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1 INTRODUCTION

.Human engineering seeks to understand and improve
human interactions with machines to perform tasks.
This goal can be especially difficult to achieve in
“dypamic complex systems that characterize much of
modern work. A good example of the problem can
-be seen in considering the human operator’s reac-
‘tion to automation. Many modern tasks, such as con-
‘tiolling the complex reactions in a process control
piant (Wickens and Hollands, 2000), would not be pos-
sible without the assistance of automation. However,
mmany researchers (e.g., Kessel and Wickens, 1982;
Moray, 1986; Wiener and Curry, 1986; Bainbridge,
87; Tsang and Vidulich, 1989; Adams et al., 1991)
ve pointed out that automated assistance can core at
high price. Moray (1986) expressed this issue well
en he noted that as the computer automation did
re, the operator would do less and therefore expe-
Dience less mental workload, but: “Is there a price for
the advantages? It could be said that the information
Processing demands become so alien to the operator
that if called upon to reenter the control loop such
Diry is no longer possible. ... The system will be
Doorly understood and the operator will lack practice
XEICising control, so the possibility of human error
gL.rmergencies will increase” (Moray, 1986, p. 40—-5).
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Naturally, there is an issue of how well the
requirements of using any machine matches the
capabilities of the human operators. Some mismatches
should be easy for an observer to see, especially
physical mismatches. For example, Fitts and Jones
(1961a) found that 3% of 460 “pilot errors” were
due to the pilot being physically unable to reach the
required control. But other aspects of how well the
human operator can match the requirements of using a
machioe to accomplish a task may not be so obvious,
especially mental mismatches. For example, Fitts and
Jones (1961b) found that 18% of errors in reading
and interpreting aircraft instruments were due to
problems associated with integrating the information
from multirevolution indicators (e.g., altitude displays
with different pointers for one, tens, and hundreds of
feet). An outside observer would not necessarily know
by watching the pilot that such a misinterpretation
had occurred.

Given the impossibility of seeing the mental pro-
cesses of an operator performing a task, it is mot
surprising that human engineering specialists have
developed concepts to relate the impact of various
task demands on the human operator and on system
perfonmance. Vidulich (2003) identified two such con-
cepts: mental workload and situation awareness (SA).
Vidulich echoed the argument of other researchers that
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mental workload and SA had taken on the quality of
meta-measures for system evaluation (Hardiman et al.,
1996; Selcon et al., 1996). Selcon et al. (1996) pointed
out that it is seldom possible to evaluate all of the
mission-relevant uses of a display. Thus, any eval-
pation must generalize from the evaluation environ-
ment to the real world. It has been argued that rather
than focusing on task-specific performance, it might
be preferable to examine meta-measures that encapsu-
Jate the cognitive reaction to performance with 2 given
interface. So, for example, an interface that allows a
task to be performed with 2 more comfortable level of
mental workload and better SA would be preferable to
one that did not.

To appreciate the potential roles that workload
and SA might play in supporting system develop-
ment, several visions of future systems will be consid-
ered. Fallows (2001 a,b) presented an intriguing vision
of the futare of aviation. Examining the increasing
bottlenecks and delays inherent in the existing airline
industry, Fallows proposed that a simple scaling-up of
the existing system with more planes and more run-
ways at existing airports would not be a practical nor
economically feasible approach to keep pace with the
projected increases in airline travel. Fallows made 2
compelling argument that the increased reliability of
aircraft mechanical systems combined with innovative
research on cockpit interfaces will ot only revitalize
general aviation, but also lead to the emergence of
a much more extensive small aircraft “taxi” service.
Such an expansion would naturally lead to more pilots
flying that lack the extensive traiming of current profes-
sional pilots. To maintain an acceptable level of safety,
Fallows assumes that interface changes will occur to
make the demands of piloting an aircraft tolerable for
a wide range of pilots.

In the current context it is important to empha-
size the role that buman engineering i8 expected
to assume in the development of the expanded air
system. Fallows (2001 ab) points out that current
research, such as that performed by the National Aero-
nautics and Space Administration’s (NASA) Advanced
General Aviation Transport Experiments (AGATE)
alliance, will decrease the difficulty of piloting and
increase flight safety for a new generation of more
user-friendly aircraft. NASA is aggressively pursu-
ing the goal of making advanced cockpit technolo-
gies effective and affordable even to general aviation
pilots. These technologies include highway-in-the-sky
displays, head-mounted displays (Fiorino, 2001), and
synthetic vision systems that use advanced sensors to
present a view of the world to the pilot during degraded
visual conditions (Wynbrandt, 2001). In other words,
Fallows expects that future general aircraft cockpits
will take advantage of advanced interface technolo-
gies to reduce the mental workload and increase the
SA of the general aviation pilot. To this end, under-
standing the human pilot and building systems that best
accommodate the human’s cognitive strengths while
supporting human frailty will remain a vital component
of making those systems effective and safe.
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In addition to changes to the cockpit, air traf.
fic control (ATC) is also expected to face changjy
demands. Tha et al. (2003) discuss the proposed ot
architecture of the National Airspace System (NAS)
Most proposed changes are expected to increase the
pilot’s autonomy in controlling the route of their air
craft, including the requirement to maintain requireq
separation between aircraft. Flight time, delays, and
fuel expenditures are all expected to profit from such
changes. Despite the increase in pilot autonomy, cop-
trotlers are still responsible for running the ATC system
safely. In other words, the controller’s role would be
shifted from that of an active controller to one more
like that of a monitor. Assuming that the equipment
and the pilots all perform correctly, the controller’s
workload would be expected to decrease since they are
interacting with fewer aircraft. It also seems plausible
that the controller's SA of the airspace would decrease
as well, since they would not be focusing as much
attention as they previously did on many of the aircraft.
However, as Metzger et al. (2003) point out, this may
not be the case. For an unknown period of time, certain
atrcraft in the system would be properly equipped to
participate according to the new rules, allowing more
autonomy, but others would not be and would require
the controller to manage their flight path. Metzger
et al. (2003) explored the effect of the proportions of
equipped and unequipped aircraft in the controller's
airspace and the availability of a decision support
system. The decision support was largely effective.
Controllers were more able to control mixed types of
aircraft, and rated their workload lower when decision
support was available. Although Metzger et al. (2008)
did not discuss their results in terms of SA, there were-
interesting findings of relevance. When the decision
support tool was available, the controllers’ attentioa
(measured by eye fixations) to the radar display was
partially drawn away to the decision support tools. ThiS
behavior could presumably reduce the controller’s SA
of information on the radar screen. The impact of such
antomated decision support tools will require ca-
ful analysis to ensure that important information from
other sources is not lost due to their use. It is impostant
to consider the impact of any technological suppert
the larger context of overall system performance
workload imposed on the human operator. LE

So technological changes constantly bring about?
practical need to know about the cognitive processié-
of the operator. There seems 10 be a consensus that t
concepts of SA and mental workload are usefil
assessing the impact of such changes on the I
operator. But although mental workload and SA
both concepts for understanding the human red
to interacting with a system 1o achieve 2 B0
we shall see, they are separate concepts. The 1
of assessing SA therefore does mot diminish
mental workload. In fact, parallel studies of bot
not only good for applied evaluations but coll_@:
help sharpen their respective definitions and st
new understanding (Endsley, 1993; Wickens. &z
Vidulich, 2003). B




MENTAL WORKLOAD AND SITUATION AWARENESS
. Ip the next section we review a framework for
understanding both mental workload and SA as parts of
puman information processing. Then select approaches
for assessing mental workload and SA are reviewed.
Finally, the roles of mental workload and SA in
meeting the demands of future systems are considered.

9 THEORETICAL UNDERPINNINGS
OF MENTAL WORKLOAD AND SITUATION

AWARENESS

11 1994, Pew stated that situation awareness had
replaced workload as the buzzword of the 1990s.
But can the concept of situation awareness replace
that of mental workload? Hendy (1995) and Wickens
(1995) argued that the concepts of situation awareness
and mental workload are clearly distinct but are also
sntricately related to each other. A decade later, there
pow seems to be a consensus that one concept does
gt replace, or encormpass, the other, even though the
.fwo concepts are affected by many of the same human
“variables (such as limited processing capacity and the
severe limit of working memory) and system variables
(such as task demands and technological support).

# Fipure 1 provides a conceptual sketch of the
relationship between mental workload and situation
awareness and is not intended to be a complete
-icpmsentadon of all the processes that are involved.
‘There are two main components in this figure: the
attention and mental workload loop and the memory
nd situation awareness loop. The ensuing portrayal
will make clear that mental workload and sitnation
wareness are intricately intertwined, as one affects
nd is affected by the other. Although convention
d bias us in thinking that elements on top or on
left in the figure might have temporal precedence
ver those at the bottom or on the right, this is
:not pecessarily the case with the dynamic interplay
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between workload and SA. For example, task demands
could be imitiated by an extermal task (such as the
need to respond to an air traffic controller’s request)
as well as by an internal decision to engage in
solving a nagging problem. Despite the seemingly
discrete and linear depiction of the relations among
the elements in the figure, the clements are actually
thought of to be mutually interacting adaptively in
response to both exogenous demands and endogenous
states (e.g., Hockey, 1997).

2.1 Attention and Workload

Since the 1970s, much has been debated and written
about the concept of mental workload (e.g., Welford,
1978; Moray, 1979; O’Donnell and Eggemeier, 1986;
Adams etal, 1991; Huey and Wickens, 1993;
Gopher, 1994; Kramer et al.,, 1996; Tsang and Wil-
son, 1997). Gopher and Donchin (1986) offered the
following description of the role of mental workload:

The term workload is used to describe aspects of
the interaction between an operator and an assigned
tagk. Tasks are specified in terms of their struc-
tural properties; a set of stimuli and responses are
specified with a set of rules that map responses to
stimuli. There are, in addition, expectations regard-
ing the quality of the performance, which derive
from knowledge of the relation between the struc-
ture of the task and the nature of human capacities
and skills. ... [W]orkload is invoked to account for
those aspects of the interaction between a person
and a task that cause task demands to exceed the
person’s capacity to deliver. ... [M]ental workload
is clearly an attribute of the information processing
and control systems that mediate between stimuli,
rules, and responses. (p. 41-3)
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A commonly accepted notion is that mental work-
load is very much a function of the supply and demand
of attentional or processing resources. The atten-
tion—workload loop in Figure 1 is minimally sketched
but is described in more detail here. There are two
main determinants of workload: the exogemous task
demands as specified by factors such as task difficulty,
task priority, and situational contingencies (represented
by the globe in Figure 1); and the endogenous sup-
ply of attentional or processing resources to support
information processing such as perceiving, updating
memory, planning, decision making, and response pro-
cessing. Further, this supply is modulated by individual
differences such as one’s skill level or expertise. The
ultimate interest in measuring workload, of course, is
how it might affect system performance represented
via the feedback loop to the globe in Figure 1. Mental
workload can be expressed in subjective experience,
performance, and physiclogical manifestations. A host
of assessment techniques have now been developed
and are used in both laboratories and applied settings.
They are reviewed in Section 3.

Although there are numerous theoretical accounts
of attention, the one readily embraced and adopted
in the workload literature is the energetics account
{e.g., Hockey et al., 1986). Central to the present dis-
cussion is the notion that attentional resources are
demanded for task processing, but they are of lim-
ited supply. Performance improves monotonically with
increased investment of resources up to the limit of
resource availability (Norman and Bobrow, 1975). An
important implication of this relationship is that perfor-
marice could be the basis of inference for the amount
of resources used and remained. The latter, referred to
as spare capacity, could serve as reserve fuel for emer-
gencies and unexpected added demands. Further, atten-
tional resources are subject to voluntary and strategic
allocation. According to Kahneman (1973), attention
is allocated via a closed feedback loop with continu-
ous monitoring of the efficacy of the allocation policy
that is governed by enduring dispositions (of lasting
importance, such as one’s own name and well-learned
rules), momentary intentions (pertinent to the task at
hand), and evaluation of the performance (involving
self-monitoring of the adequacy of performance in
relation to task demands). Because attention can be
deployed flexibly, researchers advocate the need to
examine the allocation policy in conjunction with the
joint performance in a multitask situation in order
to assess the workload and spare capacity involved
(e.g., Gopher, 1954).

Among the most convincing support for the lim-
ited, energetic, and allocatable property of attentional
resources are the reciprocity effects in performance
and certain neuroindices observed between time-shared
tasks. As the demand or priority of one task changes,
the increase in performance, P300 amplitude, or PET-
measured activity in one task has been observed to
be accompanied by a decrease in the corresponding
measures in the other task (Gopher et al., 1982; Wick-
ens et al., 1983; Kramer et al., 1987; Sirevaag et al,,

THE HUMAN FACTORS FUNDAME,

1989; Fowler, 1994; Tsang et al., 1996, Parasurap,
and Caggiano, 2002; Just et al., 2003). 1
By the late 1970s, the notion of Kahnemay:
undifferentiated or all-purpose attentional Tesourcs:
was challenged by a body of data that suggestéig
multiple specialized resources for different types Gfi
processing (see Allport et al., 1972; Kinsbourne gy
Hicks, 1978; Navon and Gopher, 1979; Friedmgy
and Polson, 1981; Wickens, 1984). Based op 4
expansive systematic review of the interference
tern in the extant dual-task data, Wickens (19gg
1987) proposed a multiple resource model. Accq
ing to this model, attentional resources are de
along three dichotomous dimensions: (1) stages of D
cessing with perceptual/central processing requi
resources different from those used for response p
cessing, (2) processing codes with spatial process
requiring resources different from those used for ve
processing, and (3) input/output modalities with vig
and auditory processing requiring different proc
ing resources and manual and speech responses
requiring different processing resources. An impo
application of this model is its prediction of multj
task performance that is common in many mod
complex work environment. The higher the similary
in the resource demands among the task compong
the more severe the competition for similar resouicess
the less spare capacity, and the higher the leveliof
workload that would result. The other side offﬁ
coin is that it would be less feasible to exchange ﬁ@
reallocate resources among task components that w
lize highly dissimilar resources (see Wickens, 20092
That is, it would be more difficult to manage @2
workload levels dynamically between tasks that e
on dissimilar resources. According to the multp
resource model, the intensity aspect and the stiif
tural aspect are intrinsically intertwined when cf
acterizing the processing demand of a task. Similar
in the resource demand among the time-shared tas
effectively determines resource availability as #

resource similarity promotes resource sharability it
effectively Teduces resource availability that leads:
increased resource competition.

The energetic and specificity aspects of the
tional resources are receiving converging support Ul
subjective (e.g., Tsang and Velazquez, 1996; Rubid:
et al., 2004), performance (e.g., Tsang et al., [&f
Wickens, 2002), and neurophysiological (&g
et al., 2003; Parasuraman, 2003) measures. First,
metric manipulation of task demands have been ot
to produce systematic and graded changes fhiEis
level of subjective workload ratings, performances, &t

amount of neuronal activation. Second, all of &%

tition for specific resource demands. Further, inc
peuronal activation associated with different typ
processing (e.g., spatial processing and verbal i
cessing) are found to be localized in different CUR‘
regions. - 7
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As mentioned above, the supply or availabil-
ity of processing resources is subject to individ-
gal differences such as one’s ability and skill level.
Recently, Just et al. (2003) pointed out a set of neu-
rOphysiological data that appear to support the notion
that a higher level of skill or ability effectively con-
stitutes a larger resource supply. Parks et al. (1988)
used a verbal fluency task that required subjects to
cenerate as many words as possible that began with a
®. ven stimulus letter. Those who were more proficient
at this task, and presumably had higher verbal ability,
exhibited & lower level of positron emission tomogra-
phy (PET) measures of brain activity. Just et al. (2003)

roposed that the difference between the more and less
proficient subjects lay in the proportion of resources
they needed to perform the task. Since the same task
was performed, the task demand objectively should
be the same for all the subjects. The lower level of
brain activity therefore would suggest that the more
roficient subjects had a larger supply of resources.
In another study, Haier et al. (1992) found that weeks
of practice in the spatial computer game Tetris led
to improved performance and a reduced amount of
PET-measured activity. Just et al. proposed that prac-
fice improved the subjects’ procedural knowledge, and
the newly acquired, more efficient procedures entailed
a lower level of resource use. In practice, a reduced
level of resource requirement by one task would trans-
late to increased spare resources for processing other

tasks.

2.2 Memory and Situation Awareness

Like the concept of mental workload (and many other
psychological concepts, such as intelligence), situation
awareness (SA) is difficult to define precisely (e.g.,
Durso and Gironlund, 1999). Pew (1994) defines a
situation as “a set of environmental conditions and
systern states with which the participant is interacting
that can be characterized uniquely by a set of
information, knowledge and resource options” (p. 18).
A commonly referenced working definition for SA
came from Endsley (1990, p. 1-3): situation awareness
is “the perception of the elements in the environment
within a volume of time and space, the comprehension
of their meaning, and the projection of their status
in the near future.” An on-line dictionary states
that aware “implies knowledge gained through one’s
own perceptions or by means of information.” These
definitions connote both perception of the now and
present and connection with knowledge gained in the
past. As Figure 1 denotes, SA is most closely linked
to the perceptual and the working memory processes.
Certainly, it is not sufficient just for the information
relevant to the situation to be available; the information
needs to be perceived by the operator, and perception
entails far more than the detection of signals or
changes. For pattern recognition, object categorization,
and comprehension of meaning to occur, contact with
knowledge is necessary. But knowledge stored in long-
term memory is accessible only through short-term
or working memory. Baddeley (1990) introduced the
term working memory to emphasize that short-term
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memory is far more than a temporary depository
for information: It is an active process inmvolved
in maintaining information available in short-term
memory. Working memory is an effortful process
subject to capacity as well as attentional limits.

Adams et al. (1995) make a distinction between
the process and product of SA: “product refers to
the state of awareness with respect to information and
knowledge, whereas process 1efers to the various per-
ceptual and cognitive activities involved in construct-
ing, updating, and revising the state of awareness” (p.
88). To elaborate, although only the perceptual and
working memory processes are explicitly linked to
SA in Figure 1, SA is supported by other processes
that are subject to attentional limits. The product of
SA is a distillation of the ongoing processing of the
interchange between information perceived from the
pow and present (working memory) and knowledge
and experience gained from the past (long-term mein-
ory). Both the process and product are influenced by
one’s experience. As will be made clear below, this
distinction between the process and product of SA
has profound implications on the interaction of mental
workload and SA and on the appropriate assessment
techniques.

Just as given the same objective task demand, men-
tal workload could vary due to individual differences
in resource supply as a result of skill and ability dif-
ferences, given the same situation, SA could vary due
to individual differences. Although long-term memory
is not linked directly to SA in Figure 1, it plays a
critical role since it stores the knowledge and experi-
ence associated with skill development. Ericsson and
Simon (1993) pointed out: “Recognition and retreval
processes are determined in part by information in
LTM [long-term memory], because the information
in STM [short-term memory] is not sufficiently spe-
cific to determine a unique product of recognition and
retrieval” (p. 197). The extant view of the nature of
expertise further expounds on the role of memory in
determining the content of SA.

Expertise is mostly learned, acquired throngh many
hours of deliberate practice (e.g., Glaser, 1987; Chi
et al., 1988; Druckman and Bjork, 1991; Adams and
Ericsson, 1992; FEricsson, 1996). A fundamental dif-
ference between novices and experts is the amount
of acquired domain-specific knowledge. In addition to
having acquired declarative knowledge (facts), experts
have a large body of procedural (how-to) knowl-
edge. With practice, many procedural rules (produc-
tions) become concatenated into larger rules that can
produce action sequences efficiently (Druckman and
Bjork, 1991). However, the expertise advantage goes
beyond a quantitative difference. The organization of
knowledge is fundamentally different between experts
and novices. An expert’s knowledge is highly orga-
nized and well structured, so that retrieving informa-
tion is much facilitated. The large body of organized
knowledge enables experts readily, to see meaningful
patterns, to make inferences from partial information,
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to constrain search, to frame the problem, to appre-
hend the situation, to update perception of the cur-
rent situation continuously, and to anticipate future
events, including eventual retrieval conditions (Glaser,
1987; Charness, 1995; Vidulich, 2003). An accurate
account of the current situation allows an experienced
operator to retrieve rapidly the appropriate course of
action directly from memory, enabling swift suitable
1ESpONSses.

In addition, Ericsson and Kintsch (1995) proposed
that a long-term working memory (LTWM) emerges
as expertise develops and is a defining feature of an
advanced level of skill (Ericsson and Delaney, 1998).
Whereas working memory has severe capacity and
temporal limits, LTWM is hypothesized to have a
larger capacity that persists for a period of minutes
(or even hours). Experts do not have a larger memory
capacity, the critical aspect is how information is
stored and indexed in long-term memory. With a
meaningful system for organizing information that
already would have been built in ILTM, even very
briefly seen, seemingly random, incoming information
might be organized similarly. Retrieval cues can then
be devised and used to access information in LTM
quickly. One caveat is that skilled memory is highly
domain specific (Ericsson and Charmess, 1997). For
example, Chase and Ericsson (1982) and Staszewski
(1988) reported three people who, after extemsive
practice, developed a digit span in the neighborhood
of 100 numbers. Being avid runmers, the subjects
associated the random digits to facts related to running
that already existed in their LTM (e.g., date of the
Boston Marathon). These subjects had a normal short-
term memory span when the studies began, and after
practice demonstrated the normal span when materials
other than digits were tested. Charness (1995) pointed
out that such escapes from normal limits also have
been observed in perceptual processing. Reingold and
Charness (1995) found that when chess symbols (as
opposed to letters designating chess pieces) were used,
highly skilled players could make their decision in
some cases without moving their eye from the initial
fixation point at the center of the display. In conirast,
weaker players had to make direct fixations. When
letter symbols instead of chess piece symbols were
used, even the experts were forced to fixate on the
pieces directly much more often. Charness (1995) also
pointed out that these observations show that experts
can both accurately encode a situation and prepare an
appropriate response much more quickly than their less
skilled counterparts, but only in the domain of their
expertise.

To further illustrate the workings of LTWM, Erics-
son and Kintsch (1995) described the medical diagno-
sis process that requires one to store numerous indi-
vidual facts in working memory. Having developed a
retrieval structure in ITM that would foster accurate
encoding of patient information and effective reason-
ing, medical experts were found to be better able
to recall important information at a higher comcep-
tual level that subsumed specific facts and to produce
more effective diagnosis. A very important function
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of LTWM appeared then to be providing workjy, '
memory support for reasoning about and evaluat R
diagnostic alternatives (Norman et al., 1989; Pate] amgl
Groen, 1991). That is, expert problem solving is more
than just quick retrieval of stored solutions to old
problems. Expertise is also associated with effectiy,
application of a large amount of knowledge in oy
soning to cope with novel problems (Charness, 19gg.
Horn and Masunaga, 2000). ’

Finally, experts show metacognitive capabilitieg
that are not present in novices (Druckman and Bjor,
1991). These capabilities include knowing what ope
knows and does not know, planning ahead, efﬁcieuﬂy
apportioning one’s time and attentional resources
and monitoring and editing one’s efforts to solve 5
problem (Glaser, 1987).

2.3 Mental Workload and Situation Awarenesg

As several researchers have emphasized, the two cop.
cepts are intricately intertwined (e.g., Wickens, 200
Vidulich, 2003). In this section we attempt to sha:pe,;
their distinction and to examine their interactions more
closely. Wickens (2001, p. 446) contrasts the two cop-
cepts in the following way: “Mental workload is fup.
damentally an energetic construct, in which the quan-
titative properties (“how much”) are dominant over the
qualitative properties (“what kind™), as the most impor-
tant element. In contrast, situation awareness is funda-
mentally a cognitive concept, in which the critical isste
is the operator’s accuracy of ongoing understanding of
the situation (i.e., a qualitative property).” In practice,
one assesses the amount and type of workload and the
quality (scope, depth, and accuracy) of the content of
SA (Vidulich, 2003).

Both the level of workload and the quality of SA are
shaped by exogenous and endogenous factors. Exoge-
nous factors are inherent in the situation (e.g., task
demands and situation complexity and uncertainty).
Fndogenous factors are inherent in a person’s abik
ity and skill. The same level of task demands could.
impose different levels of workload on the operator,
depending on her ability or skill level. As discussed
above, a high skill level is functionally equivalent &
having a larger processing resource supply. A moder
ate crosswind could be a challenge for a student pila
trying to land a plane but a rather routine task for a sea-
soned pilot. An overly sensitive warning alarm could
be exceedingly disruptive to assessment of the it
ation by a new operator but could safely be ignored
by an experienced operator with intimate knowledge
of the workings of the system. Although calibraiin
the exogenous demands is not always straightforward,
their influences on workload is obvious. Less appareit
is the endogenous influences on the interplay betwee!
the level of workload and the quality of SA.

To the extent that workload is caused and SA
supported by many of the same cognitive processes.
they are enabled by, and subject to the limits of, ma}.
of the same processes. The more demanding the U}f
the more complex the situation and the more “work’ 5
required to get the job done and the situation assessee:.
By our definition, the higher the level of workload,



re attention is needed for task performance and the
Tess is left for keeping abreast of the situation. The SA
orocess could actually compete with task performance
for the Jimited resource supply, and therefore a high
16vel of workload could lead to poor SA. On the other
‘and, SA could be improved by working harder (e.g.,
inore frequent sampling and updating of information).
That is, & high-level workload is sometimes necessary
o maintain a good SA. Thus, a high level of workload
Zould be associated with either a low or high degree
of SA (Endsley, 1993). But poor SA may or may not
- ose more workload. One could simply not be doing
fhie work mecessary to attain and maintain SA, and
f.one is not aware of the dire situation that ope is
% 'and takes mo action to correct the situation, no
dditional work would be initiated. Although a low
depree of SA is nmever desirable, an awarepess of
o os lack of SA could start a course of action that
=iiild increase the level of workload in the process
'5f attaining or restoring SA. The ideal scenario is
“sne where a high degree of SA would support more
efficient use of resources and thereby producing a low
“iavel of workload. In short, mental workload and SA
‘could support each other as well as compete with
ch other.

-Strategic management is proposed to be needed for
balancing act of maintaining adequate SA with-
t incumring excessive workload. Strategic manage-
ent is also referred to as executive control and is a

h discussed topic in the literature. One point of
‘eontention is what exactly constitutes executive con-
. “frol, since a host of higher-level cognitive functions
have been included under the rubric of executive con-
trol. The coordinating of multiple tasks (including the
allocation of limited processing resources), planning,
climking or the reorganizing of information to increase
the amount of materials that can be remembered, and
e inhibiting of irrelevant information have all been
Tabeled as part of the executive control. As Figure 1
ndicates, strategic management is skills-based and is
highly dependent on one’s apprehension of the situa~
tioni. For example, a beginner tennis player would be
Content to have made contact with the tennis ball and
onld not have the spare resources or the knowledge
‘ponder game strategies. After having mastered the
asic strokes (which have become more automatic),
wever, the strategic component would take on more
icentral importance. But strategic management is not

ion free. Even though declarative and procedu-
knowledge develops as expertise develops and are
sed to support performance, there are components in
many complex performances that are never automatic.
High-performing athletes, chess players, musicians,
and command and control officers expend considerable
effort to perform at the level that they display.

‘ Recent neurophysiological evidence provides some
support for the notion that executive control is a dis-
t construct and consumes processing resources. Just
(2003) point out that the executive system
identified primarily with the prefrontal cortex
hich does not receive direct sensory input but has
lespread connections with a number of cortical areas
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associated with various types of processing (e.g., spa-
tial and verbal processing). Further, neuropsycholog-
ical patients with lesions in the frontal lobe show
immpairments in planning and other higher-level cogni-
tive functions (Shallice, 1988). Importantly, a number
of functional magnetic resonance imaging studies show
a higher level of activation in the prefrontal cortex
in (1) a problem-solving task that requires more plan-
ning than one that requires less (Baker et al., 1996),
(2) a working memory task that requires more updat-
ing of a larger amount of information (Braver et al.,
1997), and (3) a dual-task (a semantic category judg-
ment and a mental rotation task) than the single-task
performance (D’Exposito et al., 1999). These results
show that the activation in the prefrontal cortex vary
systematically with the task demand.

Returning to Figure 1, strategic management com-
petes directly with all the processes that generate men-
tal workload for processing resources. But strategic
management could optimize performance by planning
and by smartly allocating the limited resources to the
processes that need resources the most to meet sys-
tem requirements. An efficacious strategic manage-
ment would, of course, require a high-quality situa-
tion assessment. In the last section we discuss poten-
tial human factors support (such as display support,
automation aids, training) that would improve the
potential of attaining this ideal scenario of a high level
of SA without an exceedingly high level of workload.

3 METRICS OF MENTAL WORKL.OAD
AND SITUATION AWARENESS

Measures of mental workload and SA have often been
divided into three categories, based on the nature of
the data collected: subjective ratings, operator per-
formance, and psychophysiological measures. There
are several properties that should be considered when
selecting measures of cognitive activity: sensitivity,
diagnosticity, intrusiveness, validity, reliability, ease
of use, and operator acceptance. In addition to the
foregoing concerns, Tenny et al. (1992) caution that
there is an additional matter to consider in the case of
SA measures. They distinguish between the process of
building SA and the actual awareness that is the prod-
uct of that process. SA measures should be designed
and selected based on which aspect (i.e., process or
product) the evaluator wishes to assess. .

As outlined below, each group of measures has its
strengths and weaknesses and a thoughtful combina-
tion of measures can lead to a more complete picture.
Since the various workload and SA measures have
different properties, one should have a good under-
standing of the properties of each measure so that the
most appropriate choice(s) can be made. Readers are
encouraged to consult more in-depth coverage of the
metrics presented here (Gopher and Donchin, 1986;
O'Donnell and Eggemeier, 1986; Lysaght et al., 1989;
Vidulich et al., 1994a; Bryne, 1995; Tsang and Wilson,
1997; Gawron, 2000; Vidulich, 2003).
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3.1 Performance Measures

System designers are typically most concerned with
system performance. Some might say that the work-
load or SA experienced by an operator can be impor-
tant only if it affects system performance. Conse-
quently, performance-based measures might be the
most valuable to system designers. There are two main
categories of performance-based workload measures:
primary task performance and secondary task perfor-
mance. SA assessment also has made use of primary
task performance. But instead of assessing secondary
task performance, SA researchers have often emaployed
recall-based memory probe performance or real-time
performance. Although primary task performance is
obviously the measure that is most strongly linked
to the system designer’s goal of optimizing system
performance, Vidulich (2003) suggested that the sec-
ondary task method of workload assessment and the
memory probe method of SA assessment are proto-
typical measures of the theoretical concepts behind
workload and SA.

3.1.1 Primary Task Performance

Primary Task Workload Assessment The pri-
mary task method of workload assessment consists of
monitoring the operator’s performance and noting what
changes occur as the task demands are varied. This
methodology is grounded in the framework presented
above. Since human operators have a finite capacity
to deal with the demands of a task, as that task’s
demands continue to increase, task performance would
be expected to deteriorate, and at some point the oper-
ator will no longer able to perform the task adequately.
For example, an automobile driver might have more
difficulty maintaining a proper course as the weather
becomes more windy, and if the wind increases even
more when the road is slippery, the driver may fail
completely to keep the car in the proper lane.

Tt should be noted that mental workload is not the
only thing that can influence operator performance.
The operator’s level of motivation might change,
for example. Kahneman (1973) suggested that the
human’s capacity to perform mental work is related
to the person’s arousal level. In addition, Kahneman
also pointed out that humans can monitor their
own performance, and if the performance is found
wanting and there are resources available (perhaps by
increasing arousal), more resources can be allocated to
the task to maintain or augment performance. Recently,
Salvendy and his colleagues found that incloding a
factor that reflected a person’s skill, attitude, and
personality contributed significanily to the predictive
value of their projective modeling technique (Bi and
Salvendy, 1994; Xie and Salvendy, 2000a,b).

In considering all of these issues, Gopher and
Donchin (1986, p. 41-25) concluded: “In summary,
direct measures of performance on the task of interest
are usually a poor indicator of mental workload
because they often do not reflect variation in resource
investment due to difficulty changes, they do not
diagnose the source of load, and they do pot make
possible a systematic conversion of performance upits
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into measures of relative demands or load om
processing system.” Thus, although the primary

performance is, clearly, very important to sys
evaluators as a test of whether design goals have be
achieved, primary task performance by itself typica

does not provide an adequate test of an operatq
mental workload. K

Primary Task SA Assessment Despite the pr
Jems in using primary task performance as a work]
measure, it has become a common tool for assess
the impact of human—machine interface modificati
intended to improve SA. For example, Vidulich (2000
found that it was common for researchers to prop"fé
an interface alteration that would improve SA ai
test it by determining if performance improved w
the alteration was in place. The logic behind prim
task performance based measures of SA is well i
trated by Andre et al. (1991). In a study of air¢
cockpit design, Andre et al. (1991) postulated that
pilot’s ability to recover from disorienting events
a direct measure of how well the attitude informa
provided by the cockpit supported the pilots’ SA
current and future attitudes of the aircraft. Foll
their stated logic, Andre et al. (1991) conclude:
the display incorporating inside-out reference
produced better performance and supported su
SA than the alterpatives studied.

i

being interpreted as a mental workload indicator
contrast, a secondary task is usually only incorpor
in a system assessment for assessing mental Wi
load. More important, the secondary task techn
is a procedure that is optimally suited to reflect
commonly accepted concept of mental workloads
the theoretical framework above). Workload is
assessed to determine whether the human ope
is working within a tolerable information-proces
capacity while performing the required task. It fol
logically that if there is unused capacity, the opei
could perform another task. For example, it is expe
that spare capacity would be very valuable in €
gencies or when under stress (Wickens, 2001; Ho
et al., 2003). :

The secondary task measure of mental work
also offers some practical advantages for WO
assessment in comparison to primary task pe
mance assessment. Many secondary tasks have?
developed and calibrated for use in different &
ations (Gawron, 2000). Many of these tasks vd
the resources demanded as characterized by mul
resource theories. Presumably, this allows an e¥
tor to select secondary tasks to compete for sp
resources of the primary task. Thus, a well sel
secondary can be diagnostic of the primary

resource demands. 3
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.cecondary task measure can be assessed in
siments where primary task performance is
t-to obtain or is mot available. This is often the
hany real-world systems, such as automobiles,
and airplanes that do not have performance-
o capability. Also, with highly automated
in which the primary role of the operator is
" monitoring and supervising, little observable
ance would be available for analysis. Finally,
ed above, primary task measures may not
fve to very low workload levels because

9y
je level of performance (e.g., O’Donnell and
eier, 1986). Adding a secondary task will
te the overall task demand to a level that
 nance measures may be more sensitive.
With the secondary task method, the operator is
.to perform a second task concurrently with
task of interest. It is explained to the
that the primary task is more important and
ary task performance must be performed to
"of their ability whether or not it is performed
secondary task. Operators are to use only their
apacity to perform the secondary task. Since the
¢ and secondary tasks would compete for the
tied processing resources, changes in the primary
i -pand should result in changes in the secondary
rformance as more Or less resources become
e for the secondary task.
& changes can be interpreted within 2 perfor-
operating characteristic (POC) representation.
irated in Figure 2a, the performance trade-off
| tasks can be examined by plotting them within
representing their joint performance. In other
i/ the POC reflects the subject’s allocation strat-

distributing attention between the time-shared
Figure 2a shows possible trade-off between
‘and B performed as a dual-task combination.
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If the two tasks did not compete for any resources,
perfect time-sharing could be observed. This is repre-
sented by the “X” on the figure, which would indi-
cate that both tasks were performed at their respective
single-task levels when performed together. Such per-
fect time-sharing is rare, but has been observed (e.g.,
Allport et al., 1972). The data lines in Figure 2a, being
much closer to the origin of the graph than the perfect
time-sharing point, indicate substantial interference in
dual-task conditions. Such interference would typically
show up in dual-task studies that manipulated the rela-
tive priorities of the two tasks. The dashed line shows
a perfect trade-off pattern between the tasks. As one
task’s performance improves by a certain amousnt, a
comparable degradation is observed in the other task.
The dotted line shows the two task’s joint perfor-
mance being somewhat better than the perfect trade-off
case. This would be expected to occur if the two tasks
required at least some different types of information-
processing resources. :

The secondary task procedure differs from the
standard laboratory dual-task study in that the priorities
are not usually manipulated in the latter. The primary
task’s performance must be defended. Figure 2b illus-
trates what can be expected in this situation. In this
example, the primary task performance (x-axis) of two
possible interfaces is being evaluated. In this hypothet-
ical example, the subjects have done a good job of
following the secondary task (y-axis) instructions and
are performing the primary task at very near the single-
task level. Notice that both primary task interfaces
(Y and Z) are maintaining the same level of primary
task performance. However, interface Y’s secondary
task performance is substantially befter than interface
7's secondary task performance. This result would be
interpreted as interface Y inflicting less workload on
the operator while performing the primary task than
would interface Z.

Good
ST

Secondary Task Performance

Poor
I
ST Good

Primary Task Performance

(b)

{@) Hypothetical performance operating characteristic (POC). Tasks A and B are two tasks that have been
&d both independently and together. ST = level of single-task performance. The dashed and dotted lines illustrate
int performance when the two tasks are performed together. X, perfect time-sharing. (b) Hypothetical secondary
3. The primary task was performed with two different interfaces. Y and Z, joint performances observed when the
ary task is performed with the two versions of the primary task.
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An important consideration in the selection of a
secondary task is the type of task demand of both the
primary and secondary tasks, according to the logic of
multiple-resource theory. Secondary task performance
will be a sensitive workload measure of the primary
task demand only if the two tasks compete for the same
processing resources. The greater the dissimilarity of
the resource demands of the time-shared tasks, the
lower the degree of the interference there would be
between the two tasks. Although a low degree of
interference usually translates to a higher level of
performance (which of course is desirable), this is not
compatible with the goal of workload assessment. A
fundamental assumption of the secondary task method
is that the secondary task will compete with the

i task for limited processing resources. It is
the degree of interference that is used for inferring
the level of workload. Care must therefore be taken
to assure that the secondary task selected demands
resources similar to those of the primary task.

One drawback of the secondary task method is that
the addition of an exiraneous task to the operational
environment may not only add to the workload,
but may fundamentally change the processing of the
primary task. The resulting workload metric would
then be nothing more than an experimental artifact.
The embedded secondary task technique was proposed
to circumvent this difficulty (Shingledecker, 1984;
Vidulich and Bortolussi, 1988). With this method, 2
normally occurring part of the overall task is used
as the secondary task. In some situations, such as
piloting a jet fighter aircraft, task shedding is an
accepted and taught strategy that is used when primary
task workload becomes excessive. Tasks that can be
shed can perhaps serve as naturally lower-priority
embedded secondary tasks in a less intense workload
evaluation sitmation. However, a naturally lower-
priority operational task may not always be available.
Another drawback is that using the secondary task
method requires considerable background knowledge
and experience to properly conduct 2 secondary task
evaluation and to interpret the results. For example,
care must be taken to conmtrol for the operator’s
attention allocation strategy, so as to assure that the
operator is treating the primary task as a high-priority
task. The use of secondary tasks may also entail
additional software and hardware development.

Despite the drawbacks and challenges of using the
secondary task procedure, it is still used profitably for
system assessment. For example, Ververs and Wick-
ens (2000) used a set of secondary tasks to assess
a simulated flight path following and taxiing perfor-
mance with different sets of HUD symbology. One
set of symbology presented a “mnnel in the sky” for
the subjects to follow during landing approaches. The
other display was a more traditional presentation of
flight director information. The tunnel display reduced
the subject’s flight path error during landing. Subjects
also responded more quickly and accurately to sec-
ondary task airspeed changes and were more accurate
at detecting intruders on the runway. However, the
other display was associated with faster detections
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of the runway intruder and quicker identification of.
the runway. The authors concluded that although the:
tunnel display produced a lower workload during thé&
landing task, it also caused cognitive tunneling thats
reduced sensitivity to unexpected outside events. More!
recently, Leyman et al. (2004) used a secondary taski
to assess the workload associated with various simui]
lated office tasks of varying complexity. The subjectd:
in the experiment typed a practiced paragraph as thet
secondary task which was time-shared with a randor’
word memory task of varying list lengths, a geographid
cal reasoning task, or a scheduling task. The secondaﬁy
task typing performance showed significant degradag:
tion. The secondary task results validated the workloai"fﬁ
assessments of a new electromyographic (EMG) office
workload measure.

3.1.3 Memory Probe Measures of Situationv 'v
Awareness

The first popular and standardized procedure f
assessing SA was the memory probe technique. ‘1
can be considered the prototypical SA measureme;
tool (Vidulich, 2003). Any memory probe technig
attempts to assess at least part of the conten
memory at a specific time during task perform: |
so it assesses the product of SA processes. As repie:
sented by the Simation Awareness Global Assessmient
Technique (SAGAT) (Endsley, 1988, 1990), the tyfid
cal memory probe procedure consists of unexpectedi
stopping the subject’s task, blanking the displays, a
asking the subject to amswer questions to assess’ His:
or her knowledge of the current situation. The quess
tions asked are typically drawn from a large setiti
questions that correspond to experimenter’s asse
ment of the SA requirements for task performan¢ed
The subject’s answers are compared to the true
ation to determine the SAGAT score. Vidulich (200
found that this SAGAT-style approach with unpi
dictable measurement times and random selectio
queries from large sets of possible questions was
erally sensitive to interface manipulations designi
affect SA. In contrast, as memory probes were made,
more specific or predictable, the sensitivity to it
face manipulations appeared to be diminished. kgs
example, Vidulich et al. (1994b) used a memory p
procedure in which the memory probe, if it appearet
was at a predictable time and the same question ¥ fe
always used. This procedure failed to detect a bent
cial effect of display augmentation to highlight ta
in a sirulated air-to-ground attack, even though thee!
was a significant benefit in task performance (i.e., M9
targets destroyed) and a significant increase in SAj
ings. In contrast, Vidulich et al. (1995) used a SAGAE;
like approach with many different questions that W
asked during unpredictable trial stoppages. In this
the memory probe data showed a significant SAb
of the presence of a tactical situation display.
Although the memory probe procedure is aftra
due to its assessing the information possessed by: £
subject at specific moment in time, it does have
tical constraints that limit its applicability. Firs
clearly intrusive to stop task performance unexpects




k questions. Endsley (1988) demonstrated that the
=i mance of a simulated air-to-air combat task in
'=1c that included SAGAT stoppages did not signifi-
y differ from trials that did not. But even if the
AT stoppages are always unobirusive to simulator
ormance, there are assessment environments where
=0, stoppages are impossible (e.g., actual airplane
ght tests). Also, the number of questions required
+ must be selected randomly and presented unpre-
ly can result in a large number of trials being
ed to assess all questions.

e research of Strater et al. (2001) can be con-
ed a typical SAGAT evaluation. They assessed
Army platoon leaders in simulated Military Oper-
s on Urbanized Terrain (MOUT) exercises. The
sioon leaders varied from relatively inexperienced
Hiritenants to relatively experienced captains. SAGAT
i were collected in a scepario that had the sol-
Eirs assaulting an enemy position and a scenario that
Esolved defending a position. SAGAT probe ques-
litins. were developed that could be used in either
52 ario. Results showed that the soldiers were more

tive to different information depending on the sce-
o type. For example, in the assault sceparios the
i¥5)diers were more sensitive to the location of adjacent
Hiendly forces than they were in the defend scenario.
the defend scepario, soldiers were more sensitive to
ocation of exposed friendly elements. Significant
ts of soldier experience level were also detected.
xample, experienced soldiers were more sensitive
%o epemy locations and strength than were inexperi-

ced soldiers. The authors suggested that the data
cted from such experimentation could be used to
ove training programs, by helping to identify bet-
information-seeking behaviors for the novices.

B

_Situation Awareness Real-Time
‘ormance Assessment

time performance has been used as a potential
ator of SA (Durso et al., 1995; Pritchett and
man, 2000; Vidulich and McMillan, 2000). The
" of assessing real-time performance is based
nithe assumption that if an operator is aware
task demands and opportunities, she will react
fAppropriately to them in a timely manner. This
'i‘oaCh, if successful, would be unintrusive to task
fperformance, diagnostic of operator success or failure,
aid potentially useful for guiding automated aiding.
fice the continuous stream of operator performance
sessed, real-time performance should illuminate
A processes of the operator.
he Global Implicit Measure (GIM) (Vidulich and
Millan, 2000) is an example of this approach.
‘GIM is based on the assumption that the oper-
of a human—machine system is attempting to
mplish known goals at various priority levels.
refore, it is possible to consider the momen-
progress toward accomplishing these goals as a
erformance-based measure of SA. Development of
#0e-GIM was an attempt to develop a real-time SA
Acasurement that could effectively guide automated
saiding (Brickman et al., 1995, 1999; Vidulich,
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1995; Shaw et al., 2004). In this approach, a detailed
task analysis was used to link measurable behaviors
to the accomplishment of mission goals. The goals
will be varied depending on the mission phase. For
example, during a combat air patrol, a pilot might
be instructed to maintain a specific altitude and to
use a specific mode of the on-board radar, but during
an intercept the optimal altitnde might be defined in
relation to the aircraft being intercepted, and a differ-
ent radar mode might be appropriate. For each phase,
these measurable behaviors that logically affect goal
accomplishment are identified and scored. The scoring
was based on the contribution to goal accomplish-
ment. The proportion of mission-specific goals being
accomplished successfully according to the GIM algo-
rithms indicated how well the pilot was accomplishing
the goals of that mission phase. More important, the
behavioral components scored as failing should iden-
tify the portions of the task that the pilot was either
unaware of or unable to perform at the moment. Thus,
GIM scores could potentially provide a real-time indi-
cation of the person’s SA as reflected by of the qguality
of task performance and a diagnosis of the problem if
task performance deviates from the ideal, as specified
by the GIM task analysis and scoring algorithms.
Vidulich and McMillan (2000) tested the GIM met-
ric in a simulated air-to-air combat task using two
cockpit designs that were known from previous eval-
uations to produce different levels of mission perfor-
mance, mental workload, and rated SA. The subjects
were seven U.S. military pilots or weapons systems
officers. The real-time GIM scores distinguished suc-
cessfully between the two cockpits and the different
phases of the mission. No attempt was made to guide
adaptation on the basis of the GIM scores, but the
results suggested that such an approach has promise.

3.2 Subjective Measures

Subjective measures consist primarily of using tech-
niques that usually require subjects to quantify their
experience of workload or SA. Many researchers are
suspicious of subjective data, perhaps as a holdover
from the behaviorists’ rejection of introspection as
an unscientific research method (Watson, 1913). How-
ever, Annett (2002a,b) argued that subjective ratings
are maligned unfairly. In an in-depth discussion of the
issues, he contended that the lack of precision associ-
ated with subjective measures was expected to prohibit
their use in setting design standards. However, he also
concluded that subjective ratings could be useful for
evaluating the mechanism underlying performance or
for the comparative evaluation of competing interface
designs. Such a comparative process is how subjective
ratings of workload and SA are typically used.
Vidulich and Tsang (1987) and Tsang and Vidulich
(1994) found three variables that were useful for cate-
gorizing subjective rating techniques: dimensionality,
evaluation style, and immediacy. Dimensionality refers
to whether the metric required the subjects to rate
their experiences along a single dimension or multi-
ple dimensions. Evaluation style refers to whether the
subjects were asked to provide an absolute rating of
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an experience or a relative rating comparing One €xpe-
rence to another. Immediacy distinguishes between
subjective metrics that were designed to be used as
soon as possible after the to-be-rated experience and
those that were used at the end of 2 session or even at
the end of an experiment.

Although it is theoretically possible to create a
subjective technique that combines any level of the
three variables, in practice two basic combinations
have dominated. The most common techniques com-
bine multidimensionality, the absolute evaluation
style, and immediacy- The typical alternative fo the
multidimensional~absolute~immediate approach, are
techniques that are usually unidimensional, use a rel-
ative comparison evaluation style, and are collected
retrospectively rather than immediately.

3.24 Multidimensional Absolute Immediate
Ratings

The subject’s immediate assessment after trial comple-
tion should minimize the potentially damaging effects
of any bias the subject may have regarding the task
conditions and the likelihood that the ratings are
based on between-condition comparisons {Tsang and
Vidulich, 1994). Also, ratings after the trial should
benefit from the freshest memory for the experience of
performing the trial The absolute scale design should
also encourage the subjects to consider each trial
condition individually. The multidimensional aspect
supports diagnosticity, because the subjects can be
more precise in describing how experimental condi-
tHions influence their experience.

Workload Ratings  Although numerous scales have
been developed, two popular multidimensional, abso-
lute, and immediate ratings scales are the National
Aeropautics and Space Administration’s Task Load
Index (NASA-TLX) (Hart and Staveland, 1988) and the
Subjective ‘Workload Assessment Technique (SWAT)
(Reid and Nygren, 1988). NASA-TLX is based on six
scales (i.e., mental demand, physical demand, fempo-
ral demand, performance, effort, and frustration level),
and the ratings on the six scales are weighted according
to the subject’s evaluation of their relative importance.
SWAT is based on three rating scales (ie., time load,
mental effort load, and psychological stress load). The
relative roles of the three scales is determined by the
subjects’ rankings of the workload inflicted by each
combination of the various levels of workload (1 to 3) in
each of the three workload scales. A conjoint analysis is
then conducted to produce a look-up table that translates
the ordinal rankings to ratings with interval-scale prop-
erties. Both NASA-TLX and SWAT ultimately produce
a workload rating from 0 to 100 for each trial rated.
NASA-TLX and SWAT have been compared to
each other and to a number of other rating scales a
gumber of times (e.g., Battiste and Bortolussi, 1988;
Hill et al, 1992; Rubio et al., 2004). In review-
ing the comparisons, Rubio et al. (2004) noted that
SWAT and NASA-TLX both offer diagnosticity, due to
their multiple scales, and have generally demonstrated
good concurrent validity with performance. Rubio

THE HUMAN FACTORS FUNDAME

et al. (2004) also pointed out that both NASA-
and SWAT have demonstrated sensitivity to difficuliy
manipulations, although some researchers have fouid®
NASA-TLX to be slightly more sensitive, especial
for low levels of workload (e.g., Battiste and Bort
lussi, 1988; Hill et al., 1992). :
NASA-TLX and SWAT have also been compared
terms of their ease of use. Each technique is compose
of two major parts: the scales that the subjects fill ogg
after each trial and a procedure for converting the ravj
scale ratings into the final workload scale. The actii
scales used by SWAT are fewer than NASA-T]
(three vs. six) and only require the subject to cho
one of three possible levels instead of rating on 2 0+
100 scale as NASA-TLX incorporates. That means
SWAT would be easier to collect in 2 prolonged
such as flying, while the task performance ac
continues. On the other hand, NASA-TLX’s pa
comparison technique to generate scale weight
much easier than SWAT’s card-sorting procedure
both the subject to complete and the experimer
to process. The NASA-TLX procedure only require
the subject to make 15 forced choices of impo
between the individual scales. The raw count of’
number of times that each scale was considered m
important than another is then used to weigh
individual scale ratings provided by the subjec
contrast, the SWAT card sort requires each subjec
cousider and sort 27 cards (each representing a pos
combination of rating scale selections), and the
experimenter must use specialized software o co
the card sort data into an overall workload scale.
Some researchers have investigated simpler e}
ods of generating weights for SWAT. The simple
of the three SWAT dimensions has been sho
exhibit the same pattern of significant findin,
SWAT ratings using the conjoint analysis of carg
data (Biers and Maseline, 1987; Biers and Mcli
ney, 1988; Luximon and Goonetilleke, 2001). Ad

k

SWAT sensitivity could be improved by using a
timzous scale rather than a three-level discrete
As with SWAT, the weighting procedure of N
TLX has undergone testing. Both Nygren (
and Hendy et al. (1993) have argued that the N
TLX weighting procedure does pot add to N.
TLX’s effectiveness.

Lee and Liu (2003) provide an example
use of NASA-TLX to assessing the workload o
China Airline pilots flying a Boeing 747 aircraf
a high-fidelity 747 simulator. Lee and Liu
that the overall NASA-TLX ratings discrimif
successfully among four flight segments:
cruise, approach, and landing. As expected,
landing, and approach were all rated highe
cruise i mental workload. Lee and Liu also used

they found that temp
contributor to the takeoff and approach segmen
offort was a more important contributor to Jand
The authors concluded that training programs shig
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% designed to help the pilot cope with the specific
ected stresses of different flight segments.

Ratings Multidimensional, absolute, and imme-
¢ ratings have also been a popular approach for

bjective rating tool for SA has been the Situa-
“tion Awareness Rating Technique (SART), developed

y Taylor (1990). The SART technique character-
s SA as having three main dimensions: attentional
‘mands (D), attentional supply (S), and understand-
g (U). The ratings on each of the three dimensions
& combined into a single SART value according to a
rmula (Selcon et al., 1992): SA =U — (D — S).
asrnuch as SART contains ratings of attentional
ly and demand, it can be seen to incorporate ele-
ts of mental workload in its evaluation. However,
direct comparison of NASA-TLX and SART, it
found that although both were sensitive to task
mand level, SART was also sensitive to the expe-
ce level of the 12 Royal Air Force pilot sub-
(Selcon et al., 1991).

.2 Unidimensional Relative Retrospective
idgments

“upidimensional, relative, retrospective judgment
oach is based on the assumption that the subject
. has experienced all of the task conditions is
sidered a subject matter expert with knowledge
it the subjective experience of performing the
§ us task conditions under consideration. This
fapproach attempts to extract and quantify subjects’
ions about the experiences associated with task
rmance.

Workload Judgmenis The use of unidimensional,
irclative, retrospective judgments was strongly sup-
tported by the work of Gopher and Braune (1984).
spired by Stevens’s (1957, 1966) psychophysical
easurement theory, Gopher and Braune adapted it
i{oithe measurement of subjective workload. The pro-
¢ used one task as a reference task with an arbi-
y assigned workload value. All of the other tasks’
ctive workload values were evaluated relative to
of the reference task. The resulting ratings were
d to be highly sensitive in a number of studies
‘ Tsang and Vidulich, 1994; Tsang and Shaner,
8). In addition, high reliability of these ratings was
led by split-half correlations of repeated ratings
e task conditions.
nother approach to collecting unidimensional, rel-
retrospective judgments was developed by a
ematician, Thomas Saaty (1980). Saaty’s tech-
c-was named the Analytic Hierarchy Process
and was developed to aid decision mak-
When applied to workload assessment, the AHP
es subjects to perform all pairwise comparisons
stask conditions. These comparisons fill a dom-
Jaance matrix, which is then solved to provide the
gs for each task condition. Saaty’s AHP was orig-
/.designed to evaluate all dimensions relevant to a
zsecislon and then combine the multiple dimensions to
JHEport selection of one option in a decision-making

~

255

task. However, Lidderdale (1987) demonstrated that
a unidimensional version of the AHP could be an
effective workload assessment tool and inspired fur-
ther investigations using the tool. Vidulich and Tsang
(1987) compared the AHP to NASA-TLX and a unidi-
mensional, absolute, immediate rating of overall work-
load in assessing the workload of selected laboratory
tasks. The AHP was found to be both more sensitive
and more reliable than the other techniques. Vidulich
(1989) compared several methods for converting dom-
inance matrices to the final ratings and used the
results to create the Subjective Workload Dominance
(SWORD) technique. In one application, Toms et al.
(1997) used SWORD to evaluate a prototype decision
aid for landing an aircraft. The participating pilots per-
formed landings with and without the decision aid and
in both low- and high-task-load conditions. Task load
was varied by changing the information available to the
pilot. Overall, the results showed that the decision aid
improved landing performance while lowering mental
workload.

Vidulich and Tsang performed a series of studies to
examine the various approaches to subjective assess-
ment. Although specific instruments were compared
in these studies, the goal was not to determine which
instrument was superior. Rather, the objective was to
determine which assessment approach can elicit the
most and accurate workload information. Tsang and
Vidulich (1994) found that the unidimensional, rela-
tive, retrospective SWORD technique with the highly
redundant pairwise comparisons superior to a proce-
dure using relative comparisons to a single reference
task. Tsang and Velazquez (1996) found that compared
to an immediate absolute instrument, a relative, ret-
rospective psychophysical scaling was more sensitive
to task demand manipulation and had higher concur-
rent validity with performance. Tsang and Velazquez
(1996) also found that a subjective multidimensional
retrospective technique, the Workload Profile, pro-
vided diagnostic workload information that could be
subjected to quantitative analysis. Rubio et al. (2004)
confirmed the diagnostic power of the Workload Pro-
file technique. They found the Workload Profile more
diagnostic than either NASA-TLX or SWAT. Collec-
tively, these studies suggested a relative-retrospective
approach advantage.

SAJudgments Unidimensional, relative, retrospec-
tive judgments have also been applied to SA assess-
ment. For example, the SWORD workload technique
was adapted to measure SA (SA-SWORD; Vidulich
and Hughes, 1991). Vidulich and Hughes used the
SA-SWORD to evaluate the effect of data-linked infor-
mation in an advanced fighter aircraft simulation. The
technique demonstrated good sensitivity to the exper-
imental manipulation and good reliability. Toms et al.
(1997) used the SA-SWORD to assess SA along
with SWORD to measure workload. Their results
showed that a decision aid’s benefits to landing perfor-
mance and mental workload were also associated with
improved SA. In this case, workload assessment and
SA assessment both showed that the decision aiding
was valuable.
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3.3 Physiological Measures

A host of physiological measures have been used
to assess mental workload with the assumption that
there are physiological correlates to mental work. The
most common measures include cardiovascular (e.g.,
heart rate and heart rate variability), ocular (e.g., pupil
dilation, eye movement measures), and measures of
brain activity. The present review focuses on the
brain measures because (1) it would seem that brain
activity could most directly refiect mental work; (2) in
line with our framework that hypothesizes both an
intensity aspect and a structural aspect to mental work,
many of the brain measures have been demonstrated
to be semsitive to parametric manipulation of task
demands and to be diagnostic with regard to the
types of cognitive demands involved in certain task
performance; and (3) there already exist reviews of
the nonbrain measures (e.g., Beatty, 1982; Stern et al.,
1984; Wilson and Eggemeier, 1991; Jorna, 1992;
Mulder, 1992; Backs and Boucsein, 2000; Kramer and
‘Weber, 2000; Kramer and McCarley, 2003), but the
brain-imaging workload studies are relatively new.

3.3.1 Electraencephalographic Measures

Electroencephalographic (EEG) measures are recorded
from surface electrodes placed directly on the scalp and
have been shown to be sensitive to momentary changes
in task demands in laboratory studies (e.g., Glass,
1966), simulated environments (e.g., Fournier et al.,
1999; Gevins and Smith, 2003), and real-world settings
(e.g., Wilson, 2002b). Spectral power in two major
frequency bands of the EEG have been identified as
being sensitive to workload manipulations: the alpha (7
to 14 Hz) and theta (4 to 7 Hz) bands. Spectral power
in the alpha band that arises in widespread cortical
areas is inversely related to the attentional resources
allocated to the task, whereas theta power recorded
over the frontal cortex increases with increased task
difficulty and higher memory load (Parasuraman and
Caggiano, 2002). Sterman and Mann (1995) reported
a series of EEG studies conducted in simulated and
operational military flights. A systematic decrease in
power in the alpha band of the EEG activity was
observed with a degraded control responsiveness ofa
T4 aircraft. A graded decrease in the alpha band power
was also observed as U.S. Air Force pilots flew more
difficult in-flight refueling missions in a B2 aircraft
simulator. Brookings et al. (1996) had Air Force air
traffic controllers perform computer-based air traffic
control simulation (TRACON). Task difficulty was
manipulated by varying the traffic volume (number
of aircraft to be handled), traffic complexity (arriving
to departing flight ratios, pilot skill, and aircraft
types), and time pressure. Brookings et al. found the
alpha power to decrease with increases in traffic
complexity and the theta power to increase with traffic
volume.

Kramer and Weber (2000) point out that a distinct
advantage of EEG measures is their sensitivity to
variations of mental workload and their potential
to track momentary fluctuations in mental workload
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associated with rapid changes in task dems
However, the sensitivity of EEG measures to nume)
artifacts such as head and body movements j
special difficulties for extralaboratory applicat]
Kramer and Weber also point out that it is
yet entirely clear whether the EEG measures re
changes in the level of general arousal or chagp
in more specific cognitive operations. That is, BE
measures may not be particularly diagnostic @
regard to the specific types of demand incurred. M
in-depth discussion can be found in Gevins ef
(1995) and Davidson et al. (2000).

3.3.2 Event-Related Potentials

Evoked potentials are embedded in the backgm
of EEG and are responsive to discrete envirom
tal events. There are several different positive
negative voltage peaks and troughs that occur
to 600 ms following stimulus presentation. The
component has been extensively studied as a~
tal workload measure (e.g., Gopher and Don
1986; Parasuraman, 1990; Wickens, 1990; Krame
Weber, 2000). The P300 is typically exarmined
dual-task condition with either the oddball para
or the irrelevant probe paradigm. In the o
paradigm, the P300 is elicited by the subject ke
track of an infrequent signal (e.g., counting infi &
tones among frequent tones). One drawback o
oddball paradigm is that the additional processi
the oddball and having to respond to it could i
the true workload of interest artifactually. As an
native, additional stimuli (e.g., tones) are pres
but subjects are not required to keep track of th
the irrelevant probe paradigm. Needless to say,
ing artifactual workload in the assessment proc
of particular concern in applied settings.

With the oddball paradigm, the amplitude
P300 has been found to decrease with increase
difficulty manipulated in a variety of laboratory
(e.g., Hoffman et al., 1985; Strayer and Kramer, 1§
Backs, 1997). Importantly, P300 is found to be 56
tively sensitive to perceptual and central proc
demands. For example, Isreal et al. (1980) foun
the amplitude of P300 elicited by a series of ¢
tones was mot sensitive to responmse-related ma
ulations of tracking difficulty but was affecteds
manipulations of display perceptual load. Man!
the laboratory-based findings have been replicate
simulator studies. For example, Kramer et al., (1
had student pilots flew an instrument flight plan.
single-engine aircraft simulator. The P300s elicite
the secondary tone-counting task decreased in an
tude with increasing turbulence and subsystem fail
(see also Fowler, 1994). Using the irrelevant
paradigm, Sirevaag et al. (1993) had senior helico
pilots fly low-level high speed flight in a high-fidél
helicopter simulator. The P300 amplitude was foun
increase with increased difficulty in the primary @
ing task. In addition, the P300 amplitude elicited b
secondary irrelevant probes decreased with in
in the communication load. Kramer and Weber (2
point out further that the irrelevant probe para
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uld work only if the irrelevant probes are presented
= channel that would be monitored anyway.

o short, event-related potential (ERP) measures
= been found to be sensitive to, and diagnostic of,
anges in the perceptual and central processing task
ands. One potential drawback is the possibility
-arfifactually augmenting the real workload of
erest if the ERP measures are elicited from a
ondary task. As with the performance, it would
;deal if a secondary task naturally embedded in
test environment could be used. But because ERP
als are relatively small and ensemble averaging
oss many stimuli is necessary for meaningful
éfpretation, there are not always sufficient stimuli
aijlable from the embedded secondary task or the
mary task.

3 Brain Imaging Measures

o measures of the brain’s metabolic responses are
isidered here: positron emission tomography (PET)
functional magnetic resonance imaging (MRI)
asures. These measures most notably have been
d to localize cortical regions associated with various
critive processing (e.g., D’Exposito et al., 1999;
sner and DiGirolamo, 2000). Equally important,
ent research has shown that these measures exhibit
tematic variations with parametric manipulation
task difficulty (Parasuraman and Caggiano, 2002).
4t is, they have been shown to be both diagnostic
‘sensitive measures.

an example, Corbetta et al. (1990) had subjects
ermine whether two stimuli presented in two frames
arated by a blank display were the same or
erent. Between the two frames, the stimuli could
yary in one of three dimensions: shape, color, and
ocity. In the selective-attention condition, one of
the dimensions would be designated as the relevant
itmension, and zero, one, or two irrelevant dimensions
nld covary with the relevant dimension. In the
ided-attention condition, any one of the dimensions
Id vary. The behavioral data (d") indicated that
“divided-attention condition was more difficult.
e selective-attention condition, increased blood
was observed in the region of the visual cortex
to be related to the processing of the relevant
sion designated. Corbetta et al. proposed that
creased neural activity in the specialized regions
‘the different dirensions was a result of a top-
down attentional control since the sensory information
Sould be the same across selective- and divided-
ntion conditions.

Just et al. (2003) reviewed a series of PET studies
found lower brain metabolic rate to be associ-
L with higher language proficiency (Parks et al.,
38) and increased practice with a spatial com-
°r game (Haier et al. 1992). Just et al. interpreted
dIese results to mean that high-ability, high-skill per-
os-could process more efficiently, thereby requiring
dxsmaller amount of their total amount of process-
/Iesources available. They effectively would have
sarger supply of processing resources (for other
Incessing). Just and Carpenter (1992) proposed that
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the computational work underlying thinking moust be
accompanied by resource utilization. In their 3CAPS
model, a brain region is considered a resource pool.
Cornputational activities are resource consuming in the
sense that they all operate by consuming an entity
called activation. The intensity and volume of brain
activation in a given cortical area is expected to
increase in a graded fashion with increased computa-
tional load. Indeed, Just et al. (1996) found that with
increasing sentence complexity, the level of neuronal
activation and the volume of peural tissue activated
increased in four cortical areas associated with lan-
guage processing (Wernicke’s, Broca’s, and their right
hemisphere homologues). With a spatial mental rota-
tion task, Carpenter et al. (1999) found a monotonic
increase in signal intensity and volume activation in
the parietal region as a function of increased angular
disparity between the two stimuli whose similarity was
to be judged.

Highlighting the results from a pumber of stud-
ies that use an array of behavioral and nearophysio-
logical measures (ERPs, PET, and fMRI), Just et al.
(2003) propose cognitive workload to be a function of
resource consumption and availability. Several similar-
ities between the 3CAPS model and Wickens’ multiple
resource model] are apparent. According to both mod-
els, (1) mental workload is a function of supply and
demand of processing resources, (2) resources can be
modulated in a graded fashion, (3) specific resources
are used for different types of cognitive processing
(e.g., verbal and spatial task demands bring about acti-
vations in different cortical regions), and (4) supply or
availability of resources can be modulated by individ-
val differences in ability and skill or expertise.

The PET and fMRI studies described so far were
all condncted in the laboratory. Although more applied
studies would certainly be desirable, the methodologies
involved with these newly available technologies are
still being refined. Practical concerns aside, results of
these laboratory studies are encouraging and at the
same time point to the need for continual learning
about interpreting these brain images and validating
the interpretations. Notwithstanding, one simulated
study on pilot performance can be presented. Pérés
et al. (2000) had expert (with at least 3000 flight
hours and flight instructor qualifications) and novice
(with less than 50 flight hours) French Air Force
pilots perfonm a continunous simulated flight control
task at two speeds (100 and 200 knots) while fMRI
measures were collected. The fMRI measures showed
that neuronal activation was dominant in the right
hemisphere, as would be expected for a visual spatial
task. Further, novice pilots exhibited more intense
and more extensive activation than expert pilots. At
the high-speed condition, the expert pilots exhibited
increased activation in the frontal and prefrontal
cortical areas and reduced activity in visual and motor
regions. This suggested to researchers that the expert
pilots were better able to use their knowledge to
focus their resources for the higher-level functions
in working memory, planning, attention, and decision
making. In contrast, novice pilots’ increased activation
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in the high-speed condition was more widespread and
extended across the frontal, parietal, and occipital
areas, suggesting that they were engaged in nonspecific
perceptual processing. Interestingly, when the expert
pilots were asked to track at an even higher speed
(400 lmots) their pattern of activation resembled that
of the novice pilots tracking at 200 knots.

Notably, there is paucity of physiological studies
on SA included in this chapter. This is partly because
compared to the concept of mental workload, the
concept of SA is relatively new (Pew, 1994; Wickens,
2001) and both its theoretical and methodological
development have not reached the level of maturity
that the concept of mental workload has. It is also
the case that the concept of SA does not refer to
a specific process. Although complex performance
generally entails multiple processes, it is often possible
to identify many of the processes and hence the
type of workload involved. However, whereas SA is
supported by the many of the same processes, SA is
an emergent property that has not been hypothesized
to be associated with specific cortical regions or other
physiological responses.

As a class of measures, many of the physiological
measures have the distinct ability to serve as a
continuous measure for on-line assessment. Some of
them are diagnostic with regard to the type of cognitive
demands entailed (e.g., ERPs, PET, fMRI). Most of
them are not cognitively intrusive, as in having to
perform additional work in order to provide a measure.
The main drawback with most physiological measures
is that they are equipment intensive, which makes real-
world assessment impractical. But it is not impossible.
Some physiological measures are or will become more
feasible with the present rapid technological advances
(e.g., see Gevins et al., 1995; Wilsor, 2000; Wilson,
2002a; Kramer and McCarley, 2003; Parasuraman,
2003). Even for the costly fMRI studies, attempts have
been made to assess the mental workload of simulated
flight performance (Pérés et al., 2000).

3.4 Multiple Measures of Workload and
Situation Awareness

There are several facets to the undertaking of
assessing workload and SA of a complex, dynamic
human-—rmachine system. First, there are a num-
ber of candidate measures to choose from, each
with strengths and weaknesses. Measures that pro-
vide global information about the mental workload of
these tasks may fail to provide more specific infor-
mation about the nature of the demand. Measures
that could provide more diagnostic information may
be intrusive or insensitive to other aspects of inter-
est, and certain sensitive measures may be collected
only under restrictive conditions. Still, many work-
load measures often associate. For example, many
subjective measures have been found to correlate with
performance (e.g., Tsang and Vidulich, 1994; Hockey
et al., 2003; Rubio et al., 2004). Just et al. (2003)
present a convincing account of how the associations
among a number of behavioral and neurophysiological
measures support the extant understanding of many
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cognitive concepts relevant to mental workloa
also Wickens, 1990; Fournier et al., 1999; Leg
Liu, 2003). Importantly, when the measures d rfn
associate, they do not do so in haphazard way
association and dissociation patterns among me
should therefore be evaluated carefully rathe
treated as unreliable randomness. Below we disciigs
greater detail the dissociation between the subj
and performance workload measures and the re
between the workload and SA measures.

3.4.1 Dissociations among Workload
Measures

When different types of workload measures
gest different trends for the same workload situ

entially sensitive to the different workload &
sions, dissociations among workload measures az
be expected Measures havmg quahUes of general'

mates) respond to a wide range of task mampula
but may not provide diagnostic information abou
individual contributors to workload. Measures
selective sensitivity (such as secondary task me
respond only to specific manipulations. In fac
nature of the dissociation should be particularly r
mg with regard to the characteristics of the wol
in the task under evaluation.

Several conditions for the dissociation of p
mance and subjective measures have been i
fied (Vidulich and Wickens, 1986; Vidulich, 198
and Wickens, 1988):

1. Dissociation tends to occur under low-wor
conditions (e.g., Eggemeier et al., 1982). P
mance could already be optimal when the wé
load is low and thus would not change
with additional effort that would be reflec
the subjective measures.

2. Dissociation would occur when subjects ar
forming data-limited tasks (when perfo
is governed by the quality of the data
than by the availability of resources). If su
are already expending their maximum resous
increasing task demand would further de
performance but would not affect the s
tive ratings.

3. Greater effort would generally result in
subjective ratings, however, greater effort
also improve performance (e.g., Vidulic
Wickens, 1986).

4, Subjective ratings are particularly sensitive
number of tasks that subjects have to time-
For example, performing an easy dual tas
results in good performance) tends to pr
higher ratings than does performing a di
single task (that results in poor perforn
(e.g., Yeh and Wickens, 1988).

5. Performance measures are sensitive
severity of the resource competition (or si



of resource demand) between the time-shared
tasks, but subjective measures are less so (Yeh
and Wickens, 1988).

6. Given that subjects only have access to infor-
mation available in their consciousness (Ericsson
and Simon, 1993), subjective ratings are more
sensitive to central processing demand (such as
working memory demand) than to demands that
are not represented well consciously, such as
response execution processing demand. Dissocia-
tion would therefore tend to occur when the main
task demands lie in response execution process-
ing (Vidulich, 1988). McCoy et al. (1983) pro-
vided an excellent list of realistic examples of
how performance and subjective ratings may dis-
sociate in system evaluations and discussed how
the dissociations can be interpreted in meaning-
ful ways.

i Hockey (1997) offers a more general concep-
tual account for the relations among performance,
bjective, and physiological measures. Hockey pro-
ises a compensatory control mechanism that allocates

ources dynamically through an internal monitor
ery much like the one proposed by Kahneman (1973).
erformance may be protected (as in primary task per-
smance) by recruiting further resources, but only at
e expense of increased subjective effort and physio-
tiogical costs and degraded secondary task performance
"o strategic management of the overall system per-
#rormance. Alternatively, performance goals may be
ywered. Although performance will then degrade, no
ditional effort or physiological cost will be incurred.
fockey emphasizes that the efficacy of the control
echanism hinges on the accuracy of the perception
f the situation. For example, Sperandio (1978) found
arr traffic controllers to switch strategy when the traf-
¢ load increased. Beyond a certain number of aircraft
at the controllers handled, controllers would switch
o a uniform strategy across aircraft as opposed to pay-
ig more individual attention to the various aircraft.
“Although this strategy should reduce the cognitive
esources needed for dynamic planning, it would also
bably produce less optimal scheduling. That is, the
ary task performance might have been preserved
_‘,th the strategy switch, but some secondary goals
yould have suffered (Hockey, 1997).

.2 Relations of Workload and Situation
areness Measures

ckens (2001) point out that due to the energetic
perties of workload, many physiological and sub-
iEctive rating measures are suited for capturing the
rquantitative aspects of workload. In contrast, physi-
tological measures are likely to be poor candidates for
essing the quality or content of SA. Self-ratings
one’s awareness are unlikely to be informative
ce one cannot be aware of what one is not aware.
wever, subjective SA ratings could still be useful
they are used for system evaluative purposes. As
ilustrated earlier, subjects often could indicate reliably
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which system design affords greater SA. Last, Wick-
ens pointed out that explicit performance measures
designed to examine what one is aware of (content
of SA) have no parallel use for workload assessment.
However, implicit performance measures such as those
used to check for reaction to unexpected events can be
used to assess both workload and SA.

As discussed earlier, there is not one fixed relation-
ship between workload and SA. Although high SA and
an acceptable level of workload is always desirable,
workload and SA can correlate positively or nega-
tively with each other, depending on a host of exoge-
nous and endogenous factors. Two sample studies
will be described to illustrate their potential relation-
ships. Vidulich (2000) reviewed a set of studies that
examined SA sensitivity to interface manipulations.
Of the nine studies that manipulated the interface by
providing additional information on the display, seven
showed an increase in SA, four showed a concomitant
reduction in workload, and three showed a concomi-
tant increase in workload. In contrast, of another nine
studies that manipulated the interface by reformatting
the display, all nine showed an increase in SA, six
showed a concomitant reduction in workload, and none
showed an increase in workload. In short, although
different patterns in the relationship between the work-
load and SA measures were observed, the various
patterns were reasonably interpretable given the exper-
imental manipulations. In another study, Alexander
et al. (2000) examined the relationship between men-
tal workload and situation awareness in a simulated
air-to-air combat task. Seven pilots flew simulated
air intercepts against four bombers supported by two
fighters. The main manipulations were two cockpit
designs (the conventional cockpit with independent
gauges and a virtually augmented cockpit designed
by a subject-matter expert) and four mission phases
of various degrees of difficulty and complexity. A
negative correlation between the workload and SA
measures were observed for both the cockpit design
and the mission complexity manipulations. The aug-
mented cockpit improved SA while reduced workload,
whereas increased mission complexity decreased SA
and increased workload. These results underscore the
value of assessing both the mental workload and SA
involved in any test and evaluation.

3.4.3 Need for Multiple Measures

There are however several broad guiding principles
that would be helpful in measures selection. Muckler
and Seven (1992) hold that “the distinction between
‘objective’ and ‘subjective’ measurement is neither
meaningful nor useful in human performance studies”
(p. 441). They contend that all measurements con-
tain a subjective element as long as the human is
part of the assessment. Not only is there subjectiv-
ity in the data obtained from the human subject, the
human experimenter also imparts his or her subjectiv-
ity in the data collection, analysis, and interpretation.
Thus, performance measures are not all objective, nor
are subjective measures entirely subjective (see also,
Annett, 2002a,b; Salvendy, 2002). Muckler and Seven
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advocate that the selecting of a measure (or a set of
measures) be guided by the information needs. Candi-
date measures can be evaluated by considering their
relative strengths (such as diagnosticity) and weak-
nesses (such as intrusiveness). In addition, Kantowitz
(1992) advocates using theory to select the measures.
Kantowitz made an analogy between theory and the
blueprint of a building. Trying to interpret data with-
out the guidance of a theory is like assembling bricks
randomly when constructing a building. To elaborate,
Kantowitz points out that an understanding of both
the substantive theory of human information process-
ing and the psychometric theory of the measurements
is helpful. The former dictates what one should mea-
sure, and the latter suggests ways of measuring them.
Another useful (if not required) strategy is to use multi-
ple measures as much as feasible. As discussed above,
even seemingly dissociate measures are informative
(and sometimes especially so) if one is cognizant of
the idiosyncratic properties of the different measures.
In fact, Wickens (2001) points out that converging evi-
dence from multiple measures is needed to ensure an
accurate assessment of the level of workload incurred
and the quality of SA attained.

To emphasize the value of assessing multiple mea-
sures, Parasuraman (1990) reported a study that exam-
ined the effectiveness of safety monitoring devices in
high-speed electric trains in Europe (Fruhstorfer et al.,
1977). Drivers were required to perform a secondary
task by responding to the occurrence of a target light
in a cab within 2.5 seconds. If no response was made,
a loud buzzer would be activated. If the buzzer was
not responded to within an additional 2.5 seconds,
the train’s braking system was activated automatically.
Over a number of train journeys, onset of the warning
buzzer was rare, and the antomatic brake was activated
only once. However, the EEG spectra showed that the
secondary task performance could remain normal even
when the drivers were transiently in stage 1 sleep.

4 DESIGN FOR MENTAL WORKLOAD

AND SITUATION AWARENESS: INTEGRATED
APPROACH TO OPTIMIZING SYSTEM
PERFORMANGE

It is probably fair to say that after a decade of
debate, there is now a general agreement that mental
workload and SA are distinct concepts and yet
are intricately intertwined. Both can be affected by
very many of the same exogenous and endogenous
factors and have a significant impact on each other
and on system performance. Ope implication is that
fairly well understood psychological principles can
be applied to both concepts. For example, in the
framework presented above, both workload and SA
are subject to attentional and memory limits, and
both can be supported by expertise. There exists
an established body of knowledge about the effects
of these limits and the enabling power of expertise
to allow fairly reliable performance predictions. But
the fact that the two concepts are distinct also
means that they each contribute uniquely to the
functioning of a human—machine system. Below we

review three research areas that could be exploited fgi2]
developing support that would manage workload ap
SA cooperatively to optimize system performance.

4.1 Adaptive Automation

Automation is often introduced to alleviate the hea
demand on an operator or to augment system pe
formance and reduce error. Many modemn comp}
systemns simply cannot be operated by humans alo
without some form of automation aids. However,
is now recognized that automation often redistribut
rather than reduces, the workload within a syste
(e.g., Wiener, 1988; Lee and Moray, 1992). Furth
an increasing level of automation could distance {
operator from the control system (e.g., Adams et g
1991; Billings, 1997). The upshot of this is that evg
if antomation reduces mental workload successfull
it could reduce SA and diminish an operator’s ab
to recover from unusual events. The idea of adapty
automation was introduced as a means of achieving;
delicate balance of a manageable workload level 3
an adequate SA level. This idea has been aroun Jop
some time (e.g., Rouse, 1977, 1988) and is receiy
much attention in recent research (e.g., Rothrock e
2002; Parasuraman and Bryne, 2003). Proponen
adaptive automation argue that static automation {i
entails predetermined fixed task allocation will 5
serve complex dynamic systems well. Workloads,
change dynamically due to environmental and
vidual factors (e.g., skill level and effectivenes;
strategies used). It has been proposed that a major
ronmental determinant of workload is rapid (Huey,
Wickens, 1993) and unexpected (Hockey et al., 2
changes in task load. So ideally, more or fewer ti
should be delegated to automation dynamically. M
automation would be introduced during momens
high workload, but as the level of workload eases 1
tasks would be returned to the operator, thereby X
ing the operator in the loop without overloadin
person. The key issue is the development of an in
mentation algorithm that could efficaciously adapt
level of automation to the operator's state of worklpats
and situation awareness. )
Parasuraman and Bryne (2003) describe se
adaptation techniques that rely on different iI
to trigger an increase or decrease i the e
of automation in the system. One techmique
on physiological measures and another relies
performance measures. One obvious advantag
physiological measures is their continuous availd
and noninvasive nature. A number of physiolo
measures have been evaluated for their pote
to provide real-time assessment of workload. s
include heart rate variability (e.g., Jorna, 1999),7EE
(e.g., Gevins et al., 1998; Prinzel et al., 2000; G
and Smith, 2003), ERPs (Parasuraman, 1990; K
et al., 1996) and eye movement measures (Hilll
et al., 1997; Kramer and McCarley, 2003). :
Although performance-based measures are ok
as much as physiological-based measures, rece
ies have demonstrated their potential promise
In ope study, Kaber and Riley (1999) used a secok




pitoring task along with a target acquisition task.
ptive computer aiding based on secondary-task
irformance was found to enhance primary-task per-
aformaﬂce Notice that the tasks used here afford fairly
dntmual performance measures, a property that not
inany performance-based measures possess. Also, as
'cussed above, for the secondary-task methodology
- provide useful workload information, the time-
ed tasks would need to be competing for some
mmon_resources, which of course could add to
¢ workload. In another set of studies, Vidulich and
olleagues propose that the Global Implicit Measure
GIM, described above) could be developed as a real-
ne situation awareness measurement that could guide
fective automated pilot aiding based on real-time
oring of both continuous and discrete tasks.

2 Display Design

iTp the extent that excessive workload could reduce
SA, any- display that supports performance without
sncurring excessive workload would at least indirectly
pport SA as well (see, e.g., Previc, 2000). Wickens
995) propose that chsplays that do not overtax work-
g memory and selective attention are particularly
attractive because SA depends heavily on these pro-
esses. Wickens (1995, 2002, 2003) discusses various
splay principles (e.g., proximity compatibility prin-
iple, visual momentum) that have been shown to sup-
pdrt various types of performance (e.g., flight control
2 ‘opposed to pavigation) and display features (e.g.,
frame of reference) that would lend support to SA.

'While display formats that facilitate information-
processing support performance and thereby free up
tesources for SA maintenance, Wickens (2002) shows
*that display formats could also affect the product (type)
of the SA. For example, a display with an egocen-
fic frame of reference (an inside-out view Wlth a

fixed aircraft and a moving environment) provides bet-

often trade-offs between alternative display for-
mats For example, whereas an integrated, ecological
splay generally provides better information about
ee-(limensional motion fiow, a three-dimensional
presentation on a two-dimensional viewing surface
fends to create ambiguity in locating objects in the
vironment. Such ambiguity is less of a problem in
wo-dimensional display format. But it would take
than one two-dimensicpal display to present the
anie information in a three-dimensional display. It has
been shown that it can be more cognitively demand-
g1in trying to integrate information from two separate
.,_O*dlmensmnal dlsplays The trade-off between pro-
2 moting SA for objects in the environment and accom-
BIs olishing other tasks at a lower workload level could
ity be resolved with regard to the specific goals or
riorities of competing goals of the system.
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4.3 Training

Given the role that expertise plays in one’s workload
and situation awareness, there is great potential in.
training to support SA and to permit tasks to be
accomplished with less resources at a lower level of
workload. The issue is: What does one train for?
That expertise is based largely on a large body of
domain-specific knowledge suggests that a thorough
understanding of the workings of the system would be
helpful, particularly in nonroutine situations. Although
expertise speeds up performance and experts generally
perform at a high level under normal situations,
their expertise is particularly useful in unexpected
circumstances because of their ability to use their
acquired knowledge to recognize and solve problermns.
The concern that operators trained on automated
systems (which would be especially helpful for novices
because of the presumed lower level of workload
involved) might never acquire the needed knowledge
and experience to build up their expertise is certainly a
valid one until there exist automated systems with total
reliability that would never operate outside a perfectly
orchestrated environment. One possibility might be
to provide some initial and refresher training in a
ponautomated or less automated simulated system.
Although there exists in the literature a large
body of training research that aims at accelerating
the learning process and there is much evidence to
support the advantages of not subjecting a trainee to
an excessive level of workload, there are additional
considerations when the goal is to build SA as
well. One, it would be most useful to have some
ideas about the knowledge structure that experts
have so that the training program can build upon
reinforcing this structure. After all, it is the structure
and organization of information that support fast and
accurate pattern recognition and information retrieval.
Two, experts do not merely possess more knowledge,
they are better at using it. This would suggest that
training should extend to strategic traiming. Given the
growing body of evidence to support that strategic task
management (or executive control) is a higher-level
generalizable skill, much of the strategic training could
be accomplished with low-cost low-physical-fidelity
simulated systems such as a complex computer game
(see Haier et al., 1992; Gopher, 1993). The strategic
training can be at odds with the goal of keeping
the level of workload down while the operators are
in training. However, research has shown that the
eventual benefits outweigh the initial cost in mental
workload. As desirable as it is to train to develop
automatic processing that is characterized as fast,
accurate, and attention free, this training strategy may
have only limited utility in training operators who
have to function within a dynamic complex system.
This is because there would be relatively few task
components in these systems that would have an
invariant stimulus—response mapping (a requirement
for automatic processing to be developed and applied).
All three research areas underscore the interdepen-
dence of the concepts of workload and SA. The design
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of any efficacious technical support or training pro-
gram would need to take into account the interplay
of the two. Any evaluation of the effectiveness of
these supports would need to assess both the operator’s
workload and situation awareness in order to have a
clear picture of their impact on system performance.

5 CONCLUSIONS

So the years of research into mental workload and
situation awareness have been profitable. The research
has developed a multitude of metric techniques, and
although the results of different mental workload or SA
assessment techniques sometimes show dissociations,
they seem to fit within the theoretical constructs behind
the measures. Workload is primarily a result of the
limited attentional resources of humans, whereas SA
is a cognitive phenomenon emerging from perception,
memory, and expertise. The concepts of workload and
SA have been studied extensively in the laboratory
and have been transitioned successfully to real-world
system evaluation. Indeed, workload and SA have been
useful tools of system evaluators for years, and now
they are providing vital guidance for shaping future
automation, display, and training programs. In short,
these concepts have been, and should continue to
be, essential tools for human factors researchers and
practitioners.
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