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Abstract. Past research has established systematic effects of thermal stress on
human comfort and cognitive performance. However, this research has primarily
focused on extremes of temperature, ignoring moderate temperature ranges typi-
cally found in work environments and vehicles. Furthermore, models predicting
the psychological impact of thermal environment have typically focused solely
on perceived comfort, or when accounting for cognitive performance (e.g., Anno
etal., 1996; Mueller et al., 2011) focused on in relatively extreme thermal condi-
tions. As aconsequence, there is limited empirical data, and no viable predictive
models, for understanding the impact of moderate thermal stress on human com-
fort and performance. We report on an experimental study with 24 college-age
participants that assessed cognitive performance (across a number of cognitive
dimensions including manual dexterity, speed, dual-task performance, task
switching, executive function, and attention), subjective measures of comfort
and workload (including the CALM comfort scale, the affect grid, NASA-TLX,
perceived effort, and other measures related to the thermal environment), and
physiology (including heart rate, skin temperature, and breathing rate). Partici-
pants were tested during three 90-minute sessions in a controlled thermal cham-
ber in which the temperature was either cool (15° C/59°F) room temperature
(22.5° C/72.5°F), or warm (30° C /86° F), during which they completed repeated
rounds of comfort ratings, cognitive task performance, and rest. Results showed
strong responses in physiological and comfort measures over time to differences
in thermal environment. However, the thermal environment had differential ef-
fects on cognitive measures, with some producing little impairment, and others
showing increases or decreases over time that were moderated by thermal envi-
ronment. The results were examined within a latent variable model that suggests
that comfort alone is not an adequate proxy for performance, even for moderate
thermal stressors, and more complex predictive models are needed.
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tions.



1 Background

1.1  Purpose

The goal of this paper is to discuss the design, methodology, and results of a study to
investigate how variations in the thermal environment impact aspects of physiological
state, comfort, subjective assessments of workload, and cognitive measures of perfor-
mance. The goal of this project was to develop a statistical latent factor model (based
on the Task-Taxon-Task model) that could account for the variety of effects that the
thermal environment has on human outcomes, and collect data that demonstrated the
utility of a latent factor model in accounting for human response to thermal environ-
ment. The practical significance of this study is to understand the human response to
moderate variations in their environment—those typical of indoor spaces—to help sup-
port future intelligent climate control systems.

Traditional physiological models of thermal stressors on human outcome variables
have focused on modeling a single outcome variable (e.g., comfort) based on variations
in thermal environment. However, the comfort and performance outcomes are known
to have differential and complex relationships to thermal environment. Consequently,
traditional models are unable to account for these impacts prima facie. However, past
data establishing this has focused on extreme thermal environments (e.g., extended
physical labor under heat stress conditions in military settings), making the past models
ill-suited for the expected smaller ranges of sedentary passengers within the typical
thermal environment of vehicle designed space. Consequently, we conducted a new
study which used multiple dependent measures under different conditions of thermal
stress and time, to develop a latent-variables model to account for the differential effects
on various outcome measures.

2 Method

2.1  Participants

Twenty-four participants were recruited voluntarily from the local university and com-
munity. The criteria for recruiting participants include adults (1) aged 20-40, (2) at least
4 years of driving experience, (3) normal or corrected-to-normal vision and no color-
blindness, (4) no history of heat strain injury, seizure related issues, and (5) no claus-
trophaobia or discomfort in small rooms. Participants fell within a range of gender-de-
pendent height/weight requirements to be included in this project. Participants were
required to wear long-sleeve, button-down shirt and long pants, and were instructed to
not consume alcohol or drugs 24 hours before any study session. Each participant was
paid $12 for each hour of participation. All methods were approved by the MTU IRB.



2.2 Experimental Design

This study implemented a within-subject experimental design, with all participants
completing the same set of tests in a counterbalanced order under different environ-
mental conditions. The study took four sessions, each lasting about 2 hours. The first
session was intended as practice and familiarization in order to counteract any learning
effects and obtain baseline measures. The remaining three experimental sessions in-
volved manipulated environmental conditions controlled with an environmental cham-
ber: normal condition (22.5°C/72.5°F), cool condition (15°C/59°F), and warm condi-
tion (30°C/86°F). The order of these sessions was counterbalanced across participants.
Each session was conducted either on different days or by at least two hours apart if
different days could not be scheduled. Within each session, participants were assessed
in four study cycles each lasting approximately 25 minutes. Each study cycle involved
a sequence of cognitive behavioral tasks and self-assessments.

2.3 Procedures

Participants took part in a battery of cognitive tests, including the Anti-Saccade Test,
Pursuit Rotor Test, Dual-task Test, Hick’s Law Task, Switcher Task, and the Minnesota
Dexterity Task (see Table 1 and Figure 1 for detailed descriptions). All computerized
tests were implemented using a free, open-source software, Psychology Experiment
Building Language (PEBL, [23,25]). The primary independent variables were environ-
mental state (cycle and ambient temperature). The major dependent variables were per-
formance measures, physiological states (i.e., heart rates, breath rates, and skin temper-
atures), and subjective user comfort and workload ratings.

Each of the four cycles within each session involved the same sequence of tasks.
These started with comfort ratings (which lasted about three minutes), then five cogni-
tive tasks (five computerized tasks, each taking 2-5 minutes to complete), followed by
the NASA-TLX workload and comfort ratings (3 minutes to complete). The entire
sequence took under 25 minutes, and when complete, the participant rested until the
next round started (25 minutes after the previous). Tasks were selected based on several
criteria: (1) they were likely to be sensitive to decrements in attentional and executive
control, which have previously been found to be most highly sensitive to the distraction
and discomfort caused by thermal stress; (2) they were relevant for in-vehicle environ-
ments, with analogs to many of the control processes and decisions drivers must make,
as well as those facing non-drivers who may wish to engage in a focused work task
while ignoring external stimuli; (3) they could produce reliable measures in a relatively
minimal timeframe (permitting 25-minute cycles), and they could be repeated without
inducing substantial learning effects. We used a set of self-report measures related to
the thermal environment, perceived workload, and affective state. Physiological mon-
itors recorded real-time heart rate, breathing rate, skin temperature, and several other
non-invasive measures (e.g., posture and movement) throughout the sessions, with the
Equivital SEM-02 system.



Table 1. Description and Rationale of the measures used in the present experiment.

Task Type

Task

Purpose

Behavioral and
Performance

Physiological
measure

Subjective Self-
report

Pursuit Rotor [1,3]

Minnesota Dexter-
ity [24,26]

Anti-saccade
[2,12,14,19,21]

Dual-task [8,29,30]

Hick’s Law [16,28]

Switcher [4,18,21]

Skin Temperature
Breathing Rate

ECG Heart Rate

Borg Scale/RSME
[7,31]

Comfort [9,13]
Hot/Cold [17,27]
Wet/Dry Skin
[17,27]

Preferred tempera-
ture [17,27]
Affect Grid [6]
TLX [11,15]

Assess continuous motor control. Coupled
with Minnesota Dexterity to provide dual-
task manipulation.

Assess dual-task aimed movement under
dual-task conditions. Manual control.
Executive control; suppressing attention-cap-
turing visual stimuli. Maintaining focused at-
tention under distraction.

Executive control and task management; re-
sponding to multiple simultaneous stimuli.
Rapid decision making; choose quickly
among options with increasing set size.
Executive control; switch decision making
rapidly between rules. Task-switching for
managing attention.

Contact measure under clothing using
Equivital SEM-02

Belt-derived breathing rate using Equivital
SEM-02

Contact-derived measure using Equivital
SEM-02

Rating of perceived mental effort

Rating of perceived comfort (CALM)
Assess perception of temperature.

Assess perception of skin moisture (typically
related to sweat and humidity)

Assess whether they would prefer a warmer
or cooler room temperature

Two dimensions: Pleasantness and Arousal

Rating of six dimensions of workload




Fig. 1. Measures used in the study, including behavioral tasks (from upper left) Pursuit rotor,
Hick’s law task, Anti-saccade task, Dual-task test, Switcher task, and Minnesota Dexterity Task.

Subjective assessment tasks used in the study, including CALM comfort scale, Wet/Dry,
Hot/Cold, Affect grid and NASA-TLX.

Pursuit Rotor Task and Minnesota Dexterity task. The Pursuit Rotor Task employed
a 4 (cycles: time in the environment) x 3 (temperatures: cold, normal, & warn) x 2 (level
of difficulty: easy & difficult) within-subjects, repeated-measures design. The Minne-



sota Manual Dexterity Test was used along with Pursuit Rotor Task to examine partic-
ipants’ motor skills regarding the capability for eye-hand-finger movement and to cre-
ate a scenario of dual task performance. All the participants completed the task with
five trials in the same sequence. Each trial was set to be 30 seconds with either slow (1
rotation/ 10 seconds = 0.1 RPS) or fast (1 rotation/5 seconds = 0.2 RPS) mouse control
rate. In the first trial, participants were instructed to just watch the task (slow) while
flipping the disks as quickly as possible. Participants completed the pursuit rotor task
alone on the 2nd (slow) and 4th (fast) trials; however, in the 3rd (slow) and 5th (fast)
trials, they completed both tasks, executing the task and also flipping the checkers sim-
ultaneously.

Anti-Saccade Task. Similar to Pursuit Rotor Task, the Anti-Saccade Task employed a
4 x 3 x 2 factorial within-subject design. The two levels of difficulty include easy level
where participants only judged the direction of one single arrow, and difficult level
where they had to use both hands to respond to the direction of two arrows.

Dual-task test. Identical to previous tasks, the Dual Task employed a 4 x 3 x 2 factorial
within-subject design. In the easy condition, participants were required to respond to
the direction of one arrow, while in the difficult condition, they were asked to answer
the directions of two arrows.

PEBL Hick’s Law Task. PEBL Hick’s Law Task was used to measure stimulus-re-
sponse compatibility, motor control, and interference suppression. The task employed
a 4 x 3 x 2 factorial design as previous tasks. There are two levels of difficulty. Easy
level has one (i.e., 5) or two (i.e., 5 & 6) numbers for participants to press on the key-
board corresponding to two fingers on their two hands, while difficult level had four
(i.e., 4,5, 6, & 7) or eight numbers (i.e., 2, 3,4,5,6,7, 8, &9).

PEBL Switcher Task. PEBL Switcher Task involved two levels of difficulty. In the
easy condition, participants were asked to follow one “match rule”, such as color, shape,
or letter, and searched for the symbol that matches the current symbol. Participants were
required to follow more than one “match rule” in the difficult condition.

3 Results

3.1  Physiological Measures

We first examined the physiological measures across time in the three environmental
conditions (see Figure 2).

Heart Rate. The warm thermal environment led to a higher overall heart rate. The cool
and normal environments began (on average) with a lower heart rate, and the heart rate



reduced by about 10 bpm over the 90-minute session. In contrast, the warm environ-
ment began higher and remained elevated. On average, elevated temperature resulted
in elevated heart rate that increased over time in comparison to neutral, while cool tem-
perature produced no differential impact on heart rate in comparison to neutral. An
ANOVA showed that there was a significant main effect of environment on heart rate
(F(2,42)=9.3, p<.001; means for CNH = 96.9, 97.5, 102.7), and a significant tempera-
ture by time interaction (F(6,43)=5.01,p=.01).

Breathing Rate. There was a general elevation in breathing rate over the course of each
session. There were substantial differences across individuals, some of which likely
arose because of sensor and algorithm errors. Overall, there were not large systematic
differences in breathing rate across conditions, which is expected in our study that in-
volved low-impact cognitive testing. When cool and warm environment breathing rates
were compared to neutral, no differential effects in comparison to neutral were ob-
served. An ANOVA showed no significant main effect of environmental condition
(F(2,42)=.47, p=6; means for CNH = 12.5, 13.0, 11.5), and also no significant temper-
ature by time interaction (F(6,43)=.46,p=.6).

Skin temperature. Measured skin temperature rose over the session for each of the
conditions—even for the cool condition. This is likely a consequence of the skin tem-
perature being measured underneath clothing in a sedentary environment, where the
heat of the body generally increased the measure over time. Notably, in the warm con-
dition, skin temperature was substantially higher even during the first cycle. When skin
temperature of the two extreme conditions was compared to neutral, we found that the
temperature elevation in the warm condition was relatively constant over time, and that
the cool temperature condition produced a relatively constant decrease in skin temper-
ature over time. An ANOVA showed a significant main effect of environmental condi-
tion (F(2,42)=13.8, p<.001; means for CNH = 32.8, 33.6, 34.7), and a marginally sig-
nificant temperature by time interaction (F(6,43)=2.66, p=.08).

3.2 Subjective Measures

Subjective comfort and workload measures were assessed at the beginning of each ses-
sion, between each cycle, and after the final cycle. Mean values for each condition are
shown in Figure 3. The results indicate that environmental temperature condition
has both immediate and time-varying effects on these ratings. A factorial ANOVA
showed ambient temperature has significant main effect on CALM
(F(2,44=19.9,p<.001), Hot/cold (F(2,44)=326, p<.001), Skin  wetness
(F(2,44)=18.9,p<.001), Preferred temperature (F(2,44)=129,p<.001), Pleasantness
(F(2,44)=4.0,p=.02), and Arousal (F(2,44)=5.6, p=.007), but not perceived effort
(F(2,46)=2.28,p=.11). Moreover, most of the interactions were also significant, indi-
cating generally that at least one difference got larger over time, including a significant
interaction between cycle and condition for Perceived effort (F(2,43)=3.4,p=.04),
CALM (F(2,46)=24.3, p<.001), Hot/cold (F(2,46)=23,p<.001), Preferred temperature



(F(2,46)=24, p<.001), and pleasantness (F(2,46)=9.3, p<.001). There was no interaction
for skin wetness (F(2,46)=.86, p=.43) or arousal (F(2,46)=1.5, p=.228). There were no
significant main effects or interactions with the NASA-TLX scores.

Fig. 2. Physiological responses for each environmental condition, across consecutive 25-minute
cycles.



Fig. 3. Subjective comfort, workload, and affect ratings throughout four study cycles.



3.3  Behavioral/Performance Measures

Many of the tasks produced both response time and accuracy, and involved several
levels of difficulty. Oftentimes, effects depended on difficulty, and we found some ev-
idence that there may be interactions with gender (see [10]). For this presentation, we
will examine the most general effects, via a standardized score. We first computed z-
scores or BIS scores (which involve combining speed and accuracy with z-scores, and
have been shown to be an unbiased measure of total performance [20]). Each partici-
pants scores were standardized across all levels of difficulty. Mean values are shown in
Figure 4. Type-1l ANOVA results from a mixed-effects Imer regression analysis in
which environment was a categorical predictor and cycle is a numeric predictor, allow-
ing a random intercept for each participant, and incorporating task difficulty as a main
effect.

Pursuit Rotor. The top left panel of Figure 4 shows the results of participants’ perfor-
mance on the Pursuit Rotor Task. A type-11 ANOVA showed significant effects of cycle
(x2(1)=3.8,p=.05), a significant effect of environment (y32(2)=16,p<.001), and no cycle
X environment interaction (¥?(2)=.94, p=.63).

Minnesota Dexterity Task. Simultaneous performance on the Minnesota dexterity
task (top right panel) showed significant effects of cycle (x?(1)=47,p<.001), environ-
ment %(%(2)=13.6,p<.001), and a significant interaction ¥%(2)=13,p=.001). Here, warm
temperatures produced better performance, and this difference increased with time.

PEBL Anti-Saccade Task. The left panel of the second row of Figure 4 shows the
BIS score for the anti-saccade task. A Type-11 ANOVA revealed a significant effect of
temperature (¥?(2)=5.8 p=.05) but there were no significant effects of cycle
(%?(1)=.02,p=.87), and no interactions between ambient temperature and cycle
(%3(2)=1.2, p=.55).

PEBL Dual-Task Test. The right panel of the second row of Figure 4 shows the BIS
scores for the Dual-task test (averaged over all conditions). A Type-1l ANOVA re-
vealed that ambient temperature had a significant effect on BIS (32%(2)=15.,p<.001) a no
significant effect of cycle (x%(1)=17.4,p<.001), and a marginally-significant interac-
tions between ambient temperature and cycle (x%(2)=4.67, p=.09).

PEBL Hick’s Law Task. The bottom left panel of Figure 4 shows performance for
the PEBL Hick’s Law Task. A Type-l1l ANOVA revealed significant effects of both
cycle (%(1)=11.7,p<.001), but no significant effect of environment (32(2)=3.3, p=.19),
or cycle x environment interaction (32(2)=1.5, p=.47).



Fig. 4. Participants performance on the behavioral tasks. Performance is displayed as trans-
formed z-scores, or on relevant tests, speed and accuracy were combined into a composite (BIS)
measure. In each case, higher values indicate better performance.

PEBL Switcher Task. The bottom right panel of Figure 4 shows performance in the
PEBL switcher task. An ANOVA showed marginally-significant effects of environ-
ment (x%(2)=4.45,p=.1), a significant effect of cycle (¥?(1)=3.6, p=.05), and no cycle x
environment interaction (x%(2)=2.1, p=.34).



Summary. Overall, each test showed the impact thermal environmental. For most
measures, the neutral condition was the best, and cooler and warmer conditions pro-
duced relatively worse performance. But these effects were not uniform across tasks,
suggesting a complex relationship between thermal environment and performance.

3.4 Latent Variable Model (T3)

The Task-Taxon-Task (T3) model [5,24,26] was originally developed to model the im-
pact of large environmental and chemical stressors on human performance. Typically,
subject-matter experts would provide ratings of the importance of different skill taxa
on different tasks, and use this as the basis for fitting performance impact functions for
shared variance related to specific taxa. We adopted an alternative data-driven approach
to fitting the T3 model. First, we computed performance using the normalized BIS
scores, for easy and difficult conditions across each of the six tasks, and for each ther-
mal environment and session. As a result of this coding, a value of 0 indicates average
performance, a negative value indicates worse performance, and a positive value indi-
cates better performance.

We used the flexmix library within R to fit a mixture of regression models, using as
predictors cycle (1 continuous predictor), environment (3 levels), difficulty (2 levels),
and a cycle x environment interaction; and using task as a grouping variable. Thus,
results were clustered by task, and we used a BIC criterion to identify the optimal num-
ber of clusters or taxa. This produced five distinct clusters, but three were only distin-
guished by the magnitude of the linear effect of difficulty. This effect is interesting,
but is mostly dependent on aspects of the task design, and so we selected a correspond-
ing 3-cluster/taxon solution whose membership is shown in Figure 5.

Fig. 5. Three-taxon solution based on behavioral measures. Here, easy and difficult measures
group together, with three distinct groups.



Fig. 6. Results of Taxon 1-3. For each taxa, we see distinct patterns of how performance
changes over time, under different temperature conditions.

Each individual taxon is a group of measures that behave similarly in response to
time and temperature. The predictions of each of these three models is shown in Figure
6. The patterns of data captured here suggest that overall, performance tended to in-
creased with time under all temperatures. This means that participants were not getting
fatigued, but rather were becoming better at the task. This is not simply a learning pro-
cess, because this happened despite the fact that participants had an entire practice ses-
sion prior to the testing in which they needed to meet a performance criterion, and the
temperature conditions were counterbalanced.

For the first taxon, which was comprised of the two difficulty levels from the Pursuit
Rotor task, normal temperature produced the best performance, which improved over
time. Warm temperature produced the worst performance, which improved a similar
amount. The cold temperature started at about the same level as neutral, but did not
improve. This suggests that warm temperature had an immediate negative impact
which lessened over time, and cool temperature had no initial impact but its negative
effect (in comparison to neutral) increased over time. For the second taxon (several
executive function tasks), there was little impact of cold temperatures, and no real im-
provement over time for the neutral or cold conditions. However, warm temperature
again led to an immediate decrement—but this decrement diminished over time. This
is a similar pattern as seen in Taxon 1, except with a lack of improvement for neutral.
Finally, for taxon 3 (pursuit rotor and switcher), each condition starts out at about the
same level, but warm improves the most, then neutral, and cold the least.

This modeling shows that in general, warm temperatures had the largest performance
increase within the session. This suggests that our moderately-warm temperatures has
an immediate effect of distraction and discomfort, but as people acclimate to the tem-
perature, their cognitive performance returns to what is seen in neutral temperature.
The cool condition is slower to have an impact; its initial impact is small, but in 2 of



the taxons, the difference between cold and neutral increases over time. This shows
non-symmetric effects of temperature on cognitive function, and non-uniform effects
over different cognitive tasks.

4 Discussion

In this study, our goal was to conduct a proof-of-concept study that established the non-
unitary effects of thermal environment on human responses, in a highly-controlled la-
boratory environment. Our results showed impacts on physiology, subjective
measures, and cognitive function. We examined several physiological outcomes. We
found that heart rate was slightly elevated and did not change substantially in the warm-
temperature condition, but neutral and cool temperature lead to lower and decreasing
heart rate over time. In contrast, thermal environment had no substantial impact on
breathing rate (although breathing rate increased slightly across the session), but ther-
mal environment had a more substantial effect on skin temperature (with cool environ-
ment producing lower temperature and warm environment producing a higher temper-
ature than neutral), all of which increased uniformly over time. So, even for relatively
direct measures of physiological state, we observed three distinct patterns of results.
These patterns (and others) were reproduced in comfort and human performance
measures. Notably, self-report workload measures appear to have not been impacted
by thermal environment or duration, but different measures of comfort and affect were
impacted in different ways—often very strongly. In contrast behavioral measures are
not as strong, but we still found impacts of thermal environment on most of the behav-
ioral measures.
This suggests several lessons:

e The impact of thermal environment on performance cannot be uniformly predicted
by physiological measures, because thermal environment has different impacts on
different types of performance.

¢ Although subjective measures of comfort and thermal preference are very reliable,
they also cannot account for the varied impacts of thermal environment on different
measures of performance

e Behavioral measures are less reliable and subject to more individual variability than
the subjective measures. Nevertheless, we were able to measure the negative impact
of thermal environment on a number of performance tasks.

o Larger studies with more participants, across a larger variety of tasks, will be neces-
sary to more fully map out the cognitive, performance, and comfort impact of ther-
mal environment.

Although the details of the results are informative from a basic theoretical perspec-
tive, the larger implications are that thermal environment has non-unitary effects on
human comfort and performance. We anticipate that as additional dependent measures
and thermal environment manipulations are explored, this fact will remain true. As
control of the thermal environment becomes more intelligent, this fact will impact the



basic approach to human-systems integration, control theory, and trust in intelligent
automation.

For example, traditional in-vehicle environment control systems required the driver
or rider to be instrumental in adapting the environment to their desired state. Until re-
cently, even thermostatic controls (a technology more than a century old) were only
available in luxury vehicles. Thermostatic controls work on simple principles that ad-
just the environment to match a minimum deviation from a set point, which is a well-
understood problem, both from an engineering perspective and human factors perspec-
tive. Although there are many technical issues in dealing with engineering a proper
environment and dealing with variations in anthropometry and individual differences,
these problems are addressable because the optimization-control problem is fairly
straightforward.

The next generation of systems will aim to work more intelligently. Rather than
simply minimizing error to a set-point, they might aim to adapt the environment opti-
mally for many other factors, including driver safety, comfort, work throughput, per-
ceived workload, alertness, stress, and the like. This will require user models that in-
corporate the differential effects of thermal environment on these different outcomes,
including individual differences (possibly stemming from gender, geography, or other
factors). Furthermore, this presents several obvious challenges from a human-system
integration (HSI) perspective.

For example, an appropriate model may be created that can predict the comfort or
work throughput of a typical driver or rider, and these models may even be adaptable
to individual differences based on preference or anthropometry. However, the system
will likely not be able to infer the goals of the rider directly—for example, whether they
want to work, or want to stay awake, or want to take a nap, may by supported by sepa-
rate environmental-control modes in a vehicle. This means that there are issues in de-
signing a system that a rider can control, give feedback to, change settings, and inter-
rogate the internal state of.

But even getting to that point is a challenge for research and development, and may
require substantially different control approaches. Existing naive models based on PID
controller schemes may still be running at the core of the system, but these controllers
will need to incorporate some specific models of the human within their control scheme.
Just as image and audio compression libraries incorporate psychophysical models of
human vision and hearing to best optimize the outcome, intelligent control models will
need to incorporate models of human response to temperature in order to optimize hu-
man comfort and productivity. Furthermore, as we have demonstrated in this study,
models of the physiology alone will be insufficient, because there will be no single
physiological state that is optimal for all particular goals and outcomes.
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