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Complex tasks in large and error-prone environments require unobtrusive, unbiased and real-time
measurement of cognitive variables to promote safety and to achieve optimal performance. Despite the
prevalence of physiological measurement of cognitive constructs and cognitive performance, such as
workload, little has been done to justify the inference of cognitive states from physiological measures. We
develop a framework based on the extant literature to provide the groundwork for further validation of
physiological measurement. Specifically, we leverage theoretically-grounded conditions of measurement to
aid in investigating the logical sampling and construct validity for use of such metrics. Further meta-
analytic investigation is warranted to validate the model and justify use of physiological measures.

INTRODUCTION

The transition to tasks from involving multiple human
operators to humans interacting with automatic systems and
virtual tools requires specific skills and abilities on behalf of
the personnel operating them (Nemeth, 2004). With the
constant advancement of technology in these automated
systems, more complex tasks in dynamic and complex
environments are able to be undertaken by workers and
employees; thusly, the cognitive demands of the operator
become increasingly important to understand. Similarly, as
these tasks become exceedingly complex, they require a
higher degree of cognitive focus and vigilance to ensure safety
of the human within the system (Proctor & Zandt, 2008). New
methods in science and technology must be implemented to
improve measurement to allow for real-time measurement.
These methods should enable an improved understanding of
these cognitive demands, and in doing so, allow for the
development of countermeasures to address the risks of
potential performance decrement.

The physiological process the body undergoes while
performing a task is a crucial aspect to this understanding.
Neglecting the physiological context of behavior,
computational models of human information processing and
cognition are incomplete. Specifically, without accounting for
physiological response, these models are incomplete and fail
to provide adequate information to understand processes and
outputs of cognitive performance (Robert & Hockey, 1997).

Physiological measurement of cognitive and
psychological factors is in widespread use for both applied and
basic research purposes. Reviews over the last decade have
sought to evaluate the extant literature on physiological
measurement of psychological constructs, such as vigilance.
Physiological measurement covers a wide span of voluntary
and involuntary responses (e.g., EKG, saccades, EEG, EMG,
speech analysis) to infer a wide variety of cognitive
performance variables (e.g., cognitive workload, fatigue,
situation awareness).

Despite these extensive reviews of physiological
measurement of key psychological constructs such as
workload, situation awareness, vigilance, and fatigue (e.g.,
Kramer, 1990; Oken, Salinsky, & Elsas, 2006), cause for the
inference of psychological attributes from physiological states
(Cacioppo & Tassinary, 1990; Stevens et al., 2010) is yet to be
quantified and standardized for many forms of physiological
measurement. Given the wide range of interpretation of
physiological responses (e.g., EKGs used to measure stress as
well as workload) and lack of available items for traditional
psychometric assessment (Allen & Yen, 2002), we seek to
provide theoretical guidance to inform validated inference of
physiological metrics of cognition. Specifically, we seek to
provide theoretical guidance for construct and logical validity
(see Allen & Yen, 2002) of use of such measures. Through
synthesis of the extant literature, we present a comprehensive
framework to provide insight to critical aspects of the task,
environment, and individual involved in physiological
measurement to better assess its validity. Thus, robust and
valid measurement can be further leveraged to provide
insights into human cognition, performance, and improved
safety in complex and hazardous environments. Below, we lay
the rationale for each condition. We also present the practical
outcomes and implications of leveraging this framework.

FRAMEWORK OVERVIEW

This framework conceptualizes conditions critical to
understanding the theoretical basis for physiological metrics of
cognitive performance through identifying links of study
conditions to the cognitive variables of interest. Specifically,
these conditions of interest are conceptualized as input,
adaptation and output variables. By including these variables
which affect cognitive performance, the construct and logical
sampling validity for physiological metrics as measures of
cognitive performance can be bolstered. Justification for use
of these key variables is determined through careful
consideration of theoretical and practical conditions which
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influence individual adaptation and, consequently, response
(e.g., task load increasing cognitive workload). In examining
influencing variables of cognition, the framework outlines
input and adaptation variables which serve to improve or
weaken variables of cognition (e.g., usability and situation
awareness), or conditions which may reduce physiological
measure effectiveness (e.g., extreme temperatures).
Additionally this can be leveraged to ensure measurement
strategies correlate and diverge appropriately. This can and
has been established for particular physiological approaches to
measurement of cognitive variables through correlation (e.g.,
Camili, Terenzi, & Di Nocera, 2007). However, with
theoretical conditions, we can control and better determine
that physiological measurement measures the intended
constructs and does not measure constructs for which it was
not intended, which may confound the measurement strategy
(i.e., construct and discriminant validity; see Bobko, 2001).
More specifically, the construct validity of physiological
measures can be tested through determining whether they
correlate with traditional measures of the intended construct
and whether they do not correlate with constructs unrelated to
the construct of interest.

The principle components of our model involve the input,
including stimulus, adaptation of the individual (also known as
the individual’s response or preconditions of the operator) and
output or behavioral response to stressors (i.e., “trinity of
stress”’; Hancock & Warm, 1989), including individual
differences and physiological response. We further describe
specifics within each input, adaptation, and output category in
terms of the task, the environment, and the individual as
conditions (Hancock & Warm, 1989). Conditions of this
nature have been identified as significantly impacting
cognitive performance (Hancock, Ross, & Szalma, 2007).
Conversely, we seek to explain these theoretical elements
within the framework as critical components to physiological
measurement and the assessment of vigilance, situation
awareness, cognitive workload, as well as fatigue. Ultimately,
we aim to provide guidance on providing psychometrically
sound methods for assessing and interpreting cognitive states
from physiological measures.

Input Variables/Stressors

The input variables play an important role in the
framework by acting as preconditions to the situation or
environmental context. Each of the input variables outlined
must be recorded and accounted for in order to maintain
construct validity. Specifically, we account for said variables
to ensure that physiological measurement are sensitive to these
external changes and truly measure psychological state and to
determine conditions in which unobtrusive physiological
measurement is best. These variables can be broken down into
two sub-categories which are: (1) Variables within the task
itself, and (2) variables within the environment. Below we
explore each of these sub-categories.

Task Characteristics. There are several variables related
to the task itself that we will be looking at, these include: (1)
system transparency, (2) modality, (3) taskload (event rate,
number of tasks, duration, and breaks), and (4) feedback. First,
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transparency of the system indicates what information is given
to the user in regards to the state of system processes
(Parasuraman & Riley, 1997) and can directly translate to an
individuals’ ability to effectively complete taskwork and
mitigate workload. Previous research has also indicated that
system transparency—a significant component in the
conceptualization of the levels of automation—can affect the
vigilance and situation awareness of an operator (Parasuraman
& Riley, 2000). For example, a system that informs the
operator about the tasks and processes it conducts, or allows
for input by them can help in maintaining vigilance of the
operator. Modality, or the sensory and cognitive paradigms
(See, Howe, Warm & Dember, 1995) which demonstrate
differences in performance in vigilance based on whether the
task is visual, auditory, or haptic, relates to the Multiple
Resource Model (Wickens, 2002), where personnel have
certain capacities to how they can interact with various
modalities based on the task conditions.
There are several types of feedback that can be received
for a task such as continuous output feedback or post-
feedback. Feedback on a task can enhance performance in
subsequent performance sessions by as much as 20%
(Tannenbaum & Cerasoli, 2013). Additionally, feedback
received during a performance session can significantly alter
strategies for situation awareness and performance on
vigilance tasks (Kluger & DeNisi, 1996). Therefore, it is
critical to know how, when and if participants received
feedback in addition to their tasking conditions. See table 1 for
specific forms of taskload.

Table 1
Characteristics of Taskload
7{; OSZZ)Z{Z Theory References
Increase event rate can Rose, Murphy,
Event Rate  impact cognitive variables Byard, &Nikzad,
of performance 2002
Can be multiple tasks, or Hart &
Number of  a battery of tasks; Impact  Staveland,
Tasks cognitive performance by  1988;Yagoubi &
divided attention Slimani, 2007
Increase duration, Block, Hancock
Duration increases workload, & Zakay, 2010
fatigue, decreases SA and
vigilance
Regains mental resources, Phipps-Nelson &
increases performance, Redman et al.,
Number of . C Ap
Breaks d.ec.reases fatigue, avert 2011; Ariga,
vigilance decrement Lleras et al.,
2011
Response sensitivity Mackworth &
increases as signal Taylor, 1963;
. strength decreases and Teichner, 1974
Signal to

Noise Ratio

response bias and
sensitivity affect
performance and
vigilance decrement
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Environmental Characteristics. In order to accurately
measure physiological measures, environmental factors must
also be controlled or accounted for accurate measurement.
Environmental characteristics critical to interpreting
physiological measurement include temperature, humidity
level, as well as the location of the study. Temperature,
namely extreme cold and extreme heat can greatly impact
physiological performance, but can also decrease variables of
cognitive performance (Hancock, Ross, & Szalma, 2007).
Therefore, extreme temperature could confound the
physiological measures’ ability to accurately capture cognitive
states. Humidity plays a role in this as well, more specifically
when attempting to accurately capture specific forms of
physiological measurement (e.g., galvanic skin response).
Features of the environment, such as lighting, air quality, and
sound can also have an impact on physiological measures and
self —report measures (Thayer, et al., 2010). Therefore, in
accordance with Hancock & Warm’s (1989) dynamic model,
conditions of the environment should be a priority for
determining measurement confounds and the validity of
inference of psychological states and performance.

Throughput

Individual differences. Preconditions of the operator
characterize individual differences of the person interacting
with the task/environment to accomplish a goal. While there
are anatomical differences which can increase physiological
variability (e.g., sex of participant; Hochwarter, Perrewe, &
Dawkins, 1995), we argue that psychological preconditions of
the operator are critical for physiological assessment. Both the
state and trait characteristics of the operator affect how this
interaction takes place. Expertise of the operator on the
subject, interface or environment can play a key role in
examining cognition and physiological response. Arousal, as
an individual state, is strongly linked to the availability of
mental resources an individual can access, and can indicate
stress (Morgan, Matthews, & Winton,, 1995). Arousal, for
instance may provide important information to distinguishing
the measurement of stress from workload measurement in
using physiological criteria. Additionally, more stable
personality traits of the individual can influence cognitive
appraisal and performance. This is especially true in vigilance
tasks such that personality can impact the timing and severity
of a vigilance decrement (Szalma, 2009), and ability to
maintain situation awareness (Doherty & Walker, 1966).
Finally, expertise on a given subject, interface, or environment
can also impact performance on a cognitive task and influence
cognitive states, such as subjective workload. More
specifically, individual expertise can act as a “buffer” against
psychological stressors within an environment. See Table 2 for
additional information on Individual differences.

Physiology and Physiological Measurement. As individuals
respond to the characteristics of the task and environmental
context, they elicit a physiological response. While there are
numerous forms of physiological measurement (e.g.,
Biomarkers, on-body, off-body), the quality of a given
physiological measure can be captured in similar ways.

Kramer (1991) advanced a framework for evaluating
physiological measures for workload based on the
sensitivity/diagnosticity, reliability, and intrusiveness which
he framed as the generality of application of the measure. The
guidelines stipulates that while individuals will exhibit

Table 2.
Non-clinical Individual Differences and Cognition

Individual

Difference Theory References

Personality Can influence Doherty &
situation Walker, 1966;
Awareness, Szalma, 2009
fatigue, cognitive
workload, and
vigilance

Arousal Can indicate stress Wickens &

when high, fatigue Holland, 2000;
when low; Matthews et al.,

affective states of 1995
energetic arousal,

tense arousal, and

hedonic tone

cognitive workload. While his guidelines provide direction for
capturing cognitive workload, these features can

be generalized to other variables of cognitive performance
including fatigue, situation awareness, and vigilance.
Additionally, this framework can be applied as an aid in
diagnosing, analyzing, and differentiating between
physiological measures of brain activity, eye movements,
voluntary muscular activity, cardiovascular activity, electro
dermal activity, chemical activity and other bodily processes
such as respiration and temperature. Adding this framework as
a theoretical basis for diagnosing the appropriateness of
measurement can aid in determining which is most appropriate
based on their generality of application.

Output

Cognitive Outcomes. Although there are many measures
of output of individual adaptation, and particularly cognitive
performance variables; previous papers have distinguished
cognitive performance as memory tasks, accuracy and
response time measurements, tracking and detection tasks
(Hancock, Ross, & Szalma, 2007). Specifically, we
conceptualize situation awareness as “the perception of the
elements in the environment ..., the comprehension of their
meaning, and the projection of their status in the near future”
(Endsley, 1988). In terms of fatigue, we aim to capture
individuals’ level of cognitive exhaustion, weakness, or “loss
of maximal force-generating capacity during muscular
activity” (Chadler et al., 1993, p. 147). Vigilance can also be
captured as the sustained attention, or tonic alertness, of an
individual maintaining focused attention over time (Oken,
Salinsky, & Elsas, 2006). Finally, we are exploring cognitive
workload as the amount of attentional and working memory
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demands experienced during a specified time period (Block,
Hancock, & Zakey, 2010).

DISCUSSION
Practical Implications

Applications of this framework can be utilized for the
purposes of improving safety, training and the efficiency of
operations through early detection of critical psychological
states. Based on identifying the critical cognitive constructs
for personnel working in complex environments, we plan to
gain insight into what physiological measurements are the
most effective for practical purposes to these factors. As each
physiological measurement currently available have their own
advantages and limitations related to practicality (e.g., self-
report issues; Mabe & West, 1982) and construct validity, it is
theorized that a combination of multiple measurements will be
the most effective in order to provide a comprehensive
summary of personnel conducting specific tasks at a given
point in time.

It is expected that this research effort will aid in the
development and implementation of countermeasures that can
help maintain performance in tasks requiring high levels of
cognitive performance. Potential practical implementations
can involve detection of physiological changes that can lead to
performance decrement, such as hypoxia or temperature
changes. Additionally, this effort also aims to guide the
development of systems and protocols to ensure appropriate
implementation for performance maintenance related to the
cognitive factors of interest, such as changes in shift work,
role and task assignment, selection for field operations, and
insights into task training effectiveness.

Current limitations associated with this effort involve
verifying the validity of the proposed framework in this paper.
Research is required to expand upon previous efforts for
validating physiological measures (e.g., Berka et al., 2007,
Haapalainen, Kim, Forlizzi, & Dey, 2010) to be implemented
in real world environments. Comparison of these
measurements across a variety of tasks and domains can help
in selection purposes, as different measurements may act
differently from one another based on these conditions.

Conclusion

This paper introduces a theoretically-grounded framework
to provide guidance for identifying and measuring cognitive
constructs utilizing real-time physiological measurements to
monitor individuals in their work environment. In order to
effectively evaluate the validity of real-time physiological
measurements in complex environments, it is important to
consider the effects of potential confounding effects of the
person, task, and environment. Measurements implemented in
real world settings must be valid taking into account these
confounding and moderating effects. The overall goal of the
framework is to set the ground in developing specifications for
what physiological measurements will be most effective for
monitoring personnel in real time in work environments.
Similarly, future research should seek to validate this

framework. Specifically, the field would benefit from
determination of a meta-analytic effect size to help determine
a true correlation between metrics of cognition and physiology
(see Mabe & West, 1982).
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