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Two experiments are reported that examined the influence of variation in task
demand on performance and workload. The first experiment considered how the
manipulation of prior level of task demand affected subsequent workload and
performance. The second experiment examined the effects on performance and
workload of increments in the level of task demand. Results from the first study
indicated that prior level of imposed task difficulty did affect response in a
manner consistent with a scaling of workload in relation to previous task
conditions. The second study demonstrated the primacy of absolute demand
level over increments in that demand as influencing operator response. Overall,
our results indicate that workload and performance are sensitive to multiple
characteristics of the task and not instantaneous demand level alone. These
findings are important in explaining why association and dissociation occur
between task demand, operator efficiency, and perceived workload in differing
performance contexts. The importance of these findings for the aviation psy-
chologist in assessing pilot and operator workload is articulated.

Substantive changes in contemporary aviation have occurred as a result of
the use of computer-based technological innovation. On the human side, a
key question for the aviation psychologist remains the assessment and pre-
diction of operator or pilot workload associated with these technically ad-
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vanced systems (Kantowitz & Casper, 1988). The early focus of workload
studies was on high-task demand situations. Such tasks characterize much
that is done in single-seat, high-performance cockpits and in selected phases
of commercial flight, most typically takeoff and landing. The central concern
of these investigations was whether the imposed demand exceeded pilot or
crew capability and what happened to response efficiency under such cir-
cumstances. Mental-workload evaluation also represented the explicit recog-
nition of the energetics aspects of human capability (Freeman, 1948;
Kahneman, 1973; Minsky, 1984). Such approaches are in direct contrast to
linear information-processing models as avenues for explaining performance
variation (cf. Lachman, Lachman, & Butterfield, 1979). In particular, work-
load and associated energetics concepts represent the acceptance that human
operators cannot be regarded as simple linear transducers whose perfor-
mance efficiency simply fluctuates directly with imposed task demand. It
has become the accepted position that mental workload is a multidimen-
sional and mediational construct that can provide important insight into
response capability (see Gopher & Donchin, 1986; Hancock & Meshkati,
1988; Moray, 1979; O’Donnell & Eggemeier, 1986). The conceptual and
practical use of workload measures became a hotly debated topic among
adherents and critics. However, despite more than a decade of intense re-
search, much remains uncertain about workload (see Wickens, 1993). This is
not necessarily an indictment of workload per se because similar statements
are true of many energetics facets of behavior, including important topics
like attention and stress.

The confluence of two practical factors served to stimulate workload
research in aviation. The first concerned the design innovations in the cock-
pit of modern aircraft. The second is the question of performance-workload
dissociation. It is perhaps the single most repeated assertion in the study of
human factors that automation has changed the operator’s role from momen-
tary controller to system manager (cf. Jordan, 1963). What became clear for
workload research was that little was known about the costs associated with
the apparently low demand or underload of enforced monitoring of these
automated and semiautomated systems. The work of Warm and his col-
leagues demonstrated two critical factors. The first was that enforced moni-
toring is a stressful experience with a high level of associated workload (see
Hancock & Warm, 1989; Warm, Dember, Gluckman, & Hancock, 1991).}
The second factor was that in sustained attention or monitoring tasks, work-

"The recent work of Scerbo and his colleagues (Sawin & Scerbo, 1993) has shown that the
context of performance and attitude toward performance are critical factors in the level of
experienced workload. Typically, task demands in aviation are critical and the penalty for
missed signals can be great, hence the typical sustained attention task in aviation bears the
hallmarks of high-stress, high-workload potential (Hancock & Warm, 1989). The attitudinal
observation suggests that design manipulations may be enacted that result in enjoyable interac-
tion with concomitant effects on perceived load and potentially performance efficiency.
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load was directly influenced by the psychophysical characteristics of task
demand (see Becker, Warm, Dember, & Hancock, 1991, this issue; Warm,
Dember, Gluckman, & Hancock, 1991). This assertion of a direct association
stands in particular contrast to the findings of Wickens and his colleagues
(e.g., Derrick, 1988; Yeh & Wickens, 1988) that workload dissociates from
task demand; that is, under certain conditions, performance could improve as
workload increased and vice versa.

Dissociation is a particularly disturbing phenomenon for workload re-
searchers because it implies that the isomorphism, or linked mapping, be-
tween performance level and workload fails in just those situations in which
the aviation psychologist relies most heavily on such measures to effect
some action or recommend some design modification. As these doubts have
percolated through the literature and influenced practitioners to a more
cautious interpretation, workload seems to have been overtaken by a new
conception: situation awareness. Much debate has followed on the definition
of a construct that, like workload, also has its advocates and detractors, in
many cases the same researchers involved in the workload debate. In some
definitions, workload is included in situation awareness, as are the other
aforementioned energetics constructs such as attention, stress, and fatigue.
Our position (see Smith & Hancock, in press) is that situation awareness,
like other revivals of energetics constructs including workload, is part of the
process of the rehabilitation of consciousness in psychology (see Ornstein,
1977), which at one time explicitly sought to excise mental characteristics as
explanatory phenomenon (Watson, 1913). Whatever its guise, we still do not
have sufficient knowledge about the overall energetic state of the individual
to make confident assertions about reactions under differing demand condi-
tions. One primary reason for this is that we have not paid sufficient atten-
tion to the differing characteristics of the situated task demand or the context
in which activity occurs. Typically, we have manipulated only the absolute
“level” of task demand and compared performance as that level has been
changed, usually between trials, blocks, or conditions. Hence, our need to
understand more thoroughly the properties of the workload response with
respect to different characteristics of the task and situation at hand.

PROPERTIES OF WORKLOAD RESPONSE

Despite the assertions about its multidimensional nature, one simple way to
think of workload is akin to an analog signal that follows on the fluctuations
of task demand, at least in some fashion. From this view, it may be that the
direct link between workload and performance, an associated relationship, is
maintained in certain conditions in which the lag between demand and
response is necessarily small. Dissociation, on the other hand, may result
from an increase in the lag between change in demand and subsequent
response. We cite this one example here, but lag is only one of many
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potential characteristics of the demand performance-workload relationship.
We have illustrated some further characteristics in Figure 1. Within the
region of acceptable performance, we have traditionally been concerned
with the absolute value of workload as shown by (1) in Figure 1. We have
attempted to establish the boundaries of acceptable workload, the so-called
workload redlines, and to understand what task-related factors drive work-
load into such unacceptable regions (denoted by the hashed regions of Figure
1). Although momentary workload value is clearly one diagnostic of per-
former state, several other facets of task demand-workload relation are of
use. Some of these linkages have already been shown to exert effects, such
as the history of demand; see (5) (Matthews, 1986; Miyake, Hancock, &
Manning, 1992). These findings suggest that other facets such as future
expectation (6) (see Harris, Hancock, & Arthur, 1993) and level and location
of recovery (4) may also prove of value in predicting the overall level of
operator workload in specific conditions. In our experiments, we examined
two facets of the demand—performance-workload relation. The first is con-
cerned directly with the influence of the historical or past level of task
demand on subsequent performance and the perception of workload. The
second is the level of demand combined with increments in that demand (2).
Clearly, the latter is also a manipulation of the trend illustrated as (3) being
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FIGURE 1 The illustration shows facets of the workload response with respect to
comparable changes in task demand. Typically, instantaneous level of workload, shown
as (1), is of central concern. However, workload may be sensitive to increments in task
demand (2) or rate of change of that demand (3). It might be influenced by history (5) or
future expectation (6). Also, where the stable demand is established with respect to an
individual’s capability (4) is of potential concern. Fracturing workload redlines (light
hashed areas) for either overload or underload is of critical importance. The effects of
prolonged residence in those regions (dark hashed areas) is what gives rise to much
concern for the aviation psychologist.
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rate of change of task demand. Operators are frequently more sensitive to
change and rate of change, rather than the absolute level of a variable;
therefore, we have a rationale for the expectation that increment in task
demand is an important variable in influencing workload response. Our
experiment is also part of a general programmatic investigation that we have
pursued on workload transition events (see also Hancock, 1989; Hancock et
al., 1989; Miyake, Hancock, & Manning, 1992; Scallen, Duley, & Hancock,
1994). Recognition of the importance of workload transitions is clearly
growing (see Howell, 1992; Huey & Wickens, 1993; Warm, 1993). However,
as yet relatively few experimental findings have addressed transitions in
workload and the task-based characteristics that influence them.

EXPERIMENT 1: EFFECT OF PRIOR DEMAND
ON CURRENT PERFORMANCE

Method

Experimental participants. Twelve right-handed men from the Uni-
versity of Minnesota faculty, staff, and student body volunteered to partici-
pate in this study. Their ages ranged from 22 to 38 years with a mean age of
31.1 years. All subjects were in professed good health at the time of testing.

Experimental task and procedure. A simulated flight task was shown
on a computer monitor. An aircraft icon, which was driven by random
forcing functions, appeared inside a sight circle (cf. McRuer & Jex, 1967,
Smith, 1967). Subjects controlled the movements of the aircraft with a
joystick and attempted to keep it aligned at the center of the sight circle.
Thus the task was a two-dimensional compensatory tracking. The tracking
area was 157 mm x 110 mm. There were three levels of flight task difficulty:
high (H), medium (M), and low (L), which differed in respect of the ampli-
tude and cutoff frequency of the forcing functions as determined by pilot
experimentation. Each subject participated in four separate sessions at least a
day apart. Each session was comprised of three 5-min tracking trials (Ham-
merton, 1981). The first session was practice, and all three of the tracking
trials were at the medium level of difficulty (M1M2M3). In the three experi-
mental sessions that followed, the first and last of the three tracking trials
were always of medium difficulty. However, the middle tracking trial was
either of high, medium, or low difficulty. This regimen is illustrated in Figure
2. Over the course of the three sessions, each subject participated in the three
experimental conditions: MIH2M3, M1M2M3, and M1L.2M3. The order of
administration of these conditions was randomized across participants.

Three measurements of subjective response were taken: (a) Critical
Flicker Fusion (CFF) values (Hosokawa, Makizuka, Nakai, & Saito, 1989;
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FIGURE 2 Schematic illustration of the experimental procedure and comparisons as
accomplished in Experiment 1.

Saito, Hosokawa, Saito, Nakai, & Inzuka, 1988); (b) Subjective Workload
Assessment Technique (SWAT) ratings (Reid & Nygren, 1988); and (c)
National Aeronautics and Space Administration Task Load Index (NASA-
TLX) ratings (Hart & Staveland, 1988). CFF was measured at the beginning
of each session to provide a baseline value. CFF was then measured at the
end of each trial. Each CFF score was derived from an average of five
readings, excluding the highest and lowest recordings. Percentage of change
was calculated as the difference between the baseline value and the observed
experimental value. The SWAT and the NASA-TLX were installed into the
tracking-task program. SWAT and TLX scores were taken after each 5-min
trial. SWAT scores were processed with a SWAT program (Reid, 1989). The
average weighted workload scores (TLX) were computed from NASA-TLX
ratings (Hart & Staveland, 1988). Difference scores for both the SWAT and
TLX were obtained by subtracting the value for the first trial from that of the
third trial. These differences are also reported. Tracking data were gathered
from the measurement of the deviation of the aircraft icon from the center of
the sight circle. This value was calculated by a two-dimensional root mean
square error (RMSE) of tracking. This value was sampled every 200 ms.
Percentage changes of RMSE from the third tracking trial compared to the
first tracking trial were used to evaluate performance change.

Experimental hypotheses. We hypothesized that the historical pro-
file of task demand would subsequently influence both performance and
workload on that same task. Further, we postulated that previous experience
of low demand would improve performance and reduce workload on a
subsequent trial at the medium level of demand compared to performance at
the same medium demand before the low-demand exposure. Experience of
an interpolated high-task demand was hypothesized to have the opposite
effect. We expected that when participants experienced no change in demand
under the M1IM2M3 control condition, then performance and workload
would not change between the first and third trials.
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Results

Performance and subjective workload measures from only the first and the
third trial (i.e., both medium-demand-level conditions) were considered as
the purpose of this study was in evaluating the influence of an historical
demand level. That is the influence of a previous load on subsequent re-
sponse (see Figure 2). Analysis was based on within-subject comparisons.
The statistical significance of the difference of means was analyzed by a
one-way analysis of variance (ANOVA) and multiple comparisons; p < .05
was considered to represent a statistically significant difference. Mean re-
sults, with one standard error, are shown in each illustration.

Subjective workload measures. The absolute scores for SWAT and
TLX are shown in Figure 3. It is clear that for both SWAT and TLX, the
scores are highly correlated with task difficulty. As shown in Figure 4, SWAT
and TLX scores on the last trial of medium difficulty (M3) increased after
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FIGURE 3 Changes in weighted SWAT workload (SWAT) and overall NASA-TLX
workload (TLX). Mean responses for all participants (n = 12) are shown. Only difference
scores (% change) between M1 and M3 trial are illustrated here.
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FIGURE 4 Percentage change in subjective workload scores. T-bars are 1 standard
error. *p < .05, **p < .01, ***p < .001.

exposure to the easier level of the task (L2). However, the workload scores for
each subjective assessment technique decreased after exposure to the more
difficult level (H2). Specifically, there were significant differences between
SWAT scores from the first medium-difficulty trial (M1) to the third trial
(M3). In the case of previous exposure to low-demand conditions on the
second trial (L2), SWAT scores significantly increased from the baseline trial
to the comparison trial. This significant effect also held for the SWAT score
when the middle trial was at the high-demand level (H2), except that the
subsequent score was depressed. For the TLX score, only the experience of an
interpolated low-demand (L2) condition had a significant effect. Ryan’s mul-
tiple comparisons revealed that percentage changes of SWAT after H2 level
are significantly different from those after L2 and M2 level tasks. Further-
more, significant differences were found between TLX scores after L2 and
M2 levels. These results mean that after the easier task is interpolated in the
sequence, subjects experienced more workload, and after the more difficult
task, they experienced less workload on a task that is objectively of the same
difficulty. That is, all comparisons are made between responses on a task of
common demand (M1-M3). In short, prior events color experienced work-
load. They also influence performance, as is reported subsequently.

Performance measures. Percentage changes in the respective perfor-
mance measures are shown in Figure 5. Combined time lead (CTL) de-
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creased significantly after the high-difficulty task, p < .0S. Decrement of
time lead means that subjects’ responses became slower or their predictions
on the task were worse. In contrast, after the L2, time lead increased but not
significantly. RMSE decreased after L2 and increased after H2, However,
unlike workload, these changes did not reach the predetermined level of
significance. These results suggest that after the easier task, performance
becomes better, and after the more difficult task, it becomes worse, but the
statistically reliable effect was only for CTL after the H2. The learning
effects on the performance are shown in Figure 6.

Percentage changes of RMSE and CTL of the first trial (M1) in the second
and the third sessions from the first session are shown. RMSE in the second and
third session is significantly better than that in the first session, p < .05. No
significant change was found in CTL measures. It should be noted that the
RMSE scale is shown so that better performance increases on the y axis. These
results indicate that learning was still occurring in the task investigated.

Psychophysiological measure. The percentage change in the CFE
value is shown in Figure 7. After every trial in every session, CFF value
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FIGURE 5 Percentage changes of combined time delay (CTL) and root mean square
error (RMSE).
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FIGURE 7 Percentage changes of Critical Flicker Fusion Frequency (CFF). All CFF
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significantly decreased from the baseline value (measured before the task
commenced). No significant relation was found between task difficulty and
CFF decrement. Percentage CFF after each trial was pooled for all sessions
and is shown in Figure 8. All CFF changes represent significant reductions,
p < .001. Significant differences were found between the first trial and both
the second and third trial. This result suggests that amount of decrease in
CFF value depends on the time on task rather than any particular character-
istic of the task itself. CFF reflected an overall level of task-related fatigue
that was independent of the specific historical task profile. We now turn to
the influence of task-load increment effects.

EXPERIMENT 2: EFFECT OF INCREMENTED
DEMAND ON PERFORMANCE

Method

Experimental participants. The participants in this experiment were
15 students from the University of Minnesota. There were 9 men and 6
women. The mean age of the sample was 24 years with a standard deviation
of 5. Subjects were volunteers, and all were in professed good health at the
time of testing.
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FIGURE 8 Percentage changes of CFF versus time on task. ***p < .001, **p < .001.
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Experimental procedure. The experimental platform that permitted
evaluation of our hypotheses was MINUTES (MINnesota Universal Task
Evaluation System; see Hancock et al., 1992). This environment consists of
three major subtasks: monitoring, resource management, and tracking, each
of which can be controlled through script commands. These subtasks are
illustrated on the MINUTES display shown in Figure 9. Subjective assess-
ment of workload was collected by having subjects complete SWAT (Subjec-
tive Work Assessment Technique) tests, which appeared in a window in the
MINUTES display. Subjects were trained on the individual subtasks that
would be completed during the experimental sessions. The tasks were com-
pleted using joystick and keyboard controls. The monitoring task required
keyboard responses to indicator lights and gauges. Resource management
required monitoring and control of fuel tanks and pumps to maintain a
constant target level of fuel in the outer two of the five tanks. Tracking
required joystick manipulation to maintain a crosshair at the center of a
display. Task-load baseline and increment levels were determined by varying
the frequency of the indicator light and gauge-state changes, frequency and
duration of pump failures, and changes in the gain of tracking and sensitivity
of the joystick, as detailed subsequently. The SWAT tests provided subjec-
tive assessment of time load, stress, and mental effort as described earlier
(Reid & Nygren, 1988).

The experimental protocol employed a within-subject design. All sub-
jects completed three sessions that lasted 12 min each. A 2-min break was
permitted between each session. Each session presented three routines,
each consisting of two segments: a baseline level of task load (100 sec)
followed by the same baseline plus an incremental load (100 sec). After
each segment, subjects were presented with three SWAT scales (20 sec).
The baseline level and incremental levels are explained subsequently.
The presentation of the routines was controlled by each subject receiving
all the conditions in a pseudorandom order (i.e., each subject received a
unique order of presentation).

Baseline Level of Task Demand Conditions

Three baseline rates were used for each of the components of the MINUTES
task. The event rates are given in Table 1. In each box, the first entry refers
to the number of monitoring events, the second to the number of resource-
management events, and the third to the level of tracking difficulty. Each
event refers to an entry in the script that creates a change in state to either
the monitoring task or the resource-management task. Eight tracking levels
were used for controlling the demand of the tracking task.
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FIGURE 9 Schematic illustration of MINUTES environment showing the three sub-
task differentiations. The tracking task is at the upper right and the monitoring task is
shown upper left. The resource-management task is shown lower right; the message

window, lower left.

TABLE 1
Task Combinations
Baseline Plus Increment
Baseline Low Medium High
Low 2-1-1 6-3-3 9-4-5 12-5-6
Medium 5-2-2 9-4-5 12-5-6 15-6-7
High 8-3-4 12-5-6 15-6-7 18-7-8

Incremental Demand Conditions

Three incremental levels were combined with the baseline task levels to
form nine experimental conditions, which are also shown in Table 1. The
rationale behind the size of the increment was to provide task levels that
could compare relative increase in load with absolute task level (e.g., low-
baseline level plus medium increment being equivalent to medium-baseline
level plus low increment). Equivalent task loads are shown on the diagonals

of Table 1.
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Results

Data were analyzed for each component task individually (i.e., monitoring,
resource management, and tracking). Each set was analyzed using a three-
baseline level (low, medium, and high) by three increment level (low, me-
dium, and high) by two before/after increment (i.e., a baseline level) and
after (i.e., a baseline plus an increment) ANOVA with repeated measures.

Tracking. ANOVAs for each baseline plus increment condition indi-
cated no significant effects for incremental demand on tracking perfor-
mance. This observation did not jibe with the known relationship between
difficulty and performance or with observation of subjects who had clear
problems adjusting to demand after the step change. It was hypothesized that
tracking performance effects were transitory and therefore did not appear in
the data for the whole period. As a result, an additional analysis was per-
formed on the tracking response for the last 20 sec of the baseline condition
versus the first 20 sec of the incremented condition. In this analysis, the
interaction between baseline level and before/after condition was signifi-
cant, F(2, 16) = 7.395, p < .01. This effect, illustrated in Figure 10, implies
that before/after effects were found for the low- and high-baseline conditions
but not for the medium-baseline condition. Such effects were confirmed with
post hoc ¢ tests. Post hoc ¢ tests were carried out on the before/after data for
the baseline level conditions. These tests proved significant for the high-
baseline condition, #(8) = 2.714, p < .05, and for the low-baseline condition,
t(8) = 2.898, p < .05 only.

In considering this interaction, it is important to point out that sub-
jects’ performance was best in the easiest condition of the low baseline.
However, they showed their next best baseline performance in the high
condition, which counters the assertion that performance is always di-
rectly linked to demand.

Frequently, subjects adjusted their effort according to demand, and this
may be the case in producing the better tracking performance at the high
compared to the medium baseline. The interaction then results from this
nonlinear baseline influence because the after conditions do follow the
pattern linking performance efficiency to level of demand. The significant
interaction between before/after conditions and increment level, F(2, 16) =
5.248, p < .05, illustrated in Figure 11, also reflects this nonproportional
baseline effect. In short, these interactions, although interesting, are not ones
on which too much theoretical significance should be placed.

The main effect for this subsequent analysis confirmed that the increment
does indeed have a significant effect, F(1, 8) = 13.047, p < .01. The mean
change was some 30% decrement in performance in the time span chosen.
This leads to two conclusions. First, there is a time order effect in operation
here in which performance disturbance is large at the transition event and is
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progressively reduced in impact as time progresses at the new demand level.
Second, the absence of a main effect over the 100-sec epoch implies that
subjects recover and then compensate to the new and higher level of demand.
This is a further example of the adaptive strategy in which participants
expend effort according to perceived and actual demands. Two immediate
conclusions can be drawn from these tracking data. First, increments in
demand disturb performance. Second, adaptive responses to these changes
cope with such increments progressively. We suggest that the length of the
time course of recovery of performance in response to increment in demand
is proportional to the degree of the increment itself, a proposition that
requires further investigation.

Monitoring.  Three sets of data were collected from the monitoring task:
response time, response omissions, and false alarms. For response time,
there was a significant main effect in the before versus after conditions, F(1,
14) = 6.510, p < .05. The mean response time for the before condition (i.e.
for baseline) was 1.30 sec and for after condition (i.e. baseline plus an
increment), the mean time was 1.42 sec. The same significant main effect

BEFORE
M AFTER

LOW MEDIUM HIGH
BASELINE

E
o

w
o

-
o

RMS ERROR (UNITS)
N
o

o

FIGURE 10 Significant interaction for the baseline level and before/after condition on
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was evident in the false alarm data, F(1, 14) = 8.199, p < .05. The mean
number of false alarms for the baseline conditions was 0.53 and for the
baseline plus incremental condition was 1.03. This suggests that an increase
in the task load produces an increase in both the time to react correctly to a
monitoring cue and the number of false responses, both of which reflect
deterioration of capability.

The data that produced perhaps the most interesting result were for re-
sponse omissions. The misses were converted to proportion scores represent-
ing the total number of misses with respect to the total number of possible
correct responses. Two main effects, illustrated in Figure 12, proved signifi-
cant. The before and after conditions F(1, 14) = 8.617, p < .05, with means
of 0.31 and 0.37, respectively, and the level of baseline task load conditions,
F(2,28) =32.801, p < .01, with means of 0.21, 0.40, 0.41 for low, medium,
and high baseline, respectively. Two interactions also proved significant.
The first was for the level of baseline and before/after increment, F(2, 28) =
4.106, p < .05, and the second was for the increment level and before/after
condition, F(2, 28) = 4.036, p < .05. Post hoc ¢ tests on the first interaction
(i.e., the differences between the baseline values and baseline values plus
increment for each baseline level) produced significant results for the differ-
ences between the low-baseline condition and both the medium baseline
condition, #(14) = 1.995, p < .05, and the high-baseline condition, #(14) =
2.926, p < .05.

Resource management. No significant results were found in the
resource-management data under any of the conditions.

Subjective workload. The three components of SWAT procedure were
analyzed: Time Load, Stress, and Mental effort. The SWAT data produced
two significant main effects for the before/after condition and for the base-
line level conditions. The means for each of SWAT response showed a trend
of increasing with respect to workload for each of the scales. The results of
each ANOVA are presented in Table 2. Post hoc ¢ tests for each of the SWAT
tests were applied to distinguish differences between baseline conditions,
and those results are shown in Table 3.

Discussion

Influence of historical profile of task demand. The main findings of
the first experiment are important ones. Concerning perceived workload, the
results demonstrated that how an individual perceives the present level of
workload is influenced directly by what has gone before (see also Matthews,
1986). If, for example, pilots transition from a period of low demand to
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FIGURE 12 Significant interaction between baseline conditions and the before versus
after manipulation for the number of signal-response omissions expressed as a percent-
age value of possible responses.

TABLE 2
Significant Main Effects for Subjective Workload Responses (SWAT)
Time Load Mental Effort Stress
Main Effect F dr P F df ¥4 ra df D

Before-after 8576 1,13 <«.05 47.326 1,13 <.001 19519 1,13 <.001
Baseline level 11.308 2,26 <.001 11.308 2,26 <.001 5260 2,26 <.05

TABLE 3
Results of Post Hoc t Tests for Baseline Effect on Subjective Workload
(SWAT) Scales

Time Load Mental Effort Stress

Level F df }4 F df p F df P

Low versus medium 3.606 13 <.005 1710 13 ns 1.422 13 ns
Low versus high 4315 13 <.001 4678 13 <.001 2797 13 <.05
Medium versus high 1935 13 ns 2,156 13 <.05 2120 13 ns

Note. ns = nonsignificant.

medium demand, they would scale their current perceived load as higher
than if they had stayed at the medium-demand level all along. The opposite
is true for high levels of demand in which a transition from high to medium
demand suppresses perceived load. These workload results are evidence of
lag in the system or, with respect to human operators, their memory of
previous events colors the perception of present events. Given the import-
ance of workload transitions in aviation (Huey & Wickens, 1993), these
results are central to the task of the aviation psychologist who seeks to
predict acceptable levels of momentary mental workload or to use workload
response in aiding the process of design. The task history or mission profile
has to be factored into any approach to assessing current workload level.
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However, the results for perceived workload cannot be considered sepa-
rately from actual performance. In our case, with one exception, differences
in tracking performance largely failed to reach traditional levels of statistical
significance. In respect to performance, however, the overall pattern is
potentially instructive. It follows that for perceived workload. That is, previ-
ous experience of a high level of demand decreased performance efficiency
on a subsequent medium-demand condition. We have to be careful here,
because the pattern for performance, which looks seductively like the in-
verted image for workload, cannot be confirmed as stable, especially in the
condition in which prior task demand level was low. What can be confirmed,
however, is that when prior level of demand was high, individuals subse-
quently performing a medium level of difficulty rated their workload as
relatively low, but their performance was poorer. This is a case of dissocia-
tion (Yeh & Wickens, 1988). Typically, we would consider poor performance
to be accompanied by high workload and low workload to be reported when
efficiency was high. However, this is not the case here. There are a number
of reasons that this might be so.

The reasons include both methodological and theoretical influences. With
respect to method, note that tracking performance is measured every fifth of
a second throughout the 5-min trial. Therefore, the outcome for any one trial
is a summation of momentary conditions. All of the subjective measures,
including both workload scales, are point measures taken after performance
has been completed. Therefore, the very nature of the measurement proce-
dures themselves would appear to encourage perceptual assessment for per-
formance and more memory-based reference for workload. This statement
allows that other methods could be used to distinguish whether measurement
procedures themselves are solely responsible for the scaling and dissociation
effects noted. However, because performance comparisons reported here are
actually across repeated trials, some form of performance memory (or lack
of it) must be involved in the pattern of findings reported. With respect to
theory, it appears that perception of workload in general involves reference
to memory of previous conditions. This proposition can be further evaluated
by examining workload associated with other performance tasks that specif-
ically employ memory as a key component. At present, we can propose that
one reason for the dissociation between workload and performance is the
factor of lag. Whereas performance tracks demand with little lag, perceived
workload tracks demand with greater lag, so the previous profile of demand
has much more influence on the perception of current workload than on
current performance. The generality of this statement clearly depends on
wider empirical evaluation using differing tasks and alternative strategies for
workload assessment.

There were significant changes in CFF; however, these were not corre-
lated with task difficulty but were related to overall time on task. Thus CFF
appeared not responsive to the task-load manipulation as represented in our
experiment. CFF can be considered to indicate the cortical activity level
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(Kogi & Saito, 1971); however, the eyestrain alone of performing a visual
task using a VDT can affect the CFF value (Iwasaki & Akiya, 1991). In our
study, significant decreases in CFF value after each task trial compared to
the baseline were found. These results may be due to subjects’ eyestrain
because (a) the experimental room was dark and luminance contrast of the
VDT and the background was high, (b) luminance of the LED (light-emitting
diodes) indicator of the CFF device was also relatively high, (c) some of
subjects reported that they felt eyestrain because of the previously men-
tioned high-contrast screen, and (d) the tracking task was only three trials of
5-min each and it probably did not induce significant fatigue effects. Conse-
quently, we favor a mechanistic rather than energetics explanation for the
CFF results at present. From our evidence, we do not advocate the use of
CFF to distinguish workload and performance changes.

Influence of increments in demand level. With respect to the sec-
ond experiment, the overall tenor of our results indicates that the primary
driver of performance is the absolute level of task demand over the incre-
ment in that demand. However, we must temper this observation because of
the number of significant interactions observed. For example, in the tracking
data, there was a significant modification of the before versus after incre-
ment effect because of the baseline level. It is critical to note, however, that
the original baseline levels (i.e., the before conditions) do not exhibit a
simple increase in RMSE with baseline demand. The interaction effect con-
sequently seems to represent a threshold characteristic where it is the com-
bination of an increment over a high baseline that triggers a nonproportional
increase in RMS error. This is further clarified by the before/after increment
interaction. Here we see a differential increment effect that initially might
lead us to support a case for the influence of such a manipulation. However,
examination of the preincrement baselines indicates that under the high-in-
crement condition, the baseline was depressed such that the interaction
appears. This suppression of baseline militates against a strong support for
an increment effect in tracking.

Further support for the task-demand-level primacy is seen in the monitor-
ing data. The only significant effects in response time and false alarms
reflect this demand characteristic. The pattern for signal omission is some-
what more complex. Although the before/after pattern is maintained, an
interaction occurs because of the effects in the low-baseline condition. The
difference between the before and after comparison is exacerbated in the
low-baseline condition because of the low frequency of misses in the before
condition. Again, as with tracking, we favor an explanation that revolves
around a suppression of baseline effect rather than emphasizing the incre-
ment effect, because the latter influence did not percolate through all base-
line levels. Also, the tracking suppression occurred at high-baseline levels
compared with the suppression in monitoring signal omissions at the low-
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baseline level. This inconsistency argues against strong support for incre-
mental influences. Our conclusion is further buttressed by analysis of the
workload data. Each of the SWAT subscales ubiquitously showed the before
versus after differences and main effects for baseline load were evident in all
scales. Also whereas all pairwise comparisons of workload response under
baseline manipulations did not reach significance, the low- versus high-
baseline conditions were always reliably distinguished. Overall, our results
confirm the primacy of absolute task load over incremental effects.

SUMMARY AND CONCLUSIONS

Our introduction posed the question of which characteristics of task demand
the workload might be most sensitive to. In the first experiment, we demon-
strated that prior load profile provided a strong moderating influence on
workload and that this influence may be one factor in the dissociation story.
In the second experiment, we proposed to drive workload via manipulation
of task demand level and increment of that level. In these data, demand level
seemed to be more important than increment. Of course, some caution is
necessary. First, it is possible that present levels of difficulty and increments
on that difficulty were not sufficiently differentiated to elicit effects. In
essence, the sensitivity of the measure argument will always be with us
(Poulton, 1965). Additional work is already, therefore, in progress in a
multitask-simulation facility in which the levels of subtask difficulties have
been magnified.

Whatever the energetic facet of performance under consideration, the
question for the aviation psychologist remains how to assess and predict
pilot and crew capability. Workload has been helpful in that it offers a
window on efficiency and one that potentially offers information before
rather than after the fact. Anyone who wishes to use workload measures,
particularly subjective response, must be concerned that there are occasions
in which an opinion is expressed that the task is becoming harder while
performances are actually improving and vice versa. We suspect from our
findings that such events are part and parcel of the nonlinearity of human
response. That is, humans in general, and pilots in particular, use their
previous experience and their future expectations to scale current events.
That these effects are context-specific is most frustrating and is due, we
believe, to the nature of the task being performed. For aviation, the hopeful
aspect of these findings is that direct association between performance and
workload appears mainly in monitoring tasks, which are becoming more
predominant in contemporary cockpits. Our evidence implies that memory
and prediction scale current events rather than instantaneous incremented
change to such conditions. This would be a parsimonious suggestion because
it accords with the general idea of being “ahead of the aircraft” and reflects
theoretical formulations on biological survival (Holland, 1975/1992). The
precise elucidation of these contextually based effects needs further evalua-
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tion. Whether this knowledge is produced under the umbrella of workload or
under the canopy of situation awareness is essentially irrelevant because both
assist the aviation psychologist to serve, support, and protect those who fly.
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APPENDIX
Let ¢xi be phase shift between forcing function and control output in X

direction and let ATx be average time lead (or time delay) between these
signals in frequency domain from 0.1 to 0.3 Hz:

ot - Lk, (uq . lJ ¢ = 0.1 Hz, £, = 0.3 Ho)

360 f
Ll ed 1, 1
—nk,=, 36(ﬁ+n ki=; 7 (sec)

Let right side be AT ‘x + ¢ and fi = Af - i, where AT ’x is the time delay
between forcing function and system output and and Af is the frequency
resolution:

1 1
c = andf ki-; ; (sec)

and

R 1 1
T Nx At 512x 02 1024

Af (Hz)

because N is the data number (512) and At is the sampling interval (0.2 sec).

. _ f fe
= <= =10, k =< =30
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(Continued)



86  HANCOCK ET AL.

Therefore,

1 1 1
= 1 . (k _j N 1) x 102.4 30,‘:1() 1 X 1,000

1,421.432 (msec)

Finally, combined time lead (CTL) is,
CTL = VAT,? + AT,?

VAT + ) + (AT, + ¢)°
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