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Experimental Evaluation of a Model of

Mental Workload

P. A. HANCOCK! and J. K. CAIRD,? University of Minnesota, Minneapolis, Minnesota

This study was designed to test predictions from a model of mental workload. The
model predicts that mental workload grows as perceived distance from a task goal
increases and the effective time for action decreases. Decreases in workload can be
achieved by actions that bring the task goal into the region of acceptable time/
distance constraints for successful resolution. We reported an experiment that
tested these assertions using the Timepools performance task. Timepools generates
a spatial representation of a shrinking temporal target to assess the effects of path
length (i.e., the number of sequential targets to be acquired) and shrink rate (i.e.,
elapsed time during which the circle is halved in area) on reaction time (RT),
movement time (MT), error rate, and the subjective perception of workload. Data
from the experiment indicated systematic effects for task-related factors across
performance and workload measures. Path length and shrink rate had differential
effects on both RT and MT, which were also reflected in the components of the
individual workload scales. The results support a general form of the workload
model which may help researchers and practitioners in the difficult task of work-

load prediction.

INTRODUCTION

The basic leitmotiv of human factors is a
primary concern for the human in the design
and operation of systems. Although it has
been recognized that operator performance
and general well-being are contingent on
characteristics of the task and the capabili-
ties of machines and are influenced by the
complexities of the operator’s environment,
our mandate has been and remains person- or
user-centered in orientation (Kantowitz and
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Sorkin, 1983). In order to ensure the safety,
health, comfort, and long-term productive ef-
ficiency of the operator, a reasonable goal is
to regulate task demands so that they neither
underload nor overload an individual. Al-
though the dangers of overload have long
been recognized, many of our recent concerns
are with the stresses of underload and bore-
dom (Becker, Warm, Dember, and Hancock,
1991; Hancock and Warm, 1989), particularly
as operations become the subject of progres-
sively increased automation.

In order to regulate mental load, we must
be able to measure it. For tasks composed
principally of physical demand, this has
posed soluble problems, and the measures to
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assess energy expenditure have been well es-
tablished (Astrand and Rodahl, 1970; Wilson
and Corlett, 1990). Contemporary problems
in load measurement have arisen because of
two major developments. The first is the well-
publicized transformation in the composition
of many performance tasks from physical to
cognitive demand (see Westrum, 1991). In
and of itself, this is sufficient to generate
some concern. However, it is the complexity
of evolving systems that drives such an inter-
est from a passing concern to a central hu-
man factors issue.

Complexity refers to the number of con-
straints on the spatial and temporal dimen-
sions of operations and also the increase in
interconnections among systems (Hancock,
Chignell, and Kerr, 1988). Such complexity
may act to increase the amplitude and fre-
quency of workload variations placed on the
human operator, such that modern systems
in stable operational states require little in
the way of active response, whereas such sys-
tems in transient or unstable operational
states impose a heavy demand. One contem-
porary aspect of workload is the question of
the load associated with apparently simple
systems monitoring. Recent research (see
Hancock and Warm, 1989; Hancock, Warm,
and Dember, 1991) has indicated a consis-
tently high level of workload associated with
such conditions of performance. Conse-
quently, variations in task-generated work-
load in response to unexpected demand may
be imposing an additional burden on an al-
ready stressed operator, whose individual re-
sponse is difficult to discern (Damos, 1988;
Hancock, Meshkati, and Robertson, 1985).

The confluence of these trends leads to the
present concern. Although a clear recognition
of the importance of workload prediction ex-
ists (Chignell and Hancock, 1985), there are
relatively few theoretically grounded models
with which to attack the problem. The
present experiment was designed to test pre-
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dictions from one recently proposed model of
mental workload (Hancock and Chignell,
1988). Although considerable work has fo-
cused on the issue of measurement per se, few
models have been developed through which
task-related workload may be predicted (for a
summary of previous efforts, see Gopher and
Donchin, 1986; Hancock and Meshkati, 1988;
Kantowitz, 1987; Moray, 1979; and O’Don-
nell and Eggemeier, 1986). The traditional tie
to resource theory (Wickens, 1980, 1984,
1987, 1988) has met with varied success, but
this is an attention-based rather than a work-
load-based link.

The model evaluated here describes a
workload surface derived from a three-
dimensional representation that is contin-
gent on the distance from the performance
goal, the effective time for response, and the
level of effort expended by this operator. The
specific purpose is to test this dynamic model
using a temporal performance task that per-
mits the manipulation of both the time avail-
able to operators and the distance they have
to travel to achieve their goals.

THEORETICAL FRAMEWORK

Mental workload is recognized as a multi-
dimensional construct that is largely driven
by the characteristics of local task demands.
It has been linked in some fashion to many
major theories of human cognition, such as
the automatic-versus controlled-processing
position (Schneider and Shiffrin, 1977; Shif-
frin and Schneider, 1977) and the aforemen-
tioned attentional resource constructs (Kah-
neman, 1973; Wickens, 1980), as well as other
models of the human operator, such as those
founded in control theory (Jex, 1988). How-
ever, many conceptualizations are static and
prescriptive (i.e., focused on what the opera-
tor should do) rather than dynamic and in-
teractive (i.e., evolved from operators’ per-
ception of and response to the task, or what
they actually do).
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The present conceptualization of workload
is conceived in three dimensions: effective
time for action, perceived distance from the
desired goal state, and level of effort required
to achieve the desired goal. Mental workload
is assumed to increase as the distance from
the desired goal state and time constraints is
increased (see Hancock and Chignell, 1988).
Successful performance depends on satisfy-
ing the demands of a task within the time
available for action. At extremes of workload,
perceived time may not be coincident with
what is typically conceived of as “physical”’
or ‘real”’ time. Tasks always have a time
limit. However, we can imagine many tasks
that can be so extended in time that temporal
restrictions become a negligible concern. In-
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deed, one such pursuit, chess, has had to in-
clude time limitations to retain its viability
as a competitive pursuit.

Figure 1 illustrates our approach to the
evaluation of mental workload that includes
each of these facets. The abscissa scales the
perceived distance between the current and
the desired goal state. In the simplest case,
perceived distance can represent a physical
quantity that separates the performer from
the goal (e.g., in running a race the athlete
would be aware of the remaining portion of
the distance). However, actual distance is not
always coincident with perceived distance.
The last few miles of a marathon, for exam-
ple, may be perceived as being much longer
in terms of needed effort than the first few.
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Figure 1. Mental workload expressed as a function of perceived distance from goal
state and effective time for action. Reproduced and modified from P. A. Hancock
and M. H. Chignell (1988). Mental workload dynamics in adaptive interface design.
IEEE Transactions on Systems, Man, and Cybernetics, 18, 647-658. © IEEE

1988.
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Tasks emphasizing cognitive effort need to be
scaled for distance in a similar manner. That
is, how far do operators perceive themselves
having to go to finish a task? Obviously such
perception depends on task characteristics
and previous experience; however, most op-
erators can differentiate among the start,
middle, and end phase of a job or task.

It is in this sense that the notion of distance
is predominantly used in the present work.
D, represents the goal state in which there is
no task-generated load. The operator usually
has multiple task goals, so achievement of D,
is probably rare in practical operations. Dg is
a minimal level of workload associated with
the initiation of task-related response. As the
perceived distance from the goal state in-
creases, from Dg to D along the axis, work-
load grows accordingly.

D represents the ceiling level of perceived
distance of an individual operator. A task ex-
ceeding this level may not be performed by
that operator regardless of the time available.
Consequently, one contingency of mental
workload is the desire and belief of an indi-
vidual operator that he or she can do the task
within the time available. Dy, represents the
level of perceived distance that may be rec-
onciled by experts or highest-level perform-
ers. The distance between Dy, and D indi-
cates that, even after extended practice, some
levels of demand and associated load can ex-
ceed many individuals’ best capability. As the
task-related skill of the operator increases,
the distance between D. and Dy, decreases
and that between D¢ and D decreases for any
constant demand task. The threshold at D¢
might be described by a discrete state change
or may represent a portion of a continuum of
graceful degradation in efficiency.

The ordinate represents effective time for
action. T, represents the immediate present,
often referred to in the time perception liter-
ature as the specious present (see James,
1890). This represents a time window in
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which the operator has essentially no time
available for any task-related response. T is
the effective floor for operator response time.
The average for the minimal times for most
human sensory and motor processes is well
established (Card, Moran, and Newell, 1986).
T¢ is the upper limit on the time axis. It is
taken to represent linked events designed to
achieve a common goal. An example might be
a flight mission, which may be defined by
such temporal boundaries as take-off and
landing. T, is the maximum time available.
This boundary can also be regarded as some-
what context specific, but in an absolute
sense it represents the working lifetime of the
operator.

In practical terms, T and Ty, are functions
of the task at hand and should be defined in
terms of specific task goals. For example, the
result of the introduction of time limits into
competitive chess was a practical restriction
on this temporal axis. Scaling on the time
axis depends on the interplay of perceived
time, which is contingent on endogenous
(operator-specific) temporal information and
so-called real time as reflected in the tempo-
ral invariants intrinsic to the task and/or
environment.

With respect to spatial constraints alone
and temporal constraints alone, admissible
workload is bounded by the thresholds Dp,
D¢, T, and T.. However, within this area is a
region of inadmissible workload that results
from a combination of constraints on goal
distance and effective time available for ac-
tion. This region, shown as the shaded area in
Figure 1, reflects the workload limitations on
an operator when task demand is within his
or her perceived range of capability but a
time deadline precludes successful execution.

Assuming an arbitrary equivalence for the
ranges represented on each axis, and if reduc-
tion of perceived distance per unit of effective
time is considered constant, then contours
appear as in the area of admissible load in
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Figure 1. These contours possess an equiva-
lence such that load resolution at any loca-
tion along any one contour requires a consis-
tent effort on behalf of the performer. In our
previous work we refer to these functions as
isodynamic workload contours (Hancock and
Chignell, 1988). As illustrated in Figure 1,
equal workload increases (WI) may be gener-
ated by increasing the perceived distance
from the goal (workload increase resulting
from distance, WIp), by decreasing the effec-
tive time for action (workload increase result-
ing from time, WIy), or by the two attributes
in combination (WI.).

A fuller representation of workload is given
if the contours are developed in a third di-
mension, giving a surface that ascends to-
ward the top right of the diagram. This is il-
lustrated in Figure 2, in which the demands
of the task and time constraints on perfor-
mance drive the individual toward the lower
left region while the actions of the performer

PERCEIVED
EFFECTIVE TIME
FOR ACTION
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oppose this impetus and serve to return the
individual toward the region at the upper
right. Within this framework, effort expendi-
ture may be an adaptive strategy whereby the
operator expends a constant rate of effort to
attain the desired goal within the set time
horizon set. This adaptive action on behalf of
the operator might have little distortional ef-
fect in the center of the two-dimensional
space in Figure 1, but it is likely to change
contour shape at extremes, where threshold
transition is imminent. The shape of the iso-
dynamic workload contours shown in Figure
1 will change depending on the intrinsic con-
straints of the task under consideration. Such
shapes will be empirically driven according
to particular task demands and are explored
in the present experiment.

The function for the change in load on each
axis in Figure 2 is not arbitrary but adopts an
ogival form. This function is used as an initial
representation of the summed normal range

------- STABLE LOAD
LEVEL

MENTAL
WORKLOAD

PERCEIVED DISTANCE
FROM GOAL

Figure 2. Superimposed on the base described in Figure 1 is a third dimension
representing degree of workload. Stable levels of load are presented at the top right,
and workload increases with transition down the surface shown. Reproduced and
modified from P. A. Hancock and M. H. Chignell (1988). Mental workload dynamics
in adaptive interface design. IEEE Transactions on Systems, Man, and Cybernet-

ics, 18, 647-658. © IEEE 1988.
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of adaptive responses open to the operator
(Hancock and Meshkati, 1988). In effect, the
model assumes a parametric range of strate-
gies by which an individual can solve the im-
posed problem. The nonlinearities in the to-
pological structure imply that equal changes
in either spatial or temporal constraint do
not result in equal changes of mental work-
load. Rather, in the region of stability, at the
top right, there are many strategies by which
an operator can attain the goal state, and as-
sociated workload is low. However, toward
the identified maximal thresholds, the num-
ber of strategies open to the operator are highly
restricted, and associated workload is high.

These characteristics mean that the rate of
progress toward the goal state is highly con-
tingent on the operator’s location on the sur-
face of the topological structure. It can be en-
visaged that an individual’s position on the
workload surface is subject to constant
change. Task demands—as represented, for
example, by diminishing time for comple-
tion—act to push the individual from the sta-
ble regions at the top right of Figures 1 and 2
toward the thresholds of failure, principally
at the lower left portions of these figures. Op-
erator actions in resolving task demands
serve to oppose this tendency. However, as
Figure 2 indicates, the workload associated
with these actions differs according to one’s
current position on the workload surface. The
ogival curves assumption implies that there
are few stereotypical responses at high ex-
tremes of demand and a plethora of choices
as the individual approaches the goal state.
This assertion provides a number of predic-
tions, based upon which the model may be
subject to falsification.

The model illustrated in Figure 2 does not
include the operator’s progress with respect
to the changing loads of multifaceted goals
but, rather, represents progress toward a uni-
tary goal state. In any real-world task, the
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operator has a number of embedded hierar-
chically structured goals that need simulta-
neous reconciliation. For example, one goal
may be related to effective system control in
the face of external perturbing influences,
whereas a simultaneous need to coordinate
activity with other operators (e.g., formation
flight) presents a second source of workload.
These efforts to reconcile embedded goals
summate to provide an overall level of work-
load that must be considered for any real-
world implementations.

The model therefore suggests some hypoth-
eses that are evaluated in the present experi-
ment. Specifically, the change in task load
function is tested by manipulating goal dis-
tance and time pressure, which reflects
changes in the predicted workload surface as
assessed by primary task performance and
subjective estimates of mental workload.

METHOD
Experimental Task

To test predictions from this model, we
used a performance task named Timepools
(Johnson and Hart, 1987). Timepools is a soft-
ware program that presents a matrix of cir-
cles on a computer screen, as shown in Figure
3. The actions of the subject in making dis-
crete movements to a target location are sim-
ilar to those used in traditional Fitts' law in-
vestigations (Fitts, 1954), except that targets
shrink at rates that can be preset by the ex-
perimenter or made contingent on some part
of the participant’s performance.

Procedure

Six subjects volunteered to participate in
this experiment. Each participant viewed a 7
X 5 matrix of white 1.9-cm-diameter circles
against the blue background of a 35.6-cm-
diagonal monitor (see Figure 3). Using an
electro-optical mouse connected to a PC
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Figure 3. A diagrammatic representation of Time-
pools. The 7 X 5 matrix of white circles appears on
the computer monitor against a blue background. The
subject stabilizes the cursor, represented by a red
cross, in the start circle. The four adjacent circles be-
gin to shrink, and the subject attempts to capture the
circle indicated in the message presented, in this in-
stance EAST. The dotted line represents a sequence of
attempts to capture four targets or a path length of four.

clone, the subject fixed a red cursor inside the
start circle. The start circle was randomly lo-
cated within the field of circles at the start of
a trial, and its smaller size made it discrim-
inable from the other circles. After 500 ms of
stabilization, the four adjacent circles began
to shrink at specified rates. At the same time
that shrinkage began, a direction appeared
above and to the right of the start circle in
white letters specifying which of the shrink-
ing circles (e.g., NORTH) was to be captured.
Although it was possible to present more
complex movement problems to operators,
only the four primary compass directions of
north, south, east, and west were used. The
subject then attempted to capture the indi-
cated circle by placing the cursor within that
circle.

Whether the subject was successful or un-
successful in his or her attempt to capture a
target, the next target in the sequence of tar-
gets would be presented after a 500-ms period
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of stabilization. At this time the circle matrix
would be reset, which returned all the circles
to their original sizes except the circle in
which the previous target had been, which
was now the smaller start circle size. The
next direction in a multiple path was then
presented. The subject attempted to capture
that circle, and so forth, until a whole path or
trial was completed.

During each move within a path sequence,
a time record was taken of the subject’s reac-
tion time (RT)—the elapsed time between the
presentation of the stimulus and the initia-
tion of movement—and movement time (MT),
defined as the time to complete the move-
ment once initiated. If a subject was unable
to capture the target before it disappeared, or
if a subject moved to the wrong target, the
trial was classified as an error. After each per-
formance condition, operator mental work-
load was assessed with the NASA-Task Load
Index (TLX; Hart and Staveland, 1988) and
Subjective Workload Assessment Technique
(SWAT; Reid and Nygren, 1988) workload
scales.

For each shrink rate, the area of the target
circle was halved according to the four times
chosen (i.e., 250, 500, 1000, and 2000 ms, re-
spectively). The four shrink rates were com-
pletely crossed with four path lengths com-
posed of 2, 4, 8, and 16 sequential target
captures, respectively. This yielded 16 condi-
tions per participant with 10 trials in each
condition cell, giving a total of 160 trials per
subject. The order of the presentation of com-
binatorial conditions was randomized across
the six participating subjects (but see Poul-
ton, 1982). Each participant was aware of
which condition he or she was in; subjects did
not know the respective path ahead of time,
only the number of “steps” in that condition.
It was this recognition of the number of steps
in the condition that represented the manip-
ulation of the distance to the goal state.
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Model Predictions

Path length (i.e., the number of targets to
be captured) and shrink rate of individual
targets allowed for the generation of condi-
tions that tested point predictions, which
compose the theoretical workload surface as
illustrated in Figure 2. A priori, it was ex-
pected that the most difficult condition
would be the one in which the fastest shrink
rate (i.e., 250 ms) was crossed with the long-
est path length (i.e., 16 steps), and, con-
versely, the easiest condition was expected to
be the one in which the slowest shrink rate
(i.e., 2000 ms) was crossed with the shortest
path length (i.e., two steps). Absolute predic-
tion of the relative difficulty of each of the
other conditions was not made directly, as
the relative importance of the change in
shrink rate versus the change in path length
could not be established prior to performance
assessment.

RESULTS

Results from the present experiment indi-
cated that there was a significant main effect
of shrink rate on movement time (MT),
F(3,80) = 109.55, p < 0.0001. In general, MT
increased with the speed of shrink rate, such
that shorter movement times accompanied
longer shrinkage times and vice versa. On MT
there was also a significant effect of path
length, F(3,80) = 5.68, p < 0.001, in which
MT tended to decrease as path length grew.
In addition, there was a strong indication of
an interaction between path length and
shrink rate, F(9,80) = 1.88, p = 0.051 (see Fig-
ure 4). There were significant main effects of
shrink rate on reaction time, F(3,80) = 3.02,p
< 0.029. Again, there was a trend of RT re-
duction for increasing shrink rates. On RT
there was also a significant effect of path
length, F(3,80) = 18.92, p = 0.0001, which
followed a similar pattern to that of MT (see
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Figure 5). For error rate, both path length and
shrink rate again were significant, F(3,80) =
15.39, p < 0.0001, F(3,80) = 17891, p <
0.0001, respectively, but no interaction was
present (see Figure 6). On the sum of reaction
time and movement time—here labeled total
response time (TRT)—there were significant
main effects of shrink rate and path length,
F(3,80) = 67.12, p < 0.0001, F(3,80) = 13.54,
p < 0.0001, but again no interaction (see Fig-
ure 7).

With respect to workload scores, there were
significant main effects of both path length
data and shrink rate, F(3,80) = 3.2, p < 0.028,
F(3,80) = 4.48, p < 0.005, but no interactive
effects between these factors on the overall
workload score (OWL) of the NASA-TLX. This
pattern was exactly replicated by the results
of the overall SWAT assessment technique,
F(3,80) = 3.3, p < 0.026, F(3,80) = 79,p <
0.0001, and these findings are illustrated in
Figures 8 and 9.

However, analysis of the components di-
mensions of each scale provided a more de-
tailed picture. On the time dimension of the
SWAT procedure, there was a significant ef-
fect of shrink rate, F(3,80) = 9.2, p < 0.0001,
but differences attributable either to path
length or the interaction between these fac-
tors were not significant (p > 0.05). The con-
verse pattern was seen in the effort dimen-
sion, in which a significant effect of path
length, F(3,80) = 5.8, p < 0.0015, is associ-
ated with no effect of shrink rate. There were
no significant interactive effects on any of the
SWAT dimensions, which is consistent with
the pattern for performance measures.

The SWAT stress dimension gave a pattern
of results consistent with the SWAT time
findings. That is, a significant effect of shrink
rate was found, F(3,80) = 3.8, p < 0.014, but
no effect of path length. For the TLX dimen-
sions, both path length and shrink rate were
significant for the mental demand, F(3,80) =
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Movement Time (msec)

Figure 4. Movement time plotted as a function of path length (steps) and shrink rate

in milliseconds.

4.5, p < 0.006, F(3,80) = 3.1, p < 0.03; phys-
ical demand, F(3,80) = 3.4, p < 0.021, F(3,80)
= 2.8, p < 0.05; and effort, F(3,80) = 3.4,p <
0.021, F(3,80) = 4.1, p < 0.009, scales. How-
ever, shrink rate was significant only for the
temporal demand, F(3,80) = 6.9, p < 0.0001,
and performance, F(3,80) = 4.2, p < 0.008,
dimensions, as were the time and stress di-
mensions of the SWAT procedure. Unlike the
SWAT effort dimension, there were no TLX
dimensions that were differentially sensitive
to path length alone.

The present results are represented by 16
discrete points on a surface. There are no sig-
nificant interactive effects, so the differences
all reside exclusively between levels of the
two independent variables. Post hoc analyses
revealed consistent topological surfaces, in

that no reversals occurred whereby a value
decreased and then subsequently increased
significantly across the range of each inde-
pendent variable. Thus we examined the na-
ture of the surfaces and their relationship
within the predicted surfaces, rather than do-
ing a point-by-point post hoc comparison. For
total response time there is evidence of con-
sistency with the predicted surface. That is, a
significant decrease in TRT was observed
across shrink rate and path length.

With respect to subjective measures of
workload, both the summed TLX scores and
the overall SWAT values also followed this
predicted pattern. That is, there were signif-
icant reductions in overall workload for both
scales across path length and shrink rate. For
each scale, the highest loading condition oc-
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Figure 5. Reaction time plotted as a function of path length (steps) and shrink rate

in milliseconds.

curred either near the combination of the
250-ms shrink rate and the 16-step path con-
dition, which was specified a priori as being
the most demanding. These results, from the
overall primary task performance measures
and the summed subjective workload scores,
are consistent with and supportive of the pre-
dictions of the model as originally proposed.
However, components of performance and
workload reveal a more complex and poten-
tially informative pattern.

On both movement time and reaction time,
there was a significant effect of shrink rate
and path length. These differential compo-
nents of response proved sensitive to differ-
ences in the task manipulation. A comparison
of these differences in measured performance
with those recorded for components of the

subjective workload scales proved interest-
ing. For the three subsidiary SWAT scales,
analyses indicated that the time and stress
dimensions varied significantly with shrink
rate but not at all with path length. This sug-
gests either that the RT measure and the time
and stress scales tapped some common
source of workload or that response on the
time and stress scales, taken after trial block
completion, proved sensitive to reaction time
performance. Whether driven by the indepen-
dent variable directly or indirectly through
the performance outcome, time is confirmed
as a critical component of workload. The ef-
fort dimension of the SWAT scale showed sig-
nificant differences according to path length
but did not change as a function of shrink
rate. Similar reasoning as that applied to the
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Figure 6. Error percentage plotted as a function of path length (steps) and shrink

rate in milliseconds.

time and stress dimensions suggests that
some additional discrete contribution to
workload may be attributed to increasing
path length and reflected in movement time
and perceived effort.

The picture for the component dimensions
of the TLX is similar in that the temporal
demand and performance dimensions of the
TLX were sensitive only to shrink rate and
unaffected by path length. Again, the factor of
time is raised as the common influence. How-
ever, unlike the effort dimension of the
SWAT, no dimensions of the TLX were selec-
tively influenced by path length alone; all
other dimensions varied significantly as a
function of both path length and shrink rate.

The dynamic model provides a symmetri-

cal representation for change in workload as
a function of distance from the goal state and
available time for response. The generic rep-
resentation of the model, given in Figure 2,
illustrates an equivalence between these
axes. That is, units of time, for the purpose of
convenience here, are considered as equal to
units of distance. Consequently, a change of
two steps in path length is considered equiv-
alent to a change in shrink rate of 250 ms.
Conditions extending from this baseline
were chosen according to a doubling sched-
ule. Of course, there is no a priori reason to
suppose that two additional steps on a path
would be equivalent in workload value to an
additional rate of shrinkage of target of 250
ms. If participants interpret these manipula-
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Figure 7. Total movement time (reaction time + movement time) plotted as a
function of path length (steps) and shrink rate in milliseconds.

tions presented to them as equivalent, then
symmetry might be expected in response.
However, deviations from symmetry might
reflect an intrinsic inequality of this scaling,
depending on the particular task at hand, and
such deviations should be expected. How-
ever, the fundamental characteristics of the
workload surface should remain consistent
across tasks.

In its simplest terms, then, the prediction
of the model is for workload to decrease lin-
early and symmetrically across path length
and shrink rate from 16 steps and 250 ms to 2
steps and 2000 ms. In terms of primary task
performance, this would be reflected in sig-
nificant reductions of reaction time, move-
ment time, and total response time isomor-
phically mapped to reductions in overall

levels and contributory subscales of the
NASA-TLX and SWAT subjective workload
scales (for the purposes of illustration, those
overall trends that are consistent with predic-
tions of the model shown in Figure 10).

DISCUSSION

The overall data provide confirmation of
the model proposed by Hancock and Chignell
(1988). Some differences in outcome can be
accommodated by suggesting that individu-
als occupy different locations on the work-
load surface. Nevertheless, the model would
be falsified if changes in workload level were
to fluctuate irregularly across the time and
distance axes or task demands, which gener-
ate local minima and maxima in the work-
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Figure 8. Total operator workload (NASA-TLX) plotted as a function of path length

(steps) and shrink rate in milliseconds.

load surface. The present data support the
general form of the model and indicate its
utility in predicting global levels of task-
related workload.

The topology of the surface of the model
presented in Figure 2 generates a number of
specific predictions that can be addressed by
the results. In general, the model predicts
that workload increases with greater dis-
tances from the goal state and reduced effec-
tive time for action. With respect to the
present task, this implies highest subjective
workload and poorest primary task perfor-
mance at the fastest shrink rate and longest
path length. There is certainly strong evi-
dence that performance was poorest and
workload highest at the fastest shrink rate.

However, such a pattern cannot be affirmed
with as great a certainty as for the effects of
path length. Indeed, the longest response
time and highest error rate was at the 4-step
condition, although the 16-step condition was
second with respect to error rate.

The converse of this hypothesis was sup-
ported. That is, the combination of the slow-
est shrink rate and shortest path length did
prove to have the best performance in terms
of both TRT and etror, and it also showed the
lowest workload for the TLX and second-
lowest SWAT workload. With respect to these
findings, the model does receive confirmatory
support. The continuity of the model’s sur-
face requires that workload decrease and pri-
mary task performance improve systemati-
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Figure 9. SWAT plotted as a function of path length (steps) and shrink rate in

milliseconds.

cally as these constraints are sequentially
released with shorter path lengths and slower
shrink rates. Again, the overall pattern of the
findings does support this assertion. Of par-
ticular note is the clear support for this trend
in the overall findings of both subjective
workload scales. Of course, the model also
predicts an effect for skill that was not ma-
nipulated here but is an issue that should be
addressed in future work.

Recent developments in workload research
and application have led some researchers to
question whether workload assessment is a
declining issue. With respect to both practi-
cal and theoretical developments in human
factors, other researchers would contend that

this is not the case (Derrick, 1988; Hancock,
1989; Vidulich, 1988). Yet despite a large and
growing body of literature, workload prog-
ress has stagnated somewhat for lack of a de-
finitive theoretical direction. The traditional
and continued link between workload and re-
source theories of attention, both being facets
of what Freeman (1948) referred to as the en-
ergetics of performance, has failed to yield the
hoped-for progress. The subsequent fraction-
ation of multiple resource theory, together
with periodic reports of workload dissocia-
tion (Yeh and Wickens, 1988), has therefore
rendered context-independent workload pre-
diction an arduous endeavor.

In the present theoretical approach, global
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Figure 10. Hypothetical workload level and perfor-
mance as a function of shrink rate.

metrics were generated for the axes of the
model presented, those being effective time
for action and distance from the goal state.
The generality of these global metrics repre-
sents both a strength and a weakness in the
model. The strength lies in the ability to su-
persede strict, context-specific task condi-
tions so that the model may be applied to a
spectrum of systems and their various opera-
tional conditions. The weakness lies in the ne-
cessity to translate or equate aspects of spe-
cific performance conditions with the global
time/distance measures that we have pro-
posed. Were these the sole properties of
the model, then the potentially arbitrary na-
ture of the time and distance representations
and the fact that the workload surface and
its local variants are essentially the outcome
of empirical evaluation rather than actual
given conditions would render this approach
problematic.

In addition, the ability to move axes with
specific data would render the model open to
the same criticisms as those that have been
directed at the inverted U explanation of per-
formance under stress (Hancock, 1987; Han-
cock and Warm, 1989). However, this criti-
cism is obviated by the fact that the model
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contains physical anchors representative of
physical limitations and psychophysical an-
chors representative of performer limita-
tions. Given the prediction that the morphol-
ogy of the workload surface also transcends
specific task conditions, the model generates
sufficient constraints to provide testable
propositions. Its further utility can be evalu-
ated only by the degree to which it usefully
predicts workload in extended regions of the
performance space, given that experimental
values are known for one specific region.

The value of the proposed model has been
confirmed in the present experiment using
typical performance measures such as RT,
MT, and error and common subjective work-
load assessment techniques such as SWAT
and the NASA-TLX. What remains to be de-
termined is the value of this approach when
more complex representations of overall sys-
tem performance replace the somewhat arbi-
trary laboratory-based methods of evaluating
operator capability (see Hancock and
Chignell, 1987). Specific consideration of the
facets of performance measured here, to-
gether with a consideration of workload sub-
scales, suggests specific linkages between ob-
jective and subjective reflections of response
that were unsuspected prior to the experi-
mental inquiry. Although these links may
themselves offer an intrinsically useful rela-
tionship to the workload theorist, the differ-
entiation within performance and workload
militates against an oversimplistic theoreti-
cal structure. Further empirical validation is
always needed; however, the present approach
offers a framework for practitioner and theo-
rist alike from which to establish a unified
study of human mental workload.
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