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Abstract—This paper presents an approach to model a 
humanoid robot as a discrete event system; the approach is 
based on Petri Nets. Firstly, this paper proposes representation 
of a human body with a system of ten interrelated links. 
Secondly, each link is modelled as a Petri net module resulting 
in ten independent modules. Thirdly, this paper proposes use 
of a command-dispatcher module to coordinate all the other 
modules; thus, the command-dispatcher module acts as the 
brain of the robot. Finally, as shown in the final section, the 
modular Petri Net based model can be easily used for model-
based control of a humanoid robot. 

Keywords-Humanoid Robot; Petri Nets; GPenSIM; Range of 
Motion. 

I.  INTRODUCTION 
In this paper, an approach is presented to model a 

humanoid robot as a discrete event system. Humanoid robots 
are the robots, which are replication of humans having a 
head, torso, two arms, and two legs [1]. The modeling 
approach presented in this paper is based on Petri Nets. Petri 
net is a powerful framework for modeling of discrete event 
systems; since this work sees a humanoid robot as a discrete 
event system, Petri Net suits well to model the discrete 
dynamics of a humanoid. 

Literature study reveals modeling of humanoid robots 
using various methodologies, approaches, and techniques. 
Reference [1] uses modeling and simulation of humanoid for 
swarm robotics, where a large number of robots are involved 
in coordinated acts. Reference [2] uses geometrical and 
inertial properties of the various joints and links of a 
humanoid robot for parametric modeling of kinematics. 
Reference [3] uses real-time gait patterns and gait planning 
of a humanoid robot, using the Local Axis Gait algorithm; 
reference [4] focuses on postures for different situation in 
sports and everyday life, by modeling humanoid robot for 
posture stabilization. Reference [5] models a humanoid for 
simulating motions of humans in a “futuristic distributed 
tele-immersive collaboration system”, where various teams 
of performers perform at geographically distributed places 
and their performances are presented on live TV program as 
the teams are performing on the same place at the same time.  

However, to our best knowledge, this paper is the first 
attempt for modeling and simulation of a humanoid robot 
using a modular Petri Net based approach.  

In this paper: Section-II introduces the basics of forward 
kinematics of rigid human body in 3D space. Section-III and 
IV presents a new modular approach based on Petri Nets for 
modeling of humanoid robots; section-III presents the main 
modules of the system and section-IV presents the 
submodules. Section-V presents the further work. 

II. HUMAN BODY AS AN AGGREGATION OF TEN LINKS 
This section summarizes the ideas presented in the works 

[5], [6], and [7], on human body as an aggregation of ten 
interrelated links, where each link is subjected to a limited 
range of motion (ROM) in 3D space.   

 

 
Figure 1.  Human body as an aggregation of ten interrelated links. 

A. Simplified model of human body 
The simplified model of a human body as an aggregation 

of ten interrelated links is shown the figure-1. In this model, 
the smaller links such as fingers and toes are abstracted away 
as they do not contribute to the general overall movement of 
humans. In addition, neck and head are combined for 
simplicity. The model shown in the figure-1 can be 
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considered as a discrete event system, if we limit the motion 
of the links into discrete steps.   

 
Figure 2.  A three dimensional Cartesian coordinate system, for the 

angular displacements along axes x, y and z. 

The simplified model of the human body as shown in the 
figure-1 is a rigid body, as the interrelated links are fixed 
either at one or two points, making the solid body free from 
deformation (the distance between any two given points of 
the rigid body do not change while on motion).  

 

 
Figure 3.  The normal range of motion (ROM) of the ten links in 3D space 

[5, 6, and 7]; ROM of each link is represented by the angles �, � and �. 

In order to facilitate the motion of rigid human body, the 
3D workspace is represented by the axes x and y (on the 
horizontal plane) and by the z-axis as the vertical line. In 
addition, the angular displacements are represented by �, � 
and � on the x, y, and z-axis, respectively, as shown in the 
figure-2. 

 

B. Normal range of motion (ROM) of a rigid human body 
Taking the whole body as rigid, the normal range of 

motion (ROM) of the ten links are shown in the figure-3.  
Based on the information depicted in the figure-3, Table-1 
presents the ROM of the ten links. Table-I also shows that 
ROM of left arm and right arm are the mirror image of each 
other on the x and y axes. This is same for the left and right 
thighs. In addition, forearms and legs have only one degree 
of displacement, along the z-axis.   

TABLE I.  RANGE OF MOTION (ROM) OF THE TEN LINKS [5, 6, 7] 

Links � � � 

Head & Neck  (HN) (-70, 70) (-63, 63) (-60, 30) 

Forearms (LF/RF) (0, 0) (0, 0) (0, 150) 

Left Arm (LA) (-30, 130) (-40, 170) (-40, 170) 

Right Arm (RA) (-130, 30) (-170, 40) (-40, 170) 

Torso (TR) (-30, 30) (-40, 40) (-90, 30) 

Left Thigh (LT) (-50, 45) (-30, 45) (-15, 90) 

Right Thigh (RT) (-45, 50) (-45, 30) (-15, 90) 

Legs (LL/RL) (0, 0) (0, 0) (-145, 0) 

  

III. THE PETRI NET MODEL 
The simplified model of the human body shown in the 

figure-1 is used as the starting point in developing a modular 
Petri Net model of a humanoid. As the figures 1 and 3 
depict, the Petri net model should possess at least ten 
modules, one for each link. In addition, each module must 
facilitate the motion of the link on 3D space, along the x, y, 
and z-axis, indicating the current values of �, � and � at any 
point of time. In addition, in order to achieve more realistic 
simulation of a human body, each module must limit the 
motion of the link within the respective ROM.  

It will be very difficult (if not impossible) to impose the 
ROM limitation on a Petri Net module, using basic (or P/T) 
Petri Nets. This is because P/T Petri Nets lacks the modeling 
power that is needed to solve complex problems [14]. Hence, 
this paper proposes a hybrid approach, showing only a part 
of the logic on the Petri Net and the rest on the run-time 
software. This hybrid approach of showing part of the logic 
on the Petri net model (“hard-wiring”) and coding the rest of 
the logic on the run-time software (“soft-coding”) is a well-
proven approach that not only paves simple Petri Net 
models, but also the other benefits such as fast model 
building, simple debugging, and easy extension [8]. In the 
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following subsections, the Petri Net model a simple 
humanoid is built step-by-step, using a modular approach. 

A. The modules of the system 
The model of a humanoid robot consists of individual 

modules that get commands from a superior through 
message passing, and the modules let know the status 
(current values of the angles �, � and �) through global 
variables (“pigeon holes”). As shown in the figure-4, the 
commands are generated by the module “commands 
generator and dispatcher”, which generates the commands 
and places the commands in a common buffer (a Petri Net 
place) pCommandsBuffer (pCommandsBuffer is not 
shown in the figure-4).  
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Figure 4.  Generation and delivery of commands for the movements of the 

ten links. 

In each of these commands, there is a field called ‘module’ 
that clearly identifies the targeted module, and another field 
called ‘axis’ that identifies the angle that is subject to 
change. For example, in the four commands that are shown 
in the figure-5, the first command is intended for the HN 
module, where the head is supposed to move around the z-
axis. Whereas, the second command is intended for the TR 
module, where the TR is to be changed on the y-axis. 
 

command no.: 1  command no.: 2 
module: HN  module: TR
axis: Z  axis: Y 
action: Add  action: Goto
degrees: 5  degrees: -40
start-at: 0  start-at: 60
duration: 60  duration: 60
     

command no.: 3  command no.: 4 
module: HN  module: HN
axis: x  axis: x 
action: goto  action: goto
degrees: 30  degrees: -30
start-at: 120  start-at: 180
duration: 60  duration: 60

Figure 5.  Four sample commands and their fields. 

From the common buffer pCommandsBuffer, individual 
modules representing the ten links will pull the commands 
that are directed for them. After pulling the command, the 
individual modules will interpret the command and then pass 
it to the relevant submodules that are responsible for 
changing the angles �, � or �. For example, after pulling the 
first command (shown in the figure-5), the HN module will 
interpret it (meaning, the angle � should be increased by 5 
degrees) and then pass it to its submodule �.  

There are two types of actions coded in a command: the 
‘add’ action demands that the angle specified by the field 
‘degrees’ should be added to the current value; the ‘goto’ 
action demands that the relevant angle should be set the 
specified degrees, immaterial of its current value. For 
example, the first command shown in the figure-5 expects 
that the current value of � should be increased by 5 degrees 
(‘add’); whereas the second commands expects the torso is 
changed to a position where the angle � becomes -40 
degrees, from whatever the current value be (‘goto’).    

The figure-5 also shows that the commands have two 
other fields as well: ‘start-at’ and ‘duration’. The field ‘start-
at’ dictates the time at which the action should be started; if 
the ‘start-at’ value is zero, then the action must commence at 
once. For any other positive real number for ‘start-up’, the 
action must wait until the clock has passed that value. E.g. in 
the third command, the action must start when the clock is at 
120 TU. Finally, ‘duration’ represents the length of time 
during which the action should last. E.g. the fourth command 
indicates that the action of moving � to -30 degrees from 
whatever current value, should take a duration of 60 TU.    

B. The Head & Neck module 
The Petri net module for the head & neck (HN module) is 

shown in the figure-6.  
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Figure 6.  The Head & Neck (HN) module. 

Since the motion of the head is determined by all the 
three angles, namely �, � and �, the HN module possess the 
three submodules for changing the angles. The transition 
tHNdispatcher acts as the interface of the module; 
tHNdispatcher pulls the commands from the commands 
buffer pCommandsBuffer. tHNdispatcher pulls only the 
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commands that are directed for the HN module, and places 
these commands into the place pHNbuffer, which is 
positioned in the center of the HN module.  

From the place pHNbuffer, the submodules that are 
responsible for changing the individual angles will pull the 
commands that are directed for them, using the field ‘axis’ of 
the commands. The three transitions t�Dispatcher, 
t�Dispatcher, and t�Dispatcher, are the ones that pull the 
relevant commands from pHNbuffer and push the 
commands into their submodules.  

Five other modules - LA, RA, TR, LT, and RT - all have 
three degrees of freedom, and hence will look similar to the 
HN module, having three submodules.  

C. The Right Leg module 
As explained in the previous subsection, since the head 

has three degrees of freedom, the HN module had three 
submodules, each responsible for changes on an axis. 
However, the table-I shows that the TR (torso) module has 
only one degree of freedom, on the z-axis.   Thus, the TR 
module will be much simpler as shown in the figure-7. 
Similarly, the three other modules LF, RF, and LL are also 
simpler modules with only one submodule for changing the 
angle �. 

Module �

t�Dispatcher

tRLdispatcher

pCommandsBuffer

pRLbuffer

 
Figure 7.  The Right Leg (RL) module. 

IV. THE SUBMODULES FOR CHANGING THE ANGLES 
The submodules are responsible for realizing the 

commands to change the angles; as we have seen in the 
previous section, the HN module possesses three submodules 
for changing the angles on the x, y, and z-axes, whereas the 
RL module possesses only one submodule for changing the 
angle on the z-axis.   

The figure-8 shows the alpha submodule for realizing the 
angular movement of Head & Neck along the x-axis. In this 
module, the transition t�Dispatcher pulls the commands 
from pHNbuffer, the commands that are to change the angle 
�. After pulling a command, t�Dispatcher also decode the 
command into a set of information:  

• Starting time: if the value for the field ‘start-at’ is 
zero then t�Dispatcher will fire immediately and 

puts a token into p�, triggering the execution of the 
command. If the value for the field ‘start-at’ is not 
zero, then firing of t�Dispatcher will wait until the 
clock has passed the time indicated by the value of 
‘start-at’. 

• Net angular displacement: if the net angular 
displacement (explained in the subsection-A below) 
is positive then only t�+ON will be enabled thus 
passing the token into the cycle “p�+ � t�+ �      
p�+”, which will increase the angle iteratively. 
Similarly, if the net angular displacement is negative 
then only t�-ON will be enabled thus passing the 
token into the other cycle “p�- � t�- � p�-”, in 
order to decrease the angle iteratively.  

• Duration of action: the value of the field ‘duration’ 
indicates the duration of the action, either for 
increasing or decreasing the angle to achieve its final 
value. If the angle is to be increased then it is the 
multiple firings of t�+ (in the cycle “p�+ � t�+ � 
p�+”) that increases the angle iteratively. However, 
after each firing of t�+, there must be a pause time, 
otherwise the net angular displacement will happen 
too quickly, due to the rapid firings of t�+.  
Calculation of the pause time is explained in the 
subsection-C.   

t�+Off t�-Off

t�+ON t�-ON

p�+ p�-

t�+ t�-

p�

t�Dispatcher

pHNbuffer

 
Figure 8.  Module � for the angular movement of the head & neck (HN) 

on the x axis. 

A. Calculating the Net Angular Displacement 
A command demands change of an angle from its current 

value to its final value, via two actions: ‘goto’ or ‘add’.  
If the action is ‘goto’, then the final value of the angle 

will be the value of the field ‘degrees’. Hence, net angular 
displacement (��) will be the difference between the value 
of the field ‘degrees’ and its current value. 

�� = (value of ‘degrees’ – current value) 
If the action is ‘add’, then the final value of the angle will 

be the value of the field ‘degrees’ added to its current value. 
Hence, net angular displacement (��) becomes:  

�� = value of ‘degrees’ 
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B. Calculating the Number of Firings 
Taking � as the angle to be changed, let us assume that 

net angular displacement (��) is a positive value. Hence, it is 
the multiple firings of t�+ that will increase the angle.  

Let us denote the angular increment per firing of t�+ as 
�t�+. Let us also denote the number of firings of t�+ that is 
needed to achieve the required �� as nt�+. Hence, 

nt�+  = �� / �t�+ 
For example, in the fourth command shown in the figure-

5, the angle � should be changed to -30 degrees in ‘goto’ 
action. Let us assume the following: the current value of � is 
10 degrees, and the angular increment per firing of t�- (�t�-) 
is 0.5 degrees. Hence, �� = -30 – 10 = -40 degrees. The 
number of firings of t�- needed to achieve this action nt�- = 
40 / 0.5 = 80. Thus eighty firings of t�- is needed to realize 
this action. After the eightieth firing of t�-, t�- will be 
disabled and t�-OFF will be enabled, thus the token in p�- 
that enabled the cycles of decreasing the angle iteratively 
will be taken away from the cycle by t�-OFF.  

C. Calculating the Pause Time 
In order to explain what the pause time is, let us continue 

with the fourth command; this time, we will focus on the 
field ‘duration’. We found in the previous subsection that to 
realize this command, the net angular displacement �� 
becomes -40 degrees, and that we need eighty firings of t�-. 
In addition, the forth command states that the duration of the 
action (Tduration) must be 60 TU.  

Let us assume that the firing time of t�- (Tt�-) is 0.25 TU. 
If we allow t�- to fire its eighty firings one after the other, 
then the action of realizing the net angular displacement of -
40 degrees will happen in 20 TU (80 X 0.25); this means, the 
action will complete much sooner in 20 TU than in 60 TU.  

In order to make the action last over a period of Tduration, 
after every firing of t�-, it should be prevented to fire for a 
period of ‘pause time’. The addition of pause time to firing 
time of t�-, makes the cycle time and that the eighty cycles 
should make up the required duration of 60 TU.  

Cycle time: Tcycle = Tduration / nt�+ = 60/80 TU = 0.75 TU. 
Pause time: Tpause = Tcycle – Tt�- = 0.75 – 0.25 = 0.5 TU. 
 

Tt�- Tpause Tt�- Tpause

1st cycle 80th cycle
Tduration

 
Figure 9.  Timing in executing the fourth command using multiple firings 

of  t�-. 

The figure-9 shows how the pause time makes the action 
lasts over the specified duration of time. The figure-10a 
shows the multiple firings of t�- without pausing after each 
firing; in this case, the action is complete in 20 TU, much 
sooner than the expected 60 TU. In the figure-10b, the firing 
cycles are padded with pause time, making the multiple 
firings of t�- lasts over the period of specified duration, 
which is 60 TU.  

 
(a) 

 

 
(b) 

Figure 10.  Realizing the duration of an action with pause time. 

D. The Submodules for the angles Beta and Gamma 
The submodules for the angles � and � will be very 

similar to the submodule for �. The only difference is that, in 
the submodule for �, it is the transition t�+ (or t�-) that fires 
to increase (or decrease by t�-) the angle �. In addition, it 
will be made sure that the resulting angle falls within the 
ROM of �. However, in the submodule for the angle �, it 
will be t�+ (or t�-) that makes the angle � increase or 
decrease, and so forth for the submodule for �. 

E. The Commands Generator and Dispatcher module 
The proposed model is a closed-loop system, in which 

the commands are passed as messages from a higher order 
module to its submodules; information is passed from lower 
order submodules to higher order modules using global 
variables (or pigeon holes), as shown in the figure-11. For 
simplicity, only one module (LA) is shown in the figure-11.  
 

LA

� ��

Command Generator & Dispatcher

Global variables

Message passing
Global variables  

Figure 11.  Closed-loop system, where communication is done thorugh 
message passing and global variables (‘pigeon holes’). 
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V. DISCUSSION 
It is highly visible from the figures of the modules and 

submodules, that the design of the Petri Net model of a 
humanoid robot is modular. The modular design brings many 
advantages such as independent development, maintenance, 
and testing of the modules, easy to identify and place the 
functionality, reuse of code, etc.  [9]; in summary, it is 
important to develop a modular model for increased 
reliability, maintainability, and portability of the system.  

The communication infrastructure of the model uses 
message passing in the downward direction (modules to 
submodules) and global variables in the upward direction. 
This is because, the commands that are generated by the 
generator are numerous and are aimed for various modules; 
thus, a pipeline for directing the messages from top to 
bottom, and the modules pulling the messages aimed for 
them along the pipeline, seems a sensible strategy [10].  

 

GPenSIM Real-Time 
Control Simulator 

NAOLab Middleware (driver)

MATLAB

NAOLab Toolbox 

WIFI connection
IEEE 802.11 

NAO Robot

Ethernet 
connection 

Controller Application Program

 
Figure 12.  Discrete control of NAO robot with GPenSIM and NAOLab 

Toolbox. 

However, the current values of the angles, as there are 
only 22 of them (from table-I, six modules have three 
degrees of freedom, and four modules have only one degree 
of freedom, thus 6 × 3 + 4 × 1), we can afford memory to 
keep these values as global variables make them visible to 
any interested agents (modules/submodules).  

For simulations, the Petri model is implemented on 
MATLAB platform using GPenSIM simulator [11, 12]; the 

interested reader is encouraged to inspect the code at the link 
provided as reference [13].    

Further Work: The model as shown in the figure-11 is a 
closed-loop system; thus, the model can be used to control a 
humanoid, e.g. NAO robot, as shown in the figure-12. 
However, due to time limitations, testing the model-based 
control on a real humanoid like NAO is not yet complete. 
This work is still ongoing.  
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