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\Orchestrating a brighter world

NEC brings together and integrates technology and expertise to create
the ICT-enabled society of tomorrow.
We collaborate closely with partners and customers around the world,

orchestrating each project to ensure all its parts are fine-tuned to local needs.

Every day, our innovative solutions for society contribute to
greater safety, security, efficiency and equality,

and enable people to live brighter lives.



Introduction to Vector Computing
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Scalar Processing

Without Pipelining + Single Pipe:
Only one instruction is executed at a time

© NEC Corporation 2019

time
B
S
= 1L Load numbers
O 2. Multiply mantissa
E 3. Add exponents
"(7; 4. Renormalize
c 5. Store
al*bl az*b2 a3z*b3 a4+*b4 as*bs a6*bé6 a’*bz
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SIMD Processing (Modern Scalar)

Without Pipelining + Multiple Pipes: do i =1, n
Only one instruction is executed at a time c(i) = a(id*b(i)
Parallel execution via multiple pipes Slifel GO
time
e ———
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E 1 Load numbers
2 Multiply mantissa
3 Add exponents
4 Renormalize
5 Store
\_1;;:7=h$ | n?’fht | 2?*/11’ | ::4*hIl | ;:S'*ht' | nﬁ*hz | 27*hF_|
al*bl az*b2 a3z*b3 a4+*b4 as*bs a6 b6 a’*b7
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Vector Processing

doi=1, n
With Pipelining + Single Pipe: c(i) = a(i)*b(i)
Execute instructions in parallel to hide latency [ d°

time

——-
S
= 1. Load numbers
&) 2.  Multiply mantissa
E 3. Add exponents
D 4. Renormalize
(-t 5. Store
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a31*b31
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Parallel Vector Processing (NEC Aurora)

With Pipelining + Multiple Pipes: doi=1,n
Execute instructions in parallel to hide latency. c(i) = a(i)*b(i)
Parallel execution via multiple pipes e el
time
c
S '
5|1 |
2| HL | |
= | [
8 I I I I 1. Load numbers
— I | | 2. Multiply mantissa
I i 3. Add exponents
[] I 4. Renormalize
[ 5. Store
T O e T T T T T T T T T o a4ty
) q ¢ [ a31*b31
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Parallel Vector Processing (NEC Aurora)

With Pipelining + Multiple Pipes: doi=1,n
Execute instructions in parallel to hide latency. c(i) = a(i)*b(i)
Parallel execution via multiple pipes e el

time

Instruction
—

i
I i oad numbers
I | ; ;ulgiplybmantissa
I i 3. Add exponents
[] I 4. Renormalize
[ 50 Store
[T A T U O T O T T edy
] { ¢ a31*b31

« Scalar Approach: Elements first, operations second.
« Vector Approach: (Simultaneous) Operations first, (multiple)
elements first
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Aurora CPU Architecture

= Pipes exist for various
operations:

= Arithmetic operations (ALU pipe): Aurora architecture scheme
C=A=<*8B

C=A*B with available pipes
FMA (fused multiply add): !

D=A+B *C —>§ FMA S

Division (in Aurora):

C=A/B

= Square root (in Aurora):
B = SQRT(A)

= Other operations are
combinations of standard 11843444444
operations:
= SIN, COS, TAN, ATAN,..
= A¥*B, EXP, LOG,..

Cache & Memory
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Vectorizable Structures

= In order to be (automatically)
vectorizable a loop structure
needs to fulfill certain criteria:

= Loop count needs to be known
upon entering the loop

I This might be vectorized
DO i =1, n

doing stuff
END DO

I This is not vectorized
I in general
DO WHILE (stuff to do)

doing stuff
END DO

© NEC Corporation 2019
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Vectorizable Structures

= In order to be (automatically)
vectorizable a loop structure
needs to fulfill certain criteria:

= Loop count needs to be known
upon entering the loop.

= No I/O operations inside the loop.

| This does not vectorize
DO i =1, n

WRITE(*,*) stuff
END DO
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Vectorizable Structures

= In order to be (automatically)
vectorizable a loop structure
needs to fulfill certain criteria:

= Loop count needs to be known
upon entering the loop.

= No I/O operations inside the loop.

= Data needs to be parallel.
Order of operation must not
matter. (Exception for scatter
instructions)

| This does vectorize
DO i =1, n

A(i) A(i) + B(i)
END DO

I This does not vectorize
DO i =1, n

A(i) = A(i-1) + B(1i)
END DO
I The compiler is able to
Build a slower pseudo
vectorized version of this
Lookout for “IDIOM detected”

|
!
|
I in the diagnostics list
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Vectorizable Structures

= In order to be (automatically)

vectorizable a loop structure

needs to fulfill certain criteria:

= Loop count needs to be known
upon entering the loop.

= No I/O operations inside the loop.

= Data needs to be parallel.
Order of operation must not
matter. (Exception for scatter
instructions)

= No complicated function or routine
calls (small functions/routines can
be inlined automatically).

© NEC Corporation 2019

I This vectorizes as the
I functions can be inlined

DO i =1, n
A(i) = inlined fkt(B(i))
A(i) = SQRT(A(1))

END DO

I This does not vectorize
DO i =1, n

CALL not_inlined fkt(A(i))
END DO
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Vectorizable Structures

= In order to be (automatically)
vectorizable a loop structure
needs to fulfill certain criteria:

= Loop count needs to be known
upon entering the loop.

= No I/O operations inside the loop.

= Data needs to be parallel.
Order of operation must not
matter. (Exception for scatter
instructions)

= No complicated function or routine
calls (small functions/routines can
be inlined automatically).

| This does not vectorize
DO i =1, n

A(i) = “Hello ”//”World !”
END DO

= Some data structures (e.g. strings)
are intrinsically non-vectorizable.
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Memory Access in Vector Computers

= \Vector processors have huge
data throughput. Example:

A(1) = B(1)
= Memory access performance
depends on the pattern:
1. Stride 1

ARRRRRNAN

Cache & Memory

Optimal memory access.
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Memory Access in Vector Computers

= Vector processors have huge

data throughput. Exa[?(;'p!e: Lo
1 =1, )
= Memory access performance A(i) = B(i)
depends on the pattern:
1. Stride 1
2. Strided

[ANNOS

Cache & Memory

Not optimal due to only partially
used cache lines.
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Memory Access in Vector Computers

= Vector processors have huge

data throughput. Example:
IF (MOD(i,2) == 0) &
= Memory access performance A(i) = B(i)
depends on the pattern:
1. Stride 1
2. Strided X X X X X

ARRRRRNAN

Cache & Memory

Note that all elements are
loaded into the vector

Not optimal as not every element registers and operated on,

of a cache line is needed. but the write back is only
performed if the condition
applies.
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Memory Access in Vector Computers

= Vector processors have huge
data throughput.

= Memory access performance
depends on the pattern:

1. Stride 1
Strided

2.
3. Mask
4. Gather

Cache & Memory

Example:
A(i) = B(idx(i))

Inefficient due to random memory
access, potential bank conflicts,
partially used cache lines.
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Memory Access in Vector Computers

= \Vector processors have huge
data throughput. Example:

A(idx(i)) = B(i)
= Memory access performance
depends on the pattern:
1. Stride 1
Strided

Mask
Gather
Scatter

Cache & Memory

s wWN

Inefficient due to random memory
access, potential bank conflicts,
partially used cache lines.
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Memory Access in Vector Computers

= \Vector processors have huge
data throughput. Example:

A=A+ B(i)
= Memory access performance
depends on the pattern:
1. Stride 1
Strided

Mask
Gather
Scatter

Reduction

ook wWwN

Cache & Memory

Note that a reduction is usually

executed by accumulating
Not optimal due to condensation partial sums/products/....
into partial sums up to one value
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Aurora Compilers




Aurora Compilers

ncc C Compiler

nc++ C++ Compiler

nfort Fortran Compiler
nar xar Archiver

mpincc MPI C Wrapper
mpinc++ MPI C++ Wrapper
mpinfort MPI Fortran Wrapper
Syntax:

$ <compiler> <cmd line options> \
-Wp, <preprocessor options> \
-Wa,<assembler options> \
-W1l,<linker options> .. <source>

Example:

$ nfort -03 -report-all -Wall -o test.x test.f90
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Compiler Options

Code generation options are similar to most compilers:

-C Create object file

-0 Specify output file

-I/-L Set include/library path
-fpp Use preprocessor

-E Output preprocessed code to

standard output (needs -fpp)
Debug options:

-g Include debug symbols
-traceback Generate traceback

-fcheck=<check> Runtime checks for “bounds”,
“pointer”, .., “all”

-Wall Outputs all syntax warnings
-Werror Treat warnings as errors
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Compiler Options

Optimization options:

-0[0-4] Optimization level. Default: -02
-finline-functions: Allow inlining in files

Performance analysis:

-ftrace Enables ftrace proiler

-report-all Generate listing files

-fdiag-vectior=[0-3] Detail level of vector
diagnostics
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FTRACE - Runtime

e e O Testix test. 130 » FTRACE analyses the
P ferace -detall °f Ftrace-out runtime of different region

EXCLUSIVE V.OP AVER. VECTOR PROC . NAME = -
TIUME RATIO V. LEN. TIME and routines in your
2.415(100.0) 99.43 256.0 2.415 total program-
0.580( 24.0) | 99.56 256.0 0.581 POW = For now important:
0.463( 19.2) | 99.46 256.0 0.464 EXP-LOG
0.274( 11.4) | 99.53 256.0 0.274 LOG n Exclusive runtime
0.262( 10.9) | 99.56 256.0 0.262 TAN e
0.158( 6.5) 99.24 256.0 0.158 COos = \Vector operation ratio
0.156( 6.4) | 99.25 256.0 0.156 SIN ) '
0.153(6.3) | 99.26 256.0 0.153 EXP Aim for close to 100%.
0.098( 4.1 99.47 256.0 0.098 DIV - -
o.o79§ 3.3% 99.40 256.0 0.079 SQRT (90% is still very bad)
0.064( 2.6) | 98.93 256.0 0.064 ADD .
0.063( 2.6) | 98.93 256.0 0.064 MUL Average vector length
0.063(2.6) | 98.93 256.0 0.063 FMA Aim for close to 256.

= Vector time

Aim for close to exclusive time
= Section/Routine name
(as given as call argument)

Note: ftrace produces call overhead. = Rows sorted by Exclusive
Compile routines with huge call count Runtime (sum of user times

H \\_ III
without "-ftrace”! over all processes)
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FTRACE - Features

* You can create your own regions using
call ftrace_region begin (“region_name”)
call ftrace_region_end (“region_name”)
« For MPI programs, multiple output files are generated:
ftrace.out.univ.rank
Process all of them using

ftrace -f ftrace.out.*

Or a single one, e.gt universe 0 and rank O

ftrace -f ftrace.out.9.9
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Format List File

The *.L file gives information about the compilation and vectorization.
Generated with “-report-all -fdiag-vector=3"

NEC Fortran Compiler (2.1.24) for Vector Engine PROCEDURE NAME: TEST
Fri Mar 29 07:01:25 2019 FORMAT LIST
FILE NAME: test.f90
LINE LOOP STATEMENT
PROCEDURE NAME: TEST
DIAGNOSTIC LIST 1: PROGRAM test
2: IMPLICIT NONE
LINE DIAGNOSTIC MESSAGE 3:
4: REAL(8), DIMENSION(2048) :: &
10: vec( 101): Vectorized loop. 5: A, B
10: err( 504): The number of 6: INTEGER :: i
VLOAD, VSTORE.: 2, 1. 7: CALL RANDOM_NUMBER(A)
10: err( 505): The number of 8: CALL RANDOM_NUMBER(B)
VGT, VSC. : o, o. 9:
11: vec( 128): Fused multiply-add operation 10: V------ > DO i = 2, 2048
applied. 11: | F B(i)=B(2048-i+1) + 2*A(i-1)
14: vec( 103): Unvectorized loop. 12: V------ END DO
14: vec( 180): I/0 statement obstructs 13:
vectorization. 14: +------ > DO i =2, 2048
17: opt(1118): This I/0 statement inhibits 15: | B(i) = SQRT(B(i-1))
optimization of loop. 16: | IF (MOD(i,256) == 0) &
17: | WRITE(*,*) i
18: +------ END DO
NEC Fortran Compiler (2.1.24) for Vector Engine 19:
Fri Mar 29 07:01:25 2019 20: END PROGRAM test

FILE NAME: test.f90
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Format List File

10:
10:
10:
11:

VWoOoNOULPSWNER

vec( 101): Vectorized loop.

err( 504): The number of VLOAD, VSTORE.:2,1.
err( 505): The number of VGT, VSC. :0,0.
vec( 128): Fused multiply-add operation applied.

PROGRAM test
IMPLICIT NONE

REAL(8), DIMENSION(2048) :: &
A, B

INTEGER :: i

CALL RANDOM NUMBER(A)

CALL RANDOM NUMBER(B)

B > DO i = 2, 2048

| F B(i) = B(2048-i+1) + 2*A(i-1)
3 Yieo oo END DO
I S > DO i = 2, 2048

| B(i) = SQRT(B(i-1))
| IF (MOD(i,256) == @) &
| WRITE(*,*) i

8 oo END DO

END PROGRAM test

= The loop in line 10 is
vectorized (“V").

© NEC Corporation 2019
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Format List File

10:
10:
10:
11:

coONOUVT A~ WNERE

vec( 101):
err( 504):
err( 505):
vec( 128):

= The loop in line 10 is

Vectorized loop. VectOI‘iZEd (“V”).

The number of VLOAD, VSTORE.:2,1.

The number of VGT, VSC. :0,0. = Two vector loads (VLOAD) for

Fused multiply-add operation applied. B(Z@48-i+1) and A(i-l) are
used.

PROGRAM test
IMPLICIT NONE = One vector store (VSTORE) for

B(i) is used.
REAL(8), DIMENSION(2048) :: &
A, B
INTEGER :: i
CALL RANDOM_NUMBER(A)
CALL RANDOM_NUMBER(B)

DO i = 2, 2048
B(i) = B(2048-i+1) + 2*A(i-1)
END DO

DO i = 2, 2048
B(i) = SQRT(B(i-1))
IF (MOD(i,256) == @) &
WRITE(*,*) i
END DO

END PROGRAM test
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Format List File

10:
10:
10:
11:

coONOUVT A~ WNERE

vec( 101):
err( 504):
err( 505):
vec( 128):

Voo cmo >
| F
Veemm o

+-m---- >

= The loop in line 10 is

Vectorized loop. vectorized (“V")_

The number of VLOAD, VSTORE.:2,1.

The number of VGT, VSC. :0,0. = Two vector loads (VLOAD) for

Fused multiply-add operation applied. B(Z@48-i+1) and A(i-l) are
used.

PROGRAM test
IMPLICIT NONE = One vector store (VSTORE) for

B(i) is used.
REAL(8), DIMENSION(2048) :: &

A, B = No vector gather(VGT) or
INTEGER :: i . .
CALL RANDOM_NUMBER(B) required,

DO i = 2, 2048
B(i) = B(2048-i+1) + 2*A(i-1)
END DO

DO i = 2, 2048
B(i) = SQRT(B(i-1))
IF (MOD(i,256) == @) &
WRITE(*,*) i
END DO

END PROGRAM test
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Format List File

10:
10:
10:
11:

coONOUVT A~ WNERE

vec( 101):
err( 504):
err( 505):
vec( 128):

Voo cmo >
| F
Veemm o

+-m---- >

= The loop in line 10 is

Vectorized loop. VectOI‘iZEd (“V”).

The number of VLOAD, VSTORE.:2,1.

The number of VGT, VSC. :0,0. = Two vector loads (VLOAD) for

Fused multiply-add operation applied. B(Z@48-i+1) and A(i-l) are
used.

PROGRAM test
IMPLICIT NONE = One vector store (VSTORE) for

B(i) is used.
REAL(8), DIMENSION(2048) :: &

A, B = No vector gather(VGT) or
ET\IEGE/ENBS{NUMBER(A) scatter(VSC) instructions are
CALL RANDOM_NUMBER(B) required,

DO i = 2, 2048 = Special instruction Fused
ENDBIg(i)) = B(2048-i+1) + 2*A(i-1) multlply_add (“F") iS used.
DO i = 2, 2048

B(i) = SQRT(B(i-1))
IF (MOD(i,256) == @) &
WRITE(*,*) i
END DO

END PROGRAM test
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Format List File

= The loop in line 10 is

14: vec( 103): Unvectorized loop. vectorized (“V")_
14: vec( 180): I/0 statement obstructs
vectorization. = Two vector loads (VLOAD) for
17: opt(1118): This I/O statement inhibits B(Z@48-i+1) and A(i-l) are
optimization of loop.
used.
1: PROGRAM test = One vector store (VSTORE) for
2: IMPLICIT NONE B(i) is used.
3:
4: REAL(8), DIMENSION(2048) :: & = NOo vector gather(VGT) or
o INTELER s scatter(VSC) instructions are
7: CALL RANDOM_NUMBER(A) required.
8: CALL RANDOM_NUMBER(B) o _
9: = Special instruction Fused
10: V------ > DO i =2, 2048 : _ wery
11: | F B(i) = B(2048-i+1) + 2*A(i-1) multiply-add (“F") is used.
12r Ve END DO = The loop in line 14 is not
14: 4o > DO i = 2, 2048 vectorized(“+").
15: | B(i) = SQRT(B(i-1))
16: | IF (MOD(i,256) == @) &
17: | WRITE(*,*) i
18: +------ END DO
19:
20: END PROGRAM test
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Format List File

= The loop in line 10 is

14: vec( 103): Unvectorized loop. Vectorized (“V")_
14: vec( 180): I/O statement obstructs
vectorization. = Two vector loads (VLOAD) for
17: opt(1118): This I/O statement inhibits B(Z@48-i+1) and A(i-l) are
optimization of loop.
used.
1: PROGRAM test = One vector store (VSTORE) for
ok IMPLICIT NONE B(i) is used.
3:
4: REAL(8), DIMENSION(2048) :: & = NOo vector gather(VGT) or
5: A, B . .
. My scatter(VSC) instructions are
7 CALL RANDOM_NUMBER(A) required.
8: CALL RANDOM_NUMBER(B) o ]
9: = Special instruction Fused
10: V------ > DO i =2, 2048 : _ wery
11: | F B(i) = B(2048-i+1) + 2*A(i-1) mU|t|p|y add ( F ) is used.
12r Ve END DO = The loop in line 14 is not
14: 4---oo- > DO i =2, 2048 vectorized(“+").
15: B(i) = SQRT(B(i-1 :
17: | WRITE(*,*) i line 17 prohibits vectorization.
18: +------ END DO
19:
20: END PROGRAM test
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Format List File — Loop Transformations

+------ > Loop is not vectorized

V------ > Loop is vectorized

S------ > Loop is partially vectorized
C------ > Loop is conditionally vectorized
U------ > Loop is unrolled

O > Loop is expanded

V======)> Array instruction is vectorized
W------ > Nested loops are collapsed

| *----- > and vectorized

X------ > Nested loops are interchanged

| *----- > and vectorized

Extensive lists of format lists symbols are available in the compiler user guides.
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Format List File — Special instructions

I A function call is inlined

M Nested loop is replaced by
matrix-multiply routine

F Fused multiply-add instruction
G Vector gather memory operation
C Vector scatter memory operation
Vv One or more local arrays are

assigned to the vector registers

Extensive lists of format lists symbols are available in the compiler user guides.
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Compiler Directives

INEC$
INEC$

INEC$
INEC$
INEC$
INEC$

INEC$

Use compiler directives to tell the compiler what is allowed
and should be done at specific places in the source code.

ivdep Ignore vector dependencies

shortloop Loop shorter than hardware
vector length

outerloop unroll(n) Unroll outer loop n times

unroll(n) Unroll loop n times

[no]vector [Dis]allows vectorization

vreg(array-name) Assigns array “array-name”
to vector registers

loop _count_test Allow conditional

vectorization based
on loop count

Extensive lists of compiler directives are available in the compiler user guides.
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Hands-on Tutorial

« Use your user ID to log in: hpclab<XY>@Iogin.hpc.itc.rwth-aachen.de
 Connect to Aurora machine: ssh ncaO1

« Obtain Aurora Trainings at
https://www.hpc.nec/forums/topic?id=p8kc9Z

* Or copy from /home/hpclab86/AuroraTraining_Nov2019
» Available in Fortran or C

* Load environment: module load NEC nec nmpi
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Available Exercises

 Beginner exercises:
01 - Operation performance 02 - Expensive Operations
03 - Vector memory access 04 - Simple Inhibitors

« Intermediate exercises:

05 - Loop collapsing 06 — Loop pushing
07 - Index lists 08 — Index lists 2
09 - Index lists 3 10 - While loops

11 - Inner k-loop 12 - Search loops
13 - Loops fusions 14 - Loop unrolling

« Advanced exercises:
15 - Vector registers 16 — Small block I/0O
17 - Hyperplane ordering 18 — Short loop reduction
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Exercise 05 - Loop Coll




Collapsing — Increasing the Vector Length

Consider the following nested loop:

DO j =1, m

DO i =1, n
A(i)j) =
END DO

END DO

Innermost loop is vectorized:

A28 pe=me=e >
14: |V----- >
15: ||

16: |V-----
17: +------

© NEC Corporation 2019

DO j =1, m

DO i =1, n
A(i)j) =
END DO

END DO

let n

16; m = 128

2.0%A(i,7)

2.0%A(i,7)
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Collapsing — Increasing the Vector Length

Vector Registers

1 2 3 oo 16 17 18 19 - 32 - 242 243 - 256

DO i =1, n !n =16

17/ ,2 A(i,1) = 2.0*A(i,1)
END DO
2;}// /}%ﬁr
y
3,1 3
EXCLUSIVE ... V.OP AVER. VECTOR ... PROC.NAME
7 TIME[sec]( % ) ... RATIO V.LEN TIME ...
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Collapsing — Increasing the Vector Length

Vector Registers

1 2 3 oo 16 17 18 19 - 32 e 242 243 - 256

DO i =1, n !n =16
1,1 A(i,2) = 2.0%AC1,2)
END DO
2,1
3,1
EXCLUSIVE ... V.OP AVER. VECTOR ... PROC.NAME
TIME[sec]( % ) ... RATIO V.LEN TIME ...
0.154(C 74.9) . 60.10 0.145 nested
16,1
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Collapsing — Increasing the Vector Length

Memory Layout in Fortran

Matrix Representation Actual Memory Layout

1,1 1,2 1,1 2,1 3,1 16,1 1,2 2,2 3,2 16,2

2,1 2,2

3,1 3,2

16,1 16,2

Matrix Address: Actual Address:
ACT,]3) A(i,j) = Loc(A(1,1D)) + (G-1)*n + 1

A matrix of size (n,m) has the same memory layout as
A matrix of size (n*m,1)!

© NEC Corporation 2019 \Orchestrating a brighter world NEC




Collapsing — Increasing the Vector Length

Consider the following collapsed loop:

DO i = 1, n*m
A(i,1) = 2.0*A(i,1)
END DO

Innermost (only) loop is vectorized:

21: V------ > DO i = 1, n*m
22: | A(i,1) = 2.0*A(i,1)
23: V------ END DO

let n = 16; m = 128 = n*m = 2048
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Collapsing — Increasing the Vector Length

Vector Registers

1, n*m ! 1-256
A(i,1) = 2.0*A(1,1)
END DO

DO 1 =

© NEC Corporation 2019

EXCLUSIVE
TIME[sec]l( % ) ...

0.154( 74.9) ...
0.020( 9.8) ...

. V.OP AVER.
RATIO V.LEN

60.10
94.80

1 2 3 16 17 18 19 32 242 243 256
| =: //
e /2% /é% Note: This does not

work with bound
checking enabled!

Note: Be careful
with gaps in
memory!

Note: The compiler can and will
collapse loops on its own!

VECTOR ... PROC.NAME
TIME ...
16.0 0.145 ... nested
256.0 0.018 ... collapsed
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Exercise 06 — Loop Pushing




Loop pushing

Call to routine obstructs vectorization

SUBROUTINE workl(a, b,c)

REAL, DIMENSION(:,:,:) :: a, b, c
INTEGER :: i, j, k

REAL, DIMENSION(ke) :: loc

DO j=1,je
DO i=1,ie
DO k=1,ke
a(i,j,k)=b(i,j,k)+REAL(k)
END DO
CALL work2(i,j,b,c,loc)
DO k=1,ke
a(i,j,k)=loc(k)*c(i,j,k)
END DO
END DO
END DO
END SUBROUTINE

Loop length in routine is inefficient

SUBROUTINE work2(i,j,b,c,loc)
INTEGER i,7,k

REAL, DIMENSION(:,:,:) :: b, cC
REAL, DIMENSION(:) :: loc

DO k=1, ke
b(i,j,k)=b(i,]j,k)+c(i,],k)

END DO

DO k=2,ke-1
loc(k)=REAL(i+j)/b(i,],k)

END DO

END SUBROUTINE

© NEC Corporation 2019
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Loop pushing

Goal: Separate calculation and subroutine calls.
Every intermediate step will compile and run correctly.

SUBROUTINE workl(a, b,c) SUBROUTINE work2(i,j,b,c,loc)
REAL, DIMENSION(:,:,:) :: a, b, c INTEGER 1i,j,k
INTEGER :: i, j, k REAL, DIMENSION(:,:,:) :: b, cC
REAL, DIMENSION( ke) :: loc REAL, DIMENSION( 1) :: loc
DO j=1,7je
DO i=1,ie
DO k=1, ke
a(i,j,k)=b(i,j,k)+REAL(k) DO k=1,ke
END DO b(i,j,k)=b(i,j,k)+c(i,],k)
END DO

CALL work2(i,j,b,c,loc)

DO k=2,ke-1
loc( k)=REAL(i+j)/b(i,],k)

END DO

DO k=1, ke

a(i,j,k)=loc( k)*c(i,3,k)
END DO END SUBROUTINE
END DO
END DO

END SUBROUTINE
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Loop pushing

1. Promote variables to arrays

SUBROUTINE workl(a, b,c) SUBROUTINE work2(i,j,b,c,loc)
REAL, DIMENSION(:,:,:) :: a, b, c INTEGER 1i,j,k
INTEGER :: i, j, k REAL, DIMENSION(:,:,:) :: b, C
REAL, DIMENSION(ie,ij,ke) :: loc REAL, DIMENSION(:,:,:) :: loc
DO j=1,7je
DO i=1,ie
DO k=1, ke
a(i,j,k)=b(i,j,k)+REAL(k) DO k=1,ke
END DO b(i,j,k)=b(i,j,k)+c(i,],k)
END DO

CALL work2(i,j,b,c,loc)

DO k=2,ke-1
loc(i,j,k)=REAL(i+j)/b(i,],k)

END DO

DO k=1, ke

a(i,j,k)=loc(i,j,k)*c(i,j,k)
END DO END SUBROUTINE
END DO
END DO

END SUBROUTINE
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Loop pushing

2. Separate loops and isolate subroutine

SUBROUTINE workl(a, b,c) SUBROUTINE work2(i,j,b,c,loc)
REAL, DIMENSION(:,:,:) :: a, b, c INTEGER 1i,j,k
INTEGER :: i, j, k REAL, DIMENSION(:,:,:) :: b, C
REAL, DIMENSION(ie,ij,ke) :: loc REAL, DIMENSION(:,:,:) :: loc
DO j=1,7je
DO i=1,ie
DO k=1, ke
a(i,j,k)=b(i,j,k)+REAL(k) DO k=1,ke
END DO b(i,j,k)=b(i,j,k)+c(i,],k)
END DO END DO
END DO
DO j=1,je
DO i=1,ie
CALL work2(i,j,b,c,loc)
END DO DO k=2,ke-1
END DO loc(i,j,k)=REAL(i+j)/b(i,],k)
DO j=1,7je END DO
DO i=1,ie
DO k=1, ke
a(i,j,k)=loc(i,j,k)*c(i,j,k)
END DO END SUBROUTINE
END DO
END DO

END SUBROUTINE
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Loop pushing

3. Push loops into subroutine

SUBROUTINE workl(a, b,c)
REAL, DIMENSION(:,:,:) :: a, b, c
INTEGER :: i, j, k
REAL, DIMENSION(ie,ij,ke) :: loc
DO j=1,7je
DO i=1,ie
DO k=1, ke
a(i,j,k)=b(i,j,k)+REAL(k)
END DO
END DO
END DO

CALL work2(i53+b,c,loc)

DO j=1,je
DO i=1,ie
DO k=1, ke
a(iJjJk)=loc(i)j)k)*c(i)j)k)
END DO
END DO
END DO
END SUBROUTINE

SUBROUTINE work2(i535b,c,loc)

INTEGER i,7,k

REAL, DIMENSION(:,:,:) :: b, C
REAL, DIMENSION(:,:,:) :: loc

DO j=1,je
DO i=1,ie
DO k=1,ke
b(i,Jj,k)=b(i,j,k)+c(i,],k)
END DO

DO k=2,ke-1
loc(i,],k)=REAL(i+j)/b(i,],k)
END DO
END DO
END DO

END SUBROUTINE
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Loop pushing

4. Change loop order

SUBROUTINE workl(a, b,c)
REAL, DIMENSION(:,:,:) :: a, b, c
INTEGER :: i, j, k
REAL, DIMENSION(ie,ij,ke) :: loc
DO k=1, ke
DO j=1,je
DO i=1,ie
a(i,j,k)=b(i,j,k)+REAL(k)
END DO
END DO
END DO

CALL work2( b,c,loc)

DO k=1, ke
DO j=1,je
DO i=1,ie
a(i,j,k)=loc(i,j,k)*c(i,j,k)
END DO
END DO
END DO
END SUBROUTINE

SUBROUTINE work2( b,c,1loc)

INTEGER i,7,k

REAL, DIMENSION(:,:,:) :: b, C
REAL, DIMENSION(:,:,:) :: loc

DO k=1,ke
DO j=1,je
DO i=1,ie
b(i,j,k)=b(i,j,k)+C(i,j,k)
END DO
END DO
END DO
DO k=2,ke-1
DO j=1,]je
DO i=1,ie
loc(i,j,k)=REAL(i+j)/b(i,],k)
END DO
END DO
END DO

END SUBROUTINE

© NEC Corporation 2019
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Index Lists

Consider the following loop with a condition:

DOi=1,m Loads and computations are
+ A(\%;):SSF'{QBE';';' performed for every element.
END IE When storing the result the
END DO mask is applied.
Condition is almost always true Condition is almost never true
X XX XIX|IX[X[X]|X]|X
B(i);31415926-53 2|-7|1|-8|-2|-8|-1|-8[-2]-8
Cache & Memory Cache & Memory
Wasting very few loads and Wasting a lot of loads and
computations > Almost no loss computations - Significant
in performance decrease in performance
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Index Lists

Use a list containing the indices of cases where the condition applies

DO j 1, maxidx
i = idx_list(j)
A(i) = SQRT(B(1))
END DO

Condition is almost never true,
work only on memory where required

N

idx 3 5 7 11 | 13 | 17 | 19 | 23 | 29 | 31

Cache & Memory

Wasting no loads
- Maximum performance
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Index Lists

Rewriting a loop with an index list needs two steps

I Original Loop

DO i = 1, n
IF (B(i) > ©.8) THEN

A(i) = SQRT(B(i))
END IF
END DO

= Note: Building and using index
lists is expensive.

= More complex load behavior
Gather/Scatter patterns.

= Potentially more bank conflicts.

= They should only be used if
everything else fails.

INTEGER :: idx, maxidx
INTEGER :: idx_list(n)

I 1. Setup index list
maxidx = ©
DO i =1, n
IF (B(i) > ©.0) THEN
maxidx = maxidx + 1
idx_list(maxidx) = i
END IF
END DO

12. Use index list
INEC$ ivdep
DO idx = 1, maxidx
i = idx_list(idx)
A(i) = SQRT(B(i))
END DO

© NEC Corporation 2019
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Index Lists

An index list often needs to be injective!
Every index must only appear once in the list

D0i=1,n A(3) = A(3) + B(1)
AG) S A+ B(d) () & (@) o B)
END DO A(5) = A(5) + B(3)
A(3) = A(3) + B(4)

A(6) = A(6) + B(5)

= Executed in serial is fine.
= Executed simultaneously

\ leads to an undefined
| result in A(3).

A = Scatter only is fine.
= Gather only is fine.
ldx | 3]2 |5 3|6 |13 168 ]9~ = Gather + scatter can lead
Cache & Memory to problems.
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While Loops — Boolean Masks

“While loops”, or any loop whose iteration count is not
known upon entering the loop, are impossible to vectorize
automatically, but are a necessary programming technique.
Utilizing a Boolean mask or an index list are two techniques
to rewrite the while loop such that it is vectorizable.

DO i =1, n
DO WHILE (B(i) > C(i))
B(1) = B(1) / A(1)
END DO
END DO

12: vec( 103): Unvectorized loop.

12: vec( 113): Overhead of loop division is too large.

13: opt(1082): Backward transfers inhibit loop optimization.
13: vec( 103): Unvectorized loop.

13: vec( 108): Unvectorizable loop structure.

12: +------ > DO i =1, n

13: |+----- > DO WHILE (B(i) > C(i))
14: || B(i) = B(i) / A(di)
15: |+----- END DO

16: +------ END DO
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While Loops — Boolean Masks

Goal: Generate vectorizable innermost loop using Boolean
mask

DO i =1, n
DO WHILE (B(i) > C(i))
B(1) = B(1) / A(1)

END DO
END DO
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While Loops — Boolean Masks

1. Push while loop outside
2. replace “while-condition” with “if-condition”
3. Pull operation out of “if-condition”

DO WHILE (there is still work)

DOi=1, n
B(i) = B(i) / A(i)
IF (B(i) > C(i)) THEN

END IF
END DO
END DO
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While Loops — Boolean Masks

4. Introduce counter on how much work is to be done

INTEGER :: todo
todo = n

DO WHILE (todo > 9)
todo = ©
DO i =1, n
B(i) = B(i) / A(i)
IF (B(i) > C(i)) THEN
todo = todo + 1

END IF
END DO
END DO
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While Loops — Boolean Masks

The inner most loop is now vectorizable.
This solution works best if a similar amount of iterations is
expected for every 1i.

17:
17:
17:

13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:

err( 504): The number of VLOAD, VSTORE.: 3,
err( 505): The number of VGT, VSC. i 0,
vec( 101): Vectorized loop.

todo = n
t------ > DO WHILE (todo > 0)
| todo = ©
|V----- > DO i =1, n
I B(1) = B(i) / A(i)
| IF (B(i) > C(i)) THEN
| | todo = todo + 1
| | END IF
|V----- END DO
o m END DO

=

© NEC Corporation 2019
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While Loops - Index List

Goal: Generate vectorizable innermost loop using index list.

DO i =1, n
DO WHILE (B(i) > C(i)) THEN
B(1) = B(1) / A(1)

END DO
END DO
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While Loops - Index List

Setup initial index list

Usage and update of index list

1. Pull out “while loop”,
replace by if
2. pull operation out of the if

DO WHILE (index list has entries)

DO i =1, n
B(i) = B(1) / A(1)
IF (B(i) > C(i)) THEN
END IF

END DO

END DO

© NEC Corporation 2019
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While Loops - Index List

Setup initial index list Usage and update of index list

3. Build initial index list

INTEGER :: maxidx, maxidxnew, idx DO WHILE (index list has entries)
INTEGER :: idx_list(n)

maxidx = ©

DO i =1, n DO i =1, n
IF (B(i) > C(i)) THEN
maxidx = maxidx + 1 B(i) = B(i) / A(i)
idx_list(maxidx) = i IF (B(i) > C(i)) THEN
END IF
END DO
END IF
END DO
END DO
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While Loops - Index List

Setup initial index list Usage and update of index list

4. Replace do loop with index loop

INTEGER :: maxidx, maxidxnew, idx DO WHILE (maxidx > 0)
INTEGER :: idx_list(n)
INEC$ ivdep
maxidx = @
DO i =1, n DO idx = 1, maxidx
IF (B(i) > C(i)) THEN i = idx_list(idx)
maxidx = maxidx + 1 B(i) = B(i) / A(i)
idx_list(maxidx) = i IF (B(i) > C(i)) THEN
END IF
END DO
END IF
END DO
END DO
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While Loops - Index List

Setup initial index list Usage and update of index list

5. Update index list and maxidx

INTEGER :: maxidx, maxidxnew, idx DO WHILE (maxidx > 0)
INTEGER :: idx_list(n) maxidxnew = ©
INEC$ ivdep
maxidx = @ INEC$ loop_ count_test
DO 1 =1, n DO idx = 1, maxidx
IF (B(i) > C(i)) THEN i = idx_list(idx)
maxidx = maxidx + 1 B(i) = B(i) / A(i)
idx_list(maxidx) = i IF (B(i) > C(i)) THEN
END IF maxidxnew = maxidxnew + 1
END DO idx_list(maxidxnew) = i
END IF
END DO
maxidx = maxidxnew
END DO

Note that the index list can only get shorter, thus overwriting it does not
destroy needed information
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While Loops - Index List

17:
18:
19:
20:
21:
22:
23:
14:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:

maxidx = O

S > DO i =1, n

IF (B(i) > C(i)) THEN

= maxidx

+ 1

idx_list(maxidx) = i

|
| maxidx
|
|

END IF

Yoo e END DO

+------ > DO WHILE (ma

maxidxnew
INEC$ ivd

V----- > DO idx =

()]

B(i) =

maXx

()]

END IF
V----- END DO
maxidx =

o oomoe END DO

xidx > 0)
= 0

ep

1, maxidx

B(i) / A

idxnew =

maxidxnew

INEC$ loop_count_test

i = idx_list(idx)

(1)

IF (B(i) > C(i)) THEN

maxidxnew + 1

idx_list(maxidxnew) = i

© NEC Corporation 2019
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Inner K-Loop

= The innermost loop (here with index k) depends on the
outer loop indices i and j.

= [t is possible to vectorize the k-loop.

= Depending on L(i,j) the average vector length can turn
out to be disadvantageous

= Three approaches to optimize this:

1. Boolean mask (good if all k-loops are of similar length)

2. Static index list (good if k-loop lengths vary a lot, but memory
intensive)

3.

Dynamic index list (good if k-loop lengths vary a lot, more index

list creation over head)

11:
12:
13:
14:
15:
16:
17:

S >
| +----- >
[[v---->
|1

|IV----

DO j =1, n
DOi=1,m
DO k = 1, L(i,j)
B(i,j) = B(i,j) + 1.0de / A(i,j,k)
END DO
END DO
END DO
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Inner K-Loop — Boolean Mask

Goal: Generate vectorizable innermost loop using Boolean mask

DO j =1, n

DOi=1,m
DO k = 1, L(i,j)

B(i,j) = B(i,j) + 1.edo / A(i,j,k)

END DO
END DO
END DO
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Inner K-Loop — Boolean Mask

1. Exchange i and k-loop and change loop length of k
2. Introduce if-construct (ensuring functionality of k-loop

DO j =1, n

maxk = MAXVAL(L(:,3))

DO k = 1, maxk
DO i =1, m
IF (k <= L(i,j)) THEN
B(i,j) = B(i,j) + 1.ede / A(i,j,k)
END IF
END DO
END DO
END DO
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Inner K-Loop — Boolean Mask

3. Split k-loop into a part that works on all points
and a part where a condition is needed to increase performance

DO j = 1, n
mink = MINVAL(L(:,3))
maxk = MAXVAL(L(:,3))
DO k 1, mink
DO i =1, m
B(i,j) = B(i,3) + B(i,3) / A(i,3,k)
END DO
END DO
DO k = mink+1, maxk
DOi=1,m
IF (k <= L(i,j)) THEN
B(i,j) = B(i,j) + 1.0de / A(i,j,k)
END IF
END DO
END DO
END DO
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Inner K-Loop — Boolean Mask

The innermost loop is now vectorizable

11: +------ > DO j =1, n

12: |V=====> mink = MINVAL(L(:,3))

13: |V=====> maxk = MAXVAL(L(:,3))

14: |+----- > DO k = 1, mink

15: ||V----> DOi=1,m

16: ||| B(i,j) = B(i,j) + B(i,J) / A(i,3,k)
17: ||v---- END DO

18: |+----- END DO

19: |+----- > DO k = mink+1, maxk

20: ||v----> DO i=1, m

21: ||| IF (k <= L(i,j)) THEN

22: |11 B(i,j) = B(i,j) + 1.ede / A(i,j,k)
23: ||| END IF

24: | |V---- END DO

25: |+----- END DO

26: +------ END DO

Note that this is only efficient if all k-loops have similar length!
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Inner K-Loop — Static 2D-Index List

Goal: Generate vectorizable innermost loop using index list

DO j =1, n

DOi=1,m
DO k = 1, L(i,j)

B(i,j) = B(i,j) + 1.0d® / A(i,j,k)
END DO

END DO
END DO

© NEC Corporation 2019
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Inner K-Loop — Static 2D-Index List

1. Build an index list in i for every k

INTEGER :: maxk, max_idx(MAXVAL(L)), max_idx_tmp
INTEGER :: idx_lst(m,MAXVAL(L))

maxk = MAXVAL(L)
DO j =1, n
DO k = 1, maxk
max_idx_tmp = ©
DO i =1, m
IF (k <= L(i,j)) THEN
max_idx_tmp = max_idx_tmp + 1
idx_l1st(max_idx_tmp,k) = i
END IF
END DO
max_idx(k) = max_idx_tmp
END DO
DO i =1, m

DO k = 1, L(i,j)

B(i,j) = B(i,j) + 1.edo / A(i,j,k)
END DO
END DO
END DO
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Inner K-Loop — Static 2D-Index List

2. Exchange order of i and k-loop

INTEGER :: maxk, max_idx(MAXVAL(L)), max_idx_tmp
INTEGER :: idx_lst(m,MAXVAL(L))

maxk = MAXVAL(L)
DO j =1, n
DO k = 1, maxk
max_idx_tmp = ©
DO i =1, m
IF (k <= L(i,j)) THEN
max_idx_tmp = max_idx _tmp + 1
idx_1st(max_idx_tmp,k) = i
END IF
END DO
max_idx(k) = max_idx_tmp
END DO
DO k = 1, maxk

DOi=1, m

B(i,j) = B(i,j) + 1.edo / A(i,j,k)
END DO
END DO
END DO
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Inner K-Loop — Static 2D-Index List

3. Apply index list

INTEGER :: maxk, max_idx(MAXVAL(L)), max_idx_tmp
INTEGER :: idx_lst(m,MAXVAL(L)), idx

maxk = MAXVAL(L)
DO j =1, n
DO k = 1, maxk
max_idx_tmp = ©
DO i =1, m
IF (k <= L(i,j)) THEN
max_idx_tmp = maxidx_tmp + 1
idx_1st(max_idx_tmp,k) = i
END IF
END DO
max_idx(k) = max_idx_tmp
END DO
DO k = 1, maxk
INEC$ ivdep
DO idx = 1, max_idx(k)
i = idx_1lst(idx, k)
B(i,j) = B(i,j) + 1.ede / A(i,j,k)
END DO
END DO
END DO
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Inner K-Loop — Static Index List

The innermost loop is now vectorizable

13: +------ > DO j =1, n

14: |+----- > DO k = 1, maxk

15: || max_idx_tmp = @

16: ||V----> DO i =1, m

17: ||| IF (k <= L(i,j)) THEN

18: ||| max_idx_tmp = max_idx_tmp + 1
19: ||| i_lst(max_idx_tmp,k) = i

20: ||| END IF

21: | |v---- END DO

22: || max_idx(k) = max_idx_tmp

23: |+----- END DO

24: |+----- > DO k = 1, maxk

25: || INEC$ ivdep

26: ||v----> DO idx = 1, max_idx(k)

27: ||| i = i 1st(idx, k)

28: ||| G B(i,j) = B(i,j) + 1.ede / A(i,j,k)
29: | |V---- END DO

30: |+----- END DO

Sl e s END DO

Note that this is best used if the k-loops have strongly varying length!

Note that the performance can be increased by separating the
part, where work is done for every k (1...mink).

\Orchestrating a brighter world N '
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Inner K-Loop — Dynamic Index List

Goal: Generate vectorizable innermost loop using index list

DO j =1, n

DO i =1, m

DO k = 1, L(i,])

B(i,j) = B(i,j) + 1.0d® / A(i,j,k)

END DO

END DO
END DO
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Inner K-Loop — Dynamic Index List

1. Initialize index list for k=1
INTEGER :: maxidx, idx_lst(m), idx

k =1
DO j =1, n
maxidx = ©
DO i =1, m
IF (k <= L(i,j)) THEN
maxidx = maxidx + 1
idx_lst(maxidx) = i
END IF
END DO
DOi=1, m
DO k = 1, L(i,7)
B(i,j) = B(i,j) + 1.ede / A(i,j,k)
END DO
END DO
END DO

\Orchestrating a brighter world N Ec
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Inner K-Loop — Dynamic Index List

2. Replace i and k-loop by while loop with index loop

INTEGER :: maxidx, idx_lst(m), idx
k =1
DO j =1, n
maxidx = ©
DO i 1, m
IF (k <= L(i,j)) THEN
maxidx = maxidx + 1
idx_lst(maxidx) = i
END IF
END DO
DO WHILE (maxidx > @)

I X -

INEC$ ivdep
DO idx = 1, maxidx
i = idx_1lst(idx)

B(i,j) = B(i,j) + 1.0d® / A(i,],k)

END DO

END DO
END DO
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Inner K-Loop — Dynamic Index List

3. Conditionally update index list

INTEGER :: maxidx, idx_lst(m), idx, nmaxidx

k =1
DO j =1, n
maxidx = ©
DOi=1, m
IF (k <= L(i,j)) THEN
maxidx = maxidx + 1
idx_lst(maxidx) = i
END IF
END DO

DO WHILE (maxidx > 0)
nmaxidx = ©
k =k +1
INEC$ ivdep
DO idx = 1, maxidx

i = idx_lst(idx)

IF (k <= L(i,j)) THEN
B(i,j) = B(i,j) + 1.ede / A(i,j,k)
nmaxidx = nmaxidx + 1
idx_lst(nmaxidx) = i

END IF

END DO
maxidx = nmaxidx
END DO
END DO
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Inner K-Loop — Dynamic Index List

11:
12:
13:

15:
16:
17:
18:
19:
20:
21:
22:
23:
24
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:

V======> maxk

The in

k =1
MAXVA
------ > DO j =1, n
maxidx =
----- > DO i = 1,
IF (1

nermost loop is now better vectorizable

Note that this is only
efficient because the
0 index list creation

" can be “hidden”

<= L(i,j)) THEN _
idx = maxidx + 1 behind the

L(L)

idx_lst(maxidx) = i computation by the

END IF
----- END DO
----- > DO WHILE

nmaxid

Vv
|
| max
|
|
Vv

INEC$
SRS DO idx
i =

G IF

END
---- END DO
maxidx

foo oo END DO

compiler.

(maxidx > @)
X =0

k =k +1

ivdep

= 1, maxidx

idx_1lst(idx)

(k <= L(i,j)) THEN
B(i,j) = B(i,j)+1.0d0/A(i,]j,k)
nmaxidx = nmaxidx + 1
idx_lst(nmaxidx) = i

IF

= nmaxidx
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Exercise 12 - Search Loops




Search Loops

There are two types of search loops
Extensive searches, where every element has to be read at least once,

1.

2.

10:
11:
12:
13:
14:
15:
16:

in order to find the smallest/largest/... element.

Restricted searches, where only elements are read and compared until a first match
is found (Used here as an example).

DO i=1, m
DO k =1, o
IF (A(k,i) < L(k)) THEN
k s =k
EXIT
END IF
END DO
B(i) = B(i) * A(k_s,i)
END DO

-—==> DO i=1,m

DO k = 1, o
IF (A(k,i,j) < L(k)) THEN
k s =k
EXIT
END IF
END DO

G B(laj) = B(lJJ) * A(k_S,i,j)

=== END DO

= Compiler detects search
pattern and introduces a
vectorized version that is
still inefficient due to the
short vector length.

= Two approaches
(Boolean mask and
index lists) to better
vectorize searches.
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Search Loops — Boolean Mask

Goal: Generate vectorizable innermost loop using Boolean mask

DO i =1, m
DO k = 1, o

IF (A(k,1) < L(k)) THEN
k_s = k
EXIT

END IF

END DO

B(i) = B(i) * A(k.s ,i)
END DO
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Search Loops — Boolean Mask

1. Promote k_s and separate search from computation

DO i = 1,

m
DO k = 1, o

IF (A(k,i) < L(k)) THEN

k s(i) =k
EXIT
END IF
END DO
END DO
DO i =1, m
B(i) = B(i) * A(k_s(i),1)
END DO
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Search Loops — Boolean Mask

2. Eliminate the EXIT statement and replace it by another condition

k s(:) =0
DOi=1,m
DO k =1, o
IF (k_s(i) == @) THEN
IF (A(k,i) < L(k)) THEN
k s(i) = k
Bt
END IF
END IF
END DO
END DO
DOi=1, m
B(i) = B(i) * A(k _s(i),1i)
END DO
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Search Loops — Boolean Mask

3. Exchange i and k loop

IF (k_s(i) == @) THEN
IF (A(k,i) < L(k)) THEN

k s(i) = k
END IF
END IF

END DO
END DO
DOi=1, m

B(i) = B(i) * A(k_s(i),1i)
END DO
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Search Loops

— Boolean Mask

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

V=====> k_s(:) =0

- > DOk =1, o

|V----- > DOi=1, m

| | IF (k_s(i) == @) THEN
| | IF (A(k,i) < L(k)) THEN
| | k s(i) = k

|

| | END IF

| | END IF

|V----- END DO

e END DO

V====== > DOi=1, m

| G B(1) = B(i) * A(k_s(i),1)
V------ END DO

Note that this works best if all searches are
expected to be of similar length
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Search Loops — Index List

Goal: Generate vectorizable innermost loop using index list

DOi=1,m
DO k = 1, o
IF (A(k,i) < L(k)) THEN

k s = k
EXIT

END IF
END DO

B(i) = B(i) * A(k.s ,i)
END DO
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Search Loops — Index List

1. Promote k_s
2. Initialize index list to every element
DO i =1, m
k s(i) = ©
idx_1st(i) = i
END DO

DOi=1,m
DO k = 1, o
IF (A(k,i) < L(k)) THEN

k s(i) = k
EXIT

END IF
END DO

B(i) = B(i) * A(k_s(i),1)
END DO
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Search Loops — Index List

3. Separate search and computation

DO i =1, m

k s(i) = ©

idx_1st(i) = i
END DO
DOi=1,m

DO k =1, o

IF (A(k,i) < L(k)) THEN

k s(i) = k
EXIT
END IF
END DO
END DO
DO i =1, m
B(i) = B(1) * A(k_s(1),1)
END DO
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Search Loops — Index List

4. Apply and update index list

DO i =1, m
k s(i) = ©
idx_1st(i) = i
END DO
maxidx = m
DO k =1, o
nmaxidx = ©
DO idx = 1, maxidx
i = idx_1st(idx)
IF (A(k,i) < L(k)) THEN
k s(i) = k
ELSE
nmaxidx = nmaxidx + 1
idx_1lst(nmaxidx) = i
END IF
END DO
maxidx = nmaxidx
END DO
DO i =1, m
B(i) = B(i) * A(k _s(i),1i)
END DO
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Search Loops — Index List

8: Vo-nom-- > DOi=1,m

9: | k s(i) = @

10: | idx_1st(i) = i

11: V------ END DO

12: maxidx = m

13: +------ > DOk =1, o

14: | nmaxidx = 0

15: |V----- > DO idx = 1, maxidx

16: || i = idx_1st(idx)

17: || IF (A(k,i) < L(k)) THEN
18: || k s(i) = k
19: || ELSE

20: || nmaxidx = nmaxidx + 1
21: || idx_1st(nmaxidx) = i
22: || END IF

23: |V----- END DO

24: | maxidx = nmaxidx

25 +------ END DO

26: V------ > DOi=1, m

27: | G B(i) = B(i) * A(k_s(i),i)
28: V------ END DO

Note that this approach works best if the searches
are expected to have strongly varying length
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Exercise 15 - Vector Registers




Vector Registers

= \Vector registers can be used in order to eliminate load and store
operations. Like a perfect loop unroll of length of the hardware
vector length.

DO j = 1,
DO i =
c(i)
END DO
END DO

m
1, n
= 0.1*C(1i) + A(1)

= C(i) and A(i) are needed again in the next iteration of j, thus
need to be loaded again.

= Dividing the i loop in chunks such that C(i) and A(i) can stay
loaded would increase performance.

= The INEC$ vreg(varname) directive can be used to assign local
arrays directly to the vector registers to eliminate additional
loads. (No allocation in memory is done)

= The vector registers on the Aurora have a length of 256.
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Vector Registers

Goal: Divide the i loop into chunks of 256 (stripmining)
and store A(i) and C(i) in a vector register arrays.
For the sake of simplicity only the loads of A are optimized for now.
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Vector Registers

1. Imagine the i loop was only 256 iterations long (corrected later)
2. Create a local work array of length 256 and copy A(i) in

REAL(8) :: vrega(256)

DO i = 1, 256

vrega(i ) = A(1)
END DO
DO j =1, m
DO i = 1, 256
C(i) = 0.1*C(1) + vrega(i )
END DO
END DO
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Vector Registers

3. Assign the local array to the vector registers using the directive.
If the array A was only 256 elements long this would be the result for A

REAL(8) :: vrega(256)

INEC$ vreg(vrega)

IThis directive must be
lafter the declaration block

DO i = 1, 256

vrega(i ) = A(1)
END DO
DO j =1, m
DO i = 1, 256
C(i) = 0.1*C(1) + vrega(i )
END DO
END DO
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Vector Registers

4. Create an outer loop for iterating over chunks of length 256
is is the start and ie is the end index of the chunk.

REAL(8) :: vrega(256)
INEC$ vreg(vrega)

DO is = 1, n, 256
ie = MIN(is-1+256, n)
DO i = is, ie
vrega(i-is+1) = A(1i)
END DO
DO j =1, m
DO i = 1, 256
C(i) = 0.1*C(i) + vrega(i-is+l1)
END DO
END DO
END DO
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Vector Registers

15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:

------ > DO is = 1, n, 256
ie = MIN(is-1+256, n)

V----- > DO i = is, ie

| Y% vrega(i-is+1) = A(i)

V----- END DO

+----- > DO j = 1, m

|lV----> DO i = is, ie

| | vV C(i) = @.1*C(1i) + vrega(i-is+1)
|V---- END DO

+----- END DO

—————— END DO

V (lines 18 and 22) shows that the compiler
utilizes vector registers to store our local array.
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Vector Registers

5. Create a local array for C
and assign it to the vector registers

REAL(8) :: vrega(256), vregc(256)
INEC$ vreg(vrega)
INEC$ vreg(vregc)
DO is = 1, n, 256
ie = MIN(is-1+256, n)
DO i = is, ie
vrega(i-is+1l) = A(1)
vregc(i-is+1l) = C(1)
END DO
DO j = 1, m
DO i = is, ie
vregc(i-is+1l) = 0.1*vregc(i-is+1) + vrega(i-is+1)
END DO
END DO

END DO
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Vector Registers

6. Copy the vector register back to array C

REAL(8) :: vrega(256), vregc(256)
INEC$ vreg(vrega)
INEC$ vreg(vregc)
DO is = 1, n, 256
ie = MIN(is-1+256, n)
DO i = is, ie
vrega(i-is+1l) = A(1)
vregc(i-is+1) = C(1)
END DO
DO j = 1, m
DO i = is, ie
vregc(i-is+1l) = 0.1*vregc(i-is+1) + vrega(i-is+1)
END DO
END DO
DO i = is, ie
C(i) = vregc(i-is+1)
END DO
END DO
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Vector Registers

15: +------ > DO is = 1, n, 256

16: ie = MIN(is-1+256, n)

17: [(V----- > DO i = is, ie

18: || Y% vrega(i-is+1) = A(i)

19: || Y% vregc(i-is+1) = C(i)

20: |[V----- END DO

21: |4----- > DO j =1, m

22: V----> DO i = is, ie

23: | Y vregc(i-is+1) = 0.1*vregc(i-is+1)
+ vrega(i-is+1)

24 V---- END DO

25: |+----- END DO

26: |V----- > DO i = is, ie

27: || Y% C(i) = vregc(i-is+1)

28: |[V----- END DO

29: +------ END DO
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Vector Registers

DO 2, n-1

= 2, h-1
i,3)=A(i,3)-A(i,3-1)+B(i,3)-B(i,j+1)
END DO

j =
DO i
C(

END DO
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Vector Registers

DO j = 2, nh-1
DO i = 2, n-1
C(i)j)=A(i:j)'A (i Jj'1)+B (i Jj)'B(iJj+1)

END DO
END DO
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Vector Registers

1. Stripmine the innermost loop

DO is = 2, n-1, 256
ie = is, min(is-1+256,n-1)

DO j = 2, n-1
INEC$ ivdep
DO i = is, ie
C(i)j)=A(i:j)' A(i Jj'1)+ B(i Jj)'B(iJj+1)

END DO
END DO
END DO
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Vector Registers

2. Introduce two local arrays of length 256
REAL, DIMENSION(256)::vrega,vregb

DO is = 2, n-1, 256
ie = is, min(is-1+256,n-1)
INEC$ shortloop
DO i = 1s, ie
vrega(i+l-ii)=a(i,1)
vregb(i+1-ii)=b(i,2)
END DO
DO j = 2, n-1
INEC$ ivdep
DO 1 = is, ie
C(i,j)=A(i,j)-vrega(i+l-is)+vregb(i+1l-is)-B(i,j+1)
vrega(i+l-ii)=A(i,7)
vregb(i+1-ii)=B(i,j+1)
END DO
END DO
END DO
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Vector Registers

3. Assign the local arrays to vector registers

REAL, DIMENSION(256)::vrega,vregb
INEC$ vreg(vrega)
INEC$ vreg(vregb)
DO is = 2, n-1, 256
ie = is, min(is-1+256,n-1)
INEC$ shortloop
DO i = is, ie
vrega(i+l-ii)=a(i,1)
vregb(i+1-ii)=b(i,2)
END DO
DO j = 2, n-1
INEC$ ivdep
DO i = is, ie
C(i,j)=A(i,j)-vrega(i+l-is)+vregb(i+1l-is)-B(i,j+1)
vrega(i+l-ii)=A(i,7j)
vregb(i+1-ii)=B(i,j+1)
END DO
END DO
END DO
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Vector registers

= The Aurora has vector registers of length 256

= Only for high end tuning.
Often the quick solution, a simple loop unroll of length 8,
gives you 80% of the performance.

= Vector registers are very fragile in their usage.
= Only use them for arithmetic operators (+,-,%*,/).

= Usage of functions or calls in expression with vector registers
e.g. vreg(i) = SQRT(vreg(i))
can give massively wrong results.

= Use as few vector register assignments as possible to avoid
side effects.
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Conflicting Memory Access




Memory Bank Conflicts

Clock Cycle: 00

Stride = 1 Stride = 2 Stride = 3
Elements read = 0 Elements read = 0 Elements read = 0
Banks Banks Banks
1 2 3 4 1 2 3 4 1 2 3 4
AD AQ2) A(3) A(4) A(D A(2) AQ3) A(4) A(D A(2) AQ3) A(D)
A(5) A(6) A(7) A(8) A(5) A(6) A(7) A(8) A(5) A(6) A(7) A(8)
A(9) AC10) | AC1D) | AC(12) A(9) AC10) | AC(1D) | A(12) A(9) AC10) | AC11) | A(12)
A(13) | AC(14) | A(15) | AC16) A(13) | A(14) | A(15) | A(16) A(13) | A(14) | A(15) | A(16)

Ready for access

I Accessing

I Blocked from access (Bank busy time = 2 cycles)
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Memory Bank Conflicts

Clock Cycle: 01

Stride = 1 Stride = 2 Stride = 3
Elements read = 1 Elements read = 1 Elements read = 1

Banks Banks Banks
2 3 4 2 3 4 2 3 4
[ | [ s | [ |

A(2) A(3) A(4)

AC2) | A3 | AD A2 | A3 | AMD

A(5) A(6) A(7) A(8) A(5) A(6) A(7) A(8) A(5) A(6) A(7) A(8)
A(9) AC10) | A(1D) | AC(12) A(9) AC10) | A(1D) | A(12) A(9) AC10) | AC1D) | A(12)
A(13) | AC(14) | A(15) | AC16) A(13) | A(14) | A(15) | A(16) A(13) | A(14) | A(15) | A(16)

Ready for access

I Accessing

I Blocked from access (Bank busy time = 2 cycles)
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Memory Bank Conflicts

Clock Cycle: 02

Stride = 1 Stride = 2 Stride =
Elements read = 2 Elements read = 2 Elements read = 2
Banks Banks Banks

3 4 4 2 3

AC3) A(4) A(2) AC3) -
A7) A(8) A(6) A(7) A(8)
A(11) A(12) A(10) A(11) A(12)
A(15) | A(16) A(14) | AC15) | A(16)

Ready for access

I Accessing

I Blocked from access (Bank busy time = 2 cycles)
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Memory Bank Conflicts

Clock Cycle: 03

Stride = 1 Stride = 2 Stride = 3
Elements read = 3 Elements read = 2 Elements read = 3

‘ Banks ‘ Banks ‘ Banks \
4 4

A(4)

A(8)

A(12)

A(16)

Bank Conflict!

Ready for access

Accessing

Blocked from access (Bank busy time = 2 cycles)
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Memory Bank Conflicts

Clock Cycle: 04

Stride = 1 Stride = 2 Stride = 3
Elements read = 4 Elements read = 3 Elements read = 4

Banks \ ‘ Banks ‘ Banks \
1 4

Ready for access

I Accessing

I Blocked from access (Bank busy time = 2 cycles)
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Memory Bank Conflicts

Clock Cycle: 05

Stride = 1 Stride = 2 Stride = 3
Elements read = 5 Elements read = 4 Elements read = 5

‘ Banks \ ‘ Banks ‘ Banks \
4

Ready for access

I Accessing

I Blocked from access (Bank busy time = 2 cycles)
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Memory Bank Conflicts

Clock Cycle: 06

Stride = 1 Stride = 2 Stride = 3
Elements read = 6 Elements read = 4 Elements read = 6

‘ Banks \ ‘ Banks ‘ Banks \
4

A(4)

A(8)

A(12)

A(16)

Bank Conflict!

Ready for access

I Accessing

I Blocked from access (Bank busy time = 2 cycles)
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Performance Decrease with Bank Conflicts

90000 =—e—Less efficient use of cacheline, but no

PROGRAM bankconflicts bank conflicts

IMPLICIT NONE —e—Bank conflicts with stride as power of 2 ?

EGARKD=E), PRRAIEER 88 & —e—No bank conflicts with stride as power
n = 2147483647 of 2 +/- 1
REAL(KIND=8), PARAMETER :: &
s = 0.5d0 !
9000
REAL(KIND=8) :: A(n), B(n) °
INTEGER(KIND=8) :: i, j, stride

READ(*,*) stride
A=0.0do
B=0.5d0o

Time / ms

CALL ftrace region_begin("loop") 900
DO j = 1, stride
DO i = j, n, stride
A(i) = s + B(1i)
END DO
END DO
CALL ftrace_region_end("loop")

25% cache efficiency

50% cache efficiency

END PROGRAM bankconflicts 90
1 2 4 8 16 32 64 128 256 512 1024
Stride
Note: To predict bank conflicts is complicated, but as general rule
try to avoid strides which are multiples of 16 and/or 24.
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SX Aurora Tsubasa — Web Forum

Visit hpc.nec/forums for discussion and help on vector engine usage,
porting, performance and much more!

NEC \Orchestrating a brighter wor = Menu

NEC Aurora Web Forums Search... £ Ranking +) Login O Site Info

TOP
THE MOST LIKED TOPICS IN THIS MONTH

= HPCG VE now at 5.99% efficiency (wa... - HAM-Offload... ' ASLFFTW C+... - Iterative Sp... - FFTW imple...

TOP TOPICS ACTIVITY CREATED LAST REPLY
Bookmarks . )
0 replies a year ago Mo replies
by k-ishizaka
Guides to Aurora Forum website /contact to web ad
min 0 replies a year ago 9 months ago
by NEC Admin. Shun Suzuki
H to "attacl file" topi .
ow to “attach a file” on topic 2 replies 7 manths ago 6 months ago

by NEC admn. ShunSuzuki(2)
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Thank You

Thank you for participating in the NEC training on
vector computer programming.

We from NEC hope that it was an informative and fun experience
for you.

If you encountered any problems with the training slides or the
programming exercises please let us know in the Aurora forum.

If you have further questions regarding vector computing or

programming our NEC team is always happy to help in the Aurora
forum.

Your NEC Deutschland team
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