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ABSTRACT 
Our research investigates representation techniques for spatial and 
related information in the design of tactile displays for pedestrian 
navigation systems.  In this paper, we report a user survey in 
which we identified and categorized landmarks used in pedestrian 
navigation in the urban context.  The results show commonalities 
of landmark use in urban spaces worldwide.  We then used the 
survey results in an experimental study that compared two tactile 
techniques for landmark representation using one or two 
actuators.  We compared the techniques on 4 measures: 
distinguishability, learnability, memorability and user preferences.  
Results from our lab-based evaluation showed that users 
performed equally well using either technique to represent just 
landmarks alone.  However, when landmark representations were 
presented together with directional signals, performance with the 
one-actuator technique was significantly reduced while 
performance with the two-actuator approach remained unchanged.  
The results of this ongoing research programme may be used to 
help guide design for presenting key landmark information on 
wearable tactile displays. 

Categories and Subject Descriptors 
H.5 Information interfaces and presentation: H.5.2 User 
Interfaces: Haptic I/O. 

General Terms 
Design, Experimentation, Verification. 

Keywords 
Landmarks, pedestrian navigation, tactile feedback, tactile 
display, mobile display, visual clutter, wearable. 

1. INTRODUCTION 
Tactile navigation displays have the potential to be deployed as an 
alternative or complement to visual navigation displays.  They 
have been reported to work effectively in environments where 
there are different forms of noise and environmental constraints 
and when users’ attention, visibility and audibility may be limited, 
e.g. Tan et al. (2003), Van Erp et al. (2005), Duistermaat (2005) 
and Ross & Blasch (2000). 

Our eventual design goal is to create a spatial display that imposes 
fewer requirements for extensive transformations between frames 
of reference by a human operator (Millar & Al-Attar, 2004) and 

allows the user to achieve high task performance in challenging 
situations.  Outstanding challenges with tactile displays for 
navigation systems include selection of spatial information types 
and their representation.  In this paper, we describe two linked 
empirical studies.  The first identifies contextually prioritised 
landmark categories important for different types of navigation.  
The second describes an experimental comparison of tactile 
representation techniques for such landmark categories on a 
wearable device for pedestrian navigation. 

2. USER SURVEY OF LANDMARK USE 
Several researchers, e.g. May et al. (2003), Burnett et al. (2001), 
Raubal & Winter (2002), and Klippel & Winter (2005), have 
suggested that a navigation system’s value could be improved by 
providing landmark information in addition to the common use of 
directional information, however, there has been no reported use 
of landmark information in tactile navigation displays. 

Landmarks for human navigation can be any objects or places that 
are stationary, distinct and salient (May et al., 2003; Grabler et al., 
2008). Landmarks are identified by their salience (Raubal & 
Winter, 2002; Klippel & Winter 2005), subjectively and 
depending on the mode of navigation (Allen, 1999).  That is, 
landmarks are not objective and universal but are chosen 
subjectively by individuals, particularly in learning and recalling 
turning points along routes (Sorrows & Hirtle, 1999). 

Landmarks play two major roles in navigation: as an organizing 
concept for space and as a navigation tool (Golledge, 1999).  In 
organizing space, landmarks can represent a cluster of objects at a 
higher level of abstraction or scale and present an anchor for 
understanding local spatial relations (Golledge, 1999).  For 
example, symbolic landmarks, such as the Eiffel Tower in Paris or 
the Statue of Liberty in New York, can come to represent an 
entire city.  They serve as reference points; other landmarks or 
objects are recalled as being near them and not vice versa.  These 
symbolic landmarks are defined by their visibility from a distance 
and, especially, their great cultural importance (Sorrows & Hirtle, 
1999). 

As a navigation tool, landmarks are used to identify decision, 
origin and destination points.  They also provide confirmation of 
route progress and orientation cues for homing vectors (Golledge, 
1999).  Landmarks enable the human to construct spatial 
relationships between objects and routes for the development of 
her cognitive map of the space (Raubal & Winter, 2002; Millonig 
& Schechtner, 2005; Michon & Denis, 2001). 

According to Allen (1999), human wayfinding can be categorized 
into three types: traveling to a familiar destination (commuting); 

 



traveling to an unknown destination (questing); and exploring the 
area, which may or may not involve visiting important landmarks 
(exploring). 

Based on human perception and memory limitations, previous 
research has recommended that the number of tactile patterns to 
be presented should not exceed seven (Millonig & Schechtner, 
2005; Chan et al., 2005; Gallace et al., 2006).  These findings 
suggest an upper bound on the number of landmarks it may be 
useful to represent within a given navigation task and context.  
Given such a constraint, it is important to identify a small set of 
landmarks that are most likely to be useful.  However, existing 
navigation systems typically present quite large sets of landmark 
information, e.g. Millonig & Schechtner (2005), Nokia Maps 
2.0; Garmin Nuvi) (see Appendix).  Our first study empirically 
identified and classified a set of landmarks or landmark types 
appropriate for use in tactile navigation systems that support the 
three navigation purposes, commuting, questing and exploring. 

Online and face to face survey 
Given our desire to include participants from different urban 
settings around the world, an online survey was an appropriate 
approach for this study.  However, online surveys can be limited 
by their lack of direct interaction between interviewer and 
interviewee, therefore, we also conducted face-to-face interviews 
in situ with participants who had just been engaged in an urban 
pedestrian journey.  The online and face-to-face surveys were 
intended to be different and complementary. 

Choice of Landmarks  
We gathered our reference set of landmarks by combining lists 
published in several research papers, e.g. Burnett (1998), Burnett 
et al. (2001), Millonig & Schechtner (2007), as well as ones that 
are presented in commercial pedestrian navigation systems, e.g. 
Nokia Maps 2.0; Garmin Nuvi.  Our set includes 50 kinds of 
landmarks such as traffic lights, monuments and markets.  The 
full set is given in the Appendix. 

Prior to our main questionnaire study, we ran several pilot 
interviewing sessions in an attempt to regroup and classify these 
landmarks at an appropriate level of abstraction.  For example, 
using higher-level abstractions, e.g. grouping monument, museum, 
memorial and gallery into a tourist attraction category, might be 
less useful for navigation since tourist attraction is sometimes too 
generic to make identification easy on the ground.  On the other 
hand, providing finer detail, e.g. identifying each individual 
landmark as specifically as possible, could make the set of 
landmarks unmanageably large, exacerbating the problems of 
using mobile navigation aids as described above.  Feedback from 
these sessions confirmed the level of abstraction given in the 
Appendix as appropriate.  To mitigate the forced choice nature of 
the resulting questionnaire, we provided free text areas where 
participants could report landmarks that were not included in our 
reference set. 

Procedures and Rating Scales 
For the online version, each participant answered three parts of 
the questionnaire, corresponding to questions about using 
landmarks in pedestrian navigation for three purposes: 
commuting, questing and exploring.  In the face-to-face 
interviews, each participant first identified which of the three 
purposes they had just been engaged in and then answered the 
questions only with respect to that purpose of navigation. 

For each journey with a particular navigation purpose, each 
participant first identified: (1) a navigated area, (2) if they used 
landmarks, and (3) if such landmarks were in the physical space 
or on any guidance system, e.g. a map.  They then rated each of 
the 50 landmarks in our reference set by their importance as 
navigational aids for the journey.  This was done on a 5-point 
scale, 1 being ‘not use’, 2 being ‘use, not important’ and 5 being 
‘use, very important’.  We also collected data on the timing of 
their use of each landmark.  Following May et al. (2003), we 
presented three choices of usage timing: before decision points, 
between points on the route, and both.  Participants were given 
opportunities to specify other kinds of landmarks used that were 
not included in our set. 

For any landmarks that received equal rating scores for a journey, 
the participant was asked to rank them by their descending 
importance for that particular navigational purpose. 

Results 
From the online participants, we collected 100 complete responses 
from different geographic locations, 40 males and 60 females. 
61% of online responses were from Asia; 33% were from Europe; 
5% were from Africa and 1% was from Australia. Navigated 
locations were urban areas within different sized cities, including 
for example London, Pisa, Bangkok, Aachen and San Francisco.  
There are of course differences in land use in the different 
geographical locations but for the routes described by our online 
participants, these urban spaces are similar with respect to the key 
characteristics we are interested in here.  That is, they can be 
considered as dense (i.e. there are relatively large numbers of 
objects and cues in the space) and cluttered (i.e. the number of 
objects is so great that they may obscure important landmarks or 
cues) (Carter & Fourney, 2005). 

We conducted 60 face-to-face interviews in one UK city, 32 
males and 28 females. The city is relatively small, with an area of 
11 square miles (28 km2).  The population of the city is 
approximately 100,000 inhabitants.  It is a major tourist centre of 
the region with over one million staying visitors and 3.8 million 
day visitors per year (B&NES Council, 2008).  The city centre 
where the interviews were conducted is dense and cluttered. 

Results from online participants  
Of the 52 online participants who reported using landmarks to aid 
commuting, 48 (92%) used only landmarks in the physical spaces 
through which they were navigating while the other 4 stated that 
they used landmarks both in the physical spaces and on public 
map displays, i.e. large two-dimensional visual representations of 
the area.  The fuller responses of these 4 explained that the areas 
in which they commuted are large transportation hubs, such as a 
main train station, an airport and very large department stores 
where the interior components and structures look alike.  They are 
crowded places and pedestrians needed an orientation aid to 
maintain their pace.  This was achieved by glancing at the public 
maps provided on display stands along their routes. 

Of the 75 online participants who reported using landmarks 
during a questing journey, 36 (48%) used landmarks only in the 
physical spaces, while the other 39 (52%) matched landmarks on 
maps with landmarks in the physical spaces to aid their 
navigation. 

Of the 62 online participants who reported using landmarks 
during an exploring journey, 15 (24%) reported using landmarks 



only in physical spaces while the other 47 (76%) used landmarks 
both in the physical spaces and on maps. 

As the results were not normally distributed, we ran non-
parametric statistics.  For the overall percentage of landmark use, 
Friedman’s ANOVA found a significant difference in the number 
of landmarks used (both physical and in maps) across the three 
navigational purposes (χ2(2) = 12.03, p = .002).  Wilcoxon tests 
were used to follow up this finding.  A Bonferroni correction was 
applied and all effects are reported at a .0167 level of significance.  
There were no significant differences in the number of landmarks 
(both physical and in maps) used between quest and explore (T = 
315, r = -.17) and between commute and explore (T = 891, r = -
.18).  However, participants used significantly more landmarks 
(physical and in maps) when questing than when commuting (T = 
943.5, r = -.34). 

Prior to the study, we suspected that pedestrians would depend 
most on landmarks during their exploration trip, however, our 
results indicate that they used landmarks most while questing.  
The qualitative data reveal the reason for this to be that many 
explorers prefer ‘getting lost in space’ to truly appreciate the 
exploratory experience. 

Results from face-to-face participants 
The face-to-face interviews yielded the following results.  Of the 
19 people who used landmarks during questing, 6 (31.5%) used 
landmarks only in the physical spaces, while the other 13 (68.5%) 
matched landmarks on maps and in the physical spaces to aid their 
navigation. 

Of the 18 ‘explorers’, 1 (5.5%) depended on landmarks only in 
physical space while the other 17 (94.5%) matched physical 
landmarks to landmarks on maps. 

Of the 20 commuters, 1 (5%) stated that he always looks at one 
particular physical landmark during his (frequent) performance of 
his commuting journey.  The other 19 (95%) commuters each 
reported that they used no landmarks to support commuting. 

As the results were not normally distributed, we ran non-
parametric statistics.  In contrast to our online participants, 
participants across the three navigation purposes from our 
interview sessions were independent groups.  Hence, we used the 
Kruskal-Wallis test.  Results showed that the number of 
landmarks used by the face-to-face interviewees was significantly 
affected by navigation purpose (H(2) = 43.33, p < .002).  Mann-
Whitney tests were used to follow up this finding.  A Bonferroni 
correction was applied and all effects are reported at a .0167 level 
of significance.  There were no significant differences in the 
number of landmarks used between questing and exploring (U = 
190, r = -.09).  However, participants used significantly more 
landmarks when questing (U = 20, r = -.88) and when exploring 
(U = 30, r = -.84) than when commuting. 

Detailed Results  
Results from both online questionnaires and face-to-face 
interview were used to calculate: frequency (F), importance (I) 
and ranking (R) scores.  The frequency (F) score is the number of 
times each landmark was used across respondents for a particular 
navigational purpose.  The importance score is a summation of the 
weighted importance of each landmark across all respondents.  
The ranking score is a summation of weighted ranked scores of 
each landmark across all respondents. 

Tables 1 and 2 show online questionnaire results and Table 3 
presents results from the interview sessions. 

Table 1.  Common Landmarks Used in Specific Journeys with 
their Frequency (F) and Importance (I) for those Journeys 

(from Online Questionnaire). 

Purpose Common Landmarks  F 
Scores 

I Scores 

Commute Mall and Market 
Traffic light 
Public transport 
Bridge 
Financial service 

32 
32 
31 
31 
29 

96 
91 
87 
73 
74 

Quest Mall and Market 
Bridge  
Railway stations  
Tourist attraction 
Religious place 
Traffic light  
Restaurant  

40 
38 
31 
31 
32 
33 
33 

113 
110 
91 
89 
85 
83 
81 

Explore Tourist attraction  
Hotels  
Mall and Market  
Bridge  
Monument and 
Memorial  
Religious place  
Public transport 

41 
30 
32 
33 
28 

 
29 
25 

131 
96 
93 
83 
89 

 
81 
73 

 

In the online questionnaires, participants were asked to think 
about actual journeys they had made for each navigational 
purpose and described the landmarks they used in those journeys 
together with the landmarks’ importance for that particular 
journey.  These results are presented in Table 1.  The frequency 
score (F) is the number of times each landmark was used across 
respondents for a particular navigational purpose.  For example, 
for the exploring purpose, tourist attraction was used 41 times so 
its frequency score is 41. 
We derived the importance (I) scores as follows:   

Importance score =Σ ( (Σ (not important rating) * 1) , (Σ (slightly 
important rating) * 2) , (Σ (important rating) * 3) , (Σ (very 
important rating) * 4) ) 
Thus, importance score is a summation of the weighted 
importance of each landmark across all respondents.  For 
example, the frequency of 41 for tourist attraction was divided 
into frequencies of 2, 8, 11, and 20 respectively for landmarks 
being (1) used but not important, (2) slightly important, (3) 
important and (4) very important.  Hence, the overall importance 
score of tourist attraction = (2*1)+(8*2)+(11*3)+(20)*4 = 131.  
Mall & market, and Bridge are amongst the most common 
landmarks that were important as navigation cues across all three 
navigation purposes. 



Table 2.  Most Important Landmarks with Their General 
Importance Ranking (R) Scores (from Online Questionnaire). 

Purpose Important Landmarks  R Scores 

Commute Well-known shops / business  
Mall and Market 
Traffic light 
Public transport 
ATM 
Educational institute 
Bridge 

111 
107 
99 
82 
75 
53 
48 

Quest Mall and Market 
Well-known shops/business  
Bridge  
Tourist attraction  
Hotels 
Religious place 
Restaurant 

147 
134 
103 
97 
86 
75 
67 

Explore Tourist attraction 
Hotels  
Mall and Market 
Other unique landmarks 
Monument and Memorial  
Railway station 
Religious place  

145 
87 
83 
74 
66 
62 
52 

 
In the online questionnaires participants were also asked to rank 
the importance in general of landmarks that they usually rely on 
when they embark on journeys, regardless of the area they are 
navigating.  Respondents were asked to select the 7 most 
important of these generally used landmarks.  Table 2 presents a 
list of the most common landmarks that participants (subjectively) 
considered important in general, rather than important for the 
particular journeys described in Table 1.  We derived the list by 
calculating each landmark’s general importance ranking (R) score 
as follows: 
Ranking score = Σ ( (Rank1*7) , ((Rank2*6) , (Rank3*5) , 
(Rank4*4) , (Rank5*3) , (Rank6*2) , (Rank7*1) ) 

Thus, for Table 2, a ranking score is a summation of weighted 
ranked scores of each landmark across all respondents.  For 
example, 8, 7, 7, 1, 2, 1, and 0 respondents gave a rank of 1 to 7 
respectively to tourist attraction.  Hence, its ranking score equals 
(8*1) + (7*2) + (7*3) + (1*4) + (2*5) + (1*6) + (0) = 145. 

Table 2 corroborates the finding in Table 1 that Mall & Market is 
very important as a navigation cue because it appears consistently 
across all three navigation purposes.  The category ‘Well-known 
shops/business’ emerges in the commuting and the questing 
purposes because pedestrians refer to landmarks by their brands, 
e.g. McDonald’s is one of the most frequently used landmarks.  
Similarly, the category ‘Other unique landmarks’ appeared fourth 
in the explore column because pedestrians did not refer to some 

symbolic landmarks as tourist attractions but rather by their 
unique names, e.g. the Eiffel Tower. 

Table 3 shows similar ranking of landmarks in a single city from 
the face-to-face interviews.  Journey specific frequency, journey 
specific importance and general importance were calculated in the 
same way as for the online questionnaire results presented in 
Tables 1 and 2.  (Since the results from the face-to-face interviews 
were less diverse than the results from the online questionnaires it 
is possible to present the face-to-face interview results in a single 
table.) 

Table 3.  Top Landmarks in the city of Bath with their 
Frequency (F), Importance (I), and General Importance 

Ranking (R) Scores (from Face-to-Face Interviews). 

Purpose Top Landmarks  F  I R 

Commute Monument and 
Memorial 

1 2 7 

Quest Mall and Market 
Public transport 
River  
Religious place  
Bar and Pub 
Railway Station 
Monument and 
Memorial 

8 
7 
7 
7 
7 
5 
5 

25 
23 
22 
20 
15 
18 
15 

42 
32 
36 
35 
31 
30 
15 

Explore Tourist attraction 
Railway station  
Museum and Gallery 
Monument and 
Memorial 
River 
Public transport  
Religious place 

18 
16 
17 
16 

 
17 
13 
14 

64 
58 
52 
50 

 
44 
47 
38 

114 
66 
76 
44 

 
22 
60 
27 

 

The average number of landmarks used per journey for different 
navigation purposes are as follows: 6.5 (commuting), 12.47 
(questing), and 11.04 (exploring) from the online survey; 1 
(commuting), 4.42 (questing) and 10.4 (exploring) from the face-
to-face interviews.  Based on routes taken by each interviewee, we 
found that factors influencing these numbers include: differences 
in length of journey, i.e. a quest is normally shorter than an 
exploratory journey; and differences in the number of 
destinations, i.e. a quest normally involves one destination while 
an exploration may involve one or many more destinations.  
Nevertheless, further study on the factors influencing these 
patterns would be required. 

Qualitative Results  
Qualitative data from the face-to-face interviews revealed several 
interesting navigation patterns: 

• For exploration, pedestrians generally have an intention to 
visit some culturally important landmarks.  These landmarks 
serve as their destinations.  Nevertheless, they have little idea 
what generic landmarks they would use to aid their 



navigation to reach such destinations.  Hence, they decided 
not to use landmarks as navigation cues or confirmation that 
they were on the right path.  Instead, to reach destination 
landmarks, they relied on directional and textual information, 
e.g. street names. 

• Some explorers navigated blindly by following another 
explorer, e.g. a friend who excels in navigation.  These 
pedestrians were not able to remember any landmarks along 
the route except destination landmarks.  Although they 
remembered these destination landmarks, they were not able 
to associate their locations with the whole route. 

• About 60% of explorers who use maps tend to use them 
continuously throughout their journey and depend entirely on 
them. 

• Most of the ‘questers’ stated that they would first study the 
route and try to memorise directions and landmarks leading 
to the destination.  Once they embarked on the journey, they 
would try to recall the route and associate landmarks seen in 
physical space with landmarks in their memory. 

• The number of landmarks used per journey for the quest and 
exploratory purposes may vary depending on the nature of 
routes and areas.  For example, some large cities contain a 
wide range of different landmarks that may be distant from 
each other, while other smaller urban areas contain fewer 
landmark categories that are more proximally located in the 
immediate vicinity. 

The Preferred Set of Landmarks Based on Their 
Scores  
Table 4 shows a side-by-side comparison of the overall ratings by 
both online and face-to-face participants.  Based on the frequency 
of appearance across cells in Table 4, the most important 
landmark is mall and market since it scores highly in all but 2 of 
the cells (the commuting and exploring purposes in the city in 
which we ran the interview sessions). 

As our findings reveal that pedestrians use landmarks primarily 
for questing and exploring, we will focus on the results for these 
two purposes.  As illustrated in Table 4, the second and third most 
important landmarks are religious place and tourist attraction.  
These 2 categories of landmark were used extensively for these 
two navigation purposes.  The next most important landmarks 
were railway station, monument and memorial, public 
transportation and bridge.   

Thus, if we have to choose a small set of landmarks for use in 
mobile pedestrian navigation aids, according to results of our 
study, the most suitable landmarks should be: mall and market, 
religious place, tourist attraction, public transportation, bridge, 
monument and memorial, and railway station. These findings 
corroborate the results of previous research that at the top end of 
the scale there are some generic landmarks, which will be 
appropriate across different environments (Burnett, 1998).   

In addition to generic landmarks, there is the ‘other unique 
landmark’ category that is crucial to navigation but is not 
generalisable.  This category includes symbolic or iconic 
landmarks of the city or famous chain stores that are located in 

Table 4. Top Ranked Landmarks in Descending Order Based on a Summation of F, I and R Scores. 

Purpose Top Landmarks  
(Global Rating) 

From Online Responses 

Top Landmarks  
(Global Ranking) 

From Online Responses 

Top Landmarks  
(of One City) 

From face-to-face Responses 

Commute 
Mall and Market 
Traffic light 
Public transport 
Bridge 
Financial service 

Well-known shops / business  
Mall and Market 
Traffic light 
Public transport 
ATM 
Educational institute 
Bridge 

Monument and Memorial 

Quest Mall and Market 
Bridge  
Railway stations  
Tourist attraction 
Religious place 
Traffic light  
Restaurant  

Mall and Market 
Well-known shops / business  
Bridge  
Tourist attraction  
Hotels 
Religious place 
Restaurant 

Mall and Market 
Public transport 
River  
Religious place  
Bar and Pub 
Railway Station 
Monument and Memorial 

Explore Tourist attraction  
Hotels  
Mall and Market  
Bridge  
Monument and Memorial  
Religious place  
Public transport 

Tourist attraction 
Hotels  
Mall and Market 
Other unique landmarks 
Monument and Memorial  
Railway station 
Religious place  

Tourist attraction 
Railway station  
Museum and Gallery 
Monument and Memorial 
River 
Public transport  
Religious place 

 
 
 
  



strategic areas or at important decision points on the route.  For 
the symbolic landmarks type, they could be instances of the 
generic landmarks, e.g. tourist attractions. 

Nonetheless, these top-ranked landmark categories might not be 
generalisable due to different morphologies of the surveyed cities.  
Religious places provide a good example.  Some cities contain 
hundreds of landmarks of this category, e.g. temples in Bangkok 
that are highly visible and distinct from their environments, hence 
their high frequency of use as landmarks by our respondents.  On 
the other hand, some other cities, e.g. London, contain hundreds 
of local churches that are not visually or structurally salient (see 
Klippel & Winter, 2005) and our participants did not select such 
landmarks as cues for navigation in those cities. 

The value of a particular category of landmarks varies from one 
situation to another.  For example, tourist attractions offered little 
assistance to a quest journey while they were the main, if not sole, 
purpose of exploring.  Thus, the same landmark may be used for 
different navigational purposes but have greater or lesser value for 
each of them. 

It is worth noting that continuous objects, such as a river, were 
identified in our face-to-face interviews as crucial to navigation.  
While a visual navigation aid can readily represent such features, 
an auditory or tactile pedestrian navigation guide would struggle 
to indicate such landmarks clearly, more so even than the other 
kinds of landmarks considered.  This issue will require further 
investigation to clarify its potential for real world use. 

3. TACTILE REPRESENTATION OF 
LANDMARKS  
Having empirically identified a small set of landmark types for 
supporting pedestrian navigation, we next investigated the tactile 
representation of these landmark types. 

Tactile Representation Techniques 
To create a distinguishable and learnable set of tactile stimuli, 
researchers have manipulated attributes such as frequency, 
amplitude and duration of vibration signals, e.g. MacLean & 
Enriquez (2003), Tan et al. (2003), and Ternes & MacLean 
(2008).  Ternes and MacLean (2008) suggest that signal rhythms 
created by manipulating signal duration provide the most effective 
result.  In this study, we closely followed the design of Ternes and 
MacLean’s heuristic tactile rhythms for our tactile stimuli (see 
Figure 1). Each signal in a set contains different note length and 
evenness.  For example, a 2-second short stimulus contains a 
number of repetitions of 125 millisecond (ms) notes. 

Human skin adapts to continued pressure stimulation resulting in 
a decrease in sensory experience (Schiffman, 1976).  In a 
navigation system that provides both directional and landmark 
information, there is a possibility that a user might not be able to 
identify the differences between signals after her skin has been 
continually stimulated with similar vibrations.  Schiffman (1976) 
suggests that introducing discontinuity can help stabilise sensory 
perception of different types of signals.  This discontinuity can be 
achieved by increasing the number of contact points on the body, 
e.g. using a combination of two or more actuators to generate 
unique stimuli.  Although suggested, this technique had not been 
investigated, therefore, we also examined this technique in our 
experiment. 

To summarise, this study involved investigating the following 
tactile landmark representation techniques: (1) manipulating the 
signal rhythms, and (2) increasing the number of body contact 
areas (i.e. increasing the number of actuators used to display 
information).  In this paper, we refer to the two techniques as the 
one-actuator and two-actuator techniques respectively.  Both 
techniques for tactile representation of landmarks were presented 
alone and together with tactile directional signals. 

 
Figure 1.  One-actuator Technique.  Each row represents one 

bar, represented 2 times as a 2-second stimulus.  Each note 
contains vibration on-time (grey) and off-time (white) that 

separates it from the next note. 

Experimental evaluation 
The prototype wearable device that we built consisted of 8 
actuators mounted in a waist belt (Figure 2).  Following previous 
research, e.g. Van Erp et al (2005), Tsukada (2004), the actuators 
were unequally spaced (ranging from 50 mm to 130 mm between 
adjacent actuators) to account for participants’ varying body shape 
and size.  The waist belt was worn over light clothing such as a T-
shirt.  Tasks involved the system generating tactile stimuli and 
participants identifying perceived directions (see Srikulwong & 
O’Neill, 2010a; Srikulwong & O’Neill, 2010b) or landmarks by 
choosing corresponding pictures of directions or landmarks on a 
touch screen tablet PC. 

 
Figure 2. The Waist Belt Prototype (Motor number 3 is the 

front centre actuator.) 
There were 20 participants: 10 males and 10 females with an 
average age of 29 (SD = 4.94, range 20 – 40 years of age). 
Participants’ average waist size was 78 centimetres (cms) (SD = 
9.93, range 62-99 cms).  We established from pre-test 
questionnaires that all participants understood the concept of 
“direction” and “landmark” and had no difficulties identifying 
them.  Participants were given training prior to each session. 
Each directional tactile stimulus involved actuation of one motor 
in the corresponding direction and consisted of 12 repetitions of 



the signal at 50-millisecond pulse and inter-pulse duration (see 
Srikulwong & O’Neill, 2010a and Srikulwong & O’Neill, 2010b 
for an overview of the directional tactile signal generation).  The 
eight directions represented included: east, west, north, south, 
southeast, southwest, northeast, and northwest. Each actuator 
represented a direction based on its location around the 
participant’s waist, with north represented by the front centre 
actuator. 

There were 5 experimental conditions in which directions, 
landmarks or both were represented by the tactile signals: (C1) 
direction; (C2) landmark with one actuator; (C3) landmark with 
one actuator + direction; (C4) landmark with two actuators; and 
(C5) landmark with two actuators + direction.  Measurements 
included learnability, memorability and distinguishability of 
landmark signals and their associations, and users’ preferences 
(see Table 5). 

Table 5.  The Study Design. 

Study Min
ute 

start 

Training Measurement Conditions 

Stage 1 1 Yes Distinguishability, 
Learnability  C1 – C5 

Stage 2 30 No Memorability C2 and C4 

 

For the two-actuator conditions, the sets of actuator pairs were as 
follows (see Figure 2 for referents of actuator numbers): 
• the 180 actuator pairs were 3-7, 2-6, 1-5 and 4-8; 

• the 90 actuator pairs were 1-3, 2-4, 3-5, 4-6, 5-7, 6-8, 7-1 
and 8-2; 

• the 135 actuator pairs were 1-4, 2-5, 3-6, 4-7, 5-8, 6-1, 7-2, 
and 8-3. 

Experimental Procedures 
Our empirical study had two independent variables: representation 
technique (one actuator or two) and the presence (or absence) of 
directional signals; dependent variables were reaction time (in 
milliseconds) and performance accuracy.  Reaction time refers to 
the duration between the end of each stimulus and the 
participant’s response to it. 

For both techniques, perception of these arbitrary signals was 
expected to improve through explicit learning and remembering 
(Garzonis et al., 2009).  Prior to carrying out the experiment for 
each of the tactile stimulus types, participants were given 
opportunities to learn the signal patterns and their associations in a 
four-step training process.  The four steps included (1) the system 
displaying signals, (2) participants freely choosing stimuli to be 
displayed, (3) participants indicating the landmark corresponding 
to a given tactile stimulus, and (4) participants indicating a set of 
landmarks according to generated stimuli.  Training stopped when 
participants scored over 71% accuracy or had been through 4 
repetitions of the whole 4-step process. 

Stage 1 – Measuring learnability and distinguishability 
At this stage, we investigated whether performance with the two 
tactile representation techniques for landmarks would differ in 
terms of learnability and distinguishability.  Tasks involved the 
system generating tactile stimuli and participants identifying 
perceived directions or landmarks by choosing corresponding 
pictures on a touch screen tablet PC.  We compared a range of 

performance measures: corrected perceived directions, corrected 
perceived landmarks and reaction time. 

The order of the experimental conditions was counterbalanced 
amongst participants.  Vibration signals in all conditions were 
generated in a pseudo-random order.  Vibration signals and 
meaning associations were counterbalanced amongst participants.  
In addition, actuator pairs used in C4 and C5 were 
counterbalanced. 
In condition C1 (direction only), participants experienced 3 
repetitions of 8 directional signals (24 signals in total).  In C2, C3, 
C4, and C5, participants experienced 21 signals (i.e. 7 landmarks 
x 3 repetitions) for each condition.  Repetitions were introduced to 
reduce the likelihood that participants might achieve correct 
answers by chance.  In C3 and C5, the system generated a random 
directional signal, paused for 2 seconds, and then generated a 
landmark signal on one actuator (C3) or on a pair of actuators 
(C5).  Once participants had finished all 5 conditions, they were 
asked to answer questions comparing the one-actuator and two-
actuator techniques. 

Stage 2 – Measuring memorability 
Stage 2 took place 30 minutes after they had been exposed to each 
type of landmark vibration stimuli.  During this time participants 
completed a distraction task (answering a questionnaire and 
discussing their experience of the experiment.  Participants were 
then asked to repeat conditions 2 and 4 in the same 
counterbalanced order in which they had carried them out in stage 
1. 

Hypotheses 
The vibration signals designed for directions are symbolically 
straightforward.  They involve symbolic mapping of a limited set 
of cardinal and ordinal directions to their respective vibration 
signals on corresponding parts of the body; in this and other cases 
(e.g. Van Erp et al., 2005), an absolute point vibration for  each 
designated direction on a distributed placement of actuators 
around the waist.  The representation of landmarks is more 
challenging.  In the navigation design domain, the large set of 
landmarks studied in research papers and used in commercial 
systems are not systematically classified, are highly diverse and 
often are poorly differentiated.  As a result, signal patterns for 
landmarks and their meaning associations are effectively arbitrary.  
Hence, it was hypothesised that learning time required for 
landmark representations will be significantly longer than those 
for directions (H1) as participants have to learn the association 
between the signal and what it represents. 

Previous research, e.g. Tan et al. (2003), Brown et al. (2006), 
MacLean and Enriquez (2003), has suggested that humans can 
recognize 4-7 abstract tactile patterns and associate them with 
predefined meanings.  We hypothesized that participants will be 
able to recognize 7 landmarks with at least 80% accuracy in at 
least 1 non-control condition, either in condition 2 or 4 (H2).  
Based on the same previous research, we predicted that 
participants will be able to distinguish landmark from directional 
signals in conditions 3 and 5 (H3). 

However, in conditions 3 and 5 where we present directional 
signals together with landmark signals, we hypothesised that the 
presence of direction signals will reduce participants’ 
performance in recognizing landmark patterns (H4).  This is due 
to the human memory and limited attention capacity (Schiffman, 
1976).   



While many researchers, e.g. Ternes & MacLean (2008), Brown 
et al. (2006), Tan et al. (2003), have concluded that using different 
signal rhythms will effectively make stimuli distinguishable but 
the combination of two simultaneous actuator vibrations might 
make the iconic stimuli for landmarks more functionally unique 
(Schiffman, 1976; Loomis & Lederman, 1986) and clearly 
distinguishable from directional stimuli.  Hence, we predicted that 
the two-actuator technique will produce better performance than 
the one-actuator technique when representing landmarks in a 
waist-belt tactile display that provides both directional and 
landmark information (H5). 

Finally, both the one-actuator and the two-actuator representation 
techniques are abstract and are arbitrarily associated to landmarks.  
Therefore, we predicted that both techniques’ forgetting rate 
would be equal (H6). 

Results 
For the two-actuator technique, we varied pairs of actuators used 
(explained in the section Experimental Evaluation; see Figure 2 
for a reference layout).  All the 180 actuator pairs were used by 
all participants.  Other pairs were distributed evenly across all 
participants. 

Participants performed well with the actuator pairs that were 
vertically or horizontally aligned with their body.  These pairs 
included the 2-4, 1-5, 6-8, 2-8, 3-7 and 4-6 pairs.  The next best 
pair among the rest was the 3-8 pair.  The actuator pairs that 
produced the highest performances are shown in Figure 3. 

We had expected that participants would have had better 
performance with the other two 180 actuator pairs (i.e. the 
diagonals 4-8 and 2-6).  However, results revealed that 
asymmetric or diagonal pairs did not produce good performance. 

Learnability 
During the 4-step training, participants were allowed to learn each 
of the types of vibration signals and their associated meanings.  
We recorded the number of signals tried, duration in each round 
and the number of rounds. 

Table 6. Training requirements across participants. 

Training requirements Direction One-
actuator 

Two-
actuator 

Average number of rounds 
(round) 4.3 7.6 6.85 

Average number of signals 
tried in all rounds 

41 91 95 

Average training duration 
(min:sec) 

02:40 04:17 04:14 

 
A repeated-measures ANOVA indicated a significant difference 
in  overall training requirements for all representation techniques: 
number of training rounds F(2, 38) = 16.93, p < .01,  training 
duration F(2, 38) = 26.07, p < .01 and number of signal trials F(2, 
38) = 20.91, p < .01.  Summary data for training requirements is 
shown in Table 6. 
Post-hoc pairwise comparison results (Bonferroni adjustment) 
indicated that training requirements for both landmark 
representation techniques were significantly greater than for the 
direction technique: number of training rounds (both ps < .01), 
training duration (both ps < .01), and number of training signals 

(both ps < .01).  No significant difference was found in training 
duration, rounds and number of signal trials between the one-
actuator and the two-actuator techniques (all three with ps > .05).  
Hence, we accepted H1. 

Prior to the study, we predicted that participants would spend 
more time and effort in learning landmarks with the one-actuator 
technique (according to H5), as using one actuator might be less 
distinguishable than using two actuators.  However, our results 
indicated that participants spent just as much time and effort on 
either technique.  In addition, performance scores for all 
techniques at the end of the training sessions showed no 
significant difference F(2, 38) = 2.82, p > .05. 

Performance and Distinguishability 
Table 7 shows accuracy performance across the conditions.  A 
repeated-measures ANOVA showed that the time to complete 
each condition was not significantly affected by the type of 
representation technique, F(2, 38) = 1.60, p > .05.  However, 
different techniques significantly affected accuracy performance, 
F(2, 38) = 3.82, p < .05.  Post-hoc pairwise comparison 
(Bonferroni adjustment) revealed that participants performed 
significantly better with directional identification than with both 
landmark techniques, (both ps < .05).  There was no difference in 
accuracy performance between the one-actuator and the two-
actuator techniques (p > .05). 

Results in Table 7 (1st row) showed that participants were able to 
recognize landmark signals with over 80% accuracy rate for both 
landmark techniques.  Therefore, H2 was accepted. 

Based on the landmark accuracy performances, we concluded that 
all participants were able to distinguish landmarks from 
directional signals in both condition 3 and 5.  Therefore, we 
accepted H3. 

Table 7. Performance Measures: Accuracy in %, Time in 
mm:ss.  

Description Direction One 
actuator 

Two 
actuator 

Accuracy                                      
(C1, C2 and C4) 93.75 80 82.14 

Accuracy after adding direction  
(n/a, C3 and C5) n/a 68.1 81.43 

Accuracy after distraction          
(n/a, repeating C2 and C4) n/a 77.14 83.57 

Average completion time           
(C1, C2 and C4) 01:22 01:40 01:37 

Average completion time            
(n/a, C3 and C5) n/a 03:08 02:33 

Average completion time           
(n/a, repeating C2 and C4) n/a 00:55 01:00 

 
We predicted that the performance of landmark signal perception 
would be affected by the presence of directional signals.  We ran 
the dependent t-test, which compared accuracy performance of 
C2-C3 (one-actuator technique) and C4-C5 (two-actuator 
technique).  With the one-actuator technique, performance of 
landmark identification was significantly lower when directional 
information was presented than when it was absent, t(19) = 2.65, p 
< .05.  In contrast, with the two-actuator technique, participants 
were able to identify landmarks equally well both with and 



without directions being presented t(19) = 0.32, p > .05.  Hence, 
we rejected H4 since the presence of directional signals affected 
only the one-actuator technique. 

Based on performance in C3 and C5 (Table 7, 2nd row), 
participants were able to perform significantly better with the two-
actuator technique than with the one-actuator technique t(19) = -
2.63, p < .05.  Therefore, H5 was accepted. 

Memorability 
In order to measure memorability, we distracted participants with 
interviewing and questionnaire sessions before asking them to 
repeat conditions 2 and 4.  Results are presented in Table 7, 3rd 
row.  Paired-samples t-tests showed that there was no significant 
difference in forgetting rates between the two landmark 
representation techniques.  Specifically, there was (1) no 
significant difference in accuracy performance between a repeated 
C2 and a repeated C4, t(19) = -0.95, p > .05; and (2) no significant 
difference in performance between C2 and a repeated C2, t(19) = 
0.64, p > .05 or between C4 and a repeated C4, t(19) = -0.51, p > 
.05.  Therefore, H6 was accepted. 

Subjective Data and Preferences 
Post questionnaires were applied at the end of each experimental 
condition.  We gathered user’s subjective data on the two 
landmark representation techniques on several measures.  They 
included: distinguishability of landmark signals from direction 
signals, distinguishability amongst landmarks themselves, 
memorability, ease of meaning association, and the level of 
direction signals’ interference with landmark signals.  Participants 
were asked to rate on a 1-5 likert scale, 1 being low and 5 being 
high. The one-actuator technique scored lower than the two-
actuator technique in all subjective measures except for 
distinguishability amongst landmarks, in which it scored equal 
marks with the two-actuator technique (see Table 8). 
As for subjective preferences between the two landmark 
representation techniques, 12 participants (60%) preferred the 
two-actuator to the one-actuator technique. 
Table 8. Average Scores of Subjective Measures: n of 5 on a 1-

5 likert scale, 1 being low and 5 being high 

Subjective Measurements One 
actuator 

Two 
actuator 

Distinguishable among themselves 3.55 3.55 

Memorable 2.75 3.2 

Associable with landmarks  2.6 2.65 

Distinguishable from directions  4.25 4.5 

Interference with directions  2.55 2.3 

 

Summary 
Our results established that the one-actuator and two-actuator 
techniques were similar and offered almost equal support for 
landmark representation alone.  To be precise, they required equal 
amount of training effort, and users performed equally well in the 
experimental conditions in which solely landmark signals were 
presented. 

However, the two-actuator technique provided better performance 
than the one-actuator technique when landmarks were presented 
together with directional signals.  This is crucial to the 
development of a tactile pedestrian navigation system that 
provides both directional and landmark information. 

 
Figure 3. Best Actuator Pairs. 

4. CONCLUSION 
The empirical studies reported in this paper form part of an 
ongoing research programme investigating the use of tactile 
displays to support pedestrian navigation.  The user-based survey 
was used to identify and classify the use of various types of 
landmarks for different navigation purposes (see Table 4).  
Following on from this study, the experimental study 
implemented and evaluated a prototype wearable tactile interface 
for indicating direction and types of landmarks.  Results suggest 
that using a two-actuator approach to representing landmarks and 
directions on a wearable device for pedestrian navigation may be 
fruitful. 

Participants had an average response time of 4 seconds per signal 
across all conditions.  This value is probably just about 
satisfactory for our intended use.  Nevertheless, if these signals 
were to be used in outdoor urban environments, performance 
levels might drop since there are several other factors such as 
different levels of users’ cognitive load and levels of noise in 
those environments.  We anticipate that further training might 
help decrease response time in the lab setting, which might in turn 
reduce response time in applied environments.  Further study is 
necessary to investigate whether extensive training can better the 
performance and the extent to which external factors such as noise 
might affect the results, especially in the field. 
Users perceived vibration signals quite well and they were able to 
recognize a signal’s meaning.  Our findings suggest that the two-
actuator technique was better than the one-actuator technique in 
several respects, especially as it afforded better performance when 
landmark signals were presented together with directional signals. 

Our experimental study assessed short-term learnability and 
memorability and we have obtained some promising results.  
However, based on these results, it is not possible to determine the 
effects of longer term use.  A longitudinal study is required to 
address such issues. 

Our next steps are to refine the tactile navigation prototype for use 
in field trials in an urban area.  Through these investigations, we 
will evaluate and improve the design and address performance-
related benefits and challenges of a wearable tactile pedestrian 
navigation system. 



5. APPENDIX: The set of landmark types 
used in the user survey study 
Airports, Amusement parks, At the water (ocean and sea), 
Attractions/Tourist attractions, Bars and Pubs , Bridges, Camping 
areas, Car rentals, Cash dispensers (ATM), Casinos, Cinemas, 
Educational institutes, Fairs & Conventions, Ferries, Financial 
services (Banks), First aids, Golf courses, Government facilities, 
Hospital healthcares, Hotels, Internet/Wi-Fi , Libraries, Malls and 
Markets (shopping centre, supermarket), Monuments & 
Memorials, Mountains, Music & Culture venues, Museums & 
Galleries, Natural barriers (any object that prevent you from 
moving forward, e.g. roads.), Parking, Party & Clubbing, 
Pedestrian lights, Petrol stations, Police, Post office, Public 
transports (bus/tram/boat stations), Railway stations, Recreation 
grounds, Religious places (church/cathedral/etc), Restaurants, 
River, Sports facilities, Stadiums (sports), Taxis, Theatres, 
Toilets, Travel agencies, Traffic lights, Tourist information, 
Tunnels, Other landmarks 
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