929 &K 7 W
2012 47 H

=HERE KA
Control Theory & Applications

Vol. 29 No. 7
Jul. 2012

WES: 1000—8152(2012)07—0867—10

& JR A= R R TR R IAE T N RT3 8528 3l 22 K 1 N H

1 5|3 (Introduction)

¥, THR%E, PhrT
FRIHR 2 L NSRS 0, 1195 54 215021)

FEE: {5 N\ R T5 R 138 324 (TK) ) 8] e 4k A 2530 1R e /M ) 81, SR B BB Ak D vk s fige. A 76 4 R (HS) e A5
PR INAE 5 SR S IR 0 —Fh 8 & IR R, H BT M AR AEDL 28 AU 10012 Bl 2 () 150 43 21 8 T
A SR YRR TR TR B 4 R N 48R TV (GHSA), 07 EAE A A 8 R S0E T 5 | AR B 1E (PSO), SR
FHRL 7T SR R AR MR P 48 R S b 1K R R W BB RN 7, T8 IR 7 B DA S RO AR 200 R 5 37 R 7 AR Ao
13 BT B 6 R A A A RAR R 5 3 3 TF A (A1 6 7 RIS AR B ) N A S B VR 30 B A v Bk 1 = 3 St A e ),
R BN ZR 27 VESGE T 2RI R ) SRR Sk, 7R stEat - 2L B th B (7-DOFR)JU AR 15 N R 15 2k 1)
2 18 DL R T3 AR g 87 8% 2 R B 3T S Fia b K S0 I B B0 SR P GHS ALV SR A L1008 By 24 (IK) 1) 781, B0 477 3L
gE PR T Z TR AN N R T8 118 52 ) R — g 3005 %

RIA: AR A R TR, B B BTN R, W8 325 kg

FE S ES: TP18 XEAFRIRAD: A

A global harmony search algorithm and its application to

inverse kinematics problem for humanoid arm
REN Zi-wu, WANG Zhen-hua, SUN Li-ning

(Robotics and Microsystems Centre, Soochow University, Suzhou Jiangsu 215021, China)

Abstract: The inverse kinematics (IK) problem of humanoid arm can be solved by using numerical optimization method,
which is essentially an equivalent minimization problem. The harmony search (HS) is a meta-heuristic optimization method
which mimics behaviors of music players in an improvisation process. To the best of our knowledge, there is very little
research work on HS for inverse kinematics problem of robot manipulator. In this paper, an effective global harmony search
algorithm (GHSA) based on the swarm intelligence is developed to solve the optimization problem. The GHSA combines
the particle swarm optimization (PSO) with HS, and adopts the PSO operation to produce new improvisation instead of
regular search rules of harmony search. The improvisation step based on the movement of harmony particles with self-
cognitive and swarm behavior in GHSA makes the algorithm strive for a well balance between the global exploration and
the local exploitation. Also, the GHSA performs the uniform mutation operation to get rid of the local optimum. The
experimental results of benchmark functions show that the GHSA algorithm greatly improves both the global optimization
performance and the reliability performance. Based on these, the 7-degree of freedom (7-DOF) redundant humanoid arm
is used as an example, and the end-effector error (position and orientation) and the comfortable level of the humanoid arm
constitute the fitness function of the GHSA. The proposed GHSA has been applied to solve the inverse kinematics problem
of the 7-DOF redundant humanoid arm; numerical simulation results demonstrate the effectiveness of this algorithm.

Key words: harmony search algorithm; particle swarm optimization; 7-DOF humanoid arm; inverse kinematics solution

R, U BT SR L8 45 ) ] B P LB 380

2 ML AR i AT 25 XA B, SRIDUA
F RN EER A Bl N ia g2, Hlas Nz s
I EAE LA NP R | 38 B85 S AL A AR
3] 73 A b B A AR .

— ML N3 AE Bl 2 el AU SR AR vk o3 R s 1A
TR AN Uy ik, e rb B PR R AR AT OBk AL
Ty, B AR SR A BE TR, 5 il i BITAT vl e, AR
111y AT R 9 AT MRS DL AR e WL R 5 A L AT

ek H 8 2011—07—17; W& ook H 3#1: 2012—01-09.
EETH: EXRARRFAEEE I H (61005071).

gl BB AR A, — L83 )7 40 Newton-
Raphsonik 2| 125 W 4 5 v 31 K gt A Sy S 4 i
18 5)) 2% [ 1 45 2 WY . Newton-RaphsonyZ: =K fif isf
FEAFIOT 7 50, AFL AR T T S AR SR AR d5 /)M 1) R,
FEFAR S RS MO T WER AR I 5 BRI L A28 %
287k I I A 2] W R B S H O LS N T
RORAE AR T 5 % S0 R BE WA 5C 3R, BT
SR B RS 5 ) W 4%, A IR0 28 32 Ak VE REAS



868 E T I o

YoM A %29 %

AEAS 2R IFPRAIE; 15245 557 (genetic algorithm, GA) /&
I FA R IFAT 18 R AR P SR AR 1032 5 2 ) J, AELHE
FRIB A EVEAE R AAR ) RS A7 AT L 38 S i Sl 1
15 S5 BB, 50 E A DA LA 2 B0 B SRR A4
i) 5B SR 8% ) S 55 .

ARk, —Mopr B 8 R AR R 7 VE—R
% (harmony search, HS)!% 5| it A 2 24 3 M k. Fil
PR T IR A THE 25 SR 22 rh R A S I 2 1
B T HSA T HOF A RAF I R Rer I,
H AT O e — S 5B 4B DA 55 TR ) i 453
BRIz I,

HSSLE i T HOBAE L SRy ri CAESE Btk
i) j 45 285 20 N, AR RN P 4 R T VR AE R R
A A ) R AT A7 AR 3 WSl dsE i A R R,
i PRI B ), TSR AR SRR T S AR
AL SRR FR) AR P40 R B0 G ) P R 75 e o A R
R 5 K 22 1 719 2 U B M 3R (PAR) B ] B3 7 58
(bu)VOV il 9E £1 A B B & B 3l 25 1 TTPAR Kby 2
H G el SR R g AR R A AL A PR
Hh g AR R U121 R | N AR 150 2 S R 1 SOt 75 4
BRIP4l 4 HoAth— Lo B0k g /N Sy R
VA RS I 22 43 AR TV AR R B IR 45 BN A 8 R Ty
%, DR m A e

ASCAEM R R R AR b, SR — P4 R i
4 2% 57 7% (global harmony search algorithm, GHSA),
2TV FIORL I S AR R SR o (R 48 R
QPR BT, - SRR 22 0] 2 S R R R T
RNAIRE S, [R) I B34 5 |ON AR S 45 189 o S0 8k
Je s b DAL RE 5 R vHE B B0 R W A B G T
G R R RE ) AL E R el SE k. A8 ph LAt E
K GHSASLIE N T -8 A H EE(7-DOF)fii N R 158
WE B S SR ) AU, U 1A R R Tk
UESEYGE
2 H¥EIRPE K438 (The principle and descrip-

tion of algorithm)

PR A2 Jy R 75 $0 R 01, SR B A
MR R EE e Sk i AN P R k.
2.1 HS, IHS, GHS A1 SGHS # 7%(HS, IHS, GHS

and SGHS algorithms)
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Fig. 1 The principle of harmony search algorithm.
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Table 1 Results over 20 independent runs of five algorithms(dimension n = 50, generations 7' = 70000)

R SR HS IHS GHS SGHS GHSA
L 2.0568E+02 1.8083E+02 2.4973E-05 1.6747E-08 4.0978E-19
s SEF) O 3.4225B+02  2.9901E+02  8.1459E-01 6.9811E-03  6.1632E-18
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FrvfEZ  8.5296E+01  7.0253E+01 2.0562 2.8689E-02  6.8839E-18
WA 3.3401B+05  4.3442E+05 2.5389E+01  8.0946E+01  7.6859E-02
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s SEH) 5.4689E+01  6.2705E+01 1.5168 3.0807 9.9506E-02
’ 7% 6.5732E+01 7.0956E+01 7.6154 6.9647 9.9496E-01
bl 22 6.8370 5.0661 2.0506 1.7642 3.0620E-01
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BHERIFMHHERENC = T x O(n), H
FO(n) R FE VA TH L — U0E I AR I 2 R L
R GHS A S [|] 3 DU A 5 v vk S S R BE IR 22 5
FEI N SFAE VPN — UK N A B 2% B 1 1) DX ).



TN EEAH

TE VA

T VAR

TENEAH

872 BowOE 5 N M %29 %
10° : : : : : L8 Rl — v LT A [R5 Y. B oh & Ik 3

X104

0 1 2 3 4 5

HEAAREL
(a) f1— Spherical A%

X104

BEALARHL
(b) fo— Rosenbrock B £}

0 |
10 GHSA -l
107 F ]

_9 i | I I 1 1 L :><104
107, 1 9 3 4 5 6 7

HEALAREL
(c) f3— RastigrinpA%i

10_‘ ( t/.. ................ 7
4 SGHS
10 ) A
1
10°°7 Ve |
ol GHSA ™ 1
i | , | ) | L X 10*
ety : . : 4 5 6 7

HEAARE
(d) fi— Ackley Rk

B 2 S AN SE AL IZ AT 2000 T 4304 i £ LA

Kl(n = 50, T = 70000)

Fig. 2 Average evolution curves over 20 independent runs of

five algorithms(n = 50, 7" = 70000)
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CPUFEI IS 1) L5 vH SEHUAE AR IC & 4 3R 5 S s
IEEW M EETICES SUEE 2L NISE S AP IPS
T PR e AE A )3 7 S8 A bR 5o SR K A e i)
B Ja SHUUE R . NG AA B/ A S GHS ASLVEAT
SRR RE.

3 GHSABIEH T A RT3 (7-DOF)i¥iis
Bl) % 3K f# (Inverse kinematics problem for 7—
DOF humanoid arm using GHSA)
7E LA FGHSATT LBl I, N A T6 H

JEPT N RIS s s 2 K g b, F s izt

H TN R T ) IEIE 8.

31 -EAMEMGARTE EZES %7 HT(Kinem-

atics analysis of 7-DOF humanoid arm)

% & B3 s I RV R 2E LS A P et
f1-& B B R TG 45 B (HIT-ARM) ¢ 35 45 #4)
B, RIYE R AD, JH O RN OB L,
IR O E O L, J 0 S BRAF PO BN L,
S Wt F AR R 2 2 W HIT-ARM AL+ H
AT N R TG R #5074 1 RESE .

as

JHL € D

B3 B A N S () S5 S R L 1R ()
Fig. 3 Practical model (left) and joint model (right) of

7-DOF humanoid arm

MEBRIE, i N RITE TR R ey ~ ar
gilivs)
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=(0,1,0), az = (1,0,0),
a3 = (0,0,1), ay = (1,0,0),
=(0,0,1), ag = (1,0,0),
a7; = (0,1,0).
T XR TG JE W2 B 7 S f RN
q = (91,92, 93,94, 95, 96, 97);
ST N RIS IEIE 3 2, T R 158 S M
%(pj,R ):
p; = pi + R;bj,
Rj = RiRa,(q)),
A py, RN BEEFAE A FARER 2R T I 20 A7
% aj, by A BEEF AR ZR TP O Sl R B S AR bR IR
MALE: Ra, (q;) N 5%Ha ;¥ 5 q; I I TERE R, i
B RTIE T LR Rodrigues 3R HL

A7)

( Raj (qj) =
exp{ajq;} = E+ ajsing; + &?(1 —cos qj),
A
Ay 0 —a, ay (18)
a=|ay = a, 0 —ay
L ay ay ax 0
AP B PR R .

&2 T-DOFF AR ST X A L E
Table 2 Joint range of 7-DOF humanoid arm

KT @ g2 qs qa s g g7

TRRAC)  -120 -130 -170 20 -130 -90 -60
ERE/CC) 40 10 90 120 130 90 60

B AL 2 M po, R, 5 AT AE H F AR BR
%TE’JQ% P IA A, Ri(i=1,2,---,7), W
S ﬁfﬁﬁjdr/z%?%i‘%ﬁﬁﬁﬂuﬁJJT"”'J
H

R, = Ry - Ry(q1), Ry = Ry - Rx(q2),

R3 = R;- R,(q3), Ry = R3 - Ry(qu), (19)
Rs; =R, - R,(q5), Rs = R5 - Ry(ge),

| B = Re - Ry(q7),

pr=po+ Ry b1, by =[0 —D 0]",
p2=p1+ Ry by, by=1[0 0 0]T,
p3s=p2+ Ry - b3, bs=1[0 0 0]T,

P4 =p3+ R3 - by, b4—[ 0 — L%, (20)
DP5 = ps + Ry - b, b5—[0 0 — Lo]",

Ps =ps + Rs - bg, bg = [0 0 0]T,

pr =ps+ R - b7, by =[0 0 0]

3.2 % TGHSAH i A R 75 (7-DOF)i¥i iz 5
2% 3K fi# (Inverse kinematics solution for 7-DOF
humanoid arm based on GHSA)

KIHGHSAJT V23K 15 N R 5 (7-DOF) ) 1%
&8y, i VPO CIZ e b A A R H bR s 3L
321 5 ARV 55 5 2 K g A B A (Basic

ideas of inverse kinematics solution for hu-
manoid arm)

% L8R H IEiz 8)) %7, il R [l o5 B ARid
FEAT 231 22 R B B err, R A SC 4 JRy F S 8 R A
AERMKTT A S Mqi(i = 1,2,--- )T Wl fiE
HUEZH & B A AT AR & b 4l D B D0 Bl e pI Ak,
il S R 588 H bR AT AL 28 0% 22 R B0 /), 31X
He U N R T a8 5)) 2 R AR A AR
3.2.2  WiiE B 2 HUHE K M & T B B % BX(The

fitness function selection for inverse kinemat-
ics numerical solution)

— ALK SEHA R B e it
AR R TR HAREF AL (p, R)HIE T 45 %€ (1)
H bR IEAF A7 2 (pret, RYeh), REGEAEARAL VR IT  X
(10038 1. FEE R BB B /M. A7 233 72 A ORI IEAT A7 %2
RETTUHIER NAp =0HAR=E .

W T B B BRI 2 TR R4,
DKL HA A TG 55 22 A1 30038 By 27 Al ] ik R 175 R i
RS HK. R ] 3 10 G714 f 452 28 9 2% 18 S By
HIT-ARM#Y R I %515 BE Y [, AE 05 N R T
s g R g b SN “RPIE R (R R T
8B IR PR ) FE A A L e /K DL LM
— 1.

M =
maxuﬂ‘ ,%|
a2 G
qr — qmld
",|WH =1,2,---,7, (21)
7

s gmin, gmidRlgmax oy 5l $i5 O fi N R i
Je b BRAE, pofE /N 3% 58 I R ) 45 DT A oz 2
RATHI R, po > 1RSSR IR 6t A7 15 £
BRAV.
MR DL 05 N H bR AT 7 28 K J “ &7 1
B A bR dae DMEEE SR, GHS AR VA T pR H0E
min f(q) = err(Ap, AR) +a-p,  (22)
A @ RN RITE R i, “RPIERE” &
KQDITZR, a > 04 [l E 1)/ “ K7 B 7 BUHE, *f
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YoM A %29 %

RIGTE AR SR 22 M “ R B () nLA-~F-4ir; H
PRI RT A 217 22 bR Bllerr (Ap, AR) A S R

err(Ap, AR) =
err(p™ —p, R" R*") = | Ap|*+|| Aw|]?,
Aw = (InAR)" =
[0 0 0], AR=E, ¥
9 AT32 — Ar23
. A’I“lg — AT31 ; AR 7é E,
2sin 6
L A’I“Ql — A’I"lg
Hor:

ATH Arlg A?“lg

AR = AT21 ATQQ AT‘23 5 (24)
AT31 AT32 AT33
A A Argg — 1
0 = arccos( Tu + Araz + AT ). (25)

2
AR LTI R AR Sty 437 2858 25 F1 R T R RIS R
J PR3 N BRI, 5 I TR A AL R Ko, 8
IS SRR BB A TR
T EAA.

4 {5 E 525 (Simulation)

WU &3 T-DOFY; N R I3 5G5S i A,
Hep: J{%ED = 0.14m, FEFOERNOKEL =
0.26 m, FEFLORBEOER Ly = 0.25m, Fih 3
OB Ly = 0.14 m; B JH O oA AR 2R (1)
J5 gk, S 223 5l Ape = [0.00 0.14 0.00]T m,
Ry = E; 2 05 N RT3 HARIEF ERITOALE Y
ps = [025 0.14 — 0.25]Tm, BRINTEEN Ry =
Ripy(m/2,—7/2,0) = R,(0)Ry(—7/2)Rx(7/2),
T Ao R 23 SR IR IR AT R g 1) A7 s
Ao alA

R; = Rg, (26)
pr=ps—R;-[00 —L3]" =
[0.25 0 —0.25]T, (27)

N R FIHSE!, THSU Y, GHSH2!, SGHSHSIAIA

W GHSA 3K i iR 7T-DOFR I i iz 5 % ]
A, A B LR RARTERE. & VAR BT
At AEHCR RGO A HE B = 7; AR R2 T
I KA (i = 1,2, 7)BEIEE 54

[—120°,40°], [-130°,10°], [~170°,90°],

[—20°,120°], [-130°,130°], [—90°,90°],

[—60°,60°],
TN R A ) “RTIE T R Ba = 1075,
I KHEARELT = 50000; 5 5521042 2 AR AR

¥ HHMS = 7; HS, IHSHIGHSH 110 12 48 & fif
HMCR#S 450.90; HSH 2 &% 12 I 4 H PAR =
0.30, by = 0.01; THSTIGHS 5 v 35 5 1 % ik
EPARmin = 0.01, PARmax = 0.99; THS 535717 5
bywmin = 0.0001, bymax = (2™ — ™) /20; SGHS
A0 R MR EHMCRm = 0.98, 3% &
BN B PARm = 0.90, i % 2 bymin =
0.0005, bymax = (2™ — ™) /10, 5 & SR
LP = 100; A 3L GHSA 54 3% Py, = 0.12,
PAPER R B (10) T wimin = 0.01, wmax = 0.50,
R AT Rk = 0.25, K Q) AT~ 1)
P75 AT R S IE N RE BR B 4y ) HSTO,
THS!', GHSU?!, SGHS!'8URIGHS AS i il 37 35 47
107K, K3 R 1558 W18 5)) 2% ) 845 576 koS -
PETOIR I S [ 45 2.

K3 B ARITR B 5 F FIAIRZEATIOR
sER IR
Table 3 Results over 10 independent runs of
inverse kinematics problem for

7-DOF humanoid arm
Il B 7 FrUEZE
HS 3.0108E—4 1.2813E-3 2.1508E-3 6.2001E—4
IHS 4.0206E-5 3.9845E—4 2.4668E-3 7.5645E4
GHS 3.1471E-2 1.2420E-1 2.1103E-1 4.9980E-2

SGHS 1.2351E4 1.2206E-3 6.4138E-3 2.3005E-3
GHSA 7.1646E-6 4.2629E-5 1.6827E-4 7.0254E-5

MW Y, GHSASL KRB A R TY
B 518 By 2% r) M SLIZ AT 1000 B AL« P4« fi
G VARG L KA (0 b HE Z2 A IO T 4 Fh
J7 WA NAE, UG GHSASL VL AE SR AR R 158 1
B E A A EAME BAT R AR I, B R AT AR A
SE VEs 4y SPEANTR] 5 23R fif R 19 B 132 5 2 )
AL 350 1t A 2 LR, 1] v B i 2 B 6 T AR
SCGHSAJSVER KT A th A N RIS 112 52
) A7 2

& i
=107

i T IS
10_4? GHSA el E

10*57 1 I 1 I | | 1 1 | X10*
00 05 1.0 15 20 25 3.0 35 4.0 45 5.0

HEARACKL
Bl 4 ANTRISE SR AR R T8 a2l 2 i) Y-S 1A b 2

Fig. 4 Average evolution curves of different algorithms on

inverse kinematics problem of humanoid arm
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Syt — BRI A ST GHS A SV 3R L 7-DOFA; A
RIGE I )% KL 2, BSHGHSAS 7K fig
IR IE B 2 ) S LR f = 7.1646 x 1070/
TG C R B AL I AR I, 6 N R ZEerr(Ap, AR) =
1.1290 x 1075, “HFIERE” = 0.6036, HH )W R 15
KATHREA

qg=[—-0.7799 —0.7846 0.0077 1.6100
0.9395 0.5034 — 0.5755]rad.

MESHR] Y, GHSASE i i e pry ik Ak i £&
PR T 17 Al 3T, RE O SR IR AR R R
WIE B 2 AR B6 0k X B SR R T R 103 B 27 fif
28 Adamsiz 2 °7 4 U FIEEAA E T K. Ko
Fzs ¥1-6 B A B R 35 B AT 2 T Pl 6
BRI A B R B S A AL R, BRT I
N R AR IE TR R 25, R PRI e
SRS RV

—6 L | 1
1000 10 20 30 40 50

HEALARHL
K5 GHS AL UL R 3 e oy B (i 100 Hh 2
Fig. 5 Typical evolution curves of fitness value of GHSA

K6 LA H g N R I AT 2 A L
Fig. 6 Position and orientation of 7-DOF humanoid arm

configurations

1S I PEAR 95 R L A AL b (e T BR A
BRI T ms P 75 56 R TR I8 B KA« o BRI
2T SR B 1Bz 3l 2 voF B s AT Bl ) B e
42 6 A5 BT AT B BB VA, SR IR GHS ASE i
I FAEEACTH SR T-DOF; N R 75 i) iz
gy ), I ZR R BRI — TR T
RGO H e, X o A A S R T R LA 1]
s Ia B S KT & AT A R AR

5 4Z5i&(Conclusion)

A SCHRE Y —Fh 4 ey F1 % 48 2 5L (GHSA), 1%
T3 VR FE TR T BE R B8 S0 R B BT RN R, T8 Ik
T 1 B DR B A SRR R T R S AR IR A T
My VL s 1) 4 SR AR R B R R TT K TR RE D,
PRV SO () e AR S i 4 0 9 59 VA AE
i R 52 A0 A T A0 T it o i 2R o A oA Ry
H R 2 W A bE T At Pl it R0 R L%
TEME B A BW BA A, AR B3 —Fh
K TGHSARVEM A A B N R 15 E Wiz 52
KA T, SR LR T R R i 67 43 % 22 F<RY &
B He b i) gt 3 N oR £, JEREAT R I5H 112 5%
THELIAIE, (7 B R W] T B SR IR 9 12 5))
R R A

ook TAER 3t — 20 o Wiz oy 2 B fi s ad
2 PEFNAR S AR S 45 Ak 20 S 0 SRV A P i ) 52
Wi, o3 B “ 87 386 B BRI S H080N 55 K 1%
T3 2 N T B N Ak At — S AR A 1),
WA N RS S EHHR . IR T 45
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