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ABSTRACT

This paper describes a combined visual and haptic localization experiment that addresses the area of multi-
modal cueing. The aim of the present investigation is to characterize precision and accuracy of tactile cue-
ing in the peri-personal space (PPS), the space around the body in which sensory information is perceived as
meaningful (Ref. 1). Outcomes of the unimodal (visual and haptic) and multi-modal (combined visual-haptic)
localizations are used to make predictions about the multimodal integrative phenomenon. In the localization
experiment, participants are presented with visual, haptic, or multimodal target cues using the body-centered
reference frame and are instructed to indicate the corresponding hypothetical target location in space using
a mouse pointer in an open-loop feedback condition. Results of the study revealed that the visual and haptic
spaces are characterized differently in terms of localization performance, providing important considerations
for the transformation of each when combining them into a unified percept. The results reaffirmed many well
known radial characteristics of the visual receptive field with respect to localization, and identified a nonlin-
ear pattern of performance across the haptic receptive field that was largely influenced by the midline of the
center of the torso and each side of the cutaneous region. Importantly, when combined, bimodal localization
was at least as precise as the most reliable unimodal source over the entire tested region, and significantly
more accurate for signals located in regions outside of the direct field of view. These results will help inform
the development of future human-machine interfaces implementing haptic feedback mechanisms, specifically
with respect to multisensory integration. In the context of pilot performance, haptic localization can have sev-
eral benefits including enhanced situational awareness, improved spatial orientation, reduced cognitive load,
enhanced training and skill development, and increased safety and error prevention. These benefits can be
applied to future systems for safer aircraft handling by helping overcome visual illusions and discrepancies
between visual and vestibular sensory channels, especially in degraded visual environments.

INTRODUCTION

Approximately 80% of all aircraft mishaps are attributed
to human error, as reported by the Federal Aviation
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Administration (FAA) (Ref. 2). Human error encompasses
all inappropriate human behaviors that lower system effec-
tiveness or safety, which may be triggered or influenced by
a number of environmental factors, system characteristics,
and human abilities (Ref. 3). Human factors engineers
aim to improve human interactions with systems, with
particular emphasis on complex systems that operate in
highly dynamic environments, such as aviation (Refs. |3}/4)).
Vertical lift vehicles are characterized by unstable, high-
order, and highly-coupled dynamics across most of their
flight envelope and have restrictive flight envelopes due



to complex power and structural limits. Moreover, these
vehicles often operate in high-risk and degraded visual
environments (DVEs). All of these factors contribute
significantly to pilot cognitive and physical workload, and
interfere with the pilots’ ability to detect and interpret
information in the external environment. Perceptual errors
involving sensory information that is either incorrectly
perceived or not perceived by the users will hinder their
ability to process the information, decide the necessary
actions, and ultimately act on a given scenario. While
operating in DVEs, pilots are particularly susceptible to
illusions such as spatial disorientation, which involve
a discrepancy in the perceived angular motion between
visual and vestibular systems (Ref. [3). To overcome such
illusions and minimize corresponding pilot errors, systems
may be adapted using strategies such as multimodal cueing
to provide complimentary or redundant signals to the user
that help overcome deficiencies created when information
is denied in a particular sensory modality, or is discordant
across perceptual modalities.

Multisensory integration refers to the process of incorpo-
rating cues from multiple sensory sources, or modalities,
in order to deliver information (Refs. |5-7). To enhance
the estimate of an environmental property like the local-
ization of an object in space or the nature of this object,
redundant or complementary signals may be combined into
a single unified percept, and processed as one event rather
than separate events, assuming cognitive, spatial and tem-
poral congruency. Additionally, redundant information cre-
ates a more robust system, in that if sensory information
from one modality is not available (i.e., in a degraded vi-
sual environment), then information from another source
may substitute (Refs. [5,[8). The fundamental concept of
multisensory integration is that the bandwidth of human-
machine communication can be increased by optimizing in-
formation processing and ensuring that sensory information
in each modality fits intuitively within the context of the
task demand and has semantic consistency across modali-
ties (Refs. |5,9). It encompasses the interactions and biases
caused by the processing of information in different modal-
ities, including the combination of sensory inputs into a uni-
fied percept (Ref.|7). Delivering information synchronously
and with spatial correspondence are essential to the encod-
ing of information from different modalities as a unified
percept. When this is achieved, visual-auditory cueing has
been proven to exceed the precision and accuracy of the
most reliable unisensory percept, usually vision (Ref. 7).

While visual-auditory cueing has been studied at large
(Ref. |7), there remains a need for investigating the pos-
sibilities of incorporating tactile cueing mechanisms into
the existing multisensory integration models. Tactile or
haptic cueing is defined as the process of delivering in-
formation through the sense of touch (Ref.|9). Such cues

may be delivered in the form of vibration, pressure, tem-
perature, and electrical stimulation. The amount and pro-
cess by which stimuli are noticed, or tactile salience, de-
termines the relative prominence of specific stimuli and
varies depending on the characteristics of the stimuli as
well as the task (Ref.|9). Within the context of aviation,
the use of haptic feedback has shown benefits for the for-
mation of motor-memory and support for certain temporal
tasks (Refs. [10-H18)). Moreover, the combination of haptic
and spatial audio cueing were shown to enhance situational
awareness (Refs. |[19H26), localization (Refs. [7,[27,28]),
flight envelope protection (Refs. 29-33), and pilot-vehicle
system performance performance (Refs. 34-40).

None of the studies above, however, investigated the use of
haptics for localization tasks. Localization, or the ability to
determine a position in space, can be used to illustrate the
encoding mechanism of multi-sensory integration by uti-
lizing the body-centered reference frame to detect a signal
in the PPS (Refs. |1,/41-H43). Presenting information as a
combination of multiple sensory sources requires an intu-
itive somatotopic mapping of direction and spatial orienta-
tion information (Ref. |6). Similarly to what was done in
Ref. [7| with audio, this study incorporates tactile cueing in
combination with visual cueing in order to characterize the
unimodal perceptual space related to haptic cueing and fur-
ther investigate the multisensory integration phenomenon.

The objectives of the study are to: (i) characterize visual
and haptic localization in terms of precision and accuracy
with respect to a body-centered reference frame, and (ii) use
the respective visual and haptic localization precision and
accuracy to test a model of optimal integration. To achieve
these objectives, an experiment was designed where partic-
ipants were instructed to report visually, the perceived po-
sition of a visual, haptic or bimodal visual-haptic stimulus
displayed at a fixed distance in 2D space.

The paper begins with a mathematical description of the
statistical theory underlying the experiment. This section is
followed by an explanation of the participants, apparatus,
targets and procedure of the experiment. An in depth de-
scription of the variables used to describe precision and ac-
curacy as measures of performance is provided as well. The
following statistical analysis outlines the methods for char-
acterizing each unimodal space, testing the MLE model,
and determining performance enhancement patterns of the
bimodal condition. Results of the analyses validate prior
knowledge about both receptive fields and identify impor-
tant patterns for the cognitive processing methods used by
cues from each source. Results of the MLE predictions are
compared for each measure, with observed significant areas
of enhanced performance described that were predicted but
not observed. Relationships between precision and accu-
racy, as well as metrics of redundancy gain provide infor-
mation for methods that may effectively improve the ability



to predict when multimodal cueing is most effective. Fol-
lowing the results, a discussion connects findings of the
present study to the literature, and identifies possible limi-
tations present. The paper is concluded with a summary of
the study’s overall findings and outline for future develop-
ments.

MATHEMATICAL BACKGROUND

Statistical Theory

The theory of multisensory integration aims to optimally
combine sensory percepts as a weighted average of infor-
mation from each source. According to signal detection
theory, there is some variance associated with any estimate
of an environmental property that corresponds to the reli-
ability of the source (Ref. 8). Each estimate is assumed
to be independent of one another and approximately nor-
mally distributed around the true mean such that if S is the
estimated environmental property, then S ~ N(S,62). The
variance associated with each estimate, o2 corresponds to
a measure of reliability for the estimate such that r = 1/02.

The maximum likelihood estimation (MLE) theory of mul-
tisensory integration mathematically explains the relation-
ship between the reliability of a source and its effect on the
sensory interpretation of another source. In general, MLE
methods build an estimator for a parameter of interest by
solving for the maximum value of the likelihood function
for that parameter (Refs. [441/45). Here, we are interested in
estimating two-dimensional (2D) localization of the multi-
sensory percept using the reliability of each unimodal con-
dition involved. We capitalized on the inherent variations
of spatial resolution of visual and haptic modalities with ec-
centricity and direction in the frontal field to “manipulate”
the relative reliability of each sensory modality.

We denote visual (V), haptic (H), and visual-haptic (VH) as
the unimodal and multimodal conditions of interest. Hence,
the MLE theory defines the multimodal localization esti-
mate, SVH, as a weighted average of each uniomdal esti-
mate according to their location estimate and the weight
developed from their precision measurement such that:

S=Y WS (1
i

where $ is the overall estimate, i denotes the unimodal V or
H condition, W; is the weight of each unimodal condition,
and the sum of unimodal weights must satisfy };W; = 1.
The weights assigned to each sensory source are propor-
tional to the reliability of the signal, such that the more re-
liable the signal is, the heavier the weight. In this manner,
it predicts the joint reliability estimate of the multi-modal
condition as a combination of each sensory modality and
their respective reliability estimate. Given that the reliabil-
ity of a particular source could influence the reliability and

interpretation of another source, the MLE model predicts
that the more precise of two modalities will bias the less
precise (Refs. [7,46).

Applying the Bayesian method to multisensory integration
theory allows to determine each relative weight as a func-
tion of prior variances. In general, Bayesian methods com-
bine prior knowledge with some given data and processes
it in order to make an inference about a certain popula-
tion (Ref. 44). The Bayesian model for multisensory in-
tegration aims to predict when the sensory estimate of a
multimodal percept will exceed that of the most precise
unimodal condition (Ref. 7). For the multimodal local-
ization task, the Bayesian method predicts that combined
visual-haptic localization will exceed that of the more pre-
cise modality (typically vision) (Ref.|7) according to:
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where G\Z,H,G\z,,aﬁ are variances in the bimodal or uni-
modal conditions, respectively. From the variances of each
condition, the weight of sensory information from each uni-
modal condition is derived as the normalized reciprocal
variances of the unimodal conditions as follows:
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The respective weights are applied to the location estimate
for each target in each modality in order to produce a pre-
dicted measure of accuracy as:

Py = ryWy +rgWy 4)

where ry and ry are the observed visual and haptic location
estimates.

METHODOLOGY

Participants

Sixteen healthy adults, fourteen men and two women, were
enrolled in the experiment based on a power analysis ac-
cording to a repeated measures, within subject design with
moderate effect size, assumed correlation coefficient 0.5,
35 measures, and a required power of 0.8 for minimum sta-
tistical significance. Participants were were all volunteers
aged 22 to 33 years old from the University of Maryland
and Washington, District of Columbia (DC) region. All
participants had normal visual, auditory and haptic sensi-
tivity allowing for normal age-related differences accord-
ing to the following criteria: 20/20 visual acuity (corrected
if necessary), and no known hearing impairments or nerve



damage. Additionally, all participants were free from any
known or diagnosed history of neurological or muscular
skeletal disabilities.

This experiment was carried out in accordance with the In-
stitutional Review Board (IRB) and all measures were taken
to protect the confidentiality and safety of participants. All
subjects provided written consent in accordance with IRB
protocol prior to participating in the experiment.

Apparatus

The experimental apparatus used was designed to replicate
that used in an earlier study (Ref. 7). The participant sat
on a still, non-rotating stool in front of a curved screen
and placed their head on a chin rest with forehead resting
against an attached headband to keep the head still. The
screen used to display target points and accept visual re-
sponses was a Samsung Odyssey Ark, which has a 55 inch
curved screen monitor with 1000R curvature (i.e., where
the monitor would form a perfect circle with a radius of
1000 mm). The distance between the screen and the par-
ticipant’s eyes was 1 meter in the horizontal direction to
ensure equal distance from each of the target points. Note
that the screen was not curved in the vertical direction.

Haptic feedback was delivered using the bHaptics Tactsuit
X40, as shown in Fig. [I] This haptic vest uses 20 eccentric
rotating mass (ERM) motors on the front torso region to de-
liver pressure cues perceived as vibrations. The adjustable
parameters of the suit are power — the intensity of the sig-
nal, timing — the constant time (in milliseconds, or ms) or
speed between each point in the vibration pattern, length —
the time (in ms) of the entire feedback pattern, and feed-
back intensity — a percentage representing the adjustable
intensity of the perceived signal. Frequency of the signal
ranges from 20 to 120 Hz depending on the intensity of the
vibration. Haptic signals were not visible to the participant,
and no feedback was delivered following their response to
a presented stimuli.

The Targets

The visual response plane contained 35 target points orga-
nized in a 5 x 7 grid plane according to the map in Fig.
In each modality, corresponding targets were constructed
to represent the same hypothetical location as the target on
the visual field. Each target point was attached to a target
identity number corresponding to a grid point on the vi-
sual plane and a haptic (vibration) cue produced by specific
tactor combinations. A fixation cross was used to orient
the participant to “zero,” or the center point, on the visual
plane. This cross corresponds to a similar “zero” cue in the
haptic modality located at the center point of the suit vest,
which was simultaneously presented with the visual cross

to orient and indicate to the participant where the center of
the reference frame is located in each modality.

With respect to the multisensory integration hypothesis,
presenting spatially congruent cues in multiple sensory
modalities should increase the localization ability of hu-
mans. Cues in visual and haptic modalities are encoded and
localized differently according to individual differences in
physical anthropometric measures and cognitive process-
ing abilities. In order to achieve this spatial congruence,
cues were transformed according to the manner in which
the source is localized in each modality.

First, the haptic target cues were produced. The Tactsuit
X40 contains a 4 x 5 grid of tactors on the front torso re-
gion. The 35 haptic target cues used in the experiment
were developed using a gradient function that drew inten-
sity from surrounding tactors to create 35 simulated dis-
crete target points. The position of the visual cues were
determined as a projection from the location of the target
on the suit to the curved screen in front of the participant.
According to Ref. 47, expected direction of gaze in az-
imuth in response to a tactile stimulus on the front torso
can be determined as a ratio of distance of the stimulus
from the mid-line and total waist circumference. In this
manner, the expected visual gaze angle, ¢,, is used to de-
termine locations for corresponding visual cues and is cal-
culated under the assumption that waist circumference is
equivalent to a perfect cylinder as it is mapped to the visual
plane. Waist measurements for the S0™ percentile male and
female, according to the U.S. Army anthropometric mea-
sures (Ref. 48)), were used to produce visual gaze angles
for each target point for both male and females. The visual
gaze angle is defined (in radians) as 47;
Xi

o M2 &)

where x; is the distance of the i tactor from the midline of
the torso and C is the total waist circumference. The visual
gaze angle is shown qualitatively in Fig. [3a

Angles in elevation were calculated as a projection from
haptic cues in order to maintain equal spacing. Since tar-
get points on the haptic suit are fixed and equally spaced
in both azimuth and elevation, the corresponding visual tar-
gets were equally spaced in elevation as well. The angles in
azimuth calculated above were used to determine the dis-
tance between target points on the screen:

Xi =rp00q (6)

where X; is the distance between visual targets and the mid-
line on the screen and rp_ ¢ is the distance of the participant
(point P in Fig. [3) from the screen (point O in Fig. [3)
—in our case, 1 meter. From the resulting X; distances of
targets on the screen, the visual angles in elevation, 6 were



(a) Tactsuit X40

(b) Experimental Apparatus

Fig. 1: Experimental Setup and Equipment
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(a) Male target positions.
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(b) Female target positions.

Fig. 2: Male and female target positions.

determined according to:

X.
¢€i = tan_l <l>
r

to produce the resulting range of angles in elevation. The
visual elevation angle is shown qualitatively in Fig. [3b] Tar-
get positions were then scaled to fit the size of the monitor
used in the experiment, resulting in visual angle positions of
approximately ¢, = {£25,+17,48,0} degrees in azimuth
and ¢, = {+10,+5,0} degrees in elevation for both males
and females. The exact layout of target points for both
males and females labeled by target identify (ID) and with

@)

their respective visual spacing and angles of separation are
displayed in figure 2]

The visual (V) target was a black circular dot (1 deg visual
angle that appeared for 100 ms. The contrast between the
visual target dot and the white background was designed to
optimize signal detection across the visual field. The hap-
tic target cue was a vibration delivered by a combination
of vibro-tactile motors on the Tactsuit for a duration of 100
ms. Twenty vibro-tactile motors are used on the front torso
region of the Tactsuit, which are arranged in a 5 x 4 grid. In
order to create 35 target cues that correspond to the visual
target field, a gradient function was used to draw power of



varying intensities from surrounding motors. The relative
intensity of the cue in each modality was designed to fall
around a 6 on a subjective likert scale from 1-10 so that
each signal was highly discriminable but never painful or
uncomfortable. This relative intensity rating of each sig-
nal was assessed through a subjective measure of perceived
intensity test, described in the procedure below.

Procedure

In the localization experiment, participants were presented
with a sensory target cue and subsequently directed to in-
dicate the perceived target location in space using a mouse
pointer in an open loop feedback condition. This way, they
indicated a target location on a 2D visual coordinate plane
that corresponded to a signal that was either seen on the
screen or felt on their body. Target cues were presented
in a total of 3 conditions spanning all unimodal and bi-
modal combinations: visual (V), haptic (H), and visual-
haptic (VH).

The first phase of the experiment was a measure of per-
ceived intensity evaluation. During this phase, participants
were presented with target cues in each unimodal condition
and asked to rate the intensity of the perceived signal. In the
same manner as the testing session, the target cue was pre-
sented at the origin location of each modality for a duration
of 100 ms. After the offset of the signal, participants were
asked to rate the intensity of the signal according to given
a reference frame with 1 corresponding to “just perceived
signal” and 10 corresponding to “would not want to feel
the signal again.” The scale was developed based on simi-
lar experiments (Refs. 4950) that investigated the tolerance
of perceived pressure or electrically induced haptic stimuli.
In each modality, the intensity of the signal was designed
to fall around a 6 out of 10 to be highly discriminable but
never painful or uncomfortable.

During the second phase of the experiment, the learning
phase, participants learned the mapping of each haptic
cue to the visual response plane with respect to the body-
centered reference frame. During this phase, participants
received haptic signals simultaneous with the appearance
of the corresponding visual target on the response plane.
Participants were instructed to use the mouse pointer to se-
lect the target location on the screen immediately after they
perceived the target signal. Participants completed this cal-
ibration procedure for a randomized order of each of the
boundary and midline points of the target grid in order to
learn the edges of the target space in each modality.

The final phase of the experiment, the testing phase, as-
sessed the ability to localize a perceived target in each
modal condition. A fixation cross was presented at the
center of the screen for a random period of 500-1500 ms,
which participants fixated on until its extinction. Due to the

relationship between temporal parameters and perceived
urgency of tactile cueing, the random inter-pulse interval
length minimizes the possible effects of expectancy and
perceived urgency of a presented signal (Refs. |5,[7). Si-
multaneous with the offset of the fixation cross, the target
cue occurred for 100 ms at one of the 35 potential locations
in a random order. Immediately following the offset of the
target cue, a visual pointer appeared on the visual plane in
a random location in order to maintain the desired open-
loop feedback condition. The participant was instructed to
move the pointer using the leg-mounted trackball to the per-
ceived target location, then validate their response by click-
ing the mouse. The target was extinguished before the tar-
get pointer was introduced allowing the participant to make
the location determination with no visual feedback about
their performance. Upon validation of the response, the
trial was terminated and the next trial launched after a 1500
ms interval. Each participant completed 10 repetitions for
each 35 target points for a total of 350 repetitions for each
of the 3 modality conditions. In testing, repetitions were
divided into two testing blocks of 175 repetitions per con-
dition, for a total of 6 testing blocks. Participants received a
3 minute break between each testing block and a 30 second
break after every 70 repetitions during each testing block.
Each participant completed the experiment over two testing
session.

Measures

The experiment described above is a repeated measures,
within subject design with parametric data. The measures
are: (i) precision — a measure of how close one partici-
pant’s responses are to each other, measured in variance of
responses, and (ii) accuracy — a measure of distance from
the response to the true target. The measures of precision
and accuracy were calculated for each target point in each
modality condition as well as the predicted bimodal con-
dition under the MLE model (VHmiLE). The response data
collected was in the form of x and y position coordinates of
the clicked response point compared to the x and y position
coordinates of the actual target, and response time for each
target. Additionally, biographical and anthropometric data
from each participant was collected in order to investigate
the effects of body size and curvature, as well as eye and
hand dominance.

Target point locations were represented by their
position in degrees of visual angle in azimuth
(0, = {£25°,+17°,4£8°,0°}) and elevation (¢ =
{£10°,45°,0°}). Let the position vector of the i targer,

n practice, this procedure tested three unimodal conditions: visual,
auditory, haptic, and all combinations of the three. Auditory data was dis-
carded from this analysis due to insignificant results stemming from equip-
ment flaws. The procedure, as written, disregards the auditory modality in
order to maintain consistency with the following analysis and results.



Targets

Participant’s
Torso

(a) Top view (coincident with the horizontal median plane).

Targets —, °

(b) Side view (coincident with the saggittal median plane).

Fig. 3: Experiment geometry.

where i € [1,35], be represented by r/, . = [xr, yr,]. Then,
target orientation is defined as:

®)

The magnitude of this target vector, ro_.7, = |[ro—17 ||, was
used to provide a measure of overall eccentricity for each
target point in the polar coordinate plane, as visualized in

Fig. @]

Precision As described above, the variance of the re-
sponse in each direction around each target was computed.
Since response data was collected as x and y coordinates
from the screen origin O, variance was calculated for the
responses in each x and y direction. By computing the vari-
ances in each direction separately as opposed to a single
distance vector, the effects of direction (azimuth and ele-
vation) with respect to localization precision may be com-
pared in each modality. Under the assumption of normality,
the 2D precision is a sum of the variances in the x and y di-
rections such that:

2 _ 2
Oty = Oxy T

2
ol ©
which was calculated for each target point i € [1,35] and
in each modality j € {V,H,VH}. Using the variances of
response components in the x and y directions, the 2D co-
variance matrix for each target point was determined. The
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Fig. 4: Map of target directions with respect to polar
eccentricity.

covariance matrices of the form:

2

ol Cov (x; j,yi,j)
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Cov (xz,pyz,J) Cov (%’.ja)’i,j) yz,, (10)



VariableDescription Equation Range / Units
Indicates whether a point is positioned in the left
LR (L), right (R) hemisphere, or on the SMP ) L, R, SMP
Indicates whether a point is positioned in the up-
ub per (U), lower (D) hemisphere, or on the HMP ) U, D, HMP
- Magnitude of target vector; measure of polar ec- - — 22 [m]
O=Ti  centricity O=Ti = AT, T,
Xi Center of gravity of responses in the x direction Xij= Zn—gx (-0.7,0.7) [m]
Vi Center of gravity of responses in the y direction Vij = ZnR" (-0.4,0.4) [m]
op, 2D Precision oy, = Op, + Oy range
Target orientation 6r, = tan™! %) 0° —360°
Or Direction of maximal dispersion Ok, ; = tan”! i > 0° —360°
maxi.]
Ao Orientation deviation Ao, = |61, — 9RLj| 0° —360°
€ Measure of anisotropy gi=+/1—(bij/ai;)? 0-1
rT,—R; ; 2D Accuracy TR = \/(xT>,» —xr;;)?+ (1, —yr;;)? (0,0.2) [m]
Ocg  Orientation of response center of gravity 9CG,—,- = tan~! ()y#) 0° —360°
! r
Ap Direction deviation Ap, = |61, — Ocg, | 0° —360°

Table 1: Computed variable descriptions.

were used to construct 95% confidence ellipses illustrating
response distribution around each target point, which pro-
vide a measure of dispersion and spread of the responses
around their center of gravity compared to the true tar-
get position. The center of gravity is the vector rg SR T
[xij yi,j]. The direction of the main eigenvector of the co-
variance matrix or, equivalently, the ellipse orientation was

found as:
)'min- i
O, =tan"! H
J 2'1'1’121)(,'_’1'

where Amax; ; and Amin, ; are the maximum and minimum
eigenvalues of the covariance matrix. It is worth noting that
the ellipse orientation represents the direction of maximal
dispersion for each target point. This was compared to the
true target direction to produce a measure of orientation de-
viation, representing the angular difference, in degrees, be-
tween the true target direction and the direction of maximal
dispersion of responses such that:

Aoi.j = |9Tz - 6Ri.j|

1)

12)

Finally, a measure of anisotropy, & ;, indicates the pres-
ence of a preferred direction of responses around each tar-
get point. Anisotropy was calculated as a normalized ratio
of the major and minor axes of the 95% confidence ellipses
such that:

1—(bjj/ai;)? (13)

where a; j = , /5.991),max1.1j represents the length of the ma-

&,j=

jor axis and b; j = , /5.9917Lmin[‘/. represents the length of
the minor axis of the ellipse. As a ratio between major and
minor axes, a value of & ; close to 1 indicates no preferred
direction and a value close to O indicates a preferred direc-

tion.

Accuracy Accuracy was computed as the difference be-
tween the response center of gravity and the true target
positions for each target i € [1,35] and in each modality
j € {V,H, VH}, represented by the error vector r{_ SRy =
[(xr, —xij) (yr, —»i,j)]- The length of the error vector,
PR, = H"Ti—>RL,,- , represents the magnitude of accu-
racy, with a smaller value representing more accurate re-
sponses. The positive x direction is pointing right, the pos-
itive y direction is pointing up, and the true target point is
at the center of the reference frame. The direction of the
center of gravity of the responses with respect to the center
of the reference frame O, defined as:

GcGl-.j = tan~! (?)
i,Jj

was calculated and compared to the true target direction to
produce a measure of directional deviation such that:

ADi‘j = |6T1 - 9CGi,j|

In the following analysis, we assumed that (1) all target
positions were equally likely (participants had no prior as-
sumption regarding the number, order, and spatial configu-
ration of the targets) and (2) the noise corrupting the visual

(14)
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signal was independent from the one corrupting the haptic
signal (Ref. 7). The response data was assumed to follow
a 2D normal distribution dependent on the x and y direc-
tions (Ref. [7) and that takes into account the direction of
the distribution (Ref.|51). Under these assumptions, the 2D
probability density function may be written as:

1
P(0y, dy) =505/ 1-p?

1 (x— po)?
e"p{‘zu—pz){ o2 % (16)

(- 2p(r—p) (= i) }
o} 0,0y

where [, [t, are the means in the x and y directions, 07, 63

are the variances in the x and y directions, and p is the cor-
relation coefficient.

Finally, a measure of redundancy gain was used to represent
the multi-sensory integration response. Redundancy gain
describes the improvement in performance that is expected
as a result of providing redundant information in another
modality (Ref.[7). Based on the hypothesis of multisen-
sory integration, localization accuracy should increase in
the multimodal condition compared to both unimodal con-
ditions because of the presence of redundant signals. As-
suming that vision is the more effective unimodal condi-
tion, the redundancy gain is provided by:

2
nyi,VH

2
nyi,v

Unimodal Space Characterization Each unimodal space
was characterized individually to investigate symmetry
around the horizontal median plane (HMP, 0° in elevation)
and saggittal median plane (SMP, 0° in azimuth), determine
possible horizon lines, and investigate trends across eccen-
tricity in each direction. Precision and accuracy were first
assessed as a function of overall target eccentricity, 7; and
target direction, @y, for each target i € [1,35]. Then, pre-
cision and accuracy were assessed as a function of the tar-
get main direction, i.e.azimuth and elevation separately, be-
cause of the differences in eccentricity in both directions.
In each direction, measures were considered for all tar-
gets in each direction, and for those strictly on the SMP
or HMP. For each measure in each direction, Pearson cor-
relation tests were used to investigate the hypothesis of
collinearity between responses in the x and y directions in
each modality. Promising target groupings in each modal-
ity were determined assuming independence of each target,
and Levene Tests were conducted to test for homogeneity of
variance between each group. Then, one-way and two-way

RG; = 10()( a7

Statistical Analysis

ANOVAs were performed to assess successively the effects
of hemifields (left, right, upper, lower), and eccentricity in
azimuth and elevation. Finally, simple linear regressions
were used to investigate the effect and significance of ec-
centricity in each direction for each measure.

Measuring the MLE and Modality Comparison The
MLE predictions for the bimodal condition for each mea-
sure of precision and accuracy were calculated according
to the methods described above, providing a “fourth” con-
dition, MLE, that was compared to the observed unimodal
and bimodal conditions, V, H, and VH. Each of the uni-
modal measures were applied to the MLE model to de-
velop predictions for when performance, characterized by
2D-Precision (9) and 2D-Accuracy (@) in the bimodal con-
dition exceeds that of the most precise modality alone. The
MLE predictions were compared to the observed unimodal
and bimodal conditions, V, H, and VH to verify the model.
Using this information, regression and classification meth-
ods were employed to develop a model that best predicts
when performance in the multimodal condition exceeds that
of the most precise unimodal condition.

The same analysis as the unimodal characterization de-
scribed above was conducted for the observed and predicted
bimodal VH condition in order to provide a comparison be-
tween the characteristics of each. To test for possible effects
of each modal condition on each measure of precision and
accuracy, a univariate repeated measures analysis of vari-
ance (ANOVA) test was conducted to determine whether
the differences between different independent modalities
was significant or not. In this test, the null hypothesis is
that the means of all conditions are equal to each other, and
the alternative is that at least one mean is significantly dif-
ferent:

Ho: iy = Uy = Uy (18a)
Hy @ y; # u; (18b)

for some i, j € {V,H,VH} where y; # p;. If one of the
means is determined to be significantly different, then it is
concluded that the effect was due to the imposed condi-
tion rather than by chance alone. Specifically, the analysis
focused on the differences between the observed VH con-
dition compared to the bimodal performance predicted by
the MLE model, as well as conditions under which the ob-
served VH performance was statistically equivalent to, or
exceeded that of the most reliable unimodal condition.

As described in Eq[I7)redundancy gain was calculated and
assessed as a function of target direction and eccentricity, as
well as as a function of precision from the most precise uni-
modal condition. The patterns of redundancy gain provide
a measure of when the effect of multisensory integration, as
realized through the introduction of redundant information
through the haptic modality, is most helpful relative to the
best unimodal condition alone.



RESULTS

The experimental data contains columns with target ID, tar-
get x coordinate (xt), target y coordinate (yT), geometric
distance between target and response, response x coordinate
(xr), response y coordinate (yr), response time (), modal-
ity, participant ID number, and Sex, as described in table

First, female targets and responses were scaled to fit the
reference frame of the male target locations to allow for
the combination and joint comparison of male and female
response data. After male and female responses were com-
bined, two-tailed t-tests were conducted to compare the ef-
fect of Sex on xg and yr. Each with a p-value p > 0.05,
the tests concluded no significant difference in response in
either direction due to sex of the participant.

Outliers were determined based on the Mahalanobis Dis-
tance of xg and yr as two possibly correlated dependent
variables. This method facilitates outlier detection of mul-
tivariate data by scaling the contribution of each variable to
the distance away from the mean according to the variabil-
ity of each dependent variable (Ref. 52)).

Figures [54] [5bl and [5] display the responses compared to
the actual target locations in the each modality for all 35 tar-
get points. The variables of interest, listed in table [T] were
computed according to the methods previously described,
and observed measures for precision, accuracy, and distor-
tion are visualized for each modality are visualized in Fig-

ure

Visual Space Characterization

Precision Overall, visual precision follows a radial pattern
characterized by a systematic decrease with eccentricity in
the polar coordinate system. Figure[S|illustrates a consistent
trend of inward ellipse orientation and increasing variable
error with polar eccentricity (F(1123) = 7.58, p < 0.001).
The variance ellipses are mostly aligned in the direction of
the targets relative to the initial fixation point. These scatter
properties are consistent with the polar organization of the
visuomotor system (Ref. [53). Figure [64] indicates that vi-
sual 2D precision decreases almost linearly with eccentric-
ity, suggesting no strong effect of target direction. Indeed,
as illustrated in Fig. [6b] the effect of target direction in the
polar coordinate system was not significant (F77) = 1.29,
p = 0.39). Note that the overall 2D precision was best for
targets with a 90°/270° orientation and the lowest for tar-
gets with a 0°/180°/360° orientation, an effect of the dif-
ferences in eccentricities tested in elevation (up to 10°) and
in azimuth (up to 25°).

In azimuth (for all elevations), as seen in Fig. and Ta-
ble[d} visual localization was significantly more precise for
targets on the SMP than in the periphery (left/right). There
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were no significant differences between left and right hemi-
field when considering values of azimuth for all elevations,
nor when considering strictly the targets on the HMP.

In elevation (for all azimuths), as seen in Fig. [6d] and Ta-
ble [} there was no significant effect of hemifield, and 2D
precision was statistically equivalent for upper hemifield,
lower hemifield and HMP. When considering strictly the
targets in the SMP, there was still no effect of hemifield.
With symmetry over the HMP and SMP, the true effects
of eccentricity on visual precision may be assessed using
absolute rather than signed values of eccentricity for both
directions of azimuth and elevation.

A two-way ANOVA with absolute eccentricity in az-
imuth and absolute eccentricity in elevation as fixed factors
showed that visual precision decreased with eccentricity in
both azimuth and elevation, with no significant interaction
between the two directions. Results of the ANOVA are
listed in Table [6] As a consequence, the lowest precision
is observed for the more peripheral targets. Note that the
differences in p-values for azimuth and elevation are partly
due to the magnitude and levels of the eccentricities tested
in the two orthogonal directions.

Accuracy Visual accuracy was characterized mostly by a
systematic undershoot of the responses, i.e., the error vec-
tor’s direction was opposite to the direction of the target in
the polar coordinate system, as seen in Fig. [5] resulting in
a compression of the perceptive space more pronounced in
the vertical direction.

Overall, the 2D accuracy, as characterized by the length of
the error vectors, increased with polar eccentricity as seen
in Fig. [6e] though the effect did not reach significance
(F11,23) = 1.15, p = 0.37). The overall effect of target di-
rection in the polar coordinate system was also not signifi-
cant (F(1123) = 1.79, p = 0.22), but one can see from Fig.
[6f] that accuracy seems to be different as a function of the
orthogonal azimuth and elevation axes.

In azimuth, as seen in Fig. [6g and Table [4] there were no
significant differences between left and right hemifield or
the SMP on visual 2D accuracy when considering targets
in all elevations, nor when considering strictly the targets
in the HMP. With symmetry over the SMP, visual accu-
racy may be assessed in terms of absolute eccentricity in
azimuth.

In elevation, as seen in Fig. [6h] and Table 4] 2D visual lo-
calization was significantly more accurate in the lower than
in the upper hemifield, an effect previously reported in the
literature (Ref. |54). Interestingly, 2D accuracy in the HMP
was statistically equivalent to that in the lower hemifield.
Since the results suggest that the visual horizon line actu-
ally falls below the assumed location on the HMP and is
not symmetric above and below it, visual accuracy must be
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Fig. 5: Localization responses (first row), precision (second row), accuracy (third row), and distortion (fourth row) for the
three modalities: visual (left), haptic (middle) and combined visual-haptic (right).

assessed in terms of signed rather than absolute values of
eccentricity in elevation.

An ANOVA with absolute eccentricity in azimuth and
signed eccentricity in elevation as fixed factors showed that
visual 2D accuracy decreased with eccentricity in both az-
imuth and elevation, and that a significant interaction was
present between the two directions. Results of the ANOVA
are listed in Table [§] Visual accuracy in azimuth signifi-
cantly decreased with increasing values of eccentricity for
targets located in the lower hemifield and in the HMP, but
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not for targets located in the upper hemifield (see Fig. [6g}
elevations 5° and 10°). In elevation, the effect of eccen-
tricity was significant only in the upper hemifield, with par-
ticularly significant differences occurring at 5° and 10° in
elevation, leading to an asymmetrical compression of space
in elevation, mostly on the SMP, with a more pronounced
effect in the upper hemifield.



Variable Description Type Levels/ Range

Target ID Target point index categorical ~ 1-35

Participant ID  Participant identification categorical 1-16

Xt Target x coordinate (m) numerical  (-0.5,0.5)

Yr Target y coordinate (m) numerical  (-0.2,0.2)

Distance Geometric distance between response and actual target location (m) numerical  (0,0.2)

XrR Response x coordinate (m) numerical  (-0.7,0.7)

R Response y coordiante (m) numerical  (-0.4,0.4)

t response time (s) numerical  (0,5)

Modality sensory modality condition categorical 'V, A, H, VA,
VH, AH, VAH

Azimuth Spatial positioning location in azimuth of targets (deg) categorical -25,-17, -8, 0,
8,17,25

Elevation Spatial positioning locations in elevation of targets (deg) categorical -10,-5,0, 5, 10

Sex Sex of participant categorical M, F

Age Age of participant (years) numerical ~ 22-34

wcC Waist circumference (cm) numerical  72-116

HD Participant hand dominance categorical R, L

ED Participant eye dominance categorical R, L

Table 2: Raw data descriptions.

Unimodal Haptic Space Performance

Precision Overall, haptic 2D precision exhibited strong
symmetry along the SMP, with no evidence for a “pre-
ferred” elevation. The variance ellipses were mostly
aligned in the direction of the targets relative to the ini-
tial fixation point, with a greater fit in the SMP than in the
left or right hemifields. Haptic 2D precision generally de-
creased with polar eccentricity (F(jy23) = 6.42, p <.001),
as seen in Fig. However, it did not vary systematically
as a function of target direction ((F(277) = 2.64, p = .09),
as seen in Fig. suggesting differences in precision along
the two orthogonal axes, azimuth and elevation.

In azimuth (for all elevations), as seen in Fig. and Ta-
ble [/ haptic localization was significantly more precise at
the center (SMP) than in the periphery (left/right). There
were no significant differences between left and right hemi-
fields when considering all elevations, nor when consider-
ing strictly the targets in the HMP.

Likewise, as seen in Fig. [7dand Table[7] there was no sig-
nificant effect of upper and lower hemifield when consider-
ing elevation for all azimuths, nor when considering strictly
the targets in the SMP. Note that in elevation, there was also
no significant difference between hemifield (either upper or
lower) and the SMP. With symmetry over the SMP, the true
effect of eccentricity with respect to haptic precision can
be assessed using absolute rather than signed eccentricity
values for both azimuth and elevation.

A two-way ANOVA with absolute eccentricity in azimuth

and absolute eccentricity in elevation as fixed factors indi-
cated a significant effect of eccentricity in azimuth, but not
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in elevation or in the interaction between the two. Results
of the ANOVA are listed in Table 9] While we see a sig-
nificant decrease in precision with eccentricity in azimuth
for all elevations, this effect is not quite linear, as illustrated
by Fig. Indeed, there was no significant difference in
precision between absolute eccentricity values of 0° and 8°
azimuth (for all elevations), nor between values of 17° and
25° azimuth (for all elevations). However, the difference
between 8° and 17° was significant indicating a statistically
significant decrease in precision as eccentricity increased
only beyond 8° absolute eccentricity in azimuth. Although
there was no significant effect of eccentricity in elevation
on haptic precision, the best precision is achieved around
—10° of eccentricity and the lowest precision for +5° de-
grees of eccentricity.

Accuracy Overall, haptic localization 2D accuracy was
characterized by a nonlinear, but systematically grouped
pattern of performance across the haptic space. Haptic lo-
calization 2D accuracy did not decrease linearly as a func-
tion of eccentricity, suggesting an effect of target direction
and that the representation of the haptic space was not en-
coded in a polar coordinate system like vision. Indeed,
there was no significant effect of overall eccentricity on
haptic accuracy (F{y123) = 1.421, p = 0.23), as illustrated
in Fig. Likewise, as illustrated by Fig. haptic accu-
racy was sensitive to target direction, though the effect did
not reach significance (F(z77) = 3.046, p = 0.0658). 2D
haptic accuracy was the highest for targets oriented at 90°
(upper SMP) and the least accurate in the opposite direc-
tion.
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Fig. 6: Effect of target eccentricity on VISUAL 2D precision (a-d) and accuracy (e-h) in the polar (a,b,e,f) and cartesian
(b,c,g,h) coordinate systems. Note that all points are fit using a locally estimated scatterplot smoothing (LOESS) function.

In azimuth (for all elevations), as seen in Fig. @ and Table
[7] there was no significant difference in 2D haptic accuracy

between the left and right hemifields or the SMP, nor when
considering targets strictly in azimuth. Therefore, the true
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effect of eccentricity in azimuth can be assessed by using
absolute rather than signed values of eccentricity.

Conversely, 2D haptic localization was significantly more
accurate in the upper than in the lower hemifield, as illus-
trated in Fig. [7hland Table[7] However, there was no signif-
icant difference in 2D Haptic accuracy in the HMP between
either hemifield, suggesting an absence of a distinct haptic
horizon.

An ANOVA with absolute eccentricity in azimuth and
signed eccentricity in elevation as fixed factors showed
that target eccentricity in azimuth significantly modifies 2D
Haptic accuracy. Results of the ANOVA are listed in Table
O] Unlike for vision, 2D Haptic accuracy did not decrease
quite linearly with eccentricity. Indeed, comparing spe-
cific groupings revealed no significant difference between
eccentricities of 0° and 17° to each other, and 8° and 25°
to each other, but did identify a significant difference be-
tween the two groups (0° and 17°) and (8° and 25°). Re-
sults from Ref. |55|suggest there are at least two torso-based
egocenters. With the three significant groupings identified,
our results verify the existence of midlines on each left and
right coronal plane, as well as a distinct center midline.
These results corroborate the existence of distinct egocen-
ters reported in the literature, reportedly positioned approx-
imately 3 cm to the left and right of participants’ midline
on the coronal plane (a vertical plane running from side to
side; divides the body or any of its parts into anterior and
posterior portions), and could account for the difference in
directional bias reported in the proximal localization study
in Ref. |56/and in the distal localization study of Ref. 55|

Applying the MLE Model: Observed vs Predicted Bi-
modal Visual-Haptic Performance

Bimodal VH 2D Precision The MLE model predicted
that bimodal precision would be at least as precise as the
most reliable unimodal condition, with an increased posi-
tive effect in regions where the reliability of the unimodal
condition is lower. With vision significantly more precise
than haptic for the entire space considered, it was given a
much higher weight (recall Eq. (3a-b)), resulting in VH
predictions (Eq. (2)) that share many characteristics with
the unimodal V space.

The model predicted a significant decrease in precision with
overall eccentricity (F(1123) = 26.56, p < 0.001), with no
significant effect of target direction (F77) = 1.26, p =
0.40), as visualized in Fig. [8a] and [8b] Similar to the vi-
sual modality, and illustrated in Fig. [8¢|and listed in Table
the model predicted no significant difference between
the left and right hemifields but did identify a significant
difference between targets strictly on the SMP compared
to either hemifield, left and right. In elevation (for all az-
imuths), as seen in Fig. the model predicted no sig-
nificant differences between upper and lower hemisphere,
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nor with the HMP. Finally, when investigating the effect
of absolute eccentricity in each direction, the model pre-
dicted a significant decrease in precision with eccentricity
in both azimuth and elevation, and no significant interaction
between the two directions (Table[12).

Overall, performance of observed bimodal 2D Precision
demonstrated similar trends to that of the visual modality.
Visual-haptic 2D precision also exhibited a radial pattern
characterized by a systematic decrease with eccentricity,
also with no significant effect of target main direction (Ta-
ble [[1). Fig. [8a]indicates that visual-haptic 2D precision
decreases almost linearly with eccentricity until more ex-
treme values, a trend that is observed for eccentricity in all
target directions (F{y;23) = 12.7, p < 0.001). Indeed, the
effect of target direction in the polar coordinate system was
not significant (F{o7 7) = 1.28).

In azimuth (for all elevations), as seen in Fig. [8c|and listed
in Table[I0] VH localization was significantly more precise
at the center (SMP) than in the periphery (L/R), an effect
also observed in the unimodal visual and haptic modalities.
There were no significant differences between left and right
hemifields. In elevation (for all azimuths), as seen in Fig.
[8d] and Table [T0] bimodal 2D precision was statistically
equivalent between the upper hemifield, lower hemifield,
and HMP. When considering targets strictly in elevation,
there is still no effect of hemifield.

An ANOVA with absolute eccentricity in azimuth and ab-
solute eccentricity in elevation as fixed factors showed that
visual precision decreased with eccentricity in both azimuth
and elevation, with no significant interaction between the
two directions. Results of the ANOVA are listed in Table
[I2] For observed bimodal 2D precision, there was a signif-
icant overall effect of eccentricity in azimuth (for all eleva-
tions). However, there was no significant effect of eccen-
tricity in elevation (for all azimuths), an observed outcome
different from the visual modality. There was no significant
interaction observed between the two directions.

Bimodal VH 2D Accuracy The MLE model predicted bi-
modal accuracy (Eq. (@) as a weighted combination of ac-
curacy from each unimodal condition based on the reliabil-
ity of the source, resulting in predicted accuracy that would
be compromised in favor of the most precise condition (V).

The model predicted that bimodal accuracy would decrease
as a function of eccentricity with no preference for target
direction, as seen in Fig. Ob]and Table [T1] Similar to the
visual modality and observed VH modality, the model pre-
dicted no significant effect of left and right hemifield or the
SMP (Table [I0). Unlike the observed V and VH condi-
tions, the model predicted no significant effect between up-
per and lower hemifields, but did predict a significant differ-
ence between accuracy directly on the HMP and the upper
hemifield specifically, as seen in Figs. O¢|and [0f] Finally,
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Fig. 7: Effect of target eccentricity on HAPTIC 2D precision (a-d) and accuracy (e-h) in the polar (a,b,e,f) and cartesian
(b,c,g,h) coordinate systems. Note that all points are fit using a LOESS function.

the model predicted a significant decrease in bimodal accu-
racy with absolute eccentricity in azimuth and with signed

eccentricity in elevation, but no significant interaction be-
tween the two directions (Table[T2).
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Fig. 8: Effect of target eccentricity and direction (a,b) on OBSERVED VH (c,d) vs PREDICTED MLE (e,f) 2D precision
in the polar (a,b) and cartesian (b-e) coordinate systems. Note that all points are fit using a LOESS function.

Overall, similar to the visual modality, performance of ob-
served bimodal VH accuracy was characterized by a sys-
tematic undershoot of the responses resulting in a com-
pression of space more pronounced in the vertical direc-
tion. As seen in Fig. [Da and Table [T1] there was no
significant increase in 2D accuracy with polar eccentricity
(F(11,23) = 7.55, p = 0.003), but the overall effect of target
direction was significant (F(57 7y = 5.31, p = 0.014). Simi-
lar to the visual condition, accuracy appears to be a function
of the orthogonal azimuth and elevation axes.

In azimuth, as seen in Fig. [9c]and Table[I0] there were no
significant differences between left and right hemifield on
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bimodal 2D accuracy when considering targets of all eleva-
tions, nor when considering strictly the targets in the HMP.
In elevation (for all azimuths), as seen in Fig. @ and Table
[T0] observed bimodal accuracy was significantly more ac-
curate in the lower than in the upper hemisphere. Likewise,
similar to the visual modality, 2D accuracy in the HMP was
statistically equivalent to that in the lower hemifield, em-
phasizing the pronounced difference observed in the posi-
tive vertical direction.

Finally, an ANOVA with absolute eccentricity in azimuth
and signed eccentricity in elevation revealed that observed
bimodal 2D accuracy decreased with eccentricity in both



azimuth and elevation, and identified a significant effect of
interaction between the two directions (Table[T2).

Modality Comparison

Repeated measures ANOVAs were conducted to compare
performance metric between each modality condition. De-
scriptive characteristics of each condition are listed in Table

Bl

For all measures of precision and accuracy, the haptic
modality performed significantly worse than V, VH, and
predicted MLE. Since the MLE model aims to predict when
the bimodal condition exceeds that of the more precise
modality, the haptic condition was omitted from the follow-
ing analysis in order to concentrate on differences between
observed and predicted bimodal performance with V, which
always performed better than H in the space being consid-
ered.

Precision As illustrated in Figure the MLE model
predicted improved 2D precision compared to the unimodal
V condition, an effect that was not observed. Compar-
ing within each target ID, a repeated measures ANOVA
with V, VH and MLE precision as fixed factors showed
that the model predicted a significant improvement of pre-
cision when V and H are combined (improvement in preci-
sion for bimodal relative to the best unimodal condition) (V,
MLE: ¢t = 8.19, p < 0.001). However, there was no signif-
icant difference in precision in the observed VH condition
compared to V (VH, V: t =2.13, p = 0.12) and observed
VH precision was significantly lower than predicted by the
model (VH, MLE: ¢t = 3.41, p = 0.005). Complete results
of the ANOVAs are listed in Table

Accuracy As seen in Fig. [I0b] the MLE model pre-
dicts that accuracy in localizing the bimodal VH targets
would represent a compromise between haptic and visual
performance in favor of the most precise modality, here, vi-
sion. Again comparing within each target ID, a repeated
measures ANOVA with V, VH and MLE precision as fac-
tors showed that indeed, the predicted VH localization was
significantly less accurate than V localization (MLE, V:
t =6.16, p < 0.001). However, the observed bimodal accu-
racy was found to be, at least locally, equivalent to or to ex-
ceed that of the best unimodal condition (VH, V: ¢t = —2.63,
p = 0.038), a phenomenon unpredicted by the model. In-
deed, this difference between observed VH and MLE was
statistically significant (VH, MLE: t = —6.06, p < 0.001).
Complete results of the ANOVAs are listed in Table

Specifically, VH accuracy exceeded that of the unimodal
visual condition at more extreme eccentricities in azimuth.
This effect is visualized in Fig. [5]accuracy and distortion
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plots for V and VH. In Fig. 5] accuracy plots, one may no-
tice at absolute eccentricity of 25° in azimuth, that the error
vector has a stronger inward direction in the unimodal vi-
sual condition than in the VH condition. This effect is fur-
ther illustrated by the distortion plot in Fig. [5] that shows a
stronger inward compression of space at absolute eccentric-
ity of 25° in azimuth for V than for VH. Indeed, this effect
is statistically significant (V, VH: t = 3.67, p = 0.015), as
VH accuracy exceeds that of the unimodal condition at ab-
solute eccentricity of 25° in azimuth. VH and V accuracy
was statistically equivalent at all other absolute eccentricity
values in azimuth (for all elevations) and for all eccentric-
ity values in elevation (for all azimuths). It is important
to note that in the visual condition alone, accuracy signifi-
cantly decreased with eccentricity in azimuth, an effect that
was significantly minimized at the most extreme eccentric-
ity in the VH condition. On the contrary, this effect was not
observed for specific eccentricities in elevation, with no sig-
nificant differences between V and VH, a discrepancy that
was likely a result of the differences in magnitudes being
tested in each direction.

Redundancy Gain The observed redundancy gain (RG)
was positive for 28.6% (i.e., 10) of the targets tested. For
these targets, there is a slight upward trend indicating an
increase in redundancy gain with polar eccentricity, al-
though this effect was not statistically significant (R? =
0.04, F(ljg) = 0.33, p = 0.58). Similarly, there was no
statistically significant effect for this observed trend in az-
imuth or eccentricity (Azimuth: F(3715) =0.227, p =0.876,
elevation: Fiy 14) = 0.0749, p = 0.56). Finally, in order to
investigate the association between RD and unimodal pre-
cision, we correlated RG with the best unimodal condition,
V, as seen in Fig. [I2] bottom right. As visual precision
decreases, it is expected that redundancy gain increases as
the contribution from the redundant information in the bi-
modal condition becomes more important. This effect was
observed in the significantly increased performance of ob-
served VH compared to V accuracy at the most extreme
values of eccentricity in azimuth, where unimodal V accu-
racy was the most impaired. This positive trend is observed
in Fig. although the effect did not reach significance.

Relationships between precision and accuracy

Recall that the MLE model was based on a Bayesian the-
ory that developed predictions for 2D precision 2] accord-
ing to the contribution of precision from each unimodal
source. In this way, the MLE predicted precision is a di-
rect function of visual and haptic precision. In reality, how-
ever, results of VH precision had only a statistically signifi-
cant contribution from visual precision (VH, VP: r = 5.839,
p=0.001, R? =0.67). However, it turns out that when con-
sidering all values of each unimodal precision and accuracy,



0.04
0.035
0.03
0.025
0.02
20.015
0.01
0.005

curacy

A

10
Polar Eccentricity

15

20

25

Modality
s MLE
—-— VH

0.04
0.035
0.03
0.025
0.02
20.015
0.01
0.005

curacy

A

Modality
- MLE
- VH

0 45 90 135 180 225 270 315 360

Target Direction

(a) Observed VH vs MLE 2D Accuracy as a function of (b) Observed VH vs MLE 2D Accuracy as a function of
polar eccentricity.

0.04
0.035
0.03
0.025
0.02
80,015
0.01
0.005

0

curacy

-20

-10

0
Azimuth

10

<5

Elevation

(c) OBSERVED VH 2D Accuracy as a function of
eccentricity in azimuth for all elevations.

0.04
0.035
0.03
0.025
0.02
0.015
0.01

Elevation

target direction.

0.04
0.035
0.03 Azimuth
> -25
g 0.025 o =17
S 0.02 - -8
S 0.015 =3
<« R Y
0.01 O, éf 25
0.005 'S
0 T T T T T
-20 -10 0 10 20
Elevation

(d) OBSERVED VH 2D Accuracy as a function of
eccentricity in elevation for all azimuths.

Accuracy (Predicted)

0.005
0

-10 0 10 20

Azimuth

-20

(e) PREDICTED MLE 2D Accuracy as a function of
eccentricity in azimuth for all elevations.

0.04
20.035 ¢ _
g 0.03 ] // AzunzuSth
©0.025 /o438 - 17
£ 002 R~ 38
§0.015 @x.o__.-e/‘ 9?7
3 0.01 o~ 25
£0.005

-20 -10 0 10 20
Elevation

(f) PREDICTED MLE 2D Accuracy as a function of
eccentricity in elevation for all azimuths.

Fig. 9: Effect of target eccentricity and direction (a,b) on OBSERVED VH (c,d) vs PREDICTED MLE (e,f) 2D accuracy
in the polar (a,b) and cartesian (b-e) coordinate systems. Note that all points are fit using a LOESS function.

visual and haptic precision and haptic accuracy were signif-
icant predictors, while visual accuracy was not (p < 0.001,
R? =0.704).

The MLE model developed predictions for 2D bimodal ac-
curacy (Eq. (@)) based on a weighted combination of ac-
curacy from each unimodal condition. Since the weights
were calculated as a function of precision of each unimodal
condition, the MLE model predicted a significant contribu-
tion of the visual weight, which was larger than the haptic
weight for every target point (linear regression: R> = 0.21;
MLE, Wv: t = —4.31, p < 0.001). However, this trend was
not observed by the true VH condition, where neither visual

nor haptic weights had a statistically significant contribu-
tion. Note that the contributions of each weight provides a
direct measure of contribution from precision, as they were
used to calculate the weight for each source. Hence, when
considering all unimodal measures of precision and accu-
racy, the MLE accuracy predicted a significant contribution
from the visual weight, and both visual and haptic accu-
racy (R = 0.98,p < 0.001). However, the observed VH
accuracy realized only a significant contribution from vi-
sual accuracy (linear regression: R?> = 0.81; VA accuracy,
V accuracy: t = 11.28, p < .001), but not from visual or
haptic precision. Likewise, with no significant contribution
of haptic accuracy, the predicted bias from the less accu-
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\'% H VH MLE

(o) u (o) (o) (o)

Precision (m?) 0.00118 0.02099 0.00131 0.00110
(5.56e-04)  (8.73¢-03) (6.14e-04) (1.10e-04)

Accuracy (m)  0.0173 0.1081 0.0156 0.0233
(8.44e-03)  (4.69¢-02) (9.03¢-03) (8.91¢-03)

Table 3: Characteristics of observed V, H, VH and MLE measures of localization precision and accuracy ({ := mean and
o := standard deviation). Note for all measures, a smaller value indicates “better” performance.
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Fig. 10: Boxplots of observed V, VH and MLE measures of localization precision and accuracy. Note for all measures, a
smaller value indicates “beter” performance.
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Fig. 11: Redundancy gain as a function of polar
eccentricity for observed VH and predicted MLE

rate H source was not observed, and the VH accuracy was
closer to V accuracy, locally showing enhancement rather
than compromise.

DISCUSSION
Understanding the visual and haptic perceptive fields
Results of the present research reaffirm and extend previous

sensory integration results by establishing characteristics of
absolute localization performance in 2D space with respect

170
150-
® RG
o 1301 - MLE
g — VH
110-
0.0005 0.0010 0.0015 0.0020

Visual Precision

Fig. 12: Redundancy gain as a function of visual precision
for observed VH and predicted MLE

to the integration of visual and haptic spatially and tempo-
rally congruent sensory stimuli. Results of unimodal visual
localization performance validated the well known charac-
teristics of visual perception in the frontal field: visual per-
ception is not uniform in different regions of the visual field
and precision and accuracy decrease in general with eccen-
tricity (Ref.[57). Localization performance was more accu-
rate in the lower visual hemifield than in the upper visual
hemifield, a result already reported in the literature and re-
ferred to as vertical meridian asymmetry (Ref. 54).
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Results of the unimodal haptic localization performance
confirm the existence of two egocenters divided by the cu-
taneous region on the front of the torso (Ref. 55). In terms
of localization, the front of the torso may be interpreted
as different body parts, each having its own internal refer-
ence point. Similarly, the haptic midline down the SMP, or
cutaneous region, presents characteristics of its own (body
mid-axis as an internal reference point). Results of local-
ization in terms of haptic precision indicated that precision
was statistically equivalent from the midline to about +8°
in azimuth, an effect that was significant for all elevations.
Likewise, there was no observed statistically significant dif-
ference between 0° and 8° degrees in azimuth, indicating
that the response to a stimulus on the observer’s midline is
a direction that relates neither to the left nor to the right ref-
erence point. This result is a consequence of the fact that
tactile stimuli presented in the cutaneous region (i.e., from
the torso midline within a band of about 6 cm width) are
processed in the first somatic sensory cortex of both hemi-
spheres (Ref. 58).

Results of localization in terms of haptic accuracy suggest
that the front of the human torso is essentially divided into
separate reference frames that operate as different body
parts in terms of sensory processing. With three distinct
vertical regions of increased accuracy, the front of the torso
is clearly divided into a left, right, and center regions. Sig-
nals delivered to the left or right of any of the three vertical
midlines were localized significantly worse, a consequence
of egocenters on each side of the torso (Ref.|55).

By replicating existing results, the results for the unimodal
visual and haptic conditions therefore provided a strong
baseline for the investigation of haptic and visual-haptic
performance. First, it was observed that vision predomi-
nated with regard to spatial processing, visual localization
being both more accurate and more precise than haptic lo-
calization everywhere in the investigated space. As a con-
sequence, the visual cues were always more reliable than
the haptic cues, and no significant improvement in precision
was observed when the two modalities were combined. The
MLE predicted the bimodal VH accuracy to be the outcome
of the reciprocal of visual and haptic biases, and therefore
that VH accuracy would be intermediate between V and H
accuracy (i.e., that VH accuracy would be worse than V
alone due to bias from the unreliable H source). This is not
what was observed, and VH localization was mostly statis-
tically equivalent to or more accurate than V localization
alone.

Specifically, observed VH accuracy was significantly bet-
ter than accuracy from V alone for targets in +25 deg az-
imuth. Based on MIL-STD-1472(H) (Ref.|59), normal line
of sight is characterized by a 30° cone, inside which signals
can be seen and reached without delay. Thus, the line be-
tween central and ambient field of regard occurs at +15° in
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both azimuth and elevation. Thus, targets at £25° were the
only targets presented that were actually located in the ac-
cepted periphery rather than direct line of sight, essentially
imposing an inherent degraded visual condition for these
signals. Based on previous studies on multisensory inte-
gration, it is expected that the contribution of a redundant
sensory cue will have the greatest effect when the primary
sensory cue is degraded or impaired (Refs. |5,7), which is
exactly reflected in these results. Moreover, the potential
for combined VH cueing to correct perceptual deficiencies
occurring in the extremities of the visual field poses op-
portunities to improve the accessibility of information in
highly dynamic environments, or extend the limits of cur-
rent design constraints (Ref. |60).

Limitations of the current study The current study was
somewhat constrained by limitations of the equipment used
in testing. Recognizing these constraints, the following re-
sults should be addressed:

» Differences in magnitude of eccentricity tested in each
direction. The visual target points were scaled to fit
the size of the screen used in the experiment. Because
of this, effects of eccentricity had to be assessed in
azimuth and elevation separately, rather than grouped
eccentricity.

Range of eccentricities tested. The entire visual field
was mostly contained in the direct field of regard, pos-
sibly masking effects that occur beyond this bound-
ary. For instance, a significant improvement was ob-
served between V and VH accuracy only at £25° in
azimuth, but the largest magnitude in elevation that
was assessed was +10°. Thus, conclusions about the
effect in the vertical direction could not truly be as-
sessed against those in the horizontal direction. With-
out expanding the size of the visual field used in test-
ing, this limitation may also be overcome by imposing
a degraded visual stimulus to modify the reliability of
the signal.

Number and placement of tactors on suit. A univer-
sally sized vest with fixed tactor positions was used
by each participant. Thus, the tactor locations were
slightly different on each participant with respect to
their individual body size and curvature. With equidis-
tantly located tactors, the polar angle of each tactor
may have slightly varied between individuals, an ef-
fect also previously observed (Ref. |55).

Synchronicity between V and H stimuli was possibly
not ecological. In the real world, visual cues outside
the body, but still within the PPS, are likely seen be-
fore they come into contact with the body surface. AV
stimulus being presented with a slight asynchrony, i.e.,



presented before the H stimulus, could have increased
the multisensory integration effect.

CONCLUSIONS AND FUTURE WORK

The present study provided characteristics of visual and
haptic sensory perceptive fields and investigated the effects
of multisensory integration by combining the two. In or-
der to develop a single unified bimodal percept, inherent
differences in the encoding mechanisms of visual and hap-
tic sensory sources must be considered. With this knowl-
edge, appropriate transformations of each source may more
effectively bridge the gap between the two corresponding
reference frames. The most important contributions of this
study were in demonstrating the conditions and character-
istics for when bimodal VH localization exceeds that of the
most precise unimodal condition.

Based on this work, the following conclusions can be
reached:

1. Visual localization follows a radial pattern character-
ized by a systematic undershoot of responses that is
more pronounced in the upper hemifield. Specifically,
visual precision significantly decreases with eccentric-
ity in all directions while visual accuracy asymmet-
rically increases with eccentricity, particularly in the
vertical direction.

Haptic localization follows a nonlinear pattern charac-
terized by relative egocenters that divide the torso into
separate reference frames. Haptic precision was sta-
tistically equivalent within a boundary of roughly £8°
( 6 cm) of the midline, and significantly better within
this region than anywhere else on the torso. Haptic
accuracy was statistically equivalent on the SMP, and
midlines down the center of the left and right hemi-
field. Together, these results affirm the processing dif-
ferences on each side of the front torso region, within
which sensory cues are perceived independently.

. Performance with combined visual-haptic cues sig-
nificantly improved accuracy relative to vision alone,
the most reliable source, for values most extreme
in the periphery (25° in absolute eccentricity in az-
imuth). This result confirms the hypothesis that the
effect of multisensory integration is enhanced when
the primary sense is degraded or impaired, ie, past the
bounds of ambient vision.

. MLE predictions were statistically equivalent for bi-
modal precision, but incorrectly predicted bias from
the least reliable source contributing to a decrease in
performance. The opposite effect was observed, as the
addition of another sensory source, albeit a less reli-
able one, still increased the performance relative to the
most reliable source alone, at least locally.
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Future work will investigate the localization performance
of visual looming stimuli (stimuli that are expected to come
in contact with the body) in combination with tactile cues,
as they have a particular ecological valence. Recent studies
have shown that looming stimuli enhance tactile process-
ing at the predicted time and location of impact, measured
by enhanced tactile sensitivity and shorter reaction times
(Clery, canzeoneri). A slight temporal asynchrony will be
used between the V and H stimuli to investigate the effect of
processing based on a predicted time and location of impact
with respect to multisensory integration.
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Visual Statistics

APPENDIX

All Strictly All Strictly
Eccentricities HMP/ SMP Eccentricities ~HMP/SMP
Groups p (Scheffe) p (Scheffe) Groups p (Scheffe) p (Scheffe)
Precision R-L 0.902 0.891 U-D 0.980 0.890
SMP-L 0.005 0.263 HMP-D 0.602 0.429
SMP-R 0.011 0.370 U-HMP 0.699 0.324
Regression:  F337) =6.66  Fp4)=1.93 Regression:  Fp33) =0.54  F55) =2.15
p =0.004 p=0.26 p =0.59 p=0.38
Accuracy R-L 0.617 0.783 U-D < 0.001 0.313
SMP-L 0.995 0.157 HMP-D 0.973 0.719
SMP-R 0.837 0.097 U-HMP < 0.001 0.229
Regression:  Fp33) =0.53  F34)=4.50 Regression:  Fp33) = 15.11  F{55) =4.01
p =0.60 p=0.09 p <0.001 p=0.20

Table 4: Results of VISUAL hemifield comparisons from one-way ANOVAs (with Scheffe correction), and simple linear
regressions.

Test F-statistic p-value  R?
Precision o ~T  Fjjp3 =758 <0.001 0.78
ny ~0r Foupn=129 0.39 0.83
Accuracy r~T Fliip3) =115 0.37 0.35
r~ 6 Fluips =179 0.22 0.87

Table 5: Results of one-way ANOVAs investigating effects of polar eccentricity,7’, and target direction, 67 on VISUAL
2D precision, zey and accuracy, r.

Measure Factors F-statistic p-value
Precision absTX Fi303)=24.32 <0.001
absTY F(2723) =431 0.026
absTX*absTY  Fig3) = 0.31 0.928
Accuracy X Fi323)=11.67 <0.001
TY Fio23)=49.86 < 0.001
TX*TY Fep3) =628 < 0.001

Table 6: Repeated measures ANOVAs investigating effects of eccentricity (with eccentricity azimuth and elevation as
fixed factors) on VISUAL 2D precision and accuracy.
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Haptic Statistics

All Strictly All Strictly
Eccentricities HMP/ SMP Eccentricities HMP/SMP
Groups p (Scheffe) p (Scheffe) Groups p (Scheffe) p (Scheffe)
Precision R-L 0.305 0.411 U-D 0.189 0.477
SMP-L 0.005 0.201 HMP-D 0.640 0.807
SMP-R 0.061 0.560 U-HMP 0.847 0.882

Regression:  Fp37) =6.46  F(54)=2.75 Regression:  Fip33) =1.78  Fp5)=1.10

p =0.004 p=0.18 p=0.19 p=0.48
Accuracy R-L 0.281 0.242 U-D < 0.001 0.003
SMP-L 0.223 0.534 HMP-D 0.208 0.018
SMP-R 0.023 0.132 U-HMP 0.272 0.020

Regression:  Fp3y) =4.48  Fo4) =420 Regression:  Fp33) =9.00  Fo ) =30.79
p=0.02 p=0.10 p < 0.001 p=0.003

Table 7: Results of HAPTIC hemifield comparisons from one-way ANOVAs (with Scheffe correction), and simple linear
regressions.

Test F-statistic p-value R’
Precision 0 ~T  Fjj3 =642 <0.001 0.75
op~6r Fo; =264 009 091
Accuracy r~T Fl1123) =142 0.23 0.40
r~6  Fap7=305 007 092

Table 8: Results of one-way ANOVAs investigating effects of polar eccentricity, T, and target direction, 87 on HAPTIC
2D precision, Gf,, and accuracy, r.

Measure Factors F-statistic p-value
Precision absTX Fi33)=21.88 <0.001
absTY F(2_23) =1.90 0.07
absTX*absTY  Fgp3) =0.19 0.97
Accuracy X F323)=10.31 0.006
TY Fla23) =9.36 0.005
TX*TY Fi23) = 6.08 0.29

Table 9: Repeated Measures ANOVAs investigating effects of eccentricity (with eccentricity azimuth and elevation as
fixed factors) on HAPTIC 2D precision and accuracy.
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VH Statistics

All Strictly All Strictly
Eccentricities ~HMP/ SMP Eccentricities ~HMP/SMP
Groups p (Scheffe) p (Scheffe) Groups p (Scheffe) p (Scheffe)
Precision R-L 0.636 0.989 U-D 0.800 0.833
(VH) SMP-L 0.003 0.265 HMP-D 0.512 0.270
SMP-R 0.014 0.295 U-HMP 0.825 0.199
Regression:  Fp33) =734 Fp4)=2.05 Regression:  Fip33) =0.71  F55) =42
p=0.002 p=0.24 p=0.50 p=0.192
Precision R-L 0.896 0.88 U-D 0.999 0.86
(MLE) SMP-L 0.005 0.25 HMP-D 0.688 0.43
SMP-R 0.011 0.36 U-HMP 0.704 0.31
Regression:  Fp33) =6.74  Fo4)=1.99 Regression:  Fjp33) =0.44  F55) =227
p =0.004 p=0.25 p =0.65 p=0.31
Accuracy R-L 0.982 0.783 U-D < 0.001 0.158
(VH) SMP-L 0.774 0.206 HMP-D 0.999 0.998
SMP-R 0.689 0.236 U-HMP < 0.001 0.212
Regression:  Fp37) =0.32  Fp4) =2.60 Regression:  Fip33) = 1749 F52)=0.133
p =0.69 p=0.19 p <0.001 p=0.13
Accuracy R-L 0.169 0.57 U-D 0.300 0.57
(MLE) SMP-L 0.890 0.17 HMP-D 0.028 0.47
SMP-R 0.193 0.08 U-HMP 0.022 0.24
Regression:  Fp37) =2.68  Fo4)=5.09 Regression:  Fp35) =4.36  Fp2)=3.19
p=0.084 p=0.08 p=0.021 p=0.24

Table 10: Results of BIMODAL VH and MLE hemifield comparisons from one-way ANOVAs (with Scheffe correction),
and simple linear regressions.

Table 11: Results of one-way ANOVAs investigating effects of polar eccentricity, 7', and target direction, 87 on

Test F-statistic p-value R’

Precision (VH) oo ~T Fuigy =127 <0.001 0.86
zey ~0r Fo7) =128 0.39 0.83

Precision (MLE) zey ~T Fyip3)=8.12 <0.001 0.79
zey ~0r Fo7) =126 0.40 0.83

Accuracy (VH) r~T Fl1123)=0.77 0.66 0.27
r~ 6t F(2777) =5.31 0.01 0.95

Accuracy (MLE) r~T Fli123=3.85 0.003  0.65
r~ 6 Forg) =124 0.41 0.83

BIMODAL VH and MLE 2D precision, ze , and accuracy, .
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Measure Factors F-statistic p-value
Precision (VH) absTX Fi323)=42.78 < 0.001
absTY F(2’23) =2.79 0.08
absTX*absTY  Fg03) = 0.96 0.47
Precision (MLE) absTX F323)=26.56 <0.001
absTY F(2723) =3.80 0.04
absTX*absTY  Fig3) =0.34 0.91
Accuracy (VH) TX F323)=7.55 0.002
TY Fla23)=1069.49  <0.001
TX*TY Fle23) =5.13 0.002
Accuracy (MLE) X Fi33) =4.42 0.02
TY Fo23)=7.39 0.002
TX*TY Fle3) =178 0.14

Table 12: Repeated Measures ANOVAs investigating effects of eccentricity (with eccentricity azimuth and elevation as
fixed factors) on BIMODAL VH and MLE 2D precision and accuracy.

Modality Comparison Statistics

Test t p Adjusted R?
MLEAccuracy ~ Wv + Wh MLE, Wv = —4.312 < 0.001 0.34
VH Accuracy ~ Wv + Wh VH, Wv=0.39 0.70 —0.03
VH Precision ~ VP + HP VH, VP =5.84 < 0.001 0.67
VH,HP=1.44 0.16
VH Precision ~ VP + HP + Vacc + Hacc VH, VP =3.70 < 0.001 0.70
VH, HP =2.43 0.02
VH, Vacc =1.40 0.18
VH, Hacc = 2.23 0.034
MLEAcc ~ Wv + Wh + AccV + AccH Wv =14.91 < 0.001 0.98
accV =30.98 < 0.001
accH = 6.975 < 0.001
VHAcc ~ Wv + Wh + AccV + AccH Wv =0.78 0.46 0.81
accV =11.28 0.45
accH=-0.31 < 0.001

Table 13: Simple and multiple linear regressions investigating the relationships between precision and accuracy, and

relevant predictors.
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