices read the

program from beginning to end like a piece of prose. This suggests that experts

first attempt to gain a high level understanding of the program and how it func-

tions while novices use a bottom-up approach to understand the program.

Further, the novices often hand simulate the execution of one or more of the pro-

cedures in the program making notes about the values of the variables at various

stages of the program while the experts often use mental execution of the pro-

gram segments. In addition to the program listing, programmers often studied

the following supplementary materials:

input data file listing
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initial program study

choose program segment thought

to contain error and formulate

a single error hypothesis

study program

and output

locate program statement(s)

thought to contain error and

correct error

rim program to verify

error hypothesis

program

runs correctly?

Figure 5.1a. A Gross Descriptive Model of On-line Debugging Behavior of Novices
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initial program study

formulate error hypothesis and

choose program segment

thought to contain error

study program

and output

locate program statement(s)

thought to contain error and

correct error

undo

modifications

run program to verify
error hypotheses

program

runs correctly?

Figure 5.1b. A Gross Descriptive Model of On-line Debugging Behavior of Experts
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actual (incorrect) output listing

expected (correct) output listing

system error messages

Both experts and novices use the same information sources during initial

study of the program, but, as shown in Experiments 2 and 3, experts are more

successful in gaining an overall understanding of the program and generating a

good quality initial hypothesis. Although a similar observation is reported by

Gugerty and Olson (Gugerty & Olson, 1986), our experimental results seem to

indicate that experts typically spend slightly more time in initial reading of the

program than novices. The amount of time programmers spend in initial reading

is, to some extent, influenced by the type of error in the program. For example,

a semantic error message often leads novices to to move on rather quickly to the

next step, that is, to isolate the error to the statement number indicated by the

error message. As a result they spent less time in initial reading of the program.

On the other hand, a logic error encourages them either to evaluate the

discrepancy between the actual and expected outputs or to read the program to

gain an overall understanding of the program. Since the goal of many experts,

during initial reading, is to understand the overall function of the program so

that they can get clues about errors, they seem to spend more time in initial

reading than novices.

Besides understanding, programmers also try to get clues about errors from

initial study of the supplementary materials. They compare the actual output to

the expected output for discrepancy and carefully the study the system error

message. However, if the actual output for the defective program is not available

or only the error message is known, they always run the program to observe the
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actual state of the program. By examining the input data file listing program-

mers gather information about the number and type of input data items, and

organization of these data items. In addition, system error messages often pro-

vide valuable clues about errors. For example, an error message such as "the

value of a variable or sub-expression is out of range for its intended use" often

prompts programmers to perform one or both of the following actions: (a) verify

whether the given array is declared in the intended range, and (b) verify whether

the index value is correctly computed or manipulated.

Programmers gather information from the "style" features of the program

such as the general purpose of the program (global comments), description of

individual program segments or statements (in-line comments), mnemonic (mean-

ingful) variable names, indentation of the program, and modularization of the

program. The evidence for this observation comes from subjects protocol data in

our Experiments 2 and 3. For example, three novices and one expert in Experi-

ment 2 and three novices and two experts in Experiment 3 drew a number of

braces on the left-hand side of the program listing to mark its block structure.

Both novices and experts also frequently referred to the global comments and

declaration part of the program.

During the initial study, novices often focus their attention on only one seg-

ment of the program, while experts not only pay careful attention to the low-

level details of every segment of the program but also organize the low-level

details into useful chunks. This observation is quite evident from subjects recall

task described in Experiments 2 and 3. The superior chunking ability of experts

partly explains why they are more successful and efficient in locating and correct-

ing errors. Vessey (Vessey, 1986), and Wiedenbeck (Wiedenbeck, 1986) also
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reported that experts form abstract representation of the program during pro-

gram debugging and comprehension.

From these observations, it is quite reasonable to conclude that experts gain

an overall understanding of the functions of the program plus some low-level

knowledge about individual statements, while novices obtain a low-level under-

standing of parts of the program, but not a good overall understanding.

5.4.2. Formulate Error Hypothesis and Choose Program Segment

The goal of the hypothesis generation process is to use the available clues or

a heuristic to isolate the error to a certain program segment and then pinpoint

the error to a particular statement or statements. The process of generating a

good quality error hypothesis, however, poses a major problem for novice pro-

grammers, especially for logic errors. The rest of this section explains in detail

how programmers generate error hypotheses and how they choose the program

segment thought to contain error.

As illustrated in Fig 5.1a and 5.1b, novices and experts differ in the order in

which they perform the following two steps: (a) generate error hypothesis, and

(b) choose program segment thought to contain error. Novices do step (b) and

then step (a) while experts do step (a) and then step (b). Novices' poor under-

standing of the program plus explicit system error messages often encourage

them to select a program segment first and then generate an error hypothesis.

Novices can easily select a program segment thought to cause the semantic

error because when the program is executed the language translator usually

displays the error message along with an indication of the statement where the

error occurred. This is a general program segment selection strategy employed

by both novices and experts.
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The segment selection task is more difficult for a logic error than for a

semantic error because the system does not provide explicit information about

logic errors. Hence the novices have to determine which procedure or function

contain the logic error based on the discrepancy between actual and expected

outputs. Our observations of novices during the protocol experiments indicated

that they tend to use the following two general isolation strategies for logic

errors:

trial-and-error strategy

heuristic strategy

Trial-and-error strategy involves selecting a procedure or function at ran-

dom. It is a most time consuming and inefficient strategy. Poor understanding

of the program and/or inability to find a clue about the error lead novice pro-

grammers to adopt this strategy. Novices also resort to this strategy when all

other strategies fail.

Heuristic strategy involves selecting a procedure or function based on rule of

thumb such as selecting the most complex routine or a large program segment.

Although there were two other errors in the program, almost all novices in

Experiments 2 and 3 first selected the binary search function. It is interesting to

note that novices continued to focus on binary search function even after making

several modifications and no progress.

After a program segment is selected, novices formulate an error hypotheses.

It is assumed that the initial error hypothesis is created primarily through the

initial study of the program. The subsequent error hypotheses are typically gen-

erated by reading the program as well as examining the output from the previous

run. Though the level of detail of the error hypothesis varies across expert and
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novice programmers, it relates at least the input data, actual output, major data

structures of the program, global data, and the algorithms used in the program.

Our protocol studies suggested that novices frequently employ the following

general debugging strategies to formulate an error hypothesis:

trial-and-error

hand-simulation of program segment

debug write statements

back tracking

Some of these debugging strategies of novices are also reported by Gugerty and

Olson (Gugerty & Olson, 1986), and Jeffries (Jeffries, 1982). The most common

novices strategy is debug write statements.

In trial-and-error strategy novices have no good idea about the errors and

quickly plunge into experimenting with the program. They do not have a

thorough understanding of the program.

In hand-simulation strategy novices simulate the execution of the isolated

program segment by making notes about the values of the variable at various

places of the segment program, tracing the control flow of the segment, and

drawing the data structure diagrams. They also refer to the global variables

declaration part of the program, parameters of the procedure, the invoking pro-

cedure of the selected program segment, and all procedures that are invoked by

the selected program segment.

In debug write strategy novices insert debug test writes at various places of

the program segment to keep track of one or more key variables. Novice pro-

grammers insert many more debug write statements than expert programmers.
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They generate considerable output because they insert write statements at inap-

propriate places such as inside a loop and trace the values of variables not

involved in an error.

In backtracking strategy programmers work backward from the incorrect

results (symptom) through the logic of the program segment until they discover

the place where the logic of the program was incorrect. This strategy involves

reverse hand-simulation of the program from where the semantic error occurred

or the discrepancy between the actual output and the expected output appeared.

In our experiments backtracking was the most common strategy used by novices

to locate a semantic error.

Unlike novices, expert programmers generate error hypothesis before they

select the program segment thought to contain error. This is probably because

their program comprehension approach to debugging allows them to form

hypothesis about the error. In addition to some of the strategies (e.g. debug

write statements, and backtracking) used by novices, experts use the following

two strategies to generate error hypothesis.

mental execution of program segment

on-line debug aids

Like novices, experts also use debug write statements in the program. However,

they insert far fewer debug write statements, usually at the end of the procedure

or function. Moreover, experts employ a backtracking strategy to generate error

hypotheses not only when they get system error message but also when the pro-

gram terminates abnormally with partial output. Experts' program simulation

process is purely mental.
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Another important experts error hypothesis generation strategy is to use

on-line debugging tools. Many computer systems provide on-line debugging aids

to get run-time information about the programs. These tools provide various

features such as step-by-step execution of the program, variable tracing, and

partial execution of the program. Expert programmers often use on-line tools to

obtain more information about the running program. But it is interesting to

note that many expert programmers used the on-line debugging tool more as an

information gathering tool rather than a problem solving tool. We do not know

why novices were reluctant to use the on-line debugging tools. The most likely

reasons are: (a) lack of awareness of on-line debugging aids, (b) inability to use

the tool, (c) considered debugging tools not "user friendly", and (d) unable to use

tools effectively.

Expert programmers differ from novice programmers in using various debug-

ging strategies. From our Experiment 1 protocol data it appears that they use

combination of these strategies during debugging. For example, almost all experts

in Experiment 1 used on-line debugging aids plus mental execution of program

segment. One other observation made in all three experiments was their superior

quality error hypotheses. As a result they corrected all errors by making only a

few modifications.

After an initial hypothesis about an error is formed, experts choose the pro-

cedure or function thought to contain the error. Selection of an appropriate pro-

cedure or function is vital for efficient debugging of the program. Correct selec-

tion of a procedure often depends on programmers' overall understanding of the

program obtained during initial study, and the type of the error (semantic vs

logic) they encountered by running the program.
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In order to choose a program segment thought to contain error experts

select either the heuristic strategy or systematic strategy. Our protocol data

revealed that experts' heuristic strategy was similar to the one used by novices.

Generally, these strategy is adopted by expert, but when it fails they tend to

shift to other strategies.

Systematic strategy involves debugging the program in a top-down fashion

in the order in which the procedure or function will be executed - main program

first, then the first procedure invoked by the main program, then the first pro-

cedure invoked by this procedure, etc. In this strategy experts insert debug write

statements to keep track of intermediate values of certain key variables at care-

fully selected places in the subprogram. Program parts which are not yet

debugged are absent or modified as dummy versions (e.g. comment lines). Also,

programmers use on-line debugging tools to observe the state of the program or

to trace values of variables. This is a very effective strategy that was only used

by experts.

5.4.3. Locate and Correct Error

Once the error has been located, programmers attempt to correct the error

by modifying one or more program statements or program segments. Novice pro-

grammers often modify more than one program statement to correct each error

in the program or totally rewrite the program segment because they know how to

code these algorithms in only one particular way. Unlike novices, expert pro-

grammers repair each error by changing very few statements in the program.

Programmers initially seemed to assume that the defective program con-

tained a single error. While looking for clues about the error, however, experts'

overall understanding of the program often helped them locate another error.
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Once experts realize that the program contain multiple errors they read program

and other materials more carefully by focusing their attention on low-level details

or reevaluated their debugging strategy. In Experiment 1, since semantic errors

are relatively easier to locate than logic errors, they frequently found these errors

first. As a result they first tend to correct multiple errors and then verify these

corrections. This multiple error correction strategy of experts shows their

confidence in making the corrections.

From verbal protocol data of Experiment 1, it is very clear that for seman-

tic errors, both novice and expert programmers seemed to comprehend the error

message equally well, but expert programmers are more likely to generate the

correct hypothesis. This is may due to previous experience with the same kind of

errors, and/or better high-level understanding of the program. Most of the time,

novice programmers' error hypothesis is inferior to that of expert programmers,

especially for logic errors. It is assumed that their poor comprehension of the

program partially explains this behavior.

When looking for an error with several possible causes, novice programmers

focus on only one hypothesis at a time until it is verified or rejected. Since

expert programmers use comprehension approach to generate hypothesis for both

semantic and logic errors, they often have multiple hypotheses for a single error

or multiple hypothesis for multiple errors and they switch between hypotheses as

they uncover clues.

Our results from Experiments 2 and 3 showed that if the program contains

only logic errors, experts may not use multiple error correction strategy.

Perhaps, this may be due to the fact that logic errors are typically more difficult

to repair than semantic errors. Another possibility, however, is that Experiments
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2 and 3 contained only three logic errors.

5.4.4. Run Program to Verify Error Hypothesis

The major purpose of this step in programmers' debugging process is to

determine whether their modifications correct the error. However, novice and

expert programmers differ in way in which they run the program. Novice pro-

grammers always perform this task immediately after making modifications to

correct a single error, while expert programmers run the program after modifying

several statements to correct multiple errors. The behavior of subjects in Experi-

ment 1 strongly indicate that novices always work with only one hypothesis at a

time whereas experts work with several hypotheses at the same time during

debugging.

When the modified statements in the program introduce additional errors,

expert programmers always immediately removed the errors by undoing the pre-

vious modifications. However, novice programmers did not always restore the

program to the previous state immediately. Hence they added additional errors to

the program. Gugerty and Olson (Gugerty & Olson, 1986) reported that their

subjects introduced additional errors during debugging, but they failed to explain

why they did so. Our model partly explains why novices introduced many errors

in the program.

After each program run, programmers have to make one or more of the fol-

lowing decisions based on the system error message or the actual output

obtained: (a) select a new program segment, (b) select a new debugging approach,

and (c) select a new error hypothesis. Our observation of subjects indicated that

expert programmers resorted to new debugging approach when they unable to

locate and correct an error. On the other hand, novice programmers usually used
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the same isolation approach, irrespective of the error message or the outputs they

obtained. Further, as long as they received a system error message after each

program run, novices confined their debugging activities to the program segment

indicated by the error message. This seems to indicate novices dependence on

explicit information such as system messages.

5.4.5. Study Program and Output

The major goal of programmers during the subsequent studies of program

listing and outputs is to incorporate new information and form a better under-

standing of the program. They study the defective program and other relevant

materials many times during the debugging session until all errors in the program

are repaired. Since they often overlook key information such as the nature of the

error and the organization of input data during the initial study, subsequent

study of the program is needed. Programmers rarely use input data during sub-

sequent study of the program; rather they utilize the actual output and the

defective program listing. Programmers' subsequent studies of information

materials is almost similar to the initial study of the program except that they

seem to concentrate more on the low-level details of the program. Novices focus

their attention on only one segment during subsequent studies, while experts pay

their attention on every segment of the program.

5.5. Expert/Novice Differences in Debugging

Many studies on program debugging (Jeffries, 1982; Gugerty & Olson, 1986)

identified the major differences between expert and novice programmers. Some

of these differences plus other differences found in Experiments 1, 2, and 3 are

summarized in Table 5.1. The rest of this section briefly explains some of these
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Table 5.1. Summary of Expert/Novice Differences in Program Debugging

Characteristics Novices Experts

debugging approach isolation comprehension

initial comprehension physical order execution order

error correction strategy single error multiple error

error correction order semantic errors and then
logic errors

semantic and logic
errors at the same time

quality of first hypothesis inferior superior

type of error correct only semantic
errors

correct both semantic
and logic errors

error isolation strategies trial-and-error,
system error messages,

systematic,
system error messages,
heuristics

debugging strategies trial-and-error,
hand-simulation,
debug write statements,
backtrack

on-line debug aids,
mental execution,
debug write statements,
backtrack

chunking ability inferior superior

use on-line debugging aids? no yes

rewrite program code? yes no

comprehension methods hand-simulation mental-execution

immediately undo previous
modifications?

no yes

debugging time high low

number of runs high low

number of modifications high low

number of errors corrected correct only few errors correct all errors

number of errors introduced often introduce
additional errors

seldom introduce
additional errors
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differences with respect to the debugging model proposed here.

Previous findings on program debugging reported that expert programmers

locate errors faster than novice programmers, but they did not address or specu-

late why they did so. As in these studies, results from our Experiments 1, 2, and

3 also indicated expert programmers more efficient than novice programmers in

locating and correcting error. Besides, our model seems to explain this difference.

This difference may be due to the following observations: (a) experts made far

fewer modifications to the program than novices, (b) experts ran the program less

frequently than novices, (c) experts introduced fewer errors than novices, and (d)

experts located and corrected multiple errors.

Another major difference between expert and novice programmers is the

way they located, corrected, and verified errors. All experts in in Experiment 1

located and corrected multiple errors, while all novices located and corrected only

one error at a time. This observation of subjects shows that experts work with

multiple error hypotheses and novices evaluate a single error hypothesis. In

order to form multiple error hypotheses, however, experts need to have a deeper

understanding of the program.

It seems like there are two general debugging approach subjects attempt to

employ during the debugging session: (1) comprehension approach, and (2) isola-

tion approach. In the comprehension approach, the programmers attempt to

locate the error by first understanding what the program actually does as com-

pared to what it is supposed to do. The overall understanding of the program

aids programmers to easily identify the cause(s) of the error. In the isolation

approach, the programmers attempt to immediately identify candidate error loca-

tion by searching for clues in the output, recalling similar bugs, testing internal
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program states, or using the knowledge of the application domain. The selection

of this approach frequently leads programmers to directly plunge into the pro-

gram. Programmers who employ comprehension approach spend more time in

their initial study of the program than those who use isolation approach. Pro-

grammers who employ comprehension approach, however, are more successful

and efficient in locating and correcting errors than programmers who use isola-

tion approach. Our protocol data from Experiments 1, 2, and 3 indicated that

experts employ comprehension approach to debugging while novices use isolation

approach. A similar comprehension differences in debugging between expert and

novice programmers is also reported by Gugerty (Gugerty & Olson, 1986).

Both expert and novice programmers study available information materials,

form error hypothesis, choose program segment thought to contain error, modify

one or more program statements, and run program to see the effect of the

changes. Expert programmers, however, are more effective in performing these

steps. They also know when to use one of these steps. For example, when the

modified statements introduced additional errors all experts in our experiments

immediately restore the program to the previous state. This in turn allowed

them to remove the error they introduced immediately and form a new

hypothesis or refine the previous hypothesis.

Expert programmers also differ from novice programmers in selecting the

program segment thought to contain error. After initial study of the program

experts first form an error hypothesis and then select a program segment, while

novice programmers select a program segment based on explicit error message

and then generate an error hypothesis. The order in which they perform these

two steps may not be that critical for semantic errors, but for logic errors it
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determines their debugging success.

5.6. Summary

In summary, the proposed model views debugging behavior of expert and

novice programmers as an iterative program understanding process. It describes

in detail the common processes involved in the on-line program debugging. It

also identifies the following major differences between expert and novice program-

mers: (a) expert programmers seem to employ comprehension approach, while

novice programmers attempt to use comprehension approach, but then shift to

isolation approach in which they focus one procedure or function, (b) expert pro-

grammers always immediately remove the error they introduce by undoing the

previous modifications, while novice programmers do not restore the program to

the previous state immediately, and (c) expert programmers' good quality error

hypothesis help them to repair the error by modifying only few statements, while

novice programmers' inferior error hypothesis encourage them modify several

statements and introduce additional errors.
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Chapter 6

Conclusions and Future Work

6.1. Conclusions

This research provided some insights into the on-line debugging process of

expert, intermediate, and novice student programmers. The major results are

summarized below:

Experts employ a comprehension approach in which they first attempt to

understand the program and then use this knowledge for finding the bugs.

Intermediates and novices employ an isolation approach in which they

immediately attempted to identify candidate bug locations by searching the

output for clues, recalling similar bugs, and testing program states.

Experts correct multiple errors before verifying the corrections while inter-

mediates and novices correct and verify single errors. Intermediates and

novices correct the semantic errors first and then the logic errors while

experts correct both semantic and logic errors at the same time.

Experts are the fastest and most successful in correcting all of the errors,

modify fewer statements, and do not introduce more errors. Novices do not

correct all of the errors, make very extensive modifications and introduce

many new errors. Intermediates correct all of the errors but they make con-

siderable modifications and introduce several new errors.

Experts spend more time in the initial reading of the program than novices

and are better in their initial comprehension of program than novices. Hence
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experts are able to generate a higher quality initial error hypothesis.

Program understanding may not be that useful to locate and correct seman-

tic errors, but for logic errors, it is important that programmers understand

not only the overall function of the program but also very detailed

statement-level information.

Experts' superiority in locating and correcting errors is due to their better

(a) overall understanding of the program, (b) ability to isolate the error to

the program segment where the error manifested, and (c) ability to select

correct error hypothesis.

6.2. Limitations of the Study

There are some limitations to the generalizability of the results reported

here. First, the experiments were a test of program debugging and comprehen-

sion in an experimentally controlled situation. Second, subjects debugged pro-

grams given by the experimenter rather than their own programs. While this is a

fairly common task for professional programmers, it is not the case for most stu-

dent programmers. Third, we investigated the debugging of small, student-

oriented programs, instead of large "real world" programs. A separate experi-

ment will be required to determine whether similar results would be obtained for

debugging of large programs. Fourth, we classified subjects' debugging experi-

ence based on the programming courses they have taken. This may not be a

good criterion for classifying subjects. Finally, since only a few subjects partici-

pated in this protocol study, we attempted only nonparametric statistical tests to

analyze the data.
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6.3. Future Work

The work reported in this dissertation represents only a small step along the

path to understanding debugging. It raises many interesting questions for future

investigations of debugging. A list of some of these questions is given below.

Debugging Strategies

What type of debugging strategies are generally used other than comprehen-

sion and isolation approaches?

When do programmers use the comprehension strategy? the isolation stra-

tegy?

How common are these strategies?

How dependent is the strategy on the information available? on the person?

on the problem domain?

Classifying Debugging Experience

What is a good set of criteria for classifying subject debugging experience

other than years of experience or number of programming courses taken?

Errors

Are different debugging strategies employed if a programmer knows there is

one bug or several bugs?

What effect does proximity between error location and statement where the

error occurs have on debugging behavior?

Program Factors

How important are program style factors such as commenting, meaningful
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names names, indenting, breaking the program into small modules and so

forth in debugging?

Programmer Factors

How important is problem domain knowledge? programming language syn-

tactic knowledge? programming language semantic knowledge?

For what type of errors is program comprehension crucial?

Debugging Aids

Even though on-line debuggers were available for subjects in many experi-

ments, why did most subjects not use them?

"What are the most useful debugger features?

Which debugger features are most useful in support of a particular debug-

ging strategy?

Other than debuggers, what are some useful software tools for assisting the

debugging process?

Debugging Model

How can we evaluate the validity of the debugging model proposed in

Chapter 5?
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1********************************************************************1

The purpose of the program is to read in a set of
integer values, sort them in ascending oreder, and
then search for certain key values in the sorted list.

1********************************************************************1
program Table Lookup (input, output);

const
size = 1000;
numkey = 5;

type
arraytype = array[1..size] of integer;

var
t : arraytype;
i, count, key : integer;
infile : text;

procedure Read Data. (var a : arraytype; var count : integer);
var

index : integer;
begin

index := 1;
while not eof(infile) do

begin
read(infile, a[index]); { readln(infile, a[index]); }
index := index + 1;

end;
count := index; count := index - 1; }

end;

procedure BubbleSort (var a : arraytype; count ; integer);
var

j, temp ; integer;
begin

for i 1 to count - 1 do
for j 0 to count - 1 do

if a[j] > a[j + 1] then
begin

temp := a[j]; temp := + 11; }

end;

{ for j 1 to count - 1 do

a[j + 11 = a[j];
:= temp;

end;

}
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function Binary Search (a : arraytype; key, count : integer) : integer;
var

low, high, middle : integer;
begin

low :-= 1;
high := count;
while low <> high do

begin
middle := (low + high) / 2; { middle := (low + high) div 2; }

if key >= a[middle] then { if key <= a[middle] then }
high :-= middle

else
low := middle + 1;

end;
if key = a[low] then

Binary Search := low
else

Binary Search := 0;
end;

begin
showtext;
reset(infile, 'debug.protocol:data');
ReadData(t, count);
BubbleSort(t, count);
for i := 1 to numkey do

begin
write('key = ');
readln(key);
writeln('key = ', key, ' value = BinarySearch(t, key, count));

end;
end.
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Expected Output

key = 4567

key = 0

key = -5

key = 234

key = 77

value = 19

value = 3

value = 2

value = 0

value = 8
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APPENDIX A3

Partial Episode Outline of Subject N2

Time Activity

2:40 run program

interpreter displays semantic error in Read Data procedure

examine semantic error message

experimenter collects verbal protocol to identify subject's speculation

of semantic error

examine Read Data procedure

examine BubbleSort procedure

examine Binary Search function

examine main program

examine Read Data procedure

examine main program

examine global declaration

hand-execute Read Data procedure

2:43 insert var infile:text as formal parameter in Read Data

procedure header line

modify ReadData(t,count) to ReadData(t,count,infile) in main

program

experimenter collects verbal protocol to identify subject's hypothesis

run program

interpreter displays semantic error in Read Data procedure
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examine semantic error message

experimenter collects verbal protocol to identify subject's speculation of

semantic error

examine main program

examine Read Data procedure

examine main program

examine Read Data procedure

examine main program

examine Read Data procedure

2:46 insert writeln(index) after read(infile,a[index]) in Read Data

procedure

experimenter collects verbal protocol to identify subject's hypothesis

run program

program displays values of index

interpreter displays semantic error in Read Data procedure

examine values of index

examine semantic error message

experimenter collects verbal protocol to identify subject's speculation

of semantic error

examine input data listing

2:48 delete writeln(index) in Read Data procedure

examine Read Data procedure

hand-execute Read Data procedure

modify read(infile,a[index]) to readln(infile a [index])
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experimenter collects verbal protocol to identify subject's hypothesis

run program

interpreter displays semantic error in Bubble Sort procedure

examine semantic error message

experimenter collects verbal protocol to identify subject's speculation

of semantic error

examine Bubble Sort procedure

examine main program

examine Bubble Sort procedure

2:50 modify if a[j] > 4+1] then to if 4] > 4-1] then
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{********************************************************************}
The purpose of the program is to read in a set of
integer values, sort them in ascending order, and
then search for certain key values in the sorted list.

{********************************************************************}

program Debug (input, output);
coast

size = 1000;
numkey = 5;

type
arraytype = array[1..size] of integer;

var
t : arraytype;

j, temp, count, index, key, low, high, middle, arrayindex: integer;
infile : text;

begin
showtext;
reset(infile, 'debug.protocol:data');
index 1;

while not eof(infile) do
begin

readln(infile, a[index]);
index := index + 1;

end;
count := index; { count := index - 1; }

for i 1 to count - 1 do
for j 1 to count - 1 do

if a[j] > a[j + 1] then
begin

temp := a[j]; { temp := a[j + 1]; }

a[j + a[j];
a[j] := temp;

end;
for i 1 to numkey do

begin
write('key = ');
readln(key);
low := 1;
high := count;
while low <> high do

begin
middle :=-- (low + high) div 2;
if key >= a[middle] then { if key <= a[middle] then }



high := middle
else

low :=- middle + 1;
end;
if key = allow] then

arrayindex := low
else

arrayindex 0;
writeln('key = ', key, ' value = arrayindex);

end;
end.
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Expected Output

key = 4567

key = 0
key = -5

key = 234

key = 77

value = 19
value = 3
value = 2
value = 0
value = 8

Incorrect Output

key = 4567

key = 0
key = -5
key = 234

key = 77

value = 0
value = 0
value = 0
value = 0
value = 0
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APPENDIX B3

Program Template

program Debug (input, output);
const

size = 1000;
numkey = 5;

type
arraytype = array[1..size] of integer;

var
t : arraytype;
i, j, temp, count, index, key, low, high, middle, arrayindex: integer;
infile : text;

begin
showtext;
reset(infile, 'debug.protocol:data');

end.



APPENDIX B4

Post Session Quiz

119

What type of sort and search routines are used in this program? Circle
appropriate responses.

Sort: 1. selection sort 2. bubble sort 3. insertion sort
Search: 1. linear search 2. binary search 3. quadratic search

If the statement number 17 was changed to "read(infile, a[index]);", what
would happen during program execution? (Be specific)

If the statement number 23 was changed to "if a[j] < 4-1-1] then", what
values would the program print out for each of these input key values?

key = 4567 value =
key = 77 value =

If the statement number 22 was changed to "for j count-1 downto i
do", would the results of the program be changed?
Yes or No. Briefly explain why or why not.

If the statement number 37 was changed to "middle :--= (low+high) /
2;", what would happen during program execution? (Be specific)

If the statement number 38 was changed to "if key < a[middle] then",
what values would the program print out for each of these input key
values?

key = 4567 value =
key = 670 value =
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For each of these input key values, what values will be printed out?

key -= 33 value =
key = 999 value =

In order to get these output values, what input key values would you type
in?

value = 12 key =
value = 0 key =

How would you modify this program to search for 7 key values?
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APPENDIX B5

Cloze Procedure

01 program Debug (input, output);
02 const
03 size = 1000;
04 numkey = 5;
05 type
06 arraytype = array[1..size] of integer;
07 var
08 t : arraytype;
09 i, j, temp, count, index, key, low, high, middle, arrayindex: integer;
10 infile : text;
11 begin
12 showtext;
13 reset(infile, 'debug.protocol:data);
14 index := 1;
15 while do
16 begin
17 readln(infile, a[indexl);
18 index :=
19 end;
20 count :=
21 for i := 1 to do
22 for j := 1 to do
23 if then
24 begin
25 temp a[j 11;

26 a[j + 1] := a[j];
27 a[j] := temp;
28 end;
29 for i := 1 to numkey do
30 begin
31 write('key = ');
32 readln(key);
33 low := 1;
34 high := count;
35 while do
36 begin
37 middle := (low + high)
38 if then
39 high := middle
40 else
41 low :=
42 end;
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43 if then
44 arrayindex := low
45 else
46 arrayindex := 0;
47 writeln('key = ', key, ' value = arrayindex);
48 end;
49 end.


