Page 1ª Culler 1994T3D.1Empirical Evaluation of the Cray T3D: a compiler perspectiveDavid E. CullerRemzi Arpaci, Arvind Krishnamurthy, Kathy YelickComputer Science DivisionUniversity of California, Berkeleyculler@cs.berkeley.eduhttp://http.cs.berkeley.edu/~culler/

ª Culler 1994T3D.2Background: 1992-3 perspective¥A new wave of MPP systems—TMC CM-5, Intel Paragon, Meiko CS-2, Cray T3D, . . .—Fast microprocessor and memory system plus sophisticated shell

to support communication and synchronization

¥Message passing libraries—Squander much of the performance capabilities—Unpleasant to program in (no fun to teach)¥Wrong headed debate—Cache-coherent shared memory - vs - message passing¥Unfortunate language implementation strategy—HPF —> Msg Passing Library -> HW=> Build a simple distributed shared-address language that would expose the performance capabilities of the �new wave�

Page 2ª Culler 1994T3D.3Deliver efficient communication to the applicationGlobal Address SpaceP0Pprocs-1P1local

¥Explicitly parallel C¥2D global address space—linear ordering on local spaces¥Local and Global pointers ¥Read/Write¥Get/Put - to hide communication—x := G; . . .—sync();¥Bulk transfer¥Global ops (barrier)¥Signaling store —G :— x; . . .—store_sync(); or all_store_sync();¥Distributed (spread) arraysSplit-C

ª Culler 1994T3D.4The Cray T3D¥£ 2048 Alphas (150 MHz, 16 or 64 MB each) + fast network—43-bit virtual address space, 32-bit physical—32-bit and 64-bit load/store + byte manipulation on regs.—no L2 cache—non-blocking stores, load/store re-ordering, memory fence—load-lock / store-conditional¥Direct global memory access via external segment regs—DTB annex, 32 entries, remote processor number and mode—atomic swap between special local reg and memory—special fetch&inc register—global-OR, global-AND barriers¥Prefetch Queue¥Block Transfer Engine¥User-level Message Queue

Page 3ª Culler 1994T3D.5Methodology¥Shell provides mechanisms that support each facet of language—many mechanisms for single function in some case¥1. Micro-benchmark machine primitives to identify realizable performance¥2. Select code-generation strategy¥3. Evaluate implementation of language primitive

ª Culler 1994T3D.6Microbenchmarking Memory Access TimeMicrobenchmark Template

repeat to obtain confidencerepeat to mitigate timer resolutionfor array size A from 4 KB to 8 MB doubling each timefor stride S from 1 to A/2 doubling each timememory operation on A[i]

AA/Sstimulus: address stream

observe: average access time

Page 4ª Culler 1994T3D.7T3D Local Read (average latency)

S t r i d e

ns01 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

8

1 6

3 2

6 4

1 2 8

2 5 6

5 1 2

1 K

2 K

4 K

8 K

1 6 K

3 2 K

6 4 K

1 2 8 K

2 5 6 K

5 1 2 K

1 M

2 M

4 M

8MB 4MB 2MB 1MB 512KB

256KB

128KB

64KB

32KB

16KB 8KB L1 Cache Size: 8KB

CacheAccessTime: 6.7 ns(1 cycle)

MemoryAccessTime: 155 ns(23 cycles)

Line Size: 32 bytesDRAM pagemiss: 100 ns(15 cycles)No TLB !

ª Culler 1994T3D.8DEC Alpha ReadS t r i d e

8

CacheAccessTime: 6.7 ns(1 cycle)L2: 512 KB AccessTime: 52 ns(8 cycles)DRAMAccessTime: 300ns(45 cycles)

< 32 Entry TLB8 KB pagesMiss: 250 ns(37 cycles)32 byte line

T3D8 MB

Page 5ª Culler 1994T3D.9T3D Local Write Cost

S t r i d e

ns01 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

8

1 6

3 2

6 4

1 2 8

2 5 6

5 1 2

1 K

2 K

4 K

8 K

1 6 K

3 2 K

6 4 K

1 2 8 K

2 5 6 K

5 1 2 K

1 M

2 M

4 M

8MB 4MB 2MB 1MB 512KB

256KB

128KB

64KB

32KB

16KB 8KB T3D 8MBRead

20 ns(3 cycle)Write mergingWrite Buffer:4 deep x 32155 ns / 35 ns

ª Culler 1994T3D.10Global Pointers¥Language requirements—dereference: read / write global location—transfer: read / write / pass the pointer itself—arithmetic¨local addressing: acts on offset portion only¨spread addressing: acts on processor portion with wrap into offset—extraction and construction¨processor and offset components—null test¥T3D Design Constraints—64 MB x 2048 Proc => 37 bits of address—Alpha provides 43 bits virtual address => 32 bit physical—T3D introduces external registers to expand physical address¨23 cycle update using store-conditional instructions=> Compiler must manage these registers

Page 6ª Culler 1994T3D.11T3D Design Constraintsbyteoffsetindexseg00index11offset2754522255as

Page TablePE NumberF/C

offsetas

DTBAnnexpage

write or noncached readwrite or noncached atomic swapfetch&inc or readwrite or cached readwrite or cached atomic swapwrite or cached read aheadmessage or cached read

offsetindex0temporary global address

Annex Setup

Page 7ª Culler 1994T3D.13Remote Read Uncached

S t r i d e

ns01 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0

8

1 6

3 2

6 4

1 2 8

2 5 6

5 1 2

1 K

2 K

4 K

8 K

1 6 K

3 2 K

6 4 K

1 2 8 K

2 5 6 K

5 1 2 K

1 M

2 M

4 M

8MB 4MB 2MB 1MB 512KB

256KB

128KB

64KB

32KB

16KB

8KB610 ns(91 cycles)

100 nsDRAM-pagemissNetwork Latency:Additional 13-20 ns(2-3 cycles) per hop3 - 4x Local Memory Read !

local T3D

DEC Alpha

ª Culler 1994T3D.14Remote Read — CachedS t r i d e

8

8KB765 ns(114 cycles)

cache line xfer3 ms for Dash, 7.5 ms for KSR, 12.5 ms for CM-5, 22 ms Paragon

Page 8ª Culler 1994T3D.15Blocking Remote Write

S t r i d e

ns01 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0

8

1 6

3 2

6 4

1 2 8

2 5 6

5 1 2

1 K

2 K

4 K

8 K

1 6 K

3 2 K

6 4 K

1 2 8 K

2 5 6 K

5 1 2 K

1 M

2 M

4 M

8MB 4MB 2MB 1MB 512KB

256KB

128KB

64KB

32KB

16KB

8KB880 ns(130 cycles)¥ store¥ memory fence — ensure write has issued¥ wait on ack status

ª Culler 1994T3D.16Split-C Implementation¥Read: x = *G—annex setup + uncached load: 785 ns (117 cycles)—cannot ensure that cache line would be flushed¨HPF might be able to use cached load¥Write: *G = x—blocking write in �remote invalidate� mode—1050 ns (156 cycles)¥Byte writes—Alpha assumes read word, manipulate byte, store words—This may clobber surrounding bytes in MP !!!—Would use load-locked, modify, store-conditional, but these were usurped for Annex—Must enclose in explict lock (yechhhhh)¥Global / Local consistency—local ops allowed to bypass globals

Page 9ª Culler 1994T3D.17Split-Phase Access¥Split-C—get: x := *G; ... ; sync();—put: *G := x; ... ; sync();¥T3D—Uses fetch to provide non-blocking read into prefetch queue¨16 deep;¨requires memory fence to ensure prefetch issues¨Pop entries from prefetch queue via load to special address—Non-blocking writes

ª Culler 1994T3D.18Prefetch Effective Latency

Prefetch Chunk

ns01 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 051 0 1 5PopPrefetch IssueMem Barrier

Effective network latencyRemote Access

Page 10ª Culler 1994T3D.19Non-blocking write

S t r i d e

ns01 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0

8

1 6

3 2

6 4

1 2 8

2 5 6

5 1 2

1 K

2 K

4 K

8 K

1 6 K

3 2 K

6 4 K

1 2 8 K

2 5 6 K

5 1 2 K

1 M

2 M

4 M

8MB 4MB 2MB 1MB 512KB

256KB

128KB

64KB

32KB

16KB

8KBª Culler 1994T3D.20Bulk Operations¥Split-C—bulk_get, bulk_put¥T3D—block transfer engine—cached reads—prefetch—non-blocking writes

Page 11ª Culler 1994T3D.21Bulk Read Trade-offs

Bytes

M B / s02 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 11 0 1 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0

Uncached Read

Cached read

Prefetch

BLTSplit-Cª Culler 1994T3D.22Bulk Write Trade-offs

M B / s02 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 11 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

NB Write (inmemory)

NB Write (in cache)

BLTSplit-C

Page 12ª Culler 1994T3D.23Bulk-Synchronous and Msg Driven Computation¥Split-C—signalling stores: *G :— x;—all_store_sync();—store_sync(N);¥T3D—bulk synchronous only¨non-blocking stores, wait net quiet, global barrier—msg driven or combination¨user-level message queue¨PAL call 813 ns (122 cycles)¨Interrupt cost: 20ms + 5ms per message received¨User-level Thread: 58 ms¨Build msg queue with fetch&inc¥2.9 ms send (4 words + handler), 1.5ms to pop and dispatch

ª Culler 1994T3D.24Message Queue Cost

Msg Interval (ms)

Cost (ms)01 0 2 0 3 0 4 0 5 0 6 0 7 0 02 0 4 0 6 0 8 0 1 0 0

Thread

Interrupt

Page 13ª Culler 1994T3D.25EM3D Example

v1v2v3proc Nproc M

void all_compute_e(){ node_t *n; int i; for (i = 0; i < boundary_nodes; i++) *ghost[i] := *gptr[i]; sync(); for (n = e_nodes; n; n = n->next) { for (i = 0; i < edge_count; i++) n->value = n->value - *(n->values[i]) * (n->coeffs[i]); } barrier();}

ª Culler 1994T3D.26EM3D Performance on T3D

% Remote ms per edge00 . 2 0 . 4 0 . 6 0 . 8 11 . 2 01 0 2 0 3 0 4 0 5 0 em3d.simple bundle.unopt bundle.opt em3d.get em3d.bulk¥ 5,000 nodes per processor¥ Degree 20¥ 64 Processors

Page 14ª Culler 1994T3D.27EM3D Performance on CM-5

% Remote ms per edge01234567891 0 01 0 2 0 3 0 4 0 5 0

ReadGhost

Opt. loop

GetStore(all)

Store¥ 5,000 nodes per processor¥ Degree 20¥ 64 Processors

ª Culler 1994T3D.28EM3D Performance on T3D (harder problem)

ms per edge00 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 101 0 2 0 3 0 4 0 em3d.simple bundle.unopt bundle.opt em3d.get em3d.bulkSplit-C Optimizations

Page 15ª Culler 1994T3D.29Conclusions¥�Kitchen sink� of global communication / sync operations—requires careful assessment of performance trade-offs¥Raw hardware performance is very impressive—remote access is 3 - 4x local cache miss (still 100 cycles)¥Prefetch is very effective—effective latency can be as low as 250 ns per word¥Performance characteristics or subtle language/hardware interactions eliminated many potential options—simple Annex management strategy—bulk transfer almost too slow to be useful—message queue much slower than fetch&inc—prefetch + non-blocking write + fetch&inc are most valuable¥A few nasty oversights—partial word store