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Modern graphics processors have become a real and low cost
alternative for HPC
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ivation (1)

Modern graphics processors have become a real and low cost
alternative for HPC J
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@ Allow the development of robust codes
© Reduce develop time
© Reduce execution time
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Motivation (lI)

@ Allow the development of robust codes
© Reduce develop time
© Reduce execution time

Our proposal: FLAG/C

Programming interface for dense linear algebra routines on GPUs

@ Robust codes: FLAME methodology

@ Ease of use: hides the underlying architecture

@ Performance: GPU-based
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Outline

@ FLAG/C: interface description
e Using the FLAME methodology on GPUs
e Evaluation of the versatility, ease of use and efficiency of FLAG/C

e Conclusion
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The FLAG/C AP I

FLAG/C

@ FLAG/C: high level API, written in C; fast development of efficient
dense linear algebra codes.

@ Can be combined with any accelerator type: GPUs, ClearSpeed
boards, Cell B.E.

@ Prerequisite: efficient implementation of BLAS available for the
architecture

/.MEOOC \

FLAME®Iab lAGOOC@Iab

\ !
'FLAME FLAG@Iab /
\ FLAME/C —» FLAG/C
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FLAG/C Objects ]

FLAG/C Objects

@ Object: key concept in FLAG/C
@ Representation of a matrix in the accelerator memory
@ FLAG/C allows:

@ Create, destroy and query the object properties
@ Initialize the contents of an object

© Define views

© Operate with objects through BLAS

offm

m Viewof A
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FLAG/C: interface description

FLAG/C Objects ]

@ Object: key concept in FLAG/C
@ Representation of a matrix in the accelerator memory
@ FLAG/C allows:

@ Create, destroy and query the object properties
@ Initialize the contents of an object

© Define views

© Operate with objects through BLAS

offm

@ Block references inside an object

@ Flexibility to handle matrices and matrix
m Viewof A bIOCkS

@ Without additional storage cost
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Typical structure of a FL

Initialization

FLA_Init () /FLA_Finalize ()
Initialization / finalization of the environment
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Typical structure of a FLAG/C program (I)

Initialization

FLA_Init () /FLA_Finalize ()
Initialization / finalization of the environment

!

Object creation

FLAG_Obj_create( FLA_TYPE, int m, int n, FLA_Obj * )
Allocates space for the object in the GPU memory

!
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Typical structure of a FLAG/C program (ll)

CPU -> GPU Transfers
FLAG_Obj_set_with_buffer ( voidr buffer, FLA_Obj A )
Initializes the elements of object A in GPU memory with a copy of the
contents of bufferin main memory
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nterface description

Typical structure of a FLAG/C program (ll)

CPU -> GPU Transfers

FLAG_Obj_set_with_buffer ( voidr buffer, FLA_Obj A )
Initializes the elements of object A in GPU memory with a copy of the
contents of bufferin main memory

!

Matrix Computations

Complete BLAS implementation
FLAG_Gemm ( FLAG_Trans transA, FLAG_Trans transB,
FLA_Obj alpha, FLAG_Obj A, FLAG_Obj B, FLA_Obj beta,
FLAG_Obj C )

Fast Development of Dense Linear Algebra Codes on Graphics Processors 8 Zafont et al.



FLAG/C: interface description

FLAG_Obj_show( char xsl, FLAG_Obj A, char * format,
char *s2 )
Shows the contents of object A
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Typical FLAG/C program stru

FLAG_Obj_show( char xsl, FLAG_Obj A, char * format,
char *s2 )
Shows the contents of object A

!

GPU -> CPU Transfers

FLAG_Obj_transfer to_FLA_Obj( FLAG_Obj A,FLA_Obj B )

Initializes the elements of an object B with a copy of the contents of A, stored
in GPU

Fast Development of Dense Linear Algebra Codes on Graphics Processors 9 Zafont et al.



FLA erface des n

Example: C =AT -B

FLAG_Init ();

Initialization )
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F terface description

Example: C ‘B

FLAG_Init ();

FLAG_Obj AObj, BObj, CObj;
Initialization )

FLAG_Obj_create( 'FLAG_FLOAT’', n, n, &AObj );
FLAG_Obj_create( 'FLAG_FLOAT’, n, n, &BObj );
FLAG_ODbj_create( 'FLAG FLOAT', n, n, &CObj ); Object aicailen J
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F terface description

Example: C ‘B
FLAG_Init ();

FLAG_Obj AObj, BObj, GCObj;

_ Initialization )
FLAG_Obj_create( 'FLAG_FLOAT’', n, n, &AObj );

FLAG_Obj_create( 'FLAG_FLOAT’, n, n, &BObj );
FLAG_ODbj_create( 'FLAG FLOAT', n, n, &CObj );

Object creation )

FLAG_Obj_set_with_buffer( (void x) A, &AObj );
FLAG_Obj_set_with_buffer( (void x) B, &BObj );
FLAG_Obj_set_with_buffer( (void %) C, &CObj ); CPU -> GPU ’

Transfers
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F terface description

Example: C ‘B

FLAG_Init ();

FLAG_Obj AObj, BObj, GCObj;

FLAG_Obj_create( 'FLAG_FLOAT', n, n, &AObj )
FLAG_Obj_create( 'FLAG_FLOAT’, n, n, &BObj );
FLAG_ODbj_create( 'FLAG FLOAT', n, n, &CObj )

FLAG_Obj_set_with_buffer(
FLAG_Obj_set_with_buffer(
FLAG_Obj_set_with_buffer(

(void *) A, &AObj
(void x) B, &BObj
(void x) C, &CObj

FLAG Gemm( 'FLAG_TRANSPOSE’ ,...
"FLAG_NO_TRANSPOSE’ , ...
1.0, &Aobj, &Bobj, 0.0, &Cobj );
FLAG_Obj_show( "C = [", Cobj, "%f", "]" );
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F terface description

Example: C ‘B

FLAG_Init ();

FLAG_Obj AObj, BObj, GCObj;

_ Initialization )
FLAG_Obj_create( 'FLAG_FLOAT’', n, n, &AObj );

FLAG_Obj_create( 'FLAG_FLOAT’, n, n, &BObj );
FLAG_ODbj_create( 'FLAG FLOAT', n, n, &CObj );

Object creation )

FLAG_Obj_set_with_buffer( (void x) A, &AObj );

FLAG_Obj_set_with_buffer( (void =) B, &BObj )

FLAG_Obj_set_with_buffer( (void x) C, &CObj ) CPU -> GPU
Transfers ’

FLAG_Gemm( ’'FLAG_TRANSPOSE' ,...

"FLAG_NO_TRANSPOSE’ , . ..

1.0, &Aobj, &Bobj, 0.0, &Cobj );

BLAS operations on
FLAG_Obj_show( "C = [", Cobj, "%f", "]" ); GPU ’

FLAG_ODbj_free( &Aobj );
FLAG_Obj_free( &Bobj ); GPU memory free J
FLAG_Obj_free( &Cobj );

FLAG_Finalize ();
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Using the FLAME methodology on GPUs
FLAME )

FLAME

@ FLAME: fast development of robust and efficient libraries with a
high abstraction level

@ Focuses on dense and banded linear algebra
@ High level of abstraction: hides implementation details
@ ltis not just a library:

o Notation to express dense linear algebra algorithms

e Methodology for systematic algorithm derivation

e Programming interfaces (APIs) to represent algorithms in code
almost effortlessly

e Tools to ease the algorithmic derivation process

@ Example: Cholesky factorization
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Using the FLAME methodology on GPUs

Cholesky Factorization with FLAME Y

Definition
Given A — nxn s.p.d.

A
(partially updated)

A=LL"

with L — n x n lower triangular
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Using the FLAME methodology on GPUs

holesky factorization with FLAME

Repartition
Ago | Aot | Aoz

Arp ATg T T

| A | A | AL

ApL | ABr
Ay | Aol | A

where A isbxb
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Operations per iteration:

% o
% %

All = chol( All );
A21 = A21 / tril( All
A22 = A22 - tril( A21

°
S

S
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Continue with

A | Aol | A,
Arp | Arr 1 1 1
A A — 10 11 12
BL BR
Ay | Azr | A2
A .
(partially updated) where A“ is bxb
Fast Development of Dense Linear Algebra Codes on Graphics Processors 15 Zafont et al.



Repartition
Ao | Aol | Ao

S ELTIN T v PR
Apr | Apr 10 : 12

Ay | A2 | Az

where A isbxb

FLA_Repart_2x2_to_3x3(

ATL, ATR, &A00, &AO01, &AO2,
§A10, &All, &Al2,
ABL, ABR, §A20, &A21, &A22,

b, b, FLA_BR );
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Continue with
( Ar. | Amr >
-
Apr | Asr

where A isbxb

FLA_Cont_with_3x3_to_2x2(

A &ATL, &ATR, A00, AO01, AO2,
(partially updated) Al0, All, Al2,
&ABL, &ABR, A20, A21, A22,

FLA_TL );
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The algorithm iterates. ..

while ( size( ATL, 1 ) < size( A, 1) )

SYRK
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The algorithm iterates. ..

while ( size( ATL, 1 ) < size( A, 1) )
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At | Amr )
ApL | Apr
where A7 is0x0

Partition A — (

while m(Ar.) <m(A) do

Determine block size n,
Repartition

A7 | Arr
( > — | Ao | An
Ap. | Amr

where A; is n, xny
Ay := CHOL_UNB(Ay;)
Az 2:A21TR|L(A11)7T
Ap i=An —An Al

Continue with

Ao | Ao | Aoz
A
Ay | Az | An
Ao | Aot | Aoz
Al
Ay | A | An

A A
( TL TR ) - A m A m
ApL | Amr

endwhile

int FLA_Chol_l_blk_var3_imp1( FLAG_Obj A, int nb_alg )

&ATL, &ATR,
&ABL, &ABR,
0, 0, FLAG_TL );

FLA_Part_2x2( A,

while ( FLA_Obj_width( ATL ) < FLA_Obj_width( A )
b = min( min( FLA_Obj_length( ABR ),
FLA_Obj_width( ABR ) ), nb_alg);

FLA_Repart_2x2_to_3x3(

ATL, ATR, &A00, &AO1, &A02,
&A10, &A11, &A12,
ABL, ABR, &A20, &A21, 8A22,

b, b, FLABR );

/%
FLA_Chol_unb( A11 );

FLA_Trsm( FLA_RIGHT, FLA LOWER_TRIANGULAR,
FLA_TRANSPOSE, FLA_NONUNIT_DIAG,
FLA_ONE, A11, A21 );

N

*/

FLA_Syrk( FLA_LOWER_TRIANGULAR, FLA NO_TRANSPOSE,

FLA_MINUS_ONE, A21, FLA ONE, A22 );

I
FLA_Cont_with_3x3_to_2x2(
8ATL, 8ATR, A00, AO1, A02,
A10, A11, A12,
8ABL, 8ABR, A20, A21, A22,
FLATL );

Zafont et al.
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Using the FLAME methodology on GPUs

Getting the FLAME/C code: Spark

@ 2 spark - Mozilla Firefox

Archivo

Editar Ver Historial Marcadores Herramientas Ayuda

@

JONONGR

http/fwww.cs .utexas.edufusersfflame/Spark/

|vflame working notes &

Most Visited P Getting Started

JLatest Headlines

Spark
Generate Code andjor Update Form | | Reset Form
learn about this section to Spark

Name of the function to be generated
Cholesky
Type of function blocked

Variant Name 1

learn about this section introduction to Spark
Number of operands 1 v

Pick properties of the operands

#include "FLAME.h"

int Cholesky_blk_varL( FLA_Obj A, int nb_alg )

FLAGbj ATL,  ATR, 00, AL, AG2,
ABL. ABR, ALO, ALL, A2,
A, K21, K22
int b:
FLAPart_22( A, GATL, GATR,
GABL, SABR, 0, 0, FLATL )

while ( FLA_Obj_length( ATL ) < FLA Obj_length( A ) ){

= min( FLA_Obj_length( ABR ), nb_alg ):

FLA Repart_2x2_to_3x3( ATL, /**/ ATR, SAQD, /**/ §ADL, §AC2,
7 Y ¥
SAL0, /¥/ §A11, AL2,
ABL, /+*/ AER, BA20, /#/ EA21, §A22,
b, b, FLABR )

Operand Tag Type Direction Input/Output
1: A v||[matrix v|[TL->BR v||input/output v K update line 1 */
’”* */
g update line n *

learn about this section introduction to Spark

Pick an output language: | FLAMEC

FLA_Cont_with_3x3_to_2¢2( GATL, /**/ GATR,

A0, AOL, /¥*/ AG2,
A0, ALL, /¥%/ AL2,
/K ERRRLOOOCAAR K] /8 RRRRRRR RO §) &

SABL, /**/ GABR, A20, A1, [¥4/ 422, ¥
<

learn about this section introduction to Spark

Terminado

The Spark tool eases the development process by automatically
generating code skeletons

Fast Development of Dense Linear Algebra Codes on Graphics Processors 21
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Using the FLAME methodology on GPUs

FLAME/C - F /G Comparison

int FLAG_Chol_I_blk_var3_imp1( FLAG_Obj A, int nb_alg )

{
FLAG_Part_2x2( A, &ATL, &ATR,
&ABL, &ABR,
0, 0, FLAG_TL );

while ( FLAG_Obj_width( ATL ) < FLAG_Obj_width( A ) ){
b = min( min( FLAG_Obj_length( ABR ),
FLAG_Obj_width( ABR ) ), nb_alg); Main differences:

FLAG_Repart_2x2_to_3x3(

SR iy @ BLAS routines
AL MR e provided by FLAG/C
/% */

FLAG_Chol_unb( A11 ); .
FLAG_Trsm( FLAG_RIGHT, FLAG_LOWER TRIANGULAR, e Matrlces mUSt have

PG NSFOSE, FLAG.NONUNT_DIAG, been transferred to the

FLAG_Syrk ( FLAG_LOWER_TRIANGULAR, FLAG_NO_TRANSPOSE, G PU
FLA_MINUS_ONE, A21, FLA_ ONE, A22 );
/% */
FLAG_Cont_with_3x3_to_2x2(
&ATL, &ATR, A00, AO01, A02,
A10, A11, A12,
&ABL, &ABR, A20, A21, A22,
FLA_TL );
}
}
Fast Developmi Dense Linear Algebra Codes raphics Processors 22 Zafont et al.




Evaluation of the versatility, ease of use and efficiency of FLAG/C

FLAG/C evaluation

Partition A —

A7
ApL,

where Az is0x0

while m(Az) <m(A) do

Repartition
( An_| A
As. | Asr

where o is 1 x 1

Variant 1:
alyTRIL (Ago) "

an —ajyan
Vo

T

o1 —ajyar
oy

a1 — Agar

Van
) t=a //DCII
Ap = Ay —andl)
Continue with
( A | A
Ape | Apr

endwhile

@ Square root calculations — CPU

Ar_| A

Ap | Asr
where Az is0x0

Partition A —

while m(A7,) <m(A) do

Determine block size
Repartition

A
(- 20
Ape | Apr

where A, is nj, x ny

Az

)

Variant 1:
AjoTRIL (Agy) "
An —AnA,

CHOL_UNB(A ;)

CHOL_UNB(A};)
TRIL(A)
An —AnAj

Continue with
( An_| A )h
Ap. | Apr

endwhile

Fast Developmi
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Implementation family Imp1

@ Transfer of diagonal elements

e Calculations

@ if n, < n — lots of calls to level-1 and level-2 CUBLAS with low computational
load

@ if ny is large, the number of operations expressed in terms of level-3 CUBLAS is
reduced

@ Communications

@ Ti(n)=n(2a+8B) where o> B
@ 2ntransfers of 4 bytes each

Implementation family Imp2 (Imp1 generalization)

@ Transfer of diagonal blocks
@ Calculations: level-3 CUBLAS calls

@ Communications
@ Tr(n,np) = %(ZOHrBﬁng)
@ 27 transfers of 4n} bytes
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Evaluation of the versatility, ease of use and efficiency of FLAG/C

FLAG/C evaluation 73]

@ Used metric: MFLOPs =

3><102><Tej,_,£
@ T, is the time used by the processor to calculate the
factorization. It includes:

o Transfer times of the matrix (CPU — GPU)
e Transfer times of the Cholesky factor (GPU — CPU)

CPU GPU
Processor Intel Core 2 Duo NVIDIA 8800 Ultra
Model Crusoe E6320 G80
Clock frequency 1.86 GHz 575 MHz
Memory frequency 2 x 333 MHz 2 % 900 MHz
Bus bandwidth 64 bits 384 bits
Max. bandwidth 5.3 GB/s 86.4 GB/s
Memory 1024 MB DDR2 768 MB GDDRS3
Bus type PCI Express x16 (4 GB/s)
BLAS version Intel MKL 10 CUBLAS 2.0
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C evaluation: Imp1 vs. Imp2

Imp1 Var3 CHOL_BLK Imp2 Var3 CHOL_BLK
Cholesky Factorization -- FLAG_Chol_|_blk_var3_imp_1 Cholesky Factorization -- FLAG_Chol_|_blk_var3_imp_2
70000 T T T 70000
=1
Np=2 -
60000 [ ny=4 = 60000 [
n,=8
n,=16
50000 | ne=32 - 50000 |
n,=64
@ L n,=128 - @ L
% 40000 np=256 % 40000
T [
< 30000 % < 30000
20000 fog it 20000
P et
s i
10000 : : i 10000
e T ; 1 0 i i t ; I
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Matrix dimension (n) Matrix dimension (n)

@ Important improvement when n € [0,2000]
@ Conclusions:

o Versatility to get high performance implementations
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CUBLAS
Imp2 Var3 CHOL_BLK

Cholesky Factorization -- CUBLAS_Chol_|_blk_var3_imp_2

70000
np=1
np=2 -
60000 - ny=4 =
n,=8
n,=16
50000 =32 -
np=64 - -
o n,=128
40000 - b
g ny=256 —=— p
S
L 30000 ,ﬁ
s
20000 O gﬁ-ﬂ,ﬁ,g""
L v
10000 it
..l PR P
0 i i ] T i ;

500 1000 1500 2000 2500 3000 3500 4000
Matrix dimension (n)

MFLOPS

FLAG/C
Imp2 Var3 CHOL_BLK

Cholesky Factoriz:

ation -- FLAG_Chol_|_blk_var3_imp_2

70000

ny=1

Ng=2 -ox
60000 | no=d o

n,=8

n,=16
50000 | =32 e

Ng=64 - = N .
40000 ﬁ /’5\
30000 w,ﬁ,ﬁ“& g
20000 SRR
10000

NN eige,

500 1000 1500 2000 2500 3000 3500 4000

@ The overhead introduced by FLAG/C is small

Matrix dimension (n)

Fast Development
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Evaluation of the vers: ease of use and efficiency of FLAG

FLAME/C FLAG/C

Var2 CHOL_BLK Imp2 Var2 CHOL_BLK
Cholesky Factorization -- FLA_Chol_|_blk_var2 Cholesky Factorization -- FLAG_Chol_|_blk_var2_imp_2

70000 T T 70000

60000 [ = 60000 [

50000 (- . 50000 [
g 40000 | 256 - g 40000
e e
< 30000 L 30000

20000 20000

10000 = “J"g? 10000

0 s x i ; 0 f T i i i
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Matrix dimension (n) Matrix dimension (n)

@ The GPU can accelerate the calculation significantly (7x in our
example)
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The programmability problem (1) )

@ Programmability: difficult to measure

@ Sucess story: alternative level-3 (CU)BLAS implementation
using FLAME

@ GEMM in CUBLAS is the only fully tuned routine

@ Our goal: develop different GEMM-based variants for each
BLAS-3 routine in CUBLAS

Fast Development of Dense Linear Algebra Codes on Graphics Processors 29 Zafont et al.



The programmability problem (II)

Our SSYRK, SSYMM, SSYR2K

vs. CUBLAS

Performance against CUBLAS on a T10

Our STRSM, STRMM

vs. CUBLAS

Performance against CUBLAS on a T10

CUBLAS Symm - 'CUBLAS Trsm —
500 New Symm —a— | New Trsm —=—
CUBLAS Syrzk CUBLAS Trmm
New Syr2k —s— 200 New Trmm_—e—
CUBLAS Syrk
400 New Syrk —— -
_ oo o - PR
%) . o—o—e—e— — » 300 - o —
& 300 S e e o P e
e} g s} e
9 9
5 | 7 5
200
200 - /
100 4 100 [
0 0
0 4096 8102 12288 16384 0 4096 8192 12288 16384

Matrix Size (m=n=k) Matrix Size (m=n=k)

@ [t took few hours to develop and test all the routines, algorithmic
variants and block sizes.

@ More information: FLAME Working Note #37.

Zafont et al.
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Conclusion

@ FLAG/C is easy to use:

@ The learning curve of FLAG/C is minimal
e High abstraction level for the development of linear algebra codes
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Conclusion 75

@ FLAG/C is easy to use:

@ The learning curve of FLAG/C is minimal

e High abstraction level for the development of linear algebra codes
@ FLAG/C is efficient:

e Allows the exploitation of the massive multithread parallelism

available on modern GPUs

e Can attain up to 7x speedup compared with the CPU (for the shown
Cholesky factorization)
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Conclusion

@ FLAG/C is easy to use:

@ The learning curve of FLAG/C is minimal
e High abstraction level for the development of linear algebra codes

@ FLAG/C is efficient:

e Allows the exploitation of the massive multithread parallelism
available on modern GPUs

e Can attain up to 7x speedup compared with the CPU (for the shown
Cholesky factorization)

@ FLAG/C (FLAME) is flexible:
e The interface can be adapted to any type of hardware accelerator
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Conclusion

Thank you... J

More information. . .

http://www3.uji.es/ figual
http://www.hpca.uji.es
http://www.cs.utexas.edu/ flame
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