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Abstract: The paper proposes a method to deal with the co-ordination of multiple robots
that perform independent tasks in the same workspace. It is assumed that the
movements of each robot have been planned independently (geometric paths and
velocity profiles) and that there exists temporal uncertainty at some points in each robot
path, therefore a robot collision may occur. The proposed method was developed for
two robots and it allows the co-ordination of the robots through the on-line modification
of the robot velocity profiles according to the evolution of each robot task while the
original geometric paths are maintain€dpyright “ 2000 IFAC
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1. INTRODUCTION coordination considering the existence of temporal
uncertainty. The proposed approach has been initially
The use of multiple robots in a common workspace developed for two robots. It was developed under the
can significantly improve the versatilty and following assumptions: the geometric path and the
flexibility of the cell and, at the same time, save initial velocity profile of each robot have been
space if the robots have to do independent tasks. Ircomputed independently and are available, and the
this case, the robot movements must be coordinatedobots do not collide at their initial configurations
in order to avoid collisions among themselves. (i.e. they have safe initial configurations). The target
of the work is the modification of the robot velocity
profiles so that collisions are avoided and minimum
delays are introduced in the tasks.

The coordination problem can be analyzed and
solved off-line when the movements of the robots
(geometric paths and temporal evolutions) can be
fully  determined  before their  execution.
Nevertheless, if there is uncertainty in the temporal
evolution of the task, from now on calleénporal 2. PREVIOUS APPROACHES

uncertainty, some decisions must be taken on-line to

guaranty the coordination. This is the case when theThe existent approaches to the coordination of
geometric path is known but the time the task will multiple robots working in the same workspace can
need is not known, e.g. one robot may have to wait atbe classified into two main categories: coupled and
some point for a feeder reply or an assembly with uncoupled methods (Tod#; /., 2000).

active compliance is being performed (reaction forces.l.he coupled methods, also called centralized

are controlled and the deviations in the path can bemethods (Latombe, 1991) deal with the problem in a
neglected). global way, such that the trajectories (i.e. the
The paper presents a method for the real-time robot geometric path and the velocity at each point) of the
I robots are determined simultaneously as a unique
This work has been partially supported by the projects problem of dimension equal to the sum of the degrees
CICYT TAP98-0471 and TAP99-0839 of freedom of each robot. The Configuration-Space




(Lozano-Pérez, 1983) and Configuration/Time-Space
(Latombe, 1991) are typical tools for this purpose.

Sy

Usually, the methods are complete but the wea

points are that the complexity grows exponentially
with the problem dimension and that temporal
uncertainty cannot be handle in a simple way. The
search for collision free paths can be done using,
potential functions (Khatib, 1986) with ad-hoc
strategies to avoid local minimum, or harmonic
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potentials functions that do not have local minimum 0y
(Connolly and Burns, 1990; Connolly, 1992). Some®® / :
numerical methods have been also presented to deal 7 v
with potential functions in Confi-guration-Space **y 12)//,* at
(Barraquand and Latombe, 1991; Barraquandy/., %P I — =
1992). In another approach, the free space is = .
segmented into several parts, cajffl@@dways, that are 0 0 06 08 5
represented in a graph (Brooks, 1993). The robots
must then follow a set of connected freeways that is
obtained by searching the graph for a path from the
initial node to the goal one.
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Figure 1: Collision RegionCR, Collision Region
EnvelopeCRE, escape pointg/ ande2, Basic
Coordination Curves Sef'CS, Shadow Cone
SC corresponding t@’RE and the five different
entry zones for each robot.

Other approach have been proposed to be applied in
real-time requirement (Freund and Hoyer,
1986,1988). Each robot has a different hierarchical
precedence level, and the robot with higher
precedence level is allowed to continue its planned

path while the others have to modify their path to contrary, the lower complexity of uncoupled methods
avoid any predicted collisions. makes them more suitable for on-line operation, since

) . only robot velocities have to be adjusted on-line.
The uncoupled methods split the global problem into

two sub-problems of smaller complexifiant and
Zucker, 1986). First, the trajectory of each robot is
independently computed (using any of the techniques
mentioned above for coupled methods), so the
complexity of the problem is strongly reduced. Then, 3 Coordination Space and Related Elements

if it is necessary, in a second step the robot velocities

are adjusted in order to avoid collisions. This can be| et ys consider two robotsg, i0{1,2}, with a

done modifying the velocity profiles obtained in the ommon workspace and independently planned
original planned trajectories (Lee and Lee, 1987), or trajectoriesy (1), ¢; being the configuration dt.. The
introducing a specific delay in the starting time of gepmetric path of each robot can be parameterized as
some robots (Bien and Lee, 1992; Chamg.al, 4 () wheres, indicates the fraction of the total path
1994), i.e. shifting the original velocity profile along ,yered in task and is normalized to satisfy € 1.

the axis of time without any deformation. These Then (/) represents the temporal evolution of the
works deal with tasks where the robots have null task performed by the robat (s,(7) = 0 fors <0).

velocity only at the beginning and end of the path. In

general, real tasks have at least one intermediatdefinition 1: Coordination Space, CS, is the space
point of null velocity in the cycle (besides the initial defined by the points= (s, s2). ®

and final configurations that quite frequently are
coincident if the robot is performing a repetitive
task). This situation was solved by applying pure
delays at the beginning of the non null-velocity stage
(Lee, et al., 1995). Uncoupled methods are not Depending on the probleni;R can be composed of
complete, but the complexity is, in general, non-connected subsets of points. The computation of
considerably smaller. Nevertheless, most of theseCR is one of the weak points of the uncoupled
approaches deal with the coordination problem of approaches. In practic€S is sampled and a collision
only two robots. Moreover, none of the previous test is run for each sample point, the@iR is
approaches considers temporal uncertainty during thedetermined from the finite set of collision sampled
task execution. points  (using, for instance, convex hull
approximations).

3. BASIC CONCEPTS FOR THE PROPOSED
APPROACH

Definition 2: Collision Region, CR, is the region in
CS composed of the points that represent a collision
between the robots in physical space.

In general, coupled methods are not useful for real

time application due to their extremely high Definition 3: Collision Region Envelope, CRE, is a

complexity (caused by the complete representation ofrectangle in CS defined by the minimum and

the free space in a dynamic environment). On the maximum values of, ands, of any connected set of
points ofCR. =



The lower right vertex, el=(el;, ely), and the upper
left one, e2=(e24, €2,), of a CRE will be called escape
points (Figure 1).

Definition 4: Coordination Curve, CC, is any
continuous curve in CS describing the relative motion
of the robots from the initiad to the goa
configuration.=

A CC will be called Collision-Free Coordination
Curve, CCy, if it does not cross through any CRE,
and Collision Coordination Curve, CCc otherwise.
In this work it is assumed that the robots are not
alowed to move backward, therefore dsy/ds; =0 s
O CC (Figure 1).

Definition 5: Basic Coordination Curve Set, CCS, is
the set of curves CC determined by different initial
delays r; and 7, in the starting time of R; and R,. =

A CCOCCS is composed of points s=(s1(t-11),52(t- 1))
and can be characterized by a unique parameter
k=T1,-1; suchthat [k| indicates how much one robot is
delayed with respect to the other and sign(k) indicates
which is the delayed robot. CC, indicates the
Coordination Curve for agiven k.

Definition 6: Shadow Cone, SC, is a region in CS
covered by the portions of the curves CC-OCCS that
start with at least one coordinate s, = 0 and end in a
CRE, i.e. from an axis until CRE (Figure 1 illustrates
asC).»

3.2 Decomposition of the Coordination Space into
Cells

In general, the tasks performed by a robot can be
divided into two parts, a zero-velocity track, ZVT,
where the displacements and velocity of the robot are
negligible (e.g. during a grasping or precise assembly
operation), and a non-zero-velocity track, NZVT,
otherwise (e.g. during the transportation of an
object). In a ZVT, the robot is performing some
operation or just waiting for an external signal, and
therefore ZVT could not have a fixed predetermined
execution time. In this work it is assumed that the
temporal uncertainty appearsinaZVT.

Property 1: Let s;; represents a configuration of R,
where ¢, (s,,) =0, i0{12}, then, the curves

CCOCCS that do not pass through a point (s;7 s27)
are tangent to the straight line defined by s,=s,,"

The straight lines defined by s; = s, (including s,,=0
and s;;=1) determine rectangular cellsin CS such that
the nominal velocities of both robots are non-null
inside the cells, one of the robots has null velocity on
the cell sides, and both robots have null velocities at
the corners of the cells.

Considering the temporal uncertainty, the point s
describing the relative evolution of the robots in CS
during areal execution of the tasks satisfies:

1) s follows acurve CC; inside acell

2) if sOCC, inthe previous cell then s can:

a) Enter into the new cell following the same
CCy
b) Leave the curve CCk following the
boundary of the cells, and enter into the
new cell following a curve CCk’ with:
k’> kif R, is delayed with respect #®,
k’ < kif R;is delayed with respect #®,
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Figure 2: Examples of: (ABreaking Zone and (B)
Breaking-Recovering Zone.

Then, the coordination of the robots can be modeled
as the problem of looking for curv&dC that avoid
any CRE inside a cell. From now on, in order to
simplify and without lost of generality we will deal
with the coordination problem considering th8 as

a unique cell.

The robot accelerationsy;, are constrained to a
limited range,q,,, <a,<a wherea, ,,,>0 is the

imin = i,max’?

maximum speed up acceleration agg,;,<0 is the
maximum breaking deceleration.

Definition 7: Breaking Zone of a points;, F(s;), is
the minimumAs, needed to completely stdp ats;

i.e. change from the actual velocity to null velocity at
s; (Figure 2-A)s

Definition 8: Breaking-Recovering Zone of a point
s;, FR(s;), is the minimumd4s, befores,” that R,
needs to slow down from the nominal velocitysat (
As;) to null velocity and recover the nominal velocity
ats;,” (Figure 2-B)=

In order to keep the co-ordination between the robots
and avoid collisions, different actions must be taken
depending on the relative position of the robots when
they enter into a new cell, i.e. depending on the point
of entrance to the cell. For each rohb®{ five
different regions are defined for eaCRE (Figure 1).
These regions are determined by the following
partition of axiss; :

SGC1 = [0, ¢j-FR(ej))]

SGo = [¢/-FR(ejy), ¢ji-Fej))]

SGCs =[¢ji-F(¢)), ¢/]

SCs = [ey, €i

SGCs = [ein1]
Note thatFR(ej;)=SGC, + SGs.

4. PROPOSED METHODOLOGY

If the robots enter into &S cell following aCCy (i.e.
the entrance point belongs to a SC) a collision will



take place at some point in the cell. The goal is to
minimally slow down one or both of the robots in
order to commute to a CCr. In this way, if R; is
delayed the system will move towards the CC over ¢,
(Figure 1). This approach should not be confused
with the time scheduling proposed by Lee and Lee
(1987), where the modification of the profile is based
on the application of successive cutback of velocity
formed by deceleration followed by acceleration until
the collision is avoided.

The robot R; to be delayed (in correspondence to the
escape point ¢) is selected trying to minimise:

e Thedelay Az, of R, i){ 1,2}, if the robot R; has
higher priority, or

 The relative delay between the robots, i.e
minimise AT = JAT; - A7)

The necessary delay to be applied to arobot R; can be
limited, LD, if R; has not sufficient path length to be
completely stopped before arriving to CRE, or non-
limited, Non-LD, otherwise If the required delay is
greater than the maximum available value then a
solution does not exist through the selected escape
point (non-solution, NS).

The co-ordination is called complete when the
velocity of each robot at the escape point is the
originally planned velocity, and it is caled
incomplete otherwise (in this case the velocity of at
least one of the robotsis smaller than the necessary to
remain on the CC through the escape point). This
paper deals with the complete co-ordinations.

Table | shows for robot R; and escape point e¢j when
the co-ordination is limited and complete as a
function of the entrance region. The different
possibilities to avoid the collision through e2 are
showed in Figure 3.

In order to avoid the collision, one of the robots must
be dowed down, which is equivalent to reduce the
area below the velocity profile between two
particular points. The amount of removed area is
equivalent to the path length executed into the CRE;
if the robot would continue with the initial velocity
profile.

The modified portion of the velocity profile is called
a patch profile. Several patch profiles can be used to
introduce the minimum needed delay and alow the
robot to recover the planned velocity avoiding the
collision. Nevertheless, the constraints in the robot
accelerations introduce constraints in the patch
profiles that determine extreme patch profiles for the
maximum accel erations and decel erations.

In this work linear piecewise functions are used for
the velocity patch profiles, i.e.: the corresponding
acceleration profiles are composed of constant
segments. Two or three segments are used: one with
negative slope (i.e. negative acceleration to
slowdown the robot), one with positive slope (i.e.
positive acceleration to speedup the robot), and
between them it may exist one with null sope (a

Table 1: Co-ordination possibilities for robot R; and
escape point e;.
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Figure 3: The schematic CS shows the different pos-
sibilities of avoiding collitions through e2.

waiting stage while the other robot advances in the
task).

Two cases are possible;
e Case 1. Slowdown the robot that is just starting
the movement.
e Case 2: Slowdown the robot that is aready in
movement. Two sub-cases can take place:
e Sub-case 2A: the robot is completely
stopped.
e Sub-case 2B: the robot is not completely
stopped.

In order to compute the patch profiles, the required
data are obtained from CS (Figure 1) under the
following assumptions:

* Robot accelerations are constant, da, /dt =0,

with limited modules ( al‘,mm < a; < al',max)'
* The nominal path evolutions s,(7) and s,(r) are
known, as well astheir inverse functions
Z,‘ = S,'_[(S,'), and lj = Sj_l(sj').
*  The planned velocity profile v, = O(s;) is known.

From now on, sub-indexes d and e refer to departure
and escape points respectively. The delay Ar that
must be applied is:

AT= | k.- ky 1)

where £, is the parameter of the CC through the
chosen escape point, and %, is the parameter of the
CC at the entry point to the cell.

Let’'s assume thak; is the robot to be delayed apd
is the escape poinij, is the entry point to the cell of
the non-delayed robak, ands, its position for the

escape point. The path length that must be covered by

R; during the time thaR; needs for going frons,, to
S}'c iS AS‘,»,



AS',’ = Sje = Sig (2)

where s,; is the position of R; at the entry point to the
cell and s;, isits escape point.

The initia co-ordination curve CC,, starts at s,y .
According to the nominal plan, when R; arrives to s,
R; will arrive to aposition s™.

The time needed by R; to arrive to s from the
beginning of the motioniis:

t; = si_l(s:e) (3)
R; hasto bein s, at time #,, obtained from (1) and (3)
asa

tiz = tl*e +AT (4)

The path length that has to be removed from the
initial plan of R; is,

Ns) =, =, 5)

e

Expression (5) gives the area to be removed from the
initial velocity profile of R; between ¢,; and ¢,.. Since

the nomina path Asn that R; covers between t,; and

t,. isknown from the original plan, the path length A4s;
that R; has to cover during that period of timein order
to avoid CRE can be obtained straight forward as,

Asi = Asn,- - S; (6)

The next subsections describe how to obtain the
patch profiles for the two possible cases. For the
description of the procedures it is assumed that robot
R; isgoing to be delayed.

4.1 Solution to Case 1

Known data:
Positions: s;s= 0, S, Sia, Sje
Velocities: viy=0, vi,=0i(si) , Via=0O(5;4),
vie=0(s;), where Q; y Q; are the nominal
velocity profiles of R; and R;.
Times: 4, = 57 (53) ; tia = 5" (50
Problem: Obtain vp,(t) such that vp;(0)=0, vpi(t;.)=v;.
lie

and J'vp,dt:s,e , Where t,,=(tj-,q).
0

Solution: The patch profile is composed of two
straight segments, one from the initial point to an
auxiliar point Cp., and one from Cp, to (z,, ,v,,) (Figure
4). Cp lies on avertical straight segment L through
the point Crry; that is obtained as the intersection
between the axis of time and a straight line with the
slope corresponding to g, (i.e. considering the
maximum acceleration) through (z,.. ,v;.).

The position of C, on L¢ is determined so that the
area under the patch profile (that is easy to be
computed) equals the needed s, to avoid the
collision.

Ol
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»
L4

tia =0 t*m i te L

Figure 4. Patch profile for Case 1, (P, indicates the
extreme patch profile and P, an example of
one).
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Figure 5: Patch profile for Case 2 (P;;, is the patch
profile between Sub-cases 2A and 2B).

The solution is complete because by construction R;
arrives to s, with the desired velocity v,; an
incomplete solution will be the only option if using
the slope a,,,. the area under the second segment is
smaller than s.

4.2 Solution To Case 2

Known data:

Positions: si4 Sie, Sja= 0, Sje, As; = Sje — Sia .

Velocities: viy=0i(sia) , v;e=0;(5;e), Vja=0,

vie=0i(s:), Where O; y O, are the nominal
velocity profiles of both R; and R;.

Times: t,y = 5"(51a) s e = 5 (51) s tia = 57 (5,0)

Problem: Obtain vp; (¢) such that vp;(t,)=v.y,
fie
Vei(ti) =vie nd [vpdt=s,, —s,,=4s; , where
lid

lie =[(tie - i) + 1.
Solution: The patch profile is composed of three
(sub-case 2A) or two straight segments (sub-case
2B). Analogoudly to Case 1, two straight lines are
determined using the minimum and maximum
accelerations (i.e. maximum negative and maximum
positive dopes) through (ti,viy and (t,vi)
respectively (Figure 5). Let point Cp, be the
intersection of these two lines. If Cppy, is below the
axis of time then the robot is able completely stop
(allowing Sub-case 2A), wait still, and recover the
velocity that it was initially supposed to have at time
¢, otherwise, in order to arrive with the desired



velocity at time ¢, the robot cannot completely stop
(allowing only Sub-case 2B).

The desired co-ordination is obtained by selecting a
point C» (above or below the axis of time) such that
the area under the patch profile (that is easy to be
computed) equals the needed A4s; to avoid the
collision. If Asg, is smaller than the minimum path,
SC;,+SC;; , needed to stop and to recover the planned
velocity at ¢, the co-ordination does not admit a
complete solution (i.e the delayed robot will arrive to
the escape point with a smaller velocity than the
expected one). Then, the solutions for Sub-case 2A
and 2B are (Figure 5):

Sub-case 2A. Three straight segments:
e Stage 1. breaking, t; - t,; , with constant
deceleration.
e Stage 2: waiting, t;, - t;,
e Stage 3: recovering, . - ¢, , With constant
acceleration.

Sub-case 2B. Two straight segments:
e Stage 1. breaking, tic - tid , with constant
decel eration.
e  Stage 2: recovering, tie - tic , with constant
acceleration.

5. CONCLUSIONS

A methodology for robot coordination has been
presented and developed for the case of two robots. It
is assumed that the nominal robot trgectories are
independently planned and optimized (i.e. use the
maximum possible velocity). These trajectories are
analyzed in a Coordination Space and, if a collision
can take place, the velocity profile of one of the
robots is modified slowing it down. The task state
may constrain which robot velocity profile should be
modified; if a solution exists for each robot the best
one can be chosen using different criteria. The main
features of the proposed approach are:

e It deas with tempora uncertainty in some
robot stages.

It can be applied on-line according to the
tempora uncertainty in the task executions.

e Limited accelerations and decelerations are
considered.

The procedure can be extended to more than two
robots, but the solutions to the different possible
cases have to be determined in a general way.
Nevertheless, the procedure developed for two robots
can be applied in a iterative way to co-ordinate more
than two robots taking two of them at each iteration.
The result will not be an optimum co-ordination, but
it can be obtained without major difficulties.
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