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An important development in recent research in problem solving has been the development
of new theories and more rigorous methods with which to formulate detailed hypotheses about the
processes that constitute expert performance in various domains. Domains in which such research
can be found include chess (Chase & Simon, 1973), physics (Larkin et al., 1980), and medicine
(Elstein et al., 1978; Patel & Groen, 1986).

Studies of expertise have led to the hypothesis that the dominant component of expert
performance is related to the expert's ability to represent problems successfully, and that this
results from the expert's having a rich and well organized knowledge base in which patterns of
features in the problem are associated with concepts at varying levels of generality. This enables
experts to recognize the salient features of the problem, to interpret information relevant to its
solution (Johnson et al., 1981), and search for the methods and operations to be used in solving
the problem (Greeno & Simon, 1984) all with greater efficiency than novices. Moreover, expert
problem solvers tend to use forward chaining strategy when solving a simple or familiar problem
(Simon & Simon, 1978; Chi et al., 1981; Glaser, 1985; Larkin et al., 1980). This forward-
chaining strategy changes, however, to a very sophisticated means- ends analysis (Greeno &
Simon, 1985; Chi et al., 1981) or backward chaining (Bhaskar & Simon, 1977) when solving a
difficult or unfamiliar problem. These studies have provided evidence suggesting hypotheses about
the kinds of processes and knowledge structures experts use while working on familiar problems
or problems within their domain of expertise.

These research suggests that expertise is determined by subjects' (i) prior knowledge of a
particular domain, (ii) their knowledge of general problem solving methods, and (iii) their

knowledge of any domain-specific heuristics. Testing experts in problem solving outside their
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domain of expertise should thus make it possible to contrast their performance in the two domains
and thereby begin to assess the relative contributions of domain-specific knowledge vs. general
problem solving ability. The need for making this contrast, and the difficulty of doing so, has
been pointed out most recently by Greeno & Simon (1984).

Studies of experts working on problems outside their specialty area have found that
experts' problem-solving skills diminish notably in such unfamiliar domains (Kassirer et al.,
1982). Miller (1975) found that experts approach non-specialty problems "more parsimoniously",
and that they resort to strategies commonly associated with novice performance. Means-ends
analysis was found to be the primary strategy used when the problem solver has little domain-
specific knowledge (Greeno and Simon,1984). Emst and Newell (1969) have shown that with
unfamiliar problems, experts rely more on problem-solving strategies rather than on domain-
specific knowledge. Boshuizen and Claessen (1977) identified some of the problems involved in
such studies. Another important characteristics of expert performance is the difference between the
solution strategies used by experts and novices. The distinction is that experts use a "forwar-
chaining" strategy, whereas novices use a "backward-chaining strategy".

Subjects' problem spaces are determined, in general, by the search methods that the
subjects use, the features of the problem's solution, and their knowledge of the problem domain.
In situations where expert problem solvers do not have special training in a problem domain, they
must construct a problem space that includes representations of the strategies and constraints
necessary to solve the problem. If subjects have special training or experience in the problem
domain, their prior knowledge includes general characteristics of the problem space, and their
representations of the individual problems are based on this knowledge (Greeno and Simon,
1984). These results and observations lead us to believe that experts working within and outside
of their specialities will use very different strategies and/or whatever domain knowledge they have
available.

Attempts to assess the relative contributions of domain knowledge vs. problem solving

strategies require specific information about both how the subject's representation of the problem
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changes over time and the domain knowledge necessary to construct and modify these
representations. Neither of the two most widely used methods, however, seem to be able to
provide this kind of information (Patel et al., 1986). "Think-aloud" protocols (e.g. Greeno &
Simon, 1984; Kassirer et al., 1982) provide rich, complex data that are approximately concurrent
with the subject's reasoning and therefore provide information about the subject's changing
representation of the problem. However, protocol analysis methods (e.g., Ericsson & Simon,
1984) have been limited in their success at providing more than global information about subjects’
processing. One of the major concerns raised by protocol analysis is the lack of formal, objective
methods for analyzing complex verbal material. Methods of propositional analysis have been
proposed to meet this concern (e.g., Kintsch, 1974; Frederiksen, 1975) and have most often been
applied to stimulus texts and recall protocols. Although recall protocols provide quite detailed data
about representation in memory and inferences based on domain knowledge, they are very limited
in the amount of information they can provide about how representations of a problem change over
time.

Recently, a number of researchers have addressed these problems by combining the two
methods, i.e., performing propositional analyses of think-aloud or on-line protocols (e.g. Kintsch
& Greeno, 1985). This strategy has proven useful for studying strategies of reading
comprehension (Scardamalia & Bereiter, 1984) and writing (Breuleux & Bracewell, 1986). As a
further refinement, this study prompts subjects to think aloud at regular intervals. This on-line
procedure allows finer control of the stimuli the subject is to respond to, and may provide more
detailed information about the subject's changing representation of the problem as a function of
specific portions of the input text.

In the present study we are primarily interested in testing the extent to which expertise is
dependent on domain knowledge, rather than the interaction of domain knowledge and problem
solving processes. If expertise is primarily dependent on domain knowledge, then when working
on problems outside their domain of expertise, experts should resort to strategies (e.g. backward

chaining) that are commonly associated with novices. However, if expertise is more a function of
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general problem solving methods, then there should be few differences in expert performance

across the boundaries of their domain of expertise.

METHOD

Subjects.

Nine senior physicians associated with the Faculty of Medicine at McGill University
volunteered as subjects for the study. Although all subjects had a general knowledge of medicine,
the two groups differed in their specific knowledge of endocrinology: there was a high domain-
knowledge (HDK) group consisting of four endocrinologists and a low domain-knowledge (LDK)
group consisting of five cardiologists.

Materials.

A description of a clinical case in endocrinology based on a real patient was selected as
stimulus material (Appendix 1). The case was described in the following order; the patient's
history (Segments 1 to 4), findings obtained from examination of bodily systems (Segments 4 to
22), and results from laboratory tests (Segments 23 and 24).

The diagnosis of the case has three subcomponents varying in specificity. The first
subcomponent is a slow progressive decrease in thyroid function: chronic hypothyroidism. The
second subcomponent is a change from a chronic to an acute form of hypothyroidism, precipitated
by a prescribed cough medicine and leading to a state of myxedema pre-coma. The third
subcomponent is an autoimmune condition called Hashimoto's thyroiditis as the cause of the
hypothyroidism. The complete diagnosis, then, is: Hashimoto's thyroiditis leading to
hypothyroidism, precipitated to myxedema pre-coma by previous medication.

Procedure.

Subjects were tested individually at their hospital offices. They were first given a short
practice session to familiarize themselves with the procedure. The clinical case was presented on
the screen of an Apple Macintosh one sentence at a time, using software developed for this purpose

by the first author. Subjects initiated the presentation of each sentence by pressing the mouse
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button. For each sentence presented, subjects were asked to verbalize their thoughts about the
contribution of the sentence towards the generation of a diagnosis. As soon as the subject pressed
the mouse button again, the next sentence was presented, replacing the previous one. Subjects
were not allowed to look back to any prior part of the text. After presentation of the entire case,
subjects were asked to summarize the case and to provide their diagnosis(es). Subjects'

verbalizations were recorded and later transcribed verbatim.
ANALYSES

Protocol Analysis.

The information in each text segment of the original stimulus text was initially categorized
as either critical, relevant, or nonrelevant, based on the judgements of two expert endocrinologists.
Cues were rated as "critical” if they were deemed necessary and sufficient for the generation of the
accurate diagnosis. Relevant cues were considered necessary but not sufficient for the generation
of the accurate diagnosis. Nonrelevant cues included the remainder of the information, the
omission of which should not have affected the generation of an accurate diagnosis. The inter-rater
reliability was .92 for the critical cues and .85 for the relevant cues.

Each subject's protocol was transcribed so that each segment from the original text was
followed by the physician's comments on that segment. Subjects' comments on each segment
were then coded for the presence of the different types of cues, and links generated from the cues
to hypothetical causes. If the cue was only repeated and no link was suggested, then it was coded
as absent (see example 1). If the cue was repeated and a link was suggested, then the cue was
coded as accessed and a link was coded as hypothesized (see example 2).

(1) Segment #9: Her body temperature was 36 deg. C.
Subject: Her body temperature was 36 deg. C., that does not tell me very much.

In the preceding segment (see Appendix 2, Subject 2), there are no cues coded as accessed and no
links generated from it.

(2) Segment #3: She complained of feeling tired all the time, had a loss appetite, a
30 1b. weight gain and constipation.
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Subject: She had a Joss of appetite, a 30 1b, weight gain, and constipation. OK...
Right now we are wondering whether she has got hypothyroidism when you are
looking at this.

In this situation there are three cues accessed (underlined), and three links generated from
these cues (linking statement in italics ) to one of the subcomponents of the diagnosis
(hypothyroidism). This method is described in more detail in Joseph & Patel (1986).

Accuracy of diagnoses.

The diagnoses of all the subjects were analyzed for the presence or absence of the three
subcomponents with the assistance of an expert endocrinologist who did not know which subjects
belonged to which group.

Frame analyses.

One representative subject from each group was analysed in more detail (Subjects 2 and 3).
Frame analyses (cf. Patel & Groen, 1986) based on methods of propositional analysis were
performed on the relations that the subjects generated between cues and their hypothetical causes,
and generated semantic networks corresponding to each hypothesized relation. Subjects' frames
were then compared to determine their strategies for using the cues provided to generate diagnostic
hypotheses, as well as differences in the problem representations they generated as the information

was presented.
RESULTS AND DISCUSSION

Protocol analysis: Cues selected and links generated.

The results of the analysis of cues selected and links generated indicate that the main
difference between the two groups is the number of links generated from the critical cues (Figure
1). High domain knowledge HDK subjects generated more links from the critical cues selected
whereas low domain knowledge LDK subjects generated fewer links from the critical cues
selected. Both groups generated fewer links from relevant cues. However, the HDK group

selected more relevant cues and generated more links from these cues than did the LDK group.
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There was also greater variability between groups in the relationship between critical cues selected

and links generated, than for the links generated from relevant cues.
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Figure 1. Mean percent of cues selected and linked by high and low domain
knowledge subjects.

Accuracy of diagnoses:

All the subjects in this group generated the general subcomponent of hypothyrodism in
their diagnostic statement (Figure 2). Sixty percent generated the myxedema subcomponent, but
they all omitted the pre-comatose aspect of the myxedema. Finally, only twenty percent of the
subjects generated the Hashimoto subcomponent as part of their diagnostic statement. In addition,
subjects generated differential diagnoses, an ordered list of the most likely diagnostic possibilities
of the causes of the patient's disorder. The most frequent differentials listed were: Adrenal failure,

pituitary tumor, Hypophyseal disorder, and pericardial effusions.
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Thus far, the use of surface measures to evaluate the performances of experts working on
problems within and outside their domain of expertise has not yielded meaningful information
about the role of domain knowledge and problem solving strategies in the process of clinical
reasoning. The main difference in the analysis of accuracy of the diagnosis that LDK experts are
more general in determining their diagnostic statement. Their uncertainty thus explains why they

generate a very general list of differentials for the causes of the patient's disorder.
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Figure 2. Mean percent of subcomponents of the acurate

diagnosis by high and low domain knowledge subjects.

The latter finding is consistent with studies of comprehension of clinical cases in which no
differences were found for experts' recall of relevant and non-relevant information in "atypical”

cases (Coughlin & Patel, 1986). Therefore, more detailed and structural analysis of, the heuristic
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strategies and prior knowledge that are needed to generate a representation of the problem is
expected to yield process differences between the two groups. The results of this analysis is
provided in the next section.

Analysis of the online protocol of a HDK subject: The analysis of the structural
representations of the online protocol of an HDK subject is presented segment by segment in
Figure 3. Segments in which there were no responses were omitted. The first important finding
of this analysis was that although this subject identified the three subcomponents of the diagnosis,
he did not report them when asked to provide his diagnosis. His diagnostic hypothesis started
with a "forward chaining" strategy, followed by a "backward chaining" strategy used to elaborate
on the underlying causal mechanisms of the relationship between the cues and the hypothesis
(Figure 3, Segments 3 and 4). After the generation of the three diagnostic subcomponents
(Segment 7), the processing of the cues followed a model of "pattern recognition” in order to either
confirm the diagnostic hypothesis or to rule out the two hypotheses that were generated at the

beginning of the case.

Analysis of the online protocol of a LDK subject: The analysis of the structural
representation of the online protocol of a LDK subject is provided in Figure 4. Contrary to the
representations of the HDK subject, this subject provided only the general subcomponent of the
diagnosis, hypothyrodism at Segment 4. The other two components were not mentioned with the
exception of Segment 9, where the subject mentions the "advanced hypothyrodism". The subject
generated many diagnostic hypotheses (e.g. psychiatric disorder, chronic renal disease, anemia)
without ruling them out as possibilities, and seemed to generate the hypotheses using a form of
"backward chaining" (Segments 4 and 5). Finally, this subject generated very few causal
explanations (e.g. causal links) and instead used a process that was more cue driven. That is,
evaluated individual cues as they were presented. In some instances he ruled out a possible
hypothesis but reinstated the hypothesis at the presentation of the next cue (Segments 10 and 11).

The results of the following study would tend to support the hypothesis that when working

on problems in which experts lack specific domain knowledge, they rely on general knowledge in
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the problem domain to solve the problem. However, the use of general knowledge directly affects

the overall representation of the problem as well as the types of strategies that are used to generate
the solution.

The analysis of the two representations and strategies generated by the two subjects
revealed information about process differences between HDK and LDK experts. The HDK subject
used forward chaining to generate hypotheses and used backward chaining strategy to explain the
relationship between the cues and the hypotheses, in providing the underlying pathophysiological
mechanisms of the patient's disease. This finding is consistent with the earlier finding that HDK
experts generated more links from critical cues than the LDK expert. The HDK subject's
representation of the problem was also more elaborated with more causal links. He also provided
fewer diagnostic hypotheses and ruled out more alternative hypotheses. These finding led to the
use of the term "mechanismic” to describe the process of the HDK expert.

The LDK expert used more backward chaining strategies. He generated more diagnostic
hypotheses and his problem representation was much less elaborated and detailed than the HDK
expert. The hypotheses generated by the LDK expert were very general and were related to the
general subcomponent of hypothyroidism. He evaluated and classified the cues in terms of their
relationship to the condition of hypothyroidism. We therefore use the term “classificatory" to
describe the process of the LDK expert.

The methods and analysis techniques used in this study reflect the complex nature of the
relationship between domain knowledge and problem solving strategies, as well as the problem
that researchers must face in the assessment of such complex phenomena. The use of the online
methods seems very promising in the study of cognitive processes, especially to study the types of
heuristic strategies that used to solve problems, strategiy shifts, and the types of knowledge

required to do so.
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