TECHNISCHE o gewm—" L, -
DRESDEN LT T o ¥y~

Center for Information Services and High Performance Computing (ZIH)4

Scalable High-Quality 1D Partitioning

2014 International Conference on High Performance Computing & Simulation
(HPCS 2014)

21 — 25 July 2014, Bologna, Italy

Matthias Lieber (matthias.lieber@tu-dresden.de) _

Wolfgang E. Nagel Tt

Center for Information Services and High Performance Computing (ZIH) l I

Technische Universitat Dresden, Germany Center for Information Services &
High Performance Computing


mailto:matthias.lieber@tu-dresden.de

Load balance is a major challenge for scalable HPC applications,
especially if the workload changes dynamically.
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Cloud simulation

Sources of workload variations: with COSMO-SPECS
- Adaptive spacial grids (e.g. AMR) max: 6.6

- Adaptive time stepping techniques
- Complex models for physical phenomena

Common solution: dynamic load balancing
- Requires (frequent) repartitioning of domain




Repartitioning

Four objectives of repartitioning algorithm
Balance workload
Reduce communication between partitions
(due to data dependencies) E I

Reduce migration, i.e. communication when [’f\/>

changing the partitioning

Compute partitioning as fast as possible

Contradictory goals

Teresco, Devine,

Existing methods (heuristics) provide different Flaherty, Partitioning
. . and Dynamic Load
trade-offs between the four objectives Balancing for the
Numetrical Solution of
i i Ffilli Partial Differential
Bisection method_s, space filling curves, o o SE o
graph methods, diffusion methods, ... 51, pp. 55,88, 2006,
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From SFC Partitioning to 1D Partitioning

Space-filling curve (SFC) partitioning widely used

nD space is mapped to 1D by SFC

Mapping is fast and has high locality L

Migration typically between neighbor ranks

1D partitioning is core problem of SFC partitioning Hilbert SFC

.. ] Pilkington, Baden,
Decomposes task chain into consecutive parts Dynamic partitioning of

non-uniform structured

o " . : . workloads with spacefil-
Two classes of existing 1D partitioning algorithms: ling curves. IEEET

Parall. Distr., vol. 7, no.

Heuristics: fast, parallel, no optimal solution 3, pp. 288-300, 1996.
. : : Pinar, Aykanat, Fast
Exact methods: slow, serial, but optimal optimal load bafanaing
- - . algorithms for 1D
Dynamic applications need fast, parallel, and partitioning, J. Parallel
high-quality methods to master Exascale! Jistr. com., vol, 64, no.

8, pp. 974-996, 2004.
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1D Partitioning Problem Definition

Decompose a vector wi of N positive task weights into P
consecutive partitions while minimizing the maximum load
(l.e. bottleneck B) among the partitions.

Example for N=16 tasks and P=4 partitions:
Task weight vector wi (i=1,2, ... ,N):

M111111111111513

Optimal solution:
1711111

-

Load Lp of the partitions:

Maximum load / Bottleneck B = max(Lp) = 6
Load balance Aopt = (3 wi/ P) /Bopt = 0.92 (A = 1 would be peffect)
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State of the Art 1D Partitioning: Heuristics

Recursive bisection commonly used
Heuristic H2 by Miguet and Pierson better to parallelize
Example for H2 with N=16, P=4, task weights wi:

—

) Prefix sum W =

(2) First task of partition p: min s with Ws > p (VWN / P)
(3) Increment s if Ws is closer to p (WN/ P) than W(s-1)

Bottleneck B = max(Lp) =
Load balance A = (WN/P)/B=55/7=0.79

Recursive Bisection
Heuristic:

Oden, Patra, Feng,
Domain Decomposition
for Adaptive hp Finite
Element Methods,
Contemp. Math.,

vol. 180, 1994,

Method described here:
Miguet, Pierson,
Heuristics for 1D
rectilinear partitioning as
a low cost and high
quality answer to
dynamic load balancing,
LNCS, vol. 1225, 1997,
pp. 5b0-564.

ZIH

TECHNISCHE
@ UNIVERSITAT
DRESDEN

7

Center for Information Services &
High Performance Computing



State of the Art 1D Partitioning: Exact Methods

Various exact methods have been proposed
Fastest method by Pinar and Aykanat: ExactBS
Based on binary search for the optimal bottleneck Bopt
Search Interval: WN/ P < Bopt < BHeuristic
Requires probing whether a partition exists for given B
Binary search on Wj for each P: O(P log N)
Han et al.: O(P log (N/P))
Pinar and Aykanat: O(P log P + P log(wmax/wavg))
Problems
Slower than heuristics

More fatal: serial only, one process needs to
collect task weights from all other processes

Extensive Overview:
Pinar, Aykanat, Fast
optimal load balancing
algorithms for 1D
partitioning, J. Parallel
Distr. Com., vol. 64, no.
8, pp. 974-996, 2004.

Han, Narahari, Choi,
Mapping a chain task to
chained processors,
Inform. Process. Lett.,
vol. 44, no. 3,

pp. 141-148, 1992.
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Improving an Exact Method: ExactBS —» QBS —» QBS*

(1) New probe algorithm, tuned for small N/ P

(2) QBS: Quality-Assuring Bisection Algorithm

(3) QBS*: Parallelization of binary search

Guess that consecutive partitions have same number of tasks, if
not, do linear (!) search on Wj starting from guessed position

Stop binary search at given quality g

Guarantees load balance A = g Aopt

Reduces number of search steps

Exact method for g = 1

Search interval for Bopt is split between processes

Reduces number of search steps

Target Load Balance

0.99

0.98
097
0.96
0.95

0.94

559104 tasks, 16384 partitions

-
7 A

/ \A\.KA-‘.-‘-.'-‘A-./

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

0.97619
6 steps

0.97661
16 steps

7 9

11 13 15

Binary Search Step of FxactBS

Downside: all processes need task weights of all processes—
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Improving an Exact Method: Comparison Benchmark

Comparison to existing methods H2 and ExactBS

Averages over 100 successive task weight vectors
from the cloud simulation

System: JUQUEEN, IBM Blue Gene/Q
559 104 tasks, 16 384 partitions / MPI ranks

H2 (sequential)
ExactBS

New probe

QBS, g = 0.9999
QBS, g = 0.999
QBS*, g = 0.9999

Avg. Load Balance

CLOUD
Simulation

Avg. Runtime (ms)

0.980

10.50

085 09 09 100 0 30 60 90 120
| O.é80 | | '4.581 | | |
0.980 12015
0.980 44.08
0.980 31.62
0.980 23.48

Runtime includes only partitioning calculation, i.e. no

collection of task weights and no prefix sum
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Scalable High-Quality 1D Partitioning: Algorithm HIER*

Large scale applications require a fully parallel
method, i.e. without gathering all task weights

Run parallel H2 to create G < P coarse partitions:

Origpart. | PO ' P1 P2 [ P3 P4 P5

P6 P7

X Parallel Heuristic H2

Coarse part. PO / P1 P2/P3 P4/P5

P6 / P7

Run G independent instances of exact QBS* (g=1.0) to

create final partitions within each group:

1QBS* 4QBS* #XQBS*

1 QBS*

Finalpart. | PO~ PT P2 P3 P4 P5

P6

P7

Parameter G allows trade-off between
scalability (high G = heuristic dominates) and

load balance (small G =» exact method dominates)

H2 nearly optimal if
Wmax << WN / P:

Miguet, Pierson,
Heuristics for 1D
rectilinear partitioning as
a low cost and high
quality answer to
dynamic load balancing,
LNCS, vol. 1225, 1997,
pp. 550-564.
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Scalable High-Quality 1D Partitioning: Group Count G

Comparison of HIER* with parallel heuristic H2 and QBS

Averages over 2000 successive task LWFA Simulation (PIC)
weight vectors of the LWFA simulation < = 1 W (¢

System: JUQUEEN, IBM Blue Gene/Q
1048576 tasks, 16384 partitions / MPI ranks

Avg. Load Balance  Migrated Tasks HIER* Average Runtime (ms)

07 08 09 100 50% 100% O 5 10 15 20 25 30
G=8 0.950 25.2% _ 32.18
G=16 0.949 19.4% 17.28
G =232 0.949 16.1% ' 7.62
G =64 0.948 14.2% 5.05 _ :

Prefix sum of task weights

G =128 0.946 13.1% 3.62

Collection of task weights

G =256 Do 12:5% ; 277 1D partitioning calculation

G =512 o] 12.3% ml 236 Distribution of partition vector
G=1024 0913 12.2% 2.76

H2par 0.732 12.0% 2.64

QBS REIF 70.7% | 103.57 &
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Scalable High-Quality 1D Partitioning: Load Balance

Cloud simulation, 1357 824 tasks CLOUD

Simulation
System: JUQUEEN, IBM Blue Gene/Q '
HIER*, G=64 achieves 99.2% of the optimal load balance

at 262 144 processes
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Scalable High-Quality 1D Partitioning: BG/Q Scalability

CLOUD
Simulation

Cloud simulation, 1357 824 tasks
System: JUQUEEN, IBM Blue Gene/Q

HIER*, G=64 runs at 262 144 processes ~300x faster
than ExactBS

10000
o ExactBS: 2668 ms
EraCt? e
1 . SO o .
: 000 P A0 QBS: 692 ms
© e (}Ef-—* “““ " H2seq: 363 ms
——————— *‘-' wart
£l el :
CE 100 ¢ U e e e HZSGO\
> H2par: 40.5 ms
O
< 10t HIER%_.,: 8.55 ms
HIERT c_286: 3.77 MsS
: ‘HlER*, P/G=256
2048 4096 8192 16Ki 32Ki 64Ki 128Ki 256Ki f\\
Number of Processes
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Scalable High-Quality 1D Partitioning: iDataPlex Scalability

Cloud simulation, 1357 824 tasks CLOUD

Simulation
System: SuperMUC, IBM iDataPlex (E5-2680, IB FDR10) '
HIER*, G=64 runs at 65 536 processes ~8bx faster

than ExactBS

10000
ExactBS: 421 ms

- 1000 F ExactB i QBS:328ms
£ o (0B5 0° : ]
o e T | H2seq: 307 ms
= H2se9 -
S5 100 JIPE e &
o “" ~ ,: ||||||
o e e -
[@)] '_:2—__ ______________ @
o et g HIER%.q,: 4.96 ms

ez A ]
> L =T P\* 6‘6
< qopeTTT e RIER {1 H2par:4.73ms

| HIER% ¢ ps6: 4.26 MsS
‘I 1 1 1 1 1 1 1 1
2048 4096 8192 16K 32Ki 64Ki 128K 256K e
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Conclusions

Optimized published exact 1D partitioning algorithm
Developed scalable, hierarchical algorithm

Implemented in the open source dynamic load
balancing and model coupling framework FD4 D4 website and

benchmark download:

Benchmark program, and cloud dataset available to  htto:/wwwpub zin tu-
dresden.de/~mlieber/fd
reproduce results resden.de/~mlieber/fd4

Enables dynamic load balancing up to 262 144 Lieber, Nagel, Mix,
Scalability Tuning of the
processes for COSMO-SPECS+FD4 Load Balancing and
Coupling Framework
Future work FD4, NIC Symposium

2014, pp. 363-370.
Comparison using other applications workload data

1D partitioning algorithms tuned for low migration

Avoid replication of full partition vector on all ranks
—
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Thank you very much for your attention!
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Scalable High-Quality 1D Partitioning: Migration

Cloud simulation, 1357 824 tasks CLOUD
Simulation
System: JUQUEEN, IBM Blue Gene/Q '
Hierarchical method lies between exact and heuristic
100% |
75%
ke
:ch) 50% |
g
25% F
0 1 1 1 1 1 1 1 1
2048 4096 8192 16Ki 32Ki 64Ki 128Ki 256Ki =

Number of Processes
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QBS and QBS* Performance (16 384 processes)

HZseq
FEraciBS
@BS, q
QBS,
QBS,
(BS,
QBS,
QBS*, q
QBS*, ¢

== = R ]

0.9

0.99

0.999

0.9999

1.0
0.9999
1.0

Avg. Load Balance

Avg. Runtime (ms)

Avg. No. of Steps

Migrated Tasks

0.85 090 095 100 0 30 60 90 120 0 4 § 12 16 0 50% 100%
' 0.880 ' 7 ass ' ' i ' ' ' i 11.8%I '
0.980 120.15 15.04 68.7%
0.923 4.89 1.00 89.8%
0.977 14.79 4.69 83.2%
0.980 23.48 7.95 81.5%
0.980 31.62 11.00 70.6%
0.980 44.08 15.66 68.8%
0.980 10.50 1.00 68.2%
0.980 29.06 5.65 68.8%

Fig. 5. 1D partitioning benchmark results for the sequential algorithms H2seq, ExactBS, and OBS with the CLOUD dataset (559 104 tasks) for 16 384 processes
on JUQUEEN. QBS* is a version with parallelized search for the optimal bottleneck. The runtime includes the 1D partitioning calculation only.

e
TECHNISCHE H
UNIVERSITAT Z I
DRESDEN 20 “Tioh Performancs Computing.



HIER* Algorithm as seen from MPI

Prefix sum of task weights + broadcast of total load
MPI_Exscan (parallel prefix sum)
MPI|_Bsend + MPI_Recv (consistency at partition borders)
MPI_Bcast (last rank broadcasts total load to all)
Compute coarse partitioning with parallel H2
MPI_lsend + MPI_Recv + MPI_Waitall (send partition borders to group master)
MPI_Bcast (group master broadcasts borders within group)
Collection of task weights within groups

MPI_lsend + MPI_Irevc + MPI_Waitall (send weights from other groups ranks
to the nearest ranks in the group these tasks belong to in coarse partitioning)

MPI_Allgather (exchange task weights within group)
Exact partitioning within group with QBS*, g=1
MPI_Allreduce
Distribition of global partition vector
MPI_Allgather (between all group masters)
MPI_Bcast (within groups) e
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HIER and HIER* Performance (16 384 processes)

G=28
G = 16
G = 32
G =64
G = 128
G = 256
G =512
G = 1024
H2par
QBS
Fig. 6.

G=8
G = 16
G =32
G = 64
G = 128
G = 256
G =512
G = 1024
H2par
QBS
Fig. 7.

Avg. Load Balance

Migrated Tasks

HIER Average Runtime (ms)

HIER* Average Runtime (ms)

0.85 0.90 0.95 1.00 0 50%  100% 0 2 4 6 8 10 12 0 2 4 6 8 10 12
0.980 36.0% B 10.20 [] e 1160
0.979 28.8% [ | 5.42 [ | 502
0.978 23.1% N 3.08 [ 2580
5 18.2% 1.93 1.57
0.976 - ,’{ 1 o I Prefix sum of task weights i ) _] 0 Prefix sum of task weights
0.973 15.2% Pl 136 ‘ , , B2 . , ,

) : - Collection of task weights o Collection of task weights
0.966 13.4% 113 _ e , B 106 _ e ,
o o [ 1D partitioning calculation o W 1D partitioning calculation
0.957 12.6% Bl 108 Distribution of partition vect Bi1o3 Distribution of vartition vech
0.944 12.9% i L57 istribution of partition vector T 1.69 istribution of partition vector
0.880 11.8% [ | 1.84 [ | 1.84
0.980 68.8% | | 69.37 || | 69.37 >

ID partitioning benchmark results of the hierarchical methods HIER and HIER* with the CLOUD dataset (559 104 tasks) for 16384 processes on
JUQUEEN. For comparison, the results of the parallel heuristic H2par and the sequential exact algorithm OBS (g = 1) are shown.

Avg. Load Balance

Migrated Tasks

HIER Average Runtime (ms)

HIER* Average Runtime (ms)

15 20 25 30

07 08 09 100 50% 100% 0 5 10 15 20 25 30 0 5 10
0.950 25.2% B 19.04 [ | [ 3218
0.949 19.4% B 10.92 [ | [ | 17.28
0.949 16.1% B 7.25 B B2
948 14.2% 4.92 5.05
g o o ui o B Prefix sum of task weights i . _] ’ I Prefix sum of task weights
0.946 13.1% B 356 ) i ] DX ) i )
e Collection of task weights Collection of task weights
0.941 12.5% AN 274 _ e , [ | PRy _ e .
i en [ 1D partitioning calculation o W 1D partitioning calculation
0.931 12.3% Bl 229 o o BN 236 S i
) . . Distribution of partition vector ) Distribution of partition vector
0.913 12.2% Bl 256 | | BAG
0.732 12.0% B 264 P o264
0.951 70.7% | 10357 > || 103.57 &

1D partitioning benchmark results of the hierarchical methods HIER and HIER* with the LWFA dataset (1048 576 tasks) for 16384 processes on
JUQUEEN. For comparison, the results of the parallel heuristic H2par and the sequential exact algorithm QBS (g = 1) are shown.
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HIER* seen in Vampir (one Group of 256 out of 64Ki)

1.935252 s +0.25 ms +0.50 ms +0.75 ms +1.00 ms +1.25 ms +1.50 ms +1.75 ms +2.00 ms +2.25 ms

Process 64244 -
Process 64253 -
Process 64262 -
Process 64272 -
Process 64281 -
Process 64290 -
Process 64299 -
Process 64308 -
Process 64317 -
Process 64326 -
Process 64335 -
Process 64344 -
Process 64353 -
Process 64362 -
Process 64372 -
Process 64382 -
Process 64391 -
Process 64400 -
Process 64409 -
Process 64418 -
Process 64427 -
Process 64436 -
Process 64445 -
Process 64454 -
Process 64463 -
Process 64472 -
Process 64481 -
Process 64490 -
Process 64499 -
Process 64508 -
Process 64517 -
Process 64526 -

gatherv

MPI Allreduce

MPI Exscan
MPI All
MPI Bcast

MPI_Allgather
(group masters only)

=

Prefix sum Coarse partitioning Weight exchange Final partitioning  Partition vector distribution

e
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Heuristic H2 in Action ([COSMO-SPECS+FD4)

336.362468 s +0.5s

Process 25620
Process 25628 -
Process 25636 -
Process 25644 -
Process 25652 -
Process 25660 -
Process 25668 -
Process 25676 -
Process 25684 -
Process 25692 -
Process 25700 -
Process 25708 -
Process 25716 -
Process 25724 -
Process 25732 -
Process 25740 -
Process 25748 -
Process 25756 -
Process 25764 -
Process 25772 -
Process 25780 -
Process 25788 -
Process 25796 -
Process 25804 -
Process 25812 -
Process 25820 -
Process 25828 -
Process 25836 -
Process 25844 -
Process 25852 -
Process 25860 -
Process 25868 -
Process 25876 -
Process 25884 -
Process 25892 -
Process 25900 -
Process 25908 -
Process 25916 -
Process 25924 -
Process 25932 -
Process 25940 -




ExactBS in Action ([COSMO-SPECS+FD4)

416.06407 s +0.55s . +1.55

Process 0
Process 1
Process 2
Process 3

Process 26885 -
Process 26893 -
Process 26901 -
Process 26909 -
Process 26917 -
Process 26925 -
Process 26933 -
Process 26941 -
Process 26949 -
Process 26957 -
Process 26965 -
Process 26973 -
Process 26981 -
Process 26989 -
Process 26997 -
Process 27005 -
Process 27013 -
Process 27021 -
Process 27029 -
Process 27037 -
Process 27045 -
Process 27053 -
Process 27061 -
Process 27069 -
Process 27077 -
Process 27085 -
Process 27093 -
Process 27101 -
Process 27109 -
Process 27117 -
Process 27125 -
Process 27133 -
Process 27141 -
Process 27149 -

et e, S e T e
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HIER* in Action (COSMO-SPECS+FD4)

313.860578s +0.25s +0.50s +0.75s +1.00s +1.25s +150s +1.75s

Process 27208 1 ThIN . ; i
Process 27216 : J - A g
Process 27224 - 1 | ' . /

Process 27232
Process 27240
Process 27248-
Process 27256
Process 27264
Process 27272
Process 27280
Process 27288
Process 27296
Process 27304 -
Process 27312
Process 27320
Process 27328
Process 27336
Process 27344 -
Process 27352
Process 27360
Process 27368
Process 27376
Process 27384 -
Process 27392
Process 27400
Process 27408
Process 27416-
Process 27424 -
Process 27432
Process 27440
Process 27448
Process 27456
Process 27464 -
Process 27472
Process 27480
Process 27488
Process 27496 -
Process 27504 -
Process 27512
Process 27520
Process 27528

==
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COSMO-SPECS+FD4: Comparison of Methods

G =16
G =32
G =64
G =128
G = 256
G = 512
G = 1024
G = 2048
G = 4096
G = 8192
Ezact
Heuristic

Figure 3. Influence of the group count GG on the hierarchical 1D partitioning algorithm in COSMO-SPECS+FD4

Total Runtime (s)

Load Balancing Time (s)

Avg. Load Balance

Migrated Tasks

0 120 240 360 0 20 40 60 0.80 0.85 090 095 0 50%  100%
- 2399 o cosnvo || BB g Synchro— 0.925 60.5%
N 2397 goppcs || BN 26 nization 0.925 55.5%
- 2399 g ooppos || BN 126 Eiﬁﬁfﬁﬁiﬁg 0.925 50.7%
- 2390  Comm. L | BEB Migration 0.925 48.9%
- s1 FD4 s 0.924 16.4%
- 2 [ 257 0.922 45.3%
- 02 s 0.919 42.2%
- 206 g3 0.916 42.6%
- 245 a3 0.905 41.3%
- 2 N 9.4 0.882 44.3%
- [ W 508 0.925 84.1%
- 2660 P s6.2 0.805 40.3%

with 65 536 processes on BlueGene/QQ. The exact method and the heuristic are included as reference.
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