Human/Machine
Interface Modalities
for Soldier Systems
Technologies

Report to

U.s. Ammy

Natick Soldier Center
SBCCOM

ATTN: Cynthia Blackwell
Natick, MA 01760

DISTRIBUTION STATEMENTA
Approved for Public Release October 30, 2002
Distribution Unlimited

TIAXLLC
Acomn Park

0030017 136 I




F A ed
REPORT DOCUMENTATION PAGE OMB N 07040188

Public reporting burden for this collection of i fon is esti dto ge 1 hour per response, including the time for reviewing instructions, ing existing data , gatheri

and mainﬁil?ng the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection

o, for reducing this burden to Washington Headquarters Services, Directorate for Information Qp and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503,

1. AGENCY USE ONLY (Leave blank} 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
October 25, 2002 Final Report (4/1/2002 - 10/31/2002)

4, TITLE AND SUBTITLE 5. FUNDING NUMBERS
Human/Machine interface Modalities for Soldier Systems Technologies CITA

6. AUTHOR(S)
Sandeep Mulgund, John Stokes, Melanie Turieo, and Marlene Devine

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING
TIAX, LLC ORGANIZATION REPORT
Acorn Park ' ??E?Sf‘o 0
Cambridge, Massachusetts 02140

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
Natick Soldier Center AGENCY REPORT NUMBER
SBCCOM

ATTN: Cynthia Blackwell
Natick, Massachusetts
01760

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited

13. ABSTRACT (Maximurn 200 words)

The Army’s Objective Force Warrior program seeks to create a lightweight, overwhelmingly lethal, fully integrated individual
combat system. This includes weapon, head-to-toe individual protection, networked communications, soldier-worn power
sources, and enhanced human performance. Achieving this objective will in part entail the development of soldier-centric
human/machine interfaces (HMIs) that optimize cognitive fightability. Such optimization is possible only if these HMls are
designed in such a way that takes into account the nature of human information processing and cognition. This in turn depends
on understanding how best to use the senses by which humans perceive their environment and the means by which they can
affect it; i.e., the modalities for human/machine interaction. Traditional approaches to HMI design have centered on the use of

visual displays and manual inputs, but these do not take advantage of the full range of means by which humans can perceive
and interact with their environment.

This report reviews the literature on human/machine interface modalities. It also provides guidelines for system designers to

consider when choosing which modalities should be considered in a system intended to augment human cognitive
performance.

14. SUBJECT TERMS 15. NUMBER OF PAGES
human/machine interfaces, multimodal, wearable systems, human factors, objective force warrior 70

16. PRICE CODE

17.SECURITY CLASSIFICATION OF 18.SECURITY CLASSIFICATION OF 18. SECURITY CLASSIFICATION OF [20. LIMITATION OF
REPORT THIS PAGE ABSTRACT ABSTRACT
Unclassified Unclassified Unclassified

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) Prescribed by ANSI Std, 239-18




Executive Summary

The U.S. Army’s Objective Force Warrior program seeks to create a lightweight,
overwhelmingly lethal, fully integrated individual combat system. This includes
weapon, head-to-toe individual protection, networked communications, soldier-worn
power sources, and enhanced human performance. Achieving this objective will in part
entail the design and development of soldier-centric human/machine interfaces (HMIs)
that optimize cognitive fightability. Such optimization is possible only if these HMIs are
designed in such a way that takes into account the nature of human information
processing and cognition. This in turn depends on understanding how best to use the
senses by which humans perceive their environment and the means by which they can
affect it; i.e., the modalities for human/machine interaction. Traditional approaches to
HMI design have centered on the use of visual displays and manual inputs, but these do

not take advantage of the full range of means by which humans can perceive and
interact with their environment.

This report reviews the literature on human information processing as it relates to the
selection of HMI modalities. By reviewing the different modalities that can be used for
information presentation and system control, it provides guidelines for system designers
to consider when choosing which modalities should be considered in a system intended
to augment human cognitive performance. Four key areas are covered in this report:

Models of Human Information Processing
Modalities for Information Presentation
Modalities for System Control

Analysis of Soldier Needs

e & o

Each is summarized below.
Models of Human Information Processing

Research in the area of cognitive psychology provides a conceptual framework for
system designers to make sensible choices about how HMIs should be designed to
optimize human performance. In particular, the following considerations motivate an
appropriate high-level view of task-specific HMI design:

® A classification of human behavior based on the dégree of cognitive processing

¢ Compatibility in stimulus-central processing-response for display/control design
® Effects of attention-sharing and multi-tasking

Human behavior can be classified into three successive levels: skill-based, rule-based,
and knowledge-based. Each has a higher degree of cognitive processing and a lesser
amount of automaticity than the last. Effective execution of skill-based actions depend
to a large degree on the speed of human response, while accuracy is often most
important for rule-based or knowledge-based activities. When choosing modalities for
information presentation, consideration should therefore be given to whether the
underlying task is inherently rule- or knowledge-based (placing the premium on




accuracy and precision of information presentation), or skill-based (placing the premium
on speed and response time). Simple metrics of reaction time are typically optimized
through the use of auditory alerting, but visual presentation is preferable when accuracy
1s important or continuous feedback is required (e.g., for manual tracking tasks).

A key consideration in modality selection is the notion of the compatibility of stimulus-
response (SR) pairing in a display/control relation. The literature indicates that visual
inputs are well-paired with manual outputs and auditory inputs with speech output,
when the performance criterion is a measurement of reaction time. While this provides a
starting point, it does not consider the requirements of rule-based or knowledge-based
tasks, nor does it account for multi-tasking effects. This notion of SR compatibility has
thus been extended to consider the type of central cognitive processing associated with a
task, and generalized as stimulus-central-processing-response (SCR) compatibility.
Spatial tasks are those that involve a judgment conceming the axes of translation and
rotation, while verbal tasks are those involving the use of language and arbitrary
symbolic coding. Spatial tasks tend to be best associated with visual inputs and manual
outputs, while verbal tasks match well with auditory input and speech output. A variety
of considerations constrain these findings, which are discussed in detail. It is often the
case that augmenting primary modalities with others can be very effective.

Finally, attention should be given to the effects of attention-sharing and multi-
tasking. The multiple resource theory of human information processing proposes that
the resources for which multiple tasks compete may be defined by input and output
modalities, by stages of information processing, and by the codes (verbal/spatial) of
processing. These dimensions are thought to be somewhat independent of one another.
Consequently, two tasks that share common resource demands will be time-shared less
effectively than those with non-overlapping demands.

Modalities of Information Presentation

In any human-machine system, efficient and effective operation relies upon constant
exchange of information between the machine and the human user/operator. One
direction of flow is from the machine to the human. As there are five senses that allow
humans to perceive the world around them, there are in theory five modalities by which
information can be presented: visual, auditory, haptic, olfactory, and taste. Most of the
literature focuses on the first three. There has been some work in the area of olfactory
cueing, but it is not yet a practical means of information cueing The use of taste for
information cueing is largely unexplored. There are therefore three practical modalities
available to system designers for information presentation. While in principle any of
them may be used in an HM], each has strengths and weaknesses in conveying different
types of information. The applicability and some of the means of exploitation of each of
the output modalities is summarized in the table below.
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thodology \pplicability and Guidelines . i
Head-mounted displays » Overall, visual presentation is applicable for spatial information

« Visual textual displays acceptable for verbal information,
particularly longer messages

» HMDs particularly useful in situations where information is
needed without diverting gaze, “on-the-move” operations

Text vs. Graphic Presentation | e Graphic/symbolic presentation preferred for speed
» Textual presentation preferred for accuracy

s Can be combined to facilitate speed of comprehension, accuracy
of interpretation, and long-term retention

Effective for rapid cueing of critical information
+ Alerts should be short and simple

» Bi-modal (visual with auditory) warnings can elicit faster response
than either uni-modal waming

Spatial Audio Cues » Audio signals can be spatialized to indicate direction and location
and movement

Spatialized audio can help identify auditory messages in noisy
conditions or could be used for navigation tasks (waypoints,
object/person locations, efc)

Effective for simple alerting via vibrations, pressure, etc.

More complex applications to provide sense of presence,
orientation, or direction in a task environment without added
cognitive burden

Kinesthetic Cues + Can supplement other displays to help remember location of
items in space relative to self, increasing recall

s Increase usability and reduce mode emor by implementing quasi-
modes that are maintained kinesthetically

Typically not used alone

Auditory Alerts and warnings

Haptic Tactile Cues

-
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Modalities of System Control

In addition to the modalities for presenting information to a human user, we must also
consider the means by which humans provide input or control commands into a system.
In recent years there has been an explosion in the number and capability of devices to
facilitate interaction between humans and machines. Ideally, to make this interaction be
as natural as possible, computers should be able to interpret all natural human actions.
The different control modalities that can be used for providing input to a system via an
HMI are: manual, gaze, speech, and neural. Each one has strengths and weaknesses with
respect to different types of tasks. While manual control technologies are the most
mature, gaze and speech-based control are becoming increasingly viable. Neural control
is a relatively new technique that offers some promise. It may prove to be an effective
means by which disabled or paralyzed individuals can interact with the technology
around them. The table below outlines the applicability and benefits of the modalities
that can be used for system control.




lethodology’ | Applicability e il e
» Generally suited for controlling spatial elements; often paired
with visual presentations

s Also used for communicating verbal information such as text
entry, but not always ideal

+ Visual, auditory, or haptic feedback should be provided to
indicate status

Can be used for manipulation and communication

Best for infrequent, non-command applications, because long or
repeated movements of head can become annoying, tiresome,
and distracting from other tasks

» Best used for tasks where the control is closely associated with
gaze such as moving or selecting items

+ Can be considered in circumstances where physical impairment
limits usage of other control modalities

Eye + More applicable for frequently-used confrols because the eye
can better handle frequent, repetitive movements

Speech Speech-Based Browsing + Verbal commands and text entry can be “more natural” with
Recognition speech compared fo typing or handwriting recognition
+ Allows user to activate functions without diverting gaze

Command and Control + Can be used for just about any operating commands where
background noise is not a cause for error

» Frees hands {o be used in other concument tasks

Manual

Gesture

Gaze-Based | Head
Control

.

Analysis of Soldier Needs

Information display and controls components associated with soldier systems are
typically developed according to the way the information has historically been provided,
or on the type of technology that is currently available. Developing information display
systems for soldiers by first examining what their information needs are and then
determining what the best modality or combination of modalities would be to present
that information, would lead to more robust, usable, and effective soldier systems. The
type of information being displayed, the action being performed, and the information
processing to be done, should drive the development of information display
technologies for soldier systems, not vice versa.

In the final chapter of this report we examine how the principles and design
methodologies discussed above can be used to support task-oriented identification of
HMI modalities for soldier systems. Relevant soldier needs are first identified, based on
work conducted under the Scorpion and OFW programs to characterize soldier tasks and
activities. Each of the associated tasks are then classified according to the type of
cognitive processing they entail. Finally, we present some preliminary thoughts on
which HMI modalities offer the potential to best support human performance in
supporting these tasks. This analysis is based on making a connection between the
nature of the cognitive processing associated with a soldier task and the findings from
the literature on the merits and applicability of various input/output modalities. The
selection of modalities is meant only to illustrate how the principles discussed in this
report can be used to motivate human-centric systems design. Exact specification
requires detailed consideration of tasks, context, and concurrent activity.
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1. Overview

1.1 Introduction

The U.S. Army’s Objective Force Warrior program seeks to create a lightweight,
overwhelmingly lethal, fully integrated individual combat system. This includes
weapon, head-to-toe individual protection, networked communications, soldier-worn
power sources, and enhanced human performance. Achieving this objective will in part
entail the design and development of soldier-centric human/machine interfaces (HMIs)
that optimize cognitive fightability. Such optimization is possible only if these HMIs are
designed in such a way that takes into account the nature of human information
processing and cognition. This in turn depends on understanding how best to use the
senses by which humans perceive their environment and the means by which they can
affect it; i.e., the modalities for human/machine interaction. Traditional approaches to
HMI design have centered on the use of visual displays and manual inputs, but these do

not take advantage of the full range of means by which humans can perceive and
interact with their environment.

This report reviews the literature on human information processing as it relates to the
selection of HMI modalities. By reviewing the different modalities that can be used for
information presentation and system control, it provides guidelines for system designers
to consider when choosing which modalities should be considered in a system intended
to augment human cognitive performance. While these guidelines can never be as
immutable as physical laws of nature, there is a sufficiently large body of research in the
literature to justify the rational selection of alternate modalities that can improve upon
the traditional visual/manual combination.

1.2 Overview of Report
This report contains four additional chapters and a list of references.

Chapter 2 provides an overview of relevant theories and models of human information
processing that relate to the rational selection of human/machine interface modalities.
These models help to provide a theoretical and empirical framework that allows system
designers to make sensible choices about how HMIs should be designed to optimize
human performance. Section 2.2 presents a taxonomy of skilled human behavior,
categorizing human behavior based on its degree of automaticity. This automaticity
often relates to the amount of practice that a human has in application of a certain
skilled-based behavior, and has consequences for the design of systems that support
those tasks. In section 2.3 we present an overview of research on the subject of
stimulus/response compatibility. The results of this research help to identify what types
of human processing and response tasks are suited to a given modality of input and
response. Section 2.4 discusses the issues associated with attention sharing and multi-
tasking. Finally, section 2.5 summarizes the chapter’s contents.

Chapter 3 discusses the modalities and technologies used for presenting information to
the human user. As there are five senses that allow humans to perceive the world around
them, there are in theory five basic modalities by which information can be presented in




a human/machine interface: visual, auditory, haptic/tactile, olfactory, and taste. Most of
the research and available literature focuses on the first three — visual, auditory, and
tactile. These modalities are covered in sections 3.2 to 3.4, respectively. There has been
some work in the area of olfactory interfaces, which is discussed in section 3.5.
However, it is not an area of any significant active research, and we do not anticipate an
application for this approach in the foreseeable future. The use of taste as a stimulus
mechanism in human/machine interfaces is largely unexplored, and not addressed in this
report. Section 3.6 summarizes chapter’s contents.

Chapter 4 provides an overview of the modalities and technologies that may be used to
enable a human user to control a computer-based system. Section 4.2 reviews manual
control, which is the more traditional and most exploited modality for user input.
Gesture-based controls are discussed as a subset of manual control. Section 4.3
considers both head and eye gaze-based controls. Section 4.4 reviews speech interfaces
and various issues surrounding the use of speech-based interactions. Section 4.5 reviews
recent explorations in neural control. Each of these sections deals with the modality
primarily by itself. Section 4.6 then explains multimodal control systems and the
rationale for using them. Finally, section 4.7 summarizes the chapter’s contents.

Finally, chapter 5 connects the discussion in chapters 2-4 with the anticipated needs of
the OFW soldier. In this chapter we examine how the principles and design
methodologies discussed in the preceding three chapters can be used to support task-
oriented identification of HMI modalities for soldier systems. Section 5.2 identifies the
relevant soldier needs, based on work conducted under the Scorpion and OFW programs
to characterize soldier tasks and activities. In section 5.3 we describe the process by
which these tasks were classified according to the type of cognitive processing they
entail (following the principles discussed earlier in Chapter 2). Finally, section 5.4
presents some preliminary thoughts on which HMI modalities offer the potential to best
support human performance in supporting these tasks. This analysis is based on making
a connection between the nature of the cognitive processing associated with a task and
the findings from the literature on the merits and applicability of various input/output
modalities, as discussed earlier in chapters 3 and 4.

1.3 Abbreviations and Acronyms

ASL American Sign Language
CAD Computer-aided design
EEG Electroencephalographic
EMG Electromyographic

EOG Electrooculographic

HCI Human/computer interaction
HMD Head-mounted display
HMI Human/machine interface

HUD Heads-up display
MAMA  Minimal audible movement angle
OFW Objective Force Warrior




PC
RT
SA
SCR
TSAS

Personal computer

Reaction time

Situation awareness

Stimulus-central processing-response
Tactical Situation Awareness System



2. Theories of Human Information Processing

2.1  Introduction

Next-generation soldier systems technologies must be designed to work cooperatively
with the soldier. If new systems are introduced in an uncoordinated fashion without
concern for human cognitive capabilities and limitations, the effect will likely be to
confuse, distract, and overwhelm the soldier rather than enhance performance. Ensuring
the latter requires an understanding of human information processing and skilled human
behavior. In this chapter we provide an overview of relevant theories and models of
human information processing that relate to the rational selection of human/machine
interface modalities. These models help to provide a theoretical and empirical
framework that allows system designers to make sensible choices about how HMIs
should be designed to optimize human performance.

Section 2.2 presents a taxonomy of skilled human behavior. This taxonomy categorizes
human behavior based on its degree of automaticity. This automaticity often relates to
the amount of practice that a human has in application of a certain skilled-based
behavior, and has consequences for the design of systems that support those tasks. In
section 2.3 we present an overview of research on the subject of stimulus/response
compatibility. These results help to identify what types of human processing and
response tasks are suited to a given modality of input and response. Section 2.4
discusses the issues associated with attention-sharing and multi-tasking. Finally, section
2.5 summarizes the chapter’s contents.

2.2 A Taxonomy of Skilled Human Behavior

Figure 2-1 below presents Rasmussen’s hierarchy of skilled human behavior, which
categorizes human behavior according to the degree of automatic processing
(Rasmussen, 1980, 1986). He describes human behavior in three successive levels:

® Skill-based behavior, which is continuous, efféctively automatic, well-leamed
sensorimotor behavior. Stimuli are assigned to responses in a rapid automatic
fashion with a minimal investment of cognitive resources.

¢ Rule-based behavior, which relates to recognizing pattemn of stimuli and triggering
“if-then” algorithms to execute the appropriate response. This behavior is
demonstrated in situations requiring standardized procedures.

¢ Knowledge-based behavior, which relates to high-level situation assessment and
evaluation, consideration of alternative actions based on understood goals, followed
by decision-making, planning, and execution of implementation.

For example, the application of the brake pedal on a car in response to a red light is an
example of skill-based behavior (Wickens & Holland, 1999). However, the signals
needed to trigger a skill-based response may be quite complex and multi-faceted.
Wickens and Holland provide the example of a skilled emergency room physician who
may immediately detect the pattern of symptoms in a patient and identify the
appropriate treatment at once. A medical student presented with the same set of




symptoms may evaluate them in a much more time-consuming fashion to arrive at the
same conclusion. The performance exemplified by the medical student is an example of
rule-based behavior: an action is selected by bringing into working memory a hierarchy
of rules from previous training. The decision-maker mentally scans these rules,
compares them with the stimulus at hand, and selects the appropriate action. Relative to
skill-based behavior, the processing is considerably less timely and automatic.

Higher Goals
or Criteria

. Decide What Task Plan Procedurs or |  Knowledge-Based
Identify Problem to Do Subgoals (Symbols)
Identify System Assoiate State | - Access Stored Rule-Based

State 3 with Task " Rules . {Signs)

3
Extract Sensory-Motor Skil-Based
Features Actions (Signals)
Cues Continuous  Manipulation

Sensory
Input

Figure 2-1: Rasmussen Hierarchy of Skilled Human Behavior

The final category is knowledge-based behavior, invoked when the human encounters
entirely new problems for which neither rules nor automatic mappings exist. In this
situation, general knowledge about the system, the goals to be achieved, and an
understanding of the environment all are integrated to formulate a novel plan of action.
This plan of action is then executed via sensorimotor actions.

Understanding where a given task lies in this hierarchy has implications for the effective
design of an HMI intended to support that task. For example, effective executions of
skill-based actions depend to a large degree on the speed of human response. Accuracy
is important, but it is typically quite high in such tasks. Consequently, reaction time
(RT) is often considered to be the critical measure of the performance quality of a
person interacting with a system (Wickens & Holland, 1999). It has been found that
simple RT to auditory stimuli is approximately 30 to 50 milliseconds faster than to
visual stimuli (130 and 170 milliseconds, respectively) (Woodworth & Schlossberg,
1965). Speed of sensory processing between the two modalities is believed to account
for the difference. Section 3.3.1 also discusses simple and choice auditory reaction times
in more detail and its relationship to signal intensity. However, as we explain later in
this chapter, the choice of input modality should be based on many factors other than
RT. Reaction time is just one criterion; equally important may be the accuracy with
which (for example) a manual tracking task can be performed.

In decision-making and diagnosis activities such as those associated with rule-based or
knowledge-based behavior, accuracy is typically the most important performance
measure. The relationship between accuracy and modality will in turn depend on the
nature of the information to be conveyed, and the precision that is needed by the human.



To summarize, in choosing modalities for information presentation on a specific system,
consideration should be given to whether the underlying task to be supported is by
inherently a rule- or knowledge-based task (placing the premium on accuracy and
precision of information presentation), or a skill-based task (placing the premium on
speed and response time). However, as we discuss below, by themselves these
considerations are insufficient for proper modality selection.

2.3 Compatibility of Stimulus and Response Modalities

A crucial consideration in the design of effective human/systems interfaces is the notion
of stimulus-response compatibility in the display/control relation. This compatibility has
multiple dimensions (Wickens & Holland, 1999):

® Proximity between display elements and response devices. This location
compatibility 1s founded in part on the human’s innate tendency to move or orient
towards a source of stimulation

¢ Compatibility between a display and the static or dynamic properties of the human’s
mental model of the displayed elements

¢ Compatibility between stimulus and response modalities

It is the last item that is of greatest interest to us here: how do we ensure compatibility
between the input modality used to present information to the human (e.g., visual,
auditory, or tactile) and the response modality used by the human (e.g., manual or voice)
to control a system or effect some change upon the environment?

2.3.1 Stimulus/Response Pairings

Early research by Brainard ez al (1962) found that choice reaction time (i.e., the amount
of time taken to make a decision as to what to do and then do it) was faster for a manual
response than a voice response when the stimulus was a light. Conversely, if the
stimulus was an auditorily presented digit, a vocal naming response yielded a faster
choice RT than did a manual pointing response. This relates to the notion of ideomotor
compatibility (Greenwald, 1970, 1979), which occurs if a stimulus matches the sensory
feedback produced by the response. Greenwald observed fast RTs when a written
response was given to a seen letter and when a spoken response was given to a heard
letter. Slower response times resulted when written responses were made to a heard
letter and spoken responses to seen letters. It was also found that ideomotor mappings
were not influenced by the information content of the RT task nor by dual-task loading.

Teichner and Krebs (1974) conducted a meta-study to understand the factors affecting
choice reaction time. Considering the four stimulus-response combinations defined by
visual and auditory input and manual and vocal response, they found that:

® A manual key-press response to a light and naming of a heard digit is fastest,
® A key-press response to a digit is of intermediate latency, and



® A voice response to light is slowest

All of these research findings suggest the general notion that visual input matches well
with manual output, and auditory input with speech output. However, we must take note
of the following: 1) these studies largely considered reaction time as the performance
metric, and thus may not generalize to rule-based or knowledge-based tasks where
accuracy becomes more important than speed; and 2) many of these findings were based
on single-task laboratory experiments and did not account for the effects of time-sharing
and workload. We consider these issues in the remainder of this chapter.

2.3.2 The Role of Central Processing

Wickens et al (1983, 1984) have proposed that the concept of stimulus-response
compatibility should be extended to take into consideration the type of cognitive central

processing associated with the task; i.e., S-C-R compatibility. Two rationales are offered
for this expansion:

® With increasingly complex systems and task environments, human operators are
less likely to respond to an input signal immediately, but rather, incorporate that
signal into a mental model of the system (as in the case of rule- or knowledge-based
behavior). Action may be initiated, if at all, only after some delay.

¢ Theoretical developments from the field of cognitive psychology indicate that there
are two fundamentally different codes of representation that underlie central

processing operations of working memory. These codes may be labeled spatial and
verbal.

Tasks that require spatial central processing codes are those that involving a judgment or
integration conceming the six axes of translation and rotation. Examples include
tracking, navigation, orientation and localization of one’s own position relative to
others, determining velocity vectors, or extrapolating and interpolating continuous
functions. Verbal tasks are those involving the use of language, arbitrary symbolic
coding, mental arithmetic, and rehearsal. Examples include communications and
interaction with hierarchical data systems. Many tasks do not fit into either category,
and it is more useful to think of the verbal-spatial classifications as endpoints on a
continuum rather than mutually exclusive bins.

Given this classification, Figure 2-2 illustrates the potential mappings between display
format/modality and working memory codes. On the input side, visual or auditory
displays can be used for the presentation of either verbal or spatial information. For
example, localized or 3-D audio is a means of presenting spatial information through the
auditory channel, while printed text is a visual mechanism for presentation of verbal
information. Experimental data collected by Wickens and others shows that the
assignments of formats to memory codes should not be arbitrary: the shaded cells in the
figure indicate the optimum combinations of code and modality.
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Figure 2-2: Optimum Assignment of Display Formats to Working Memory
Reproduced from Wickens & Holland (1999)

As indicated in the figure above, visual displays are most effective for tasks that demand
spatial working memory, while tasks that demand verbal working memory may be better
served by speech. This is especially the case if the verbal material can only be displayed
for a short interval (Wickens ef al, 1983). Their finding is supported by earlier research
showing that verbal material is better retained for short periods when presented by
auditory than visual modalities (Nilsson et al, 1977). On the response side, they propose
that there exists a similar association between processing code and response modality

(i.e., verbal tasks map well to a speech response, while spatial tasks map well to a
manual response).

These research findings have considerable practical implications for the presentation of
verbal information for temporary storage (such as navigational entries presented to a
pilot). Such information is less susceptible to short-term loss when conveyed by
auditory channels. However, auditory presentation becomes less effective for long
messages (typically longer than four to five unrelated words or letters). In such cases it
becomes necessary to prolong the message, which is accomplished more readily with
print than with speech (Wickens & Holland, 1999). An optimal format may be one
where auditory delivery is echoed by a permanent visual display.

It should therefore not be inferred that the off-optimal modality/code mappings are of no
value; quite the opposite may be true. There exists a considerable body of research
illustrating the benefits of augmenting primary modalities with others for the
presentation of task-relevant information. For example, it has been found that adding 3D
localized audio improves target acquisition performance in flight simulation tasks
relative to visual-only cueing (Bolia ef al, 1999). Along similar lines, Selcon, Taylor,
and Shadrake (1992) explored the potential of multi-modal cockpit warnings. They
conducted an experiment in which waming/caution visual icons and verbal warning
messages were used singly and in combination to alert subjects to danger situations. The




results showed a significant decrease in response latencies when correlated bi-modal
information was provided, as compared to either uni-modal alert. The increased
information provided by two sources can increase the “recognizability” of the stimuli
(through greater associational links), thus improving situation awareness and decision-
making. They suggest that the presentation of correlated, bi-modal information can be a
desirable design goal for functions where attentional priority is not an issue. In most

real-word cases attentional priority is an issue, and we consider this subject in the next
section.

2.4 Effects of Attention-Sharing and Multi-Tasking

Many of the studies cited earlier in this chapter considered factors such as reaction time
in controlled laboratory settings where experimental subjects were presented with only a
single task to perform. In most real-world task environments, a considerable amount of
time-sharing may exist. In such cases, the potential for interference or competition for

processing resources between concurrent tasks must be considered (Wickens et al,
1983).

Several theories have been developed to characterize the nature of human multi-task
performance. Earlier models viewed the problem largely as one of overall resource
demand and allocation. The resources needed to support multiple tasks were viewed as
undifferentiated: it didn’t matter whether tasks were visual, auditory, spatial, linguistic,
or action-oriented (Wickens & Holland, 1999). However, it is clear that other factors to
affect time-sharing efficiency. For example, it is much more difficult to read a book
while driving a car than to listen to a book on tape. Using the auditory input channel for

the linguistic processing dramatically changes the time-sharing efficiency of the two
activities. :

Research by Wickens (1980, 1984, 1991), Kantowitz and Knight (1976) and Navon and
Gopher (1979) has given rise to a multiple-resource theory of human task performance.
This theory proposes that the resources for which tasks compete may be defined by
input and output modalities, by stages of information processing, and by the codes (i.e.,
verbal/spatial) of processing. These dimensions are thought to be somewhat independent
of one another. Two tasks that share common resource demands will be time-shared less
effectively than those with non-overlapping demands.

Figure 2-3 illustrates an aspect of this model of information processing in block diagram
form. As shown, the resources available for perception are limited and sometimes must
be shared between channels, as are the resources available for response selection and
execution. Research by Pashler (1998) suggests that the latter may even be allocated on
an all-or-none basis, rather than a graded one. Specifically, he found that two
independent responses, based on unpredictable stimulus input, could not be selected
simultaneously — one or the other was postponed. However, selection of the response for

one stimulus could proceed concurrently with perceptual processing of the other
stimulus.
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Figure 2-3: Resources Underlying Perception and Action

The distinction between the resources associated with perception, working memory, and
selection of actions is illustrated in a different way below in Figure 2-4. In add