Introduction to Robotic Motion
Planning
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To NpoBAnua Tou lNpoypappatiopou TNG Kivhong
* Robots accomplish tasks by moving in the workspace

* How can we accomplish automated motion planning ? How to
move given an initial and a final pose / posture (i.e. position +
orientation) and the robot works/pace)
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To Np6BAnua Tou
[TpoypapuuaTiopgou TN Kivnong

* Motion Planning is quite more involved than
obstacle avoidance.

« Computational complexity is a central issue in
motion planning.



Motion Planning Issues

This simple assembly is
defined by the 3 composing
parts and a sequence of 2
spatial relations.

Every relation can be defined
as a set of elementary

7 relationships between

geometric features e.g.

— “Face A of obj. 1 must fit face
B of obj. 2",

— “Shaft C of obj. 3 fits hole D
of obj. 1"

Then it can be translated to a
quantitative formulation e.g.
using a “‘homogeneous
transformation”



The Basic Motion Planning
Problem

e A : solid object (robot) movi ng in the subspace W (work-
space) of the euclidean space 2", where N =2 or 3.

* A1sa«iree objecty, 1.e. there 1s no motion constraint.
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The Basic Motion Planning Problem

By, B,, ..., B,, solid objects distributed over W. B; are called
obstacles.

 We are given:
— The geometry of 4, By, B», ..., B, and
— the positions of B; in W.
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The Basic Motion Planning
Problem

e The problem is:
— Considering an initial position & orientation and a final position & orientation of

A in W, produce a path T defining a continuous sequence of positions and
orientations of A avoiding collisions with B;, starting from the initial position &
orientation and arriving at the final position & orientation. Report failure of

determining such a path.
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The configuration space

F,, Fy,: Cartesian systems
attached at 4 and W.

The posture gof A is the
position and orientation of
F,owrt Fy, .

The subset of W, occupied
by A, at posture ¢, is A(g) .

The configuration space
C of A is the space of all

postures g of 4
«g» is used here to denote the posture of a robot. It should not be
confused with the, previously used, DOFs of a robotic mechanism.




One of the possible Object-Representations
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One of the possible Object-Representations
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H €vvola Tng TTopeiac (path)

A path of A4 from the initial posture ¢;,,;; to qs0al 1S @ continuous mapping

with T(O)_qmzt and T(l) qgoal

Continuity of 7(S) means: Va e 4 Vs, e [O 1] hm(max
Obviously, the position of each V&

A being a « » means
that if there are no obstacles
then evel}y path defined as
above is feasible.

Limitations:

— If § — parameterization is wrt arc
length then point rotations are
not allowed

— Other types of parameterization
(e.g. time) do not allow
decomposition to path and
trajectory planning.
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The Basic Motion Planning
Problem cont

(




Ta Eutrodia oto Xwpo 2Ta0EwV

An obstacle B; in/workspace W, is
represented in C by

CB ={qeC/ A(q)N\ B # D}

called «C-obstacley.

q
U CBZ. «C-obstacle space»
i=l1
«Free space» q q
i C\QCBZ. ={geC/ A(q)ﬂ(gBl_) )
q < C e . «free posey.
Free path between two (free) poses ¢;,,;; &
q..41 - @ Ccontinuous mapping
TfS): [091] _)Cfree’ T(O)=qinit and
T(l)=qgoal .




[Tapadeiyua — 1 (6epa)
[a Tov 2 DOF Bpayxiova tutrou RR TOU OXAMATOC, TToU Opa o€ TTEPIBAAAOV
eMTTOdIWYV (Oev arreikovidovTal), atrelkovieTal:

O xwpog oTacewy, dnA. 10 TETPAYWVO TToU dEixvel OAa Ta duvaTd g TOU

UNXAVIOMOU TOU Bpaxiova eKPPACHEVA OE UOIPEC,
H mrepioxn-eutTodiwy , dNA. N okoupa TTEPIOXN TTOU ATTEIKOVICEI TIGC AdUVATEG

(Eveka eUTTOdiWV) OTACEIG, KAl
O eAelBepoc xwpocG (Aeukn TTEPIOXN)
Epwtnosig:

[Moi& atrod 116 otaoeic A(20,340) o
kal A'(180,180) gival duvaTtn ?

Av CEKIVINOEI Eva POUTTOT ATTO AUTN
TN OTACN, ATTO TIC TTAPATIAVW, TTOU
gival duvarr JTTOPEI va TTAEl TO
POMTTOT XWPIC OUYKPOUOEIG OTA
B(340,340), D(340,20), E(20,20)?
2.€ OTTOIO ATTO AUTA €ival duvaTn N
Kivnon, va oxedlaoBei n TTopeia TTou
AVTIOTOIXEI OTNV EAAXIOTN ATTOOTACN
OTO XWPO apBpwoEwvV

(0,360)

(360,360)
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* Robot A4 (triangle) freely translating without changing orientation.

« F,: coordinate frame attached at a fixed point of A4.

- The pose g of A can be represented by the coordinates of F, wrt Fy, i.e.
g=(x,y) . Thus, the configuration space of A4 is C=R 2.

« The C-obstacle CB; is the set of all those ¢ that can be “occupied” by F,
without collision of 4 with B;

(B, is obtained by enlarging obstacle B; using 4 as it moves from posture 0
to1, 2, 3, 4, 5, 6 following the direction of red arrows

« Path planning of 4 wrt B; is equivalent to motion planning of the specific
point of 4 , where F, is attached, wrt CB,. 16



Roadmap: visi

ble path

Visible path in 2-D space with
polygonal obstacles.
The graph nodes are the initial

and final poses and the vertices
of the obstacles.

Two nodes are connected only if
their line segment does not
intersect the obstacles.

17



Roadmap: Aiaypauua Voronoil

Voronoi diagram for a configuration
space of polygonal C-obstacles.

The free space is bounded by a
rectangle.
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Accurate Cell
Decomposition

- Free space and obstacles (fig.

« 1st step : decomposition of free
space in trapezoidal and
traingular “cells” (fig. B).

- 2" step : connectivity graph (fig.
y) and search over it to find a
path (bold line).

19



Accurate Cell Decomposition cont.

* The path on the connectivity
graph defines the cell
sequence.

-« 31d step from the cell
sequence to a free path
using an optimization
criterion .

20




Cell Decomposition

R

(a)
The free space bounded by an outer square and 3 polygons (fig. a).

R is decomposed in 4 equal squares.

If a square is wholly found in the free space or in the C-obstacle space then
it is not decomposed further.

Otherwise it is decomposed in 4 squares until a specific resolution is
achieved.

The result is presented on fig. 3.

White cells are not located in the C-obstacle space.

Black cells are located in the C-obstacle space.

Grey cells are intersected by the C-obstacle space.

This is a "quadtree” decomposition. 21
The bold face line represents a free channel.



Introduction to Artificial Potential
Fields

Basic Idea

* Free Space Cg,,
 The point robot moves following the model q u
« We consider

— A virtual (positive) charge on the robot found at ¢ € Cf,,ee

— Avirtual (negative) charge on the destination ¢,,, results to an attractive
potential @ . (q) on the robot found at ¢ € Cﬁee

— virtual (positive) charges on the obstacles CB,- introduce repulsive potential

Do (Q) on the robot found at g € Cy,,,
And we obtain an artificial potential field

A
o(a)=0,,(4)+9,,(4)
* ...(hoping that) it will lead the robot to ¢,,,,; based on the control law

q’=u=—Vq(p(q) 2



Texvnta Auvauika [ledia:

[Tapadeiyua

q.inix

e

2-D space with 2 polygonal
obstacles (fig. a).

Fig. (B) represents the
attractive potential @ ,,(q)
due to final posture ¢,,,;.

Fig. (y) represents the

repulsive potential  ¢,,,(¢q)
due to C-obstacles.

Fig. () represents
¢(q) =¢attr(q) +¢rep (q)

Fig. (¢) represents the
equipotential lines of the total
potential and the path
obtained using  steepest
descent, for an example case

g=-V ¢(q)

Fig. () represents the
corresponding vector field
found at each point of the free
space. 23



Artificial Potential Fields: Simulation Example

- @
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 The positive robot is NOT lead to the negative destination

because it 1s trapped in a local minimu due to the positive
obstacle...
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Why they do not always work

| Potential Fields
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Navigation Functions: “curing” the Artificial
Potential Fields

« HNF ¢(g) civai yia €181k pop@n cuvdptTnong duvapikou, n

OTTOIa £XEI Eva POVADIKO EAAXIOTO, TO TEAIKO configuration ¢
TOU POMTTOT. AnAadn av TO POUTTIOT KIVNOEi HE TO VOUO EAEYXOU
. T0TE U= —Vgo(q) g+
* [lpopavwg, w¢ ouvapTnon OUVAUIKOU, N ouvaptnon
TTAoNynong Xapaktnpideral
— aTTo JIa ouvAPTNON «EAKTIKOU» OUVAMIKOU, TTOU £AKEI TO POUTTIOT TTPOG TO
TEAIKO configuration ¢, Kal
— ATré JIa ouvApPTNON «ATTWOTIKOU» OUVAMIKOU, TTOU opileTal yupw atro Ta
EUTTODIO TOU XWPEOU KAl WOEI TO POUTIOT JAKPIA ATTO aUTA
« HNF opiletal yia xwpoucg TTou TTEPIAapBAvouV EUTTOOIO
\e(ywaTﬁg YEWMETPIOG KAl BpioKOVTAl O€ YVWOTEG, OTOOEPES
£OEIG.

28



Navigation Functions: “curing” the Artificial
Potential Fields

H atrAouoTepn yopPpn XwWpEou gival o@aipl-
KOG XWPOG, ATTOTEAOUPEVOC ATTO HIA UE-
YAAN o@aipa TTOU TTEPIEXEI MIKPOTEPEC
OPAiPEC OTO ECWTEPIKO TNG, Ol OTTOIEC
QVATTAPIOTOUV TA PUOIKA EUTTODIA.

O xwpog epyaciag (workspace) Tou
POMTTOT OPIOBETEITAI ATTO TOV KUKAIKO Oi0
Dy(0,p,) OTOV OTTOIO TTEPIEXOVTAI M (MIKPOI)
KUKAIKOI D/(g;,p;) OiOKOI , TTOU OpIOBETOUV TA

eUTTORIA.
Ta g;, p; €ival yvwaoTd. O1 JIKpoi 0ioKOI OEV TEUVOVTAI JETAGU

TOUC Kal BpiokovTal ECOAOKANPOU NECA OTO NEYOAUTEPO OIOKO.

O eAeubepog xwpog I, GTOV OTT0I0 UTTOPEI Va KIVNOEI TO
POMTTOT ATTOPEUYOVTAC TN OUYKPOUCN ME TA EUTTODIA, TTPOKUTITEI
av a1rd TO XWPEOo epyaciac W apalpedei 0 CUVOAIKOC XWPOG BV
EUTTOOIWV.




Navigation Functions: “curing” the Artificial
Potential Fields

« O1 Rimon kai Koditschek atrédeicav 611 n NF ¢(gq) Trpétrel va
TTANPOI CUYKEKPIMEVEC HABNUATIKEC 1IDI0TNTEC, WOTE VA EYYUATAl
TN OUYKAION TOU POMUTIOT OTO €mMOUPNTO configuration, pe
TAUTOXPOVN ATTOPUYI TWV EPTTOOIWYV TOU XWPEOU.

 H ouvapTtnon TTPETTEl va TTEPIACUBAVEI

— T0 EAKTIKO AUuVauIKO: 2uvApTNOn aTTO0TACNG ATTO TO TEAIKO ONUEio

2K
7(q):Hq'QGH
‘EAKEI TO pPOUTIOT OTO POVADIKO EAAXIOTO TNG OUVAPTNONG (TO TEAIKO

configuration), ye TN TTAPAPETPO K va DEiXVEl TNV «EVTAON TNG EAENG», KAl

— TO ATTWOTIKO OUVANIKS: WOEI TO POUTTOT HOKPIA aTTO Ta OpPIa TWV
EUTTOdIWV.

30



Navigation Functions: “curing” the Artificial
Potential Fields

ATTWOTIKO AuVapuiKO: ZuvAapTnon EMNTTOdIWYV

[Hapdymv 0QeLOUEVOC OO TOL OPLOL TOV
workspace

B,(a)=-llz-a +p;
ﬁO(q()):pg ﬁO(qEEO):O

[Tapdyovteg 0QPEILOUEVOL GTO EUTOOLM
ﬁj(q)=Hq-qj 2_'0]2'
ﬁj(qj)z—pf. B, [QEDJ):O 'BJ(QEDJ')>O

2uVoAKT «Xvvaptnon Eumooiovy

pla)=T1A(

D; (q;.pj)

31



Navigation Functions: “curing” the Artificial
Potential Fields

Av emmAexBei w¢ 2ZuvapTtnon MNAonynong (Navigation Function —
gl 5 EAKTIKO Suvapkd 7 (q) Hq aqll*

OT@ONTUCO SVVOIKO B(q ) H
B(q)
TTAPATNPEIOTE OTI i=0

go(q)—0<:>q q. hm(p( ) o j=0,1,..,.M
ETtreidn B€Aoupe 1O TTEdIO Tlpwv m™mg NF va givai 1o [0,1],
mrpoteivoupe TNV NF :p' = g o ) = U(§0) 4TToU

A X
G(x) C1+x
ETTouEVWC TTAipVOUUE TNV AVAAUTIKN ouvaptTnon
Y
P'=000p=0(0
by

0'(q)=0q=q, ¢'(qeD)=1 j=01...M 2



Navigation Functions: “curing” the Artificial
Potential Fields

« H avalntouuevn NF ¢(q) Tipétel va gival ouvaprnan Morse

SnA. oTa Kpigipa onueia TNG (dnA. oTa onueia TTou Vgo(q) 0)
'ITpETrtZIIV gp(q)' #0 (Flom?)

(x)2 <"

- Houvdptnon @=0,°¢"' oémou o,(x gival
/ 4
o e
qp:gdogo@:( zﬂj = quQGM
s \||q-qG|| +E[ﬂi(q)

y

Kal atmodelkvuevTal 0TI uTtdpxel /V, 6trou étav x > N, n ¢(q) €ival
ouvapTtnon Morse kail ETTogEVWCG €ival ouvapTnaon TTAorynong.

« 'ETOI1, 6TV N €I0000C OTO CUCTNUA q =Uu sivaiu =—K - Vgo(q)
TO POUTIOT OUYKAivEl aTo TEAIKO configuration, ONA. g ————¢; ,
CEKIVWVTAC OXEDOOV ATTO OTTOIAdNTIOTE APXIKN OUVONKN, YE 33
TAUTOXPOVN ATTOPUYN TWV EUTTOOIWV.




Navigation Functions: “curing” the Artificial
Potential Fields

* H ouykAion oT1o TeAIKO configuration gival atrd «oXeOOV OAEC» TIC APXIKES
ouvONnkeg. Auto cupupaivel yiaTi KABe EUTTODIO TOU XWPOU EICAYE
TOUAAQYXIOTOV £va onpEio odayparog (saddle point) otn NF, TTou €ival Opwg
onueio aoraboug I00PPOTTIAC.

* H pebBodoloyia KATAOTPWONG TWV CUVAPTACEWY TTAOYNONG ETTEKTEIVETAI KAl
EQPAPMOLETAI OE XWPOUC TTOU TTEPIEXOUV EUTTOdIO (1 oUVOAQ
ETTIKAAUTITOPEVWY EUTTODIWV) PE YewpusTpia aoTeposidouc. Me xprion
KATAAANAWY CUUPOPPWY HETAOXNHUATIOHMWY, EVAG TETOIOC XWPOG
LMETAOXNMATICETAI OE€ OQAIPIKO KAl, AVTIOTOIXA, OTAV EUPEDEi N ouvapTnon
TTAOAYNONG TOU O@AIPIKOU KOOMOU PeTaoxnMaTidetal KaTAAANAa o€
ouvapTnaon TTAonynong Tou TTPAyUaTIKOU KOGUOU.

« ‘Er0ol, o1 ouvaptnoeig TTAonynong epappolovTal ETTITUXWS OTOV
TTPOYPOUMATIOMO TNG TTOPEIAG EVOG POPTIOT O€ £vaV TTPAYUATIKO KOOUO TTOU
TTEPINANPBAVEI EUTTODIO APKETA TTOAUTTAOKNG YEWUETPIOGC.

34



Navigation Functions: “curing” the Artificial Potential Fields

its potential 1s based at glolal information.



NavFunction%20(Converted).mov

Navigation Functions: The Global info is the “cure”




Multiple Robots

ApXIKN dIapSpPwoT TeAIKA diapdpPwon

» Centralized vs De-centralized planning

37



Articulated
Robots

* Robotic manipulator:
typical case.

 Fig. (a) : cartesian

@ robot with 3 prismatic
and 3 rotational
joints.

* Fig. (B) : represents a

robot with 6 rotational
joints.



Articulated Robots cont.

* A sequence of
I postures for a
AMM planar 8-joint

manipulator
using the
artificial
potential fields
approach.

39



Non-Holonomic Constraints

Car-Robot 4 modeled as a rectangle. ° At every instant we
State of 4 described by 3 parameters

(x,0,0) € R2 % [0,27x], with modulo 2r for have

angle #.

-sin@-dx+cosf-dy=0

A
 Thisis a non
olonomic equality
T constraint.
T
e AN
pd 3» * In general, |p|<
o a L . \<§0max<741;/2.



Non-Holonomic Constraints cont.

Parallel parking for a nonholonomic car-robot.

41



