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Abstract 

 
The purpose of this study was to determine the effects of the 
integration of automatic speech recognition (ASR) controls 
and spatial audio displays on soldier workload in noisy, 
cognitively demanding environments such as armored 
vehicles.  To achieve this end, measures of mental workload 
were obtained in tasks in which subjects were instructed to 
give ASR voice commands in response to simulated radio 
messages, while simultaneously performing a tank-driving 
task in the presence of different levels of ambient tank noise.   
Independent variables were type of auditory display, number 
of talkers giving simultaneous radio output to the listener, and 
background noise level.   The dependent variable was overall 
subject workload ratings as measured by the National 
Aeronautics and Space Administration Task Load Index 
(NASA TLX).  The workload data indicated that spatialized 
audio radio communications, used with and without head 
trackers, significantly decreased overall workload in the radio 
communication task.  There were no other significant effects.  
These data support the human performance data described in 
Haas [1], which is the same study in which the workload data 
was obtained.  The need for workload measures that examine 
multiple interfaces is discussed, and a human performance 
and workload modeling tool is recommended.   
 

1. Introduction 
 
Mission demands have made many U.S. Army crew station 
systems, including armored vehicles such as tanks, into 
relatively cognitively demanding, complex environments 
where soldiers must simultaneously perform multiple tasks 
and process large amounts of information in the presence of 
high levels of noise.  Information overload may occur when 
soldiers must perform multiple tasks at a rapid pace, resulting 
in decrements in mission performance and situation awareness.   

The U.S. Army is exploring the insertion of multimodal 
control and display technologies to reduce soldier workload 
and improve mission performance.  One such technology is 
automatic speech recognition (ASR).  Another technology is 
the spatial audio display, which allows a listener using 
headphones to perceive and localize sounds that appear to 
originate outside the head at different horizontal and vertical 
locations and distances.  A head tracker can be used with 
earphones to provide a stable reference point for audio cues.  
Previous research [1, 2] has found that spatial audio displays 
with and without headtrackers enhance human performance 
over currently used monaural displays in which the same 
signal is heard in each ear, primarily because they provide 
perceptual cues necessary for the soldier to localize and 
selectively attend to the messages even in the presence of 
concurrent tasks and tank noise.   

Even though researchers have explored human 
performance related to ASR and spatial audio displays, there 
is a lack of research dealing with the extent to which the use 
of these technologies affect solder workload in a noisy, 
complex system such as a tank.  Workload has long been 
recognized as an important element in complex systems [3].  
Several researchers, including Xie and Salvendy [4], 
suggested that the optimization of mental workload could 
reduce human error, improve system safety, increase 
productivity and increase operator satisfaction.  Vitense, Jacko 
and Emery [5] suggested that mental workload has a direct 
influence over a user’s ability to perform tasks and can impact 
the effectiveness and efficiency of human-system interactions.  

Human workload may be measured subjectively.  
Wickens [6] stated that subjective workload measures have 
high face validity, while Casali and Wierwille [7] noted that 
subjective workload measures are unobtrusive, easily 
administered, and readily transferable to full scale systems 
and to a wide range of tasks.  One such measure is the NASA 
TLX, a multi-dimensional subjective workload rating 
technique where the experience of workload is defined as an 
integration of weighted subjective responses to six factors 
(mental, physical and temporal demand, performance, effort 
and frustration level).  The TLX has been found to be a 
sensitive indicator of overall workload as it differs among 
tasks of various cognitive and physical demands [8].  This 
measure has been applied to various military applications 
including flight crew workload [9].   

The purpose of this study was to examine the effects of 
the integration of ASR voice control and spatial auditory 
displays on soldier workload in a noisy, cognitively 
demanding armored vehicle environment where multiple tasks 
are performed.  NASA TLX measures of mental workload 
were obtained in a multiple-modality simulated armored 
vehicle system with audio radio communication displays and 
ASR voice control.  To examine the relationship between 
human workload and performance data in this specific 
environment, the workload data were compared with human 
performance data obtained in the same study [1].    

 
2. Methodology 

 
2.1 Subjects, Facilities, and Apparatus  
This experiment was conducted at the U.S. Army Research 
Laboratory (ARL) Human Research and Engineering 
Directorate, Aberdeen Proving Ground (APG), Maryland.  
Audio equipment included a Tucker-Davis Technologies 
digital signal processing system, a Polhemus Fastrack head 
tracker, and Sennheiser HD 265 headphones.  The ASR was 
a speaker-dependent Verbex portable Speech Commander.  
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Spearhead video tank computer game software (MAK 
Technologies) was run on a Dell Dimension computer with a 
17-inch color monitor with a 16-inch viewable area, and a 
Thrustmaster NASCAR Model Pro racing steering wheel 
with brake and accelerator pedals.  Subjects were 15 male 
civilians between the ages of 24 and 47 (mean age of 37 
years), working at APG, with a hearing threshold level (HTL) 
corresponding to Army physical profile H2 (an average of no 
more than 30 dB HTL at 500, 1000, and 2000 Hz, no 
individual level greater than 35 HTL, no greater than 55 HTL 
at 4000 Hz, U.S. Army, 1991).  Participants had normal visual 
functioning and otoscopically normal ears.  
 
 
2.2 Experimental Tasks 
 
Each subject was instructed to listen to simulated radio 
messages and auditory warnings in monaural or spatial audio 
format and give ASR commands in response.  At the same 
time, the subject performed a simulated tank-driving task.  All 
tasks were performed in the presence of different levels of 
realistic ambient tank noise. Experimental tasks and stimuli 
are described next. 
 
2.2.1 Radio Communications Task 
   
The subject was instructed to listen to pre-recorded radio 
messages and auditory warnings over their earphones and tell 
the experimenter the origin of a target message using ASR 
voice commands.  The radio messages and warnings were 
presented in three different conditions.  The first condition was 
monaural presentation (the condition in existing U.S. Army 
communication systems), in which speech messages from all 
simulated radios were routed to both earphones at once so that 
the subjects heard all messages in both ears.  The second 
condition was three-dimensional (spatial) audio with a head 
tracker, in which radio traffic from the four simulated radios 
was presented from four phantom locations around the subject, 
at 45o, 90o, 270o, and 315o azimuth.  The position directly in 
front of the subject when he was facing the computer monitor 
was 0o azimuth. Since the head tracker was used, the audio 
stimuli appeared to remain stationary in reference to the center 
front of the computer monitor when the subject moved his 
head.  The third condition was three-dimensional (spatial) 
audio with no head tracker, in which radio traffic and warnings 
were presented in the four phantom locations listed before, in 
relation to the center front of the subject’s head.  Since the 
head tracker was not enabled, the audio stimuli appeared to be 
separated in space but then appeared to move when the subject 
moved his head, remaining constant in reference to the center 
front of his head.   

The radio messages were presented simultaneously 
(starting and stopping at the same time) by groups of two, 
three, or four talkers.  Each message consisted of a target call 
sign, the talker’s call sign, and the channel (one, two, three, or 
four) from which the message originated.  Only one of the 
messages was a “target message” which included the listener’s 
call sign (“Zulu two-two”). The subject was instructed to 
determine the radio channel from which the target message 
originated, push the corresponding button on the four-button 
pushbutton display labeled with the proper radio channel, and 
enter a verbal command into the ASR microphone with the 
phrase “Set Radio Channel x,” in which x indicated the 

number of the radio channel from which the subject perceived 
the originating target message.  A total of 36 messages (given 
by two, three, or four talkers) was presented to the subject in 
each of three audio display conditions (monaural, spatial 
audio, and spatial audio with no head tracker) and three 
ambient noise conditions (tank noise at 74, 80, and 86 dBA 
sound pressure level [SPL] under the listener’s earphones).  
Of these, the subject heard 12 messages with two talkers, 12 
messages with three talkers, and 12 messages with four 
talkers, all presented in random order.  This allowed one 
exposure to every possible combination of talkers (two 
through four) per session.  To enhance realism, the subject 
also heard 12 additional auditory warning messages presented 
by one female talker.   
  The root mean square (rms) amplitude of each individual 
radio message and warning measured under the earcup of the 
subject’s headphones was 94 dBA SPL. These signal levels 
are intelligible when played in the presence of tank noise but 
still provide a safe exposure level.  All tasks were performed 
in the presence of three levels of digitized M1A2 interior tank 
noise, measured under the earcup of the subject’s headphones 
at 74, 80, or 86 dBA SPL. This is a fairly representative sound 
pressure level for tank noise that is still within the limits of 
human exposure.  All sound and noise levels were within 
human use hearing conservation guidelines [10]. 
 
2.2.2 Driving Task   
 
The subject performed a computerized driving task in which 
he used the Thrustmaster NASCAR® steering wheel device to 
drive on the Spearhead digitized road terrain presented on 
the computer monitor directly in front of him. He was 
instructed to drive along the terrain while maintaining a speed 
of 45 km/hr by “flooring” the accelerator, doing his best to 
follow and topple a series of radio towers spaced 
approximately 1.5 km apart while using the pedal accelerator 
and brake pedals on the floor to maintain speed and control. 
The subject monitored his speed by means of a speedometer 
shown on the screen.  Ten different versions of the digitized 
terrain were used in the experiment, including one for training 
sessions and one for each of the nine experimental sessions.  
The participant performed the driving task in the presence of 
the ambient tank noise while listening to the radio messages.   
 
2.2.3 ASR Input 
  
While driving, the subject spoke 36 radio channel change 
phrases and repeated 12 warning messages to the ASR.  He 
was also instructed to look for enemy vehicles on the terrain 
and to enter a verbal contact report into the ASR microphone 
when he saw them, using the phrase “Computer contact x,” in 
which the words “left,” “right,” “front,” or “rear” were used in 
place of “x” to indicate the position of the enemy vehicle in 
relation to his tank.  Each subject spoke approximately 57 
ASR phrases per session.  
 
2.3  Procedure 
 
The day before the experiment, the subject entered voice 
samples into the speech recognizer, practiced performing the 
driving and radio communication tasks in the presence of the 
tank noise, and became familiarized with the auditory display 
assigned to the first experimental session.  On each of the 
following three days, the subject experienced three trial 



sessions per day, for a total of nine trial sessions over three 
subsequent days. During each experimental trial, the subject 
donned the headphones and the ASR microphone and 
performed the driving and radio communication tasks at the 
pre-determined conditions of auditory display and tank noise 
level.  The radio messages and warnings were played at 
random times, and the subject performed the tasks as practiced 
during the training session. When all 36 radio communications 
and 12 warnings had been presented, the experimental trial 
ended and the NASA TLX was administered to the subject.  At 
the end of the first two days of experimental trials, the subject 
was given a training session in which he was exposed to the 
auditory display that he would experience the next day. Each 
experimental and training session lasted a total of 25 minutes 
and contained a different combination of auditory display and 
background noise level. To eliminate practice or order effects, 
the levels of each independent variable were counterbalanced 
so that every combination of every condition was presented in 
different orders across subjects.  
 
2.4  Experimental Design  
 
The treatment structure used in this experiment was a 3 
(auditory display configuration: existing monaural, spatial 
audio with head tracker, spatial audio without head tracker) X 
3 (background noise: 74, 80, and 86 dBA SPL under the 
subject’s headphone) design.  Each subject provided NASA 
TLX workload data for all nine combinations of these two 
factors.  The presentation orders of the three display 
configurations were counterbalanced across the 15 subjects.  
The first two of these factors were assigned to subjects 
according to the counterbalancing plan described previously 
and within each of the background noise level conditions, the 
numbers of talkers were varied through the three possibilities 
in a randomized order.  The resulting workload data were 
analyzed with mixed model analysis of variance (ANOVA) 
methods, with fixed factors identified by display 
configuration, background noise, and their interactions.  
Presentation order of displays and background noise levels 
were also fixed effect factors, while subjects was a random 
factor.  Interactions between the random and fixed effect 
factors were used as error terms for testing hypotheses about 
the fixed effect factors, as prescribed by a mixed model 
analysis.  The dependent variable was the overall NASA TLX 
workload score for each condition.    
 

3. Results 
 
An ANOVA was performed for the workload scores to 
determine whether statistically significant differences existed 
between main effects or interaction effects in the study.  
Effects showing an observed significance level p>0.05 were 
not considered statistically significant.  The least significant 
difference (LSD) post hoc test was performed on effect means 
at the p=0.05 level when effects were found to be statistically 
significant.    

The ANOVA for subject workload indicated that 
statistically significant effects were found for the main effects 
of display type (F (2,26) = 5.483, p = 0.010). There were no 
other significant main effects or interactions. LSD post hoc 
test results (p = 0.05) indicated that subjects rated overall 
workload as being significantly lower with spatial audio than 
with monaural displays.  The data are described here, with 
mean scores and standard deviations (SD) shown in 

parentheses (mean; SD).  Subjects rated monaural displays as 
involving greater workload  (36.85; 20.95) than spatial audio 
displays without a head tracker (29.89; 19.83) or spatial audio 
displays with a head tracker (30.26; 20.57).  These data 
signify a 20% reduction in overall workload with spatial audio 
displays. There was no significant difference in workload 
ratings between the head-tracked and non-head-tracked spatial 
audio displays.  The ANOVA indicated that there were no 
statistically significant effects for loudness. This indicated that 
environmental ambient noise did not have an effect on overall 
workload rating.   

The overall workload data agree with the soldier 
performance data obtained in the same study [1], which 
indicated statistically significant effects for audio display type 
(F (2,26) = 122.851, p = 0.000), but not for ambient noise 
level.  The LSD post-hoc performance data (p = 0.05) 
indicated that subjects correctly identified significantly fewer 
average radio communications with monaural displays (4.60; 
2.34) than those using spatial audio displays without a head 
tracker (6.88; 2.66) or spatial audio displays with a head 
tracker (6.83; 2.71).  The performance data also indicated that 
there was no significant difference in listener performance 
between the head-tracked and non-head-tracked spatial audio 
displays.   
 

4. Conclusions 
 

The data indicated that different types of auditory displays 
had a significant effect on overall subject workload. These 
results agree with those found by previous researchers, 
including Ericson, Bolia, Nelson, and McKinley [11].   Spatial 
audio displays are thought to be more effective in reducing 
workload and improving performance because they provide 
perceptual cues necessary for the soldier to localize and 
selectively attend to the messages, even in the presence of 
concurrent tasks and tank noise. The lack of significant 
difference between spatial audio displays with and without a 
head tracker could indicate that the directionality cues 
provided by the head tracker were not significantly useful in 
performing the radio communications task.  This indicates that 
audio displays without head trackers might be useful in 
applications where separation of audio cues, rather than cue 
directionality, is important, or in environments in which 
listeners employ relatively little head movement while 
performing their tasks.  It is likely that head trackers are still 
critical for tasks that require head movement, such as target 
search [12].  

The workload data obtained in this study uncovered 
differences in spatial audio displays but provided no 
information about perceived subject workload associated with 
the use of ASR.   This may be attributable to the nature of the 
experiment (different ASR interfaces were not compared 
across conditions). This could also be attributable to the 
workload measure itself; the NASA TLX is a measure of 
overall workload and does not focus on specific tasks.  
However, Army systems are fast becoming multi-task 
environments in which several interfaces are used during the 
course of a mission, and future workload research should 
examine workload at the interface level.  One potential 
workload measure for use in future studies is the analytical 
hierarchy process [13], which compares specific interfaces in 
a paired-comparison approach.  Another potential tool is the 
Continuous Subjective Assessment of Workload (C-SAW), 
[14] in which subjects provide numerical workload ratings 



upon demand.  This measure might be useful in obtaining 
workload values immediately after a specific interface is used.  

As more complex and demanding multi-modal interfaces 
are developed for U.S. Army systems, the requirement for a 
suitable interface modeling paradigm becomes important.  
Ideally, such a model would take performance and workload 
measures from ergonomics research to predict human 
performance and workload for different interface designs in a 
given application.  One such modeling approach is the ARL 
Improved Performance Research Integration Tool (IMPRINT) 
[15] which is a stochastic modeling tool designed to help 
assess the interaction of soldier and system performance.  An 
important feature of IMPRINT is that it enables researchers to 
predict how changes in design can affect overall soldier 
workload and performance and to evaluate soldier 
performance and mental workload while testing alternate 
system interface designs.  Future auditory control and display 
studies at ARL will incorporate IMPRINT modeling to predict 
time and performance data for potential speech and 
communications systems interfaces.  
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