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Outline

 Compiler-Based Speculative Precomputation
— Optimizations
— Implementation
— Evaluation

 Alternate Compiler Algorithms
— Simplify Program Slicing
— Eliminate Profiles

o Software-Controlled Pre-Execution
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Compiler-Based Speculative Precomputation

Main Program Code

void foo(...) {
doall(clone_precomp, ...);
for (i = start; i <= end; i++) {
... = B[A[i]];
}
kill();

}

| dentification

- Cache Miss Profile

Precomputation Code

void clone_precomp(...) {
for (I = start; | <=end; i++) {

Clone _ 11,
... = B[A[I]];
}
}
Timeliness Correctness
- Program Slicing - Store Removal

- Prefetch Conversion - Exception Handling
Accuracy
: - Speculative Loo - Kill
- Code Cloning =P . P
Parallelization

- Precomputation Regions
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Program Slicing

« Anaogous to backward slicing
e Remove unnecessary code at source level

e Originaly for program understanding
(Mark Weiser, 1984)

mm) Extract memory-driven dlices at source-code level
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Unravel

o Developed by Lydeet al, NIST, 1995
e Basicanalysis

| y
| Sn’ y vi defs(n)
|
S = - I 0
m, v : intE¢ E S, y+ otherwise
} %1 refs(n) o

e Advanced analysis
— Array index and structure field analysis
— Pointer analysis
— Inter-procedure analysis
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Program Slicing for Precomputation

voi d BlueRul e(M x inserted, Vtx vlist) {
Vertex tnp, prev, next;
Hash hash;
i nt dist, dist2;

for (tnp=vlist->next; tnp;
prev=t np, t np=t np- >next) {
I f (tnp==inserted) {
next = tnp->next;
prev->next = next;
} else {
hash = t np- >edgehash;
di st2 = tnp->m ndi st;
di st = HashLookup(inserted, hash);
I f (dist) {
if (dist < dist2) {
t mp- >m ndi st = di st;
dist2 = dist;
}
} else printf("Not found\n");
If (dist2 <retval.dist) {
retval .vert = tnp;
retval . di st di st 2;

voi d *HashLookup(int key, Hash hash) {

int j;
HashEntry ent;

] = (hash->mapfunc) (key);

for (ent=hash->tab[j]; ent && ent->key!=key;
ent =ent - >next) ;

if (ent) return ent->entry;

return NULL;

1. [ Problematic Memory Reference
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Program Slicing for Precomputation

voi d Bl ueRul e(Vtx inserted, Vtx vlist) {
Vertex tnp, prev, next;
Hash hash;
i nt dist, dist2;

for (tnp=vlist->next; tnp;
prev=t np, t np=t np- >next) {
I f (tnp==inserted) {
next = tnp->next;
prev->next = next;
} else {
hash = t np- >edgehash;
di st2 = tnp->m ndi st;
di st = HashLookup(inserted, hash);
I f (dist) {
if (dist < dist2) {
tnmp->m ndi st = di st;
dist2 = dist;

}
} else printf("Not found\n");

If (dist2 < retval.dist) {
retval . vert t np;
retval . di st di st 2;

voi d *HashLookup(int key, Hash hash) {

int j;
HashEntry ent;

] = (hash->mapfunc) (key);

for (ent=hash->tab[j]; ent && ent->key!=key;
ent =ent - >next) ;

if (ent) return ent->entry;

return NULL;

1. [ Problematic Memory Reference
2. [ Side-Effect Store
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Program Slicing for Precomputation

voi d Bl ueRul e(M x inserted, Vtx vlist) { | void *HashLookup(int key, Hash hash) {
j = (hash->mapfunc) (key);
for (tnp=vlist->next; tnp; for (ent=hash->tab[j]; ent && ent->key! =key;
prev=t np, t np=t np- >next) { ent =ent - >next) ;
I f (tnp==inserted) {
}
} else {
hash = t np- >edgehash;
di st = HashLookup(inserted, hash); .
1. [ Problematic Memory Reference
2. [ Side-Effect Store
3. Perform Slicing
}
}
}
SpecPreC Tutorial, PACT 2003 S Compiler Support
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Program Slicing for Precomputation

voi d BlueRul e(M x inserted, Vtx vlist) {

for (tnp=vlist->next; tnp;
prev=t np, t np=t np- >next) {
I f (tnp==inserted) {

} else {
hash =
dist2 =
di st =

t np- >edgehash;
t mp- >m ndi st ;
HashLookup(i nserted,

hash) ;

voi d *HashLookup(i nt key,

for (ent=hash->tab[j];
ent =ent - >next) ;

Hash hash) {

j = (hash->mapfunc) (key);

ent && ent->key! =key;

3. Perform Slici

4, Merge Slices

1. [ Problematic Memory Reference
2. [ Side-Effect Store

ng
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Program Slicing for Precomputation

voi d Bl ueRul e(Vtx inserted, Vtx vlist) {

for (tnp=vlist->next; tnp;
prev=t np, t np=t np- >next) {
I f (tnp==inserted) {

} else {

hash = t np- >edgehash;

di st2 = tnp->m ndi st;
asn . cr.dist2);
di st = HashLookup(inserted,

hash) ;

voi d *HashLookup(i nt key,

for (ent=hash->tab[j];
ent =ent - >next) ;
asm(. . : . .r. ent-

Hash hash) {

j = (hash->mapfunc) (key);

ent && ent->key! =key;

>key) ;

3. Perform Slici

4, Merge Slices

1. [ Problematic Memory Reference
2. [ Side-Effect Store

ng

5. - Code Pinning
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Prefetch Conversion

voi d BlueRul e(M x inserted, Vtx vlist) {

for (tnp=vlist->next; tnp;
prev=t np, t np=t np- >next) {

voi d *HashLookup(int key, Hash hash) {

] = (hash->mapfunc) (key);
for (ent=hash->tab[j]; ent && ent->key!=key;
ent =ent - >next) ;

I f (tnp==inserted) { asm(. . . : .r. &ent->key);
}
} else {
hash = t np- >edgehash;
dist2 = . - -
asn(. . i ndi st) Reduce blocking in pre-execution threads
di st = HashLookup(inserted, hash); « Enabled by program dici ng analysis
Prefetch Conversion
Candidate
}
}
: SpecPreC Tutorial, PACT 2003 S Compiler Support
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Precomputation Initiation Schemes

* Three precomputation initiation schemes:

SERIAL DoALL DoAcRross
for (; ;) for (;;1+=23) for (; ; ptr=ptr > next)
I* Non-Blocking */ * Blocking */ * Blocking */
w
1__\> 1 1T 1__\5\]‘ _
2 T - 2 11213 2 T '1 | Main Thread
T 1 T T T T Pre-Execution
3| 43 s TTT 3 5% 2 | the
—— 4 — — 4 3 —
415 |6 —{
1 + T
4 5 4] | B e

o Speculative Loop Parallelization
— Only analyze loop induction variables
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Selecting Precomputation Regions

 Precomputation regions are loops

* |Inner-most loop or Next-outer |oop?
- Inner-most loop: Reduce |oop-carried dependence
- Next-outer loop: Reduce initiation overhead

for (i = start; i <=end; i++) { <€.—— Next-outer loop
for (j = start; ) <=end; j++) {
.. = ANNL; <«———  Inner-most loop

}
}

 Precomputation region selection algorithm

SpecPreC Tutorial, PACT 2003 S Compiler Support
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Selecting Precomputation Regions

Global Loop-Nest Graph

Problematic loads [
Loop-trip count  (small or large)

Select large inner-most loops

Select next-outer |oops without
nested inner-most loop

Select remaining inner-most loops

SpecPreC Tutorial, PACT 2003 S Compiler Support
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Compiler Prototype

* Prototype compiler algorithmsin SUIF
* Leverage SimpleScalar and Unravel

SimpleScalar SUIF

Profiler —» Precomputation Region Selector
I
l Initiation Scheme Selector

Program
Source Code

Precomputation Region Cloner

Optimized

Andlyzer | _ Precomputation

2 Loop Pallrallellzer Code
Slicer Store and Slicer Remover
|

Unravel Prefetch Converter
SpecPreC Tutorial, PACT 2003 Compiler Support
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Actual Code Example (EQUAKE)

void smvp(int nodes, double ***A, int * Acol, int * Aindex, double **v, double **w) {
inti;
int Anext, Alast, col;
double sum0, sum1, sum2;

resumel D = loop_37;
main_counter = 24;
*my_array = nodes;
my_array[1] = (int)Aindex;
my_array[2] = (int)A;
my_array[3] = (int)v;
my_array[4] = (int)Acol;
my_array[5] = (int)w;
resumeContext(1);
resumeContext(2);
resumeContext(3);

for (i = 0; i < nodes; i++) {
main_counter = main_counter + 1;
Anext = Aindex(i];
Alast = Aindex[i + 1];

sumo0 = A[Anext][O][0]*V[i][0] + A[Anext][O][1]*V[i][1] + A[Anext][O][2]* V[i][2];
suml = A[Anext][1][0]*V[i][0] + A[Anext][1][1]*V[i][1] + A[Anext][1][2]*V[i][2];
sum2 = A[Anext][2][0]*V[i][0] + A[Anext][2][1]*V[i][1] + A[Anext][2][2]*V[i][2];

Anext++;
while (Anext < Alast) {
col = Acol[Anext];

sumO0 += A[Anext][0][0]*v[col][0] + A[Anext][O][1]*v[col][1] + A[Anext][0][2]*Vv[col][2];
suml += A[Anext][1][0]*v[col][0] + A[Anext][1][1]*Vv[col][1] + A[Anext][1][2]*Vv[col][2];
sum2 += A[Anext][2][0]*v[col][0] + A[Anext][2][1]*v[col][1] + A[Anext][2][2]*Vv[col][2];

w[col][0] += A[Anext][0][0]*V[i][0] + A[Anext][1][0]*V[i][1] + A[Anext][2][0]*V[i][2];
wcol][1] += A[Anext][0][1]*V[i][0] + A[Anext][1][1]*V[i][1] + A[Anext][2][1]*V[i][2];
w(col][2] += A[Anext][0][2]*V[i][0] + A[Anext][1][2]*V[i][1] + A[Anext][2][2]*V[i][2];
Anext++;

}

w[i][0] += sumQ;

wl[i][1] +=suml;

wli][2] +=sum2;

}
SSMT_EXIT();
}

extern void loop_37(int my_tid) {

int i, Anext, Alast, col, *Acol, * Aindex, nodes, local_counter, consumer_counter;

double sumO, sum1, sum2, **w, *** A **y;

w = (double **)my_array[5];
Acol = (int *)my_array[4];

v = (double **)my_array[3];
A = (double ***)my_array[2];
Aindex = (int *)my_array[1];
nodes = *my_array;
local_counter = my_tid - 1;

for i =0+ my_tid- 1; i < nodes; i +=3){
do{
NOREORDER(asm volatile ("Iw %0, 0(%1)

} while (local_counter >= consumer_counter);

local _counter = local_counter + 3;

Anext = Aindex[i];
Alast = Aindex[i + 1];

sum0 = **A[Anext] * *v[i] + (*A[Anext])[1] * V[i][1] + (*A[Anext])[2] * V[i][2];

suml =*A[Anext][1] * *V[i] + A[Anext][1][1]
sum2 = *A[Anext][2] * *V[i] + A[Anext][2][1]

Anext = Anext + 1;
if (Anext < Alast) {
do{

double *suif_tmp, *suif_tmpl, *suif_tmp3;

col = Acol[Anext];

sumO = sumO + **A[Anext] * *v[col] + (*A[Anext])[1] * v[col][1] + (*A[Anext])[2] * v[col][2];
suml =suml + *A[Anext][1] * *v[col] + A[Anext][1][1] * v[col][1] + A[Anext][1][2] * v[col][2];
sum2 = sum2 + *A[Anext][2] * *v[col] + A[Anext][2][1] * v[col][1] + A[Anext][2][2] * v[col][2];

suif_tmp = w[col]; prefetch(&V[i][2]); prefetch(A[Anext][2]); prefetch(& V[i][1]);
prefetch(A[Anext][1]); prefetch(v[i]); prefetch(* A[Anext]); prefetch(suif_tmp);

suif_tmpl = &wl[col][1]; prefetch(&V[i][2]); prefetch(& A[Anext][2][1]); prefetch(& V[i][1]);
prefetch(& A[Anext][1][1]); prefetch(v[i]); prefetch(& (* A[Anext])[1]); prefetch(suif_tmpl);
suif_tmp3 = &wl[col][2]; prefetch(&V[i][2]); prefetch(& A[Anext][2][2]); prefetch(& V[i][1]);
prefetch(& A[Anext][1][2]); prefetch(v[i]); prefetch(& (* A[Anext])[2]); prefetch(suif_tmp3);

Anext = Anext + 1;
} while (Anext < Alast);

}
prefetch(w[i]); prefetch(&w[i][1]); prefetch(&w[i][2]);

" "=r" (consumer_counter) : "r" (&main_counter)));

* V{i][1] + A[Anext][1][2] * V[i][2];
* V{i][1] + A[Anext][2][2] * V[i][2];
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Experimental Methodology

e« SMT simulator derived from SimpleScalar

# Contexts 4 |ssue Width 8-way

IFQ Size 32 LSQ Size 64

ROB Size 128 Int/FP FU 8/4

BR Predictor 2K -Gshare BTB Size 2K

L1 Cache Size |32KB L2 Cache Size |1MB
L1/L2 Latency |1/10cycles Memory Latency | 122 cycles

e Benchmark Suite (13 apps)

SPECint 2000 BZIP2, VPR, TWOLF, GAP, PARSER, MCF, GZIP
SPECfp 2000 EQUAKE, AMMP, ART, MESA
Olden MST, EM3D

SpecPreC Tutorial, PACT 2003
September 27, 2003
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Baseline Result

100
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j& g+ B . .= N BESSEEY BT PESTREE N PR DN DA BN A
S sl B B B ... B B BB BB BB
=
ﬁ 04+ 8B B - B B - B om0,
m
ct - M B B B BB BER B R - BB . .
S .
NP PX NP PX NP PX NP PX NP PX NP PX NP PX
BZIP2 VPR TWOLF GAP PARSER MCF GZIP
E 10“ ] . 1m ............ 100 ............. 1 uu ............ 100 100 ....... 100 ............. 1 DD .......
=
% g804+— - ... -.-.....08.. BB - ---- B ... --...... 8. . BN.......8. . ...........B8 .. ..... Mem Stall
S 604 B 53 - .- -8 B o B N Overhead
E 0+ - - | --..-. 8 M. ... B ... Busy Time
E 2w0l- ... ....... 8 M. ... B B . . B B - 3.
s
NP PX NP PX NP PX NP PX NP PX NP PX
EQUAKE AMMP ART MESA MST EMSD
- Execution time reduced by 23% for 9 of 13 applications
- 17% overall speedup
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Evaluation of Optimizations

£
E& mu.'“'!95_95_95.___.‘“'!95;&_{;;___._'“'!aasasa___._'“'!wwﬁ__.__“"!_.___.___.___.___'“'!ﬁ_.ﬁ _________ 1009797 o Ll | .
§ so+- """ B RR REREBR BRRRERR B BB .35.___. e R RARR - IMEm Stall
& 67 Overhead
T so{- AR RRRE RRRE RBRR Mseseo B0 BB B - BuunNBNs WBusyTime
< 401

20 ;

U-NPPPSPX HPP PSP HMPFP P3P HPP P3P HPPPSPX HPPP3PX HPPPSPX HPPPSF< HPP PSPx
BZIF2 VPR TWOLF MCF EQUAKE  AMMP ART MST EmM3D

- Speculative loop parallelization is important for 8 applications

- Program dlicing is important for 1 application

- Prefetch conversion isimportant for 4 applications
SpecPreC Tutorial, PACT 2003 Shan Compiler Support
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Precomputation Initiation Schemes

i )]
£
% 100 |-
3 801 Mem Stall
-??1 Overhead
Té 60 Busy Time
5 40|
20 |-
0
NP SE DA DX NP SE DA DX NP SE DA DX NP SE DX
Affine, Non-Blocking Affine, Blocking Affine, Blocking Pointer, Blocking
AMMP EQUAKE EM3D MST

- Selecting initiation scheme makes 26%-51% difference

- Our scheme selector always picked up the best scheme
SpecPreC Tutorial, PACT 2003 Shan Compiler Support
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Accuracy of Precomputation Code

« 31 precomputation regions
« Storeremoval iswrong for 3 loops
« Speculative loop parallelization iswrong for 1 loop

18

Number of
Precomputation Regions

8 4— |ncorrect (1)
)
<— Loop Termination (3)
J <4— Serial Scheme (4)

Parallel Parallel after Serial
Program Slicing

and Store Removal

SpecPreC Tutorial, PACT 2003 S Compiler Support
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Outline

 Alternate Compiler Algorithms
— Simplify Program Slicing
— Eliminate Profiles

SpecPreC Tutorial, PACT 2003 St Compiler Support
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Program Slicing vs. Dead Code Elimination

e Program dicing is redundant

— Removes dead code, keeps pinned code

— Code removed by C compiler anyways
 Eliminate program slicer

— Apply store removal and code pinning

— Dead code elimination removes unpinned code
e But prefetch conversion requires slicing analysis ...

— Perform basic slicing analysis only

— No need for advanced analysis

SpecPreC Tutorial, PACT 2003 S Compiler Support
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Compiling without Profiles

* Profiles are cumbersome

— Require profile runs

— Sengitive to program inputs
* Replace with compile-time heuristics
* Problematic load identification

mm) Assume all loop-varying references cache miss

e Loop work estimation
mmp Assume all inner-most loops are small

SpecPreC Tutorial, PACT 2003 S Compiler Support
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Problematic Load Identification

Loop Induction Variable Problematic L oads

(Loop-variant)

Sa
for (k = 0; k < num; k++) {

Derived Variable — inet = updatelk];
(Loop-variant) if (net[inet].num <= 4)
update_bb(inet);
if (place_cost_type!=1)

/ net[inet].cost = cost(inet);
Global Variable }

(Loop-invariant)

SpecPreC Tutorial, PACT 2003 s
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Alternate Compilers

e 5incremental compilers:

CodeRemoval | AINERL | | oudldentifier | Esmetor
A Unravel Unravel SimpleScalar SimpleScalar
B C Compiler Unravel SimpleScalar SimpleScalar
C C Compiler SUIF SimpleScalar SimpleScalar
D C Compiler SUIF SUIF SimpleScalar
E C Compiler SUIF SUIF SUIF
SpecPreC Tutorial, PACT 2003 Compiler Support
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Evaluation of Alternate Compilers

—
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< 0
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I 00 0l 100 W oototiotiotiol B 100 10
o 85 D5 85
-E., BD EEEE DR N N BN BN BRI é%-e?-éé.?f ...................................................................................................... Mem Sta”
- B0 -5a-5a 5Bt mt -l T e L DU DRI BN RO RN B BN B BE-EE-55.- 555G E5--55-BE-&5-55-- Overhead
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E =p-B... L. .. 0 BB BEBEBR-
[=]
Z 0

MR A BE D E MP A B CDE MP A B C D E ME s BE C D E MP A B C D E ME s B C D E

EQUAKE AP ART VESA EMBD

- Eliminating Unravel impacts only 1 application

- Speedup drops from 17.6% to 17.3%
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Evaluation of Alternate Compilers

—
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- Eliminating cache-miss profiles impacts 4 applications

- Speedup drops from 17.1% to 15.0%
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Evaluation of Alternate Compilers
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EQUAKE AMVP ART WESA MST EMBD
- Eliminating loop profiles impacts 9 applications
- Speedup drops from 15.0% to 7.7%
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Outline

o Software-Controlled Pre-Execution
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Software-Controlled Pre-Execution (Luk 2001)

e Extract precomputation code at source level
* No code cloning
— Main and precomputation threads execute same code
— Smaller code size, |-cache foot print
— Code transformations affect main thread
(no program dlicing, prefetch conversion)
e By-hand instrumentation
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Sharing the Same Code

» PreExecute Start() initiates precomputation; ignored
0y precomputation threads

* PreExecute_Stop() terminates precomputation; ignored
0y main thread

Voi d Bl ueRul e(Vtx inserted, Vtx vslit) {
Vertex tnp;
Hash hash;
for (tnp=vlist->next; tnp; tnp=tnp->next) {
PreExecute _Start (END FOR);

hash = t np- >edgehash;
di st = (int)HashLookup(inserted, hash);

PreExecute_Stop();
END_FOR:

}
PreExecut e St op();

}
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Initiating Multiple Precomputation Threads

* Expose multiple initiation points by loop unrolling

Voi d Bl ueRul e(Vtx inserted, Vtx vslit) {

Vertex tnp;

for (tnp=vlist->next; tnp; tnp=tnp->next) {
next 1 = tnp->next;
PreExecute Start (UNRCLL_1);
I f (next_1) {

PreExecute_Start (UNRCLL_2);

}
di st = (int)HashLookup(inserted, tnp->edgehash);
PreExecute_Stop();

next 1 = tnp->next;

UNROLL_1:
I (next_1) {
di st = (int)HashLookup(inserted, next 1->edgehash);
PreExecut e_Stop();
} else
br eak;
UNROLL_2:
tnmp = next_1;
}
PreExecut e_Stop();
}
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