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Abstract. This paper proposes the concept of Parasitic Humanoid (PH) that can 
realize a wearable robot to establish intuitive interactions with wearers rather 
than conventional counter-intuitive ways like key-typing. It requires a different 
paradigm or interface technology which is called behavioral or ambient inter-
face that can harmonize human-environment interactions to naturally lead to a 
more suitable state with the integration of information science and biologically 
inspired technology. We re-examine the use of wearable computers or devices 
from the viewpoint of behavioral information. Then, a possible way to realize 
PH is shown as integrated wearable interface devices. In order that PH estab-
lishes the harmonic interaction with wearers, a mutually anticipated interaction 
between a computer and human is necessary. To establish the harmonic interac-
tion, we investigate the social interaction by experiments of human interactions 
where inputs and outputs of subjects are restricted in a low dimension at the be-
havioral level. The results of experiments are discussed with the attractor super-
imposition. Finally, we will discuss integrated PH system for human supports. 

Keywords: Ambient interface, parasitic humanoid, behavior-based turing test, 
attractor superimposition. 

1   Introduction 

Most wearable computers today derive their usage from concepts in desktop comput-
ing such as data-browsing, key-typing, device-control, and operating graphical user 
interfaces. If wearable computers are anticipated to be fitted continuously as clothing, 
we must re-examine their use from the viewpoint of behavioral information. In this 
paper, we consider the role of wearable computers as a behavioral interface.  

The Parasitic Humanoid (PH) is a wearable robot for modeling nonverbal human 
behavior. This anthropomorphic robot senses the behavior of the wearer and has in-
ternal models to learn the process of human sensory motor integration, thereafter it 
begins to predict the next behavior of the wearer using the learned models. When the 
reliability on the prediction is sufficient, the PH outputs the errors from the real be-
havior as a request for motion to the wearer. Through this symbiotic interaction, the 
internal model and the process of human sensory motor integration approximate each 
other asymptotically. 
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In this paper, we consider wearable computing applications which rely on the ad-
vantage of embodiment as a primary medium of the interface. The term Parasitic 
Humanoid (PH) refers to wearable robotics adapted to such applications. In order that 
PH establishes the harmonic interaction with wearers, we investigate the social inter-
action by experiments of human interactions. The results of experiments are discussed 
with the attractor superimposition. Finally, we will discuss integrated PH system for 
human supports.  

2   Wearable Robotics as Behavioral Interface 

Wearable computing and wearable robotics have separate histories. Most recent re-
search on wearable robotics is motivated by interest in powered assist devices [8]. 
These devices are typically too heavy and consume too much energy for mobile use.  
On the other hand, research in mobile wearable robotics [12] does not take advantage 
of the embodiment of wearable devices.  

2.1   Usage of Anthropomorphic Robots 

Consider the usage of anthropomorphic robots as an interface for human behavior. 
This is perhaps the only pragmatic usage, because the anthropomorphic shape is usu-
ally disadvantaged in comparison with optimized designs for other purposes. One 
successful example is Telexistence system [19]. However, such a robot is too compli-
cated and expensive to be an interface of human behavior, and therefore too socially 
unacceptable to be considered as a pragmatic solution, except for some specific pur-
poses (although commercial systems are quickly driving down the cost of such de-
vices). A more serious concern regards the safety for the users under common cir-
cumstances in modern lifestyle. 

There will be situations of disorder in which the control system of the robot con-
tinues to move although it has to stop to avert a collision. A solution in this situation 
is a lightweight and low power design such that a surveyor can easily prevent unde-
sirable motion. However, this strategy makes it difficult for the robots to support 
themselves. 

2.2   Wearable Robotics without Powered Assist 

Wearable technologies provide a solution to the problem. Wearable sensory devices 
can construct a wearable humanoid without muscles and skeletons, if they are of the 
proper type and in sufficient number (Fig.1(a)). This robot may be too weak to move 
by itself, and cannot assist the wearer with mechanical power. However, it is safe and 
light for the wearer, and can assist him or her with rich behavioral information, when 
the worn robot is continuously capturing, modeling and predicting the behavior of the 
wearer. 

2.3   Parasitic Humanoid 

We refer to such a wearable robot as Parasitic Humanoid (PH). PH is a wearable 
robot for modeling nonverbal human behavior. This anthropomorphic wearable robot 
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Fig. 1. (a) Wearable sensory devices construct a wearable humanoid without muscle or skele-
ton. (b) Symbiotic relationship between the wearer and the Parasitic Humanoid. 

senses the behavior of the wearer and has internal models to learn the process of hu-
man sensory motor integration, thereafter it begins to predict the next behavior of the 
wearer using the learned models (e.g. [20]). When the reliability on the prediction is 
sufficient, the PH outputs the errors from the real behavior as a request for motion to 
the wearer. Through this symbiotic interaction, the internal model and the process of 
human sensory motor integration approximate each other asymptotically (Fig.1(b)).  
As a result, the PH acts as a symbiotic subject for information of the environment.  
The relationship is similar to that of a horse and a rider. The symbiotic relationship 
between these partners acts as a high performance organism. 

3   Basic Elements Constructing Parasitic Humanoid  

A typical example of the PH usage as a behavioral interface is capturing daily or best 
behaviors and retrieving the most suitable actions. It is not only for scientific research 
to analyze human behaviors, but also is used to enhance daily life. For instance, when 
you play golf, you may want to capture and retrieve your best shot or you may 
download the data of the swing from the PH of Tiger Woods. Behavioral interfaces 
will make up the new style of communication of behaviors and skills. 

To realize it, the prototype of PH consists of 3-Axis postural sensors, fingernail 
sensors [9,14], eye movement sensors, shoe-shaped sensors, audio and visual sensors, 
vibration motors [1], head-mounted display (HMD), and galvanic vestibular stimula-
tion (GVS). All sensors are used for capturing the wearer’s behavior and the motors, 
HMD and GVS are used for giving a feedback to wearers. The prototype of the PH is 
shown in Fig. 2. The feature of the prototype is to use haptic illusions to give pseudo-
force feedbacks to wearers in an intuitive way. One is a pseudo-attraction force dis-
play that exploits the differences of the human perception sensitivity between rapid 
and slow accelerations. Despite the fact that the device is not grounded anywhere but 
just mounted on the human body, the wearers can feel the attraction force during the 
high acceleration. Pseudo-Haptic is another haptic display that induces pseudo-force 
by controlling the visual image of wearer’s own body without any physical contacts. 
GVS is used to control the posture of the wearers by transmitting low level current 
signals to induce sensations of tilting in human. By giving wearers sensation and 
motion in an intuitive manner at the same time, the PH attempts to give rise to “feel-
ing” that can be shared or communicated between humans.  
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Fig. 2. (a) Prototype of Parasitic Humanoid. (b) Galvanic vestibular stimulation device 
equipped with HMD. (c) Pseudo-attraction-force and tactile display that produces rapid and 
slow acceleration for pseudo attraction force and high-frequent vibrations for an illusion of 
tactile sensation. (d) Manipulation of visual image for pseudo-haptic. (e) Inducing sensations of 
tilting by GVS.  

4   Behavior-Based Turing Test  

Our prototype of the PH mainly uses illusions to give feedbacks to users. It means 
that the PH exploits the low-level nature of our sensorymotor mechanism. As higher 
level of processes, it must be important and useful information for the PH to read 
intention and motivation of wearers to support their behaviors. However, the question 
how the system can harmonically support or interact with humans or how the devices 
can behave like human to establish our natural communication is still missing. The 
supports by the PH should be naturally superimposed over the user’s intention and 
behaviors. There are some studies that have investigated human interaction with a 
small humanoid robot [17,18]. However, it is too complicated and difficult to analyze 
because the interaction between human and the robot is based on the full modality. 
Therefore we take a minimalist approach in our experiments [3].  

The turing test is a test of a computer’s ability to demonstrate human intelligence 
in a natural conversation. As the first step to investigate how the harmonic interaction 
can be established, the turing test at the behavior level is studied in experiments. In 
order to make them simple, minimal action and sensation are set up in a same way as 
Lenay's experiment [2]. Our study explores the ongoing dynamical aspects of the 
mutuality in a social interaction. In the experiments, the behavior-based turing test is 
defined as the ability to distinguish a partner's moving avatar with a dummy object 
that just replays the motions that are recorded when real two are interacting. It means 
that the motions of a dummy object and the avatar are identical in the passive obser-
vations. Only active mutual coupling enables to pass the behavior-based turing test. 
The original idea comes from Trevarthen’s double-monitor experiment that shows a 
baby can detect that the mother is not reacting to his/her motions in an online manner 
when mother’s recorded motions are displayed [13,16].  

4.1   Human Experiments 

A schematic view of the experimental setup is shown in Fig. 3. Subjects can move left 
or right by his/her finger along a rail on the desk that restricts the motion precisely on 
the one dimensional space and makes it possible for the CCD laser displacement sen-
sor to detect the position of the finger without lost. A voice coil attached on the  
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Fig. 3. A schematic view of the experimental environment for behavioral turing-test. The CCD 
laser displacement sensor gets the position and the voice coil gives the subject sensations. 

subject’s nail gives input signals by vibrations when the avatar touches objects in the 
virtual space, i.e., subjects receive only all-or-none information. This experimental 
environment is close to the original perceptual crossing experiments but different in 
the following important points. The first one is a reliability of the space. The positions 
in the physical space correspond to the positions in the virtual space. On the other 
hand the correspondence is easily broken in the case of using a computer mouse as the 
original experiment. The second point is that the motion and sensation are not sepa-
rated because both happen on a single finger different from the original one where 
motion is controlled by the right hand and sensation is given to the left hand. 

The subjects are required to answer if the partner has been controlled by human or 
not after 30 seconds interactions with an unknown object. They know that a single 
object exists and it does not disappear during the experiment. In the experiment, the 
subjects interact with two kinds of objects. One is the avatar that is controlled by 
another subject. Another one is an object that replays the partner’s previous motions 
as in the double monitor experiments. A trial consists of 20 interactions, 10 of them 
are interactions with the human avatar and another 10 are with the recorded motions. 
After each trial, the subject can know how much he/she can correctly answer human 
or not-human. The recoded motions are made from previous trial results where the 
subject has answered that the partner is a human.  

Emergence of Turn-taking. At the beginning of the experiment, two subjects are not 
used to this low-level environment. However, the rates of correct answers increase 
and they can significantly detect the human player from the recorded motion (Fig. 4). 

 

Fig. 4. Rate of correct answers during each trial that consists of 10-human and 10-recorded 
interactions 
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Fig. 5. Behavioral patterns by a couple of human subjects at the (a) 13th, (b)21st, (c) 41st and 
(d) 81st interaction. Both subjects answer that the partner is controlled by human after these 
interactions. Input signals are also shown in the graphs. 

Figure 5 shows the behavioral patterns and input signals during an interaction be-
tween both human players. At the beginning of the experiment, their motions are not 
organized and it is difficult to know how they understand the fact that the partner is 
human (Fig. 5 (a) and (b)). Actually, the rates of correct answers are still around 
chance level as the subjects report that they are not sure if the answer is correct or not. 
After 40 interactions, the behavioral patterns change and it seems that they try to see 
their partner’s reactions. The behaviors are clearly different from irregular motions as 
the initial stage. At the 81st interaction, both players’ motions are organized and we 
can see turn-taking behaviors where roughly they have two fixed roles such as mov-
ing and staying, and those roles are alternately exchanged. Player1 touches player2 by 
oscillating while player2 stays at a certain place and observes player1’s behavior. 
After a while, the roles are exchanged. Player1 stops oscillating and stays at a certain 
place and player2 starts oscillating. At the beginning of the interaction, they try to 
establish this role switching and it continues during the experiment.  

In order to clarify the emergence of turn-taking, we calculate the performance of 
turn-taking behavior as follows. First, behavioral patterns of each subject are classi-
fied into moving and staying behaviors by simply using a threshold. The integrated 
dynamics of moving and staying behaviors between the subjects are classified into 3 
kinds of integrated roles as a whole such as both-moving, both-stopping, and either-
moving. Next, we estimate a normal distribution of how long each integrated role 
lasts in the successful human-human interactions. Since we know that either-moving 
role is important for turn-taking in the preliminary experiments, the performance 
increases linearly during the either-moving role. When the role changes, e.g. from 
both-stopping to either-moving, the performance is modified by simply multiplying a 
parameter that is acquired from the normal distribution. If the role changes at the 
timing that is often observed in successful interactions, the performance does not 
change but if the timing is not familiar, the performance decreases. Figure 6 shows 
the evolution of the average turn-taking performance at the end of human-human 
interactions of each trial. It is clear that the human subjects establish turn-taking  
behaviors over trials.  

It is interesting that the turn-taking behavior spontaneously emerges in the task of 
our behavior-based turing-test without any information about turn-taking. The impor-
tance of turn-taking has been argued in social interactions of the experiments and 
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Fig. 6. Average performances of turn-taking over human-human interactions in each trial 

simulation models [4,7,15]. This emergence of turn-taking behavior is observed in 
another couple of different subjects as rates of achievement of the task increases. 

Coordination behaviors modeled by attractor superimposition. The turn-taking 
behavior observed in the behavior-based turing-test is not simple cooperation but is 
caused by a mutual dependency between subjects. We try to understand this coordination 
from an aspect of dynamical systems model called attractor superimposition.  

The concept of the attractor superimposition is proposed by Global COE program 
for founding ambient information society infrastructure at Osaka University in Japan 
[21] as a novel cooperative and self-adaptive algorithm for self-organization of multi-
ple dynamics, that is the next step of “attractor selection” dynamics modeled from an 
individual bacterial adaptation [5,10]. The attractor selection and the attractor super-
imposition are based on the idea that a system works adaptively with a parameter 
termed activity that controls a stability of attractors against fluctuations. For example, 
if a biological system is not well adapted against an environment, the activity be-
comes small and an attractor becomes less stable, that causes the noise effect to rela-
tively increase. Then the dynamics escapes from an attractor and searches for another 
attractor that can adapt to the environment. In the case of the attractor superimposi-
tion, the different (biological) networks share the activity and create a symbiotic sys-
tem that shows the adaptivity as a whole by the basically same mechanism as attractor 
selection [6]. The equations are expressed as follows,  
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where each x indicates dynamics of different (biological) networks determined by f 
and η  means noise. In response to the activity, the dynamics becomes relatively 

deterministic or indeterministic. 
The concept is originally derived from biological phenomena but it is likely to be 

applicable for information networks [11]. In the case of our human experiments, the 
turn-taking performance is nothing else the activity shared between subjects and each 
behavioral dynamics could be x . They try to establish a mutual interdependence that 
increases the turn-taking performance to achieve the behavioral turing-test. 

In order to confirm if the attractor superimposition can be a theory that explains our 
results, two subjects who already experienced enough and achieve the task well are 
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Fig. 7. Changes of activity during human-human interaction where the noise strength is con-
trolled by an experimenter. The dashed lines indicate ongoing answers of each subject where 
upper states mean that the subject answers “Non-human” and lower states mean that the subject 
is feeling that the partner is human. The noise is introduced into the on-off sensations.  

re-tested in the interaction under a noisy environment. By externally controlling the 
strength of noise, we investigate the stability of the ongoing interaction that induces 
feeling of human. To do so, the subjects are required to constantly answer if they feel 
that the partner is human. Figure 7 shows the dynamics of the activity, the strength of 
noise and answers of the subjects. Around 100 seconds where the noise strength is 
0.08, subjects are not considering the partner as human. After that, they interact with 
each other with 0.04-noise for relatively long time. Then, the noise strength comes 
back to 0.08 again and this time the interaction is not broken and they consider the 
partner as human. Furthermore, even noise strength increases, the feeling of human is 
kept in the subjects. Around 480 seconds, the same phenomenon can be seen. 

It is considered that the phenomenon can be explained by the attractor superimpo-
sition. Despite the fact that the coordination has been exposed to the same strength of 
noise, the stabilities of the coordination are different. The phenomenon can be inter-
preted with the attractor superimposition. The first 0.08-noise breaks the interactions 
because the activity is not so high that the noise overcomes coordinated behaviors 
between subjects. However, when the second and third 0.08-noise is given, the turn-
taking behavior has been well established as a whole dynamics so the shared activity 
becomes high and the coordination has enough stability against the noise.  

5   Discussion and Conclusion 

We have presented a survey of several interaction techniques and interfaces that are 
useful for the design of Parasitic Humanoid. Desktop computers come equipped with 
large monitors providing high bandwidth output and essentially obviate the need for 
nonverbal output. Similarly the keyboard does not accept the need for nonverbal in-
put. Wearable computing changes the picture dramatically, since traditional interfac-
ing components are not incorporated as easily. We suggest that this is an ideal area to 
integrate behavioral information as a primary interface medium.  

Most of the works we have reviewed in this paper are areas of ongoing research. 
To conclude we would like to address a particularly challenging but important thing 
to consider. Given the personal nature of wearable computers, symbiotic interfaces 
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that can automatically anticipate wearer’s behavior will be especially important. The 
paradigm of the conventional interfaces asks users to interpret the devices’ outputs to 
resolve the differences of users but our proposing paradigm is to use the behaviorally 
intuitive interactions with users and to establish natural interaction. The users might 
not notice the wearable computers while naturally supporting their behaviors. The 
users must have their own habits and styles of motions. By anticipating their behavior 
through PH, we will realize human-centered interface. That is our goal of PH. 

There are fewer studies that can explain the dynamic symbiotic types of coordina-
tion. The attractor superimposition may be able to be a novel theory to achieve it and 
will give us new aspects of coordination or communication. When both subjects feel 
that the human player controls the avatar, the parameter, activity, increases at the 
same time. It can be regarded as sharing something between them, that enhances their 
behaviors and makes more stable. We consider this as the emergence of proto-
communication that we use. Further analyses and studies would compensate for the 
gap between our interface technologies of parasitic humanoid and the practical issue 
of how they work with human through communication. 
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