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Abstract— Achieving natural and intuitive interaction is one  [4], such unilateral information exchange is not suitable
of the main challenges in physical human-robot interaction. for haptic interaction. Therefore, the challenge in haptic
We approach this challenge by modeling haptic human-human iy interaction is to construct more intuitively behaving,
interaction with the final goal of transferring found relation- . . . . .
ships to human-robot interaction. The focus of this paper is on INtéractive robotic partners. For this undertaking modsls
two human operators performing collaboratively a joint object ~ interacting partners have to be derived, which act as human-
manipulation, i.e. a pursuit tracking task. McRuer’s crossover like as possible.
model is a well established method to describe the behavior of  |n social sciences, dynamic interaction models in form
one human operator performing such a task. In this paper, we ot giffarential equations are formulated to describe the
extent McRuer’s approach totwo human operators performing . , .
the task collaboratively. Results based on experimetally gained influence of 9“9 partners behawor on t_he other [5], [6].
data show that the interacting partners adapt their behavior ~Furthermore, in [7] an information-theoretic model of #e
to each other and to the task in such a way that the crossover way relationship is presented. It describes the dependen-
model can still be applied to the interacting dyad. It is also cjes between human, robot and their environment and the
shown that the individual's behavior changes when interacting knowledge of each party by evaluating entropy and mutual
with a partner in contrast to performing the task alone. . ; . . .

information. Probabilistic approaches like Hidden Markov
I. INTRODUCTION Models (HMM) are widely used in robotics to recognize

] ) ) ] . and generate motions, gestures etc. Interconnected HMMs
While the analysis of human-robot interaction via speecl,o hereby used to model interacting systems [8]. In the

and gestures is rather advanced, the topic of haptic humatsniext of a (haptic) hand-shaking scenario [9] introduces
robot interaction is still largely underrepresented. Hapt 5 yym approach that allows to adapt the parameters of
interaction describes the bidirectional exchange of forcg (onhot to the behavior of its human partner. [10] presents
and position signals between two physically connected paitonro| laws to enable haptic human-robot interaction.hBot
ners. Interaction can hereby occur either directly, €.gewWh f these approaches aim for interactive robotic partnars, b
holding hands, or indirectly via an object. Depending Ofejr motivation is not to understand HHI and transferring t
the involved partners we distinguish between human-humaggits to HRI. In [11] a control-theoretic feedback stuuet
interaction (HHI) and human-robot interaction (HRI). to model the interaction between a human operator and an

There are several scenarios of HRI which are recently e@ytender that assists the human in a manipulation task is
hanced by physical interaction: In the field of service ra@®t jntroduced. In contrast, the focus of our work is not on
direct contact of humans and robots is often desirable. Al§gplementing an assistance function, but on modeling aatur
in virtual reality applications the haptic modality is adde y;.
which makes physical interaction with an avatar possible. 1, simplify the complexity of haptic interaction, we in-
Both applications require the implementation of apprdpria yestigate two humans carrying an object along a reference
robotic partners that are able to mteract. with a human Iajectory. The trajectory tracking allows to study diiaces
a natural manner. On the other hand, in multi-user telgsetween desired (= reference path) and actual (= object
operation scenarios haptic interaction between two humapsition) behavior. This scenario of a pursuit trackingktas
operators is of interest if the task exceeds the capabmtledeﬁnition with reference to [12]) is used widely in aviatio
of a single person. In this context, the interaction with aRasearch to analyze pilot's behavior [13], [14], [15]. Thsk
assistence fl_mction that is implemented to simplify thé tasyffers the advantage that models feingle user behavior
execution might also be considered. are already well established. A survey of relevant control-

Early attempts to realize physical HRI were focused Ofheoretic methods on this matter is provided in [12]. Therei
passively moving robots whereby the human acted as lead@§man behavior is modeled as a combination of feedforward
and the robot as follower [1], [2]. Another approach isyng feedback control structures, whereby highly trained
based on capturing human behavior in a HHI task angperators behave mainly like a feedforward controller. As
replaying recorded signals [3]. Both approaches have ige focus on untrained persons with no task knowledge, we
common that no real interaction takes place. As found bypncentrate on feedback structures in this paper. In [18] th

_ _ o _ . crossover model, a linear feedback model with the human
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Fig. 1. Human behavior as feedback control in a pursuit tragkask - fh2
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characteristics. Optimal control is also a way to model huma
behavior in pursuit and compensatory tracking tasks [14].Fig. 2. Block diagramm of two human operators in haptic intéoac
However, only little is known about the optimization criter
to be used. More complex, non-linear models are introducedh, .

in [15], [16]. In this paper we try to gain control-theoreticT is approach assumes that the human actions are only a

knowledge about haptically interacting partners by apgyi reaction on the current position ermer= .. — ... In the

the crossover model, which seems to be the best establistfEext of this paper the plant Sa stiff ,ObJeCt with a cert'a|
model in the context of tracking tasks. massm. Thus, the plant dynamics are given by the following

The transfer to dyadic haptic interaction, however, progecond-order system (more details follow in section V)

vides challenges: Based on experimentally gained data and Go(5) = Gools) = i )
descriptive measures, [4] has already showed that human b e ms?
behavior differs in partner conditions compared to singléccording to [13] this leads to a human control model of
conditions. Thus, we assume, that models of individuals Fi(s) TS
acting alone or within a dyad are not exchangeable. However,  G(s) = Bls) ~ 0+ [K(1+T.s)] (3)
the motivation to find such a model is high as the usage of -
an interactive model instead of pre-recorded signals allow perception-action loop
to realize an artificial partner with real bilateral infortimm  wherer is the time-delay caused by the human perception-
exchange. action loop andr}, is the lag due to the limited bandwidth
Based on experimentally gained data we aim for answerirgf the human motor control systeni’ and 7, are the
the following research questions: parameters of the actual human control actioig(s) in
1) Can we verify that the crossover model explains théhe crossover region ((1)) is obtained by a low frequency
behavior of asingleperson (control condition)? (RQ1) approximation assuming’w. >> 1. In order to ensure
2) Is the crossover model also appropriate to model trefability 7", > 7. is a necessary condition, with = 7+ T},
behavior of a haptically interactindyad? (RQ2) (for more details please refer to [13]).
3) Is there any difference between the individual behavior ||| crossOVERMODEL IN HAPTIC INTERACTION
of one partner within an interacting dyaand a single
person’s behavior? (RQ3)

The block diagram for the haptic interacting dyad in a
In the followi ion Il Mc Ruer’ d Ijoint object manipulation task is introduced in Fig. 2. The
n the following section C RUErs crossover modely, , nans are assumed to be rigidly connected to the object.

s in_troduced for a_single person. Next, its extension t?—lence, their individual transfer function§y; and Gy
haptically collaborating couples is presented and dismliss are in parallel and their outputs, i.e. their applied forces

A.l DOF tracking task expenmen_t wa_s.pe_rformed to Ot.)ére summedGy12 = Gp1 + Gie describes the resulting
tain measurement data for model identification, see Sec“%%havior of the two human partners. It is still an open

V. The mpdel |dgnt|f|cat|on a}nd validation procedure is uestion if the interaction partners are capable to adagit th
descrl_bed I section V. Section VI presents the re_sul havior to the plant and, in addition, to each other in such
and dlscusses_them n the context_ of the above ment|o_n a/vay that the resulting behavior is consistent with the idea
reseaTCh questlons. Finally, the main results are summhnzof a constant overall transfer functi@i, (s) as predicted by
and directions for future research are formulated. the crossover model. To approach this question we examine
1. McRUER S CROSSOVERMODEL the resulting behavior of the overall interacting dyad al we

The crossover model [13] assumes a linear feedbad® the behavior of each of the interacting partners within

structure as shown in Fig. 1. The principle idea is thate dyad:
the human operator adapts her/his behavior to the plant
characteristicsand behaves like a ‘good servo’ in the regionA. Model of Overall Interacting Dyad

of the crossover frequency.. This results in aconstant |t hymans are able to adapt their behavior to each other
overall (open-loop) transfer functioaf the system in such a way that the crossover model approach is not
K e only valid for one human performing a pursuit tracking task,

Go(s = jwe) = Gn(s) - Gy(s) s 1) but also for two haptic interacting partners, their resgiti

behavior could by described by
_ Fu(s) e 7

Ghia(s) = E) ~ AT [K(1+T.s)]. (4)

where Gy (s) is the transfer function modeling the human
behavior as a linear feedback controller afig(s) is the
plant transfer function, which is (supposed to be) known.




Ghria(s) IV. EXPERIMENT
:““““f;-: A 1 DOF pursuit tracking experiment was conducted
B Ghri(s) : to validate McRuer's model approach in haptic human-
b fa ] human interaction. The following section introduces dstai
T ——— 'l £ - on the task, the experimental setup and the experimental
Tref < }““’(/ —> Gp(s) = description including participants, design and procedure
- = =Q.- . 1 this experiment participants had to perform a pursuit tiragck
1 i | task either on their own or as an interacting dyad. In thedatt
L, Gha(s) ) case the two partners were linked by a virtual object and
R fez | exchanged haptic signals. The ‘alone’ trials serve as abntr
conditions to examine how well the crossover model fits our
scenario.

Fig. 3. Block diagramm of two human operators in haptic intéoacwith

internal and external forces A Experimental Setup

The experimental setup consists of two 1 DOF linear hap-
The validation of this approach is a first, important stepic interfaces (Thrusttube) each equipped with force senso
towards the understanding and modeling of haptic humaxburster tension-pressure load cell 8524-E), hand knobs an
human interaction. A behavior model of the dyad wouldinear actuators as shown in Fig. 4. Measurement data is
provide information required to derive a model of the insampled with a frequency df kHz.

dividual's behavior. The graphical representation of the pursuit tracking task
is implemented in C++. In order to keep the overall path
B. Model of Interacting Partners length constant, the path is build of a random sequence

In haptic interaction, the forces applied by each partné?f Predefined components (triangles, curves, straightjine
can be split up int@xternalandinteractiveforces f., f; jumps) which are repeated 3 times. The path is visualized
- as a white line on a screen and participants are asked to

fon=fo+ fi. (5) follow this path as accurately as possible with a red cursor
representing a virtual objectG(,(s)). There are no extra
Therein, the external forces lead to a motion of the Objectavatars Visua“zing the interaction partners. But, pma'nts
were instructed such that they know that they manipulate the

Fn=fn1+ foa = fer + feo ©  yirtual object collaboratively.
whereas the interactive forces The path is scrolling down the screen with a constant valocit
of v, = 15 mm/s. The haptic interfaces are moved along
fi1 = — fio. (7) the x-direction. Because of the z-motion of the path and its

amplitude in x-direction, velocities of up t80 mm/s are
describe the interaction between partners and indicafgquired by the participants to sucessfully perform thé.tas
whether they pull away from of push against each othepply the current part of the reference track is visualized
These interactive forces are determined by to prevent a prediction of the path. This prediction would
enable the participants to plan their actions which could

0 !f sgn(fn) = sgn(fnz) have an impact on their behavior. Due to the structure of the
fin=9q fm it sgn(fn1) # sgn(faz2) A lfril < [fa2l (8)  crossover model, with the current tracking error as input,
—fno if sgn(fn1) # sgn(fr2) Alfail > | frel it is applicable only to describe human behavior without

: . . prediction.
and the external forces by inserting the internal force$)n ( One trial takesl61 s. Depending on the condition the

As the pursuit tracking task is the same for the Singlg ot position of the red ball renders the position of
person and the dyad, one could assume that the exterr&%er a single or both haptic interfaces
forces causing the object motion remain the. same. iny The control of the linear haptic interfaces is implemented
interactive forces would be added in the haptic interactiop, Matlab/Simulink and executed on the Linux Real-Time

condition (see Fig. 3). Application Interface RTAI. The graphical representatafn

The crossover model receives the tracking error as thgy path runs on another computer and communication is

model’s input and the force to correct the error as the msdelrealized by an UDP connection in a local area network.

output. Its focus_ Is on minimizing_ the tracking error and, The control takes into account the mechanical coupling
thhence, on the ObJZCtI motlt(;n. Forlf[hljs reasotn, v¥e do ngtfpp the participants over a virtual rigid object. We assumed
€ crossover model on the applied operator Torces but ONiyeinjte stiffness and no friction for the virtual objethus,

on the external_forces. the dynamics of the virtual object can be modelled according
Please note, if only one person performs the task, there A Newton’s law

no interactive forcesf{ = 0) and the external force is the
same as the force applied by the persp, = 0, fr, = fr1)- In(®) = fr1(t) + fra(t) = myo(t) 9)



their right hand to perform the task (all of the participaauts
right-handed); participants were not allowed to speak thea
other during the experiment; white noise was played on the
headphones worn by participants, so the noise of the moving
haptic interfaces would not distract. Due to the simplicity
of the task, there is no oral communication necessary in
order to accomplish the task successfully. Hence, we censid

] ) o ) ] ) it eligible to suppress any oral communication in order to
Fig. 4. Experimental setup consisting of two linear haptterifaces (linked

by the virtual object) and two screens with the graphicatesentation of Standard!ze our engnmemj o
the tracking path Following general instructions, the participants had & tes

curve at the beginning of each trail. This curve was not part
of the analysis.
wheref;, is the sum of the forces applied by the participant/s, Using the measurement data obtained by this experiment
m is the virtual mass and,, is the desired acceleration of models of haptic interaction based on McRuer's crossover
the virtual object and, hence, of the linear haptic inteefac model are identified and validated.
The transfer function in the Laplace domain of the virtual
model

V. MODEL IDENTIFICATION AND

Xoo(s) 1 (10) VALIDATION

Fr(s) ms? First, we check if McRuer’s crossover model is applicable
is realized by a position-based admittance control. Due @ our experimental scenario at all. Therefore, we identify
the high-gain inner control loop we can further assume the transfer functionG; according to (3) for both single
conditions &f, ah). Next, we identify and validate the model

Goyols) =

Tuo(t) = zp1(t) = wha(t). (1) of the overall interacting dyadi,i» (in (4)) based on
For more details on this please refer to our previous wori€asurement data of the partner conditiphto determine
[17], where a similar experiment was conducted. if the crossover model approach can be applied to haptic

In the alone condition participants performed the trackinguman-human interaction. Finally, a model of the behavior
task on their own by interacting with a single haptic integfa Of €ach of the interacting partners is identified.

(Fra = 0). All models are identified and validated by adopting the
o _ following procedure: Taking into account that the pursuit
B. Participants, Design & Procedure tracking path was repeated 3 times by each participant, the

In the presented experiment 12 participants (10 male, fist trial was used for system identification and the two
female) took part. The participants were assigned randomigpetitions for system validation.
to 6 independent pairs of 2.

We introduced three levels for the factor interaction: A. ldentification

1) condition ‘alone with half massaf), The transfer functions of the single perséh,(s), the
2) condition ‘alone with full mass'df), and overall interacting dyad+,,12(s), and the individuals within
3) condition ‘with partner’ ) the dyad Gi1(s), Gra(s) are assumed to have the same

where the full mass was chosen to be= 20 kg and half crossover model structure defined by (3). Their (time-
the massn = 10 kg. The two different masses in the singleconstant) parameter&’, 7>, 7, and v are determined by
trials were introduced for the following reason: Particifsa  USing the respective measurement data. The parameter set is
in partner trials might perform better, because they shafstimated for each transfer function separately.

the physica| workload. Hence, an increased task performanc For the identification of the crossover models the horizon-
would be obtained due to a lower workload and not becaué@! error between:,..; andz,,

of haptic interaction. On the other hand, in terms of applied _

forces the mass of the object plays an important role and e(t) = Tres (t) = 20o(t) (12)
should be the same whether two or one person handle it, i the input and the forcg), (¢) applied by the human/s is
keep the conditions comparable. the output (see Fig. 1).

For each participant two single trial&f( and ah) and Relatively high delay times have to be expected, because
one partner trial were recorded. We balanced the order tfe human perception-action process takes approximately
conditions to control for sequence effects. To standardiz#)0 ms— 200 ms [13]. As large time delays cause a high
the test situation further we undertook the following agen computational load in the identification procedure we de-
ments: participants not taking part in the on-going triadl hatermine = first by heuristics. The best fitting results were
to wait outside the laboratory; a wall was placed betweeabtained for a time delay af = 120 ms£10 ms. Hence, we
the two participants so they gained visual information dbowassumer to be constant for all identified models. Then, using
their partners’ movements only via the virtual reality; thethe Matlab Identification Toolbox an iterative prediction-
position (left or right seat) was randomized with the ordeestimation algorithmgemn) is applied on the shifted mea-
of experimental condition and participants; participarted surement datée(t) f(¢ + 7)] to identify K, T, andT,.



TABLE |
MEAN VALUES AND STANDARD DEVIATIONS OF THE PARAMETERS OF THE DFFERENT CROSSOVER MODELING APPROACHEQ EFT HALF) AND
EVALUATION OF MODEL QUALITY (RIGHT HALF)

K oK T, oT2 Tp oTp NMSE  onMSE

[N/m] [N/m] [s] [s] [s] [s]
Gar 31.68 27.10 3.47 473 0.165 0.053| 0.61  0.08
Gah 18.88 13.00 4.75 571 012 0.030| 0.65  0.08
Ghi2 109.7 19.9  0.86 0.09 0.096 0.019| 0.62  0.06

Ghi, Gna 4373 5164 091 129 034 25.60| 098  0.27

B. Validation

The quality of the identified models is evaluated by the
normalized mean square error

0.1

0.05

0

x/m

N o . 2
NMSE = Ei:ll\{m" Il (13) ~0.05¢
Zi=1 |fh,i|2 ~01 s s \
. i i 60 65 70 75 80
which is determined for each data sét:(length of measure-
ment vector). Therein, the index:i” indicates model data 15

and the index "h” human measurement data.

VI. RESULTS
A. Single Person
The models of the single persdk,; and G, are iden- 1% o5 7 7‘5" 20
tified and validated according to the procedure introduce Us

in the previous section. The means of the estimated param-

eters and their standard deviatioms averaged over all 12 Fig. 5. Comparison of one dyad's measurement data and the tispec
identified parameter sets, are presented in Table I. In tffide! simulation Gr.2)

af condition double the mass has to be moved compared

to the ah condition. For this reason, the forces that have tyaq's measurement data in comparison to data generated by
be a_lpplled at a given tracking error are higher. This explainne respective model,;». The model data is obtained by a
thg mc_reased(. Furthermore, the different masses have Onllélosed-loop simulation according to Fig. 2. The parameters
minor influence o, and7,. N K, T, and T, of Gy, differ from those of the single
The high standard deviation within each condition can congitions (7, Gay). In particular, the higheds shows
be explained by the fact, that human behavior is modeleghat higher external forces are applied by the interacting
Human behavior is subject to high variability because of thgople than by the single person to compensate for the same
participant's interpersonal perception, motor systergsiial  racking error. This indicates that haptic interaction aas
state or concentration on the task. _ ~effect on the behavior of the interacting partners.

The mean NMSE of all 12 data S®¥MSE is reported in - The model evaluation reveals that {RBISE of all 6 dyads
Table I, too. The model describes the main characterisfics @12 is the same as in the single conditions. Hertte
the human behavior. Forces and positions generated by Hgplication of the crossover model approach to the overall
model (in simulation) are similar to the simulation reswifs transfer function of haptic interacting humans (i.e. their
the interacting dyad, which are presented in the next sectigesyting behavior) is as appropriate as for a single human
and illustrated by Fig. 5. This validation shows, that th§yore insight in the individual’s behavior within the dyad is

We conclude that the crossover model approach descnb@i2

the behavior of a single person in our scenario even if '

different masses are presented to the participants. HénceC- Individual Person in Dyad

the individual's behavior in haptic interaction was difat The results of the individual models within a dyad are
to a single person’s behavior, this would not be due to thgresented in Table I. As the order of the participants was
lower necessary forces each partner has to apply to move ttadomly assigned, the parameters @f; and G, are

mass. exchangeable and, for this reason, merged. Based the high
. NMSE it is obvious that haptic interaction has a high impact
B. Interacting Dyad on the individuals’ external forces and that the behavior of

The results of the parameter identification@f,> (mean each of the interaction partners cannot be described by (3).
and standard deviation) are presented in Table I. To iltistr These results show that haptic human-human interaction
the quality of the models Fig. 5 shows exemplarily onaot only interactive forces are added but the individual's



behavior changes also with respect to the external forces VIII. ACKNOWLEDGMENTS
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forces occur in the haptic condition and that their magmtud
is even larger than the magnitude of the external forces.

VII. CONCLUSION s

This paper extends McRuer’s crossover model approach,
originally describing the behavior of a single person in a[
pursuit tracking task to haptic interaction of two partneks
1 DOF pursuit tracking experiment was conducted to gain
experimental data. Based on this measurement data, fiest, tig;
crossover model was identified and validated for a single
person performing the task as control condition. Results
show that the main characteristics of the measured forees ar
reproduced by the model. We conclude that the crossovdf!
model approach is applicable to our pursuit tracking tasliS]
scenario (RQ1).

Next, the identification and validation of the transfer [6]
functionGy,15 for the behavior of the overall interacting dyad
revealed thathe crossover approach is as appropriate for the [7]
resulting behavior of the interacting dyad as for the bebavi
of a single personin haptic interaction, the partners adapt
their behavior to each other and to the plant in such a wayg;
that the overall behavior, i.e. the overall transfer fuoicti
remains constant as formulated by McRuer [13] (RQ2). Due
to this, robotic partners have to be enabled to support this
adaptation in HRI. In future, key features of this adaptatio [°]
process have to be found.

The identification of the individual’s model within a dyad
revealed that in haptic interaction not only interactivecés  [10]
are added but that human behavior changes also with respect
to the external forces (RQ3). Furthermore, the difference
in behavior is not caused by the fact that lower individualll]
physical workload is required in the interaction condition
as the comparison with the ‘halved-mass’-conditiah)( [12]
showed.Hence, with respect to the crossover model it is
not sufficient to model a single person’s behavior and aplesl
the obtained model in haptic interactionnstead, haptic
interaction has to be incorporated explicitely in the pssce
of modeling human interaction. By adopting this proceduré,“l
the results obtained in HHI can be finally transfered to HRI.

In this paper, time-constant model parameters were defin€§!
for one specific task (constant path velocity, mass of the
virtual object). If the task parameters are changed, neps]
model parameters have to be identified. Although the here-
presented model with time-constant parameters describes
human behavior well, we assume that models with timg17]
variant models are an appropriate way to achieve more
realistic and feasible interaction models. In our futurekyo
we will particularly focus on time-variant parameters of
human behavior models. Furthermore, we aim at definingsl
models of each of the interaction partners within a dyad.
Thus, we approach different strategies in human behavior
with the final goal of defining new models that are based on
them.
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