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A detailed look at the representations constructed by novice and expert computer
programmers is presented. The issue is addressed by looking at the interaction
between the representation naturally formed by programmers at each level of
expertise and an experimqntally induced abstract or concrete “mental set.” The .
data suggest that, in the absence of an experimentally provided set, experts form
abstract representations (defined here as what a program does), whereas novices
form concrete representations (defined here as how a program functions). The data
also suggest that appropriate sets can aid each group to form the representation
not natural to them; however, these representations are not as stable as the preferred
" ones. The generality of the findings and the utility of the experts representation
of a task is discussed both in relation to computer programming and to problem

solving in other domains.

In the semantically rich domains of skilled
problem solving (Bhaskar & Simon, 1977),
the difference between experts and nonexperts
is both qualitative and quantitative, Not only
do experts perform better than novices on
quantitative measures of skill but experimental

manipulations also uncover qualitative differ- .

ences in the representations and strategies used
by experts. Repeatedly, we find that the work-
ing representations of experts are abstract
conceptualizations of the original problem
statement, whereas those of novices are less
.abstract and focus more on surface features
of the: problem, For example, in a recent ex-
periment, Adelson (1981c) found that expert
programmers - used .abstract, conceptually
based representations when attempting to re-
call programming material, whereas novices
used syntactically based representations. Using
a multitrial free-recall procedure, Adelson
asked novice and expert programmers to recall
a set of 16 lines of programming code that
had been presented in random order. Although
the subjects had not been told that the 16 lines
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could be organized either conceptually into
three programs or syntactically into five cat-
egories according to the control words that
they contained, analyses of the order of recall
for-each group showed that the experts had
clustered the lines into complete programs,
and the novices had clustered the lines ac-
cording to syntactic categories.

The classic result on the abstract nature of
the representations of experts was obtained by
Chase and Simon (1973). They replicated de
Groot’s (1965) findings in which Master chess
players reconstructed with greater than 90%
accuracy midgame boards that they had seen
for only 5 s. They then went on to isolate and
to characterize the chess Masters’ recall clusters
and found that clusters frequently consisted
of chess pieces that formed attack or defense
configurations. This observation suggests an
abstract representation-in which individual
chess pieces are seen as integral parts of larger,
meaningful units. Looking at the recall clusters
of Master Go players, Reitman (1976) also
found abstract representations that were based
on the attack and defense relationships in the
game- board. McKeithen, Reitman, Rueter,
and Hirtle (1981) found that intermediate
programmers cluster the words of a program-
ming language by concept, whereas beginners
cluster the same words alphabetically, Schnei-
derman’s (1977) finding that the recall dis-
tortions of skilled computer programmers
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preserve the concepts but not the specific form
of previously seen material also suggests an
abstract representation.

Chi, Glaser, and Rees (1981) have drawn
inferences about the schemata of novice and
expert physicists from the results of conceptual
sorting tasks and verbal protocols. They sug-
gested that the schema of the novice represents
the surface features of the problem, whereas
the schema of the expert represents the abstract
physical principles involved plus conditions
that specify when to apply the principles.

Lewis (1981) examined the solutions of ex-
perts and novices in algebra problems. He
found that experts often restructure the terms
in the original problem, but novices never do.
The kind of restructuring that Lewis found
suggests an abstraction of the elements of the
problem. For example, complex subexpres-
sions are replaced by single, temporary vari-
ables that more easily allow the appropriate
manipulations. :

Taken together, the above findings seem to
support the suggestion that experts form ab-
stract, conceptual representations of problems,
but novices form representations that tend to
retain the surface elements of the problem.
The research presented in this article gives us
a more detailed look at the representations of
the novice and expert problem solvers by
characterizing some of the properties of the
abstract and concrete representations formed
during the comprehension of computer pro-
grams. Given the kind of information needed
to comprehend programs and given the find-
ings that experts form abstract representations,
it seemed plausible that in comprehending
programs, experts might form abstract, con-
ceptual representations that are concerned
only with what the program does. (This may
be thought of as a representation that includes
information about the output or result of the
program. This point is elaborated on shortly.)
It also seemed plausible that novices might
form concrete representations, specifically
concerned with how the program functions
and not with abstract descriptions of what it
does. (This may be thought of as the algorithm
or specific method used to achieve the result.)

In the previous paragraph and throughout
this article, certain aspects of representations
are considered abstract and certain aspects are
considered concrete. The motivations for these
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distinctions are central to this article, and so
deserve further explanation. The distinctions
are explained first, followed by an account of
why the particular aspects are abstract or con-
crete.

Several disciplines have found it useful to
distinguish between the description of what
something does and how it is done. Ryle (1949)
phrased this as the distinction between know-
ing how and knowing thar. For example, with-
out knowing how to make it:do so, we can
know that a Stradivarius makes a beautiful

- tone. In this article, which focuses on repre-

sentations for computer programs, the dis-
tinction is stated as the difference between what

_ aprogram does and how it does it. This seems

equivalent to Winograd’s (1974) distinction
between  the procedural and declarative
knowledge of a program. , ‘
‘What the program does is equivalent to what
is technically called the output specification;
it refers to the result that the procedure ac-
complishes. How the program does it is called
the algorithm and refers to the method used
to achieve the result. An explanation follows
of why this distinction is appropriate here.
The programs used in this experiment were
written in polymorphic programming lan-
guage (PPL). PPL was designed to be general
to Algol-like, high-level, structured program-
ming- languages. These languages form the
majority of languages currently used in both
educational and industrial settings. In the Al-
gol-like family of programming languages,
there are relatively few high-level constructs
available to the programmer. What this means
is that the programmer ultimately has to spec-
ify all of the steps to be taken to produce any
given result. The contrasting case is a language
in which certain computational procedures are
built in, and the programmer can cause the
program to perform them during program ex-
ecution just by using the name of the proce-
dure, rather than by specifying what must be
done step by step. For example, in PPL if a
programmer wanted to create an i X j matrix
whose cell entries were the average of each of
the corresponding cells in a set of » other i X
Jj matrices, he or she eventually would have to
state explicitly that a set of cells should be
summed and then divided by n and also that
this procedure should be repeated for each of
the i X j cells. On the other hand, in the non-
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Algol language APL, matrices of numberscan
be averaged just by saying the APL name of
the “‘average these matrices” procedure. The
point here is that for the most frequently used
programming languages, the distinction can
be made between what is to be done (e.g.,
averaging a set of matrices) and how that is
to be accomplished (e.g., by repeatedly sum-
ming and dividing). This distinction can-be
made because the programmer can describe
(either internally or to others) what is to be
done, jyet he or she also has to state in the
program the mechanism for doing it. These
distinctions would not necessarily hold for
some of the very high-level, state-of-the-art
languages that are now being developed (as in
the preceding APL example), however, they
do hold both for the programming environ-
‘ments|in which today’s programmers have ac-
quired their skills and for the environment in
which they currently practice them.

Given that the above distinctions are valid,
let us look at how they map onto the abstract
and concrete aspects of the programmer’s
knowledge. Describing only what a program
does (in terms of result accomplished) is ab-
stract in the sense that a single result can be
accomplished in a variety of ways (e.g., in order
to alphabetize a set of references, I can use
Merge sort, Bubble sort, or Shell sort, each of
which juses a very different method, Adelson,
1981a, 1981b, but produces exactly the same
result), In comparison, describing how a pro-
gram functions (in terms of the method that
it employs) is more specific and concrete.
These | distinctions should be thought of as
points; along the dimension of abstraction,
rather [than as absolute end points,

Experiment 1 tests the hypothesis that dur-
ing program comprehension, novices form
representations that include information about
how programs function and exclude infor-
mation about what programs do, whereas ex-
perts form representations which include in-
formation about what programs do and ex-
clude information about how they function.
If this hypothesis is supported, we gain infor-

mation about the nature of the chunks that’

we repeatedly find the expert using. That is,
we not only see that these abstract chunks are
being used but we also see what information
is regularly included in them as useful and
what is left behind as irrelevant detail. In ad-
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dition to giving us information about the
properties of the representation that is natu-
rally formed by novice and expert program-
mers when comprehending a program, the
methodology used also gives us information
on two other issues: First, how does the rep-
resentation used by each group affect their
performance? That is, what tasks are facilitated
and what tasks are hindered based on the in-
formation that is included in the representa-
tions that are formed? And 'second, how flex-
ible can the novices and the experts be? Can
they form representations that are not initially
natural to them, and if so, how effectively can
they then use the information contained in
these representations?

Experiment: 1

In order to test the hypothesis that during
program comprehension an expert represents
a program abstractly, whereas a novice rep-
resents it in more concrete terms, groups of
novice and expert programmers were given
tasks in which they had to. form and to use
both types of representations. It was then pos-
sible to look at the performance of each group
in each situation and to make inferences about
their accustomed way of representing and using
programming information.

Method

Subjects

The subjects formed two groups, Novices and Experts.
The Novice group consisted of 18 Harvard undergraduates
who had completed an introductory course in computer
programming. The Expert group consisted of 18 teaching
fellows for that same course. All subjects were paid vol-
unteers,

Stimuli

The stimulus set consisted of eight PPL programs with
two types of flowcharts and two types of questions for
each of the eight programs. Both the contents and the
syntax of the programs were chosen so that they would
be familiar to both groups. The length and complexity of
the programs were approximately equivalent to programs
assigned as 2-week problem sets for the introductory course
so that they would be manageable to both groups.

The flowcharts were of two types. One.type described
the output resulting from the program, and the other de-
scribed how the program functioned. The flowcharts that
described only what the program did (in terms of result
accomplished) are referred to as the abstract flowcharts.
As stated earlier, this is because they describe what result
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is achieved without specifying what method is being used
to achieve it. On the other hand, the flowcharts that de-
scribed how the programs function are referred to as the
concrete flowcharts, because they represent only the step-
by-step mechanics of the program without providing any
general descriptlve information about what results are de-
rived from the series of steps. The questions consisted of
abstract questions that asked somethmg about what each
program did and concrete questions that asked something
about how each program functioned. Figure | represents
one of the abstract flowcharts ‘used in Experiment I. It
explains that the program creates a two-dimensional array
that is 40 characters horizontally and 20 characters ver-
tically and that the array has its boundaries marked with
a border of bs.

Figure 2 represents the concrete flowchart for the same
program, It tells the subject that the program first creates
a two-dimensional array. It then fills in first the top and
then the bottom borders and then goes back and fills in
the left and right borders. Although the two sample flow-
charts are an extreme example of the difference in length
between the abstract and the concrete flowcharts, all the
concrete flowcharts were longer than the abstract flow-
charts,

Figure 3 represents the program that was described in
the preceding two flowcharts. Although comments are in-
cluded here to guide the reader, subjects saw an uncom-
mented version,

The following are the abstract and concrete questions
for the program presented here.

Abstract question (what the program does):
Is the field wider than it is long?

Answer: Yes. (Width = 40. Length = 20.)
Concrete question (how the program works):
Which border of the field is filled in first?
Answer: Top.

make a field of 20 rows;
each row composed of 40 characters;

each character a space

¥

mark the edges of the field

with character b's

v

1]

stop

Figure 1. Example of an abstract ﬂowchart (This describes
what the program does.)
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For each program, subjects saw one question or the other
(depending on the level -of abstraction and set for that
condition). The answer is presented here for the reader;
of course it was not presented during the experiment.
Although the lengths of correct answers varied somewhat
across items, all tended to be short and of equal length
for both abstract and concrete questions.

Design

The level of abstraction of the flowchart was crossed
with the level of abstraction of the question to form four
conditions for 12 subjects at each level of expertise: two
appropriate set conditions, in which the level of abstraction
of the flowchart and the level of abstraction of the question
match, and two inapproptiate set condmons, in which the
level of abstraction of the flowchart and the level of ab-
straction of the question do not match. In the two ap-
propriate set conditions, subjects saw either.an abstract
flowchart and then an abstract question or a concrete flow-
chart and then a concrete question. In the two inappropriate
set conditions, subjects saw either an abstract flowchart
and then a concrete question or a concrete flowchart and
then an abstract question.

The two dependent variables are comprehension time
(the time it took the subject to say that he or she understood
the flowchart well enough to go on and study the program
with its question) and error rates on the questions. Question
time, the interval between seeing the program along with
the question and being able to write down the answer, was
also recorded and correlated with error rates to investigate
the presence of speed-accuracy trade-offs. (An alternative
measure of question time is the interval from when the
subject first saw the program until he or she completed
writing an answer; however, this longer interval includes
ameasure of the subject’s writing speed as well as processing
speed. Therefore, this interval was thought to be a less
accurate measure of processing time'and was not used.)

Each subject saw flowcharts at only one level of ab-
straction; however, all subjects were asked questions that
were both appropriate and inappropriate to the level of
their flowcharts (four of each), Each subject saw only one
question for each of the eight programs. Programs, ques-
tions, and question types were counterbalanced across
subjects and across conditions. The ordering of appropriate
and inappropriate questions was random. Subjects within
a given level of expertise were assigned randomly to a
flowchart level of abstraction,

Procedure

In order to encourage subjects to form a representation
at a given level of abstraction, subjects were first shown a
flowchart of a program at that level.of abstraction, and
comprehension time was recorded. The flowcharts served
to form a mental set for the subjects. They were then
shown the actual program: along with a question about
the program, and question time was recorded. This pro-
cedure was repeated for each of the eight programs. A
stopwatch was used to record times, and subjects verbally
indicated their readiness to respond. (Because the program
and the flowchart were presented tagether, the subjects
could read the question before studymg the program. This
point is discussed later.)
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. A code only condition was included in which 6 Expert
and 6 Novice subjects saw the program itself immediately
‘and then saw the same program again with the question.

Results and Discussion
Comprehension Task

Presented-in Figure 4 are the results of the
comprehension time measure (in minutes and
seconds) for both the Novice and the Expert
groups. Because this initial measure showed
no significant difference for the two groups,-it
is unlikely that the performance differences
we see on the question time measure result
from differences in the amount of study time

LINE <« A ROW OF 40 SPACES

FIELD <A GRID OF 20 LINES

487

each group had (F < 1). The code by itself
took the longest to comprehend. The concrete
flowcharts were comprehended more quickly,
and the abstract flowcharts were compre-
hended most quickly of all. In minutes and
seconds, Novices 1:39, Experts = 1:35;
Novices = 1:29, Experts = 1:22; Novices ="
0:20, Experts = 0:19; for code -only, concrete
flowcharts and abstract flowcharts, - respec-
tively. The three conditions showed -a signifi-
cant linear trend; F(1, 24).= 22.15, p < Ol.
It seems that the flowcharts at both levels of
abstraction are reducing comprehension time.
(Note that the analyses for comprehension
time, Experiment 1, and task -performance,

[ FIELD[Lu] = 'B |«

YES

l 4<40? LF
NO

X ,
1<207 | [ 1+19}
[ 1<207 ] — =
| FIELDLJ] = 'B |«
YES :
NO :
R »
1<19? IF YES‘ I - [41 Lr—
]

§TOP

Figure 2. Example of a concrete flowchart. (This describes how the program functions.)
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PROGRAM

$MAKEFIELD; ILJ

[1) ...DATA DEFINITIONS IN THE CURRENT ENVIRONMENT
[2] '
131

..$GRID=[1: 1 ROW

..$ROW=[1: ] CHAR
[4]
[s6]

£61

LINE = MAKE (ROW,40,") ...CREATE THE FIELD
FIELD < MAKE (GRID,20,LINE)
..FILL IN TOP & BOTTOM

...BORDER

FOR [+ 1:19:20 DO %
(FOR J<1:40 DO FIELD [1,41+ 'B)
FOR I+ 2:19 DO %

(FOR J=1:39:40 DO FIELD '[l.J]*'B) ...FILL IN SIDES

" Figure 3. Program described by the flowcharts shown in
Figures 1 and 2,

Experiment 2, include the code only condi-
tions. The analyses of response time and error
rates for questions do not include the code
only conditions because the appropriateness
of set factor was not present in these condi-
tions.) '

Responses to Questions

The main effects and two-way interactions
are presented here followed by a detailed look
at the results of the appropriate and inappro-
priate set conditions. The effects of expertise,
F(1, 16) = 2.67, p > .10; abstraction of set
(F < 1); and appropriateness of set (F < 1)
were not significant. The Expertise X Abstrac-
tion of Set interaction, F(1, 16) = 2.67, p <
.10, Expertise X Appropriateness of Set in-
teraction (F < 1), Abstraction of Set X Ap-
propriateness of Set interaction (F < 1), and
Expertise X Abstraction of Set X Appropri-

ateness of Set interaction, F(1, 16) = 2.00,

p > .10, were not significant.

The results of the inappropriate set con-
ditions are presented here followed by the re-
sults of the appropriate set conditions. The
results of the inappropriate set conditions,
where the level of abstraction of the flowchart
and the question do not match, give us infor-
mation relevant to some of the questions that
were posed at the beginning of this article. In
the inappropriate set conditions we can see
what level of representation is most natural
to novices and experts. The rationale is that
in these conditions, the flowcharts inappro-
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priately prepare the subjects to represent the
code at one level of abstraction or another, If
the level that actually is appropriate is their
natural or preferred level, then they would still
be able to perform well. That is, they would
be able to quickly and accurately form a rep-
resentation of the program that is appropriate
for answering the question, and they would be
able to process the information in it despite
the misleading set. However, if the appropriate
level is not natural to them, the effects of in-
appropriate set plus nonnaturalness should
combine, and as-a result, their performance
should be impaired. So the pattern of results
in the inappropriate set conditions would-give
us information about the natural level of rep-
resentation for each group. A condition in
which a group’s performance is good is a con-
dition in which the required representation is
natural, and a condition in which a group’s
performance is poor is one in which the re-

-quired representation is not natural. The

means and standard errors for each condition
are presented in Table 1. In order to focus on
the conceptually interesting questions, the
means are broken down by abstraction of
question.

Inappropriate set conditions. Figure 5isa
visual representation of the means for the in-
appropriate set conditions in Table 1. Looking
at the right-hand side of the figure, the Experts
do better than the Novices when answering an
abstract question. However, on the left-hand
side, the Novices are better than the Experts
when a concrete question has to be answered.
The Expertise X Abstraction interaction for

2:00 |
)
2 140 | N
Z £
Q 1:20
w
@
ﬂ 1:00
5
-z_ 0:40 |
=
0:20 |
I ) l . Il
CODE  CONCRETE ABSTRACT
ONLY

Figure 4. Comprehension times for both Novices (N) and
Experts (E). .
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questions answered in the inappropriate set
conditions was significant, F(1, 8) = 6.00, p <
.05. The results of a Newman-Keuls test
showed that the difference between the Novice
and Expert groups was significant at the .05
level for both abstract and concrete-questions.
For error rates and response times, r = .89,
D < .05. Recall that the current hypothesis is
that novices form concrete representations
whereas experts form abstract representations

during program comprehension. Using the

definitions previously given for abstract and

concrete, .this hypothesis then predicts -that -

following a comprehension task, experts but
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not novices would have difficulty in answering
concrete questions about how a program
functions because the representation that they
have formed no longer includes the details of
how it functions. It also predicts that novices
but not experts would have difficulty in an-
swering abstract questions about what a pro-
gram does because their representation does
not include this type of information. The pat-
tern of results found here supports the hy-
pothesis. Although the results are striking, they
are not counterintuitive when one is thinking
about the underlying representations that are
plausible for each group. The finding that nov-

Table 1 .
Percentage Incorrect (M and SE) for Responses in Experiments 1 and 2
Condition
Inappropriate set Appropriate set Code only
Question M SE A M SE M SE
Experiment 1
Concrete -
Novices 8 2 13 2 8 2
Experts 17 2 8 2 17 4
Abstract
Novices ' 17 4 13 3 17 2
Experts 4 2 4 2 8 3
Experiment 2: Immediate
Concrete
Novices 50 8 38 6 — —
Experts ) 69 5 38 17 —_— —
Abstract ‘
Novices ' 38 6 44 10 _— —
Experts 13 6 38 6 —_ —_
‘ Experiment 2; Delayed
Concrete ‘ B
Novices ’ 38 6 38 6 _ —
Experts 69 5 56 5 —_ —_
Abstract ‘
Novices 56 5 31 10 _— —
Experts 13 6 31 5 —_ —_
Experiment 2: Immediate and delaycd
Congcrete
Novices —_ — — — 25 3
Experts - 50 .4
Abstract
Novices — 50 . 4
Experts — — — — 25 3

Note. — = data not applicable.
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CONCRETE ABSTRACT
Figure 5. Error rates in the inappropriate set conditions.

ices produce concrete representations whereas

experts produce absfract, conceptual ones is’

plausible and has been obtained by others as
well (Adelson, 1981¢; Chi et al., 1981; Simon,
1979). : :

In the code only condition, although the
interaction did not reach significance, the pat-
tern of Experts surpassing Novices on abstract
questions and Novices surpassing Experts on
concrete questions was again obtained for error
rates (F < 1). (See Table 1.) For error rates
and response times in the code only condition,
r = .58, p < .05. The effects of expertise and
abstraction of question were not significant
(Fs < 1).

The results of the inappropriate set con-
ditions suggest that there is a different preferred
level of representation for each group and that
the representation imposes some limitations

on performance. At this point it is interesting

to ask how strongly these performance limi-
tations are fixed., Although it seems difficult

for both groups to switch from their preferred

levels of représentation when they have been
encouraged to use them, it is still possible that
both groups can form representations at their
nonpreferred levels that they can then use ef-
fectively if they are given the proper aid. This
is what was done in the appropriate set con-
ditions.

Appropriate set conditions. Figure 6 is a
visual representation of the means in the ap-
propriate set conditions (see Table 1). The Ex-
pertise X Abstraction interaction for questions
answered in the appropriate set conditions was
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not significant (F < 1). A Newman-Keuls test
showed that abstract and concrete questions
were not differentially difficult at the .05 level
both for the Novice and the Expert groups;
however, the Novices found the abstract
question more difficult than the Experts did.
For error rates and response times, 7 = .95,
r < .05, , :

The data suggest each group can be flexible
in the kinds of representations they can form

-and use effectively. It is interesting that, as we

saw in the inappropriate set :conditions, the
Novices do not-tend to generate an abstract
representation on their own; however, once
they are aided in forming an abstract repre-
sentation, they are able to use it, as we see
here. The evidence. supporting the first claim

' is that in the inappropriate set conditions, the

Novices did significantly worse on abstract
compared with concrete questions (at the .05
level using a Newman-Keuls test). The second
claim is supported by the finding that the
Novices do equally well on abstract and con-
crete questions in the appropriate set condi-
tions.

This may parallel the “production defi-
ciency stage” that is discussed in develop-
mental literature (Flavell, 1977, p. 197). At
this stage a child is able to use a strategy to
improve his or her performance, but the strat-
egy must be suggested by the experimenter;
the child does not adopt it on his or her own.
Before this stage, the child cannot adapt the
strategy, and after this stage, his or her use of

20 | i

o

QO 18

2

o

8 12} -

z NOVICE

= \

@ 8f

4

2 NERT

1 1

CONCRETE ABSTRACT

Figure 6. Error rates in the appropriate set conditions.
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the strategy is spontaneous, The similarity here
is that novices are able to adopt an appropriate
set when it is suggested to them. The dissim-
ilarity is that in this experiment, there is no
consistently appropriate strategy that a more
experienced subject can adopt spontaneously
and can reliably profit from because the level
of abstraction of the question varies randomly.
Therefore, the experts, who spontaneously
adopt the usually helpful strategy of abstractly
encoding the program, suffer when the con-
crete questions come along. Why .experts
spontaneously form an abstract representation
and why this is usually advantageous in com-
prehension tasks is discussed subsequently.
" However, it is interesting to note here that the
experts do not lose the ability to form a con-
crete representation, that is, in the appropriate
- set conditions they do not perform differently
on abstract and concrete questions. This point
also is expanded on later.

Experiment 2

The results of the appropriate set conditions
suggest that -when subjects are given an ap-
propriate .set, their performance on tasks at

their nonpreferred level of problem solving

can improve to-the point where it may equal
their performance on tasks. at their preferred
level. This is supported by the difference be-
tween abstract and concrete questions for both
Novices and Experts (significant by a Newman-
Keuls test at the .05 level) in the inappropriate
set conditions and the lack of significant dif-
ferences in the appropriate set conditions. Even
though we can see that the subjects.do have
some flexibility, how far does it go? Do the
new representations formed by each group last
or does each group remember only what they
are used to remembering? Experiment 2
looked into this question. It also.cleared up
some points of uncertainty that resulted from
the methodology of Experiment 1 while rep-
licating its results.

Method

Subjects

A new group of 24 Novice and 24 Expert subjects served
as paid volunteers. As before, the Novices were Harvard
undergraduates who had completed an introductory course
in computer programming, and the Experts were teaching
fellows for that course.

491

Stimuli

Once again, eight PPL programs were used. This time
the programs were slightly longer and more modular. Once
again an abstract or a concrete set was established for the -
subjects, but it was established differently from Exper-
iment 1. Subjects simultaneously saw the program along
with an abstract or concrete task. In the abstract task, a
main program was presented with its subroutines below
it; however, one line had been deleted from the main pro-
gram, and it was presented to the subject at the bottom
of the program. The subject’s task was to place this line
properly in the main routine. (The subroutines were pre-
sented in an order that would not provide clues as to where
the missing line belonged.) Because the abstract task had
the subject focus on the flow of control of the program, -
it was a task that encouraged the subject to represent only
what the program did. The abstract tasks of Experiments
1 and 2 were therefore similar in the way in which they
fostered abstract representations,

The concrete task had the subject focus on the details
of how the program functioned. In this task, the subject
was told that each program had one or two.bugs that had
to be located. (For readers who are unfamiliar with the
terminology,-errors in a computer program are called bugs;
the process of finding them is called debugging.) Because
the concrete task had subjects concentrate on the details
of how the program functionéd, it was thought to foster
concrete representations in a way that was similar to the
concrete task of Experiment 1. Two of the eight programs
had two bugs; the rest had only one bug. The subjects
however, didn’t know which or how many of the programs
had more than one bug. In addition, the bugs were placed
randomly so that they did not occur predictably early or
predictably late in the programs, This encouraged the sub-
jects to search through each entire program. The bugs
were conceptual rather than syntactic, but they were con-
tained within a single line. An example of a typical bug
would be an incorrect test for the termination of a loop
(e.g., if the program said “while i > 10” when it clearly
should have said “while i < 10”). Bugs were not of the
missing punctuation variety nor were they incorrect but
executable algorithms. .

Design

The level of abstraction of the task presented with each
program was crossed with the level of abstraction of the
question to form four conditions for 16 Novice and 16
Expert subjects: two apprapriate set conditions and two
inappropriate set conditions,

Novice and Expert subjects were divided into two groups,-
with one group of Novijces and one group of Experts re-
ceiving the question immediately after having seen the
program with its task (the immediate conditions) and the
other group of Novices and Experts being given a 1.5-min

" distractor-interval between seeing the program with its

task and answering the question about it (the delayed con-
ditions).

Error rates were recorded for the tasks and the questions.
Two times were recorded: task time (the time it took the
subject to say he or.she was ready to begin to write an
answer to the task) and question time (the time interval
between seeing the question and being able to begin to
write down the answer). The correlation between question
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time and the number of errors on questions was used to
investigate the presence of speed-accuracy trade-offs.

Each subject received tasks at only one level of abstrac-
tion; however, all subjects were asked questions that were
both appropriate and inappropriate to the level of their
task (four of each). Each subject saw only one question
for each of the eight programs. Programs, questions, and
question types were counterbalanced across subjects and
across conditions, The ordering of appropriate and in-
appropriate questions was random. Subjects within a given
level of expertise were assigned randomly to a task level
of abstraction and a delay group.

Procedure

Experiment 2 used basically the same procedure as Ex-
periment 1 but with a few important methodological
changes. Each of the eight stimulus programs was presented
one at a time to each subject. Rather than presenting
abstract and concrete flowcharts before each program, an
abstract or a concrete task was presented simultaneously
with each program. The purpose of the manipulation was
to establish an abstract or a concrete mental set for the
subject.

After completion of the set-establishing task the program
was removed, and subjects were then shown a question
about the program that they had to answer without access
to the program. Once again the question was either an
abstract one or a concrete one. Half of the subjects had
a 1.5-min distractor interval (solving a Rubik’s cube) in
between completing the task and seeing the question,
whereas the other half was shown the question immediately.
A stopwatch was used to record times, and subjects verbally
indicated their readiness to respond to both the task and
the question.

To summarize, there were three main dlﬁ'erences be-
tween Experiments 1 and 2:

1. In Experiment 2, half of the subjects were given a
1.5-min distractor task between seeing the program and
answering the question about if. This allowed us to see
the limits of the effectiveness of the nonusual represen-
tations that were established in the appropriate set con-
ditions.

2. In Experiment 2, the set was established by the task
rather than by a flowchart, which cleared up one of the
methodological problems of the last experiment, because
subjects now had only one source of information (the
program) to use in forming their representation. The pos-
sibility of different subjects having formed their represen-
tations from different materials (i.¢., some using the flow-
chart and some using the program) no longer existed. As
a result, any differences that were found in the inappro-
priate set conditions between groups with different levels
of expertise arose from the differences in the groups’ natural
way of representing the material.

3. In Experiment 2 we also ascertained whether the
performance differences of Experiment 1 were due to dif-
ferences in the ability of the two groups to search through
the code (because the code was no longer present when
these subjects were answering the question). This cleared
up the second méthodological problem of Experiment 1
and tested the replicability of its results.

Code only conditions were again included. In the im-
mediate code only conditions, 4 Novices and 4 Experts

studied the program until they indicated that they un-.

derstood it; they then immediately saw the question ap-
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Table 2 7
Response Times (RT in min:s) and Error Rates
(% Incorrect) for Experiment 2 -

Task group RT Error rates

Novices
Concrete 11:06 84.44
Abstract 4:42 44.44
Code only 5:40 —

Experts '
Concrete 8:54 21.88
Abstract 3:45 15.63
Code only 4;00 : —

Note. — = data not applicable.

propriate to their condition, In the delayed code only con~
ditions, this procedure was repeated with 4 Novices and
4 Experts; however, a 1.5-min distractor task intervened
between seeing the program and seeing the question.

Results and Discussion
Task Results

~ Task response times are presented in Table
2. The effects of expertise, F(1, 24) = 6.28,
D < .05, and task, F(1, 24) = 127.29, p < .05,
were both significant. The Abstraction X Ex-
pertise interaction was not s1gn1ﬁcant F(2,
24) = 2.10, p > .10.

Error rates also are presented in Table 2.
The effects of expertise, F(1, 24) = 29.67, p <
.01, and task, F(1, 24) = 10.96, p < .05, were
significant, as was the Task X Expertise in-
teraction, F(1, 24) = 7.13, p < .05. The de-
bugging task was more open-ended than the
flow of control task because many types of

" bugs were possible even within the restricted

range of the bugs used, and this may have
contributed to its difficulty.

Responses to Questions

The effects of expertise (F < 1); delay (F <
1); abstraction of task, F(1, 16) = 3.19, p >
.09; and appropriateness of set, F(1, 16) =
1.19, p > .10, were not significant, The only
significant second-order interactions were Ex-
pertise X Abstraction of Task, F(1, 16) = 5.45,
P < .05, and Abstraction of Task X Appro-
priateness of Set, F(1, 16) = 25.19, p <
.05. The only significant higher order inter-
action was Expertise X Abstraction of Task X
Appropriateness of Set, F(1, 16) = 17.19,
p < .05.

Inappropriate set condztzons delayed and
immediate groups. The error rates for subjects
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who had no delay are presented in:Table 1.
When a concrete question has to be answered,
the Novices make fewer errors than the Ex-
perts; when an Abstract question has to be
answered, the Experts make fewer errors than
the Novices. The Expertise X Abstraction of
Question interaction is significant here, F(1,
8) = 32.81, p < .001, and the results of a
Newman-Keuls test showed the difference be-
tween the Novice and the Expert groups was
significant at the .05 level for both abstract
and concrete ‘questions. The error rates for
subjects who had both an inappropriate set
and a delay are also presented in Table 1. When
a concrete question has to be answered, the
Novices again make fewer errors than the Ex-
perts; when an Abstract question has to be
answered, the Experts make fewer errors than
the Novices. The Expertise X Abstraction of
Question interaction is significant, F(1, 8) =
32.81, p <.001, and the results of a Newman-
Keuls test showed the difference between the
Novice and the Expert groups was significant
at the .05 level for both abstract and concrete
questions. For error rates and response times
in the inappropriate set conditions, r = .68,
p > .05, :

In the code only conditions, the pattern of
Experts surpassing Novices on abstract ques-
tions and that of Novices surpassing Experts
on concrete questions was again obtained, The
Expertise X Abstraction of Question interac-
tion was significant, F(1, 8) = 11.57, p < .01.
(See Table 1.) No other main effect or inter-
action reached significance at the .05 level.
For error rates and response times, r = .32,
p < .03,

Appropriate set. The main effects and in-
teractions of expertise, delay, and abstraction
were not significant [all Fs < 1 except for the
Delay X Abstraction of Question interaction,
F(1, 8) = 1.42, p > .05]. For error rates and
response times, r = .78, p < .05,

Appropriate set: immediate group. Looking
at the error rates presented in Table 1 for the
immediate condition with appropriate set,
when the task and the question match and
there is no delay between them, Novices and
Experts showed no significant difference on
either abstract or concrete questions. Using a
Newman-Keuls test, no significant differences
were found at the.05 level. This again suggests
that both groups can be flexible in the kinds
of representations they can form and use.
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Figure 7, Error rates in the appropriate set conditions for
the delayed group.

Appropriate set: delayed group. Although
the results for the immediate group suggested
that both groups can perform well when the
proper set for a task is established beforehand,
in the delayed conditions, where subjects did
not see the program and the question simul-
taneously, the effect of the set cannot entirely
overcome the subject’s predisposition.

The mean error rates presented in Table 1
for the delayed appropriate set conditions sug-
gest that after a delay, the pattern of results
begins to return to what it was in the inap-
propriate set conditions; the Novices make
fewer errors than the Experts on the concrete
questions (a Newman-Keuls test was signifi-
cant at the .05 level). The results do not per-
fectly match those from the inappropriate set
conditions; when an abstract question has to
be answered, the Experts and the Novices do
equally well. These data suggest that after a
brief delay, each group tends to remember only
aspects of the program that they are accus-
tomed to remembering. This would be the case
if in the appropriate set conditions, subjects
initially formed both the set-induced repre-
sentation and their naturally preferred type of
representation (in the cases where these two
differ) and then had an easier time in trans-
ferring into or accessing from long-term mem-
ory the type of representation to which they
were accustomed. This process, of initially
forming both types of representations and later
storing or retrieving only the natural one, can
account for the results in the immediate and
the delayed appropriate set conditions. In the
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immediate conditions, the subjects have their
set-established representation along with the
one that they spontaneously form, and so they
do equally well on abstract and concrete ques-
tions. In the delayed conditions, they more
reliably have their preferred representations,
and so they do better on those questions that
are about them (see Figure 7).

Summary and Conclusions »

It is striking to find novices surpassing ex-
perts; however, that fact is important only in
so far as it points out what the problem rep-
resentations of the novice and the expert are
during program comprehension. The ‘data
suggest the representation of the expert is more
abstract and contains more general informa-
tion about what the program does, whereas
the representation of the novice is more con-
crete and contains information about how the
program functions. The methodology used
here shows this by choosing a set of two tasks,
in which one is well-suited for the novices but
not the experts, and the other is well-suited
for the experts but not the novices. This allows

us to see both the utility and the limitation of

each type of representation, The data also sug-
gest that mental sets can be established, en-
abling each group to represent and use infor-
mation in a nonusual way; however, the effect
of the set is limited in that the pattern of each
group’s performance tends, over time, to revert
to the pattern that we find in the absence of
any experimentally. induced set.

The results of these experiments do not sug-
gest that expert programmers lose the ability
to attend to the details of a program. (In the
appropriate set conditions in which there is
no delay, we see that the Experts are quite
good at attending to detail.) Rather, they sug-
gest that experts have learned that, during
comprehension of this type of program, paying
attention to the abstract elements of the pro-
gram is more important than paying attention
to the low-level details. Why this is the case
is discussed shortly. This point can hold even
for non-Algol and/or very high-level languages
in which the distinction between what is ab-
stract and concrete may not map onto the

distinction between what the program does

and how the program functions.,

The literature reviewed in the beginning of
this article suggested that experts formed ab-
stract representations. However, it is interesting
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to look more closely at this kind of finding in
light of the specific nature of the abstract rep-
resentations found here. Jeffries, Turner, Pol-
son, and Atwood (1981) and Atwood and Jef-
fries (1980) collected protocols from computer
scientists as the scientists were designing an
indexing program that would create a list of
the occurrences of a given set of key terms in
a given text. Consider one representative pro-
tocol in which the subject stated in her initial
representation that the solution to the problem
would consist of three main procedures. The
three procedures were: Read in the set of key
terms, compare the key terms to the text, and
store the resulting index. (Although the subject
did not mention it, a procedure to read in the
text would have to be included as well.) This
protocol seems representative of the ones col-
lected, and the way that the problem is stated
does suggest that the experts: represented the
problem statements in terms of what the pro-
gram would do. Another instance of this kind
of representation is found in Atwood, Turner,
Ramsey, and Hooper (1979). They showed ex-
pert programmers’ specifications for to-be-de-
signed programs. The programmers were then
asked to summarize these specifications. An
analysis of the structure of the summaries
produced by the subjects suggested that their
organization reflected the main processes of
the to-be-designed programs (Kintsch, 1974).
Instances of experts representing problems
in terms of what is to be done but not how.
to do it is not limited to the domain of com-
puter science. Brown and Burton (1978) found
that elementary school math teachers, in ac-
quiring their arithmetic skills, had acquired
“macro” or unanalyzed procedures. That is,
although they were expert in performing
arithmetic operations, they had difficulty in
verbalizing what these operations were. This
appears to be another case in which a group
of experts have come to know what they do
without having access to detailed representa-
tions of how they do it. Anderson, Greeno,
Kline, and Neves (1981) and Neves and An-
derson (1981) suggested a model for the task
of generating formal proofs. It seems that their
model would predict the current finding. In
their model, information that is well known
to the subject can be represented as-a pro-
cedure that can be used to match, and thereby
recognize, incoming information very rapidly.
However, knowledge contained in a procedure
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cannot be inspected directly; what the knowl-

edge is can only be inferred by noting what.

the procedure does. Having developed these
procedures, the information comes to be rep-
resented in a way that hides the details of the
processing to be done. Although Anderson is
developing a mechanism for recognizing in-
formation, whereas T am focusingon the for-
mat of the information being recognized, we
both suggest that in some situations experts

will represent information in a way that hides

the details of the processes.

Given that this type of representation does
occur across a number of problem-solving do-
mains, we can ask, What is its utility? In the
above-mentioned study by Jeffries et al, (1981),
in which protocols were collected of experts
designing a book indexing program, one expert
stated early on in her protocol that one of the
three main procedures in the problem solution
would be a procedure in which the key terms
would be compared with the text, She later
went back and compared alterhative methods
for doing this without mentioning the other
aspects of the problem that she had initially
identified as separate processes, This suggests
that representing problems in terms of several
elements. that describe what is to be done is
useful, -because it later allows the expert to

elaborate or to change an element in isolation.
without exceeding the limits of working

memory.

To conclude, previous research had shown
that experts formed abstract representations;
however, the issue of what information was
contained in these representations was not ad-
dressed directly. As a result, it was not known
why abstract representations were of value to
the expert while solving a problem. The data

. presented here address this question. They.

suggest that experts represent the problems
that they are solving as elements that describe

the operations to be performed. The utility of

these elements is that they are easy to work
with and easy to change and thereby allow
the expert to find an optimal solution to a
problem.. :
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