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Abstract 
Robot teleoperation interfaces are mostly graphics based nowadays, that is, all the 

information the operator receives is presented on a screen. Complex robot interfaces may 

lead to operator cognitive overload. The use of other senses to receive part of the data 

sensed and transmitted by the robot may help reduce this overload and thus enhance the 

performance of the operator. This paper aims at measuring the benefits of using vibro-

tactile feedback in Human-Robot Interaction (HRI) interface design specifically for an 

urban search and rescue (USAR) system. Our hypothesis is that the use of collision-

proximity feedback interfaces (CPFs) should lead to an improvement of an HRI system 

performance by increasing the operatorôs situation awareness (SA) and reducing 

cognitive load. Additionally, it should be flexible enough to be adapted to different HRI 

USAR systems.  

A user study encompassing a search task was performed to evaluate this new 

interface. An in-between subjects experiment tested the effect of both graphical and 

vibro-tactile CPF interfaces on performance in a simple search task in a virtual collapsed-

building environment. Performance and situation awareness were measured based on task 

time, number of collisions with the environment, number of objects found and correct 

report of environment using sketchmaps. 

First, the results of this research highlight the importance of a homogeneity 

verification in the experiment groups, which is generally not reported in most research 

results but that can drastically affect the results of an experiment.  

Second, our results indicate how previous experience can affect subjectsô 

performance.  Videogame experience seemed to have a slight impact on the performance 

of subjects. 

Third and most importantly, our results have indicated that the use of both vibro-

tactile and graphical feedback interfaces may improve operatorôs performance in a search 

environment, and may indicate an increase in operator situation awareness (SA). Future 

enhancements in our system to better approximate it to a real robot control experience 

will help us consolidate the initial results obtained here. 
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1. Introduction 
Human-robot interaction (HRI) commonly happens through the use of a graphical 

interface and ordinary input devices such as a joystick or gamepad, mouse and keyboard. 

By using the computer screen to translate the data sensed by the robot into information, 

the operator remotely performs tasks as if occupying the same space as the robot. 

Commands performed by the operator through the input controls are transmitted to the 

robot and converted into actions. The actions change the state of the robot and potentially 

the state of the physical environment, and therefore the data being sensed and monitored 

by the system. This interaction cycle, as shown in Figure 1, continues indefinitely as a 

mission is carried out. 

 

 

Figure 1: Simple representation of interaction cycle between robot and operator in an 

HRI system. 

One problem in remotely operating and controlling a robot is being able to 

process all the data provided by the robot while performing mission-related tasks. The 

operator will be using the graphical robot interface not only as a means to understand the 

state of the robot and its surrounding environment, but also as a tool to complete mission 

goals. For urban search and rescue (USAR) tasks, this may be understood as a search task 

for victims after a catastrophic event. The excessive use of graphical interfaces without 

the correct fusion of elements can cause cognitive load on the operator and hence a 

decrease in the performance of the HRI system as a whole (Yanco, 2004; Drury, 2004; 

Neilsen et al., 2006).  

 The purpose of this work is to evaluate how having part of the robot data be 

redirected to a vibro-tactile interface affects operator performance. Specifically, this 

project compares the effectiveness of two types of display interfaces for collision 

proximity feedback (CPF): a vibro-tactile one based on the TactaBelt (Lindeman et al., 

2006) and a graphical one which inherits some of the features of the Sensory Egosphere 

(Johnson et al., 2003) and other proximity detection sensor interfaces (Yanco et al., 2004; 

Yanco et al., 2006). 

Remote real environment Local real 
environment 

Virtual 
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environment 

Acts on 

environment 
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environment 

Robot-readable 

operator commands 
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environment data 
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environment data 
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The remainder of this paper is structured as follows. Section 2 provides an 

overview of the current work on HRI interfaces and how our work relates to it. Section 3 

describes our interface. Section 4 presents the hypotheses for the user study that was 

carried out. The methodology used, from the definition of the virtual environment to the 

specification of the user study and experimental parameters is presented in section 5. 

Section 6 contains all the data results and analysis, which are discussed in detail in 

section 7. Last, conclusions can be found in section 8 followed by acknowledgements and 

references in sections 9 and 10 respectively.  

Additionally, more information on the user study is provided in the appendices. 

The script used by the experimenter during the user study can be found in Appendix A. 

Appendix B contains the information contained in the user study instruction sheet. Last, 

Appendix C lists the questions contained in the user study post-questionnaire. 
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2. Related Work 
Robot interfaces for USAR systems have been discussed and tested for more than 

a decade (Murphy et al., 1996). Nevertheless, a standard model or a set of guidelines for 

HRI has not yet been widely accepted by the community.  

Drury has pointed out a set of preliminary guidelines for HRI interfaces (Drury et 

al., 2004). Scholtz has also specified a set of general recommendations for designing 

intelligent systems, but it may also be applied to HRI interfaces (Scholtz, 2002). Higher 

level interfaces for robot socialization and learning have also been a point of discussion 

and research in the community (Bien & Lee, 2007). Additionally, the AAAI competition 

has also been raising and identifying interesting issues about HRI interface design (Yanco 

et al., 2004). Table 1 below encompasses categorized guidelines that are proposed by 

some of the above-mentioned research works. 

Table 1: Guideline categorization according to the interface feature they are related to. 

General guideline 

definition 

Related guidelines 

Cognitive load ¶ Lower cognitive load (Drury et al., 2004); 

¶ Provide fused sensor information (Yanco et al., 2004); 

¶ Minimize the use of multiple windows (Yanco et al., 2004). 

Situation awareness ¶ Enhance awareness  (Drury et al., 2004); 

¶ Provide a map of where the robot has been (Yanco et al., 2004); 

¶ Provide more spatial information about the robot in the 

environment (Yanco et al., 2004). 

Efficiency ¶ Increase efficiency  (Drury et al., 2004); 

¶ Is the interaction language efficient for both the human and the 

intelligent system? (Scholtz, 2002) 

¶ Provide an interface supporting multiple robots (Yanco et al., 

2004). 

Modality ¶ Provide help in choosing proper robot autonomy level  (Drury et 

al., 2004); 

¶ Is the necessary information present for the human to be able to 

determine that an intervention is needed? (Scholtz, 2002) 

¶ Provide robot help in deciding which level of autonomy is most 

useful (Yanco et al., 2004). 

Scalability, 

Portability & 

Sociability 

¶ Does the interaction architecture scale to multiple platforms and 

interactions? (Scholtz, 2002) 

¶ Design should be a social activity and robots should be social 

agents (Bien & Lee, 2007). 

Reuse ¶ Does the interaction architecture support evolution of platforms? 

(Scholtz, 2002) 

¶ All applications should be reapplications (Bien & Lee, 2007). 

Robustness ¶ Must tolerate ambiguity (Bien & Lee, 2007). 

 



4 

 

An attempt to categorize the interface features currently suggested and used in 

USAR interfaces led us to the results presented in Table 2. An increasingly-ordered 

histogram table on different interface features for six HRI interfaces from a variety of 

research projects (Johnson et al., 2003; Nielsen et al., 2006; Nielsen et al., 2007; Yanco et 

al., 2004, Yanco et al., 2006; Drury et al., 2004) is presented. 

The information in this table describes the features that are potentially more 

reusable for different tasks over other ones that are more specific to a certain robot or 

mission. It is obvious that video feedback is a necessary feature for all interfaces. Notice 

however, that other features, such as a map, robot pose and orientation, and sensor 

monitoring, are also of relevance for most interfaces. This indicates that some features 

should perhaps be considered as general requirements of HRI interfaces. Assuming this 

as a premise, a standard configuration for interaction with such features of interfaces 

could be defined. 

Table 2: Summary of interface features and their occurrences in HRI projects. 

Feature Number of occurrences 

One or more video feeds 6 

Map 5 

Orientation 5 

Pose 4 

Sensor monitoring 4 

Directional event indicator 3 

Option selectors: operation mode, camera, action 2 

Waypoint or landmark tagging 2 

Camera configuration feedback 2 

Incremental map building algorithm 1 

3
rd

 person view 1 

 

By relating the interface features to the general proposed HRI guidelines, as 

presented in Table 3, it is noteworthy that the focus of most projects is on improving 

situation awareness and efficiency, but not on reducing cognitive load and creating 

systems that are scalable, portable, reusable or robust.  Note that some of the features 

could improve more than one parameter. For example, one-video with more emphasis 

generally reduces cognitive load compared to having two videos of the same side (Yanco 

et al., 2006), but one could argue that having video may also affect situation awareness, 

for 1 single larger video window may be a better source of SA than two smaller ones. 

The interface proposed here is aimed to change this HRI interface development 

trend by proposing an interface that will attack the problem of the operatorôs cognitive 

load by using feedback devices in addition to graphical ones. 
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Table 3: Categorization of currently implemented interface features according to general 

HRI guidelines. 

Interface feature 

Improvement 

C
o

g
n

it
iv

e
 

lo
a

d 

S
it
u

a
ti
o

n
 

a
w

a
re

n
e
s
s 

E
ff
ic

ie
n

c
y 

M
o

d
a

lit
y 

S
c
a
la

b
ili

ty
, 
 

P
o

rt
a

b
ili

ty
 &

 

S
o

c
ia

b
ili

ty
  

R
e
u

s
e 

R
o

b
u

s
tn

e
s
s 

One-video with more emphasis instead of 

more videos with the same emphasis 
X       

Allow multiple views  X      

Provide orientation of robot and camera  X      

Provide robot pose  X      

Provide directional alerts for blockage or 

collision 
 X      

Provide sensor information  X      

Provide camera zoom information  X      

Provide operation mode information  X      

Provide orientation for sensor events  X      

Environment auto-mapping mechanism  X      

3
rd

 person view  X      

Enable placement of POIs or waypoints 

 
  X     

Integrate collision avoidance mechanism   X     

Autonomous actions preprogrammed 

(escape, pursuit) 
  X     

Automatic direction reversal   X     

Multiple video windows   X     

Provide different teleoperation modalities    X    

Our Interface Novel Feature 

TactaBelt as channel for sensor 

information 
X X      

TactaBelt as channel for directional 

information 
X X      

 

However, one can also think of many other types of input and output (I/O) devices 

that are still barely being explored in HRI, such as spatial audio, low-resolution 

stereoscopic displays and using operatorôs body movement to accomplish tasks in the 

remote environment. Many of these are can be derived from Virtual Reality I/O 

techniques (Bowman et al., 2005) and integrated with current HRI sensor technologies. 
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3. Our Interface 
We have designed an interface that attempts to follow a superset of the guidelines 

that have been proposed in the field. It also attempts to merge good features from 

interfaces previously proposed and tested by other research groups.  

Our design uses as a starting point the interface proposed by Nielsen (Nielsen et 

al., 2006; Nielsen et al., 2007). The operator is presented with a third-person view of a 

3D virtual representation of the robot, called avatar, along with data collected by the 

robot as seen in Figure 2. These data include a video feed from the real environment, 

sensor data about the location of object surfaces near the robot, and potential collision 

locations.  

 

 

Figure 2: Nielsenôs HRI interface for robot teleoperation (Nielsen et al., 2006). 

In our interface, a panel located in front of the robot avatar projects data from the 

robotôs video camera. The camera, and hence the panel, can be rotated about both the 

vertical and horizontal axes, up to an angle of 100 degrees horizontally for each side and 

45 degrees vertically in both upward and downward directions, and relative to the robot 

initial orientation.  

A ring surrounding the robot avatar indicates imminent collisions near the robot, 

similar to the Sensory EgoSphere proposed by Johnson (Johnson et al., 2003) but with a 

more specific purpose. The brighter the red color in the ring the closer to a collision point 

the robot is.  

The same type of feedback is also provided as vibration through the vibro-tactile 

interface, the TactaBelt. The latter consists of eight pager motors, also called tactors, 

arranged in a ring around the torso, with the motors spaced evenly (see Figure 4b). The 

more intense a tactor in the TactaBelt vibrates, the closer the robot is to colliding in a 

certain direction. 
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Following the experimental results and conclusions by Nielsen (Nielsen et al., 

2006), the map of the environment was set to be represented in a projected manner on the 

ground in the form of blue lines as the robot captures data from the environment. The 

robot avatar is placed on map where the robot is physically located in the real world.  

Figure 3 illustrates the main components of the graphical interface. Blue lines are 

printed on the ground and represent object surfaces that are sensed by the robot as it 

passes close to them. Previously sensed walls and their locations are stored and 

displayed. For the example in Figure 3, the robot passed close to a large number of the 

objects in the scene before and thus most of the walls in the environment can be seen 

from a distance. The eight cylindrical components of the graphical ring are presented in 

different red saturation levels around the robot avatar, in front of which the camera panel 

can also be seen. The panel rotations occur relative to the robot avatar and match the real 

robot camera rotations controlled by operator input. A chronometer is presented in the top 

right hand corner of the screen. It is triggered once the training session finishes and the 

robot is transferred to the virtual environment (VE) where the actual experiment takes 

place. 

 

 

Figure 3: Main Components of the graphical interface. 

The controller used in the experiment was a Sony PlayStation Dual-shock 2 

(Figure 4a). The TactaBelt was custom made, and consists of a set of eight tactors located 

at the cardinal and intermediate compass points, with forward being north (Figure 4b). 

Each tactor is a simple DC motor with an eccentric mass, similar to those used in mobile 

phones. The amount of current controls the level of vibration for each tactor. This control 

is possible through the interface API and hardware provided by the TactaBox (Lindeman 

et al., 2006). 

Three out of the 

eight collision-

proximity feedback 

ring components 

around the robot 

 

Robot avatar 

 

Blue lines representing object surfaces 

 

Chronometer 

(disabled during 

training session) 

 

Rotateable panel 

with video feed 

from robot 

camera 
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(a) (b) 

Figure 4: Interface used in addition to the standard computer monitor: (a) PlayStation 2 

dual-shock controller; (b) TactaBelt. 

The machine used for running the experiment was a DELL XPS 600 with 2 GB 

RAM and a Pentium (R) D Dual-core 3GHz processor. The environment was run in a 

window with resolution of 1280x1024 at an average frame rate of 30 frames-per-second 

(fps). The graphics card used was a GeForce 7800 GTX with 256MB of memory. 



9 

 

4. Hypothesis 
We hypothesize that the use of vibro-tactile feedback will reduce operator 

cognitive load when compared to using only a graphical interface. The hypothesis will be 

validated by an evaluation of user performance on a simple object-search task performed 

by subjects in a user study. The reduction in cognitive load should be indirectly perceived 

by measuring dependent variables on the study such as the number of searched objects 

that are found, number of robot collisions with the environment, task time and spatial 

understanding of the environment, as well as identification of the locations of objects.  

The use of the graphical ring, as well as the TactaBelt, should cause an 

improvement in subjectsô perception of the surrounding environment, which would be an 

indication of an increase in their situation awareness level. This improvement should be 

especially evident through a reduction in the number of collisions, but also in other 

experimental variables. By enhancing the navigational feedback and making it more 

intuitive (directional feedback) and less visual (vibro-tactile feedback), subjects using the 

enhanced interfaces will be able to focus more on the task and, hence, find a larger 

number of objects. Therefore, task time, number of collisions, and number of objects 

found are the most important measurements to validate or reject our hypothesis, which is 

split into the following two more-specific hypotheses. 

Our first hypothesis is that subjects using either the TactaBelt or the graphical 

ring feedback interfaces should have an increase in navigational performance 

measured by a reduction in the number of collisions and hence in the time taken to 

perform the task in relation to the control group, that is using neither interface. 

Additionally, these subjects will be able to focus their attention more on the task itself 

rather than on navigation. As a result, there should also be an increase in the number 

of objects found by these subjects compared to the control group, and a better 

reporting on the location of the objects and understanding of the environment as 

measured using post-test sketchmaps. 

Our second hypothesis is that subjects who are using both the TactaBelt and 

the graphical ring feedback interfaces should have an even larger increase in 

performance measured by a reduction in the number of collisions and in the time 

taken to perform the task compared to all other groups. Moreover, an increase in the 

number of objects found and more-accurate sketchmaps being drawn should also be 

evidenced compared to all other groups of subjects.  
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5. Methodology 
As already mentioned, a user study was carried out to confirm our hypotheses that 

the use of either or both feedback interfaces would imply in an improvement in operator 

performance and reduction of cognitive load measured in terms of number of collisions, 

task time, number of objects found and spatial understanding of the environment. The 

user study is described in this section. 

5.1. User Study 

The task that users had to complete consisted of locating red spheres in the ruins 

of a small closed environment. A total of nine spheres were hidden in the environment. 

The users did not know in advance the number of spheres hidden. After the experiment 

was over, users were asked to sketch a map of the task space and the approximate 

location of the spheres.  

The user study consisted of a between-subjects experiment. The independent 

variable was the type of collision-proximity feedback (CPF) interface. Subjects were 

divided into four groups: the first group (ñNoneò) would operate the robot without having 

collision-proximity feedback from either the graphical ring or the TactaBelt. The second 

(ñRingò) would receive feedback from the graphical ring. The third (ñTactaBeltò) would 

receive feedback from the TactaBelt. The fourth and last (ñBothò) would receive 

feedback from both the graphical ring and TactaBelt.  

Subjects could control the robot and its camera using the two analog joysticks of 

the gamepad. Two trigger buttons from the gamepad were also used to allow subjects to 

take pictures of the environment. These pictures were useful for subjects in the map 

sketching task during the post-questionnaires session as further explained below. 

The dependent variables were the number of collisions during the task, the time 

taken to accomplish the task, the number of spheres found, and the accuracy of the 

sketchmaps.  

The user study can be summarized by a list of eight steps for each subject, some 

of them further explained in the paragraphs following this list. 

1. The subject read and signed an IRB-approved consent form for the experiment; 

2. Demographic information was collected from the subject; 

3. The subject read a sheet of paper with instructions for the experiment and asked 

any questions about the experiment; 

4. The experimenter explained how to control the robot and its camera using the 

controls on the gamepad; 

5. The experimenter explained about the training session and then started it when the 

subject was ready; 

6. Once the training session was finished, the experimenter explained that the 

subject would be moved to the real task now and briefly reviewed the task to be 

accomplished. The experiment started when the subject was ready; 

7. During the main experiment, the experimenter took general notes about the 

subject and his performance during the experiment; 

8. Once the main experiment task was over, the subject filled in a post-questionnaire 

containing the sketchmap and experiment feedback information. 
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A description of the script used by the experimenter as a guideline during the 

experiment can be found in Appendix A. 

The demographic questionnaire collected subject information about their gender, 

age, how often they played video-games and used or worked with robots. For the last two 

questions, the possible answers were: ñdailyò (1), ñweeklyò (2), ñseldomò (3) or ñneverò 

(4). 

The instructions, presented in Appendix B, consisted of a single page of 

information containing the description of the experiment, the task that should be 

completed, the interface, and how subjects should behave before, during, and after the 

experiment. 

The training session happened in a virtual training room larger than the one used 

during the real task session. While the virtual house where the experiment took place was 

8m in width by 10m in length, the training session room was 15m in width by 15m in 

length. Additionally, the training room was an open space while the experiment room had 

many obstacles the user needed to maneuver around.  

The training room contained a set of large geometric primitives colored with basic 

colors. A single red sphere was hidden behind one of these primitives. The task in the 

training room was to find the hidden red sphere and take a picture of it. This gave the 

subject time to practice and get used to the robot controls. During the training session, if 

subjects seemed to be already comfortable with the robot controls but were having 

problems in finding the red sphere, the experimenter would intervene and give them hints 

on the location of the sphere so that they could practice taking pictures, ask questions and 

then move on to the real experiment. Figure 5 gives an overview of the training room. 
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(a) 

 
(b) 

Figure 5: Training environment from a birdôs eye view (a) and from the operatorôs 

perspective (b). 

Data on place and time of the collisions were recorded as well as the time spent in 

performing the task. Additionally, the periods of time spent during the training session 



13 

 

and sketching the location of the spheres were recorded for some of the subjects; we 

didnôt think to collect such data until half-way through the subjects. 

A post-questionnaire asked subjects to report the number of spheres found and 

their location by sketching a map of the environment. They were provided with the 

pictures they took during their traversal of the environment to help them in sketching. 

The images were displayed on a Web page presented at 800³640 resolution. The top of 

such a Web page is presented in Figure 6. 

 

 

Figure 6: Web page example used during map sketching. 

The sketchmaps were evaluated following criteria proposed by Billinghurst & 

Weghorst (1995). The first criterion was map goodness, which was evaluated on a scale 

from 1 to 5, instead of the original scale from 1 to 3. The criterion for grading map 

goodness was how well the sketchmap would help in guiding someone through the 

environment. The second criterion was counting the number of objects of different 

classes or groups that were drawn. The objects were divided into three groups: walls, 

doorways, and debris. These groups were graded separately. Each object found 
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corresponded to an increment of one point to their object group grade. The third and last 

criterion was a general grading and analysis of the correct placement of objects relative to 

other nearby objects. Sample sketchmaps are presented in Figure 33. Spheres were not 

considered, since pictures would allow subjects to position them correctly relative to 

nearby objects most of the time. 

5.2. Virtual Environment 

The robot side of the system was simulated using a virtual environment (VE). In 

fact, two VEs, constructed using the C4 game engine (www.terathon.com), were used in 

our application. The first described the real world where the robot was inserted and was 

supposed to complete a task. The second represented the robot teleoperator interface as 

seen from the point of view of the operator. The environment where the search task took 

place is presented in Figure 7a, and the operator view is shown in Figure 7b. 
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(a) 

 
(b) 

Figure 7: Experimental virtual environment in C4 engine (a) from a birdôs eye view and 

(b) from the operatorôs perspective. This version does not have the graphical ring and 

may represent the view of a subject in the ñNoneò or ñTactaBeltò group. 
















































































