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ABSTRACT

Two exper imental studies of des ign prob lem solving are pres-
ented . Eighty-one subjects worked on one of two design
problems that were isomorphic in structure : a schedule for
stages in a manufacturing process or a layout for a business
office . In Experiment 1 , a difference between problem iso—
morphs is obtained: the “spatial” office layout problem
obtains better performance and shorter solution times than
the “temporal” scheduling problem . In Experiment 2, this
difference attenuates when subjects are prov ided with a
graphic representation in both isomorph conditions . The
availability of a graphic representation is discussed as an
aid for procedural design.
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Introduction

Variables of presentation and representation have re-
ceived considerable attention in studies of human problem
solving. Schwartz (Polich & Schwartz, 1975; Schwartz, 1971)
has shown that making a graphic means of representing solu-
tions available improves subjects’ performance in deduction
tasks. Reed, Ernst, and Banerji (1974) and Simon and Hayes
(1976) have shown that subjects’ performance can differ for
logically isomorphic versions of certain problems, when
those versions are presented with different “cover stories” .

The present study explores the variables of presentation
and representation in a “design” problem solving task envi-
ronment. Design problem solving belongs to that relatively
under-studied area of human problem solving that Reitman
(1965) associated with “ill-structured” problems . Problem—
solving behavior in this domain characteristically cannot be
minutely specified as a set of moves, selected from a small
and f i n ite set of possible ones , and applied in sequence to
a precisely def ined initial state in order to der ive a un i-
que final or goal state.

A designer , typically , does not know in advance what the
goal state will be, although he usually has criteria to
evaluate potential goal states . Indeed, the designer often
does not even have a definition of the initial problem-
state , or of the allowable moves. Simon (1973) contends
that the formal and behavioral analysis of ill-defined prob-
lems , such as design problems , can be accomodated by the
theoretical apparatus developed already to treat well-
defined problems (e.g., Newell and Simon , 1972) -- but lit-
tle argument and no empirical evidence is adduced to this
claim.

The possibility exists, however, that there are substan-
tive differences between well-structured and ill—structured
sorts of problem solving . Much of “ordinary” (i.e., real
wor].d) problem solving is concerned with ill-structured , and
not well-structured , problem situations. Thus, an analysis
of human problem solving that treats only the well-
structured sort certainly risks being an inadequate analy-
sis. One important task for human problem solving research
is to extend the existent analyses of well-structured prob-
lems to the domain of ill-structured problems .

The two experiments described here address presentation
and representation in a design problem solving environment .
Presentation is manipulated in two ways. First , we contrast
a “temporal” presentation of the problem with a logically
isomorphic “spatial” presentation . Second , ‘s’e compare three
different sequencings in which problem information can be
presented to the problem solver. Representation is ad-
dressed by comparing performance of subjects who are provid-

. - 
~~~~. - . . —



Presentation and Representation Page 2

ed wi th a graphic means of repres enting their solutions
(Experiment 2) with that of subjects not provided with a
means representation (Experiment 1). Subjects in Experiment
1 expressed their design solutions in any way they wanted.
Subjects in Experiment 2 solved the same desi gn problems ,
but expressed their solutions using a prescribed graphic
represent ation scheme.

EXPERIMENT 1

In Experiment 1 subjects were presented with one of two
isomorphic variations of a design problem : a temporal iso-
mor ph and a spatial isomorph. The various desi gn require-
ments comprising the problem were presented to subjects in
one of three sequencings , varying from highly structured to
unstructured . The experiment attempted to test for effects
of sequencing and isomorph on the dependent var iables of
performance success and solution time.

Method

Problem Isomorphs. The design problem was presented to
each subject in one of two is omorphic versions . The cover
story for the temporal isomorph involved desi gning a manu-
facturing process for “widgets” , which manufac turing process
consis ted of seven stages. Each stage was to be assi gned
to a factory shift, at a particular priority level (if work-
ers get behind during their shift, they do the higher pr i or-
ity work f i r s t).

To obtain the spatial cover story , we replaced key con-
tent wor ds of the temporal cover story wi th “spatial” words .
The spatial cover stor y involved designing a business off ice
layout . The o f f i c e was to accomodate seven employees .
Each employee was to be assi gned to a corr idor a cer tain
number of o f f i ces  down from a central hallway (worker s who
ar e higher in pres tige pref er to have their o f f ices  nearer
to this central hallway).

Both problems were defined by a set of 19 “ functional
requirements ”. These consisted of six of each of three
types of relation , plus a “compactness goal” . In the spa-
tial isomorph condition , the three relations that could
occur between entities were: (1) “is compatible
(incompatible) with” , (2) “has more (less) prestige than” ,
(3) and “uses the accounting records (meets peop le in the
reception area) more than” . In the temporal isomorph condi-
tion , the corresponding relations were : (1) “uses di f f erent
(the same) resources than (as )” , (2) “is a higher (lower)
pr io r i ty manufac turing stage than” , and (3) “should follow
(precede )” . The following are examples of relations in the
temporal isomorph problem statement :

F is a higher pr io r i ty manufacturing stage than B.
A should fol low stage C.

- - - — —-_ _ _ _ _  - . p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



Presentation and Representation Page 3

G uses d i f fe rent resource s than F.
Subjects were presented with a total of 18 such relations (3
types X 2 polari ties -- e.g., precede versu s fol low -- X 3
of each).

There was one fur ther goal given to the subjects , the
• compactness goal. In the temporal isomorph, they were told

to minimize the total number of shifts in which they organ-
ized the stages compr i s ing the manufac turing process. In
the spatial isomor ph, they were told to minimize the total
number of àorridors in which they organized the seven of-
f ices . Thus , subjects were asked to “compact” their design
solutions , restricting the total number of shifts or corn-
dors they posited . (The 19 functional requirements for both
isomor phs are presented in the Appendix .)

It is impor tant to note that the 19 functional require-
ments of the desi gn prob lem involved “trade-of fs” . For
example , the temporal isomorph subjects were told that “C
should precede stage F” , that “G uses different resources
than F” , and that “D should follow stage G” . Now , if G uses
different resources than F, it ought to scheduled for the
same shift as F (for optimal efficiency, see below ). And ,
since C should precede stage F (and therefore stage G) and D
should follow stage G, we can conclude that C precedes D.
However , our subjects also got the functional requirement “C
uses different resources than D” . This requiremen t can be
optimally satisfied only if D and C are scheduled for the
same shift, which conflicts with the other requirements.

As a result of these trade—offs , there is no perfect
solution to the design problems we used —— there is no solu-
tion that necessitates only one shift (or corridor) and
satisf ies all 18 of the remaining functional requiremen ts.
In fact, even ignoring the compactness requirement , there is
no poss ible solution which satisf ies all of the r emain ing 18
requirements.  There ar e, of course , better and poorer solu-
tions (see below ), but as far as we can tel l , there is no
unique optimal solution either. This s ituation is typ ical
of ill-defined problem environmc-~ts.  Subjects were encour-
aged to f i nd the bes t poss ible solu tion , given the inherent
trade—offs of the problems.

Sequence of Presentation. The initial cover story was
about one and a half typed pages in length for both isomor ph
conditions , and compr ised the f i r s t two pages of a booklet
given to subjects to read at their own pace. Following this
cover story , the 19 functional requirements were distributed
over the next four pages of the booklet. On each page, the
sub ject was presen ted with 6 of the 18 rela tions or with the
compactness goal. There were three possible presentation
sequences for the 19 functional requirements.
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In the Hierarchical Presentation (H?) condition, page 3
contained a statement of the overall goals of the design
problem. Thus , in the temporal isomorph problem statement
subjects were told that the organization of the manufactur-
ing process should be “eff icient” and “ef fective ” . Efficien—
cy, they were told entailed (1) that the total number of
shifts required by the process should be minimized and (2)
that processes that could be scheduled for the same shift
(i.e., processes that use different resources ) should be.
Effectiveness , they were told, meant (3) that stages should
be optimally. sequenced (i.e., stages should follow or pre-
cede one another as specified) and (4) that priorities
should be taken into consideration in the schedule. Each of
the four following pages of functional requirements elabo-
rated one of these goals . (An isomorphic set of goals were
presented to subjects in the spatial HP condition.)

The Clustered Presentation (CP) condition was like the HP
condition except that the statement of overall goals was not
included . Thus, subjects in the CP condition were given no
explicit framework for the 19 functional requirements , al-
though their four pages of functional requirements were
thematically clustered vis—a—vis these overall goals.

The Non-structured Presentation (NSP) condition , like the
CP condition , lacked an overall statement of the goals of
the design problem. In addition, however , the 18 relations
were “jumbled” . Hence , instead of getting all of the six
requirements pertaining to the use of resources on a single
page of the booklet , subjects in the NSP condition were
presented with three requirements pertaining to resc~ rces
mixed with three pertaining to priority . On a subsequent
page the were presented with the three rema ining resources
requirements , this time mixed with three temporal sequencing
(precede/follow) requirements .

Design, Subjects ,, and Procedure. The design of the expe-
riment was a 3 X 2 factorial, whose factors were “sequence
of presentation” (HP, CP, and NSP) and “isomorph presenta-
tion ” (spatial and temporal).

A total of 36 students from small local colleges partici-
pated in the experiment. The subjects were run in groups
and were paid for their participation. Each subject was
assigned to one of the six conditions . Subjects were given
a booklet, and asked to read the first two pages of general
instructions. Af ter studying the instructions , subjects
were invited to ask questions concerning the experiment.
The experimenter reviewed the contents of the instructions ,
and then allowed subjects to proceed to page 3 of the book-
let. At this point , subjects started work on the design
problem.

S 
.— — —~~zr — ‘
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Subjects worked at their own pace. On each page of the
booklet they were presented with addi tional informa tion
(fur ther func tional requirements) and asked to “des ign” a
solution to the problem on the basis of what they then knew.
Subjects wer e not ins tructed as to how their des ign solu-
tions should be expresse d, they could express their solu-
tions in any way they choose. It was emphasized that these
“intermediate solutions” were ver y impor tant to the purpose
of the experiment and that they should be taken as ser iously
as the final solution which the subject would ul timatel y
desi gn when all of the information had been presented.
While working on any given page of the booklet, subjects
were permi tted to turn back to any previous page of the -
booklet, to review their previous work , to review the in-
structions, or to check on functional requirements presen ted
earlier . They were forbidden to change any of their previ-
ous work or to look ahead in the booklet.

Af ter all of the functional requirements were presen ted ,
the sub ject was asked to give a f inal solu tion (page 8 in
HP , page 7 in CP and NSP). The final two pages of the book-
le t consis ted of a ques tionnaire , asking subjects about
their strategies , feelings about the experiment , and previ-
ous designing experience . (There were no gross differences
between subject samples.) The entire experimental session
took about two hours.

Scoring. Subjects ’ solutions were scored for both per-
formance and solution time . Perf ormanc e was scor ed by giv-
ing one point for each of the 18 functional requirements
satisfied . The compactness requirement was scored by giving
4 points if the subject ’s solution consisted of 2 shifts
(corridors), 2 points if it consisted of 3 shifts
(corridors), and 1 point if it cons isted of 4 shif ts
(corridors). No subject produced a solution consisting of
more than four shif ts (corr i dors ). The compactness require-
ment was weighted in this way in order that it would count
about equall y wi th the other three pages of func tional re-
quiremen ts which presen ted s ix  funct ional requirements each .
In general , a good score for the other groups of functional
requir ements was a 4, more rarel y a 5 , (out of 6), with
scores ranging down to 1 , and in a few cases 0.

To measure solu tion times , the experimen ter began timing
when the subjects turned to the third page of the experi men-
tal booklet and marked the elapsed time as each subject
completed the f inal design solu tion .

Resul ts and Discussion

One subject failed to complete the experiment and was
disc arded from the analys is .  The summary data for the re-
maining 35 subjects is presented in Table 1.
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Table 1
Mean Performance Scores and Solution Times:

Experiment 1

Spatial Temporal
Isomorph Isomorph

Performance Solution Performance Solution
Scores Times Scores Times

Hierarchical 13.00 42.00 7.17 43.50
Presentation (8.20) (43.20)

Clustered 11 .50 38.83 10.33 44.00
Presentation (10.33) (44.00)

Nonstructured 11.83 34.60 7.50 51.67
Presentation (9.25) 55.00)

Overall 12.06 38.50 8.33 46.39
(9.33) (47.33)

Analyses of variance for the 2 X 3 factorial of isomorph by
sequence were computed for the performance and solution time
measures. We used the Method of Expected Equal Frequencies
(Ferguson , 1971 , pages 2~ 8-239), since there was a missingobser~ation in one cell. This ANOVA is justified insofar as
the X of expected cell frequencies does ~ot depart from
chance. In the data to be reported all X values fail to
reject the null hypothesis . In each case, we report the
obtained in parentheses.

For performance scores X2 (5) = .14), a significant main
effect of problem isomorph obtains F (1 , 29) = 12.99 , £ <
.001. This reflects the fact that subjects in the spatial
isomorph condition had higher performance scores. The ef-
fect of sequence (HP vs. CP vs. NSP) and the interaction
ef~ect are both non—significant . For the solution time data
(X (5) = .26), the factor of problem isomorph is ~gain
significant, obtaining F (1 , 28) = 7.01 , ~ < .025.’ Subjects
in the spatial isomorph condition obtained shorter solution
times than temporal isomorph subjects. The main effect of
sequence is again non-significant , but the interaction ef-
fect is nearly significant , F (2, 28) = 2.47, 2 < .10. Tem-
poral subjects obtained shorter solution times with more
structured sequence of presentation (i.e., they were faster
in the HP condition than in CP and NSP, and faster in CP
than in NSP). Spatial isomorph subjects , in contrast, were
slower in the more structured conditions .

~~~~~~~~~~~~~~ TI~~~~ ~T . TT1~~~~~
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Close ins~ ection of the comments of three subjects re-
vealed that they did not properly understand the experimen-
tal task. That is, they did not seem to understand the
relations , like “priority” and “sequence ” , upon which the
problem ’s functional requirements were defined . Since all
three of these subjects belonged to the temporal isomorph
group , this discovery raises questions about the effect of

L problem isomorph just cited. In order to clarify this mat-
ter , we performed further analyses of variance , discarding
the data of these three subjects as “comprehens ion fa il-
ures” .

For the performance data ~~2 ~~ = .63), the main effect
of isomorph presentation persists, F (1 , 26) = 9.35, ~
.005. There is no effect of seque~ce of presentation and no
interaction. For solution time (X (5) = .55), we also
still obtain a main effect of the isomorpli presentation
factor , F (1 , 25) = 9.70, 2 < .005. There is, again , no
main effect of sequence of presentation , but a nearly sig-
nificant interaction term , F (2, 25) = 3.12 , 2 < .10.

In summary , the results of Experiment 1 seem to show a
reliable difference between the two isomorphic versions of
the design problem : the temporal isomorph is solved more
slowly and less successfully than the spatial isomorph . On
the other hand , our “sequence of presentation ” variable
obtained only a marginal effect on solution time and no
measured effect on performance .

It is notable that all of the 17 subjects in the spat~~ l
isomorph group used a graphic representation (a layout draw-
ing) of the business office in the course of solving the
design problem . However , only two of the temporal isomorph
subjects used such a representation. Nine others produced a
discursive listing of facts pertaining to the final manufac-
turing schedule , and the remaining 4 (not counting compre-
hension failures) employed discursive paragraphs . The fact
that a graphic representation for problem informat~~~i and
solutions is more readily available in the spatial isomorph
condition may be causally related to the fact that subjects
in the spatial condition have higher performance scores and
shorter solution times . This interpretation is encouraged
by Schwartz ’s (1971) finding that graphic representations
can function as problem solving aids .

Alternatively, th~ isornorph difference we measured might
reflect fundamental conceptual differences between time and
space. This possibility is encouraged by the fact that all
of the three “comprehension failures ” we recorded were from
the temporal isomorph presentation. (If there were son~e
Ij 1~~ S in the materials , the temporal isomorph would have becn
.~xpected to be more easily comprehended since it , and not
the spatial isomorph , was the source pattern for both pr~rib-Lem statements.)

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
: 1 ’~
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EXPERIMENT 2

Experiment 2 attempts to further clarify the basis of the
isomorph differences discovered in Experiment 1; in particu-
lar , to characterize the role which the availability of a
representation might play in creating this difference. In
Experiment 2, subjects were provided with and trained to use
a graphic representation . If the performance and solution
time isomorph differences of Experiment 1 were due to the
relative availability of a graphic representation , this
manipulation should attentuate the differences. If, on the
other hand, the isomorph differences were based in more
fundamental conceptual differences between the two- problem
versions , the isomorph difference should persist.

Method

Design and Materials. Experiment 2 has the same 3 X 2
factorial design as Experiment 1. In fact, the materials
for the two experiments were identical with one exception.
In Experiment 2, subjects were provided with a matrix repre-
sentation in which they were to record their intermediate
and final design solutions. An example of this matrix is
given in Figure 1.

Figure 1
Caption : Example of matrix representation provided to sub-
jects in Experiment 2.

In the spatial isomorph problem statement, the horizontal
dimension in the matrix was the office ’s position with re-
spect to the accounting records and reception area
(~ ccounting record at the extreme right, reception at the
left). The vertical dimension was defined as corridors
containing offices, the very top row of the matrix was de-
fined as bordering the central hallway (near to which higher
prestige employees like to have their offices). Thus, with-
in a column of the matrix height represents prestige. 1n
Figure 1 , A is closer to the accounting records than B and
C. B and C are located on the same corridor, and C has
greater prestige.

In the temporal isomorph , the horizontal dimension was a
time line -- columns to the right are “earlier” than columns
to the left. Columns themselves represented “shifts” , and
height in a column represented “priority”. Thus, in the
example A is scheduled two shifts before C and B. C and B
are scheduled for the same shift, and C has been assigned
higher priority.

____________ —-— —
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The initial two pages of the experimental booklet were
modified to explain and illustrate the use of this repre-
sentational scheme (adding another half page of material to
the instructions). Each succeeding page of the booklet
(intermediate solutions and final solutions) had a blank
matrix printed ouL on it. Subjects were asked to record
their design solutions in the matrix.

I-
In all other ways, the materials for the two experiments

were identical.

Procedure. The procedure for Experiment 2 was identical
to that of Experiment 1 with the exception that the experi-
menter also explained the representation in the initial
instruction period . A total of 45 subjects participated in
the experiment. They were drawn from the local college
student population , and were each paid for their participa-
tion. Either 7 or 8 subjects were randomly assigned to each
of the 6 (sequence X isomorph) conditions: 23 were assigned
to the temporal isomorph conditions, and 22 to the spatial
isomorph conditions . The entire experimental session took
about two and half hours.

Resul ts and Discussion

Summary data for Experiment 2, for both performance and
solution time , are presented in Table 2.

Table 2
Mean Performance Scores and Solution Times:

Experiment 2

Spatial Temporal
Isomorph Isomorph

Performance Solution Performance Solution
Scores Times Scores Times

Hierarchical 13.14 65. 14 11 .25 62.25
Presentation (12.00) (55.67)

Clustered 12.71 53.14 11.71 67.57
Presentation (12.00) (64.17)

Nonstructured 12.50 62.29 10.00 71 .63
Presentation (11 .00) (69.33)

Overall 12.77 60.19 10.96 67.13
(11.67) (63.06)
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We analyzed the data from Experiment 2 by the same ANOVA
procedures u~ed to analyze Experiment 1 . For the perform-
ance data (X” (5) = .20), a significant main effect of prob-
lem isomorph obtains , F (1 , 39) = 5.13 , 2 < .05. There is
no significant effect of sequence and no interaction. For
solution time (X (5) = .18), however~, there are no sign if i-
cant treatment effects in the ANOVA . ~L.

When we inspected the comments and intermediate solutions
of our subjects, we again found cases of apparent comprehen-
sion failure . A total of five such cases were detected .
Sirce all ’ five of these cases belonged to the temporal iso-
morph groups, we performed further ANOVA ’s 9iscarding the
data of these subjects . For performance (X (5) = .50),
there are no significant main effects or interactions (for
the effect of proble~ isomorph , F (1 , 34)  = 1 .88, 2 < .2).
For solution time (X (5) = .23), there are also no signifi-
cant effects.

In sum , when subjects are provided with a graphic repre-
sentational scheme , differences in performance and solution
t i me between the spatial and temporal problem isomorphs
diminish. Accordingly, the relative availability of a
graphic representation does emerge as an effective differ-
ence between the spatial and temporal isomorphs . We base
these conclusions , of course, on an acceptance of the null
hypothesis , something one generally wants to avoid . Howev-
er , if an isomorph difference as strong as that we measured
in Experiment I had been present in Experiment II , a power
analysis estimates that the probability of our finding it
would be at least .97.

Providing temporal subjects with a graphic representation
does not collapse all isomorph differences. The tendency
~or temporal isomorph subjects to experience greater compre-
hension problems than the spatial isomorph subjects , noted
in discussion of Experiment 1 , is still apparent. In fact ,
the tendency for temporal isomorph subjects to experience
“comprehension failure” is significantly different from
chance , 2 < .005, by Sign Test , pooling across both experi-
ments. Five of 23 subjects in the temporal group in Experi-
ment 2 (and 3 out of 18 in Experiment 1) failed t~ adequate-ly comprehend the problem , while none of the 22 subjects  in
the spatial group fell into this category.

General Discussion

First , we will comment on the failurc~ of the present
study to detect an effect of sequence of “presentation ” ,
then we will discuss the effects of isomorph “presentation ”

~nd “representation ” that were detected . The sequence ~‘ari-able was intended to manipulate the degree to which the
implicit goal structure of the design problems were made
apparent to the subject—designer. In the HP condition ,

S — --. .— --—.—--- . -.------~~~ -V—--- ~~~~~~~~~~~~~ 
— - - - ..- — - -. -. -- .- -. -- ~~~•-
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these goals were explicitly spe1le~ out. In the CP condi-
tion , they were implicit in the clustering of the functional
requirements vis-a-vis the pages of the experimental book-
let. In the NSP condition, the goal structure was obscured .

Since we find no effect of sequence, one might want to
conclude that the transparency of a design problem ’s goal
structure doesn ’t matter -- at least in the case of our
design problems . Perhaps the design problem is too artif i-
cial and the subjects were just manipulating the A , B, C,

entities formally and ignoring the details of the cover
story . However, neither the obtained differences between
isomorphs, nor the comments subjects spontaneously rendered
are consistent with such an “artificiality ” argument. Sub-
jects often wrote notes on their solutions like “B is incom-
patible with everybody , I’ll have to put him off by him-
self .” These observations suggest that subjects were in-
volved with the cover story , and indeed, that to some extent
they approached the design problem as if it were a real
world problem.

It is also possible that the particular presentation
sequences we contrasted are largely ineffective , but that
some other sequence manipulations might indeed control per-
formance and solution time variables. For example , it might
be the case that sequence of presentation variables are
effective when they effectively structure a complex problem
into “sub-problems” (Thomas, 1974). Our three sequence
conditions equally did not allow the overall design solution
to be independently decomposed into sub-problems . Perhaps
significant effects would have been found with a sequence
manipulation in which subjects could, for example , design
the organization of shift number one based on the informa-
tion they are presented with on page one of the booklet,
shift number two based on information they receive on page
two, etc. Each shift could be designed (almost) independ-
ently of any other shift. Such a sequence manipulation
might obtain an effect on performance and solution time
measures in contrast to a set of sequencings which force
subjects to reanalyze their entire design each time they
received new information (i.e., like the sequence conditions
in the present study). This possibility remains for further
research. (See Carroll, Thomas, Miller , & Malhotra, 1978,
for work along these lines.)

Since providing subjects with a representation mitigates
the effect of the problem isomorph variable reported in
Experiment 1 vis-a-vis the spatial and temporal versions, it
seems that the difference between the two isomorphs can be
attributed , at least in part, to the relative availability,
or accessibility,  of representations . Thus, it is argued
that a representational scheme is more available to subjects
in the spatial condition , and they are therefore able to
solve the problem faster and with greater success 

--- -..-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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(Experiment 1). However , when subjects in both conditions
are provided with an equally powerful graphic representa-
tion , differences between the two isomorph conditions atten-
uate (Experiment 2).

Comprehension failures , however, are no less common in
the temporal isomorph group of Experiment 2 than they are in
the temporal group of Experiment 2. Hence , at least one
difference between the spatial and temporal isomorphs is not
neutralized by making a representation available. It ap-
pears that -while the availability of a representation may
differentiate the two isomorphs with respect to “problem
solution” , it does not differentiate them with respect to
“problem understanding” . That is, having a graphic repre-
sentation seems to make the problem easier to solve , but not
easier to understand (but cf. Mayer , 1976). It is still
relatively more difficult to understand the temporal problem
(as indexed by comprehension failures) in both experiments.

Some additional perspective on these matters may be pro-
vided by pooling data from the two experiments , and analyz-
ing “representation” directly as a factor in an ANOVA . This
is justified in that the only difference between the materi-
als and procedure of the two experiments resides in whethe:
or not a representation was provided to the subject
(Experiment 2), or not (Experiment 1). A 2 X 2 ANOVA was
performed for the performance and solution time data of
Experiments 1 and 2 pooled for the factors of representation
(Experiment 1 versus Experiment 2) and isomorph presenta-
tion .

For performance ~~2 ~~ = 1 .66), the representation fac-
tor obtains F (1 , 75) = 7.11 , 2 

< .01. This result shows
that the Experiment 2 subjects , who had a representation
provided , attained higher performance scores. Problem iso-
morph factor obtains F (1 , 75) = 17.46, 2 < .001 . This
shows that subjects in the spatial isomorph conditions at-
tained better performance scores overall. There is a non-
significant interaction of isomorph and repr9entation , F

1 , 75) = 1 .90, 2 < .2. For solution time (X (3) = 1.49)
there are also main effects of representation , F (1 , 74) =

4 3 . 4 5 , ~ < .001 , and isomorph presentation , F (1 , 74) =

5.31 , ~ < .05. These differences reflect the fact that
subjects in Experiment 1 , who had no representation provid-
ed , obtained shorter solution times , as did E lbiects in thc
spatial isomorph conditions overall. There i~~ no represent-
ation by isomorph interaction .

As before , we have also computed the AN9A ’s discardinq
comprehension failures . For performance (X (3) = 1 .62),
there is a main effect of representation , F (1 ,~~~7i =

< .025 , and of problem isomorph , F (1 , 67) = 9. 43 , ~
.t)05. The i~ teraction term is non-significant. For solu-
tico time (X (3) = 1 .20) , the factor of repres~ ntation
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obtains F (1 , 66) = 29.90, 2 < .001 , and the factor of iso-
morph presentation obtains F (1 ,66) = 2.92, 2 < .10. The
interaction term is non-significant .

These analyses argue that availability of a representa-
tion does not exhaust the difference between spatial and
temporal isomorphs. The factor of problem isomorph obtains
significant main effects in the pooled analysis, and does
not interact significantly with the factor of representa-
tion. Hence, we still cannot rule out the influence of what
we referred to earlier as conceptual differences .

The effects of the representation factor itself suggest
some further hypotheses about the role of representation in
problem solving. There is a highly significant tendency for
subjects in Experiment 2 to take more time in solving the
design problem , independent of isomorph presentation. Fur-
ther , there was a significant tendency for these subjects to
obtain higher performance scores.

Perhaps, the longer solution times in the Experiment 2
are merely due to the fact that these subjects had more to
learn ( i . e . ,  they had to learn to use the representation) .
We tried to eliminate this possibility by not including the
instruction period in the solution time. However, it could
be that subjects did not realize their lack of understanding
of the representational scheme until af ter the instruction
period , and hence the time they spent learning the repre-
sentation was actually included in their solution time . On
this view , the advantage of the graphic representation lies
perhaps in its providing to the subject a recording medium
that helps maintain and integrate previous intermediate
solutions (see Greeno, 1975).

Another poss ibility,  however, is that the improved per-
formance of the representation subjects is more directly
related to the longer amount of time they spend on the prob-
lem. In this view, the benefit of the representation re-
sides in its encouraging the subject to work longer on the
problem . Indeed , this could be just the sense in which a
representation can function as a problem solving aid. In
any case, the present experiment does seem to indicate that
graphic representations can act as aids in ill-structured
temporal design problems -- and thus is a preliminary empir-
ical justification for the use of such aids in real world
temporal design task environments like computer programming
(see van Tassel, 1974, for discussion of “flow-charting” and
related aids).
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Summary

The present investigation suggests that the efficacy of
graphic representations in solving well-structured deduction
problems (e.g., Schwartz, 1971), may generalize to ill-
structured problem domains like design. Furthermore, it was
suggested , certain presentations of problem information
encourage graphic representation and are (thereby) rendered
easier to solve (spatial versus temporal in Experiment 1).

This study also elaborates previous analyses of problem
isomorphism , distinguishing , in par ticular , between spatial
and temporal isomorphs. The spatial isomorph, in the pres-
ent study , obtained better performance and faster solution
times (Experiment 1), and occasioned fewer comprehension
failures than the temporal isomorph . This shows that the

- intuitive distinction between time and space , like the
“trans fe r ” and “change” comparison studied by Simon and
Hayes (1976), can be an effective variable in presentating
problem information . We have also attempted to clarify the
basis of isomorph differences , suggesting that these differ-
ences reside in the extent to which a problem statement
makes a useful representational scheme available , or acces-
sible , to the problem solver (see Simon and Hayes , 1976).

Finally, we have developed a paradigm which allows for
objective assessments problem solving behavior in relatively
ill-defined problem solving environments.

Footnotes

* We thank Roger Evans for programming the ANOVA r.~u-
tines used in analyzing the data presented here , Martha
McRea for assisting in the data analysis , and Lance Mil ler
and Don Nix for commenting on an earlier version of this
report.

1 We use the Method of Expected Equal Frequencies
throughout . We have also checked these results using the
Method of Proportional Frequencies (Ferguson , 1971 , page
239—24U , arid find no discrepancies .

2 
~)ne subject failed to signal the experimenter when }:c

finished the problem , and as ~ result had no solution timerecorded .

One of the 45 subjects failed to signal the experimen-
ter upon completion of the problem . As a result , one solu-
tion time is missing .
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Appendix

1. Functional Requirements for Temporal Isomorph

A uses the same resources as B,
F uses different resources than A,
B uses the same resources as G,
C uses different resources than D,
E uses the same resources as B,
G uses different resources than F,
The total number of shifts required should be as small as
possible,
B should precede stage D ,
E should follow stage G,
A should follow stage C,
F should precede stage E,
D should follow stage G,
C should precede stage F,
F is a higher priority manufacturing stage than B,
C is a lower priority manufacturing stage than B,
G is a lower priority manufacturing stage than C,
D is a higher priority manufacturing stage than F,
E is a higher priority manufacturing stage than G,
A is a lower priority manufacturing stage than D.

2. Functional Requirments for Spatial Isomorph

A is incompatible with B,
F is compatible with A ,
B is incompatible with G,
C is compatible with D,
E is incompatible with B,
G is compatible with F,
The total number of corridors office space is rented on
should be as small as possible,
B uses the accounting records more than does D,
E meets people in the reception area more than does G,
A meets people in the reception area more than does C,
F uses accounting records more than does E,
D meets people in the reception area more than does G,
C uses the accounting records more than does F,
F has more prestige than B,
C has less prestige than B,
G has less prestige than C,
D has more prestige than F,
E has more prestige than G,
A has less prestige than D.
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Reference Note

Carroll , John M., John C. Thomas, and Ashok Maihotra. The
structure of behavior in design problem solving .
IBM Research Report in preparation 1978.

References

Ferguson , George A. Statistics for Education and Psycholo-
New York : McGraw-Hill , 1971.

Greeno, James G. The structure of memory and the process of
solving problems . In R.L. Solso (Ed.), Contempo-
rary issues in cognition. New York: Wiley , 1973.

Mayer , Richard E. Comprehension as affected by structure of
problem representation . Memory and Cognition,
1976, ~L1. 249—255.

Newell , Allen , and Herbert A. Simon. Human problem solving.
Englewood Cl i f f s, New Jeisey: Prentice-Hall , 1972.

Polich , John M. and Steven H. Schwartz. The effect of
problem size on representation in deductive prob-
lem solving . Memory and Cognition, 1974, j~ 683-686.

Reed , Steven K., G.W . Ernst , and ~~~~. Banerji. The role of
analogy in transfer between similar problem
states . Cognitive Psychology, 1974, ~~ 436—450.

Reitman , Walter. Cognition and thought. New York : Wiley.
1965.

Schwartz , Steven H. Modes of representation and problem
solving : well evolved is half solved . Journal of
Experimental Psychology, 1971 , 2J~ 347—350.

Simon , Herbert A. The structure of ill-structured problems .
Artificial Iritelligence, 1973 , ~~ 181—201 .

Simon , Herbert A. and John R. Hayes . The understanding
process: problem isornorphs . Cognitive Psychology,
1976, §~ 165-190.Thomas , John C. An analysis of behavior in the hobbits—orcs
problem . Cognitive Psychology, 1974, ~~ 257-269.van Tassel, D. Program style, design, efficiency, debug-
ging, and testing. Englewood Cliffs , New Jersey :
Prentice—Hall , 1974.



18

OFFICE OF NAVAL RESEARCH, CODE 455
TECHNICAL REPORTS DISTRIBUTION LIST

Director, Engineering Psychology Dr. B. McDonald
Programs, Code 1455 Office of Naval Research
Office of Naval Research Scientific Liaison Group
800 North Quincy Street American Embassy, Room A-407
Arlington, VA 22217 (5 cys) APO San Francisco 96503

Defense Documentation Center Director, Naval Research
Cameron Station Laboratory
Alexandria, ‘IA 22314 (12 cys) Technical Information Division

Code 2627
Dr. Robert Young Washington, D.C. 20375 (6 cys)
Director, Cybernetics Technology Office
Advanced Research Projects Agency Office of the Chief of Naval
1400 Wilson Blvd . Operations , 0P987P10
Arlington, VA 22209 Personnel Logistics Plans

Department of the Navy
Col. Henry L. Taylor, USAF Washington, D.C. 20350
OAD (E&LS) ODDR~EPentagon, Room 3D129 CDR Paul Nelson
Washington, D.C. 20301 Naval Medical R~D CommandCode 14 14
Of fice of Naval Research Naval Medical Center
International Programs Bethesda, MD 20014
Code 1021P
800 North Quincy Street Director
Arlington, VA 22217 (6 cys) Behavioral Sciences Department

Naval Medical Research Institute
Director, Information Systems Bethesda, MD 20014
Program, Code 437

Office of Naval Research Dr. George Moeller
800 North Quincy Street Human Factors Engineering Branch
Arlington, VA 22217 Submarine Medical Research

Laboratory
Commanding Officer Naval Submarine Base
ONR Branch Office Groton, CT 06340
ATTN: Dr. J. Lester
1495 Summer Street Bureau of Naval Personnel
Boston, MA 02210 Special Assistant for Research

Liaison
Commanding Officer PERS-OR
ONR Branch Office Washington, D.C. 20370
ATTN: Dr. Charles Davis
536 South Clark Street Navy Personnel Research andChicago , IL 60605 Developmen t Center

Management Support DepartmentCommanding Officer Code 210ONR Bra nch San Diego , CA 92152
ATTN: Dr. E. Gloye
1030 East Green Street Naval Training Equipment Center
Pasadena, CA 91106 ATTN: Technical Library

Orlando, FL 32813



i

19

Human Factors Department Dr. Donald A.Topmiller
Code N215 Chief, Systems Engineering Branch

Naval Train ing Equi pment Center Human Engineering Division
Orlando, FL 32813 USA? AMRL/HES

Wright-Patterson AFB , OH 451133

Dr. Alfred F. Sniode
Training Analysis and Lt. Col. Joseph A. Birt
Evaluation Group Human Engineering Division

Naval Training Equipment Center Aerospace Medical Research
Code N-OOT Laboratory
Orlando, FL 32813 Wright Patterson AFB , OH 45433

Dr. Gary Poock Air University Library
Operations Research Department Maxwell Air Force Base, AL 36112
Naval Postgraduate School
Monterey, CA 939140 -

Dr. A. L. Slafkosky Dr. Alphonse Chapanis
Scientific Advisor The Johns Hopkins University
Commandant of the Marine Corps Department of Psychology
Code RD— i Charles £ 34th Streets
Washington, D.C. 20380 Baltimore, MD 21218

Dr. Arthur I. Siegel
Applied Psychological

Mr. J. Barber Services, Inc.
Headquarters, Department of the 4314 East Lancaster Street

Army , DAPE-PBR Wayne, PA 19087
Washington, D.C. 205116

Dr. Gerson Weitman
Dr. Joseph- Zeidner Perceptronics, Inc
Director, Organization and 6271 Van e]. Avenue
Systems Research Laboratory Woodland Hills, CA 91364

U.S. Army Research Institute
5001 Eisenhower Avenue Dr. J. A. Swets
Alexandria , VA 22333 - Bolt, Beranek and Newman, Inc.

50 Moulton Street
Dr. Edgar M. Johnson Cambridge, MA 02138
Organization and Systems
Research Laboratory Dr. H. Rudy Ramsey

U.S. Army Research Lab Science Applications , Inc.5001 Eisenhower Avenue 40 Denver TechnologicalAlexandria, VA 22333 Center West
7935 East Prentic e AvenueTechnical Director Englewood , Colorado 80110U.S. Army Human Engineering Labs

Aberdeen Proving Ground Dr. Meredith CrawfordAberdeen, MD 21005 5606 Montgomery Street
Chevy Chase , MD 20015

U.S. Air Force Office of Scientific
Resea rch Profes sor Douglas E. Hun terLife Sciences Direc torate , ML Defense Intelligen ce SchoolBolling Air Force Base Washingto n, D.C . 20374Washington , D. C.  20332

S

- — ~— - ~- --‘--r----~ ~~~~~~~~~~~~~~~~~ - -



20

Dr. James H. Howard Dr. Tom Love
Catholic University General Electric Company
Department of Psychology Information Systems Programs
Washington, D.C. 20064 1755 Jefferson Davis Highway

Arlington, VA 22202

Dr . David J. Getty
Dr. Jesse Orlansky Bolt, Beranek £ Newman
Institute for Defense Analyses 50 Moulton Street
1400 Army-Navy Drive Cambridge, MA 02139
Arlington, VA 222 02

Journal Supplement Abstract
Service Director , Human Factors Wing

American Psychological Defence £ Civil Institute of
Association Environmental Medicine

1200 17th Street, N.W. Post Office Box 2000
Washington , D.C. 20036 (3 cys) Downsville , Toronto , Ontario

CANADA
Dr. William A. McClelland
Human Resources Research Office Dr. A. D. Baddeley
300 N. Washington Street Director , Applied Psychology Unit
Alexandria , VA 22314 Medical Research Council

15 Chaucer Road
Cambridge, C52 2EF
ENGLAND


