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Expertise in Professional Software Design: A Process Study

Sabine Sonnentag
University of Amsterdam

Forty professional software designers participated in a study in which they worked on a
software design task and reported strategies for accomplishing that task. High performers
were identified by a peer-nomination method and performance on a design. Verbal protocol
analysis based on a comparison of 12 high and 12 moderate performers indicated that
high performers structured their design process by local planning and showed more
feedback processing, whereas moderate performers were more engaged in analyzing
requirements and verbalizing task-irrelevant cognitions. High performers more often de-
scribed problem comprehension and cooperation with colleagues as useful strategies.
High and moderate performers did not differ with respect to length of experience. None
of the differences between the two performance groups could be explained by length of

experience.

Starting with de Groot’s {1978) early study on world-
class chess players, expertise research became a quickly
expanding research area within cognitive psychology
(Chi, Glaser, & Farr, 1988; Ericsson & Smith, 1991b).
More recently, Ford and Kraiger (1995) stressed the im-
portance of expertise research for applied purposes. When
designing training and personnel selection procedures, or-
ganizations need detailed information about skills and
other characteristics required in the work process. In this
context, identifying characteristics of expert professionals
is extremely useful.

Ericsson and Smith (1991a) characterized the goal of
experlise research as being able to ‘‘understand and ac-
count for what distinguishes outstanding individuals in a
domain from less outstanding individuals’’ (p. 2). Thus,
on the conceptual level expertise is equated with high and
exceptional performance. However, within most studies,
advanced students or professionals within a domain were
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regarded as the experts whose cognitive processes and
knowledge structures were compared with those of begin-
ner students and other less experienced persons, the so-
called novices (e.g., Chi, Glaser, & Rees, 1982; Jeffries,
Turner, Polson, & Atwood, 1981; Patel & Groen, 1991).
Such comparisons fall short in explaining high and excep-
tional performance among professionals. In many do-
mains, substantial performance differences exist among
professionals not varying in length of experience (Reif &
Allen, 1990; Simmons & Lunetta, 1993; Sonnentag,
1995).

This article describes a study on expertise in profes-
sional software design. To expand psychological knowl-
edge about expertise and to be relevant for applied set-
tings, expertise was operationalized as high performance
and not as length of experience. Whether a long period
of experience corresponds to high performance was a
question to be answered on the basis of empirical data.
In addition to the analysis of the overall amount of time
spent for specific activities, the study aimed at gaining
insight into action processes.

Characteristics of High Performers

Action theory offers a useful framework for analyzing
actions and explaining high performance (Frese & Zapf,
1994; Hacker, 1986). Following the action theory perspec-
tive, adequate problem comprehension, planning, feed-
back processing, task focus, use of visualizations, and
knowledge of strategies can be regarded as essential char-
acteristics of high performers and their action processes.

Problem Comprehension

Problem comprehension aims at the development of
an adequate problem representation and is therefore an
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essential part of the problem-solving process. By gather-
ing information about the task and relevant situational
aspects, problem comprehension activities form the basis
for planning and executing necessary action steps. There-
fore, extensive problem comprehension activities and ade-
quate problem representation are regarded as essential for
high performance (Glaser & Chi, 1988; Green & Gil-
hooly, 1992). Empirical research in various domains
showed that high performers, compared with others, spent
significantly more time on problem comprehension and
related activities { Klemp & McClelland, 1986; Lesgold et
al., 1988; Schaub & Strohschneider, 1992; Vessey, 1986).
However, some studies reported contrary findings with
more problem comprehension activities being typical for
a lower performance level (Dorner, Kreuzig, Reither, &
Stiudel, 1983; Hershey, Walsh, Read, & Chulef, 1990). A
closer examination of these studies suggests that moderate
performers increased their problem comprehension activi-
ties late in the problem solving process, which can be
explained by an inability to build an adequate problem
representation early in the process (Green & Gilhooly,
1992; Klein & Hoffman, 1993). Taken together, research
indicates that early problem comprehension is crucial for
successful problem solving. It can be assumed that high
performing software designers are more engaged in prob-
lem comprehension activities than are moderate perform-
ers, particularly in the beginning of task accomplishment.

Hypothesis 1: High performers will spend more time
on problem comprehension early in the process than will
moderate performers.

Existing research has concentrated mainly on the
amount of problem comprehension (Glaser & Chi, 1988;
Green & Gilhooly, 1992). However, within applied re-
search relatively little is known about the problem com-
prehension process. Therefore, the present study aimed
additionally at a deeper analysis of the problem compre-
hension process. One aim was to explore whether the way
persons arrive at an understanding of a problem differs
across performance levels.

Planning

During planning, decisions about future action steps
and their sequence are made (Hacker, 1986; Hayes-Roth &
Hayes-Roth, 1979; Miller, Galanter, & Pribram, 1960).
Planning is an important prerequisite for successful task
accomplishment because by planning, difficulties and pos-
sible sclutions can be anticipated. For example, how to
deal with situational constraints, such as time limits or
scarce resources, can be decided. Furthermore, planning
implies forming intentions that help in initiating goal-
relevant actions {cf. Gollwitzer, 1993). Previous research
with student subjects as well as managers and service
workers showed a positive relationship between amount

of planning and performance (Dérner et al., 1983; Earley,
Wajnaroski, & Prest, 1987; Klemp & McClelland, 1986).
Therefore, it is assumed that high-performing software
designers spend more time on planning than do moderate
performers.

Hypothesis 2: High performers will spend more time
on planning than will moderate performers.

Feedback Processing

Feedback processing comprises a comparison between
a present situation and the cognitive representation of the
goal. Processing the feedback allows one to evaluate how
far a pursued goal has been achieved. In case of a discrep-
ancy between a goal and the present situation, new action
steps can be started ( Carver & Scheier, 1982). Thus, feed-
back processing is helpful in accomplishing the task. Re-
search shows that actively seeking feedback is positively
related to good performance in problem-solving tasks. For
example, Dorner et al. (1983 ) found that high performers
working on a complex task did not develop more hypothe-
ses but evaluated the correctness of their hypotheses more
often. This finding is consistent with results of a study by
Simmons and Lunetta (1993) who reported that high-
performing biologists more often processed feedback by
questioning the correctness of their actions; lower per-
forming biologists did not justify their actions. Similarly,
Rohwer and Thomas ( 1989) found more continuous per-
formance monitoring in highly performing participants.
Given the feedback processing activity of high performers
during software design, one can expect that high-per-
forming sottware designers would spend more time evalu-
ating their design solutions than do moderate performers.

Hypothesis 3: High performers will spend more time
for feedback processing than moderate performers.

Task Focus

The hypotheses concerning problem comprehension,
planning, and feedback processing refer to specific on-
task activities. However, it can not be taken for granted
that high and moderate performers differ only with respect
to the amount of time spent on these specific on-task
activities. An additional difference between the two
groups might be seen in the extent in which they are
engaged in on-task versus off-task activities. Ruminative
and task-irrelevant cognitions can be regarded as typical
examples of off-task activities in the context of problem
solving and design tasks. Research on rumination shows
that task-irrelevant thoughts are positively related to fail-
ure and low performance (Mikulincer, 1994; Mikulincer,
Kedem, & Zilcha-Segal, 1989). Therefore, with respect
to software design, it is assumed that high performers
spend less time on task-irrelevant cognitions than do mod-
erate performers.



Hypothesis 4: High performers will spend less time on
task-irrelevant cognitions than will moderate performers.

Previous expertise research paid little attention to task-
irrelevant cognitions (for an exception, see Shanteau,
1988). As very little is known about how task-irrelevant
cognitions are handled during the working process, the
current study examined whether high and moderate per-
formers differ with respect to the way they deal with task-
irrelevant cognitions.

Visualizations

Empirical studies show that visualizations (i.e., graphi-
cal representations such as sketches and diagrams) play
an important role in design and related activities (Bel-
lamy, 1994; Black, 1990). Visualizations can directly sup-
porl the problem-solving process by displaying all infor-
mation needed in a condensed way (Larkin & Simon,
1987). Although researchers agree about the importance
of visualizations, empirical research has not yet answered
the question unequivocally on whether high or moderate
performers rely more on visualizations ( Adelson & Solo-
way, 1988; Chi et al., 1982; Davies, 1992). Two arguments
speak for a higher visuvalization activity of high perform-
ers: First, visualizations help in arriving at an adequate
problem representation (Anzai, 1991; Chi et al., 1982).
Second, because visualizations show graphically possible
flaws or inconsistencies inherent in design solutions, they
can serve as an important basis for later feedback pro-
cessing. Assuming that high performers aim at optimizing
problem representation and feedback processing (Gla-
ser & Chi, 1988; Green & Gilhooly, 1992; Simmons &
Lunetta, 1993), it is likely that they will produce more
visualizations during problem comprehension and solu-
tion development than will moderate performers.

Hypothesis 5: High performers will proeduce more visu-
alizations than moderate performers.

Knowledge of Strategies

Studies on knowledge differences between experts and
nonexperts belong to the core of expertise research, Most
studies compared experienced with less experienced per-
sons {Chi et al., 1982; Soloway, Adelson, & Ehrlich, 1988;
Voss, Greene, Post, & Penner, 1983). Thus, most of this
rescarch focused on knowledge effects of experience
rather than of high performance. Furthermore, declarative
knowledge was studied more often than procedural
knowledge (Chase & Simon, 1973; McKeithen, Reitman,
Rueter, & Hirtle, 1981). The question arises whether
knowledge differences hold for high versus moderate per-
formers and whether such differences exist also for proce-
dural knowledge. Research on complex problem solving
suggests that high and moderate performers use different
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strategies for task accomplishment (D8rer & Scholkopf,
1991). Therefore, one can assume that high performers
have a2 more comprehensive knowledge of successful
strategies (Frese & Zapf, 1994; Hacker, 1986, 1992).
Models within industrial and organizational psychology
specifying procedural knowledge as an important deter-
minant of performance support this contention (Camp-
bell, McCloy, Oppler, & Sager, 1993).

Hypothesis 6: Compared with moderate performers,
high performers will know more about strategies.

Length of Experience

Previous expertise research has shown that length of
experience is an important variable when comparing stu-
dents with professionals (Adelson, 1981; Etelipelto,
1993; Jeffries et al., 1981). However, only a few expertise
studies examined whether length of experience matters
within samples of professionals. Some of these studies
found that experienced professionals differed from less
experienced colleagues with respect to performance and
working processes (Koubek & Salvendy, 1991; Wig-
gins & O’Hare, 1995), whereas other studies did not
(Charness, Krampe, & Mayr, 1996; Ericsson, Krampe, &
Tesch-Romer, 1993; Sonnentag, 1995). Thus, the question
is not yet answered whether length of experience plays
as crucial a role for performance differences within pro-
fessionals as it does for differences between students and
professionals. Therefore, the present study examined
whether length of experience can explain differences in
performance level.

Method

Participants

Forty professional software designers participated in the
study. They were recruited from 16 professional software devel-
opment teams in Germany. These teams produced information
and communication systems as well as software for logistic and
pracess control purposes. One team was engaged in developing
an expert system. Participants had a mean professional experi-
ence of 6.9 years (SD = 2.9) ranging from 3 to 14 years. During
their careers, participants had worked with an average of 3.1
different programming languages (SD = 1.6). Mean age was
33.3 years (S§D = 5.1). Thirteen (32.5%) of the participants
were female. Software designers were paid for their participa-
tion in the study. Payment was not contingent on task
performance.’

For analyzing differences between high and moderate per-
formers, 24 out of 40 participants were selected on the basis of
peer nominations and design task performance (see below ).

' The sample of this study was partially overlapping with the
sample studied by Sonnentag (1996).
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Material

As a software design task, the lift control problem was cho-
sen. The goal of this task is to design a software system that
controls the movement of N lifts between M floors whereby a
number of constraints must be taken into account (see the Ap-
pendix for a full description and English translation of the task).
The lift control problem can be characterized as an ill-structured
and knowledge-rich task specified by an informal, incomplete,
and ambiguons description {Guindon, 1990}. It therefore incor-
porates the essential features of a realistic software design task.

Procedure

The first part of the study consisted of a peer-nomination
procedure conducted in the 16 participating software develop-
ment teams. [n the second part of the study, software designers
participated in individual sessions in which they worked on the
lift control problem. Participants had 120 min to complele this
task. They were told that they did not need to write a detailed
program but should produce a design solution that they could
hand to an experienced programmer who would implement the
program. The instruction stressed that the main ‘“‘thinking
work’” should be incorporated in the participants® design solu-
tions. No restrictions with respect to design method, program-
ming language, and notations were made. Participants were pro-
vided with pens of different colors and as much paper as they
needed. They were allowed to write down everything they
wished, including sketches, notes, and questions to themselves.
Participants were asked to think aloud while working on the
task. The following verbalization instruction was used: ‘T am
not only interested in the solution you arrive at, but alsa how
you arrive there. Therefore, I would like you to think aloud
while working on this task. What does thinking aloud mean?
Take it literally. Think/reflect ( Uberlegen Sie) with a loud voice.
Please verbalize everything that is in your mind while you are
busy with the task, even if it might seem unimportant, including
thoughts and ideas that at first glance might have nothing to do
with the task. It is important that you do not judge your thoughts
before verbalizing them.”” When participants stopped verbaliz-
ing for more than 15 s they were prompted to continue. Verbal-
izations were tape-recorded and later transcribed fully. After
having completed the design task, participants were interviewed
about the strategies they followed and about their knowledge
of strategies.

The task description, all instructions, verbalizations, and re-
ported strategies were in German.

Identification of High and Moderate Performers

In a peer-nomination procedure every member of the 16 par-
ticipating software teams was asked individually to indicate
whom in the team he or she regarded as a “*very good software
professional”” Subsequently, it was computed how often each
software designer in the participating teams was nominated by
his or her peers. To make sure that there was a certain amount
of agreement among team members about the team’s very good
sofiware professional, only software designers who were named
by at least two of their peers were considered as possibly high

performers. Software designers who were not named at all were
considered as possibly moderate performers.

The validity of the peer nomination measure was tested by
analyzing participants’ design task performance. Participants’
hand-written design soltutions produced for the lift control prob-
lem were type-written and given a standard format. Raters blind
to peer nomination outcomes and to the course of participants”
design processes evaluated these type-written, standard format
design solutions on the basis of four design criteria (algorithm
quality, modularity, comprehensibility, and detail) on 5-point
Likert scales. The four design criteria were combined into one
measure of design task performance (Cronbach’s & = .79).
Twenty designs were evaluated by two independent raters. In-
terrater agreement for the combined measure of design task
performance was r = .87, Analysis showed that participants
nominated by at least two peers showed a better design-task
performance (M = 3.1, SD = 0.8) than participants not nomi-
nated at all (M = 2.4, SD = 0.9; #(38) = 254, p < 05;d =
0.80), indicating convergent validity of peer nomination and
design task performance.

To arrive al a performance measure with high external and
internal validity, peer nomination ouvtcome and design task per-
formance were combined into one measure: Twelve participants
who were named at least twice in the peer nomination procedure
and who showed a design task performance above the median
were regarded as high performiers.” Twelve participants who
were not named at all in the peer-nomination procedure and
who showed a design task performance below the median were
regarded as moderate performers.

Dependent Measures

With respect to the design task, three types of dependent
measures were assessed: verbal protocol data, visualization data,
and knowledge about strategies. Additionally, length of experi-
ence was measured. Means, standard deviations, and intercorre-
lations of all dependent measures are shown in Table 1.
All raters involved in the coding process were unaware of
peer-nomination outcomes and participants’ design task
performance.

Verbal protocol data. Tape-recorded thinking-aloud proto-
cols were verbally transcribed and segmented. A complete
phrase constituted one segment. In the case of incomplete
phrases, the incomplete parts of a phrase were regarded as the
segment unit. The average length of a transcribed verbal protocol
was 491 segments {(SD = 185).

Verbalizations were categorized segment by segment using a
category system comprising problem comprehension, planning,
feedback processing, task-irrelevant cognitions, comments, and
solution development. Problem comprehension was operation-
alized by two categories: problem comprehension by analyzing

2 Originally, 15 participants named in the peer-nomination
procedure as a “‘very good software professional’” showed a
design task above the median. To keep the high and moderate
performance groups equal in size, I regarded only the 12 peer
nominated participants with the highest design task performance
as high performers in further analyses.
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Table 1
Means, Standard Deviations, and Intercorrelations of Dependent Measures
Measure M SD 1 2 3 4 5 6 7 8 9 10 11

% of verbal protocols

t. PC by requirements 159 8.7 (.87)

2. PC by scenarios 5.6 4.7 .05 (.96)

3. Planning ahead 1.6 1.4 .01 —-.18 (.69)

4. Local planning 4.3 2.1 .03 -.07 38* (.82)

5. Feedback processing 10.9 8.2 =27 -.24 .18 .02 (.68)

6. Task-irrelevant cognitions 2.8 4.1 .01 -.12 28 —.19  —41% (8D

7. Comments 58 42 -13 .03 A1*F 27 =27 43% (D)

8. Solution development 520 10.0 —.56**% 30 26 -30 -4 —.16 =.35%  (.86)
Visualizations

9. Problem visualizations 075 044 -.02 32% 0 —01 -=37% =11 .04 -.14 04

10, Solution visnalizations 030 046 -.14 21 00 22 27 -.25 06 -5 .00
Knowledge

11. No. of strategies 3.0 1y =32+ 13 08 .19 41% - 35% -.14 04 07 38%
Experience

12. Length of experience 69 29 Ot 24 —14 =12 -4 -.09 —-.10 020 .09 00 00
Nore. N = 40, PC by requirements = problem comprehension by analyzing requirements; PC by scenarios = problem comprehension by scenarios.

Interrater agreements are in parentheses.
*p < 0S. ¥*p < 01,

requirements (i.e., reading the requirements given in the task
description and reflecting on them) and problem comprehension
by scenarios (i.e., reflecting on typical problems and scenarios
within the lift domain}. Similarly, two planning categories were
differentiated: planning ahead (i.e., reflecting and deciding on
the future course of action; thinking about what 1o do first and
what to postpone), and local planning (i.e., thinking about the
next step without extensively reflecting on it). There was one
category for feedback processing (i.e., evaluating the designed
solution ) and one for task-irrelevant cognitions (i.e., statements
having nothing to do with the lift control task). Although no
hypotheses had been formulated with respect to the categories
comments (i.e., commenting on their own working process ) and
solution development (i.e., designing the outline of the software
system}, they were included to ensure a complete categorization
of the verbal protocols.

To examine the design process at a more detailed level and
to test Hypothesis 1 which predicted problem comprehension
differences only early in the process, 1 divided the total working
time of each participant into four equal time intervals, resulting
in four phases with a length of 30 min each. For these four
phases, the percentage of each verbal protocol category was
also computed.

For reliability analysis, 20 verbal protocols were categorized
by two independent raters both at the segment and the protocol
level. At the segment level, the first rater’s categorization of
every statement was compared with the second rater’s categori-
zation of that statement. Fellowing this procedure, the average
agreement of the two raters was 77.5%. The corresponding Co-
hen’s kappa of .65 can be regarded as satisfactory (Landis &
Koch, 1977). Reliability analysis at the protocol level was based
on the respective percentages for every category provided by
the first and second rater Correlations ranged from r = .68
(feedback processing) to r = .96 {problem comprehension by
scenarios) with a median correlation of r = .82 for all seven

categories. All further analyses were based on the categoriza-
tions provided by the more experienced rater.

Visualization data.  Visualization data were based on graph-
ical representations and sketches produced by the participants.
A differentiation was made between problem visualizations and
solution visualizations. Sketches showing houses, lifts, and their
buttons were coded as problem visualizations. Graphical repre-
sentations of data structures or relationships between separate
modules were coded as solution visualizations. Both visualiza-
tion measures were dichotomous. Additionally, the total amount
of notes taken was assessed by computing the number of pages
participants had filled with notes, visnalizations, and descrip-
tions of the design solution. This variable was used later as a
control variable.

Knowledge abour strategies. For assessing knowledge
about strategies, a procedure suggested hy Wolff {1989) was
adopted: Participants were asked to imagine an inexperienced
colleague having to work on the lift control problem and to
describe strategies they would recommend to this inexperienced
colleague. Strategies were referred to as ‘‘higher order princi-
ples’™ and illustrated by an example: ‘‘A higher order principle
could be to start with the most simple part of the task-—or to
start with the most difficult part.” Strategies recommended by
the participants were verbally recorded. The number of recom-
mended strategies was computed and used as knowledge mea-
sure in the analysis,

One might argue that the number of recommended strategies
does not only reflect knowledge but also verbalization skills. To
rule out this interpretation, an index for verbalization skills was
computed and used subsequently as a covariate. Participants
were asked which strategies (again referred to as higher order
principles) they had used while working on the lift control
problem and which strategies (higher order principles) they
usually pursued in their everyday work situations. The verbaliza-
tion skills index was computed by averaging the number of
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these two types of reported strategies (r = 31, N =40, p =
034).

In addition to the number of recommended strategies. the
content of these strategies was analyzed using a fine-grained
category system developed by Sonnentag (1996). Strategies
recommended by 20 participants were categorized by two raters
resulting in an interrater agreement of 85.3% (Cohen’s x =
.84). For comparing high and moderate performers the follow-
ing strategies named by at least 25% of the total sample (N =
40) were analyzed: intensive problem comprehension, coopera-
tion with colleagues, and ‘‘divide and conquer’’ (i.e., divide the
overall problem into subproblems and work on each of these
sub-problems subsequently).

Length of experience. Participants indicated the length of
their professional experience. ‘

Results

Test of Hypotheses

Table 2 presents means and standard deviations of the
verbal protocol categories for the two performance
groups, both separately and averaged over the four phases.
For every verbal protocol category a 2 X 4 analysis of
variance (ANOVA) was used with performance level as
a between-subjects variable and phase as a repeated vari-
able (within-subject). ANOVA results are provided in Ta-
ble 3.

With respect to *‘problem comprehension by analyzing
requirements,”’ the ANOVA across all four phases showed
that high performers spent less time analyzing require-
ments than did moderate performers. In both groups, ana-

lyzing requirements declined over time with the highest
number of requirement verbalizations in the first phase.
For testing Hypothesis 1, ‘‘problem comprehension by
analyzing requirements’” in Phase 1 and Phase 2 was
analyzed by performing a 2 X 2 ANOVA with phase as
a repeated measurement variable. No differences between
high and moderate performers were found, F(1, 22) =
2.13, ns, d = —0.60. Analysis of *‘problem comprehen-
sion by requirements’” in Phase 3 and Phase 4 indicated
that moderate performers spent more time analyzing re-
quirements in these last two phases, F(1, 22) = 540, p
< .05, d = —0.95. This finding suggests that moderate
performers’ higher amount of overall “*problem compre-
hension by analyzing requirements’” is mainly due to their
extensive requirement analysis late in the process. Over
the four phases, high and moderate performers did not
differ in “‘problem comprehension by scenarios.”” Sepa-
rate ANOVAs for the first two phases, F(1, 22) = 0.50,
ns, d = 0.29, and the last two phases, F(1, 22) = 0.96,
ns, d = 0.39, did not result in significant differences
between the two performance groups. Thus, no support
for Hypothesis 1 was found.

Hypothesis 2 predicted that compared with moderate
performers, high performers spend more time on planning.
However, ANOVA showed no difference between these
two groups with respect to planning ahead. For local plan-
ning a significant main effect of the repeated-measure-
ment variable and a significant interaction effect were
found. Thus, the amount of local planning differed in the
course of the design process, with high and moderate

Table 2
Means and Standard Deviations of Verbal Protocol Caregories in Four FPhases
All four
Phase 1 Phase 2 Phase 3 Phase 4 phases
Measure M AY2) M SD M SD M SD M SD
High performers (n = 12) :
PC by requirements 39.9 14.8 9.3 8.7 24 2.4 1.9 2.0 13.3 52
PC by scenarios 11.5 12.5 8.2 9.9 6.2 5.5 4.3 5.8 7.4 6.5
Planning ahead 23 2.9 2.6 37 1.9 2.1 05 0.9 1.8 1.8
Local planning 52 2.8 6.0 2.8 6.2 44 32 22 5.2 24
Feedback processing 0.6 1.0 5.4 4.8 17.8 12.1 30.5 234 13.6 9.0
Task-irrelevant cognitions 1.5 1.5 1.8 2.7 0.7 1.2 0.6 038 1.1 1.0
Comments 6.5 4.2 6.0 27 4.6 44 8.6 7.8 6.4 37
Solution development 32.1 21.2 59.9 11.1 60.0 11.8 50.1 21.2 304 93
Moderate performers (n = 12)
PC by requirements 505 14.5 111 94 9.1 10.5 9.2 14.3 200 9.3
PC by scenarios 6.4 38 8.1 10.8 54 5.9 2.1 24 55 3.6
Planning ahead 1.8 2.1 2.2 2.8 1.1 1.5 1.6 2.3 1.7 1.5
Local planning 5.0 2.0 30 19 4.3 3.2 335 2.6 38 1.8
Feedback processing 04 1.0 1.3 2.2 8.2 11.2 15.8 164 6.5 6.7
Task-irrelevant cognitions 26 38 7.6 27 4.9 5.9 13 10.7 5.6 6.3
Comments 54 42 6.5 4.5 5.1 2.6 7.5 6.3 6.1 3.4
- Solution development 272 148 59.6 14.3 6l.4 12.6 53.0 16.6 50.2 8.6

Note.

PC by requirements = problem comprehension by analyzing requirements; PC by scenarios = problem comprehension by scenarios.
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Table 3
Analysis of Variance for Verbal Protocol Categories

Performance level, Phase, Performance level Effect size of
Measure F(l, 22) E{3,20) X Phase, F(3, 20) performance level (d)
PC by requirements 4.63% 64.62%* 123 -89
PC by scenarios 0.85 2.45° 0N 36
Planning ahead 0.06 1.65 1.36 07
Local planning 2.03 3.29* 3.00% 67
Feedback processing 4.90% 11.79%* 2.88° 87
Task-irrelevant cognitions 5.80* 2.06 2.02 -1.00
Comments 0.04 2.16 046 08
Solution development 0.01 0.01 0.17 02

Nore. PC by requirements = problem comprehension by analyzing requirements; PC by scenarios =

problem comprehension by scenarios.
p= 093 ‘p= 06l
*p < 05 **p < 0L,

performers additionally differing within this course. In-
spection of the means in local planning across the four
phases suggests that high performers did more local plan-
ning in the second and third phase but not in the first and
fourth phase. A comparison of the amount of local plan-
ning in the second and third phase between high and
moderate performers supported this assumption, 7(22) =
2,18, p < .05, d = 0.83.

Hypothesis 3, which predicted a higher amount of feed-
back processing in high performers compared with moder-
ate performers, was supported. Additionally, the amount
of feedback processing varied across the phases with gen-
erally more feedback processing in the later phases. The
marginally significant interaction effect indicates that the
difference between high and moderate performers in-
creased over time.

As predicted in Hypothesis 4, analysis showed that high
performers verbalized less task-irrelevant cognitions than
did moderate performers.

Hypothesis 5 predicted that high performers would pro-
duce more visualizations than moderate performers, To
test this hypothesis, problem visualizations and solution
visualizations were examined separately. Analysis showed
that nearly every participant produced problem visualiza-
tions {75% of high performers; 83% of moderate perform-
ers), x2(1, N = 24) = 0.25, ns, w = 0.10. For solution
visualizations a significant difference was found with 58%
of high performers sketching ideas and concepts concern-
ing a possible solution compared to 8% of moderate per-
formers, x2(1, N = 24) = 6.75, p < .01, w = 0.53,
One might argue that moderate performers produced less
solution visualizations because they had more difficulties
with the task and did not know what to visualize. However,
no significant difference was found in the total amount
of notes taken by high performers (M = 8.3 pages, SD
= 3.8) and moderate performers (M = 7.7 pages, 5D =
2.8), £(22) = 43, ns, d = 0.18. This shows that the high

performers’ more extensive solution visualizations can not
be explained by more note-taking activity in this group.
Thus, Hypothesis 5 was partially supported.

Hypothesis 6 assumed more knowledge about strategies
in high performers. Participants” knowledge was analyzed
by asking them which higher order principles they would
recommend to an imagined inexperienced colleague
working on the lift control problem. High performers
named 4.3 strategies (SD = 1.2) compared with 1.6 strat-
egies (SD = 1.4) named by moderate performers, 7(22)
= 5.02, p < .01, d = 2.03. One might argue that high
performers did not know more but were superior in ver-
balizing their knowledge. However, analysis showed that
high and moderate performers did not differ with respect
to verbalization skills (M = 3.7, SD = 1.7 for high per-
formers; M = 3.1, SD = 1.4 for moderate performers),
1(22) = 095, ns, d = 0.40. In an analysis of covariance
(ANCOVA) with number of recommended strategies as
dependent variable and verbalization skills as the covari-
ate, the difference between high and moderate performers
in recommended strategies remained significant, F(1, 21)
= 22.56, p < .01, providing clear support for Hypoth-
esis 6.

Further Analyses

Detailed analysis of problem comprehension. To ana-
lyze the problem comprehension process in more detail,
I computed relative transition frequencies between * ‘prob-
lem comprehension by analyzing requirements,”” *‘prob-
lem comprehension by scenarios,”” and other verbal proto-
col categories. These relative transition frequencies indi-
cate how often each of the two problem comprehension
categories were immediately followed hy any other prob-
lem comprehension activity or any other category. On
average, most requirement segments were immediately
followed by another requirement segment (M = 73.8, SD
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= 11.9 for high performers; M = 78.3, §D = 7.1 for
moderate performers); most scenario segments were im-
mediately followed by another scenario segment (M =
58.9, SD = 22.4 for high performers; M = 474, §D =
18.5 for moderate performers). There were no significant
differences between high and moderate performers on ei-
ther requirement, 1(22) = —1.12, ns, or scenarios, t(22)
= 1.37, ns. However, in the verbal protocols of high per-
formers (M = 4.4, §D = 3.6) a requirement segment was
more frequently followed by a scenario segment than was
the case for the protocols of moderate performers (M =
2.0, 8D = 1.8), 1(16,10) = 2.04, p = .058, d = (.84,
This marginally significant difference remained stable in
an ANCOVA with the amount of scenarios used as a covar-
iate, F(1, 21) = 3.10, p = .093. This finding indicates
that the problem comprehension process differed between
high and moderate performers with high performers more
often relating requirements immediately to lift domaia
sCenarios.

Detailed analysis of task-irrelevant cognitions. To ex-
amine how task-irrelevant cognitions were embedded in
the design process, I computed relative transition frequen-
cies between task-irrelevant cognitions and other verbal
protocol categories. Analysis showed that for high per-
formers 25% (SD = 24.3) of all task-irrelevant cognitions
were followed by another task-irrelevant cognition com-
pared with 51% (SD = 24.0) for moderate performers,
t{(21) = —2.58, p < .01, d = —1.08). In high performers’
verbal protocols 31% (SD = 20.1) of all task-irrelevant
cognitions were immediately followed by a statement in-
dicating solution development compared to 16% (SD =
11.5) in moderate performers’ protocols, t(15.65) = 2.14,
p < 05, d = 0.90. There was no significant difference
with respect to other verbal protocol categories (M =
44.0, §D = 25.7 for high performers; M = 32.7; §D =
25.0 for moderate performers), (21) = 1.06, ns, d =
(1.45. This finding shows that moderate performers tended
to dwell an their task-irrelevant cognitions, whereas high
performers overcame these cognitions more quickly and
continued to work on the design solution.

Content of recommended sirategies. High and moder-
ate performers were compared with respect to the foliowing
strategies named by at least 25% of the 40 participants:
intensive problem comprehension, divide and conquer, and
cooperation with colleagues. In the high-performance
group, 67% of the participants recommended intensive
problem comprehension as a useful strategy compared with
8% in the moderate performing group, x*(1, N = 24) =
640, p < .05, w = 0.60. High performers also more often
recommerxled cooperation with colleagues (67% ) than did
moderate performers (17%), x*(1, N = 24) = 6,17, p <
05, w = 0.51. No differences were found with respect to
divide and conquer, recommended by 33% of high perform-

ers and 25% of moderate performers, x*(1, N = 24) =
0.00, ns, w = 0.09.

It might be suggested that the more frequent recommen-
dation of cooperation with colleagues expressed by high
performers is an artifact of the specific performance mea-
sure that was partly based on peer nominations. One might
argue that software designers who regard cooperation as
impaortant, simply cooperated more extensively with their
colleagues and therefore were nominated more often by
their peers. To rule cut this interpretation, I performed
an additional analysis in which the total sample of 40
participants was split into two subgroups based on their
design task performance. Participants with a design task
performance above the median were assigned to the first
subgroup. Participants with a design task performance
below the median were assigned to the second subgroup.
This assignment was done irrespective of the peer nomina-
tion outcome. Analysis showed that 47% of the partici-
pants with a design task performance above the median
recommended cooperation with colleagues compared with
14% of the participants with a design task performance
below the median, Xz(l, N=40)=520,p < 05, w =
.36. Thus, the more frequent recommendation of coopera-
tion with colleagues expressed by high performers is not
likely to be due to the peer-nomination method.

Length of experience. Length of experience did not
differ between high (M = 6.6, SD = 1.8) and moderate
performers (M = 7.8, 8D = 3.3),r(17.28) = —1.16, ns,
d = —0.45. ANCOVAs with iength of experience as a
covariate showed that none of the design process differ-
ences between high and moderate performers could be
explained by length of experience. When length of experi-
ence was taken into account as a covariate, high perform-
ers again showed less problem comprehension by analyz-
ing requirements, F(1, 21) = 5.35, p < .05, did more
local planning during the second and third phase, F(1,
21) = 4.50, p < .05, showed more feedback processing,
F(1, 21) = 497, p < .05, and verbalized fewer task-
irrelevant cognitions, F(1, 21) = 7.54, p < .05. Similarly,
an ANCOVA with number of recommended strategies as
the dependent variable and length of experience as a co-
variate confirmed the significant differences between high
and moderate performers, F(1, 21) = 22.67, p < .01,
found in the ANOVA. No significant effect of the covariate
length of experience on any verbal protocol category or
number of recommended strategies was found.

Discussion

The study showed that high and moderate performers
differed with respect to action processes and knowledge.
High performers spent more time on feedback processing
(Hypothesis 3) and less time on task-irrelevant cognitions
(Hypothesis 4). They produced mare solution visualiza-



tions (Hypothesis 5) and knew more about strategies (Hy-
pothesis 6). However, there was only partial support for
the hypothesis that high performers spend more time on
planning (Hypothesis 2). High performers did not spend
more time on problem comprehension early in the process
(Hypothesis 1).

Acrass all phases, high performers spent less time ana-

lyzing requirements presented in the task description than
did moderate performers. This finding suggests that high
performers were able to build an adequate problem repre-
sentation very early in the design process, which short-
ened subsequent problem comprehension activities. Simi-
larly, previous research identified adequate problem repre-
sentation as typical for high performers {de Groot, 1978;
Green & Gilhooly, 1992; Klein & Hoffman, 1993). From
the present study one can conclude that relating require-
ments to the problem domain scenarios plays an impor-
tant role in arriving quickly at an adequate problem
representation.

Hewever, other studies reported more problem compre-
hension activities of high performers (Klemp & McClel-
land, 1986; Lesgold et al., 1988; Vessey, 1986). One rea-
son for the inconsistency between present and earlier re-
search can be seen in the task description used. Although
the lift control problem was a complex task, relatively
little information was provided in the task description
itself. Therefore, reading the task description more often
did not offer additional information.

High performers verbalized more local planning in the
second and third phase than did moderate performers.
While working on the task, high performers briefly stated
what they intended to do next, for example: *“This point
I have to describe in more detail, there is more behind
it”’ or “‘Okay, now I first do my priority module.’ Thus,
without extensive elaboration, high performers made their
intentions concerning the next step explicit. It seems that
local planning served as an economic way of structuring
the course of action, particularly in the two middle phases
of the design process that were mainly dominated by solu-
tion development.

High performers did not show more planning ahead
than moderate performers. Farthermore, the percentage of
planning ahead was very small for both performance
groups. This is in accordance with a study by Voss et al.
{1983) that reported that experienced political scientists
did not articulate higher level plans when working on a
problem within their domain of expertise. An explanation
far these findings is that professionals refer to heuristics
and ready-made action plans and, therefore, do not need to
plan explicitly in advance (Sonnentag, 1996). Presumably
both high and moderate performers rely on such ready-
made action plans because both have acquired routines
during their professional experience. However, earlier
studies found more planning activities in high performers
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than in moderate or low performers (e.g., Dormer et al.,
1983; Klemp & McClelland, 1986). These studies used
complex simulations and managerial tasks that require a
high amount of planning ahead. In contrast, design tasks
as used in the present study require less planning because
they do not need to be accomplished in a fixed sequence
(¢f. Guindon, 1990).

High performers spent twice as much time on feedback
processing than did moderate performers. As was reported
with respect to visualizations, high performers did not
have more material available for feedback processing.
They made more use of it. Feedback processing might
not only have a short-term effect immediately reflected in
design task performance. The availability of task-related
feedback also has a positive effect on learning and on
Tuture task performance (Ericsson & Lehmann, 1996;
Kluger & DeNisi, 1996). This suggests that high perform-
ers who actively evaluate their design solutions not only
perform better at the present task but also gain from it
for the future. In the long run, feedback processing might
result in high performers getting further ahead of moderate
performers.

High performers verbalized fewer task-irrelevant cogni-
tions than did moderate performers. Furthermore, when
verbalizing such thoughts high performers returned more
otten immediately to solution development compared with
moderate performers who continued to dwell on task-
irrelevant cognitions. It might be that high performers
pursued more specific goals (Hershey et al., 199Q) that
helped in avoiding and overcoming task-irrelevant cogni-
tions (Lord & Levy, 1994).

The study provides a detailed answer to the controversy
about whether high or moderate performers use more visu-
alizations in their working process (Adelson & Soloway,
1988; Chi et al., 1982; Davies, 1992), Problem visualiza-
tions were widely used among all participants— irrespec-
tive of their performance level. When relating this finding
to the verbal protocol data, one might conclude that only
high performers gained from problem visualizations,
whereas moderate performers did not. High performers
produced solution visualizations more often than did mod-
erate performers. This finding suggests that these visual-
izations are a helpful cognitive tool in the solution devel-
opment process.

The study showed that high performers knew more
about strategies than did moderate performers. This differ-
ence could not be explained by differences in verbaliza-
tion skills. High performers particularly stressed the im-
portance of intensive problem comprehension and cooper-
ation with colleagues. When integrating these findings
with the results of verbal protocol analysis, one can con-
clude that recommending intensive problem comprehen-
sion does not imply a need to spend much time on problem
comprehension, but rather to apply a successful problem
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comprehension strategy. Previous expertise research fo-
cusing mainly on cognitive processes has not paid much
attention to cooperation in work settings. However, some
field studies demonstrated the importance of cooperation
for high performance within software design and related
fields (Curtis, Krasner, & Iscoe, 1988; Kelley & Caplan,
1994; Sonnentag, 1995}. By following a different method-
ological procedure, the present study supports these field
study findings and suggests that cooperation plays a
greater role for high performance than shown in previous
expertise studies.

Length of experience did not explain performance dif-
ferences within this sample of professionals. Thus, the
study suggests that within expertise research it makes a
difference if one compares students with professionals or
if one studies differences within samples of professionals.
Comparisons between students and professionals indi-
cated that differences in length of experience can explain
performance differences (Adelson, 1981; Etelipelto,
1993; Jeffries et al., 1981). However, this is not the case
for professionals. This implies that results of many exper-
tise studies based on comparisons between students and
professionals may not be generalized to expertise among
professionals.

Nevertheless, this interpretation should not lead to the
conclusion that experience is irrelevant for expertise.
Studies suggest that other aspects of experience, such as
its variety (Sonnentag, 1995; Voss et al., 1983), cumula-
tive amount of deliberate practice (Ericsson et al., 1993),
or mastered challenges (Klein & Hoffman, 1993), are
more important than length of experience. Furthermore,
the present finding is compatible with a threshold model
{cf. Schneider, 1993, for a related idea) that claims that
experience matters up to a certain level but once that level
is reached, other factors become more important.

Differences berween high and moderate performers
were not restricted to one isolated element of the action
process. High performers mastered the action process as a
whole, ranging from problem comprehension to feedback
processing. In summary, they demonstrated a solution-
orientated working style throughout the whole process.
Manifestations of this working style were refraining from
task-irrelevant cognitions, quickly returning to solution
developments, using visualizations to support solution de-
velopment, local planning during solution development,
and feedback processing.

Strengths and Limitations

Expertise was measured with both an internally and
externally valid performance measure. Combining these
two performance measures ensured that participants re-
ferred to as high performers really outperformed moderate
performers in a standardized situation (Ericsson & Smith,

1991a) and that these performance differences were not
restricted to one specific task in a laboratory setting, but
that they existed as well within participants’ everyday
work situations.

One might question whether all study participants iden-
tified as high performers were really experts. For example,
Ford and Kraiger (1995) pointed out that high perfor-
mance and a well-organized domain-specific knowledge
base are necessary constituents of the expertise concept.
Within the present study, the possession of such a superior
knowledge base was no precondition for being identified
as a high performer (i.e., expert). However, hypothesis
testing showed that high performers did have more knowl-
edge about strategies. This finding suggests that the pres-
ent study’s high performers came close to more specific
expertise criteria such as recommended by Ford and
Kraiger. In further studies, one might consider using both
the high performance and knowledge criterion for identi-
fying experts. However, if this were done, it would pre-
clude the use of knowledge as a dependent variable.

Until now only a limited number of studies analyzed
problem comprehension, planning, feedback processing,
and task-irrelevant cognitions over the course of the action
pracess (e.g., Hershey et al.,, 1990; Simmons & Lunetta,
1993). Most studies focused on measures aggregated
across longer time intervals (e.g., Isenberg, 1986; Vi-
talari & Dickson, 1983). By taking an explicil process
perspective and analyzing verbal protocol data at a fine-
grained level, the present study demonstrated that high
and moderate performers do not only differ with respect
to the total amount of specific activities but also with
respect to process features. Protocol analysis literature has
stressed that analysis should be limited to task-relevant
verbalizations (Ericsson & Simon, 1993). This approach
might be appropriate for a range of purposes. However,
the present study demonstrated that some of the crucial
differences between high and moderate performers only
became evident when extending the analysis to task-irrele-
vant verbalizations.

An obvious limitation of the study is its sample size.
In most of the analyses, 12 high performers were com-
pared with 12 moderate performers. Without doubt, it is
necessary to replicate the findings in a larger sample.
However, it should be kept in mind that significant differ-
ences were found between high and moderate performers
despite the small sample size. This corresponds to the
large effect sizes found in the study. Other, highly cited
studies offering important insights into the expertise phe-
nomenon were also based on small {or even smaller) sam-
ple sizes. For example, de Groot (1978) studied 22 chess
players and based his analyses on a total of 10 persons;
Jeffries et al.’s (1981) sample was composed of 4 experi-
enced software designers and 6 less experienced partici-
pants; Chi et al. (1982) compared no more than 8 experts



with 8 nonexperts. Thus, for economy reasons, a small
sample size is an inevitable drawback of studying real
world experts. However, despite such relatively small sam-
ple sizes, crucial differences between high and moderate
performers were uncovered.

Consequences for Practice and Future Research

This study has practical implications for training and
personnel selection. Trainees should learn a solution-ori-
ented working style incorporating local planning, visualiz-
ing design ideas during solution development, processing
feedback by evaluating design solutions, and refraining
from task-irrelevant cognitions. In addition, meta-cogni-
tive skills should be taught ( Kraiger, Ford, & Salas, 1993).
Working style and cognitive processes during task accom-
plishment can be also used as predictors in personnel
selection. Design tasks and other complex problem-solv-
ing tasks might be appropriate for assessing working style
and cognitive processes (Funke, 1995; Putz-Osterloh,
1993). Length of professional experience was not related
to effective design processes or to professional perfor-
mance. Therefore, given that all applicants already have
some professional experience, personnel selection deci-
sions should not be based on length of experience.

The differences found between high and moderate per-
formers clearly indicate that it makes sense to extend ex-
pertise research to professional settings. Methods such as
verbal protocol analysis and knowledge elicitation stem-
ming from cognitive psychology offer important insights
into what distinguishes high and moderately performing
professionals. To uncover the breadth and richness of high
performers’ action processes, I believe that it is important
to have participants work on a complex task. Only then
can it become obvious how high performers approach
typical tasks and how they unfold their competencies dur-
ing task accomplishment. When working on simple tasks,
both high and moderate performers might have standard
procedures available that do nol differentiate between the
two performance groups.

A crucial question to be addressed in future resecarch
refers to the predictors of superior action processes and
knowledge. Cognitive abilities and achievement motiva-
tion might belong to such predictors (Gottfredson, 1986;
Humphreys & Revelle, 1984). Future research has to an-
swer if and how various aspects of experience other than
length contribute to outstanding performance.

The finding that high and moderate performers differed
in action processes and knowledge might not come as a
surprise to scientists and practitioners within industrial
and organizational psychology. However, the results gues-
tion the long tradition in more fundamental expertise re-
search in which all professionals were regarded to be
experts. 1t became obvious that the expertise phenomenon
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can not be explained by simply referring to length of
experience but calls for a deeper look. The present study
is a first step in this direction.
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Appendix

The Lift Control Problem (Guindon, 1990)

A system with N lifts has to be installed in a building with M floors.
The lifts and the control mechanism are supplied by a manufacturer.
The internal mechanisms of the lift system are described below. Design
the logic to move lifts between floors in the building according to the
following rules:

1. Each lift has a set of buttons, one button for each floor. These
buttons illuminate when pressed and cause the lift to visit the correspond-
ing floor. The illumination is cancelled when the corresponding floor is
stopped at by the lift.

2. Each floor has two buttons (except ground and top), one to request
an up lift and one w0 request a down lift. These buttons illuminate when
pressed. The buttons are cancelled when a lift visits the floor and is either
travelling in the desired direction or visiting the foor with no request
outstanding. In the latter case, if both floor request buttons are illuminated,
only one should be cancelled. The algorithm used to decide which request
o service first should minimize the waiting time for both requests,

3. When a lift has no requests to service, it should remain at its final

destination with its doors closed and await further requests—or model
a ‘holding’ floor.

4. All requests for lifts from floors must be serviced eventually, with
all floors given equal priority. Can this be proved or demonstrated?

5. All requests for floors within lifts must be serviced eventually, with
floors being service sequentially in the direction of travel. Can this be
proved or demonstrated?

6. Each lift has an emergency button, that, when pressed, causes a
warning signal to be sent to the site manager. The lift is then deemed *‘out
of service.” Each lift has a mechanism to cancel its out-of-service status.

From *‘Designing the design process: Exploiting opportunistic
thoughts,”” by R. Guindon, 1990, Human—Computer Interaction, 5, p.
314. Copyright 1990 by Erlbaum. Reprinted with permission.
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