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Abstr~ ：To deal with the minimuiil time motion path planning(MTMPP)of robot manipulators to execute point-to- 

point work task．a novel hybrid evolutionary computation simulated anne~ ng algorithm EC SA and an algorithm EC SA—DP 

c0咖biniIlg EC SA and黜 special optin]izafion techniques wel"e presented．The~vantages of novel optm a algorithm were 

dc!ll如脚舡曲耐t}liDIlgIl a comp~iso／1 with existing preferable elastic fle￡meⅡ (ENM)and舢 other algorithms such 

as simple genetic algorithm(SGA)and simulated annealing(SA)algorithm．In addition，virtual simulation expcdn~ts were 

carded out on the control platform based O11 projective virtual reality(PVR)technology．The virtual experimental results show 

that the precision ofprojective operability is greatly enhanced in the virtual environment． 

Key words：mininlunl time motion path planning；evolution c0咖puta五on；simulaU~ ante ing；elastic net me 0d；sire- 

pie genetic algorithm；projective virtual reality 

cLc nm ber：TP241．2 I]~ommnt code：A 

两种求解机械手最短时间动作路径规划的新算法及其 
。 

在基于 PVR技术的控制平台上的实现 

罗 熊，樊晓平 

(中南大学 信息科学与工程学院，湖南 长沙 410083) 

摘要：针对机械手在执行点到点的工作任务中所遇到的两类最短时间动作路径规划(MIMPP)问题 ，分别提出 

了新的混合型进化计算模拟退火(EC SA)算法以及将EC SA算法与一些优化技术结合使用的EC SA．DP算法． 

通过与目前较好的求解算法(如弹性网络方法 ENM)以及其它一些近似优化算法(如遗传算法和模拟退火算法等) 

所进行的数值仿真比较，验证了EC SA算法在处理复杂工作任务时的高效性．这些算法在基于投射式虚拟现实 

(PvR)技术的控制平台上进行了虚拟仿真实现，仿真结果表明可有效地提高虚拟环境中的投射式操作精度． 

关键词：最短时间动作路径规划；进化计算；模拟退火；弹性网络方法；简单遗传算法；投射式虚拟现实 

1 Introduction 

The minirflunl time motion path planning(MTMPP) 

of robot manipulators is always the hot spot in the re— 

search丘eld of robo ts in the foregone forty years． 

Th ere are so1"~ sophisticated and high-po wered opti— 

mal control algorithms conceming NⅡ姗 of robot mR- 

nipulators opcraang with relatively simple motionsu-3j
． 

These~orithms can find the minimum time motion a— 

long a specified path for a manipulator．To the end， 

many researchers pay much attention tO the manipulator’S 

path planning task called point-to-point(P1[P)．It illeans 

that the manipulator has tO move between work po ints 

and must reach an d stop at each work po int．In fact，the 

optimization of PTP task can be  treated as the well— 

known traveling salesman problem (TSP)approximate一 

．
Some representative research achievements can be 

found at[4，5]． 

Unfommately， however， there are some comlnon 

drawbacks and deficiencies in these existing literatures， 

which can be gen eralized as follows： 

Received date．20O2—12—16；Revised date：2OO3—06—10． 

岫d砸0n item： medbytheNationalNatural Science F．otmdafio~l ofChina(69975OO3)；the 咖d撕伽 farUniversity KeyTeachersbytheMini of 

E面唆吐i0n ofChina([a~02165)． 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No．5 LUO Xiong 嚣  ～ 7。。 
1)The number of work points was considered to be 

relatively small，and some precise solution algorithms 

for TSP were used， which restricted the application 

scopes of the algorithms． 

2)The mathematic model used in this problem was 

too sim ple and the optimization problem was simplified 

f more excessively．which could not embody the es— 

sential characters of the initial problem completely． 

In order to get over the lack of earlier approaches，the 

optimal problem is considered in this paper thoroughly 

and novel hybrid evolutionary computation simulated an— 

nealing algorithms．EC SA and EC SA—DP ale pre— 

sented． 

Initiated by Freund and Rossmann in 1997，projective 

virtual reality(PVR)technology is a new approach used 

to control and supervise robots and other automa tion sys— 

tems ．PVR can get over many restrictions existing in 

most other teleope ration  approaches presented so far．In 

order to provide the supervision capability and further 

simplify users’jobs to command different tasks，many 

images and metaphors in the virtual world had been de ·。 

veloped to support the intuitive operability and con— 

trol ．In this paper，on the PVR-based co ntrol plat— 

form，the graphic sim ulation software is developed using 

the proposed new algorithms，and a useful metaphor is 

gotten to strengthen and improve the pe rform an ce of 

PVR systems． 

2 Problem statement 

Th e F1V-oriented MTMPP can be regarded as the TSP 

approximately．Th e presuppositions for the ap plication 

of TSP in MTMPP of PTP task can be generalized as 

follows． 

1)There ale N work points in the workspace that 

must be visited bY manipulators one by one when it exe— 

cutes the given work task． 

2)There was a presupposition appeared in 【5 J． 

Namely，the visiting order of N work po ints is unre— 

stricted，i．e．，the precedence relationship to visit two 

arbitrary po ints does not affect the accomplishing of the 

work task．However．it restricts the application area of 

form er algorithms． 

Here the propo sed algorithms will be used not only in 

unrestricted but also in restricted visiting．Th e de tails 

should be  presented in the next section． 

3)Th e discussed robot manipulator is non—redundant． 

Its degree—of-freedom(D0F)is n．The number of di— 

mensions of workspace is unrestricted and de noted as T 

(T usually be 3)． 

Th e go al of the algorithms presented here is to find an 

optimal cycle path for manipulators to visit N work 

po ints． 

3 Algorithms for PTP-oriented MTMPP 

of robot manipulators 

3．1 With unique configuration in each work 

point 

In this case，N work points@ = (c臼，l’c臼．2，⋯， 

c臼．Ⅳ)are given，where，Co，i has only an unique con— 

figuration(1≤ i≤ J7、『)． 

Based on the algorithm by Luo and Fan ，a novel 

hybrid evolutionary co mputation sim ulated annealing al— 

go rithrn EC SA for this class of MTMPP is presented as 

follows． 

Algoritlma EC SA 

1)k一0；∥Initialize counter 

2)Initialize(Terc~emture(|i}))； 

ff Initialize annealing temperature 

3)∥Generate the initial population．Here，an indi— 

f vidual is a motion cycle path of manipulator 

f which is just one of the arrangements for work 

∥points(c臼．1’Co，2，Co，3，⋯，G臼，N)． 

Initialize(Population(k))； 

∥=( (1)， (2)，⋯， (』、r)) 

4)EvaluateObjectFunction(Population(k))； 

∥=( (1))，厂( (2))，⋯， (』、r))) 

5)EvaluateFimess(Population(k))； 

∥ =(F( (1))，F( (2))，⋯，F( (』、r)) 

6)TenninationCriterion=FALSE； 

7)While(!TenninationCriterion) 

{ 

8)k— k+1； 

9)Population(k一1)( )~--Select(Population(k一 

1))；∥Selection Operator 

10)Pooulation(k一1)( )~--Crossover(Population 

(k一1)( ))；∥Crossover Operator 

11)Population(k一1) )-,-Mutation(Population(k 

一 1)( ’)；∥Mutation Operator 

12)Population(k一1)( )~--Inversion(Population(k 

一 1) )；∥Inversion Operator 

13)}}Generate new individual from the old one 
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f according to certain strategies． 

}Those individuals will be accepted or refused 

f according to Metropolis Criterion． 

14)for( =1；i<=N； ++) ． 
’  

{ 

15)Generate Pk—l(i) from Pk—l( )‘ ； 

16)∥Strategy I：For certain consecutive sections of 

f the current motion path，those draw—out points 

f are rearranged with the 

f contrary order corresponding to the quondam 

f order and those points are used to replace the 

ff former ones． 

f Strategy ll：Delete certain consecutive sections 

f and use the other generated randomly consecu一 

}tive sections of the 

f current motion path to replace the deleted see一 

}tions． 

f The above two strategies can be chosen rando- 

f mly in each generation process． 

17)if( —l( ) )≤ Pk—l( )‘ )) 

18)Population(k一1)‘ )~--Population(k一1)‘ U 

{Pk—l( ) }； 

19)else if(exp(一( —l( ) ) —l(i)‘ ))／ 

Temperature(k一1))>random[0，1)) 

20)Population(k一1)‘ ~--Population(k一1)‘ U 

{Pk—l( ) }； 

} 

21) 一I Population(k一1)‘ I； 

22)for( =1； <=N ； ++) 

}Do the stretch for the fitness of individua1． 

(*) 

23)F( —l( )‘ )一 exp(F(Pk— l( )‘ )／Tem- 

perature(后一1))／(∑exp(F(Pk—l( )‘ )／ 

Temperature(k一1))) 

f Generate weight values for individuals in Popu 

∥lation(k一1)‘ )according to the comparison 

∥in it． (**) 

25)for( =1； <=N ； ++) 

{ 

26)Select q random individuals from Population(k 

一 1)‘ ； ∥= (Pk—l(1) ， —l(2) ，⋯， 

∥ —l(q) )，where 1≤q≤N ． 
口 

27)nuinber( )一∑LF( —l( )／rmx{F(ek—l 

( ) ))，F(Pk— l( ) )}J；∥L·J is the symbol 

of rounding． 

∥number(i)denotes the number of the indivM一 

∥ual —l( ) whose fitness is smaller than 

∥ ，(Pk—l(i)( ’)． 

28)Weight(Pk—l( )( ’)一number(i)； 

} 

29)Population(k一1)‘ )一Son descending for N 

individuals of Population(k一1)( ’according to 

Weight(Pk—l( )( ’)； 

30)Population(k)~--Select the first N individuals of 

Population(k一1)( ； 

31)Temperature(k)~-Update (Temperature(k一 

1))； 

32)EvaluateObjectFunction(Population(k))； 

33)EvaluateFitness(Population(k))； 

} 

34)Export the best individual(i．e．廿1e sequence of N 

work points)as the minilnUln time motion cycle 

path for robot manipulatiors． 

In the above algorithm，four operators are used：pro— 

po rtional model select op erator； edge recombination 

crossover(ER)operator；repeated exchange mutation 

(EM)operator and inversion mutation(IVM)operatol"． 

In addition，several special operators or transforms are 

designed． 

Remark 1 In operator(* )of the above algo— 

rithm， the stretching or scaling for fitness is intro— 

duced[8]
． W hen the annealing temperature descends．the 

effect of scaling or stretching is strengthened ， and the 

difference among the individuals wi th close fitness is 

magnified ，which makes the advantage of excellent indi— 

viduals more obvious． 

Remark 2 In operator(**)of the above algo— 

rithm， a special selection ope rator is introduced．This 

selection operator embodies the competition of individu— 

als，which can always let several best individuals get in— 

hented in the next po pulation． 

Remark 3 A convergence conclusion can be  made 

by the prope rties of Markov chains．That is，the proba— 

bility of EC SA’s converging to a set of optimal popu— 

lation co nsisting of global optimal solutions will finally 

approach 1．This conclusion can be  proved  similarly as 

．m[9]． for t|le analysis of convergence rate，it is 

easy to draw a conclusion based on the figure descrip— 
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tions for the convergence process in Section 4．For the 

sake of paper length，it should be not discussed in de— 

tail． 

Remark 4 An initial time cost matrix is construct— 

ed．It should note that algorithm EC SA can be used 

only in the“complete graph”which means the manipu— 

lator can reach any point from any other points．So it 

has to know the given direct moving time ofthe manipu— 

lator between two arbitrary po ints． 

According to the co ndition and the correspo nding dis— 

cussion in Section 1，the initial graph concerning spatial 

relation should be judged whether it is“comp lete graph” 

or not．If it is not，there would be some pairs of work 

po ints be tween which the manipulator can not move di— 

rectly from one to another，and a new “co mplete graph’’ 

has to be co nstructed based on the initial one．The basic 

idea behind the consm~ction algorithm is to construct the 

connected relation for those dotted pairs between which 

there is no direct moving path for manipulator． Th e 

weight be tw een those dotted pair of po ints is the mini— 

mum moving time cost of manipulator betw een them ． 

Meanwhile， the optimal path of manipulator be tw een 

those tw o po ints correspo nding to the mininlulil moving 

time co st is recorded．Here ，algorithm Floyed in graph 

theory is used to find the minillluln moving time co st and 

the op timal pa th of the manipulator betw een each dis— 

cussed dotted pairs． 

In the global optimal motion cycle path found by al— 

gorithm EC SA，if there are two neighboring points 

which ale not accessible directly to the manipulator in 

the initial graph，these po ints can  be conn ected via the 

gained local op timal motion pa th betw een tw o po ints in 

the former construction work ．But in this way，some 

po ints may be visited more than once． 

3．2 W ith multiple configurations in each work 

point 

To this pO ，multiple co nfigurations can be chosen 

in each work po ．Given N work points@ = (Co．1， 

，
2，⋯ ， 

， 
)，where Co，i= ( ， ，l， ， ，2，⋯， 

， ， 

． ‘
)has corresponding Po，i configurations(1≤ i 

≤ Ⅳ)．As shown in Fig．1，an algorithm is designed to 

confirm the selection of conf gurafions for each po int to 

let each pO only own a special confi guration and get 

the global mininlulil time motion cycle pam． 
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Fig．1 Sketch map for planning path of manil~ ator with 

multiple configurations 

IIl廿1e algorithm EC SA
—

DP shown  in the next 

page，the dynamic programming (DP)technique is 

combined to solve this pmb~m ． 

Algorithm EC sA — DP 

I)Presentation of the computing method for o~ect 

function． 

1)Let =min{ -l' ． }be the smaller of 

Po
．

i and Po
，
N．Here，suppose = Po

，N ． 

2)Define Min—Length一@ = W (W is a constant of 

infinity)． 

3)for(r=l；r<= ；r++) 

{ 

4)Here，introduce two new points Co．0 and ． ， 

where Co
，
0=Co， ={Co ， ，，}is the set owning 

the only element and their numbe r of confi gura— 

tions is 
，0=P8． =1． 

5)Now，the initial order has been adapted as：Xr= 

(c8，0， ，l，⋯， ， _l'c8， )．1n1e number of 

confi gurations in this order is：l I= Po
，

0+Po
。i 

一 l 

+ 
，

2+ ⋯ + l+ Po
， 

： ∑ ，f+2． 
i=l 

6)Regard as a graph in which a work po．mt config— 

u_ration co rrespo nds to a po int．Le t Exr be  the set 

of pairs of po ints in xr．It means that E xris the set 

of edges in 五 ． 

7)For ma trix Ms = × ，time cost function 

t( ， )denotes the mininlulll moving 

time of manipulator betw een the work po int con- 

figuration 
， ， and Co ， ， ，where／2,， =0，1， 

2，⋯ ，Ⅳ 一2，Ⅳ 一 1，N and 1≤ ≤ 
． ，

1≤ 

≤ P8 

t( ，0，l， ， ，hk) = t( ，，v．r' ， ，hk)and 
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t(co．o'l’co， ，1)：t(co。／V．r’co，／V，，)： ， 

where 1≤ ≤ N and 1≤ 触 ≤ 
， 

． 

8)Let Path(i，J)be the shortest path from certain 

configuration co
， ， 

of co
， 

tO co
， 

= {co，Ⅳ，r} 

between which the total moving time cost is the 

minimum．Time—Cost(i，J)be the total mini— 

mum moving time cost corresponding tO Path(i， 

J)，where 0≤ i≤ N一1 and 1≤ ≤ P ， ． 

9)According tO“Optimal Principle”of DP，there are 

two equations： 

Time—Cost(i， )= 

． 。 

n 
、 

{￡( ，ce Ⅲ)+ 
l≤ ^≤ 

．I+l 
(co

， ， 

， 

，
⋯ ，̂

)∈ ’ 

Time．Cost(i+1，h)}if 0≤ i≤ N一2， 

Time—Cost(N一1，J)= 

￡(co，Ⅳ一l， ，co， ，1)=￡(co。Ⅳ一l，，， ，Ⅳ，，) 

10)Let D(i，J)： h be the corresponding h which 

iilakes the right ofthe above first equation get the 

minimulll value． 

11)At last，for the initial work points order，Time— 

Cost(O，1)bccorfles the total minimum moving 

time cost via solving the above DP equation．Let 

l ength—X，=Time—Cost(O，1)be the final re— 

suit． 

12)if( gtI1一墨 <Mill—Length一@) 

{ 

13)Min—Length一@ =length一墨； 

14) Do the recoding：Path一@ = (co，0，q(o)， 

co
，

I，q(1)，co
，

2：q(2)，⋯ ，co
，／V—I，q(／V一1)， 

co， ，q( ))． 

where g(0)= 1，9( )= 1，and q( )= 

D(i—l，q(i一1))(1≤ i≤ N一1)． 

Ce
，

0，q(o)= C 
，

0，I= Ce， ，q( )= co
， ，

I = 

Ce
，
／V，r． 

} 

} 

The object function of@ is：，(@) =Mill— 

Length一@．The corresponding optimal cycle path is 

Path一 @． 

1I)Getting the optimal solution by means of the simi— 

lar process of algorithm EC SA． 

The following pI'OCCSS is similar tO the process of 

algorithm EC SA．The unique difference is the 

computing method of corresponding object func— 

tion 

4 Numerical simulation results 

C+ + programs have been written to implement the 

above two algorithms．田le developed platform iS Visual 

C+ + 6．0 and the computer used here iS Intel Pentium 

4(1．6G )+ 256 MB RAM． 

Some points in the workspace of robot are generated 

randomly．In the case．76 tests from J『、『= 5 up tO 80 

work points with one test for each value of N ale gener- 

ated．Fig．2 is the comparison diagram of CPU time for 

each test after the convergence of several algorithms． 

1e general performance of EC sA iS the best．For ex— 

ample，when N = 80，删 iS 6．4106 times longer than 

EC SA．Although its CPU time is longer than SGA，it 

can get mole high—quality solutions．Fig．3 IllakCS a 

comparison ofEC sA and SGA in convergence curve of 

minilnum time considering 80 points．Here，the mini— 

mum times obtained via and EC sA are 37．o453s 

and 34．4637s respectively． 

4．1 Numerical simldAtion for algorithm Ec SA 

Ttle test robot prototype is a 6一D0F YAS ，A 

UP6 M I'0M AN robot．In terms of large numbers of 

work points．the running results of algorithm EC sA 

are compared with elastic net method(ENM) ，simu— 

lated annealing(SA)，and simple genetic algorithm 

(Sl3A)，as shown in Fig．2 and Fig．3． 

9O 

70 

呐  

量 5O 

己 
u 3O 

lO 

O 

l一 ． ／ 
I-二 _／ 
l—ENM ／ 

； 

∥长生一 j一— ： 
一 i 一一 

number ofwork points 

Fig．2 0 S0n diao'am of convergence time 

considel"ing 5 to 80 work points 

I l== A】 
k  

— 一  

gerleration 

Fig．3 Com~ tl 13~twe~ll EC SA and SGA in convergence 
curve of minimm  time eo~ dering 80 work points 

∞ 如 加 如 加 m O 

s／Q暑 暑j暑lu—III IB暑一基0 
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4．2 l~ltmaerical simulation for algorithm EC 

SA—DP 

The same example as in【5 J iS considered．For a 2一 

DOF robot(one prismatic joint and one rotational 

joint)，there are 15 work points to be planned(there 

we】 only 10 points scheduled in [5])．In the 

workspace，each point can be reached with two different 

configurations(“elbow right”and“elbow left”)．Joint 

limits，velocity and acceleration parameters 011 each link 

al=e given in Table 1．And the detailed coordinates are 

given in Table 2．One of the optimal results obtained by 

EC SA—DP is shown in Fig．4。The corresponding 

millinlulil time is】5．8O99 S． 

Table 1 Kinematics parameters 

Table 2 Joint coordinates of 15 work points 

25O 
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，、
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50 

O 

1 ll2，a；i 9 
l1 ’ 7'j5 5 Y } 

⋯  

i。 。 l4 4 。’ 

2，8 l3 

6 2 。4 ＼ 
ll ；3 。 l3一 
+ 

l 
一

611’40-20 0 20 40 60 8O loo l20 140 

ql／mm 

Hg．4 One of op曲1al results曲 by EC SA—DP 

5 vjrtIlal~ plm entations伽 PVR-basIed 

control platform 

In this section，the presented algorithms are iIIlple— 

merited On a PVR-based control platform devek~ l by 

the authors and a useful metaphor called“virtual instruc— 

tional moving path”is gotten
． Tile function caIl be de— 

scribed via aIl example as follows．Wl硷n a user wants to 

move a robot manipulator．he can move the a衄 On the 

PVR-based control platform along an optimized moving 

path got by Ⅱle proposed algorithm in tIle Virt~ envi— 

ronment at first．As SOOn as the user fmishes moving one 

step along the virtual path，the correslx~nding practical 

movement of the“ bDt manipulator will be carried out in 

the practical environment with the help of“task deduc— 

tion”and“action planning”m~lules ¨
． The 

simulation results are shown in Fig．5 and Fig．6 respec— 

tively．In the figures．the big black dots denote the pre— 

scribed work l~ints that have to be visited by the manip— 

ulator． 

．
5 One of middle states ofIIl； a on 

plam~ virtual instructional m咖 pam 

．
6 S~ ing state of m柚i 栅 0ll planned 

vi删 instructional m咖  吐l 

6 Conclusions 

MTMPP of robot manipulators to execute some rela— 

tively complex tasks is a rather difficult optimal pmb— 

lem ．Some approaches were 舯 in solving PrP 
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task．However，they could not get over the main diffi - 

culty of solving MTMPP problem ．Aiming at those es- 

sendal diffi culties， this paper has made the following 

contributions． 

1)For the instance of high-order DOF robot manipu- 

lator visiting large numbers of work points with unique 

Or multiple configurations， two novel algorithms EC 

SA and EC SA—DP are presented，and near optimal 

solutions ale obtained． 

2)Virtual simulation is carried out on the PVR-based 

control platform for the first time，and some useful vir- 

tual simulation results are obtained．It could be expanded 

as the metaphor operations in the virtual world and be 

used in the field of teleoperation as wel1． 
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