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Human cognitive mechanisms have been studied for
designing user-friendly interface. One of the key issues
is the attribution of own actions to the intention of self
or others. It is known that patients with schizophre-
nia who sometimes attribute their own actions to the
intentions of others may perceive themselves as caus-
ing events which they do not in fact control, when they
feel they are in voluntary movement. In this study, we
administered similar experiments to normal subjects.
We also conducted computational simulations through
extending the multiple forward models, which success-
fully described the experimental results.
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1. Introduction

Information systems are ubiquitous in the modern in-
formation society. People spend a long time in front of the
personal computer using the typical input and output de-
vices: keyboard, mouse, and display. It is very important
to analyze how we adopt to this human-machine interface
in order to understand cognitive mechanism of human, be-
cause such a mechanism provides us design principle of
daily used human-machine interface. In general, people
become comfortable using machines when they feel the
machines as if they are part of their bodies. Let us imag-
ine driving the car. We feel like cars as if they are part
of our body when we get used to driving them. Drivers
can estimate speeds or angles of the cars when they push
the accelerators or rotate the handles. The drivers feel
that they are controlling the cars when they can attribute
motions of the cars to the intentions of themselves. Like-
wise, peaple feel comfortable using computers when they
can attribute the motion of objects in the display, which
are caused by their own key or mouse inputs, to their own

intentions. Such feeling is called “sense of agency”. To
date, usability of typical human-machine interface with
key board, mouse, and display have not been analyzed in
terms of the sense of agency. In this study, we exppri—
mentally analyze the sense of agency. Studies on sense
of agency are overviewed, and experimental results are
simulated by the multiple forward models. Our model is
validated through computational simulation.

2. Sense of Agency and Schizophrenia

Sense of agency has been studied in schizophre-
nia research, because several psychotic symptoms with
schizophrenia could result from dysfunction of the aware-
ness of one’s own action as well as recognition of actions
performed by others. It is possible that the elucidation
of such symptoms offer a framework for studying the de-
terminants of agency. In particular, paranoid schizophre-
nia has a variety of delusions or hallucinations. Delu-
sions are bizarre and false beliefs and hallucinations are
unreal perceptions of the environment, which can be au-
ditory, visual, olfactory, and tactile. Delusions and hal-
lucinations can be described as dysfunction of the sense
of agency. For example, patients with delusions of alien
control, or passivity experiences may misattribute self-
generated actions to an external source. In line with this
phenomenon, patients with auditory hallucinations misat-
tribute self-generated internal speech to external others’
voice. Frank et al. investigated the possibility that delu-
sions of influence could be related to abnormal recogni-
tion of one’s own actions in individuals with schizophre-
nia [5]. Subjects executed discrete movements in different
directions holding joystick. The image of a virtual hand
holding a joystick was presented on a screen with angu-
lar biases and time delays. Patients with schizophrenia
made significantly more recognition errors in trials with
time delays, compared with normal subjects. In the ex-
periment by Daprati et al., hallucinating and deluded pa-
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Fig. 1. The forward model of motor control: forward model
contains a forward dynamic model which predicts the con-
sequences of motor commands and a forward output model
which makes a prediction of the sensory consequences of
motor commands, which is compared with the actual conse-
quences of movement from sensory system [1].

tients with schizophrenia tended to over-attribute the alien
hand to themselves [2]. The two brain areas, the inferior
part of the parietal lobe and the insula, appeared to be
modulated by the degree of discrepancy, which has been
investigated through brain imaging studies [3,4]. Diverse
models such as Forward model [1] and Who system [6]
have been proposed which describe the mechanism of the
sense of agency. In this study, we focus on normal sub-
jects rather than patients with schizophrenia in order to
understand the sense of agency characteristics of normal
subjects for designing efficient human-machine interface,
because previous studies have been focusing on patients
with schizophrenia, and the performances of normal sub-
jects were not tested in detail.

3. Forward Model

Diverse hypotheses proposed to describe the sense of
agency. In the present study, we hypothesize a neural
mechanism of forward model in the brain. Forward model
could qualitatively describe the sense of agency. For-
ward model contains a dynamic model which predicts the
consequences of motor commands and an output model
which makes a prediction of the sensory consequences
of motor commands, which is compared with the actual
consequences of movement from sensory system. Blake-
more et al. [1] proposed that an underlying dysfunction
in the forward model may lead to the lack of the sense of
agency, and consequently the development of delusions of
control in patients with schizophrenia (Fig. 1). It was not
clear, however, how the forward model predicts the con-
sequences of actions which are necessary for attribution
of actions to the intention of self or others. A purpose
of this study is to propose a quantitative forward model
which can simulate the experimental results of sense of
agency, in order to understand its mechanism. We conduct
the psychological experiments for normal subjects which
originally have been given for patients with schizophre-
nia. In this paper, the characteristics of the attribution of
actions to self or others are explored, and the novel for-
ward models are developed whose simulation results are
comparable to experimental results.
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Command is displayed. The circle lights after
the button is pushed.

Fig. 2. A graphical user interface for the sense of agency
experiment.

4. Experiment

4.1. Method
4.1.1. Subjects

Eight normal subjects (6 men and 2 women; mean age=
22.9 years, SD=16.8) participated in the study. Subjects
were naive about the purpose of the study procedure. Af-
ter a complete instruction of the procedures, all partici-
pants provided informed consent.

4.1.2. Materials

During the study, the image of a circle and a button
were presented to the subjects on a computer screen with
a high refresh rate. After the button is pushed by the sub-
jects, the circle lights and the color of the circle turns yel-
low (Fig. 2). Time delays could be introduced in this rep-
resentation.

4.1.3. Procedure

Subjects sat comfortably in front of the computer
screen. They held the mouse button with a hand. The
task consisted of executing a series of simple movements
with the mouse button. Each trial started with a white
screen with a white circle and a white button. The in-
struction “Light!” is displayed at the center of the circle.
The subject push the button and the color of the circle
become yellow with delays. Immediately after the trial,
subjects had to answer the following question with a yes-
or-no response: “Who did switch on the light you saw on
the screen?”. The buttons with the term “self” or “com-
puter” appear on the screen and the subjects select each
of them. Trials with time delays were used, in which the
lighting of the circle were delayed by a given time (0, 40,
80, 120, 160, 200, 240, 280, 320, 360, and 400 [ms]).
Thus, we prepared eleven kinds of time delays in total.
Each trial was run four times for each of the 11 kinds of
time delay. Each subject executed a total of 44 trials. The
order of presentation of the 44 trials was randomized for
each subject. Identical trials could not be presented one
after the other.
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Fig. 3. Relationship between the number of self attribution
and time delay: sum of 8 subjects.

4.1.4. Data Analysis

The responses of the subjects were recorded. The num-
bers of “self” responses of subjects were counted by time
delay of lighting on the screen. The percentage of “self”
responses from the first 22 trials (1 - 22 trials) to the last
22 trials (23 - 44 trials) for every successive 22 trials were
calculated by time delay. The percentages of “self” re-
sponses of every successive 22 trials were analyzed by
logistic regression analysis. The gradients of logistic re-
gressions of the percentage of “self” responses were cal-
culated.

4.2. Results
4.2.1. Descriptive Analysis

Figure 3 shows the number of “self” responses or “self-
attribution” by subjects, who switched on the light they
saw on the screen, as a function of time delay. There
were total of 8 subjects and 4 trials for each time delay.
Therefore, 32 responses was maximum number of “self”
responses while 0 was minimum number. Subjects gave
“self” responses in nearly all trials without time delay and
small delay (40 ms). Subjects gave “computer” responses
in nearly all trials with large delay (360 - 400 ms). The
number of “self” responses was higher for the smaller
time delay and decreased as the delay increased. Subjects
showed a clear and sharp reduction in “self” responses for
a relatively small bias (120 - 160 ms).

4.2.2. Time Series Analysis

Time series of attribution of one representative subject
on each trial is shown in Fig. 4. X-coordinate is a num-
ber of trial and Y-coordinate is a time delay. Circle dot
is plotted with the time delay when the subject answered
“self”. Triangle dot is plotted with the time delay when
the subject answered “computer”, which means other-
attribution. The time delay which discriminates self- or
other-attribution is around from 200 to 240 ms in the early
stage of total trials (O to 16 trials). The time delay which
discriminates self or other gradually decreases in time. It
is about 80 to 120 ms in the end stage (28 to 44 trials).
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Fig. 4. Attribution of one subject on each trial: x-coordinate
is a number of trials; y-coordinate is time delay. Circle
dots are self-attributions while the triangle dots are others-
attributions.
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Fig. 5. The percentage of self-attribution on each time delay
in the first 22 trials and the last 22 trials (sum of 8 subjects:
the first 22 in gray, the last 22 in black).

The discrimination criterion changes as the trial proceeds.
This characteristic is observed for every subject.

Then, temporal change of the percentage of self-
attribution was analyzed in the course of trials for the av-
erage of 8 subjects. The percentage of self-attribution was
calculated by dividing the number of self-attribution by
total number of trials for each time delay. The percentage
of self-attribution for each time delay in the first 22 tri-
als (plotted in dotted line) and the last 22 trials (plotted in
line) are shown in Fig. 5. The percentage of the first 22
trials showed smooth decrease in “self” responses while
that of the last 22 trials showed sharp decrease in “self”
responses.

4.2.3. Logistic Regression Analysis

The percentages of self-attribution in every successive
22 trials which were sampled by turns in 44 trials, were
calculated by bringing out the percentages from i-th trial
to (i + 21)-th trial, and shifted the number i from 1 to 23
recursively. They were analyzed by logistic regression
analysis. The curves of the percentages were hypothe-
sized as logit curves. They were converted with the fol-
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regression analysis on every 22 trials.

lowing equation:

logit(p}:log(%).. By )

The percentages of every 22 trials were substituted to the
variable p. First-order approximations were calculated for
each curve of every 22 trials. The gradient of the first-
order approximation of every 22 trials obtained by logistic
regression are plotted in Fig. 6. X-coordinate is a number
of the first 22 series of trials and Y-coordinate is a gradi-
ent of the first-order approximation of the 22 trials. The
absolutes of the gradient of the first-order approximation
increase in the course of trials. The discrimination cri-
terion of self-attribution becomes clear in the course of
trials.

5. Computer Simulation

5.1. Multiple Forward Models

Next, we focus on multiple forward models. The model
is proposed for context estimations [7]. Multiple paired
forward and inverse models were proposed for motor con-
trol in order to generate accurate and appropriate motor
behavior under many different and often uncertain envi-
ronmental conditions [8]. The condition which was pre-
sented by Walpert et al. [7] could be applied to the at-
tribution problem. The example condition in Wolpert’s
model is in which a teapot to be lifted is either full or
empty. If we replace full for self and empty for others,
our condition is modeled as almost the same. In our case,
the multiple forward models contain two forward mod-
els, one predicts the stochastic distribution of time delay
of self and another predicts that of other. The multiple
forward models that we use contain only predictors, in
other words, forward models. Originally, each prediction
is pared with controller, in other words, inverse models.
We removed the controller from the models because out-
put behavior, button press does not change by the con-
sequences of action in this study. Original unit that ac-
cumulates the output of predictors was also removed be-
cause which was only used for motor control. States of
each predictor change by the errors of prediction and real
feedback from the sensory system at each state (Fig. 7).
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Fig. 7. Multiple forward models for sense of agency based
on those for motor control [8].
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Fig. 8. Transition of predicted time delay: £,(¢) is the av-
erage time delay of the first forward model, self predictor.
£(¢) 1s the average time delay of the second forward model,
others predictor.

5.2. Simulated Time Delays of Self and Other Attri-
bution

The estimated delay of each forward model was simu-
lated by using the experimental data. Initial average time
delay of self-attribution was 200 ms, and that of others-
attribution was 250 ms. Variance of each predictor, oy
was 5122 for self-attribution and o> was 6796 for others-
attribution based on the experimental data of all delays
for each decision. Fig. 8 shows the transition of pre-
dicted time delay. X-coordinate is a number of trial and
y-coordinate is a time delay. £ (¢) is the average time de-
lay of the first forward model, self predictor. £(¢) is the
average time delay of the second forward model, others
predictor. The difference between the average time delay
of the first and the second forward model presents clarity
of the discrimination of self and others. Discrimination
is clear when the difference is large. Discrimination is
ambiguous when the difference is small. We can see that:

« The discrimination criterion changes in time.

e The discrimination criterion of self-attribution be-
comes clear in the course of trials.

These characteristics are observed in the experimental re-
sults. Simulation results were well correspondent to the
characteristics of the experimental results. Therefore,
multiple forward models mechanisms were suggested to
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be valuable to explain the problems of the self- and others-
attribution on the sense of agency, through the comparison
of simulation and experimental results.

6. Conclusion

We investigated the sense of agency of normal sub-
jects through psychological experiments and computa-
tional simulation. Multiple forward models, which were
originally proposed for motor control and social interac-
tion, were introduced for describing the mechanism of at-
tribution of actions. It has been believed that the sense of
agency is particular to individuals independent of external
input [5], and thought to be not applicable to the cognitive
experiments. However, we carefully analyzed the tempo-
ral changes of the attribution criteria by logistic regres-
sion analysis. Experimental results suggest that the sense
of agency is influenced by the series of input. Simulation
results also suggest that the predicted average time delay
of self-attribution and that of others-attribution changes
over time. The multiple forward models were well corre-
spondent to the characteristics of the experimental results.
Namely, we found that there is a kind of learning effect by
the inputs and attribution process. This implies that the at-
tribution criteria might be navigated by the series of input.
Users might feel as if they are controlling real world in-
formation systems without delay, even though the systems
have time delay, because of the training of users’ attribu-
tion criteria in advance.

Future work includes conducting experiments alternat-
ing the maximum time delay, in order to investigate the
validity of the multiple forward models. We will add
a unit to the models for representing the symptoms of
schizophrenia. We would like to understand the mecha-
nism of the attribution of action in both health subjects
and psychiatric patients, which leads to universal design.
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