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Multi-Agent Path Finding >

Input
* A graph with N locations

* A set of K agents — each with start and goal location

Actions
An agent can move or wait

Task
A path for each agent

Constraints
Paths shouldn’t conflict

- Agents cannot be in the same location at the same time

Target
Minimize the sum of travel costs
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Motivation

Robotics

Video games
Transportation applications
Warehouse management
Product assembly
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 Decoupled approach: Every agent plans separately
+ Fast

Coupled vs. Decoupled

- Non optimal
- Many times not complete

* Coupled approach: agents are planned together
+ Can be optimal
+ Complete
- Exponentially hard
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Traditional Coupled Approach

A state is a set of locations, one per agent

Expanding this state results in 25 new states!
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Heuristic

Some of Individual Costs (SIC)
* A commonly used heuristic ([Standley, 2010/2011],

[Sharon et al, 2011] )

&

 Sum the distance of all agents from there goal

SIC=3+3=6
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Solution #1;

* Given:
— State <position(a1), position(az)..., position(ak)>
— Operators per state All single agent moves combinations
— Admissible heuristic Sum of Individual Costs

 Use A*
— Optimally effective

Problem solved?
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* The branching factor is 5% (k is the # of agents)

Problem #1: Exponential BF

* On a problem with only 20 agents:
— Branching factor = 95,367,431,640,625
— A* can’t expand even the root!!!

Cannot solve even with a perfect heuristic!
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Solution #2;

* Operator Decomposition
— AAAI 2010, Standley.

* Increasing Cost Tree Search
— CAI 2011, SoCS 2011, Sharon et al.

* Enhanced Partial-Expansion A*
— AAAI 2012, Felner et. al.

Problem solved?
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Problem #2: Enormous state space

* The size of the state spaceis |V |'
— Allocate k agents to |V | locations

* No perfect (or even close) heuristic
— A large portion of the state space must be explored

 Can’t solve problems with many agents

10 Al@BGU



&

Solution #3 : Independence Detection

Simple ID():
1. Plan for each agent independently
2. If agents collide
2.1 Group them together
2.2 Plan for these agents together (with A*)

2.3 Goto 2
2]
+ Standley 2010 i
* Extremely effective ! l “-3 )
_ Problem solved? |53




Problem #3: Almost Independent

51 Sz

2 step @2-1@9 (By)...Br
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G1 G2

 Each agent has m different optimal paths

e All of them go through C at time step 2
* ID will group both agents
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Group agents and solve with A*

 Optimal solution =7
=>» A* will expand all states with f< 7

* Every m? combinations of (A;,B;) will be expanded!
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Conflicts and Constraints

* Conflict: < Agent A, Agent B, place X, time T >

* Constraint: < agent, place, time >
Option A: AcannotbeatXontimeT
Option B: B cannotbe at Xontime T

Solution #4: Conflict Based Search
1. Plan for each agents separately
2. Validate plans
3. If the plans of agents A and B conflict
Constrain A to avoid the conflicts
or

Constrain B to avoid the conflict
AT@BGU




Must check both constraints

* Required to ensure optimality

_ Conflict
No Constraints {A,B}

Conflict . . Conflict
Constrain B Constrain A
7 N\ 7 N\
/ \\ / \\
V 4 N\ Y 4 \
Y 4 \ Y \
V4 \ / \
k A k A

15 Al@BGU



The constraint tree

—Nodes

* A set of constraints
* A set of paths that are consistent with the constraints
e Cost (sum of costs of the paths)

—Goal Test

e Are the paths conflict free.

— Operators:

* For each conflicting agent
— Create a new node with a new constraint on the agent
— Find a new path for the agent consistent with the new constraint
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CBS Example
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Example analysis

e CBS: Expand O(m)
* A* : Expand O(m?)
— All m? (Ai,Bj) combinations

For this problem CBS will expand less states then A*
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Example

* 4 optimal solutions for each agent
* Each optimal solutions combination conflicts
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., Example #2 Analysis

=il
1 2 3 4

e CBS: Expands 71 states in total (=4 * 16 + 7)
— 4 conflicts = 16 constraint tree (CT) nodes
— Each CT node expands 4 single agent states
— The goal CT node expands 7 single agent states
—4* 16+ 7 =171 low-level states in total

 A*: Expands 8 states in total

CBS expands more states by a factor of 9
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A* or CBS?

A* is exponential in the number of agents
CBS is exponential in the number of conflicts

No universal winner

Depends on the problem properties

Observations:

— Many bottlenecks (few conflicts): CBS outperforms A*
— Open spaces (many conflicts): A* outperforms CBS

Use Both
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Solution #5:
Mata-Agent Conflict Based Search

1. Plan for each agents separately

2. If the plans of agents A and B conflict
2.1 If ShouldMerge(A,B)

2.1.1 unite A and B and solve with A*

2.2 Else

2.2.1 Constrain A to avoid the conflicts
2.2.2 or

2.2.3 Constrain B to avoid the conflict
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Conflict Bound

* Possible solution for ShouldMerge(A,B)
 Merge agents if they conflict many times

If PreviousConflicts(A,B) > Conflict Bound
Return true

Else
Return false



&

Bound scale
0 MA-CBS -
K | |
| |
Always Merge Never Merge
(ID) (CBS)

* If the conflict bound issetto0 (always merge)
— We get Standly’s Independence Detection

* If the conflict bound is set to ®© (never merge)
— We get the basic CBS

27 Al@BGU



What is the best bound?

* Open question
* Depends on:
— map topology
— amount of agents
— Efficiency of the low-level algorithm

e Observation:

— More bottlenecks = higher bound
— More agents =2 lower bound
— More efficient low-level algorithm = lower bound
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Experimental Results, Dragon Age

* Dragon Age: Origins (Sturtevant) benchmarks
* Many bottlenecks

brc202d with EPEA* as a low-level solver

k| EPEA* B(1) B(5)| B(10)B(100)B(500) CBS
5 1,834 2,351 1,286 1,276 1,268 1,267 1,664
10 6,034 8,059 4,580] 4,530] 4,498 4.508 5,495
15| 12,354] 15,389 6,903| 6,871 6,820| 6,793 8,685
20(> 70,003| >73,511| 35,095|21,729{19,846|31.229| >43.625

Higher bound is faster when:
v'"More bottlenecks are present




Experimental Results, Dragon Age

e Some bottlenecks

ost003d
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ost003d with EPEA* as a low-level solver

k| EPEA* B(1) B(5)| B(10)B(100)B(500) CBS
5 187 231 168 168 169 169 222
10 1,718 1,983 764, 753 757, 757 935
15 4,888 4,593 1,597} 1,592 1,568 1,570 1,909
200 10.463| 13.426] 3,701 3,654| 3,623 3,598 4,119
25(> 60,140 >58,902| >28,881(15,109|18,159/35,536/> 73.860
30| >84.473|> 80,248|> 30,781|25,860]27,525|46,328| >92,209
35| >90,703] >81,633| >39,660/21,466|28,241|47,544|> 95,262

Higher bound is faster when:
v'"More bottlenecks are present

AI@BGU



Experimental Results, Dragon Age

e Few bottlenecks

N den520d with A* as a low-level solver |
k A* B(1) B(5)] B(10)B(100)B(500) CBS
5 0.223 273 218 2200 219 222
10 1,099 1,458 553] 552 549 552 546
15 1,182 1,620 1,838 1.810f 1.829| 1,703 '
20 4,792 4,375 2.011] 2,020] 1,857
25 7,633 14,749 2.,320| 2,888 3,046
7> 60,214 8,107] 8,013 7,745

Lower bound is faster when: 17>51.815 13.670[13,587115.981/28.274)> 155"
7] >82.860]  18.473{18,399|20.391|31,189|> 45.857

\/efﬁ(]ent |OW—|eve| SOlver den520d with EPEA* as a low-level solver
] [ B(D]  B(S)[ BAO)B(T100)B(300)]  CBS
\/I\/Iore agent exist )9 190 180___181] 180] 180 256

33 1,782 47 467/ 469 469 632
15 1,621 2,241 1,708 11.713| 1,738 1,807
20 3,393 3,725 1,527 11,553 1,555 1,867
25 7,675 8,327 1,701 20041.731] 2,071 3,264
300 12,574 13,308 _3.955] 3.773[15.276/16,191| >38.707

d e n 52 0 d 35/ 15,736 12,655 4,993 7,199/18,998|> 50,050
40 14,635] 15,452 4,971 7.686/20,860 >50,891
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Summary

* CBS: a new optimal MAPF algorithm
e Can expand less nodes than A*
* CBS focuses on resolving conflicts

— Run many easy-to-compute single agent searches
e Qutperforms state-of-the-art for some domains

— If #conflicts is small and easy to avoid

e Less efficient in other domains



Summary

MA-CBS: a new optimal MAPF framework

Can use any optimal and complete MAPF solver
Continuum of A* and CBS (better then both)
Outperforms state-of-the-art A* for all domains



What Next?

Generalize MA-CBS to other problems
— Not just MAPF

Rigorous analysis of the bound parameter
Better ShouldMerge function
Explore relations to CSP\SAT
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Questions?
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