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abstract; If is wall known fhat trajectory planning for robofs with many degrees of freedom s o complex fask. This paper
prasents @ new method for onding frajectory planning for robotic arms f dynamic environments. The method presented in
this paper avoids local minima by using a two-stage framework. The ams resct lo dynamic environments using & focal and
reactive planning method restricted o 2 subset of s configuration space. Since the subsel has fow degrees of freadom [he
comptrtational cost of the on-ine stage fs vary low. An oftine stage chooses fhe subsel of the configuralion space that
minimizes the probabily of bockades and inefficient mations.

1. Introduction

The complexity of trajgctory planning tends 1o become immeanse
whan the number of degrees of freedom of the fadot i3 large, Few
approaches dezl with robots having many degrees of freedem (dod)
in the dynamic environmants, Far stglic envirenmants, the irajectory
planning is restricied fo pre-caltulated paths, rigid imings and aan-
raactive. Incraaging the reactivity of robot manipulator wousd have
important advantagas. The robols could be less dependant on pre-
calculated trajectorias and do thalr path planning on-line, thay could
reach 1o naxpacted events such as moving obsiacles or faulty
situafions, and thay could move without a previous model of their
environmant, tased only on sensor infarmation.

Trajectory planning methods based on probabilistic roadmap, ran-
dom searches, the sequential framework, hisrarchical searches, or
harmanic functions daal suscasshully with complex prablems in rea-
sonable computing times, but most of these methods cannot be
appliad 1o dynamic enviranments [1|. Trajectory planning for dy-
namic environments (s aftan based on local methods such as:

+ Potentlal field method; the main drawback is the generation of
local minima [2]

+ FElastic bands method: the disadvantage is that & colfision-free
palh batwien initlal and fingl configurations must atways exist [3]

+ MNeural natwerks method: the Emitation is the sbsenca of traln-
ing the net [4]

This paper presents a method for Irajectory planning of robotic
arms located in dynamic eavironments. This new approach iz
named as motion shrategy mathed.,

2. The Motion Strategies

Motion sirategies are implementad by restricting ihe path sesrch
o & subsal of the configuration space {C}, of the robol. Tha subset
of configuration =pace is called as reduced subspace (CR). One
single motion siretegy cannod solve the enlive fask assigned f a
robot. Therefore, fhe motion strategy mathod is based on grouping
Ihe fasks thal the robols can perform, This mathod is divided inla
lwor slages, namaly:

# Of-line slage: This decides Ihe redeced subspace, which iz tha
best sudable jor the motion of the robol arm.

+ DOn-ina stage: This selects the frajectory path, which is the
best sultable for motion of tha roboel amm.

The modion sirategy method is divided inlo fwo stages oniy 1o rs-
duce tha number of degrees of freadom &f the search space.

The reduzed subspaces (T} are chosan 1o be linear and two-di-
mensional subsets of configuration space (C). Since all tha mation
of the arm must be done inside tham, the initiad g and final qi
configurations of the arm must be contained in Ca. Reduced sub-
spaces are characterized by two vactors Uy and uy.

Cr = (e Cig = gy + xur +yug) )

where, x and ¥ ara independent veriablas and uy |3 & vector com-
man 1o all possible reduced subspacas, that points ouf from the
initial to the final configuration:

= e
qu "?fi

The wector Uz Is one thal determines the stralegy of the robol. As
the robot arm consists of n dof and reduced subspace is of two-
dimensional, (r-2) dof are assumed for tha vactor Uz To obiain &n
orihonormal basis, u2 is defined as:

L2

u,*u, =0 3
=1

Condition (3} is fulfillad o vz is obtamad 35 a near combination of
an orthonormal basis of the null spece of vactor uy. The basis of
the null space with n-1 wectors v i=1._n-1 can be found as:

|_¢'|
v.eu =0

For the robol anm, the first four dof ara oaly considered, since the
last caa is the mtalion thal does not need 1o be faken inlo account
for cofiision avoidance. Therefore, u; i & linear combingtion of the
Ihrze veciors of the base of the null space of U

u, =aev,+bev,+cev,
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Jieal+p? {6}

and [}

Whara & = +1 is the local diraction of ih= stralegy and o
hava arbilrary values. The set of parameters a = [, {i. 4] i5
called sirateqy. The physical meaning of these parameters depands
on the basis v of the null space. YWhen a robolic system is com-
pased of sevaral robots, a global strategy is to be considered for
{he syslem. This sirabegy would describa by ihe peramelers of the

m maving rodols:
o = (ol Bz o e w ) |

Each robot &im can access two side warking platiorms and the:
cenlral tabla_ This systarm has a communicatons and contral struc-
fure thal enables joint operalion. The conlral system is localed in
three computers thal are connected o each other by Ethernet and
to each one of the robat arm controflers esing the seral porl The
conirol software gels the values of the enceders of the robots and
sends to each robot arm the desired link positions at regular Inter-
vals. The tasks assigned o the system ere mainly pick-and-place
operalions between the working platforms. Only gross molion is
congidared, and it is assumead that no joint manipulation of pieces
i5 naeded. In this present work, the following mofion problems are
considered:

* Case-1: Two robols move batween tha tables that are lo-
caled al their sides. They cross traveling in the same direction as
shown in Fig-1a.

#+ Case-2: Threa robols move befween side fables &ll of them
travelling in the same direction as shown in Fig-1b.

These two molion problams represent any kind of fesk fhet the
fobol armé might do between working areas. The initial and final
configurations of the amms might vary Inside the inital and final
areas, and the relative delay of the arms oo,

3. Off-line Stage Analysis

The off-ine stage I3 for the chosc of, definition of the motion prob-
lems and the avaluation of strategies in terms of how appropriate
they ara for a motion problem. This process i baszically an oplimi-

{ah N

ralion process thal uses one evaluation index. In tha presenl study,
two indaexes are usad

4+ Estimalion of the Probabilily of Faults {EPF)

AT

+ The average time of strategy (ATS)

4.l Estimation of the Probability of Faulis (EPF)

The purposa of tha EPF is to find an appropriate indax for avaku-
aling the strategies. The fault is defined as a deadlock or a livalock
of the robatic system. P [a] is the estmation based on 2 simulation
of the robatic system that imitatas its real operation. The samulation
of the system performs M differant tasks that belong to tha mation
problem, and counts the number of fauly lasks, r. This process is
binomial and fhe real probability of faults F'{o) can be estimated
by the sampling probabllity P (e = y = N Leb, th, .o, B
the time spant by esch one of the robat arms =1, 2, ...m, in each
one of the tasks k =1__N. ¥ &, = t, sett = t.., and record &
fault of task k&

3.2 Average Time of & Strategy (ATS)

Thie index is used to find the average fime spent by the fhres
robats solving a mofion problem with one strategy. The process
that leads to the estmation of these indekes for tha skrategy o is:

#* Find My tazks for each one of the k robols invelved in the matian
problem,

+ Run the simuation of the system wniil all the task of all the
robots are completad

+  Count the tme spent In sach one of the tasks L', i=1,_ M.
and the number of faulty tasks

+ Calculate the average global fime of the simulation

+ T loj=(Z T ) M

Wihere, N=E« Mo

T(s) and P(a) = v = 0N (EPF) are tha oplimization indexes.

Az |he search process is binamial, there could be confidenca in-
tervals 1o the estimation of Pla) and T{a), This imglies that the N
tasks mist be independant from each other. Since tha search proc-

Fig. 1 Nustration of motion problems
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es5 i3 of continuous simulation; the fasks mey be comalatad 10
pach ofkar. The correlation is broken by bwo ways

+ (Choosing the initial and final points of the mation of each robot
arm randomly inside the working area

+ Making e rohot arms wail & random ime before starling a

neEw 135k,

4. Ofiline Stage Optimization

Tha EPF analysis gives & criterion Io dacide whether one strategy
|3 betier than ofhers, bul the ultimale goal is the choice of one
sirategy that solve each molion protdem. Since the number of pa-
rameters that define one stratagy invalving m robots with n degrees
of freedom are {n- 2] x m, this is a complex problem that grows
axponentially with the number of degrees of freedom of the robod.
Mon-ingar programming fechnigues ara wsad for opfimization. The
frinimization function is based on fhe ewerage Bima spent by the
i robots in M Easks:

Tio) = & ja Efusi Ney -8

This opfimization svoids those strategies that have faulls, since
they have a large value of the fesk tme Ly = bwa. |7 8l50 avaids
those sirategies that are slow. The optimization tachnique Iz sim-
plex methad a3 shown in Fig-2.

5. On-line Stage Analysis
| Chooe ocandidate |

Evaluation of Index T (o)

|C'Jl:u:r.l: M random tasks
-

Simulate performance of system
with o in N tasks

. Caleulate average time T {a) |

Find value g,

fig-L DA-ne stage optmizelioe of strateges
The on-ling stage is based on moving the robats inside Gg using
a reactive and local algesithm. A simple algorithm is developad
based on three behaviors:

* Go to the goal: This is the defaull behavior of the robats. Bt is
used when the robot arm does not detect obslacles closar than a
certain distance, h. i the configuration of the robol at momend k
is g, tha naxl ona will be:

Quit = qu + A X (T

whare, UsT =0 g /|| G - gu ]| peints in e direcsion of the goal,
and & |5 a scalar fixed siep.

= Avoid obhstacles: This behaviar is used whan the first ane can-
nal be foliowsd: The robol am checks e neighbor configuratians
of g acording 1o vectors u' and v, and following & Incal direction.

s The neighbor configurations would be:
o+ A,
u.f.-'.xu.' - AR

G- A X,
Qe-Axu’-Axw
0= & X

Tha robal arm moves 1o the neighbor configuration that is closest
i It objective but whase distance ta the obstacle is greater than
h. Mector o is parpendicular 1o u” and belongs bo Ca. This veclor
definas ane of the local directions.

» Change local directlon: If the previous behavior cannat be
dang, the robot changes Its loeal direction by doing w’ = - u'

5. Results and Discussion

The base= of rebol arms are 1.9m aparl fram each other and the
maximurn reach of the gripper 15 0.85m. The five Bnks of tha robols
are all revolule. The tasks of the robols are based on case- and
case-2. The rabat arms move back and forth belween thair side
tables, and tha initial and final palnts of their mofions vary randomly
inside @ sphere in configuralion space that corresponds 1o & move-
ment of the gripper of the robot of & = 0.Am. The ams wait &
random time before doing the next t3sks. The delay times ere ob-
taimed using a random exponential distribution of mean p =10, &
task is considered faully if the arm takes more than 200 fimes the
fime it would take to do the fasks without obstacles. ¢ = .05m is
the spatisl rasclution wsed in the trejectary planning.

In order §o know the corecinass of EPF analysis, the casa-1 was
tested using one pericular strategy. The stralegy chosen l2ads 1o
the following vectors ¥, for robots i =1, 2 of the reduced subspace:

u's =035, 0.70, 0.37, 0.47, 0 for robot 1
v =02, 085, -0.28, -037. 0 for mbot 2

Therefore arm-1 follows a po-up strategy, while arm-2 bends up
and dewn. The results of the corralation analysis of the simualation
for M = GDD 1asks of case-1 are given in Talbie-1. It can be seen
that 1he comelation is not high, theratore the experiments can be
considered independend from each other and the estimation of the
protability of fauls and the averape Bme are accaptable

Table-k: Correlation analysis of simulation of N tasks for Caze-l

L_—_ i Aren -4 -2 _|
 Mean 0.3 AT E |
___ Variencs | J24.00 | 35 84 ;
| [ -;11, 009 002 D1, s Dt |
Yoore fest 3t fems | o ons panth, Q.085 | 0i2k, -0.10, 047
Correlalion coeMeienl | 0047 | 0050
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a.| Optimization with Simplex method

Tha results of one optimizatien of T (o) using the simplex mathad
wrilhen in MATLAB program can be seen In Table-2, Thesa aptimi-
Zations lead 1o coharan? resulls, but the optimum siralegies wene
naver foo far away [rom the initial vatua from whers the oplimization
slarted, This is probably due ot presence ol local minima in
the index funclion, altheugh it could afso mean that the simplax
method is nod adequate for this problem

3.2 Systematic Search

Since the simplex method did not seem 1o converge to strategies
that were good global opimums, a systematic search was par-
formed which expleres all the space of reasonable values of o.
Three values were chosen far a (-2, 0 and 2) and four valees for
B {25 -1, 1, and 2.5) plus the two valuas for the local direction
A= 11,

Table-2: Results of optimization for Case-]

* Up Pevs do b+ (36.0) arm-1 go up with hand own - arm-2 g

down hand up

The best stratepies are those whers arm-1 goes up while amm-2
gues down or foids yp. These stratepies seem fo be wery refabls
for mofion case-1; tharefore the further optimization was not
needead

The results obtained with case-1 have been exiended o casa-2, tha
deals with the three arms that go back and forf between sids fales
and start crossing in opposile directions. The eombinations of e
siralegies that detected no faulls in case-1 wers checked. The rasults
are nat a5 good as the ones oblained wih casa-1, but the faiure rate
is 8ill very low. The resulis can be sesn in Tahlo 3.

6. Conclusions

A dynamic trajectory planning methad for robat arms has been pre-
s2nted in this paper, 1t deals with the motion amang moving ob-
staclas. The path of the rebat arm is calculatad in &n on-line stage
uslng facal information. but an off-line stage shaws which stratagies
of motion are most successful fer the type of problems that tha

_ Sialegy | . dmm-2 (go up} :
CHikial 0,00, -2 50 200, -25 | robol am would have 1o face. This method has been applied fo a
sl .04, 27 234 246 multi rabot system composed of S-joints robots. The resuls show
Mo, of Seeps _ 0 200 | ihat on-line path planning for two S-dof robat amms is sucoessful
ifmi imi A0 min 104 ein
Mj Jg]:ﬂ 2':1 %51 Table 3: Resulte of the best stretegies far case 2
Tiloals 55 Stratogy | Faults | T(
] 0y ﬁ'.'!L_l up h+ vs. u:,,m-ﬂmwnsuzauzﬁﬁn
L______Faulia ] ] up b va. fr | U2 zomp=(0.028 .55, -CIEES 051.0.0] P -
All these combination give 576 strategies. Since the fime spent = t'h'ﬂ.fll Uzama={0.114.0.930.230 25,0}
during @ simulation of 600 tasks with two arme is approximataly 30 S uzm,s[nq 014,0.83,0.23.-0.25.0.0)
saconds, Irying all the strategies takes around 5 hours. Ona set of up b s U?:n:’_ﬂnuﬁ.%ﬁgﬁ-ﬂgg%n s 171
300 tazks was simulated on each one of those strategies, plus two up b +vs |
sets of 1600 tasks. 47 of hese strategies do not detect any fault | up b +vs Uzemr=t 0103?_.513‘.1 02500 |
- = Bl
ary f o sisiors g R
Therefore, the fault rate P o) = r { N =0 7 4200 = 0,
The following of & stategies were chosen as the most epreogriats Referrences

for case-1, alf of them have no faults i 3l the lasks. The averaga
time spenl by the robot arm in them is shown in parenthesis:

= up b+ vs. up h- (92.5) arm-1 po up with hand p - grm-2 0 up
hand down

* up h* ve. fu h- {356} arm-1 go up with hand p - am-2 fold up
hand down

* up h- v B h- (96.5) arm-1 go up with hand own - arm-2 fplg
up hand down

= up vt ve. do bt {302} arm-1 go up with hand P - 8m-2 go down
fand up

* Up h+ve do b - (87.6] arm-1 go up with hand p - anm-2 go
down hand down
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