Memory & Cognition
1992, 20 (4), 356-373

Memory recall in a process control system:
A measure of expertise and display effectiveness
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Previous research has shown that memory-recall performance is correlated with domain exper-
tise. In this study, a process control system was selected as a vehicle for conducting research
on memory recall. The primary purposes of the present work were to determine if the classic
expertise effects originally obtained in chess generalize to this novel domain and to evaluate the
validity of memory recall as a measure of display effectiveness. Experts and novices viewed dy-
namic event sequences showing the behavior of a thermal-hydraulic system with two different
displays, one that only contained information about the physical components in the system (P)
and another that also contained information about higher order functional variables (P+F). There
were three types of trials: normal, where the system was operating correctly; fault, where a sin-
gle fault was introduced; and random, where the system’s behavior did not obey physical laws.
On each trial, subjects were asked to recall the final state of the system and to diagnose the sys-
tem state. The P+F display resulted in superior diagnosis performance compared with the P dis-
play. With regard to memory, there was some evidence of an interaction between trial type and
expertise, with experts outperforming novices but primarily on meaningful trials. In addition,
memory for the subset of variables most critical to diagnosis was better with the P+F display
than with the P display, thereby indicating that memory recall can be a sensitive measure of
display effectiveness. The results also clarify a theoretical problem that has existed for some time
in the literature, namely, the conditions under which expertise advantages are to be expected
in memory-recall tasks. Collectively, these findings point to the potential benefits of adopting

an applied context as a test bed for basic research issues.

Research on the use of memory recall as a measure of
domain expertise originated at least 45 years ago with the
seminal work of de Groot (1946/1965) on problem solv-
ing in chess. In that experiment, four chess players of
various levels of expertise were asked to reconstruct
meaningful board positions after having been exposed to
them for only a few seconds. De Groot discovered that
the Master- and Grandmaster-level players were able to
perform this task with near-perfect accuracy, whereas the
performance of the lesser players was not nearly as im-
pressive. In a subsequent experiment, Chase and Simon
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(1973a, 1973b) found that when the board positions con-
sisted of randomly placed pieces, the recall performance
of Masters plummeted to the level of novices,' thereby
indicating that the Masters’ superior performance on
meaningful positions is not merely a result of better overall
memory. These findings have since been replicated in
many other domains, including bridge (Charness, 1979),
figure skating (Deakin & Allard, 1991), and schematic
diagrams (Egan & Schwartz, 1979). The general conclu-
sion that emerges from this body of research is that
memory-recall performance on meaningful stimuli is cor-
related with domain expertise (see Vicente, 1988, for a
review).

The research presented here extends this paradigm to
a novel domain, process control. There are four reasons
why a process control system, such as the thermal-
hydraulic simulation used here, can be a productive choice
for research on memory recall. First, this class of sys-
tems differs in several respects from the domains to which
the memory-recall paradigm has been applied in the past.
Process control systems are continuous, dynamic, and
governed by well-known physical laws. Furthermore, the
state of these systems can continue to evolve even in the
absence of control inputs from human operators. Will the
classic expertise effects first observed in chess general-
ize to a system with these characteristics? There is no
theoretical basis for predicting whether or not the same
pattern of results will be obtained under these conditions.
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Thus, the present study allows one to assess the gener-
alizability of the results typically associated with the
memory-recall paradigm.

Second, assessing memory recall in a process control
system also allows one to address an important applied
problem, namely, how to evaluate displays in terms of
how well they support problem-solving behavior. The
traditional way in which such evaluations have been per-
formed is by testing highly experienced operators in plant
simulators with abnormal scenarios. The problem with
this methodology is that the scenarios consist of incidents
that are overlearned to the point that operators can diag-
nose the incident through familiar cue-action patterns.
What is needed instead is a test that will tap operators’
general functional understanding as a function of the dis-
play, but in a way that is independent of a particular inci-
dent. Thus, one would like to measure the degree of fit
between the operators’ conceptual understanding of the
plant and the knowledge representation of the plant that
has been embedded in the display, not how well opera-
tors are rotely attuned to the perceptual features of the
display.

One way to do this would be to first use theoretical ex-
perts who have a veridical understanding of the plant.
These subjects are not familiar with the perceptual charac-
teristics of the display and therefore cannot diagnose inci-
dents by relying on rote patterns. It would then be possible
to see how well various display representations match the
experts’ mental model. This degree of fit could be evalu-
ated using diagnosis, but it has also been suggested that
the memory-recall methodology can be used for the same
purpose (Vicente, 1988). Previous research, cited above,
has shown that recall performance is correlated with do-
main understanding. The idea here is to exploit this find-
ing to evaluate the understanding made possible by dif-
ferent displays for the same system. A good display would
allow theoretical experts to deploy their expertise and
thereby understand the stimulus, whereas a poor display
would impede effective comprehension. Thus, one would
predict that the better display (as measured by some in-
dependent criterion, such as diagnosis) should resulit in
better memory-recall performance than a weaker display.?
The plausibility of adopting memory recall as a measure
of display effectiveness is reinforced by analogous studies
in the domain of computer programming. Several
researchers have adopted the memory-recall method to
measure programmer comprehension as a function of
manipulations in the structure and format of the computer
code (e.g., Sheppard, Curtis, Milliman, & Love, 1979,
Shneiderman, 1977).

A third reason for selecting a process control system
as a vehicle for conducting research on memory recall
is that such a system allows one to measure expertise ac-
cording to two complementary criteria. Traditionally, re-
call performance has been evaluated by comparing sub-
jects’ recall with the actual state of the system (e.g., the
configuration on the chessboard), thereby measuring the
degree of correspondence between subjects’ responses and
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the stimuli presented to them. However, as Hammond,
Hamm, and Grassia (1986) have pointed out, competence
or expertise is actually a joint function of correspondence
and coherence. This suggests that it would be beneficial
to have a measure of the coherence in subjects’ recall to
complement the traditional correspondence measure. In
contrast to the other domains to which the memory-recall
paradigm has been applied, in process control there is an
objective reference for evaluating coherence, namely, the
time-independent constraints governing the system. These
constraints describe the redundant relationships that exist
between process variables at a single point in time. Thus,
a measure of coherence (or internal consistency) can be
derived by calculating the degree of consistency between
the values subjects entered for different variables and the
relationships that usually exist between those variables,
as specified by the process constraints.

Together, the coherence and correspondence measures
provide a powerful way to analyze subjects’ performance.
For example, with the coherence measure it is possible
to evaluate how well subjects can reconstruct variables
that they may not remember. For any given trial, sub-
jects could receive a poor correspondence score, indicat-
ing that they did not accurately remember the state of the
system, while also receiving a perfect coherence score,
indicating that their recall was entirely consistent with the
system’s constraints. Thus, going from chess to process
control provides an opportunity to evaluate recall perfor-
mance in a different, yet meaningful, way.

A fourth and final justification for conducting memory-
recall research within the applied context of process
control is that it allows one to directly address a thorny
theoretical issue that has existed for some time in the liter-
ature, namely, the conditions under which an expertise
advantage is to be expected. As the memory-recall para-
digm has been applied to a greater number of domains
outside of chess, it has become less clear how one should
describe the conditions under which there is an expertise
advantage and those in which that advantage is not so great
or disappears. The words familiar and meaningful have
been used interchangeably by some to refer to the condi-
tions under which an expertise advantage is observed
(e.g., Ericsson & Staszewski, 1989), but, as pointed out
elsewhere, these concepts are not interchangeable
(Vicente, 1988). For instance, a subject could be presented
with an unfamiliar stimulus (i.e., one that had never been
seen before), but that stimulus could still be meaningful
to the subject. There has also been some uncertainty as
to what the functional equivalent of a random chessboard
is, particularly in the field of medical diagnosis (cf.
Coughlin & Patel, 1987). To confuse matters even more,
Myles-Worsley, Johnston, and Simons (1988) conducted
a study investigating the effects of expertise on recogni-
tion memory for X rays and found that memory increased
as a function of expertise on abnormal X rays and actu-
ally decreased with expertise for normal X rays. This re-
sult is surprising if one assumes that abnormal and normal
X rays are comparable to random and normal chess posi-
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tions, respectively. It is clear from these observations that
the boundary conditions under which expertise advantages
are expected have yet to be defined in a sound manner.

This significant theoretical issue can be investigated
within the context of process control because it is possi-
ble to present subjects with three types of stimuli: ran-
dom, normal, and fault. The interesting question is
whether or not there should be a memory-expertise ad-
vantage for fault trials. On the one hand, one could argue
that such trials are unfamiliar and therefore should be
more similar in nature to random trials than to normal -
trials. This line of thought would suggest that there would
not be an expertise advantage for fault trials. Conversely,
one could equally claim that such trials, while unfamiliar,
are nonetheless meaningful in that they are physically
realizable. In this case, one would predict that fault trials
would be more similar in nature to normal trials than to
random trials. If this were true, then one should observe
an expertise advantage for fault trials. There is no crite-
rion that one can apply from the memory-recall literature
to determine which of these hypotheses is correct. Thus,
any result obtained from such a manipulation will clarify
the boundary conditions under which expertise advantages
in memory-recall tasks are to be expected.

In summary, conducting memory-recall research within
the context of process control allows one to assess the
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generalizability of previous results in the literature, to ad-
dress an important applied problem, and potentially to
make both a methodological and theoretical contribution
to basic research on memory recall. These are the primary
goals to which the present experiment is directed. The
next section describes the research vehicle and the dis-
plays that were adopted for the experiment.

DURESS

The present research was conducted within the context
of DURESS (DUal REservoir System Simulation), a ther-
mal-hydraulic process simulation (cf. Vicente, 1991). The
physical structure of DURESS is illustrated in Figure 1.
The system consists of two redundant feedwater streams,
each consisting of a pump and three valves, that can be
configured to supply water to two reservoirs. The sys-
tem goals are to keep each of the reservoirs at a prescribed
temperature (40°C and 20°C) and to maintain enough
water in each reservoir to satisfy each of the current ex-
ternally determined demand flow rates (D1, D2). The
means available for control are six valves (VA, VAL,
VA2, VB, VBI, VB2), two pumps (PA, PB), and two
heaters (H1, H2). The temperature (T1, T2) and volume
(V1, V2) of the two reservoirs are also displayed. The
representation in Figure 1 is the physical (P) display that

Reservoir 1 (40 C)
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Figure 1. Physical display for DURESS.



was included in the experiment to be described below.
It contains information about the goal variables (volume,
demand, and temperature) and the state of all of the
components.

To evaluate whether the memory-recall methodology
can be adopted as a measure of display effectiveness, a
second display for DURESS was constructed. This dis-
play, illustrated in Figure 2, contains all of the informa-
tion in the P display as well as some additional informa-
tion. For reasons to be discussed below, this second
display will be referred to as the physical/functional
(P+F) display. A brief description of the display follows
(see Vicente & Rasmussen, 1990, for a more detailed
account).

Beginning on the left side of Figure 2, the valve set-
tings (e.g., VB) and heater settings (e.g., HTR2) are in-
dicated by the small triangular pointers on the respective
scales. Since the pump settings (e.g., PB) are discrete
(either on or off ), they are directly labeled on the pumps
themselves. The relative spatial layout of the components
and the connections between them are also represented.
The demand (D1, D2) and temperature (T1, T2) setpoints
are represented on the right half of the display. For the
temperature settings, the upper and lower limits around
the setpoints (40°C and 20°C) are shown as vertical lines
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on the two temperature scales (T1 and T2, respectively).
The flow rates in each feedwater stream (e.g., FVA, FPA,
FAl, FA2) and the heating rates (e.g., HTR1) are dis-
played as bar scales.

The group of graphic representations on the right side
of Figure 2 represent DURESS in terms of first princi-
ples (i.e., mass and energy conservation laws). The rect-
angular graphic on the left represents the mass balance
(i.e., input flow rate, inventory, and output flow rate) for
the reservoir, and the one on the right represents the
energy balance. Both operate in a similar manner. Refer-
ring to Reservoir 1, the various inputs are shown at the
top (e.g., MI1 for the mass and EI1 for the energy), the
inventories on the side (e.g., V1 for volume, or mass,
and E1 for energy), and the outputs at the bottom (e.g.,
D1 for demand, or mass, and EOl for energy). The
energy inputs (EIl and EI2) are partialed out according
to the two contributors. Thus, the energy added by the
feedwater is shown as the lightly shaded bar, and the
energy added by the heater is shown as the dark bar.
Intuitively, these energy and mass graphics rely on a fun-
nel metaphor. Thus, if the bottom is wider than the top
(i.e., output greater than input, as is the case with the mass
balance for Reservoir 1 in Figure 2), then it is easy to
visualize the consequence, namely, that the volume should
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Figure 2. Physical/functional display for DURESS.
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be decreasing. Thus, the slope of the line represents the
rate at which the mass (or energy) inventory is changing.
If input equals output, then the line would be perpendic-
ular, indicating that the inventory should not change.

The graphic in the middle, between the mass and energy
balances, illustrates the relationship between volume,
energy, and temperature. The horizontal line with a ball
on the end that emanates from the current volume level
is rigid and of fixed length. Changes in the height of this
line always accompany any change in volume (i.e., the
bar will always be at the same height as the water level,
V1 or V2). The thick diagonal line in the center display
is always tangent to the ball on the end of the horizontal
line. Thus, a change in the vertical position of the hori-
zontal line serves to change the slope of the line in the
center display. For example, if volume increases, the hor-
izontal line goes up, causing the diagonal to rotate counter-
clockwise, thereby increasing the slope of the diagonal
line. The slope of the diagonal represents the function that
maps the amount of energy onto temperature. This map-
ping is indicated by the line from the energy inventory
(E1, E2) that comes across and reflects off the diagonal
and down onto temperature (T1, T2).

The two displays just described were designed to
differentially support problem-solving activities (i.e.,
knowledge-based behavior; cf. Rasmussen, 1983). More
specifically, the P+F display was based on the princi-
ples of ecological interface design (EID), a novel theo-
retical framework for interface design for complex
human-machine systems (Vicente, 1991; Vicente & Ras-
mussen, in press). According to the principles of EID,
a display must represent the process at various levels of
abstraction if it is to properly support problem solving
(see Vicente, 1991, for more detail). The P+F display
satisfies this criterion since it was based on a hierarchi-
cal representation of the physical and functional relations
describing DURESS (cf. Vicente & Rasmussen, 1990),
whereas the P display only contains physical information.
Therefore, according to the analytical criteria set out by
EID, the P+F display provides better support for prob-
lem solving than does the P display. This theoretical claim
is consistent with previous research that demonstrates that
providing people with a device model representing the
functional relations between physical components can lead
to improved performance (Kieras and Bovair, 1984;
Schumacher and Gentner, 1988). The strategy adopted
with the P+F display is similar to that adopted in these
studies except that the device model was built into the dis-
play rather than being communicated to subjects through
instruction.

It is important to note, however, that the validity of the
EID principles upon which the P+F display has been
based has yet to be empirically evaluated. Consequently,
a second dependent variable, in addition to memory re-
call, is required to determine if the P+ F display actually
results in better performance than does the P display, as
predicted. Because the primary problem in process con-
trol is identifying the state of the system under abnormal

(i.e., fault) conditions, diagnosis accuracy would be a suit-
able measure of display effectiveness. This would pro-
vide an independent empirical criterion that could be used
to evaluate the sensitivity of the memory measure to a
manipulation of display.

HYPOTHESES

An experiment was conducted to investigate the issues
discussed above. The first question to be addressed is
whether the classic expertise effects obtained in chess and
other domains will generalize to process control. If they
do, then one would expect an interaction between trial
type (random or meaningful) and expertise such that mem-
ory performance will be better for experts than for
novices, but only for meaningful trials. This hypothesis
can also be evaluated with a measure of coherence mem-
ory, in addition to the more traditional measure of cor-
respondence memory. Another important question is
whether the P+F display is in fact superior to the P dis-
play, as the EID framework claims. If so, then one would
predict that the P+F display will result in better diagno-
sis performance than will the P display. The third issue
to be addressed is whether the memory-recall measure
is sensitive to differences in display effectiveness. Assum-
ing that the P+F display does result in better diagnosis,
one would predict that the P+F display will result in su-
perior memory performance compared with the P display.
The final issue to be addressed is the set of conditions
under which an expertise advantage is to be expected. As
mentioned above, the critical question is whether there
is an expertise advantage on fault trials. There is no cri-
terion that one can apply from the memory-recall litera-
ture to answer this question. As a result, any result
obtained from this manipulation will clarify the bound-
ary conditions under which expertise advantages in
memory-recall tasks are to be expected.

METHOD

Experimental Design

A 2X2x2X2X2 repeated-measures factorial design with two
within-subject factors (display and trial type) and three between-
subject factors (expertise, order, and sequence) was adopted for
this experiment. There were two levels of expertise: experts and
novices. The order factor, which refers to the order in which the
subjects were exposed to the two displays, had two levels: P dis-
play first (P1) and P display second (P2). The sequence factor refers
to the order in which the four blocks of 10 scenarios were presented
to the subjects. There were two levels: forward (Block 1, Block 2,
Block 3, and Block 4) and backward (Block 4, Block 3, Block 2,
and Block 1). These three factors resulted in eight different sub-
ject groups. The two within-subject factors were factorially crossed
and nested within each of the subject groups. As mentioned above,
display had two levels: P and P+F. The P display contained 16
variables corresponding to the states of the physical components
(see Figure 1), whereas the P+F display contained 34 variables
representing both physical and functional variables (see Figure 2).
There were also two trial types: semantic, in which the variables
were driven by a simulation of DURESS, and random, in which
the variables were driven pseudorandomly (see description of trial



types below). The subjects used each display for two successive
sessions. Each session consisted of 10 trials, with five replications
of each trial type.

Experimental Task

On each trial, a dynamic, real-time event sequence of the behavior
of DURESS was presented for a duration varying from 25 to 30
sec. These brief exposure times made the task a challenging one
so as to maximize the chances of detecting display and expertise
effects and to make sure that the subjects were forced into a problem-
solving mode (i.e., analytical reasoning based on knowledge of sys-
tem structure and functioning, as opposed to pattern recognition
based on familiar perceptual cues). This is consistent with the
primary concern of the experiment, which was to study the rela-
tive level of performance between conditions, not the absolute level
of performance of any particular group. The subjects viewed each
scenario and were to try to understand and remember as much as
they could of what took place. In the instructions, the subjects were
told to concentrate on understanding rather than rote recall. While
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the event was being presented, no response was required. Once the
event had finished, the screen went blank, and then the recall screen
shown in Figure 3 was automatically displayed.

The recall screen contained the 34 process variables represented
in the P+F display (see Table 1). The subjects were required to
estimate the value of each of these variables at the end of the pre-
ceding scenario. The procedure was the same regardless of which
display the subject was using. This means that, for the P display,
the subjects were asked to estimate the values of variables that were
not displayed. The reason for asking the subjects to do this was
to determine whether it was possible for them to derive the higher
order functional variables from the physical variables that were dis-
played in the P display.

The format for the recall, shown in Figure 3, was the same for
every session. There were 34 bars on the display corresponding
to the 34 variables to be recalled. The variables were laid out in
a left-to-right and top-to-bottom fashion and grouped according to
the variable classes listed in Table 1. Thus, the organization of the
variables did not conform to the topographic layout of either dis-

CLICK IN THE AREA ABOVE THE LINE WHEN YOU HAVE FINISHED RECALLING ALL THE VALUES

El Ell EOl E2 EI2 EO2
FAl FA2 FH1 FPA FVA FB1
FB2 FH2 FPB FvB HTRI HTR2

D1 MIl Vi 023 MI2 v2
PA PB T1 T2 VA VAl
VA2 VB VBI VB2

Figure 3. Format used for recall of variables.



362 VICENTE
Table 1
Process Variables in DURESS and Corresponding Labels
Reservoir 1 Reservoir 2
Temperature variables T1 T2
Mass Variables
Demand (output) flow rate D1 D2
Mass input flow rate MIl MI2
Volume Vi v2
Energy Variables
Total energy stored El E2
Energy input flow rate EIll ER2
Energy output flow rate EO1 EO2
Heat Transfer Rates
Flow from HTR1 FH1
Flow from HTR2 FH2
Flow Rates
Flow from VAl FAl
Flow from VBI1 FB1
Flow from VA2 FA2
Flow from VB2 FB2
Flow from PA FPA
Flow from PB FPB
Flow from VA FVA
Flow from VB FVB
Heater settings HTRI1 HTR2
Feedwater Stream A Feedwater Stream B
Pump settings PA PB
Valve Settings
Initial valve VA VB
Valve 1 VAl VB1
Valve 2 VA2 VB2

play. The intent was to create a structured (rather than arbitrary)
response format, but not to develop an organization that would favor
either display.

When the recall screen first appeared, all of the bars were drawn
in red. The label for each variable was presented above the respec-
tive bar. The left endpoint of the bars represents the zero point,
and the right endpoint represents the maximum value for that vari-
able. The subjects were provided with the maximum scale values
for each variable in the instructions, which were also made avail-
able during recall. The recall estimates were entered using a mouse.
The subjects clicked on a point on the bar to indicate where they
thought the variable was at the end of the trial. For example, if
they thought that the value of the temperature of Reservoir 1 (T1)
was 25°, they would click halfway on the bar under the label T1
(the maximum scale value for temperatures is 50°). When a bar
was clicked, the color of that bar changed from red to white and
blue to indicate the value that had been input. Continuing with the
same example, the scale for T1 would be displayed in white from
the left endpoint (minimum scale value) to the point that had been
clicked on (halfway in this example) and then in blue from that point
to the right endpoint (maximum scale value). Thus, the length of
the white part of the scale would indicate the value that was en-
tered. Recall estimates could be entered in any order, and the sub-
jects could go back and change the estimate of any variable as many
times as they wished. The subjects could consult a list of the 34
variables, their respective labels (see Table 1), their minimum and
maximum scale values, and a schematic diagram of DURESS at

any point during this procedure. There was no time limit for the
recall, but a value had to be entered for all variables.

Once the recall procedure was terminated, the subjects answered
a set of structured questions evaluating their diagnosis of the pre-
vious event. The following questions were posed:

1. Was the scenario consistent with your understanding of
the functional principles governing DURESS’ behavior
(admitting the possibility of a fault)? (If NO, then stop.)

2. Did a fault or disturbance occur in the system during this
scenario? (If NO, go to 4.)

3. Describe the fault in as much detail as you can. Where
was the fault? What did it consist of? (Stop here.)

4. Given that there was no fault, provide a detailed func-
tional description of what you observed.

In the instructions, the subjects were only told that there would be
three types of trials: scenarios that exhibit a normal pattern of be-
havior following physical principles, scenarios that have a single
fault or disturbance, and scenarios where the process variables would
not be driven by a simulation of DURESS (on these trials, the be-
havior of the system would not obey physical laws). They were
also told that there would be no trials with multiple faults and/or
disturbances. Note that the subjects were not told what types of
faults could appear nor what the ratios of fault to normal to ran-
dom trials were.

To summarize, the subjects were tested in two ways, by asking
them to remember the values of particular variables and to diag-



nose the functional state of the system. Knowledge of results was
not provided at any point during the experiment.?

Subjects

The expert subjects were graduate students in either mechanical
or nuclear engineering. In contrast with most previous recall studies,
these subjects were theoretical experts, but not experts at control-
ling the system (see Note 2). The novices were graduate students
who had never been enrolled in a science or engineering major.
The expert subjects had taken an average of 5.73 graduate or under-
graduate physics courses (range of 3-16) and 5.09 graduate or under-
graduate thermodynamic or thermal-hydraulic courses (range of
3-9). In contrast, novices averaged 0.75 physics courses (range of
0-2). No novice had ever taken a thermodynamic or thermal-
hydraulic course. The two subject groups were from the same uni-
versity and were roughly equal in terms of age and academic level.
There were 12 subjects in each group, 2 females and 10 males. The
subjects were paid a total of $24 for participating in the experiment.

Apparatus

The presentation of the scenarios and the subsequent recall pro-
cedure was conducted on a Zenith-PC-compatible microcomputer
equipped with a Motorola 80386 CPU, a math coprocessor, a PC
mouse, an EGA graphics card, and a NEC Multisync II color mon-
itor. Both the P and P+F displays were in color.

The scenarios were generated off line on a simulation of DURESS
developed at Rise National Laboratory. The simulation was writ-
ten in PC-DYSIM, a software package developed at Rise for the
simulation of continuous dynamic processes (cf. La Cour Christen-
sen, Kofoed, & Larsen, 1988).

Trial Types

Each trial consisted of a dynamic event sequence illustrating
DURESS’ behavior. However, the settings of the components did
not change during the trial. Thus, the trajectory followed by the
process variables (see Table 1) was determined solely by the ini-
tial conditions and the particular fault (if any) introduced into the
simulation, and not by any action taken on the system components.
When present, faults were injected at an arbitrary point within the
first 10 sec of the scenario. During all of the trials, the pumps and
valves in the two feedwater streams were configured in such a way
that each stream was supplying water to both reservoirs.

As mentioned above, there were two general classes of trial types:
semantic and random. There were five different types of trials in
the semantic condition, each occurring once within a session:

1. Steady state. For this trial type, there were no changes in any
of the system variables.

2. Change in reservoir volume. In this condition, there was a
change in the volume of one of the reservoirs (either an increase
or a decrease) caused by a difference between the mass input flow
rate and the current demand. The change in volume was not a re-
sult of a fault, but was rather the result of a mismatch between the
current water supply rate and the current output demand.

3. Reservoir leak. With this trial type, a leak was introduced in
one of the two reservoirs. This meant that the volume gradient was
less than it should have been, given the current input and output
flow rates for the reservoir in question.

4. Blocked valve. This fault class resulted in a complete block-
age of one of the six valves. The effect was to reduce the flow
through the affected valve to zero, thereby decreasing the supply
of water to the reservoir(s) that the failed valve is connected to.

5. Change in inlet water temperature. This fault trial type con-
sisted of a disturbance in the temperature of the inlet water (either
an increase or a decrease). This caused a corresponding change in
the temperature of both reservoirs.

The random trials were constructed by randomly sampling from
the semantic trials. For every trial, the time history of each vari-
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able is defined by a trajectory, for a total of 34 trajectories per trial.
The random scenarios contain the same set of trajectories as do the
semantic scenarios except that trajectories that once belonged to-
gether are now placed in different scenarios. In this way, the aver-
age temporal distribution properties of the variables displayed in
the random scenarios are identical to those of the semantic scenarios.
The primary difference between the two trial types is that the ran-
dom scenarios do not obey the laws of physics, whereas the se-
mantic scenarios do. In spite of this, there is still some constraint
between variables in the random condition because of the sampling
procedure adopted (e.g., the flows through the pumps and the first
valves in each feedwater stream [e.g., FPA and FVA] tended to
be greater than the flows through the latter two valves [e.g., FAI
and FAZ2]). Thus, the random scenarios are actually pseudorandom,
not fully random.

Procedure

Sessions. The entire experiment consisted of one introductory
session followed by four data-collection sessions. Each session was
conducted on a different day. The subjects performed the task with
one display for two sessions, and then with the other display for
another two sessions. The order in which the two displays were
presented was counterbalanced. The entire experiment lasted from
4t06h.

Introductory session. During the first session, the subjects were
presented with a general introduction to the experiment consisting
of an introductory statement outlining the purpose of the experi-
ment, reading and signing an informed consent form, and filling
out a demographic questionnaire. The subjects then read a brief
description of the physical properties of the DURESS simulation.
Afterwards, they wrote a pretest of thermal-hydraulic knowledge
consisting of 20 multiple-choice questions couched within the con-
text of DURESS. This pretest was intended to evaluate the sub-
jects’ theoretical thermal-hydraulic knowledge. There were two gen-
eral types of questions: quantitative (e.g., given the pump and valve
settings for one feedwater stream, derive the flow rates) and qualita-
tive (e.g., given certain assumptions, what effect will increasing
the heater have?). A maximum of 30 min was allotted for taking
the test. Finally, the subjects were given descriptions of the 34 vari-
ables in DURESS, the labels that were used to identify each vari-
able throughout the experiment (see Table 1), and the procedure
for recalling the state of these variables. The latter consisted of five
blocks of simulated recall, each consisting of 34 trials. This prac-
tice was provided to allow the subjects to become familiar with the
labels and locations of the variables they were required to recall.
For each trial, the experimenter called out a variable (e.g., the set-
ting of the heater in Reservoir 1), and the subjects were required
to identify the corresponding variable label (e.g., HTR1) and then
find that variable on the recall screen and click on it. Each block
of trials consisted of going through the 34 variables in a random
order.

Data-collection sessions. At the beginning of the first session
with each display, the subjects were introduced to the display they
would be using for the next two sessions. For the first data-collection
session only, the experimental task was explained to the subjects.
This explanation consisted of a description of what would happen
on each trial, a brief description of the three different types of trials
(random, fault, normal), a review of the recall procedure, and a
description of the diagnosis questions that would be posed after each
trial.

Each session consisted of 10 trials, 5 semantic and 5§ random.
The order of the trials was randomized within a session with the
constraint that no more than 3 semantic or random trials appear
successively. Each event sequence was presented only once to each
subject. All subjects received the same 40 scenarios in the two se-
quences described earlier (see description of experimental design
above).
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Performance measures. The primary performance measures can
be divided into three classes: recall correspondence, recall coher-
ence, and diagnosis accuracy.

Recall correspondence provides a measure of the difference be-
tween the subjects’ estimates and the actual state of the variables
at the end of each trial. An error score from O to 1 was calculated
by subtracting the subjects’ recall from the actual state of the vari-
able, normalizing this difference with respect to the maximum scale
value for each variable, and then taking the absolute value. Thus,
0 indicates perfect recall and 1 represents the worst possible recall.

Another way to evaluate the subjects’ recall is to determine how
internally consistent it is. There are nine pairs of time-independent
constraints between variables when DURESS is functioning nor-
mally (see Table 2). Thus, it is possible to seec how consistent the
subjects’ responses are with this set of constraints. The coherence
measures were calculated solely from the subjects’ recall estimates,
not from the actual values. For each equation of constraint, the left
side is subtracted from the right side, the resulting difference is
normalized by dividing by the maximum possible difference score,
and the absolute value is taken, resulting in a normalized error score.
An error score is obtained for each pair of isomorphic constraints
(e.g., the conservation of mass constraint for Reservoir 1 and for
Reservoir 2), and the two error scores are averaged. The result is
a set of nine measures that indicate how consistent the subjects’
recall was with each of the nine equations of constraint. A score
of 0 indicates perfect consistency, and a score of 1 indicates the
worst possible consistency.

A few words about the method of evaluating memory performance
are in order. First, recall was scored as a continuous variable be-
cause the process variables themselves are continuous and can there-
fore take on an infinite number of values. Second, the relationship
between coherence and correspondence should also be elaborated.
On random trials, these measures are not necessarily related. How-
ever, on semantic trials, coherence and correspondence memory
are related in an asymmetrical fashion; perfect correspondence
guarantees perfect coherence, but perfect coherence says nothing
about correspondence.

The final performance measure, diagnosis accuracy, was evalu-
ated in several ways. Three levels of analysis were adopted that
evaluated how well the subjects could discriminate: (1) random from
semantic trials, (2) random from normal from fault trials, and (3) the
exact trial type (see description of trial types above). These levels
of discrimination are shown in Figure 4.

RESULTS

The analyses presented here are based on data collected
from the second session with each display only. The first
session with each display served as practice to allow the
subjects to become accustomed to finding and reading the
variables in each display. Unless mentioned otherwise,
the analyses of variance (ANOVAs) followed the five-
factor experimental design described above, and a level
of & = .05 was adopted to test for significance of effects.
Planned comparisons were conducted with simple-effect
F tests using experimentwise error terms, and post hoc
pairwise comparisons were evaluated with a Neuman-
Keuls test. This section is divided into five subsections
according to the following analyses: pretest scores, diag-
nosis accuracy, correlation between diagnosis and mem-
ory, correspondence memory accuracy, and coherence
memory accuracy. For additional analyses of the data
generated from this study, see Vicente (1991).

Thermal-Hydraulic Pretest

The results from the pretest of thermal-hydraulic
knowledge will be described first. As mentioned, the test
consisted of 20 multiple-choice questions. The experts’
test scores ranged from 10 to 18, with a mean of 14.67.

Table 2
Algebraic Constraints Governing DURESS Variables
Under Normal Operations

Algebraic Equations

Constants

1. E1(t) = T1(v) VI(t) cp tho

e relationship between energy, volume, and temperature

2. EIl(t) = FH1(t) + c, TIMII(t)

rho: density of water
cp:  specific heat capacity
Ty: inlet water temperature

® conservation of energy from heater and inflow

3. MIL(t) = FAI(t) + FBI(t)

® conservation of mass from two feedwater streams

4. EOL(t) = DI(1t) ¢, TI(Y)
e energy leaving reservoir
5. FA(Y) = FAL(t) + FA2(1)
e conservation of mass in feedwater stream
6. FH1(t) = HTRI1(t)
e conservation of energy from heater
FA(t) VAI(t)
VAL + VA2()

o flow split relation

7. FAL(t) =

8. If pump is off, then FPA(t) = 0, otherwise:

If [VAL(Y) + VA2(1)] > VA(t), then
FPA(t) = VA(Y),
Else
FPA(t) = VAI(t) + VA2(Y).
¢ flow through pump
9. FA(t) = FPA(Y)
® conservation of mass in pipe
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LEVEL | Ra.r]dom Semantic
LEVEL 2 Random /Normal Fault
LEVEL 3 Random Steady Changein Reservoir Valve
State Volume Leak Block
Change (n
Inlet Temp

Figure 4. Three levels of analysis adopted for scoring diagnosis accuracy.

The novices’ test scores ranged from 4 to 12, with a mean
of 9.58. A Mann-Whitney U test (Siegel, 1956) indicated
that the difference in means between the two groups is
statistically significant (U = 10, p < .002).

Diagnosis Accuracy

The next dependent variable to be analyzed is diagno-
sis accuracy. As illustrated in Figure 4, three levels of
analysis were adopted. Level 1 measured how well the
subjects could discriminate random from semantic trials.
Level 2 measured how well the subjects could discrimi-
nate random from normal from fault trials. Level 3 mea-
sured how well the subjects could discriminate between
random trials and the five specific semantic trials that were
adopted for the experiment.

Two different types of statistical tests were used to ana-
lyze these data. First, standard parametric ANOV As were
conducted. Second, following the methodological exam-
ple set by Hammond, Hamm, Grassia, and Pearson
(1987), each individual subject’s data were also analyzed
using nonparametric tests. The results from the paramet-
ric tests are described first.

Parametric tests. A four-way ANOVA, with display,
expertise, sequence, and order as factors, was conducted.
The dependent variable was the number of diagnosis ques-
tions (out of 10) that were correctly answered for each
session. Since the data are based on frequency counts,
the scores were first converted to percent correct and then
a square root transformation was performed (Myers,
1972). Thus, the resulting measure of diagnosis ranged
from O to 10, with 10 being a perfect score. A separate
ANOVA was performed for each level of analysis.

The results of the three ANOVAs are illustrated in
Figure 5. The effect of display was highly significant at
each level of analysis, with the P +F display consistently
outperforming the P display [F(1,16) = 19.47,p < .001,
for Level 1; F(1,16) = 18.95, p < .001, for Level 2;
F(1,16) = 24.04, p < .001, for Level 3]. Thus, there
is very strong evidence indicating that the P+F display
resulted in better diagnosis than did the P display.

Although the data in Figure 5 seem to suggest an exper-
tise X display interaction, this result did not reach sig-

nificance at any of the three levels [F(1,16) < 1 for
Level 1; F(1,16) = 1.12, p < .3048, for Level 2;
F(1,16) < 1 for Level 3]. These results suggest that ex-
perts and novices benefited no differently from the P+F
display.

The data in Figure § also seem to indicate that experts
outperformed novices, particularly at finer levels of anal-
ysis, but this result also did not achieve statistical signifi-
cance. The novices did not perform significantly differ-
ently from the experts. This is an unexpected finding, but
perhaps it can be attributed to the method of scoring the
analysis. To investigate this possibility, the diagnosis data
were analyzed according to nonparametric tests.

Nonparametric tests. Following the example of Ham-
mond et al. (1987), the predicted superiority of the P+F

10
8-4
=
6
-1
o
c
fa
3 —O EXPAVL!
g 9 —f— EXPAVL2
o
& —O— EXPLVL3
--0-- NOVALVLI
21 -=A-- NOVAVL2
--0-- NOVALVL3
0 v .
P P+F
INTERFACE

Figure 5. Primary results from analysis of variance of diagnosis
accuracy.
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Table 3
Results from Sign-Test Analysis of Diagnosis Accuracy
for Experts and Novices

Level P+F>P P+F=P P
Experts (n = 12)
1 9 1 <.066
2 9 3 <.004
3 11 1 <.001
Novices (n = 12)
1 7 3 n.s.
2 6 1 n.s.
3 7 1 n.s.

Table 4
Results From Contingency-Table Analysis
of Diagnosis Accuracy (One Tailed)

P+F>P P>P+F P+F=P
Level 1 (p > .10)
Experts 9 2 1
Novices 7 2 3
Level 2 (p = .0211)
Experts 9 0 3
Novices 6 5 1
Level 3 (p = .0466)
Experts 11 0 1
Novices 7 4 1

display over the P display for diagnosis was evaluated for
each individual subject. Aggregation over subjects was
accomplished by counting the number of subjects whose
behavior conformed to this prediction. A statistical test
was then performed using a sign test (Siegel, 1956). In
this way, there were actually 24 individual experiments
testing the theoretical prediction, one for each subject.

The results from this nonparametric analysis are pre-
sented in Table 3. For the experts, the results indicate that
the P+F display was clearly better than the P display at
Levels 2 and 3 (ps < .004 and .001, respectively) and
approached significance at Level 1 (p < .066). For the
novices, on the other hand, the effect of display was not
significant at any of the three levels of analysis. In con-
trast with the ANOV As, these results clearly indicate that
the P+F display resulted in superior diagnosis when com-
pared with the P display for experts but that there was
no statistically significant difference between displays for
novices.

The preceding test only provides a test of the effect of
display for each of the two expertise groups. A more direct
test of the display X expertise interaction can be per-
formed using an exact probability test. For each of the
three levels of analysis, a 2 X3 contingency table was de-
rived with one dimension representing expertise and the
other dimension representing the ordinal performance
relationship between displays (see Table 4). The exper-
tise dimension had two levels, novice and expert, whereas
the performance dimension had three levels, P+F better

than P, P better than P+F, and P+F equals P. The re-
sults of the one-tailed test are illustrated in Table 4. At
Level 1, the result failed to reach significance (p > .10).
However, at Level 2, there was a statistically significant
display X expertise interaction (p = .0211). The same
result was obtained for Level 3 (p = .0466). Again in
contrast with the ANOVAs, the results obtained from
Levels 2 and 3 suggest that the experts benefited more
from the P+F display than did the novices.

Correlation Between Diagnosis and Memory

Another way to evaluate the importance of presenting
higher order functional variables is to examine the corre-
lation between diagnosis and memory for physical and
functional variables. If functional information is, indeed,
critical to diagnosis as predicted, then one would expect
that diagnosis performance would be better correlated with
memory for functional variables than with memory for
physical variables. To test this claim, the 34 process vari-
ables were divided into two sets, 16 physical variables
(those that are represented in both displays) and 18 func-
tional variables (those that are displayed only in the P+F
display). Two average memory measures were obtained
for each trial, one for each variable class. Then, separate
Pearson product-moment correlations were calculated be-
tween diagnosis scores at each of the three levels of reso-
lution and memory for either physical or functional vari-
ables. Only the data from the semantic trials were
analyzed. Data were averaged across trials within & ses-
sion and then across interfaces within each subject, re-
sulting in 24 data points, one per subject. For Level 1
diagnosis, the results indicate that diagnosis is significantly
correlated with memory for functional variables [r(22) =
—0.41072, p < .0462] but not with memory for physi-
cal variables [r(22) = —0.2017, n.s.]. For Level 2 di-
agnosis, the correlation between diagnosis and memory
for functional variables is marginally significant [r(22) =
—0.39996, p < .0528], whereas the correlation with
memory for physical variables is again not significant
[r(22) = —0.25769, n.s.]. A similar pattern of results
was obtained for Level 3 diagnosis [r(22) = —0.35601,
p < .0877, for memory for functional variables; r(22) =
—0.23444, n.s., for memory for physical variables].
Thus, the pattern of results indicates that the better the
diagnosis, the lower the memory error for functional vari-
ables. This finding shows that functional variables are im-
portant in diagnosing system state.

Correspondence Memory

The predictions regarding correspondence memory
were evaluated in two ways. First, correspondence mem-
ory based on separate measures for physical variables
(those presented in the P and P +F display) and functional
variables (those presented only in the P+F display) was
analyzed. This analysis allows one to evaluate the pre-
dictions made regarding display and expertise effects. Sec-
ond, the global memory results averaged across all 34
variables were analyzed as a function of normal, fault,



and random trial types (rather than the semantic vs. ran-
dom classification). The latter analysis allows one to de-
termine whether there is an expertise effect for fault trials.

Physical versus functional variables. As in the cor-
relation analysis, two independent performance measures
were obtained for each trial, memory for physical vari-
ables and memory for functional variables. A six-way
ANOVA was then conducted with the five factors men-
tioned in the experimental design and a variables factor
with two levels, physical and functional.

Before describing the results from this analysis, sev-
eral points need to be mentioned. First, because they are
not displayed, the functional variables must be derived
from the physical variables in the P condition. This is not
necessarily true in the P+F condition since all variables
are displayed. Second, it is also important to realize that,
under normal circumstances, it is possible to derive func-
tional variables from physical variables (following the
constraints listed in Table 2), whereas the inverse is not
true. For example, knowledge of the flow rates may not
allow one to derive the valve settings since various com-
binations of valve settings could account for a given set
of flows. This information provides the context required
to interpret the following results.

The effects pertinent to expertise, illustrated in Fig-
ure 6, will be described first. Several important results
were obtained. First, experts outperformed novices
[F(1,16) = 18.66, p < .001], thereby validating the ex-
pertise criterion adopted for the experiment. Second, the
results indicated that type was a highly significant factor,
with semantic trials clearly outperforming random trials,
as expected [F(1,16) = 211.83, p < .001). Third, the
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Figure 6. Expertise effects from analysis of variance of correspon-
dence memory for physical and functional variables.

RECALL IN PROCESS CONTROL

367

0.25
0.201
o
2 0.151 .
[~ .
5] Vid
> al
“ ,
g ’
s 0.101
=
—&— PI/PHYS VARS
—O— PI/FUN VARS
0.051
~-®-- P2/PHYS VARS
--0O-- PYFUN VARS
0.00 T A\
P P+F
INTERFACE

Figure 7. Order effects from analysis of variance of correspon-
dence memory for physical and functional variables.

predicted interaction between expertise and trial type was
also significant [F(1,16) = 8.00, p < .0121]. In contrast
to the chess studies, however, simple-effect F tests re-
vealed that there was a significant expertise advantage for
both random and semantic trials [F(1,16) = 8.34, p <
.05, and F(1,16) = 52.23, p < .001, respectively], al-
though it was much greater for the latter than for the
former. The advantage of semantic over random trials was
statistically significant for both experts and novices
[F(1,16) = 184.3,p < .001, and F(1,16) = 85.3,p <
.001, respectively]. These effects are similar to the clas-
sic memory-expertise effects first observed in chess, with
the exception that there was also a smaller but nonethe-
less significant expertise effect on random trials.

The results pertinent to the physical/functional variable
distinction are illustrated in Figures 7 and 8. There was
a highly significant main effect of variables [F(1,16) =
493.72, p < .001], with memory for physical variables
being more accurate than that for functional variables.
However, the variable effect interacted with trial type
[F(1,16) = 67.00, p < .001], indicating that the differ-
ence between the two variable classes was significantly
greater on random trials.

The display X variables interaction was also statisti-
cally significant [F(1,16) = 549.21, p < .001], as shown
in Figure 7. For physical variables, the P display outper-
formed the P +F display [F(1,16) = 295.49, p < .001],
whereas for functional variables, the P+F display out-
performed the P display [F(1,16) = 132.99, p < .001].
This result makes intuitive sense if one considers the in-
formation represented in each display. With the P display,
physical variables are remembered better than are func-
tional variables because the former are displayed, whereas
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Figure 8. Primary results from analysis of variance of correspon-
dence memory for physical and functional variables.

the latter must be derived. In contrast, with the P+F dis-
play, the functional variables are displayed, and so it is
natural that they were ‘‘remembered’’ more accurately
than with the P display. The fact that memory for physi-
cal variables is better with the P display can be attributed
to the fact that there is less information in this display.
While the subjects have to allocate their attention across
both functional and physical variables with the P+F dis-
play, with the P display the subjects are only presented
with the physical variables, thereby allowing them to fo-
cus their attention on a smaller number of variables (i.e.,
16 variables as opposed to 34 variables for the P+F
display).

The ANOV As also revealed significant display X order
and display X order X variables interactions [F(1,16) =
32.71, p < .001, and F(1,16) = 23.85, p < .001,
respectively]. This result, illustrated in Figure 7, suggests
that experiencing the information-laden P+F display first
(order P2) resulits in a large improvement in memory for
physical variables when transferring to the less complex

P display, as compared with having the P display first
(order P1). This may result from the fact that the sub-
jects become accustomed to viewing a denser display,
thereby making it easier to extract information from the
less dense P display.

Referring now to Figure 8, the display X type X vari-
ables interaction was also highly significant [F(1,16) =
55.83, p < .001]. The important observation here is that
the P+F display results in better memory than does the
P display, but only for functional variables [F(1,16) =
132.99, p < .001]. This advantage was observed for both
semantic and random trials [F(1,16) = 25.71,p < .001,
and F(1,16) = 126.29, p < .001, respectively]. This re-
sult indicates that the predicted superiority of the P+F
display is limited to the functional variables, which, as
the correlation analysis indicates, are the variables most
relevant to diagnosing system state.

A significant display X expertise X type X variables
interaction was also obtained [F(1,16) = 4.51, p <
.0496]. Given the nonparametric-analysis finding of a sig-
nificant interaction between expertise and display, one
might expect that this result would be caused by a signif-
icant display X expertise X type interaction for functional
variables, indicating that the advantage of the P+F dis-
play on semantic trials is greater for experts than it is for
novices. This would indicate that a certain amount of ex-
pertise is required to fully exploit the benefits of the P+F
display. However, a simple-effect F test revealed that the
interaction was not due to this type of effect [F(1,16) =
1.49, n.s.]. ‘

Normal versus fault versus random. The purpose of
this second analysis of correspondence memory was to
determine whether there was an expertise effect for fault
trials. A five-way ANOVA identical to that described in
the Method section was conducted, with the exception that
the trial type factor consisted of three levels (normal, fault,
and random) instead of two (semantic and random).
Global correspondence memory (averaged over all 34
variables) was the dependent variable. The expertise ef-
fect and the display X order interaction were both sig-
nificant [F(1,16) = 18.50, p < .001, and F(1,16) =
30.72, p < .001, respectively]. Experts outperformed
novices, and memory was better for whichever display
was experienced second.

Other significant effects are illustrated in Figures 9 and
10. Figure 9 shows that there was a highly significant
main effect of trial type [F(2,32) = 135.46, p < .001].
Memory for normal trials was best, for fault trials sec-
ond best, and for random trials the worst of all. All three
means were significantly different from each other, as evi-
denced by a Neuman-Keuls pairwise comparison. The ex-
pertise X type interaction also attained significance
[F(2,32) = 6.24, p < .0052]. Simple-effect F tests re-
veal that there was a significant expertise effect for each
trial type. However, the advantage was greatest on nor-
mal trials [novices — experts = .05257, F(1,32) = 53.4,
p < .001], second largest for fault trials [novices — ex-
perts = .03041, F(1,32) = 17.9, p < .001], and
smallest for random trials [novices — experts = .01697,



F(1,32) = 5.26, p < .05]. The magnitude of the exper-
tise advantage on normal trials is significantly greater than
that on fault trials {#(32) = 3.3731, p < .01]. Similarly,
the magnitude of the expertise advantage on faults trials
is, in turn, significantly greater than that on random trials
[¢(32) = 2.5572, p < .05]. The latter result has impor-
tant theoretical implications that will be discussed in the
following section.

Finally, the display X expertise X type interaction was
also significant [F(2,32) = 5.37, p < .0097], as illus-
trated in Figure 10. The interaction seems to be caused
by the point representing novices’ performance with the
P display on normal trials, which is higher than the cor-
responding point for experts. A possible interpretation of
this result is that experts can compensate for the P dis-
play during normal trials by deriving variables and thereby
attaining a good correspondence score, whereas novices
cannot.

Coherence Memory

The coherence memory data were aggregated for each
trial by averaging over the nine pairs of algebraic con-
straints, thereby resulting in a global measure for each
trial of how well the subjects’ recall conformed to the rela-
tionships between variables that exist when the system is
operating normally (see Table 2). A score of 0 represents
perfect coherence, whereas a score of 1 indicates the worst
possible coherence. This global measure of coherence
memory was analyzed with a five-way ANOVA follow-
ing the design described in the Method section.
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Figure 9. Expertise effects from analysis of variance of global cor-
respondence memory for fault, normal, and random trials.
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Figure 10. Primary results from analysis of variance of global cor-
respondence memory for fault, normal, and random trials.

The results obtained from this analysis are illustrated
in Figure 11. Several important findings were obtained.
First, the expertise effect was significant in the expected
direction [F(1,16) = 11.57, p < .0036], thereby validat-
ing the expertise criterion. Second, the effect of trial type
was highly significant, with performance on the random
trials being significantly worse than on the semantic trials
[F(1,16) = 103.59, p < .001). Third, the expertise X
trial type interaction was also significant [F(1,16) = 5.57,
p < .0313]. Experts outperformed novices on both se-
mantic and random trials [F(1,16) = 100.43, p < .001,
and F(1,16) = 44.68, p < .001, respectively], although
the difference was greater on semantic trials. The advan-
tage of semantic over random trials was statistically sig-
nificant for both experts and novices [F(1,16) = 78.6,
p < .001, and F(1,16) = 30.56, p < .001, respectively].
These results parallel those observed for correspondence
memory.
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Figure 11. Primary results from analysis of variance of global co-
herence memory.

As shown in Figure 11, the effect of display was also
significant, with the P display resulting in better coher-
ence than the P+F display [F(1,16) = 31.80, p < .001].
However, this result can only be meaningfully interpreted
within the context of the significant display X type inter-
action [F(1,16) = 35.27, p < .001]. Figure 11 indicates
that the effect of display was specific to the random trial
type. For semantic trials, there was no significant differ-
ence between the two displays [F(1,16) < 1]. In contrast,
with random trials, the P+F display resulted in more in-
coherent memory than did the P display [F(1,16) =
69.15, p < .001]. Paradoxical as it may seem, worse co-
herence on random trials is actually a more appropriate
response pattern. The reason for this is that the random
trials themselves are not coherent because most of the con-
straints that hold between variables when the system is
operating normally have been violated. Thus, for the P+F
display, the subjects’ recall is more coherent when the
stimulus is coherent (semantic trials) and more incoher-
ent when the stimulus itself is incoherent (random trials).
This difference between trial types on the P+F display
is statistically significant [F(1,16) = 100.6, p < .001].
In contrast, with the P display one does not observe this
discrimination between random and semantic trials. The
coherence memory for both types of trials is virtually iden-
tical [F(1,16) = 2.65, n.s.].

DISCUSSION
Expertise Effects

The diagnosis results will be discussed first. The pic-
ture here is a fuzzy one since the results from the para-

metric and nonparametric tests are inconsistent. With the
traditional ANOVA, the expertise and display X exper-
tise effects were not statistically significant. The nonpara-
metric tests, on the other hand, indicated a difference be-
tween novices and experts in their ability to diagnose
system state as a function of display. This conflict is prob-
ably due to the fact that there is more variability in the
novice group than in the expert group. When the data for
the two groups are analyzed together, as in the ANOVA,
it is reasonable that the high variance of the novice group
will overwhelm any effects of which that group is a part.
However, when the two groups are treated separately, as
in the nonparametric test, the high variance of the novices
leads to a nonsignificant result, but it no longer suppresses
the significant effect for experts. Although these results
do not allow one to derive firm conclusions, it should
nevertheless be noted that there are good reasons for put-
ting more weight on the resuits obtained from the non-
parametric tests (cf. Dar, 1987; Hammond et al., 1987;
Meehl, 1967, 1978).

With regard to the pretest results, two clear findings
emerged. First, experts clearly outperformed novices,
thereby validating the selection criterion that was adopted
for defining the two subject groups. Second, the knowl-
edge of experts is not completely accurate, as evidenced
by the fact that no subject attained a perfect score.

As for memory, the results indicated that experts
strongly outperformed novices on meaningful trials. This
finding is similar to the memory-expertise effects obtained
in various other domains. However, this seems to be the
first time that this result has been obtained with continu-
ous, dynamic stimuli of the sort presented to the Subjects
in this experiment. Thus, one contribution of this study
was to generalize a finding from basic psychological re-
search to a new domain, process control. It is also worth-
while pointing out that the same result was obtained for
both correspondence and coherence memory measures.
This also seems to be the first time that expertise effects
in memory recall have been evaluated according to degree
of coherence. The typical measure has traditionally been
one of correspondence. Thus, a second contribution of
this research is that the memory-expertise effect was repli-
cated with a measure of coherence memory.

There were also some unexpected results. In contrast
with the results from chess, in the present study there was
a small but significant expertise advantage on random
trials. One possible explanation for this finding is that
novices and experts differed on cognitive abilities that
were not assessed in this experiment (e.g., memory ca-
pacity). Another finding that was not predicted was the
strong expertise advantage obtained for fault trials. These
two findings bear on an important question: Under what
conditions is an expertise advantage to be expected in
memory tasks?

A likely answer is that there will be a memory-exper-
tise advantage in cases where there are goal-relevant con-
straints that experts can exploit to structure the material
with which they are presented. The more constraint avail-
able, the greater the expertise advantage should be. In



fully random events, there are no constraints and thus an
expertise advantage would not be expected. This conjec-
ture will subsequently be referred to as the constraint-
attunement hypothesis.* Although it is a new theoretical
explanation for expertise effects in memory recall, this
hypothesis has existed for years as the cornerstone of eco-
logical theories of skill acquisition (see Flach, Lintern,
and Larish, 1990; Fowler & Turvey, 1978; Gibson, 1969;
Owen, 1990).

The constraint-attunement hypothesis can explain why
the significant expertise advantage for fault trials is sig-
nificantly larger than that for random trials. In these
scenarios, only one or two constraints that usually govern
the system under normal operating conditions are violated.
Thus, the vast majority of the constraints listed in Table 2
still hold. The operating constraints allow experts to struc-
ture the situation and thereby enable them to remember
more than novices, despite the fact that the event is ab-
normal and has never been observed before.

The hypothesis can also explain why there was a weaker
but still significant expertise advantage on random trials.
Because of the sampling procedure that was adopted, these
trials were actually pseudorandom in that a few of the con-
straints governing the system under normal circumstances
still held {see Method). Since there are still some (albeit
fewer) constraints to pick up on, the expertise advantage
is much smaller but still significant under these conditions.

The constraint-attunement hypothesis also accounts for
the results of Myles-Worsley et al. (1988) described
earlier. The critical finding from this experiment was that
recognition memory increased as a function of expertise
on abnormal X rays, but decreased with expertise for nor-
mal X rays. This result would seem paradoxical if one
equated abnormal X rays with random chess positions and
normal X rays with normal chess positions. However, the
goal in reading an X ray is to detect any existing abnor-
mality. Thus, the goal-relevant constraints are those
relations that signify an abnormal X ray, not those that
characterize a normal X ray. From this perspective, the
results of Myles-Worsley et al. are easily interpreted. Ex-
perts were more attuned to the goal-relevant constraints
in the X rays than were novices, and novices were more
attuned to irrelevant information in the X rays than were
experts.

To summarize, a third contribution of this research is
a clarification of the boundary conditions under which ex-
pertise advantages are to be expected in memory-recall
tasks. According to the constraint-attunement hypothesis,
there will be a memory-expertise advantage in cases where
there are goal-relevant constraints that experts can exploit
to structure the stimulus, and the more constraint avail-
able, the greater the expertise advantage will be (see
Vicente, 1991, for an application of this principle in the
context of the various layers of constraint in chess).

A final issue pertinent to expertise that is usually in-
vestigated in memory-recall studies is the amount of
clustering in subjects’ recall. Various studies have found
that experts’ categorization classes tend to be organized
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according to functional properties, whereas novices’
classes tend to be organized according to surface features
(Glaser & Chi, 1988). To see if this pattern of results was
observed here, the degree of clustering in the subjects’
recall was analyzed according to two criteria for categoriz-
ing the variables being recalled. One classification scheme
was based on the two-way physical/functional distinction.
A second classification scheme grouped variables accord-
ing to their surface features. This resulted in the eight
mutually exclusive categories listed in Table 1. The re-
sults of these clustering analyses, reported in Vicente
(1991), indicate that the effects that have typically been
found in recall studies were not observed in this experi-
ment. Neither analysis led to any significant effects of ex-
pertise. Instead, the organization in recall tended to be
driven by the structure of the response format (Figure 3)
and the task demands.

Display Effects

The first step in evaluating the validity of memory re-
call as a measure of display effectiveness is to indepen-
dently establish which of the two displays provides greater
support for problem solving. There was strong evidence,
both from parametric and nonparametric analyses, indicat-
ing that the P+F display was indeed superior to the P
display in terms of diagnosis. This result is consistent with
the a priori prediction based on the principles of EID. Ex-
plicitly representing higher order functional information
in the display enhances problem-solving performance.
There was also some evidence from nonparametric tests
to indicate that this advantage was greater for experts than
for novices.

Having established the superiority of the P +F display,
the next question is: Does that superiority reflect itself
in the memory-recall measure? The results revealed that
the P+F display resulted in better memory than did the
P display, but only for functional variables. This is not
very surprising, since the functional variables were pre-
sented in the P+ F display, but not in the P display. Thus,
a simple interpretation of this result is that memory is
worse for variables that have to be derived than it is for
those that have to be recalled. The problem with this in-
terpretation is that it fails to account for why there are
marginally significant correlations between diagnosis ac-
curacy and memory for functional variables, but nor mem-
ory for physical variables. This result shows that there
is a close association between functional variables and the
ability to accurately diagnosis system state, thereby pro-
viding empirical justification for the theoretical motiva-
tion for including higher order functional information in
the P+F display. This correlational result also suggests
an alternate interpretation of the display effects: memory
for those variables most relevant to diagnosis is better with
the P+F display than with the P display.

Is this finding really surprising? One might argue that
all that has been demonstrated is that a display with more
information is better than a display with less information.
This may seem to be a reasonable criticism to some, so
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it is important to clearly point out why the advantage of
the P+F display cannot be solely attributed to more in-
formation. Although this contention has not been empiri-
cally tested here, a simple thought experiment should be
sufficient to convince most readers of the validity of the
claim. One could easily design a display that had the in-
formation that was in the P display as well as some extra
information. To take a ludicrous example, one could also
display the current temperatures in major cities around
the world. But of course this added information would
be of no use since it is completely unrelated to system
goals. Therefore, it is not the case that the experimental
results are merely due to the P+F display containing more
information than the P display. The key is that the added
levels of information are goal relevant, as the significant
correlation between diagnosis and memory for functional
variables shows. The EID framework used to design the
P +F display provides a principled approach to identify-
ing the goal-relevant information that needs to be included
in the display.

In summary, the findings indicate that the P+F display
resulted in better diagnosis performance than did the P
display because the former represented the state of func-
tional variables, whereas the latter did not. In addition,
the correspondence memory measure was sensitive to this
display advantage, as indicated by the superior memory
for functional variables for the P+F display as compared
with the P display. The significant correlation between
memory for functional variables and diagnosis perfor-
mance suggests that the advantage of the P+F display on
the memory task was localized to those variables that were
most relevant for diagnosis.

CONCLUSIONS

This study has demonstrated that memory-recall per-
formance on meaningful trials in a process control sys-
tem varies as a function of expertise, thereby generaliz-
ing a classic finding in the literature to a novel domain.
This result was obtained with measures of both correspon-
dence and coherence memory. It was also found that ex-
plicitly representing higher order functional information
in a display can result in enhanced performance, as evi-
denced by the fact that the P+F display resulted in much
better diagnosis performance than did the P display. Fur-
thermore, memory for the subset of variables that was
most relevant for diagnosis was observed to be better with
the P+F display than with the P display, thereby indicat-
ing that memory recall can be a sensitive measure of dis-
play effectiveness. Finally, the constraint-attunement hy-
pothesis was proposed as a novel theoretical explanation
for the conditions under which expertise effects in
memory-recall tasks are to be expected. This hypothesis
accounts for the results of this experiment, those of Myles-
Worsley et al. (1988) in X-ray diagnosis, and various
other memory-recall experiments (cf. Vicente, 1991).

On a more general note, the present work also bears
on the relationship between basic research and applied
concerns. Traditionally, these two areas of interest have
been relatively segregated. Those concerned with basic
research sometimes shun applications as being of little
scientific value, whereas those faced with applied prob-
lems have often pointed to the irrelevance of basic re-
search. In the human-factors community, these tenden-
cies have unfortunately led to a conflicting dichotomy
between basic research and applied problems (for discus-
sions, see Flach, 1990; Rouse, 1985). However, some
have argued that there need not be a conflict between basic
research and applied concerns, and even more strongly,
that an interaction between basic research and pragmatic
challenges can be of great benefit to both interests (Go-
mez & Dumais, 1986; Landauer, 1987).

The research presented here supports the latter view.
A basic finding from psychological research, the relation-
ship between memory recall and expertise, was adapted
to address an applied problem, evaluation of degree of
display support for problem-solving activities. Further-
more, adopting an applied context as a test bed led to
methodological and theoretical insights into basic research
in the form of the coherence measure of memory recall
and the constraint-attunement hypothesis, respectively.
Therefore, although addressing a relatively narrow and
concrete set of issues, the present work speaks to a much
broader issue, namely, the fruitful interplay that can be
achieved between basic research and applied probleéms.
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NOTES

1. This random control condition has often been incorrectly attributed
to de Groot (cf. Vicente & de Groot, 1990).

2. Two additional considerations should be mentioned. First, the study
here differs from most previous recall studies in that the subjects are
familiar with the content of the stimulus but not with its perceptual form.
However, several studies have shown that the classic interaction between
expertise and meaningfulness of stimulus is also obtained under these
conditions (cf. Recht & Leslie, 1988; Schneider, Korkel, & Weinert,
1989; and the review in Vicente, 1988), thereby lending support for
applying the recall method in this manner. Second, if such a result is
obtained with theoretical experts as subjects, then one would need to
see if the same pattern of results is obtained with experienced operators
who are typically not theoretical experts. The latter issue has not been
addressed in the present research. If the memory measure is validated
and the boundary conditions of its validity established, then future studies
could evaluate interfaces using the memory-recall measure alone.

3. It might be useful at this point to provide some justification for
the conditions under which the experiment was conducted. First, the
subjects were not given any feedback so that the novices would remain
such. Second, the subjects were not very familiar with the perceptual
properties of the display, they were presented with unfamiliar events,
and they were not given very much time to view each scenario. This
was to ensure that the task was challenging enough so that the subjects
would be forced into a problem-solving mode (i.e., Rasmussen's, 1983,
knowledge-based behavior), which was the focus of this study.

4. The constraint-athunement hypothesis is a theoretical claim regarding
product, not process. That is, it tries to predict under what conditions
there will be an expertise effect in recall tasks, not the psychological
processes that cause such effects.
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