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Overview

|
Introduction Background

[] Parallel Retracting A* (PRA*, Evett et al., 1995)
m Parallel Search .
[J  Parallel Best NBlock First Search (PBNF, Burns et al., IJCAI 2009)

PRA*
PBNF m New: Parallel bounded-suboptimal search.
Optimal Search [l Two pruning rules for approximate best-first suboptimal search

Suboptimal Search

m New: Parallel anytime search.
Anytime Search

Conclusion
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Parallel Retracting A* (PRA*, Evett et al., 1995)

m Distribute nodes among threads using a hash function.

Introduction

o o 0 Each node has a home thread.

. .

= Communication [0 Duplicate detection can be performed locally at each
PENF thread.

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Retracting A* (PRA*, Evett et al., 1995)

m  May need to communicate nodes between threads at each

Introduction

PRA* generation.
m  Non-blocking: HDA* (Kishimoto et al., best paper award
BN ICAPS 2009)

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Best Nblock First (PBNF, Burns et al., 2009)

ntroduction m  Work is divided among threads using a special hash function
PRA* based on abstraction. (Zhou and Hansen, 2007)

T 0 Few possible destinations for children.

m Nblocks

m Detection Scope
m Disjoint Scopes
m PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Best Nblock First (PBNF, Burns et al., IJCAI 2009)

m  Work is divided among threads using a special hash function

Introduction

PRA® based on abstraction.
fB,E'bF : 0 Threads search groups of nodes called nblocks.
straction

m Detection Scope
m Disjoint Scopes
m PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Best Nblock First (PBNF, Burns et al., IJCAI 2009)

m  Work is divided among threads using a special hash function

Introduction

PRA® based on abstraction.
R 0 nblocks have an open and closed list.
straction

m Detection Scope
m Disjoint Scopes
m PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Best Nblock First (PBNF, Burns et al., IJCAI 2009)

ntroduction m  Work is divided among threads using a special hash function
PRA* based on abstraction.

CBhE 0 An nblock and its successors: duplicate detection scope.

m Abstraction

m Nblocks

m Disjoint Scopes
m PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Best Nblock First (PBNF, Burns et al., IJCAI 2009)

ntroduction m  Work is divided among threads using a special hash function
PRA* based on abstraction.

EBE O Disjoint duplicate detection scopes searched in parallel.

m Abstraction
m Nblocks
m Detection Scope

m Disjoint Scopes

m PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion
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Parallel Best NBlock First (PBNF, Burns et al., IJCAI 2009)

Introduction 1 .
PRA*

PBNF

m Abstraction

m Nblocks 2
m Detection Scope

m Disjoint Scopes

m PBNF

Optimal Search

Suboptimal Search 3
Anytime Search

Conclusion

Search disjoint nblocks in parallel.

m Maintain a heap of free nblocks.
m Greedily acquire best free nblock (and its scope).

Each nblock is searched in £(n) = g(n) + h(n) order.

m  Switch nblocks when a better one becomes free.
m  Approximates best-first order.

Stop when the incumbent solution is optimal.

m  Prune nodes on the cost of the incumbent
m Incumbent is optimal when all nodes are pruned.

See paper for proof of correctness (no livelock).
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Optimal Search

Optimal Search
(New since paper)
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Algorithms Not Shown

x*
Introduction Parallel A
PRA* m Basic A* with a lock on open and closed lists.
PENE Lock-free PA*
Optimal Search _
m  PA* with lock-free data structures.
m Grid Pathfinding
m Sliding Tiles KBFS (Felner et al., 2003)
Planni -
: Suamnngy B Expand the K best open nodes in parallel.
Suboptimal Search PSDD (Zhou and Hansen, 2007)
Anytime Search m  Abstraction to find disjoint portions of a search space.
Conclusion B Breadth-first search
m All threads synchronize at each layer
IDPSDD

m  PSDD with iterative-deepening for bounds.
BFPSDD*
m  PSDD, but search in f(n) layers.
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Algorithms

PRA* (Evett et al., 1995)

Introduction

PRA* B Distributes nodes with a hash function.
el HDA* (Kishimoto et al., ICAPS 2009)

Optimal Search ) ] ] .

m  PRA* with non-blocking communication.

m Grid Pathfinding B Originally developed for distributed memory.
m Sliding Tiles

m Planning APRA* and AHDA*

® Summary

. m PRA* and HDA* with abstraction based hashing function.
Suboptimal Search

Anytime Search PBNF (Burns et al., IJCAI 2009)

Conclusion B Uses abstraction to decompose the search space.

B Greedily acquire best free nodes.
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Four-way Grid Pathfinding 5000x5000

Grid Unit Four-way 5000x5000

Introduction
” PRA* —---
* ’
o ] / HDA" -
2 1 '/' \“ APRA* __-
Optimal Search 1 g ‘\ AHDA* ------
m Algorithms 20 - / " PBNF ——
m Grid Pathfinding | Va '\‘ .
m Sliding Tiles » 1 B ‘-\
® Planning g ,/ \ /
m Summary S 157 ! ~ /' \
9, ,/ .
Suboptimal Search ® 2
S
Anytime Search =
Conclusion g 107
5 ]

threads
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Four-way Grid Pathfinding 5000x5000

Grid Unit Four-way 5000x5000

Introduction
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Easy 15-Puzzles

15 puzzles: 250 random easy instances

Introduction

PRA*

PBNF

. 10
Optimal Search

m Algorithms

m Grid Pathfinding
m Planning

m Summary

Suboptimal Search

Anytime Search

Conclusion

wall time (seconds)
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Optimal STRIPS Planning

Introduction
PRA*
PBNF § > 2
&) . X . N\ X
_ @@6 6}%\}0 g \QQQ, ’&\\{& é,z;@ ngoq} QO& \&\\ ‘\QQQ-
Optimal Search N O N S & > § ¥ & N
- Alg.;orltth. | % 1| 23 519 11778 130.85 33574  199.06 M M M
m Grid Pathfinding . 1 | 144 737 6261 9511 21519  153.71  319.48 33428  569.26
m Sliding Tiles < 3| 075 530 4313 4285 24324 122.00 13830  99.37  351.87
o 5 | 109 326 37.62 67.38  211.45  63.47 67.24 89.73  236.93
TETTE 7 | 081 2092 26.78 52.82 169.92  37.94 49.58 104.87  166.19
x 1 | 144 713 59.51 9550  206.16  147.96  299.66 31551  532.51
Suboptimal Search < 3| 070 507 33.95 33.59 96.82 93.55 126.34  85.17  239.22
I 5 | 048 225 15.97 24.11 67.68 38.24 50.97 51.28 97.61
Anytime Search < 71 040 213 12.69 18.24 57.10 27.37 39.10 48.91 76.34
S 1 | 1.17 6.21 39.58 77.02 150.39  127.07  156.36  154.15  235.46
L 3 | 064 269 16.87 24.09 53.45 47.10 63.04 59.98 98.21
D 5 | 056 220 11.23 17.29 34.23 38.07 42.91 38.84 63.65
7 | 062 202 9.21 13.67 27.02 37.02 34.66 31.22 51.50

Wall time in seconds
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Summary of Optimal Results

ntroduction m  PBNF gave the best performance and scalability across all

PRA* domains tested.
PBNF = Non-blocking communication improved the performance of
Optimal Search PRA*, confirming results from (Kishimoto et al., 2009).

: ompammang ™ Abstraction improved the performance of PRA* and HDA*.

m Sliding Tiles
m Planning

Suboptimal Search

Anytime Search

Conclusion
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Suboptimal Search

Bounded Suboptimal Search
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Bounded suboptimal

m  Simple to convert PRA* and PBNF to bounded suboptimal

Introduction

PRA*

PENF O Sort open lists on '(n) = g(n) +w - h(n).

Optimal Search

0 Stop when min w-f(n) > g(s).

Suboptimal Search ncopen

.
= Grid Pathfinding [0 Two new pruning rules: see paper.

m Sliding Tiles

" Planning = Suboptimal PBNF

® Summary

Anytime Search 0 Sort nblock free-list on min f/(n).

neopen

Conclusion
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Four-way Grid Pathfinding 5000x5000

Introduction

PRA® _ threads

weight 1 2 3 4 5 6 7 8
PBNF 1.1 | 0.84 151 223 287 341 4.02 455 5.03
Optimal Search LZL 1.2 | 0.77 142 209 269 3.24 372 412 4.52

Suboptimal Search E 1.4 | 042 092 139 183 231 251 277 298

m New: Suboptimal =18 | 062 0.72 081 082 083 0.86 0.8 0.87
34 | 0.71 069 069 069 067 065 0.64 0.64
m Sliding Tiles x 1.1 | 0.87 141 204 182 2.74 340 4.09 3.57
m Planning 5‘ 1.2 | 0.79 122 182 1.75 328 3.29 396 348
® Summary E 14 | 0,31 069 151 155 262 247 3.05 2.68
Anytime Search ; 18 055 074 094 069 083 081 074 064

34 | 071 069 073 051 059 059 056 0.48

Conclusion

Speedup over serial wA

m  WPBNF gave the best performance at all but 1 thread.
Lower weight gives more speedup.
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Korf’s 100 15-Puzzles

Introduction

PRA® _ threads

weight 1 2 3 4 5 6 7 8
PBNF 1.4 | 0.86 140 2.27 2.01 241 248 2.68 2.58
Optimal Search LZL 1.7 | 098 134 170 187 233 2.63 233 2.08

Suboptimal Search E 20 | 096 1.1/ 145 144 157 148 156 1.48

e bl 3.0 | 1.09 1.34 146 144 141 134 138 1.21
m Grid Pathfinding 50 | 093 104 1.12 104 107 1.13 0.99 0.92
x 14 | 0.84 150 1.90 233 237 239 239 247
m Planning <DE 1.7 1 082 142 166 190 168 1.75 1.64 1.70
m Summary E 20 | 0.80 152 148 1.7/74 144 123 125 1.23
Anytime Search ; 30 075 139 130 131 110 088 073 070

50 | 0717 111 091 08 0.70 054 045 0.43

Conclusion

Speedup over serial wA

m  WPBNF often gave the best performance.
Lower weight gives more speedup.
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STRIPS Planning

Introduction

PRA*

PBNF

Optimal Search

Suboptimal Search

m New: Suboptimal
m Grid Pathfinding
m Sliding Tiles

® Summary

Anytime Search

Conclusion

WAPRA* WAHDA* WPBNF
15 2 3 5 15 2 3 5 15 2 3 5
logistics-8 | 0.09 1.02 059 1.37 | 1.25 1.11 0.80 151 | 2.68 2.27 4.06 1.00
2 blocks-16 1.29 0.88 4.12 0.30 | 1.52 1.09 4.86 0.38 | 0.93 0.54 0.48 1.32
S gripper-7 0.76 0.76 0.77 0.77 | 1.36 1.35 1.33 1.30 | 2.01 1.99 199  2.02
< satellite-6 0.68 0.93 0.70 0.75 | 1.15 1.09 1.28 1.44 | 2.02 153 590  3.04
~ elevator-12 | 0.65 0.72 0.71 077 | 1.16 1.20 1.27 122 | 2.02 208 221 215
freecell-3 1.03 1.00 1.78 1.61 | 1.49 1.20 7.56 1.40 | 2.06 0.84 811  10.69
depots-13 | 0.73 1.25 0.97 1.08 | 0.92 1.29 0.96 1.09 | 2.70 4.49 0.82 0.81
driverlog-11 | 0.91 0.79 0.94 0.93 | 1.30 0.97 0.96 0.93 | 0.85 0.19 0.69 0.62
gripper-8 063 061 062 062 | 1.14 116 1.15 1.16 | 2.06 2.04 2.08  2.07
logistics-8 | 3.19 3.10 3.26 2.58 | 459 4.60 3.61 258 | 7.10 6.88 1.01 0.46
= blocks-16 3.04 1.37 1.08 0.37 | 3.60 1.62 0.56 032 | 2.87 0.70 0.37 1.26
S gripper-7 171 1.74 173 1.82 | 3.71 3.66 3.74 3.83 | 5.67 509 5.07 5.18
< satellite-6 111 1.01 1.29 144 | 3.22 357 3.05 3.60 | 442 2.85 268  5.89
~ elevator-12 | 0.94 097 1.04 1.02 | 2.77 288 298 3.03 | 632 631 660  7.10
freecell-3 3.00 7.99 2.67 293 | 477 271 4866 477 | 7.01 231 131.12 1,721.33
depots-13 | 2.38 5.36 1.13 1.17 | 2.98 6.09 1.22 117 | 3.12 1.80 0.87 0.88
driverlog-11 | 1.90 1.25 0.93 0.92 | 352 1.48 0.95 0.92 | 1.72 043 0.67 0.42
gripper-8 170 1.68 1.68 174 | 3.71 3.63 3.67 4.00 | 5.85 531 5.40 5.44

Speedup over serial wA*

Most red is under wPBNF (13 of 18).
Blue is everywhere.

Ethan Burns (UNH)
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Summary of Bounded Suboptimal Results

m In general speedup was not as good as optimal search.

Introduction

TRAT 0 Some harder problems gave excellent speedup.
PBNF

m Lower weights can increase benefit of parallelizing.

Optimal Search

Suboptimal Search
m New: Suboptimal
m Grid Pathfinding
m Sliding Tiles

m Planning

Anytime Search

Conclusion
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Anytime Search

Anytime Search
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Anytime

Introduction

PRA*

PBNF

Optimal Search

Suboptimal Search

Anytime Search

m New: Anytime u

m Planning
® Summary

Conclusion

Simple to convert PRA* and PBNF to anytime.
0 Sort open lists on f'(n) = g(n) +w - h(n).

0 Stop when min f(n) > g(s) (same as optimal).

neopen

Anytime PBNF

0 Sort nblock free-list on min f/(n).

necopen

Parallel analogue to Anytime Weighted A*
(Hansen and Zhou, JAIR 2007)

Ethan Burns (UNH)
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STRIPS Planning

. AWAPRA* AWAHDA* AWPBNF
Introduction 15 2 3 5 15 2 3 5 15 2 3 5
e logistics6 | 109 1.06 140 140 | 123 121 159 166 | 106 135 194 198

@ blocks-14 | 1.36 7.76 5641 90.16 | 1.62 9.90 63.60 110.16 | 1.91 1.99 13.22 22.36

PBNF S gripper-7 | 0.78 077 076 075 | 135 133 132 133 | 205 1.96 199 1095
£ satelite6 | 077 078 078 076 | 126 123 124 123 | 158 196 198 101

Optimal Search ~ elevator-12 | 0.64 0.67 0.69 0.70 1.20 1.19 1.16 @ 1.17 2.01 2.07 2.13 207
_ freecell-3 137 143 461 137 | 166 1.68 565 195 | 193 1.06 278 6.23
Suboptimal Search depots-7 124 130 1.30 268 | 151 151 150 3.18 | 1.94 200 201 4.10
Anytime Search driverlog-11 | 115 119 111 120 | 1.50 155 146 154 | 195 210 199 0.7
ST gripper-8 | 0.61 062 062 062 | 116 111 114 111 | 204 205 209 206
- logistics-6 | 1.45 143 181 181 | 2.87 281 365 374 | 204 246 419 421

@ blocks-14 | 254 1563 9852 177.08 | 3.30 19.91 132.97 231.45 | 3.72 22.37 25.69 7.20
® Summary g gripper-7 1.77 168 1.71 1.73 3.75 3.69 361 3.67 5.61 5.05 5.03 5.06

_ £ satellite6 | 1.22 122 126 126 | 356 346 351 350 | 596 4.66 574 4.70

Conclusion ~ elevator-12 | 093 093 095 094 | 277 275 279 277 | 618 6.03 6.20 6.05
freecell-3 364 3.75 1159 444 | 500 497 1636 2157 | 354 150 1532 11.46
depots-7 3.60 3.64 365 7.60 | 441 442 440 925 | 574 552 548 10.84
driverlog-11 | 3.04 320 3.05 317 | 474 48 466 487 | 578 583 573 2.18
gripper-8 1.72 167 1.70 1.69 3.65 3.61 3.66 3.66 582 536 539 5.39

Speedup over serial AWA* (to convergence)

Ethan Burns (UNH)
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Summary of Anytime Results

Outperforms serial anytime search.

Introduction

PRA* m  AwPBNF gave the best performance on all but three
PBNF domains.
Optimal Search m  AwAHDA™* occasionally gave much better performance.

Suboptimal Search

Anytime Search
m New: Anytime
m Planning

Conclusion
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Conclusion

Conclusion
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Conclusion

m Parallel search can make your programs run faster today.

Introduction

PRA* 0 Multi-core is not going away.
PBRE O Email me for the code (C++): burns.ethan@gmail.com

Optimal Search

Suboptimal Search m  PBNF and PRA* are simple and general.

SIS e 0 Easily extendable to weighted and anytime search.
00 PBNF generally performed better than the other

algorithms tested.

Abstraction is beneficial for parallel search.
Parallel search is more beneficial on harder problems.

Ethan Burns (UNH) Heuristic Search for Multi-core — 30 / 38



The University of New Hampshire

Tell your students to apply to grad school in CS at UNH!

Introduction

PRA*

friendly faculty

funding

Individual attention
beautiful campus

low cost of living

easy access to Boston,
White Mountains

m strong in Al, infoviz,
networking, systems

PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion

m Conclusion
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Additional Slides

Additional Slides
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Di Lculky versus Advantage over wA*

Introduction

PRA*

PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion

Additional Slides

m Problem Di Cculky

Hull Plots

Grid Pathfinding
Sliding Tiles
New: Pruning

log10(Times faster than wA*)

1
=
|

Sliding Tiles WPBNF v.s. WA*

l0og10(8)

log1l0(Nodes expanded by wA*)

Ethan Burns (UNH)
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Hull Plots

Raw Data for ARA*

Introduction

.d

PRA* Wt. sched 1 -
Wt. sched 2 -----
Wt. sched 3 ——-
Wt. sched 4 ——

Wt. sched 5 ------

PBNF

Optimal Search

=
N
|

Suboptimal Search

|
|
A
“E
"
i
I
'E
S
&

Anytime Search

Conclusion

Additional Slides

m Problem Di Cculky
m Grid Pathfinding
m Sliding Tiles

® New: Pruning

Solution Cost (factor over optimal)
|

1.0 - I'."'""-'-'chnm.—nhr-'—_._.-_.------.------...

Wall time relative to serial A*
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Four-way Grid Pathfinding 5000x5000

Introduction

PRA*

PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion

Additional Slides

m Problem Di Cculky
m Hull Plots

m Grid Pathfinding

m Sliding Tiles
® New: Pruning

Solution Cost (factor over optimal)

1.2

=
[EEN
|

1.0 -

Grid Unit Four-way 5000x5000

AWAHDA* 8 threads ——-
AWPBNF 8 threads ——
'_.-,_' AWA* ............
5 ARA* ------
.
I
|
%
| 2
| %y
[
I et ” )
|
g -
|
|
|
\\\
*nl --------------------------
|
|
|
: )
| | |
0.3 0.6 0.9

Wall time relative to serial A*
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Easy 15-Puzzles

Introduction

PRA*

PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion

Additional Slides

m Problem Di Cculky
m Hull Plots
m Grid Pathfinding

m Sliding Tiles

® New: Pruning

Solution Cost (factor over optimal)
3
|

——— —————— ————— ————— ——— ———
PrL
.

15 puzzles: 250 random easy instances

AWAHDA* 8 threads ——-

ARA* ------

AWAF e

=5 AWPBNF 8 threads —

.................................

......
.............
e e e e e e e ===tmsmm==

Wall time relative to serial A*

Ethan Burns (UNH)

Heuristic Search for Multi-core — 36 / 38



Pruning poor nodes

Introduction Theorem: Can prune a node n if w - f(n) > g(s), where s is

PRA*

PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion

Additional Slides

m Problem Di Cculky
m Hull Plots

m Grid Pathfinding
m Sliding Tiles

the incumbent solution and w is the desired bound.

Ethan Burns (UNH)
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Pruning duplicate nodes

Introduction

PRA*

PBNF

Optimal Search

Suboptimal Search

Anytime Search

Conclusion

Additional Slides

m Problem Di Cculky
m Hull Plots

m Grid Pathfinding
m Sliding Tiles

® New: Pruning

Theorem: No need to re-expand d if the old

g(d) <g(n) +w-c*(n,d), where c*(n,d) is the cost of the

path from n to d.

Q

a(n)

Ethan Burns (UNH)
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