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Abstract—In this article, a modular neurocontroller is pre-
sented It has the capability to generak a reactive behaviar
of walking machines The neurocontroller is formed on the
basis of a modular structure. It consiss of the three dif-
ferent functionality modules neural preprocessing a neural
oscillator network and velocity regulating networks. Neural
preprocessirg is for sensoy signd processing The neural
oscillator network, basal on a central pattern generator,
generates the rhythmic movemen for basic locomotion of
the walking machines while the velocity regulating networks
change the walking directions of the machines with resped to
the sensoy inputs. As a result, this neurocontroller enables
the machines to explore in- and out-door environments by
avoiding obstacles and escapirg from corners or deadlod
situations. It was firstly developal and tested on a physicd
simulation environment, and then was successfuly transferred
to the six-leggel walking machine AMOS-WDO6.
Keywords— walking machines recurrent neural networks,
modular neural control, obstack avoidance sensor-driven
reactive behavior.

|. INTRODUCTION

The idea behird this article is to investigaé the neurd
mechanism controlling biologically inspired walking ma-
chines representa as sensor-driva systems The systens
are designd in a way tha they can read to red environ-
mentd stimuli (positive or negatie tropism as they seng
without concen for tak plannirg algorithm or memoy
capacities

Researb in the doman of biologically inspired walking
machine has been ongoirg for over 10 years Most of them
has bean focusse on the constructio of suct machine[6],
[14], [17], [29], [31] on a dynamt gait contrd [25], [33],
ard on the generatio of an advance locomotian contrd
[2], [11], [22], for instan@ on rouch terran [4], [5], [13],
[18], [21]. In general thee walking machina were solely
designe for the purpo® of motion without the sensiiy of
environmenth stimuli. However from this researb area
only few hawe presentd physica walking machine react-
ing to an environmenthstimulus using differert approache
[1], 3], [20], [30].

On the one hand this shows that less attention has been
paid to the walking machine performirg a reactive behav-
ior. On the othe hand sud comple systens can sene

as a methodolog for study embodi@ systens consistimy
of sensos and actuatos for explicit agent-environmen
interactiors or they can display as artificial perception-
action systems

Here the biologically inspired six-leggel walking ma-
chine AMOS-WDO06" is employel as an experimenth
device for the developmenand testirg of a neurocontrolle
causirg a sensor-driva reactive behavior This neurocon-
troller is createl on the bass of a modula structure i.e.
it is flexible to adayp for controlling in differert walking
machinea [27] ard it is even able to modify for generatig
differert reactive behaviors e.g sourd tropiamn (positive
tropism) [28]. In this article it is constructd in the way
tha it enable the walking machire to avoid the obstacls
(negatie tropism) by changirg the rhythmic leg move-
mens of the thoract joints. Furthermoreit also prevens
the walking machire from getting studk in cornes or
deadlo& situatiors by applying hysteress effects provided
by the recurren neurd netwok of the neura preprocessig
module

The following section describs the technic specifica-
tions of the walking machire togethe with its physica
simulator Section 3 explairs a modula neurocontrolle
togethe with the subnetwork (moduled for a reactie
obstacle-avoidarecbehavior The experimerdg and resuls
are discussd in sectio 4. Conclusiors ard an outlodk on
future researh are given in the lag section

Il. THE BIOLOGICALLY INSPIRED WALKIN G MACHINE
AMOS-WDO06

The AMOS-WDO06 [26] consiss of six identicd legs ard
ead leg has three joints (three degres of freedan (DOF))
which is somewha similar to a cockroab leg [32]. The
uppe joint of the legs called thoract joint, can move
the leg forward ard backwad while the middle and lower
joints, called basd and distd joints respectively are usal
for elevatim and depressin or even for extensiom ard
flexion of the leg. The levers which are attache to distd
joints were built with proportion# to the dimensia of the
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machine And they are ket shot to avoid greate torque in
the actuators This leg configuratio provides the machire
with the possibility to perfom omnidirection& walking;
i.e. the machire can walk forward backward laterd and
turn with differert radii. Additionally, the machire can also
perform a diagona forward or backwad motion to the left
or the right by activatirg the forward or backwad motion
togethe with the laterd left or right motion The high
mobility of the legs enable the walking machire to walk
ove an obstacle stard in an upside-dow position or even
climb over obstacls (see Fig. 1).

Fig. 1. (A) The AMOS-WDO06 walks over an obstack with the maximum
heigh of 7 cm, (B) stand in an upside-dow position ard (C) climbs over
obstacls with the help of an active backbor joint (arrow).

Inspired by invertebra¢ morpholoy of the america
cockroachs trunk and its motion (see Fig. 2), a backborm
joint which can rotake in a horizontd axis was constructed
It is desiral to imitate like a connectim betwea the first
(T1) and secom (T2) thoract of a cockroachThus it will
provide enoudn movemei for the machire to climb over
an obstace by rearirg the front legs up to readt the top of
an obstack and then bendirg them downwad during step
climbing (compae Fig. 1C).

Fig. 2. A cockroat climbs over large obstacleslt can berd its trunk
downwad at the joint betwee the first (T1) and secom (T2) thoract to
keep the legs close to the top surfa@ of the obstacls for an optimum
climbing position and even to preven unstabé actiors (modified from
R.E Ritzmam 2004 [32] with permission)

However this active backbor joint will not be activated
in a normd walking condition of the machine Mainly, it
is usa to connet the trunk (secoml thoracic) whete two
middle legs and two hind legs are attachedwith the heal
(first thoracic) where two forelegs are installed The trunk
ard the heal are formed with the maximun symmety to
keep the machire balance for the stability of walking.
They are also designé to be as narrav as possibk to ensue

optimd torque from the supportiry legs to the cente line
of the trunk. Moreover a tail with two DOF rotating in the
horizontd and verticd axes was implemente on the badk
of the trunk The tail was motivated by a scorpio tail
with sting which can actively mowve [10]. All leg joints are
driven by anal@ servomotas producirg a torque betwea
80 ard 100 Ncm. The backbor joint is driven by a digital
servomoto with a torque betwea 200 and 220 Ncm. For
the tail joints, micro-analg servomotos with a torque
arourd 20 Ncm were selected The heiglt of the walking
machireis 12 cm without its tail and the weight of the fully
equippe roba (including 21 servomotors all electronc
componerg and a mobile processoris approximate) 4.2
kg. In addition the walking machire has six Infra-Red (IR)
sensors Two of them which can deted¢ the obstack at
a long distan@ betwea 20-13 cm, were fixated at the
forehea while the red of them operatig at a shorte
distan@ betwea 4-30 cm, were fixated at the two forelegs
ard two middle legs They help the walking machire to
deted¢ obstacls and prever its legs from hitting obstacles
like char or dek legs Also, one upside-dow detecto
was implementd besice the machire trunk It provides
the information of upside-dow position of the walking
machine On the tail, a mini wireless camea with a built-
in microphore was installed for monitoring ard observirg
the environmemn while walking.

All in all the AMOS-WDO06 has 21 active degres of
freedom 7 sensos and 1 wireless camera ard therefoe
it can sene as a reasonaly compl platform for ex-
perimens concernilg the functioning of a neurd sensor-
driven system However to ted neurocontrolles ard to
obsere the reactie behavio of the walking machire
(e.g obstack avoidance) it was firstly dore through a
physica simulaticn environment namey “Yet Anothe
Robd Simulatof (YARS)?. The simulata is base on
Open Dynamics Engire (ODE) [34]. It provides a defined
sd of geometries joints, motors ard sensos which is
adequa to creat the AMOS-WDO06 with IR sensos in
avirtual environmen with obstaclesThe bast features of
the simulatel walking machire are closely couplal to the
physicd walking machine e.g weight dimension motar
torque and so on. It consiss of body part (head backbore
joint, trunk and limbs), servomotors IR sensos and an
additiona tail. The simulatel walking machire with its
virtual environmenis shown in Fig. 3.

Furthermore the simulata enables an implementation
which is faste than red time and which is precie enoudn
to presemthe correspondig behavia of the physica walk-
ing machine This simulatian environmenis also connectd
to the Integratel Structue Evolution Environmen (ISEE)
[24] which is a softwae platfom for developirg neuro-
controllers In the final stage a developé neurocontrolle
after the ted on the simulata is then applied to the
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Fig. 3.
environment (B) The simulat&l walking machine

(A) Top view of the simulatel walking machire with the virtual

physicd walking machire to demonstrag the behavio in
the red environment The controlle is then programme
into amobile processp(a person&digital assistan(PDA))
with an updae frequeny of up to 75 Hz. The PDA is
interfaceal with the Multi-Servo 10-Board (MBoard which
digitizes sensoy input signak and generate a pulse width
modulatian (PWM) signd at a periad of 20 msto commar
the servomotorsThe communicatio betwea the PDA ard
the MBoard is accomplishd viaan RS22 interfac at 576
kBits per second

IIl. NEURAL PERCEPTIONACTION SYSTEMS

In orde to creae the robug ard effective neurocontrolle
which is able to generag exploration ard reactive obstace
avoidane behaviors the dynamicé properties of recurren
neurd networls are utilized. The standad additive neurmn
modé with sigmoida transfe function togethe with its
time-discre¢ dynamic is given by

a;(t+1) = B;+»  W;; tanh(a;(t)) i=1,....n (1)
j=1

where n denots the numbe of units a; their activity,
B; represert a fixed internd bias term togethe with a
stationay input to neuran ¢, ard W;; the synaptc strengh
of the connectim from neura j to neurm 7. The outpu
of the neurors is given by the sigmod o; = tanh(a;).

Input units are configurel as linear buffers The modula
neurocontrolle for the desirel behavios are divided into
three subnetwork (module§ which are the signd process-
ing network the neurd oscillatar netwok and the velocity
regulating network All networks are describé in detal in
the following sections

A. Signd processig netwok

The perceptim systens are driven by using six IR sensors
The minimd recurren controlle (MRC) structue [23]
is applied for preprocessig IR signals This controlle
has bee originally developd for controlling a miniature
Khepea roba [7], which is a two wheelal platform Here
it is modified for controlling the walking directiors of the

machire to avoid obstacls or escag from a corneg ard
even a deadlok situation

To do sq all signabk of IR sensos (IR1, IR2, IR3,
IR4, IR5 ard I R6) are mappel onto theintervd [—1, +1],
with —1 representig “no obstacles’ard +1 “an obstacé
is detected’ Then the three sensoy signat on eadt side
(right or left) are simply combinal in alinear doman of
the sigmod transfe function at hidden neuronsi.e. ead of
them is multiplied with a smal weight hele W1 23 456 =
0.15. The outpu signak of the hidden neurors are directly
connectd to the outpu neurors (Outl, Out2) while the
final outpu signak of the netwok (Outputl, Output2)
will be connectd to anothe netwok called the velocity
regulatirg networks (VRNSs) describé later The parame-
ters of the preprocessig netwok were manualy adjuste
on the bass of its well understod functionality [23].

First, the bias tem (B) of the hidden neurors is sd
to determire a threshotl value of the sum of the sensoy
inputs e.g 0.2 When the measurd value is greate than
the threshodl in ary of the three sensoy signals excitatin
of the hidden neurm on the correspondig side occurs
Consequentlythe activatimn of ead hidden neura can
vary in the range betwea =~ -0.246 (“no obstacls is de-
tected) ard ~ 0.572 (“all three sensaos on the appropriat
side simultaneougl dete¢ obstacles”)

Furthermore the weights from the hidden to the outpu
units are se to a high valug i.e. Wy g = 25, to elimi-
nat the noise of the sensoy signals In fact, thes high
multiplicative weights drive the signak to switch betwea
two saturatiom domains one low (= -1) and the othe high
(= +1). After that the self-connectia weights (W 10)
of Outl ard Out2 were manualy adjuste to derive a
reasonald hysteress input intervd which resuls to an
appropria¢ turning angke of the walking machire when the
obstacls are detected Hereby they are se to 4. Finally,
the recurret connectios (W11,12) betwea output neurors
were symmetrizel and manualy adjustel to the value of
-2.5. This guarantee the optimd functionality describe
later The resulting netwok is shown in Fig. 4.

The set-ip parametes cau® tha the netwok can elimi-
nat the noise of the sensoy signals The netwoik can even
determire the turning angk in accordane with the width
of the hysteress loop; i.e. the wider the loop, the large the
turning angk is. The capabiliy of the netwok in filtering
the sensoy noise togethe with the hysteress loop of the
netwok are shown in Fig. 5.

In addition ther is a third hysteres phenomeno
involved which is associatd to the even loop [8] betwea
the two outpu neurons In gener& conditions only one
neuro a a time is able to ga a positive output while
the othe one has a negative output and vice versa The
phenomenn is presentd in Fig. 6.

By applying the describél phenomenathe walking
machire is able to avoid the obstacle ard escapg from
cornes as well as deadlo& situations Finally, Outputl
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Fig. 4. The signd processig netwok of six IR sensos with the
appropria¢ weight for controlling the walking direction of the machire to
avoid obstacle and to prever the machire from getting stud in cornes
or deadlo& situations
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Fig. 5. (A) The sensoy signd (I R5, gray line) before preprocessig
ard the output signd (Output2, solid line) after preprocessing(B) The
“hysteress effects betwe input ard outpu signak of Out2. In this
situation the input of Out2 varies betwea ~ -0.246 ard ~ 0.572 badk
ard forth while the input of Outl is se to ~ -0.245 (“no obstacls are
on the right side”). Here when the outpu of Out2 is active (=~ 1); i.e.
“obstacles are on the left side”, then the walking machire will be driven
to turn right until the outpu becoms inactivatel (=~ -1). On the othe
hand if suc condition occuss for Outl, the input of Outl will derive
the sane hysteres effed as the input of Out2 does

ard Output2 of the preprocessig netwok togethe with
the velocity regulatirg networks describé below decice
ard switch the behavio of the walking machine for
instance switching the behavia from “walking forward’
to “turning left” when there are obstacle on the right,
or vice versa The netwok outpu also decides in which
direction the walking machire shoutl turn in cornes or
deadlo& situatiors dependig on which senso side has
been previousy active

In speci# situations like walking towad a wall, both
side (right ard left) of IR sensos might get positive
outpus at the same time, and becaus of the velocity
regulatirg networks the walking machire is able to walk
backward During walking backward the activatian of the
sensoy signd of one side might be still active while
the othe might be inactive Correspondinglythe walking
machire will tum into the opposie direction of the active
signd and it can finally leave from the wall.
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Fig. 6. (A) ard (B) presemnthe sensoy signab (/ R1 ard I R4, gray line)
and the outpu signak (Outputl ard Output2, solid line), respectively
Due to the inhibitory synapse betwea two outpu neurors ard the high
activity of Outl (A), Output2 (B) isstill inactive althoudh I R4 become
activatel at arourd 170 time steps At arourd 320 time steps the switching
condition betwe@ Outputl and Output2 occus becaus I R1 becoms
inactivated meanimg “no obstacle detectetl while I R4 is still active
meaniry “obstacles detected”

B. Neurd oscillatar netwok for the locomotion

The concep of neurd oscillatos for walking machine
has been studied in various works e.g [12]. There a
neurd oscillata netwok with four neurors is constructe
by connectiig four neurd oscillator’s ead of which drives
ead hip joint of the legs of a four-leggal roba TEKKEN.
Here a so-callel “2-neuran network [9] is employed
It is used as a centrd patten generato (CPG which
correspondto the bast principle of locomotian contrd of
walking animak [19]. The netwok consis$ of two neurors
(seeFig. 7A). It has alread bean implementé successfuit
on othe walking machine [16], [27]. The sanme weigh
matrixes presentd there are usal here Consequentlyit
generate the oscillating outpu signak correspondig to
a quasi-periodi attracto (see Fig. 7B). They are use to
drive the motors directly for generatig the appropriag¢
locomotian of the AMOS-WDO06
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Fig. 7. (A) The structue of the 2-neura netwok with the synaptc

weights for the purpose B1 and B2 are bias terms with B1 = B2 =
0.01 (B) The outpu signak of neurors 1 (dashe line) ard 2 (solid line)
from the neura oscillata network The outpu of neurm 1 is usel to
drive all thoract joints ard the activatel backbore joint while the outpu
of neurm 2 is usal to drive all bas& ard all distd joints.

This netwok is implemente on a PDA with an update
frequeny of 256 Hz. It generate a sinusoidé outpu with
afrequeny of approximatef 0.8 Hz. By using symmetrc
outpu weights a typicd tripod gait for the six-legged
walking machire is obtained This typicd gait enable an
efficiet motion where the diagona legs are paired ard
movwe together



C. The velocity regulating netwok

To chang the motions e.g from walking forward to
backwad ard to turning left and right, the simples way is
to perfom a 180 degree pha shift of the sinusoidasignab
which drive the thoract joints. To do sg, the velocity reg-
ulating netwok (VRN) is introduced The netwok usal is
taken from [15]. It performs an approximag multiplication-
like function of two input values z, y € [—1,+1]. For this
purpo® the input z is the oscillating signd coming from
the neurd oscillata netwok to generat the locomotian
ard the input y is the sensoy signd coming from the
neurd preprocessig netwok to drive the reactive behavior
The outpu signd of the netwok will be usal to drive
the thoract joints. Fig. 8A presers the netwok consistirg
of four hidden neurors and one outpu neuron Fig. 8B
shows tha the outpu signd which gets a pha® shift of
180 degreeswhen the sensoy signd (input y) changs
from -1 to +1.

InputX

InputY

Amplitude

B o0 25 350 75 100 125
Time [steps]

Output

Fig. 8. (A) The VRN with four hidden neurors and the given bias terms
B which are all equa to -2.48285 The Input z is the oscillating signd
coming from the neura oscillata ard the Input y is the outpu signd
of the neurd preprocessing(B) The outpu signd (solid line) when the
input y is equd to +1 ard the outpu signd (dashe line) when the input
y isequato -1.

D. The modula neurocontrolle

The combinatia of all three networls (module3 leads to
an effective neurd netwok for reactive behavio contrd in
changig environmentsOn the one hand one oscillating
outpu signd from the neurd oscillata netwok is directly
connectd to all basa ard distd joints. On the othe
hand the othea outpu is connectd to the thoract joints
only indirectly, passig throuch all hidden neurors of the
VRNSs through the so called z—inputs The outpus of the
signd processig netwok are also connectd to all hidden
neurors of the VRNs as y—inputs Thus the rhythmic leg
movemelhis generatd by the neurd oscillata netwok and
the steerimg capabiliyy of the walking machire is realized
by the VRNs in accordane with the outpus of the signd
processig network The structue of this controlle and the

location of the correspondig motar neurors on the walking
machire AMOS-WDO06 are shown in Fig. 9.
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Fig. 9. (A) The modula neurocontrollerlt generats a tripod gait which
is modified when obstacls are detectedThe bias terns (B) of the VRNs
are agan all equa to -2.48285 Six IR sensos are directly connectd
to the input neurors of the signd processig network If the obstack is
detectedthe outpus of the signd processig make the walking machire
turn becaus the VRNs chang the quasi-periodi signak at the thoract
joints. (B) The layou of all motar ard input neurons

IV. EXPERIMENTS AND RESULTS

The performane of the modula neurd netwok shown in
Fig. 9 is firstly testel on the physica simulatin with a
comple« environmen (see Fig. 3), ard then it is down-
loadel into the mobile processp of the AMOS-WDO06 for
a teg on the physica autonomos robot The simulatel
walking machire ard the physicad walking machire behae
qualitatively The sensoy information of IR sensos is
used to modify the machire behavio as expectd from
a perception-actin system If the obstacls are presentd
on eitha the right or the left side the controlle will
chang the rhythmic movemen at the thoract joints of
the legs causimg the walking machire to turn on the spad
and immediatey avoiding the obstaclesln sone situations
like approachig a corne or a deadlo& situation the
preprocessig netwok decides the turning direction
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Fig. 10. Left: The left senso (I R4) detecte the obstack while the other
sensos (I R1, I R2, IR3, IR5 and I R6) did not deted the obstacle this
cause motar neurors (M0, M1 and M2) on its right to chang into the
opposie direction As aresult the walking machire will tumn right. Right
If the obstace is detecte at the right of the walking machire (here it
was detectel by only I R1), then the motar neurors (M 3, M4 ard M5)
on its left are reversed Consequentlythe walking machire will tum left.

The modification of the motar neurors with respet to
the sensoy inputs is exemplifia in Fig. 10.

MO0, M1 and M2 of the thoract joints (compae Fig. 9,
left) are turned into the opposie direction becaus one of
the left sensaos (here IR4) detecs the obstacle On the
othe hand M3, M4 and M5 of the thoract joints are
turned into the opposie direction when at least one of the
right sensos (here 7R1) is active (compae Fig. 9, right).
In specidsituationse.g walking toward awall or detectirg
obstacle on both sides IR sensos of both side may be
active simultaneouslyThus M0, M1, M2, M3, M4 ard

M5 of the thoract joints are reverse which cause the
walking machire to walk backwad and eventualy it is
able to leawe the wall.

Fig. 11 presend the exampe reactive behavia of the
walking machire driven by the sensoy inputs togethe with
the modula neurocontrollerA series of photcs on the left
colum in Fig. 11 shows tha the walking machire can
escap from a deadlo& situation ard it can also proted
its legs from colliding with the legs of a char (se2 middle
colum in Fig. 11). Moreover it was even able to turn away
from the unknown obstacle which were firstly sensd by
the sensos at the forehea and then were detectd by the
sensos on the left legs (see right column in Fig. 11).

Time [s]

Fig. 11. Examples of the behavia driven by the IR sensas of the AMOS-
WDO06. Left: The AMOS-WDO06 escapd from a corner-like deadlo&
situation without getting stuck Middle: It was able to proted its legs
from colliding with the leg of a char which was detecte by the sensos
installed on the right legs Right It turned away from the unknown
obstacls which were detecté by the sensos at the forehea (I R1 ard
I R4) ard then at the left legs (IR5 and I R6).

As demonstratedthe modula neurocontrolle is ade-
guae to successfull complet the obstack avoidane task
Due to the capabiliy of the controller the walking machire
can perfom an exploration tak or a wanderirg behavia
without getting studk in the corne or the deadlock-lile
situation



V. CONCLUSIONS

The six-leggel walking machire AMOS-WDO06 is pre-
sentel as a reasonalyl comple roba platform to teg
a neurocontrolle generatiig the robug sensor-driva ex-
ploration and obstacé avoidane behaviors The modula
neurocontrolle was designé as a neurd netwok consist-
ing of a signd processig netwok for preprocessig IR
signals a neurad oscillata netwok for generatig bast
locomotion ard the velocity regulatig netwok (VRN)
for changimg the locomotian appropriately The controlle
is usal to generat the walking gait and to perfom the
reactive behavior for instance exploring an in-doa en-
vironmert by wandering around avoiding obstacle when
they are detectedand leaving from a corner-like deadlo&
situation The controlle has been testal successfull in
the physica simulation environmen as well as on the
red world walking machine Thus we were able to repro-
duce thes bast behaviorsgeneraly achievel for wheelel
robots also for a machire with mary degres of freedom
The generatd behavios are of coure essentib for an
autonomos walking machine More demandig tasks will
be relatel to the use of additiond sensorsTherefore future
researh we will make use of auditoy signak coming from
a stere auditoy sensor It will be useal for navigation
basel on sourd tropism Finally all the different reactive
behavios will be fused into one modula neurocontroller
where modules hawe to cooperat or compee as in versatike
perception-actio systems
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