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Starting Point

FOR k = 0..TILES-1
FOR n = 0..k-1
A[k][k] « DSYRK(A[KI[n], A[KI[K])
A[k][k] « DPOTRF(A[KI[K])

FOR m = k+1..TILES-1
FOR N = 0..k-1
Alm][k] « DGEMM(A[K]I[n], Alm][n], Alm][K])
Alm][k] « DTRSM(A[K][K], A[m][k])

FOR k = 0..TILES-1 Tile QR F actorization

A[Kk][k], TIk]I[k] « DGRQRT(A[K][K])
FOR m = k+1..TILES-1

A[k][k], Alm][k], TIm][k] « DTSQRT(A[k][k], Alm][k], T[m][k])
FOR n = k+1..TILES-1

A[k][n] « DLARFB(A[kI[k], T[kI[k], ALK][n])

FOR m = k+1..TILES-1

A[k][n], AIm][n] « DSSRFB(A[mM][k], T[m][k], Alk][n], Alm][n])

“Starting Point” is sequential (at best recursive).



PLASMA's Static Scheduling

FOR k = 0..TILES-1
FOR n = 0..k-1

ALKI[K] « DSYRK(A[KI[n], AIk][K])
ALK][k] « DPOTRF(ALKI[K]) :>
FOR m = k+1..TILES-1

FOR n = 0..k-1

A[m][k] « DGEMM(A[k][n], Alm][n], Alm][Kk])
A[m][k] « DTRSM(A[Kk][Kk], Alm][Kk])

Cholesky F actorization

Not too complex for Cholesky, LU, QR
Accommodates for data locality / reuse
The fastest we know of on shared memory
Possibly applicable to distributed memory
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Only applicable to simple cases
¢ Hard to develop
¢ Slightly different for each case

k=0; m = my_core_id;
while (m >= TILES) {

k++; m = m-TILES+Kk;
}n=0;

while (k < TILES && m < TILES) {
next n = n; next m = m; next k = k;

next_n++;
if (next_ n > next k) {
next_m += cores_num;
while (next m >= TILES && next _k < TILES) {
next_k++; next_ m = next_m-TILES+next_k;
} next n = 0;

}

if (m
if

==k) {
(n==Kk) {
dpotrf(A[kI[k]);
core_progress[kl[k] = 1;

}
else {
while(core_progress[k][n] != 1);
. dsyrk(A[k]I[n], A[KI[K]);
}
else {
if (n==k) {

while(core_progress[k][k] = 1);
dtrsm(A[k1[k], Alm][k]);
core_progress[m][k] = 1;
}
else {
while(core_progress[k][n] !'= 1);
while(core_progress[m][n] != 1);
X dgemm(A[k][n], Alm][n], Alm][Kk]);
= next_n; m = next_m; k = next_k;

}
n
}



Ne=+t7 Doomed Parallelism

FOR k = 0..TILES-1
ALKI[K], TKI[k] « DGRQRT(A[KI[K])
FOR m = k+1..TILES-1

A[KI[K], Alm][k], TIm][K] « DTSQRT(A[K]I[K], Alm][Kk], TIm][k])
FOR n = k+1..TILES-1

ALK][n] « DLARFB(A[KI[K], TIKI[K], A[K][n])
FOR m = k+1..TILES-1
A[KIIn], AIm][n] « DSSRFB(A[m][K], TIm][k], A[KI[n], Alm][n])

Tile QR F actorization

Basically only suitable for recursion
Not easy at all for other classes of algorithms
Oblivious to data locality / reuse

Results in poor schedules — poor performance
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Hard to imagine on distributed memory

cilk void gr_panel(int k)
{

int m;
dgeqrt(A[kI[k], T[kI[Kk]);

for (m = k+1; m < TILES; m++)
dtsqrt(Alk][k], Alm][k], T[m][k]);
}

cilk void gr_update(int n, int k)
{

int m;
dlarfb(A[k][k], T[k]I[k], A[k][n]);

for (m = k+1; m < TILES; m++)
dssrfb(A[m1[k], TImI[k], A[k][n], ALmI[n]);

if (N == k+1)
spawn qgr_panel(k+1);

spawn qr_panel(0);
sync;

for (k = 0; k < TILES; k++) {
for (n = k+1; n < TILES; n++)
spawn qr_update(n, k);
sync;

}



Declarative Programming

syrk(k=0..TILES, n=0..k-2, A, T)
— syrk(k, n+1, ?, T);

syrk(k=0..TILES, k-1, A, T)
— potrf(k, T);

potrf(k=0..TILES, T)
— trsm(k, k+1..TILES, T, ?);

gemm(k=0..TILES, m=k+1..TILES, n=0..k-2, A, B, C) ¢ Scalable

— gemm(k, m, n+1, 2, ?, C); ¢ Suitable for distributed memory

gemm(k=0..TILES, m=k+1..TILES, k-2, A, B, C)
— trsm(k, m, ?, C); . -
¢ Only applicable to simple cases

trsm(k=0..TILES, m=k+1..TILES, T, C)
5 syrk(m. k. A, ?). ¢ Hard to develop
— gemm(m, m+1..TILES, k, C, 2, ?),

— gemm(k+1..m-1, m, k, 2, B, ?);

Cholesky F actorization



SMPSs

#pragma css task |
inout(RV1[NB][NB]) output(T[NB][NB])
void dgeqrt(double *RV1, double *T);

#pragma css task |
inout(R[INB][NB], V2[NB][NB]) ...

void dtsqgrt(double *R, double *V2, ...

#pragma css task |
input(V1[NB][NB], TINB][NB]) ...
void dlarfb(double *V1, double *T, ...

#pragma css task \
input(V2[NB][NB], TINB][NB]) ...
void dssrfb(double *V2, double *T, ...

#pragma css start
for (k = 0; k < TILES; k++) {

for (m = k+1; m < TILES; m++)
FOR k = 0..TILES-1 dtsqrt(ALk][k], Alm][k], TIm][K]);
FORm =ct1. TILES-1 dlarfb(ALK]LK], TIKILK], ALKInD);
ALKILK], AlmI[K], TIm][K] « DTSQRT(ALK][K], Alm][K], T[m][k]) for (m = k+1; m < TILES; m++)
FOR n = k+1..TILES-1 dssrfb(A[m][k], TIm][k], AKI[n], ...
A[KIIn] « DLARFB(A[KI[k], TIk1[k], AlkI[n]) ! }

FOR m = k+1..TILES-1
A[k][n], AlIm][n] « DSSRFB(A[m][k], TIm][k], A[k][n], A[lm][n])

#pragma css finish



Schedule Comparison




Performance Comparison
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GUST Motivation

¢ Eliminating artificial synchronizations — better throughput
(e.g., between factorization and solve, steps of iterative refinement, etc.)

Craft for use in numerical libraries
Drop compiler support in favor of an APl — more robust, more control

Customize task prioritization
Customize data renaming
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GUST APl — defining a tasks

void CORE_dgetrf(
int M, int N, int IB,
double *A,

int LDA, int *IPIV)

void CORE dgetrf()
{
int M, N IB;
double *A;
int LDA, *IPIV;
unpack args 6(M, N, IB, A, LDA, IPIV);



GUST APl — queueing a tasks

CORE_dgetrf (
NB ’
NB ,
IB ,

A(k, k),
NB ,
IPIV(k, k));

Insert Task(CORE dgetrf,

&NB , sizeof(int) , VALUE ,
&NB , sizeof(int) , VALUE ,
&1B , sizeof(int) , VALUE ,
A(k, k) , NB*NB*sizeof (double), INOUT ,
&NB , sizeof (int) , VALUE ,

IPIV(k, k), NB*sizeof(double) , OUTPUT,
NULL) ;



GUST APl — Tile LU

for (k = 0; k < BB; k++) { for (k = 0; k < BB; k++) {
CORE_dgetrf( Insert_Task(CORE dgetrf,

A(k, k), A(k, k), NB*NB*sizeof (double), INOUT,

IPIV(k, k), IPIV(k, k), NB*sizeof(double), OUTPUT,

for (n = k+1; n < BB; n++)
CORE_dgessm(
IPIV(k, k),
A(k, k),
A(k, n),

for (n = k+1; n < BB; nt++)
Insert Task(CORE dgessm,
IPIV(k, k), NB*sizeof(double), INPUT,
A(k, k), NB*NB*sizeof (double), NODEP, —
A(k, n), NB*NB*sizeof(double), INOUT,

for (m = k+1; m < BB; mt+) {

for (m = k+1l; m < BB; m++) {
CORE dtstrf(

Insert Task(CORE dtstrf,

A(k, k), A(k, k), NB*NB*sizeof (double), INOUT,
A(m, k), A(m, k), NB*NB*sizeof (double), INOUT,
L(m, k),

. L(m, k), NB*IB*sizeof (double), OUTPUT,
LR, L)y IPIV(m, k), NB*sizeof(double), OUTPUT,

for (n = k+1; n < BB; n++)

for (m = k+1; m < BB; m++)
CORE_dssssm(

Insert _Task(CORE dssssm,

25;' 2;' A(%, n), NB*NB*sizeof (double), INOUT,
L(m’ k)’ A(m, n), NB*NB*sizeof (double), INOUT,
A(m: k): L(m, k), NB*IB*sizeof(double), INPUT,
IPIV(m, k), A(m, k), NB*NB*sizeof(double), INPUT,
} IPIV(m, k), NB*sizeof(double), INPUT,
}
}

Scalars removed on both sides for clarity.



GUST API




GUST Dependency Resolution

¢ WAR — Write After Reac_j-
¢ INPUT - OUTPUT

¢ can be eliminated with renaming
¢ don't overwrite until predecessors done reading
¢ likely to occur in PLASMA, but infrequently

* WAW — Write After Write
¢ OUTPUT —» OUTPUT
¢ can be eliminated with renaming
¢ don't overwrite until predecessors done writing
¢ extremely unlikely to happen in PLASMA




GUST Implementation Principles

¢ volatile where possible
¢ mutex where necessary



Exploring the DAG by a Sliding Window
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Exploring the DAG by a Sliding Window




Exploring the DAG by a Sliding Window
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Exploring the DAG by a Sliding Window
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Exploring the DAG by a Sliding Window




Exploring the DAG by a Sliding Window
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GUST Organization

® function
® arguments

® direction (IN, OUT, INOUT)
® start address

® end address
o
o
[ )

—RAW writer
#WAR readers
. —child / descendant

¢ task — a unit of scheduling (quantum of work)
¢ slice — a unit of dependency resolution (quantum of data)



GUST Current State

¢ Perioritizing of tasks
¢ easy to implement, but no compelling case so far

Lagging features
¢ One core devoted to queueing

® (queueing requires optimizations



GUST Current State

¢ Ease of dropping dependencies with the NODEP parameter
¢ Prioritizing of data paths (to be implemented shortly)

Bottom Line = good performance
comparable to SMPSs
occasionally better
not too far from the static schedule



Dropping a Dependency

Insert Task(SCHED dgessm,

&NB , sizeof(int) , VALUE,
&NB , sizeof(int) , VALUE,
&NB , sizeof(int) , VALUE,
&IB , Sizeof(int) , VALUE,

IPIV(k, k), NB*sizeof (double) , INPUT,
A(k, k) , NB*NB*sizeof (double), NODEP,

&NB , sizeof(int) , VALUE,
A(k, n) , NB*NB*sizeof (double), INOUT,
&NB , sizeof(int) , VALUE,
NULL) ;

¢ Allows to easily drop dependency check on a parameter.
¢ Allows for fine tuning the schedule in certain cases
¢ Proved necessary in implementing the tile QR algorithm.



Prioritizing a Data Path

for (k = 0; k < BB; k++) {

Insert_Task(CORE dgetrf,
A(k, k), NB*NB*sizeof (double), INOUT,
IPIV(k, k), NB*sizeof (double), OUTPUT,

for (n = k+1; n < BB; n++)
Insert Task(CORE dgessm,
IPIV(k, k), NB*sizeof(double), INPUT,
A(k, k), NB*NB*sizeof (double), NODEP,
A(k, n), NB*NB*sizeof(double), INOUT,

d yhamic schedule and
for (m = k+1; m < BB; mt++) {

Insert Task(CORE dtstrf, the static schedule.
A(k, k), NB*NB*sizeof (double), INOUT | PRIORITY,
A(m, k), NB*NB*sizeof (double), INOUT,
L(m, k), NB*IB*sizeof (double), OUTPUT,
IPIV(m, k), NB*sizeof(double), OUTPUT,

for (m = k+1; m < BB; mt+)
Insert Task(CORE_dssssm,
A(k, n), NB*NB*sizeof(double), INOUT | PRIORITY,
A(m, n), NB*NB*sizeof(double), INOUT,
L(m, k), NB*IB*sizeof (double), INPUT,
A(m, k), NB*NB*sizeof(double), INPUT,
IPIV(m, k), NB*sizeof(double), INPUT,



Future .....

silly picture from Internet here . . .
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