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ABSTRACT

The Sensitivity of the Sternberg Memory Search Task and the Subjective
Workload Assessment Technique to a Mathematical Processing Task

William H. Harper,
University of Dayton, 1989

Major Professor:  F. Thomas Eggemeier, Ph.D.

This study was undertaken to to add to the comparative data describing
the relative effectiveness of workload measures to manipulations of task
demand. In this study, both a secondary memory search task and the
Subjective Workload Assessment Technique (SWAT) were compared to
determine the relative sensitivity of each to workload changes in a mathematical
processing task. As predicted by the multiple resources theory of attention, the
secondary memory search task was sensitive to the changes in load on the
primary math processing task. The SWAT metric, which has been shown to be

globally sensitive to demand manipulations in a variety of tasks, was also found

to reliably reflect the changes in load on the primary task. A sensitivity analysis

failed to show any significant differences in the abilities of the two metrics to

detect changes in demand imposed by the math processing task.




INTRODUCTION

Information Processing Theory and Workload

Current trends in military aerospace system design emphasize the
attainment of improved mission capability through the employment of
increasingly sophisticated avionics and weapon technologies (Shingledecker,
Acton, & Crabtree, 1983). With the implementation of these technologically
advanced systems, attention must be paid to the information processing
capabilities of the human operator. A system that is designed with human
information processing capabilities in mind can be much more productive than
a system that overloads the operator. Overloading an operator may not only
result in poor system performance, but also in dangerous conditions for the
operator and others involved in the system. The term mental workload refers to
the portion of the operator's processing capacity expended in meeting system
demands (O'Donnell & Eggemeier, 1986). The assessment of mental workload
is therefore an important consideration in the design of safe and productive

systems.

The concept of mental workload implies that there are limitations in the
human information processing system. Humans cannot process an unlimited
amount of information in a given time. There have been numerous theories
developed to explain the limits of the human information processor. In the
1950's and 1960's, initial experiments were conducted to determine the limits of
the human information processing system. The data from these experiments

(such as those which involved dichotic listening) led to theories that there was a



bottleneck in the human information processing system that allowed processing
of only a single channel at one time (Broadbent 1958). If there was a single
bottleneck in the human information processing system, workload could be
easily measured by adding different levels of a secondary task until
performance was affected. The secondary task would load the system to the
point where the processing capacity had been reached. Once at this point,
tasks could no longer be performed without degraded performance. The
workload could then be associated with the load level of the secondary task that

caused the degraded performance.

More recent evidence has, however, supported a multiple resources
model of information processing. Multiple resources theory describes
information processing capacity not as a single pool (Kahneman 1973) of
limited resources, but as several relatively independent pools of information
processing resources (Wickens 1984, 1980, Navon & Gopher 1979). Each pool
of resources (i.e. perceptual input, central processing) is responsible for certain
types of processing and cannot be used for any other type. A task may draw
heavily on centain resources but not on others. Each pool of resources is
limited. When a task overloads a specific resource, the supply is exhausted,
and performance becomes degraded for tasks requiring that resource. A
number of tasks can be performed at the same time without causing poorer
performance if they load different resources without overloading any single

resource.



Wicken's (1984) multiple resources model divides information

processing into three stages (see Figure 1) that draw from two separate pools of

resources. Central processing and perceptual activities are thought to draw

from one pool of resources while responding (output) is thought to draw from a

second pool of resources. Wickens (1984) model further subdivides perceptual

input into visual and auditory modalities and central processing into two

processing codes: verbal and spatial. The output stage is divided into two

dimensions: manual output and vocal output. The multiple resources model

hypothesizes that these different sub-divisions represent relatively independent

pools of resources that can not be shared.

Wickens (1984) provides the following evidence to support the existence

of differentiated processing resources:

1.

Results from several studies showed that increases in the difficulty
levels of primary tasks did not influence performance on concurrentty
performed tasks. An experiment by North (1977) had subjects
perform a tracking task with a discrete digit processing task. The
results showed that different load levels of the digit task had
equivalent effects on the tracking performance (Wickens 1984). The
tasks could be performed concurrently without interference, even at
different levels of load. The perfect sharing appears to indicate that
the tasks could be using different processing resources.

Change in the structure of a task (modality of display, memory
code, modality of response) can sometimes bring about a change
In the interference with a concurrently performed task. Wickens,
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Sandry, and Vidulich (1983) found this type of interference when
codes of central processing were changed. Differentiated
processing resources seems to explain the results. A task using the
same processing resources as a concurrently performed task would

be expected to interfere more than a task that does not use the same
processing resources as the concurrently performed task.

3. An easy task was performed concurrently with a task and a more
difficult task was performed concurrently with the same task.
Performance was better for the difficult concurrent task than for the
easy concurrent task. This effect was noted in a study by Wickens
(1976) that paired a tracking task with an auditory signal detection
task and an open-loop force-generation task. The subjects rated the
signal detection task as more difficult than the force-generation task.
However, the signal detection task interfered less with the tracking
than did the.force task. This evidence supports multiple resources
because it shows that concurrent performance of two tasks is not
solely dependent on the difficulty of the tasks but may also depend on
the type of processing resources used to perform the tasks.

When using multiple resources model to describe information
processing, workload becomes much harder to specify than if using a single
channel model. To determine workload of an operation under multiple
resources model, it must first be determined which resources the task might
load. Then workload measures that are sensitive to those types of loads have
to be administered. Using the multiple resources approach, it can no longer be
asked "How much more load can be placed on the operator?”, but "How much

more load can be placed on specific resources?".



Workload Measurement

There are many factors to consider when determining the workload
measure to use. These factors include: ease of implementation, cost, operator
acceptance, sensitivity, diagnosticity, and intrusiveness (O'Donnell &
Eggemeier, 1986). Sensitivity refers to the capability of the measure to detect
changes in the levels of load that are imposed by the task of interest.
Diagnosticity refers to the ability of a technique to distinguish levels of loading
imposed on specific resources (e.g., perceptual/central processing, motor
output). Intrusiveness refers to the amount of degradation the use of a measure
causes on primary task performance (the task of interest). Implementation
requirements are the factors related to the ease of which metrics can be applied
(i.e., training and equipment requirements). Operator acceptance is the degree
to which the operator feels that the measure is valid and useful. A measure that
is perceiged by an operator as intrusive or artificial may be ignored or

performed at sub-standard levels (O'Donnell & Eggemeier, 1986).

Using the multiple resources approach to information processing
warrants extensive study to determine the sensitivity of various workload
measures to different types of loading. A database needs to be developed that
describes the relative sensitivity of different metrics to different resources. This
type of research could lead to a standard battery of workload measures to
determine loading levels on specific resources, or even to determine loads

across several resources.




When assessing levels of workload, there are a variety of measures from
which to choose. Most of these measures fall into three categories:
physiological measures, performance-based measures, and subjective

measures (O'Donnell & Eggemeier, 1986).

Physiological measures derive an index of workload from the operator's
physiological response to the task. Examples of physiological workload
measures include: cardiac measures, eye function measures (e.g., eye blinks,
pupillary response) and measures of brain function such as electroenceph-
alogram which measures the brain's activity from electrodes placed directly on
the scalp (O'Donnell & Eggemeier, 1986). There has been considerable work
conducted to examine the sensitivity of various physiological measures to
different types and levels of loading. Many of these techniques provide
accurate measures at high levels of load, but not at low levels (Johannsen,
1979). Some techniques (e.g. components of the EEG) appear to be diagnostic
of some resources, but others (e.g. pupillary response) seem to be sensitive to a
wide range of resources . Physiological measures have the potential for
intrusion because equipment to measure the physiological response must be
connected to the operator. This could possibly cause interference with the
primary task in certain conditions. Implementation of physiological measures
requires equipment to collect data. This equipment can restrict the use of such
measures in an operational environment such as an airplane cockpit
(O'Donnell & Eggemeier, 1986). Operator acceptance can be a potential

problem in the use of physiological measures. For example, pilots may not



want physiological measures to be taken. If a potential health problem shows

up through the physiological measures, the pilot could possibly be grounded.

The second major class of workload assessment techniques is
performance based measures. Performance based measures basically fall into
two categories: primary task measures, and secondary task measures. Primary
task measures assess workload by examining some aspect(s) of the task of
interest. The assumption behind the use of primary measures is that as
workload increases, the operator will become overloaded and lower
performance will be the result. Figure 2 shows a theoretical relationship
between operator workload and performance (O'Donnell & Eggemeier, 1986).
In the figure, section A represents the area where primary tasks are not
sensitive to changes in workload. The low to moderate levels of load allow
adequate performance to be maintained because the operator still has sufficient
information processing resources to meet the load level. The line that
separates the A and B sections of the curve represents the point at which an
increase in workload will result in degraded performance. This line is the point
where the operator does not have spare information processing resources that
can be used to maintain performance on the task. In the B section of the curve,
primary performance measures are sensitive to different levels of workload
because gradual performance degradations occur as the workload exceeds the
operator's ability to compensate. In the C section of the curve, performance is

very low due to the inability of the operator to deal with the load being imposed.
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Figure 2. The relationship between operator workload and

pérformance. (from O'Donnell & Eggemeier 1986).



Primary task measures are therefore considered capable of distinguishing an

overload condition from a non-overload condition. Relating this to Figure 2,

these measures can distinguish region A from region B. Primary task measures

may also be able to distinguish between two tasks in the B region of the curve.
The primary task measures do not provide much information about workload
when the load level is not high enough to cause degraded performance (when
performance is in the A section of the curve). For example, Figure 3 (adapted
from Brown, 1964) shows two different primary tasks: one easy task and one

difficult task. It can be seen that the difficult task demands higher capacity

expenditure (more processing resources) than the easy primary task. However,
both tasks require less capacity expenditure than the maximum for unimpared
performance (in the A section of Figure 2). Therefore, the performance
exhibited on each primary task would be relatively unimpared and should not
exhibit significant differences. As a consequence, if the two primary tasks were
to be judged by performance measures alone, the tasks would be judged to
have equal workload. The fact that the difficult task placed more load on the
operator than the easy task could not be determined in the case shown in
Figure 3. In other words, the primary task is not sensitive to the different levels
of load imposed by the two tasks. This difference in workload between two
tasks is useful information despite the unimpared primary task performance.
The easier task allows more spare processing resources for emergency
conditions. In emergency conditions the processing resources may be required
to deal with another problem, leaving less for other tasks. The task that leaves
the most processing resources free will be the task most likely to be performed

well in emergency conditions.




(p961
‘umoig woi4) -Apoedeo aseds 108)ap 0} XSkl

Arewud e jo Apqeur ayy jo uonejuasaiday ‘¢ ainbi4

SHSV1 AHVWIHCG IN3H344id
WSV1 _
AHVWIHA
ASV3
WSV 1
|
AHVINIHC
Q34NSYIN ALO3HIQ 28 1In01341a
1ONNVO 1VH1 3ON3Y3441a ALIDVdVD
34VdS
-
& ALIOVdVD
JONVWHOSHId FHVANINN HOA 34vdS

JUNLIANIdX3 ALIDVAYD WIINIXVIN

HOH

JHNLIANIdX3 ALIOVdVYO HOLVH3dO



12

Primary task measures are not considered to be diagnostic because they
are global measures that are sensitive to overloads on any of the resources
involved in the task of interest. They are also considered non-intrusive because
the primary task measures are based on some aspect of the task itself and
require no additional tasks or reports. Implementation of primary task measures
can involve use of data collection equipment. This can be a problem in some
operational environments (i.e. airplane cockpit), and may cause the measures

to be more readily applied in a simulator or mock-up.

The second major class of performance t;ased measures are secondary
task measures. These measures are designed to measure spare mental
capacity (Williges & Wierwille, 1979; O'Donnell & Eggemeier, 1986). Spare
mental capacity refers to the difference between capacity required to perform
the task and the total capacity of the system. The secondary task measure is
derived from a second task that is performed concurrently with the primary task.
The second task is designed to increase the load of the total task (primary task +
secondary task) to the point where performance is degraded. Figure 4 (adapted
from Brown, 1964) shows that a secondary task that adds load to primary tasks
can push the total capacity expenditure to a point where performance is
degraded . The figure shows a secondary task being performed with an easy
primary task and a difficult primary task. Since the secondary task causes the
total workload to be too high for unimpared performance, the difference
between the easy primary task and difficult primary task can now be seen by
comparing performance for each. The addition of the secondary task pushes

loading levels in the Figure 2 function from the A section of the curve to the B
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section where performance measures are sensitive to differences in workload.
The most common way of comparing the total task performance (primary task +
secondary task) is to require subjects to maintain unimpared primary task
performance and then use differences in performance of the secondary task as
an index of the spare capacity afforded by the expenditure associated with

performance of the primary task (Rolfe, 1971; Ogden, Levine, & Eisner, 1979).

Secondary task measures can provide very good indices of spare
capacity, but choice of a secondary task is very important. There does not
appear to be any secondary task that can be universally used in all situations.
Using the multiple resources model of information processing, secondary tasks
will only be sensitive to primary tasks that draw off the same resources (Gopher
& Donchin, 1986). To use a secondary task, it must therefore be determined
what type of load is being placed on the information processing system by the
primary task. Type of load refers to the different processing resource pools
specified by multiple resource models such as those proposed by Wickens
(1984). As noted above, the different resources in the Wickens model are
divided into visual/auditory perceptual input, spatial and symbolic central
processing, and manual and vocal output. A secondary task must be chosen
that will assess the type of load imposed by the task of interest. |f the secondary
task is not chosen carefully to assess the load on the resources demanded by
the task, inaccurate results will be obtained (Shingledecker, Acton, & Crabtree,
1983). If the primary task is complex, a battery of secondary tasks might have 1o
be used to measure loading across all the processing resources demanded by

the primary task.
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Secondary tasks are diagnostic because they can be sensitive to specific
types of loading. Therefore, a secondary task can provide information on the
type of the load imposed on the operator. Secondary tasks have also been
known to cause primary task intrusion (Rolfe, 1971; Ogden, Levine, & Eisner,
1979, O'Donnell & Eggemeier, 1986). An additional task can cause degraded
performance in the primary task even when the operators are instructed to
maintain primary performance. Implementation of secondary tasks can be
difficuit because additional equipment is usually required for the presentation
of the task and data collection. The possible primary task intrusion and difficulty
of implementation could limit the use of the secondary task in some operational

envi ronmentsg

The third major category of workload assessment techniques is
subjective measures. Subjective measures are judgements of effort or capacity
expenditure reported by the operator. One of the biggest reasons for the
popularity of subjective measures appears to be the ease of their
implementation. Most subjective techniques require that a subject complete a
rating scale to describe the amount of mental load they are feeling. All that is
usually required for the subject to complete these scales is a pencil. Subjective
measures are generally considered non-intrusive because subjective ratings
can be completed at a low load point during the task or at the end of the task
(O'Donnell & Eggemeier, 1986). The operator is not inhibited by any measuring

devices or additional tasks not ordinarily performed .



16

Subjective measures are generally not considered to be diagnostic, but
seem to provide a global measure that can be used to determine if high levels
of load are present on any of a variety of resources (O'Donnell & Eggemeier,
1986). An experiment conducted by Reid, Shingledecker, and Eggemeier
(1981) tested the sensitivity of the Subjective Workload Assessment Technique
(SWAT) to different loading levels of a communication task and tracking task.
The results showed that SWAT was sensitive to differences in loading levels in
both of the tasks. SWAT has been shown to be sensitive to load variations in
many different types of processing functions, including perceptual input, central

processing (verbal and spatial tasks), and motor output (Reid & Nygren, 1988).

Subjective measures are not universally accepted. There is evidence
that subjective measures may dissociate (or fail to have a strong correlation)
with performance measures in certain conditions. Yeh and Wickens (1984,
1988) report that performance measures and subjective measures may
dissociate in a number of areas. One finding is that performance measures
seem to be driven more by the increase in difficulty of a second task and
subjective measures are driven more by performing two tasks at once. Another
dissociation reported by Yeh and Wickens (1984, 1988) is that performance
measures seem to be driven more by competition between common resources
than subjective measures. These dissociations suggest that it may be
necessary to utilize more than one type of workload measure in order to gain a

comprehensive assessment of workload levels in some situations.



. ve Evaluation of Warkload Metri

The preceding discussion of the different types of workload metrics

indicates that there is no measure that will provide all the different types of

information needed about mental workload. No single measure is able to

provide both an overall measure of load, and measure load on specific
resources. Using the multiple resources model, choice of a workload metric is
very important. But very little comparative data exists with the respect to the
relative sensitivity of different secondary tasks to different resources
(Eggemeier, 1988). Shingledecker, Acton and Crabtree (1983) state that
"improved utilization of workload measures throughout the system design will
depend on the availability of comparative information which would allow
designers to efficiently match metrics to operator tasks and to testing

environments".

A number of recent studies have investigated the differences in sensitivity
of two workload metrics. One such study was conducted by Schlegel, Freeman,
and Gilliland (1988). One of the primary tasks used in the experiment was a
Criterion Task Set (CTS) Sternberg memory search task and the secondary
task was a CTS math processing task. The CTS is a group of standardized
loading tasks designed to place demands on various resources of the human
information processing system (Shingledecker, Acton, & Crabtree, 1983,
Shingledecker, 1984; Amell, Eggemeier, Acton, 1987). In the Schlegel et. al.
experiment, the sensitivity of the mathematical processing task to load changes
on the Sternberg task was determined. Schlegel et. al. (1988) reported that the ‘

mathematical processing task was sensitive to changing from single task to



concurrent performance with the memory search task for the easy level of math
processing, but not for the difficult level. Neither the easy nor the difficult level of
math processing was sensitive to load changes in the Sternberg memory
search task. Schlegel et. al. (1988) reported that the secondary mathematical
processing task caused significant intrusion with the primary memory search
task. Although subjects were instructed to maintain performance on the primary
memory search task at the expense of performance on the secondary math
processing task, the performance of the memory search task was sensitive to
load changes in the math processing task. Schlegel et. al (1988) reported that
many subjects may have treated the primary memory search task as the
secondary task. Because of the intrusion of the secondary task on the primary
task, unambiguous interpretation of the data is difficult. The mathematical
processing task may have been sensitive to changes in the memory search task
if subjects had maintained performance on the memory task at single task

levels.

A second recent study was conducted by Hill (1989) in which a
secondary task version of the Sternberg paradigm and the SWAT technique
were compared for the capability to reflect differences in demand in a primary
compensatory tracking task. Hill's results showed that the Sternberg
secondary task is relatively insensitive to changes in load on a tracking primary
task when compared with the SWAT technique. This result was expected
because the tracking primary task is thought to draw most heavily on the motor
output resources and the Sternberg secondary task is thought to draw most

heavily on the central processing resources. Since the two tasks draw most




heavily on different resources, Hill concluded that no single resource was
overloaded and therefore no performance decrement occurred. SWAT was
expected to be sensitive to tracking task demand manipulations because of its

characteristic of global sensitivity (Reid & Nygren, 1988).

The purpose of the present study was to provide additional comparative
information needed to refine the basis for selecting workload measurement
techniques. This study was designed to compare the relative effectiveness of
SWAT and a secondary memory search task as a means to measure the
workload of a primary mathematical processing task. To have a generally
applicable subjective measure or secondary task measure, the relative
effectiveness of these measures must be determined for a variety of tasks. This

experiment will provide some of the necessary information.

The results of the present study will be compared to the results of the Hill
(1989) study to compare the sensitivity of SWAT and Sternberg to two different
primary tasks. Inthe present study, the mathematical processing task and
Sternberg secondary task are both thought to draw heavily on the centrai
processing resources. Therefore, the Sternberg task is expected to be sensitive
to the changes in load on the mathematical processing task. The SWAT metric
is also expected to be sensitive to changes in load on the mathematical
processing task. SWAT has been shown to be a measure that is sensitive to a
variety of central processing tasks (Reid & Nygren, 1988), and more specificaily,

to the CTS math processing task (Amell, et. al, 1987) used in this experiment.
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When performing the card sorts, use the descriptors printed on the
cards. Please remember not to sort the cards based on a particular task
(such as flying an airplane). Sort the cards according to your general
view of workload and how important you consider the dimensions of
time, mental effort, and psychological stress load to be.

During the actual experiment, you will accomplish the desired task.
Then, you will provide a SWAT score based on your opinion of the
mental workload required to perform the task. This SWAT score will
consist of one number from each of the three dimensions. For example,
a possible SWAT score is 1-2-2. This represents a 1 for Time Load, a 2 for
Mental Effort Load, and a 2 for Psychological Stress Load.

We are not asking for your preference conceming Time, Mental Effort,
and Psychological Stress Load. Some people may prefer to be "busy"
rather than "idle" in either the Time Load, Mental Effort, or
Psychological Stress Load dimension. We are not concerned with this
preference. We need information on how the three dimensions and the
three levels of each one will affect the level of workload as you see it.
You may prefer a 2-2-2 situation instead of a 1-1-1 situation. However,
you should still realize that the 1-1-1 situation imposes less workload on
you and leaves a greater reserve capacity.

From this point until you have completed the sorting will probably take

30 minutes to an hour. Please feel free to ask questions at any time. Thank you
for your cooperation.
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INSTRUCTIONS

The next two sessions will involve the performing of two different tasks on
the Commodore 128K computer. You will perform both a mathematical
processing task and a memory search task. All tasks will be performed for three
minutes.

The mathematical processing task will measure how fast you can perform
simple addition and subtraction problems. Throughout the three minute interval
equations will be shown on the screen. You must calculate the answer to the
equation as quickly as you can and respond whether the answer is greater or
less than 5. When responding to the math processing equations you must
respond using the keypad in your left hand. If the solution to the equation is
greater than 5, press the button on the right side of the keypad in your left hand.
If the solution to the equation is less than 5, press the button on the left side of
the keypad in your left hand. Respond on the keypad as quickly as you can
without making errors.

The memory search task will measure how fast you can determine if a
letter shown on the screen was in the memory set shown at the beginning of the
interval. Prior to the start of the three minute interval, you will be shown a set of
letters. You must memorize these letters. Throughout the interval letters will be ~
presented on the screen. You must respond as quickly as possible whether the
letter was in the set shown immediately before this interval. The responses for
the memory search task will be made using the keypad in the right hand. If the
letter presented was in the memory set, respond by pressing the button on the
left side of the keypad in your right hand. If the letter was not in the memory set,
press the button on the right side of the keypad in your right hand. Respond as
quickly as possible without making errors.

On many trials you will perform both the math processing task and the
memory search task at the same time. During these trials, respond the same
way as you did for the single task trials. However, it is very important that you
maintain the same level of performance on the math processing task as in the
single math processing task. You are to perform the math processing task at the
single task level even if it means that your memory search performance
declines. Again respond as quickly as possible without making errors.
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Table C-1. SWAT Scaling Solution

LEVELS
E
1
1
1
2
2
2
3
3
3
1.
1
]
2
2
2
3
3.
3
1
1
1
2
2
2
3
3
3

»

WN=20ONN—L2ON—2WON2ON—2WON2L2ONNDN—2L2ON—2ON -

STANDARD

-1.

2170

8227
3250
7767
.3824

1154
-.3831
0112
.5090

.8607
4663

.0314

4204
.0260

4717

.0268

.3676
.8653

4829
.0886

4091

.0426

3517
.8495
3510
.7453
.2431

RESCALED

00.0
16.0
36.3
17.9
33.9
54.2
33.9
49.9
70.2
14.5
30.5
50.7
32.4
48.4
68.6
48.4
64.4
84.6
29.8
45.9
66.1
47.7
63.8
84.0
63.7
79.8
100.0




Table C-2. Summary of Axiom Violations in the SWAT Analysis

Independence
T independent of E and S = 0. Failures out of 108 tests

E independent of T and S = 0. Failures out of 108 tests
S independent of T and E = 0. Failures out of 108 tests

D | ncellation

Double cancellation in the T x E 0. Failures out of 0 tests
Double cancellation in the E x S = 0. Failures out of 1 tests
Double cancellation in the S x T = 0. Failures out of 2 tests

Joint Independence
T x E independent of

S
E x S independent of T
S x T independent of E

4. Failures out of 108 tests
6. Failures out of 108 tests
= 4. Failures out of 108 tests
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