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ABSTRACT

This paper describes the design and evaluatiomef‘gestural
joystick,” a wearable 2-D pointing controller forobile robots in
hazardous environments that uses hand gesturesardéas
environments, such as that of a collapsed buildegych, require
operators to wear a significant amount of protectibthing. This
protective clothing, which may include hard hatsitss gloves,
goggles, etc., reduces comfort, mobility, dexteribad capacity,
and ability to interact with conventional computeput devices.
The gestural joystick, which is embedded in pratectlothing,

mitigates some of these impacts, but at the costies$er
familiarity for the user and, therefore, potentiallesser
performance. Effective performance metrics are iredqu to

evaluate this interface mechanism. Path tortuokiég been
proposed as a performance metric for the evaluatidn
teleoperation of a robot, but has not been proweebet distinct
from time-to-complete metrics. By injecting conted

uncertainty between the user and robot, we showtHe first

time, that path tortuosity is a useful and distinsttric for the
evaluation of robot teleoperation.

Categories and Subject Descriptors
B.4.2[Input/Output Devices|

General Terms
Human Factors
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1. INTRODUCTION

Urban search and rescue (USAR) has received much

interest, recently, from robotics researchers attotime
world. Robots have a great deal to offer in thaytlare

more expendable than humans, can be made smadler th
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humans to enter confined spaces, and can toleeashdr
conditions. Robots are routinely deployed during
emergency response exercises and are increasiegtg b
deployed during actual emergencies. For instarftey, the
September 11th attack on the World Trade Centédotro
scientists contributed to USAR teams to searchrpped
victims [1]. USAR robots are currently controlled
exclusively via teleoperation but traditional inpdetvices
have proven inappropriate due to the protectivehiig
required [2]. Traditional human/computer interact{®Cl)
devices are hampered by protective clothing inclgdi
safety glasses, hard hats, respirators, and, mpstrtantly,
gloves. Gloves have been found to reduce operator
effectiveness in many tasks [3]. Sihce emergency
responders are required to wear heavy gloves tdaites
themselves from the hazardous environment, we haea
investigating ways to embed wearable human/robot
interfaces into the bulky clothing itself -- exglog it as an
asset, rather then a liability.

The prototype wearable glove-based input interfaees

Figure 1: Using the Gestural Joystick to operate a
commercial Inuktun robot.



presented in [13] (and shown in Figure 1) for ol BAR
robot, TerminatorBot [4], which is a miniature rabfor
core-bored inspection tasks. This interface paradigew
from the burdens of providing an intuitive interfaand
controller for the TerminatorBot with conventional
interaction devices (Figure 2). Conventional ingdavices,
such as touch screen, mouse, keyboard and joystiek,
cumbersome to operators wearing safety gears, theeigh
they are small enough to carry conveniently. Cotiveal
glove-based interfaces, such as the Power Glove
CyberGlove, MIT LED glove and others [5], have shaw

be highly accurate for the recognition of variousndh
gestures [6], [7], [8], [9]. However, these gloveeirfaces
require complex and fragile sensor structures ainesvand
are not suitable for use in rugged environments. aké&e
developing a new paradigm of gestural joystickiray f
USAR tasks that reduces encumbrances, yet remain
intuitive to non-technical operators. Evaluating velo
paradigms is challenging, however, and requirestgrare.
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Figure 2: Theinitial PDA-based interface for the
TerminatorBot istoo confusing for non-technical users.

1.1 HRI Performance Metrics

In the evaluation of user efficacy, metrics areassary to
measure how well a rescuer can control the robadeun
specified tasks [10], [11]. The development of mastifor
USAR robots is still in its infancy, though the refard
“time-to-complete” metric is commonplace. Steinf¢id]
tried to generalize common metrics for task-oridnitéRlI
and built a standardized framework in HRI. Howeubg
framework is difficult to apply to such a speciflomain as
that represented by USAR and development is giill i
progress.

The time required to complete a specified, closeded
task is a common metric for the efficacy of useerfaces.
This metric is simple to implement, it results irsiagle,
guantitative value that is easily compared, arapjtlies to

many types of tasks and interfaces. If one interfaguires
the user to spend more time in completing a staizrizd,
relevant task than another interface, it is reaskendo
conclude that the former interface is inferiorhe tatter.

More recently, researchers have begun to examiher ot
metrics that relate more specifically to the robot
teleoperation task. It has been suggested thadeabeee of
smoothness of resulting motion of a human-directdabt
control task is a good indicator of the quality thie

'human/robot interface [10]. Voshell et al termeid thetric

“path tortuosity” [10] and quantified it through afrtal
dimension [12]. They used the 2-D projection of abite
robot’s motion on the ground to show that pathuimstty
correlated well with user subjective opinions aimdetto-
complete. However, to our knowledge, nobody haarble
demonstrated that path tortuosity is actually dettifrom
ime-to-complete. Until now, the question has béefh
unanswered as to whether or not path tortuositysadd
information or merely confirms time-to-complete
measurements (which are easier to gather). In fzah
tortuosity often provides similar results to thesiea to
measure time-to-complete metric.

In this paper, we employ two different metrics t@mleate
the human/robot interface for a specific task: time
complete and path tortuosity. In a test of non-bézdd
users, we introduced varying degrees of uncertainty
between the operator console and the robot, unknowme
operator. In effect, we were varying the qualitycohtrol
they had over the robot in a controlled way, indej@nt of
the interface device. Our results provide evidetheg path
tortuosity is distinct from time-to-complete andypides a
complimentary measure of efficacy in human/robot
interaction.

2. SYSTEM CONFIGURATION

The gestural input system (see Figure 3), whichca#
“WRIST” for Wearable Responder Interface for Search
Tasks, forgoes the complex gestural capabilitieotbkr
glove interfaces, but also eliminates the encuntmarof
these other interfaces such as wires, batteriek,aative
components. By simplifying the interface to onlyeth
pointing task, a robust, wearable, wire-free solutiesults
that is suitable for hazardous environments withenof the
difficulties of a complex alphabet to memorize. &hn
permanent magnets and sensitive Giant Magnetdresist
(GMR) detectors, analog forward/backward and rigfit/
gestures are encoded into commands that can bedeia

a robot, personal computer, or other device reamiri
pointing information.

Calibration of the sensitive but highly nonlineaM&
detectors is described in [15]. User evaluatiortstese
presented below for a simulated search and resaketo
compare controllability to a conventional joystickhese
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Figure 3: The WRIST system consists of an array of
magnets on the glove, an array of sensorson the sleeve, and
a data processor.

tests employ not only the standard metric of time-t
complete, but add a metric for path tortuosity dage the
fractal dimension of the robot's traced path. Rigdor the
first time, we demonstrate the independence of path
tortuosity metric from the time-to-complete metrior
pointing controllability.

WRIST provides unencumbered wearability that can be
easily equipped on many styles of traditional gtowvéth
minimal modifications. Moreover, the hardware stoue of

the system should permit intuitive and robust ofi@na

The embedded rare-earth permanent magnets (Figure 4
have relatively small size and consume no powere Th
sensor pad is integrated with eight GMR sensors iand
worn on the wrist or embedded in the fringe of steeve.

The magnets and sensors interact with no interaimge
wires allowing the glove to be easily removed.

The signal strength of each magnetic sensor chanikes

Magnet

Sensor Pad

Figure 4: Configuration of the magnets and GMR sensors.

wrist motion. The redundant sensor signals areimmoaity
monitored by the CPU where they are translated thé&
four directional components as described later. Sdwesor
pad contains 8 GMR sensors (AA004, NVE Co., Eden
Prairie, Minnesota, USA) and 8 op-amps on a flexibl
printed circuit board (PCB). The sensor pad can be
completely wrapped around the wrist. The PCB isualite
thickness of a piece of paper making it easy toezhbto a
sleeve.

The CPU module is built around the Atmel Corponmai®-

bit AtMegal28 RISC microprocessor. Its Analog/Dagit
converters can process eight analog signals frareipht

magnetic sensors. Each Analog/Digital converts gmadi

into a 10-bit digital output. The glove of WRISTcindes

nothing but four rare-earth magnets. Therefore,isit
washable and virtually unbreakable.

B serntent Untiied

Cpmralon e Configasin

DS W ?

Fabi12 1 Lomste

Dk and Tani :
et e Tadl_on
Operabon Thats | Tust Shastack|
ollon Sabk Worw

Taoewst el 3

S E T S T

\

\%’

Goal Point

/V
O

Start Point

Ry

Figure 5: Usability tests based on the NI ST gate model. Top
isavirtual robot driven through a single gateto a goal
position. Bottom isthe trace of a physical Inuktun robot
driven through a single gate to a goal position.
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3. USABILITY EVALUATION

A variety of usability tests were developed to t@sérator
performance with WRIST in comparison to a converdlo
joystick and a mouse in two different modes (positand
velocity mode). Fitz' Law tests were performed adlas

physical mobility tests and virtual and physicalbab
control tests based on the NIST “gate” model. Tdwu$ of
this paper will be on the virtual and physical rbbontrol

tests.

In the NIST gate model, a single robot is teleofsetao
navigate through a narrow gate, as shown in Fidure
While the tests by NIST have used multiple gates,use
only one, for simplicity.

While the path tortuosity metric has been propdsefdbre
[10], it has not been proven to provide informatibat is
independent of the time-to-complete metric. Althlougis
intuitive to use such a metric, many tests showselo
correspondence between the two. For example, ur&ig,
we show the results of five separate trials for WRIST
system and a conventional joystick. (Time to cortgpie on
the top while fractal dimension is on the bottorBgth
metrics trend downward as gap width increases, mgan
that the quality of control increases (task timésgehorter
and the path gets smoother) for each interfacecdeas the
course gets easier. This is the expected resultshodis
that path tortuosity is consistent with intuitiondatime-to-

actually providing new information.

3.1 Veification of the Uniqueness of Path

Tortuosity

In an effort to validate the independence of thérimewe
deliberately introduced random error into the oaointr
software of certain test subjects without the wsiject's
knowledge. This error manifested itself in the fooha
random angular offset in the motion direction af thursor
commanded by the user. In effect, this error cdietiothe
degree of inaccuracy with which the user could idrthe
cursor for the devices tested.

The distribution of the angular error was Gaussiad we
made no modification to the commanded magnitude. Fo
our operator pool, we used over one hundred non-
engineering undergraduate students in a laborattays
that introduces them to technology. The task wadained

to them and they were given one practice trial witich of
five different interface devices. The interface ides
included the WRIST system, a joystick, a trackbaill,
mouse in position mode and a mouse in velocity mode
Only a small subset of the data is presented here.

In comparing these "perturbed" runs to normal rac®ss
several users, we found that time-to-complete was n
reliably correlated with the actual inaccuracy bé trial,
which is assumed to be dictated by the introduaedr.e

complete, but it does not demonstrate path tomyidsi ~ The path tortuosity, as computed through Fractal
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Figure 6: Top set of plots show the time-to-complete metric for fivetrials each of the WRIST and a conventional joystick as gate
width increases. The bottom set of plots show path tortuosity for the same devices and gate tasks. The two metricstrend the same.



dimension, was a more reliable predictor of theouhticed
error.

The data are difficult to interpret as a pronouniezaning
effect is evident in the results (Figure 7). Théjeats are
not particularly tech savvy so many of the integfaevices
were new to them and they were only given one meact
trial. As they moved through the five trials witlaoh
device, negative slopes are apparent as time-tgieten
and path tortuosity both decrease with practice.
Furthermore, the gate width was varied for mantheftest
subjects, which varies the difficulty of the taskhis
introduces a negative or positive slope depending o
whether the width is increasing or decreasing.

reduced, making the task more difficult and offsettthe
learning effect. The complementary tests groups riase
injected at different times, however. By examinihg slope
and intercept of the trends, we can spot signifieatifacts
in the metrics.

Group 1 had noise introduced into the mouse tagksidt
the joystick tasks while group 2 had noise intralinto
the joystick tasks but not the mouse tasks. With th
offsetting effects of learning and increasing diffty, the
slopes are near zero.

With the slope near zero, we can focus on the dafgrto
see which is higher or lower in relation to the idevand
noise. The intercepts are tabulated below and \eettsat

Figure 7: Group 1, top, and Group 2, bottom, indicating the
trend over two devices and noise conditions for both time-to-
complete metric and path tortuosity. Test subjects are denoted
by number.

To counteract these effects, we look at complenng st
suites that reverse the effects. For example, w& two
groups of test subjects and had them use devicekein
same order; in this case, mouse in velocity modlevied

by the joystick. (Five trials with each device are
completed.) Over the five trials, the gate widtlyiadually

Group 1: Normal then Noise - Shrinking Gap path tortuosity is a more reliable predictor of thieoduced
noise than time-to-complete. (Erroneous cases are
25000 L4 highlighted in Table 1.)
20000 1102 _ Table 1: Regression statistics of groups of user data.
i o
= ”;98 o Group Device/Noise | Time Fractal
E 10001 | oo E | nter cept Dimension
_E 10000 ! 0.04 % I nter cept
5000 | 1092 § Group 1 Mouse/No 17310 0.988
L
709 Group 1 Joystick/Yes| 20150 0.979
0 T T T T T T T T T 0.88
1 2 3 4 5 6 7 8 9 10 Group 1 Mouse/No 18680 0.992
—&— 21072 Time —A— 23058 Time —{li— 24085 Time Group 1 JoyStiCk/YeS 22220 1000
—=&— 21072 Frac Dim —%— 23058 FD —e— 24085 FD
Group 1 Mouse/No 13960 0.942
Group 2: Noise then Normal - Shrinking Gap Group 1 ‘]OyStiCk/YeS 18790 0.966
Group 2 Mouse/Yes | 18950 0.964
30000 1.04
A 1102 Group 2 Joystick/No | 22830 0.919
25000 - 41
v mm | oos - Group 2 Mouse/Yes 22810 0.945
2 ©
7 20000 ‘W g [°%2 | [Group2 Joystick/No | 18070 0.919
£ | * 709 E
g : toe 5 Group 2 Mouse/Yes | 12790 0.959
L +09 ©
100004 | oss & Group 2 Joystick/No | 14620 0.938
5000 - + 0.86
+ 0.84
0 R 0.82 To further demonstrate the independence of pathdsity,
S we gathered another set consisting of two groupdatd: a
—e—22075Time  —— 24062 Time 25090 Time "Noisy" group of 6 test subjects with random error
—=— 22075 FD —%— 24062 FD —e— 25090 FD introduced and a "Normal" group of 22 test subjeStace

it is meaningless to directly compare the perforoeanf
individual test subjects, we exhaustively compatbd
average performance (both time-to-complete and path
tortuosity) of every subgroup of four test subjdoten each
group. This resulted in 15 Noisy subgroup€,(— 6-
choose-4) and 7315 Normal subgrouf3€4).

Comparing every Noisy subgroup to every other Nérma
subgroup involved over 100,000 comparisons. Of ghes
comparisons, the fractal dimension of the noisygsoip

was greater than the fractal dimension of the nbrma



subgroup 99.5% of the time while the time-to-cortipleof believe it will be a successful interface when yull
the noisy subgroup was greater than the time-topbetion developed.

0 . .
of the normal subgroup 49.4% of the time (esséptial The discrimination between the time-to-complete path

chance). tortuosity metrics is highly meaningful. It seenmuitive
that the two metrics would be distinct, but we &edi this is
the first result that demonstrates they are, in, fdistinct
2 24000 and separably valuable.
:E; 18000 +—wm
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