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ABSTRACT remarkable amount of energy is expected to be used. From al
In this paper, we discuss operational optimization of a seve other aspect, a biped walks like we do for more than million
link biped robot using the well-known “Simulated Anneating times and hence an optimized gait fashion is needed to be d
algorithm. Some critical parameters affecting the robot gat- veloped to save energy. Two optimization schemes typicaly
tern are selected to be optimized reducing the total enesgglu used to minimize the energy used in the system. The first is sc
Nonlinear modeling process we published elsewhere is shown called “Optimal Design” dealing with some geometrical and i
here for completeness. The trajectories of both the hip ankdka ertial parameters as target ones for the optimization g CEhe
joints are used to plan the robot gait on slopes and undouipted second known as “Optimal Operation” utilizes some openatio
those parameters would be the target ones for the optinoizati  parameters for minimizing the cost function.
process. The results we obtained reveal considerable ataaidin We, on the other hand, are looking for any particular fashior
the energy saved for both the ascending and descendingssrfa  of the robot gait to minimize the energy used by the actuator
while keeping the robot stable. The stability criterion vidized while keeping it stable. The stability criterion has beedetito
for both the modeling and then optimization is “Zero Moment  the literature by Vukobratoviet al. [2]. Taking care of the robot
Point”. A comparative study of human evolutionary gaitahdt  stability undoubtedly would apply constraints for the opifia-
operationally optimized robot is also presented. tion process and we hence are not allowed to select the parar
eters at will. Subsequently, a constrained optimizatidreste
needs to be developed by defining lower and upper bounds fc

INTRODUCTION the target parameters.
Requirements for smart mechanisms are developing for ad- Some efforts [3]- [9] have been on the optimization of bipeds
vanced industrial and military demands. The latter paldity but different from the work we carried out here. Quasi optima

has been investigated widely and novel advancements have be gait of a biped robot with a rolling knee kinematic has been re
offered by researchers [1]. Biped robots have received mtich  searched by Hoboet al.[10]. Their simulation results showed
tention recently even for utilizing in battle fields. On théner that the energy consumption of the new biped withing knee
hand, the sensitive situations need to be considered digrefu contact is less than that of the robot with revolute jointdéme
from the point of view of both the stability and optimalityrco Yoon et al. [11] adopted the genetic algorithm for minimizing
cerns. energy consumption. They proposed a new parallel mechanis
Optimality becomes significant where tens of the robots are of biped robots, each of its legs is composed of two 3 - DOF par
supposed to operate in a network (mission) and consequantly allel platforms linked serially. Piaet al.[12] introduced two BP
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networks into train the walking trajectory of robot and deped
the optimal trajectory by the new evolutionary approactedam

particle swarm optimization.

We represent the inverse kinematic and dynamic approaches
reported elsewhere to derive the driving torques with tlaeodi
the Lagrangian method. The optimization process we deeelop
here is for “single support phase” where the robot is only-sup
ported by one leg. The “double support phase” presentsdanit
motions and no sense to optimize it operationally by sciaify
the speed of calculations. Then the problem setup is shown by
explaining how the simulated annealing works and what ae th
constraints. A comparative discussion for human evolatipn
gait and the operationally optimized robot is carried outhie

course of this work.

MATHEMATICAL MODELING

We developed a comprehensive mathematical model [13,14]
using inverse kinematic and dynamic approaches. Fig. 1show
schematic model of the robot. Trajectories for the hip arldean

joints are as follows.

Hmi'n
Ds
FIGURE 1. The robot configuration
Ankle joint:

—Ogs+A t=KTc
— A t=KT+T,

0, — Ob + ct g (1)
g+ t=(k+DTe
gt +A  t=(k+1)Tc+ Ty

kDsCOSA — Z3nSinA

(kDs+ £af) COSA +- ...

LanSin(0p —A) — LatcOgp — A)
(kDs + £a0) COSA
((k+2)Ds— £ap) COSA — ...
LanSin(Qs +A ) + Lapcogqs + A)
(k4 2)DsCosA — £anSinA

kDsSIiNA + £4,COSA

(KDs+ £af)SIiNA + ...

£anCOYOp — A ) +£asSin(gp — A)
(KDs + £a0) SINA + HaoCOSA

Zy = < ((k+2)Ds— Lap) SiNA + ...
LansSin(qs +A)+ ...
(abCOS(TT/2~ (s +A))

(k4 2)DsSinA + £3nCOSA

t =KkT;
t=KkTc+ Ty
t= (k+ Te
t=(k+ DT,
+Ty

2)
t == kTC
t=KkTc+ Ty
t=kTc+Tm
t= (k+ DTe
t= (k+ DTe
+Tq

3)

Similar to the human walking process we apply the follow-

ing boundary conditions.

{ga(ch) =0 B (4)
a(K+1)Tc+Tg) =0
Xa(kTc) =0
{xa((k+ DTe+Tg) =0 ®)
z3(kTe) =0
{'za<<k+ DTe+Tg) = 0 ©
Hip joint:
(KDs + Xeq) COSA t =kTe
Xn =1 (K+1)Ds—Xsq)cosh t=kTe+Tg  (7)
((K+1)Ds+Xeq)COSA  t = (k+1)Te
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HminCOSA + (KDs+ Xeqd) SiNA

t=kTe where £= 3, Ti— 5, Vi. Ti andV; stand for the kinetic and

HmaxCOSA + (KDs+ Xsg) SinA  t = KTe+ potential energies of each link, respectively.
Zh= 05(Tc—Ty) (8)
((K+ 1)Ds+ Xeq) SINA + t=(k+1)Te
Fiminc0SA A= (61,65,65,64, 60, B0 (15)
T = 0.5(m'VG +'1i67) (16)
where,T¢: total traveling time, including single and double sup- Vi = Mgz (17)

port phases[y: double support phase time, which it is regarded
as 20% ofT;, T the time which ankle joint has reached max-
imum height during walking cyclek: step numberH,: ankle

joint maximum height/,o: the horizontal traveled distance be-
tween ankle joint and start point when the ankle joint hashed
its maximum heightDs:step lengthgy, gf: foot lift angle and

where,qis a lumped set of the anglég; is the velocity of mass
center of linki, and 6, indicates the torso deflection from the
vertical axis §). The Lagrangian equation leads to:

contact angle with the level grounggs, gq¢: the ground initial
terrain angles): surface slopeHmin, Hmax the hip minimum
and maximum heights measured from the fixed coordinate sys-

tem, Xeq, Xsg: the distance between the hip and fixed coordinate
system which is supposed to be on the support leg, will be de-

T = H(q)4+C(a,9)q+ G(q) (18)

noted for the instants of the beginning and the end pointhef t

double support phase.

The breakpoints given enable us to fit the following curves

to generate the robot path.

Ba(t) Seaait
Xa(t) > Bt
z(t) =43lout
Xn(t) oo nit
Zy(t) Shwt

The angles of the links hence are obtained by solving theviall

ing nonlinear equations:

whereH, C, andG are mass inertia, coriolis, and gravitational
matrices, respectively, yielding the following equation:

© (11 h12 iz hig hys hyg 91
ho1 hoo hosz hog hps hog 92
hay haz haz haa s hae | | 63 (19)

ha1 hap a3 hag hys hyg 64

hs1 hs hs3 Nsg hss hse | | 6a

| he1 hs2 he3 hea hes s | | Bror
[ci1ci2c13ciacCisCie]| [ 61

C21 C22 C23 C24 C25 C26 62

C31 C32 C33 C34 C35 C36 3 (20)

+
1COS TT— 61) + o cOS TT— _ % 10 C41 C42 C43 Ca4 C45 Cap 04
1.0 1) +(2C04 7T~ 67) = Xasup—Xn (10) Cs1 Cs2 C53 Cs4 Cs5 Cs6 | | Ba
(304 63) +£4C0904) = Xh — Xaswg (11) | Ce1 Co2 Ce3 Co4 Co5 Cep | | Bror
£1sin(1T— 81) + £2SiN(TT— 62) = Zh — Zasup (12) [ Gy T
£3SiN(63) + £4SiN(64) = Zh — Zaswg (13) Gy L7
LS (21)
Gy T4
where, sup and swg stand for the support and swing legs, re- Ga Ta
spectively. Angular velocities and accelerations are ksmwn | Gtor Ttor

by having the links’ angles. The next step is to utilize the La

grangian equation to derive the driving
robot motion based on the paths given,

support phase.
d oty ov
dt\dq,/ dagx

torques neededhier t
obviously for thelsing

The components of the matrices [13] shown above yield thpits
needed for the paths planned. For an exarhpjés shown here by num-
(14) bering the links as support shank=1, support tight=2, svsimank=3,

swing tight=4, swing foot=5, and torso=6.
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TABLE 1. The geometrical and inertial parameters

li—1-ator 0.3m Ds 0.5m
Cab 0.1m lan 0.1m
Lat 0.13m Xed = Xsd 0.23m
lao 0.25m Hao 0.15m
Te 0.9s Ty 0.18s
Tm 0.4s b = Q¢ 0.2rad
Msh 5.7kg m; 10 kg
Mor 43 kg Moot 3.3 kg
Ish 0.08 kg7 lti 0.02 kg#?
ltor 1.4 kg4r? oot 0.01 kg#?

hy1 = [My (€3 + Cealecos By — )] + (M (62 + (2,
+ £1£eCOY 01 — @) + Lc2£eCO 02 — @) + 21 (2
cog 0z — 61))] + [Ma (45 + 5+ (2
+ £1£eC0S(61 — @) + (2LeCOY 6, — @) — Le3leCOY— B3+ @)
+ 20107c04 0, — 61) — 201 43¢0 6, — 63)
— 2lc3c086, — 63))] + [Mu(F + 5+ 13
+ €34+ (10eCOY 61 — @) + (leCOS 6, — @)
— {3lecoq03 — @) — LcaleCOS—B4+ @)
+ 201£2c096, — 61) — 201430863 — 61)
— 2010c4C0Y 61 — O4) — 2230 63 — 62)
— 202006 — 64) + 203(c4COY 65 — 04))]
+ [Me(£2 4+ 03+ 3+ 03+ ¢2
+ (10ec08 01 — @) + {20 CcOK B2 — @)
— (3leCOS(63 — @) — (4l COY 64— @)
— lslecoS@— (11/2) + 65— B) + 2¢1 4o cog 6, — 67)
— 21430465 — 61) — 2(1£4COH 64 — 61)
— 205ty c0q 6 — (11/2) + 65 — B) — 2(2(3¢08 63 — 67)
— 20204C0 64 — 62) — 202(5C04 6, — (11/2) + 65 — B)
+ 2030408 04 — 63) + 20305 c0q 63 — (11/2) + 65 — B)
+ 2040508 0s — (11/2) + 05 — B))] + (5 + (5 + (%
+ (10eCOY 01 — @) + (26 COY B2 — P) + Lcple COS — 66 — ¢ — (71/2))
+ 20102086, — 01) + 2¢1 L6 cOS— 0 — O1 — (71/2))
+ 2020e5c0q 06+ B+ (11/2)) ]+ 11+ 12+ 13+ 14+ 15+ g (22)

Given the geometrical and inertial parameters in Table blena
us to simulate the robot nominal gaits shown in Figs. 2(a) and
2(b), in the Sagittal plane, for the descending and ascgrsin
faces, respectively (with the aid of MATLAB coding).
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FIGURE 2. Nominal gait of the robot in the Sagittal plane: ¢a)=
—10¢° (b) A = +10°

The nominal steps need the following total energies to be
used:

6 /T . N.mrad
Enoma = ‘1,6 = 2003885 -12¢ (23)
S
i=1/Td
6 /T . N.mrad
Enomd = ‘1,6 — 5696866 112¢ (24)
S
i=1/Td

whereEnoma and Enomg Stand for the nominal energies used in
the ascending and descending motions, respectively. T, ro
at the same time, needs to be stable and we can examine it wi
the aid of “Zero Moment Point” criterion. The ZMP is calciddt

as follows.

YL M(geosA + %)% — STy mi(gsinA + %)z — ST, '1i62
Xzmp= n 5
Yiimi(gcosA +%)

(25)
wherex; andZz are mass center’s vertical and horizontal accelera
tion of link i with respect to the fixed coordinate system, respec
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tively. The nominal paths planned satisfy the system stgbil
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0
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4 00000A=10: X
q sw/su
\ \ ‘ : ; 0.4
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Time (s) 0.3f
FIGURE 3. The ZMP for the nominal gaits and the swing leg posi- 0.2f
tions with respect to the support ones o1}
g
g
shown in Fig. 3 indicating(;mps move between the swing and = 0.
support legs. It is straightforward to conclude that theotdb 02 " Nominal
stable by comparing the ZMP’s position with that of the swing ' —.—. Optimal
leg measured from the support ome,(/Xs.). Note that the ZMPs —0.3y '
shown are measured from the coordinate system attached to th 04— = ” v O
support leg. " Time (s) ' '

FIGURE 4. The optimizedk;mp (@) A = —10° (b) A = +10°

Optimization

We then need to optimize the path in order to minimize the
amount of energy used while keeping the robot stable. Oper- This tool helps us optimize the robot path by defining some
ational optimization emerges as of the reliable solutiombe operational parameters for both the hip and ankle jointohs f
question is that how to setup the optimization scheme todavoi |ows:
local minima and subsequently a time consuming process. The
well-known “Simulated Annealing (SA)” algorithm as one bét
global optimization tools looks suitable with respect te firob- 8 = [Ds, Hmin, Hmax ¢ao, Had (26)
lem configuration.

The name of the simulated annealing has been taken from
the annealing process used in the metallurgical studies@sfo
the methods to relieve stress with the aid of “heat treatient
Increasing the system temperature causes higher kinetiggn
for atoms and we, on the other hand, increase the system en-
ergy level. The next step is to cool the system down gradually
in the ambient temperature. Doing this decreases the system
ergy level and gives freedoms to atoms to find the positiotis wi ] & T
minimum internal energy. The method was independentlyldeve minE = m'”_Zl/T ni6 (27)
oped by Kirkpatricket al. [15] and by Cerny [16]. The method =1
is an adaptation of the Metropolis-Hastings algorithm, ankéo
Carlo method generating sample states of a thermodynamtic sy Note that we are not allowed to select the parameters at wil
tem, introduced by Rosenbluth in a paper by Metropetial. in where the stability issue needs to be regarded. The syatditce
1953 [17]. applies constraints on the optimization task by defininggioand

Note that our approach is the path planning with the aid of the
breakpoints given and logically the optimization needsdaér-
ried out on some critical breakpoints generating the patiss
method covers all search domain and yields global minim&. Th
cost function we need to minimize is as below.
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FIGURE 5. Stick Diagrams for the nominal and optimal responses:
@A =-10 (b)A = +1C°

upper bounds for those parameters as the following:

Bmin = [0.1,0.55,0.62,0.05,0.1]
Bmax = [0.5,0.6,0.67,0.3,0.25]

(28)
(29)

Another point we have to be cautious is the initial guesses
sometimes causing to be trapped in local minima. The salutio
is to utilize random initial guesses as below.

Dy = Dg|+ (Dsu— Dgj)rand(0,1) (30)
Laoo = Laol + (Laou— Laol)rand(0,1) (31)
Hmino = Hminl + (Hminu— Hmini)rand(0,1) (32)
Hmaxo = Hmaxi + (Hmaxu— Hmaxi)rand(0,1) (33)
Haoo = Haol + (Haou— Haol)rand(0,1) (34)
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FIGURE 6. The optimized/ao: (8)A = —10° (b) A = +10°

DISCUSSION

Figs. 4(a) and 4(b) show a set &ms for both the de-
scending and ascending surfaces, respectively, illirstydtow
the simulated annealing works. Using the random initiakges
the algorithm generates the paths optimized to minimizestie
ergy used. The unstable regions stated above are showrhaith t
aid of dashed blue circles.

Shown in Figs. 5(a) and 5(b) are stick diagrams for the robo
motion using both the nominal and optimal parameters. The& so
red and blue lines presenting the swing and support legseces
tively, stand for the nominal and the dashed ones for ther@bti
gait. The optimization for the target parameters are shawn i
Figs. 6-11. It is of great interest to distinguish that thbab
paths optimized correspond the human evolutionary gait.

This claim is supported by Figs. 6(a) and 6(b) indicating a
considerable smaller value 6§, than the nominal value (0.25
m). This can be translated as follows. For the human gait, thi
maximum height for the swing ankle happens too close to the
position it leaves the ground. The optimizégds shown in Figs.

where rand(0,1) is a random number between zero and one. We6(a) and 6(b) confirm such avolutionarybehavior minimizing

developed a code in MATLAB and captured remarkable results.

6

the energy used. Logically we may also expect a smaller valu
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FIGURE 7. The optimizedHao: (@) A = —10° (b) A = +10°

for the swing ankle height than its nominal value (0.16 m)ckhi
is supported by the optimization process shown in Figs. aifd)
7(b). Increasing the value df,, needs more energy to drive
the robot and, at the same time, the stability issue becomes m
critical; we may experience it physically by walking witheth
nominallyo andHye. We, on the other hand, would need more
torques to step with higher values@f andHy, for a fixedDs.
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0.3pd
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0.1 ! '
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Itreation number

o

1500

FIGURE 8. The optimizeds: (8)A = —10° (b) A = +10°

The same behavior is valid for the maximum hip height by pre-
senting a higher value dfinax for the descending surface and
the unchanged one for the ascending slope. These can be int
preted with the aid of the fact that the higher valuéigf,x leads

to smaller ranges ofi_1_4 than those of the nominal gait and
hence we need to consume less energy to drive the links. Th
claim can be visualized in Figs. 5(a) and 5(b). Note that the h

Random initial guesses can be observed for the parametersman gait is similar to the robot optimized path and consetiyien

optimized trying to escape from local minima as shown in Fig.

6(a). The algorithm terminates after 1500 iterations adggr

isfying the tolerances defined for both the parameters astl co

function; we here defined it as 1.

we use minimum energy for our daily walking process.

Figs. 11(a) and 11(b) show the optimized energies reveal
ing considerable amounts of the energy saving with respect t
the nominal values particularly for the descending slopthas

Note that we fixed the time interval of the robot operation gravity helps the motion.

and hence the best option for the step si2g),(similar to the

human gait, is the maximum value. This is shown in Figs. 8(a)

and 8(b) indicatindds; = Dgg ~ 0.5 m. This seems logical in the
sense that a smaller value Bf needs more steps at that fixed
time interval and clearly higher energy used.

Shown in Fig. 9(a) is the minimum hip height df= —10°
considerably lower than that of the nominal one whereasitsey

E
AE, = (1 °pa) ~ 25% (35)
noa
. Eopd
AEq = (1— ~ 89% (36)
Enod

for A = 10° remains almost unchanged, as shown in Fig. 9(b). where, E,, and Eop stand for the nominal and optimal ener-

7
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FIGURE 9. The optimizedHmin: (@)A = —1C° (b) A = +1C°

TABLE 2. The nominal and optimal parameters for= —10° and
A=10

Nominal | A =—-10° | A =10°
lao | 0.25m | 0.062m | 0.05m
Hao | 0.16m 0.1m 0.15m
Hmin 0.6m 0.55m 0.6m

Hmax | 0.62m 0.65m 0.62m
Ds 0.5m 0.5m 0.4992m

gies used, respectively. These remarkable amounts of #rgyen
saved uncover the reason for the evolutionary fashion ofithe
man gait particularly knowing that it happens millions ahés
in his/her life.

A list of both the nominal and optimal parameters is shown
in Table 2.

0.67

0.66

max (T”)

500 1000

1500
Itreation number
0.67
0.66
0.61 ! ;
500 1000 1500

Itreation number

FIGURE 10. The optimizeHmax (@)A = —10° (b) A = +10°

CONCLUSION

In this effort we utilized the well-known simulated annaegli
algorithm to optimize the operation of a seven link bipedatob
in order to minimize the energy used. We selected both theeank
and hip joints’ parameters, based on the path planning rdethc
utilized, to be optimized regarding the constraints aplig the
robot stability criterion which is so-called Zero Momentifto

The parameters optimized reveal interesting points emplai
ing the reason of the human evolutionary gait where the maxi
mum height of the swing ankle happens too close to the pasitio
it leaves the ground helping to consume the minimum energy
On the other hand, the smaller valueggfandH;o and also the
higher value oHmax for the descending surface help reduce the
links’ angular velocities leading to a higher amount of thergy
saved.

We captured remarkable values of the energy saving upwar
of 25% and 80% for the ascending and descending slopes, r
spectively, explaining why we need to step like the paths$ opt
mized for the robot. The next effort will be on the optimizati
of combined trajectory paths of the robot.
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