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Abstract —In examining the role of time in mental workload, a different
perspective is presented from which to view the problem of assessment.
Mental workload is plotted in three dimensions, whose axes represent
effective rime for action, perceived distance from desired goal state, and
level of effort required to achieve the time-constrained goal. This repre-
sentation allows the generation of isodynamic workload contours that
incorporate the factors of operator skill and equifinality of effort. An
adaptive interface for dynamic task reallocation is described that employs
this form of assessment to reconcile the joint aims of stable operator
loading and acceptable primary task performance by the total system.

I. INTRODUCTION

HE GROWTH in systems complexity has served to

generate an increasing interest in the nature and de-
velopment of the locus of contact between operator and
machine: the interface. The present necessity to reconcile
progressively larger fluctuations in time-constrained tsk
demands drives the search for innovative solutions to
interface problems. Adaptivity represents one avenue for
improving the efficiency of human-machine interaction
(1), [2]}. Adaptivity in the interface may assume a number
of different forms and their parallel implementation need
be neither antagonistic nore operationally exclusive [3].
The present work focuses upon one such form of adaptiv-
ity which is founded upon the evaluation of operator
capability. This assessment is achieved through a dynamic
approach to mental workload as realized in the model
presented below.

In the following sections, a brief overview of differing
forms of adaptivity precedes the introduction of a new
framework for mental workload assessment. This differs
from the traditional forms of assessment that have been
summarized elsewhere [4]-[7]. The present approach is
based on the premise that task-induced mental workload
results from the combination of perceived distance to a
desired goal state and the effective time horizon within
which to reach such a goal. It is this information concern-
ing operator loading status that is integrated with models
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of the task and the system to derive a template for the
form of adaptive interface that we propose. The adaptive
interface acts primarily as an intelligent intermediary [8],
[9] that dynamically allocates the reallocates tasks and task
components to either system or operator while preserving
the dual aims of acceptable primary task performance by
the system and stable levels of workload imposed upon the
system operator. The advantages of this approach, together
with current technical limitations to its full implementa-
tion, compose the summary section of the paper.

II. ADAPTIVE INTERFACES

There are a number of ways in which an interface ca
adapt to the needs of the task, the machine, and the
human. One simple way is for the interface to have modes
of operation that adapt to the ability or skill level of the
operator [10], [11]. Computer software applications often
have different interface characteristics that cater to the
needs of experts and novices. This als occurs in other
operational realms. For instance, a student driver may
experience a modified interface where steering or braking
can be assumed by the instructor when needed. Interfaces
may also adapt to the user by changing conversational
style [12]. Some aspects of style will apply to wording and
the degree of authority or subservience implied by machine
dialogue, while others relate to issues such as the way in
which the machine gives advice to the user or requests
additional information from them [13].

A third sense in which interfaces adapt is through the
use of a format in which the task presented in the interface
and the operations available to the huma are immediate
and obvious. This idea of immediacy, as typified by “what
you see is what you get” approaches to software design, is
related to the concept of cognitive compatibility [14]. The
emphasis on cognitive compatibility sems from the realiza-
tion that human—machine interaction has evolved from a
primary focus on manual activity to one which requires a
broad range of perceptual, cognitive, and motor abilities.
This necessitates the development of cognitive interfaces
[15] that supplement the physical interface with systems
via devices. Research in this area continues in the use of
pointing devices, speech recognition systems, screen de-
signs, character fonts, etc. The technology of the physical
interface continues to evolve. For example, a fairly stable
set of features is emerging based on the original Xerox Star
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Fig. 1. Mental workload expressed as function of perceived distance from goal state and effective time for action. Salient

points along distance axis Dy, Dp, D, Dy, and time axis

Ty, Ty, T, and Ty, are described in text. Within tolerable

workload space, bounded by Dy, D, T, and T, isodynamic workload contours (dotted lines) describe points of equal
loading. Workload increases at upper right of tolerable workload space, show constant ingrement in load due to increase in

perceived distance (WI,), decrease in effective time (WIy),

or both in combination (WI). Hatched area at lower left

indicates region of intolerable workload that results from combination of time and goal distance that makes task completion

impossible.

machine [16]. In contrast, the cognitive interface remains
in a state of flux. A number of desirable features of the
cognitive interface have been identified, including the use
of object metaphors, direct engagement [17], [18], and the
selection of appropriate mental models [19]. Ideally, these
interfaces remove the need for adaptivity by unifying the
intentions of the user with the operations of the machine
directly.

The three forms of adaptive interface described are all
important and have received individual attention. This
paper focuses on a fourth aspect of adaptivity, directed at
the problem of task loading. This form of adaptivity
supervises the match between the demands of the task and
the capacity of the operator, which is reflected in level of
mental workload [20].

The construction of load-mediating adaptive interfaces
requires detailed knowledge of the task and its component
elements. Models of cognition and human performance
emphasize perceptual, cognitive, and motor processes.
Adapting these models to specific tasks can be problem-
atic. One task that has received considerable attention in
this regard has been word processing. Theoretical treat-
ments of the word processing task have been provided by
various investigators [21], [22]. These task-oriented models
emphasize the goals of the task and the operations that the
human employs to achieve such goals. Related methods of
task analysis use ogic programming to develop declarative
representations of tasks which then provide both a model
of the task and a machine-reasoning system for augment-
ing the task [23].

Complex human-machine systems must perform effec-
tively in the face of tasks that vary in structure and
demand and operators who are subject to periodic oscilla-
tion in response capability. Such activity occurs against the
background of perturbing and occasionally hostile envi-
ronmental conditions. The human-machine interface is a
critical element in the reconciliation of system perfor-
mance and these operational constraints. It is at the inter-
face that information, communication, and control func-
tions are integrated with the intent to satisfy the diverse
demands imposed upon the total system. One prime exam-
ple of this integration is illustrated in the flight environ-
ment. An aircraft has to cover a number of different task
phases beginning with takeoff, continuing through cruise,
and terminating with final approach and landing, each of
which may be performed by operators of differing skill
level against a background of continual threat. Each phase
of flight presents a different set of task requirements.
However, each phase must also be handled by a common
interface. Cockpits represent one solution to the problem
of systems that are designed to adapt to a variable set of
tasks and operational environments. A key principle in
flightdeck display format is separation of function between
instruments so that the pilot can associate particular oper-
ations with corresponding instruments. This mapping be-
tween instruments and tasks is further reinforced by train-
ing the pilot to focus on different instruments for different
phases of flight. As with most existing systems, adaptivity
here in the form of differing scanning strategies is initiated
by the operator and the interface itself remains a static
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display representation. In contrast to traditional instru-
ment displays, new technologies have enabled the develop-
ment of adaptive or context-sensitive instrumentation
where the nature of certain critical displays may change
between different phases of the flight; i.e., where the
adaptivity is initiated by the interface, rather than by the
pilot. The development of context-sensitive interfaces poses
many challenges for designers as they seek to integrate new
machine capabilities with the needs of those who operate
complex systems [24].

III. TIME AND MENTAL WORKLOAD

Successful performance depends upon the reconciliation
of the complexity and difficulty of the imposed task with
the time within which the goal must be achieved. This
simultaneous focus upon the characteristics of the task and
the role of time in performance completion provides a
different perspective from which to view the problem of
mental workload assessment.

Fig. 1 illustrates a view of mental workload that includes
both goal achievement and temporal constraint. The x axis
of Fig. 1 represents the perceived distance between the
operator’s current state and the desired goal state. There
are four salient points along this axis. The first of these,
D,, represents the goal state itself. It presents no effective
load with the perceived distance being zero. In the large
majority of practical pursuits the operator has multileveled
time-varying goals. This makes residence in the goal state a
transient event, and when multiple task-related goals are
involved in performance, an extremely rare occurrence.
The second point along this axis, labeled Dy, represents a
discontinuity. As the perceived distance from the desired
goal state increases, mental workload grows accordingly.
Increasing the distance from the goal brings the operator
to the third salient point along the axis D,. D, represents
the perceived maximal distance threshold specific to an
individual operator. This is the level that individual opera-
tors are able to reconcile with their own maximal capacity.
Transgression by an individual across this threshold of
maximally acceptable perceived personal distance D, re-
sults in a failure of effective behavioral action. Task-
related mental workload returns to essentially a zero level.
Therefore, one contingency of mental workload is both the
desire and belief of the operator that the task at hand is
amenable to physical and /or cognitive accomplishment,
within the time frame established for successful problem
resolution. Reneging on a task may have little penalty in
some circumstances, while in others may have serious or
even fatal consequences [25]. In some cases, individuals in
the latter conditions continue to expend task-related effort,
despite an irresolvable demand. This behavior is still con-
sidered goal-directed but not primarily toward the resolu-
tion of the operational task. The final point along the axis
labeled D,, represents the level of perceived distance that
may be reconciled by the expert or highest-level perform-
ers with respect to the specific task at hand. In the dia-
gram, the distance between D,, and D, is foreshortened

as it is simple for us to conceive of tasks, either singly or in
combination, that even after extended practice exceed our
individual best performance. Clearly, as the task-related
skill of the individual increases, so the distance between
D, and D,, decreases. The distance D, might be repre-
sented by a discrete state change analogous to a point of
singularity in catastrophe theory [26]. Alternatively, failure
may occur as progressive degradation in efficiency. One of
the factors that apparently differentiates between these
two alternative failure modes is the task-related compe-
tence of the operator [27].

On the y axis is the effective time for action. The origin
of the axis T, is the immediate or specious present. This
represents no effective time for action and is the temporal
zero point. In a manner corresponding to the irreconcilable
distance to the goal state D,,, the lower temporal limit
represents a state of no load, as the operator has insuffi-
cient time available for any task-related response. The next
threshold along the time axis T} is the effective floor for
operator response time. Such minimal times are well-
established for most human sensory and motor processes
[28] and have been used to construct models of operator
performance with some degree of fidelity, e.g., the model
human processor [21]. With technological refinement of
current systems, this floor function or cycle time for the
machine is some orders of magnitude lower than that for
the human operator. In an adaptive human-machine com-
plex, this discrepancy between human and machine cycle
time creates a potential problem that requires incorpora-
tion of a more detailed understanding of the operator’s
temporal behavior than is currently available [29]. The
effective upper limit of the temporal axis T, provides a
horizon that is defined as coherent action. Coherent action
is taken to represent linked events designed to achieve a
common goal. An example might be a flight mission, which
with its clear temporal boundaries contains primary ac-
tions directed toward achieving predetermined mission
aims. Finally, there is a conceptual maximal time T, for
any activity which links a series of task-related activities.
This does not connote mental workload attributed to a
single common goal but rather represents the cognitive
demands of the diverse sources of challenge that emerge
over a longer time span. The iterations upon the temporal
axis are contingent upon both endogenous (operator spe-
cific) temporal information, and temporal invariants in-
trinsic to the task and/or environment.

The area of admissible workload level is therefore de-
fined by the boundaries of the thresholds Dy, D, Ty, and
T, in Fig. 1. Within this space is a region of inadmissible
mental workload which results from an excess of distance
in combination with the brief effective time available for
action. This reflects the failure of operators when a task is
perceived to be within their range of capability, but some
deadline restricts successful resolution. Initially, and for
the sake of simplicity, an arbitrary equivalence is assumed
for the ranges represented on each axis. If reduction of
perceived distance per unit of effective time is considered
constant, then the contours appear as in the central por-
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Fig. 2. Base axes are as described in Fig. 1. Vertical axis represents mental workload level that decreases as function of
height. Consequently, regions of stable load are those described at upper right of three-dimensional figure. Unstable loads
are those represented at lower left. Progressive increase in load beyond these latter levels results in irreconcilable demand, as
given by hashed area, and thresholds Ty, D, T, and Dj. Effort is force that opposes load induced through increasing task
constraints and acts to return operator to stable workload regions. Nonlinearities in vertical axis imply differential effects

for equal effort at various states of loading.

tion of Fig. 1. These lines represent a family of hyperbolic
curves designated as isodynamic workload contours. These
contours are viewed as possessing equivalence in that load
resolution at any location along any one contour requires a
constant effort on behalf of the performer to retain a
stable level of workload as represented by the upper right
portion of the workload space. In this latter area it may be
seen that equal workload increases (WI), may be generated
by increasing the perceived distance from the goal
(workload increase due to distance; WI ), by decreasing
the effective time for action (workload increase due to
time; WI;.) or by the two attributes in combination (WI..).
The arrows shown on Fig. 1 give equal increases in load
when the axes are scaled to an arbitrary equivalence as
described.

In terms of the present concepts, mental workload repre-
sents the product of the task skill of the operator (which
parameterizes the time/distance axes) and the rate at
which reconcilation occurs. An immediate representation
of this is given if the contours are developed in a third
dimension giving a surface that ascends toward the top
right of the diagram (see Fig. 2). The perceived demands of
the task and actual constraints on performance drive the
individual toward the lower left region. The effort of the
performer opposes this tendency and acts to return
the individual toward the minimal or stable load region at
the upper right of the diagram. While it appears parsimo-
nious to suggest that an operator has superior control over
the perceived distance parameter, i.e., that increasing
task-related effort brings the goal effectively closer, control
over effective time (which is more closely linked to exter-
nal temporal constraints) may be greater than generally
recognized. This picture indicates that, for a given task,
less mental workload is experienced by more competent
operators than by their novice counterparts. Further, the
range available to the experienced operator before some

threshold transition occurs is correspondingly greater than
for inexperienced individuals.

There are a number of additional considerations to this
view. For example, the notion of automatic processing [30]
may explain why the perceived distance for a specific task
is less for the experienced versus the novice performer. The
experts possess the ability to extract task-related consistent
matrices of information from the environmental display at
little attentional cost. This allows availble capacity to be
directed to additional sources of information and extends
the full range of operation. With respect to a particular
task, a competent operator carries a representation not
only of the difficulty but also the viable temporal duration.
Indeed, the learning element of this process is suggested by
a number of skilled performers who are exceptionally
temporally accurate, when temporal accuracy is an impor-
tant component of the task, e.g., musicians [31]. Thus the
relationship between perceived (and actual) temporal con-
straints and necessary reconciliation effort is scaled by the
competent opertor to achieve an effective resolution rate.
The novice, without immediate access to such information,
must engage in a costly search among possibilities. This
opens novices to misjudgment and a greater potential for
threshold transgression, especially when faced with the
added demands of emergency or unexpected loads. With
greater task uncertainty, skill becomes of lesser use in
reducing workload level.

Equifinality of effort is an adaptive strategy whereby the
knowledgeable’ operator scales a constant rate of effort
expenditure to attain the desired goal within the temporal
horizon set. This adaptive action on behalf of the operator
might have little distortional effect in the center of the
two-dimensional space in Fig. 1 but is liable to change
contour shape at extremes where threshold transition is
imminent. The shape of the isodynamic workload contours
shown in Fig. 1 will change depending upon the intrinsic
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constraints of the task under consideration. Such shapes
will be empirically driven according to particular task
demands. However, the presentation in Fig. 1 is a reason-
able first-pass approximation. The axes are not completely
orthogonal conceptually in that, for the adaptive operator,
the effective time unit is in part scaled to the content of
the task at hand, and vice versa.

Having derived this generic picture of mental workload
it is important to indicate the ways in which the suggested
axes may be quantified so that prediction may be possible.
First, the isodynamic workload contours as phenomena
may be tested through performance assessment under se-
quential manipulations of the two axes. This requires that
numerical values be provided along such continua. For the
temporal axis it is possible to scale the time to the recorded
output of the individual performer, such as may be found
in fastest possible response latency for the ower temporal
threshold T, and freely chosen rate of responding as
representative of an individually comfortable work load
range, defined not as the absence of mental work, but as
the experience of an easily reconciled load. Also, end point
estimation of extremes may be reflected in an individual
operator’s points of failure. These can be simply estab-
lished by manipulating the effective time for response
through the reduction of time to perform a task of con-
stant demand level.

As indicated in previous formulations [32]-[36], these
scaled axes are liable to be nonlinear functions, where
transition from stability to instability will occur rapidly
after a critical point is reached. It is progression toward,
and transition across such boundaries that are the key
elements in predicting workload, as it is the outcome of
excessive workload rather than the phenomenon alone
which is vital in the action of adaptive human—-machine
systems. To examine these nonlinearities in effort and
workload, we have expanded Fig. 1 to give a third dimen-
sion as shown in Fig. 2.

The base axes in Fig. 2 are those in Fig. 1. The vertical
axis represents mental workload. The function for the
change in load on each axis is not arbitrary but adopts an
ogival form representing a summated normal range of
response [33]. The nonlinearities in the topological struc-
ture 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, a
change in workload is easily accommodated. However,
toward the identified maximal thresholds accomodating a
similar work change requires considerably greater effort on
behalf of the operator. Effort is the cost of resolution and
represents the force that acts to oppose the load driven by
increasing constraints. In response to the nonlinearities
noted, the result of a constant effort expenditure toward
the goal state is highly contingent upon the operator’s
location on the surface of the topological structure. Effort
expended around the point of stable load is therefore of
greater utility than a similar effort in an unstable region.

The profile illustrated in Fig. 2 does not include the
operator’s progress with respect to the changing loads of
multifaceted goals but rather represents progress toward a
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unitary goal state. In any real-world task, the opertor has a
number of embedded hierarchically structured goals that
need simultaneous reconciliation. For example, one goal
may be related to effective system control in the face of
external perturbing influences, while a simultaneous need
to coordinate activity with other operators, e.g., formation
flight, presents a second source of workload. These embed-
ded concerns summate to provide an overall level of work-
load that ust be considered for any real-world implementa-
tions.

In a number of real-world operations, a question of
growing importance concerns operator underload. Such
conditions occur when the human is required to monitor
automatic system operation for prolonged periods with
little necessity for active intervention. The model of work-
load we have presented in Figs. 1 and 2 does not explicitly
address the underload problem. In the present formula-
tion, change in workload state is directly proportional to
the effort expended by the operator. In simple terms the
operator has direct control over task resolution. This af-
firms that the workload surface (in Fig. 2) is free to move
with respect to change in task constraints. However, where
the task restricts the effectiveness of operator effort, either
overload or underload can be generated that is beyond the
control of the opertot to reconcile. In vigilance or sus-
tained attention tasks, which typify underloaded situa-
tions, the operator’s response is contingent upon the
appearance of signals for action. These can occur so infre-
quently, or so randomly, that both operator response speed
and response accuracy is depressed. As systems incorpo-
rate a greater proportion of computer-based control, the
problem of operator underload will grow. As yet there is
relatively little understanding concerning this question and
the appropriate techniques through which to reduce such
unwanted effects [7].

Our conceptual formulation of dynamic mental work-
load includes the notions of operator skill, effort, and the
time pressure under which the task is carried out. In our
view, the exploration of this relationship will be assisted by
the description of a mathematical function that will cap-
ture this relation under varying task conditions. One func-
tion that has proven useful in fitting psychophysical data is
the power function [37]. Although some have used the
power function as a theoretical prediction of psychophysi-
cal response, the power function is more frequently used as
a convenient framework for describing psychophysical data
which form the basis for scaling techniques. Using a simi-
lar approach, a workload function can be formulated that
will describe and parameterize experienced workload in
terms of the critical parameters of skill, effort, and tempo-
ral constraints. A workload function was chosen whose
mathematical properties conformed to the model of work-
load outlined before.

Thus we assume as a first approximation that overall
workload may be captured in the following power func-

tion:
W=1/et*! (1)

where W equals the workload level, e is the effort ex-
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pended by the individual operator, ¢ is the effective time
available for action, and s is the skill level of the per-
former under consideration. The shape of this function for
different values of ¢, e, and s, is shown in the panels of
Fig. 3. ¢ is normalized to vary between zero and one, as do
e (strictly greater than zero) and s. One feature of this
equation is that it can be linearized through logarithmic
transformation, allowing parameter estimation through lin-
ear regression and related statistical techniques. We sug-
gest that this equation may be a useful way of organizing
research findings relating to the dynamic definition of
workload proposed in this paper. However, the use of this
workload function does not solve the problem of workload
assessment, since the problem of how effort, skill, and
temporal constraint should be scaled or quantified still
remains. It is possible that techniques such as monotone
regression, conjoint measurement, and multidimensional
scaling may prove useful in this endeavour, but such topics
ie outside the scope of this paper.

Returning to the qualitative characteristics of the pre-
sent model, two advantages of operator skill are, first, the
reduction of effort needed to reconcile the demands of a
known task. Second, knowledge of the oad profile that a
particular task imposes allows the experienced operator to
project epochs where workload would be greatest and
effort most needed. This proactive perspective promotes
the ability to remain in the stable region where load
resolution per unit effort is most effective. Like equifinality
of effort, this process is viewed as an adaptive strategy that
maximizes the use of this energetic characteristic of limited
effort and thus represents the most economic approach to
task resolution.

In the extended view, instantaneous workload can be
seen as the changing angle of the slope as the operator
expends more or less task-related effort. The overall work-
load of a task is represented as the area under the curve of
the effort profile that the operator engenders to achieve the
goal state. Dynamic assessment of mental workload in
terms of both time and task goals may provide the capabil-
ity of adaptive task loading. In Fig. 4, mental workload
level is plotted not as a function of effective time to reach
a desired goal, as in Fig. 1, but simply as a chronological
progression, although workload is recognized as a multidi-
mensional representation (line D) in the figure. In a similar
manner, task demand has also been compacted to a unidi-
mensional representation, given by line E. In a manner
analagous to tracking behavior, the workload signal fol-
lows that of demand with a small lag as is illustrated by
the two initial peaks. We have also illustrated a case where
the workload signal exhibits a small negative gain with
respect to task demand as shown by the region of unac-
ceptable underload. Further, it is possible that minor fluc-
tuations in task demand and workload may exhibit an
insensitivity in the region of stable loading centered around
line B, as illustrated in the ascending portion following the
region of unacceptable underload. The primary purpose of
the adaptive interface is to maintain task response effi-
ciency while preventing the operator workload from violat-
ing the thresholds of stable acceptable load as given by
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Fig. 3. Plots of mental workload function (shown in (1)) for different
values of e, s, and T, with each value scaled to range between zero and
one. (a) e=0.2. (b) e=0.4. (c) e=06. (d) e=0.8.
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Fig. 4. Change in level of mental workload as function of chronological
progression. Within illustration, level of workload (line D) follows that
for task demands, represented by line E. Workload may track demand
with small lag, as in fluctuations at left. Some gain may be expressed as
shown for region of underload, or workload signal may be insensitive
to minor changes in load in stable region as illustrated around line B.
There is little evidence concerning conditions where workload may lead
changes expected in task demand. Purpose of adaptive interface de-
scribed in text is to eliminate unacceptably high- or low-load levels as
given by hashed areas.

lines A and C in the diagram. It is possible that workload
and related effort may lead task demand, when the param-
eters of the task are availble to the operator prior to
performance. As yet, experimental evaluation of the notion
of load is somewhat sparse, although the retrospective
impact of previous workload level upon current load has
been the subject of recent investigation [38].

Fig. 4 presents a change in mental workload level as a
task proceeds. In this illustration the time axis is not the
perceived temporal horizon for action within the task, but
the external chronological progression or reference tempo-
ral frame for the whole system.

IV. ADAPTIVITY IN TASK LOADING

Adaptive task loading assumes that a reliable assessment
of both demands and resources is available. In addition to
understanding and describing the task itself, it is impor-
tant to distill the salient features of the task in terms of the
demand imposed on the operator. There are a number of
different approaches to such an assessment. One method is
to assume that demands and resources are independently
measurable [39]. In this case independent assessment is
made of the levels of different types of resource required
and the demands of the task, and these are compared
explicitly with assessments of the current resources of the
operator. Currently, the measurement of specific resources
is problematic in spite of the promise of indicators such as
pupil dilation [40] or more specific (and possibly diagnos-
tic) measures such as evoked cortical potentials [41].

Adaptive interfaces should not only assess opertor work-
load, they should also diagnose the features of the tasks
that are contributing to the current workload to provide a
basis for task reconfiguration. This implies a workload-ori-
ented view of the task and of operator processing opera-

tions. Given the many ways that tasks and related percep-
tual and cognitive processing have been described, what
specific approaches provide the workload-oriented view

- required in adaptive interfaces? A helpful initial distinc-

tion is between “horizontal” and “vertical” models of
human information flowing through a series of stages,
beginning with perception and ending with a motor re-
sponse of some kind [28], [42]. In contrast, vertical models
view task performance in terms of the types (rather than
stages) of processing that occur. The difference between
horizontal and vertical models of human performance is a
somewhat analogous to the difference between control
processes and data structures in computer programming.
Horizontal models approximate a flowchart, indicating
which sequence of processes transformed the input into the
output. Vertical models indicate which data structure (and,
by implication, which processes) are utilized for different
tasks and operations.

Horizontal models focus on the flow of information
processing activity engendered by the task. At present the
modal horizontal model [42], [43] distinguishes between
basic processes of encoding, decisionmaking, and response
selection and execution. In a complex activity, several
stages of the horizontal model might be active as the
person engages in the task. Overlap of information pro-
cessing stages is plausible [44] but difficult to identify with
respect to alternative serial or parallel models of activation
[45]. For purposes of simplicity most tasks are modeled as
if stimuli are handled one at a time, but this is clearly a
convenience rather than a veridical reflection of actual
operations. Tasks of certain types can be carried out in
parallel [43], but existing methods of measurement cannot
identify what activities occur and in what sequence. This
problem is magnified in actual complex multiple activity
tasks. Reliance on identifying the processing resources
required by complex tasks is problematic since there are
many such resources [43], [46].

Previous attempts at linking task components to opera-
tor workload assumed that under some circumstances tasks
can be broken down into separate units which consume
distinct and separable processing resources using the hori-
zontal model [40], [41]. However, it is also possible to ink
task models to workload using vertical models. This is
particularly true in the case of skill-based and rule-based
behaviors as elaborated by Rasmussen [47] where there is a
fairly close mapping between conditions in the environ-
ment and resulting performance. However, the relatively
abstract nature of knowledge-based behavior is more diffi-
cult to quantify and, as Rasmussen pointed out, less
amenable to experimental observation.

According to vertical models such as that proposed by
Rasmussen or the GOMS model [21], human operators
have a repertoire of activities availble to them. The way in
which this repertoire is used is constrained not only by the
requirements of the task but also by the context in which
the task is performed. The two most pertinent aspects of
this context are the environmental stressors (both physio-
logical and psychological) that bear on the person and the
temporal sequence of the task in relation to deadlines,
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circadian rhythms, and other temporal factors that impact
the operator.

In analyzing tasks into workload related components,
we initially examined horizontal models [39]; however,
vertical models appear to hold greater promise for adap-
tive interface design. The current focus on vertical models
is reinforced by the observations that more progress ap-
pears to have been made in analyzing tasks from the
structural (vertical) rather than process (horizontal) view
[22] and the processes considered in current horizontal
models are generally too microscopic and short-lived to be
readily adapted to onger cycles of task activity.

V. A FRAMEWORK FOR AN ADAPTIVE INTERFACE

Complex systems require interfaces that adapt to the
needs of the task and the operator. There are a number of
ways in which a system might adapt to the operator by
utilizing information about the level of mental workload
experienced. The first step is the development of a basis or
criterion for adaptivity. In the case of adaptivity to task
loading, this signal may represent the mismatch between
the current task demands and the available capacity of the
human opertor. In keeping with the view expressed in Fig.
3, task demands generate workload, although the relation-
ship is time-lagged and filtered by individual skill, motiva-
tion, and arousal level {48]. The identification of this
workload criterion upon which adaptation is to be based is
then a two-stage process.

1) A global estimation of the MWL mental workload
is made, i.e., is MWL too high or too low and by
how much?

2) Diagnostic information is used to assess the load on
specific capabilities.

We distinguish here between two classes of method for
estimating mental workload, namely assessment methods
and predictive methods. A number of assessment methods
have been proposed based on techniques for physiological
and psychological measurement [4]-[7]. Predictive meth-
ods are advantageous in that they allow anticipation in the
adaptation process. However, prediction of workload has
to the present been problematic. One of the advantages of
the dynamic definition of workload given earlier in this
paper is that such prediction can now become the primary
source of assessment.

In consideration of (1), regression methods may be used
to estimate the parameters of this function and then pre-
dict workload based on operator skill and experience,
combined with the time constraints and the nature of the
task components. Such methods will give an approxima-
tion, due to experimental error and related predictive
inefficiencies in the regression equation. As our under-
standing of tasks and the relationship between task de-
mands and mental workload increases, these simple regres-
sion techniques will be replace dby superior methods of
workload prediction. One feature of the formulation of

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS, VOL. 18, NO. 4, JULY /AUGUST 1988

workload given above is the interaction between operator
skill and the components of the task. This interaction will
tend to confound regression methods.

Given a satisfactory method of workload prediction, the
next step in adaptivity is to ascertain whether or not stable
workload levels (as shown in Fig. 1-3) are being exceeded.
If the workload is within acceptable limits, the system
continues to monitor the situation without taking adaptive
steps, otherwise the source of overload is diagnosed in
terms of features of the task that can be adjusted. The type
of diagnostic information that is appropriate depends on
the way in which the task can be adjusted. Once this
diagnosis has been made, one strategy is simply to offload
some or all of the task components to another operator,

_ assuming a multioperator system. This offloading strategy

can also be extended to machine components [20].

In our previous work we have focused on the use of
dynamic task reallocation to maintain an optimal level of
workload for the operator [20]. Dynamic task reallocation
requires an adaptive mechanism that can assess the mis-
match between task demands and available capacity and
redefine the task so as to reduce this mismatch. More
complex strategies may involve reconfiguring the task,
removing some components and adding others. The ability
to reconfigure tasks often occurs when a complex sequence
of activities to be performed and there is some freedom in
scheduling those activities. A third type of strategy is t
reduce the temporal component of workload by providing
more time in which to carry out the current task compo-
nents. This may be achieved by extending task deadlines
or by offloading future activities to other sources, thereby
mixing the first and third strategies, or by using augment-
ing aids such s quickened displays. In general, various
combinations of these strategies may be found useful in
adaptive task loading.

In this section we focus on a model of adaptivity where
task components are offloaded to other agents (either
human or machine). In this case the current workload
should be diagnosed in terms of the task components
which are contributing most to the current overload condi-
tion. This diagnosticity requires a finer analysis of work-
load into task-related components. Although it is possible
to define these task components in terms of task-specific
operators, it is preferable to develop a framework for
adaptive interfaces that applies across a variety of tasks.
Two approaches whihc provide this general perspective are
multiple attentional resource theory [42], [43], and the
process-oriented views of Rasmussen [47]. Diagnosing tasks
in terms of the attentional resources that they require
appears to be difficult {39]. A simpler analysis in terms of
the relative amounts of knowledge-based, rule-based, and
skill-based behavior in task performance may be used
instead [47].

Given that workload is assessed, and the task-related
sources of workload are identified, adaptivity is then im-
plemented through a reasoning process that selects a task
allocation (or reconfiguration or scheduling) policy that
changes the oading on the human in such a way as to
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Fig. 5.

Overall structure of knowledge-based adaptive mechanism that serves as adaptive interface for dynamic task

allocation and reallocation.

improve overall system performance. This process must
have access to both overall system goals (a model of the
task) and information about what the person and machine
components of the system are capable of accomplishing
(person and system models). In addition, the reasoning
process should decide which loading strategies and task
allocation policies are available for selection, and the im-
plications of the current task loadings.

We have illustrated this conceptual frameowrk for adap-
tive task loading in Fig. 5. We begin with a view of the
task as being first defined, then structured, and finally
allocated among different machines and operators. The
operator then performs the task as assigned and a level of
performance ensures that reflects the operator’s capabili-
ties and effort compared with the nature and difficulty of
the assigned task. One may then assess the operator’s
performance and identify a criterion for adaptivity. This
criterion might, for instance, be a measure of mental
workload, a measure of primary task performance, or some
combination of workload and performance.

Once a criterion of operator response to the task is
known, an adpative policy may be implemented. In gen-
eral, the criterion will be a dynamically changing input
which has to be combined with the static information
provided by the other knowledge sources available to the
loading strategy reasoner. It should provide information
about how well the person is performing particular sub-
tasks and indicate any discrepancies between overall sys-

tem performance and system goals since it would be inap-
propriate to optimize the workload experienced by the
operator if the overall system failed or suffered as a
consequence.

In principle, models of the task, system, and person
allow prediction f the effect of alternative task redefini-
tions and allocations, but in practice the models currently
available do not provide the quantitative predictions that
are needed. However, certain features of adaptive task
loading appear to be self-evident, and these may be com-
bined into a frameowrk for the design f adaptive interfaces
which utilize such information as is already available. For
instance, only tasks that can be switched reasonably be-
tween the human and machine components of the system
should be considered for reallocation, except under emer-
gency conditions which demand continued performance,
with the result of system failure having intolerable conse-
quences. Similarly, the output of the adaptive interface will
be a definition of the task that alters (where necessary) the
loading of task components between the human and ma-
chine so as to improve future measures of the criterion.
The basis for adapting the task will be a diagnostic assess-
ment of which processing components in the current task
allocation are leading to problems as observed in the
criterion.

This diagnosis then implies an adjustment in the basic
task definition, the structure of the task, or the way in
which the task is allocated. This threefold distinction in
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mechanisms for adaptation corresponds to the product
design, the process plan, and scheduling of human and
machine activities in manufacturing. continuing with this
analogy, one can attempt to solve production problems by
changing the schedule (switching machine allocations, etc.),
by changing the process plan, i.e., changing the way in
which processes are carried out, or, most radically, chang-
ing the actual design. In most situations, of course, chang-
ing the allocation or scheduling policies will be appropri-
ate. There appear to be a number of useful analogies
between the problems faced in operating flexible manufac-
turing systems and the problem of designing adaptive
interfaces. We shall not pursue these in the present paper
because our focus is on the implications of adaptive inter-
faces for mental workload definition and assessment. We
expect, however, that adaptive task loading will generally
involve adaptive human-machine interface that acts as a
servomechanism minimizing the difference betwen current
demands and available capacity.

As discussed before, Fig. 5 provides an overall concep-
tual framework for adpative task loading. Different adap-
tive interfaces are possible depending on how the three
fundamental questions posed by the figure are answered.
These questions are, What is the criterion generator? What
is the model for task diagnosis in terms of operator pro-
cessing components? and What models of the task allow
appropriate redefinition, restructuring, and reallocation
while a task is being carried out?

The simplest form of adaptation reallocates task compo-
nents. The question of reallocation policy is contingent
upon what is known of the operator’s capabilities. As
Rasmussen [47] has noted, one approach to this question
differentiates a set of models rather than one global struc-
ture. As a result, this distinction between skill-, rule-, and
knowledge-based behavior defines multiple levels of ac-
tion. For the adaptive interface it is important to distin-
guish between these loading characteristics. Offloading an
operator of skill-based activity would be of little use when
the overload emanates from a task primarily composed of
knowledge-based demands. Consequently, the permanent
knowledge base concerning the operator characteristics,
embedded in the interface, would need to distinguish be-
tween these types of activity. Similarly, the load-leveling
mechanism would require some assessment of the relative
loading of each element from the incoming mental work-
load signal.

Perceived distance to goal state is also contingent upon
the appraisal of the capabilities needed to acquire such a
target. For example, even an operator highly skilled in
manual control will perceive a task to be particularly
loading if task demands emphasize knowledge-based reso-
lution. Thus, for each of Rasmussen’s three levels of per-
formance, differing types of load could be distinguished.
The single axis in both Figs. 1 and 2 reflects just one of the
multidimensional aspects of human capability and their
differential demand by changing human-machine tasks.

Thus adaptation may occur in three major ways. First,
the allocation of subtasks between human and machine
components may be adjusted. Second, the structure of the
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task, including the processes and methods used to carry it
out may be adjusted. These adjustments will then be
propagated through the ensuing task allocation. Finally,
the definition of the task itself may be adjusted. For
instance, evaluative criteria could be changed so that more
operator errors are tolerated, or the scope of a task could
be altered so that, when propagated through the task
structuring and task allocation stages, the resulting load on
the human operator would be reduced. Needless to say, the
type of adjustments to task definitions, task structures, and
task allocations will depend greatly on the application
domain. Adjustments in this framework are based on a
diagnosis of task performance in terms of workload. The
model of workload outlined in this paper is a global one
which provides a measure of overall experience workload.
However, adjustment of the task and its implementation
must be based at some point on diagnostic criteria which
point to the adjustments that should be made. In the
future, perhaps, these diagnostic criteria would be based
on the experienced workload for each of a number of
different processing components. At present, however, on-
task analysis of workload for specific processing compo-
nents is not possible. Thus versions of load-mediating
interfaces in the near future would use inferential tools to
suggest which aspects of the current task are overloading
specific processing components.

VI. CONCLUSION

In the present framework, mental workload is described
in terms of time, distance to desired goal, and effort. This
initial description is linked to a spatial representation that
promises some advantage in resolving the problem of
assessment. The quantification of the axes presented is a
vital component in development, as without such informa-
tion the present suggestion remains only a descriptive
framework within which to incorporate empirical results.
Although the scaling of salient points along the axes will
be idiosyncratic to a certain extent, it may be possible to
extract significant commonalities or invariants across ef-
fort directed toward task resolution. This can emerge
through the use of a consistent “simple” task. Using a
vector representation imposed upon Fig. 1 for such a
common task and having access to optimal effort solutions
may provide prediction of workload, rather than the tradi-
tional post hoc assessment.

The relation between stress, workload, and subsequent
performance is a complex topic that remains under investi-
gation [32]-[34]. In complex human—machine tasks, stress
may have a critical effect on performance. We can distin-
guish between stress that is a routine part of a task and
unusual stress that may qualitatively change the way in
which the task is performed. The type of adaptive interface
considered here applied to scenarios where stress remains
within manageable bounds and where mental workload
effects stem from the joint influence of task demands and
temporal constraints upon satisfaction of the task require-
ments.
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We also outlined the role of vertical models of task
performance in the new approach to mental workload
based on the addition of the temporal dimension. This
should lead to a methodology for adaptive interface design
which assess the types of behavior required by the task and
matches the task demands to the profile of available be-
havior given the temporal constraints and stressors. Else-
where we have discussed in more detail the architecture for
adaptive interfaces based on mental workload assessment
and machine reasoning [22]. In our earlier work, we as-
sumed that an explicit accounting of attentional resource
utilization would be required in an adaptive interface.
However, we have also reviewed the difficulties associated
with basing the development of task loading strategies on a
multiple attentional resource approach [39]. It now ap-
pears that the revised perspective on mental workload and
the simpler model of behavior used in this paper will prove
more tractable as a guide in the design of interfaces for
adaptive task loading [49]. Useful adaptive processes should
be possible even with fairly simple models of tasks provid-
ing that these models can be linked to mechanisms for
controlling the levels of stress and mental workload in the
operational environment.

The concepts of stress and ental workload are often
applied to human-machine interactions where catas-
trophic failure can potentially occur. However, workload
and stress have an impact on human-computer tasks in
general, not only on long term health effects [S0] but also
in terms of task performance. The development of adap-
tive interfaces allow human—computer interaction to occur
in an environment where the effects of mental workload
and stress have been modulated and controlled.
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