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omp parallel (do)

e Each “omp parallel-omp end parallel” pair starts &
stops threads: fork-join

 |f you have many loops, these operations on
threads could be overhead

e omp parallel + omp do/omp for

1Somp parallel ... #fpragma omp parallel {...

1Somp do #pragma omp for {
do i= 1, N

1Somp do #fpragma omp for {
do i= 1, N

1Somp end parallel essential }



Exercise !!

* Apply multi-threading by OpenMP on parallel FEM
code using MPI

— CG Solver (solver_CG, solver_SR)
— Matrix Assembling (mat_ass_main, mat_ass bc)

» Hybrid parallel programming model

e Evaluate the effects of
— Problem size, parallel programming model, thread #



SOLVER CG (0/5): Additional Array

do i=1 N I$omp parallel private (PEsmoTOT)
’ smplOT= omp_get _num_threads
(---) PEsmpTOT hreads ()
dd I$omp end paral lel
enadao

allocate (SMPindex (0:PEsmpTOT))
allocate (W RHOO (PEsmpTOT),

& W_C10  (PEsmpTOT),

& W_BNRM20 (PEsmpTOT) ,

& W_DNRM20 (PEsmpTOT) )

SMPindex (0)= 0

do ip= 1, PEsmpTOT nth= N/PEsmpTOT
do i= SMPindex (ip-1)+1, SMPindex (ip) nr = N — Nth+PEsmpTOT
(=) do ip= 1, PEsmpTOT
enddo SMPindex (ip)= nth
enddo if (ip. le.nr) SMPindex(ip)= nth + 1
enddo
PEsmpTOT: Total Number of Threads do ip= 1, PEsmpTOT
SMPindex (ip)= SMPindex (ip-1) +
& SMPindex (ip)

enddo



SOLVER CG (1/5)

do iter= 1, MAXIT do iter= 1, MAXIT
IC IC
I1C } I1C :
IC | {z}= [Minv]{r} | IC | {z}= [Minv]{r} |
IC } I1C :
I$omp parallel do private(i) I$omp parallel private(ip, i)
do i=1, N ip= omp_get_thread_num() + 1
WW(i,Z)= WW(i,R) x WW(i, DD) do i= SMPindex (ip-1)+1, SMPindex (ip)
enddo WW(i,Z)= WN(i,R) % WW(i,DD)
1C=== enddo
!C:::
IC
IC 4 = IC
IC | {RHO}= {r}{z} | IC A =
IC - : IC | {RHO}= {r}{z} |
!C::: IC i t
RHOO= 0. d0 IC===
W_RHOO (ip)= 0.0d0
|$omp parallel do private(i) reduction (+:RHOO) do i= SMPindex(ip-1)+1, SMPindex (ip)
do i=1, N W_RHOO (ip)= W_RHOO (ip) + WW(i, R)*WW(i, 2)
RHOO= RHOO + WW (i, R)*xWW (i, Z) enddo
enddo I$omp end parallel
call MPI_Allreduce (RHOO, RHO, ---) RHOO= 0. d0 _
|C=== do ipo= 1, PEsmpTor  IMCANSIEE
RHOO= RHOO + W_RHOO0 (ip0)
enddo

call MPI_Allreduce (RHOO, RHO, ---)
| C===



SOLVER CG (2/5)

IC
IC + :
IC | {p} = {z} if ITER=1 |
!8 | BETA= RHO / RHO1 otherwise |
1C 4 }
if ( ITER.eq.1 ) then
I$omp parallel do private(i)
do i=1, N
WW(i,P)= WN (i, 2)
enddo
else
BETA= RHO / RHO1
I$omp parallel do private(i)
do i=1, N
WW(i,P)= WW(i,Z) + BETAXWW (i, P)
enddo
endif

I
I1C :
IC | {p} = {z} if ITER=1 |
IC | BETA= RHO / RHOT

otherwise |
IC + :

I$omp parallel private(ip, i)
ip= omp_get_thread_num() + 1
if ( ITER.eq.1 ) then
do i= SMPindex (ip-1)+1, SMPindex (ip)
WW(i,P)= WN(i,2)
enddo
else
BETA= RHO / RHO1
do i= SMPindex (ip—1)+1, SMPindex (ip)
WW(i,P) = WW(i,Z) + BETAxWW (i, P)
enddo
endif
;gomp end parallel



SOLVER CG (3/5)

IC IC
IC + : I1C :
IC | {a}= [Al{p} | IC | {a}l= [A]l{p} |
IC + : I1C :
!C::: !C:::
IC IC
IC— INTERFACE data EXCHANGE IC— INTERFACE data EXCHANGE
call SOLVER_SEND RECV (---) call SOLVER_SEND RECV (---)
I|$omp parallel do private(j,k, i, WAL) I$omp parallel private(ip, ip0, i, j, k, WAL)
do j=1, N ip= omp_get thread num() + 1
WVAL= D (j)+WW(j, P)
do k= index (j-1)+1, index(j) do j= SMPindex(ip-1)+1, SMPindex (ip)
i= item(k) WVAL= D (j)+WW(j, P)
WVAL= WVAL + AMAT (k) *WW (i, P) do k= index(j-1)+1, index(})
enddo i= item(k)
WW(j, Q)= WVAL WVAL= WVAL + AMAT (k) *WW (i, P)
enddo enddo
!C::: WW (_], Q): WVAL

enddo



SOLVER CG (4/5)

IC IC
IC + : I1C i
IC | ALPHA= RHO / {p} {a} | :g | ALPHA= RHO / {p} {a} |
IC + : IC + :
' —— l =
C10= 0.dO W_C10(ip)= 0.0d0
I$omp parallel do private(i) reduction (+:C10) do i= SMPindex (ip-1)+1, SMPindex (ip)
do i=1, N W C10(ip)= W.C10(ip) + WW(i, P)*WW(i,Q)
G10= G10 + WW (i, P)+Ww(i, Q) enddo
enddo I$omp end parallel

call MPI_Allreduce (C10, C1,---)

ALPHA= RHO / C sy NOT parallel

IC=== C10= G10 + W_C10(ip0)
enddo

call MPI_Allreduce (C10, C1, --)

ALPHA= RHO / C1
|C===



SOLVER CG (5/5)

IC

IC 4
IC | {x]
IC | {r]
IC A

{x} + ALPHA*{p} i
{r} — ALPHA*{qa} |

I$omp parallel do private(i)
do i=1, N
X() =X (i) + ALPHA * WW(i, P)
WW(i,R)= WW(i,R) — ALPHA * WW(i, Q)
enddo

DNRM20= 0. d0
gargll?l ﬂo private (i) reduction (+:DNRM20)
o i=1,
DNRM20= DNRM20 + WW (i, R) **2
enddo
call MPI_Allreduce (DNRM20, DNRMZ2, ---)

RESID= dsqrt (DNRM2/BNRM2)
RHO1 = RHO

I $omp

enddo

IC

IC + ‘
IC | {x}= {x} + ALPHA*{p} |
:g | {r}= {r} - ALPHAx{q} |
i C:;: |

I$omp parallel private(ip, ip0, i)
ip= omp_get_thread_num() + 1
do i= SMPindex (ip—-1)+1, SMPindex (ip)
X() =X (i) + ALPHA * WW(i, P)
WW(i,R)= WW(i,R) — ALPHA *x WW(i, Q)
enddo

W_DNRM20 (ip)= 0. 0d0
do i= SMPindex (ip—-1)+1, SMPindex (ip)
W_DNRM20 (ip)= W_DNRM20 (ip) + WW(i, R) **2

do ip0= 1, PEsmpTOT NOT parallel

DNRM20= DNRM20 + W_DNRM20 (ip0)
enddo
call MPI_Allreduce (DNRM20, DNRMZ2, ---)

RESID= dsqrt (DNRM2/BNRM2)
RHO1 = RHO

enddo
I$omp end parallel
DNRM20= 0. dO

enddo
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Mod.A & B (1/5)

do iter=1, MAXIT
IC | {z}= [Minv]{r} i
1C + i

IC

|$omp parallel private(ip, i, ip0)
ip= omp_get_thread_num() + 1
do i= SMPindex(ip—-1)+1, SMPindex(ip)
WW(i,Z)= WW(i,R) = WW(i, DD)

enddo
!C:::
IC + =
IC | {RHO}= {r}{z} |
IC + '

W_RHOO (ip)= 0. 0d0
do i= SMPindex (ip—-1)+1, SMPindex(ip)
W_RHOO (ip)= W_RHOO (ip) + WW (i, R)*xWW (i, 2)
enddo
I$omp barrier
| $omp master
RHOO= 0. d0
do ip0= 1, PEsmpTOT
RHOO= RHOO + W_RHOO (ip0)
enddo
call MPI_Allreduce (RHOO, RHO, ---)

| d mast
LD nd ey Only Master

Thread

do iter= 1, MAXIT
IC | {z}= Minv]{r} i
IC + :

IC

I$omp parallel private(ip, i)
ip= omp_get_thread_num() + 1
do i= SMPindex (ip—-1)+1, SMPindex (ip)
WW(i,Z)= WW(i,R) x WW(i, DD)

enddo
IC + :
IC | {RHO}= {r}{z} |
IC + :
!C:::
W_RHOO (ip)= 0. 0dO
do i= SMPindex (ip-1)+1, SMPindex (ip)
W_RHOO (ip)= W_RHOO Cip) + WW(i, R)*WW(i, 2)
enddo
I$omp end parallel
RHOO= 0. d0 NOT parallel

do ipO= 1, PEsmpTOT
RHOO= RHOO + W_RHOO (ip0)
enddo
call MPI_Allreduce (RHOO, RHO, ---)



Mod.A & B (2/5)

IC
IC

IC | b} = (2} if ITER=1 |
IC | BETA= RHO / RHO1 otherwise |
IC + =

I$omp barrier

if ( ITER.eq.1 ) then
do i= SMPindex (ip—1)+1, SMPindex (ip)
WW(i,P)=WW(i, 2)
enddo
else
BETA= RHO / RHO1
do i= SMPindex (ip—-1)+1, SMPindex(ip)
WW(i,P) = WW(i,Z) + BETA*WW(i, P)
enddo
endif
Egomp end parallel

IC
IC

ic | Ip} = [z} if ITER=1 |
IC | BETA= RHO / RHO1 otherwise |
IC :

I$omp parallel private(ip, i)
ip= omp_get_thread_num() + 1
if ( ITER.eq.1 ) then
do i= SMPindex (ip-1)+1, SMPindex (ip)
WW(i,P)= WN(i,2)
enddo
else
BETA= RHO / RHO1
do i= SMPindex (ip—1)+1, SMPindex (ip)
WW(i,P) = WW(i,Z) + BETAxWW (i, P)
enddo
endif
ggomp end parallel



Mod.A & B (3/5)

IC
IC

IC | {q)= [Al{p} |
IC - :

c
C— INTERFACE data EXCHANGE
call SOLVER_SEND_RECV (---)

I$omp parallel private(ip, ip0, i, j, k, WAL)
ip= omp_get thread num() + 1

do j= SMPindex (ip—-1)+1, SMPindex(ip)

WVAL= D(j)+W (j, P)
do k= index(j-1)+1, index(})

i= item(k)

WVAL= WVAL + AMAT (k) *WW (i, P)
enddo
WW(j, Q)= WVAL
c enddo

IC
IC

IC | {a}= [Al (o} |
IC + :

Ic
C—— INTERFACE data EXCHANGE
cal | SOLVER_SEND_RECV (---)

I$omp parallel private(ip, ip0, i, j, k, WAL)
ip= omp_get thread num() + 1

do j= SMPindex (ip—-1)+1, SMPindex (ip)

WVAL= D (j)+WW(j, P)
do k= index(j-1)+1, index(})

i= item(k)

WVAL= WVAL + AMAT (k) *WW (i, P)
enddo
WW(j, Q)= WVAL
" enddo
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Mod.A & B (4/5)

IC

IC 4 ‘

:g | ALPHA= RHO / {p} {a} |

! C:::
W_C10(ip)= 0.0d0
do i= SMPindex (ip-1)+1, SMPindex (ip)

W_C10(ip)= W_C10(Cip) + WW(i, P)«WW (i, Q)

enddo

|$omp barrier

Only Master
| $omp master
C10= 0.d0

Thread
do ip0O= 1, PEsmpTOT
G10= G10 + W_C10(ip0)
enddo

call MPI_Allreduce (C10, C1, ---)
I$omp end master

I$omp barrier
ALPHA= RHO / C1
! C===

IC

IC - !
:g | ALPHA= RHO / {p} {a} |

W_G10(ip)= 0.0d0
do i= SMPindex (ip-1)+1, SMPindex (ip)
W_C10(ip)= W.C10(ip) + WW(i,P)+W (i, Q)
enddo
I$omp end parallel

G10= 0.d0

NOT parallel
do ip0O= 1, PEsmpTOT

C10= C10 + W_C10(ip0)
enddo

call MPI_Allreduce (C10, C1, ---)

ALPHA= RHO / C1
1C===
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Mod.A & B (5/5)

IC

IC + ‘
IC | {x}= {x} + ALPHA*{p} |
:g | {r}= {r} - ALPHAx{q} |
i C:;: |

{x} + ALPHA%*{p} i

{x}=
IC | {r}= {r} - ALPHA*{q} |
IC + =
do i= SMPindex(ip-1)+1, SMPindex (ip)
X(i) =X (i) + ALPHA * WW(i, P)
WW(i,R)= WW(i, R) — ALPHA = WW(i, Q)
enddo
W_DNRM20 (ip)= 0. 0d0
do i= SMPindex(ip-1)+1, SMPindex (ip)
W_DNRM20 (ip)= W_DNRM20 (ip) + WW(i, R) %%2
enddo
I$omp end parallel
DNRM20= 0. d0 NOT parallel

do ip0= 1, PEsmpTOT

DNRM20= DNRM20 + W_DNRM20 (ipO)
enddo
call MPI_Allreduce (DNRM20, DNRMZ2, ---)

RESID= dsqrt (DNRM2/BNRM2)
RHO1 = RHO

enddo

I$omp parallel private(ip, ip0, i)
ip= omp_get thread num() + 1
do i= SMPindex(ip-1)+1, SMPindex (ip)
X(i) =X (i) + ALPHA * WW(i, P)
WW(i,R)= WW(i,R) — ALPHA *x WW(i, Q)
enddo

W_DNRM20 (ip)= 0. 0d0
do i= SMPindex(ip-1)+1, SMPindex (ip)
W_DNRM20 (ip)= W_DNRM20 (ip) + WW(i, R)**2

enddo
I$omp end parallel
DNRM20= 0. dO NOT parallel

do ip0= 1, PEsmpTOT

DNRM20= DNRM20 + W_DNRM20 (ip0)
enddo
call MPI_Allreduce (DNRM20, DNRMZ2, ---)

RESID= dsqrt (DNRM2/BNRM2)
RHO1 = RHO

enddo



Features of Each Implementation
Original
— All loops are !$Somp parallel do/#pragma omp parallel for

Mod.A

— 1$omp parallel/#pragma omp parallel blocks: 4 blocks
— NO $omp do/#pragma omp for

Mod.B

— 1$omp parallel/#pragma omp parallel blocks: 2 blocks
« Before/After SEND-RECV
e Could be a Single Block

— NO $omp do/#pragma omp for
— Overhead of I$Somp master/#pragma omp master

Mod.A and Mod.B are better if thread# is larger

15
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Example: Strong Scaling: Fortran

e 128X 128 %128 nodes, 2,097,152 DOF
e At 16 nodes, Linear Solver
o Ratio to Flat MPI (24 cores/socket)

2.50
[ Effects of
wHB 06x4 wHB 12x2 mHB 24x1 Mod.A/B are more
200 | significant if
= ' Thread#/MPI proc.
S = _ s larger.
o 8 1.50 F
O 55.5 ' Mod.B is slightly
B2 g— [ better for HB 12x2
S | ISEEaa! and HB 24x1.
28 ©
SRl o _
6:5 0.50 I
0.00

Original Mod.A Mod.B



