Massive Parallelism Slide 1Massively Parallel Processors: Observations and a Realistic Theoretical Model (LogP)David A. PattersonComputer Science Division/EECS Dept.University of California, Berkeley

Massive Parallelism Slide 2Outline

Part I: Predictions for Massively Parallel Processors (MPP) ¥MPP three parts: Processor, Memory, Network¥ Review 3 technologies past & future¥ Common MPP architecture¥ Prediction on possible surprise for MPPPart II: More Realistic model of MPP¥ PRAM model too inaccurate ¥ Need for a new model¥ Describe LogP¥ Example of LogP

Massive Parallelism Slide 3Massively Par. Processor Background

¥ Performance, Performance, Performance˚˚˚˚Otherwise, use uniprocessor¥ MPP argument is better cost-performance than vector supercomputer¥ MPP Node => Good cost-performance˚Otherwise, 1000 · bad cost-performance˚=> very bad cost-performance¥Good Performance via Bandwidth¥Good Cost via high volume componentsHence must predict underlying technologies to predict future MPPs

Massive Parallelism Slide 4Part 1: Processor Performance

¥ Performance Trend: Grows integer 50%/year, 75% Floating Point per year through 1997; MP after?¥ Predict 1995: ‡ 250 SPECint92, 500 fp92˚˚˚˚ Performance:2000: ‡1000 SPECint92, 2000 fp92

Performance11 0 1 0 0 100010000

1 9 8 7

1 9 8 8

1 9 8 9

1 9 9 0

1 9 9 1

1 9 9 2

1 9 9 3

1 9 9 4

1 9 9 5

1 9 9 6

1 9 9 7IntegerFloatingPoint

Massive Parallelism Slide 5Part 1:

Processor Perspective

¥ Putting performance growth in perspective:HP 9000/735 Cray 1WorkstationVector SupercomputerYear19921976MIPS>130 MIPS< 10 MIPSLinpack41 MFLOPS27 MFLOPSCost$40,000$4,000,000 ($8M in 1992$)Clock99 MHz80 MHzCache128 KB0.25 KBMemory400 MB32 MB1976 supercomputer in 1993 workstation!Predict: 1993 vector supercomputer in 2000 workstation!

Massive Parallelism Slide 6Part 1:

¥ Putting performance growth in perspective:IBM POWER2 Cray YMPWorkstationVector SupercomputerYear19931988MIPS> 200 MIPS< 50 MIPSLinpack140 MFLOPS160 MFLOPSCost$120,000$1,000,000 ($1.5M in 1992$)Clock71.5 MHz167 MHzCache256 KB0.25 KBMemory512 MB256 MB1982 supercomputer in 1993 workstation!Predict: 1993 vector supercomputer in 2000 workstation!

Massive Parallelism Slide 7Part 1:

Processors

¥Development Cost High for Microprocessor MIPS R4000: $30 M develop, $10 M fabricate(30 engineers · 3 years)¥ Add to difficulty/cost of building MPP if design own processor vs. better match to MPP¥ Prediction: Lose if try to match performance of new chips: must compete with engineering at HP, IBM, DEC, Sun, MIPS, Intel in processor design

Massive Parallelism Slide 8Part 2: DRAM capacity growth

¥ Trend: 4X every 3 years:¥ Feb ’93 @ ISSCC: 3 companies unveil 256 Mbits

M bits/Chip0.010.111 0 1 0 0 100010000

1 9 7 7

1 9 8 0

1 9 8 3

1 9 8 5

1 9 8 9

1 9 9 2

1 9 9 5

1 9 9 8

2 0 0 1

Massive Parallelism Slide 9Part 2: Memory

¥ Latency & Bandwidth¥ Trend: Incredible processor progress creates processor-memory performance gap:¥ Prediction: By 2000 DRAM latency 2X improved; CPU 50X; => memory hierarchy increases in importance

Performance01 0 2 0 3 0 4 0 5 0 6 0

1 9 9 0

1 9 9 1

1 9 9 2

1 9 9 3

1 9 9 4

1 9 9 5

1 9 9 6

1 9 9 7

1 9 9 8

1 9 9 9

2 0 0 0CPUDRAM

Massive Parallelism Slide 10Part 3: Network Bandwidth

¥ Improvements in link bandwidth over time:higher clock rate, multiple bits per link¥ Predict: continued improvement in bandwidth1995: 0.5-1.5 GB/sec; 2000: 2-4 GB/sec

MB/sec0.111 0 100100010000

1986

1987

1988

1990

1991

1993

1995

1997

1999

Massive Parallelism Slide 11Part 3:

Network Overhead

¥ Overhead launch a message on network in clock cycles MachineOverheadiPSC 8601500Ncube1000CM-5132Dash40J machine40Monsoon10

CommercialMachinesResearchMachines

Massive Parallelism Slide 12Part 3: Future Network overhead

¥ Trend: Network overhead decreasing, but processors getting faster too¥ Prediction: Network overhead 1995 to 2000: no less than 20 to 40 instructions; maybe 100s? Non-local much slower than local access

Massive Parallelism Slide 13MPP Software: Topology Insensitive

¥ Many good topologies to chose from(today grids and fat-trees popular)¥ Trend: High overhead to send message makes network "flat": same latency near or far¥ Standard topology will never happen� if rewrite MPP software for different topologies� MPP Software never portable � MPP industry fails¥ Prediction: MPP software must be independent of network topology

Massive Parallelism Slide 14MPP Hardware Organizations have

converged

DRAM MemoryCacheRISC ProcessorNetwork interface

.........

InterconnectionNetworkExamples: Cray T3D IBM SP-1 Intel Paragon TMC CM-5�

Massive Parallelism Slide 15MPP Systems:

Number of Processors ¥ Trend: Node looks like a workstation¥ Workstations cost $5,000 to $10,000 Supercomputers cost $25,000,000 � £ 2500 to 5000 nodes Parallel processors priced higher, doesn’t include networkPredict: Big Iron in 1995: £ 2,000 processors(No commercial firm shipping general purpose SIMD in 1995-96)¥ Workstations in 2000 have 4 processors?Predict: Big Iron in 2000: £ 10,000 processorsImplication: Problem size >> number processors

Massive Parallelism Slide 16MPP Systems:

Off-the-Shelf vs. Custom ¥ Memory:� Off-the-Shelf trend: Everyone uses DRAM Custom trend: nonePredict 1995 to 2000: Off-the-Shelf DRAM¥ Processors: � Off-the-Shelf trend: Cray T3D, Intel, CM-5 Custom trend: nCube, KSRPredict 1995 to 2000: Off-the-Shelf ¥ Network (MPP edge):Off-the-Shelf trend: none� Custom trend: EveryonePredict 1995 to 2000: Custom (at least interface)

Massive Parallelism Slide 17MPP Systems:

Addressing / Memory¥ "Shared Memory vs. Distributed Memory #1": Single Address Space vs. Multiple Address Spaces� Single Address Space trend: KSR, Sequent,Cray Multiple Address Spaces trend: Intel, CM-5, nCube, ...Predict 1995 to 2000:??? (Single Address Space?)¥ "Shared Memory vs. Distributed Memory #2": Central Memory vs. Distributed Physical Memory Central Memory trend: Sequent� Distributed Physical Memory trend: Cray, Intel, CM-5, nCube, KSR ...Predict 1995 to 2000: Distributed Physical Memory

Massive Parallelism Slide 18MPP Systems:

Who moves Data?¥ Software Responsible (Cray, Intel, TMC, ...)Software makes copies in memory¥ Cache Controller Responsible (Sequent)Caches kept consistent via invalidation; reads cause copies in caches¥ Main Memory Controller Responsible (KSR)Memories kept consistent via invalidation; reads cause copies in memories (can be cached)¥ Drawbacks to Memory Controller: move data to query vs. query to data may want to redistribute data & nail it down Predict 1995 to 2000: HW trap invokes Software to move (incoherent global address)

Massive Parallelism Slide 19MPP Summary:

1995 to 2000¥ MPP Node » Off-the-shelf Processor/Memory (» workstation: in 2000 ‡ 1993 supercomputer)¥ SIMD moves back to the history pages¥ Locality of access critical for speed in MPP¥ Distributed memory (shared address helps evolve sequential codes to parallel)¥ Custom network (better have) much lower latency and much higher bandwidth than LAN

Massive Parallelism Slide 20Assessment of MPPs (negatives)¥ Lags workstation technology— 2-3 years behind on processor technology (e.g, 32MHz SPARC in CM-5 in 1992)— 5 years behind on systems and software (e.g., paging in CM-5 in 199?)¥ The Cost Factor— CM-5 node+disk vs. SS10+disk: $40k vs. $12k — T3D node vs. Alpha (150 MHz): $60k vs. $10k— high cost of development, high cost of sales=> Not fully exploiting commercial technology

Massive Parallelism Slide 21What if you provided? Worst possible environment:¥ Traditional message passing on top of your, already slow, TCP/IP (5 millisecond overhead)¥ High Latency, Low Bandwidth, Unreliable network (Ethernet)¥ No debugging software, programming environment, or support.And distribute for free on workstations/LAN?

Massive Parallelism Slide 22PVMPVM: SW runs parallel processors over networkResult: 9000 FTPs of PVM from ORNL since 1990 + sales and support by Cray, Intel, IBM, SGI + 1992 Gordon Bell Prize => More people using PVM than all MPPs combined!How can this weak system be so successful?=> Must leverage workstation cost / reliability and offer portability

Massive Parallelism Slide 23MPP Surprise:

1995 to 2000¥ NOW (Network of Workstations & central switch): workstations by day, supercomputer by nightThe building is the computer!¥ MPP vs. NOW may be battleground for massive parallelism: Node cost: advantage NOW Network performance: advantage MPP 3rd Party software: advantage NOW¥ Massive parallelism in 2000 may

be software on clusters of workstations

Massive Parallelism Slide 24Massively Parallel Processor Conclusion

¥ MPPs leverage advances in DRAM and Processors; MPP node organization stable for ‡ 5 years¥ MPPs better add custom networks with much lower latency and much higher bandwidth than LAN & compete in cost-performance¥ By 2000: £ 10,000 1993 supercomputers working together; peak performance of 20 TFLOPS¥ NOWs will challenge traditional MPPs

Massive Parallelism Slide 25Theoretical models & MPP: Are they accurate

¥ Common Theoretical Fallacies with MPP¥ Grading PRAM on MPP issues: 2/8¥ Grading Valiant’s BSP on MPP issues: 3.5/8¥ Towards A New Model for MPP (LogP)

Massive Parallelism Slide 26Theory Fallacies about MPP

¥ Number of processors » ¥ Cost of node (» workstation) suggests 100 £ P £ 1000; N >> P¥ No locality in data accesses Every computer system today relies on locality: processor cache, page size, virtual memory, disk cache, file read ahead, ...¥ Simply scale problem to overcome difficulty Scaling may make problem take weeks or years to run¥ Paper or research machine = machines shipped e.g., Combining networks, optical crossbar switches may never be used by someone trying to solve a problem. Don’t justify simplifying assumptions with machines no one uses.

Massive Parallelism Slide 27Grading PRAM on MPP issues

0 Speed compared to best alg. on uniproc. PRAM papers use scalability as measure1 Number of PEs: PRAM => P0 Latency of communication: PRAM => 10 Gap between messages: PRAM => 10 Fraction accesses not local: PRAM => 100%0 Size of local memory: PRAM => ¥ (1 clock global)0 Algorithm/Layout of Data to PE: PRAM irrelevant1 Number of steps in Algorithm: PRAM countsTotal: 2/8

Massive Parallelism Slide 28Quotes on PRAM

"The literature on PRAM algorithms has been almost completely irrelevant to our research - even the simplest PRAM algorithms described in the theory literature have constant factors that make them prohibitive when a real implementation is considered."Richard Anderson, University of Washington

Massive Parallelism Slide 29Quotes on PRAM

Valiant’s Algorithm for finding max on n elements with n=p processors; running time is O(log log n)Divided into stages, each stage has input values partitioned into sets of equal sizeFor each set processors compare pairs and record in Boolean arrayBut unit time access model is wrong; it will take at least W(log n) time on real machine.Hence O(log log log n) on real machine; but could take only O(log n) if support binary tree in network."This is a serious matter. � [PRAM] has been harm rather than helpful �[since it] led the programmer to the wrong choice."Larry Snyder, University of Washington"Type Architectures, Shared Memory, and the Corollary of Modest Potential", Ann. Rev. Comp. Sci., 1986, p.298-300.

Massive Parallelism Slide 30Grading BSP on MPP issues

0 Speed compared to best alg. on uniproc. BSP use scalability as measure: 2 to 1,000,0001 Number of PEs: BSP => P1 Latency of communication: PRAM => L0.5 Gap between messages: PRAM => g (but assumes g is a small constant that can be ignored)0 Fraction accesses not local: BSP => 100%0 Size of local memory: BSP => ¥ (1 clock global)— 1 Algorithm/Layout of Data to PE:BSP is random! (Hash

on every memory access!!)

1 Number of steps in Algorithm: BSP counts Total: 3.5/8Also expects high network bandwidth, free context switch

Massive Parallelism Slide 31John von Neumann,

’The Mathematician’, 1947

"As a mathematical discipline travels far from its empirical source, or still more, if it is a second and third generation only indirectly inspired from ideas coming from ’reality’, it is beset with very grave dangers � that the subject will develop along the line of least resistance, that the stream, so far from its source, will separate into a multitude of insignificant branches� ." "In other words, at a great distance from its empirical source, or after much ’abstract’ inbreeding, a mathematical subject is in danger of degeneration. �whenever this stage is reached, the only remedy seems to me to be the rejuvenating return to the source: the reinjection of more or less directly empirical ideas. I am convinced that this is a necessary condition to conserve the freshness and the vitality of the subject, and that this will remain so in the future."

Massive Parallelism Slide 32A New Model for the 1990s

¥ Goal: Useful for theoretical investigations and predicts performance on real MPPs¥ investigating with Prof. David Culler, Prof. Richard Karp, Abhijit Sahay, Prof. Klaus Schauser (UCSB), Eunice Santos, Ramesh Subramonian, and Prof. Thorsten von Eicken (Cornell) (see "LogP: Towards a Realistic Model of Parallel Computation," 4th ACM SIGPLAN Symposium on Principles and Practice of Parallel Programming, San Diego, CA May 1993)

Massive Parallelism Slide 33Deriving the Model� Processing— powerful microprocessor, large DRAM, cache=> P� Communication+ significant latency (10’s of cycles)=> L+ limited bandwidth (1 — 5% of memory bw)=> g+ significant overhead(10’s — 100’s of cycles)=> o- on both ends— no consensus on topology=> should not exploit structure+ limited capacity— no consensus on programming model=> should not enforce one

Massive Parallelism Slide 34The LogP Model

Interconnection NetworkMPMPMP�˚�˚�

P ( processors )

g (gap)

L: Latency incurred in sending message between moduleso: processor overhead to send or receive a messageg: Gap between messages sent or received by processorP: number of processors/memory modules

Massive Parallelism Slide 35Illustration of Parameters� Send N messages from proc to proc in time 2o + L + g(N-1)— each processor does oN cycles of overhead— has (o-g)(N-1) + L available compute cycles� Send N messages from one to many in same time� Send N messages from many to one in same time— all but L/g processors blockoLooog

LtimeMassive Parallelism Slide 36Theory Sampler010141822202424P0P1P2P3P5P7P6P4P0P1P2P3P4P5P6P705102015TimeoooogoooooooooogggLLLLLLLL=6, o=2, g=4, P=8Optimal single item broadcast is an unbalanced tree— shape determined by relative values of L, o, and g.25Processor

Massive Parallelism Slide 37Optimal Summation

285101418

484P0P5P3P2P1P6P7P4P0P1P2P3P4P5P6P7

05102015

+ooogoggL25+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++oL=5, o=2, g=4, P=8For more see Karp, Sahay, Santos and Schauser, SPAA 93Yields a related tree where each processor finishes local work just as partial sum arrives— initial data placement determined by L, o, and g.— communication schedule is keyProcessorTime

Massive Parallelism Slide 38Simplifying LogP

¥ PRAM has only one parameter (P) of LogP: when can you reduce the number of parameters?¥ Many machines today o = g; future expect o to be small due to DMA, so it may be neglected for some machines => LgP¥ Many algorithms have long messages that can be pipelined through the network hiding latency L => gP¥ Ideally, first show can ignore some parameters and then use the remaining parameters

Massive Parallelism Slide 39LogP for real machines

Machine/Net

SWLogP( mseconds)HP 720/EthernetPVM50240080*P4 to 16HP 720/EthernetUDP5036020*P4 to 16HP 720/FDDI---44002*P8 to 32HP 720/FDDIA.M.*482*P8 to 32DEC 5000/ATM---2020208 to 32Intel ParagonNX12502up to 500TMC CM-5CMMD4454up to 1024TMC CM-5A.M.*424up to 1024* Active Messages: see T. von Eicken, D. E. Culler, S. Goldstein and K. Schauser,"Active Messages: a Mechanism for Integrated Communication and Computation,"Proc. of the 19th Annual International Symposium on Computer Architecture, Gold Coast, Australia, May 1992, pp. 256-67.Massive Parallelism Slide 40Advantages of LogPDiscourages common loopholes:- excessive communication- excessive memory module contention- excessive multi-threading to hide latencyRewards proven techniques:- coordinating work assignment with data placement to reduce communication- overlapping computation with communication (within limits)- balancing communicationProgramming model independent

Massive Parallelism Slide 41Why LogP?

¥˚But LogP is harder than PRAM; why worry?¥ Unfortunately PRAM doesn’t work "When theory becomes inbred —when it has grown several generations away from its roots, until it has lost touch with the real world— it degenerates and becomes sterile. ...The best theory is inspired by practice and the best practice is inspired by theory." Donald Knuth, ’Theory and Practice’, 1991

Massive Parallelism Slide 42Who cares about Theory?

¥ Given Zadeh’s Law: "Friends come and go; enemies accumulate." why antagonize/care about theory?¥˚Strength of CS&E in past has been faculty in theory & systems who talk and influence each other¥ We are at a crossroads; theory and practice hand-in-hand, or separate paths like Math and Engineering?¥ PRAM or models like LogP?

Massive Parallelism Slide 43Conclusion

¥ Hardware and Software MPP models are converging; theory is diverging¥ Opportunity for you to contribute provided you are using the right assumptions¥ Finding algorithms for important applications that are "embarrassingly parallel" (low local memory miss rate) results in CSE Olympic Medal¥ Candidate CSE Olympians need to know architecture, algorithms, and applications¥ For theory to have impact, need a model that leads to faster programs¥ LogP provides a theoretical base ignoring topology: Latency (L), overhead(o), bandwidth gap (g), and processor-memory nodes (P)

Massive Parallelism Slide 44Extras

(The slides following this one are considered backup slides, and may be used to answer questions.)

Massive Parallelism Slide 45An example: Sum of Numbers

¥ How many numbers can be added in time t?¥ Summing numbers normally done as binary tree with one number per processor in PRAM since assume communication takes one step => 2^( t+1) numbers