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Can Real-time, Adaptive Human-Robot Motor
Coordination Improve Humans’ Overall Perception
of a Robot?

Qiming Shen, Kerstin Dautenhahn, Joe Saunders, and Hatioe Kos

Abstract—Previous research on social interaction among hu- are two types of motor coordination: one callbdhaviour
mans suggested that interpersonal motor coordination can help matchingand the other calleéhteractional synchronyBoth

to establish social rapport. Our research addresses the questio hag of interpersonal motor coordination can be commonly
of whether, in a human-humanoid interaction experiment, the . .
observed in our everyday life.

human’s overall perception of a robot can be improved by ’ . o
realising motor coordination behaviour that allows the robot A typical example for behaviour matching is the chameleon
to adapt in real-time to a person’s behaviour. A synchrony effect, which Chartrand and Bargh [10] define &®on-
detection method using information distance was adopted to conscious mimicry of the postures, mannerisms, facialesxpr
realise the real-time human-robot motor coordination behaviour, - gjns  and other behaviours of one’s interaction partnetgh
which guided the humanoid robot to coordinate its movements , . . . .

to a human by measuring the behaviour synchrony between the that one’s behaVIour_paSSNer and unlnFentlon_aIIy chanige
robot and the human. The feedback of the participants indicated Match that of others in one’s current social environmerithe

that most of the participants preferred to interact with the results of Chartrand and Bargh's experiments validated the
humanoid robot with the adaptive motor coordination capability.  existence of the chameleon effect by finding that the partic-
The results of this proof-of-concept study suggest that the mor ipants subconsciously changed their behaviours accortding

coordination mechanism improved humans’ overall perception of . . ) . o
the humanoid robot. Together with our previous findings, namely the changes in their confederates’ behaviours. In additiair

that humans actively coordinate their behaviours to a humanoid €xperimental results suggested that non-conscious nymicr
robot's behaviours, this study further supports the hypothess facilitated smooth interactions and increased rappotikimg)
that bidirectional motor coordination could be a valid approach  petween interaction companions.

to facilitate adaptive human-humanoid interaction. Van Ulzen et al., [11] have studied automatic synchro-

Index Terms—Humanoid robot, Human-humanoid interaction,  nization of walking partners’ leg movements when they are

Motor coordination, Information distance. walking side-by-side and have shown that this can be an
instance of interpersonal synchrony both consciously and u
I. INTRODUCTION consciously. Wiltermuth and Heath [12] reported that ipéer

NE major aim of Human-Robot Interaction (HRI) re-Sonal synchrony could also benefit the establishment oforapp
Osearch is to enable a human to interact with a rob8fid could promote cooperation among group members. In

in a ‘natural’ manner [1]. An underlying assumption relate@ddition, Lakin and Chartrand [13] indicated that the demr
to this aim is that people prefer to retain the way that thég;eate rapport with confederates, in turn, increased iddals

interact with other people when they interact with robofls [2M0N-CONScious mimicry. _

[3]. Numerous studies have been performed to investigate ho All these studies suggest that the interplay between motor
to make robots operate as partners or companions that carf@rdination behaviours and rapport was positively relate
comfortably accepted by humans [1], [4], [5]. One directisn (also see I__aFrance [14]).. It might also exhlbq the mut_ual
to draw inspiration from human-human interactions and th&fderstanding of the adoption of motor coordination betavi
apply them in HRI [6], [7]. In this study, how interpersona®Mong interaction partners, although sometimes none af the

motor coordination can be used to facilitate human-huntangere aware of this process. To summarize, motor coordimatio
interaction is investigated. is a kind of dynamical process that may increase rapport

or liking between interaction partners and therefore itaté

S . . interpersonal interaction.
A. Motor Coordination in Interpersonal Social Interaction P

It has been suggested by past psychological research that S )
socially situated agents tend to coordinate their motor b@- Motor Coordination in Human-Robot Interaction
haviours [8]. According to Bernieri and Rosenthal [9], #aer |f motor coordination can facilitate interpersonal intetian,
. can this dynamical process be adopted to improve human robot
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——{  Time Window ! Or{tlc_mal_
i Optimization

The feasibility of bidirectional motor coordination in HRI
has been supported by a number of studies. For examy
Robins et al., [15] found that children adapted the timing ¢
their behaviours to the changes in the timing of a humang
robot’s behaviour in both a drumming interaction game ar

Data Collection

an imitation interaction game. Dautenhahn [16] invesédat “ """"""" T Frequency —
temporal coordination between a mobile robot and a hum| § Optional Distribution Binning
and demonstrated a bidirectional adaptation process.ign t & [ Optimization Matrix Strategy
process, the participant initially adapts his/her behawvito || T
a pattern that influences the robot’s behaviour. The rol—
then adapted to the participant’'s behaviour based on 1. _3
pattern he/she selected. Both Robins’ and Dautenhahris stz Z| |  Information T S—
ies indicate that a human will proactively coordinate hes/h E‘i Ditanes Distance
movements to a robot’s behaviour. £ 5| | Caleulation

In our previous experiments [17], [18], it was also foun(_®

that humans tended to synchronize their movement rhythm to a ) o
humanoid robot's movement rhythm in their interactionsoTV\f'g' 1. The information distance methodology general proeélow chart.

experiments were performed to investigate both motorfieter

ence Iand motor coordination. Regarding motor interfereacebetween their movement trajectories. The behaviour symghr
S|gn|f|gsttnt mttgrfere.r;ﬁe efrl;ect Wagéounl;j \t/vhen the po?r?ntpthis indicated by the numeric size of the information distance
were Interacting with a humanold Tobot compared 0 ogh),as: 10w information distance values for synchronized b

stimuli. _F_urther’mor(_a., the experimental results suggethead haviours and high information distance values for unsymchr
the part|C|pa_1nts .be||efs of the epgagement of the robottaad. nized behaviours. The general procedure of the information
use of music might both contribute to the overall perceptio stance method processing the trajectory data collected f

of the human.0|d robot as a soc_|al entity’ and consequent human and a robot to compute their synchronization status
provoke the interference effect in the two experiments res shown in Fig. 1 and Algorithm 1

;spe(;:tl(\j/etly. In thde_ m?totrhcqolr)dlﬂatl_on |nvhesttk|]gatt|0r1,hpagaats_ According to this general procedure, the trajectories to be
Enthe ?;}00{] inate 'delrbet ?_\rl:our rtyd_m t?] e be :;/tl? ompared are firstly collected into a moving time window. For
rnythm of the humanoid robot. These studies thus sugg 8ch time step, an information distance value is calculated

the. _overall perceptlon of.a rpbot as a social e'nt|'ty may al?l%m the trajectory data stored in the current time window.
facilitate motor coordination in human-humanoid intei@t ext, the time window is updated with new entries of the

Inspired by the above research, the core objective of t i .
. . e .. trajectory data. The collected movement trajectory daténef
present study is to further validate the feasibility of b human and the robot are allocated into different data bins

tr:gczlarzﬁ;[g\;ecg?gillat'ggtlln h duercgg'r}amgnnﬂgggtg:ﬁg?&bﬁccording to their value and the binning strategy. The Ibigni
; y Y, >'0pIng strategy component is then used to extract data distritutio
a humanoid robot to coordinate its movements to a human,in

L . . . ., features, which potentially reflect the temporal and spatia
real-time interaction and subsequently, investigatedabet’s . . . . .

. . . relationships of the trajectories. The results of this step
resulting coordinated influence on the human.

a set of data frequency distribution matrices, which are the
C. The Synchrony Detection Method critical source of information to conduct the information
. L . distance calculation. Information distance is calculabed
In order to realise motor coordination behaviour on g een two variables, usually a pair of corresponding behavi
humanmd robot, it is |mp’ortanF to aIIow'the robot t.o reCE:omponents from the human and the robot respectively (for
ognize vv_hether a human’s actions and its own actions ‘fample, the x-coordinates of the human’s hand trajectorie
synchronized. Therefore, a method for measuring behavioiy the x-coordinates of the robot's hand trajectories in 3D
synchrony is required in the present study to indicate t@,.e) The information distance between two data vasable
synchronization status between the robot’'s behaviour had % and Y is defined as the sum of two conditional entropies

human_’s behaviour. . . of these two variables. It can be transformed and calculated
Inspired by the work of Klyubin et al., [19], which pro- using (1) [22]

posed a technique using computational principles that have

begn shovyn to m_odel the perception—action Ioop of an ggent A(X,Y) = 2% H(X,Y) — (H(X) + H(Y)) @

acting in its environment in the language of information,

the existing method adopted for synchrony measure alsowhere d(X,Y) is the information distance between variable

employs an information theoretic approach. This method ¥ and Y; H(X,Y) is the joint entropy of X and Y; H(X) and

called the information distance method, which was oridjnalH(Y) are the entropies of variable X and Y respectively. The

proposed by Crutchfield [20] based on Shannon’s informatiealues of H(X,Y), H(X) and H(Y) can be calculated from the

theory [21]. data frequency distribution matrix. If the trajectories a&r 3D
This method calculates the behaviour synchrony betweers@ace, the overall information distance is the average of th

human and a robot from the spatial and temporal relatiosshipformation distance of the x, y and z dimensions.
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The information distance method has been successfulhe information distance synchrony detection method astbpt
validated and applied as the synchrony measure in our previ@s the core part of a motor coordination mechanism for
studies concerning motor coordination [17], [18], [23].tBlo a humanoid robot. Please note that motor coordination in
that in the previous work the information distance valuesewethis study is specified to movement speed coordination. The
not used in real-time as part of the interaction, they wetg orhumanoid robot was expected to coordinate its movement
used for the analysis of HRI experiments. The present wospeed to the human participants’ movement speed in real-tim
takes a significant further step and uses information digtarinteraction based on the synchrony information provided by
values in order to adapt human-robot interaction in reakti the information distance method. If the motor coordination

One of the advantages of using the information distanbetween a humanoid robot and a human participant could
approach is that it can capture general relationships legtwédre successfully realised, it might improve humans’ overall
sensors instead of only linear relationships [24]. In stadiperception of the robot and consequently facilitate human-
by Olsson et al., [22], [25] and Mirza’s studies [24], thdhumanoid interaction.
information distance measure outperformed many other meain our previous experiments [17], [18], it was found that rel
sures in tasks such as sensory reconstruction and captuatigely playful experimental settings (e.g. with the apation
sensorimotor relationships. It is arguable whether therinf of music and the usage of behaviours that can be performed
mation distance measure is the best distance measure metkexlily) as well as participants’ beliefs (e.g. making pgrtnts
in other applications as the performance of different dista believe that they are interacting with a robot that is endage
measure methods is very likely task dependent. Neverthelda the interaction) might improve the participants’ ovéral
the studies mentioned above have already demonstrated gheception of the robot as a social entity and facilitate &aom
potential usefulness of the information distance methddclv  humanoid interaction. The experiment in the present stualy w
enable this method to be applied in a broad area. In additiatgsigned and based on these findings. In order to investigate
our future research may involve sensors from different rhoddoth motor interference and motor coordination, the behavi
ities, and the relationship between which may be non-linepatterns adopted in our previous experiments were verylsimp
Therefore, using a synchrony detection method that istdeita (participants were instructed to keep the upper arm statjon
for capturing various types of relationships may benefit trend wave the forearm either horizontally or vertically, in

consistency of our research. line with the existing literature [26] on motor interferersc
effects in human-human and human-robot interaction). This
Il. EXPERIMENT new experiment was only concerned with the investigation of
A. Research Questions motor coordination, which allowed the introduction of more

There are two main research questions posed for this stu‘é?'?d. and playful behaviour paitems. Thus, in t.h's study
rticipants were asked to perform a number of simple and

The first is related to the realization of motor coordinatioR0 tinuous hand gesture patterns that were easv for both a
mechanism on a humanoid robot and the second is relaﬁeudr;an artici antgand a rgbot to produce. The hz':md esture
to whether the application of motor coordination behaviour P P P ' 9

can improve the human participants’ overall perceptiorhef t patterns were required to be continuous and periodic so that
humanoid robot: the patterns performed by the humans and the robot could

. . . . be used for behaviour synchrony analysis. In addition, the
1) Can the mformaﬂon Q|stance synchrony .detecuoﬁhmanoid robot used in this study was designed to give
methqd be _used n re_zal-tlme to help 5,‘ h“ma”9'd robot istructions to participants using speech, which may itatd
coordinate ts be_hawour toa hl_JmanS behaviour? I_ft e participants’ beliefs that the robot was engaged in the
motor coordination behaviour is successfully realise teraction with them. Using speech output might also make
the information Fiisf[ance vglue_detected at the end.of_t e interaction more playful and enjoyable.
human-humanoid Interaction is e_Xpected to be signifi- During the experiment, human participants were instructed
cantly Iower than the |nfc_)rmat|or_1 distance value detectqg interact with the humanoid robot by performing some fixed
at_the beginning of the Interaction. . esture patterns. Within their interaction, both the pgréints
2) .W'" a hgman prefer a §00|al robot _that coordmategnd the robot performed a selected pattern simultaneously.
s behawour to match his/her behqwour _compareq i\(ﬂeanwhile, the robot compared the movement speed syn-
a social robot that does not coordinate its beh""V'o'éhrony between the participants and itself using the syorshr

to ma’Fch h|s/hgr behaviour? If the mot'or' coor$j|nat|o etection method and adjusted its movement speed according
behaviour can improve the human participants’ over

. - ) the synchrony information. Thus, the robot might gratjual
perception of the robot, it is expected to find frorTl:oordinate its own speed to match the participants’ speed. |
fie actual experiment, there was also a baseline condition
L - . ! fhat the humanoid robot did not coordinate its movement

goordmatpn condition than the interaction for the bas%’peed to the participants’ movement speed. Instead, ityalwa
line condition. performed its movements using a constant speed. After the
) ] experiment, participants were asked to fill a questionntaire
B. Experimental Design provide their feedback to the experiment. The experimental
In order to realise the core objective of this study, eesults and feedback of the participants for the coordinati
human-humanoid interaction experiment was designed witbndition and baseline condition were compared and anglyze
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Infinity Circle Triangle

Fig. 2. Experimental layout: in the human-humanoid experimendartici- Fig. 3. Designed gesture patterns: infinity, circle andngle.
pant was instructed to stand in front of KASPAR2 and hold a Rémote to
perform a gesture pattern. The trajectories produced wejegted onto the
body of KASPAR2 using a projector.
F. Speech Module

The speech function of the robot in this experiment was
to evaluate the impact of the motor coordination mechanisiealised by playing pre-recorded sound wave files. These
sound wave files were embedded in the main interaction
program and played automatically at the appropriate tinne fo
C. Humanoid Robot Platform the robot to give instructions to the participants. The sbun

The humanoid robot adopted in this study is called kagvave files were produced by recording the output of a text-
PAR2. It was developed by the Adaptive Systems Reseaf@iSPeech engine provided by the Acapela group [27].
Group at the University of Hertfordshire. KASPAR?2 is a child
sized humanoid _robot with 18 DQFS (degrees_ of freedony. Gesture Interaction and Data Collection
It has 5 DOFs in each arm, which enables it to perform . ] ) o
some basic movements. In this study, KASPAR2 uses its right/" order_ to realise human-humanoid gesture interaction in
arm to perform gesture patterns. It also has a speech modi}g €xperiment, the gesture produced by the human partici-
to give instructions to the participants. The application dP@nts needed to be captured, recorded and recognized so that
gesture and speech on the robot may make the interaction niéf@ robot could make appropriate reactions to the partitga
interesting and encourage the participants to get involaed movements. To achieve this aim, some additional hardware

the interaction with the robot. KASPAR2 is shown in Fig. 2€duipment, software toolkits and libraries were employed.
In the experiment, the participants were required to stand

opposite to and facing the robot at a distance of about 1.5
D. Participants meters, while holding and using a Wii Remote [28] to perform
the gesture patterns (the Wii Remote is shown in Fig. 4). A Wii

ngnty—threghnght—handed p?rtlupgznts pgrtlupateﬁl_ha ! Remote is a motion controller manufactured by Nintendo.[29]
experiment, with an age range from 22 to 52 years. Ninetegn, . 5, optical sensor and an acceleration sensor which

participants were recruited from staff and students at tré‘fﬁable it to be used as an accurate pointing device with the

U_niversit_y; four were recruitgd from profess_ionalls woxkiim help of a Wii sensor bar [30][33]. With appropriate softear
different industries. All participants were naive with pest to one can operate a computer using a Wii Remote instead

the purpose of the experime_nt. This_ research_was appr_ovedot?ya mouse. In this experiment, a third party free software
the University of Hertfordshire’s ethics committee for dies toolkit named ‘WiinRemote' [34] was applied as an interface

@nvol\_/i_ng human partic_ipants_ I_nformed consent was olgiin between a Wii Remote and a computer. Through this toolkit,
in writing from all participants in the study. the participants’ arm movement trajectories could be mdppe
on to a computer's screen as the movement trajectories of a
mouse. In addition, operations to the digital buttons on the
Wii Remote, such as the ‘A, ‘B’, ‘+’ and ‘-’ button, could

Three gesture patterns were adopted in the present expbe-mapped as specified key inputs to the computer. In the
ment: infinity, circle and triangle (shown in Fig. 3). Accerd present study, the ‘A" and ‘B’ buttons were mapped as the left
ing to the requirements stated in the ‘Experimental Desigahd the right buttons of a mouse respectively. Moreover, the
section, the selected gesture patterns should have two mairbutton and ‘-’ button were mapped as the ‘Y’ key (for yes)
attributes: simple and continuous. The patterns showngn3i and ‘N’ key (for No) respectively to allow the participants t
satisfy those two requirements. send confirmation information to the humanoid robot.

E. Gesture Patterns
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Other input from the Wii Remote, such as the confirmation
information, was also collected and sent to the humanoidtrob
together with the results of the hand gesture pattern retiogn
from the AME Pattern library. These data were processed by
the robot and then it could make appropriate reactions to the
participants’ behaviours in the human-humanoid inteoacti

Please note that the information distance method is a
generalized method, which can process input from not oy th
Wii Remote but also from, for example, the visual scene. In
our previous studies [17], [23], we validated the effeatizss
of this method in human-humanoid interaction using input
obtained from the visual scene with the help of a marker
detection technique, ARToolkit [36]. The information diste
method could successfully indicate the synchronizatiatust
of a human and a robot in real-time when the input data were
obtained from the visual scene (this was validated in irglern
tests but has not been applied in user studies). Howeven whe
using the marker detection technique it took much longer to
N ) train participants to manipulate the markers properly @a-c

Apart from the WiinRemote toolkit, an open source pajyared to using the Wii Remote). Inappropriate manipulation
tern recognition library, AME Patterns library [35], wass@l of the markers may result in a lot of noise in the input as
utilized in the experiment to realise the gesture recogmiti the marker detection technique is sensitive to light coomit
function and a large part of the data collection functione Thag 4 preliminary step to realise real-time motor coordirati
AME Patterns library provides an interface and backgroung hyman-humanoid interaction, we adopted a more reliable
facilities for training and testing gesture patterns viaus® 5nd convenient approach to collect the input data. Thezefor
inputs. Its capacity for the trained patterns and tolerdadhe j, this study, we used the Wii Remote instead of the visual
user inputs were both adequate for this experiment. Ond paiBene to collect data. In our future research, we may chaose t
worth mentioning is when the gesture patterns were beigtain input from the visual scene instead of the Wii Remote,

trained and tested, each pattern was continuously repegig it was not necessary for answering the research question
three times to increase the accuracy of the recognition &f the present study.

the gesture patterns. Consequently, every time the paatits
were instructed to perform a particular pattern during trﬁ
interaction, they all needed to perform the gesture pattern
continuously three times. Algorithm 1 shows the pseudo code for the information dis-
If the participants could see the arm movement trajectorildc€ algorithm. In this work the time sliding window was set
they left on the pattern recognition interface, they mightéda to hold a 55 frames (or time steps) of data and the frequency

better clue as to whether these trajectories matched thlerges:for obtaining motion data from the Wii and from the robot

pattern that they intended to perform. It was also importa,‘r’\{"’ls a'round 15 H'ertz.. The lag between detection and reaction
to make sure they did not move their attention away froffcluding processing time was around 3 seconds. Once a frame
the robot when they were observing their own arm movemef 'uiman motion data is received, a frame of robot motion
trajectories because this was a human-robot interactiparex data is re(;]uesteg and re':jneve;j to g_sf;abhsh the one-to-orr:e
ment and the participants were supposed to concentrateson 3}’ €SPOndence etween data from diferent sources. 'A_‘S the
robot instead of a computer screen. Therefore, a projecisr V\gobot motion data is obtained from internal servo readings,

used to project the pattern recognition interface onto thayb there is very little delay between its request and retrieVae

of the humanoid robot (see Fig. 2), so that the participari§duence of human motion data transmissipn was maintain_ed
could focus on the humanoid robot as well as observe th8y USing @ send-acknowledgement mechanism. Together with
arm movement trajectories. the processing time for the algorithm the overall proceassin

The original source code of the AME Pattern library Wagme was less than 0.07th of a second. The total processing 1a

partially modified to embed the data collection functiomintmc 'arOL‘md 3'sec’onds was cpnsudered fast enough to quqllfy as
L ; _ .. being ‘real-time’. Clearly this could be made faster by eith
the gesture recognition interface. The projected paditig . . . . . .
. . . . - educing the sliding window size or increasing the rate for
hand gesture trajectories (via using the Wii Remote and et .
i, . obtaining data from the Wii or Robot.
WiinRemote toolkit) on the computer screen were capture
by the AME Pattern library interface for pattern recogmitio )
These trajectory data were also sent to the humanoid robot-a§rocedure and Instructions
the human part of the input to the information distance nétho During the experiment, each participant was required to
The robot part of the input to the information distance mdthadnteract with the humanoid robot for three trials, one pcasct
was obtained from the robot hand gesture trajectories baggdl and two formal interaction trials. Within the two foah
on the internal servo readings of the humanoid robots interaction trials, one was the coordination trial in whitie

Fig. 4. The Wii controller used used in the experiements.

The Information Distance Algorithm
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TABLE |

Algorithm 1 Information Distance Synchrony Detection DETAILED PROCEDUREFOLLOWED BY PARTICIPANTS

Require: Human and Robot arm trajectories
while not end of datado

for each data columdo In the practice session:
. . I . 1. Introduction and welcome.
update time vv_mdow by one data poifa time window ——x—crire practice session,
of 55 cells is iterated by one data pojnt 3. Instructions on Wii for performing gestures and confirmagio
new data points = average(time window) 4. Prompt to choose pattern and start the practice.

— ; ; . Prompt that the pattern is correctly recognized, well done
naen = mpar revi N new 1’-5
tendency = compare(previous data points, new d & Brompt o 1y the nex.

points){the tendency of the new data points is Ca|CL[- 7 Prompt the end of the practice.

lated by comparing them with the previous data poinfSShared by both the practice session and the interaction saes:
to examine whether the values of these points dfel. Prompt that a pattern has been received.
increasing or decreasing. The aim of using tendengy?2: €onfirm whether the pattern demonstrated by
. L . . the robot is the one they intend to perform.
in binning strategy is to reduce the impact of delay (af3—; Prompt that no pattern has been receved.
time-shift} 4. or Prompt that the pattern is not recognized.
update bin range 5. or Prompt that no confirmation has been received.
bin interval = average(bin range) 6. or Prompt that the confirmation is not recognized.
. - . . 7. or Prompt that the participants should only
assign new data points to bins according to value afitherform one pattern each time.
tendency 8. or Prompt that the participants should press button
end for only once for confirmation.

{for 2 corresponding data columns X and Y - i.e.humjh'” the Interaction session:

. s n[ 1. At stage 1: prompt to start the interaction session
vs.robot arm trajectory update frequency distribution fof ang ask the participants to choose a pattern (prior to the sta

X, Y and the matrix of the interaction session, the participants have beenriréd

I ; d by the human experimenter the sequence of the patterns toehoos
for all a in X do . . i
2. At stage 2: prompt movement illustration and ask the paetitp

€

for all binY do not to perform any action at this stage, instead, perform meves
if bin value of X == qa then either faster or slower than the demonstrated movements aettestage.
bin frequency arra)p([a]++ 3.At stage 3: prompt the participants to perform movementsthege
d if with the robot.
?n ) ! 4 At stage 4: prompt the participants to re-perform movemeagether
if bin value ofY == b then with the robot and maintain the movement speed they used at 3tage
bin frequency array [b]++ 5.Prompt the end of session.
end if
bin frequency matrix 4][b]++
end for

end for pattern that they wanted to practise. Once the participants
information distance == averag¢H(X.,Y) (H(X) + finished performing the selected pattern, the pattern recog

H(Y)) nition program would_ident_ify the gesture pattern ac_cqydin

{H(X,Y): joint entrophy; H(X) entrophy of X; H(Y):to the movement trajectories produced by the parumpants.

entrophy of ¥ The robot then started to perform a pattern corresponding
end while to the result output by the pattern recognition program and
return  Information distance between two trajectories ~ @Sked the participants whether the performed gesturerpatte
was correctly recognized. If the participants chose ‘Yég/ (
pressing a button on the Wii), the robot would respond with
verbal encouragement and terminate the current interactio

robot coordinated its movement speed to match the partigession; if the participants chose ‘No’, the robot wouldnppo
pant's movement speed. The other was the baseline trialtfi¢ participants to try again. The practice trial lastece¢hr
which the robot performed its arm movements at a constdAinutes and the above interaction cycle continued until the
speed regardless of the participant's movement speedagtr etime limit was reached.

trial, the participants were asked to interact with the hooia ~~ After the practice trial, the formal interaction trials the
robot using all three gesture patterns one at a time in a pfellowed. The order of appearance of the coordination &a
specified sequence. This sequence of application of thargesthe baseline trial was counterbalanced across the panitsp
patterns was counterbalanced across the participants. In each trial, there were three interaction sessions antl eac
gession consisted of four stages:

Before starting the interaction, the humanoid robot intr
duced itself to the participants and gave instructions abou 1) Pattern selection: the participant was instructed tecsel
how to use the Wii Remote to perform the gesture patterns a gesture pattern for this interaction session according

(see table | for detailed sequences). After the introdagté to the pre-specified sequence. The pattern selection
practice trial was given to allow the participants to preeti procedure was similar to the procedure of the interaction
performing the gesture patterns. Within the practice ,trial session in the practice trial.

there was a cycle of interaction sessions. In each sessien, t 2) Robot movement speed demonstration: once the pat-
participants were instructed by the robot to perform a gestu tern was successfully selected and confirmed, the robot
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would demonstrate its initial movement speed by reeach condition and for each participant (referred to ag-star
performing the selected pattern with the initial moveinformation value). The second measurement was the last
ment speed. entry of the information distance value detected at the end
3) Participant movement speed detection: after the secarfda human-humanoid interaction session for each pattern, f
stage, the robot would invite the participants to perforraach condition and for each participant (referred to as end-
the selected pattern together. Through this process,nformation value). The third measurement was the mean of
could be detected whether the robot or the participarttse information distance values calculated across eactahum
were moving faster. Thus the general direction of speédimanoid interaction session for each pattern, for eacHicon
coordination, i.e. whether the robot should increase tion and for each participant (referred to as mean-infoionat
decrease its movement speed could be ascertained. @aleie). The effectiveness of the motor coordination meigman
point worth mentioning is that the participants weravas mainly measured by whether the information distance
particularly instructed to perform their movements eitheralue could be significantly reduced within the coordinatio
faster or slower than the robot's movement speed awdndition of the human-humanoid interaction. That is, thé-e
try to maintain their own movement speed in the nexhformation value was expected to be significantly lowemntha
stage of the interaction. This instruction was to avoithe start-information value for the coordination conditiof
two kinds of situation. The first one was that if thehe interaction. In addition, the end-information valuel éhe
participants’ movement speed was the same as or vemgan-information value for the coordination condition gver
close to the robot's movement speed it would inhibit thexpected to be significantly lower than those of the baseline
motor coordination mechanism functioning. The secormbndition. Please note that, according to the algorithm of
situation was that the participants’ tired when coordinathe information distance synchrony detection method, each
ing their own movement speed to the robot’'s movemesntry of the information distance value does not repredet t
speed during their interaction. Based on the experieng®vement synchrony between two agents at one particular
from our previous studies, these two situations weténe point but over a period of time.
very likely to happen without particular instruction. Both
situations might result in the effectiveness of the mot

o . . . Questionnaire
coordination mechanism being unable to be fully tested. . ) . ,
4) Coordination/baseline interaction: the final stage wasQuestionnaires are widely used as a tool to measure users

the only difference between the process of the Cooq)_erception of robots in human-robot interaction resea3<7|]|—[
dination trial and the baseline trial. At this stage, th£§9]' _Due _to the lack of commonly agre_ed St_andardlzed
participants were again invited by the robot to perforrﬂuestlpnnawes, many researchers_have bu_|lt their own-ques
the selected gesture pattern together. The length of wqawes according to the specific requirements of their
interaction time of this stage was twice as long as thgfudies. Some effort has been devoted to the development
of the third stage. For the coordination condition, th8' Standardized questionnaires, such as the “Godspee@ser
humanoid robot gradually increased or decreased Rgoposed by Bartneck et al., [40], Wh!Ch were mtend'ed to' _be
movement speed according to the general direction yped _to measure the anthropom_orphlsm, animacy, likegbilit
speed coordination obtained from the third stage unfif’céived intelligence and perceived safety aspects aitsob
the information distance was reduced to a satisfactofiPWeVer. there are still many aspects that need to be aeress
limit or the time limit of the interaction was reached.in order to make this series of standardized questionnaires

An empirical value of 1.5 was adopted as the satisfactidf{dely accepted. In the present study, a questionnaire was
limit of this experiment. Various tests performed prior té)art!c_ularly developed to fit the requirement O_f this _stu'ﬂye
the present experiment showed that this empirical valf@ticipants were asked to complete a questionnaire afeer t
was adequate for this task. Please be aware that fR&eriment. The main questions were as follows:
satisfaction limit might not always be reached due to 1) Q1: How well do you rate KASPAR2's gesture recog-
the physical limitations of the robot’s servos when some  hition?
participants were moving extremely fast. In this case, the2) Q2: How well do you rate KASPAR2's behaviour per-
robot would stop increasing its movement speed when  formance?
the maximum speed of the servos was reached and the) Q3: How would you rate KASPAR2 in terms of social
maintained this movement speed until the end of the interaction?
interaction. For the baseline condition, the humanoid 4) Q4: How much did you enjoy the game as a whole?
robot maintained its initial movement speed without any 5) Q5: Which of the two games did you like better?
change until the end of the interaction. Questions 1, 2, 3 and 4 were asked twice in the ques-
tionnaire for both the coordination condition and the biagel
condition. For these four questions, the participants vasked
to give ratings to indicate their preference. The ratinggegh

In this experiment, there were three main quantities takémom 1 to 5 (from ‘Not good’ to ‘Very good’ for Question 1 to
as measurements. The first measurement was the first eQoestion 3 and from ‘Not at all’ to “Very much’ for Question
of the information distance value detected at the start 4§. In question 5 participants were asked only once to select
a human-humanoid interaction session for each pattern fheir preference between the two interaction conditions.

J. Measurements
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The development of the questionnaire employed in th -
work followed a few basic guidelines of questionnaire desig

such as avoiding ‘leading’ questions, keeping the questioa T T T T

short and succinct [41], not over-complicating the consep ¢, l 1 l 1 T

[40], etc. It was particularly important for this study toege .; T T
the questionnaire relatively short as the willingness o tfé 1 %i "
participants to answer a long questionnaire was questiena :

especially after a long period of interaction with a robor =]
The application of a rating based feedback system mig
also encourage random responses when the participants v
exhausted [41]. °

End
Measure

1. RESULTS
. . Fig. 5. The comparison of the start-information values, theé-ieformation
A. Experimental Results Analysis values and the mean-information values of the performed movenuérihe

; ; _ ticipants and the humanoid robot for the coordinationditmn and the
For the experlmental results ana|y5|s, a repeated mSiSlgr?seline condition of the interaction. Significant diffeces were found for

2 (coordination condition) * 3 (gesture pattern type) ANOVAhe end-information and mean-information measurements bubnté start-
test with three different measurements (start-inform[awiajue, information measurement in the 2 * 3 ANOVA test. Error bars repne the

end-information value and mean-information value) was pef>’® confidence interval.
formed. Significant main effects of coordination were found
for the end-information valuef'(1,22) = 88.565, p < .001
and the mean-information valug(1, 22) = 38.068, p < .001, _ . . _ .
but not for the start-information valuef'(1,22) = .044, For the questionnaire feedback analysis, paired t-tedts wi
p = .835 (see fig. 5 and table ). In addition, SigniﬁcamBonferroni corrections were used to compare the ratings
main effects of pattern were found for all three measuremen@iven by the participants to questions 1, 2, 3 and 4 for the
F(1,21) = 4.107, p = .031 for the start-information value, coordination condition and the participants’ ratings te@ th
F(1,21) = 7.197, p = .004 for the end-information value and Same questions for the baseline condition. The resultsef th
F(1,21) = 7.477, p = .004 for the mean-information value paired t-tests suggested that a significant difference dsw
(see fig. 6 and table I11). The interaction effect of coordior the ratings of the participants for the coordination cdndit
* pattern was not found to be significant for any of the thre@nd that for the baseline condition was only found in Questio
measurements;s(1,21) < .296, ps > .747, which indicated 1, t(22) = 2.689, p = .013 (correctedr = .0125), but not for
that the significant effects of coordination were indepenaé duestions 2, 3 and 4,s(22) < 1.447, ps > .162 (corrected
the selection of gesture patterns. In order to further itigate <« = -0125). Those results are shown in fig. 8 and table V.
the effectiveness of the motor coordination mechanismevhi  For Question 5, fifteen participants (65.2%) selected that
was the core objective of this experiment, the paired stedhey preferred to interact with KASPAR2 in the coordination
were performed to contrast the start-information value tiied condition. Four participants (17.4%) selected that they- pr
end-information value for each gesture pattern and for b(f@frEd to interact with KASPAR?2 in the baseline condition.
the coordination condition and the baseline condition. The other participants (17.4%) did not have any preferemce o
The results indicated that the end-information values We@@l.lld not tell the difference between the coordination ¢ond
significantly smaller than the start-information values &i tion and the baseline condition (see Fig. 9). The partidigan
gesture patterns for the coordination conditit22) = 4.076, Preference according to the interaction type (coordimatio
p = .001 (correctedy = .017) for the infinity patterns(22) = baseline) was statistically analyzed using a one-way Chi-
6.227, p < .001 (correcteda = .017) for the circle pattern Square test. The result of the Chi-square test indicated tha
and £(22) = 9.059, p < .001 (correctedo = .017) for the the participants’ preference for the coordination cooditivas
triangle pattern. However, no significant difference betwe Statistically significant:x*(1) = 6.368, p = .012 (excluding
the start-information value and the end-information vakas o preference responses) and(2) = 10.522, p = .005
found for any of the gesture patterns for the baseline cimmgit (including no preference responses) respectively.
ts(22) < 1.962, ps > .062 (correcteda = .017). The results The significant effects found in both the experimental re-
of the paired t-tests are shown in fig. 7 and table IV. sults and the questionnaire feedback are all summarized in
Table VII.

B. Questionnaire Feedback Analysis

TABLE Il
DATA TABLE FOR FIG.5

IV. DISCUSSION

Measure  Type Mean  Std.Dev. 95% Conf.Interval . .
Start Baseline  2.24 0.75 1.93-2.55 In the2+3 ANOVA test of the experimental results analysis,
End ICBOOW:_- 22;2324 067715 12-953—22-5615 the end-information values and the mean-information &lue
n aseline . . 052 . . . . e
Coord. 160 062 135-1.85 for the coordination cond!tlon were_:_found S|g_n|f|_c_amtly kaw
Average Baseline 228  0.70 1.99-2.57 than those for the baseline condition. No significant differ
Coord. 184 057 1.6-2.08 ence was found between the start-information values for the

coordination condition and the start-information valuessthe
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Fig. 6. The comparison of the start-information values, thé-ieformation

values and the mean-information values of the performed movenoérihe T
participants and the humanoid robot with different pattefin§inity, circle T
and triangle) in the interaction. Significant main effectpaftern were found i I

~
L

for all three measurements in the 2 * 3 ANOVA test. Error barsesent the
95% confidence interval.

Measure

start
End

o

Mean Information Distance
=
|

baseline condition. Moreover, the end-information valwese
found to be significantly smaller than the start-informatio
values for the coordination condition in the paired t-test
However, the difference between the start-informatiorueal  °1 | |
and the end-information values for the baseline conditias w
not found to be significant. Those results together inditate, ) . )
that the information distance level for the coordinatiomaie Fig. 7. = The comparison of the startinformation values and ene-
: g . 3 information values of the performed movements of the parti¢gand the
tion and the baseline condition were relatively close asthe humanoid robot with different gesture patterns (infinitycle and triangle)
of the human-humanoid interaction. During the interacttbe for the baseline condition and the coordination conditidérthe interaction
inf ti dist | | iqnifi il d d f th(upper graph for the base-line condition and lower grapttHercoordination
n orma K?n IS an.(?e eve V_VaS. signimican y reduced roe condition). The end-information values were found to be ificamtly smaller
coordination condition but this kind of reduction was naifid than the start-information values for all gesture pattemstie coordination.
for the baseline condition. The change of the informatiofor bars represent the 95% confidence interval.

distance level during the interaction between a partidipaual
the humanoid robot for both the coordination condition drel t

baseline condition is illustrated in Fig. 10. Thereforegauld

Triangle

TABLE IV
DATA TABLE FOR FIG.7

be inferred that the behaviour coordination mechanism ef th Pf;l_tt?tm S'\tfletasure BTyp:? hzflifén S(t)d%PGV- 925‘i/olczogglnt-
. . H - . nrinity ar aseline . . A1-2.
humanoid robot using the mformat'lon distance method could Coord. o4l 0.77 51-272
successfully coordinate the robot’s movement speed to the End Baseline  2.51 0.56 2.27-2.75
participants’ movement speed in real-time human-humanoid Coord. 0.77 0.55 1.55-1.99
interaction Circle Start Baseline 2.13 0.89 1.76-2.5
Coord. 2.13 0.85 1.78-2.48
End Baseline 2.37 0.93 2-2.74
o IABLE - . Coord. 154  0.77 1.23-1.85
ATA TABLE FOR FIG. Triangle  Start Baseline 2.19 0.63 1.94-2.44
. Coord. 2.12 0.42 1.94-2.3
Measure Pa'\tt.ern Mean Std. Dev. 95% Conf. Interval End Baseline 213 0.68 1.86-2.4
Start Ir_1f|n|ty 2.40 0.73 2.11-2.69 Coord. 1.48 0.49 1.28-1.68
Circle 2.13 0.86 1.78-2.48
Triangle 2.16 0.53 1.94-2.38
End Infinity 2.14 0.66 1.87-2.41
%‘{g}%le 11-98? %-%‘é 11-21‘_22%2 tion significantly higher than that for the baseline coruditi
Average  Infinity 292 0.59 1.98-2 46 although the exact same gesture recognition module was used
Circle 2.06 0.81 1.73-2.39 in both conditions. A possible explanation for this resuésw
Triangle 1.90 0.56 1.66-2.14

gesture interaction regarding the objective of this experit.
For the paired t-tests performed for the questionnaire-feethe reasons are listed as follows. Firstly, the participavere

that the participants might be misled in the human-humanoid

back analysis, the difference between the participantsiga naive about the purpose of this experiment. Secondly, the
for the coordination condition and for the baseline conditi change of the movement speed during the interaction, due to
was only found significant for question 1 (How well do youhe physical limitation of the robot's servos and the design
rate KASPAR2's gesture recognition?), but not for questidn of the coordination program, was not a process that was very
3 and 4. The participants rated the performance of the gestobvious for the participants to realise. Furthermore, th&tigre
recognition function of the robot for the coordination cénd recognition was one of the most important elements in this
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TABLE VII
SUMMARY OF SIGNIFICANT EFFECTS

Analysis Test Type Measurement Effect/Condition name Signifte
Experimental Results 2*3 ANOVA End Coordination *
Mean Coordination ki
Start Pattern *
End Pattern b
Mean Pattern *x
Paired t Start/End Coordination-Infinity ki
Coordination-Circle b
Coordination-Triangle ki
Questionnaire Feedback Paired t Rating Coordination{Bes@1 *
Coordination-Baseline Q5 *x

This table summarizes all the significant effects found in thgeement.

Please note that for the paired-t tests the experimentaltsemualysis were performed between
appropriate pairs of the start-information values and theieformation values for three different
patterns for the coordination condition.

Start: Start-information value, End: End-information validean: Mean-information value,
Coordination-Infinity: using the Infinity pattern for the @ualination condition.

Note: * for significance levep < .05, ** for significance levelp < .01.

—
—t

Coordination

Baseline
Coordination

Participants

Mean Response
i
5
:

~
h

Gest.Recog Beh.Perf. Soc.Inter. ‘Whole Baseline Coordination Neither
Question Choice

Fig. 8. The comparison of the ratings of the participants t@sfions 1, Fig. 9. The participants’ preferences in the interactiothi ASPAR2 for
2, 3 and 4 for both the coordination condition and the basetondition. A the coordination condition and the baseline condition.

significant difference was found only in Question 1 but nat flee rest of
the questions in the paired t-tests. Error bars represen®®% confidence

interval. TABLE VI
DATA TABLE FOR FIG. 9
TABLE V _
DATA TABLE FOR FIG:8 Obs.Count  Exp.Count  Std.Resid
Coordination 4.00 7.67 -1.32
Question Coordination Mean _ Std. Dev. 95 % Conf. Int. Baseline 15.00 7.67 2.65
Gest.Recog  Baseline 373 096 334412 Neither 4.00 7.67 -1.32
Coordination  4.23 0.85 3.88-4.58
Beh.Perf. Baseline 4.08 1.04 3.65-4.51
Coordi_nation 3.98 0.91 3.61-4.35
Soc.Inter. CBaSZ'_'”et_ 335274 11i% 22525—33{-3733 two games did you like better?), in which the majority of the
oordination . . .09-3. .. . . .
Whole Baseline 383 098 3 44-4.99 participants preft_arred the'lrjteractlon Wlth the hu.mano.idot
Coordination 4.00  0.80 3.67-4.33 in the coordination condition over the interaction with the

humanoid robot in the baseline condition, are in line wité th
above explanation. Moreover, the preference of the ppétits
human-humanoid interaction experiment, which might hawe Question 5 for the coordination condition suggests that t
left a very deep impression on the participants. Consetylentdaptive motor coordination mechanism using the inforomati
the participants might have inferred that the purpose of thilistance synchrony detection method could have improved
experiment was about testing the gesture recognition ifumct the participants’ overall perception of the robot. Since th
of the humanoid robot. Therefore, when they were asked @oder of the conditions was counterbalanced, with half of
rate the robot’s gesture recognition for the baseline d@mrdi the participants first being exposed to the baseline camgiti
and the coordination condition, they might have chosentlae order in which individual participants experienced the
higher rating for the condition that they had better overationditions should not have had an impact on the overall
experience with. This misunderstanding with regard to the aresults. Potentially, other factors may have influenced the
of the experiment might also have affected the participantsarticipants’ preference of the coordination conditiomstiy,
scores for questions 2, 3 and 4. one may argue that any type of reaction from the robot could
The results of Question 5 of the questionnaire (which of tHeave influenced the participants’ preference. Howeverhe t
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o Q4 and Q5. In Q4 the participants were asked “How much
did you enjoy the game as a whole?”, which is a general
guestion about game experience and does not specify what
T aspects of the game should be judged. That is, the scores the
participants gave might not necessarily reflect their judget
e b of the robot’s coordination behaviour. Instead, the pagudiots
may have compared the present interaction game with other
games that they had had experience with, e.g. a Wii-based
video game or even a roller coaster ride. If that was the
case, then the differences between the two conditions of the
1, ‘ ‘ ‘ present interaction game compared with other types of games
e sep were probably considered relatively small. This might aipl
Fig. 10. The change of the information distance level durhrginteraction why .the pgrtlmpants did not dlﬁer-entlate- betw_een the two
bet\.Nee.n a participant and the humanoid robot for both the dioation condmons in terms of game e)_(Pe”ence in their answer,S to
condition and the baseline condition. guestion 4. In contrast, Q5 specifically asked for a comparis
of the two conditions (“Which of the two games did you
like better?”) and answers given to this question, in ouwyie
coordination condition, the robot’s behaviour was desigtee provide a better indication of the participants’ prefemsc
actively adapt to the participants’ movements. If the r@bot Clearly in human adaptive co-ordination there is a bi-
movement had been contrary to the human’s (e.g. the rolfitectional effect whereby both parties adapt to each other
moving faster when the participant moves slower or vid@é our experiments the robot was programmed to adapt to
versa), one might expect negative perceptions of the rohlt human participant, but the human was effectively asked
from the participants. Thus, the coordination and adaptatinot to adapt (by keeping their movement speed constant).
of the robot's behaviour to the participant’s behaviournsee We appreciate that this may have unconsciously constrained
to have been a crucial component contribution the partitgda the human partner and it would be interesting to gauge
preference of the coordination condition, rather than tlegem whether this had a material effect. We would speculate that
movements of the robot (the robot moved in both conditionghe interaction would be more fluid and perceived to be more
Secondly, the change of the robot's movement speed wasgourable if unconstrained movements were possible, and
not obvious to a few participants. They could not deteguch experiments would be interesting work for future stadi
any difference between the coordination condition and the this area.
baseline condition, however they still preferred the comd  Overall, we believe our results give support to our initial
tion condition over the baseline condition as they felt “morexpectations, namely that realizing the adaptive motordieo
comfortable” in the coordination phase. This is consistétlt nation mechanism on a humanoid robot improved the partici-
the findings in human-human social interaction, namely thgants’ perception of the robot. Responses to the quesii@sna
motor coordination might facilitate the establishmentibing indicated that the experimental scenario and programming
among humans even when none of them are consciously awgi&he robot all worked as planned and invoked from the
of this process [10]. Therefore, the results of this studygest participants generally positive responses and most wespyha
that socially appropriate reactions from the humanoid toédo with the social cues that the robot employed throughout the
the human interaction partners, such as the motor coordimatexperiment.
behaviour, improve the participants’ overall perceptiéth®  For HRI this implies that robot designers should take into
robot. account adaptive co-cordination between the robot and the
Apart from the ratings, the participants were encouraged fi@man partner. Although we have carried out the current
leave additional comments to explain their decisions of th&periment on a humanoid robot the equivalent could be
ratings and their preferences. These comments were voyuntachieved for example in a service robot by ‘staying in step’
and many participants chose not to leave additional comsnemfith its human partner, or co-ordinating gaze appropyatel
after a long period of time of interaction with a robot. ConSuch mechanisms would help robots to become more socially
sequently, the qualitative data presented in the questicin accepted and increase empathy. Recent work in these fields
was not enough to make a fair comparison. Overall, the quegs demonstrated such effects [42]-[44] and provide itsigh
tionnaire results regarding Q1 and Q5 support the hypahegito how such co-ordination effects can be designed.
that the participants’ overall perception of the humanaiolot
could be improved by using the motor coordination behaviour
However, results from Q3 (“How would you rate KASPAR2 in
terms of social interaction?”) do not provide sufficient gog In this study, an experiment was performed to demon-
for the hypothesis that motor coordination improves the pastrate the realization of a motor coordination mechanism on
ticipants’ perception of the social competence of the roba@ humanoid robot and investigate the effectiveness of this
a point that requires further investigation. One may argueechanism in real-time human-humanoid interaction. The
that the results for questions Q4 and Q5 are contradictosgudy represents a first proof-of-concept study on robot to
However, there was a significant difference between questidiuman real-time adaptation implementing motor coordamati

Information Distance Value
9

V. CONCLUSION
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using information distance. The results of the experimepno]
indicated that the humanoid robot with the motor coordorati
mechanism was capable of coordinating its behaviour to thg]
participants’ behaviour. The information distance syociyr
detection method was applied as the core part of the motor
coordination mechanism of the humanoid robot. The resu §]
of the experiment suggested that this method successfully
guided the humanoid robot to coordinate its movement spdégl
to match the participants’ movement speed in real-time mima
humanoid gesture interaction. The participants’ feedbaek [14)
dicated that more participants preferred to interact wita t
humanoid robot with the motor coordination behaviour th
with the humanoid robot without this behaviour, which migh
suggest that the application of motor coordination behavio
improves the participants’ overall perception of the huoidn [16!
robot. Future studies need to provide further support f th
approach. Moreover, the findings of this study highlight the
feasibility and importance of bidirectional motor coordiion [17]
in human-humanoid interaction.
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