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Abstract place, for instance, visual impairment leads to lower ef -
ciency when interacting and communicating with cowork-
Vision loss or low vision poses signi cant challenges to ers and customers, which makes employment more dif cult.
blind-or-visually-impaired (BVI) individuals when interact- Thus, we wish to investigate the feasibility and effective-
ing with humans and objects. Although many apps and as-ness of developing an assistive device to collect important
sistive devices can help them better interact with the en-visual cues in the environment and relays this information
vironment and objects, the current state of assistive tech-to the BVI user to help the BVI user interact with other
nology leaves human-human interaction needs of the BVIsighted or BVI people. In this paper, we focus on facili-
largely unaddressed. Because of this, we introduce a newtating human-human interaction that involves handing over
wearable mobile assistive platform, named Audi-Exchange,of objects. The choice is due to the common situation in
to address part of the problem. Developed with mobile- which a BVI person needs to exchange objects with another
optimized computer vision and audio engineering tech- person in casual settings as well as in the workplace. For
nigues, Audi-Exchange facilitates a speci ¢ area of human- instance, a BVI person may need to accept a credit card
human interaction by helping the BVI user accurately locate from someone or offer a cup of water to someone. To
another person's hand with spatial audio in order to pass help the BVI with these types of actions, we introduce the
objects over to or receive objects from the other person. Audi-Exchange wearable mobile assistive platform. When
Audi-Exchange differs from existing academic and commer-Audi-Exchange is activated, it collects images from a cam-
cial assistive technologies in that it is intuitive to use and era and uses an ef cient convolution neural network (CNN)
non-intrusive when worn. We conduct several experimentsto detect another person's hand within the camera's eld
to investigate Audi-Exchange's effectiveness as an assistivef view. When a hand is detected, Audi-Exchange tracks
human-human interaction tool and discover encouraging its on-camera location and computes its corresponding 3D
results. direction based on the camera's optical parameters. Next,
the direction of the target hand is relayed to the BVI user
through stereo headphones as an audio tone, which is pro-
1. Introduction cessed by a head-related transfer function (HRTF) to ap-
pear as coming from the computed direction. In this fash-
ion, we leverage computer vision and audio engineering to
augment or substitute impaired human vision to allow the
: . .7 BVIto “hear” how they should move when handing over or
have fewer or lesser tools available to them for interacting o : .
receiving an object from another person. We assess Audi-

with another person, namely those that rely on a clear vi- , . o
. : . Exchange's effectiveness and speed by evaluating it on a
sion, such as sensing eye contact or reading body language

: : . , proof-of-concept system consisting of a personal computer
This leads to a hard_er time when they |ntera<_:'_[ W'th other and a camera through several experiments. Lastly, we show
people, especially with those who are not familiar with the

) . ) . : S that the system could be ported to work with mainstream
appropriate practices for interacting with BVI individuals. . S
. . smartphone hardware with a few modi cations to the algo-
This can lead to strong real-world impacts. In the work-

In the workplace or daily life, people need to interact
with other people for various social and working needs.
However, people who are blind or visually impaired (BVI)



rithm and discuss the next step for Audi-Exchange. Hololens [2]. More advanced solutions exist (such as the
Orcam MyEye 2.0 [8]) where visual information gathered

2. Assistive Technology Landscape by the camera sensors is condensed into audio noti cations
o ) for text reading, identifying objects, and recognizing faces.

When reviewing academm sources, we fou.nd' an abl,m'Even though commercial solutions are generally more com-
dance of_research_that al_med _to develop asssh_ve devlce?ortable to use, they are generally very costly. The vision

for the blind and visually |mpa|red. A I_arge portion fa!ls augmentation devices mentioned above come in the price
into the.category of elegtronlc tr.avel_alds (ETAS), which range of around $2,000-4,000 USD, with OrCam MyEye
are devices that gather information, including nearby ob- 2.0 [2] being the most expensive, costing $4,250 at the time

jects and obstacles, about the surrounding environment vig¢ writing. Despite having being somewhat common, few

dedicated Sensors and transfer it t_o the user_[ i/ Ik SOmeﬁardware—based assistive solutions made by researchers or
examples include an RFID-based indoor navigation system., nmercial rms are designed to speci cally cover the VI's
[16], the smart cane [24], the Path Force Feedback Belt | ]’human-human interaction needs

and Substitute Eyes (a hand-worn ultrasonic obstacle warn- On the other hand, purely software-based solutions can

ing .devi.ce)_[_ ] Ano.the.r categpry'that.assistive deviges be run on common smartphones and are more affordable,
fa}ll into is V|S|on.subst|tut|on, which is using computer vi- o Microsoft Seeing Al and BlindSquare [4, 9] being
sion to capture images of_the_ surroundl_ngs and tranSchrm'popular free vision enhancement and BVI navigation apps.
ing the raw visual mformat!on Into a_VI-_fnendIy_ form, such However, software-based solutions generally also have a set
as haptics or sounds. Vision substitution devices are MOT€q signi cant shortcomings as they tend to (1) lack on-board

general-purpose as the information gathered by the SySteMyisual processing, which leads to functional reliance on on-

'S less condgnsed compared to ETA.S and relayed INa MOrine computing, or (2) like the hardware-based solutions
_d|rect and wsug_l form to _the V.I’ with the excepnon be- discussed previously, they only facilitate interactions with
Ing text recqgnmo_n sometimes IS performed on images 0 the environment while the VI's human interaction needs are
read text _prlnted in the surrouqd|ngs o the user. For.m- largely ignored. In summary, despite innovations in mobile
stance, FingerReader read.s: printed tgxt to the user with nformation gathering and visual computing that enabled
hand-worn camera [22). S|I|'con EY?S mform.s'thg user of many innovative hardware and software assistive solutions
the color of objects nearby in addition to facilitating out- ¢ . BVI, there are still only few that are designed speci -

doo_r ’?a"'gat'_o” [20]. Overall_, however, even though many cally to help the user have smoother, richer interactions with
assistive devices developed in the academic community ex-

) X X other people.
ist that cater to different aspects of BVI assistance, most
have signi cant .drawba_cks. Mginly, they can be cumber- 3. Motivation and Merit
some due to being equipped with complex sensors and can
be intrusive due to needing to be worn at various locations  Because existing assistive technology for the BVI is of-
around the body to effectively gather information. Also, ten costly to obtain, uncomfortable to use, and does not ad-
few papers mention estimated production costs for the thedress human interaction needs (g. 1), we wish to design
assistive devices that were proposed, which leads to uncera new assistive device to address these problems. A 2020
tainty as to whether these devices can be ef ciently built comprehensive literature review on wearable device design
and widely distributed. reveals that “comfort”, “intuitiveness”, and “mobility” are
There also exists a number of commercial assistive de-the three most desired properties of a wearable device in
vices for the VI. A major portion are visual enhancement terms of user experience [13]. Comfort corresponds to the
tools that are designed to be used by the low vision andminimization of discomfort or pain, so the device should
not fully blind (perhaps because products made for the low have a small form factor, be worn on convenient locations,
vision enjoy a larger market compared to those made forand have good thermal dissipation [13]. For “intuitiveness”,
the fully blind). The basic white cane is arguably the most the human-computer interaction pattern should be easy to
widely used [10, 14] and affordable tool useful to both learn and it should resemble familiar interactive patterns
the low vision and fully blind, but its function is limited used in everyday life. For “mobility”, the device should
by its short range as a direct extension of physical touch.be lightweight and not obstruct the user's physical activity.
Advancement in digital imaging sensors led to a variety of These three properties are not exclusive to health-sighted
vision enhancement tools that process images of the surindividuals and are arguably more important for blind or
roundings using camera sensors and image processing techvsually impaired individuals because they expect a higher
nigues (such as zooming in or boosting contrast). Thesedegree of usability and reliability from assistive wearable
include IrisVision [7], Acesight [5], and eSight [6]. Vision devices. As a consequence, we design a new assistive de-
enhancement can also be accomplished with certain accesvice that speci cally aims to facilitate human-human inter-
sibility apps running on Google Glasses [1] and Microsoft actions while maximizing comfort, intuitiveness, and mo-



Figure 1. Existing assistive device solutions for the BVI can be cumbersome, intrusive ( rst column), or costly (second column). Also, few
devices are designed to address human-human interaction needs. The three images in the rst column read from left to right and then top
to bottom are: the Path Force Feedback Belt [19], Substitute Eyes [11], and FingerReader [22]. The two images in the second column read
from top to bottom are: OrCam MyEye 2 [8] and IrisVision Live! [7], which sell for $4,250 and $2,950 respectively at the time of writing.

bility when worn. We think that good user experience is 4. Method
critical to the actual rate of adoption in the BVI community .
and the social impact that results from it. 4.1. Hand Tracking

Named Audi-Exchange, we propose an assistive plat-
form that uses real-time onboard mobile computer vision
and audio engineering to help the BVI better handle hand-
based human-human interactions. From the user's perspec-
tive, Audi-Exchange sends spatial audio cues through a pair
of headphones to help the user locate another person's hand
to hand over or receive an object. For example, it helps
a blind cashier reach over the counter to receive a credit
card from a customer. From a technical standpoint, Audi-
Exchange uses a smartphone's camera and processor anglgyre 2. Some images depicting the performance of the hand
mobile-optimized computer vision algorithms to track the tracking algorithm [23] we adopt. Image credit to [23].
hand motion of a person next to the BVI user and relay
this information in real-time to the BVI user through the To implement Audi-Exchange, it is necessary to have a
stereo headphones via spatial audio. In this manner, Audi-fast and accurate hand-tracking algorithm for the computer
Exchange is designed to be responsive, energy-ef cient,program to determine the location of the interactive part-
intuitive, comfortable, and mobile. Unlike assistive tech- ner's hand on an image. Hence, we base the hand tracking
nologies that rely on dedicated sensors and processorsfunctional unit of Audi-Exchange on an ef cient hand track-
all parts of Audi-Exchange can run on mainstream smart- ing algorithm [23] utilizing MobileNet (a mobile-optimized
phones using onboard mobile CPU/GPU/Neural Processorcomputer vision architecture) [15] and SSD (a computation-
as the “brain”, the camera as the sensory input, and a pair ofally ef cient object detection method) [17]. We did not ne
wired or wireless headphones as the sensory output. Regumodify or ne tune the hand tracking model by [23] during
lar headphones be optionally replaced with bone conductionour experiments. Running on a 2014 13" Macbook Pro with
headphones for better perception of ambient sounds. a 2.6GHz dual-core Intel Core i5, we found the hand track-



ing algorithm to be able to process an average of 13 frames
per second (FPS) with an input image size3@D by 180
pixels. Such a speed is suf cient for tracking a non-fast-
moving hand in real-time. Note that modern smartphones
are typically equipped processors that can outperform the
2014 Machook Pro by signi cant margins and many even
come with dedicated neural processors that further speed
up computer vision and machine learning applications, as
is the case with the latest Apple iPhone (dubbed the Neu-
ral Engine ) and Google Pixel (dubbed the Neural Core ).
As aresult, the 13-FPS speed that we recorded represents gigure 3. A graphic illustrating the Interaural time differences
bottom-line performance gure when hand tracking is run (ITD) used in 3D audio software to help humans determine the
on older, less capable devices. We show in g. 2 some horizontal location of low-frequency sounds. Image source: Res-
test images of the hand tracking results as published by theonance Audio [18]

author [23], while our test results are detailed in sec. 5.1.

4.2. 3D Audio 4.3. Audi>Exchange

After a hand is detected, we wish to transmit this in- . ) ) )
formation to the BVI user in the form of an audio signal. ~ Finally, we combine the hand tracking and 3D audio
To this end, we develop the 3D Audio module, which uti- Modules to build the Audi-Exchange prototype. It works
lizes the OpenAL API [3] to embed 3D location cues into 25 foIIovys: in sequential order, a camera captures an im-
an arbitrary sound source. The method in which OpenAL 29€; which is sent to the hand tracking module. After the

(and other similar APIs like Resonance Audio [18]) accom- hand location is determined, a virtual sound source is cre-
plishes this is through the head-related transfer function ated with 3D audio to re ect the horizontal location of the

(HRTF). The HRTF is a transfer function that takes in an détected hand. As the user hears the 3D sound through
arti cial source of sound, denoted a¢f ), which is a func- headphones, they acknowledge the location of the partner's
tion of frequency, and outputs separate channels of audio td’@nd in the real world. Then, the user moves their own

the left (denotedX | (f)) and right (denote & (f ) ears hand to the perceived location in an attempt to touch the

of the listener to create directional sound [25]. When given Other person’s hand. The process repeats until the action
HRTFsH, (f: ; ) andHg(f; ; ) and the source audio S completed as determined by the user. The ow of in-

x(f ), the outputX, (f ) andX g (f ) can be computed as: formation from the BVI user’s perspective is illustrated in
g. 4. By offering auditory feedback in response to visual
Xe()=Ho(f; ) x(f) interactive cues (hand motion), Audi-Exchange repairs or
(1) inati :
Xr(f)= Hr(f; ; ) x(f) augments hand-eye coordination for VBI user to ef ciently

hand objects over to or receive objects from another person.
where ;  are known constants representing the azimuth Although the Audi-Exchange test system used in this paper
and elevation of the simulated audio source. Cartesianjs set up for laptops and desktop computers, it is simple to
(X;y;z) coordinates can be used too, though only the ra- port the program to mobile devices by migrating to open-
dial direction will be taken into account by the most HRTFs source mobile-based computer vision and 3D audio algo-

with the distance determining volume. In this way, origi- rithms (see sec. 6). A concept design of the mobile-based
nal audio signals are ltered to carry directional cues to the hardware is pictured in g. 5.

listener. We utilized this fact to help the user locate a vir-
tual audio source whose location corresponds to the actual

location of the hand being tracked. When given a 3D lo- s Exchange L Exchange

cation, the 3D Audio module plays a tone processed by the 7 «‘ partner (VI

HRTF so that it appears as coming from the given location | " o °0), oion__|(eHelmlied)

when the user hears it through stereo headphones. By relay ()

ing visual information to the user through sound, 3D Audio

serves as a crucial part that makes it possible for the device_ . _ ) .

to communicate visual information to a BVI user. Based " '9U'¢ 4 Audi Exchange relays information about the location of
. . the interactive partner’s hand to the BVI user to guide the user

on o_ur_ testing, we fqund the 3D Audio mod_ule to consume oward handing over to or receiving an object from another person,

negligible computational resources when it processes andg, may be VIB or sighted.

plays spatial audio, making it compatible with the mobile-

optimized design of Audi-Exchange.

Hand Action




record the number of true positives, false positives, and false
negatives for each test scene (see tab. 1). A true positive is
de ned as when the hand offering or receiving an object
is detected or when both hands of the partner are detected
(which is a trivial issue, as the hand we're interested in will
be elevated and extended forward, meaning it can be distin-
guished from the other hand by picking the topmost hand).
For similar reasons, exactly two closely overlapping bound-
ing boxes on the correct hand is also considered a true pos-
itive, as the issue can be trivially solved by treating it as
if two hands were detected. A false positive is de ned as
when the hand of interest is not detected, but an irrelevant
object or the hand not of interest is. In the “False Posi-

Figure 5. Audi-Exchange Concept Design. By tracking the inter- tivé (Wrong Hand)” column, we show the number of false
active partner's hand on a smartphone and sending spatial-audioP0sitive frames in which the false positive is due to detect-
based interactive cues via wireless headphones, Audi-Exchangdng only the irrelevant hand and no other objects. Lastly,
helps the BVI with hand-related human-human interactions in a a false negative is de ned by not detecting any object or
lightweight and comfortable package. hand in a frame. Note that in all test cases, all frames in-
clude the hand of interest, so the true negative statistic is not
available (or, equivalently, it has 0 instances). For each test

5. Experiments case, there are 50 randomly selected frames from a video
i . sequence. A frame has an equal chance of having the per-
5.1. Hand Tracking Experiment son and hand appear in the middle, left, and right parts of

the image. A human annotator determines whether a frame

In this experiment, we wish to nd how reliably a mobile ) . . .
hand tracking program can pick up the interactive partner's is considered a true positive, false positive, false positive —
wrong, or false negative by observing the visual output of

hand. We designed four different test scenes to investigateth hand tracki lorithm. Th tat th
some realistic settings under which Audi-Exchange would € hand tracking aigoriinm. The annotator moves on the

be used. They are categorized by the lighting conditions andtnet;(t flrargelwl?[en rei.":‘ds./' TEe qdu?ntltstwe retsul: IS shovt;/n In
the object that the partner's hand is holding. The categories.a -+ Select qualitative hand tracking outputs are shown

are 1. Regular Lighting / Empty Hand, 2. Regular Light- in g. 7. We include a video segment in the supplementary
ing / Holding Pen, 3. Regular Lighting / Holding Cup, and materials demonstrating the hand tracking software used in

4. Poor Lighting / Empty Hand. We show one image from this experiment.
eachtestcasein g. 6. The rsttwo test scenes happen most

frequently, with the interactive partner shown on the camera T.P. | FP. | F.P. (Wrong Hand) FN.
trying to receive an object by extending an empty hand or Testl| 46 | 3 2 1
trying to give a small object with their hand. The third test Test2| 47 | 2 0 1
scene exempli es situations in which the partner offers a Test3| 21 | 22 15 7
large object that occludes part of their hand when seen from Test4| O 50 0 0

the camera's perspective. The fourth test scene aims to seq ) o
\ . Table 1. The recorded instances of true positives (T.P.), false pos-
how well the hand can be tracked when the partner's hand is... - .

v Ii d light i ina f behind th itives (F.P.), part of false positives that are due to detecting the
not properly lit and lig tls.comlng r(?m ehind the partner. ;.o evant hand (F.P. [Wrong Hand])), and false negatives (F.N.) for
All test scenes are Imed indoors with warm-colored LED  gach hand tracking test scene. A total of 50 frames were exam-
|'9htm9- A smartphone camera IS used (_:aptu_res a Personned for each test scene. Tests 1-4 correspond to Regular Lighting
facing the camera from head-height, which simulates the/ Empty Hand, Regular Lighting / Holding Pen, Regular Lighting
BVI user's egocentric view. The person in view moves the /Holding Cup, and Poor Lighting / Empty Hand, in this order.

extended hand around throughout the video to create nat-
ural motion blur and location variations. The smartphone  we found the hand tracking algorithm to be robust under
camera used has a horizontal eld of view of approximately regular lighting conditions for tracking both the receiving
90 and an aSpeCt ratio of 16 by 9, with the shutter Speed and g|v|ng hand poses in the “Empty hand® and “Ho|ding
set to1=50 of a Second, ISO to 1200, and white balance to pen" test scenes. Even when a Signi cant portion of the
“Auto”. Allimages are resized t820by 180pixels before  hand is occluded by an object, which is the case for the
being sent to the hand tracker. “Holding Cup” test scene, the algorithm was still able to
To quantitatively evaluate tracking performance, we detect the hand of interest 42% of the time. If the hand of
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