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Abstract— Object manipulation problem by multiple coop-
erating mobile robots using the concept of Object Closure is
discussed in the paper. It is the condition under which the
object is trapped so that there is no feasible path for the
object from the given position to any position that is beyond
a specified threshold distance during the transportation. We
proposed the concept of Dynamic Object Closure for achieving
object caging task that robots team is able to cage a moving
object after a predefined time interval. In the paper, a method
planning caging path and by using Random Caging Formation
Path Determination algorithm (RCFP) is proposed for achieving
Dynamic Object Closure. Some planning results are presented
for illustrating the validity of the proposed algorithm.

Index Terms— Dynamic Caging, Dynamic Object Closure,
Cooperative Object Handling, Path Planning

I. INTRODUCTION

Inspired from human and animal behaviors, various co-
operative control methods are developed for multiple robot
system. One significant example is cooperative object trans-
portation which is mainly using strategies of grasping or
pushing which are similar to cooperative motion of human
being. Recently a novel object handling strategy, caging
based object handling strategy, has been discussed!!>![171120],
The similar behaviors are observed from cooperative hunting
in some wolves, dolphins and humpback whales groups
(Fig.1). The most important advantage of robotic caging
strategy is that contacts between object and robots need not to
be maintained by robot’s control. This is not only able to let
the robot handle an object without any grasping mechanism
but also able to make motion planning and control of each
robot become simple and robust, and realize coordinative
object handling without direct contacting force control, etc.
This condition is also called as Object Closure. Recently,
several algorithms have been proposed to solve this problem,
but all of them are only discussing on caging a stationary
object or with fixed caging style.

However, in the case of group hunting by animals, etc,
object caging tasks are usually happened with a moving
target rather than a stationary object in general. Additionally,
many team playing sports, such as football and basketball,
also include many factors of dynamic object caging and
manipulation. Similarly, Dynamic Object Caging by multiple
robots could be an interesting, important and challenging
research topic, and will have more applications than trapping
a stationary object. In this research, we defined the concept
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of Dynamic Object Closure for achieving object caging to
a moving object[24]. In this paper, two margin metrics are
defined, and a Random Caging Formation Path Determina-
tion algorithm (RCFP) is proposed for not only checking
Dynamic Object Caging condition but also deciding the
path and formation for realizing a Dynamic Object Caging.
Simulation results are provided for illustrating the validity
of the proposed algorithm.

Cooperative Hunting Behavior

i P

Examples of Object Caging by Animals and Multiple Mobile

Fig. 1.
Robots
II. BACKGROUND AND RELATED WORKS

In the last decade, many researchers!! [6)[12](18]19] working

on cooperative object handling using multiple mobile robot
are focusing on grasping based manipulation which Form
Closure or Force Closure condition is achieved by robots’
contacts. These two closure conditions guarantee that robot
mechanisms can resist any external force and can generate
any acceleration to the object, as one of the most important
closure conditions for researches of multiple finger/multiple
arm system. By incorporating gravity force, inertia, friction
force, etc as an extra closure effector, conditional closure
based manipulation was investigated for object pushing
task[®l and other task for relative small number of robots.
For easing the stringent condition used in these ap-
proaches, our research is based on the notion of caging
defined and studied in [15][17]. The key issue is to introduce
a bounded movable area for the object during its transporta-
tion and manipulation so that coordinative object handling
among robots can be achieved without direct contacting force
control, etc. We proposed a potential field based strategy for
leading robots to a formation which could achieve the Object
Closure and presented a sufficient and necessary condition
for testing the Object Closure condition!?%~122], Our work is
closest to the work by Sudsang and Ponce!!”! who develop a
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centralized algorithm for three disc-shaped robots to push
the object in sequence. But they carefully discussed the
Object Closure in the configuration space and make our
algorithm have ability to cope with large number robots and
complicated object. In [13], Pereira and Kumar proposed
an efficient testing algorithm for convex polygon robots and
showed experiment results with three non-holonomic robots.
This algorithm is also decentralized. But it is under the
assumption that the robots group does not have non-essential
robots and closest pair of points between two neighbor robots
can be decided. Recently, Fink and Kumar demonstrated the
caging based object transportation with 8 robots 13!, Also,
Makita and Maeda proposed a planning method for realizing
a caging style grasping with a three finger hand!'l. In [23],
we proposed a complete and efficient distributed algorithm
that all searching and updating procedures are implemented
by using p — 6 representation of the C-Closure Object and
the CC-Closure Object.

Caging a moving object is also an instance of the motion
planning domain. Planning problems with moving obstacle
were addressed by augmenting the configuration space with
time and a point in the free space denotes a valid con-
figuration of the object at the given timel”/14]. Recently,
this approach has been extended to real-time deformable
plans!!!, kinodynamic domains!¥, and interactions with mul-
tiple objects mainly on assembly planning. Additionally,
some new results beyond assembly planning have been
reported!8[12][16] to0,

III. DYNAMIC OBJECT CLOSURE
A. Definition of Object Closure

In this paper, we assume that all robots have the same size
and shape, can contact with the object in any direction, and
are holonomic. Also we assume that robots can estimate the
geometric properties (the mass center and shape) of the ob-
ject and its neighbor robots. The Object Closure is that there
is not any path from current object’s position/orientation to
outside. We discuss this problem in C-space. Let A,; denote
the object, and A;, i = 1,---,n, denote the caging effector
¢ in the working space. A configuration ¢ = (x,y, ) in the
C-space C, is a specification of position and orientation of
a caging effector or an object. C-Closure Object(Cs_;) and
C-Closure Object Region(C,;,) is defined as:

Ces_i = {qop; € C | Az;f)j(qobj) NAi(q,) #0} (D)
Ccls = U Ccls,i (2)
1=1

Clis_i(6p) and C5(0) is the subset (a slice) in the Cys_;
and in the Cs respectively with orientation . Let q,,; ¢
C.is be a free initial configuration of the object. We define
set Crree = C\Ceis and define set Cree_op; as follows:

Ctree_obj = {a@ € Clreel connected(q,qobj)}. 3)
We define Qiny € Clree_inf as a generic point that is
sufficiently far away from the object. In this paper, we will
be concerned with the problem of keeping the position of
the caged object contained but not the orientation. Thus
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Fig. 2. Dynamic Object Caging by Multiple Mobile Robots. (a) A group of
robots approach to and trap a moving object. (b) A robot team is pushing an
object with a formation which does not satisfy the caging condition now but
guarantees that robots can cage the object after a predefined time interval.

Cree_iny Will have the structure of a generalized cylinder.
An object can escape from robots only when the g,,;
connects to the q,,,; in C-space. Then Object Closure can
be defined as follow:

Proposition 1 (Object Closure): Let q,; is the current
configuration of the object. The object is in Object Closure
if, and only if;, the following conditions are satisfied.
Cfree,obj 7é (Z)a {(Iobj}
Cfree,obj ﬂ Cfree,inf = @

When Object Closure is achieved, there is a bounded free
space(Cfree_obj) around the d,,;> Which is entirely kept
inside of the C;s. On the other hand, Object Closure is not
satisfied when a connection path exists between C'tree_ob;
and Cfree,inf~

B. Dynamic Object Caging

Similar with examples of animals’ group hunting and
cooperative team-playing behavior by human being, two
typical cases exist for dynamic caging with multiple mobile
robots. The first case is that a team of robots approaches
to and finally traps an object which is moving from other
place (Fig.2-(a)). Another situation is that robots are handling
an object with a formation which does not satisfy the
caging condition in the current moment. However from this
formation, the robots team can always move to a caging
formation in a predefined time interval (Fig.2-(b)). In the
one word, Dynamic Object Caging is that:

there exists at least one set of paths to guarantee
that by moving along the paths, the robot team
can achieve Object Closure to the target object in
predefined future time.

It is easy to know that discussion on configurations of the
object and robots in the current moment is not enough. Let
T C R denote the time interval. Let the state space, X, be
defined as X = C x T, denote the CT-space, consisting of
configuration space and time space. In this paper, we discuss
Dynamic Object Caging in this state space.
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In X, we can represent a moving object as an obstacle
region, Xp;, and robots moving around the target object as
continuous and time-monotonic paths, (X,p_;, ¢ =1,---,n),
around the obstacle region of the target object respectively.
It is well known that all objects in CT-space should follow
a constraint that they must move forward in time. For a
given t € T, a slice of the obstacle region of the object and
paths of robots, Xp;(t) and X,p;_;(t), can be obtained as C-
objects at particular time which is possible be used for testing
Object Closure condition at this instant. For convenience on
discussing Object Closure, we use new representation in X
which sets the obstacle region of the object as a path, and
represents all robots as obstacle regions respectively. This
representation does not change proprieties of Object Closure.
Then we define Dynamic Object Closure as:

Proposition 2 (Dynamic Object Closure): The object is in
Dynamic Object Closure with a given time interval At. € T
from the current moment t. if, and only if, to any feasible
configuration of the object at t € T, q,,;(t), there exists a set
of feasible configurations of robots, q,,, ;(t),i = 1,--- n,
so that the following conditions are satisfied for all t >
t. + At..
{ Cfree,obj (tv qrbt,i(t)) # wa {qobj (t)}
Cfree,obj (ta QTbt,i(t)) m Cfree,inf (ta Qrpt_i (t)) =0

This definition indicates that testing Dynamic Object Clo-
sure condition could be considered as a problem to check
if the Object Closure condition will be guaranteed after a
predefined time intervals. Configuration of a moving object
is governed by the dynamics of the object and external forces
applied on the object, such as friction force, etc. On the other
hand, the feasible configuration region of each robot in the
future time is not only governed by the dynamics of the
robot but also affected by the limitation of actuator outputs.
Additionally, collision free constrains to the target object and
other robots should be satisfied (Fig.3). These let the testing
procedure of Object Closure after a predefined time intervals
be complicated.
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Fig. 3. Feasible Configuration Region of Each Robot during Dynamic
Object Caging (in the CT-space).

We have the following assumptions in this paper for
simplifying analysis of the problem.
« Motion of the target object within the predefined time
interval At can be estimated completely.
« All robots are disc-shaped and current velocity and the
maximum acceleration of all robots are known.

o All robots can maintain a caging formation once they
reach it.

The first assumption means that we will know where the
object will be at t. + At.. By using the first and second
assumptions, each robot can calculate its region where it
can reach after At. without colliding with the moving
object. Also in the case that robot is disc-shaped, feasible
configuration region of each robot at ¢, + At is independent
of robot’s orientation. The last assumption let us can only
concern Object Closure condition at t.+ At. when Dynamic
Object Closure is discussed.

Of course, in the really world, position and orientation of
an object are hard to be estimated precisely because of the
measuring error of object motion, unexpected disturbances
and other uncertainties. Then a reasonable assumption is
that in the C-space, object’s configuration will be in a
bounded region. In general, this region is not very large
if the time interval is not very long. Fortunately, different
from object grasping case, caging is a loose closure strategy
with certain margin and allows changing the size of a caging
formation within the margin/?2. It can be said that, in many
cases, the first assumption is reasonable if the margin of an
obtained caging formation is larger than the uncertainty of
the estimation error of object’s configuration.

IV. BASICS OF OBJECT CLOSURE TESTING

Here, we consider the basic method of Object Closure
testing first. In general, Cy;s and Clpee_op; are complicated
in shape and are very hard to calculate, especially when the
shape of the object is relatively complicated or the number
of robots is large. Here, the conditions for Proposition
1 by taking slices in C-space are checked. For reducing
complexity of the testing procedure, a sufficient condition
of Object Closure can be derived as follow.

Since the evaluation for Object Closure must run in real
time, the computation cost should be low. To solve this
problem, We proposed a concept of CC-Closure Object in
[20] and [21] which is useful on building an efficient testing
algorithm even if the shape of the object is complicated.
They defined a new C-space for the C-Closure Object Cs_;
and denote it as C'C. C-Object of a C-Closure Object in CC
(here, i # j) is called CC-Closure Object:

Cccls,ij = {qj € cc | Ccls,i(qz') N Ccls,j (q]) 7é @} (4)

which indicates the C-Obstacle of ith C-Closure Object to
jth C-Closure Object. Then the problem in checking if two
regions are connecting or overlapping can be replaced by a
simpler problem: a point in a region or not.

Ccls,i(e) ﬂ Ccls,j (9) 7é ] = p; S CCClSJ‘j (9) &)

Here, p; is the position of Ceis_j, and 6 is the orientation
angle. Because the size and the shape of C;s_; and CC'cs_s5
is not changed during the manipulation, they can be calcu-
lated in advanced for reducing the runtime calculation cost
even shape of the object is complicated.

In testing the overlapping conditions for C-Closure Ob-
jects, one just needs to calculate one p-6 curve in advanced
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Fig. 4. A slice of CC-Closure Object is represented in the p-6 coordinates

with bounded rotational angle of the object constrained by the caging edge.

and shift the 0 for checking if the distance to jth robot (p;;)
is under the 0C'C y5_;;(#) curve on the part or all orientation.
Proposition 3b: (Sufficient Condition) Let 0, satisfy
{ Cfree,obj(e()) # @, {qobj}
Cfree,obj(QO) n Cfree,inf (90) = (Z)
A sufficient condition of the Object Closure is
Pi(i4+1) < Pecomin
Pin S pcc,min
. Here, pcc_min is the minimum value of 0CC s_;;(6) curve
and p;; is the current distance from ith robot to jth robot.

i=1,,n—1

The calculation cost of Proposition 3b in the run time is
extremely low. It just need n inequality checking to robots
when the p-0 curve of the CC;5_;(0) is pre-calculated.

V. TEST FORMATION OF DYNAMIC OBJECT CAGING

As mentioned in the previous section, by using the suffi-
cient condition of Object Closure, the calculation cost will
be extreme low if configurations of object and all robots are
given. In Dynamic Object Caging, the feasible configuration
of each robot is a set of configurations, which is a compact
region, rather than a single one. Then it is necessary to check
if a caging formation exists in the feasible configuration
regions of all robots at time ¢, + At, (Fig.5).

t, t+ AL te+ At
Robot i _—
@'gj\\,,
(a) Reachable

Configuration

(b)
Reachable Configuration Sets of Robots at tc.

Fig. 5.

It is not very hard to calculate reachable configuration
region of a robot which is moving in the free space when the
dynamics of the robot and output limitation of robot actuators
are known. But here, robots are moving with the target
object, and collision free conditions with the moving object
and other robots should be satisfied. Therefore, the shape of
the feasible configuration region will be very complicated
especially when the object is not a simple shape one. In
this research, rather than calculating geometrical shape of
each robot’s feasible configuration region and obtaining a
caging formation using this geometrical shape information
directly, we obtain the caging formation at time t. — At. by

using probabilistic strategy. This allow the Dynamic Object
Closure testing procedure to be running in real-time'. Based
on the Proposition 2 and 3b, Random Caging Formation Path
Determination (RCFP) algorithm is designed as follow:

1: procedure RandomCagingFormationPath(¢):
2: begin

3: Obtain p,,;(t);

4: For All Robots (¢ =1,---,n)

5: P; = RandomPathSet (1);

6: R = FeasibleConfigurationSet (P, t, p,;(t));
70 See = CagingEdgesset (Ri, -, Rn, Pecmin);
8: Sy = ClosedCagingFormation (S..);

9: Spm = PathMarginSet (R, -+, Rn, Scs);

10: CF = CagingPathFormation (S.c, Spm);

11: If (CF '= NULL) return True;

12: else return False;

13: end;

This algorithm consists of three main parts; obtaining the
feasible configuration set of each robot at a future time t,
checking existence of a closed caging formation from all
robots’ feasible configuration sets, and obtaining a caging
path and formation. The last part will be described in next
session in detail.

In the beginning of the first part, based on the robot
dynamics, we generate a random path seed of a robot by
incorporating a random acceleration under constraints of
output limitations of robot’s actuators. Additionally, this
acceleration is set to be changed by a set of random ac-
celeration values during the motion. Then, we will have
a pseudo-random path set P;. Based on this path set, we
can calculate a set of pseudo-random configurations as the
reachable configuration at ¢, + At, if the robot is in a free
space. This is the procedure RandomPathSet(). Next by using
the procedure FeasibleConfigurationSet(), we obtain the set
of paths which are free from collision with the C-obstacle
of the target object. The final configuration of each feasible
path at the moment ¢, + At, is recorded as an element of
the feasible configuration set for caging formation testing.
In this algorithm, testing collision free condition of a path
is implemented by checking if a path goes in the C-obstacle
of the moving object at all sample times?.

After we have feasible configuration sets of the robot team,
procedure CagingEdgesSet() and ClosedCagingFormation()
are designed for obtaining candidates of caging formation.
We implement CagingEdgesSet() to choose caging edge
candidates, which satisfy Eq.8, from all combinations of
feasible configurations between all neighbor set pair. Then,
by checking the closed chain condition to all caging edge
candidates (Fig.6), caging formation candidates can be ob-
tained if exist and Dynamic Object Closure condition can
be verified. By incorporating Object Closure Margin, it is
easy to select a better caging formation which can cope

lin the motion planning sense

2Even in sampling based checking algorithm, enlarging the C-obstacle of
the object with a safety margin can avoid checking error of feasibility of a
path when the sampling time is relatively small.
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Fig. 6.  Set of caging formation candidates is obtained by checking
connectivity of caging edges.

with relatively large uncertainty of motion estimation of the
moving object.

By using random seeds to determine feasible configura-
tions, we are not only easy to obtain collision-free reachable
regions but also easy to incorporate some mature techniques
to find feasible caging formations faster. Of course, as a
probabilistic strategy, certain number of random seeds is nec-
essary to find a feasible caging formation. However, because
of high efficiency of caging formation testing algorithm
based on CC-Object concept, the proposed Random Caging
Formation Testing algorithm (RCFT) is able to run for real-
time planning even with certain large number of random
seeds. Additionally, how many random seeds for RCFP need
here is depending on how large Object Closure Margin the
caging formation has.

The strategy mentioned in the paper is a sufficient algo-
rithm on Dynamic Object Caging Testing. It is because not
only the condition for testing is a sufficient one, but also the
random seed based path generation method is not optimized.
By incorporating conventional motion planning methods of
multiple robots [8], more precise testing could be achieved.

V1. DETERMINATION OF DYNAMIC CAGING PATH AND
FORMATION

In general, multiple caging formations and paths to reach
formations are obtained by procedure ClosedCagingForma-
tion() by using the proposed Random Caging Formation Path
Determination algorithm (RCFP). All these formations and
paths are feasible candidates to achieve a Dynamic Caging,
and we are interested in obtaining some paths and caging
formations from those candidates with better performances.
We can have different ways to consider performance of the
path and caging formation candidates, such as, realizing a
caging formation in shortest period, etc. In this research, for
coping with error and uncertainty of sensing and control,
we proposed two margin metrics, Path Margin and Object
Closure Margin, on deciding the dynamic Caging path and
formation.

A. Path Margin

Path Margin is an index of how far the path to achieve
caging formation is from the moving object in the period ¢, to
t. + At,, the whole period on working toward the Dynamic
Object Closure. To each feasible path ¢, Path i Margin of
the particular path 7),4.,_; is defined as the following, the

minimum distance from the configuration of robot ¢ to C-
Closure Object of the object.

Tlpath_i = rntin(qrbt,vi (t) - Cobj (t)) (6)

The Path Margin of a Dynamic Caging Formation is
defined as the minimum values of Path i Margin of all
paths (CF pas_patn) Which are need to move in other side
of the target object without contacting with it on performing
a caging formation.

~ min
1€CFFM _Path

Tlpath = (npath,i) N

Large Path Margin will make the robots easy to reach
the position for constructing a caging formation without re-
planning of robot i path and caging formation both.

B. Object Closure Margin

For coping with error and uncertainty of sensing and
control in the caging formation control of the robot team,
Object Closure Margin is introduced to realizing a reliable
caging formation control. When Object Closure is achieved,
we define the closure margin to each pair robots as 7;; =
Pmin_j — Pij - The minimum of the closure margin of all
pairs of neighbor robots in the system (s = min(n;;)) is

2
defined as the Object Closure Margin. ’

In the implementation of caging formation control, the
margin 7. should satisfy the following condition basically.

Nels — ‘em,ij| - |ef,ij| >0 (8)

Here, e,,_;; is the maximum distance measuring error of p;;
and ey_;; is the maximum error of the formation control
of p;;. Larger Object Closure Margin makes the system
be able to satisfy Object Closure condition with relatively
larger errors of formation control. The margin is easy to be
calculated in the aforesaid testing algorithm, and the testing
condition in the Proposition 3b will be replaced by this
condition.

C. Determination of Caging Path and Formation

In this section, an algorithm is developed to decide a
dynamic caging path and formation from its candidates by
incorporating both margin metric Path Margin and Object
Closure Margin.

Within the set of feasible path and caging formation on
achieving a dynamic caging, there is one or a group of
paths which Path Margin is the maximum value within the
whole set of feasible paths, denoted as 7pqth_maz. Also
there is one or a group of caging formations which Object
Closure Margin is the maximum value within the whole set
of feasible caging formation, denoted as 7¢;s_maz- A path
and caging formation with both maximum margin values,
Npath_maz a0 7Meis_masz Will be the best choice on achieving
a dynamic caging. However in general, a candidate is hard
to have the maximum value on both margin metrics. In other
word, a candidate which has maximum value on one metric
will not be the maximum in another.
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In this research, we developed an algorithm for obtaining
a better solution in the view points of both Path Margin
and Object Closure Margin. Here, we obtain the difference
between the maximum value of a margin metric in the
whole candidate set and the margin value of a path or
caging formation. To each path candidate to reach a caging
formation, the difference of its Path Margin from largest
Path Margin (Anper) could be easily calculated by Eq.9.
Similarly, to each caging formation, the difference of its
Object Closure Margin from largest Object Closure Margin
(Angs) could be easily calculated by Eq. 10

Anpath = Mpath_min_Max — Tpath_min (9)

AT]cls = TNcls_Max — Tcls (10)

Here, Npath_min_Mae 15 the best value of the caging path
margin Npath_min, and Npath_min 1S the best value of the
caging formation margin 7.;s in path and caging formation
candidate set.

A good path and caging formation candidate will relatively
large margins on both margin metrics. From this view point,
the path and caging formation with the least square value of
the two margin differences, Anpq:n and Ang,, is defined as
the solution to perform a Dynamic Caging.

CF = min(Ar,,) = min((@dparn)* + (8Anas)*) (1)
Here, a and [ are weight constants for two margin metrics.

VII. FORMATION-PATH PLANNING EXAMPLE

In this section, a planning example for realizing Dynamic
Caging by using proposed Random Caging Formation Path
Determination algorithm is presented. The initial conditions
and results are shown in Fig.7 ~ Fig.9 and Table 1.

2 2

2 1 2 12 22 52

(a)t =0 (b) t = 4 sec
Fig. 7. (a) Initial object configuration and formation of the robots (b)
Estimated configuration of the object and reachable configuration sets of
robots at t. + Ate.

We use a T-shaped object, the same object in Fig.1, as the
caging target object. The mass, the coefficient of friction on
the ground, and the object’s initial velocity are m,; = 20kg,
p = 0.01, and ¢q,,,;(0) = (1.0m/s,0,0) respectively. The
system is in consist of four omni-directional mobile robots
which construct a formation (Case II in Fig.2) to achieve
a dynamic caging task. Predefined time interval for the
Dynamic Object Closure, At,, is set as 4sec. Initial velocity
of each robot is the same with the initial velocity of the
object, P, (0) = (1m/s,0), and the maximum acceleration
of the robot is bounded by +0.1m/s2. At the time t. + At,,
the reachable configuration region of each robot, R,y is a

circular area with the radius of 0.8m. The center positions
of the regions of robot 1 and 4 are (4.0m,1.1m) and
(4.0, —1.1m). The center position of the region of two robots
behind the object, robot 2 and 3, are (2.78m,0.5m) and
(2.78m, —0.5m) respectively (Fig.7).

(c) (d)
Fig. 8. Dynamic Caging Path Formation Determination: At. = 4sec, 250
random seeds of paths to each robot’s feasible configuration. pcc_min =
1.5m, |em_ij| + |eg_ij| < 0.15m. (b) and (c) are reachable positions of
robots and caging formation candidates. (d) is a caging path and formation
candidate which has large Path Margin and Object Closure Margin

-1 ]

According to the geometric calculation of the CC-object,
the maximum closure distance between two caging effectors,
Pec_min, 18 1.bm, and the error of measuring and formation
control is set as |e,,_i;| + |efi;j| < 0.15m. Fig.8 shows
the result of Random Caging Formation Path Determination
algorithm with 250 random seeds of the path to each robot.
Fig.8-(a) presents the distributed random seeds of robots’
feasible configurations at ¢, + At., and Fig.8-(b) shows path
candidates without collision with the object. Fig.8-(c) shows
formation candidates satisfying Object Closure conditions
and Fig.8-(d) shows the resultant caging formation which
has large Object Closure Margin and Path Margin comparing
with other feasible caging formation candidates.

In Table I and Fig.9, results and performances of four

TABLE I
PERFORMANCE OF CAGING PATH AND FORMATIONS OBTAINED BY
USING DIFFERENT DECISION METHODS (o« = /3,3 = 1)

Npath | ratio of Nels ratio of Angm

(m) | Anpatn | (M) Afels
Proposed Method 0.039 7.5% 0.117 0.3% 0.0046
Max npatn 0.055 0.0% 0.0003 | 99.8% 0.0178
Max 75 0.004 73.0% 0.133 0.0% 0.0425
Random Solution 0.001 11.2% 0.0002 | 99.8% 0.06421

5928



(c) (d)
Fig. 9. Planning Results: Selected Caging Path and Formation by
Different Strategies (a) Random Selection, (b) Maximum Closure Margin
(Mets = 0.133m, Npaen = 0.004m) (c) Maximum Path Margin (nes =
0.003m, 1npqatn = 0.055m) (d) Proposed Random Caging Formation Path
Determination Algorithm (n¢;s = 0.117m, 1pqep = 0.039m).

methods to obtain caging path formation are shown. Can-
didates with maximum value of either Object Closure
Margin(Fig.9-(b)) or Path Margin(Fig.9-(c)) have poor per-
formance on another margin metric. Fig.9-(d) shows the solu-
tion obtained by using proposed method and its performances
are not the best but good on both margin metrics, within
whole candidates of caging path and formation, being the top
7.5% on Path Margin and the top 0.3% on Object Closure
Margin. Here, optimization weight constants are setting as
a = +/(3),8 = 1. Since the stability on maintaining the
caging formation is important on object transportation and
some collision avoidance control strategy can be incorporated
when we implement the algorithm to robot systems, so
the result obtained by the proposed method are feasible on
applying to caging robot systems. It should be emphasized
that «, 8 are weight factors on how much each metric should
be near to the best value, rather than the margin value
directly. Therefore, they just guarantee that a sub-optimal
solution we will have, and are not critically affecting the
magnitude of resultant margins of the solution.

VIII. CONCLUSION

In this paper, an approach to multi-robot manipulation:
Dynamic Object Closure, a closure condition that guarantees
to trap a moving object in a predefined future timing, is
addressed. We proposed a probabilistic caging formation
path determination algorithm (RCFP) for not only check-
ing the sufficient condition of Dynamic Object Closure
but also determine a sub-optimal path-formation candidate
which realizing good performance on both Path Margin and
Object Closure Margin. The proposed algorithm is efficient

in calculating as a real-time planning and control method.
Finally, some results of a planning example are presented for
illustrating the proposed algorithm. Discussion on dynamic
caging with uncertainty of object configuration estimation
and development of an algorithm to obtain feasible robot
configuration sets for dynamic caging are our future works.
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