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2 Introduction
A* [4]

A*
A*

A*
A* Hash Distributed A* (HDA*)
state-of-the-art [16] HDA*

HDA*
([15, 16]) Zobrist hashing ([19]) HDA*

Burns et al.([2]) Zobrist hashing
abstraction [18] AHDA* AHDA*

Abstract Zobrist hashing (AZH) [9] Zobrist
hashing abstraction

A*

GRAZHDA*

3

3.1 (Parallel Overheads)

n n

perfect linear speedup
perfect linear speedup
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(Communication overhead, CO):

n log(n)

CO

CO :=
# messages sent to other threads

# nodes generated
. (1)

CO :=
# nodes sent to other threads

# nodes generated
. (2)

CO
CO

CO
(Search Overhead, SO):

SO :=
# nodes expanded in parallel

#nodes expanded in sequential search
− 1. (3)

SO (load balance, LB)

LB :=
Maximum number of nodes assigned to a thread
Average number of nodes assigned to a thread

. (4)

f ( )

A*
RAM

(Coordination Overhead)

[2, 16].

A* [3]

3.2 Hash Distributed A*

Hash Distributed A* (HDA*) [16] state-of-the-art A*
HDA*

T

1. T

(A*
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f

)

2. (f )
n H(n) H(n)

HDA*

HDA*

HDA*
Hash : S → 1..P (P )

HDA* [16] Zobrist hashing [20]
s = (x1, x2, ..., xn) Zobrist hashing Z(s)

Z(s) := R0[x0] xor R1[x1] xor · · · xor Rn[xn] (5)

Zobrist hashing R 2

Algorithm 1: ZHDA*
Input: s = (x0, x1, ..., xn)

1 hash← 0;
2 for each xi ∈ s do
3 hash← hash xor R[xi];
4 Return hash;

Algorithm 2: Initialize ZHDA*
Input: V = (dom(x0), dom(x1), ...)

1 for each xi do
2 for each t ∈ dom(xi) do
3 Ri[t] ← random();

4 Return R = (R1, R2, ..., Rn)

Zobrist hashing XOR
CPU

R[x]

State abstraction [2] State abstraction s = (x1, x2, ..., xn)

(abstract state) s� = (x�1, x�2, ..., x�m),m < n, x�i = xj(1 ≤ j ≤ n)
abstract
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3.3 Abstract Zobrist Hashing

Abstract Zobrist hashing (AZH) Zobrist hashing State abstraction
[9] Zobrist hashing

AZH abstract abstract

AZH AZ(s)

AZ(s) := R[A(x0)] xor R[A(x1)] xor · · · xor R[A(xn)] (6)

A abstract R

?? AZH
([0−8]) ([0−2]) abstract

abstract Zobrist hashing
AZH State abstraction Zobrist hashing abstract

State abstraction abstract
abstract Zobrist hashing

AZH Zobrist hashing CO abstraction
SO AZH [9]

4

4.1

HDA* CO SO

HDA* f f < f∗

S

GW S

S p

GW p-way Si pi

GW LB CO HDA*

LB CO

CO =

�p
i

�p
j>iE(Si, Sj)�p

i

�p
j≥iE(Si, Sj)

, LB =
|Smax|
mean|Si| . (7)

|Si| Si E(Si, Sj) Si Sj |Smax| |Si|
mean|S| = |S|

p

SO LB LB SO
[10]
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HDA* S |Smax|
pi S |Smax| − |Si|

SO

SO =

p�
i

(|Smax| − |Si|)

= p(LB − 1). (8)

4.2

CO SO effactual :=
speedup
#cores speedup = Tn/T1 Tn N

effactual

: effc

effc = 1
1+cCO c = time for sending a node

time for generating a node
:

p HDA* A* n np

effs effs =
1

1+SO

CO LB effactual effactual

: effactual ∝ effc · effs CO SO
(e.g. ) [2] CO SO

effesti := effc · effs

effesti = effc · effs = 1/
�
(1 + cCO)(1 + SO)

�

= 1/
�
(1 + cCO)(1 + p(LB − 1))

�
(9)

4.2.1 Experiment: effesti model vs. actual efficiency

effesti

• FAZHDA*: fluency-based filtering (FluencyAFG) AZHDA* [10].
• GAZHDA*: greedy abstract feature generation (GreedyAFG) AZHDA* [9].
• OZHDA*: Operator-based Zobrist hashing HDA* [10].
• DAHDA*: dynamic abstraction size threshold [10] AHDA* [2].
• ZHDA*: Zobrist hashing HDA* [16].

Fast Downward [5] HDA*
MPICH3 merge&shrink [6] (abstraction size=1000)

IPC
8-core Intel Xeon E5410 (2.33 GHz) 16GB RAM 1000 Mbps Ethernet

100 MPI
1 ( /48 )

effactual effesti

GW ( f ≤ f∗
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) 7-9 LB CO SO effesti 1b effesti

effactual effactual = a · effesti

a 0.86 0.013 a 1 effesti

(e.g. [2])

5 Sparsest Cut Abstract
(e.g. min-cut, sparsest-cut)

[7, 1] 4.2 effesti

HDA* effesti

GW

Sparsest-cut sparsity [17] sparsity

Sparsity :=

�k
i |Si|�k

i

�k
j>iE(Si, Sj)

, (10)

|Si| Si E(Si, Sj) Si Sj

Sparsity effesti

9 7 sparsity LB CO
�k

i |Si| LB�k
i

�k
j>iE(Si, Sj) CO

Sparsity [17, 13]

5.0.1 Sparsity effesti

Sparsity effesti METIS [14] 1a
METIS

sparsity 1c METIS
sparsity effesti sparsity

effesti
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(c) sparsity vs. effesti

1: 1a c = 1.0, p = 48 effesti GRAZHDA* effesti

(IdealApprox ) 1b c = 1.0, p = 48 effesti

effactual = 0.86 · effesti 0.013
1c sparsity effesti METIS

sparsity effesti
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6 Graph Partitioning-Based Abstract Feature Generation (GRAZHDA*)
effesti sparsity effesti

sparsity
A*

(e.g. PDDL, SAS+) domain
transition graph (DTG) Graph partitioning-based Abstract
Zobrist HDA* (GRAZHDA)

x ∈ X domain transition graph (DTG) Dx(E, V ) V

E [12] o

v ∈ del(o) v� ∈ add(o) (v, v�) ∈ E SAS+
DTG

2: sparsest cut GreedyAFG domain transition graph

(at t1 ?x ?y) (at t2 ?x ?y)

3: DTG XOR

2 logistics ( ) DTG sparsest-cut

Sparsity 1

GRAZHDA* DTG AZH abstract feature
abstract feature
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AZH abstract feature XOR
(Eqn 6) ( ) DTG

(Figure 3) GRAZHDA* n DTG 2n

p (e.g. ID p )
DTG DTG

e =
# ground actions which correspond to the transition

# ground actions
(11)

DTG 10 sparsest-cut branch-and-bound

7

1: effactual , effesti , (spdup), (CO, SO) 6
48 10 effesti (effactual )

effesti (effactual ) effesti effactual

Instance A* GRAZHDA*/sparsity FAZHDA*
time expd effactual effesti spdup CO SO effactual effesti spdup CO SO

Blocks10-0 129.29 11065451 0.57 0.57 27.17 0.28 0.38 0.54 0.43 26.02 0.70 0.35
Blocks11-1 813.86 52736900 0.71 0.53 34.25 0.66 0.15 0.71 0.50 34.25 0.66 0.15
Elevators08-5 165.22 7620122 0.34 0.51 16.43 0.47 0.33 0.26 0.49 12.34 0.32 0.51
Elevators08-6 453.21 18632725 0.45 0.50 21.47 0.49 0.37 0.38 0.36 18.05 0.52 0.81
Gripper8 517.41 50068801 0.56 0.60 26.67 0.50 0.15 0.57 0.63 27.45 0.43 0.10
Logistics00-10-1 559.45 38720710 0.94 0.70 45.16 0.43 0.01 0.91 0.61 43.85 0.57 0.02
Miconic11-0 232.07 12704945 0.87 0.95 41.97 0.01 0.07 0.88 0.91 42.43 0.01 0.06
Miconic11-2 262.01 14188388 0.94 0.97 45.26 0.01 0.05 0.93 0.92 44.87 0.01 0.05
NoMprime5 309.14 4160871 0.50 0.58 23.95 0.80 -0.04 0.48 0.53 22.87 0.79 -0.05
NoMystery10 179.52 1372207 0.72 0.61 34.80 0.51 0.12 0.48 0.75 22.99 0.24 -0.44
Openstacks08-19 282.45 15116713 0.51 0.59 24.67 0.27 0.34 0.42 0.58 20.00 0.24 0.37
Openstacks08-21 554.63 19901601 0.53 0.65 25.23 0.17 0.35 0.52 0.62 24.97 0.15 0.35
Parcprinter11-11 307.19 6587422 0.42 0.54 20.26 0.26 0.55 0.27 0.49 13.08 0.26 0.61
Parking11-5 237.05 2940453 0.62 0.55 29.75 0.40 0.34 0.62 0.54 29.67 0.63 0.11
Pegsol11-18 801.37 106473019 0.44 0.72 21.03 0.39 0.02 0.44 0.71 20.97 0.39 0.00
PipesNoTk10 157.31 2991859 0.33 0.52 15.73 0.98 0.01 0.33 0.49 15.64 0.98 0.01
PipesTk12 321.55 15990349 0.70 0.66 33.78 0.46 0.05 0.83 0.65 39.65 0.46 0.03
PipesTk17 356.14 18046744 0.92 0.65 43.92 0.54 0.01 0.94 0.63 45.03 0.54 0.01
Rovers6 1042.69 36787877 0.86 0.79 41.17 0.15 0.14 0.84 0.72 40.48 0.15 0.17
Scanalyzer08-6 195.49 10202667 0.69 0.92 32.92 0.12 0.01 0.63 0.86 30.31 0.12 0.01
Scanalyzer11-6 152.92 6404098 0.91 0.78 43.83 0.16 0.13 0.57 0.63 27.31 0.18 0.34
Average 382.38 21557805 0.64 0.62 30.92 0.38 0.17 0.60 0.61 28.68 0.40 0.17
Total walltime 8029.97 452713922 277.91 301.38

GAZHDA* OZHDA* DAHDA* ZHDA*
effactual effesti spdup CO SO effactual effesti spdup CO SO effactual effesti spdup CO SO effactual effesti spdup CO SO

Blocks10-0 0.45 0.44 21.81 0.99 0.12 0.32 0.37 15.47 0.98 0.34 0.52 0.47 25.11 0.88 0.08 0.31 0.48 14.93 0.98 0.30
Blocks11-1 0.61 0.48 29.20 0.99 0.03 0.61 0.47 29.20 0.99 0.03 0.52 0.43 24.88 0.91 0.21 0.58 0.48 27.98 0.98 0.07
Elevators08-5 0.61 0.58 29.35 0.65 -0.00 0.46 0.64 21.86 0.09 0.44 0.57 0.51 27.59 0.83 -0.03 0.57 0.47 27.54 0.98 -0.03
Elevators08-6 0.72 0.76 34.52 0.24 -0.09 0.68 0.56 32.70 0.41 0.22 0.32 0.39 15.28 0.88 0.31 0.38 0.49 18.19 0.96 0.06
Gripper8 0.46 0.50 21.86 0.81 0.06 0.52 0.44 24.77 0.98 0.14 0.45 0.45 21.80 0.98 0.08 0.45 0.47 21.66 0.98 0.08
Logistics00-10-1 0.24 0.42 11.68 0.85 0.25 0.24 0.43 11.68 0.85 0.25 0.36 0.53 17.52 0.84 0.00 0.34 0.48 16.09 0.99 0.00
Miconic11-0 0.27 0.53 13.15 0.53 0.24 0.79 0.96 37.86 0.02 0.02 0.96 0.91 46.05 0.01 0.08 0.15 0.48 7.40 0.96 0.13
Miconic11-2 0.18 0.37 8.53 0.53 0.74 0.77 0.90 36.86 0.02 0.07 0.70 0.81 33.81 0.01 0.18 0.31 0.48 14.67 0.96 0.05
NoMprime5 0.39 0.48 18.55 0.95 -0.06 0.35 0.51 16.66 0.94 0.00 0.38 0.49 18.46 0.90 -0.05 0.35 0.47 16.63 0.98 -0.02
NoMystery10 0.40 0.66 18.98 0.42 -0.07 0.45 0.50 21.61 0.74 0.11 0.59 0.60 28.41 0.60 -0.07 0.45 0.49 21.68 0.99 -0.07
Openstacks08-19 0.46 0.58 22.14 0.38 0.21 0.36 0.55 17.11 0.34 0.32 0.51 0.66 24.54 0.24 0.18 0.54 0.47 25.99 0.99 -0.05
Openstacks08-21 0.53 0.65 25.67 0.15 0.31 0.82 0.49 39.34 0.92 0.05 0.56 0.68 26.72 0.13 0.28 0.81 0.51 39.06 0.92 -0.00
Parcprinter11-11 0.35 0.40 16.85 0.74 0.41 0.33 0.34 15.98 0.82 0.56 0.15 0.15 7.00 0.19 4.38 0.40 0.48 19.15 0.97 0.08
Parking11-5 0.59 0.49 28.43 0.98 0.02 0.56 0.46 26.76 0.97 0.07 0.60 0.59 28.84 0.52 0.07 0.56 0.47 27.09 0.98 0.04
Pegsol11-18 0.34 0.53 16.22 0.77 0.05 0.55 0.71 26.17 0.34 -0.03 0.46 0.70 22.16 0.34 -0.01 0.35 0.47 16.97 0.98 0.03
PipesNoTk10 0.32 0.50 15.58 0.98 0.01 0.32 0.48 15.22 0.98 0.02 0.32 0.48 15.58 0.98 0.01 0.07 0.48 3.22 0.98 -0.44
PipesTk12 0.41 0.48 19.84 0.99 0.01 0.45 0.49 21.40 0.88 0.04 0.52 0.57 25.12 0.67 0.00 0.41 0.48 19.78 0.98 0.00
PipesTk17 0.56 0.50 26.64 0.98 0.00 0.60 0.52 28.82 0.88 0.00 0.65 0.60 31.16 0.60 0.01 0.55 0.49 26.27 0.98 0.00
Rovers6 0.70 0.61 33.49 0.56 0.01 0.85 0.71 41.00 0.31 0.03 0.53 0.73 25.48 0.05 0.26 0.63 0.53 30.01 0.76 0.00
Scanalyzer08-6 0.42 0.54 20.28 0.77 0.01 0.49 0.58 23.70 0.66 0.01 0.44 0.51 21.23 0.94 0.00 0.34 0.48 16.54 0.98 0.01
Scanalyzer11-6 0.34 0.41 16.36 0.65 0.49 0.81 0.68 38.82 0.30 0.09 0.41 0.44 19.51 0.50 0.46 0.42 0.48 20.36 0.98 0.05
Average 0.45 0.51 21.39 0.71 0.13 0.54 0.53 25.86 0.64 0.13 0.50 0.47 24.11 0.57 0.31 0.43 0.49 20.53 0.96 0.01
Total walltime 398.75 331.18 377.86 433.23

1a effesti ( 4.2.1 ) IdealApprox
METIS [14] effesti

effesti

IdealApprox effesti GRAZHDA*/sparsity
effesti 4.2.1 effesti
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2: effactual , effesti , (spdup), (CO, SO)
128 (32 m1.xlarge EC2 instances) 10 effesti

(effactual ) effesti (effactual ) effesti effactual

Instance A* GRAZHDA*/sparsity FAZHDA*
expd time CO SO time CO SO

Airport18 48782782 102.34 0.59 0.49 95.48 0.59 0.29
Blocks11-0 28664755 12.40 0.42 0.37 22.86 0.68 0.53
Blocks11-1 45713730 17.21 0.42 0.25 32.60 0.66 0.82
Elevators08-7 74610558 51.90 0.54 0.25 121.90 0.55 0.26
Gripper9 243268770 78.90 0.42 0.01 82.90 0.43 0.06
Openstacks08-21 19901601 6.30 0.23 0.06 5.76 0.19 -0.05
Openstacks11-18 115632865 33.10 0.24 -0.14 33.25 0.23 -0.12
Pegsol08-29 287232276 58.85 0.44 0.16 81.75 0.42 0.55
PipesNoTk16 60116156 120.64 0.94 0.84 106.28 0.94 0.72
Trucks6 19109329 8.01 0.17 0.46 51.51 0.19 0.34
Average 99361115 43.03 0.42 0.25 59.87 0.48 0.39
Total walltime 894250040 387.31 538.81

Instance GAZHDA* OZHDA* DAHDA* ZHDA*
time CO SO time CO SO time CO SO time CO SO

Airport18 128.22 0.98 0.02 123.09 0.90 0.56 143.27 0.92 0.36 106.80 0.99 0.02
Blocks11-0 21.75 0.98 0.65 21.70 0.99 0.70 20.29 0.95 0.88 29.19 0.99 0.35
Blocks11-1 25.84 0.98 0.56 24.84 0.86 0.78 29.52 0.94 0.83 36.04 1.00 0.52
Elevators08-7 61.16 0.70 0.05 86.65 0.07 0.22 52.09 0.96 0.18 59.88 1.00 0.04
Gripper9 85.98 1.00 0.16 90.98 0.98 0.20 95.72 1.00 0.15 105.78 1.00 0.17
Openstacks08-21 5.67 0.71 -0.35 40.06 0.96 0.00 6.94 0.69 -0.17 14.65 1.00 -0.09
Openstacks11-18 71.34 0.77 -0.09 79.34 0.81 -0.00 84.67 0.76 0.01 49.97 1.00 -0.53
Pegsol08-29 98.53 0.98 0.06 54.13 0.34 0.13 108.17 1.00 0.11 120.27 0.98 0.16
PipesNoTk16 108.28 0.95 0.78 120.21 0.99 0.73 125.37 1.00 0.72 149.96 1.00 0.73
Trucks6 30.22 0.94 0.41 32.22 0.96 0.57 17.19 0.53 0.43 28.22 1.00 0.34
Average 56.53 0.89 0.29 61.13 0.77 0.41 60.00 0.87 0.36 66.00 1.00 0.29
Total walltime 508.77 550.13 539.96 593.96

GRAZHDA*/sparsity 1
GRAZHDA*/sparsity CO SO

: 48 Amazon EC2
128 (vCPUs) 480GB

(32 m1.xlarge EC2 4 vCPUs 3.75 GB RAM/core)

[8]
2 48 GRAZHDA*/sparsity

8
HDA*

1.
effesti 2. effesti sparsest cut 3.

GRAZHDA* GRAZHDA*
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