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1. INTRODUCTION

Track finding is a basic problem in moving robotits [1] Latombe acclaimed, the potential of
optimal navigating its movement is “notably essanbiecause a robot completed assignment by mowing i
the real environments.”

The issue of harmonizing numerous of movable rolgotsremarkable consideration in the related
approaches to this article. Whenever several rodesdeployed in the same environment there is¢es
for coordinating their movements. Trajectories fbe individual robots have to be computed such that
collisions between the robots and constant barijess like between the robots among themselves are
prevented. In Especial, in the multi robot confegions various unwelcome statuses can take plach, @
congestion's or deadlocks. For instance, let hageotcasion with three robots presented in the Figure.
Starting positions for the robots indicated by éaugrcles whereas the small dots correspond togtia
locations. The lines are the individual optimumhpedys for the robots. Assuming that the hallwayes rast
wide enough for two robots to cross simultaneoustypath can be found for robot 1; if robot 3 esitiére
corridor before robot 1 has left it. In that calsied robot obstructs the path of first robot. Hernte robot is

not able to attain its designated target, pGptThis example shows that there is the need ofdioating

the motions whenever current schemes for overcomfiagoroblem of movement navigating for more than
one robot is categorize to following major clasgs the centralizedand thedecoupledechniques. In the
former method the setting scopes of the partictdhots are joined into one compound setting scopk a
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next explored for a track for the entire compouratiel. Contrary, the later method at the initiattglculates
divided tracks for particular robots and then atitsnto solve probable collisions of the producedtso
Conflicts are situations in which the robots tryréach the same location simultaneously or in whiey
would get too close to each other.

In theory, centralized methods are capable to dwber the optimum solution to any finding issue
while an answer exists; time complexity of thesethmds is exponential with respect to the directiona
dimension of composite space. In fact, one probignthat constrained satisfaction problem is a apply
heuristics for finding the non-straightforward pathcomplex environment [3, 4].
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Figure 1. Path planning problem with three rob®tee lines are the individual optimal paths for thbots
between their current positions (indicated by larigeles) and their goal locations (indicated bya#irdots).

A centralized path planning method which searchethé unconstrained composite configuration
space is capable to determine the optimum soldticany finding issue when there is an answer. Hawnev
the time complexity becomes exponential for someth&f robots [5]. Practical centralized approaches
therefore either use heuristics to explore the ljog# state space, or constrain the configuratipacs to
make the search feasible. As a result, they aiiedlypeither complete nor optimal. Consequentligytimay
not succeed to find an answer even if it existsthrdsolution they generate may not be the optamel

As explained before decoupled planners first sgdabié track of the particular robot autonomously
afterwards, utilize various strategies to eliminatebable conflicts. However, search space isrsssive to
treat with this issue; it is a proper decision éxldre precedence to each robot [6]. The re-naugatep is
then carried out in conformity with priorities. Thuin the case of conflicts, prioritized approactigsto
calculate a new trajectory which has no collisiondll robots given the trajectories of the robwith higher
precedence. Priority plans prepared an efficieohrigue for solving conflicts which is computatidga
effectual. Since they strongly restrict the seasphce, all decoupled techniques are also incomplede
generate potentially sub-optimal solutions thatdegve approach from Maren thesis’s [1].

The first examples illustrate the precedence phat specifies the order where the paths of the
robots are computed, has a significant effect camifanswer is findable and on the quality of thieitgm.
Speaking roughly, this fact showed that no envirentrpartitioning will be optimal that solved allbrat
movement issues in such complex environment.

In our research, a technique presented that lopkis the space of all precedence schemes when
resolving complex multi-robot navigating issues.eTproposed method employ a novel heuristic based
partitioning method in the complex and 3D spaceabbve definition. Because every replacement and
modification of an algorithm needs to find the propath for large number of robots, it is vitactmncentrate
on the search to achieve this, our approach apply@stricts among the robots, based on the mission
definition. There are two advantages. First oniisimzing the time needed to explore a solutiorpéesally
for real time calculation). Second is maximizitng thumber of problems while a solution is findainlea
specific time interval. Moreover, our model is chljgato decrease the total move cost upon a soltitjoned
out. It has any-time attributes, in another wohg $olution quality is planning on compute time.
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The rest of our article is related work to multbad path planning emphasizing on prioritized
decoupled methods. In Section 2 we present twaripzied decoupled path finding algorithms which are
applied in the entire of this work and then deserilur approach to searching for resolvable prigulgns
through navigating. Section 3 presents systemadigaerimental outcomes, representing the capactiesr
algorithm to navigating and optimizing solvable ggdence schemes.

2. RELATED WORKS

Many centralized algorithms apply possible fieldtimegls to direct the search [7-9]. These methods
use various techniques to treat into the issuendirfg the Ridge in optimization problem of findipgth.
Additional techniques limited such movements ofegbjto minimize the bigness of that search tree for
reducing the complexity of environment. For ins@ni€uffner et al. [10] and Bhattacharya et al. [bo@lnd
the paths of the robots to became a self-dependapt These articles show the relation and harmtiaiza
which is result of exploring in a product named t€sian of individual environment map. The particula
roadmaps are constructed beforehand by randomlgrating collision-free configurations and connecting
them using some local planner. Bohlin et al. [1isented a similar approach for robotic systemk miany
degrees of freedom. They directly build probabdisbadmap (PRM) for the whole system. In this aesk
once a roadmap has been learned it is usable tevacbonflict-free trajectories for different configtions
of the robots as long as the environment doesharge. Yousif et al. [13] proposed a variant whistuces
the number of collision checks for the sampled guméitions. Their goal has been to speed up thewapd
construction phase to efficiently answer single pilagy queries. The latter two roadmap methods, hewev
are not feasible for path planning problems witmgneobots. As we mentioned later, we solve the jgmob
of large number of robots with combination our negtho prioritized variant.

Contrary, Decoupled planners, initially computgectories for the particular robots self-dependent
afterwards try to solve probable conflicts betwdbese paths. In [14], one useful decoupled metisod i
navigating in the setting time-space is proposéiks Method expands time axis of the configuratiacemf
the robot. Methods of this group allocate preceddndhe each robot and estimate the pathways odtadts
that basis of the arrangement signified by the rmeat precedence.

Thereby, they incorporate the trajectories of tgots with higher into the configuration time-space
of the robot under consideration. The method piteseby Tian et al. [15] applies a determined aresmgnt
and utilizes potential field methods in the settinge-scope in combination with genetic algorithmatmid
collisions. The approaches proposed by Wang ¢t@&].moreover applies a determined precedence gidn
selects random deflect for the robots with lesgguence. A further technique to decoupled navigdtrthe
track coordination technique and introduced by Oibell et al. [17]. The basis of this approach is
scheduling techniques for restricted resources [& main thought of this study is to hold eadhotoon its
own pathway and assume actions for the robots asidtopping, moving forward and moving backward on
their tracks to prevent conflicts.

3. PROPOSED METHOD

Our model uses the4A24] or in Maren homepageH(tl.informatik.uni-freiburg.deharen.htmr’) to
measure the cost of optimum pathways for particrdaots. The Adirects issue of determining an optimal
track according to a given cost function frorstart positionto atarget positionin an area which is a graph
here. In order to perform exploration effectivelye A considers the gathered cost of achieving stdtem
the initial state start and similarly estimates tlost of achieving the goal state goal franiThe estimated
cost is also calledheuristics A typical implementation of the *Aalgorithm uses a priority queue which
contains the alreadyisited’ nodes along with their associated @osts. The Acostf(n) of a noden are the
accumulated costsost_from_star{n] for reachingn from the initial state plus the estimated da(t, goa)
for reaching the goal state from In each iteration the element with the minimumcAst is extracted from
the priority queue. If necessary its neighborsase updated by taking into account the cost lestvieo
neighbor states. These costs are given by theifumzt

By using a good heuristics for the total cost @fateng the goal position,*Attends to concentrate
that the whole search space is more complex adstovering a cost-optimal track. Mentioned fealessls
A*to be so effective search method and has givemeiatgattention in the robotics. To ensure that the
algorithm computes the optimal path the heuridigs to be admissible (prove at [25-33-35-34] ard[36-
31]), which means that it does not overestimaterimee cost to reach the goal.

It should be mentioned thatAeeds a discrete search graph, while the settiagespf a robot is
continuous. Furthermore, each state needs to héimgeanumber of successor states. Our assumpgitimai
the area is described with a detached occupanayefrmrk map. Occupancy grids divide the area into a
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framework of even distanced cells and keep in thls<0(, y> the possibilityPOCC« X y>)which is contained

a constant object. In other words, an occupanay igiap can be seen as a discrete graph: Each ddilé of
grid represents a node of the graph. For all neigkblls with an occupancy value lower than a tho&h an
edge between the nodes is inserted. The expengeaf@ling the cell x, y> is related to its possession

possibility which is denoted &3, (< X y>) (occupancy) to prevent that pathways end to wadisWe utilize
a threshold functlony( 0CC(< X y>)) which POCC(< X y>) is endless if POCC(<X, y>)overstep 0.8, and
P (<X, y>)otherwise. Moreover, the measured cost for gettiegtarget stat<ex ,y*> is approximated by

occ

m occ*

<X, y> < *,y* >‘ while minOCC > Qis the optimal path. Otherwise, the expense foreliag the

cell <y, x> is related to it's strongly possibility which @enoted asCOCC«X, y>) (Carriage path) to prevent

that robot to dealt with moving object. We utiliznother threshold functioﬁI'(Cocc«x, y>))which

calculate the Rigged value of each possible movéemeath. In figure 2, Asearched a space. In determined
occasion the robot commence in the hallway of @aoeds aimed position located in south. Moreover, i
presents the gathered costs of the states resujtdte finding procedure.*Mnot expands a large percents of
the total state area and consequently is moretifec

A+ drawback occurs in the situations that certainlyaston is remaining. For some robot’s that
works on partially observable environment operatjat first we should apply the value iteration moet for
non-deterministic actions that is hardly bettentia. In other word, for changing the finding path e best
and most fit road we employ a SMA-iterative metlodt was introduced in 2000 [14]. One same infl@enc
is as in general viewed while respecting stochastiwements: It presents a fine for traveling tigghsave
the path of robot in remaining near to barriersn€amuently, according to the paths computed byoBots
usually select tracks which are far from barriers.

YEE

Figure 2. Result of a trajectory plannlng procedurean individual robot applying AThe gathered
expenses Black Square respected while the seatttlaashowed in grey (specially for starting and e
point)

For basic comparison, an exemplary applicationaimst of the prioritized decoupled finding
methods is shown in Figure 4 (the image on lefithis position, the robot colored in green wasgaesl to
reach the room 4located in north. The other robtack robot) with its initial place in the hallwand its
target place was near to initial position of theabl. When both pathways were designated selfradbpd, a
collision imposed among the two robots as showthénfigure. After utilizing A in the setting time-space of
the later (which we assumed to have lower priorigg illustrated in figure 4 (right side) the caetflis
removed. Corresponding to the path computed hyh® black robot must prevent the conflict with ¢gneen
one by going to north where the other robot is sgpg to enter the hallway (at the door). After tlasflict
avoidance process, the trajectory via the nearvdmphas lower cost. Figure 5 shows the trajectarfasio
robots carrying out the computed plans.
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Moreover, in the best and generic implementéd-fased finding in the search space tree there
exists a limited variant of this method that justastigates a subset of the outlinam to minimizetitme of
search. The trajectory coordination technique whpohposed firstly by Donnelll7] restricts the search
space to those situations which are on the indallgunavigated optimum tracks of the robots. Hemobpts
have to remain in initially computed paths. In awork we use a prioritized variant of this approach.
Regarding the constraints of the search spacedrdfextory harmonization technique is more stablg was
so popular than the traditiorr ANevertheless, the main problem of this algoritemrelated to this reality and
hardly succeeds and that it often produces inefiicsolutions.

Consider for example the occasion shown in Figurdndthis occasion the path coordination
technique cannot explore a trajectory for the gnedot if the black robot has higher priority. Onfythe
green robot has higher priority the pathway findisgue is solvable by letting the black robot vaitits
initial position until the green robot passed bigufe 6 shows the related pathways achieved wihptith
harmonization method. Keep in mind that in thisasten the coordination method performs much worse
than general Abased navigating in the setting time-space. Sihee coordination technique limits the
nearest robots to remain on pre-calculated maptt@mithe robot starting in the start point angetdo the
destination point on one crosses. Hence, the tiima to reach its target point is nearly twice@sy as not
considering any collision. On the other hand, tke trobots reach almost simultaneously applying
unconstrained Abased navigating in the setting time-space

Figure 3. Average deflection of a robot from iteqmavigated track during plan execution. In a seqe®f
tests we constantly measured the distance of ta'socurrent location from own planned place atshme
point in time. The distance unit is measuredrimn

goﬁlJ

Figure 4. Conflict occasion for two robots (imageleft side) and resulting conflict-free paths afteding
in the setting-time space of the black robot.
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Figure 5. Resulting trajectories of two robots gigg out the planned paths illustrated in the Fégdi(right
side image).

4. EXPERIMENT & SOLVED PLANNING PROBLEMS

This first range of experiments was designed tanddfie effect of our search strategy on the overall
number of planning problems that can be solved ce/ded out 100 tests for each robot noticed alcheest
we selected the beginning and goal positions ofdbets by chance. Four different strategies weealy in
order to discover a soluble precedence plans:
1. A selected arrangement for the robots whiclhasen at random.

2. An arrangement which assures the limitationgHerrobots iR and includes of a sequence for the robots

in R, which is chosen randomly.

3. Unrestricted randomized inspection beginnindnaitsequence which is random and without attenitiag
restrictions.

4. Restricted randomized inspections beginning wifequence calculated similar to strategy (2).

Figure 6. The robots performing the navigation pldarhe top left illustration plots the primary s®tin the
top right illustration robot 2 creates space fdyabl while robot 3 takes a shortcut. The lowetilafstration
demonstrates robot 1 waiting to let robot O cross oT he lower right illustration plots robots Igsisitions.
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The second series of tests was carried out to cheelcapabilities of our method to guide the
inspection in the space of all precedence planswéfe particularly interested in the question houcmthe
calculation time essential to find a solution carbereased by constraining the search. During tieste we
increased the values ofaxFlipsandmaxTriesto 10 and measured in which iteration the firstusoh was
found if the navigating problem could be solvedyufe 7 shows the outcomes achieved for differemntlar
of robots in the cyclic hallway field and Figurepots the corresponding evaluation for the non-cycl
environment. We only evaluated planning problemg&tvisould be solved by both search methods.

45

40

= 25

20

15

10

n

Figure 7. In the non-cyclic hallway environment algo have a significant difference between the
two search strategies considering the iteratiomtiich the first solution was found if the navigatimgpblem
could be solved.

The unconstrained search needs much more iteratlans the constrained search to create a
solution for both environments. Therefore, the iémef our constrained search are two-fold. On baad,
it needs less iteration than the unconstrained teoypart. On the other hand, it needs less caloulat
because the search is being limited to a substteofobots, which decrease the number of trajextdhat
must be created in each iteration during the search

Result in "Results and Discussion" chapter, scetiecompatibility. Moreover, it can also be added
the prospect of the development of research reaolisapplication prospects of further studies th# next
(based on result and discussion).

5. CONCLUSION

In this paper we presented the main problems of ntudti-robot path planning problem and
explained the drawbacks of existing approaches.ivifeduced the prioritized decoupled path planning
approach which searches in the configuration tinaeeap of the robots for conflict-free paths. As pEdndut,
no single priority scheme for the robots would hdfisient to solve all possible multi-robot motion
problems.
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