ª Culler 1994DIMACS 94.1Implementation and Modeling of Parallel Sorts on Current and Future MachinesDavid E. Culler(Andrea Dusseau, Klaus Schauser, Rich Martin)Computer Science DivisionUniversity of California, Berkeleyculler@cs.berkeley.eduDIMACS 94 Parallel Implementation Challenge ª Culler 1994DIMACS 94.2The StudyInteresting ParallelSorting Algorithms

Analyze under LogPParametersfor CM-5Estimate ExecutionTimeImplement in Split-CExecute on CM-5Compare??

(Bitonic, Column, Histo- radix, Sample)

ª Culler 1994DIMACS 94.3LogPInterconnection NetworkMPMPMP�˚�˚�

P ( processors )

Limited Volume( L/ g to or from a proc)

o (overhead)

L (latency)o

g (gap)

¥Latency in sending a (small) mesage between modules¥overhead felt by the processor on sending or receiving msg¥gap between successive sends or receives (1/BW)¥Processors

ª Culler 1994DIMACS 94.4Split-CGlobal Address SpaceP0Pprocs-1P1local

¥Explicitly parallel C¥2D global address space—linear ordering on local spaces¥Local and Global pointers —spread arrays too¥Read/Write¥Get/Put (overap compute and comm)x := G; . . .sync();¥Signaling store (one-way)G :— x; . . .store_sync(); or all_store_sync();¥

Bulk transfer ¥ Global comm.

ª Culler 1994DIMACS 94.5Basic Costs¥Read, Writex = *G, *G = x2 (L + 2o)¥Store*G :— xL + 2o¥Getx := *Go ....2L + 2o sync();o—

with interval g ¥ Bulk store (N/w comm. words)

2o + 2L + ( � n /w ø - 1 - L/g) max(g,2o ) ¥ One to many ¥ Many to one

ª Culler 1994DIMACS 94.6LogP model of the CM-5¥L = 6 ms¥o = 2.2 ms¥g = 4 ms¥P varies from 32 to 1024 ¥What is the processor performance?

ª Culler 1994DIMACS 94.7Local Sort Performance

Log N/P ms / Key01234567891 0

3 12 5 . 1

1 6 . 9

1 0 . 4

6 . 2

ª Culler 1994DIMACS 94.8Local Computation ParametersParameter

Operation

ms per key

SortSwapSimulate cycle butterfly per key0.025 lg NBitonicmergesortSort bitonic sequence1.0scatterMove key for Cyclic-to-block0.46gatherMove key for Block-to-cyclic0.52 if n£64k or P£64Bitonic & Column 1.1 otherwiselocal sortLocal radix sort (11 bit)

Merge sorted lists 1.5 Column

copy

Shift Key 0.5 zero

Clear histogram bin 0.2 Radix

hist

produce histogram 1.2 add produce scan value 1.0 bsum

adjust scan of bins 2.5 address

determine desitination 4.7 compare

compare key to splitter 0.9 Sample

localsort8

local radix sort of samples

ª Culler 1994DIMACS 94.9Bottom Line (sort of)

N / P u s / k e y0 . 0 02 0 . 0 04 0 . 0 06 0 . 0 08 0 . 0 01 0 0 . 0 01 2 0 . 0 01 4 0 . 0 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

Bitonic 1024

Bitonic 32

Column 1024

Column 32

Radix 1024

Radix 32

Sample 1024

Sample 32¥Good fit between predicted and measured (10%)¥Different sorts for different sorts—scaling by processor, input size, sensitivity¥All are global / local hybrids—the local part is hard to implement and model

ª Culler 1994DIMACS 94.10Bitonic Sort

lg N/p stages are local sortBlock Layoutremaining stages involve Block-to-cyclic, local merges (i - lg N/P cols)cyclic-to-block, local merges ( lg N/p cols within stage)

ª Culler 1994DIMACS 94.11Bitonic Sort: time per key

P r e d i c t e dN / P

u s / k e y01 02 03 04 05 06 07 08 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

MeasuredN / P

5 1 2

2 5 6

1 2 8

6 43 2

ª Culler 1994DIMACS 94.12Bitonic: Breakdown

P r e d i c t e dN / P

u s / k e y01 02 03 04 05 06 07 08 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

MeasuredN / P

Remap B-C

Remap C-B

Mergesort

Swap

LocalsortP= 512, random

ª Culler 1994DIMACS 94.13Bitonic: Effect of Key Distributions

Entropy (bits)

m s / k e y051 01 52 02 53 03 54 04 5

Swap

Merge Sort

Local Sort

Remap C-B

Remap B-CP = 64, N/P = 1 M

ª Culler 1994DIMACS 94.14Column Sort¥Local Sort¥Transpose (block-to-cyclic)¥Local Sort¥Untranspose (cyclic-to-block w/o the scatter)¥Local Sort¥Cyclic shift¥Merge Sort¥Unshift

P

ª Culler 1994DIMACS 94.15Column Sort: Times

P r e d i c t e dN / P

u s / k e y051 01 52 02 53 03 54 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

MeasuredN / P

5 1 2

2 5 6

1 2 8

6 43 2

ª Culler 1994DIMACS 94.16Column: Breakdown

P r e d i c t e dN / P

u s / k e y051 01 52 02 53 03 54 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

MeasuredN / P

Sort1

Sort2

Sort3

Merge

Trans

Untrans

Shift

UnshiftP= 64, random

ª Culler 1994DIMACS 94.17Column: Key distributions

Entropy (bits)

ms / key051 01 52 02 53 03 506

Merge

Sorts

Remaps

ShiftsP = 64, N/P = 1M

ª Culler 1994DIMACS 94.18Histo-Radix Sort

Local DataLocal Histograms

Each Passform local histogramsform global histogramglobally distribute dataP

ª Culler 1994DIMACS 94.19Radix Sort: Times

P r e d i c t e dN / P

u s / k e y02 04 06 08 01 0 01 2 01 4 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

MeasuredN / P

5 1 2

2 5 6

1 2 8

6 43 2

ª Culler 1994DIMACS 94.20Radix: Breakdown

N / P

u s / k e y02 04 06 08 01 0 01 2 01 4 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1E+05

3E+05

5E+05

1E+06

Dist

GlobalHist

LocalHist

Dist-m

GlobalHist-mLocalHist-m

ª Culler 1994DIMACS 94.21Radix: Key distribution

Entropy

ms / key01 02 03 04 05 06 07 0

0

61 01 72 53 1Cyclic1 1 8

Dist

Global Hist

Local Hist

ª Culler 1994DIMACS 94.22Radix: Stream Broadcast Problem

n(P-1) ( 2o + L + (n-1) g ) ?

ª Culler 1994DIMACS 94.23Sample Sort¥Sample local data sets¥Gather potential splitters, sort, pick splitters¥Broadcast splitters¥Redistribute data¥Local Sort¥Possibly reshift ª Culler 1994DIMACS 94.24Sample Sort: Times

P r e d i c t e dN / P

u s / k e y051 01 52 02 53 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

MeasuredN / P

5 1 2

2 5 6

1 2 8

6 43 2

ª Culler 1994DIMACS 94.25Sample Breakdown

N / P u s / k e y051 01 52 02 53 0

1 6 3 8 4

3 2 7 6 8

6 5 5 3 6

1 3 1 0 7 2

2 6 2 1 4 4

5 2 4 2 8 8

1 0 4 8 5 7 6

Split

Sort

Dist

S p l i t - m

Sort-m

Dist-m

ª Culler 1994DIMACS 94.26Conclusions¥Distributed memory model leads to hybrid global / local algorithms¥LogP model is good enough for the global part—bandwidth (g) or overhead (o) matter most—including end-point contention—latency (L) only matters when BW doesn�t—g is going to be what really matters in the days ahead (NOW)¥Local computational performance is hard!—dominated by effects of storage hierarchy (TLBs)—getting trickier with multilevels ¨ physical address determines L2 cache behavior —

cycle time, caches, . . .