Lecture 24

Thread-Level Speculation

Reference: "Compiler Optimization of Scalar Value
Communication Between Speculative Threads”, by Antonia
Zhai, Christopher B. Colohan, J. Gregory Steffan and
Todd C. Mowry. ASPLOS, 2002.
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Phillip B. Gibbons 15-745: Thread-Level Speculation
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Automatic Parallelization

Proving independence of threads is hard:
— complex control flow
— complex data structures
— pointers, pointers, pointers
— run-fime inputs

How can we make the compiler's job feasible?

Thread-Level Speculation (TLS)
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Example

Time Processor

= hash[3]
il.z'\sh[10] =

while (...){

= hash[19]

x = hash[index1]; - h21]
as| =

hash[index2] =y; : hash[33]
i{ésh[so] =

= hash[10]

hash[25] =
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Example of Thread-Level Speculation

Processor Processor Processor Processor

Epoch 1
= hash[3]

i{z;shuo] =4
Time

Epoch 3
N hash[33]

hash[30] Epoch 4
™| = hash[10]

hash[25] =
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Example of Thread-Level Speculation

Processor Processor Processor Processor
Epoch 1 Epoch 2 Epoch 3 Epoch 4
= hash[3] = hash[19 = hash([33
Dashl1Zh ash[33] _iip— hagh[10]
?zfsh[l(]] TR = hashi30] = [ nias) -
Time
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Example of Thread-Level Speculation

Processor Processor Processor Processor
Epoch 1
P Epoch 2 Epoch 3 Epoch 4
= hash[3] = hash[t19
_viold on! 4= hash[10]
hash[10] = - —
hash[25] =
Time commit?
commit?
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Example of Thread-Level Speculation

Processor Processor Processor Processor
Epoch 1
E Epoch 2 Epoch 3 Epoch 4
= hash[3] = hash[19
" \iolation! ] hashi10]
hash[10] =
[10] == hash[30] = hash[25] =
) " .
Time commil i | commit? commit? x
) Retry
Epoch 4
* | = hash[10]
hash[25] =
commit?
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System Requirements for Thread-Level Speculation

System requirements:
1) Detect data dependence violations

+ extend invalidation-based cache coherence
2) Buffer speculative modifications

+ use the caches as speculative buffers
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Life Cycle of an Epoch

Time e Spawned Slow
Commit:
Init T
Becomes T -
« v
e Speculative
i T
Speculative \ b
Work - '\- -
RN
Wait to be > - «— Commit? Fast T ~
Commit: - -
Homefree? 4 —_—
Complete, v T 1
. Pass Homefree By R4
\ N K%
N %
& -

speed-up depends on commit times
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Another Limitation on Speed-up: Possible Dependences

T

T

load *q
store *p

Memory

(?:good whenpl=gq

%~ but when p == q, will cause violation
e Ty
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Solution: Add Synchronization and Value Forwarding
T

Tin
Ti
store *p ]Ioad a Ti+1
store *p wait
(Speculation) signal (stall)
load *q
Memory

% good when p == q
I cornegic Meton [
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Outline: Compiler Support for TLS

za
a-s

Identifying Inserting Scheduling Scheduling
Forwarding Wait/Signal Instructions Instructions
Scalar Speculatively

I oo [
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Synchronizing Scalars

a=...

signal(a)

Compiler's Tasks

N
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wait(a);
NS Y
as .. a= ..
signal(a);
Identifying Inserting
Forwarding Wait/Signal
Scalar

I oo [

14

The Critical Forwarding Path
Long Critical Path Short Critical Path

Time

&~ Shorter critical forwarding path - less execution time
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Reducing the Critical Forwarding Path

Long Critical Path Short Critical Path
wait
—
GE) ...=a
- <a_=
=] —
signal

%~ Instruction scheduling can reduce critical forwarding path

I oo [
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Compiler's Tasks

wait(a); wait(a);
~=a ~=a ~=a
a= ..
:> I:> signal(a); :>
@8 o a= ..
signal(a);
Identifying Inserting Scheduling
Forwarding Wait/Signal Instructions
Scalar
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Scheduling Instructions

Dataflow analysis

Handles complex control flow

Define two dataflow analyses

Stack
Find the instructions to compute the forwarded value?

Earliest
Find the earliest node to compute the forwarded value?

I ool [
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Computation Stack

¥~ Stores the instructions to compute a forwarded value

Associating a stack with every node for every forwarded scalar

a = a*ll We know how to compute the forwarded value
signal a

Z’ We don't know how to compute the forwarded value
‘:’ We have not evaluated this node
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A Simplified Example from GCC

do {

} while (p)

I - e [
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Stack Analysis Stack Analysis

) wait(p)
St

p=p->jmp

p=p->jmp

8->rBa1z B-5rBa12

p=p->next

signal p

counter+t+;
ggq—>next;
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Stack Analysis Stack Analysis

p=p->next

signal p
il

p=p->next
signal p
counter+t+; cou
s o0 RS

p=p->jmp

B->rBa1»

o}

p=p->next

[

signal p

p=p->next p=p->next
signal p - signal p
(signal o |
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Stack Analysis Stack Analysis

wait
b gBubiBt-o

p=p->jmp p=p->jmp

p=p->next p=p->next PO PmEE
: signal p
[signal p | p=p->next C9“E§ﬁ£;{£ signal p p=p->next Egeé;gi e - - |
signal p ?q ! _/ signal p 7?& ! _/‘
p=p->next p=p->next
- signal p - signal p
izt o |

Carnegie Mellon -

25

Carnegie Mellon -

26

Stack Analysis Stack Analysis

[stare |
]
it it
8B35{8}-0 p=p->next gBubiBt-o
signal p

p=p->jmp p=p->jmp

p=p->next
B->rfa1? p=p->next p=p->next signal p g->r8a1?
p=p->next signal p signal p p=p->next p=p->next
: signal p
- ->next;
signal p 7?& _/‘
p=p->next p=p->next
- signal p - signal p
el p |
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Stack Analysis

p=p->next

signal p

p=p->next

signal p 8->rBa12
p=p->next p=p->next

signal p
[signal p | p=p->next |l counter++;
- =J->next;
signal p ? —"’//}
p=p->next
- signal p
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Stack Analysis

pop=>3mp 2855 (Bloo
p=p->next P7>Jmpe p=p->next
signal p signal p

p=p->next
signal p g->rBa12
p=p->next p=p->next
: signal p
[signal p | p=p->next nter++;
- ->next;
signal p 7?& _/‘
p=p->next
- signal p
SEREN
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Stack Analysis

p-p—>3me Sait Bl
p=p->next P=>Jmp: p=p->next
signal p ignal ©

==

p=p->next

signal p

p=p->next
signal p p=p->jmp
sig p=p->next p=p->next
signal p signal p

I
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Stack Analysis

I =
p->Jmp

p=p->next >3] p=p->next
signal p signal p
p=p->next
signal p
p=p->next p=p->next
: signal p
[signal p | p=p->next ntertt; —
- ->next;
signal p 7?& _/¢
p=p->next
- signal p
SEREN
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Stack Analysis
=
—— PN —

p=p->next P=>Jmp? p=p->next

signal p

signal p

p=p->next

signal p 8->rBa1z
p=p->next p=p->next

signal p
[signal o | p=p—>next |[counterts; —
signal p o Rext; _/
p=p->next
- signal p
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The Solution is Consistent

p=p->next
signal p
p=p->next
signal p
p=p->next p=p->next
signal p signal p

p=p->next

[

signal p
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34

Scheduling Instructions

Dataflow analysis

Handles complex control flow

Define two dataflow analyses

Stack
Find the instructions fo compute the forwarded value?

@& Earliest
Find the earliest node to compute the forwarded value?
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The Earliest Analysis

g EI Earliest
Not earliest
o T
p?

U
p=p->next pP=>Jm o-p—>next ||[] Not evaluated

signal p

signal p

p=p->next

signal p 8-5rBa12
p=p->next p=p->next
: signal p
[signal p | p=p->next|[(counter++;
- =g->next;
signal p ? —”////
p=p->next
- signal p
(signal o |
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The Earliest Analysis
|:| Earliest

===

- [] Not earliest

pp->jmp i =]
p->Jmp?

p=p->next

p=p->next [ Not evaluated

signal p

signal p

p=p->next

signal p 8->rBa1z
p=p->next p=p->next

signal p
[signal p | p=p->next | [CoUnEar T [5tgna’ b |
B =g->next;
signal p ? —"’//}
p=p->next
signal p
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The Earliest Analysis

21 [ Earliest

: = ?1 ] Not earliest
pp->jmp 4355 8L
p=>Jmp?

p=p->next [ Not evaluated

signal p

p=p->next

signal p

p=p->next

g->rBa12

signal p

p=p->next

p=p->next

signal p

signal p

p=p->next nt
==

signal p

_

p=p->next

signal p
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The Earliest Analysis
|:| Earliest

===

_ ] Not earliest

pp=>jnp wape (el | ==
P=>]

D 2 p—p—>next||[] Not evaluated

p=p->next

signal p signal p

p=p->next

B->rBa1z

signal p

p=p->next

p=p->next
signal p

signal p
ext;

p=p--next|l countert+;
=q->next}

signal p

_

p=p->next

signal p
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The Earliest Analysis

g [ Earliest

b=p->jmp ‘é’%ﬁﬁt‘g)gw % 1 Not earliest
553

mp p=p->next

p=p->next

signal p

signal p
—
p=p->next
signal p 8-5rBa12
p=p->next p=p->next
i signal p
[signal p | [ v signal p |
R ->next;
signal p —”////

p=p->next

signal p
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Code Transformation

(] Earliest

[] Not earliest

- BISRAIIEET

counter+t+;
ggq—>next;

—

BEB-3ik:

g—frgal?
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Experimental Framework

Benchmarks
« from SPECint95 and SPECint2000, -O3 optimization
Underlying architecture
« 4-processor, single-chip multiprocessor
« speculation supported by coherence

Simulator Q
« superscalar, similar to MIPS R10K | C

« models all bandwidth and contention

&~ detailed simulation!

Carnegie Mellon -
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Instruction Scheduling

= Sync [ Other
I FailedViol  mm  Busy

=)
S

Normalized Execution Time
o
S

=)

UA UA UA UA UA UA UA UA UA UA UA UA UA UA
compress ~ crafty gap gce go gzip  ijpeg m88ksim mcf parser perbmk twolf vortex  vpr

U=No Instruction Scheduling
A=Instruction Scheduling

& Improves performance by 18% over no instruction scheduling
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Compiler's Tasks

wait(a); wait(a); wait(a);
~=a ~=a ~=a ~=a
—
|:|'> |:'|> a=..
signal(a); :> -Im
-
a= @2 a= ..
signal(a); signal(a):
Identifying Inserting Scheduling Scheduling
Forwarding Wait/Signal Instructions Instructions
Scalar Speculatively

I v v [
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Speculating Beyond a Control Dependence

|
v
—»
1

p=p->jmp p=p->next
signal p signal p Y
[p=p—>3mp | |p=p‘—>next| — g%éﬁéﬂ%?)
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Speculatively Scheduling Instructions
Across Control Dependences

M Sync [ Other
[ FailedViol mm  Busy

Normalized Execution Time

AC AC AC AC AC AcC AcC AcC AC
crafty gee go gzip mcf parser  perbmk  twolf vpr

A=Instruction Scheduling
C=Speculating Across Control Dependences

& No significant performance gain

I oo [
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Speculating Beyond a Potential Data Dependence

p=load(addrl) ;
signal (p);

[S=RexE =WUIL] | > store(addr2);

p=p->next

signal p

= p->next

end

& Hardware Support Needed
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Aggressively Scheduling Instructions Across
Both Control and Data Dependences

M Sync [ Other
[ FailedViol mm  Busy

Normalized Execution Time

ACD ACD ACD ACD ACD ACD ACD ACD ACD
crafty gee go gzip mcf parser  perbmk  twolf vpr

A=Instruction Scheduling
C=Speculating Across Control Dependences
D=Speculating Across Control & Data Dependences

& Improves performance significantly for some benchmarks

I oo [
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Summary: Compiler Support for Thread-Level Speculation

I
I I
e wait(a); wait(a); wait(a);

. =a .=a w = .=a
I I I L 1
I I I
I I . .

I :> I :> GA— o . |:> - ﬂ
I I S|gnal(u),
I I I _
a=.. as=s ., I g ow
— signal(u); — signal(u):
I I —
I I
Identifying Inserting Scheduling Scheduling
Forwarding Wait/Signal Instructions Instructions
Scalar Speculatively

I vl [
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Conclusions

Instruction scheduling for reducing synchronization
= Iseffective in reducing critical forwarding path

= Performance improved by 18%
= Is beneficial to handle complex control flow, such as inner loops

= Improved GCC by 3%

= Gives additional benefit with speculative instruction scheduling
= One biggest benefactor is GCC, performance improved by 18%
= Some hardware support needed

& Critical forwarding path can be addressed by the compiler
I s vl [
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What's Next

e Project Milestone Reports due midnight Monday

¢ Exam on Wednesday

N i vl [
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