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Objective

local operation
local operation
remote operation (e.g., acquire a lock)
local operation

. . .
local operation
remote operation (e.g., release a lock)
local operation
local operation

Ourobjectiveis to developtechniquesthatexposeasmuch
parallelismaspossiblearoundexpensive operations.

Whatarethefundamentallimits of parallelismaroundthese
operations,especiallyfor fine-grainprograms?
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Motivation

Ourgoalis not to improveperformancefor coarse-grained
applications,wherethecostsof “synchronization”or “com-
munication”canbeeasilyamortized.

Rather, weareattemptingto reducetheeffectivecostof the
expensive operationsto the near-minimum, so that fine-
grainapplicationswill becomemoreefficient.
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Background:RegisterDependences

Modernprocessorsdetectandmaintainread-after-writede-
pendences(RAW, data).WAR andWAW dependencesare
removedthroughregisterrenaming.

Originalcode:

add r3, r1, r2 # r3 = r1 + r2
store r3, r4 # store r3 to address r4
load r2, r5 # load r2 from address r5
add r3, r2, 4 # r3 = r2 + 4

After registerrenaming:

add r3, r1, r2 # r3 = r1 + r2
store r3, r4 # store r3 to address r4
load r6, r5 # load r6 from address r5
add r7, r6, 4 # r7 = r6 + 4
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Background:MemoryDependences

ModernprocessorsalsodetectandmaintainRAW, WAR,
andWAW dependencesfor memorylocations.

store r0, 2000
. . .

load r1, 2000
. . .

store r2, 2000
. . .

load r3, r6
. . .

store r5, 2000

Unfortunately, “memorydisambiguation”makesthismore
difficult thantrackingregisterdependences.
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Background:ControlDependences

Branchinstructionsintroduce“control dependences.”

loadimm r2, 0
loop:
load r1, r1+4
add r2, r2, 1
compare r1, 0
bne loop
store r2, 2000

. . .

Branchprediction: “guess” whetherthe branchwill be
taken,andstartexecutinginstructionsfrom there.

However, branchpredictionsarenotalwayscorrect.
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Techniquesfor ToleratingLatency
� Reducethelatency: technology, caching.

Original code Reduced latency for
&

� Find independentwork: pipelining, OOO execution,
multithreading.

Pipelining Out-of-Order
Execution

Original code
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Techniquesfor ToleratingLatency (continued)

 Reduceamountof dependentwork: speculative execu-

tion, prediction,memorymodel,architecturechanges.

Original code

Out-of-Order
Execution

Dependence
Change
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DependenceConversion

Modify aconventionalarchitecturetoexposemoreinstruction-
level parallelismaroundthread-level synchronizationop-
erations:

� Removeunnecessarydependences.

� Weakenoverly-restrictivedependences.

� Convert “expensive” dependencesinto more-efficient
dependences.

Suchchangesallow theprocessorto useexistingILP tech-
niques(OOO execution,etc.) to exploit this new-found
parallelism.
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Exampleof aCritical Section

. . .
do
isSuccess = try_acquire(p->lock);
while (not isSuccess);
memory barrier
store 1 @ p->val
load r2 @ done_counter
add r3, r2, 1
store r3 @ done_counter
memory barrier
store 0 @ p->lock /* release(p->lock) */

. . .

Two impedimentsto moreILP: spin-loopandmemorybar-
riers.
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BlockingAcquires

Goal: Remove the hard-to-predictcontrol dependencein
theacquire.

Key observation: “no you don’t have thelock, no,no,no,
no,...,yesyouhavethelock” is virtually indistinguishable
from averyslow “yesyouhave thelock now.”

Replacetheentirespin-loopacquirewith asingleblocking
acquireinstruction: the instructioncompletesonly when
thelock hasbeenacquired.
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Examplewith BlockingAcquire

. . .
blocking-acquire for p->lock
memory barrier
store 1 @ p->val
load r2 @ done_counter
add r3, r2, 1
store r3 @ done_counter
memory barrier
store 0 @ p->lock /* release(p->lock) */

. . .
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SyntheticDependences

Goal:Weakenthefirstmemorybarrierbyexplicitly adding
theexactdependences.

Syntheticdependence:any dependenceartificially added
by the programmerto enforcethe executionorderingbe-
tweenany two otherwise-unorderedinstructions.

loaddep: wait for � � ��� �� ��� �� , � �� �� � �  � � � �! " and � � ��� �� � � #$ � � % .

storedep: wait for � � � � �� ��� �� , �  � � � �! " � � �� � � and � � ��� �� ��� #$ � � % .
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Examplewith SyntheticDependences

. . .
blocking-acquire for p->lock, update r1
storedep wait on r1, 1 @ p->val
loaddep wait on r1, r2 @ done_counter
add r3, r2, 1
storedep wait on r1, r3 @ done_counter
memory barrier
store 0 @ p->lock /* release(p->lock) */

. . .
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PartialBarriers/CSBegin & CSEnd

Usingonly syndepsis notscalable,andrequiresmodifica-
tion of all critical sectioncode.

Goal:Providesomeform of partialbarriers.

UseCSBegin andCSEndto “bracket” thecritical section.
All memoryaccessesin thecritical sectionaremarkedby
the decoder. Marked accessesstall until after CSBegin
completes,CSEndstalls until all marked accessescom-
plete.
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Examplewith CSBegin & CSEnd

. . .
blocking-acquire @ p->lock, update r1
CSBegin wait on r1
store 1 @ p->val
load r2 @ done_counter
add r3, r2, 1
store r3 @ done_counter
CSEnd, update r11
storedep wait on r11, 0 @ p->lock

. . .
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Executiongraph

ordinary code

acq CS relsync sync

ordinary code

Traditional code:

acq CS rel

ordinary code

ordinary code

New code:
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Message-passingExample

. . .
do
gotANewMesg = HasMessageArrived();
while (gotANewMesg == false);
memory barrier
access message buffer

. . .
memory barrier
deallocate message buffer

. . .
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Message-passingExample,with blockingload,syndeps,
andCSBegin/CSEnd

. . .
blocking-load for mesg-arrived, updating r1
CSBegin wait on r1
access message buffer

. . .
CSEnd, updating r2
deallocate message buffer, wait on r2
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ResearchPlatform:Armadillo

Armadillo is a portable,executable-driven simulatorthat
modelsamodernmultiprocessorsystem.

Armadillo, running
on the host machine

(x86, UltraSparc, Alpha,
PowerPC)

input files for
simulated executable

output from 
simulated
executable

statistics,
etc.

PowerPC
executable
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Simulationresults:Shared-memory

Microbenchmark:histogram
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Simulationresults:Shared-memory

4-processorSMPwith 10xbus,around10M to 50M insns

Benchmark Base Savings Numberof Savings
runtime with all critical percritical

(TTS& MB) techniques sections section
qsort100K 9048968 68956(1.01) 1580 43.64
barnes512 11805934 52596(1.00) 2232 23.56

ocean34 16696549 42583(1.00) 1532 27.80
raytracechecksmall 11417485 903087(1.09) 20625 43.79
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Message-passingVirtual Architecture

Main memory (DRAM)

one or more
levels of cache

PowerPC
processor

Network
Interface (NI)

to the network
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Simulationresults:Message-passing

MVP+ libraries: message-passinglibraries,tunedfor our
network interface.

0 MVP+: usesspin-looppolling andmemorybarriers.

0 MVP+ & BL: replacesspin-looppoll with blockingload.

0 MVP+ & BL & lsdep:alsoreplacessomebarrierswith
syndeps.

0 MVP+ & BL & lsdep& PB: replaceremainingbarriers
with partialbarriers.

Benchmarks:ping (with add),mmult,SOR,et al.

26 BrianGrayson1 Feb22,1999



0

50

100

150

200

250

0 50 100 150 200

E
xe

cu
tio

n 
tim

e 
pe

r 
ite

ra
tio

n
2

Network Latency in cycles

Execution time versus net latency for ping, 64-entry IW

MVP+ with poll
MVP+ & BL

MVP+ & BL & LSDEP
MVP+ & BL & LSDEP & CSBegin/CSEnd

27 BrianGrayson3 Feb22,1999



0

1000

2000

3000

4000

5000

6000

7000

0 200 400 600 800 1000

E
xe

cu
tio

n 
tim

e 
pe

r 
ite

ra
tio

n
2

Network Latency in cycles

Execution time versus net latency for mmult, 64-entry IW

MVP+ with poll
MVP+ & BL

MVP+ & BL & LSDEP
MVP+ & BL & LSDEP & CSBegin/CSEnd

28 BrianGrayson4 Feb22,1999



0

1000

2000

3000

4000

5000

6000

7000

0 200 400 600 800 1000

E
xe

cu
tio

n 
tim

e 
pe

r 
ite

ra
tio

n
2

Network Latency in cycles

Execution time versus net latency for mmult, with varying IW sizes

MVP+ with poll
MVP+ & all, 32-entry IW
MVP+ & all, 64-entry IW

MVP+ & all, 128-entry IW
MVP+ & all, 256-entry IW
MVP+ & all, 512-entry IW

MVP+ & all, 1024-entry IW

29 BrianGrayson5 Feb22,1999



0

1000

2000

3000

4000

5000

6000

0 500 1000 1500 2000

E
xe

cu
tio

n 
tim

e 
pe

r 
ite

ra
tio

n
2

Network Latency in cycles

Execution time versus net latency for 16x16 SOR, 64-entry IW

MVP+ with poll
MVP+ & BL

MVP+ & BL & LSDEP
MVP+ & BL & LSDEP & CSBegin/CSEnd

30 BrianGrayson6 Feb22,1999



0

1000

2000

3000

4000

5000

6000

0 500 1000 1500 2000

E
xe

cu
tio

n 
tim

e 
pe

r 
ite

ra
tio

n
2

Network Latency in cycles

Execution time versus net latency for 16x16 SOR, with varying IW sizes

MVP+ with poll
MVP+ & all, 32-entry IW
MVP+ & all, 64-entry IW

MVP+ & all, 128-entry IW
MVP+ & all, 256-entry IW
MVP+ & all, 512-entry IW

MVP+ & all, 1024-entry IW

31 BrianGrayson7 Feb22,1999



0

1000

2000

3000

4000

5000

6000

7000

8000

0 500 1000 1500 2000

E
xe

cu
tio

n 
tim

e 
pe

r 
ite

ra
tio

n
2

Network Latency in cycles

Execution time versus net latency for 32x32 SOR, with varying IW sizes

MVP+ with poll
MVP+ & all, 32-entry IW
MVP+ & all, 64-entry IW

MVP+ & all, 128-entry IW
MVP+ & all, 256-entry IW
MVP+ & all, 512-entry IW

MVP+ & all, 1024-entry IW

32 BrianGrayson8 Feb22,1999



Conclusion
9 Synchronization(e.g., device or critical section)is not

inherently “ILP-unfriendly.”

9 New techniques(blocking-acquires/blocking-loads,syn-
thetic dependences,partial barriers)can exposemore
ILP to theprocessorby providing preciselight-weight
dependences.

9 Thesetechniquesare orthogonalto many other tech-
niques,sobenefitsarefrequentlyadditive.
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Conclusion
; Thenew techniquesrequireonly simplechangesto cur-

rentcommoditymicroprocessors.

; Usesof thesetechniquesincludedeviceor coprocessor
interaction,evenonuniprocessors.

bgrayson@ece.utexas.edu
http://www.ece.utexas.edu/projects/armadillo/
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