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ABSTRACT

A multi-task simulation of a semi-automatic supervisory control ' sys-
tem was developed to provide an environment. in'which training, opera-
tor strategy development, failure detection and resolution, levels of
automation, and operator workload ' can be investigated. The goal was
to develop' a well-defined,  but realistically complex,  task ' that
would - lend. itself to model-based analysis. -~ The name of .the ' task
("POPCORN") reflects the visual display that depicts different task
elements milling around waiting to be released.and "pop" out . to - be
performed. ~The operator's. task was to complete each of - 100 task
elements that.were represented . by different symbols, by selecting a
target task and entering the desired.a command.. The simulated auto-
matic system then  completed the selected function automatically.
Task - difficulty, operator behavior, .and experienced workload were
varied by manipulating: (1) the number of elements per task; (2). the
number of discrete tasks; (3) the penalties for lagging behind the
system; (4) task schedule;. and (5) payoff structure for:performing or
failing to perform task elements. Highly significant differences in
performance, strategy, and rated workload were found as.a function of
all experimental manipulations (except. reward/penalty), . In addition,-
a proposed technique for reducing the between-subject variability of
workload ratings was described and applied successfully. . .The first
gimulation conducted ' with this task defined a range . of nacenarios
- that imposed distinctly different levels. of workload on operators and
resulted in different levels of performance and operator strategies.

INTRODUCTION

The introduction of computer aiding, artificial intelligence,‘ and automation
into advanced systems has changed the roles of human’ operators. * Their
- primary functions have become scheduling, monitoring, decision making, and
planning rather than direct mechanical control. - Furthermore, the interfaces
" "between the operators and the systems that they control have become indirect,

periodic, and discrete rather than direct and continuous as compqters are
placed between the human operator and the mechanical system.., s

Automation is a generic term for replacing human actions by human decisions
executed by machines and for accomplishing clusters of related tasks by simple
exeécutive commands (refs. -1, 2). Often, the decision to automate some or many
system functions stems from a desire to enhance system capabilities without
oveérloading operators. Alternatively, it is introduced to allow existing
créwmembers (or a reduced number of them) to perform additional tasks or
operate in environments in which they could not function without aiding. In
the past, automation ~has been provided to reduce the’ physical workload of
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activities, a goal that has been accomplished with' gréat success. However, a
potential consequence of adding automation could be a substantial increase in
mental workload to replace the reduced physical workload, due, in part, to the
added burden of supervising or monitoring the automation itself. Such a
.tradeoff between physical and mental workload has been inferréd rather than
proven, however, because mental processes are difficult to: observe or quantify
directly. Thus, there is an increasing need to monitor, "measure, define,
and control whatever "mental workload" is in order to keep. it within the
capabilities of human operators. ‘ o

In order to develop valid and sensitive measures of mental workload and per-
formance; -standardized primary tasks are needed to:test candidate measures.
 These tasks must impose controlled levels of load with the.dynamié:.decision-
making and task-selection activities typical of .current and- future.man-machine
systems.  Procedures for performing combinations -of. subtasks.under normal
and failure conditions should simulate the complexities and alternative solu-
tions typical :of advanced systems and computer aiding might be provided to
assist operators with specific functions. ~Manual control issues’may receive
less - emphasis, as the focus of the research will be on activities. that are
more typical of automated systems. The interface between man- and machine will
continue to be an important issue, however. .With such tasks,  :theoretically
and practically interesting topics,  such as training, ‘development: of perfor-
mance strategies, and the subjective experience of workload; ‘'could“be investi-
gated and models of human performance appropriate fqr multi-task, supervisory
. control systems developed. ' . - e

Laboratory tasks that impose controlled levels of load across a .range of func-
tions ' typical of advanced systems (refs... 3, 4) have been used, in many re-
search efforts. These tasks may be manipulated and controlled with precision
‘and predictions about performance may be -made -from. a sound theoretical point
of view. One disadvantage, however, is that the workload imposed by a realis-
tically complex combination of such tasks may:.be substantially different than
the sum of the workloads imposed by the components individually, .For example,
depending on the strategies selected and the degree to which groups of Felated
subtasks are performed automatically, subjective experiences and objective
performance might be significantly different than would be predicted £from
single~-task performance.

A multi-task dynamic simulation was developed to represent the environment in
~which decision makers responsible for semi-automatic systems work.. (ref. 5).
It involved a computer display of tasks (represented by. boxes). which appeared
according to different random schedules and moved toward a deadline.. Opera-
tors could perform only one task at a time and were required tbp'dévelop
different performance strategies to accomplish specific experimental ' scenar-
igs. Int:ra;rival ;ates,h the time until tasks reached the deadline and the
me required to perform them, the number of tasks,. and . "values" ass
to them were manipulated. The goals of the'feé;éich'52iemyiiuegev2iz;gn§i
objective index of task load and to model subject's behavior. In a later
study, (ref. 6) three task variéb}és_(intera;rivai'réte; ‘task duration, and
number of tasks) were manipulated to determine their relative contributioms to
4the subjective experiences of workload. It was found that thefnuﬁbéfbof tasks
to be processed per unit of time was the dominant factor. N

A similar simulation was deveioped to exténd the:bpq;mal control ﬁédei metho-
dology to characterize human monitoring, _information processing, and task
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selection in a dynamic multi-task environment (ref. 7). Five stylized tasks
that varied in value, processing time, and velocity competed for the opera=-
tor's attention. The decision process was dynamic, as new tasks with dif-
ferent characteristics continued to arrive, the opportunity window to.perform
available tasks shrank, and unperformed tasks reached the deadline.

The design of the current simulation was derived, philosophically, :from the
earlier simulations (refs. 5, 6, 7), however it expanded on them by increasing
task complexity, incorporating dependencies among task elements, varying task
attributes as a function of human decisions, and providing an extensive
procedural structure. Its name, '"POPCORN", reflects the appearance of the
task elements waiting to be performed (they mill around and then "pop" out of
the computer-displayed containers). The operator's job is to decide which
tasks to do and which procedures to follow based on an assessment of the
current and projected situation, the urgency and difficulty of the tasks, and
the reward or penalty for performing or failing to perform them. The system
is controlled by operators who select functions to be performed by automatic
subsystems (barring preprogrammed "hardware'" failures or operator error). -

The first study conducted with this simulation was designed to examine the
effects of a variety of phenomena typical of supervisory control tasks on
operator strategies, performance, and the workload they experience. The goal
was to establish task scenarios that would present operators with predictable
variations in imposed workload (by varying scheduling, the number of elements
per task, time pressure, and availability of tasks for performance) and to
provide opportunities for operators to adopt different strategies ‘(depending
on whether they were leading, lagging, or level with system demands). A
variety of control functions were simulated to provide alternative solutions
to different combinations of circumstances. Different penalties for procras-
tination were invoked whenever an operator failed to meet task schedules ‘and
deadlines: (1) Imposition of additional operations to perform on delayed
tasks, (2) Loss of points for performing deferred tasks, and (3) Transfer of
delayed task elements to a penalty box where immediate performance was re-
quired. In additionm, the longer a task element remained unperformed, the
faster it moved in half of the scenarios, so that less and less time was
available for its performance when the operator did attend to it. Interarri-
val rates were varied so that each task could be completed by a trained
operator before another was scheduled. Because the acceleration function made
tasks available for performance more quickly, the scheduled arrival times
between accelerated tasks was less than it was between fixed-rate -tasks to
maintain a steady flow of activities. The interval of time during which a
task element could be performed (its "opportunity window') was, therefore,
influenced by the presence or absence of acceleration and the number of ele-
ments per task. The minimum time to perform a task was fixed by the speed at
which elements exited from the boxes and the number of elements per task. The
maximum time to perform a task was defined by the scheduled interval between
successive tasks per box. :

Performance on the primary task was evaluated by examining the scores obtained
under each experimental condition, to complete it, and the number of errors.
Strategies were evaluated by analyzing the functions that were selected. ' The
effect of experimental manipulations, operator strategy, and performance on
the subjective experiences of the operators was assessed by ~responses to
rating scales presented immediately after each scenario. ' : - 5

433



The workload imposed by the tasks was determined by a weighted combination of
operators' evaluations of 10 relevant factors. These evaluations were related
not only to the experimental manipulations, but to the operators' strategies,
performance and pre-existing biases about what aspects of a situation contri-
bute to variations in experienced workload, as well. Ratings on many dif-
ferent scales were obtained because workload is thought to be a multi-dimen-
sional construct (refs. 1, 8, 9). Factors such as the difficulty of the task
imposed on the operator, the physical or emotional stress experienced, time
pressure, and the amount of effort exerted have been suggested as potential’
components. In addition, there may be individual differences in which aspects
of a task are considered to be relevant to the level of workload experienced
(refs. 10, 11). For some individuals, the difficulty of a task may completely
define the workload experienced. For others, the physical or mental effort
exerted may  create the conscious experience of workload. For yet others,
feelings of stress, frustration, or fatigue that accompany task performance
may affect the conscious expefience of workload. Tasks that are performed
successfully may be experienced as having low workload whereas- those that are
performed poorly may be equated with high workload (regardless of the level of
effort applied in either case). ‘ l ‘

A technique  for combining ratings on different workload-related dimensions
(each weighted to reflect its subjective importance to individual operators)
was developed and tested in this and other recent studies (refs. 12, 13).
Nine factors that have been found to provide the most complete description of
operators' experiences were the basis for the weighting procedure. Unlike
other .methods of extracting subjective biases from workload ratings, such as
the Subjective Workload Assessment Technique (SWAT) (refs. 11, 14), this
technique allows a weight of zero to be given to a dimension that is consi-
dered to be irrelevant and incorporates a sufficiently broad range of dimen-
sions to characterize the biases of most individuals. In addition, it does
not require an abstract prediction of the possible effects of complex combina-
tions of different levels of different dimensions as does the SWAT technique.

METHOD

Subjects

Eight male general aviation pilots served as paid participants in the experi-
ment. They ranged in age from 22 to 35 years. Two additional male subjects
participated in a pilot study. '

Equipment

The simulation was programmed on a Digital Equipment Corporation PDP-11/40
computer and an Evans and Sutherland Picture System I. The display was pre-
sented in a 25.60 cm square area on a Xytron black and white monitor.  Opera-
tors interacted with the system by positioning a stylus on a magnetic response
pad and entering selections by depressing the tip of the stylus. The 25.6 cm
display area was projected onto a 5.1 cm area on the response pad (an area
approximately equivalent to the dimensions of the display depicted in Figure
1). The operators rested their right arms on the response pad and were able
to reach every function with minimal hand movements. The response area was
delimited by cut-out area of a 0.6 cm thick plexiglass overlay on the pad.
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The experiment was conducted in a secluded area of a computer room with dim
lighting 1levels and no distractions.: The'operators were seated at a small
table that contained the stylus and response pad and the operations manual.
The display was located immediately in front of the subJects at a distance of
approximately 1.0 m,

Experimental Task

Basic Functions

The information, control functions, and displays for the simulated system were
presented on a computer display. (Figure 1) The five task types were each
represented by a unique symbol (*, +, -, #, =), consistently mapped so that
only one symbol appeared in each box. Five types of tasks that ' occurred
several times each were included so that operators had to shift their atten-
tion from one to another, as they do in operational environments. Each task
served as an abstract representation of a different type of function (e.g.,
communications, mnavigation, monitoring, checklists, and autopilot control)
that might be performed in a complex system, such as a modern aircraft. In the
current experiment, the values assigned to elements from each box, the func-
tions and time required for performance, and element rates were identical for
all tasks within each scenario, however these variable are under experimental
control and different levels and combinations of levels could be selected for
subsequent simulations.
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Figure 1. The POPCORN sihulation display.

If a new task was scheduled to enter an occupied box, elements rrom Lue
existing task were transferred to a '"penalty box". This marked the end of the
window of opportunity to perform the remaining task elements for score points.
The operator's goal was to perform as many tasks as possible, maximizing the
score and minimizing the time per scenario.
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The initial decision to ready a task for performance was made by touching the
symbol located immediately below the selected box with the stylus (the SELECT
function). Task selections remained in force until a different task was
gselected; only one task could be operated upon at a time in the basic system.
The functions that could be performed on any task were displayed on the right
side of the display. Functions were generally momentary; each actuation
caused the selected function to be applied one time to the current task. The
operator's job was to decide which functions to apply to which tasks. Their
actions prompted automatic subsystems to effect the selected functions, much
as when a pilot selects a new altitude or navigational point, enters it into a
navigation computer, and an autopilot achieves the desired change.

Task elements arrived at scheduled times and milled around in their boxes
until they were SELECTed. Once the 1id of a box was removed (by the OPEN
function), task elements streamed out in a vertical line at a rate determined
by their initial velocity (12.5 cm/sec) and the acceleration function for that
scenario (either 0 or 1.52 cm/sec/sec). One box could opened at a time or
several could be left open. Elements of the currently selected task were
performed by touching the PERFORM key area. Each actuation caused the topmost
element in the stream of task elements to disappear and the score to be
incremented by five points. The maximum possible score for any scenario was
500 (5 points each for 100 task elements).

Boxes could be closed after each task was completed (in anticipation of the
arrival of the next task) or with elements remaining to be performed. If any
elements were actively exiting from a box, the operator had to place them back
in the box (by actuating the STUFF command) before selecting the CLOSE com-
mand. By selectively opening and closing one or more boxes, operators could
control the number of task elements available for performance and by rapidly
selecting and performing one task then another, several tasks could be com-
pleted in parallel. An alternate strategy was complete each task, one at a
time, before going on to the next. The optimal strategy differed as a ‘func-
tion of the schedule and circumstances for each scenario.

Penalties and Procedures for Lagging Behind

If operators waited too long to perform a task element after it had left its
box, the symbol moved into a "warning zone' where each element was surrounded
by a square symbol. The task could still be performed with no loss of score,
but at the cost of an extra procedure. This represents the additional problems
encountered in operational settings when operators wait too long to finish a
task once it has been started. In order to perform task elements in this
zone, the task must be SELECTed, the warning box removed from the symbol
(REMOVE BOX), and the topmost task PERFORMed. This two-stage process had to
be repeated for each successive task that entered the warning zone. The most
efficient strategy was one that allowed tasks to be completed before they
entered this area. 1f tasks did enter this area, however, the operator could
either elect to perform the two-stage REMOVE BOX/PERFORM procedure or STUFF
the elements back in their original boxes, in effect resetting that task.
1f a task element was not performed by the time it reached the “deadline", its
symbol was placed in the "graveyard" and no points were scored.

Since more than one task of each type was scheduled per box, operators had to
complete each task before the next one arrived or the unperformed elements
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from the previous task would be transferred to the penalty box. Once in the
penalty box, task elements lost their identity (they were represented by "@"),
they had to be performed immediately (the box had no 1id), and no score
points could be gained by performing them (although a five-point penalty was
levied if they were not performed). Thus, once operators had begun to lag
behind the system to the point that tasks were being transferred to the
penalty box, they had to shift to a reactive strategy in which they could
accomplish no more than preventing additional loss of points. \

If operators decided that things were out of control, two strategies were
available: closing some or all of the boxes or shedding the elements in one or

more boxes. - If the SHED function was selected, the elements remaining in the
selected box could no longer be performed (thereby losing the potential for
gaining those points), however the five-piont penalty.for unperformed tasks
could be avoided. This function was provided to allow the operators to elect
a strategy available in operational settings (e.g. the decision, to ignore

certain tasks when loading levels are perceived as excessive).
3

Functions that Allow Operators to Lead the System

If operators wished to complete tasks ahead of schedule, they could request
MORE tasks. For half of the scenarios, only two tasks of each type (with 10
elements each) were scheduled, 1limiting the opportunity to use this command.
For the remaining scenarios, however, five tasks of each type (with four
elements each) were scheduled, providing many opportunities to select it.

One form of automation is the performance of multiple related tasks by a
single . command. This type of activity was simulated with the LINK and
UNLINK functions. If LINK was selected, elements from two of the five basic
tasks could be acted upon with a single command; every function applied to one
task was applied to the other so that tasks could be completed twice as fast.
There were limits to the utility of this function, however. If one task was
completed before the other, or if elements from one task entered the warning
zone, the tasks had to be UNLINKed to be completed.

Experimental Variables

Two.. levels <iwf each of four experimental variables were combined to create
sixteen scenarios. The variables were: (1) reward and penalty for performing
(or failing ‘to perform) subtasks, (2) task schedule, (3) number of elements
per task, and (4) the consequences of delaying task performance. The experi-
mental design may be seen in Figure 2. The payoff structure was manipulated to
determine the impact of penalties (decrements in score) for failing to perform
subtasks on operators' strategies and experienced workload. Five points were
given for each task element performed within the appropriate amount of time.
In half of the scenarios, there was no additional penalty (other than loss of
score) for failing to perform tasks (+5/0).: In the other scenarios, an
additional five-point penalty was levied for each unperformed task element

(+5/-5).

Two task schedules were imposed: (1) MASSED (tasks appeared simultaneously in
the five boxes whenever new tasks were scheduled to appear); and (2) STAG-
GERED (tasks appeared at different, predetermined times in each box). This
manipulation was included to assess the effect of organizational complexity.
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Figure 2: Design of the 16 experimental scenarios.

The scenarios were designed to provide operators with a predictable and rea-
sonable set of requirements; the intervals between successive tasks were
sufficiently long for trained operators to complete one task before the next
arrived. The number of elements/task (analogous to the time-to-perform tasks
in the earlier studies) and the presence or absence of acceleration (accel-
erated tasks exited more quickly, thus the opportunity for performing them
occurred more often, even though the opportunity window for their performance
was reduced by speed of their movement toward the deadline) were considered in
computing the task schedules. The 16 schedules are depicted in Appendix A.

The number of task elements per scenario was constant (20 elements for each of
5 task types), however, the way they were grouped was varied: (1) Two tasks
with 10 elements each [2(10)] per box, or (2) Five tasks with five elements
each [5(4)] per box. Each element took the same amount of time to perform,
thus, tasks with many elements took longer to-complete than those with few
elements, however there was less time lost switching among tasks and the
schedule was less complicated with the larger tasks. = This variable was in-
cluded so that strategies and performance differences resulting from the
tradeoff between task complexity (e.g. elements/task) and number of discrete
tasks (10 or 25) could be evaluated.

The longer operators waited to perform tasks, the more urgent they became.
In eight of the scenarios (ACCELERATION), urgency was simulated by accelera-
ting the movement of task elements in the boxes as long as they remained
unperformed. In the other eight scenarios (no ACCELERATION), task elements
moved at a constant rate that was so leisurely that it inhibited well-trained
operators from performing tasks as quickly as they could. The accelerations
were 0 and 1.53 cm/sec/sec for the no ACCELERATION and ACCELERATION
conditions, respectively. Although acceleration substantially increased the
time pressure under which operators worked, accelerated tasks could be
completed more rapidly once a box was opened (a potentially positive factor).
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. Rating Scales

Operators rated their experiences along 10 workload-related dimensions: task
difficulty, time pressure, performance, mental effort, physical effort,
frustration, stress, fatigue, type of activity, and overall workload. The
scales were presented on the display immediately after each 'scenario. A
stylus was used to position a cursor at the desired scale value.  FEach scale
was a 1l.0-cm vertical line labeled with a title (e.g. "MENTAL EFFORT ") and
bipolar descriptors (e.g.  "EXTREMELY HIGH/EXTREMELY LOW"). Numerical values
were assigned to the selected scale positions with a range from 0O to 100
during data analysis. '

Two estimates of workload were obtained: a direct rating provided by the
operators (with the "OVERALL WORKLOAD" bipolar scale), and a combination of
the remaining nine scales weighted to reflect the importance placed on each
factor by each subject. The relative importance of the nine factors (e.g. the
weights) was determined by a pretest in which. the 36 possible pairs of the
nine factors were presented one at a time. The member of each pair that was
considered to be most relevant to workload by that subject was recorded. The
number of times each factor was selected was computed; the possible values
each factor might have ranged from 0 ( the dimension was not at all relevant)
to 8 (it was more important than every other factor), with a total possible
sum of 36. : '

" Procedure

A brief introduction that described the purpose of the simulation. and the
research to be performed with it was read to the’participants. An operations
manual was given to them to read while the experimental manipulations were
described and demonstrated. A one-hour training session was provided to
familiarize them with the tasks, equipment, and procedures.

At the end of the training period, the 16 experimental scenarios were presen-
ted in a different random order to each subject. A description of the
upcoming scenario and a schedule of task arrival times was provided before
each scenario and the 10 rating scales were presented following each scenario.
At the conclusion of the experiment, the operators rank ordered the four
experimental variables with respect to the impact that they felt each had

had in influencing the level of workload. The experiment lasted approximately
5> hr, with a long break in the middle and shorter breaks between scenarios.

RESULTS AND DISCUSSION

A three-way analysis of variance for repeated measures was the primary statis-
tical procedure applied to the dependent measures. Analyses were performed on
12 measures of performance (e. g. score, task duration, and inappropriate
function selections), 10 measures of operator behavior (e. g. function selec-
tions), and 11 subjective ratings (e. g. 10 bipolar scales and the combined
weighted workload scale). In addition, the correlations -among scores, task
durations, selected measures of behavior, and the weighted workload rating
were computed. Differences in performance, operator behavior, and subjective
experience were examined on a subject-by~subject basis to determine the asso-
ciation between operator strategies and behavior, and the resulting ‘perfor-
mance and subjective experiences.
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Figure 3: Average and range of bipolar ratings obtained from each of 8
experimental subjects across 16 experimental conditionms.

Overview of Dependent Measures

Bipolar Ratings

The average and range of ratings given by each subject across experimental
conditions may be seen in Figure 3. It is clear from an examination of the
data that individual subjects differed in the magnitudes of ratings given from
one scale to the next and also in the range of the rating scales used within
and between scales. For example, the between-subject standard deviation (SD)
of overall workload ratings across conditions and subjects was 25.5, more than
half of the mean value of the rating (52.7).

Workload Weights

The relative importance each subject placed on the nine workload-related
factors may be seen in Figure 4. As expected, the subjects disagreed about
how much influence the different factors were predicted to have on their
experience of workload. It is precisely because of this expected difference
of opinion that the preliminary test was conducted, however, to facilitate the
statistical removal of this source of between-subject variability from the
combined bipolar ratings. In general, Time Pressure, Own Performance,
Frustration, and Stress were each selected as more relevant than the other
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items more than half of the time. Physical Effort was rarely selected as a
relevant variable, and Task Difficulty and Mental Effort (which are usually
considered to be important) were just moderately important for this group.

For each of the 16 experimental conditions, - the nine original bipolar scales,
multipled by the appropriate weight, were combined and averaged for each
subject. The resulting weighted workload estimate could be conceptualized as
the combined area of a bar graph with nine variables; the width of each bar
determined by the importance of that factor to the individual (the weight)
and the height of each bar determined by the subjective magnitude of the
factor in a given experimental condition (the bipolar ratings). (see Appendix
B for examples by subject and experimental condition) -

TASK DIFFICULTY
TIME PRESSURE
OWN PERFORMANCE
MENTAL EFFORT
PHYSICAL EFFORT
FRUSTRATION
STRESS

FATIGUE
ACTIVITY TYPE

SUBJECT 2 SUBJECT 3

BOBRE BARL

oY
SUBJECT 5 SUBJECT 6

SUBJECT 8

Figure 4: Relative importance to the subjective experience of workload
assigned to each of 9 factors by each subject (n = 8)

The magnitude of the weighted workload estimates was less, on the average,
(43.4 versus 52.7) than was the overall bipolar rating of workload, however
the relationships among the experimental conditions was the same for the two
estimates of workload, as illustrated in Figure 5. This reduction in magni-
tude 1is expected, as a single rating of overall workload represents .the sub-
jective total of whatever factors the individual considered were relevant to
an experience of workload, whereas the weighted combination of ratings is
statistical average of all of the factors. The benefit of performing the
weighting procedure was that the between-subject SD was reduced for every
experimental condition taken one at a time. Overall, the reduction 17% (from
25.5 to 21.3). Using a simple linear combination of the nine unweighted
ratings also resulted in reduced between-subject variability (with the rela-
tionships among experimental conditions maintained), but the reduction was
considerably less.

The reduction in between-subject variability achieved with the weighting
procedure was less than has been found in other recent applications (see, for
example, refs. 12, 13). In other applications, between-subject variablity was
reduced by as much as 50% overall. "Since the participants in the current
study were in greater accord about the relative importance of the different
factors than has been found for other groups of subjects, the influence of
individual differences in the definition of workload was not as great in the
current study as in the others. This weighted workload rating will be used as
the primary measure of subjective workload for the remainder of the study.
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Scores were examined in the order that the scenarios were presented to deter-
mine whether or not there was a continuing improvement in performance from the
beginning to the end of the experiment across the counterbalanced experimental
conditions. No such improvement was found, indicating that the training given
was sufficient to achieve stable levels of performance.

Task Duratibn

The scenario durations ranged from 615 to 216 sec. The average length of time
was 383 sec (SD = 117 sec). On an individual basis, the average time taken to
perform a scenario ranged from 410 to 369 sec. The subjects with the best
scores also had the fastest times, suggesting there that was no speed/accura-
cy tradeoff, however the overall correlation between score and duration was
only +0.49. The correlation between scenario duration and workload was -0.41,
shorter sessions being associated with greater workload. The presence of
ACCELERATION resulted in a sharp decrease in session length, as can be seen
in Figure 7, Dbecause task elements moved more quickly and were, therefore
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By
available for performance with 1less
delay. In all cases, the obtained. SBE+
session durations were less than the §
baseline durations used to create g YTy
the schedules. When the schedules '
were designed, it was assumed that N 3554
tasks would be performed one at a D
time, that LINK, MORE, SHED, etc. S a6
would not be used to decrease time-
to-completion, and that all tasks: 1664
would be performed so as to impose
schedules that would allow time for g U [ 1 | ! ! L
an average operator to complete most T T
of the tasks. 20 5(4)
Figure 7: Average durations of the
Operator Strategies ‘ - experimental conditions. (n = 8)

The relative proportion of function key actuations made be each subject may be
seen in Figure 8. There was relatively little difference among subjects in
PERFORM key actuations, -although high-scoring subjects, obviously, used it
more often than low-scoring subjects because they operated on several tasks
at the same time, rapidly switching from one open task to another. Thus, the
two high-scoring subjects (mean = 409) averaged 80 different task selections
per scenario (S-5 and S§-7), while the low-scoring subject (mean = 321) aver-
aged 25 selections per scenario (S-8). High-scoring subjects used the OPEN,
CLOSE, STUFF, and MORE commands nearly twice as often as low-scoring subjects,
thereby controlling the flow of active tasks. Although there was considerable
variation in the use of the LINK and SHED commands, their use was not signifi-
cantly correlated with score, rated workload or task duration.

“TABK® SELECTIONS “SHED" BELECTIONS - "HTUFF* SELECTIONS

"PERFORM"® SELECTIONS “LIHK" SELECTIONS *REMOX" BELECTIONS

CUNLINK® SELECTYONS “WORE® BELECTIONE

Figure 8: Relative pro-
portion of times each
function was selected by
subjects whose score was
low (\\\\), high &9,

or average ( ).
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Figure 9: Frequency of appropriate (1) and inappropriate (") selections
of the basic functions by experimental condition (n = 8). '

Basic Functions

The scenarios were designed so that each task had the same payoff, rate,
number of elements/tasks, and schedule, thus, similar performance was antici-
pated across the five tasks. Individual analyses of variance for repeated
measures were performed for each function to determine whether each was se~
lected equally often for the five tasks task across experimental conditions.
Since no significant differences were found for any function, subsequent
‘analyses were performed collapsed across task type.

On the average, the four basic functions were selected 152 times per scenario.
Of these selections, 85%, were made correctly. The remaining selections were
slips {(the operator intended to select one function but actuated another
instead) or errors (the opearato# selected an inappropriate function). An
inappropriate TASK or PERFORM selection occurred when no task elements were
available. An  inappropriate OPEN or CLOSE selection was one that was made
when the selected box was already open or closed. Different TASKS were se-
lected 48 times (96% correctly), PERFORM was selected 85 times (83% correct-
ly), eand OPEN and CLOSE were selected 10 and 9 times, respectively (99%
correctly), across experimental conditions. (Figure 9)

Problem~solving functions -

The four functions that were provided as solutions to lagging behind the
system were selected two times each, on the average. Use of the SHED command
and the performance of tasks from the penalty box characterized low-scorers.
(Figure 8) The REMOVE BOX command was used only once per scenario by high-
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Comparison of Experimental Conditions

Measures of performance, behavior, and subjective experience were analyzed to
determine the relative impact of the four experimental variables. Significant
variations in measures of performance may be seen in Figures 6 and 7. Signifi-
cant variations in the selections of functions may be seen in Figures 9, 10,
and 11. Workload ratings may be seen in Figure 5.

REWARD/PENALTY Conditions

Performance There were no significant variations in scores or duration

Workload Rating There was no significant variation in ratéd workload

» Use of Basic Functions There were no significant -vafiationé in the
frequency with which any of the basic functions were selected as a function of
the REWARD/PENALTY conditionm. :

Use of Problem-Solving Functions = There was a significant increase in the
use of the SHED command (from 0.6 to 2.25 selections/scenario) when a penalty
was levied for failing to perform task elements. If it was clear to ‘the
operator that he could not perform one or more elements before they reached
the graveyard or were transferred to the penalty box, this was the correct
strategy (on +5/-5 trials) to avoid an additional five-point penalty.. Since
as many as 10 elements could have been shed with a single command (all those
remaining in the box), this measure may underestimate the impact of this
function on the subsequent structure of the task. None of the other commands
were used significantly differently due to the REWARD/PENALTY condition.

Use of Lead-Generating Functions There was no signifiéant change in the
of use of these commands as a function of the REWARD/PENALTY condition..

Schedule

Performance There was a significant (F (1,7) = 19.16, p<.0l) decrease in
score (from 404 to 347) between the MASSED and STAGGERED schedules.  Overall,
the length of time taken to complete scenarios was not affected by the sche-
dule, - even though the scheduled durations were 6ffset by 5 sec in the STAG-
GERED condition, potentially increasing the time required to complete a task.

Workload Rating Rated workload increased significantly (F(1,7) = 19.11,
p< .01) from &1 (MASSED) to 46 (STAGGERED) as schedule complexity was in-
creased, reflecting the additional mental processing load imposed by more
complex schedules.

Use of Basic Functions There were no significant differences in the wuse
of any of the basic functions due to schedule alone. The same number of boxes
were OPENed, CLOSEed, and SELECTed. The PERFORM key was actuated more often
with the STAGGERED schedule than with the MASSED schedule, but 25% of the
selections were made in error. This resulted in a significant difference in
the number of erroneous PERFORM key selections (F (1,7) = 14.5, p<.0l).

Use of Problem-Solving Functions All of the problem-solving functions
were used more often with the STAGGERED condition, indicating that the opera-
tors were lagging the system. STUFF (F(1,7) = 13.72, p<.01) and REMOVE BOX
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(F(1,7) = 13.75, p<.01) commands increased significantly, and more tasks ended
up in the penalty box (F(1,7) = 9.17, p<.05). '

. 'Use of Lead-Generating Functions The LINK and UNLINK commands were
selected significantly (F(1,7) = 9.01, p<.05) less often with the STAGGERED
condition, as expected, because it was rare that two tasks were at the same
stage of performance and were, therefore likely candidates for LINKing. MORE
taske were selected half as often with the STAGGERED schedule (F(1,7) = 11.46,
p <.05), another indication that subjects were not able to get ahead of the
system in this conditionm.

Acceleration of elements

Performance There was a highly significant difference in scores due to
the presence (460) or absence (291) of ACCELERATION (F(1,7) = 773.2, p<.001),
particularly when ACCELERATION was combined with a STAGGERED schedule and when
there were a greater number of different tasks.. These synergistic effects
were reflected in a significant SCHEDULE by ACCELERATION interaction (F (1,7)
= 8.43, p<.05) and in a significant ELEMENTS/TASK by ACCELERATION interaction
(F(1,7) = 20.77 p<.01).

. Scenarios with ACCELERATION were completed significantly more quickly (F(1,7)
= 168.7, p<.001) than those without (488 versus 277 sec, respectively). With
ACCELERATION, task elements arrived more quickly and were available for
performance at a faster rate once in a box, thus, operators were not con-
strained by system delays in completing tasks.

With ACCELERATION, the number of times that functions were selected inappro-
priately was increased, possibly because operators were under greater time
pressure. Significantly more tasks ended up in the graveyard (F(1,7) = 83.41
p<.001) and penalty box (F(1,7) = 31.29, p<.001) with ACCELERATION. '

Workload Rating There was a significant (F(1,7) = 30.56, p<.001) in-
crease in workload ratings with ACCELERATION (from 32 to 55). The influence
of ‘ACCELERATION on experienced workload was particularly great when it was
combined with ' a. STAGGERED schedule with many elements to be performed per
task. This was reflected in a significant three-way interaction among SCHE-
DULE, ACCELERATION, and ELEMENTS/TASK (F(1,7) = 14.44, p<.01). Rated workload
may have been highest in the 2(10), ACCELERATED scenarios because tasks with
many elements took longer to complete and were thus subject to the effects of
acceleration for a longer: time. : :

Use of Basic Functions There was no significant change in the use of the
TASK select or the PERFORM functions due to ACCELERATION. There was, however,
a significant decrease in the number of times that the OPEN (F(1,7) = 15.29,
p<.01) and CLOSE (F(1,7) = 9.07, p<.01) functions were used, particularly
when there were many different tasks per box. There was a significant three-
way interaction among ACCELERATION, SCHEDULE, and ELEMENTS/TASK for the OPEN
function (F(1,7) = 119.62, p<.001). Boxes were OPENed 6.5 times per scenario,
on the average, in the 2(10) condition regardless of SCHEDULE or ACCELERATION,
whereas they were OPENed as often as 16 times per scenario without ACCELERA-
TION in the 5(4) condition and 10 times with ACCELERATION. In the easier
conditions, and when only two tasks with 10 elements each were scheduled,
subjects OPENed each box one time and left it .that way. They did not OPEN and
CLOSE boxes as a management strategy. When five tasks were scheduled per box,

446



however, they did close the boxes occasionally between different tasks, but
considerably less often than once for every one of the 25, four-element tasks.

Use of Problem-Solving Functions All of these functions were used more
often with ACCELERATION than without. Significantly more tasks had to be SHED
(F(1,7) = 9.36, p<.01), STUFFed F(1,7) = 5.67, p<.05) and performed with the
additional REMOVE BOX procedure (F(1,7) = 6.12, p<.05). These differences
indicate that subjects were more likely to' lag behind the system with ACCEL-
ERATION than without.

Use of Lead-Generating Functions A related finding was that there were
fewer requests for MORE -tasks ahead of schedule with ACCELERATION than without
(F(1,7) = 19.24, p<.0l1). The difference was particularly great when more
tasks were actually available (in the 5(4) condition). . There was a signifi-
cant interaction between SCHEDULE and ELEMENTS/TASK (F(1,7) = 12.13, p<.01).
ACCELERATION did not affect the use of LINK and unLINK.

Number of ELEMENTS/TASK

Performance There was a significant (F(1,7) = 114.1, p<.00l1) decrease in
score (from 430 to 322) when there were more different tasks with fewer
elements each. This decrease was accentuated by ACCELERATION (F (1,7) =
20.77, p<.01) and by a STAGGERED schedule (F (1,7) = 15.13, p<.01).

The time taken to complete a scenario was significantly longer when there were
more discrete tasks to be performed (F(1,7) = 43.3. p<.001) than when the same
number of elements were grouped into fewer (albeit more complex) tasks. To
some extent, this increase in time occured because four-element tasks did not
remain in the boxes as long as ten-element tasks and thus never developed the
same rates of speed due to ACCELERATION .

More functions were selected inappropriately as the number of discrete tasks
increased (18 versus 23%). The decrease in score, increase in time-to-com-
plete a scenario, and increase in errors in the 5(4) condition may reflect the
cost of shifting attention among 25 smaller tasks, even though each was
individually less complex. :

Workload ratings The greatest increase in rated workload was found
between - the 5(4) and 2(10) conditions. This significant increase (F(1,7) =
51.2, p<.001) reflected the operators' perceptions that an increase in the
number of different tasks that they were required to do (even if the total
number of subtask elements remained the same) imposed a substantial increase
in their workload.

Use of Basic Functions Not surprisingly, there were significantly (F
(1,7) = 50.8, p<.001) more TASK selections with the 5(4) condition than with
the 2(10) condition, because subjects had to shift their attention among many
discrete tasks. The difference (33 versus 64) was not as great, however, as
the 250% increase in the actual number of different tasks scheduled for each
box. Although the OPEN function was selected significantly (F (1,7) = 42.6,
p<.001) more often in the 5(4) conditions than in the 2(10) conditions, the
increase (from 7 to 13 times per scenario) was proportionally less than would
be expected from the actual increase in number of different tasks per scenario
(from 10 to 25). Relatively speaking, subjects shifted their attention from
one task to the next less often as the number of discrete tasks was increased.
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Use of Problem-Solving Functions: There was no significant change in the
use of the REMOVE BOX and STUFF commands as a consequence of the number of
tasks per box. There was, however, a significant (F(1,7) = 9.23, p<.05)
increase in the use of the SHED command when there were fewer elements, but
more tasks. This might have occurred because the SHED command had a less
dramatic effect on reducing the number of tasks remaining to be performed for
score points when there were only 4 elements per task rather than 10. There
were significantly more tasks transferred to the penalty box (F (1,7) = 29.6,
p<.001) in the 5(4) scenarios than in the 10(2) scenarios. Seven times as
many elements were performed from the penalty box (but with no increase in
score) in the 5(4) scenarios than in the 2(10) scenarios. This occurred
because there were five separate arrivals of tasks in each box, thereby in-
creasing the chance (by 250%) that a new task would enter an box still occu-
pied by an existing task. Since there was no significant difference in the
number of times the PERFORM function was selected, the . lower scores obtained
with the 5(4) conditions occurred because more tasks were SHED and more ended
up in the penalty box (thus no points were gained for them even if they were
performed), not because they selected the PERFORM function less often.

Use of Lead-Generating Functions Although more tasks were requested
ahead of schedule in the 5(4) condition than in the 2(10) condition (5.3 times
per scenario versus 3.1), the difference was not significant. In addition,
the increase was considerably less than would be expected by the increased
opportunities to request tasks ahead of schedule provided by the 5(4) scenar-
io (4 times per box) than the 2(10) scenario (once per box). The LINK and
unLINK commands were used considerably less often than they could have been in
the 5(4) scenarios. The difference in usage between the two conditions was
not significant. »

Relative Importance of Experimental Conditions

The relative impact of the different experimental manipulations was analyzed
by examining the amount of variance accounted for by each of them in the
statistical analyses performed on the scores, workload ratings, and function
gselections. In addition, each subject was asked to rank order the four fac-
tors with respect to the impact that they felt each had had on workload. The
REWARD/PENALTY conditions contributed little to variations in performance,
behavior -or opinion. The ELEMENTS/TASK had the greatest impact on the fre-
quency of basic function selections.  Presence or absence of ACCELERATION and
MASSED versus STAGGERED schedules, particularly when they covaried, had the
greatest impact on problem-solving behavior, lead-generating responses, and
score. Although the - number of ELEMENTS/TASK contributed most to the
variance of workload ratings, the factor selected as most influential by the
subjects ‘at the end of the experiment was the SCHEDULE (a relatively less
important influence on measures obtained during and immediatly after the
scenarios).

CONCLUSIONS

All of the experimental manipulations, alone and in combination, generated
highly significant differences in operator behavior, performance, and experi-
enced ' workload - with the exception of the REWARD/PENALTY condition. Each
variable had slightly different influences on individual measures, however,
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scorérs. Instead of performing the additional REMOVE BOX step for tasks in
the warning zone, they selected the STUFF option, using this strategy six
times more often per scenario than did the low-scoring subjects. The STUFF
and REMOVE BOX commands were selected in error at least once per scenario,
although the SHED command was never selected erroneously. (Figure 10) '
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allowing a detailed and informative analysis of the effect of experimental
manipulations of imposed workload on different aspects of operators' behavior
and performance. The initial objective of developing a set of scenarios that
imposed a range of variations in performance and workload and investigating
the impact of different penalties for procrastination was satisfied. In
addition, the efficacy of the proposed weighted combination of workload compo-
nents in reducing between-subject variability was demonstrated.

In future experiments, the effects of training must be determined to establish
optimal procedures and asymptotic levels. In addition, the influence of task
rate and value should be manipulated so as to replicate the critical varia-
bles in the earlier studies (refs. 5, 6, 7) using the current paradigm. In
future research, particular attention should be given to the impact of
machine-aiding, automation, and system failures on performance, behavior, and
workload. Given the success of this simulation in generating significant
variations in performance and workload, this paradigm should continue to
provide a useful environment in which measures of workload and performance can
be developed, tested and calibrated once standardized levels of imposed task
load have been established. This experiment was designed to evaluate utility
of  the POPCORN simulation as an experimental task. It remains to future
researchers to apply the different theoretical and mathematical models (de-
pending on their experimental goals) to use this simulation as a prototype of
multi-task, automated and semi-automated supervisory control systems.
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APPENDIY A: Scheduled arrival times of tasks -

SCHEDULED ARRIVAL TIME OF TASKS (3Y SCENARIO)

10 ELEMENTS/TASK: NO ACCELERATION; MASSED SCHEDULE
TASK :

i, " .

SUMMARY OF RESULTS (BY SCENARIO)
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Appendix B: Eaxmple of weighting procedure applied to the bipolar
ratings obtained from each of two different operators after perfor-
ming a relatively easy scenario and a relatively difficult scenario.
(See Figure 4 for the importance placed on each of the factors by
these two subjects).
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