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Abstract

Background: A challenge to individuals with cognitive impairments in wayfinding is how to remain oriented, recall
routines, and travel in unfamiliar areas in a way relying on limited cognitive capacity. While people without
disabilities often use maps or written directions as navigation tools or for remaining oriented, this cognitively-
impaired population is very sensitive to issues of abstraction (e.g. icons on maps or signage) and presents the
designer with a challenge to tailor navigation information specific to each user and context.

Methods: This paper describes an approach to providing distributed cognition support of travel guidance for
persons with cognitive disabilities. A solution is proposed based on passive near-field RFID tags and scanning
PDAs. A prototype is built and tested in field experiments with real subjects. The unique strength of the system is
the ability to provide unique-to-the-user prompts that are triggered by context. The key to the approach is to
spread the context awareness across the system, with the context being flagged by the RFID tags and the
appropriate response being evoked by displaying the appropriate path guidance images indexed by the
intersection of specific end-user and context ID embedded in RFID tags.

Results: We found that passive RFIDs generally served as good context for triggering navigation prompts,
although individual differences in effectiveness varied. The results of controlled experiments provided more
evidence with regard to applicabilities of the proposed autonomous indoor wayfinding method.

Conclusions: Our findings suggest that the ability to adapt indoor wayfinding devices for appropriate timing of
directions and standing orientation will be particularly important.

1. Introduction
Cognitive impairments range from ones that are present
at birth (such as Down’s syndrome and intellectual and
developmental disabilities, IDD), to ones that are
acquired due to some form of traumatic brain injury or
illness (such as aphasia, a speech and language disorder,
or amnesia), to ones that emerge through the normal
aging process (such as Alzheimer’s disease), to ones that
arise due to complicated causes such as schizophrenia.
In the US alone, an estimated 4.32 million people have
intellectual and developmental disabilities [1]. Approxi-
mately 4.5 million individuals had Alzheimer’s disease in
2006; this number is projected to grow to 14 millions by
2050. Aphasia impacts approximately 1.1 million indivi-
duals in North America [2]. In Taiwan, one million out

of twenty-three millions of population are registered as
disabled with thirty percent of them found cognitively
impaired. Mentally/cognitively disabled individuals are
still independently mobile, unless they are also mobility
impaired. Thus there are significant numbers who could
benefit from assistive technology for wayfinding.
While people without disabilities often use maps or

written directions as navigation tools or for remaining
oriented, this cognitively-impaired population is very
sensitive to issues of abstraction (e.g. icons on maps or
signage) and presents the designer with a challenge to
tailor navigation information specific to each user and
context. For example, some dementia patients may suf-
fer from spatial disorientation at unfamiliar places or
forgetting intended destinations [3]; people with trau-
matic brain injury (TBI) or intellectual and developmen-
tal disabilities may not be able to recall clues of the
routes they once firmly trained to acquire [4,5]. Current
methods in social services for aiding people with
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wayfinding are labor-intensive [6]. For example, job coa-
ches at several Taipei-based rehabilitation institutes,
who work with individuals with mental impairments to
support them in learning new jobs and maintaining paid
employment, may work for weeks helping a person
learn how to travel to and from work. Even then, the
individual may at times still require assistance of one
form or another. While en route to the work, the person
needs to be reminded by phones from the supporting
group, or followed by the job coach invisible to the per-
son, in order to keep things safe and in control.
With the capacity to move and the desire to be

socially included, the system developed in this study is
targeted on those mentally/cognitively disabled indivi-
duals who are independently mobile but have difficulties
reaching the expected destination. This paper describes
an approach to providing distributed cognition support
of indoor navigation for persons with cognitive disabil-
ities. A prototype was built and tested in field experi-
ments with real subjects. RFID tags were placed at
decision points such as hallway intersections, exits, ele-
vators, and entrances to stairways.
The contributions of the paper include the following:

(1) both exploratory and comparative study of an indoor
wayfinding system for participants with cognitive
impairments; (2) use of RFID technology to support
wayfinding without a shadow team; and (3) adaptation
of a simplified task load index (TLX) for subjective
assessment of user experiences. The paper is organized
as follows. In the next section, we survey the state of
the art in the wayfinding research for individuals with
cognitive impairments. Then, prototype design is pre-
sented. Implementations and results are shown with fol-
low-up discussions. The paper concludes with some
final remarks.

2. Related Work
The growing recognition that assistive technology can
be developed for cognitive as well as physical impair-
ments has led several research groups to prototype way-
finding systems. A resource-adaptive mobile navigation
system [7,8] was studied for both indoor and outdoor
environments, although it was not specially design for
people with disabilities. Cognitive models were built to
study human wayfinding behaviors in unfamiliar build-
ings and salient features of route directions were identi-
fied for outdoor pedestrians [9,10]. Kray [11] proposed
situational context for navigational assistance.
Baus et al. [12] developed auditory perceptible land-

marks for visually impaired people and the elderly peo-
ple in pedestrian navigation and conducted a field
experiment on a university campus. Goodman, Brewster,
and Gray [13] showed that an electronic pedestrian
photo-based navigation aide based around landmarks

was more effective for older people than an analogous
paper version. Opportunity Knocks (OK) [14] and other
similar work form the University of Washington [15]
provided text-based routing directions for users with
GPS-enabled cellular phones. It can issue user errors if
there is deviation being detected. The Opportunity
Knocks experiment was based on one single outdoor
user. Furthermore, Opportunity Knocks used a hierarch-
ical Dynamic Bayesian Network model in the inference
engine to continuously extract important positions from
GPS data streams in outdoor navigation.
Sohlberg, Fickas, Hung, and Fortier [5] at the Univer-

sity of Oregon compared four prompts modes for route
finding for cognitively impaired community travelers. It
was found auditory modality was better than text or
image modality in outdoor use of PDAs because image
and text on the PDA screen is difficult to read under
the sun, especially for subjects with poor vision in their
field study. A “Wizard of Oz” approach instead of a con-
text-aware implementation was used for sending naviga-
tion information. Researchers at the University of
Colorado have implemented a system for delivering just-
in-time transit directions to a PDA carried by bus users,
using GPS and wireless technology installed on the
buses [16].
The Assisted Cognition Project at the University of

Washington has developed artificial intelligence models
that learn a user behavior to assist the user who needs
help [15]. The system was tested with success in a
metropolitan area. Later a feasibility study [17] of user
interface was conducted by the same team, who found
photos are a preferred media type for giving directions
to cognitively impaired persons who navigated indoors,
in comparison with speech and text. They also used a
“Wizard of Oz” approach to decide when to send photos
from the shadow team.

3. A Rfid-Based Wayfinding Design
As informed by the human activity assistive technology
(HAAT) model [18], an assistive solution has four com-
ponents: the human, the activity, the assistive technol-
ogy, and the context in which the first three integrated
factors exist. In light of the HAAT model, our prototype
called U-Service DOG (Ubiquitous Service for Direction
Guide) is designed to assist with navigation for indivi-
duals with cognitive disabilities. It consists of PDA user
interfaces, RFID tags and readers, and a routing engine.
See Figure 1. Each component will be described in the
following.

User Interface Design
People’s spatial abilities depend mainly on the following
four interactive resources: perceptual capabilities, funda-
mental information-processing capabilities, previously
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acquired knowledge, and motor capabilities [19]. These
abilities are a necessary prerequisite for people to find a
way from an origin to a destination. However, for people
with severe cognitive impairments, the first three
resources are generally limited. Therefore, the proposed
system provides multimedia cues for them to use as
environmental information, and a PDA for them to pro-
cess representations of spatial knowledge in order to
move through the environment. In addition, Passini [20]
studied the communication aspect of wayfinding design.
In terms of wayfinding communication, designers have
to respond to three major questions: what information
should be presented, where and in what form. Passini
further pointed out that a key rule of environmental
perception is that information is not seen because it is
there but because it is needed. During wayfinding, peo-
ple will select that information which is relevant to their
task. An analysis of decisions made by subjects who
tried to find a destination, showed that they tended to
perceive information when it was directly relevant to the
behaviors associated with an immediate task and did not

perceive information irrelevant to the immediate task
even if it might be useful later on. Therefore, spatial
abilities are sensitive to perceptual information, and in
particular the time and place to receive it.
The design draws upon the requirements based on

interviews with nurses and job coaches at rehabilitation
hospitals and institutes. Previous work of Passini with
dementia [20] has shown that patients with dementia
show marked cognitive wayfinding deficiencies. They
tend to have significantly reduced cognitive mapping
abilities. They are not able to make wayfinding decisions
requiring memory or inferences while they may still be
able to make decisions based on explicit architectural
information and directional signs. They can no longer
develop decision plans, and can only operate from one
decision point to the next so that they can be mobile
and as autonomous as possible. This motivated us to
use a prompting device to provide directional guidance
at decision points. In light of Passini’s findings, the pro-
posed wayfinding system uses the PDA to provide the
signage on the screen in the format of pictures or videos

Figure 1 Model of wayfinding devices.
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when individuals with cognitive impairments approach
decision points.

RFID for Distributed Cognitive Aid
To provide indoor navigation assistance, the user posi-
tion needs to be determined first. Wi-Fi, Bluetooth, 2G,
3G, ultrasonic waves, and lasers are among the compet-
ing choices for indoor positioning with which the major
issue is the trade-off between accuracy and cost [21].
Except very expensive equipment such as lasers and
ultrasonic waves, the state of the art technology [22]
with 3 meters in errors makes it difficult to apply in
indoor positioning because the user may have gone into
an incorrect direction until he receives any navigation
assistance. In our study, radio-frequency identification
(RFID) tags [23] are used for the purpose of wayfinding.
RFID is an automatic identification method, relying on
storing and remotely retrieving data using devices called
RFID tags or transponders.
There are two kinds of RFID tags. Active tags can

operate remotely within one to two meters without
visual contact. However, they are expensive and battery
operated. On the other hand, passive tags work without
battery because they are radio charged momentarily by a
reader. They can be packaged in a rugged form factor,
cost less than a dollar each peace and they are mainte-
nance free. For large buildings with thousands of nodes
of deployment, the cost becomes a critical issue. There-
fore, we adopt passive RFID tags to trigger navigational
cues.
A RFID tag is placed at each decision point which is

any physical position where the individual is presented
with a navigational choice. Decision points where navi-
gational choices must be made may be doorways, cor-
ners, or intersections of corridors. In many situations
such as straight corridors in indoor environments, no
RFID tags need to be placed in the middle since there
are no changes of directions. Therefore, RFID tags are
not densely distributed everywhere. The users need to
visually indentify and locate a tag which is mostly on
the wall before their PDA with an add-on or built-in
RFID reader can interact with the tag in a short dis-
tance, usually less than 5 centimeters. To reduce the
cognitive load of identifying tags in surrounding areas,
the tag positions are not only adjusted to be more
noticeable but also attached to flashing blue LEDs to
further increase opportunities to get read.

Delivery of Navigational Cues
The proposed PDA shows the just-in-time directions by
displaying photos, thus eliminating the need of a shadow
team behind the user and reducing the burden on care-
providers. The architecture of the proposed system is
shown in Figure 2. Although in the laboratory we tested

connectivity options including GPRS, Wi-Fi, 3G, and
3.5G and measured each performance, we used only
GPRS in the field experiment. We didn’t preload the
PDA with all the navigation pictures used in the field
test to emulate the situation that individuals with cogni-
tive impairments download the pictures on demand
when visiting new indoor environments. Therefore, the
PDA constantly communicates with the server despite
of the cached memory of the PDA. However, for naviga-
tion photos that are cached, their download time is
saved because of direct fetch from the memory of the
PDA. See Figure 3 for a sample picture downloaded on
the PDA screen.

Dual Interface
Assistive devices for individuals with cognitive impair-
ments often need a dual interface for their care provi-
ders to program the device. End user programming was
confirmed as one of the key system requirements during
user interviews because it can eliminate the need to
involve rehabilitation engineers or technicians. For dual
interfaces designed for the wayfinding system, see Figure
4.

Routing
Routing is a key feature of wayfinding devices. The
details of the routing algorithm were described in our
earlier work [6]. See Figure 5 for three routes planned
for individuals with various disabilities. In the prototype,
the Dijkstra algorithm, a time-honored graph theoretic
method [24] is applied for routing. Oftentimes, a user
can deviate from the correct route because he misses a
tag, misinterprets the pictorial prompt, or simply gets
distracted. Again the system employs the Dijkstra algo-
rithm to handle situations in which detours have been
taken during the way-finding process. The system sim-
ply uses the tags on the detours to reroute a new path.
Navigating in indoor symmetric environments such as

many public buildings can be especially a challenging
task. It is true for people with or without cognitive
impairments to get lost if there is symmetry when they
stand still and look around. Fortunately, when they navi-
gate indoors, we can provide directions for them when
they face symmetry according to the node they just vis-
ited. For example, when an individual with cognitive
impairments steps out of an elevator and encounters
both a left corridor and a symmetric right corridor, the
navigation photo shows the turn to take next before
exiting the elevator. Similarly, when an individual moves
along a hallway and then hits two symmetric corridors,
we arrange a photo to indicate which turn to take before
entering the turning point by placing an RFID tag.
When people with cognitive impairments decide to

change their minds in the middle of the planned route,
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they simply go back to the main menu of the navigation
system on the PDA and choose a new destination. We
didn’t provide the “abort” function per se. Even if they
decide to go back to when they come from, they set the
origin as the new destination.

4. Experimental Results
The PDA used in the experiment is an ETEN X800,
equipped with a screen size 320*240, Wi-Fi 802.11 g,
Bluetooth, GPRS/HSDPA and an ISO 14443A RFID
reader the scanning range of which is about 10 cm. The
size of photos is the range of tens of Kbytes in JPEG
format. The user interface for rendering the photos is
programmed on Microsoft IE Mobile for Windows
Mobile 6.0. The server is an Intel-based PC for authenti-
cating the users, planning a trip, serving photos upon
requests from PDAs, and receiving timestamps for each
position visited. The connectivity was provided by GPRS
in our experiment, although 3G, HSDPA, and 802.11 g
Wi-Fi networks were also used during the development
stage. The download time of a prompting photo for var-
ious types of connectivity, each based on multiple mea-
surements, is shown in Table 1. The delay in navigation
update caused by the tag identification, GPRS connec-
tion and image rendering is mostly around 4.0 seconds.
Photos can be stored on PDA ahead of time and

invoked immediately when needed. Occasionally, the
quality of photos has to be enhanced and photos are
retaken. Therefore, the PDA is designed to remain con-
nected when in use so that the most updated photos

can be retrieved. Downloaded photos are locally cached
for repeated use. This could potentially save communi-
cations energy and perhaps cost while reducing signifi-
cant amounts of response time.

4.1 Settings
Five routes in different combinations of stairways, eleva-
tors, and turns were used in the study. The routes
exhibited various complexities, which are summarized in
Table 2. Route 1 (R1) starts from the Rehabilitation
Center, which is located on the ground floor, to the
Employee Library, which is at the sixth floor of the
Tech Building (Figure 6) and involves using an elevator
in the middle. Route 2 involves taking the stairs down
one flight and Route 3 involves taking the stairs up one
flight. Route 4 involves using an elevator and then 4
turns on the same floor to hit the destination.

4.2 Volunteer Recruitment Protocol
Participants were recommended by the participating
rehabilitation institutes and screened according to sever-
ity of cognitive impairments, the ability to remain
oriented, and severity of loss in short-term memory. To
prove the effectiveness, priorities were given to medium
and low functioning individuals as opposed to high func-
tioning ones. Moreover, screening also took into account
the ability to operate the PDA and understand its feed-
back. An assessment was made to decide the qualification
as subjects. Table 3 lists the basic profiles of the six parti-
cipants with sensitive and irrelevant data omitted.

Figure 2 Architecture and system interaction of the wayfinding prototype. Architecture and system interaction of the wayfinding
prototype. (1) By sensing the RFID tag, the user PDA determines the current location of the user. (2) Location information is sent over GPRS to
the server. (3) The server decides which photo to send to the user.
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The user group in our study consists of individuals
with differing types of cognitive syndromes, ages, and
physical conditions in evaluating effectiveness and the
appropriateness of the proposed system. Participant 1
has IDD and mild difficulties in memorizing routine
procedures in his workplace. He occasionally gets lost
and has to call for help by cellular phones. Participant 2
has also IDD and her epilepsy has significantly negative
impacts on her cognitive abilities. She also has problems
holding things steadily, including the PDA to be used in
the experiment. She is on a paid job working in a res-
taurant kitchen where travel in large areas is not
required. Participant 3 has the Parkinson’s disease in
addition to depression. He is always accompanied by his
family no matter where he travels. Participant 4 has
dementia and is forgetful about routes or work

procedures. He has not been under employment since a
car accident happened to him some years ago. Getting a
job some day is his wish. Participant 5 has IDD and
schizophrenia, which make her unable to distinguish
ambient sounds from those imagined from within. Parti-
cipant 6 has schizophrenia. Her family hires a caregiver
to accompany her all day long. During the experiment,
she was found to become playful with the PDA in hand
and enthusiastic.

4.3 Field Experiments
All the six subjects were first-time PDA users. Partici-
pants were shown the device and trained before the
experiments. They practiced how to touch the buttons
on the screen, how to orient the PDA to read the RFID
tag, and when to pay attention to the photos on the
screen. They also asked questions they came up with
and we tried to answer and explain until they felt com-
fortable to start taking the routes. Such pre-test session
normally took 10 to 20 minutes. Afterwards, they were
led to the starting location of each route and given the
task of following the device’s directions to the destina-
tion. The routes were all unfamiliar to the subjects.
The computational cost to determine a path given a

large scale deployment is manageable because the Dijk-
stra algorithm can efficiently handle sparse matrices of
nodes in buildings. In our experiments, computation of
routes took time in the order of 0.001 seconds on the
PDA for a map with 364 nodes. In Figure 7, we sum-
marize the experimental outcomes based on the obser-
vations of the prototype design team. In the 30 trips
made by 6 cognitively impaired participants taking 5
routes, there were 15 successes without detours and 13
successes with detours. The ratio of successful wayfind-
ing was 93%. When participants took detours, they were
rerouted by the wayfinding device. In the 13 successes
with detours, participants had two additional reads of
RFID tags for each detour, one in the detour and the
other en route. Participant 3 failed to complete the
route involving an elevator where he seemed to have
difficulty understanding the photo that told him to press
a button on the panel. In other words, he was stuck.
However, on the remaining routes that also involved
elevators, there was no further problem. For participant
4, he bypassed a tag without scanning it on Route 1,
which resulted in a detour to an exit of the building.
The PDA didn’t reroute him back because of no out-
door RFID tags.
After the exploratory study, we designed control

experiments to see whether the performance difference
with and without technology is statistically significant.
Furthermore, we designed comparative experiments to
test the efficacy by observing behaviors on an alternating
treatments design study.

Figure 3 An augmented photo. An augmented photo overlaid
with an arrow showing the just-in-time direction on the wayfinding
PDA.
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Figure 4 A decision point. A decision point labeled with node 31 is to be loaded with four photos, one for each direction. A photo facing the
east is currently highlighted by clicking the selected photo in the bottom row.

Figure 5 Routing for individuals with multiple special needs. Routing for individuals with multiple special needs: users with cognitive
impairments, wheelchair users, and users with low vision
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4.4 Control Experiments
Control experiments were conducted by asking partici-
pants to take one route that was felt most comfortable
among the five routes. Before the control experiments,
participants were first asked whether they had confi-
dence using learning transference they just acquired
with PDAs to navigate without PDAs. During control
experiments, a paper print-out with a set of pictures on
the map of the routes was used. The control route was
taken without PDAs so that we could compare the pro-
posed system to the low-tech baseline. After the low-
tech experiment was finished, a participant was asked to
navigate the same route using PDA. We didn’t plan a
full scale control experiment by asking test subjects to
go through the same process for every route because
most of them had only limited physical strength.
Table 4 summarizes the control experiments. Each

individual was asked whether s/he could make it without
PDAs. The self-estimation is recorded in the “self-confi-
dence” field. In control experiments, only two of the six
participants succeeded compared to all the six who suc-
ceeded on the same route taken earlier with a PDA.
Due to insufficient short-term memory, learning trans-

ference didn’t help much for participants 1, 3, 4, and 6.
Although participant 4 initially had self-confidence, he
still didn’t make it with assistive technology. The results
showed the performance with assistive technology was
better than that with the low-tech baseline. The control
experiments were concluded by repeating the chosen
route with the PDA for navigation. The results were
consistent between the first time use of PDAs and the
second. Therefore, the control failures with participants
1, 3, 4, and 6 were not attributed to physical fatigue.

4.5 Task Load Measurement
Besides technical evaluation, subjective workload mea-
surement is also important to the success of the system
and adoption of the assistive device. To evaluate the
task load subjects may have experienced during device
use, we adopt Hart and Staveland’s NASA Task Load
Index (TLX) method [25]. NASA TLX includes 6
indices: mental demand, physical demand, temporal
demand, performance, effort, and frustration. Consider-
ing the reading and verbal limitations with our subjects,
TLX-based assessment was conducted in the form of
oral interview. In the meantime, 21 gradations have
been simplified and reduced to only 5, i.e. 1 to 5, repre-
senting very low, somewhat low, neutral, somewhat
high, and very high. The survey results are summarized
in Table 5.
In this study, the subjects unanimously found mental,

physical demands and efforts to operate the device low
or very low except that participant 4 considered them
neutral. In addition, no individual felt rushed to meet
the expected level of performance. The pace of the task
was not hurried either. The performance of the pro-
posed system was considered high or very high. During
the interviews, all the participants felt comfortable
recommending the system to their friends. No signifi-
cant frustration was experienced by the participating
users.

4.6 Comparative Study
After the exploratory and control studies were con-
cluded, we invited our test subjects for a comparative
study to validate robustness of the proposed method
against other methods. The study design combined a
multiple-probe across subjects design [26] with an alter-
nating treatments design [27]. The multiple-probe
design allowed us to demonstrate a functional relation
between introduction of picture-based prompts and
increases in the percentage of wayfinding tasks com-
pleted correctly. The alternating treatments design
allowed us to compare the relative effectiveness of sha-
dow team experiments and autonomous wayfinding.
Participant 1 and participant 4 agreed to take part in a

three-week experiment. During the first week, a baseline
measurement was accomplished with a subject carrying

Table 1 Download time of a navigation photo of size 31
Kbytes

Type of
Connectivity

GPRS 3G 3.5G,
HSDPA

Wi-Fi 802.11
g

Max. Speed 114
kbps

384
kbps

1.8 Mbps 54 Mbps

Measured Speed
(kbps)

62.0 88.6 104.8 548.0

Avg. Time (sec) 4.0 2.8 2.3 0.5

* Average time is based on 5 times of measurements

Table 2 Route profiles and complexities

Route ID Destination Vertical movements Turns #RFID to stop by

R1 Library, Tech Building 1F~6F 3 7

R2 Warehouse, Central Building 1F~B1 6 6

R3 HCI Lab, Central Building 1F~2F 5 7

R4 Gym, Central Building 1F~12F 4 7

R5 Library, Administration Building 1F~7F 3 8
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the map of routes one at a time before walking to the
destination. For each session, all the five routes were
tested and statistical results in terms of success rates
were collected. During the second week, a shadow team
approach [5,17] was taken. Subjects carried a PDA
which received navigation cues from the PDA of a sha-
dow team whenever a decision point was approached. In
other words, the timing of prompts was controlled by
the shadow team instead of the context in the environ-
ments. In the last week, our proposed method of auton-
omous wayfinding was used and subjects carried the
device for indoor navigation.
The experiments resulted in a total of 30 sessions in 3

different navigation strategies with 15 sessions for a sub-
ject. The statistics is depicted in Figure 8 and Figure 9.
For the two subjects, the baseline achievements varied
from 20% to 40% for participant 1 and from 40% to 80%
for participant 4. The performance difference between
the baseline and the shadow team is statistically signifi-
cant (ID 1: p = 0.0001, t = 10.1193, df = 8; ID 4: p =
0.0004, t = 5.8797, df = 8). The performance of the

shadow team approach in terms of success rates
improved significantly for the two subjects. With the
wayfinding system, the performance difference between
the PDA and the baseline is statistically significant (ID
1: p = 0.0001, t = 10.1193, df = 8; ID 4: p = 0.0004, t =
5.8797, df = 8). The high success rates validate the effec-
tiveness of the navigation cues and interface design of
the PDA. The results in the autonomous wayfinding
strategy indicate that the performance is as good as the
shadow team approach and that the navigation cues can
be triggered by users themselves sensing RFID tags
without a shadow team behind. Participant 4 was able
to achieve independence in indoor wayfinding using the
proposed prompting system for five consecutive sessions
at 100% success rates while participant 1 had four ses-
sions with 100% success and an occurrence of 80%.

4.7 Discussions and Implications
Participants’ self-estimation is found to be consistent
with the experimental outcome, except participant 4 who
thought he could make it. There were two participants,

Figure 6 The five routes used in the experiments.

Table 3 Profiles of six participants

ID Gender Age Education Syndromes

1 M 26 High School Intellectual and developmental disabilities (IDD)

2 F 21 High School IDD, Epilepsy

3 M 76 College Parkinson’s Disease

4 M 37 High School Dementia

5 F 19 High School Schizophrenia, IDD

6 F 47 Elementary School Schizophrenia
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namely participants 3 and 4, who ran into difficulty and
deviated from the correct path, respectively. Participant 3
had difficulty understanding how to interpret a photo to
take an elevator to a desired floor. We modified the
photo he didn’t understand so that it showed a person’s
hand pressing the desired button instead of just the but-
ton alone. In the case experienced by participant 4, we
learned that some turns seemed to be easier to be
neglected. For those turns, we adjusted the tag positions
to be more noticeable.
We further discuss the impact of carryover bias in the

study. If the effect of a treatment continues after the
treatment is withdrawn then the response to a second
treatment may well be due in part to the previous treat-
ment. This, so called, carryover effect may bias any type
of study in which subjects are tested more than once.
One way of reducing the amount of the carryover bias
should require a sufficient washout period between two
tests on the same subject. However, due to physical
strength and personal safety concerns, we are allowed
only an afternoon of time for the two tests. Therefore,
the carryover bias may indeed remain unpreventable.

Our strategy is to favor the efficacy of control experi-
ments by first conducting the technology assisted
experiment and then the control experiment for each
subject. Due to carryover effects of learning transfer-
ence, what we obtain in the control experiments are
actually upper bounds of their efficacy. By doing so, we
make it harder for the proposed assisted technology to
outperform the baseline.
In the control experiment, the subject was allowed to

choose their preferred route. The rationale behind it is
similar. Due to limited time and physical strength, we
didn’t ask subjects in the control experiment to repeat
every route they navigated with assistance of technology.
We let them choose their preferred route instead. The
performance of the control experiment should therefore
be interpreted as an upper bound.
A service provider who eventually deploys a system

like this has to ensure that a tag remains functional over
time with proper packaging and installation so that
there isn’t much a chance that it could fall off the wall,
get covered by something, or become difficult to notice
in some way. Furthermore, a primary security concern

Figure 7 Experiments of six cognitively impaired participants taking the five routes.

Table 4 Control Experiments

Participant Route picked Self-confidence (Yes/No) Success with print-out Success with PDA

1 R4 N N Y

2 R5 Y Y Y

3 R5 N N Y

4 R5 Y N Y

5 R5 Y Y Y

6 R3 N N Y

Ratio (when applicable) 50% 33% 100%
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surrounding RFID technology is the illicit tracking of
RFID tags. Tags which are world-readable pose a risk to
personal location privacy. In our study, RFID tags are
not carried by the individuals but fixed like road signs.
Therefore, there are no security issues on the tags.
Social stigma was once considered a potential issue

before the experiment was started. Interacting with spe-
cial signage at decision points was supposed to single out
some potential users of the system and reveal the condi-
tion of the user to all bystanders. However, our field
experiments in a crowded building complex revealed that
it was not a real issue. Bystanders were rarely attracted to
watch our subjects using their wayfinding PDAs, except
that only two seemed curious about the signage deployed
on the routes and mere one of them bothered to ask
what it was. PDAs have been around for several years
and people tend to see them like ordinary cellular
phones. Therefore, using PDAs as wayfinding devices did

not become a target of social stigma. We observed low
initial reservations and resistance users exhibited about
the device and the technology.

4.8 Limitations and Future Directions
One limitation to this study was the small number of
participants. Originally, 8 participants were recruited.
However, one participant became ill and missed several
weeks of occupational training; the other left his job
coach because of decreasing willingness to become
employed. Therefore, replication studies are needed to
confirm the findings provided here when used with
increasing numbers of users with moderate and severe
cognitive disabilities.
There are some limitations to the PDAs and user

interfaces. PDAs are fragile and not weather proof.
Therefore, protective measures need to be taken to keep
them in good maintenance from frequent use. Strong
sunshine can make the screen hardly viewable. Fortu-
nately, it is not a problem in indoor wayfinding. Form
factors are also an issue. Although small and thin PDAs
are easier to carry with, small screens are less useful for
photo rendering. The use of RFID readers with a short
range implies the user standing close to a tag. Future
research directions include the alternative technology
such as active RFID tags or Wi-Fi beacons to determine
the user’s actual position in the environment (e.g. [28]),
which can potentially reduce the cognitive load and pos-
sibility for users of the system to miss a tag en route.

Table 5 Subjective assessment of task load on PDA users

TLX Index Test subjects (ID)

1 2 3 4 5 6

Mental demand 1 1 1 3 2 2

Physical demand 1 1 2 3 2 2

Temporal demand 2 2 1 2 2 2

Efforts 1 2 2 3 2 2

Frustration 2 1 2 2 2 2

Performance 5 5 5 4 4 4

Figure 8 The study of participant 1 in three phases.

Chang et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:45
http://www.jneuroengrehab.com/content/7/1/45

Page 11 of 13



5. Conclusions
This paper presents a simple, effective RFID based sys-
tem for indoor wayfinding. A small user study involving
individuals with cognitive impairments investigated its
performance in exploratory, control, and comparative
experiments with the PDA equipped with autonomous
routing capabilities and context sensing. We hope this
study adds to the limited literature of indoor wayfinding
that was based on distributed cognition without relying
on a shadow team. The results can potentially reduce
the burden on care-providers. Given the evidence base
of empirical data, the system is an appropriate candidate
to address the wayfinding needs for people with mild or
more moderate forms of impairments in various types
of cognitive syndromes. However, the success ratio can
depend on the extent to which participants are impaired
with mental disabilities, the complexity of routes, the
degree of received training and self-practices, and the
distractions the participants may encounter.

Acknowledgements
The authors would like to thank all subjects who participated in this study.
Furthermore, we are grateful to Hung Chen, Wisdom Cheng for their
support. This work was supported by NSC grants 97-2627-E-008-001- and 98-
2221-E-033-024-.

Author details
1Department of Electronic Engineering, Chung Yuan Christian University,
Taiwan. 2Institute of Health and Welfare Policy, National Yang Ming
University, Taiwan. 3Center for Occupational Therapy, Taipei Municipal
Hospital, Taiwan.

Authors’ contributions
YJC led this work, designed the experiment, and recruited care providers
from hospitals. YJC also drafted the manuscript. SMP, YRC, and HCC
performed the measurements of all participants, data analysis, and statistical
analysis. TYW participated in the field work and coordination of the field
study and assisted with drafting the manuscript. SFC assisted with recruiting
participants with cognitive impairments and caring during the experiments.
All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 28 March 2010 Accepted: 14 September 2010
Published: 14 September 2010

References
1. Braddock D, Hemp R, Rizzolo M, Parish S: The state of the states in

developmental disabilities: Study summary. In Disability at the Dawn of
the 21st Century and the State of the States Edited by: Braddock D [https://
www.cu.edu/ColemanInstitute/TOC.pdf].

2. The Aphasia Institute: What is Aphasia? [Online]. 2005 [http://www.aphasia.
ca/].

3. Wu M, Baecker R, Richards B: Richards Participatory Design of an
Orientation Aid for Amnesics, CHI. Portland, Oregon, USA 2006, 511-520.

4. Dutton GN: Cognitive vision, its disorders and differential diagnosis in
adults and children: Knowing where and what things are. Eye. 2003,
17:289-304.

Figure 9 The study of participant 4 in three phases.

Chang et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:45
http://www.jneuroengrehab.com/content/7/1/45

Page 12 of 13

https://www.cu.edu/ColemanInstitute/TOC.pdf
https://www.cu.edu/ColemanInstitute/TOC.pdf
http://www.aphasia.ca/
http://www.aphasia.ca/
http://www.ncbi.nlm.nih.gov/pubmed/12724689?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12724689?dopt=Abstract


5. Sohlberg M, Fickas S, Hung PF, Fortier A: A comparison of four prompt
modes for route finding for community travelers with severe cognitive
impairments. Brain Injury 2007, 21(5):531-538.

6. Chang YJ, Wang TY: Comparing Picture and Video Prompting in
Autonomous Indoor Wayfinding for Individuals with Cognitive
Impairments. Personal and Ubiquitous Computing , accepted.

7. Baus J, Kray C, Krüger A: Visualization of route descriptions in a resource-
adaptive navigation aid. Cognitive Processing 2001, , 2: 2-3, 323-345.

8. Wahlster W, Baus J, Kray C, Krüger A: A Resource-Adaptive Mobile
Navigation System. Proceedings of the International Workshop on
Information Presentation and Natural Multimodal Dialogue (IPNMD-2001),
Verona, Italy 5-9.

9. Nothegger C, Winter S, and M: Raubal Selection of Salient Features for
Route Directions. Spatial Cognition and Computation 2004, 4(2):113-136.

10. Raubal M: Human wayfinding in unfamiliar buildings: a simulation with a
cognizing agent. Cognitive Processing 2001, , 2-3: 363-388.

11. Kray C: Situational Context and Navigational Assistance. Poster of Spatial
Cognition, Tutzing, Starnberger, Germany 2002.

12. Baus J, Wasinger R, Aslan I, Krüger A, Maier A, Schwartz A: Auditory
perceptible landmarks in mobile navigation, Proceedings of the 12th
international conference on Intelligent user interfaces. Honolulu, Hawaii,
USA 2007, 302-304, (ed.), American Association in Mental Retardation,
Washington DC, p. 124. 2002.

13. Goodman J, Brewster SA, Gray P: How can we best use landmarks to
support older people in navigation? Behavior and Information Technology
2005, 24:3-20.

14. Patterson J, Liao L, Gajos K, Collier M, Livic N, Olson K, Wang S, Fox D,
Kautz H: Opportunity Knocks: a System to Provide Cognitive Assistance
with Transportation Services. Proceedings of The Sixth International
Conference on Ubiquitous Computing (UBICOMP) 2004.

15. Liao L, Fox D, Kautz H: Learning and inferring transportation routines.
Proc of the 19th Natl Conf on AI 2004.

16. Carmien S, Dawe M, Fischer G, Gorman A, Kintsch A, Sullivan JF: Socio-
technical environments supporting people with cognitive disabilities
using public transportation. ACM Trans on Computer-Human Interaction
2005, 12(2):233-262.

17. Liu L, Hile H, Kautz H, Borriello G, Brown PA, Harniss M, Johnson K: Indoor
Wayfinding: Developing a Functional Interface for Individuals with
Cognitive Impairments. Proceedings of Computers & Accessibility, ASSETS
2006, 95-102.

18. Cook AM, Polgar JM, Hussey SM: Assistive Technology Principles and Practice
Mosby-Elsevier, 3 2008.

19. Allen G: Spatial abilities, cognitive maps, and wayfinding: bases for
individual differences in spatial cognition and behavior. In Wayfinding
behavior: cognitive mapping and other spatial processes. Edited by: Golledge
R. Johns Hopkins University Press, Baltimore; 1999:46-80.

20. Passini R: Wayfinding design: logic, application and some thoughts on
universality. Design Studies 1996, 17:319-331.

21. Liu H, Darabi H, Banerjee P, Liu J: Survey of Wireless Indoor Positioning
Techniques and Systems. IEEE Trans. Systems, Man, Cybernetics, Part C 2007,
37(6):1067-1080.

22. Gu Y, Lo A, Niemegeers I: A survey of indoor positioning systems for
wireless personal networks. IEEE Communications Surveys and Tutorials
2009, 11(1):13-32.

23. Sheng QZ, Li X, Zeadally S: Enabling Next-Generation RFID Applications:
Solutions and Challenges. IEEE Computer 2008, 41(9):21-28.

24. Dijkstra E: A Note on Two Problems in Connexion with Graphs.
Numerische Mathematik 1959, 1:269-271.

25. [http://humansystems.arc.nasa.gov/groups/TLX/downloads/TLXScale.pdf],
[Online]. TLX.

26. Horner RD, Baer DM: Multiple-probe technique: A variation of the
multiple baseline. Journal of Applied Behavior Analysis 1978, 11:189-196.

27. Barlow DH, Hersen M: Single case experimental designs: Strategies for
studying behavior change. New York: Pergamon Press 1984.

28. Wang HW, Chiang SS, Wu JH, Lee RG: Design and Evaluation of Active
RFID Positioning System for Home Healthcare Service, Biomedical
Engineering: Applications, Basis and Communications. 2007,
19(2):105-115.

doi:10.1186/1743-0003-7-45
Cite this article as: Chang et al.: Autonomous indoor wayfinding for
individuals with cognitive impairments. Journal of NeuroEngineering and
Rehabilitation 2010 7:45.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Chang et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:45
http://www.jneuroengrehab.com/content/7/1/45

Page 13 of 13

http://www.ncbi.nlm.nih.gov/pubmed/17522993?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522993?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522993?dopt=Abstract
http://humansystems.arc.nasa.gov/groups/TLX/downloads/TLXScale.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16795582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16795582?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	1. Introduction
	2. Related Work
	3. A Rfid-Based Wayfinding Design
	User Interface Design
	RFID for Distributed Cognitive Aid
	Delivery of Navigational Cues
	Dual Interface
	Routing

	4. Experimental Results
	4.1 Settings
	4.2 Volunteer Recruitment Protocol
	4.3 Field Experiments
	4.4 Control Experiments
	4.5 Task Load Measurement
	4.6 Comparative Study
	4.7 Discussions and Implications
	4.8 Limitations and Future Directions

	5. Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

