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Introduction: Limited opportunities to study human cognitive perfor-
mance in non-laboratory, ambulatory situations exist. However, ad-
vances in technology make it possible to extend behavioral assessments
to the field. One of the first devices to measure human behavior in the
field was the wrist-worn actigraph. This device acquires minute-by-
minute information on an individual’s physical activity and can distin-
guish sleep from waking, the most basic aspect of behavior. Methods:
Our laboratory developed a series of wrist-worn devices, not much
larger than a watch, which assess reaction time, vigilance and memory.
The devices concurrently assess motor activity with greater temporal
resolution than standard actigraphs. They also continuously monitor
multiple environmental variables including temperature, humidity,
sound, and light. Results: These monitors have been employed during
training and simulated military operations to collect behavioral and
environmental information that would typically be unavailable under
such circumstances. Development of the vigilance monitor, and how
each successive version extended capabilities of the device are de-
scribed. Data from several studies are presented, including studies con-
ducted in harsh field environments during a simulated infantry assault,
an officer training course. Discussion: The monitors simultaneously
documented environmental conditions, patterns of sleep and activity
and effects of nutritional manipulations on cognitive performance. They
provide a new method to relate cognitive performance to real world
environmental conditions and assess effects of various interventions on
human behavior in the field. They can also monitor cognitive perfor-
mance in real time, and if it is degraded, attempt to intervene to maintain
it.
Keywords: actigraph, sleep, reaction time, motor activity, light, sound.

NOVEL TECHNOLOGIES for assessing human be-
havior rarely emerge. Tests of cognitive perfor-

mance and questionnaires, the most common behav-
ioral assessment techniques, have been available since
the emergence of psychology in the 19th century. While
technologies employed to conduct such testing have
substantially improved since the advent of mini- and
microcomputers, the underlying parameters assessed
have not changed. For example, tests of reaction time,
sensory capabilities, and memory emerged in the 19th

century and are still widely employed. One of the few
novel technologies for the assessment of human behav-
ior developed recently is the ambulatory activity mon-
itor, also known as the actigraph. This technology re-
quired availability of microcircuits, specifically solid-
state memory, but not microprocessors. Descriptions of

several of the initial devices can be found in publica-
tions and patents dating from the 1970s and 1980s
(3,19,24).

Activity monitors continuously assess human motor
activity and are usually worn on the wrist, leg, or waist.
The initial devices were simple and consisted of little
more than a piezoelectric crystal, minimal signal pro-
cessing circuitry, and very limited solid-state memory
(less than 1000 8-bit bytes) (3). Current devices now
automatically record motor activity and other parame-
ters over several days or weeks in individual epochs
lasting for periods of a second to several minutes. The
most advanced have 8 MB of memory and internal
microprocessors that are similar in computing power to
Pentium processors. Actigraphs were developed to ad-
dress limitations of other technologies used to assess
human behavior, especially the unsuitability of tradi-
tional methods for studying ambulatory human behav-
ior. They provided an opportunity to study a new,
previously unmeasurable aspect of human behavior,
spontaneous motor activity, for long periods of time as
individuals go about their daily activities (20,23).

Ambulatory Assessment of Human Cognitive Performance
in the Field

Conventional tests of cognitive performance are ad-
ministered using paper and pencil to fill out forms,
computers to present stimuli and record responses, or
with mechanical devices such as pegboards. These tests
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measure functions such as reaction time, vigilance, at-
tention, learning, memory, manual dexterity, and sen-
sory function. Scientists rely on such tests to assess
mental performance, but there are numerous problems
associated with employing them, especially in the field.
One limitation is that volunteers must stop all ongoing
activities to participate in testing. Another is that the
equipment employed to administer them is often not
portable. Cognitive tests can now be administered on
notebook computers and personal digital assistants
(PDAs), a significant advance in portability and conve-
nience (9,16). Unfortunately, these devices have limited
battery life, the displays can be difficult to see, partic-
ularly in outdoor conditions, they have inadequate key-
boards, are not waterproof, and are fragile. Using such
instrumentation to study individuals in their natural
environment can be intrusive and impractical.

Activity monitors have advantages over conventional
technologies. They are much smaller than a personal
computer or PDA, have a longer battery life, can be
waterproofed, and if used to assess behavior, it is not
necessary to halt the ongoing activities of the wearer.
Actigraphs can measure duration of waking vs. sleep
state, information that can predict cognitive perfor-
mance (1,8). Although lacking the accuracy and resolu-
tion of polysomnography (electrophysiological sleep
assessment), the gold standard for assessment of sleep
state, activity monitors are used to assess sleep status in
a variety of fields, including academic psychology and
military, environmental, and clinical medicine (20,23).
They have been used extensively to quantify human
energy expenditure, although accuracy of the devices
for this application is not established (2,5,6,18).

The Evolution of the Vigilance Monitor

Although actigraphs are valuable tools for assessing
ambulatory behavior, they do not directly assess cogni-
tive function. Indirect inferences regarding cognitive
state of an individual wearing an actigraph are possible,
since virtually all cognitive behaviors cease when an
individual is sleeping. However, actigraphs provide no
direct information regarding cognitive performance of
humans. Therefore, we have modified the actigraph to
permit direct assessment of cognitive performance. Ac-
tigraph technology was integrated with conventional
methods for assessing cognitive performance by com-
bining in a single device the capability to present vari-
ous stimuli and record responses with the ability to
monitor activity. Because microelectronic and sensor
technology has advanced rapidly since initial develop-
ment of actigraphs, environmental sensors could be
also be integrated into the device. Sensors to provide
information on environmental factors related to human
behavior, specifically light, sound, and ambient temper-
ature, were included and, subsequently, a humidity
sensor was added.

The first generation, integrated vigilance monitor, ac-
tigraph, and environmental monitor was designed and
assembled at our laboratory, the U.S. Army Research
Institute of Environmental Medicine (USARIEM) (Fig.
1) (10–12). As we lacked facilities to build a device from
individual components, an off-the-shelf data-logger mi-

crocomputer was used as the core of the device. The
data-logger (Tattle-Tale Model 5F, Onset Computer
Corp., North Falmouth, MA) was designed for portable
data logging. It contained an 8-bit microprocessor, RS-
232 interface, analog-to-digital converter, and 128 KB of
memory. The microprocessor was a variant of the Mo-
torola 6801, manufactured for Onset by a third party.
This processor is roughly equivalent to a first genera-
tion microcomputer, such as an Apple II. The Tattle-
Tale motherboard allowed attachment of a daughter-
board containing custom circuitry from third party
developers. We designed such a daughterboard, which
contained a solid-state accelerometer, temperature sen-
sor, light and sound sensor (microphone), 3 LEDs, a
miniature speaker, and two push buttons. To the best of
our knowledge no such battery powered, portable de-
vice had previously been constructed (10).

Processing input from multiple sensors in real time,
presenting stimuli (auditory or visual), and recording
responses from the wearer, all under real-time software
control, provided a previously unavailable capability
for studying and modifying human behavior and motor
activity. As typically configured, the first generation
device recorded seven channels of data (Fig. 2). Its
ability to assess vigilance and reaction time are illus-
trated in Fig. 2D. Vigilance was assessed by presenting
a series of auditory stimuli at random times and record-
ing, by button-press, responses (or lack thereof), and
their latency with millisecond accuracy. Since the de-
vice is fully programmable, it could assess a wide va-
riety of cognitive functions including learning, mem-
ory, pattern recognition, and reasoning.

Once this device was constructed, a variety of appli-
cations, some not envisioned when it was initially con-
ceived, became possible. One application was to evalu-
ate, in real time, responses of the wearer to stimuli, and
use the monitor to actively modify those responses. For
example, when an individual does not respond to stim-
uli presented, their intensity and frequency can be in-
creased until a response occurs (10–12). In the data
shown in Fig. 2D, to increase the likelihood a volunteer
would respond to the vigilance test stimuli, each stim-
ulus presentation actually consisted of three consecu-
tive tones, separated by several seconds, each louder
then the previous tone (13). When a volunteer re-
sponded to a tone, presentation of the other tones in
that series was canceled. This reinforced rapid respond-
ing, as once the volunteer responded he avoided sub-
sequent tones in the series. Furthermore, the device can
be programmed to increase the vigilance of the volun-
teer by measuring it directly in real time, and then
providing feedback to the user when an unsatisfactory
(slow) or no response is detected.

Automated Enhancement of Cognitive Performance

Since the vigilance monitor measures motor activity
like an actigraph, data from activity channels, such as
low activity indicating sleep, can be used alone or inte-
grated with volunteer response data to modify vigi-
lance or patterns of sleep and activity. The device can be
programmed to only present stimuli when low activity
levels are present, thereby being less intrusive. For ex-
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ample, if the device was being employed to keep a
sentry alert, it could be programmed to only present
vigilance stimuli when he/she was inactive. The capa-
bility was validated in a study in which volunteers were
required to stay awake overnight. In one group (n �
20), auditory stimuli were presented randomly. In an-
other group (n � 20), stimuli were presented when the
accelerometer detected a period of inactivity. In the
later group, reaction time assessed by the monitor was
significantly faster (Fig. 3) over the course of the night
(t � 2.23, p � 0.026).

Vigilance monitors can be employed to accomplish a
variety of initially unanticipated objectives. For exam-
ple, the device can modify circadian rhythms of sleep/
activity by permitting sleep during pre-programmed
intervals and maintaining vigilance/wakefulness at
other times. Another use would integrate behavioral
and environmental sensing capabilities. For example, in
hot environments, motor activity, an indicator of work
load, ambient temperature, and responsiveness to stim-
uli, could be evaluated by an algorithm that would
sound a warning if the individual appeared to be at
risk. High levels of activity could trigger an alarm to

reduce exertion of the wearer or, alternatively, test be-
havioral responsiveness to external stimuli, and then
act if alertness falls to unacceptable levels (10).

The first generation device lacked some desirable
features. One was the ability to present somatosensory
stimuli, in particular to vibrate, like cellular telephones
and pagers, which would permit behavior to be studied
and modified in noisy environments or in individuals
wearing helmets, where an auditory stimulus might be
masked. In some environments, such stimuli are diffi-
cult to ignore compared with moderate intensity audi-
tory or visual stimuli (17). Other limitations of the first
generation device were its relatively large size, limited
memory, and difficulty making it waterproof. Further-
more, as it employed a non-standard accelerometer, it
could not assess sleep using a validated algorithm
based on polysomnography (4,21).

We collaborated with Precision Control Devices
(PCD), Ft. Walton Beach, FL, to design a second gener-
ation vigilance monitor to eliminate these deficiencies
(Fig. 1C). The second generation device is waterproof,
can generate vibratory stimuli, and includes an addi-
tional environmental channel for monitoring ambient

Fig. 1. A and B) Schematic and picture of the first generation vigilance monitor. C) Second generation vigilance monitor with all sensors, output
devices, and push buttons identified. D) Third generation vigilance monitor with all sensors, output devices, and push buttons identified.

AMBULATORY VIGILANCE MONITOR—LIEBERMAN ET AL.

B270 Aviation, Space, and Environmental Medicine • Vol. 78, No. 5, Section II • May 2007



Delivered by Ingenta to:
U.S . Army Soldier Systems Center

IP : 153.103.190.11
Fri, 09 May 2008 17:39:08

humidity. This capability was added since it is an im-
portant predictor of ability to work in hot environ-
ments. The second generation monitor uses the PIC
16F877 microprocessor (Microchip Technology, Chan-
dler, AZ), equivalent to a 486-based microcomputer.

This second generation device (Fig. 1C) is smaller (5.6
cm � 4.3 cm � 1.6 cm; 53 g) than the first generation
vigilance monitor and contains 10 MB of non-volatile
memory. A major advantage of the second generation
device is it can sample activity to the identical specifica-

tions of PCD actigraphs. When sampled in this manner,
activity can be used to distinguish sleep from waking,
since algorithms to accomplish this have been validated
using polysomnograpy (4,21). Although the second gen-
eration device is smaller than the first generation device,
some volunteers find it to be uncomfortable to wear for
long periods of time (many days) and it is subject to
physical damage when volunteers are in harsh environ-
ments. Since volunteers can, of course, take the devices off
once they have left the laboratory, we hypothesized that
compliance with study requirements could be encouraged
by providing a more tolerable device.

PCD has now produced a third generation monitor
which is significantly smaller than the second genera-
tion device (Fig. 1D). It is octagonal in shape, has 8 MB
of memory, and weighs only 48 g, yet preserves all the
functions of the second generation device. Its dimen-
sions are 3.8 cm � 3.8 cm � 1.2 cm, and its size and
shape make it more acceptable to the wearer since it is
not much larger than a wristwatch (Fig. 1D). To achieve
software compatibility with the first PCD-manufac-
tured vigilance monitor, another Microchip Technology
microprocessor in the same family was used, the PIC
18LF6720. It is equivalent to a Pentium microprocessor.
With 8 MB of data memory it could record 48 d of data
in 9 channels every 10 s. Unfortunately, the battery
would not last that long.

Fig. 2. Representative vigilance monitor data from one volunteer continuously collected over the 10 h of a study designed to evaluate a
carbohydrate beverage during a military field exercise (13). The seven channels of data acquired are labeled individually on the y-axis. Activities in
which the volunteer was participating and clock hours are indicated on the lowest x-axis. A–C) These three channels, Activity 1–3, are sensing physical
motion (acceleration) and data collected are similar to a standard actigraph. The vertical height of each line plotted on the x-axis represents the number
of movements detected in 1 min. Each channel was optimized to detect motion with different physical characteristics (see 11). D) This channel,
labeled Vigilance (RT), displays the responses of the subject, in seconds, to presentation of a sequence of tones (about 20/h) at random intervals. The
height of each bar represents speed of response to the tone. When a bar reaches the top of its graph this indicates the subject did not respond to that
stimulus. E) This channel, labeled light, is the illumination level recorded at the wrist of the subject in arbitrary units. F) The Amb. Temp channel
continuously records ambient temperature in degrees Celsius. G) This channel continuously records ambient sound levels in arbitrary units.

Fig. 3. Mean (� SEM) auditory reaction time assessed with the vigi-
lance monitor in volunteers required to stay awake overnight (t � 2.23;
p � 0.026).
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Research Applications

Although vigilance monitoring is only beginning to
emerge as a practical research tool, a number of studies
have employed it. Most have been conducted in the
field, although the device is also in use in the labora-
tory. One study (13) assessed the effects of a nutritional
intervention on soldiers engaged in a training exercise.
The exercise was conducted to test whether providing
supplemental energy as a carbohydrate beverage
would improve vigilance and physical performance.
This study was designed in collaboration with the par-
ticipating military unit, the 75th Ranger Regiment, to
simulate a brief, but intense, light infantry mission, so
the test was realistic with regard to the unit’s opera-
tional requirements. In that study, the vigilance monitor
was the primary dependent measure and was used to
assess soldier cognitive performance continuously for
10 h in the field. It successfully documented the bene-
ficial dose-related effects of the carbohydrate beverage
on vigilance compared with a placebo beverage (Fig.
4A) (13).

The ability of the monitor to reliably document

changes in cognitive performance was confirmed by
results of a mood questionnaire that was administered
periodically during the study. The questionnaire dem-
onstrated changes in self-reported mood state across
treatment conditions and time consistent with changes
in vigilance detected by the vigilance monitor (Fig. 4B).

The functionality of the monitors has been evaluated
in different training environments. The data shown in
Fig. 5 were collected from a volunteer engaged in an
intense 8-d field exercise, a part of U.S. Marine Infantry
Officer Training, which was conducted in a hot, humid
environment (14). Patterns of rest and activity, and
environmental conditions were documented by the
monitor (Fig. 5). Vigilance data were also acquired,
although only for brief periods of time (Fig. 5G).

Ambient Sound, Light, and Temperature

To understand the effects of environmental factors on
human cognitive performance, the vigilance monitor
includes a suite of onboard sensors. Ambient light lev-
els, sound, and temperature can be continuously as-
sessed. These parameters were selected since they are
important determinants of human behavior. The pat-
tern and intensity of sound in the environment influ-
ences human patterns of rest, activity, and other behav-
iors. To the best of our knowledge, ambulatory field
studies investigating the relationship of ambient sound
levels and human behavior patterns have not been con-
ducted because of the lack of suitable devices to assess
both parameters simultaneously. Humans are sensitive
to a wide variety of auditory stimuli, and loud or
even moderate volume irregular sounds can severely
disrupt sleep. The vigilance monitor has a microphone
mounted inside and information on background sound
levels the wearer experiences can be continuously mon-
itored. Fig. 2 illustrates the relationship between ambi-
ent noise levels and behavior. When volunteers were
napping during the 4-h rest period, noise levels (Fig.
2G) were substantially less than any other period of the
study. Vigilance performance during this period was
significantly degraded (Fig. 2D) (13). Minute-by-minute
information on quality and quantity of sleep and simul-
taneously recorded ambient patterns of sound may be
useful for developing appropriate strategies to increase
sleep in the field.

Light is another key factor regulating human behavior,
including rest and activity cycles and circadian rhythms
underlying these behaviors. We included a light sensor so
information regarding the duration and amplitude of in-
dividual exposure to light can be continuously acquired
(Fig. 2E). Commercial versions of actigraphs with light
sensors have been available for some time (7). However,
individual variations in light exposure and their effects on
circadian rhythms and performance in the field have not
been investigated. In a study conducted at Camp Parks,
CA, with medical reservists as volunteers, we collected
data using the monitors and a stationary weather station
with an onboard radiometer (11). Fig. 6 presents data on
mean ambient exposure to light from four reservists and
also from the weather station’s sensor. The vigilance mon-
itor appears to have accurately tracked ambient illumina-
tion. Daily patterns of light exposure of volunteers were

Fig. 4. A) Mean (� SEM) differences from baseline in auditory vigi-
lance reaction times over 10 h of a field study designed to evaluate
effects of carbohydrate supplementation on cognitive performance (13).
Each subject’s performance was summed over five time periods. Be-
cause values plotted are differences from baseline, the higher the num-
ber on the y axis, the better performance. B) Mean (� SEM) differences
from baseline on the Confusion subscale of the Profile of Mood States
(13). Lower numbers on the y axis indicate reduced self-reported con-
fusion.
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in the morning and fell asleep later at night, perhaps an
indication of exposure to artificial sources of light in the
morning and evening. Ability to monitor illumination

levels, particularly in studies of circadian rhythms, perfor-
mance, and sleep, will provide information on a poten-
tially confounding factor, as well as describing the milieu
in which an individual is operating.

Fig. 5. Vigilance monitor data collected during part of an 8-d U.S. Marine Infantry Officer Training exercise. On Aug. 14 the unit engaged in
simulated night attack; on Aug. 15 another night attack scenario was the activity.

Fig. 6. Ambient light levels during
the Camp Parks field study. Ambient
light levels were recorded on the wrists
of four subjects and the mean value
derived. Weather station data were
concurrently recorded at the site by a
stationary device.
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Although the importance of ambient temperature
in regulating behavior is documented, the pattern of
ambient temperature an individual is exposed to is
difficult to obtain. Extreme heat or cold will have
effects on a wide range of behaviors, including activ-
ity, sleep, and physical and mental performance. Sub-
tle variations in climate are difficult to measure, but
humans go to great lengths to regulate the ambient
temperature they experience. Therefore, the monitor
includes a solid-state thermistor which continuously
assesses ambient temperature (Fig. 2F). Although am-
bient temperature is not the only environmental fac-
tor modulating thermal state, it is important. In field
studies it is difficult to obtain information on ambient
temperature conditions to which soldiers are ex-
posed. Furthermore, even when climatic data are
available, they do not describe the conditions an in-
dividual experiences, but rather the conditions at a
stationary weather station (22). In the study con-
ducted at Camp Parks discussed above, large varia-
tions in individual ambient temperatures were ob-

served (Fig. 7A). The differences in individual
temperature exposures at identical times in the geo-
graphically constrained environment of Camp Parks,
where test subjects were rarely more than several
hundred meters apart, were greater than 25°C. In this
study, the stationary weather station recorded air and
ground temperature. Fig. 7B presents both weather
station data and mean temperature exposures in four
subjects. The individual patterns of thermal exposure
recorded by the vigilance monitors track the daily
fluctuations in air temperature each day, but appear
to be significantly damped, particularly with regard
to the higher daytime temperatures recorded; pre-
sumably reflecting the behavioral responses of the
wearer, who may have been avoiding the heat by
moving to shaded locations. The pattern of light ex-
posure on most days (Fig. 6) is consistent with this
interpretation. Interestingly, it also appears that the
lowest temperature individuals experienced occurred
at dawn and dusk (Fig. 7B), not in the early morning
hours.

Fig. 7. A (Upper). Mean and indi-
vidual temperature exposures during
the Camp Parks field study. Data from
individual monitors are plotted in gray.
Mean temperature levels are plotted in
black (n � 18). B(Lower). Mean tem-
perature data from four subjects in the
Camp Parks field study plotted with
ground and air temperature simulta-
neously recorded by the weather sta-
tion.
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Discussion

Currently, the second and third generation devices
are being used in a series of studies. In several studies,
we are examining the ability of multifrequency actigra-
phy to improve estimates of energy expenditure com-
pared with the standard actigraph (14). Another is us-
ing the devices to assess shivering. We have previously
demonstrated that the devices can be programmed to
acquire data at 50 Hz, sufficient to observe shivering,
which occurs in humans in the 10-Hz frequency range
(14). In a study conducted in a cold chamber (25), the
monitors successfully documented the presence of shiv-
ering in a number of volunteers (14). In a recently
completed study, the monitors were used to assess
vigilance as volunteers navigated through complex en-
vironments (15). In one laboratory study, the monitors
are being used to examine effects of different diets on
cognitive performance and activity. The versatility of
these devices, given their onboard computational
power and programmability, memory capacity, envi-
ronmental monitoring, and advanced actigraphic func-
tions in combination with their behavioral assessment
capabilities, has only begun to be explored. We believe
they are well suited for examining and, if desired, mod-
ifying, cognitive performance as humans go about their
daily lives, particularly in the environments in which
warfighters must operate. This is what they were de-
signed to accomplish. Clinical applications in situations
where disease states adversely affect cognitive function
are also possible.
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