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An Analog CMOS Central Pattern Generator for
Interlimb Coordination in Quadruped Locomotion

Kazuki NakadaStudent Member, IEEHetsuya AsaiMember, IEEEand Yoshihito AmemiyaMember, IEEE

Abstract—This paper proposes a neuromorphic analog CMOS this coordination. Therefore, CPG plays significant roles in
controller for interlimb coordination in quadruped locomotion.  |ocomotion.
Animal locomotion, such as walking, running, swimming, and In recent years, many researchers have applied such func-

flying, is based on periodic rhythmic movements. These rhythmic . ; . .
movements are driven by the biological neural network, called tions of CPG to locomotion control in robotics [7]-{13]. For ex-

the central pattern generator (CPG). In recent years, many ample, quadruped robots capable of adapting to irregular terrain
researchers have applied CPG to locomotion controllers in using CPG dynamics have been developed by Kinetigd. [7].
robotics. However, most of these have been developed with digital Billard and ljspeert have applied a CPG controller to an enter-

processors and, thus, have several problems, such as high powetzi\ment robot. AIBO [8]. Shan and Nagashima have proposed
consumption. In order to overcome such problems, a CPG con- ’ .
a CPG controller for a humanoid robot [9].

troller with analog CMOS circuit is proposed. Since the CMOS ; . -
transistors in the circuit operate in their subthreshold region In robotics, using CPG for locomotion control has the fol-

and under low supply voltage, the controller can reduce power lowing advantages: 1) The amount of calculation required for
consumption. Moreover, low-cost production and miniaturization  movement control is reduced as a result of the coordination of
of controllers are expected. We have shown through computer ,cical parts induced by the rhythmic movements and 2) As a
simulation, such circuit has the capability to generate several . S . . .
result of synaptic plasticity which change the configuration of

periodic rhythmic patterns and transitions between their patterns ; . s
promptly. CPG and the rhythmic pattern, high autonomous adaptation to

L various environments is achieved [10].
Index Terms—Analog CMOS circuits, central pattern gener- Inth t [10] lod CPG troller f
ator (CPG), coupled neural oscillators, interlimb coordination, nthe present paper, we propose an analog controllertor

quadruped locomotion. the coordination of physical parts in quadruped walking robots.
Although a number of CPG controllers have been developed,
most of these have been implemented by using digital proces-
sors [7]-[9]. While a digital processor can operate with high
NIMAL locomotion, such as walking, running, swimmingaccuracy, it consumes high power and occupies a large area of
and flying, is based on periodic rhythmic movementghip. Such problems occur to degrade CPG controllers. In order
These rhythmic movements are driven by the biological neuitalovercome such problems, the proposed CPG controller is de-
network, called the central pattern generator (CPG) [1]. CPsBned as an analog CMOS circuit. As a result, it can reduce
consists of sets of neural oscillators, situated in ganglion ppwer consumption. Moreover, low-cost production and minia-
spinal cord. Induced by inputs from command neurons, a CR@ization of controllers are expected.
generates a rhythmic pattern of nerve activity unconsciouslyCPG controllers as an analog circuit have already been
and automatically. Such a rhythmic pattern activates motionplemented in previous works [11]-[13]. For example, an
neurons, thus the rhythmic movements of animals are drivémalog CPG controller for a quadruped walking machine has
While not necessary for rhythmic movements, sensory feedbausten proposed by Still and Tilden [11]. Pastlal. designed
regulates the frequency and phase of these rhythmic patteansanalog CPG chip based on the Morris—Lecar neurons for
generated by CPG [2]. Furthermore, CPG can also adaptintersegmental coordination of an artificial lamprey [12]. Lewis
various environments to change the periodic rhythmic pattegh al. proposed a custom analog very large-scale integration
itself [3]. For instance, vertebrates, such as horses and cats, @d4rSI) chip as a CPG controller, which makes use of the
change their locomotor patterns depending on the situation [#itegrated and fire neurons [13].
[5]. Since the degree of the freedom of physical parts relevantThe present work differs from these works in several respects.
to locomotion is very high, the coordination of the physicdFirst, our CPG controller is based on the Amari—-Hopfield neu-
parts, such as interlimb coordination, is required for smoothns [14], which is suitable for analog circuit implementation.
locomotion. The rhythmic movements driven by CPG inducgecond, itis capable of producing various rhythmic patterns and
changing these patterns promptly.
The present paper is organized as follows. In Section I,
Manuscript received September 15, 2002. the biological background of the present work is stated. In
The authors are with the Department of Electrical Engineeringection lll, we describe a CPG network model for controlling
Hokkaido University, Sapporo, Hokkaido 060-8628, Japan (e-majhterlimb coordination in quadruped locomotion. In Section 1V,
nakada@sapiens-el.eng hokudalac.Jp; asa'@sap'ens'e"eng'hOKUda"%Nc'&) ! d the circuit architecture of the CPG controller. In
amemiya@sapiens-ei.eng.hokudai.ac.jp) propose
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. INTRODUCTION

1045-9227/03$17.00 © 2003 IEEE



NAKADA et al: ANALOG CMOS CP FOR INTERLIMB COORDINATION IN QUADRUPED LOCOMOTION 1357
the proposed controller has the capability to produce various Walk Trot Gallop
rhythmic patterns and transitions from one pattern to another. @ @ @ @ @ @
The further considerations are shown in Section VI. The " i A '
summary over the present research is presented in Section ViII. @ @ @ @ @ @
(@)

RH,LF LF RF

Il. NEURAL CONTROL OFRHYTHMIC MOVEMENTS @H /% /@\
LH RF

In this section, we describe the fundamental roles of the
neural control of rhythmic movements of CPG. < >
LH,RF LH RH

(b)

Fig. 1. (a) Typical gait patterns in quadruped locomotion. (b) Relative phases

A. Central Pattern Generator

The rhythmic movements of animals, such as locomotidmstween the limbs in the different gait patterns.
and breathing, are driven by CPG. CPG generates a periodic
rhythmic pattern of nerve activity that activates motor neuron @-v—v—@
resulting in rhythmic movements of animals. The periodi \%@%/
rhythmic pattern of nerve activity can be regarded as ¢ 0}5\
h . . AN
attractor like a limit cycle, embedded in network structure ¢ ‘I'
CPG. Characteristics of the rhythmic pattern as an attrac /
contribute to the stability of rhythmic movements. While nc @
necessarily for generating a periodic rhythmic pattern, sensory @) (b) ©
feedback regulates the frequency and phase of the rhythmic . . . ,
ig. 2. Examples ofunctional reconfiguration®f CPG. (a) Entire network
pattern. Sen_sory feedback balancgs effects of unexpected &Mttonia swimming CPG. (b) Functional configuration—defensive withdraw
unwanted disturbances by regulating the rhythmic pattern eéde. (c) Swimming mode. Here, black and white circles represent excitatory
nerve activity, and thus rhythmic movements driven by CP&d inhibitory synapses, respectively.
are stabilized further.
D. Functional Reconfiguration of CPGs

B. Coordination of Physical Parts Recently, it has been found that neuromodulators, such as

) serotonin, caus@&nctional reconfigurationghat produce dif-
In vertebrate locomotion, one of the most fundamental rolgs,ent rhythmic patterns in individual CPGs [6].

of CPG is to control of each limb. As a result of interaction with |, the Tritonia swimming CPG network, two functional

CPGs that actuate muscles at each joint of the limbs, rhythmignfigurations, one of them produces defensive withdrawal,
movements of each of the limbs are stabilized. Another ojg other swimming, could exist [Fig. 2(a)—(c)]. Here, DSI

is cooperation between the limbs, i.e., interlimb coordinationq vsj represent the dorsal swim interneuron and the ventral
CPGs that control each of the limbs are synchronized via coorgjierneuron respectively. | is the inhibitory neuron, which

nating interneuros between the CPGs, and thus the interlimb Gosgiates DSI to DSI inhibition, and C2 is the cerebral cell 2,
ordination is achieved. Since the degree of the freedom of phySiich inhibits | neuron. When serotonin induces C2 neuron

ical par_ts relevan_t to Ioclomotion is very high,thg coordinatiof release more transmitters and strengthens its synaptic
of physical parts is required for smooth locomotion. Thereforﬁwteraction,functional reconfigurations induced [6].

CPG can be said to play the central role in locomotion. It is considered that sucfunctional reconfiguratiorcould
exist in CPG networks that control coordination of physical
C. Rhythmic Pattern Transitions parts of higher vertebrates.
In rhythmic movements of animals, a transition of the IIl. CPG MODEL

rhythmic movements is often observed. As a typical example,

the horse has chosen a locomotor pattern, which is called thdn this section, we describe a CPG model underlying an
gait [4]. It is believed that the optimal gait pattern is choseanalog C_:PG controller for interlimb coordination in quadruped
based on locomotor speed or the rate of energy consumpti@gomotion.

[5]. In addition, each gait pattern, such as walk, trot, and )

gallop, is characterized by the relative phase between the Neural Oscillator Model

limbs. Fig. 1(a) and (b) shows the typical gait patterns of A number of artificial neural networks have been proposed
mammals and its relative phases. Here, LF, LH, RF, and Ri$ the CPG model [16]-[22]. In the earliest research, Brown
represent left forelimb, left hindlimb, right forelimb, and rightoroposed the most fundamental CPG model using the neural
hindlimb, respectively. The gait patterns are also regarded @aillator, which consists of two neurons and has interactions
different modes of coordination of the limbs. Furthermore, it isetween neurons by reciprocal inhibition [16]. The model is also
considered that gait pattern transitions arise from changingafe of the relaxation oscillators. Although its configuration is
cooperation of CPGs that control the interlimb coordination. very simple, it is essential as the component of the CPG model.
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Fig. 3. Amari—Hopfield neurons model.

In this paper, we chose the Amari-Hopfield neurons model u
[14] as the neural oscillator. The model consists of an excitatory _ _ _
neuron and an inhibitory neuron with excitatory inhibitory conEig- 4. Attractor of the Amari-Hopfield model in the— v phase plane. The
. . . . . limit-cycle: A = C = 4.0,B = 3.0,D = 0.0,5, =0.0,5, = —1.5,and
nections (Fig. 3). The dynamics of the Amari-Hopfield modgimz 1.0.

is expressed by the following equations:

’T"L:L =-u+ Afll(u) - C'flt(v) + Su(t) (1) unit0 Cir unitt

70 = —v + B-fu,(u) — D-fu(v) + Su(t)
wherew andv express the activities of the excitatory neurons O neural oscillators
and the inhibitory neurons, respectively. The parametetd Cih Cth
determine the dynamics of the mod#|,(¢) andS, (t) express O interneurons

the external inputs. The transfer functig) is given by the

following equation:
geq uniz " unita
_ 1+ tanh(ux)

f“<x) - 2 (2) Fig. 5. Basic configuration of the CPG network model.
where tanh(x) is the hyperbolic tangent function and is
its control parameter. The Amari-Hopfield model is suitable Walk Trot Gallop

for implementation of the CPG model as analog circuits
because of its simple transfer function. Its details are giver
in Section IV-A. Furthermore, the Amari—-Hopfield model Ay Uy Dt Vi Ag Ug
corresponds to the affine transformation of the Wilson—Cowan
neurons model, which imitates the population activities of
(€Y (b) (c)

cortical neurons [15]. Therefore, the qualitative property of

both models is equivalent. The dynamics of both models ha,\_/@ 6. Functional configuration corresponding to the typical gaits patterns in
been studied in detail. Depending on the parametettrough mammal. (a) Walk mode. (b) Trot mode. (c) Gallop mode.

D and the external input$, (¢) andS, (), the Amari—-Hopfield

model generates the periodic pattern automatically. Fig. 3 showgy combining the networks that correspond to each of the gait
an attractor of the Amari-Hopfiled model in the— v phase modes, we construct the entire network. The network dynamics

plane. is given by the following equations:
B. Neural-Network Model raf0 b33 = {0123} 4 Af (10123
We composed a neural network model underlying the CPG + Awf#(ui?v?’:lvo}) + Agfo u§270,3,1})
controller to perform interlimb coordination in quadruped lo-
comotion. As the CPG controller for interlimb coordination, it - Czrfu(v{1’0’3’2}) - thfu(v{2’3’0’1})
is desirable to generate various rhythmic patterns. Hence, we — O f, (00123} 4 {0.1.2.3} (3)
constructed a neural-network model from the Amari—Hopfield . ;{0.1.2.3} _ _ ,{0.1.2.3} Bf,(ul®123})
model according to the neural network proposed by Nagashino {3,2,1,0} {0,1,2,3}
et al.[19]. Their model consists of four coupled neural oscilla- = Defulvg )+ 1L 4)
tors with excitatory and inhibitory interneurons. By introducing
the interneurons and switching their interactions with neural os- 7, 4{%1.23} = _ {0,123} 4 Awfu(u{o,l,z,:i})
cillators, functional reconfiguration®f the CPG network are + 101,23} (5)
performed, and then various rhythmic patterns are generated tw
[19].
Fig. 5 shows the basic structure of the neural-network model. Tgﬂ§0’1’2’3} =— U§0"1’2’3} + Ay fu(ul0h23h)
Here, we describe configurations of networks that generate peri- + Jio.1.2.3} (6)

Ug

odic rhythmic patterns corresponding to each of the typical gaits (0123} __ (0123) _ ) (0.1.2.3)
of mammals. Fig. 6(a)—(c) correspond to the walk mode, the trot 7t: =" efuv )
mode, and the gallop mode, respectively [19]. + 10123} 4 {0123} 7)
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Fig. 7. Schematics of the differential pair circuits. (a) pMOS type. (b) nMO: )

type.
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where each index is an ordered set of four numbers, each ot
which correspond to a unit, w,,, andu, represent activities Fig. 8. Static responses of the differential pair ("MOS type).
of the excitatory neurons,andv; represent activities of the in-
hibitory neuronsz,, 7y, Tu,,, Tu,, andr,, are the time constant VDD VDD
of the neurons4, A, 4,4, B, C, C,,, Csp,, andD, are the in-
teraction parameters,, I, I, , I..,, andl,, are the tonic bias
inputs, andl,, is the external inputs. HO)
Depending on the interaction parametdrshroughD;, the
tonic bias inputd,, throughI,, and the external inputs,,, the yg
dynamics of the network is determined. In particular, the bia J‘ oVp & o Vp
inputs and the external inputs determine the equilibrium poir [}Y u(v)

of the network. L = i
Icu Ru I Iov Ry

(<)

> |v Ib

IV. ARCHITECTURE OF THECPG (ONTROLLER @) (b)

In this section, we describe the architecture of the CP&&.9. (a) Schematic of the excitatory cell circuit. (b) Inhibitory cell circuit.
controller for interlimb coordination in quadruped locomotion.

First, the basic cell circuits that constitute a part of the CPG,annel. Here. we show static responses of the nMOS type cir-
controller are given, next the architecture of the entire systeq);i in Fig. 8.

is described. The excitatory cell circuit is shown in Fig. 9(a). It consists
of the RC circuit, the differential pair circuit and the current
A. Cell Circuits source. The dynamics of the excitatory cell circuit is given by

We designed the cell circuits that constitute a part of the cPB€ following equation:
controller. Each circuit consists of the basic analog CMOS cir- Coie— ™ LT 9
cuits, such as the differential pair, the current mirror, and the uth = R, + Lu(t) ©)
translinear current multiplier/divider [23].

First, we describe the characteristics of the differential paW,

which is one of the most fundamental components of the Clyélue' R, is the resistance value, ani(?) is the external

controller. Fig. 7(a) and (b) each show two types of schemati%grre_nt thatis mde_p_endent of the voIt:_azgeThe excitatory cell
Ircuit outputs positive current according to (8).

f the diff ial pair. The diff ial pai i h o2
of the differential pair. The differential pair can approximate t € The inhibitory cell circuit is shown in Fig. 9(b). It also con-

transfer function (2). When the MOS transistors, which com- 2 . ) T
prise the differential pair, operate in their subthreshold regioTQﬁ'StS of theRCC|rCU|t,_the dlffere_ntlgl _palrcwcun_anq the c_urrent
the static response of the differential pair is given by the f0§_(5urce. The dynamics of the inhibitory cell circuit is given by

lowing equation [23]; the following equation:

here v expresses the voltage valu€, is the capacitance

Cd = ——— + I,(t) (10)
(8) Ry
wherew is the voltage valueg, is the capacitance valué,
wherew;, is the input voltagey; is the bias voltage], is the is the resistance value, add(t) is external current that is in-
bias currenty = /2Vyp, Vr is the thermal voltage, and dependent of the voltage The inhibitory cell circuit outputs
is the electrostatic coupling coefficient between the gate andgative current according to (8).

1+ tanh(p(vin, — vp))

[,u('Uin) = Ib 2
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Fig. 11. Schematic of the translinear current multiplier/divider. Cv | Ry 1:C ICU Ru b

Flg' ]:0 shows the neural oscnlatpr cell circuit whose dyIfig. 13. Schematic of the complete neural oscillator cell circuit.
namics is expressed by (1). We rewrite (1) as follows:

Coit= —— ALy (u) — C-L,(v) + L(t) limited below an order of several hundreds nA. The static char-
Lu ! " (11) acteristic of the multiplier/divider is expressed as follows [23]:
Cyo = —— 4 B-I,(u) + I,(t) Lin'T, ViV
Rv 8 Iout == o = Iin'eXp <M) (12)
Ipz Vr

where the parameters-C are same in (3).(u) andI (v) are the ) ) i
output currents of the differential pairs. The neural oscillator céifheré/in is the input currentf, and!, are the bias current, and
circuit consists of the excitatory cell circuit and the inhibitory/s1 @nd V2 are the bias voltage. Fig. 12 shows static charac-
cell circuit, and each variable corresponds to (7) and (8). TiRyistics of the transliner current multiplier/divider. In order to
ratio of the interaction parameters is determined by the asp8&%end the dynamic range of the input/output currents, the gate
ratio W/ L (W: the gate width/.: the gate length) in the currentWidth of all of the nMOS transistors comprising the circuit set
mirrors. The circuit generates the periodic rhythmic pattern ﬁ&lzﬂm- . o
a result of the interaction with the excitatory and inhibitory cell Fig- 13 shows the complete neural oscillator circuit. Here,
circuit. Depending on the parametetshroughC and the ex- MD represents the translinear multiplier/divider. By adjusting
ternal inputsZ,,(¢) andZ, (), the circuit generates the periodicthe currentB-IN_(u) using the transliner current multiplier/di-
rhythmic pattern automatically. vider and the bias curredt,, we could regulate the frequency

If we want to regulate the frequency of the periodic rhythmigf the periodic rhythmic pattern generated by the neural oscil-
pattern, we should adjust the period of the limit cycle indhey,  1ator cell circuit.
phase plane. Namely, we should properly adjust the baIanceBof
the interaction parameters, and the external inputs. To do this,
it is necessary to adjust the balance between curréris(u) We constructed the CPG controller from the cell circuits.
andB-I,,(u). By changing these currents, the equilibrium poiriiere, we use the excitatory cell circuit and the inhibitory cell cir-
in the dynamics has also been changed. Therefore, the bias €uit as the excitatory interneuron and the inhibitory interneuron,

Network Architecture

rents should be regulated. respectively. Let us rewrite (3)—(6) as follows:
Hence, we combine the transliner current multiplier/divider 010:1,2,3}
with the neural oscillator cell circuit. Fig. 11 shows a schematic Cal®h3 = — ———— 4 AIH(U{O’1’2’3})
of the translinear current multiplier/divider. The circuit operates T AT (u{2,3,1,0}) T AT (U{Z,O,S,l})
based on the transliner principle. Since all of the MOS transis- v g
tors that comprise the circuit are operated in their subthreshold — O L, (1032 — Cpy 1, (01>301)

region, the dynamic range of the input and output currents are — O, (v1%123}) 4 101,23} (13)
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wo ok o 1.5um CMOS technology LEVEL 3 model parameters. As typ-
’ 0 = ical device parametergy = O(1071%) A andx = 0.6 are as-
g sumed. As common parameters, the gate ledgth 1.5 um,
the capacitance valugs,, C,, Cy4, Cyt, andCly,, were set at
(100, 100, 100, 100, 300) nF, the resistance valgR,,, R, .
v§ vy R,,,andR,, were set at 1 N2, the interaction parameters,
ugl Uy B, C, Cy,., andC};, were set as follows:
uw|| |[u§ ug|| ||uw
A=C=40 B=30 C,=0p=10
ve VP where the gate width of minimum size of nMOS and pMOS
transistors were set at (2.4, 4,8n. Furthermore, we set the
bias currents of the differential pairs at 100 nA.
3
Ug A. Production of Multiple Gait Patterns
U2,V2 US,VS
First, we confirmed the generation of the periodic rhythmic
_ _ _ patterns in the circuit. Three examples of the rhythmic patterns
Fig. 14. Entire network architecture of the CPG controller. of voltage values” in the circuit are shown in Fig. 15(a)—(c). It
is shown that each periodic rhythmic pattern corresponds to the
{0,1,2,3} gait patterns such as walk, trot, and gallop.
.{0,1,23} _ U 0,1,2,3 : d J
Cyi' b=- "o T Bfu(’“{ }) Fig. 15(a) corresponds to the walk mode. In the mode, we set
_ DtLL(vi{g’Zl’O}) n 150,1,2,3} (14) the interaction parameters as follows:
{0.1,2,3} A, =20 A, =D, =0.0.
CutfP128) = = o 4, 1, (u10123)) o
{0_1“21’_)3} The bias currentd,,, 1, lyw, lug, and l,; were set at 0.95,
+ Iu{r(u) 1 2 5 (15 0.95, 0.85, 1.0, 1.Q.A, the bias currentg*, were set at 0 A
C ﬂg{0,1,2,3} - _ Ug o + AT (u{0717273}) (k : 01/2/3)
g Rug gTH Fig. 15(b) corresponds to the trot mode. In the mode, we set
+ 15271,2-,3} the interaction parameters as follows:
{0,1,2,3}
.{0,1,2,3 v D;=10 A,=A4,=0.0.
Ctvt{ 1,2,3 tht _ Dtlﬂ(v{0’1’2’3}) t g

The bias current$,,, I, 1w, 1.g, andl,; were setat 1.1, 0.9,
(16) 1.0, 1.0, 1.05:A, the bias currents?, 1}, 12, andI3, were set
. . . . at2,0,0, 2nA.
whe_re[u(-) is the output current of the_dlﬁerentlal pair. The ca- Fig. 15(c) corresponds to the gallop mode. In the mode, we
pacitance values,, throughC,, the resistance valuds,—vt,  get the interaction parameters as follows:
and the interaction parameters-D, correspond to those of
(3)-(6). The ratio of the interaction parameters is determined A, =30 A,=D;=0.0.
by the aspect ratit¥’/ L in the current mirrorsI®, 1%, Ik, I%, .
andI¥, andI¥,(k = 0,1,2,3) are the DC bias currents, which The bias current,, I, L, lug, anglvt were setat 1.0, 0.85,
control the equilibrium point of the CPG controller. 1.0, 0.9, 1.04A, the bias currentd;, were set at 0 Ak =

Fig. 14 shows a block diagram of the network architecture 8¢ 1,2:3).
the CPG controller, where the black and white arrow is excita- . .
tory and inhibitory interactions, respectively. Moreover, we ué%‘ Gait Pattern Transitions
the voltage values® as outputs of the circuit, and each of them Second, we confirmed to occur the transition between the
is transformed into torque driving actuator that control each dffferent rhythmic patterns in the circuit. In the following sim-
the limbs. ulation, the interaction parameters and the bias currents were
As a result of switching the operation of the interneurons thelhanged at 5.0 s. Fig. 16(a) and (b) shows two examples of tran-
interact with the neural oscillator circuits, for instance, by usingjtions in the circuit. Fig. 16(a) and (b) corresponds to the tran-
CMOS switch, théunctional reconfigurationsf the CPG con- sition from walk to trot and from trot to gallop, respectively.
troller are performed. Hence it follows that the transitions béa each mode, it is shown that the circuit has the capability to
tween different rhythmic patterns are achieved. change the rhythmic patterns promptly.

+I{0"1’2"3} +Ii?,1,2,3}

vt

C. Regulation of Oscillatory Frequency

V. SIMULATION. RESULTS Third, we regulated the frequency of the periodic rhythmic

In this section, we confirm the operation of the proposed CRgattern in the circuit. In order to regulate the frequency of the
controller through computer simulation. In the following simurhythmic pattern, it is necessary to adjust the balance between
lation, we used the circuit simulator PSPICE and MOSIS AMI8urrentsA-I,,(u*) and B-I,,(u*), and the bias current§’. By
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Fig. 15. Rhythmic patterns corresponding to each of the gait patterns. (a) Walk mode. (b) Trot mode. (c) Gallop mode.

., the frequency of the D. Influence of Disturbance

rhythmic pattern could be regulated. In Fig. 18, we give two weak disturbances to the circuit in the
Fig. 17 shows the regulation of the frequency in trot modé&ot mode. The external current 250 nA anrd50 nA is given

At 0 to 10.0 s, we set the bias currents in the translinear curréainodeu of unit 0 in the circuitat5.1to 5.2sand at 8.2t0 8.3 s,

multiplier/divider (Iy1, I2) at (120 nA, 120 nA), the bias cur- respectively.

rentsI* at 900 nA ¢ = 0, 1,2, 3). Then, the frequency of the It is shown that the circuit has the stability against the distur-

periodic rhythmic pattern is about 1.0 Hz. bance. It is assumed that the stability is provided by the charac-
Furthermore, at 10.0-20.0 s, we change the bias cufgent teristics of the rhythmic patterns as an attractor of the CPG net-

toward 200 nA and the bias currents toward 800 nA contin- work. If disturbance is considered to be an input from a sensory

uously. Then, the frequency of the periodic rhythmic pattern reuron, the phase of the periodic pattern would be regulated by

changed from about 1.0 to 1.4 Hz. sensory feedback.

regulating the current-1,,(u*) and I*
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Fig. 18. Influence of disturbance on the periodic rhythmic patterns.

Through several computer simulations, we confirmed the
desire operations of the proposed circuit. First, we confirmele gallop mode. However, more interneurons and connections
that the circuit is capable to produce various rhythmic peibetween the oscillators, then more rhythmic patterns would be
odic patterns corresponding to the gait patterns. Second, generated. Our CPG controller is designed not to give the real
confirmed to occur the transitions from one pattern to anothemotion of each limb but only the timing of motion, since it is
Third, we also observed that it is possible to regulate tlwnsidered that the motion pattern of each limb is controlled by
frequency of the periodic rhythmic patterns in the trot modéhe lower nervous system and CPG to control interlimb coor-
Furthermore, we confirmed that the circuit has the stabilijination gives only the timing and the period of the motion of
against weak disturbance. each limb in animal locomotion [22]. As the results, it is shown

In the present simulations, we considered only three confitrat the proposed circuit is sufficient as the CPG controller for
urations corresponding to the walk mode, the trot mode amderlimb coordination in quadruped locomotion.
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ular, the subthreshold operation of the circuit is affected strongly
by the device fluctuations. Hence, we consider how each device
parameter would affect the operation of operation.

First, we consider the device fluctuations in the MOS tran-
sistors. In the differential pair, the circuit operation depends on[1]
good matching between the MOS transistors that comprise the
circuit. In the subthreshold region, the pre-exponential constan{
1y affects strongly accuracy of the circuit operation. In order to [3]
obtain high relative accuracy, we should place the pair of the
MOS transistors comprising the differential pair closely. In the Eg}
current mirror, furthermore, the matching of the aspect ratio is
necessary since the ratio of the current mirror determines thgs]
dynamics of the CPG.

Second, we consider the fluctuation of resistors in the cpG!’!
controller. Since their fluctuations affect the equilibrium pointin
the CPG, their relative accuracies are important. Similarly, it is [8]
desirable to set the bias currents in the circuit, which determine
the equilibrium point in the CPG, as accurately as possible.  [qg]

In the present simulation, we use the large capacitors and re-
sistors. This mean that when we try to built a chip with such
capacitors and resistors, they would occupy a large area of tﬂleO]
chip. In order to overcome such problems, we use external ca-
pacitors and resistors. By using such strategy, small area of chips
and low-cost production can be realized. [11]

VII. SUMMARY [12]

In this paper, we proposed an analog CMOS controller for
interlimb coordination in quadruped locomotion. The proposed13]
controlleris based on the biological neural network, called CPG.
Inrecent years, many researches have proposed CPG controllgrg
for walking robots. While most of these have used digital pro-
cessors that have several problems such as high power consumps
tion, we designed the CPG controller as analog circuit.

In previous works, several analog CPG controllers have al-
ready been developed [11]-[13]. The present work differs fromite!
them in several respects. First, the CPG controller is based on the
Amari—Hopfield model, which can be implemented easily with
the fundamental analog circuits, such as the differential pair and?]
thg current mir_ror. Second, the QPG controller has the capaig
bility of generating several rhythmic patterns and changing their
patterns promptly. These properties are sufficient for the CPG
controller to coordinate interlimb motion in quadruped walking[19]
robots.

Furthermore, the CMOS transistors in the CPG controller opf20]
erate in their subthreshold region and under low supply voltage,
so it can reduce power consumption. Since a number of the trans,
sistors comprising the controller are less than a thousand, it is
expected that low-cost production and miniaturization of chips
can be realized. [22]

Following the present research, we are going to develop ayp3)
tonomous adaptive controller for micro locomotor robots.
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