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Abstract of the Dissertation 

 

Behavior and perception in virtual environments 

by 

Colleen Pam Chen 

Doctor of Philosophy in Cognitive Science 

University of California, Irvine, 2021 

Professor Michael D’Zmura, Chair 

 

Standing is a complex process that involves integrating sensory information provided by 

the visual, proprioceptive, and vestibular systems. These inputs are processed centrally by 

several areas of the brain, including the cerebellum, brainstem, basal ganglia, and sensorimotor 

cortex (Andersen & Zipser, 1988), and are used to control limb and trunk muscles which receive 

signals from the spinal cord and peripheral nerves. A set of experiments which rely on virtual 

reality technology have been conducted which manipulate visual input and cognitive load in 

order to understand better the effects of sensory and cognitive influence on the maintenance of 

upright posture. In the first study, I designed a series of experiments in a virtual environment to 

investigate posture responses to visual motion. The results confirmed earlier findings of posture 

responses to visual motion along the horizontal axes (mediolateral and anteroposterior). We did 

not find posture responses to visual motion along the vertical axis in the 2D weight change data. 

Further investigation of head rotations and movements reveals that posture responses to 

horizontal and vertical visual motion depend largely on the presence of target fixation. This 

dissertation explores other cognitive factors impacting the maintenance of balance and upright 

stance. In a second study designed to investigate cognitive influences on postural sway, a 

classical paradigm from Brooks (1968) was adapted in a virtual environment to measure sway 

magnitude during spatial or non-spatial tasks. The results did not show conclusive evidence that 

spatial tasks induced greater magnitude of postural sway than non-spatial tasks, as was reported 

by some earlier studies (Maylor et al., 2001; Swan et al., 2004). In fact, the data suggest that 

participants swayed more when they were not engaged in any cognitive tasks than when they 

were engaged in spatial or non-spatial tasks. This result is consistent with an earlier study 

conducted by Swan and colleagues (2004), which reported improved balance when subjects are 

performing a secondary cognitive task. This finding may reflect that one’s awareness of 

balanced-related cues leads to greater postural sway. This dissertation also investigates the 

perceptual limits of gesture-based communication in collaborative environments. In the last 

study, experiments are implemented in a virtual environment where the experimenter’s hand 

traces a sequence of three letters while the participants attempt to identify these letters. We 

manipulated the frame rate of the virtual hand to assess how gesture recognition declines as 

visual motion cues are degraded. I measured how gesture recognition performance varies as a 

function of framerate using the method of constant stimuli. I fit psychometric functions to the 
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recognition performance data and found that between two to three updates per second yield the 

greatest improvement in performance. I also investigated the word superiority effect (McClelland 

and Johnston, 1977) by having participants identify gesture sequences that either formed words 

or non-words. The results confirm that performance is higher for identifying words as opposed to 

non-words (p<0.05), especially for conditions near the threshold framerate. Taken altogether, 

these studies of human perception and behavior in virtual environments bolster our 

understanding of posture control and of the robustness of gesture-based communication.  
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1 Introduction 

 
 The role of vision in the control of upright posture and standing balance is a topic of 

research which dates back several decades. This topic is still relevant today with increasing use 

of virtual reality (VR) technology, where the user is receiving visual information from a head-

mounted display (HMD) while standing or seated. Real-world VR applications often require the 

standing user to perform simultaneously a few secondary cognitive and/or motor tasks.  Benefits 

of VR for educational, operational, and training purposes derive from experience-based learning, 

which combines the device sensors with movements of the human operator to track and display 

appropriate visual information on the VR screen.  One specific example comes from the 

military’s desire to support gesture-based communication system using VR devices and virtual 

environments (VEs) for strategic planning of tactical operations. This dissertation discusses three 

studies that investigate sensory and cognitive processes that underly human postural control 

during use of virtual reality technology. 

 

Visuomotor processing is critical for posture and equilibrium control, for the guidance of 

skilled body movements, and for communication.  Standing is a complex process that involves 

integrating sensory information provided by the visual, proprioceptive, and vestibular systems. 

These inputs are processed centrally by several areas of the brain, including the cerebellum, 

brainstem, basal ganglia, and sensorimotor cortex (Andersen & Zipser, 1988), and are used to 

control limb and trunk muscles which receive signals from the spinal cord and peripheral nerves. 

Proper balance requires integrating information from various sensory sources, including visual, 

vestibular, and proprioceptive senses. Vision provides a reliable source of information 

concerning bodily orientation in the world, and upright posture depends strongly on it (e.g., Lee 

& Aronson, 1974; Lee and Lishman, 1975; Lee, 1977; Oullier et al., 2002). Control of posture 

while standing relies on vision to stabilize posture, especially in the lower frequency range of 

body movements (Berthoz et al., 1979).  Body sway tends to increase in the absence of visual 

input, for example, when one closes one’s eyes or stands in darkness (Edwards, 1946).  

Cognitive tasks which involve spatial processing, and which may draw attention away from 

keeping one’s balance while standing, are thought to influence posture (Maylor et al., 2001).  

Gesturing with one’s hands also reflects a wide variety of information sources, insofar as it may 
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convey a wealth of linguistic and emotional information using representational gestures, as well 

as information concerning linguistic production using beat gestures (Alibali et al., 2001).  Brain 

imaging studies of gesture perception reveals many brain areas and networks involved, including 

the human mirror neuron system, motor areas, dorsal and ventral streams of visual processing, 

and medial prefrontal areas (Buccino et al., 2001; Buccino et al., 2004; Montgomery et al., 2007; 

Lindenberg et al., 2012).  

 

In this dissertation, I present in Chapter 2 a study on how visual stimulation influences 

posture while standing. I present in Chapter 3 another study investigating whether a cognitive 

task involving spatial processing and attention influences posture control.  Finally, I present in 

Chapter 4 a study on gesture communication, which investigates the amount of visual 

information required for hand gestures to be identified.  

I present in Chapter 2 an experiment investigating visual effects on posture.  The focus of 

this study is on how visual information influences standing posture.  I investigated posture 

responses to left-right, forward-backward, and upward-downward impulsive displacements of 

visual viewpoint delivered using a head-mounted display (HMD).   

I present in Chapter 3 an experiment investigating the effects of cognitive processing on 

posture. This line of work is motivated by the fact that there is an increasing adoption of mixed-

reality technology for use in educational, tactical, and training applications. There is a need to 

determine circumstances under which mixed-reality stimuli cause noxious effects among users, 

such as loss of balance. These circumstances depend on concurrent cognitive and physical tasks. 

For example, earlier work suggests that a spatial cognitive task can cause a person to sway more, 

although such results are not unanimous. There is also evidence that a physical task such as 

carrying a heavy backpack can influence postural sway. We examined combinations of the task 

conditions in the present work.  

I present in Chapter 4 an experiment on the effects of degraded visual environments on 

hand gesture comprehension. Gesture perception and interpretation play an integral role in 

human communication. In remote collaborative decision-making processes, including tactical 

mission planning, gesturing can convey spatial information which supplements the information 

conveyed by speech. Gestures which can help describe spatial relationships and orientations can 

indicate motion directions.  Use of gestures in conversation to convey spatial information is 
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important for virtual collaboration. Yet visual degradation of gestural signals due to network 

limitations can render this form of communication less effective.  In this study, we systematically 

degraded visual signals by decreasing the framerate at which the gestures are presented. The 

decrease in video framerate can be a symptom of limited bandwidth within a network.  

Measuring the minimum framerate required for gesture communication helps in the design and 

implementation of networking systems that provide this information.  
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2 Effects of visual motion on posture control  
 

 

Visual, vestibular, and somatosensory systems provide critical information for 

maintaining posture. In this chapter, I examine the impact of visual information on upright 

standing posture. I present the results of an experiment using virtual reality (VR) technology on 

the influence of abrupt movements of one’s viewpoint on standing posture. Moving the 

viewpoint in one direction is equivalent to moving the visual scene in the opposite direction, so 

that this VR method is similar to the moving room method used by Lee & Aronson (1974). They 

used a moving room to deliver linear visual motion to standing human subjects. Lee and 

colleagues (Lee & Aronson, 1974; Lee & Lishman, 1974) showed that small movements of the 

walls and ceiling of a stationary room cause posture change, particularly in infants.  They 

showed that the posture change depends on whether the walls move forwards or backwards; 

posture responses depend on the direction of motion. 

The current work uses VR technology to shift impulsively the viewpoint of the observer 

in the left and right, forward and backward, and up and down directions. Movement distance and 

speed are also manipulated. The visual impulses are changes in viewpoint or, equivalently, 

changes in the position of the virtual environment relative to the viewer. The present study aims 

to replicate the earlier results of posture responses to linear horizontal motion, and to investigate 

the posture responses to linear vertical motion, which has not been previously investigated to the 

best of my knowledge. I will briefly review the relevant literature of what has been published 

regarding postural responses to various visual motion stimuli and discuss the relevant theories 

and models pertaining to the visuo-postural processes.  

Earlier experiments have investigated visuo-postural responses systematically using 

visual motion stimuli in the horizontal plane, including sinusoidal oscillations (Diener et al., 

1982; Dijkstra et al., 1994; Palmisano et al., 2007), Gaussian noise (Palmisano et al., 2009), and 

impulses (Nashner, 1970; Bronstein, 1986; Mahboobin et al., 2005).  These visual motions are 

created either by moving the external environment or by moving the observer’s viewpoint.  

Posture responses to such stimuli show that visual motion signals influence posture and can also 

induce subjective sensations of self-motion or vection (Palmisano et al., 2011).   
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The visuo-postural response system for quiet standing can be modeled mostly simply 

using a single-joint inverted pendulum (Winter et al., 1996; 1998).  More recent models predict 

the biodynamic torque generated by multiple joints including the hips and the knees, in addition 

to the ankle joints (Peterka, 2002; Peterka et al., 2018). Posture control while standing with a 

side-by-side stance is carried out largely by the hip abductors/adductors, in the case of 

mediolateral balance, and by ankle mechanisms, in the case of anteroposterior balance (Winter et 

al., 1996, 1998).  Hip mechanisms for controlling mediolateral balance are symmetric along the 

left-right axis, while ankle mechanisms for the control of anteroposterior balance are asymmetric 

along the forward-backward axis.  We expect to see this reflected in our postural data, 

specifically, that the mediolateral sway is symmetric, and the anteroposterior sway is 

asymmetric. 

 

The use of HMDs to deliver visual stimuli while measuring posture has let researchers 

investigate visuo-postural responses to a variety of visual motion stimuli.  Dennison and 

D’Zmura (2018) investigated visuo-postural responses to impulsive shifts in the position of a 

standing observer’s viewpoint in forward, backward, leftward, and rightward directions.  Their 

results replicate earlier results which show that observers lean briefly in the direction in which 

the viewpoint is shifted and then lean in the opposite direction for a longer period and then return 

to their baseline posture.  In the present work we aim to replicate and extend the Dennison & 

D’Zmura (2018) study.  A brand-new virtual environment was designed to allow for the users to 

move through space in 6 orientations, including the vertical up and down direction. This differed 

from the Dennison and D’Zmura (2018) virtual environment where a human-scaled and narrow 

corridor is used to induce optic flow that elicits the postural response. In the current study, I used 

upward and downward impulsive changes in the position of an observer’s viewpoint to examine 

whether these induce posture changes in standing subjects. I chose to use a force plate to 

measure centralized weight shifts because I wanted to analyze the postural response in 

anteroposterior, mediolateral, and vertical orientations. Using the inverted pendulum model, one 

would predict to see postural response to up and down vertical visual motions in the 

anteroposterior and vertical orientations, but not in the mediolateral orientation.   
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2.1  Methods  

Subjects flew in simulation through an urban VE while their viewpoints were moved 

unexpectedly. Subjects’ posture change, head movements, motion sickness ratings, and 

physiological responses were recorded. 

2.1.1.  Equipment 

We used a head-mounted display (HMD) to present visual stimuli and to measure head 

motion, a Wii board to measure standing posture, and electrodes with amplifier to measure 

physiological responses.  We used Oculus Rift HMDs to display VEs (see Fig. 1). Both the 

Oculus Rift DK2 and the Rift2 HMDs were used over the five-month course of data collection. 

The DK2 and Rift2 HMDs have refresh rates of 75 Hz and 90 Hz, respectively. The DK2 and the 

Rift 2 HMDs have resolutions of 960×1080 and 1080x1200 pixels per eye, respectively, and 

sample 6DOF head motion at 50 samples/sec.  Subjects used Xbox controllers in combination 

with the DK2 HMD and Oculus Touch Controllers together with the Rift2 HMD.  
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Figure 1 Equipment setup 

 

Figure 1. The VR and physiological equipment. Standing participants viewed the VE 

through the HMD while controlling activity with a game controller.  

 

The Nintendo Wii Balance board, used to record postural data, has four weight sensors 

located in front left, back left, front right, and back right positions.  Stance width was 0.26 meters 

or about hip width.  The posture response is calculated as the time-varying weight differences 

between sensors, divided into two axes: mediolateral and anteroposterior. We also looked at the 

momentary change in weight as a response to up and down visual motions. The sensors sample 

weight 16 times per second, or every 62.5 msec.  Finally, the physiological data were recorded 

using electrodes that fed into an ANT Neuro amplifier with a sample rate of 1024 samples/sec. 
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Electrocardiogram (ECG), electrogastrogram (EGG), and breathing rate signals were measured 

(see Dennison & D’Zmura, 2018).  All amplified physiological signals were recorded by the 

computer and time-synchronized using Lab Streaming Layer (LSL) software (Kothe, 2014). 

2.1.2.  Experimental Design 

Each of the 21 subjects flew through an urban VE for 15 minutes.  In the main 

experiment (#1), subjects were tasked with eliminating drones that hovered above the streets. A 

separate control experiment (#2) with five subjects used the same navigation task but involved 

no drones; it was designed to examine the effect of tracking eye movements on posture change 

and head motion.  Another control experiment (#3) examined the impact on posture change of 

reducing the size of visual impulses. Twenty-one adult subjects (17 male & 4 female) 

participated in the main experiment.  None of the volunteers reported vestibular, visual, or 

neurological dysfunction.  Informed consent was obtained prior to the experiment in accordance 

with protocol HS# 2014-1090, approved by the Institutional Review Board at UC Irvine.  Six of 

the 21 subjects participated in the control experiment with low-amplitude forward and backward 

impulses.  Five of the 21 subjects participated in the control experiment in which there were no 

drones. 

2.1.3.  Virtual Environment 

The VEs were created using Unity software (Unity Technologies), a cross-platform game 

development engine.   The “Simple City” package (Polygon Land) was used in Unity to create 

commercial and residential buildings, street lights, sidewalks, streets, and gas stations for the 

VEs (see Fig. 2 and the supplemental materials).  These virtual objects were scaled to be of size 

appropriate for the viewer’s height of two (Unity) meters.  The VEs had six streets parallel to one 

another, and participants tended to fly up and down these streets during the experiments.   
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Figure 2 The virtual environment  

 

Figure 2. A scene from the VR experiment in which participants shoot down hovering drones. 

The black target drones are numbered, and the participants are instructed to shoot them 

sequentially, thereby encouraging participants to fly down six parallel streets in sequence.   

 

2.1.4.  Main Experiment #1 

The task in the main experiment was to fly through the VE and destroy stationary drones.  

Participants stood on the Wii board in a natural stance while flying through the virtual urban 

environment hunting the drones.  We used the Wii board sensor data to calculate each 

participant’s body weight (kg) and postural sway in the anteroposterior (AP), mediolateral (ML), 

and up-down (UD) directions. For the up-down directions, we calculate the momentary change 

in weight, averaged by all 4 in-plane sensors.  We also collected and analyzed head rotation data 

that were reported by HMD sensors. 

2.1.5.  Experimental Tasks 

During the initial two-minute rest period (see Fig. 3), subjects viewed the VE but were 

unable to move around in it.  This initial period was used to collect baseline Wii and HMD 
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posture data and physiological data.  Participants then moved about the VE for 15 minutes to 

accomplish their task: find and destroy stationary drones.  The VE display included a small 

reticle that was used by participants to designate target drones.  When a targeted drone came in 

range, the reticle would enlarge, and the participants could then destroy the drone by pushing a 

button on the controller.  Placing the drones above six parallel streets in the urban VE 

encouraged participants to navigate up and down these streets in sequence.  At the end of the 15-

minute navigation period, participants stood still with eyes open, still wearing the HMD, for an 

additional minute of post-experiment physiological recording. 

Figure 3 Experimental timeline  

 

Figure 3.  Experimental timeline.  Each participant viewed the VE for 18 minutes, of which 15 were 

spent flying through the VE. The initial rest period (two minutes) provided baseline measures for 

postural sway, heart rate, breathing rate, and stomach contraction activity.  Once the 15-minute 

navigation period started, the participant would experience sudden shifts of viewpoint.  As described 

in the text, such a shift occurred approximately once every two seconds.  Participants rated their 

motion sickness on a 0-to-3 scale once every 30 seconds.  We recorded posture and physiological 

measures for a final period of rest lasting one minute.  

 

During the 15-minute period of navigation, a participant’s viewpoint would be made to 

move in one of six possible directions relative to the desired direction of motion.  The direction 

in which the viewpoint moved was chosen randomly from forward, backward, leftward, 

rightward, upward, and downward directions.  The maximum velocity of viewpoint movement 

was 5 (Unity) meters/sec.  The interval between successive visual impulses was drawn from a 

uniform distribution on 1800 to 2100 msec.  An impulse’s shift in viewpoint position was made 

continuously for a period of 240 msec, during which time the viewpoint was shifted at a rate of 
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2.8 Unity meters per second.  The total change in viewpoint position was thus 0.672 Unity 

meters.  

We use the Wii-board data from the 500 msec prior to the onset of a visual impulse to 

normalize posture responses during the 2000 msec following impulse onset.  The normalization 

is a simple removal of bias:   subtraction of the average value found during the preceding 500 

msec from the 2000 msec of data.  Participants experienced 76 trials for each of the six possible 

directions of visual impulse, for a total of 456 trials. 

The visual impulses are changes in viewpoint or, equivalently, changes in the position of 

the VE relative to the viewer.  For example, moving the viewpoint some distance to the left is 

equivalent to moving the VE the same distance to the right.  It is the vection experienced during 

a shift in viewpoint which leads us to call these visual impulses changes in participant viewpoint 

position rather than changes in VE position. 

2.1.6.  Control Experiments 2 & 3 

We performed two control experiments that used substantially the same methods as those 

described above for the main experiment. In the first control experiment, we reduced the 

amplitude of the visual impulses in an effort to determine whether asymmetric responses found 

in the main experiment for anterior and posterior posture change were due to nonlinearities 

associated with too strong an impulse.  As described in Section 2.2.2.1, the visual motion 

velocity was 2.8 meters per second in the main experiment.  With an impulse duration of 240 

msec, the resulting amplitude, or total change in viewpoint position, was 0.672 Unity meters.  In 

the control experiment, the duration of the visual impulse was reduced to 120 msec, and the 

speed of viewpoint movement was reduced to 1.4 Unity meters per second.   The resulting 

amplitude was thus ¼ of its original value, or 0.168 Unity meters. The second control experiment 

differed from the main experiment in having no drones.  Five participants flew up and down the 

simulated streets while experiencing visual impulses in random directions.  The experimental 

parameters are the same as the main experiment, as far as magnitude and amplitude of the visual 

stimuli, and the number of trials. This experiment was performed to help understand the head 

movements observed in the main experiment.   
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2.2  Motion sickness in VR and its physiological profile  

Moving the visual scene or shifting an observer’s viewpoint without providing the 

corresponding vestibular and proprioceptive stimulation can produce motion sickness as well as 

change in posture.  Postural instability, such as that indicated by increased sway while standing, 

is thought by some to be a condition for motion sickness onset (Riccio & Stoffregen, 1991; 

Stoffregen & Smart, 1998; Smart et al., 2002; Bonnet et al., 2006; Walter et al., 2019).  Yet other 

studies suggest that the sensory mismatch between visual and vestibular information in such 

studies is responsible for motion sickness (Palmisano et al., 2017; Dennison et al., 2016; 

Dennison & D’Zmura, 2017; Dennison & D’Zmura, 2018).  Motion of the visual scene along the 

earth-vertical axis has been suggested by some to most strongly generate motion sickness (Bles 

et al., 1998; Bos et al., 2008).  Such motions can create a conflict between the sensed and 

subjective vertical directions.  Again, these motions may be caused either by scene object motion 

or by observer’s viewpoint motion.  Visuo-vestibular sensory mismatch that is caused by motion 

along the earth-vertical axis can easily occur while wearing an HMD to view a VE in which one 

is moving up or down.   

  Concomitant measurements of motion sickness and physiology, including EGG, ECG, 

EOG, respiration and GSR, show that motion sickness is greatest if unexpected shifts in 

viewpoint are presented using an HMD and are weakest if one simply uses a display monitor to 

navigate through the VE without unexpected changes in viewpoint (Dennison & D’Zmura, 2018; 

Dennison et al., 2019). In the current study, physiological data are measured and analysis of 

correlation to self-reported motion sickness can be conducted. The heart rate data indirectly 

informs us of the participant’s general arousal level in the virtual environment at baseline and at 

each following epoch. The stomach contraction data, separated into fast and slow contraction 

rates, inform us of participant’s bodily response to motion sickness and level of nausea. 

Generally, an increase in tachygastric activity, or fast stomach contraction, is associated with 

nausea (Kim et al., 2005). The respiration data informs us of the participants’ breathing cycle.  

Participants rated their motion sickness symptom severity on a scale of 0 to 3 during the 

experiment every 30 seconds. They rated motion sickness by selecting one of four numbers from 

a pop-up display (see Fig. 4).   A rating of 0 indicates no symptoms, 1 mild symptoms, 2 mild 

nausea, and 3 moderate nausea.  There were 30 ratings made during a completed experiment.  

Participants were free to terminate the experiment at any time and for any reason, in particular if 
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they felt excessive motion sickness.   Of the 21 total subjects, three subjects terminated the 

experiment early due to excessive motion sickness.  For technical reasons, motion sickness 

ratings were not recorded for a further three subjects.  In consequence, motion sickness ratings 

were collected during the entirety of the experimental duration from 15 subjects. 

 

Figure 4 Motion sickness ratings 

 

Figure 4. Motion sickness rating pop-up display.  Participants were prompted to rate 

motion sickness severity once every 30 seconds by the appearance of a pop-up display.  

Participants would turn their heads to aim the reticle in the direction of the desired 

motion-sickness rating and then press a controller button.  

 

2.3  Postural data analysis 

We collected and analyzed Wii board posture data, HMD head movement data, motion 

sickness rating data, and physiological data.  Data from single participants were first analyzed 

and averaged across trials; we then determined group averages taken across subjects. Posture 

responses to visual impulses were measured using four Wii-board weight sensors (Clark et al., 
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2010), each of which reported time-varying weight (kg).  We used Matlab to low-pass filter the 

Wii board data in order to remove energy at frequencies greater than 4Hz.  Filtered data from the 

two weight sensors on the left were summed and then subtracted from the sum of the right 

sensors’ filtered data to produce a single right-left or mediolateral (ML) response.  Likewise, the 

sum of data from the two back sensors was subtracted from the sum of the front sensors’ filtered 

data to produce the anteroposterior (AP) response.  Finally, filtered data from all four Wii board 

sensors were averaged to determine the instantaneous weight of the participants; this was used to 

measure the up-down (UD) response. It is calculated as the overall sum of weight fluctuations 

from all the four sensors combined.  

We subtracted from the posture response data the average value obtained during the 500 

msec before the visual impulse started.   This baseline-correction procedure removed the bias 

from each posture response. These responses were grouped according to the direction of the 

visual impulse:   left, right, forward, backward, up, and down.  In the main experiment, there 

were 76 trials for each direction of visual impulse.  For each participant, we determined the 

average ML response to each direction of visual impulse, the average AP response, and the 

average UD response. We used the Matlab fft function to calculate the amplitude spectra of the 

postural impulse responses described above.  The 16 samples/sec sampling rate of the Wii-board 

sensors lets us determine amplitude for frequencies no higher than 8 Hz.  The two-second 

duration of the postural impulses imposes a low-frequency limit as well; we were able to 

determine amplitudes for frequencies of 0.5Hz or higher.   As a result, amplitudes were measured 

in the frequency range [0.5-8] Hz. The HMD provided 6DOF head motion data at 50 

samples/sec.  The measured changes in head position and in head orientation were baseline-

corrected using the averages obtained from the 500 msec preceding each trial.  For each 

participant, we determined the average for each of these head motions in response to each of the 

six visual impulse directions.   Averages across all subjects were then found. 

2.4  Motion sickness ratings and physiological profile 

Analysis of physiological data followed methods described in previously published 

studies (Dennison et al., 2016; Kim et al., 2005). All physiological data were segmented into 

two-minute epochs. ECG data were bandpass filtered from 0.5 to 30 Hz; heart beats were 

detected using a MATLAB function based on the algorithm developed by Pan and Tompkins 
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(1985).  Heart rates in beats per minute (bpm) were determined for each subject during the 

baseline rest period, the experimental epochs, and the post-experiment rest period.  We used t-

tests to determine whether heart rates found during a particular two-minute epoch differed 

significantly from the heart rates found during the baseline rest period. 

EGG data were bandpass filtered from 0.005 to 0.2 Hz.  Tachygastric and bradygastric 

activity refers to faster-than-normal and slower-than-normal stomach contraction rates, 

respectively.  The average contraction rate is three cycles per minute (Simonian et al. 2004), so 

that energy at frequencies greater than three cycles per minute is tachygastric, while energy at 

frequencies lower than three cycles per minute is bradygastric.   The amounts of tachygastric and 

bradygastric energy in the EGG power spectra were calculated and compared in order to learn 

whether participants’ stomach contraction rates varied during the experiments.  We computed 

EGG spectra using periods of duration two minutes.   In consequence, we were able to measure 

EGG during the initial baseline rest period but not during the final one-minute rest period. 

The respiration signal was bandpass filtered from 0.1 to 1 Hz.  Local peaks were detected 

using a MATLAB function developed by Pan and Tompkins (1985); these provide the number of 

breathing cycles per minute. Finally, participants rated their motion sickness on a 0-3 scale once 

every 30 seconds.   These ratings were segmented into two-minute windows and then aggregated 

across subjects to determine subject-average ratings.  No motion sickness ratings were collected 

during the final rest period. 

2.5  Results 

We present first posture-change responses measured using the Wii board during the main 

experiment.  Results for left, right, forward, and backward impulses resemble those found earlier 

by Dennison and colleagues (2018).  An asymmetry between responses to forward and backward 

impulses led us to perform a control experiment in which forward and backward impulses were 

presented at ¼ their original strength.  Results from this control experiment show that the 

asymmetry was present even at a low impulse strength.  Results for frequency-domain system 

responses show that posture-change responses cut off beyond 2Hz.  Results for posture change in 

response to up and down visual impulses show very weak weight-change responses.  Yet there 

are modest anteroposterior posture responses to up and down visual impulses and, when drones 

are present, changes in head orientation.   We compare HMD data from both the main 
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experiment and a control experiment in which there were no drones.  The head rotation results 

show that subjects tracked the drones (when present) during visual impulses, including up and 

down impulses.  Finally, we present results on motion sickness ratings and on physiological 

measurements.  

The results suggest that a simple linear systems approach will not suffice to model 

posture responses to these impulses. Impulsive changes in viewpoint position, achieved by 

moving the camera in a particular direction, caused biphasic posture responses along the same 

direction. Further, if one is moving in a virtual environment, then posture responses correspond 

to that direction of movement.  Symmetry is important because of the biomechanics involved in 

maintaining upright stance, namely, that the hip abductors and adductors control movement 

along the mediolateral axis. The inverted pendulum model (Winter et al., 1996, 1998) predicts 

that the hip mechanisms for controlling mediolateral balance are symmetric along the left-right 

axis, while ankle mechanisms for the control of anteroposterior balance are asymmetric along the 

forward-backward axis. The symmetric mediolateral responses to leftward and rightward shifts 

in viewpoint position support the inverted pendulum model for upright stance control. 

Anteroposterior responses to forward and backward shifts in viewpoint were not symmetric, and 

the asymmetry revealed is also found in a control experiment that used weak forward and 

backward impulsive shifts of viewpoint.  No significant changes in lower-body posture occurred 

in response to upward or downward shifts of viewpoint, although tracking head movements in a 

target-tracking task were evident.  Finally, the Fourier transforms of the measured impulse 

responses suggest that the visuo-postural response system is not sensitive to viewpoint 

oscillations at frequencies greater than 2Hz. 

2.5.1.  Body posture responses 

Figure 5 shows mediolateral posture responses to leftward (A) and rightward (B) visual 

impulses, averaged across 21 participants.  Visual impulse responses start at 0 sec along the 

horizontal axis and are of duration 240 msec.  The posture response in kg (vertical axis) is shown 

for the 2 sec period after stimulus onset.   The response is normalized using data from the 0.5-sec 

period preceding stimulus onset.  The black curves show the group-average posture response to 

leftward (A) and rightward (B) impulses, while the gray-shaded areas show the standard error of 

the mean.  
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Figure 5 Symmetric mediolateral postural response 

 

Figure 5. Mediolateral posture responses to leftward (A) and rightward (B) visual impulses, 

averaged across 21 participants.  The 240 msec visual impulse started at the time marked 0 sec.  

Leaning to the left is coded as a negative weight change in these plots, while leaning to the 

right is coded as a positive weight change.   

 

The average posture response to leftward visual impulses (A) had an initial leftward peak 

of strength 0.9 kg at 460 msec following the onset of visual stimulus, and a second rightward 

peak of strength 2.3 kg at 1.10 sec.  On average, shifting the viewpoint to the left caused a 

participant to lean briefly to the left and then to lean to the right for a longer period.  The average 

posture response to rightward visual impulses (B) was similar but opposite in sign.  The posture 

response had an initial rightward peak of strength 0.9 kg at 460 msec after the stimulus onset, 

and was followed by a leftward peak of size 2.0 kg at 1.20 sec.   Shifting the viewpoint to the 

right caused a participant to lean briefly to the right and then to the left.  These results resemble 

those found by Dennison and D’Zmura (2018) in showing a symmetric response to leftward and 

rightward impulses in which the participant leans briefly in the direction of the impulse and then 

leans away. 
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Figure 6 shows anteroposterior posture responses to forward and backward visual 

impulses, again averaged across 21 participants.   The average posture response to a forward 

visual impulse (panel A) had an initial forward peak of strength 2.5 kg at 460 msec and a second 

backward peak of strength 6 kg at 1.10 sec.  Shifting the viewpoint forwards caused a participant 

to lean briefly forwards and then to lean backwards.  The posture response to backward visual 

impulses (panel B) had an initial backward peak of strength 4.8 kg at 460 msec that was followed 

by a forward peak of size 7.7 kg at 1.10 sec.   Shifting the viewpoint backwards caused a 

participant to lean briefly backwards and then to lean forwards.   

Figure 6 Asymmetric anteroposterior postural response 

 

Figure 6. Anteroposterior posture response to forward (A) and backward (B) visual impulses 

averaged across 21 participants.  Leaning backwards is coded as a negative weight change in 

these plots, while leaning forwards is coded as a positive weight change.  See section 3.1 for 

details. 

 

While the responses to the forward and backward impulse directions are similar, the 

response magnitudes differ.   The anteroposterior response depends on the polarity of the visual 

impulse.  These results resemble those found by Dennison and D’Zmura (2018) in showing an 
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asymmetric response to forward and backward impulses in which the participants lean briefly in 

the direction of the impulse and then lean away. 

We performed a control experiment to investigate whether the asymmetric responses to 

forwards and to backwards visual impulses were due to use of too strong a visual stimulus.  

Might weak forward and backward impulses reveal symmetric postural responses? According to 

the biomechanical model stated above, we do not expect to find symmetric posture response.  

Figure 7 shows anteroposterior posture responses to weak forward and backward visual 

impulses, averaged across six participants.   The impulses used were ¼ the size of those used in 

the principal experiment.  The average posture response to a forward visual impulse (panel A) 

had an initial forward peak of strength 0.6 kg at 400 msec and a second backward peak of 

strength 1.3 kg at 1.10 sec.  The posture response to backward visual impulses (panel B) had an 

initial backward peak of strength 1.4 kg at 460 msec that was followed by a forward peak of size 

2.6 kg at 1.20 sec.    
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Figure 7 Asymmetry in anteroposterior postural response from low amplitude visual impulse 

 

Figure 7. Anteroposterior response to weak forward (A) and backward (B) visual impulses at 

one-quarter the amplitude. The posture response to the forward visual impulse had an 

amplitude of 0.6 kg at the first peak, followed by a second peak of 1.3 kg amplitude. The 

posture response to backward visual impulse had an amplitude of 1.4 kg at the first peak, 

followed by a second peak of 2.6 kg amplitude.  

 

The responses to low-amplitude stimuli shown are again asymmetric; the anteroposterior 

response depends on the polarity of the visual impulse.  There is no single scale factor that 

relates the results for ¼-strength stimuli shown in Fig. 7 to the results for full-strength stimuli 

shown in Fig. 6.  The responses to full-strength backwards impulses are closer to three times 

those found with ¼-strength stimuli than to four times.   

Returning to the main experiment, Fig. 8 shows anteroposterior responses to leftward and 

rightward impulsive shifts of viewpoint (top right) and mediolateral responses to forward and 

backward impulses (bottom left), in addition to responses for matching directions shown earlier 

in Figures 5 and 6.  The anteroposterior responses to leftward and rightward impulses (top right) 

are substantial in magnitude, while the mediolateral responses to forward and backward impulses 
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(bottom left) are near zero.  This pattern of results is almost certainly due to participants’ 

traveling forwards through their environments during most of the 15-minute experimental period. 

Figure 8 Postural response as a function of visual impulse directions 

 

Figure 8. Group-averaged mediolateral (left column) and anteroposterior (right column) 

responses to leftward (1st row), rightward (2nd row), forward (3rd row) and backward (4th row) 

visual impulses. The rows represent the results from the visual impulse directions left, right, 

forward, and backward, respectively.  The black traces represent the average response across 

21 participants, and the grey shading represents the standard error.  

 

Posture responses to upward and downward visual impulses are shown in Fig. 9 for 

mediolateral, anteroposterior, and vertical posture changes.  The vertical posture changes were 

measured by adding the responses of the four Wii board sensors and using this as a proxy for 

participant instantaneous weight.  Yet the weight change responses shown in the rightmost plots 

indicate that responses to upward or to downward stimuli were very small (<0.1 kg).  While 

somewhat larger mediolateral responses were found (leftmost column), the dominant responses 

in this experiment lay along the anteroposterior direction (middle column), where we found 

asymmetric responses to upward and downward impulses.  The significant anteroposterior result 

is almost certainly due to the near-continual forward motion by participants through the VE.  
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Why there is no vertical weight change (rightmost column) is more difficult to discern from the 

measurements.  Hypotheses such as the locking of knee joints by the standing participants will be 

considered below. 

Figure 9 Postural response to vertical visual impulses 

 

Figure 9. Posture response to upward and downward visual impulses. The top row illustrates 

posture response to upward visual impulses in the mediolateral (left), anteroposterior (middle), 

and vertical (right) directions. Anteroposterior responses to upward visual impulses had an 

initial peak of strength 1.6 kg at 460 msec.  Anteroposterior responses to downward visual 

impulses had an initial peak of strength 1.3 kg at 520 msec and a second peak of strength 1 kg 

at 970 msec.   

 

The time-varying posture-change responses to visual impulses may be transformed into 

the Fourier domain to estimate responses as a function of temporal frequency (see Fig. 10).   The 

subject-averaged amplitude spectra shown in Fig. 10 include anteroposterior responses to 

forward and backward impulses (second from top and topmost dashed lines, respectively).  The 

Figure also shows almost identical mediolateral responses to leftward and rightward impulses 

(dotted lines).   Finally, Fig. 10 shows the anteroposterior responses to ¼-strength forward and 

backward impulses (lower and higher dash-dotted lines, respectively).  The asymmetric 

responses to full- and ¼-strength forward and backward visual impulses are found again in the 
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amplitude spectra.  All amplitude spectra suggest that visuo-postural response mechanisms cut 

off at frequencies beyond about 2Hz.    

Figure 10 Visual-postural system response 

 

Figure 10. Visuo-postural system responses in the frequency range [0.5-2.5]Hz.  The two 

dashed lines at top plot the subject-averaged anteroposterior response amplitudes to backward 

(topmost) and forward (second from top) visual impulses. The vertical line segments indicate 

the SEMs. The dotted lines show the mediolateral response amplitudes to leftward and 

rightward visual impulses of full strength, while the dot-dashed lines show anteroposterior 

response amplitudes to the ¼-strength forward and backward visual impulses used in the first 

control experiment. 

 

2.5.2.  Head orientation and position 

The participants in the main experiment sought and destroyed drones that hovered 

unmoving above the streets in the urban virtual environment.  This task required tracking one 

drone and then the next, and so on.  It was disturbed by the visual impulses that occurred 

approximately every two seconds.  The tracking response to a visual impulse in a particular 

direction is to make a compensating movement in the opposite direction.   For example, when 

experiencing an upward shift of viewpoint, one can maintain one’s gaze on a target lying ahead 
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by rotating one’s eyes and/or head downward.  Likewise, when experiencing a leftward shift of 

viewpoint, one can maintain fixation by rotating one’s eyes and/or head to the right.   

Rotations of the head made by participants to counteract visual impulses are shown by 

the solid black curves in Fig. 11.  These head-rotation measurements were provided by the HMD 

worn by the participants; no eye-movement measurements were made.   

The two plots at the top left show the yaw rotations of the head made by participants in 

response to leftward (first row) and rightward (second row) visual impulses.   The subject-

averaged responses show that participants made compensatory head rotations:  to the left for a 

rightward visual impulse, and to the right for a leftward visual impulse.  The two plots at the 

bottom right show the pitch rotations of the head made in response to upward (third row) and 

downward (fourth row) impulses.  The rotations were again compensatory:  downwards for an 

upwards impulse and upwards for a downwards one.  While there were effectively no head pitch 

change made in response to leftward and rightward visual impulses (plots at top right), very 

small changes in yaw did occur in response to upward and downward impulses (plots at bottom 

left).  The latter are unexplained.  Note also that the head rotation responses to forward and 

backward visual impulses were uniformly zero and, for that reason, are not shown.  Finally, there 

were no roll responses at all to any visual stimulus in either the main experiment or the control 

experiment without drones. 
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Figure 11 Postural response: head rotation 

 

Figure 11. Head rotation as a function of visual impulse direction while tracking target drones.  

Compensatory head yaw changes in response to leftward and rightward visual impulses are 

shown in the two plots at top left.  The averaged results from the main experiment (N=21) are 

represented by the black solid trace with the SEM, and the averaged results from the control 

experiment without drones (N=5) are represented by the dashed lines.  Compensatory head 

pitch changes in response to upward and downward visual impulses are shown in the two plots 

at bottom right.  See section 3.2 for details. 

 

That the tracking task is the reason for these head rotations is made clear by the results 

from the second control experiment, in which no drones appeared.   The results for head yaw and 

pitch in the control experiment are shown in Fig. 11 by the dashed lines, which indicate the 

subject-averaged rotations.  These very small rotations result presumably from haphazard 

tracking of objects in the scene.   

  Changes in head position measured during the main experiment are very small in 

magnitude:  1cm or less.  They resemble posture COP responses, with a major exception.   The 

posture responses are biphasic and show a brief initial following response and a longer-duration 

reaction.  The head position responses are more monophasic and have very weak initial 



26 
 

following responses, if any (see Fig. 12).  For example, the top left plot shows that the head 

moves to the right by about 0.5cm in response to a leftward visual impulse after a very weak 

following response during the initial 0.3 sec.  Very small head position changes in the no-drone 

control experiment are shown by the dashed curves in Fig. 12.   

Figure 12 Postural response: head movements 

 

Figure 12. Head position change as a function of visual impulse direction. Top row:  head 

position changes (in cm) along the left-right axis in response to leftward and rightward visual 

impulses.  The averaged results from the main experiment (N=21) are shown in the black trace 

with SEM, and the averaged results from the control experiment without drones (N=5) are 

shown in the dashed trace.  Middle row:  head position changes along the forward-backward 

axis in response to forward and backward visual impulses. Bottom row:  head position changes 

along the vertical axis in response to upward and downward visual impulses.    See section 3.2 

for details. 

 

2.5.3.  Motion sickness and physiology   

Motion sickness ratings were made on a scale of 0-3 at 30-sec intervals.  We analyzed 

these ratings by averaging ratings found in each two-minute epoch and then by averaging across 

subjects.  Figure 13 shows the average motion sickness rating for each two-minute epoch within 

the experiment (solid line).  This average obscures considerable variation across participants.  
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We readily identified three subgroups based on motion sickness ratings:  (1) a group of five 

participants who reported no sickness (dash-dotted line at the bottom); (2) a group of ten 

participants who reported mild to moderate sickness (dashed line), and (3) a group of three 

participants who reported moderate nausea and quit the experiment early (dotted line at top).  

These 3 subjects quit the experiment during the 6-8 minute epoch, the 10-12 minute epoch, and 

the 14-16 minute epoch, respectively. 

 

Figure 13 Motion sickness ratings 

 

Figure 13. Motion sickness ratings as a function of time spent in the VR experiment.  The 

average rating for all participants is shown by the solid line, while the error bars indicate the 

SEM.  The dash-dotted line shows average ratings for a group of five participants who reported 

no motion sickness.  The dashed line shows average ratings for a group of ten participants who 

reported mild motion sickness.  The dotted line at top shows average ratings for a group of 

three participants who experienced moderate nausea and who quit the experiment early.   

 

We recorded three physiological time series:  EGG, ECG, and respiration.  Of these, only 

EGG signals changed as the experiment progressed, and changed in a manner consistent with 

increasing motion sickness.  Tachygastric and bradygastric components of EGG data are shown 
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for each two-minute epoch in Fig. 14.   The tachygastric component includes energy at 

frequencies in the range 3 to 9.5 cyc/min.  The bradygastric component includes energy at the 

lower frequencies in the range 0.1 to 3 cyc/min.  Motion sickness is accompanied by greater 

rapidity of stomach contractions, so that one expects to find more tachygastric and less 

bradygastric activity as time in the VE passes.  The results in Fig. 14 show that this expectation 

is met. The subject-averaged heart rate was found using ECG data from 18 subjects for all two-

minute epochs during the experiment as well as during the beginning rest period (see Fig. 15, 

upper dataset plotted using dashed line).  There are two epochs during which significant heart 

rate increases were found relative to initial rest period measurements.  Yet the overall result is 

negative. We also examined subject-averaged breathing rates (breaths per minute) and found no 

significant changes over the course of the experiment (see Fig. 15, lower data set plotted using 

solid line). 

Figure 14 Physiological profile of motion sickness: stomach activity 

 

Figure 14. Tachygastric activity (bottom solid line) and bradygastric activity (top dashed line) 

derived from EGG measurements show increasing motion sickness as time spent in the VE 

passes.  Asterisks show statistically-significant changes from baseline measures made during 

the initial “Rest” period.     
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Figure 15 Physiological profile: heart rate 

 

Figure 15. Averaged heart rate (beats/min) (dashed line, top trace) and respiration 

(breaths/min) (solid line, bottom trace). Asterisks indicate epochs during which measurements 

differ significantly (p<.05) from those collected during the initial rest period.  

 

2.6  Discussion 

 We investigated how body posture while standing changes in response to impulsive shifts 

in viewpoint position in a high fidelity virtual environment.  Results agree with the previous 

literature in showing that the visuo-postural system is sensitive to the size and the direction of 

visual impulses (Lestienne et al., 1977; Nashner, 1970; Bronstein, 1986; Mahboobin et al., 2005; 

Dennison & D’Zmura, 2018).   

Body posture change 

Leftward and rightward visual impulses caused biphasic responses that were roughly 

equal and opposite in magnitude (see Fig. 5).  The biphasic responses are characterized by a brief 

following response, during which the body leans in the direction of the visual impulse, followed 

by a reaction of longer duration, during which the body leans in the direction opposite that of the 

visual stimulus.  Such responses have been reported in earlier work (e.g., Van Asten et al., 1988; 

Dennison & D’Zmura, 2018).  The equal and opposite responses to leftward and rightward visual 
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impulses of equal magnitude are likely due to the symmetry of the human body about the sagittal 

plane (Winter et al, 1993).   

Forward and backward visual impulses caused biphasic posture responses that were not 

equal and opposite (see Fig. 6).  The initial following responses to backward impulses were 

greater in magnitude than the following response to forward impulses.  The reactions to 

backward impulses were also larger than the reactions to forward impulses.  The results of an 

experiment with ¼-strength forward and backward impulses failed to eliminate the asymmetry 

(see Fig. 7), which speaks against an explanation for the asymmetry in terms of a saturating 

nonlinearity.  Again, the responses to backward impulses were greater than those to forward 

impulses, in this case greater by a factor of about two.   

The anteroposterior changes in posture caused by leftward and rightward visual impulses 

in the primary experiment are significant (see Fig. 8).   This result is almost certainly due to 

participants’ traveling forwards through their environments during most of the 15-minute 

experimental period.    This continual forward motion adds to a leftward or a rightward visual 

impulse to create motion through the VE that is either towards the front-left or towards the front-

right, respectively, so that one may well expect both mediolateral and anteroposterior posture 

responses.   This same continual forward motion adds to a forward or backward visual impulse to 

create motion that is either forwards or backwards.   There should be no mediolateral response to 

such a stimulus, and that is what is found.  Similar results have been found in earlier studies in 

which participants moved forwards through the VE (Dennison & D’Zmura, 2018).  The greater 

and lesser magnitudes of anteroposterior and mediolateral responses to forward-backward and 

leftward-rightward stimulation in the main experiment, respectively, are also understandable in 

terms of this continual forward motion (see Figs. 5,6). 

Our results show that standing posture does not change significantly in response to 

upward or downward visual impulses.  The weight changes induced by upward or downward 

visual shifts (see Fig. 9, third column) were very small (<0.1kg) compared to the changes along 

the anteroposterior axis (middle column).  The absence of weight change is due most likely to 

the locking of knee joints by standing participants.  The anteroposterior responses are of small 

magnitude and fail to return to baseline levels within two seconds after visual stimulus onset.  

The response to upward stimuli is leaning backwards, while the response to downward shifts in 
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viewpoint is leaning backwards, forwards, and then backwards again.  Presumably, the vertical 

viewpoint shifts are interpreted as upward or downward self-motion, and anteroposterior 

responses of the trunk and head are generated in an attempt to compensate for this destabilizing 

self-motion.  While we have no direct measurements of hip joint movements, the Wii board is 

sensitive to forces generated at the ankle, knee, and hip joints.  Figure 9 shows that postural 

responses induced by upward and downward viewpoint shifts happen only along the AP axis, 

which suggests that participants make pitching motions of the trunk and head in response to up 

or down visual impulses.  Figures 11 and 12 confirm that head pitch changes were induced by 

vertical viewpoint shifts.  This result is similar to those reported by Keshner and Kenyon (2000) 

from a study where segmental motions of the ankles, trunk and head were measured in response 

to pitching visual motions.   

The visuo-postural system responses found by computing the Fourier transforms of the 

posture response data are limited to the frequency range [0.5,2.5]Hz due to the Wii board 

sampling rate and the experiment’s response duration.  The frequency-domain responses (see 

Fig. 10) are greatest at 0.5Hz and decline for greater frequencies, with a cutoff for mediolateral 

and anteroposterior responses at about 2 – 2.5Hz.   This frequency dependence is likely to 

depend on the hip-width stance used in this experiment (Winter et al., 1998).  The system 

responses at frequencies lower than 0.5Hz are not known in this experiment.  More direct 

methods of measuring system response include measuring posture change in response to 

sinusoidal modulations of viewpoint (Diener et al., 1982; Palmisano et al., 2007; Garner and 

D’Zmura, 2020).    

Head movements 

From the HMD data, we observed that participants rotated their heads to help track 

targets during visual impulses (see Fig. 11).  This role for the observed head rotations was 

confirmed by the results of a control experiment in which there were no drone targets present and 

so no need for systematic tracking.  Control experiment results for head yaw and pitch show 

uniformly zero compensatory (or other) response to visual impulses.    

We also looked at the head position changes recorded during both experiments (see Fig. 

12).  In the main experiment, the head position change resembles that of the Wii board response 

functions.  In particular, the head position change reaches maximum displacement at about one 
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second after the stimulus onset.  In the control experiment without drones, the head position 

changes are very small compared to the main experiment.   

Motion sickness and physiology 

Finally, we found that motion sickness increases for most participants with time spent in 

the VE.  All participants exhibited an increase in faster-than-normal stomach contractions—

tachygastric activity.  Subjects on average exhibited a significant increase in heart rate while they 

experienced the VE.  The observed physiological trend is consistent with results from studies 

that examined motion sickness profiles during virtual reality experimentation (Kim et al., 2005; 

Dennison et al., 2016).  
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3 Effects of cognitive task on posture control  
 

In chapter 2, I introduced a series of experiments investigating the effects of visual 

impulses on posture responses. I measured and characterized the visuo-postural interactions and 

system responses. By delivering lower-level perceptual stimuli like visual motions, I was able to 

induce postural response. Yet balance control likely depends on higher-level cognitive 

functioning, to an unknown extent. In this chapter, I investigate the effects of cognitive tasks on 

balance with the aim of determining whether some cognitive activities are especially disruptive 

to posture control and whether their disruptive nature is due to the sharing of specific attentional 

resources.  

3.1  Introduction  

Prior studies have illustrated that introducing challenges to posture control tend to 

interfere negatively with concurrent cognitive task performances (Brauer et al., 2001; Woollacott 

& Shumway-Cook, 2002; Fraizer & Mitra, 2008). Effects of cognitive load also have an impact 

on posture control. However, the pattern is conflicting. While some studies have reported that 

postural sway increases with concurrent cognitive load (Mitra, 2003; Pellecchia, 2003; Rapp et 

al., 2006), other studies reported that postural sway decreases with concurrent cognitive load 

(Dault et al., 2001; Riley et al., 2003). The types of cognitive tasks seem to influence standing 

posture. In particular, spatial tasks have been reported to interfere with balance and posture 

control (Maylor et al., 2001; Swan et al., 2004).  In these posture-cognition dual-task studies, the 

posture task is quiet standing, or simply maintaining balance in a particular stance. Increased 

sway is typically interpreted as loss of balance or weakened postural control, and decreased sway 

as maintaining balance and tightened postural control.  

There are two principal accounts of dual-task posture control.  The first relies on a model 

of limited attentional resources, while the second supposes that there are bottlenecks in 

processing (Woollacott & Shumway-Cook, 2002). Attention is defined as the information 

processing capacity, which is limited for any individual. When an individual performs multiple 

tasks together, performance can deteriorate (Shumway-Cook & Woollacott, 2000). The limited 

attentional resources model predicts that increasing the cognitive load leads to a decrease in 

posture control because the cognitive task and posture control processing compete for limited 
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attentional resources. The bottleneck processing model specifies the mode of attentional 

capacity, for example, spatial vs. non-spatial, for completing postural and cognitive tasks. This 

model assumes that the primary balance task and the secondary cognitive spatial task require 

similar resources, and its prediction is that engagement in spatial tasks, specifically, would 

correspond to a decrease in posture control. Vander Veld and Woollacott (2008) found in their 

study that postural performance was significantly influenced by the type of cognitive loading 

delivered (spatial vs non-spatial).  

Results from earlier experiments show that cognitive spatial processing and postural 

regulation may share common underlying mechanisms (Kerr et al., 1985). Visual processing, in 

particular, is involved in both spatial functions and postural functions. In a series of experiments, 

Brooks investigated the spatial components of recall by using interference techniques that seek to 

identify its underlying mechanism. Results suggest that visual perception and spatial processing 

interfere with one another (Brooks, 1968). If a spatial memory task requires spatial visualization, 

then visual plus auditory presentation leads to less successful recall than does strictly auditory 

presentation (Brooks, 1968). Performance on tasks that require spatial imagery decreases when 

responses require visual monitoring (Brooks 1968). 

We adapted Brooks’ (1968) experimental protocol to deliver cognitive tasks using either 

visual spatial stimuli or auditory verbal stimuli. The aim was to determine the type of cognitive 

processing that might interfere with and influence posture control. Subjects performed a visual-

spatial task, an auditory non-spatial task, or no cognitive task while postural sway was measured 

using methods like those described in Chapter 2. We predicted that there would be significant 

differences in postural sway for trials where subjects perform cognitive tasks and trials where 

subjects are not. This is based on the limited attentional resource model, which suggests that 

attentional capacity directed to cognitive tasks results in less capacity for postural control. We 

further predicted that there would be more postural sway during trials where subjects perform a 

visual spatial task compared to trials during which subjects complete an auditory non-spatial 

task.  

3.2  Methods 

Subjects participated in two types of cognitive tasks in a virtual environment delivered 

using a head mounted display. The subjects’ posture change and task responses were recorded.  



35 
 

Participants were instructed to stand comfortably on the Wii Balance board without removing or 

resetting their feet during the experiment. They were told to maintain forward gaze and fixate on 

the drones. Participants were not able to move about in the virtual environment. The responses 

were recorded with buttons from the Touch Controllers.  Six subjects were recorded for 3 

sessions. 

3.2.1.  Equipment 

We used a head-mounted display (HMD) to present visual stimuli, a Wii board to 

measure standing posture, and Touch Controllers to measure task responses.  We used Oculus 

Rift HMDs to display VEs (see Fig. 1). The Rift2 HMD has a refresh rate of 90 Hz, a resolution 

of 1080x1200 pixels per eye, and a sample 6DOF head motion at 50 samples/sec.  Subjects used 

Oculus Touch Controllers to record task responses. The Nintendo Wii Balance board, used to 

record postural data, has four weight sensors located in front left, back left, front right, and back 

right positions.  Stance width was 0.26 meters or about hip width.  The sensors sample weight 16 

times per second, or every 62.5 msec. 

The virtual environment in which participants engaged in the cognitive tasks is identical 

to the prior study described in Chapter 2 (see Fig. 16). The difference is, in this experiment, the 

participants are not able to move their avatars around the VE, instead, they are instructed to look 

forward and maintain a neutral gaze.  
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Figure 16 Virtual environment within which the stimulus is presented 

 

Figure 16. The virtual environment where the stimulus is presented. In this figure, a visual spatial 

stimulus is presented to the participants central field of view for a total of 450 ms. Once the stimulus 

phase is completed, the visual spatial stimulus disappears, and the response box appears as shown in 

Figure 19.   

 

3.2.2.  Experimental design  

Data were collected from 6 participants who completed a total of 90 trials of cognitive 

tasks over the span of 3 sessions with breaks in between. The experiment has a within subject, 

repeated measures design. There are three different task conditions: (1) control condition with no 

task, (2) visual task condition, and (3) audio task condition. The cognitive tasks are described in 

detail in the following section. For each given trial, there is a stimulus phase of 450 milliseconds, 

followed immediately by a response phase of variable length (see Fig. 17). The control trials 
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with no task had a period of 10 seconds after which participants could press a button to indicate 

readiness for the next trial. Participants can only advance to the next trial once they have 

completed their response to the current trial.   

Figure 17 Experimental timeline 

 

Figure 17 Experimental timeline.  Each participant completed a total of 3 sessions inside a VE 

delivered by an HMD. Each session included 30 block-randomized trials of either a visual 

spatial task, an auditory non-spatial task, or not task. A total of 90 trials were recorded per 

subject. The task trials began with a stimulus phase lasting 450 ms, followed immediately by a 

response phase, the duration of which depended on each subjects’ pace of completing their 

responses. Because the response phase was variable, the trial duration was also variable.  

 

During the stimulus phase, the visual or auditory stimulus was displayed for 450 

milliseconds and was followed immediately by the response phase. During the response phase, 

participants pressed buttons to record their responses at their own pace (see Fig. 18). Each trial 

duration depended on how quickly the participant completed their response. Each session 

included 30 total trials of the following conditions: no task, visual, audio. The stimulus order and 

the condition order were block randomized. Subject responses were recorded to determine 

cognitive task performance on each trial. No delete or backspace button was available, so that 

each response had to be made cautiously and not in a rush.  
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Figure 18 Response data recorded using virtual UI elements 

 

Figure 18. Participants record their responses in the text box depicted in the center of the 

image above. Participants are instructed to record a sequence of true and false using either 

their right or left thumb, respectively. Once the participant has finished with his or her 

response, they are able to press another button that allows them to advance to the next task. 

 

3.2.3.  Cognitive Tasks  

I investigated the effects of cognitive task on posture control by measuring the 

participants’ postural sway while completing either a spatial task or a non-spatial task. We 

delivered visual and auditory stimuli like the ones used in the Brooks experiment in a virtual 

environment. The details of the tasks and stimuli are described in the following two subsections.  

3.2.3.1.  Spatial cognitive task with visual stimulus 

The visual stimulus was an implementation of Brook’s (1967) spatial task with letter 

tracing.  It is a spatial cognitive task with visual stimuli. The visual stimulus is an outline of a 

block letter (Figure 19a & 19b) containing nodes, which are defined as intersections between two 

line segments. Each stimulus has a unique star and arrow combination, that is meant to indicate 

the starting node and the direction of travel. Participants are exposed to the stimulus for a few 

seconds and asked to recall the spatial components of the stimulus while mentally traversing the 
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nodes of the block diagram. The task is to indicate true or false if each node is a top or bottom 

node via button pressing.  

One visual stimulus used is an outline of the English letter F, which has ten nodes (see 

Fig.19a). During the training and practice phase, the participants are instructed to mentally 

traverse the nodes, sequentially, from the starred node and in the direction indicated by the 

arrow. While traversing the sequence of nodes, participants had to indicate whether the current 

node is on the extreme top or bottom of the diagram. If the current node is a top or bottom node, 

the participants would press a button with their right hand indicating so. If the current node is not 

a top or bottom node, then the participants would press a button with their left hand indicating 

so. The response collected at the end of each trial is a sequence of 10 Trues and Falses. A similar 

procedure is used for the other set of visual stimuli, which use an outline of a block letter E (see 

Fig. 19b).  

Figure 19 Visual stimulus for spatial memory task 

 
 

Figure 19a. The letter F visual stimulus.  Star and 

arrow positions vary from trial to trial.  These 

indicate the order in which a subject is to report 

whether a node lies either at the top or the bottom 

of the letter or at some intermediate vertical 

position. 

Figure 19b. This block diagram is more 

complicated and has 12 nodes. This is a more 

complex stimulus than the one comprising of 10 

nodes, and it is meant to increase the spatial 

cognitive load.  

 

3.2.3.2.  Non-spatial cognitive task with auditory stimulus  

For the auditory stimulus, we implemented a variation of the Brook’s nonspatial task. 

Subjects categorized each word in a recalled sentence, in order, as either a noun or a non-noun.  

The sentence to be recalled was heard but not seen by the subject, so that the stimulus was an 

auditory, verbal one. The subject was instructed that he or she would be asked to decide whether 
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each word was a concrete noun. During the training and practice phase, subjects were educated 

on examples of pronouns and possessive pronouns, which are not to be included as instances of 

concrete noun. The set of auditory stimuli is comprised of recordings of spoken sentences with 

comparable length of word count and duration (see Table 1). These sentences were selected from 

the Harvard Sentences (Rothauser, 1969). The task is to indicate true for each noun used in the 

sentence, and false otherwise. An example sentence used during the training phase is “a bird in 

the hand is not in the bush” which corresponded to the following sequence of response 

“FTFFTFFFFT”. The subjects recorded their responses using the exact same method as for the 

visual stimulus.  

 

Table 1. Auditory verbal stimulus  

Sentence  Duration in 

seconds 

Number 

of words 

A bird in the hand is not in the bush 3s 10 

Don't ask me to carry an oily rag like that 4s 10 

Quite often, honeybees form a majority on the willow catkins 4s 10 

The battery was used in data analysis in this study 4s 10 

The anti-slavery sentiment is becoming ripe for resolute action 4s 10 

It amounts to pointing the platform in the proper direction 4s 10 

We will be leaving town tomorrow so let's say farewell 3s 10 

Amy is able to sing any song upon the patron's request  3s 11 

She ran away on a black night with a lawful wedded man 3s 11 

I will never show my face or my truck again 3s 10 

They still call you "Junior", as though you're about ten years old 3s 12 

This staff deserves credit for the quality of her work 3s 10 

The straight line in the painting serves to symbolize its divisiveness 3s 11 

the manufacturers took the initiative to calculate the costs involved 5s 10 

He was very much like his associates in his hatred of camp routine  4s 13 

Tetanus could be avoided by pouring alcohol over a wound 4s 10 

When peeling an orange, it is hard not to spray juice 3s 11 
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She received a joint appointment in the biology and the 

engineering departments 
4s 12 

According to my interpretation of the problem, two lines must be 

perpendicular 
4s 12 

The beach is a place for pure pleasure and excitement 3s 10 

When you hear the bell, come quickly into the kitchen  3s 10 

The blind man counted his old coins in the jar  4s 10 

The teacher sent the boy on a short errand to the market  3s 12 

The corner store was robbed last night by teenage hooligans 4s 10 

The long journey home on the boat took over a year 3s 11 

She saw a cat on the neighbor's roof chasing a rat  3s 11 

A pink shell was found on the sandy beach on the island  3s 12 

The grass and bushes were wet with dew in the morning 3s 11 

A severe storm tore down the barn during the last hurricane  4s 11 

The young prince became heir to the throne of the empire  3s 11 

Table 1 Auditory stimuli for non-spatial task 

 

3.3  Posture data Analysis  

We collected and analyzed the participants’ Wii board posture data.  Data from single 

participants were first analyzed to compare within subject differences between trial conditions. A 

group average was taken of the six subjects.  

Posture changes while responding to the tasks were measured using four Wii-board 

weight sensors (Clark et al., 2010), each of which reported time-varying weight (kg). We used 

Matlab to low-pass filter the Wii board data in order to remove energy at frequencies greater than 

4Hz.  Filtered data from the two weight sensors in the front were summed and then subtracted 

from the sum of the right sensors’ filtered data to produce a single anteroposterior (AP) response. 

Likewise, the sum of the data from the two left sensors was subtracted from the sum of the right 

sensors’ filtered data to produce the right-left or mediolateral (ML) response. We calculated the 

average COP distance away from the mean during each one-second interval. Filtered data from 

the sensors were analyzed in non-overlapping, 1-second windows to derive the variance and 

standard deviations of weight change for each trial. An average of the standard deviation is 
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obtained for each trial. Then, the mean across all trials per condition is calculated for each 

subject then plotted on a bar graph. Error bars reflect the standard error of the mean for the six 

subjects. These responses were grouped according to the trial condition: spatial task, verbal task, 

or no task. In the experiment, there were 30 trials for each task condition.  For each participant, 

we determined the average posture change for each task condition and illustrate them in a bar 

graph.  

 

3.4  Human subjects 

 

Data was collected from six participants who completed a total of 90 trials of cognitive 

tasks over the span of three sessions with breaks in between. The experiment is a designed for 

repeated measures within subject.  Data collection was cut short due to the pandemic; the lab 

closed in mid-March before data collection was complete. Data from two subjects who partially 

completed the experiment were not included for analysis.  

 

3.5  Results 

The postural sway reported in the result figures are averages for the group of six 

participants (see Fig. 20) and averages for individual participants across trials (see Fig. 21). This 

value is indicated on the y-axis as change in weight (kg) and refers to how much the person 

swayed back and forth and from side to side while standing with their feet planted on the Wii-

Board and hip width apart. In this “quiet stance”, the participants must maintain their upright 

balance without removing, shuffling, or replacing any part of their feet. The group-averaged 

result for postural sway is shown in Figure 20. There are no significant differences between the 

no task, the spatial task, and the nonspatial task conditions, which have mean values of 1.07kg, 

1.03kg, and 1.10kg, respectively.   
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The group averaged results do not show significant differences in participants’ postural 

sway between the task conditions. Figure 21 shows the results from three example subjects. 

Panel A shows data from a subject with slightly increased sway during the spatial condition. 

Panel B shows data from a subject with significantly increased sway during the nonspatial 

condition. Panel C shows data from a subject with a slight increase in sway during the no-task 

condition.   

 

 

Figure 20 Postural sway per task condition 

 

Figure 20. Mean postural sway of the group with six participants for each the three task 

conditions. In the no task condition, the mean sway was 1.07 kg. Again, this value indicates an 

average of how much the participants swayed back and forth and from side to side away from 

their centers of pressure of their planted feet. In the spatial condition with visual stimulus, the 

mean sway was 1.03 kg during the response phase. In the nonspatial condition with auditory 

stimulus, the mean sway was 1.10 kg during the response phase. The vertical error bars indicate 

the standard error of the mean among the six participants. The three horizontal bars on top 

indicate that the difference between the conditions is not statistically significant at p<.05.    
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Figure 21 Postural sway from select participants 

 

Figure 21. Postural sway from three subjects who show different patterns. Panel A shows data 

from a subject with slightly increased sway for the spatial condition compared to the no task 

and nonspatial conditions, with average sway of 1.52 kg, 1.41 kg, and 1.43 kg respectively. 

Panel B shows data from a subject with significantly increased sway for the nonspatial 

condition compared to the no task and spatial conditions (p<.01), with average sway of 1.77 

kg, 1.47 kg, and 1.45 kg respectively. Panel C shows data from a subject with similar postural 

sway for all three conditions, with average values of 0.73 kg, 0.67 kg, and 0.696 kg. The 

horizontal lines on top of the bars indicate whether the comparison is statistically significant at 

p<.05 or p<.01 thresholds indicated by one or two asterisks, respectively.    

 

We also examined the participants’ average response time per trial type. Figure 22 shows 

the group-averaged results for average trial response time. The general decrease in the time that 

it takes to complete each trial shows that some participants become more familiar with the task. 

This trend is most pronounced in the nonspatial condition, although one can observe a similar 

trend for the spatial condition. We also point out that the nonspatial tasks take longer to complete 

than the spatial tasks for sessions 1 & 2.   
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Figure 22 Trial durations per task condition 

 

Figure 22. Group averaged trial durations. The average duration for the no-task trials are 

12.63s, 11.54s, and 11.69s for sessions 1, 2 and 3 respectively. The slight variation in trial 

duration is due to the participants having to press and hold down a button to advance to the 

next trial. They are able to do so after a mandatory 11 second period. The average duration for 

the spatial task trials are 14.86s, 12.15s, and 13.1s for sessions 1, 2, and 3 respectively. The 

vertical bars indicate standard error of the mean. The average duration for the none-spatial task 

trials are 17.45s, 13.43s, and 11.90s for sessions 1, 2, and 3 respectively.  

 

 The response accuracy was calculated as the percentage of trials that are accurate. We 

calculated this for each participant and for each trial condition. Figure 24 shows the group 

average for the response accuracy per trial condition across the three sessions. We see drastic 

improvement in performance in the spatial task, and to a lesser extent, the nonspatial task. It is 

worth noting that even with the learning, the nonspatial task performance is less than 50% 

accurate. There is also a huge variance in participants’ verbal task abilities.   
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Figure 23 Accuracy per task condition 

 

Figure 23. Accuracy of the task response. We averaged the percentage of accurate trials per 

participant and per condition. The average percentage of accurate spatial trials are 63%, 87%, 

and 80% for sessions 1, 2, and 3 respectively. The vertical bar indicates standard error of the 

mean. The average percentage of accurate none-spatial trials are 40%, 47%, and 50% for 

sessions 1, 2, and 3 respectively.  

 

3.6  Discussion 

The analysis and results presented in the previous section included the data collected 

from six participants who completed all sessions of the cognitive tasks in a virtual environment. 

Although 14 more volunteer subjects were anticipated to have participated in this experiment, the 

shutdown of the research laboratory due to COVID-19 made this impossible.  

The averaged postural sway of the six participants showed no significant differences 

between the three task conditions. In fact, there was slightly more sway for the control, no task 

condition, than for the spatial and nonspatial conditions. Our results do not support either of the 
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models for posture control because there was no statistical significance. In part, this is due to the 

small number of subjects forced upon this study by pandemic. However, there are other factors 

that may be at play.  

Of the six subjects analyzed, one had significantly greater postural sway during the 

nonspatial, verbal task condition when compared to the spatial and no task conditions. Another 

subject had slightly greater postural sway during the spatial task, although not significant. The 

remaining four subjects had slight to moderately greater postural sway during the control, no task 

conditions. The verbal task appeared to be more difficult for all of the subjects than the spatial 

task, based on their performance accuracies and response times. The subject who had increased 

sway during the nonspatial verbal task took longer to respond to the verbal trials for the first two 

sessions. It is possible that the difficulty of the nonspatial task influenced postural sway in a 

greater-than-expected fashion. The subject who had increased sway during the spatial condition 

took longer to respond to the spatial task for all three sessions. Our findings suggest that some 

users who focus attention on a spatial task like Brooks’ letter tracing sway significantly more 

than when untasked. However, we observed varied individual differences in postural responses 

while completing spatial tasks, non-spatial tasks, and no tasks. Increasing the difficulty of the 

cognitive task is expected to increase the frequency of a quietly standing user’s sway and may 

have an interaction with the type of cognitive task. 

 The pattern of posture data found in majority of the subjects seem to show that engaging 

in cognitive tasks, whether spatial or nonspatial, decreases postural sway. This pattern has been 

found in the previous literature. For example, Swan and colleagues (2004) reported improved 

balance when subjects are performing a secondary cognitive task. This study used Brooks’ 

spatial and nonspatial memory tasks, similar to the tasks that our subjects performed. They 

reported that both the spatial and nonspatial memory tasks produced similar improvement. A 

possible explanation for these results of improved postural control during cognitive tasks, as 

reported in our study and in Swan’s 2004 study, is that attention to posture may cause more 

postural sway. When participants pay attention to their body and posture during the no task or 

control conditions because they are not otherwise cognitively engaged, they may be more 

sensitive to the balance-related cues they receive from various sensory systems.  
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 Follow up work for the experiment presented in chapter 2 would include more control 

experimental conditions that systematically categorize difficulties levels for the spatial and 

nonspatial tasks. This can be achieved by using the accuracy data from training phase of naive 

participants to fine tune the individualized difficulty settings. By implementing various levels of 

difficult cognitive tasks, we can systematically characterize the concurrent effects of cognitive 

load on postural control. The accuracy data from the current experiment seem to suggest that 

more extensive training sessions shall be utilized for volunteer subjects who are naïve to 

experimental protocol. At present, all participants receive an initial training session.  However, 

some of these volunteers are familiar with psychological research protocols and may even have 

familiarity with similar cognitive tasks. By recruiting naïve volunteers for future 

experimentations, the experiment benefits from having a more representative sample of the 

general populace. The nonspatial, verbal task, required participants to have a decent 

understanding of the English language, linguistic structures, and grammatical rules. We did not 

assess each volunteer’s English language abilities, and we did not query whether the volunteer 

was bilingual or if English was their second language. Even though the effects of language 

processing were not investigated here, this could be a possible factor influencing balance control. 

Mitra and colleagues (2013) reported postural response from trials with both a suprapostural task 

and a cognitive task; subjects showed improved postural control when compared to quiet 

standing. The suprapostural alignment method, whereby participants are given a visual target to 

fixate, could be implemented in a follow up study to investigate the effects of cognition on goal-

oriented postural control, as opposed to postural sway in quiet stance. 
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4 Limits of gesture recognition in visually degraded virtual environment  
 

4.1  Introduction  

Gesture perception and interpretation play an integral role in human communication. In 

remote collaborative decision-making processes, including tactical mission planning, the use of 

gesturing can convey spatial information that supplements speech (Fussell et al., 2004; Wang et 

al., 2017). Gesture information is visual in nature and the integration of gestural information 

requires cross-modal input processing from auditory and visual systems. Even within the visual 

modality, there is competition for visual attentional resources between fixating on gestures or on 

the speakers’ faces, on target objects, or on any other shared visual context. Because gestures are 

movements in the visual field, they have visual-spatial properties associated with motion energy. 

Fixation on gesture is likely due to a bottom-up selection of visual attention (Hoffman, 1998; 

Wolfe, 1998; Yantis, 1998). On the other hand, top-down influence can direct attention away 

from gestures and towards the speaker’s face when integration of gestural information is 

necessary to achieve behavioral goals. Brain imaging studies of gesture perception revealed 

many brain areas and networks involved, including the human mirror neuron system (Buccino et 

al., 2004; Montgomery et al., 2007), motor areas (Buccino et al., 2001), dorsal and ventral 

streams of visual processing (Lindenberg et al., 2012), and medial prefrontal areas (Lindenberg 

et al., 2012). It seems like gesture perception involves, at the very least, visual motion pathways, 

bottom-up feature identification, and top-down attentional modulation.   

 

 A series of studies conducted by Sperling and colleagues investigated the limits of visual 

communication by quantifying the effects of signal-to-noise ratio on the intelligibility of 

American Sign Language (ASL) (Sperling et al., 1985; Pavel et al., 1987). The authors 

systematically introduced Gaussian additive noise to ASL image-frames taken from a video 

recording of the hand signs. They found that the more familiar subjects are with a particular sign, 

the more likely it is to be correctly identified at lower signal-to-noise ratio (Pavel et al., 1987). 

The authors proposed a model that accounts for sign familiarity as a factor determining whether 

the sign would be recognized. This seems to suggest that prior knowledge, applied in a top-down 

fashion, plays a role in recognition in visually degraded viewing conditions. Another study by 

Sperling (1960) investigated the information available in brief visual presentation of letters. The 
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assumption here is that visual perception depends on a sequence of brief exposures. The author 

chose lettered stimuli because these contained relatively large amount of information per item 

and because these are the kind of stimuli that have been used by previous investigators (Sperling, 

1960). This provides justification for choosing letters to be gestured in the current study. Similar 

to ASL and tactical hand signals, letters contain a rich amount of information, but do not require 

special training beyond reading skill. Every literate English speaker is familiar with letters to the 

extent that signers are familiar with ASL signs. Choosing letters for gestural stimuli allows for 

direct comparison to these earlier studies that investigated visual communication (Sperling, 

1960; Sperling et al., 1985; Pavel et al., 1987) and word-superiority effect (Baron & Thurston, 

1973; McClelland & Johnson, 1977; Paap et al., 1982).  

 

Hand gestures are dynamic movements of an object in space, and therefore have motion 

energy and spatial temporal properties. Recognition of gestures not only depends on object-

motion perception, but also on visual spatial attention. How does interruption of the object 

motion via signal degradation affect subsequent gesture recognition? I investigated gesture 

recognition in virtual environments under degraded visual conditions by varying the framerate, 

which causes object motion to become disjoint. Framerate here is defined as the number of times 

the object position is updated per second. With good internet network connectivity, the fastest 

update rate feasible using Unity software is 33 object-position updates per second. If the internet 

network becomes compromised, and the framerate degrades as a result, the number of object 

position updates per second will decrease and this will result in object motion becoming disjoint. 

Instead of adding noise to the visual stimulus (Pavel et al., 1987), the current study distorts the 

stimulus by deleting information. The motion of a moving stimulus at a normal framerate of 33 

updates-per-second appears smooth and the gestures can be easily identified. However, if the 

framerate is lowered to 1 update per second, for example, the stimulus would appear to move in 

a disjoint manner across the screen. The proposed method is similar to presenting visual stimuli 

tachistoscopically, as reported in literature (Baron & Thurston, 1973). Instead of presenting the 

entire visual stimuli for a short amount of time, the stimuli are sequentially and briefly presented, 

such that the information has to be cumulated in order to derive meaning.  
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How does varying the framerate affect gesture recognition?  Based on theories of visual 

attention and the word superiority effect (McClelland & Johnson, 1977), I predict that top-down 

expectations make recognition more robust under degraded viewing conditions. However, the 

extent of the allowable degradation is unknown under any conditions. Measurements of the 

frame rate required for displaying recognizable gestures are needed for developing gesture 

communication systems practically. I tested whether top-down expectations can improve 

recognition under degraded viewing conditions by comparing recognition of letters presented as 

part of either English-language words or nonwords. One expects that the context provided by 

words to constituent letters can improve recognition at low frame rates.  

 

4.2  Methods  

In virtual collaborative environments, non-verbal communication using gestures is 

critical in situations where audio transmission is not possible, or where such audio is 

compromised by excessive noise. Efficacy of gesture communication can be further 

compromised by bandwidth-limited, distributed systems responsible for transmitting the gestural 

data. The current study investigates the ability to recognize hand-tracing gestures under various 

bandwidth-limited situations. The current experiment is delivered to volunteer participants as a 

Unity package using a proprietary backend software named Accelerated User Reasoning for 

Operations, Research, and Analysis © (AURORA) (Dennison & Trout, 2020). AURORA is a 

research platform consisting of server, network, and interface modules. AURORA provides 

researchers with an ecosystem that enables the study of multiuser collaborative decision-making 

with secure connectivity to data visualized across various display modalities, including 

immersive HMDs. The AURORA application facilitates real-time collaborations among remote 

users by asynchronously updating the virtual environment to provide a common shared context 

such that any user is able to make changes to the environment and such changes can be seen by 

all other users. The gesture recognition experiment is a front-end user interface module 

developed by me, which utilizes the networking and server infrastructure provided by AURORA.  
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4.2.1.  Creating a networked virtual environment for remote scientific data 

collection  

 The gesture recognition experiment is conducted entirely remotely, where the 

experimenter and the participants are located in different time zones across the world. Figure 24 

illustrates the AURORA network infrastructure from which the psychophysical experiment is 

carried out. The experimenter and participant connect to their respective interface modules, as 

shown in Fig. 24, interface module #1 sends the gesture data to the server, and then interface 

module #2 receives the data from the server. The systematic manipulation of the gesture stimuli 

is done at the network level, and this is done to simulate a bandwidth limited network. In a 

bandwidth limited network, data packets are updated intermittently, and such latency manifests 

itself visually as decreased frame rate. I will refer to latent data packet updates as latent frame 

rate, which is defined as number of updates per second. The experimental conditions 

systematically degrade the frame rate at which the gesture stimuli is presented, and this aspect is 

controlled by the experimenter within interface module #1. The participant from interface 

module #2 then views the gestures at various frame rates, which visually provides the gestures 

from smooth motion to disjoint motion.    
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Figure 24 Experiment network infrastructure 

 

Figure 24. Schematic diagram of the AURORA© network within which the experiment is 

carried out. Interface module #1 is where the experimenter presents the gesture stimuli. Data is 

sent across the network to the server, and then to Interface module #2, where the participant 

views the gesture stimuli. The systematic manipulation of the gesture stimuli is done at the 

network level. Degrading the frame rate at which the gesture stimuli is presented is controlled 

by the experimenter within Interface module #1. The participant from Interface module #2 

then views the gestures at various frame rates, from smooth motion to disjoint motion.  

 

The first step is for the experimenter and the participant to connect to the server. Figure 

25 is a screenshot from within the Unity program which shows how one would connect to the 

server that is designated specifically to carry out this experiment. The server is hosted remotely 

using Amazon Web Services (AWS) and S3 data storage for saving the participants’ responses.  
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Figure 25 Connecting to the experiment network 

 

Figure 25. The first step in the experiment is for the experimenter and the participant to 

connect to an AURORA server that has been designated for this study.   

 

 The two interface modules serve different functions. The participant interface has UI 

canvas and buttons that record and save the participant responses (Figure 26).  The experimenter 

interface has UI buttons that control the experimental manipulation on the visual stimuli (Figure 

27). In the following section, details of how the gestures are created and how they are displayed 

will be discussed.  
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Figure 26 Interface for participants 

 

Figure 26. Interface module for the participants. This is what the participants see after they 

connect to the AURORA server.  

 

Figure 27 Interface for experimenter 

 

Figure 27. Interface module for the experimenter. This is what the experimenter sees after 

they connect to the AURORA server. The buttons correspond to the 8 experimental 
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conditions, where the frame rates are manipulated. The numbers above the experimental 

condition are the number of seconds between updates of the position of moving objects. For 

example, in condition 1, the position data is updated every 0.03 seconds, which equates to 33 

updates per second.    

 

4.2.2.  Visual stimuli  

The visual stimuli are video recordings of a virtual hand tracing letters in a simple virtual 

environment. A bank of dynamic gestures is generated with a virtual hand tracing letters in 

space. Figure 28 shows how the gestures are created, with the virtual hand tracing letters in space 

within the spatial and temporal constraints. The spatial constraint is indicated by the red spheres 

and the white canvas: the spatial range within which the letter can be traced. The temporal 

constraint ensures that all letters are generated within a specified time frame, in this case, of 1.5 

seconds. This results in hand movement speeds which depend on the number of strokes required 

to generate a certain letter. For example, the same 1.5 second time frame applies to tracing the 

letter “I” and the letter “H”; the first letter requires fewer strokes and spans a relatively smaller 

space on the canvas than the second example letter. This built-in model account for the 

complexity of each letter, making some harder to recognize than others, by design. The reason 

for this is so that we can look at the recognition accuracy of various letters based on their relative 

complexity and difficulty. I purposefully included complex letters in order to investigate the 

word superiority effect while controlling for inherent variability in the complexity of letters. In 

the section below, I will describe the procedure for coming up with the letters that are used in the 

stimulus set containing three-letter words and scrambled nonwords.  
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Figure 28 Creation of the gestural stimuli within the virtual environment 

 
Figure 28. Gestures are made with a virtual hand tracing letter of the alphabet. The white 

canvas in the background ensures that the gestures are spatially constrained and spatially 

standardized. Each letter is traced within 1.5 seconds, so that all letters have the same time 

window with varying velocity profile. These gestures are recorded as videos so that they can 

be played during the experimental conditions where frame rates are manipulated.  

 

Figure 28 shows how the gestures are recorded inside a virtual environment that is not 

connected live to the AURORA network. It is important to note that while the gestures can be 

made by the experimenter in real time, this capability was not utilized in the current study 

because I wanted to ensure spatial-temporal consistency by using pre-recorded gestures. Figure 

29 shows what the experiment looks like from the participant’s interface module during an 

example trial. The red dot on the screen cues the spatial location where the virtual hand will 

begin and end the gesture sequence. In this example, the participant recognized the letter “A” 

and recorded their response.  
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Figure 29 Example trial 

 

Figure 29.  An example trial from the participant’s interface. The red dot on the screen cues 

the spatial location where the virtual hand will begin and end the gesture sequence. In this 

example, the participant recognized the letter “A” and recorded their response. A video of this 

example trial can be viewed on YouTube using this URL link.  

 

A pilot study with four participants was conducted in order to assess the most eligible 

letters to be chosen for the stimulus set containing three-letter words and scrambled nonwords. In 

the pilot, participants viewed a series of hand gestures tracing three-letter words. In this stimulus 

set, almost all the letters of the alphabet were used, with 25 out of 26 letters presented at least 

once in the visual stimulus. Each letter was traced with a fixed temporal constraint of 1.5 

seconds. Then, the accuracy was calculated per each letter. A combination of difficult letters, 

those with low identification accuracy, and easily recognizable letters, those with high 

identification accuracy, are selected for the final stimulus set that would contain three-letter 

words and scrambled nonwords. Figure 30 shows the list comprising of 14 distinct letters, of 

various complexity, and forming 10 three-letter words and 10 scrambled three letter nonwords. 

The letter frequency chart shows how many times each letter appears in the 20 trials.   

  

https://youtu.be/AfsfxJCAZ8c
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Figure 30 Gesture stimuli comprising of words and non-words 

 

Figure 30.  List of stimuli comprising of 10 three letters words and 10 scrambled non-words. 

This list of 14 distinct letters were choosing from the pilot experiment based on the complexity 

profile of each letter, similarity (some letters are similar to others in this set, while some letters 

are very different from others in this set), and recognizability (how often they were accurately 

identified in the pilot study). Using the 14 letters, a bank of 10 words and 10 non-words were 

formed. The guess rate ranges from 4% to 7% for this stimulus set.  

 

4.2.3.  Experimental protocol  

Volunteer participants gain access to the virtual experiment environment using a Unity 

software program distributed by the experimenter. This executable program connects the 

participants to an experimental server, where the stimulus is delivered, and behavioral responses 

are recorded. The experimenter also must connect to said server while overseeing the 

experimental process. This is similar to a typical laboratory protocol for conducting 

psychophysical experiments, with the exception that the individuals are physically distant. The 

instructions and preparations are done in Google Meet, with video and or audio channels. Once 

participants were briefed on the instructions, they began a training phase. Training trials were 

conducted to ensure that the participants reach an asymptotic performance level before beginning 

the actual experiment. Sufficient training ensures that the performance degradation observed was 

solely due to the manipulated visual stimulus, and not due to any other reasons.  

The main experiment comprised of eight 20-trial sessions that were block-randomized. 

The total number of trials recorded for each participant was 160 trials. The manipulation was the 
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framerate, or number of updates per second of the moving hand, and this was done separately for 

each session. The participants are not informed of the experimental condition prior to beginning 

each session. Participants completed eight sessions over two days, with the first day mainly used 

for training trials.    

4.2.4.  Data analysis   

  The participants’ response data are saved to a remote server, hosted by Amazon Web 

Service. Accuracy was calculated as the percentage of letters correctly identified. For each 

experimental condition, an accuracy can be calculated for each letter, for each stimulus type 

(word or nonword), and overall accuracy. We can look at the performance accuracy as a function 

of decreasing frame rate for each experimental condition. A psychometric function was fitted to 

the participants’ overall accuracy in the pilot study. A statistical analysis was conducted to 

compare the participants’ accuracy for identifying words versus non-words. Does the word 

superiority effect render some trials to be more accurately identified than others, especially under 

seriously degraded frame rate conditions?  

4.3  Results  

 Participants’ response data are recorded and analyzed to calculate letter-identification 

performance accuracy. The total percentage of correctly identified letters are calculated for each 

experimental condition, where the frame rate of the gesture differed. To investigate the word 

superiority effect, I calculated the accuracies separately for trials containing three-letter words 

and trials containing scrambled non-words. Figure 31 shows the accuracy data from the pilot 

experiment, averaged across four participants. Once again, the pilot experiment used three letter 

words that incorporated 25 letters of the alphabet. Each letter was made within a 150 ms 

window. The averaged gesture identification accuracy is plotted as a function of stimulus frame 

rate, a psychometric curve is fitted to the data and the standard error of the mean are shown as 

vertical error bars. The pilot data shows that even at the lowest frame rate conditions, the 

accuracy never reaches 0%, that participants could correctly guess the letters at about 4%. The 

data also shows that at the highest frame rate conditions, the accuracy also never reaches 100%, 

that the frame rate manipulation no longer influenced performance accuracy. The steepest 

increase in performance accuracy came from conditions where number of updates ranged from 

two to four times per second.  
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Figure 31 Gesture identification accuracy as a function of stimulus frame rate 

 
Figure 31.  Gesture identification accuracy as a function of stimulus frame rate (number of 

updates per second). The x-axis indicates the eight experimental conditions that every 

participant completed. The conditions vary by the frame rate of the gesture stimuli, and this is 

indicated by the number of updates per second for the position of the moving stimuli. For each 

of the four participants, I calculated the total percentage accuracy of letters correctly identified 

per experimental condition. I fitted a psychometric function to the performance data of each 

participant. Then, I averaged the performance data across the group of participants to fit a 

psychometric function for the pilot participants. The vertical bars represent the SEM for each 

experimental condition.  

 

Figure 32 shows the data from the main experiment, averaged across seven participants. 

The task here was to identify three letters per trial that either formed words or non-words. The 

gesture stimuli were incomprehensible at 0.5 and 1 updates per second, so the performance 

accuracy was expected to be equivalent to the guess rate of 7%. At the highest frame rate 

conditions between 8, 16, and 32 updates per second, the performance accuracy should not differ 

between words and non-words because the gestures are quite easily identifiable. The conditions 

highlighted from pilot data are again of interest in the main experiment because these conditions 
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are expected to have significantly different accuracies for identifying words versus non-words. 

The word superiority effect could be found in frame rate conditions ranging from 2, 3 and 4 

updates per second. The accuracies are significantly higher for identifying words (p<.05) than for 

identifying non-words. At 2 updates per second, performance accuracy for identifying words was 

62% on average compared to 28% for non-words. At 3 updates per second, performance 

accuracy was 81% for identifying words compared to 51% for non-words. At 4 updates per 

second, performance accuracy was 93% for identifying words compared to 81% for non-words. 

The highest averaged accuracy for any frame rate condition was 95%.  

Figure 32 Gesture identification accuracy per stimulus category 

 
Figure 32. Gesture identification performance accuracy for words (orange) and non-words 

(blue) per experimental condition (number of updates per second for the position of the 

moving hand). This data is averaged across 7 participants. The general trend of increased 

performance accuracy can be seen here as a function of the frame rate (number of updates per 

second for the position of the moving hand). The increase is greatest between 2 updates per 

second and 4 updates per second. The same trend was seen in the pilot study which used a 

completely different set of gesture stimulus. There is a ceiling effect for the performance 

accuracy, and the accuracy never quite reaches 100%, even for the fast frame rate conditions. 

At the latent frame rate conditions, there is a floor effect for the performance accuracy, 

approximately equivalent to the guessing rate of 7%. The * indicate statistical significance at 

p<.05.  
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4.4  Discussion  

 Data from the pilot experiment were characterized well by a psychometric function 

which documents the improvement in letter recognition accuracy with increasing frame rate.  

Data from the main experiment replicate the finding of improved recognition accuracy at higher 

frame rates and show also a word superiority effect; gestured letters are recognized better when 

presented as parts of words than as parts of non-words. The psychometric curve is helpful to 

designers of gesture-based communication systems because it informs the designers of the 

minimum frame rate required to deliver gesture data. The word superiority effect assures that 

gesture-based communication systems can withstand a decent amount of frame rate degradation 

if the users have prior familiarity with the gestures. A potential criticism of tracing letters as 

gesture stimuli is acknowledged. This human-made hand motion is inherently subjective, as far 

as how each letter is traced. It has more variation than tactical hand signals, which were precise 

and exaggerated by design, as well as ASL signs, which are biomechanically constrained by the 

hand and finger morphology. However, earlier studies looking at visual-based communication 

and word superiority effect also used letters, because of the amount of information they contain 

and that they are familiar to most literate English-speaking participants. The training that the 

participants went through in this study ensured that they learned the gesturer’s letter tracing. The 

observed performance accuracy decrease was due to the manipulated variable, and not due to 

misunderstanding or confusion about the gestures. On the other hand, at the highest frame rate 

condition, one also should not expect perfect accuracy because interpreting such subjective 

gestures is inherently challenging and unnatural. 

The results from this study agree with published studies reporting on the word-superiority 

effect (McClelland, 1976; Reicher, 1969; McClelland & Rumelhart, 1981; Estes & Brunn 1987; 

Martin et al., 2006). The accuracy comparisons between recognizing letters from words and non-

words are significant for sessions with latent frame rate. This can be interpreted in terms of using 

prior knowledge of the English language when low level motion features do not supply sufficient 

information.  

Martin and colleagues (2006) conducted an event-related potential study using EEG to 

investigate low-level feature analysis in letter identification. They found that letter identification 
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was significantly faster and more accurate in words than non-words. Estes & Brunn (1987) 

reported findings that support a two-stage model of letter processing which involves an early 

parallel visual stage and a later working memory stage. They argue that recognition of letters in 

words is due to their advantage in competition for access to working memory, which is conferred 

by the encoding of familiar letter groups as units. The present findings also seem to support the 

familiarity and learning effect from the memorization of the stimuli. Some participants, after 

extensive training and exposure to the stimulus set, were able to memorize the words, and to an 

extent, the non-words. When they identify the first and second letter of the 3-letter stimulus, they 

automatically respond from memory rather than perceiving the third letter. This is seen from the 

incorrect response during high frame rate trials, where some subjects consistently missed the 

third letter even though the gestures were easily recognizable.  

The results from the current study show that even at the highest performance accuracy, 

the participants did not correctly identify the letters 100% of the time. However, when the frame 

rates are reduced, the ability of our participants to correctly identify the gestures remained 

functional. An interesting follow up study would be to degrade audio stimuli in the same way 

and compare recognition accuracy between degraded gestural stimuli and degraded audio 

stimuli. This study practically addressed the question of how good visual information must be for 

dynamic gestures to be useful. 
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