The User as a Sensor: Navigating Users with Visual
Impairments in Indoor Spaces using Tactile Landmarks

Navid Fallah, Ilias Apostolopoulos, Kostas Bekris, Eelke Folmer
Department of Computer Science and Engineering
University of Nevada, Reno
Reno, NV 89557-0208
{navid,ilapost,bekris,efolmer} @cse.unr.edu

ABSTRACT

Indoor navigation systems for users who are visually im-
paired typically rely upon expensive physical augmentation
of the environment or expensive sensing equipment; conse-
quently few systems have been implemented. We present
an indoor navigation system called Navatar that allows for
localization and navigation by exploiting the physical char-
acteristics of indoor environments, taking advantage of the
unique sensing abilities of users with visual impairments, and
minimalistic sensing achievable with low cost accelerometers
available in smartphones. Particle filters are used to estimate
the user’s location based on the accelerometer data as well as
the user confirming the presence of anticipated tactile land-
marks along the provided path. Navatar has a high possibility
of large-scale deployment, as it only requires an annotated
virtual representation of an indoor environment. A user study
with six blind users determines the accuracy of the approach,
collects qualitative experiences and identifies areas for im-
provement.
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INTRODUCTION

Navigation relies on a combination of mobility and orien-
tation skills [9]. People typically employ path integration,
where they orient themselves relative to a starting position us-
ing proprioceptive data, or landmark-based navigation, where
they rely upon perceptual cues together with an external or
cognitive map [27]. Path integration allows for exploring un-
familiar environments in which users may build a cognitive
map by observing landmarks [28]. Whereas sighted people
primarily use vision to identify landmarks, individuals with
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Figure 1. Sample path directions provided by Navatar and user confir-
mations of tactile landmarks.

visual impairments employ their compensatory senses, such
as touch, hearing and even smell [35]. Studies show small dif-
ferences in path integration ability between sighted and indi-
viduals with visual impairments [27], but cognitive mapping
is significantly slower for people with visual impairments [25,
35] often leading to reduced mobility [12].

Various indoor and outdoor navigation systems for users with
visual impairments have been developed. Whereas outdoor
navigation systems rely on GPS for locating the user, indoor
navigation systems use different techniques, described in the
following section, as GPS signals cannot be received inside
buildings. Indoor systems have not been implemented at a
large scale as they often require expensive physical augmen-
tation of the environment or they require the user to carry
expensive sensing and computing equipment, which may fur-
ther impede their mobility.

This work presents an inexpensive navigation system called
Navatar that does not augment physical infrastructure and
that depends only on lightweight sensors available in popu-
lar devices such as smartphones. Navatar exploits the unique
tactile sensing capabilities of users with visual impairments
[8] by having its users confirm the presence of anticipated
landmarks, such as doors and hallway intersections along the
provided path that are extracted from a virtual representation
of the environment (see Figure 1). This type of interaction
seamlessly integrates with how users with visual impairments
navigate familiar spaces as this includes the identification of
known tactile landmarks [19]. In prior research a feasibility
study with blindfolded users was performed [4]. This paper
evaluates Navatar with blind users.



RELATED WORK

Certain navigation devices have been developed that provide
local obstacle-avoidance capabilities to users with visual im-
pairments [36, 40]. Most navigation systems, however, are
able to locate the user and provide directions to a specified
destination. Outdoor navigation systems [26, 34] mainly use
GPS for localization purposes, but indoor systems cannot use
GPS signals, as buildings block them. To surpass this issue,
alternative localization techniques have been developed that
can be distinguished into three different categories.

Dead-Reckoning techniques estimate the user’s current lo-
cation based on a previously estimated or known location.
While the user is moving, dead reckoning estimates the user’s
location by interpreting readings from one or more sensors
that the user carries such as accelerometers, magnetometers,
and gyroscopes [21, 15, 31, 29]. The initial location is typi-
cally determined using GPS [15], RFID tags [21], or cellular
phone positioning [31]. The main drawback of this technique
is the error accumulates over time as dead reckoning is a re-
cursive process and each sensor has some inaccuracy. One
significant benefit of this approach is the low installation cost,
as it does not require physical infrastructure.

Beacon-based approaches augment the physical space with
identifiers. Such beacons can be retro-reflective digital
signs detected by a camera [39], infrared [34, 37] or ultra-
sound identifiers [30]. Beacons can be integrated with dead-
reckoning to correct the accumulated error through environ-
mental knowledge [15], RFID tags [21], ultrasound beacons
[20], and map-matching [21, 29]. Especially, Radio Fre-
quency Identifier (RFID) tags have attracted a lot of attention
in this direction [22, 7, 3]. Nevertheless, locating identifiers
may be hard, as beacons may require line of sight or close
proximity to the human. Other beacon based techniques use
triangulation to locate the user. For example, wireless net-
work positioning systems [32, 24, 23] may triangulate the
location of base stations using the provided signal strength
or could be building signal strength maps. Wireless nodes
often suffer from multi-path effects or interference. Another
drawback is the significant time and cost spent installing and
calibrating beacons. Though RFID tags are cheap, a large
amount of them is required to cover a whole building. In-
stalling them in non-carpeted environments, such as concrete
floors or tiles is often prohibitively expensive.

Sensor-based solutions employ sensors, such as cameras that
can detect pre-existing features of indoor spaces, such as
walls or doors. For instance, a camera system matches physi-
cal objects with objects in a virtual representation of the space
[17] to locate the user. However, cameras require good light-
ing conditions, and may impose a computational cost pro-
hibitive for portable devices. An alternative makes use of a
2D laser scanner [14, 13]. This method achieves 3D pose es-
timation by integrating data from inertial sensors, the laser
scanner, and knowledge of the 3D structure of the space.
While this method achieves accurate localization, it relies
upon expensive and heavy sensors, which may further impede
the mobility of users with visual impairments as they already
carry devices such as a cane or a Braille display.

Figure 2. Veering is likelier to occur in outdoor environments (left)
than in indoor environments (right) as navigation is often constrained
by physical infrastructure such as walls.

Figure 3. Error in location estimation using dead reckoning quickly
grows unbounded (left) but using periodic synchronization with a bea-
con with a known location (right) errors can be mitigated.

DESIGN OF NAVATAR

Localization is required in any navigation system to be able
to detect veering, e.g., when the user is deviating from the
intended path. Precise localization in indoor environments
comes at a significant cost; for example, large scale augmen-
tation of indoor environments with RFID tags is often pro-
hibitively expensive. Veering is likelier to occur in outdoor
environments than in indoor environments as navigation is
typically constrained by physical infrastructure, such as walls
(see Figure 2).

To facilitate large-scale deployment of an indoor navigation
system, we argue that less precise but less expensive local-
ization solutions may need to be explored. Of the three tech-
niques discussed in the related work section, dead reckoning
does not require expensive sensing or augmentation of the en-
vironment. Dead reckoning can be achieved with commodity
portable devices such as a smartphone, which have integrated
accelerometers and magnetometers. To achieve a better level
of localization accuracy, the proposed approach integrates in-
expensive sources of dead-reckoning data with sensing infor-
mation that comes from a human user. Dead reckoning is
relatively accurate for short distances where error can be mit-
igated by periodic sensing of beacons with a known location
[21, 20] (see Figure 3). The novelty in this approach is the
utilization of a human as a sensor rather than just an actuator.

The cognitive mapping of indoor spaces by people with visual
impairments has been extensively studied [19, 38, 11]. Tactile
landmarks that are easily sensed through touch, such as doors,
hallway intersections and floor transitions, play an important
role in the cognitive mapping of indoor spaces by users with
visual impairments [19, 6]. Sounds or even smells may also
be used as landmarks [6]. Users who are blind have better
tactile sensing capabilities than sighted people [8].
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Figure 4. Navatar system overview showing the communication between
the different components.

System Overview

Because the identification of tactile landmarks already plays
a significant role in how users with visual impairments nav-
igate familiar spaces, our navigation system combines dead
reckoning with sensor based localization by incorporating a
role for the user as an “intelligent sensor” that confirms the
presence of a landmark. Landmarks along the provided path
are embedded in directions (“..until you reach a hallway in-
tersection”). The successful execution of the direction (and
hence the presence of the anticipated landmark) is confirmed
by the user.

Navatar aims to augment navigation capabilities of users with
visual impairments, but it is not a local obstacle avoidance
system, as this requires being able to track movable objects,
such as trashcans, chairs and tables. The location of such ob-
jects may change and it is difficult to keep track of them. In-
stead the focus is on immutable landmarks, such as, hallway
intersections, staircases and doors.

Figure 4 lists a high-level overview of the four different com-
ponents of Navatar, which are: (1) a virtual representation
component that stores annotated models of indoor environ-
ments; (2) the localization component that provides a location
estimate of the user; (3) the direction provision component
that provides directions to a user specified location; and (4)
the interface component that interacts with the user.

Virtual Representation

Instead of 2D maps, 3D models are used to more accurately
represent indoor environments with multiple levels and fea-
tures like low ceilings, ramps, uneven floors and rails, which
are often impediments to navigation for users with visual
impairments. In order to exploit crowd sourcing it may be
easier for sighted users to annotate 3D models with tactile
landmarks. The use of virtual worlds is further motivated by
the observation that thousands of 3D models of the exteriors
of public buildings have been successfully created through
crowd-sourcing efforts. They can be found on virtual globe
applications, such as Google Earth. Google recently an-
nounced the availability of indoor maps for several airports
and malls in the US [2]. Furthermore, 3D models of indoor
spaces are becoming available [1] and can be created with
little effort using tools such as Google Sketchup.

Localization

To localize the user, this work followed a Bayesian filtering
approach called particle filters [10]. Each particle contains
(a) an estimation of where the user might be located and (b) a
weight of how probable this estimate is. As the user moves in
the environment each particle location is updated based on a
distribution of error in steps detected (pedometer and com-
pass). The weight of the particle is updated based on the
user’s confirmations of anticipated landmarks. Weights are
also affected by map information. For instance, when a parti-
cle is inside a wall, its weight is zero. The particles that have
low weight, such as particles inside a room, while the user
has not confirmed a door, are replaced with new particles to
achieve more accurate localization.

In some cases the user might fail to confirm the presence of
a landmark, which can be problematic for localization. To
solve this problem particles are monitored. If all the particles
have progressed beyond the landmark, which the system ex-
pects to be recognized, the failure is detected. Navatar will
be able to self-correct by providing new directions. Specific
implementation details of the particle filters process can be
found in related work [4, 5] as their discussion is outside the
scope of this paper.

Direction Provision & Interaction

Given a map, Navatar computes the shortest path using the A*
algorithm [33] and identifies landmarks along the path upon
which directions are generated. Directions are provided using
synthetic speech and are of the following form:

e Moving to a landmark, i.e., “Follow the wall to your left
until you reach a hallway intersection”.

e A turn direction, i.e., “Turn Left”.

e An action on a landmark, i.e., “Open the door and take the
stairs down”.

For moving to a landmark, Navatar uses directions that in-
clude wall following and door counting rather than metric in-
formation based on the results of preliminary studies (see fol-
lowing). Users confirm the successful execution of each di-
rection (and the presence of landmarks) by tapping the screen.

Preliminary Studies

The number of landmarks that need to be confirmed and the
number of directions provided can significantly affect accu-
racy and performance. A feasibility study with 10 blindfolded
users [4] focused on determining the effectiveness of differ-
ent types of directions. Two versions of providing directions
were tested: (1) metric-based directions (i.e., “walk 20 steps
until there is a hallway on your right”); and (2) landmark-
based directions (i.e., “walk until you have passed three doors
on your left”). For each type of direction the distance to be
navigated varied, as well as the number of landmarks to be
confirmed. The user had to confirm the successful execu-
tion of a direction before receiving the next one. The highest
rate of success was achieved for landmark-based directions
involving few reliable landmarks, such as hallway intersec-
tions. Especially when landmarks, such as doors, are close to
each other, they become harder to distinguish.



A second study with eight blindfolded users focused on in-
tegrating localization and path planning [5]. It investigated
whether localization was accurate enough to allow directions
to be computed at run-time on the phone. Experiments show
that the path can be adjusted when users fail to correctly
follow directions by depending upon localization estimates.
This work also explores the use of multiple particle filters,
where each filter uses a different assumption for the user’s
average step length, which helps to adaptively estimate the
value of this parameter on the fly. For localization, multiple
particle filters are executed in parallel. Each one of them is
employing a different set of assumptions regarding the capa-
bilities of the user depending on pedometer and compass data
from the smartphone and landmark confirmations by the user.
For a small but sufficient number of particles per filter (50-
100), as well as number of filters (7), each iteration of the
algorithm required on average less than 200ms, sufficient for
real-time tracking. Ground truth was collected by a vision-
based system carried by the user, which is described in the
following section.

USER STUDY

Though preliminary user studies were conducted with blind-
folded participants, this study specifically focused on users
who are visually impaired.

Instrumentation

Navatar has been implemented in Java for the Android mobile
platform. A 3D model of the Engineering building of the Uni-
versity of Nevada, Reno was created using Google Sketchup
using the Keyhole Markup Language (KML). Sketchup al-
lows for creating named components and adding such a com-
ponent to a location in the model. This allows for augmenting
this model with addressing information and landmarks such
as doors, hallway intersections, ramps and staircases. Though
it is possible to plan paths in 3D models, this was anticipated
to be too computationally intensive to be performed on the
phone and hence a parser was created that extracts interme-
diate 2D maps that are more suitable for path planning, since
the user is grounded anyway. Figures 6 and 7 show represen-
tations of extracted maps for the first and the second floor.
For the estimation of the user’s location 10 particle filters
were used in parallel, with each filter having between 50-100
particles. Preliminary studies found the phone’s compass to
occasionally interfere with metal studs in the wall leading to
highly noisy data. To avoid this, consecutive compass read-
ings were averaged over a time period and then the measured
value was discretized into one of eight possible directions.

A commercial beacon based localization system called Hag-
isonic StarGazer was used to capture the ground truth. Pas-
sive landmarks with unique identifiers were installed on the
ceiling with a resolution of one identifier per three feet. An
infrared camera worn by the user provides ID, distance and
angle to the closest landmark. An open source library is used
to access the camera, which allows the creation of a map of
landmarks. To use the system for human localization, the
camera and a battery are installed on a belt that the user wears.
The camera is worn on the back to avoid occlusion. The user

Figure 5. User carrying the StarGazer camera and tablet for measuring
the ground truth.
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carries a tablet in a backpack that records the landmark in-
formation received from the camera and calculates the user’s
location from the map based on the relative landmark location
(see Figure 5). The accuracy of the camera is 2 cm when in-
stalled on a flat surface; but the camera is sensitive to tilt and
might result in incorrect readings when installed on a belt. To
reduce the noise the ground truth is smoothed using an outlier
detection algorithm.

Participants

Six users were recruited (3 female, average age 51.83,
SD=18.21) to participate in a user study. Participants were
recruited through the local National Federation of the Blind
chapter. All participants were visually impaired, e.g., three
were totally blind (TB), two legally Blind (LB) and one had
low vision (LV)). All participants used a cane for navigation.
None had any self-reported impairments in mobility or hear-
ing. One user did not own a phone, four owned a cell phone
and one owned a smartphone. None of the participants had
been in the Engineering building prior to the user studies.



Path 231At 206- | 260- | 251- | 242A-| 260- | 129- | 109- | 118- | JI- 242A- || Avg stdev
208 | 260 251 240A | 231A | 131 109 118 | 129 | 206 231A
Path Length (m) || 43.89| 49.38 | 51.21 | 45.72| 57.61 | 57.61 | 58.52 | 36.58| 64.01| 50.29 | 95.10 || 55.45 | 15.26
# of Directions 5 7 6 7 5 11 10 7 5 7 9 7.18 | 2.04
# of Words 33 47 45 47 33 84 76 47 33 51 61 50.64 | 16.94
Landmarks 2 4 4 4 7 12 7 3 1 6 5 5.0 3.0
- Hallway Inters. || 1 2 2 2 1 2 2 2 1 1 3 1.73 | 0.65
- Doors 1 2 2 2 6 8 3 1 1 4 2 2.91 2.26
- Stairs 0 0 0 0 0 1 1 0 0 0 0 0.18 | 0.40
- Ramp 0 0 0 0 0 0 1 0 0 0 0 0.09 | 0.30
- Floor transition || - - - - - Stairs | - - - Elev. | - - -
Success Rate 1.00 | 1.00 | 0.83 1.00 | 0.50 | 050 |0.83 |0.83 |1.00 | 1.00 |0.83 0.61 0.24
Average time(s) || 72.29| 115.31| 107.34| 79.73 | 100.81| 227.39| 135.20] 80.21| 95.10| 136.97| 162.93| 119.39| 45.32
Time stdev 12.28| 44.42 | 14.12 | 16.88 | 31.47 | 69.82 | 35.29 | 33.10| 26.59| 34.21 | 33.12 || - -
Average # steps 81 107 93 82 111 148 132 77 117 | 107 164 111 31
Steps stdev 15 34 35 14 24 57 36 17 21 27 63 28 16
Table 1. Profiling data for each path

User id 1 2 3 4 5 6 Avg stdev

Age 62 44 54 31 37 79 51.83 18.21

Gender F F M M F M - -

Type of VI TB TB LB LB TB LV - -

Path 231A-208 1.36 0.58 0.48 0.38 0.83 0.99 0.77 0.37

Path 206-260 1.94 1.09 0.71 0.31 0.72 0.51 0.88 0.58

Path 260-251 1.85 1.04 1.68 0.23 0.33 10.11F || 2.54 3.77

Path 251-240A 0.76 0.55 0.54 0.55 0.24 0.33 0.50 0.19

Path 242A-231A 1477F | 1.32 15.15F | 1.22 2.81F 1.83 6.18 6.82

Path 260-131 400 F 0.46 497F 0.96 278 F 1.48 2.44 1.78

Path 129-109 1.22 1.60 0.76 0.83 2.14 F 1.68 1.37 0.53

Path 109-118 0.90 0.69 0.83 0.86 4.8 F 1.55 1.62 1.63

Path 118-129 1.11 1.73 0.99 1.59 1.28 1.89 1.43 0.36

Path J1-206 1.25 1.84 0.67 1.21 0.77 1.30 1.17 0.42

Path 242A-231A(Alt) | 2.07F 0.98 0.99 0.87 1.14 273 F 1.46 0.76

Avg Step length (m) 0.40 0.73 0.63 0.51 0.40 0.68 0.56 0.14

Success rate 0.73 1.00 0.82 1.00 0.64 0.82 0.84 0.14

Table 2. Distance between the desired destination and the user’s position upon completion (m). F indicates a failed path.

Procedure

For the user study, 11 paths were tested; and these paths
were created so as to have approximate equal lengths with
the smallest amount of overlap between paths. Two paths in-
volve transitions between floors. Specific characteristics of
each path such as its length and number of landmarks present
can be found in Table 1. Initially 10 paths were created but in
a previous study [5] one path (242A-231A) was found to lead
to large errors in location estimation as it involves traveling
a relatively large distance with only doors as landmarks (see
Figure 7). To evaluate the effectiveness of planning longer
but more accurate paths that lead along more distinguish-
able landmarks an alternative version of this path was created
(242A-231A) that includes 3 hallway intersections.

The application provides directions through text to speech us-
ing the smartphone’s speaker and the user confirms executing
each direction by tapping the screen. Because touch screens
are notoriously inaccessible to users with visual impairments
a successful tap was indicated using a vibrotactile cue. All

users were right handed and navigated with the cane in their
right hand. Users were asked to hold the phone in their left
hand but hold it relatively still so as to have higher accuracy in
step detection. Participants were equipped with the StarGazer
camera and backpack containing the tablet. None of the par-
ticipants felt the belt and backpack impeded their mobility in
any way.

User studies were conducted over a weekend with few stu-
dents present in the building to avoid interference. Hallways
were cleared of any obstacles and all doors to offices were
closed. Prior to the user study the user followed one path to
have them become familiar with the phone and the direction
provision and to initialize the pedometer (though the pedome-
ter continues to calibrate itself). For each path participants
were led to the start location upon which the observer would
select the right path and activate the direction provision. Na-
vatar can recover from users missing landmarks or confirm-
ing them too early or too late. If the user could not complete
a provided direction, the observer would intervene and can-



cel the current path, mark it as a failure and guide the user
to the next start location. After the user study, participants
were interviewed using a questionnaire to collect qualitative
experiences.

Results

Table 1 shows the success rate of each path, the average time
and standard deviation it took to execute each one and the
average number of steps and the standard deviation for each
path. 85% (SD=20%) of the paths were completed success-
fully. Though the use of multiple particles in a previous study
with blindfolded users [5] was able to mitigate individual dif-
ferences between step lengths, for some users with visual im-
pairments this turned out to be difficult to achieve. Table 2
lists the distance between the target destination and the user’s
position upon completion of the path. There was no observa-
tion of users unable to confirm a landmark, but system fail-
ures occur when the system thinks the user has arrived at their
destination when they actually have not arrived yet. Paths
were considered a success when the user was able to navigate
within 2.0 meter of the target location. A length of 2.0 me-
ter was chosen, as this is approximately the range that can be
sensed using a cane held in the hand and to correct for the
actual user location as the user was wearing the camera on
their back. Failures are indicated using an F in table 2. For
all paths and users an average error of 1.85 meter (SD=2.74)
was found.

Paths that involved counting many doors, (e.g., 242A-231A
and 260-131) had the lowest success rates and users were
often observed to scuttle from door to door, which made it
harder for the system to pick up steps. Similar to an early
study with blindfolded users [5] path (242A-231A) has a low
success rate (50%). The alternative path for (242A-231A) on
average took longer to complete (163 seconds) than the orig-
inal path (101 seconds) but has a higher success rate (83%)
and a lower average error (6.18 versus 1.46 meter). This may
indicate that planning longer paths that include more distin-
guishable landmarks may increase accuracy. The completion
rate for all paths improves from 85% to 88%, and the average
error reduces to 1.42 (SD=1.50) if results for the original path
are excluded.

Qualitative Results

Non-directed interviews with open-ended question were used
to collect qualitative experiences. None of the participants
had used a navigation system before but all users had previ-
ously experienced getting lost in outdoor as well as indoor
environments. Depending on the space all users engage in
cognitive mapping when this space is unfamiliar to them. Pri-
marily tactile landmarks, such as doors or windows are used
in cognitive mapping, but one user noted using sounds as
well, such as the sound of a water cooler or an air condition-
ing unit. Cognitive mapping was typically limited to smaller
spaces such as rooms. None of the participants had freely ex-
plored large indoor environments out of fear of getting lost.
Participants typically used a sighted guide when navigating in
unfamiliar environments, which would help with working out
a route. Three users preferred routes with many landmarks

but would avoid ones with too many turns as that was found
to be confusing.

A 5-point Likert scale was used to measure the usability of
the system. All users found that the directions were easy to
follow (M=4.66, SD=0.58) and that Navatar navigated them
efficiently (M=4.66, SD=0.58). They also agreed this system
could minimize the chance that they would get lost in unfa-
miliar environments (M=4.66, SD=0.58). Overall they liked
using the system (M=4.66, SD=0.58). Despite Navatar fail-
ing to guide user 5 to the target destination for four paths,
this user remained positive about the system. Upon further
inquiry this user stated: “I have never used such a system
before and I think it could be really helpful, despite its cur-
rent shortcomings”. Suggestions for improvement included:
(1) improving the accuracy; (2) being able to repeat direc-
tions; (3) offer Braille output; (4) not holding the phone in
the hand but in a pocket and (5) for directions involving stairs
indicating whether you need to go up or down the stairs. This
last suggestion was caused by the system providing directions
dynamically so depending on the estimate of the user loca-
tion the system would direct “go down the stairs” but if the
system’s estimate were beyond or on the stairs this direction
would be omitted. One user preferred to not hold the phone
in the hand as this user prefers to use this hand to protect
their face while navigating. Repeating directions was already
implemented as directions are calculated dynamically based
on the system’s current estimate of the location of the user.
This functionality was not made available to the participants
to keep the study simple and avoid any false confirmations.

DISCUSSION AND FUTURE WORK

Overall the system was able to successfully guide users to
their destination in 85% of the paths. The experiences and re-
sults collected were encouraging. The following issues need
to be addressed in order to improve the accuracy of Navatar.
The sensors used are inexpensive but also erroneous and to
improve step detection, rather than holding the phone in the
hand, better results may be achieved by placing it at a differ-
ent part of the body such as the legs.

Detecting steps was more difficult as some users would scut-
tle when counting doors and alternative direction provision
strategies may need to be employed. When following walls
users typically have a firmer stride, so wall following in direc-
tion provision may be preferred over door counting. Scuttling
may not be avoided completely as users with visual impair-
ments often have inefficient gait due to predominantly seden-
tary behaviors during the developmental years [16]. Alter-
natively, a pressure sensor could be embedded in the user’s
shoes to detect steps, which may be more precise than detect-
ing steps using an accelerometer, but this may add to the cost
of the system.

Future user studies will include a larger number of users who
are visually impaired and will also involve navigating in more
complex environments, such as open spaces, and involving a
larger variety of landmarks, or sounds and smells. The in-
tention is also to explore planning safer paths that lead along
a larger number of landmarks or include landmarks that are
more distinguishable. In the current system the next direction



is provided manually based on the user’s confirmation of suc-
cessfully executing the direction. The studies demonstrate
that sufficiently accurate localization is achievable, which
may allow for automatic direction provision similar to how
car navigation systems provide directions. This could make
navigation more efficient and reduce cognitive load, as the
user does not have to engage in tasks such as identifying
doors. Confirmations of landmarks will still be incorporated
periodically as to mitigate the error of dead reckoning local-
ization.

A significant benefit of Navatar is that it can be installed at
a much lower cost than alternative indoor localization sys-
tems. The StarGazer system used for measuring ground truth
cost over $2,000 and three days to install for two floors of the
building where the user study was conducted. It also requires
the user to carry a heavy, awkward sensor. For comparison
creating the 3D model and annotating it with landmarks only
took 3 hours using Google Sketchup, with the use of an ex-
isting 2D floor plan, which is available for most buildings.
Future research will study how to automatically extract land-
marks, such as doors or staircases, from the geometry of a 3D
model rather than annotating them manually. This would al-
low for using models that are created using robotic mapping
[18]. As some annotations such as room numbers need to
be annotated by sighted humans, to facilitate crowd-sourcing
efforts, the intention is to explore how models can be most
easily annotated and how annotations can be verified.

To improve obstacle avoidance and successful landmark
recognition, it is desirable to leave users’ hands free. Users
could wear a wireless headset with a microphone worn on one
ear leaving the other ear free to listen to any sounds in the im-
mediate environment. Speech recognition could be used that
allows users to verbally provide a destination, e.g., “lead me
to room 334”. Further down the road, Navatar could facili-
tate answering spatial queries such as “where is the nearest
fire escape?”.

CONCLUSION

This paper presents an indoor navigation system called Na-
vatar that allows for navigating a user with visual impair-
ments by exploiting the physical characteristics of indoor en-
vironments, taking advantage of the unique sensing abilities
of users with visual impairments, and minimalistic sensing
achievable with a smartphone. A user study with six visually
impaired users evaluated the accuracy of Navatar and found
that users could successfully complete 85% of the paths. To
improve its accuracy more sophisticated techniques need to
be developed that allow for detecting the unique steps of users
with visual impairments using low cost sensing. Once its ac-
curacy is further improved, Navatar is anticipated to have a
high probability of large-scale deployment due to its low in-
stallation cost and its potential to leverage crowd-sourcing ef-
forts for the annotation of virtual indoor models
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