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1. FUTURE AND EMERGING
ARCHITECTURES




Towards Spatial Computing

. Massive parallelism for the masses
% Implementation (code and data) driven by algorithm and locality

E.g., TRIPS architecture (UT Austin)



Towards Recon gurable Computing

;

Recon gur ability at any processor execution/communication level

Polymorphic computing architecture

E.g., TRIPS architecture (UT Austin)

FutureandEmenging Architectures

ParasolSeminar
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2. CHALLENGES AND ONGOING
RESEARCH




Consequences$or Programmer, Compiler and Runtime System

Scalable and portable performance requires context adaptation and choice
The architecture/system/compiler/generator needs to navigate through a wide execution/implementation
space, searching for schedule, resource allocation, and selecting the appropriate algorithm
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The architecture/system/compiler/generator needs to navigate through a wide execution/implementation

space, searching for schedule, resource allocation, and selecting the appropriate algorithm

A iterative optimization and machine learning compilers I

Need for whole-program and lifelong analyses and transformations
Exhibit and exploit maximum parallelism and locality at multiple execution levels, across function and
library boundaries, depending on the calling and dynamic contexts

A global optimization and active libraries I
A polyhedral program generation and transformation I

Generating code that just works may be hard

Transformations once considered “architecture-aware” optimizations become mandatory (parallelism,
resource managament)

Assessing predictable performance is even harder

Parallelism, choice/non-determinism and predictability (time, resources) dont mix well

A correctness-by-construction in the synchronous paradigm I

ChallengesandOngoingResearch
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lterati ve Optimization and Machine Learning Compilers

Optimization Farm
Adaptive Iterative Optimization, Ahead of Time or Continuous

strategy module

. transformation server
or architecture expert

with decision tree

N

—

source program

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i

coordinator dynamic profile, anomalies

Optimization Farm

or Client Side

Target Architecture

-

back-end compilation and optimized program
instrumentation (time, perfctr) [ (override the next run
of the application)

I
|
|
|
|
|
static profile (size, spill), compilation log
|
|
I
|
|
|
|
|

statistics
reporting tool

dynamic profile

instrumented
application

ChallengesandOngoingResearch
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Global Optimization and Active Libraries

Global = Adaptive + Whole-Program + Lifelong I

Persistent representation across multiple compilation phases and iterations

Persistent intermediate representation

Persistent abstract domains and type systems (static analysis)
Persistent pro ling , hardware monitoring and simulation feedback
Integrated machine learning tools to process the persistent database

General-Purnpose
T Dt Dt D

Structured algebra of program transformations

ChallengesandOngoingResearch
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Global Optimization and Active Libraries

Global = Adaptive + Whole-Program + Lifelong I

Persistent representation across multiple compilation phases and iterations

Persistent intermediate representation

Persistent abstract domains and type systems (static analysis)
Persistent pro ling , hardware monitoring and simulation feedback
Integrated machine learning tools to process the persistent database

General-Purnpose
T Dt Dt D

Structured algebra of program transformations

Metaprogramming program analyses, transformations and code generation

Facilitate the implementation of new phases and tools
Extensible representation and tools with domain-speci ¢ builtins
Design domain-speci ¢ generators and optimizers (multistage, re ection)

Domain-Speci ¢

2l 2 2 g

Automatic tuning and specialization of generic libraries (signal processing)

ChallengesandOngoingResearch

ParasolSeminar

9



3. MESSAGE: GLOBAL
OPTIMIZATION NEEDS ALGEBRAIC
STRUCTURE




Complex Sequence®f Transformations

SpecFP 2000 on Alpha 21264C (EV68)

Speed-ups w.r.t. HP FO90 and C compiler with KAP preprocessor
Base SPEC: -arch ev6 -fast -O5

Peak SPEC | Manual Optimizations
SWIM 1.00 1.61
GALGEL 1.04 1.39
WUPWISE 1.20 2.90
APPLU 1.47 2.18
APSI 1.07 1.23
FACEREC 1.04 1.42
AMMP 1.18 1.40
EQUAKE 2.65 3.22
MESA 1.12 1.17
MGRID 1.59 1.45
FMA3D 1.32 1.09
ART 1.22 1.07




Complex Sequence®f Transformations

Al: -32s
Peeling Shifting A2: -30s A3: -15s
: . . Array Fwd || | , || -
Peeling Shifting Fusion Substitution Padding Tiling
Peeling Shifting (b
SWIM (base 204s)
A2: +24s A4: -5s

L1L2
Fusion

L2
Stifing” [—>{AE CoBYL_) Seaer
Al: -14s pag

A5: -6s

Hoisting

Unroll Register
and Jam Promotion

Spliting
N

N

Strip-Mining - H
Scal As: 248
calar e .
N Instruction oou . Strip-Mining Fusion }—7’
Interchange ||| Fusion Promotion |i— H Shifting 7‘ Fission

Strip-Mining ﬂStrip—Mining’g Fusion
GALGEL (base 1715s)

Al: -3s A2: -2s A3: -1s

: | — || . . | || Software

A: -29s Fission Peeling Fusion Pipelining

Full Float. point Scalar B1: -31s Software

Unrolling Reordering Promotion Pipelining

G: -11s Privatization
Bl: -4s G: -27s B2: -1s B3: -1s
Fusion Privatization B2: -18s Privatization Interchange 7‘ Fission 7‘ Software ‘
,9 ivatizati i
Instruction > Fission |1 Full Layout — Pipelining
Splitting l j Unrolling Fission
Privatization
C1: -11s

APPLU (base 2148) Privatization
— |Privatization Interchange APSI (base 3788)

Fission

MessageGlobal OptimizationNeedsAlgebraicStructure
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Example of Composition of Transformations

foo (int 1) {
for (=0; |<M; [++)
- EN] = BOIOICH foobar (int i) {
) for (j=0; j<M; j++)
- E[i][] = B[i]{I*Cli]
bar (int ) lf) { | for (1=0; I<M; [++)
for (I=0; I<M; [+4) proce(ijlu.{e fusion D[i] += E[I[i]*A[l]

- DKl += E[K*A[ }
}
for (i=0; I<N; i++)

oy (B G5 [ ' foobar (i

1=0; I<N; I+4)

ParasolSeminar = MessageGlobal OptimizationNeedsAlgebraicStructure
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Example of Composition of Transformations

for (i=0;
for (j=0;
- Ef)
for (k=0;
for (I=0;

I<N; i+4)
j<M;  j++)
= BliIiI*CII

k<N; k++)
I<M;  [|++)

- DIk += E[IIIK]  *All

inte_rcpange
| -

for (i=0; I<N; i++)

for (=0; j<M; j++)
Efiil = BIG*CIi
for (I=0; I<M; [++)
for (k=0; k<N; Kk++)
- DIkl += E[l[KI*A[l]

MessageGlobal OptimizationNeedsAlgebraicStructure
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Example of Composition of Transformations

for (i=0;
for (j=0;
- Ef)
for (I=0;
for (k=0;

I<N; i+4)
I<M;  J++)
= B[I]j]*C[]

I<M;  |++)
k<N; k++)

- DIk += E[KI*A[

doublei fusion
| -

MN = min(M,N)

for

for

for

for

for

(x=0; X<MN; x++)
(y=0; y<MN; y++)
E[x]lyl = BIX]lyI*C[X]
D[x] += E[X][y[*A[X]
(Y=MN; y<M; y++)
EX]ly] = BIX][y[*C[x]
Dly] += E[X][y[*AlX]
(X=MN; y<N; y++)
(y=0; y<MN; y++)
EXIlyl] = BIX][y[*C[x]
Dly] += E[X][y]*AlX]

ParasolSeminar = MessageGlobal OptimizationNeedsAlgebraicStructure
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Example of Composition of Transformations

MN = min(M,N)
for (x=0; X<MN; x++)
for (y=0; y<MN; y++)
Elx|ly] = BIX]ly]*CIx]
DIx]  += E[X]lyJ*AlX]
for (
Elx]ly] = BIX]y[*CIx]
Dly] += E[X]ly[*AlX]
for (Xx=MN; y<N; y++)
for (y=0; y<MN; y++)
Elx]ly] = BIX]y[*C[x]
Dly] += E[X]lyJ*AlX]

shift (by 4)
| -

MN = min(M-4,N)
for (x=0; X<MN; x++)

E[X][0] = BIX|[0]*C[x]

EXJ[1] = BIX][1]*C[x]

EX][2] = BIX][2]*C[x]

EXJ[3] = BIX][3[*C[x]

for (y=0; y<MN; y++)
E[x]ly+4] = B[x]ly+4]*C[x]

Dix]  += E[X]ly[*Alx]
D[x] += E[X][MN-4]*A[X]
D[x] += E[X][MN-3]*A[X]
D[x] += E[X][MN-2]*A[X]
D[x] += E[X][MN-1]*A[X]
for (y=MN; y<M-4; y++)

Ex]ly+4] = BIx]ly+4]*C[x]

Dly]  += EXIYI*A[X]
D[M-4] += E[X][MN-4]*A[X]
D[M-3] += E[X][MN-3]*A[X]
D[M-2] += E[X][MN-2]*A[X]
D[M-1] += E[X][MN-1]*A[X]

for (x=MN; y<N; y++)
for (y=0; y<M-4; y++)

MessageGlobal OptimizationNeedsAlgebraicStructure
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Example of Composition of Transformations

MN = min(M-4,N)
for (x=0; X<MN; x++)
E[XJ[0] = BIX][0]*C[x]
EXJ[1] = BIx][1]*C[x]
EX][2] = BIx][2]*C[x]
EXJ[8] = BIX[3[*C[X]
for (y=0; y<MN; y++)
- EXIly+4] = B[X]ly+4]*C[x]

- DIx]  += E[X][y]*AlX]
D[] += E[X][MN-4]*A[X]
D[x] += E[X][MN-3J*A[X] y
DIx] += EX][MN-2J*A[X] 2ping 277
D[] += E[X][MN-1]*A[X] '
for (y=MN; y<M-4; y++)
- ElXlly+4] = BIx]ly+4]*C[x]
. Dyl += EXIyI*AIX]
D[M-4] += E[x][MN-4]*A[x]
D[M-3] += E[X][MN-3*A[x]
DM-2] += E[x][MN-2]*A[X]
DM-1] += E[x][MN-1]*A[X]
for (Xx=MN; y<N; y++)
for (y=0; y<M-4; vy++)

MessageGlobal OptimizationNeedsAlgebraicStructure

ParasolSeminar
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Intrinsic Flaw of Loop Operational Semantics

Regenerate and optimize control structures after each transformation
Code size explosion

Fragile pattern-matching rules

Issues

Lends to rigid and restricted transformation sequences

Redundant and chaotic search space

Operational semantics is not a good representation for aggressive loop transformation
seguences

MessageGlobal OptimizationNeedsAlgebraicStructure

ParasolSeminar
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Restof Talk: Polyhedral and Metaprogramming Approaches

Functions in active libraries should be de ned as abstract denotations, closed under a
wide spectrum of high level transformations, with programmable generators that
produce ef cient code adaptively and automatically

Looking for an algebra of high-level transformations?
State-of-the-art: SPIRAL and SPL language/generator/compiler
Integrate static-control (regular) loop nests: polytope model
Dynamic, data-dependent control (while loops): hard
Integrate functional abstractions: unknown

Can metaprogramming help?
Robust and e xible approach: multistage evaluation
Safety and debugging issues: type systems
Composition and reuse: some hard problems

Transformation vs. Generation

Safety of more expressive metaprogramming: unknown

MessageGlobal OptimizationNeedsAlgebraicStructure

ParasolSeminar
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4. POLYHEDRAL APPROACH




About Existing Polyhedral Representations

Polytopes are very expressive
AX , Ofully characterizes the schedule, domain and accesses

Subsumes classical loop transformations
Affine schedules emerged in automatic parallelization

Affine schedules are not popular for optimization
Deemed too expensive, too restrictive or too general, non intuitive...



About Existing Polyhedral Representations

Some Biases Some Facts

Polytopes are very expressive
AX , Ofully characterizes the schedule, domain and accesses

Subsumes classical loop transformations
Affine schedules emerged in automatic parallelization

Affine schedules are not popular for optimization
Deemed too expensive, too restrictive or too general, non intuitive...

Schedules are only meant to describe parallelism
Parallelism means lower dimensional schedules
Fewer matrices is better

PolyhedralApproach

ParasolSeminar
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Polyhedral Representation

Fully captures control and array access semantics of every statement
__Through affine (in)equalities on iteration vectors
g Allows full parameterization by symbolic constants

Subsumes classical loop transformations

PolyhedralApproach

ParasolSeminar
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Polyhedral Representation

Goal

Separation of Concernns

Fully captures control and array access semantics of every statement (S

Subsumes classical loop transformations

1. A domain
Characterization of the valid iteration vectors (the loop bounds)

Ds(i;g), O
2. A schedule

An affine function assigning logical dates to iterations
(Si1;9) 7! Qs(i;q)
3. Alist of access functions
To describe array references (only the affine ones)

(Si;0) 7! (AFs(i;0))

PolyhedralApproach

ParasolSeminar
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Static Control Parts (SCoP)

long AJ4096][4096], B[4096][4096], X[N], VY[Q], Z[4096];

for (i=0; I<M; i++) SCoP1, threestatements
S | ] =0 parametersM,N,P,Q
for (j=0; <N; |J++)
S | Z[i] += (Al+BI) * X[I;

for (k=0; k<P; k++)

for (I=0; I<Q; [++) S

S || ZK += AKI O * VI =
.................................................................................. <
while (.. 3
.................................................................................. S
for (i=0;  i<M; i++) ~ SCoP2, onestatement =
S |zl =0 ~ parameter:M <
IS

2

£
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SCoPCoverage(SpecFP)

SCoPs Statements Array References

All  Param. If s All  in SCoPs All Affine

applu | 19 15 1 757 84% | 1245 100%
apsi 80 80 25| 2192 84% | 977 78%
art 28 27 4 499 69% 52 100%
lucas 4 4 2 | 2070 99% 411 40%
mgrid | 12 12 2 | 369 100% | 176 99%
quake | 20 14 4 639 7% 218 100%
swim 6 6 1 123 100% 192 100%

PolyhedralApproach

ParasolSeminar
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SCoPCoverage(SpecFP)

SCoPs

SpecFP: Statement Distribution

] applu
| api

| Jart

[ ] lucas
B mgrid
[] quake
B swim

0-1 2-3 4-7 8-15 16-31 32-63 64- 128—- 2656- 512-
127 255 511 1023

Statement Range

1024 — > 2048

2047

PolyhedralApproach

ParasolSeminar
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SCoPCoverage(SpecFP)

Statements

10000 —

1000 —

SpecFP: Statement Depth

100

10

Statemement Depth

[ applu
B apsi
[Jart
[]lucas
B mgrid
] quake
H swim

PolyhedralApproach

ParasolSeminar
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Untold Dif culty

We wish to compose polyhedral transformations without reference to an intermediate
syntactic form

PolyhedralApproach

ParasolSeminar
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Untold Dif culty

We wish to compose polyhedral transformations without reference to an intermediate
syntactic form

Classical loop transformations can be recast with polyhedra
... but not in a compositional way

Composition needs polyhedral pattern rules and invariants

may require renormalization (Hermite normal form)

Our proposal
Using sequential schedules (2d + 1 dimensional)
Using separate matrices and normalization rules

PolyhedralApproach

ParasolSeminar
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Af ne Schedule:Our Proposal

Nonmalization

Dense, totally ordered (sequential) schedule
Non-singular matrix for iteration (re)ordering
Matrix for parameterization and iteration shifting

Vector for instruction scattering

PolyhedralApproach
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Af ne Schedule:Our Proposal

Nonmalization

Dense, totally ordered (sequential) schedule
Non-singular matrix for iteration (re)ordering
Matrix for parameterization and iteration shifting

Vector for instruction scattering

2
20 ®w 0 0 ®w 0 by °
a1 ®WC ayg 1 ®WC g Gug+a
0 ¢&¢ O O & 0 by
Qi;q)= 8 @z1 ®W¢ azy 1 W Gg Ggr1
1 0 ¢ O 1
ad1 ®¢ agd Qo1 ®WC Gyg Gugri
0 & 0 0 ™ 0 by

(Q)
(a)
(9
(b)

PolyhedralApproach
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CodeGenerationwith CLooG

-]

Extension of Quilleré and Rajopadhye's algorithm
Parameterized unions of linearly bounded lattices
Depth recursion with direct optimization of conditionals
Tradeoff between code expansion and control overhead
Better code size and memory management control
Supports lazy unrolling and (some) strides

for (=7, I<=n; I+=2)
for (=1, J<=n; jt+4)

S

o o

o o for (=1, I<=6; i+=2)
o o for (=1, |<=T-i; j++)
o ° S, S

~ ~ for (j=8-i; j<=n;  |+t)
° ° S;

[ ®

[ [

[ J [ J

s |

=

"1 2 34 5 6'7.-.

PolyhedralApproach
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WRaP-IT: an Open64/ORClinterface-Tool

Source
code

Parametric integer linear Polyhedra Management
programming solver Library

PipLib PolyLib

| | | |
|l |

transformed

Binary

B C-ooc R vooc B
\

J

N
Conversion

-

Conversion ]
Transformations

WHIRL

PolyhedralApproach

ParasolSeminar
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Transformation Composition Language

Script language to apply transformations to a labeled program

for (i=0; i<N; i++)
for (j=0; |<M; j++)
__URUK _LBL1:

CEMl0 = BIIGIC;
for (k=0; k<N; k++)
for (I=0; I<M; [++)
__URUK _LBL2:

- DK += E[IKI*AT; S
%

# Transformation sequence é
interchange(enclose(LBL2,2)) # Interchange  the first  two loops 2
fusion(enclose(LBL1)) # Fusion of outer loops =
fusion(LBL1) # Fusion of inner loops ©
shift(LBL2,4) # Delay second statement by 4 .
# 2D-Tiling in three steps g
stripmine(enclose(LBL1,2),256) # Stripmine  outer loop by 256 S
stripmine(enclose(LBL1),8) # Stripmine  inner loop by 8 2
interchange(enclose(LBL1,3)) # Interchange  intermediate levels §

24



Implementing Transformations

C++ toolkit to implement and compose primitives

%transformation move

%param BetaPrefix P, Q
%param Offset o

%prereq P<=Q

%code
{ foreach S in SCoP
{ If ((P<=S.Beta)&&(Q<=S.Beta)) S.Beta(P.dim())+=o;
else if ((P<=S.Beta)&&(Q<<S.Beta)) S.Beta(P.dim())+=o; B

PolyhedralApproach

%transformation fission

%param BetaPrefix P
Y%param Offset o0, b

%code

{ UrukVector Q=P; Q.enqueue(o);  Q.enqueue(b);
UrukVector R=P; R.enqueue(o+1);
UT_move(P,Q,1).apply(SCoP);

UT _move(R,R,-1).apply(SCoP); }

ParasolSeminar

25




Application to SWIM

61% speed-up on Alpha 21264C Pecling Shiting

Fully inlined by Open64

Al: -32s

A2: -30s

A3: -15s

Peeling Shifting Fusion

Array Fwd
Substitution

Padding

Tiling

Peeling Shifting

# Peel | in calcl, calc2 and calc3
peel (enclose (CiL1), 3, [0, O, 1])

peel (enclose (C1L1 2), 3, [0, 0, 1333])
peel (enclose (C2L1), 3, [0, O, 1]
peel (enclose (C2L1 2), 3, [0, 0, 1333)])
peel (enclose (C3L1), 3, [0, O, 2]

peel (enclose (C3L12), 3, [0, 0, 1333)])
# Peel J in calcl, calc2 and calc3
peel (enclose

shift  (enclose
shift  (enclose

(CiL1_2.1, 2), 2, [0, 0, 1)

peel (enclose (C1L1 2 1 2, 2), 2, [0, 0, 1333)
peel (enclose (C2L1 21, 2), 2, [0, 0, 1]
peel (enclose (C2L1 212, 2), 2, [0, 0, 1333)
peel (enclose (C3L1 21, 2), 2, [0, 0, 2)
peel (enclose (C3L1.2 12 2), 2, [0, 0, 1333
# Shift in calcl and calc2

(CiL1.2.1.21), {0, 0O, 0, [0, O, -1, [0, O, -1]}
(C3L1.2.1.21), {0, O, 0, [0, O, -1, [0, O, -1]}

# Double loop fusion for the three nests
motion (enclose (C3L1. 2 1 2 1), CAINL1 1 1)
motion (enclose (C2L1 2 1 2 1), C3L121 2 1)
motion (enclose (C1L1 21 2 1), C2L1 21 2 1)
# Tiling

stripmine  (enclose (C1L1. 2 1 2 1, 2), 300)
stripmine  (enclose (C1L1. 2 1 2 1, 1), 8)
interchange  (enclose (C1L1 2 12 1, 2)

PolyhedralApproach

ParasolSeminar
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Application to SWIM

61% speed-up on Alpha 21264C
Fully inlined by Open64

Main SCoP

Al: -32s

Peeling

Shifting

A2: -30s

A3: -15s

Peeling

Shifting

Fusion

Array Fwd
Substitution

Padding

Tiling

Peeling

Shifting

421 lines of code in the source program

Exact dependence analysis

Code generation

Automatic Transfonmation

Nesting depth: 3 original, 5 after tiling
277 matrices for all pairs of references at all depths
0.5s analysis time, 0.1s check time

6146 lines of code (¥4 2000after scalar optimization)

CLooG (regeneration of Open64's WHIRL): 33.0s
Back-end compilation: 39.3s

112 statements and 154 array references in the polyhedral representation

PolyhedralApproach
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Mor e Ambitious Approach: Direct Search

Goal: direct enumeration of the search space

Transform the whole loop nest in one single step

Enumerate only legal points in a regular parameterized space
Combinatorial optimization + polyhedra scanning + empirical search

Lessons from the past (automatic parallelization)
Lagrangian relaxation + combinatorial optimization

Special case for polyhedra: Farkas lemma + linear programming
But static (linear) objective functions are not enough

xxg;(%, 0

.0 F
;- P e ~
Q4 D(x), O ® o () 9. OD=1o+alkNfy
QQQég le!e
o, 0% A
QQ! I 3(x), O

PolyhedralApproach
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5. MULTISTAGE EVALUATION
A PPROACH




Prosand Consof Multistage Generators

+ De ne arbitrarily complex generators, generic or custom
Fusion, tiling, instruction scheduling, pipelining, interprocedural...
Interesting for a purely generative approach to implement a speci ¢ application
E.g.: a few hours to implement a subset of ATLAS in MetaOCaml

+ Well suited for implementing domain-speci ¢ languages
Custom syntax tree or skeleton embedding
Derive a compiler by partial evaluation, high productivity
Case Study: Implement SPIRAL in MetaOCaml?

i Intrinsic argument/result asymmetry hurt composition
E.g., strip-mining takes numeric arguments but produces code

i Severe limitation on the reuse of generators
Cannot build a e xible, general-purpose chain of multistage generators
Expect diminishing productivity returns on large adaptive library generators



Reusew/o Composition: Strip-Mining and Partial Unrolling

let g strip mne g loop Ib ub factor Dbody =

let number = (ub-Ib)/factor in
<
begin
for ii = 0 to number-1 do
.~ (g_loop 0 (factor-1)
(fun > (body .< ii*factor+lb+ ~1>) )
done;
for 1 = number*factor+lb to ub do
~(body < i >.)
done
end
>,

let g loop gen Iw ub body =
< for i =Iw to ub do .~(body .< i >.) done >.

(* Plain  strip-mining %)
g_strip_ mine g _loop gen 1 14 4 Dbody

(* Partial  unrolling *)
g_strip_mine  full_unroll 1 14 4 body

MultistageEvaluationApproach
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Problem: Expressvenesd.ossDueto Static Safety

MetaOCaml cannot generate new bindings (6 gensyms)
Identi ers are not rst class citizens in OCaml
let .~name = ... isnota valid syntax

Consequence: hard to implement scalar promotion

Two circumvention means

Monadic/continuation-passing style:

For arrays in (dynamic) single-assignment form only
Generates fresh SSA scalars

Proposed by Taha et al. for HW synthesis applications

Conversion to an array of scalar reference code:
Arbitrary subscripts
But relies on compiler unboxing for performance

Also motivates offshoring MetaOCaml! C

MultistageEvaluationApproach
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Example: Matrix Multiplication in ATLAS

# let rec makeCodeRefs n =
if n =0 then []
else let ref0 =ref 0 In
(.< ref0 >.) : makeCodeRefs (n-1)

val makeCodeRefs : int -> (a, int ref) code list = <fun>

# let staticFor low high step f =

let rec fromTo a b =
if a > b then []
else a : (fromTo (atstep) b) in

List.fold_left
(fun ci > < begin .~c; ~(f 1) end >.)
< () >. (fromTo low high)
val staticFor cint > int -> (int -> (‘a, unit) code) -> (a, unit) code = <fun>

# let dynamicFor Ilow high step f =

MultistageEvaluationApproach

<
let 1 =ref .~low In
while !i <= .~high do
(-~ f) (i) C
i = li + .~step 2
done S
1)
>, %
val dynamicFor : (a, int) code -> (a, int) code -> (a, int)j code -> (a, int -> 'b) code -> (a, unit) code = <fun> %
p .
&
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Example: Matrix Multiplication in ATLAS

let matmult munu latency =
let i1 = Array.make (mu*nu) O
and i2 = Array.make (mu*nu) O
and h =ref 0 in
for m=0to mu-1 do
for n=0 to nu-1 do

11.('h) <- m;

i2.(!h) < n; S
h = Ih+l S
done S
done; g
let aregs = makeCodeRefs mu 2
and bregs = makeCodeRefs nu 3
and tregs = makeCodeRefs (mu*nu) L%
and cregs = makeCodeRefs (mu*nu) in Q
let aa i = nth aregs i S
and bb i = nth bregs i 2
and tt i j = nth tregs (i*nu+ =

and cc i | = nth cregs (i*nutj) in
< fun a b c nn mmnb -> S
~ (dynamicFor .<0>. .<nn-1>. .<nb>. <fun i -> E
.~ (dynamicFor .<0>. .<mm-1>. .<nb>. <fun | -> g
.~ (dynamicFor .<ii>. <ii+nb-nu>. <nu>. <fun 1 -> El
.~ (dynamicFor .<jj>. <jj+nb-mu>. <mu>. <fun | -> §

>) >0) >0) >0) >,
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Example: Matrix Multiplication in ATLAS

.~ ( staticFor 0 (mu-1) 1 (fun m->
staticFor 0 (u-1) 1 (fun n ->
< .~(cc mn) = c.(itm).(+n) >.)));
for k=0 to nb-1 do
.~ ( staticFor 0 (mu-1) 1 (fun m->
< .~(aa m) = a.(i+tm).(k) >.) ;
.~ ( staticFor 0 (nu-1) 1 (fun n ->

< .~(@®b n) := b.(k.(+n) > ) ; S
.~ ( staticFor 0 (latency-1) 1 (fun m-> S
< .~ (i1.(m) (i2.(m))) = (.~ (@ (@Lm)) ) * !~ (bb (2(m)) ) >)); §
.~ ( staticFor 0 (mu*nu-latency-1) 1 (fun m-> let n = m+latency in .
< S
begin S
~(cc (L(m)  (@2(m) = 1~ (cc (1(m) (2(m) ) c
| | + 1~ (Lm)  (2m) ) S
~ (o (1.(n)  (12.(n)) = I~ (@ (1) ) 3
* I~ (bb (2.(n))) ) =
end =
> )
.~ ( staticFor (mu*nu-latency) (mu*nu-1) 1 (fun m->
< ~(c (L(m) (@2m)) = I~ (cc (L(m)  (2(m) )

+ 10~ (@ (1.(m)  (2m)) ) >.)

done;
.~ ( staticFor 0 (mu-1) 1 (fun m->
staticFor 0 (u-l) 1 (fun n ->
< c.(i+m).(+n) < I(~ (cc mn)) > ))

ParasolSeminar
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Reconciling Transformation With Generation

Structured representation with algebraic properties
Extended polytope model with dynamic control
Adaptive code generator, feedback reporting and back-end optimizations

Multistage evaluation for ad-hoc, application-speci ¢ generation
Code expressions as building blocks for abstract skeletons
Also, e xible runtime compilation and partial evaluation

Optimization across library boundaries starts from algebraic representation
Interprocedural specialization and cloning
Intraprocedural transformations

A purely generative approach may be suitable for application-speci ¢ optimization, but
transformations are needed to improve productivity in a more general-purpose
compiler perspective; such transformations are acceptable if supported by algebraic
properties, without lowering/polluting the programmer view of the algorithm

MultistageEvaluationApproach
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6. PERSPECTIVES




(Semi-)Automatic Parallelization and Optimization

Towards polyhedral metaprogramming

Control the iterative search

Narrow the search space, integration of static cost models, tune the search algorithm
(exhaustive, genetic, random...)

Metaprogram the search of huge optimization spaces



(Semi-)Automatic Parallelization and Optimization

Towards polyhedral metaprogramming

Control the iterative search
Narrow the search space, integration of static cost models, tune the search algorithm
(exhaustive, genetic, random...)

Metaprogram the search of huge optimization spaces

Some applications

Complex optimizations, e.g., adaptive forward array substitution
Automatic and adaptive tradeoff, feedback from backend compiler and h/w counters into the

transformation
%))
Combined transformations to reduce search space 8
)
Example, smart register tiling: strip-mining + privatization for permutability + interchange + &
)
array contraction + register promotion Q
S
S
S
QO
()
)
%))
3
¢
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(Semi-)Automatic Global Optimization

Data- o w restoration in the case of data-layout transformations
Make the effect of the data-layout transformation explicit to the programmer

Detect inconsistent array expansion/renaming/contraction, incomplete
forward array substitutions, illegal redundancy eliminations

Infer “glue code” for data- o w restoration, implement F -functions (extended
to arrays), copy-in/out, recomputation
Sparsely irregular codes, early exits, imprecise dependence/alias
Transformations for control-intensive codes
More interaction between syntax tree and polyhedra
Requires fuzzy array data- o w analysis (complex, expensive)
Fuzzy polyhedral representation?
Fuzzy polyhedral code generation?

Perspecties

ParasolSeminar

36



ThankYou

HTTP:// WW\ PROGTUNE. ORG
(AVAILABLE SOON)




