Effects of Communication Latency, Overhead, and Bandwidth in a Cluster ArchitectureDavid E. CullerRich Martin, Amin VahdatComputer Science DivisionUniversity of California, Berkeley

NOW 2

The Fast Communication Problem¥NOW Goal: 10 ms end-to-end in general purpose, high-performance clsuters

Killer Switch �˚�˚�

NetworkInterface Hardware

Comm.Software

Killer Platformnsmsms

Question of the Study¥How much do our efforts really improve application performance?¥Have we gone far enough?¥To what aspects of communication performance are applications most sensitive?¥Can we predict it?

NOW 4

Model Framework: LogPInterconnection NetworkMPMPMP�˚�˚�

P ( processors )

Limited Volume ( L/g to a proc)

o (overhead)

L (latency)og (gap)

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

NOW 5

Generic Active Messages (GAM)¥Highly optimized communication layer on a range of HW¥Request / Reply small active messages (RPC)¥Bulk-Transfer (store & get)Request

handler

handlerReply

Round Trip time: 2 x ( 2o + L)

NOW 6

LogP Summary of Current Machines

024681 0 1 2 1 4 1 6

NOW-SS20

NOW-Ultra

Paragon

Meiko m s

gLOrOsMax MB/s: 38 141 47

Outline of the Talk¥Framework for Communication Performance¥Empirical Method¥Base Application Characteristics¥Sensitivity to Overhead¥ to gap¥ to Latency¥ to bulk transfer bandwidth¥Predictive models¥Conclusions

Methodology¥Apparatus: —35 Ultra 170s (64 MB, .5 MB L2, Solaris 2.5) —M2F Lanai + Myricom Net in Fat Tree variant—GAM + Split-C¥Modify the Active Message layer to inflate L, o, g, or G independently¥Execute a diverse suite of applications and observe effect¥Evaluate against natural performance models

NOW 9

Adjusting L, o, and g (and G) in situ

LanaiHost WorkstationDO: stall Ultraon msg write

AM lib

LanaiHost Workstation

Dg: delay Lanaiafter msg injection(after fragment forbulk transfers)

DL: defer markingmsg as valid untilRx + DLDO: stall Ultraon msg readMyrinet

Microbenchmarks for Calibrating the Empirical AdjustmentsFor Range of D and MRepeat M times Issue requestCompute for D... things complete

Time(M , D )

NOW 11

Time to Issue Sequence

TimeSend ReqRcv Reply

osTimeSend RequestRcv Reply

TimeSend Req.Rcv Reply

OrgSteady-StateSend OnlyTransitionososososososOrosososOr

NOW 12

NOW-SS20 Microbenchmark SignatureL = 11.1 ms, Os = 2.0 ms, Or = 2.6 ms, g = 12.4 ms

OsOs+Org0510152025020406080100120140Burst Size

msec per message

161284210.50Delay (ms)

Credit: Richard Martin

NOW 13

Calibration

05 0 1 0 0 05 0 1 0 0 g (desired)

m s

05 0 1 0 0 1 5 0 2 0 0 05 0 1 0 0 O (desired)

ogLdesired

NOW 14

Calibration (cont)

05 0 1 0 0 05 0 1 0 0 L (desired)

m s ) ogLdesired

Applications Characteristics¥Message Frequency¥Write-based vs. Read-based¥Short vs. Bulk Messages¥Synchronization¥Communication Balance

Applications used in the Study

ProgramDescriptionInputTime(16)Time(32)Msg Interval(ms)radixInt Radix Sort16 M 32-bit keys17.0 s9.8 s7.6

em3dInt Sample Sort32 M 32-bit keys101 s44.3 s10.2sampleEM Wave Prop.8 K nodes, deg. 10, 100 steps24.3 s15.9 s14.0ebarnesHierarchical N-body1 M bodies81.2 s46.6 s60.1p - r a y Ray Tracer1 M pixel image, 16 k objs25.8 s17.8 s108.1murphiProtocol VerifierSCI, 2 procs, 1 line, 1 mem71.3 s37.9 s219.4connectConnected Components4 M nodes, 2D, 30 %2.5 s1.45 s282.9radbBulk Radix16 M 32-bit keys6.5 s3.95 s1260.0

Baseline CommunicationProgramms/msg ms/BarrierAvg Msg/ProcMax Msg./ProcReads Bulk Msgradix7.68952,228,3642,229,1060.0%0.0%em3d10.23249,953,3849,974,2650.0%0.0%sample14.024991,966,1992,319,3620.0%0.0%ebarnes60.12331,351,1941,400,6019.6%23.5%p - r a y 108.11465216,869353,64047.7%47.9%murphi219.436054328,699332,0540.0%51.2%connect282.91018,9129,22134.1%0.1%radb1260.08 0 5,5205,9270.0%43.7%

Communication Load Balance

Application Sensitivity to Communication Performance

NOW 20

Sensitivity to Overhead

051 0 1 5 2 0 2 5 3 0 02 0 4 0 6 0 8 0 1 0 0 1 2 0 Overhead (ms)

Slowdown

ebarnes radix em3d sample p - r a y murphi connect radb

NOW 21

Sensitivity to gap (1/msg rate)

024681 0 1 2 1 4 05 0 1 0 0 1 5 0 2 0 0 gap (ms)

Slowdown

ebarnes radix sample em3d p - r a y connectmurphi radb

NOW 22

Sensitivity to Latency

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 02 0 4 0 6 0 8 0 1 0 0 Added latency (us)

Slowdown

p - r a y ebarnes connect em3d radix radb samplemurphi

NOW 23

Sensitivity to bulk BW (1/G)

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 051 0 1 5 2 0 2 5 3 0 3 5 4 0 Bandwidth (MB/s)

Slowdown

Radbradix p - r a ymurphibarnes connect

Modeling Effects of Overhead¥Tpred = Torig + 2 x max#msgs x Do—request / response—proc with most msgs limits overall time ¥Why does this model under-predict?

D Overhead (ms)radixsampleem3debarnesp - r a y connectmurphiradb01 . 0 0 1 . 0 0 1 . 0 0 1 . 0 0 1 . 0 0 1 . 0 0 1 . 0 0 1 . 0 011 . 0 3 1 . 0 0 1 . 1 4 1 . 0 2 1 . 0 3 1 . 0 2 1 . 0 0 1 . 0 1 21 . 0 2 1 . 0 0 1 . 2 6 1 . 0 0 1 . 0 4 1 . 0 4 1 . 0 2 1 . 0 0 41 . 0 2 1 . 0 0 1 . 5 0 0 . 9 0 1 . 0 7 1 . 0 7 1 . 0 4 1 . 0 0 51 . 0 1 0 . 9 9 1 . 5 9 0 . 8 8 1 . 0 6 1 . 1 2 1 . 0 3 1 . 0 0 1 0 1 . 0 1 0 . 9 9 2 . 0 1 4 . 8 3 1 . 2 1 1 . 3 0 1 . 0 9 0 . 9 9 2 0 1 . 0 2 0 . 9 8 2 . 5 3 N/A1 . 3 1 1 . 3 2 1 . 1 6 0 . 9 9 5 0 1 . 0 3 0 . 9 8 3 . 2 2 N/A1 . 5 0 1 . 6 0 1 . 3 0 1 . 0 2 1 0 0 1 . 0 4 0 . 9 8 3 . 6 1 N/A1 . 5 8 1 . 8 5 1 . 4 6 1 . 0 7

Modeling Effects of gap¥Uniform communication modelTpred = Torig , if g < I, average msg interval = Torig + m (g - I ), otherwise¥Bursty CommunicationTpred = Torig + m Dg g

Evaluating BW Models¥Do not see the behavior of �uniform� model in any of the applications¥Pure bursty model gives good prediction—slightly over estimates in moderate cases

Do we need to push further?

NOW 28

Extrapolating to Low Overhead

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 024681 0 1 2 1 4 Overhead (us)

Slowdown

ebarnes radix em3d sample p - r a y murphi connect radb

NOW 29

Extrapolating to high msg rate

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 051 0 1 5 2 0 2 5 3 0 3 5 gap (ms)

Slowdown

ebarnes radix sample em3d p - r a y connectmurphi radb

Conclusions¥Applications exhibit a vast range of communication requirements¥Effort to improve communication performance is well rewarded¥Most sensitive to overhead—�does not parallelize well�—exascerbates serialization¥Surprisingly tolerant to latency¥Bulk BW not very critical¥Need to keep working on overhead!¥¥Valuable to use real experimental systems to explore relative to a model framework