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Absliract

Trajeclory planiing in a given environmeny js a difficult task, notably if a real time solution
is required, In this paper the trajectories are described by means of B-splines so that the
search of an eventually optimal solution is teduced to a parametric one in confrast to
funciional solutions. :

In order to reduce the time reguired for & succegsfyl compitation we assume that a number
of pre computed or learned trajectories (e.g. by guiding and teach pendant programming)

are available. Therefore the main problems are the choice among the available trajectories

a flexible manufacturing system,
Keywords: robolics, trajeclory planning, B-splines, collision avoidance, rule-based decision
Lintroditction,

In the literature on robotics motion planning js a long standing, fundamental problem,
Special sessions are devoted 1o this problem in many conferences; chapiers and whole books
have appeared in this field {1], 121, 31, 11, 15, [6]. In a special research program on
robotics promoted by CNR, the National Councii for Research in Italy, known as P.F.R,
(Progetto Finalizzato Raobotica) 198992, a rescarch line deals with motjon planning. The
results given in thig Paper are an outgrowth of the fine research the University of Pisa -
DSEA. Planaing refers gencraily both to tasks and 1o motions and for-generic environmens
and manipulators the problem is very hard, typically ciassified in the area of artificial
intellipence (Al), By delinsiling the environment to Flexibie Machining Systems (FMS) and
manipulators to industrial robots the problem s more specific and moare easily solvable, In
this paper we Suppose that task planning has been already solved, for example as & sequence
of assembling instructions; therefore we must face anly the problem of motion Planning.
The problem requires
(i} a description of the environmenl, e.g. FMS iayout, numerical conirol machines,
conveyors, tool-room and 50 on
(i} a description of the manipulator, €.g. his structure, the kinematics and dynamics, (he
constraints on joint velocities, accelerations ang lorques
(iil) a description of the sub task (e.g., move the end effecior from point Ay to point Ay
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he via points A;, i=1,2,.,.,N-1}. . . dementa
:-E:m_. ”..nn_m :u_vonzn workspace of the robot are nmmn:wna cwwaawm“ww quwnav:o_._ _n‘.vm.
:md.m__w.:_n Cfor tance polyhedra; of course the wﬁcaﬁﬂmzaz usex ww_ e e g the
e cgmn_m. _o_..*smm_:.:m ﬂ”n solulion techniques and ___m time requir . M xecuting the
Em n..c jects heavi zo_zzg of motion planning would give an wm_ca_ﬁ ,m _u:.-n e e
m_mo::...:m. .;.n ; ith collision avoidance, e.g. the part-program in _Ln moﬂ:o: aguage
wMWm.ﬂMsﬂmch%:wﬁ__wnmmamm the problem of software ,wmwﬁwmwwﬂo_m:w wo Moﬂ ton time i
; i ‘intellig
reasonably short it would be possible 10 add some 'in
flexibility.

2.Piaauing Rules,

Fee S, depends on

i lanning of indusirial robots in a structured anf,ﬂomzmmwr e, mamﬂn n<ﬁvwﬁu on
e v Fable. e d software resources. no_a_sonm. being equ : oaluate e
o forminacs by comp m” the executed times of the soluiion m_n.o:?:m..a_ o that if 2
va:..aqamsanm J naEW—wMM mao&nm.:w for a very large sumber of times usu ﬂ”o:& oien
motion must be nxu.uc& %uw any algorithm, e.g. by using 2 @nz pendant, En.wm e s
rompicr m n_n,n_.a_sa sed in play-back. On the other hand if the manoeuvre s necded Jus
= fen imes. it m msgc n that the programming time affects heavily the aowm__é.«oa .
o :.:n.u. _ﬂ, amv_iaﬂﬂmna includes moving parts besides the robot, n.m..o bRl
o vanots ring art of their workspaces, then play-back can prove no _.=n  pplicable.
other zwvo: sharing P ces we have computer hardware and CAD mm.._imqn. Hhoretore 1
e ronsonable o 2 .Rwo:ﬂ:u. the environment, includiag the -.ouor its en o
. qﬂmm.onmw_mm_mnwwwﬂm in the CAD/CAM. Moreover by u_mua__zm.mm:ﬁ ”_NMHMHK vy, A s
of CADICA i ion and verify its correcine sisnp. .
n 0)6.573 il HM_E w ma__uwwﬂhw__wﬂmdﬂ%m“nnﬁ MM mw_aoa suitable 8m m::mmn"wemn:m“mwﬂ
rule O>c._m m<w__”c ; ow.mz__ software and 1o make available low price __w.ﬁm ,_,Hn o e
the :.m:g; _m vaﬂnmﬂ_w ﬂﬂonrmwaonm. Being mation plansing a xm:"a M”MWWM_: :“ e iy (o g
the need o ma s .
e mm_mson_. Ea.,c”.uwn“m m_mwwnn <”,_u__,ﬂ__.,__ﬁ.nwm_ww E”.Mxvnaan:pm_ <w&”_nm:o= of the resulis
_HHMM.J___J”. ,an_ﬂ%w_”nMMwQ;:&EE. We assume thal motion pliaaing:

_ must be developed inside a CAD enviromiient

Ca _vn mnu_: 1 HN_ £ i ﬂ& on < 0] the gaﬂmﬂmn
i i "m:ﬁ._ﬂm “——ﬂ.z _ m
nt .Oﬁnoq vnwmm.www :. . _U ! Y ;
ﬂmﬂw—wnnﬂh.—m:ﬁm _UM njﬂ aon—cﬂv ﬁsa mCUmﬂﬁ:ﬂﬁm hOﬂuﬁCﬂN——O: Q- n——ﬂ time :—M—ﬁw—w mﬂmn:g
.“. _ .

ing obstacles while the
his way the trajectory planner takes into account the non HMM_MWSB:WMU o i by
“”_nf_.n“_mim Wvﬁa is determined accordingly o speed, acceleralio
aton. e o i imndzati lem to be solved
E_E.nzﬁmumwwﬂnmx can be posed as a constrained onw.azwm:o: :Mmowc_. ey
Zc”_.”wnmw_w but this is not a practical approach, i.e. the E”n wﬂnﬁ. T e axion my bt
”_swnwanmmuw_m wilh the execution time. Mainly this on_mw: “.anm e e ved by  suluble
¥ i ipti implificatio
it fficult description. A si
a curve admitting a very di

the trajectories are given as non uniform rationa! B-splines (NURBS).

In order 1o make the ex

position very plain in the sequel we limit ourselves (o B-splines [7],
[8), 19, [10). Among

the various properties of B-splines we remind that

3.1 a B-spline is comp
descriptor polygen

3.2 there exist algorithms for approximaling B-spiines with any desired degree of precision,
&.£. the algorithm of De Casteljaufil] - ,

convex” huli property guaraniees. that B

-splines lie completely into the interior of the
space region defined by the convex closure of the vertices of the descriptor polygon

letely determined by a finite number of points, the vertices of its

33

Property 3.1 assures that curves
points, the verlices of its descri
processor based on property 3,2 af
by the controliers of the joint actua
Praperty 3.3 is a fundamental aid
that any triplet of successive veri
touch or intersect (he obslacles,
Generally a trajectory is given by concalenating B-splines,
by choosing the time history. If we need a continuious mot
and acceleration, and with zero speed at the end point,
motion-as represented by curvilinear abscissy § as:

can be memorized recording only a
Plor polygon, while the
fows the fine reconsiructio
tors,

for collision avoidance;
ices is visible from eac

finite number of
implementation of a special
n of the trajectories as needed

e.g. for cubic splines if we assure
h other then the B-splines do not

then we can specify the motion
ion, including continuous spead

for instance we can choose the

S(r) = 67515 44 410

. ) ‘

') =3072G2.9 4 41y {2)

$'"N =60r @223 41y - @ . .

- —l R . ‘.

Sz = 13 & (4)

Swax = 10 ./\.us._w )

urq
where :
r=t
i (6)

In this way the only free parameter is the race time 1 which is limited by the constraints on
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ing i nt the
i king into accou
sian space and ak un
. no_hnﬁm:, velocity and womn_azzww ”._”
vatars. Usually we are inlerest . m,
t algorithms for oplima

ion i Ca
siaxizum velocity and wnon_ﬂm,__ow _““ M_Mo_ by the
n Wamics and inverse kinematics of 1 , by the act
yhany 1s and on maximuin torques .._ncn.o_x& . t up efficien
E.n ._.053 race time; using C2-splines it is possible to set up
minimu :

motion planaing [12]. ‘
chﬁn_w avoidance in the simplest ¢
CAD software and tobots a human ﬂ”z o
vertices of the descriptor ﬁomqwmsm.m.izv o eample 1 §
i free of collision can up. Xam e
:dmwn,_ﬂ.w a EMS. Often selection of visible points 15 2 p
ol -
Fig.2. . _
xw&ﬁﬁ note that a _B._on.oé wi #
all links and joints avoid the obstacie
| any degrees of wnomo_”:. -
Wﬂﬂ% Eu_‘ﬁ mﬁ_z be added in order 1o solve efficien
the robot kinematics and geometry {13].

i i haique. For given
lized with a batch lec hiqu i
o BM_WW MMH interactively select Sn_ms oq_,nvwzuzﬂ
h other so that by rue 3.
e nmnuos___ in Fig.l for a cylindrical
e task; for a planar case see

res that
isi ffector not always assures 1ha
liisions for the end € t 4 ires e
Eonw.nmﬁ structure of robot is of importance notatny

' .

y the probiem by taking into account

Fig.2. Path planning
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3. Real-time Phiinning,

Also if we restrict our attention 1o the special case of industrial robots in FMS, planning is
difficult and time consuming,

Real-time planaing, e.g. automatic planning of robots in  FMS while work is in progress,
Or aiso plasning in a time interval comparable or fess than the execution time of an
tlementary task by the robot, is almost impossible if every time we need (o execute
algorithms such as described previously,

In order 10 realize planning in real time we have lo reduce compulations to simple
decisional processes that can be efficiently solved on g computer in a very short time. If we
reconsider with attention the problem ai hand we recognize that motion planni
distinct features: fine or guarded motion and gross motion. In a EMS fine motion is related
10 operations such as assembling, pick and place or generally to operations including
interactions between the end effector of the robot and ofher (fixed) parts of the FMS .
Gross motioa is relaled to large transfer of the end effectar from one position to anotlicr
inside the workspace of the robot,

The operations requiring fine motions, such as too] insertion, grasping of objecls and so on,
are typical operations, depending on the EMS layout and robot structure and can be
programumcd out of line and made available in a suitable data base. Also many transfer
operations requiring gross motion planning are highly repelitive; therefore it is convenient
1o set up the part programs by using play-back or algorithms as described in the previous
section,

Therefore for real time planning we can select the following rule:

Rule 4 .
for real time planniag make a batch computalion of specialized fine motions and of
highly repetitive gross motions,

This rule is in accordance with industrial praclice and reduces the planning problem (o the
simplest one of choosing the right melion from the data base,

The real-time planning problem is significant il we nole that a high number of trajectories
may lead o unmanageable data bases and that, mainly if we have other moving parts
besides the robot, we may need a motion Planning in a new situation nat yet considered,

What is needed s a compromise belween data base requirements and compulation time of
new motions,

We can add ihe following rule:

Rule 5
realize a covering of the rabot workspace with a (minimum) finite number of reference
trajectaries.

With ‘covering' we mean that every point in. the robot workspace can be transferred to at
least one point of a reference trajectory and that on cvery pair of trajectory there are at -
least two points visible from each other. :

Itis now apparent that adopting these rules feads 1o a motion planning procedure thai can be
decomposed in two parts:

- the choice uf the segments of reference trajectories

Bn




2 - the computation of smoothed connections among these segments and with the end poinls
of the desired trajeciory, :
The final trajectory fresults from paching segmems and smooihed connections. The
simcothed connections may be compuied as described in the previous section using B-
splines. The switching from a segment of a reference trajectory to another onc of the
connections of the end points can be determined by computing and comparing the mutual
disiances. Of course if the reference trajectories give a good covering of the robot
workspace, we are almost always sure that conneclions do not give rise 10 coilisians;
however if a collision occurs for a robot link or joint, it is a simple matiet to set up a
correct transfer by a local search. :

This procedure has been impiemented in Pascal for a robot PUMA 560 using a world
modeller (WM) [14] .

‘The choice of the WM is due ta the need of complete transparency of data base organization
and the non availability of source codes for commercial WM.

We have implemented varjous subroutines for computing inverse kinematics, distance
between # point and a curve, for selecting segments of trajectories and smoothing
comneciions. The computations are kept at a minimum often being only decisional
processes. A simple planar exemplification is given in Fig. 3 with two obstacles and iwo

refererice trajectories.

Fig.} Example |

Delermined the nearest curves 1o the starting poinl A, i.c. irajectory by, and 1o end point F,
i.e. trajectory ty, Ihe procedure selects the segments B-C and D-E and compules the
smoathed connections (B-splines) A-B, C-D, and E-F.

Note that curves t; and t; share a paint, but it is nol used for switching.

Examples of solved motion planning referred to a PUMA 560 are given in the following
ligures, In Fig.4 the robot is considered in a resl position. Two _u_c.nc__:::&_ \rajectlonies
ty and 1, are showi. The movement {rom Vs to Py is to be planpeid,
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tg. 5 shows a rotation around the fi

starting point,

Fig.4

tst joint i i
Jott in order to align the end-effecior with the

Fig.5
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B

Fig.7

i .
In Fig.8 the switching between 1 and {3 _m.msoi

Fig. 10 shows the robot in

trajectory 1,

the-ending position Py afier a devialion from the pre-cempulted

Fig.10

In Fig, 11 the robot reaches again the resting position,

Fig. [ 1

Figures were made possible by a dedicated sofiware develaped in Pascal both o a Macll
and PC-IBM platforms,

Another example is shown in Fig.12.
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Fig.12 Bxample 2

gments of the reference

' . ' joiping two se .
first case, the transfer from A to C is realized by joining me for computation an
Ina firs '

: -E. If there is no ti
ection arc D-E. i2 ooint B: however the

H i t; and ty and a conn . e via point B;
5_8_2.2“&._“: would be the execution of 1y and ty using th we
chvious so vious one. )

ime in (his case is certainly greater than the pre oblem: minimize the race time ar
e o blem to be faced is an oplimization pr .aemom segments,
o jectory by using a minimum number of .nw:mio:m that this optimization
the lergh of En_:m_wwm 4 and 1o Wransfer from A 10 C il is n“,m.

i crence to Fig. : ia points D and E. e C i Do
Euwwﬂﬁgconm only to the corrert n:camm 2.<.Mcﬂownvn=% only on the choice of 5% _“M_HH
pr ; the optimal selu LI can lead to ien
i the pnse _uﬂ_.“”““ “ ,M_omqn gencral cases the optimization problem

. It is apparen . i ing. &
Wonon:amv:c" usable at all in real time mwﬂwmﬁwnnamna to the lowest leve! of .noﬁwmmq.n.__”n

iffiulties il is pos from initial pose O .
To overcome these di f the end effector con of the active
cothed transfer o int. The selection ©
actualor level, the nmz“n,.nqgno irajectories and the end vc.w_: pﬁ_ 1o reach has to be solved
trajectorics, wu,u.__(n_””..\u_m in dependence of the robot pose and end po
reference trajec

at the upper level.

4. Conclusions,

structured environment .rmw
cal one and PUMA like;
to other robot

i j i ial rohots in a
A heuristic approach to motion planing of .59_“:.“_ e A
ssented. The robol structures considered ar e ropodurts
o vwr ctivity is currently devoled to extensiol
research a ,

struclures.
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