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Abstract. Based on neurophysiological studies, a walking model has been proposed, which is the
coupling of two oscillatory systems, i.e., a central pattern generator (CPG) and a musculoskeletal
system (Body). The walking model can well reproduce human walking. However, time delays
on a sensorimotor loop give a serious problem in motor control in general. Indeed even a short
time delay induces the walking model to fall. Theoretical studies have shown that the walking
model can overcome the time delays by the flexible-phase locking. It emerges from the following
two conditions; 1) activity of CPG and Body has stability of limit cycle; 2) a sign differs between
coupling coefficients of the connection from Body to CPG and from CPG to Body, i.e., the afferent
and efferent connection. Physical or physiological interpretation of this two theoretical conditions
is an important problem. The condition 1) has already interpreted [1]. In this paper, we gain a
physical interpretation of the condition 2). We introduce the simplified model fit to best analyze.
Analyzing the simplified model, this study leads to the interpretation in which signs of the coupling
coefficients corresponding to the excitatory and inhibitory connection are regarded as a force to
forward and backward shift the CPG activity, respectively. This is an essential element to yield the
flexible-phase locking.
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1. INTRODUCTION

Neurophysiological studies [2, 3, 4, 5] have shown that
signal transmission involves long time delay (more than
100ms) on sensorimotor loops in human locomotion sys-
tem. In general, the time delay gives a serious problem for
motor control in control engineering, in which it is dealt
with as dead time. Based on neurophysiological evidence
[6, 7, 8], Taga et al. [9] have modeled the human walking
system, which is the coupled system of two oscillatory sys-
tems, i.e., a central pattern generator (CPG) and a mus-
culoskeletal system (Body). Indeed, their walking model
has shown to be fallen even by a short time delay (70ms)
on the loop between CPG and Body. By using the model
simplified the coupled system of CPG and Body, theoreti-
cal studies [1] have shown that both of the walking model
and the simplified model can overcome loop time delay by
its own function latent in the coupled two dynamics, i.e.,
the ‘flexible-phase locking’. The flexible-phase locking is
the function which induces the CPG phase to forward shift
adaptively to time delay. Indispensability of neuronal ac-
tivity’s phase shift according to time delay for walking sys-
tems and the reason why Taga’s walking model [9] cannot
yield such phase shift are mentioned in detail in the studies
[1]. The flexible-phase locking emerges from the following
two conditions; 1) activity of CPG and Body has stability
of limit cycle; 2) a sign differs between coupling coefficients

of the connection from Body to CPG and from CPG to
Body, i.e., the afferent and efferent connection. Physical or
physiological interpretation of this two theoretical condi-
tions is an important problem. The condition 1) is easy to
interpret because of the property of their activities already
shown in the studies [1]. On the other hand, understanding
of the condition 2) has been an open question. The expres-
sion of the two conditions is confined to only mathematical
understanding, although the conditions have been looked
for as mechanisms of physical or physiological phenomena.
Thus, this problem is important for scientific fields such as
neurophysiology, physics, and mathematical science. This
study is directed toward physical or physiological under-
standing of the condition 2), i.e., a sign difference between
afferent and efferent coupling coefficients, which is required
for establishing the flexible-phase locking.

From a viewpoint of the solution orbit, the walking
model [1] can be characterized by the following two; a)
CPG has an asymptotically stable limit cycle and Body os-
cillation could also be characterized by a limit cycle. b) the
phase of the neuron output (CPG activity) shifted quarter
period ahead of the joint motion (Body activity) without
the time delay and the phase shift increases in proportion
to time delay interval.

The simplified model [1] could reproduce the two charac-
teristics a) and b). However, in the simplified model, limit
cycles have been constructed by the perturbation of har-
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monic oscillators in the Van der Pol equation. Therefore,
it is difficult to quantitatively analyze the mechanisms of
flexible-phase locking.

On the other hand, it is well known that the A — u system
[10] has a explicitly written stable limit cycle. Moreover,
coupling of the two systems can easily reproduce the phase
difference of quarter period without the time delay and
the phase shift increasing in proportion to the time delay.
These correspond to a) and b).

In this work, by using the A\ — u system, we construct a
simplified model such that it can structurally agree with the
walking model in terms of a) and b). The constructed sim-
plified model could enable to easily analyze quantitatively
phase dynamics. Thus this study attempts to physically
or physiologically interpret the mechanism of the flexible-
phase locking.

This paper is organized as follows. First in Section 2, we
survey the walking model [1], and see the model’s phase re-
lationship between CPG activity and Body motion. Next
in Section 3, we introduce a simplified model composed
of the A — p system. Through the analysis and computer
simulations of the simplified model, we investigate theoret-
ically the mechanisms of the flexible-phase locking. Lastly
in Section 4, we discuss about the mechanisms.

This study reveals that, depending on pathways on which
the time delay is involved, the time delay induces different
effectiveness in direction of phase shift. That is, the time
delay on afferent and efferent pathway induces the phase of
CPG activity to shift forward and backward in proportion
to the increase of time delay interval, respectively. Fur-
thermore, this study reads to physical understanding of the
condition 2), i.e., signs of the coupling coefficients in the
simplified model [1]. That is, signs of the coupling coeffi-
cients correspond to the excitatory and inhibitory connec-
tion, which is interpreted to occur the forward and back-
ward shift of the CPG activity, respectively.

2. THE WALKING MODEL

2.1. WALKING MODEL

In this section we introduce our walking model in which
flexible-phase locking can occur [11]. We called this model
the delayed direct-coupled CPG and Body (Fig. 1).

The time delays through the sensorimotor loop are as-
sumed to be represented as follows: The total time delay
A; through the loop consists of two equivalent amounts of
time delay Ay = Ay + A, i.e., an afferent delay A, and an
efferent delay A, [9, 12, 13].

First, we assume A, = A.(=: A).

The Body consists of an interconnected chain of 5 rigid
links in the sagittal plane as shown in Fig. 7. The reaction
forces from the ground are modeled as a two-dimensional
spring and damper. The motion of the Body can be rep-
resented by differential equations of a (6 x 1) vector of
mass point positions of 1 link and inertial angles of 4 links.
The equations are derived by means of the Newton-Euler
method (Appendix A).
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Central Pattern Generator
(coupled BVP neuron)

delayed feedback neuronal output

delayed

body motion neuronal output

body
(Newton-Euler equations)

Environment

Fig. 1: Outline of the walking model (a delayed synapti-
cally coupling of CPG and Body). A, is the afferent time
delay and A, is the efferent time delay.

The CPG composed of 12 neurons (Fig. 2) is represented
by the following BVP (Bonhoffer van del Pol) differential
equations [14]:

12
Toii (8) = i (t) — vi(t) — wi(8)*/3+ D (wijys)
ij=1 1
“+ug + OéwFi(X(t — A)), ( )
TZ/UZ(t) = uz(t) +a— bvi(t),

where u; is the potential of the ith neuron; v; is respon-
sible for the accommodation and refractoriness of the ith
neuron; w;; is the connecting weight from the i¢th neuron
to the jth neuron; 7; and 7; are the time constants of the
potential and the accommodation and refractory effects,
respectively; y; is the output of the i¢th neuron; ug is the
constant parameter. a, is a positive coeflicient of afferent
connections from the Body to the CPG; F; is a sensory
feedback, and x is a (6 x 1) vector of the mass point po-
sitions of 1 link and the inertial angles of 4 links (Fig. 7);
t is the time; a and b are positive constants; the natural
frequency of each joint neuron (7;,7/) is set a value similar
to the natural frequency of each joint angle [15].

It is well known that a BVP potential has an asymptot-
ically stable limit cycle attractor with appropriate param-
eters [14], which was confirmed by computer simulation.

Torque was assumed to be proportional to the magni-
tude of the neuronal output. This periodic torque causes
the Body to oscillate harmonically. At the same time, the
outputs of the hip joint’s flexor neurons (1st and 7th) con-
trol the mechanical impedance (muscle viscoelasticity) of
the hip joint so that the maximum angle of the thigh can
be voluntarily and approximately confined Eq. (16). Con-
sequently, this impedance control can stabilize the orbit of
the Body oscillation induced by the periodic torque. Thus,
the Body oscillation could also be characterized by a limit
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Fig. 2: Central pattern generator (CPG) and feedback pathway. u;
is the potential of the ith neuron in the CPG. o and e denote an
excitatory connection and an inhibitory connection, respectively. x3,
x4, x5, and ze are the angles of Body segments. The motion of the
hip,the knee joint and the ankle joint in the right leg are governed by
neurons 1-2, 3-4, and 5-6, respectively. Similarly, the motion of the
joints in the left leg is governed by neurons 7-12. Odd-numbered neu-
rons control flexion of the joint, while even-numbered neurons control
its extension. The hip joint angles of both legs are used as feedback
to the hip joint neurons. The afferent delay A, and the efferent delay
A. take place in the transmission of the neuronal output and of the
feedback, respectively. a., and (3, are the afferent coupling strength
and the efferent coupling strength. It is confirmed by computer sim-
ulation that the CPG itself has an asymptotically stable limit cycle.

cycle.

The CPG receives sensory feedback from the Body. The
feedback F;, ¢ = 1,...,12, to the ith neuron is given as
follows:

F1:F, FQZF/, F7=F/, FSZF, FZ‘:O(GISQ),

where F, I’ are given as follows:

F=—f(-as(t—A4)), F'=—f(-as(t— 1)),
f(x) = max(0, z),

where 3 and x5 are the thigh angles of the right and left
legs at the hip joint, respectively, as defined in Appendix A.

2.2.  SIMULATION RESULTS

The loop time delay A; was the only selected simulation
parameter. The other parameters were fixed to a certain
value.

For A; = Oms, the model resulted in a stable walking
pattern. Our result also shows that the Body oscillation
can be characterized by a stable limit cycle.

For a loop delay A; > 0, our model clearly showed an
ability to generate a stable walking pattern similar to that
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Fig. 3: Flexible-phase locking of neuron activity in the walking
model. The graph shows the activities of flexor neuron (y1) and angle
motion (x5) in the left leg. Solid line, dotted line, and dot-dashed
line denote the neuronal output, the delayed neuronal output, and the
joint angle motion, respectively. Arrows indicate the phase difference
between neuronal output and joint angle motion, and between de-
layed neuronal output and joint angle motion, taking as reference the
time when the joint angle becomes larger than 0. The phase of neu-
ronal output is shifted forward according to A¢; t1,t2 are the times,
c represents a constant value. Therefore, the phase relationship be-
tween delayed neuronal output and joint angle motion is maintained
constant.

in the case of no delay. Fig. 3 shows the hip neuronal
output y;, the delayed neuronal output, and the hip joint
angle x5 simulated under three conditions of A;; Ay = 0,
100, and 200 ms.
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Fig. 4: The graph shows the forward phase shift of neuronal output

as a function of the total time delay A;. The vertical axis denotes

to—1
2 L E, T is a period of walking cycle. The phase of neuronal

T
output is shifted forward according to A;.

As showed in Fig. 3, the phase of the neuronal output
could shift forward on that of the joint motion according
to Ay; When A; = 0, the phase shift of neuronal out-
put shifted 7/2 ahead of the joint motion; besides, this
phase shift increases in proportion to the increase of A;
(see Fig. 4). Therefore, the phase relationship between the
delayed neuronal output and the joint angle is constantly
maintained in spite of changes of A;.

The computer simulations showed the phase behaviors
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between the CPG activity and the Body motion under the
condition of A, = A, in Fig. 3, 4.
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Fig. 5: The graph shows the forward phase shift of neuronal output
as a function of the afferent time delay A, and the backward of joint

angle motion as a function of the efferent time delay A.. The vertical

to —1
2 L E. T is a period of walking cycle. The phase

axis denotes

of neuronal output is shifted forward according to A¢. (a) shows the
relationship between phase shift and the efferent time delay Ae when
Ag = 0. The phase shift decreased in proportion to the increase of A,
(b) shows the relationship between phase shift and the afferent time
delay A, when A, = 50ms. The phase shift increased in proportion
to the increase of Ag.

When A, # A., as the computer simulations showed
in Fig. 5, the phase shift is increasing or decreasing with
respect to Ay, A.. It shows the relationships between the
phase shift and the efferent time delay A, when A, =
Oms, and the relationships between the phase shift and
the efferent time delay A, when A, = 50ms. In relation
to such a phase shift, the computer simulations showed
that the phase shift increases in proportion to the increase
of the time delay A,; conversely, the phase shift decreases
in proportion to the increase of the time delay A., which
corresponds to the elemental effectiveness of the flexible-
phase locking.
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3. ANALYSIS OF THE WALKING MODEL

In the previous section, we showed a proper phase rela-
tionship between the CPG activity and the Body motion
(Fig. 5). In this section, we will give a theoretical under-
standing of the phase shift according to time delays A,
and A, by introducing the A — p system [10] as a simplified
model and analyzing it.

As we see, the walking model can be regarded as a cou-
pling of two oscillators, we limit our analysis to a simplified
model consisting of two stable oscillators as shown in Fig. 6.

delayed 1st oscillator
feedback output
a A

delayed 1st
oscillator output

2nd oscillator
activity

Fig. 6: The conceptual diagram of the simplified model. w1 and
uy are the potentials of the 1st neurons and the 2nd neurons.
The connections from the CPG to the Body are inhibitory and
the connections from the Body to the CPG are excitatory.

In the walking model, the connections from CPG to
Body are inhibitory and the connections from the Body to
the CPG are excitatory. The simplified model with synap-
tic coupling considered in this section is

{ ’dl = G(ul) + €A1U2(t — Ae), (2)
u'2 = G(’U,z) + €A2U1 (t — Aa),

where 0 < ¢ < 1 and the vectors uy, uz and G(u) are

defined by
wr = (1) = (P2
1 g ) M2 Yo

and

for positive constants A > 0 and p > 0. Matrices Aj, Ay

are
ail a2 bir b2
A = , = .
1 <a21 agz) 2 <b21 b22>

Here, we consider that the 1st oscillator w; and the 2nd
oscillator ug correspond to CPG and Body of the walking
model, respectively. € is a small coupling strength coeffi-
cient of the synapse connections. Ay, Ao are the (2 x 2)
coupling matrices. A,, A, are the time delay from Body
to CPG and CPG to Body, respectively.
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3.1. Livit CYCLE

First, we consider the unperturbed system of £ = 0 in (2)

a=G(u), ucR? (3)

where, the vectors u, G(u) € R? are defined by

_(® _ (A= =y -y
“e (y> Glu) = ((A—fﬂ2 — Yo+ pa
for positive constants A > 0 and g > 0. It is easy to see

that (3) has a periodic solution S(t) := v/A(cos ut, sin yut)
with a period p := 27 /pu.

We now check the stability of the periodic solution S(¢)
in (3). Let A(t) be the linearized matrix with respect to
S(t), that is,

0G
= 22 (500)

_ —2\ cos? ut
a (—2)\ cos pt sin pt +

A(t) :

—2A cos ut sin put —
—2\sin? ut '

Proposition 1 (Ei [16]). The periodic solution S(t) is
asymptotically stable in (3).

Proof. We consider the fundamental matrix
Y (t) = (v1(t),va(t)) for vi,ve € R?

of the linearized ODE

vy is obtained as the derivative of S(t)
v1(t) = S = VAu(— sin ut, cos ut).

v2 is obtained by putting

va(t) = <—U(t) sin ut) |

v(t) cos ut
Then vg = A(t)vg yields
—pasin put — p?ucos put = (—2 cos? pt)(—pu sin ut)
+(—2 cos pt sin ut — p)pv cos ut,

o cos pt — pPusin ut = (—2sin? put)pw cos pt
+(—2 cos pt sin pt + p) (—pw sin ut),

which is

t
(Mcos Mt + 2 cos? ut) (v —u),

U= -

sin p )
) sin pt . 9
0= —2sin® ut | (v —u).

cos ut

It follows that

= (n

sin pt cos ut
e L ) (5)
cos it sin pt

127

by using the change of variable w := v — u. Then w is
obtained in the form

in ut t
w:exp(/ (usmu uCOSHQ) dt)

cos ut sin ut

bt
cos ut sin ut

Substituting w = v — w into (4) and (5), we have

cos it
u(t) = p PSP 1 9 cos? pt | ————e= 2
sin pt cos pt sin it
(1~ 2cos ptsinut) _o
= e
sin? ut
and hence
u(t) = / pt + 2('302 it sin ’Ute*%dt _ _c?s /‘t672t.
sin” ut sin put
Similarly, we can get
t + 2 cos pt sin ut cos ut
’U(t):/‘u : 2:” 1 :u’672tdt:.7iu‘€72t.
sin” ut sin put

Thus, the fundamental matrix Y'(¢) is given by

Y1) = —VApsinpt e 2 cos ut
T UV cosut e 2tsinpt)

It is easy to check that

ro- %) G)-(4 7

Then the periodic map U is calculated as

N———

U=Y(@2r/n)Y '(0) = (e_j)ﬂ/u (1)> ’

which implies the two floquet multipliers are 1 and
e~47/# < 1 and the periodic solution S(t) is asymptoti-
cally stable in (3). O

Let
Xp:={v e C0,p;v(0) =v(p)}

and

(4, 0) p 1= /Op<u(t),v(t)>dt.

L be the linearized operator with respect to the periodic
solution S(t), that is

Lv:=G'(S(t))v— v for ve Xp.

L* is the adjoint operator of L with respect to the inner
product. L* is given by

L* ='G'(S(t)) + 0.

Especially, 0 is a simple eigenvalue of L because S(t) is
linearly stable. Hence there exists an eigenfunction ¢*(t) €
Xp such that L*¢* = 0 and (S.(¢),¢*)p = 1.
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Proposition 2. The eigenfunction ¢* is given by

(i)

1
B 21V

Proof. First, we write ¢*(¢) as

— sin put
cos ut

9" (t)

Since the adjoint operator of L is expressed by
L* ='G'(S(t)) + O,
¢* satisfies
L*¢* ='G'(S(t))¢* + Op* =0

with (S;(t),¢*)p = 1.
Here we have

—2\ cos? ut —2\ cos ptsin ut — p
/ _
G(S) = <—2)\ cos pt sin ut + p —2\sin? ut
and
—2\ cos? pt —2A cos ptsin pt +
tov _
G(S(t) = (—2/\ cos pt sin put — —2Xsin? ut
Therefore (6) becomes
—2Xcos? ut —2Xcos ptsinut + p\ (U(t)

—2\sin? ut

+at(

(

with

—2Xcos utsin put —

2w

/T(—ﬁu sin U (t) + VAp cos ptV (t))dt = 1.
0

That is,

—2U (t) cos? ut + (—2sin put cos pt + p)V (t) + U(t)
—2V/(t) sin? pt + (—2sin ut cos ut — p)U(t) + V(t)
—V/Asin ptU (t) + VA cos utV (t) = 1/2m.

0,
=0

b

which can be solved as

1
21\

cos ut,

Ut)=-— sin pt,

277\5

V(t)

and we have

— sin ut
cos [t

).

)
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3.2. PHASE DYNAMICS

In the case € > 0 is sufficiently small but not 0, the solution
of (2) can be regarded as follows

w1 (t) = S({t+hi(t))+o(1), uz(t) = S(t+ha(t))+o(1), € L 0
and hence uq(t — A,), u2(t — A,) is close to
ur(t—Ay) ~ SE—Ag+hi1(t)), ua(t—A.) ~ S(E—Ac+ha(t)).

Here we define hy = hy(t) and he = ho(t) are the phases
of the 1st oscillator u; and the 2nd oscillator us, respec-
tively. The phase difference h(t) is defined by

h(t) := ha(t) — ha(t).

Proposition 3 (Ei [16]). |u;(t)—S(t+h;(t))| < O(e) hold
and hi(t), ho(t) satisfy
hi(t) = ewi(h) + O(e2), ha(t) = ews(h) + O(e?),

where

wi(h) = /p<AlS(t — Au+ ha), 7 (E+ b)),
0

wa(h) = /p<A25(t — Au+ ), & (¢ + ho))dt.
0

Here, wq(h) can be represented in the form

)

wi(h) = /Op<A1$(z +h—A.),¢%(2))dz

by changing the variable z := ¢ + h;. Similarly, ws(h) can
also be written as

ws(h) = /OP<A25(Z b= AL), 6 (2))d.

Proposition 4. wi(h), wa(h) are calculated as follows:

a21 — @12
2V A1
_ bo1 — bia

2v/ A\

Proof. We can calculate

agze + a1 .

sin
2V A\ a

baa + b11
2V

w1(h) cos u(h — Ag) + (h—A,),

wa(h) cosu(h + Ay) — sinp(h + Ag).

wi(h) = /OP<A15(Z +h—A),0%(2))dz

2

A

— [Maveosutn - a0

cosp(z +h—A.)
sinp(z +h —A)

>,¢*(Z)>dz

COS 12
sin pz

) 9" (2))dz

—sinuz
coS iz

>,¢*<z>>dz

+ Agsinp(h — Ap) (

(

tsinp(h — A) /OJD<A1 <

= cos u(h — Ae)w +sinpu(h — A.)
i

2V

) 67 (2))dz

COS (2
sin pz

=cosu(h — A,) /p<A1
0

—sin pz «

P RIS

G22 + a11

2V
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Thus wy (h) is given in the form

Qo1 — 12 ago + a1y .
wi(h) = ———=cosu(h— A.) + ———sin u(h — A.).
Similarly, we also can get
le — b12 b22 + bll .
wa(h) = ———=cosu(h+ A,) — ———sinu(h + A,).

Here, we define

Ny == a1 + ag2,

My = a1 — aq2,
Ny := b1 + bas.

My := ba1 — b2,

Then wy (h), wa(h) are represented as follows:

() = cos u(h — AE)M,1 n sin u(h — Ae)Nl
2V A 2v/ A\ ’

wa(h) = cos u(h + Aa)M2 _ sinp(h+ Aa)NQ.
2V A\ 2v/ A

From Proposition 3, h;(t), ha(t) can be rewritten as

hy(t) = ewy (h) + O(?)

cos u(h — A,) sin u(h — A,) 5
=e——F——"M +e——F—FF N + 0
€ W 1+e¢€ oo 1 ()
}ig(t) = 60)2(}1) + 0(62)
cos pu(h + Ag) sin pu(h + Aq) 5
=e———F—— My —e———F—— Ny +O(e
o > o 2+ 0(e7)
(7)
and the phase difference h(t) is given
h(t) = ha(t) — (1) = e(wa(h) — wi(h)) + O(e?)
€
= ——(Msycosu(h+ A,) — Nasinu(h + A,
2\5\#( 2 cos ) 2 sin pu( )
— My cos u(h — Ag) — Nysinpu(h — A)) + O(e?)
(8)

3.3. CORRESPONDING TO WALKING MODEL

In this subsection, we will determine the parameters My,
My, N7, Ny so that our simplified model (2) can struc-
turally correspond with the walking model (1). We omit
higher order terms O(e) in (8).

3.3.1. EXCITATION AND INHIBITION

As mentioned in previous section, the efferent and afferent
pathway, i.e., the connection from CPG to Body and from
Body to CPG is inhibitory and excitatory, respectively, in
the walking model. We understand that the phase of CPG
will speed up and the phase of Body will slow down, re-
spectively. When both time delays A, = A, = 0, that is,
we understand h1(0) = ew;(0) > 0 and hy(0) = ew2(0) < 0
by (7).

129
When A, = A, =0, we have

1 1
w1(0) = @Ml and wy(0) = ﬂMg,

which means M; > 0 and M5 < 0. Thus we assume

Hl) My >0 and My < 0.

3.3.2. CPG PHASE QUARTER PERIOD AHEAD OF BODY

PHASE

Since, h(t) = ha(t) — hi(t) can be written as

. cos ph sin ph
h(t) =¢ My — —€ Ny 4+ N
() 2\/X,u( 2 1) 2\/X,u( 2 1)
€
= My — M;7)?2 + (N1 + No)2 cos(ph + o).
2\5#\/( 2 1)? + (N1 + N2)? cos(ph + 7o)
where
My — M,
cosyg = ;
V(Mz — M) + (N1 + N»)? ()
. Ni + No
sinyg =

V(My = M)+ (Ny + No)?’
the phase shift satisfies

1
T Jo_ p—mast—>—|—oo.
I

h(t) —

1
o 1 (10)

As mentioned in Section 2, the CPG phase is p/4 ahead
of the Body phase when no time delays A, = A, = 0 in the
walking model. In order to correspond with it, the phase
difference (10) should satisfy

p Y _ P
4 u 4’

2 1
Since p = il and zp = 21, we should assume vy = 7,
m

that is

H2) Ni+N>=0
from (9).
3.4. ANALYSIS OF THE PHASE SHIFT

Under assumptions H1) and H2), we consider the effect of
time delays A, and A.. From (8) and H1), H2), we have

h(t) = ;(a cos ph + Bsin ph),

NP (11)

where

a:=a(A,A)

= My — NopA, — My + NipA, + O(A2 + A?)
B = B(Aa, Ac)

= —MyuA, — Ny — MypA, — Ny + O(A2 4+ A2)
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by the expansions

cos u(h + Ay) = cos ph — pA, sin ph + O(A2),
sin p(h + A o) = sinph + pl, cos ph + O(A2),
cos pi(h — Ag) = cos ph + pA, sin ph + O(A2?),
sinpu(h — Ag) = sin ph — pA, cos ph + O(A2)

for |Agl, |Ae] < 1. Then (11) reads

. 5 1
h(t) = a? + )2 (sin ph + ), 12
(t) Qﬁu( %) (sinph 4 ) (12)
where
B : o
cosy= —, siny=—+.
(a® + 32)2 (a® +52)2
That is, the angle « is given by
_ B
=v(A,,A.) = arccos ——— .
(a® + %)z
Proposition 5.
YA, A) = =5 + Cild, + CoA + O(A7 + A7) (13)

holds for |Ag|, |Ae| < 1, where

_ pMy
My — M,y

HMl

Cy =
! My — M,

>0 Cy := < 0.

Proof. Seeing v(0,0) = —%, we expand v(Ag, A.) as

07(0,0)
0A,

97(0,0)
0A,
+ O(Ai + Ag)

= —g +O1A + CoA, + O(A2 + A2),

V(Aaa Ae) = 7(0a 0) + Aa + Ae

when |A,], |Ae| < 1, where

uMs
My — My

pMy

Cy = T
! Moy — M,

>0, Cy:= < 0. O

Thus, we find from (12)
ph(t) +v— —7m as t — +oo.

From (13), we have

ph(t) — g O A, + CoAy — -7

and therefore
h(t) — — /2 — ﬁA _ %Ae.

Thus the phase difference h(t)
period p = 27/ satisfies

h(t) = —p/4 — Cip, - &
i

= hg(t) — hl (t) with the

A +O(A2 + A?) 14)

(t = 400)
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and
Ch Cs
hi(t) = h +p/d+ AL+ Z2A,
1(E) > hat) +p/4+ LA+ )
+O(AZ2 + A2)  (t — +o0)
From (15), the phase of the 1st oscillator u; could shift

forward on that of the 2nd oscillator us according to the
time delay A,, A.. Precisely speaking, the phase shift
increases in proportion to A, and the phase shift decreases
in proportion to A.. These observation quite well agree
with the results of computer simulations of the walking
model (1).

4. DISCUSSIONS

The computer simulation results for the walking model (1)
showed two typical properties that 1) the phase of the CPG
activity shifted p/4 (p is a period) ahead of the Body mo-
tion when the loop time delay A; = 0 (Fig. 3), 2) the
phase shift increases according to the increase of the af-
ferent time delay A,; conversely, the phase shift decreases
according to the increase of the efferent time delay A, as
observed in (Fig. 5).

In order to understand these phenomena theoretically,
we introduced the simplified model consisting of two cou-
pled oscillators characterized by stable limit cycles. In that
model, coefficients are adjusted such that typical properties
a) and b) mentioned in Introduction are reappeared.

Under these conditions, we analyzed the simplified model
by using the phase dynamical approach [16, 17] and the
phase difference of the 1st oscillator u; (CPG) and 2nd
oscillator us (Body) were derived as

C C!
h(t) = ho(t) — hy(t) — —p/4——1A —fAe, (t — +00)
where
g — L < 0’ @ — Mi% > 07
1% M2 7M1 1% M2 7M1

when time delays A, and A, exist. Thus, the phase differ-
ence h(t) is increasing or decreasing with respect to A, or
A, respectively while phase of the 1st oscillator u; (CPG)
could shift ahead p/4 of the 2nd oscillator us (Body) in
the case of no time delay. These analytical results quit
agree with the simulation results in the walking model (1)
(Fig. 4, 5). Thus, the effects against time delays (flexible-
phase locking) can be completely and naturally reduced in
our simplified model.

The previous study [1] has theoretically clarified the ef-
fectiveness against total time delay on a sensorimotor loop.
This study revealed that, depending on pathways on which
time delays A, and A, are involved, the time delay induces
different effectiveness in direction of phase shift. Our re-
search assumed only the connection of excitation and inhi-
bition and the function forming a quarter phase difference,
as mentioned as H1) and H2) in Sec. 3.3. Nevertheless,
the flexible-phase locking was reproduced completely. This
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strongly suggests that only the connection of excitation
and inhibition and the function forming a quarter phase
difference automatically yield the flexible-phase locking in
general. This is an unexpected and surprising scientific
discovery.

This study also reads to physical understanding of the
condition 2), i.e., signs of the coupling coefficients in the
simplified model [1]. Our analysis simply assumed the ex-
citation and inhibition at connections to be a force of the
forward and backward phase shift, respectively, as in H1).
This means to need no alternative assumptions in order to
gain the flexible-phase locking. Thus, the excitation and
inhibition at connections can be interpreted as a force of
the forward and backward phase shift.

APPENDIX A. THE EQUATIONS OF MOTION
FOR THE BODY OF THE WALKING MODEL

All variables and conventions correspond to those shown in
Fig. 7. All variables and parameters follow the ones pro-
posed by Taga (1994). By using the Newton-Euler method,
motion of the Body (Taga, 1991) can be written as follows:

P(x)% = Q(x, %, T:(y)),

therefore,

% = [P(x)] 7' Qx %, Tu(y)),

(z1,72)

L2

Il = le‘f/12
11/2
P

lo/2
ms, Iy 3 I =mal/12
l2/2
(z1, ur) (zr, yr) T

Fig. 7: Model of bipedal Body as an interconnected chain of 5 rigid
links (a point mass m1 on the hip and four rigid bodies I;(i = 1,4)

where
A
Z2
T3
T4
Ts5
Te

P11 = Zi:l My,
pi2 =0,
p13 = (0.5mq + ms) I cos(zs),

p14 = 0.5msls cos(zy),

P15 = (0.5my + ms)l3 cos(xs),
p16 = 0.5m5ly cos(xg),

p21 =0,

P22 = Zizl M,

p23 = (0.5ma + m3) Iy sin(xs),
poa = 0.5mgle sin(zy),

pos = (0.5my + ms)ls sin(zs),
pas = 0.5msly sin(xg),

p31 = (0.5ma + m3) I cos(xs),
p32 = (0.5ms + m3) I sin(x3),
p33 = 0.25mol? +m3l? + I,
p3a = 0.5mslyls cos(zy — 3),
p3s = 0,

p3e =0,

pa1 = 0.5msls cos(zy),

paz = 0.5m3ls sin(zy),

paz = 0.5mglyly cos(zy — 3),
Ppag = I + 0.257’TL3[§,

pas =0,

Pas = 0,

ps1 = (0.5my + ms) I3 cos(xs),
ps2 = (0.5my + ms) I3 sin(xs),
P53
P54
pss = (0.25my + ms)l3 + I3,

=0,
=0

)

ps6 = 0.5msl3ly cos(xg — x5),

pe1 = 0.5msly cos(xg),
pe2 = 0.5msly sin(zg),
pe3 = 0,
pes = 0,

P65 = O.5m5l3l4 COS($5 - 1‘6),

Pe6 = 025m5l2 + Iy,

q1 = (0.5mg + ma)ly sin(z3)2'3”

+ 0.5m3l2 sin(x4)x'42 + (05m4 + m5)13 sin(x5)x'52

+ 0.5m5lysin(z6)26” + Fy1 + Fys,

g2 = —(0.5777,2 + m3)l1 COS(xg)Z:gz — 0.5mgls COS($4)QL:42

*(057714 + m5)13 COS(SC5)ZL:52
5
—0.5ms5ly sin(xg)ac'62 + Fql + qu — Z mnpg,
n=1

qs = 0.5M3lll2 sin(x4 — Ig)f42 + Fg1l1 COS(:L'g)
+ Fyoly sin(az) — (ma + 2m3)0.5gl1 sin(z3)
+ T’l"pl + Tr2 - T’r2 - T’r‘47
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qs = 0.5m3lyly sin(zs — x4)23% — 0.5magly sin(zy) the hip joint angle between the left and right thighs was
+ Fyilo cos(xa) + Fyalo cos(xa) beyond a threshold angle xg.
+ Trp2 + Tr2 - Tr37 Besides

qs = 0.5m51314 SiIl(fE(; — I5)I:62 O, for z < 07
- 0-5(m4, + 2mg)gls sin(xs) + Fysls cos(zs) fi(z) = max(0,2), - fo(2) = { 1, otherwise.
+ Fyulgsin(zs) + Trps + Tya — Trs — Tra,

de = 0.5m5l3l4 sin(x5 — xg)x'52 — 0.5m4gl4 Sin(.ﬁUe)

) APPENDIX B. SIMULATION PARAMETERS
—+ Fggl4 COS(I’(}) + Fg4l4 Sln(l'ﬁ) —+ Trp4 + Tr5 — Trﬁ.

Horizontal and vertical forces on the ankles are given by B0dy

m1 = 48.0, mg = 7.0, mg = 4.0, my = 7.0, ms = 4.0,
I1 =04, Iy =05, I3 =04, 1y = 0.5,
I = mali/3, Iy = mal3/3, Is = myl3/3, I, = msl3/3,
k, = 30000.0, k, = 2000.0, b, = 3000.0, b, = 200.0,

Fo.—= _kg<-'17r - er) - bgj:r Yr — yg(xr> <0,
gl — .
0 otherwise.

Fo= {_kg(yr - er) + bgfl(_:[/r) Yr — yg(xr) < 0,
92 —

0 otherwise.
b=1.0, B, = 2.0,
Fyy = {_’“9(‘” — o) =bedt yi = yg(@r) <0, p1 =125, py = 13.5, ps = 2.5, pe = 150.0, py = 15.0,
0 otherwise. zo = 0.17rad, g = 9.8m/s?.

F,

g 0 otherwise. Central pattern generator

L {myz — o) + by fi(—31) i — ye(w) <O,
7 (i=1,...,12) are given by
where y,(z) is the function which represents the terrain.
When the ground is even, y,(z) = 0.(z,,y,) and (2, ;) T4 =110 = 1/60, 7, =1/30 (else).
represent the positions of the ankles, which are given by
7/ (i=1,...,12) are given by
(T, yr) = (X1 + 11 cosz3 + g cOS Ty, T2 — Iy sinxg — losinxy),

(21, y1) = (21 + 11 cos s + I3 cos xg, xo — Iy sinxs — o sin xg). T3 =Tg =20, T4=119=20/3, 7]=10/3 (else).

Passively generated torques at each joint are given by

w12, Wa1, Wrg, Wey = —2.0,
Trp1 = ky f1(#4 — 3) = by fo(s — 23) (24 — 23) Wi, Wi, Wag, Wz = —1.0,
— b5 = &5) = blds — &4), W15, Wag, W24, Wa3, W6, Wes = —1.0,
Trpz = =k fo(wa = @) + by fo(w4 = 23) (w4 — @3) Wy 12, W8 12, W8 10, W10 9, W11 12, W12 11 = —1.0,

— (&4 — d3) — biy, otherwise w;; = 0.0,

Trps = kr f1(xe — 5) — br fa(w6 — 25) (26 — 25) ug = 0.3, oy = 1.0, a =0.7, b=0.8.
—b(ds — &3) — b(d5 — ),
Trps = =k f1(z6 — x5) + b f2(26 — 75) (206 — 25) Initial conditions

—b(i6 — 45) — bi,
Ty = 007 T2 = ll + l23 L3, L4, L5, L6 = 007
where k and b are the positive constants. 4= 0.0. 1 = 0.0
. o o . (e (2
Actively generated torques at each joint are given by
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