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4 \"': Problem Solving In a Natural Task as a Function of Experience*
[~
Mt Jullana S. Lancaster
’ Janet L. Kolodner
w School of Information and Computer Science
n Georgla Institute of Technology
::?:, Atianta, GA 30332
o
,-_ Abstract
_ Problem solving is known to vary in some predictable ways as a function of experience. In this study, we have
\ investigated the effects of experience on the problem solving behavior and knowledge base of workers in an applied
| , N setting: automoblle mechanics. The automoblle itself I8 a highly complex system with many interconnecied subsys-
N tems. Problem descriptions (i.e., symptoms) presented to a mechanic who needs to diagnoss a car, however, are
R usually quite skelchy, requiring the collection of more information before solution. Novices are iees able than experts
e to diagnose any but the obvious problems, and we are Interesied in identifying the qualilative differences between
:-";'_- mechanics at different levels of expertise. In the study reported, we observed three student mechanics in a post-
S secondary technical school, sach at a different level of expertiss, diagnoss six problems invoduced into cars in the
,:.'.-:: school. We then analyzed the protocols we coliected to find the knowledge and strategies used in solving each prob-
h ~'—'_\ lem. We also analyzed the series of protocols for each student to find the changes In knowledge and strategies used
._= in solving later problems as compared to eariier problems. Differances were seen in both the knowledge used by the
- subjects and in thelr genera! approach fo diagnosis. As a result of experience, the student mechanics seemed to
X :::f_ improve in three areas: (1) ther knowiedge of the relationships between symptoms and possible faliures was aug-
4 \" mented, (2) thelr causal models of the car's systems were augmenied, and (3) thelr general Foubleshooling pro-
s cedures and decision rules were much improved. .
{
' 1. Introduction
:'::-: Problem solving is known o vary in some predictable ways as a function of expertise. When the process of
':-:' problem solving first came under scrutiny by psychology and computer science researchers, the problems studied
:-': were in knowledge-lean domaine in which well-defined situations have known solutions (Reed, Ernet, & Banerji, 1974;
0 Reed & Johnson, 1977; Reitman, 1976; Simon, 1875). in that work, the behavior of interest was generally a variable
A such as number of steps 1o completion or number of correct solutions. Recently howsver, interest in probiem solving
-::; “ has leaned more toward problems in knowledge-rich domains such as physics (Chi, Glaser,& Rees, 1982; Simon &
::.:'; Simon, 1978), thermodynamics (Bhaskar & Simon, 1977), architecture (Akin, 1980), and political science (Voss,
e Greene, Post, & Penner, 1983; Voss & Tyler, 1881). Within these domains, researchers have continued to look at the
b steps and plans generated in coming to a soiution, but they have aiso developed a further interest in the nature or
? organtzation of the knowiedge used in the process of problem solving. A major question regarding the nature or
_,:ﬁ organtization of knowledge has been how that knowledge and ts changes influence performance.
";-’}' Our knowledge of the differences between novices and experls has reached the point where several general
) statements can be made. First, mxperts in any fieid are more able 10 recognize and remember typical conditions within
8 therr area of expertiss. Second, experts generally organize their knowledge by functional characteristics of problems
| while novices are more ikely 10 use surface features 10 characterize problems.” There have not besn a lot of explicit
- conclusions, however, about the particular knowiedge structures used by eqerts and novices. Nor has there besn
\.j work descrbing the particular changes In knowledge and processing behavior that happen as a result of a single
_ :; experience.
o “This research '8 supporied In_part by the Army Resesrch Institute for the Behavioral and Social
e, Sciences under Contract No. MDA-803-86-C-173. Thanks to Ken Allison and Gita Rangarajan, who
A48 provided representations for the paper and ideas about analyzing the protocols.
::: **See Chi, ot &l (1982) and Glaser (1985) lor more discussion of novice/sxpert differences.
i
)
; by
@
W
| »
R R R L S B S R B G e




la a o

,,.
i
)

S

$3325
[y N Y §

e

R

‘:". TR AN ol S Y

P
b Y

Our primary goal is 10 discover the changes that individual experiences have on a problem soiver. In order o
achieve that gosl, we first have to find out what knowiedge the problem solver starts with before solving any problem
and what knowiedge he has later 10 solve a similar problem. While earlier work has indicated that "good” diagnostic
abliity is a function more of knowledge about the problem area being diagnosed than of general diagnostic skilis
(Miller, 1975), we find that the diagnostic skills of novices and experts also differ, and therefore also observe Initial
strategies of problem soivers and those used afier a particular sxperience.

in the particular experiment (o be discussed, we had two goals. Our first was (o find out what knowiedge sub-
jects at different levels of expertise had and 10 be able to state the problem solving stategies used by subjects at
vrying levels of expertiss. This, we feit, would give us a good idea of what things experience tsaches. Based on our
pravious work on memory and problem solving (Kolodner, 1885; Kolodner & Simpson, 1984; Kolodner & Kolodner,
1987), we sxpected that differences would be in both the amount known and accessbility (or organization) of known
knowiedge. Our second goal was 10 identify particular changes over time in sach individual's handiing of specific prob-
lems and types of problems. The sequence of problems presented 10 the subjects was derived such that this would
be possible. .

The sk domain we have chosen 1o lock at, diagnosis of automotive problems, ls inleresting for several rea-
sons. The automobliie engine is a highly compiex entity. it consists of & number of interacting systems acting to pro-
duce the car's motion. Fallures in any component or sysiem of the engine usually produce noticable symptoms or
changes in the car's performance, but the fallures themselves are seidom obvious to the amateur. in addition, a given
symptom can indicate numerous possble fallures within the engine. The person who comes 10 the shop with a prob-
lem descrbes a sympliom or set of symptoms 1o the mechanic, and It is the mechanic’s job to further investigate the
car 1o find out which of the many possble problems that could cause the reporied symiom(s) is In fact responsbie for
it. Experts are much better than novices at determining the causes of automotive problems. (As the old story goes;
it's ten cents for the screw and twenty dollars for knowing which one to repiace.)

The domain is knowiedge-rich, and the depth of knowledge and ability 10 use it ars both important In making a
good diagnosis. Schools teach about cars in general, but since there are so0 many different kinds of cars, esch of
which have their own pecuiierites, texibooks and schoois can' teach everything. Diagnosing a car with a given set of
symptoms may depend as much on the age and type of engine as on the sympioms presented. A given fallure can be
a common cause of a particular symptom in one engine and not possle in another. Experience with different types of
cars and different types of problems ls thus sssential in gaining expertise. Furthermore, there are 100 many types of
cars (most modeis change at lsast a little every year) and 100 much In the sets of manuals for individual cars for a
mechanic to know everything about every car. Thus, It is sssantial for the expert mechanic to draw his own generak-
zations sbout cars that allow him 10 organize and access knowisage appropriate (o sny particular car and problem he
Is looking at.

in the work reported here, three student mechanics were cbesrved whils diagnosing cer fallures. Six problems
were presented at weekly intervals and think-aloud protocols were collected while the students worked and were ran-
scrbed and coded for later analysis. Each week the instructor demonstrated the correct or optimum roubleshooting
sequencs for diagnosis of the fallure afier all subjects were finished. Thus, each student had an opportunity for feed-
back and an explanation of the car's probiem whether or not he had diagnosed i correctly. Each fallure was intro-
duced into the car deilberately and sach probiem was caused by only one falled part. Analysis of the data focussed on
the knowledge and strategies used by students at different levels of fralning, how ther knowledge was organized, and
how their knowledge and strategies changed with experience.

We expecied that the more experienced student would soive more problems and wouid give evidence of having
& more organized knowiedge base than the isss experienced students. In addition, we expectied that individuais would
show svidence over the seriss of problems of acquiring new diagnostic skills and new knowledge and connections
within their knowledge.
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2. Method

2.1. Subjects

Thres students at a post secondary technical school volunteered o perticipats in the project. The technical
program ls a two-year, sight-quarter program. During much of the second year, the students work in a shop setting
within the achool. Cars belonging 10 school personnsl and friends of the students and instructors are diagnosed and
repakred by students. In addition, the school owns several cars that can be used in teaching students to teach about
specific problems.

Each of the thres student volunieers was at a different point in the program. The novice student was in his first
quarter of the program and had no prior fraining or experisnce. The intermediate student was at the beginning of his
second year In the program. The advanced student was near the end of the sscond year and heid a part-time job as
& mechanic outside of school. Each student worked on at least four of six problems.

Subjects were cbeerved once a week while diagnosing an actua! problem in a car. The problems used were
selected by an instructor In the program In consultation with the experimenter. The problems and the Information
given as the customer's complaint are descrbed In Table 1. Each fault was Introduced into a car by the instructor or
by a student not in the study under the direction of the instructor. The cars used were ail owned by the school with
one sxception: a new car brought in by a school official that had symptoms we had been presenting 0 the students in
previous weeks. In every case, a single complaint was given and a single fault could be fraced to account for the
complaint. Students were iold 10 frack down the fault, but not 1o fix it unless repair was necessary 1o confirm the diag-
nosis.

In sach session, the student was led 10 the car and, with the experimenter posing as a customer, t0id that the
car was exhibiting a particular symptom. The student was then allowed 1o perform any tests desired on the car and
its engine, with the exception of a driving road test, prohbited primarily by the symptoms presentsd by the car. The
student was Instructed 1o think aloud as he worked 10 find the falled component in the car. His comments were taps
recorded by the experimenter, who aiso served as an assistant 10 the student when necessary.

Faults and their eomp:::.l: presented to subjects
Problem Complaint (Symptom) Fault

1 cranks but wil not start sediment or other blockage in gas line

2 cranks slowly when starting bad cell in battery-will not hoid charge

3 cranks but will not start bad connection behind fuse panel and
fuel pump fuse

4 cranks but will not start locss ground wires from Electonic
Control Module (computer)

5 cranks but will not start open Wach circult

(] defonation on accelsration poorly adjusted timing

2.3. Ceoding

Aner all protocois were ranecribed, sach stalement was coded into one of six categories, shown in Table 2
with mamples. Siatements coded as hypotheses were those in which a specific system or component was first
named as a possbie source of the failure or In which the sysiem or component was accepted or rejecied as the

:‘" 't 'l . ‘h ", l"'l."l:' ', ‘:‘ h"‘c‘ .'oﬂ o 'a." k‘.la 'o i ,'0"'- ,, .‘nu.‘o"‘! '1'.‘1 '0 -'l. "y o':‘nt.'
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.. Table 2

b Coding Categories for Protocols

Category Additiona!l Specifications Examples

Xy Hypotheses Number and Status Could be starved for gas (N-P1)

- It could be, could be the starter (N-
) P2)

o

A Rules Topic(Failure, normal functioning, or | Fuel Pump should come on for 3
1 troubleshooting) seconds (I-P4)

9 First of all, | have o0 locate the
- connector to the back of the fuel
r. pump (A-P3)

: information Gathering | Source of Information obtained Before | look In the book, I'm going to
. check the fuse (A-P3)

. Obssrvation Topic (hypothesis(number) or | What we dont have is fuel to the

complaint) throttie body (A-P3)

: | don't beileve | hear it running (A-P3)
: Restatements Topic (complaint or summary of | lo rephrase that-the throttie body is
- observations) not injecting fuel (A-P3)

| source of the fallure. Hypotheses were numbered in order of appearance and, sach ime one was mentioned, s
, status was noted. Its status could be open, accepted, confirmed, or rejected. Rules were statements giving known,
constant Information about an engine or about the process of diagnosis. Statements coded as information gathering
were generally descriptions of the actions being taken by the subject at the time. Such actions could elicit or obtaln
information from the customer, from a book, or via a procedure or test appiied to the engine. Observations were
statemants giving the information obtained from the action taken. Restatements were repetitions of previously stated
or coliected information rather than new information. Each statement falling into one of the iast three categories was
identified with a specific hypothesis by its number If possbie. All other statements were uncodable and were marked
as such.

3. Resuits and Discussion

As expecied, the ability of the students to correctly diagnose the problems changed substantially between the
novice level and the intermediate and advanced leveis. The diagnoses given by each subject and the number of
hypotheses considered are shown in Table 3. The novice correctly diagnosed only one of four problems attempted,

. while the intermediate student correctly diagnosed three of six and the advanced student three of four. In addition, the
number of hypotheses considered increassed with expertise. The novice generated 2 mean of 3.0 hypotheses per
I problem and the intermediate and advanced students generated 6.8 and 5.0 hypotheses per problem respectively.
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Table 3
Final Diagnoses and Number of Hypotheses Considered by Each Subject
Problem Novice Inter mediate Advanced
1 not getting fuei(4) | clogged fuel line(3) ——-
2 dead battery cell(5) starter(4) dead battery cell(6)
3 —— fusl pump relay(S) | fusl pump fuse(5)
4 fuel pump(3) no diagnosis(6) injector solenoid(8)
5 no diagnosis(0) open tach circuit(9) ——
6 ————e—ee bad timing(10) bad timing(2)

3.1. Knowledge Structures and Knowledge Organization

In general, the diagnostic behavior we saw was similar to that roportid by other ressarchers (Hunt, 1981;
Rasmussen, 1978; 1979; Rasmussen & Jensen, 1974). Students generated one or more possble hypotheses for the
falilure immediately after obeerving the symptom(s). These hypotheses were then tested in a farly systematic (albeit
sometimes idiosyncratic) way either by observation of the inputs 10 and outputs from specific components and sys-
tems or by performance of specific diagnostic tests. In successiul cases, a single diagnosis uitimately was given,
accompanied by an explanation of how or why that fallure would generate the observed symptom(s).

We Interpret this process as being indicative of an interaction between two types of knowiedge structures. The
frst, a causa/ model of the car's engine, containg knowledge about individual components and ther inputs, outputs,
and normal behavior; relates components within a system 10 one another; and descrbes the relationships and connec-
tions between sysioms. [t is used to evaluate hypotheses In light of the evidence obtained from the falled engine and
10 lsad the mechanic through the engine o the source of the problem in a systematic way. The causal model is gen-
erally quite large, and the second type of knowledge structure, symptom-fault sets, is used 10 index Into the causal
mode! at appropriate places. Symptom-fault sets represent the relationships between particular sympioms or sets of
symptoms and fallures. For eample, given the symptom “the car cranks but will not start”, the symptom-tault sets will
identify three sysiems as possible locations for the faliure: the fusl system, the ar intake system, and the ignition sys-
fem. Within each of these systems, additional symptom-fault sets will identify individual components that may cause
the symptom(s). For the fuel system, thess wouid be s falled fusl pump, an empty gas tank, or a blocked fuel line.
For the igniton system, these would be a bad disrbuior, bad spark piug wires, or bad spark plugs. These
symptom-fault sets are used 10 derive initial hypothesses, directing the mechanic 10 lock at only appropriate piaces in
the causal model.

It, in fact, mechanics we using these two types of knowiedge structures during troubleshooting, then we can
predict several changes we should expect 10 see in these structures as a result of experience, and from those, we can
predict the processing differences thal would result from these changes. First, we predict that through experience, a
mechanic's set of symplom-fault sets increases and that the sets he aready knows become more accurate. As a
result of these changes, the mechanic should have betier ways 10 index into the causal model, leading to more effi-
clent ssarches for the correct fallure. Second, the causal model shoukd become more filled out with experience, both
through addition of components and/or systems that were previously unknown and through addition of relationshipe
and dependencies between the known components. The causal model, ike symptom-{ault sets, should also become
more accurale. As a result of having a better causal model, a mechanic should be better able 1o systemaltically reason
about the way the car works, aliowing him 1o find engine fallures more systematically and in more cases.

Woe did, in fact, see clsar differences between students at different levels of experience reflecting mactly these
changes In ther knowledge svuctures. First, we saw evidence that both the organization and number of sympiom-
fault sets increased with experience. The advanced student seemed o know more symplom-fault sets than the
novice, as evidenced by the larger number of hypotheses he was able to generate for sach problem. In addition, the
advanced student seemed 1o organize his symptom-fault sets differently than the novice, evidenced by the more sys-
fematic procedure he used for generating and festing hypotheses. The advanced student’s procedure was o zero In
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on one of the engine’'s subsystems and then 1o consider which component of that sysiem was fauity, while the novice
did not differentiate between systems and components of systems in diagnosis. While for the novice, all faults are
equal and an hypothesis at the component level was as lkely to be selected as the first to investigate as an hypothesis
at the system level, the more advanced froubleshooter seemed 1o organize his symptom-fault sets into two categories,
each used for different purposes. One set pointed o faulty subsystems within the car (e.g., fuel system, electrical
sysiems) and was used early in diagnosis to zero In on the faulty subsystem, while the second set pointed to faulty
components of these systems (e.g., the fuel pump, the battery) and was used to dlagnose the problem within that
system. Such a change requires that the mechanic aiso reorganize his knowledge about the cer's engine in & more
hierarchical way that differentiates between sysiems and components of systems. Figure 1 shows a portion of the
novice and advanced student's organizations of the causal model of the engine.

NOVICE
Leve! of Abstraction Values
Highest
Component Level Battery Coil Distibutor Spark-Piug Ges-Tank Fusl-Pump Cerburetor Ar-Filter
ADVANCED
Level of Abstraction Values
Highest Car Engine
System Level Ignition Fuel _ Alr Intake
/QQ\ \\,,\\ & e
Component Level Battery Coil Distibutor Spark-Plug Gas-Tank Fuel-Pump Caerburetor Alr-Filter
Figure 1
Novice and Advanced Student Representations of the Car's Engine

We also saw evidence that content of the causal model changed with experience. The causal model of the
more sdvanced students contained not only more knowiledge about individual components, but alsc more knowledge
about the intsrconnectad nature of the engine's systems. The behavior of the students during troubleshooting Mus-
vates these findings. Consider, for sxample, the behavior of the advanced student in Problem 4. His reasoning went
as foliows:*

The frst thing you want to do, which s the easiest thing 10 do, Is lock and see f we have any fuel,
becsuse you gotta have fuel, air, and heat... Dont have fuel..The first thing | want to do is check
the fuse...theyts OK... hock this jJumper lsad 10 the bypass 1o the fuel pump...the fuel pump s
running... check and ses our connection up here to the energlzer...going from the ECM up to the
injector is OK...ry 10 snergize this solenoid by hand...check to ses ¥ we got any gas..all the lines
are aright...gol gas 1o the throttie body... my diagnosis is the solenoid is bad because everything
else checks out.
The hypotheses generaled by this student are In an order that reflects the muiti-level and highly integrated

* For a hill protocol of the session, write 1o the firet author.
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organization of both his causal mods! and his symptom-ault sets. He frst determined which of three possble sys-
tems of the engine was affected and then investigated its components and others that could impinge on the behavior
of the system under focus. In fact, his primary focus was on the electronic (or computer controlied) influences on the
behavior of the fuel pump and fuel injectors. This reasoning showed an awareness (reflected in the student’s causal
model) of the inlerdependencies between subsysiems. His reasoning shows that he knows that systems (such as the
fuel and eslectronic systems) may intersect at several points and that an apparently or possbly falled component i one
system may reflect an action, or lack of action in another gystem.

in contrast, the novice generated reiatively few hypotheses for any given probiem. His protocols indicate that

this s because he has littie knowiedge aboul the relationships between given symptoms and their causes and alsc
because his causal model is inadequate. In solving the same problem the advanced student was working on above,
the novice reasoned:

This problem could be in the fuel system, ignition sysiem...we know it's not In the starting system

because the car will crank over..One small drop of fuel...n that bowi..so s in the fuel

systom...the fuel pump's... supposed 1o turn for 10 10 15 seconds...| can't hear H...It might just be

a bad tuel pump.
We can ses littie evidence of an integrated hisrarchy of leveis n his organization of symptom-fault sets. While his
hypotheses were sometimes at the system level (lL.e., fuel system) and sometimes at the component level (l.e., fuel
pump is bad), in only one problem (this one) did he clearly consider frst a system and then & component within that
system. More commonly, he generated hypothesss at both levels and then investigated only specific components.
Furthermore, he showsd a similar lack of integration in his causal model. Specifically, he never consldered the possi-
bility that one system could affect the behavior of another. His knowiledge appeared to stop at the iwdividual
component’s behavior and did not iInclude the possbility that the actions of another system (the electronic system)
could be affecting the behavior of the component he was considering (the fuel pump).

While the novice knew about many of the components of the car's engine and about what their connections
were within a single system, he did not know how the systems and the components in different sysiems were interre-
lated. The advanced student, on the cther hand, knew both the connections between components and the connec-
tions between systems. Thus the advanced student had & more integrated and complete understanding of the car's
engine, while the novice's understanding seemed to be highly disjoint. Figure 2 shows our Interpretation of what the
novice and advanced students knew about the fuel pump, for @ample.

PUMP Source: a container
Substance: a substance in the container
Condult: a pipe
Destination: a container
Energy-Source: sn energy device

NOVICE ADVANCED
FUEL PUMP ISA PUMP FUEL PUMP ISA PUMP
Source: gas tank Source: gas tank
Substance: gasoline Substance: gasoline
Condulit: hose Condult: hose
Destination: carburetor Destingtion: carbur etor
Energy-Source: electrical system
Figure 2

Novice and Advanced Student Representations of a Fuel Pump
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Nots that the general information about pumps is avaiiable o both the novice and the advanced student. How-
ever, the information that the fuel pump requires an ensrgy source which is the electrical system of the car is not part
of the novice's representation of the fuel pump. If asked "What makes the fuel pump run?”, the novice is able 1o con-
struct the appropriate answer by using the more general information about pumps, but he does not use this
knowledge during problem solving. The same pattern is probably frue of knowiedge about systems and components.
The novice can undoubtedly 8il an Inquirer what system of the sngine a particular component res!des in, but he does
not maintain this information where i is readily usabile during problem solving.

Wae also saw within-subject changes In these knowledge structures over the course of the experiment. These
v changes were most evident In the intermediate student. Two examples will serve to demonstrate changes across
problems. In working on problem three, the intermediate student made a long and protracted search for the fusl pump
- relay using both written reference materials and extended visual examination of the engine. Whiie working on problem
j'_- four, he was able to immediately locate and check the same part. This component, and its physical relationship to
- others, had been Incorporated into the causal mode! during or foliowing problem three. Similarly, the symptom-fault
. sets ~hanged as new Information was acqurred. For example, the first hypothesis the intermediate student checked at

the component level for problem four was the fuel pump fuse, which was the correct diagnosis for problem thwee. He
. made the point as he worked that he was checking this possibility out first becauss of the previous case. ("I'm gonna
o check the fuel pump fuse firat [this time].”)
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. 3.2. Disgnostic Strategles

In addition to the changes experience makes in knowledge structures and organization, we aiso saw differences
i in diagnostic style. Diagnostic strategies seemed 1o be used differently by subjects at different levels of expertise and
evaiuation criteria changed significantly with experience. Some of these changes are due to the development of betier
stralogies for testing and confirming hypotheses with experience while others appear to result from the differances in
the knowledge avaliabie for diagnosis as a mechanic gets more experienced.

The change in how the mechanics tested and confrmed hypotheses was stking. As the example above
showed, the novice student was willing 10 accept an hypothesis when preliminary evidence could be intecpreted as
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h :::: congruent with that hypothesis and not pursuing the task any further (l.e. "cant hear the tuel pump”). In contrast, the
.~:“ advanced student sought, for each hypothesis, specifically confirming or disconfrming evidence that was part of a
::-:‘ causal explanation. While he was willing to select an hypothesis ic pursue on the basis of preliminary evidence, he

-‘: would not accept or reject it without causally based information (l.e. "the fuel pump's not running, now we have to find

out why"),

10

b The changes in diagnostic strategles that resulted from changes in the knowledge structures wers more
K -"::- apparent In the efficiency of diagnosis. As the causal model gets fllled out, it should allow the mechanic 10 pursue a
::'-: longer systematic search through the engine and aiso aliow him 1o evaiuate information in more detail and with more
-:::- concern for the real effects of the behavior observed. At the same time, as the number and complexity of symptom-
e fault sets increases, long searches shouid become iess necessary, because the mechanic is able to index into his
_.\- model in more, and more effective, locations.
‘:::' These two types of changes in the mechanic's diagnostic strategies work together 10 produce the results we
g saw. As the mechanic gains experlence with meking correct and Incorrect diagnoses, he gains a sense of what kind
::‘-j and how much information is "enough” 1o be sure of his opinions. in addition, as his causal model and symptom-fauft
“n sets become more complets and accurals, he is more able 10 select hypotheses for investigation appropriately and to
\.; continue invgestigating a problem to the point that only one hypothesis remains as a possible diagnosis. Conse-
AN quently, the conditions under which he will accept an hypothesis as a final diagnosis will become more accurate and
e the path by which he reaches his diagnosis will become more efficient.
N This result is clearly evident In protocols of the novice and advanced students. When the novics's working
;':- hypothesis was a that a particular component was faulty, he sither accepted it or rejected it as the cause of the symp-
.', tom. He never investigated other sffects on or inputs 10 that component. For exampie, in problem 2, the faliure was a
_:}'_ dead battery cell which caused the car to crank very siowly. The novice based his diagnosis on the foliowing informa-
2 ton:
i
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First of all, we'l have 10 check this battery...lt could be the starter... R could be the alternator...it

couid be & voitage loss...could be a dead ceil in the batiery...we've only got 10 voits in the batiery-

s ~sach battery cell is 2 voits and there's 8 celis In the batiery, so dead batiery cell.

Here we see the novice generating both sysiem and component level hypotheses but, because his knowledge is not
hierarchically organized, not pursuing them in that order. Rather, he looks first at the battery charge. Because it ls
low, he accepts the hypothesis of a dead ceil. His diagnostic strategy does not require that he consider any
hypotheses relating to why the battery might be low, such as a maifunction in another system.

In contrast, the advanced student generally collected more iformation before giving a diagnosis. if possible, he
\ confirmed his diagnosis by visually finding the condition that created the symptom (Le., the disabled fuse panel con-
L nection in Problem 3). When that was not possible, he justified his diagnosis within his causal model. For sxample, In
s Probiem 2, the tallure could not be confrmed by visual evidence. Instead, the advanced student reaches his diag-
A nosls with the following information:
> ..check the starter draw...it's puling enough down to get the starter 1o go akight...We put the bat-
tery under load, you can see the amps rising and it's charging the battery..Sc the altemator's
. working OK...what | belleve we have is the cell is dead in the battery...Try the test on the VAT...As
you see on the indicator is also showing that it needs charging for the batiery is bad...S0 what we
have here is a battery with a couple of celis dead, and it's a sealed battery and you cannot check
the specific gravity with a hydrometer 1o check and see which one’s dead.
He reached and justified his diagnosis by eliminating all other possibilities from his symptom-fault sets and the causal
model. In other words, he tested and verified normal functioning of both the starting system ( "it's puling enough
down to get the starler 10 go aright”) and the charging system ("So the alternator's working OK”). These are the only
two sysiems, other than accessories such as headlights and radio, that affect the level of charge in the battery. Con-
sequently, according to the student's causal model, ¥ the battery's charge is low and the starting und charging sys-
fems are functioning correctly, the only remaining component in which the fallure can be iocated is the battery itself. In
some types of batterigs, this conclusion can be tested directly, but in the car used in this probiem, the battery is
sealed. Therefore, the mechanic must stop with his explanation rather than attempt to verity the diagnosis any turther.
In comperison 1o the novice, he seiecied his hypotheses more efficiantly, first eliminating competing systems from con-
‘ sideration. In addition, he based his acceptance of the diagnosis on a full causal explanation rather than on superficial
evidence.
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: 4. Conclusions

The results are as predicted by our interpretation of the diagnostic behavior as an Interaction between several
knowledge sructures. Both the causal model and the symplom-fault sets change with experience, and we have seen
some eampiles of exactly what changes occur. In the causal model, the most notable change is the increasing com-
plexity of the model, reflected in the growing awareness of the interconneciedness of systems within the engine. The
novice is clearly unaware of the possbility that electronic fallures can affect things ike fuel delivery, since he knows iit-
tie about the dependencies between the fuel system and the elactrical syslem, while the more advanced mechanic not
only knows that such relationships exist, he considers them a highly common source of fallures. Similarly, the
number, organization, and accuracy of the sympiom-faull sets changes with increasing experience. Ultimately, they
are able 0 represent a complex, hisrarchical system of relationships. The data suggest that components are organ-
zed hisrarchically under thelr respective systsms and are never directly considered unisss thelr system Is determined
0 house the fallure, or at lsast 10 be the source of information crucial 1o locating the failure.

Buiiding partly on these changes In the knowiedge structures, and partly on independent effects of experience
on decision processes, the mechanic's procedures and guideiines for accepting hypotheses as diagnoses also change.
The processes or procedures used become increasingly focussed on information that wili alow a causal Interpretation
of the behavior cbeerved. At the same time, the developing knowiedge stuctures allow the mechanic to search for
and aquire more, and more accurate, Information from his symptom-fault sets and his causal model. The interaction
of thess changes In both knowiedge and process lead 10 the more accurate and efficient problem soiving seen in
experts.
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Thus, we ses that experience is providing the mechanic with three things. His overall level of knowledge is
increasing; the organization and integration of his knowledge structures, both the sympiom-tault sets and the causal
mode!, are Increasing; and his processes and criteria for reaching diagnoses are becoming more accurate, more effi-
cient, and more focussed on causal information.
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