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Abgract

Locomotion is considered as mogt basic function of robots. Inthe
ca= of ordinary robats, they are not needed to change locomotion
patern because ther configurdions ae condant. For
sf-reconfigurable modular robots, Snce they can change their
configurations, locomation patterns must be prepared in advance
and changed by each configuration. There are two types of
locomation used for modular robots. One is locomation by
sf-reconfiguration which is redlized by using its reconfiguretion
cgpahility. The other is locomotion using many degrees of
freedoms of the configuration, eg. waking, crawling and rolling,
where the connection relationship between modulesiscondarnt. In
this paper, we focus on the latter type of locomotion. Actudly to
design locomotion pettern suited for each configuration
andyticaly or manudly by humen is difficult because it indudes
many DOFs To solve this problem, we propose an automatic
locomation paitern generation method using neurd ocillator and
network and evolutionary computation method. The method is
gpplicable for various kinds of modular robots. We confirmed the
avalability of the method by software smulaion and hardware
experiments.

1Introduction

In recent years the feaghility of reconfigurable robotic systems
has been examined through hardware and software experiments
[1-14]. Sdf-reconfigurable robots (modular robots) proposed o
far ae composad of homogeneous or heterogeneous robotic
modules and they can be connected together in a vaiety of
configurations according to given tasks They can dso change
their configuration by themsdlves by disconnecting connections
between modules and changing postions of modules This
capability is effective for adgpting themsdves to the externd
environment by changing their configurations or repairing
themsdlves by using spare modules. Modular robots seem to be
useful & extreme conditions such as on digtant planet, in deep seq,
indde nudear plats and a dissster aress where the access is
difficult for human.

Current research topics on modular robots are mainly on their
hardware systems and dso many studies on their reconfiguration
dgorithms or planning methods have been proposed [15-20].
Locomotion using sef-reconfiguration is actudly useful when the

number of modules becomes larger. However when the number
of modulesisnot large, locomotion such aswaking, crawling and
rolling is faster and efficiently compared to the locomotion using
reconfiguration. There are few dudies on the later locomotion
using red modular robots or methods for making locomotion
paterns in variety of module configurations. This is because
locomative mations need high motor torque for supporting the
whole body or moving by themsdves which is difficult for mogt
of the current modular robots. In [7], we have shown hardware
experiments on various locomotive motions and reconfiguretion
between configurations by usng our M-TRAN1 module, where
al the sequences in each configuration were programmed by
human and it needed much time and effort to make gable
locomation patterns.

On the other hand, in biologica cybernetics research fidd, there
ae wverd ressarches on generdtion of biped or quadruped
locomotion by using neura oscillators [21-24]. The method has
been sudied for understanding of the mechanism for walking
from the neurodynamics point of view or redizing a robust
locomotion and adaptation againg the externd digturbances. It is
conddered possble to goply the same principle on the modular
robots for making locomotive motions

In this paper, we describe an automatic locomotion generation
method (called ALPG heredfter) amed a making locomotion of
arhitrary module configurations using neurd oscillator as a model
of CPG (Centrd Pattern Generator) and Genetic Algorithm for
evolving parameters. In section 2 basc functions of M-TRAN
module are explained; in section 3 the details of ALPG software
are decribed and the results are shown and in section 4 hardware
experiments on locomotion are described.

2 Badc Functionsof M-TRAN Module

In this paper, we work with the sdlf-reconfigurable modular robot
M-TRAN2 shownin Fig.1 asan exercise for redizing locomotion
of modular robat. This module is composed of three components,
two semi-cylindricd parts and a link part. Each semi-cylindrica
part can rotate from —90 to 90 degree independently by a geered
motor embedded in the link. There are four permanent magnets
on each of three connecting surfaces of each semi-cylindrica part.
As the polarity of the magnets between two parts is different, the
module can connect to other modules by magnetic force. Aseech



connecting surface can be connected to another connecting
aurface in every orthogond relaion, various lattice Sructures are
eedly formed as shown in Fig.2 and it can be reconfigured by

changing positions of the semi-cylindricd parts.
Besdes sf-reconfiguration, this modular robot sysem can dso

make various robotic motions such as a crawler and a quadruped
robot [7] by usng two degrees of freedoms on each module.

Figure 2. Example of possible configurations

3Automatic L ocomation pattern Generation M ethod

3.1 Locomation Generation Flow

The automatic locomotion pattern generation method (ALPG)
makes locomation pattern of an arbitrary module configuration
and an initid shgpe in dmuldion space Note that the
configuration here means connection relationship between
modules and that shepe will change according to eech module's

ange

Figure 3 shows a flow chart for making locomotion pattern in
ALPG software. We adopted the Vortex smuletor (Critical Math
Labs) as a three-dimendond dynamic smulator, which is fast
enough to caculate dynamic motionsin red time. FHrgt, amodule
configuration and aninitia shepe are determined. The locomotion
pettern made by the ALPG software depends on the initid shepe.
In 34 we show an example of different locomotion petterns
emerged from the same configuration but different initid shepe.
Second, the configuration is input to the software and each
module’s semi-cylindrical part begins to rotate periodicaly
depending on frequency and amplitude determined by a neura
ogtcillator. Thelocomotion pattern made by the neurd ostillatorsis
evduated and GA (Genetic Algorithm) embedded in the ALPG
software evolvesthe parametersfor the otillators.

The evolved locomation pattern conggts of motion sequences a

each motor of each module, and the locomoation isredized in the
red world by downloading these sequences into the red
hardware.

Module configuration and its shapi
are determined

11

Initial population for GA i
(randomly determined

Generatign reaches to
max? r

i
1
i
i
1
i
i (Evaluate each individual by moving CoMVerge]
! modules in smulaiion space and Yes!
i
1
i
1
i
i
i
i

\calculatefitn

ioe

Sort the individuals by their fitness]

Genaration+=1

and perform selection, crossover and
mutation procedures

Download each modul€'s sequenc@
into the hardware and execut
|locomotion

A

Figure 3. Simulation flow in ALPG software

3.2Moduleand Environment Description in Smulation

In smulation space, the coordinate system shown in Fig.4 is used.
The gravity goes toward the minus direction of the y-axis. The
ground is completdy flat and having gppropriate friction. The
rotation of each semi-cylindrica part is controlled by an output
from the neurd ogdllator (described in 3.3). We carefully
examined the maximum torque of the motor and relaionship
between the maximum rotation gpeed and the input vadue by
usng the red hardware and implemented them inthesmulaor. In
smulation, connections between modules are d o considered and
two surfaces are automatically connected when they are drawing
near. The smulator caculaes callisons and friction between
modules or amodule and the ground, and the scene is updated in
every 0.015sec (step heresfter) which is the calculation frequency
of thesmulation.

Gravity,diresi

Figure 4. Simulation space

fitnesses



3.3Neural Ogillator Modd (CPG)

To redize gable locomotion where the rotation angles of the
modules are cooperdtivdy ogllated, we goplied a neurd
ogtillator as a modd of the CPG (Centrd Pettern Generator) to
control each modul€'s rotation. Each neuron in this modd is
represented by the following non-lineer differential equations (1),
which is the same modd usad by Tagg22] and Kimurg23]. As
shown in Fig.5, acouple of inhibiting neurons (CPG) is connected
to each rotation motor of each module, which controls rotetion in
proportion to the output from a CPG expressad by equetion (2).
CPGs are mutudly entrained and oscillate in the same period and
with a fixed phase difference. This mutud entrainment between
CPGs, other entrainment cdled globd entrainment between
CPGs and a mechanicd sysem results in a cooperative motion
with modules.
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where y is the inner date of the ith neuron; v is a vaiable
representing the degree of the sdf-inhibition effect of the ith
neuron; y; is the output of the ith neuron; e is an externd input
with a condant rete; f; is afeedback sgnd from eech angle. r and
7 are time condants of u and vi; weight; is a connecting weight
between theith and jth neurons

The differentia equetions above are solved by usng Runge-Kutta
method in every sep, and every module's angle[step] a each ep
is stored as mation sequences and utilized for making locomotion
onthe hardware

3l weight; Vi1

Figure 5. Schematics of the neural oscillator(CPG)

34 Evalutionary Computation

We implemented GA on the ALPG software to evolve the
locomation pattern autometicdly. By using GA, initid vaues
Uog12ri @d Vg1 2 Of eech CPG and the connection weights weight;
are evolved together. The Uy 1zi and Vg, zi areared number from
-8.0 to 80 and from 0.0 to 3.0 respectivdy. The weight; is
sdected from three vaues —Linhibitory connection, O: no
connection and L:excitatory connection. The initid values Uy i
and Vg1 aeimportant parameters for converging the oscillation
of the CPG to a limit cycle dtractor smoothly. The connection
weights determine the phase-contrast between neurons and make
thelimit cyclerobugt againg externd disturbance.

Fird, a group of parameters, Uyigi, Voizi and weight;, is
randomly initidized by the number of populationsze pop sze A
locomoation made by each individud isevauated oneby onein 15
sec in Smulation space by the eva uation function represented by
equation (3).

fitness = 200- length — 250- width — 0.47 - 1oss/ hum

+50- speed — 300 connection— 300- tumbled ©)

where length is a moving distance of the center of gravity in plus
direction of z-axis width is a moving distance of the center of
gravity inx-axis; lossisaenergy lossthat isan accumulated vaue
of motor torque during evaludion intervd and numis the number
of modules The speed isan average peed in evaudiontime The
vaue of connection increases when two modules surfaces are
connected, which inhibits the change of configuration. The value
of tumbled becomes 1 when the accderation of the center of
gravity becomes larger, which inhibits tumble or unreasonable
motions. By udng above evaudion function, a locomotion
pattern such that the module configuration moves fagter dong the
z-axisin the pogtive direction with low energy consumption will
emerge.

When every individud is evauated, they are sorted by their fitness
and the lower groups are deleted according to the sdection rate,
s rate. Tofill the deeted parts, crossover is achieved by sdlecting
parents from the remaining individuds by a roulette selection
method. As for initid vadues, UNDX (Unimodd Normd
Didribution Crossover) method [25] isused. This method is used
for red-coded Genetic Algorithm, which is superior in
optimization for multimoda functions or variables having many
loca minimums. On the ather hand, N-point crossover method is
usd as for connection weights. In mutation procedure, severa
individuas are sdlected according to the mutation rate, m rate,
and initia values, Uy12i ad Viy1 i, Of eechindividua are givena
little bit fluctuation and a pat of the connection weights is
randomly initidized by -1, O or 1. Heresfter the procedure restarts
with the newly generation. The process of GA sops when the
number of generation has passed a maximum number of
generation max_gene or the average of fitness becomes congtant.
By repedting above GA processes, ques-optimized locomotion
pettern will emerge. The fixed parameters of the neural oscillator



and GA aesummarized in Table 1.
Teble 1. Parametersfor neura ogdillator (N.O.) and GA

Parametersfor N.O,|VaugParametersfor GA|Vaue

T 0.05 pop size 150
7 0.6 mex _gene  |150
p 15 S rate 0.6

Py P2 0.125 m rate 0.05
k 8

Wi 25
Ue 85

(& S Ty TN

Figure 7. Obtained locomotion patterns, gait pattern
(upper) and wave-like pattern (below)

35Application to VariousM odule Configur ations

We gpplied ALPG method to various module configurations
shown in FHg6. For every configuraion stable locomotion
patterns were obtained. The obtained locomotion patterns of Fg.6
(@ and (b) are shown in Fig.7. In spite of the configurationsbeing
the same, two different kinds of locomotion patterns were
obtained, oneis agait pattern and the other is awave-like motion.
Thisiscaused by the difference of theinitid shape.

Figure 8 shows the fitness curve of each configuration from FHg.6
(@ to (f). It is found thet the configuration (d) has the highest
fithess vdue. On theflat grounds, it is conddered thet the crawler
shapeismore effective for moving fagter Snceit canrall to move

Figure 9 (a) shows the rdaionship between angle and angular
velocity for one of the motorsinvolved in Fig.6 (a). Figure 9 (b)
shows the trangtion of every motor’'sangle of Fig.6 (a). Itisfound
that every mators is ostillaing with a congant frequency (about

1.2Hz), amplitude and phase-contragt, namely the locomotion
patern is gable The needed time for making locomotion pattern
by ALPG software depends on the number of modules and the
number of collisons a each gep. It took about 6 hours by using
2.53GHz Pentium 4 processor PC to evolve a gable walking

pattern for the 9-module configurationin Fig.6 (a).
m
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Figure 8. Fitness vs. generation of various configurations shown
inFig.6

@)

Figure 9. (a) Relationship between angle and angular
velocity for one of the motors involved in Fig.6 (a). (b)
Trangition of every motor’s anglein Fig.6 (a).

4 Hardware Experiments

4.1 Spedificationsof M-TRAN2 M odule

We have developed twenty M-TRAN2 modules shown in Fg.10.
There are two semi-cylindrica parts cdled a pasive part and an
active part. The passve part has four permanent magnets (S pole
outsde) on each of three surfaces. On the same surface, dectrodes
are placed symmetricdly for power supply (VCC, GND), globa
communication (RS-485) and locad communicetion. Indde the
passve part, there are circuit boards including a microprocessor



(Neuron chip, TMPN3120FE5M, Echdon Corporation) for
globd inter-module communication and a microprocessor
(PIC16F873, Microchip Technology, Inc) for locd
communication. A power supply circuit and a bettery are d<o
embedded as shown in Fg.11. Power for the module is supplied
by an internd battery or by connecting wires from outside to any
of surfaces of the modules. In the experiments thet follows we
usad theinterna battery and no tetherswere attached.

Insde the active part, there are connecting plates that will rise to
the surface by the attractive force of the magnets and connectstwo
aurfaces dectricdly and mechanicaly. Two surfaces are dso
detached automaticaly by heeting and lengthening shape memory
dloy cailsby amdl light bulbs as shown in Fig.11. Thereisdso a
microprocessor (PIC16F873) for controlling detachment and local
communication with other modules.

Insde the link, there are two geared motors and their control
circuit board that includes a microprocessor (PIC16F877) into
which we implemented a PID postion contral program. The
motion sequence of eech module made by the ALPG oftwareis
redlized by atrgectory control usng thisPID podtion control.

Foecifications of M-TRAN2 module are summarized in Table 2.
More details on mechanical and eectricad desgn of M-TRAN2
module areavailablein[26].

Passive GND Active
Global :

Communica
(RS-485)

Permanent
mganet (S)

Aoodeion 5

Sensor .

Figure 11. Inner structure of the module

4.2 Experimental Setup

Fgure 12 shows the experimentd sstup and the internd
communication system of the modules. Frg, the motion sequence
of each module made by the ALPG software is downloaded by
usng globd communication line between hogt PC and modules
and it is gored in Man-CPU RAM of each module. After the

Table 2. Specificationsof aM-TRAN2 module

Item Vadue

Dimenson 60x120x60mm

Weight 0.4kg (induding battery)
CPU Neuron chip and three PICs
Globd communication Lonworks, 39kbps

Locd communication 4,800 bps

Power supply (wired) DC8v~20v

Power supply (battery) DC38v

Max. torque of each axis 19.8 kg cm (raing)

Max. rotation speed 0.5 rad/sec

Connecting force 83N

Batery Li-ion (38V, 700mAh)
Totd power dissipation 04W(8V)

Sensor Acceleration sensor (3 axes)

download is completed, synchronization between modules is
achieved by hogt PC and the cable is disconnected. In every 60
msec eech module's Man-CPU sends the angle datum for eech
step to the microprocessor (PIC-M) in link and the locomotion of
the modulesisthereby redlized in a.cooperative manner.

D ; ALPG software on host PC

| Global communication (39kbps)

[ Module | Module [ v
ver (RS-485)] [ Transceiver (RS-485) | [Transceiver (R
U Main-CPU Main-CPU
hip) (Neuron Chip) (Neuron Chip)
Obps) ol sl us (4800bps) '
ICV [FICAHPICP] [Fic-M] [FIC-AH—-H{PICF] [FIcM

Local communication (4800bps)
Figure 12. Experimental setup and communication system

4.3 Experimentson Locomotion

We have peaformed experiments on locomotion of dl the
configurations shown in Fg.6. As shown in Fg.13, dl the
locomation but Fig6 (d) ae successully redized by red
hardware. The moving speeds of locomation in hardware
experiments and in Smuldions are shown in Table 3. This proves
the validity of the Smulation and the implemented modd. As for
the configuration of Fig.6 (d), the chain was broken by a module
detachment and we stopped the experiment. One of the reasons
for the falure is that synchronization between modules was not

Teble 3. Comparison of the gpeed in hardware experiments
andingmulaion

Hardware experiments | Simulation
(@ | 20cm/sc 23cm/sec
(b) | 45cm/sc 6.8 cm/sc
(©) | Memisec 19 cmvsec
(d | N/A 49.3 cmysec
(e | 6.0cm/sc 79cm/sc
(f) | 6.0cm/sc 6.7 cm/sec




complete. It ssems to be solved by doing synchronization at eech
step by using the globa communication between modules

5 Concluding Remarksand FutureWorks

In this paper, we applied neurd oscillator as a CPG modd for
making stable locomotion patterns of modular robotic systems.
By usng Genetic Algorithm we have succeeded in making a
locomation pattern suited for agiven module configuration and its
shape automaticaly. Asit is dso possible to make the locomotion
patterns such as going to left, right and back by changing the
evauaion function, we will be able to control the moving
direction of the module configuration. Furthermore, we
performed hardware experiments on various locomotion patterns
by implementing the obtained paterns in red hardware and
redized locomotion successfully. We are convinced that this
method is aso gpplicable to other modular robotic systems by

changing the module description in the Smulaor. In the current
M-TRAN2 sysem, sdf-reconfiguration capability hes not been
usad. Our next target is to redize locomation utilizing both
sf-reconfiguration  capebility and motion  capability  of
M-TRAN2 system. As described in section 1, locomotion using
sf-reconfiguration costs too much in time and energy
consumption for current modular robotic sysems. However thet
locomoation becomes more effective compared to walking or
rolling when the number of modules increases. As future works,
wed like to devdop a modular robotic system that can move
aound with a amdl Sze of configuration for searching or any
other tasks and can change into a large Sze of configuration for
crossing a wdl or a ditch by connecting with eech other if
necessay.
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