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Preface FUﬁTSU

® This document describes how to tune ® Trademarks
applications for the A64FX Processor. ® Linux® is a trademark or registered trademark of
Linus Torvalds in the United States and other
e Note countries.

e Because of the different compilers in Fortran, C/C++,  ® Red Hatis a trademark or registered trademark of
Trad Mode and Clang Mode, there may be different Red Hat Inc. in the United States and other countries.
tuning methods or no corresponding tuning method. ® ARM is a trademark or registered trademark of ARM

. : : Ltd. in the United States and other countries.
e In the case of similar tuning methods in Trad Mode .
and Clang Mode, the tuning in Clang Mode is omitted. ® Proper names such as the product name mentioned

are trademark or registered trademark of each
e In addition to this document, also see the

company.
. ® Trademark symbols such as ® and ™ may be
following: omitted from system names and product names in
e Fortran User's Guide this document.
e C/C++ User's Guide
® Programming Guide - Processors
® Programming Guide - Integrated Programming Guide
® Programming Guide - Fortran

e This document was written with reference
to the following documentation:
e A64FX Logic Specifications
e A64FX® Microarchitecture Manual

e ARM® Architecture Reference Manual
(ARMv8, ARMv8.1, ARMv8.2, ARMv8.3)

e ARM® Architecture Reference Manual Supplement -
The Scalable Vector Extension
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Scope of This Document

P
FUJITSU

The tuning of applications has the following aspects and corresponding
points. This document describes CPU tuning and thread parallelization

tuning.

1-Core
Tuning

Scope of this document

Thread

Parallelization

Tuning

Process

Parallelization

Tuning

Ultra-High
Parallelization
Tuning

Tuning
points

Reduce I/0
Reduce operational
amount

Facilitate
SIMDization
Reduce memory
access

Improve cache
usage

Increase
parallelization ratio
Increase
parallelization
granularity

Reduce cost of
synchronization
between threads
Equalize load
balance

Increase
parallelization ratio
Increase
parallelization
granularity

Reduce cost of
communication
between processes
Equalize load
balance

Increase
parallelization ratio
Increase
parallelization
granularity

Reduce cost of
communication
between processes
Equalize load
balance

Reduce global
communication
cost
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Investigating Bottlenecks



Q
CPU Performance Analysis Report: Overview FUJITSU

We recommend using the CPU performance analysis report to extract performance
bottlenecks.

With the CPU performance analysis report, you can measure a rich variety of PA (Performance Analysis) events as
shown below and also check the CPU operation states during application program execution.

PU Performance Analysis Report 4.1.0
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CPU Performance Analysis Report: What is Cycle
Accounting?

O
FUJITSU

Cycle accounting is a means to analyze performance bottleneck factors.
The CPU performance analysis report displays cycle accounting information at the upper right.

Cycle accounting divides the total time (number of CPU cycles) taken to execute an application
program into CPU operation states and shows this information graphically. Since CPU bottlenecks can
be identified from the resulting graphs, you can finely analyze performance and fine-tune the
program.

Instruction commit count Execution time constraint
i i i 5.0E+00 . . .
A Other Othepinstructionjcommit Other instruction commit
Other instruction comm = = =
3 instruction commit 4 0E+00 - . 4 4 InStI‘UCtlon Commlt
2 instruction commit 3 instruction commit
. . _ 4 3 instruction commit
1 instruction commit 2 instruction commit
3.0E+00 +
No instruction commit 1 IREROEED GEmll 2 instruction commit
due to memory access
No instruction commit > 0E+00 No ins_ttruct!gn .
5 due to cache access : floating-point = - J. 1 instruction commit
8 instruction to be
=1 completed
S
o No instruction commit 1 0E4+00 0 instruction commit
E 0 waiting for a floating- ' . .
- point instruction to be ?gn:':itt”:lﬁt?t'; L1D P
)] completed cache access for a
E floating-point load
— instruction
whd
c - - - 0.0E4+00
o) No instruction commit
— because SP (store port)
5 is full
] Noitins farion commit Instruction commit count: Time when N instructions were executed in 1 machine cycle
u>j instruction to be fetched 0 instruction commit: Time when an instruction stalled due to some factor
Other
v
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Bottleneck Extraction Using Cycle Accounting

Q
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e Identifying bottlenecks
Identifying bottlenecks is fundamental for tuning.
You can determine bottlenecks in the evaluated section after cycle accounting.

[Seconds]
3.0E+00

2.0E+00

1.5E+00

1.0E+00

5.0E-01

0.0E+00

Loop

25400

Mted sectio:fi’lﬁ

Procedure

,—

Bottleneck

[SecondsEntire evaluated section

9.0E+00
8.0E+00
7.0E+00
6.0E+00
5.0E+00
4.0E+00
3.0E+00
2.0E+00
1.0E+00

0.0E+00

Bottleneck

_\_
VAV

Bottleneck

e Utilization for tuning

- What measures must be taken to improve bottlenecks?
- How much can they be improved?
To answer these questions,

the people making the analysis should break down the section into loops.
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(Bandwidth) Bottleneck Extraction Using Various Busy FUﬁTSU

HES

e The cycle accounting graph on the left shows

the following busy time information. You can
~ thereby identify various bandwidth
bottlenecks.

Instruction busy time

4.0E-01

3.5E-01 -

3.0E-01 -
L1/L2 cache busy time

2 5E-01 Memory busy time

Execution time breakdown of each thread

2.0E-01

> Execution time breakdown | ® Memory busy time
Occurs when the amount of data to transfer to
memory is large.

1.5E-01 .
Memory busy time

L2 busy time ® L1/L2 cache busy time
Occurs when the amount of data to transfer to
the L1/L2 cache is large.

1.0E-01

L1 busy time
5.0E-02 -

® Instruction busy time

— Instruction busy time Occurs when the operational amount is large.

\

0.0E+00

CmEE

Process
0
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Tuning Methods Using Cycle Accounting FUJITSU

e Select a means of tuning, based on cycle accounting results.

The following figure shows the main means of tuning.
For details, see the tuning map.

Execution time breakdown Main means of tuning

® Facilitating optimization to reduce the number of instructions
m SIMDization

Instruction . o
B  Common subexpression elimination

commit
(operation
execution)

® Facilitating instruction scheduling/software pipelining
B Loop unrolling and loop fission
B Loop unswitching

Optimizing L1 cache usage

B Padding, array merge, loop fission, and loop fusion
® Hiding L2 cache latency
B L1 prefetch (stride/list access)

® Optimizing L2 cache usage

B Loop blocking

B Loop fusion and outer loop unrolling
® Hiding memory latency

B |2 prefetch (stride/list access)

Memory wait

Execution time (measured)
o
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Tuning Map: Classification and States FUJITSU

Bottleneck
Classification

High Cost Seen on PA Graph High Cost Seen in PA Information Situation

Memory latency is a bottleneck.

IThe cost of store instructions is a bottleneck.

. . ) Memory throughput is a bottleneck.
Memory bottleneck [No instruction commit because memory cache i 9np!

s busy

- High memory busy rate

Memory latency is a bottleneck.
High L2 miss rate
High L2 miss dm rate

L2 cache latency is a bottleneck.

L2 cache bottleneck ] L2 cache throughput is a bottleneck.
- High L2 busy rate

High L1D miss rate L2 cache latency is a bottleneck.
High L1D miss dm rate

No instruction commit due to L1D cache access _ L1 cache latency is a bottleneck.
for a floating-point load instruction

L1 cache bottleneck [NO instruction commit due to L1D cache access _
for an integer load instruction

L High L1 busy rate L1 cache throughput is a bottleneck.

INo instruction commit waiting for a floating-
point instruction to be completed

Scheduling No instruction commit waiting for an integer
bottleneck instruction to be completed

No instruction commit waiting for a branch A branch instruction is a bottleneck.
instruction to be completed

Operation instruction latency is a bottleneck.

Parallelization
bottleneck
Load imbalance
bottleneck

Synchronous waiting time between threads _ IA part with no thread parallelization is a bottleneck.

Large max-min difference in Load balance between threads is a bottleneck.

Synchronous waiting time between threads nstruction balance

ITLB misses or thrashing is a bottleneck.

- High mDTLB miss rate
ITLB bottleneck

- High UDTLB miss rate [TLB misses are a bottleneck.

[[nstruction cache misses or thrashing is a bottleneck.
INo instruction commit waiting for an instruction 9

[nstruction fetch ko be fetched

Other instruction commit IThe number of instructions is a bottleneck.

Bottleneck due to
number of
nstructions

[nstruction

: 3 instruction commit -
commit

2 instruction commit

1 instruction commit

- PA data may not have been properly collected.
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Tuning Map 1/4 FUJITSU

e Throughput bottlenecks

High Cost Seen on | High Cost Seen in PA | Situation Proposed Tuning
PA Graph Information

No instruction - Memory throughput is a Improve the data access wait time.
commit because bottleneck. - Array dimension shift

memory cache is - Loop blocking

busy - Strip Mining

- High-speed store (ZFILL)

- High memory busy rate | Memory throughput is a Improve the data access wait time.
bottleneck. - Array dimension shift

- Loop blocking

- Strip Mining

- High-speed store (ZFILL)

- High L2 miss rate Memory latency is a bottleneck. | Improve the data access wait time.
High L2 miss dm rate - Array dimension shift

- Loop blocking

- Strip Mining

- Sector Cache

- Prefetch-related improvement

- Improved Thrashing

High L2 busy rate L2 cache throughput is a Improve the data access wait time.
bottleneck. - Array dimension shift
- Loop blocking
- Strip Mining
High L1 busy rate L1 cache throughput is a Improve the data access wait time.
bottleneck. - Algorithm review
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Tuning Map 2/4 FUﬁTSU

e Latency bottlenecks

High Cost Seen on | High Cost Seen in PA | Situation Proposed Tuning
PA Graph Information

Memory latency is a bottleneck. | Improve the data access wait time.
- Array dimension shift

- Prefetch-related improvement

- Loop blocking

tNOLiSStrUﬁtiO” Com'pit due L2 cache latency is a bottleneck. | Improve the data access wait time.
(0} cache access 1or a . . .

floating-point load - Array dimension shift

instruction - Unroll-and-Jam

) ) ) - Prefetch-related improvement
No instruction commit due

to L2 cache access for an
integer load instruction

- High 1D miss rate Improve the data access wait time.
High L1D miss dm rate - Array dimension shift

- Improved Thrashing
L\lol_i;l;tructﬁ‘on Commiftdue L1 cache latency is a bottleneck. | Improve instruction scheduling.
(0] cache access for a . H
floating-point load Improve microarchitecture-
instruction dependent bottlenecks.
No instruction commit due
to L1D cache access for an
integer load instruction
No instruction commit Operation instruction latency is Improve instruction scheduling.

waiting for a floating-point

instruction to be completed a bottleneck.

No instruction commit

waiting for an integer
instruction to be completed
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Tuning Map 3/4 FUJITSU

e Bottleneck due to the number of instructions

High Cost Seen on | High Cost Seen in PA | Situation Proposed Tuning
PA Graph Information
Other The number of instructions is a Improve bottlenecks due to the
. metruction bottleneck. number of instructions.
£ - Facilitation of SIMDization
g - Facilitation of software pipelining
g : : - Prefetch-related improvement
o 3 instruction - Inline expansion
5 commit
-} . .
5 2 instruction
2 commit
- 1 instruction
commit

® TLB bottlenecks

High Cost Seen on | High Cost Seen in PA | Situation Proposed Tuning

PA Graph Information

- High mDTLB miss rate TLB misses or thrashing is a Improve TLB bottlenecks.
bottleneck. - Thrashing elimination

- Change of the area used
- Optimization with the large page
option

- High uDTLB miss rate TLB misses are a bottleneck. Improve TLB bottlenecks.
- Expansion of the page size
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Tuning Map 4/4 FUJITSU

e Other

High Cost Seen on | High Cost Seen in PA | Situation Proposed Tuning
PA Graph Information

The cost of store instructions is Improve the data access wait time.
a bottleneck. - Array dimension shift

- Prefetch-related improvement

- High-speed store (ZFILL)

No instruction A branch instruction is a Improve instruction scheduling.
commit waiting for a bottleneck. - Elimination of IF statements
branch instruction to - Masked SIMD
be completed
Synchronous waiting A part with no thread Improve thread parallelization.
time between parallelization is a bottleneck.
h : —
EAITEEE Large max-min Load balance between threads Improve the efficiency of parallel
difference in instruction is a bottleneck. thread execution.
balance
Instruction cache misses or Improve instruction fetch.
thrashing is a bottleneck. - Loop body reduction

- Algorithm review
- Thrashing elimination
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1-Core Tuning

Data Access Wait Time (Increased Data Locality)
Data Access Wait Time (Hidden Latency)
Data Access Wait Time (Reduced Access Amount)

Data Access Wait Time (Improved Thrashing)
Operation Wait (Facilitation of SIMDization)

Operation Wait (Hidden Latency)

17



What is Data Locality? FUjiTSU

Data locality refers to the degree that data reference and access are
concentrated in a narrow range.

Data in cache memory is not effectively used when data locality is
low, resulting in a high memory access load.

By improving data locality through source tuning, you can improve
the data access wait time to reduce the memory access load.

The following means are effective at increasing data locality:
« Strip Mining

« Loop Blocking

« Sector Cache

« Loop Interchange

« Loop Fusion

- Array Merge (Indirect Access)

« Array Dimension Shift

« Unroll-and-Jam
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Strip Mining

What is Strip Mining?
Strip Mining (Before Improvement)
Effect of Strip Mining (Source Tuning)
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What is Strip Mining? FUjiTSU

Strip mining is a means to increase cache efficiency through
fragmentation of a loop into smaller segments or strips.

integer n,m
real*8 a(n,m),b(n,m),c(n,m),d(n,m),e(n,m)

blki=0*1024/8>
\{ Block size |

Example: Source Before Im .
: P n=100*1000/8
integer n,m m=20
real*8 a(n,m),b(n,m),c(n,m),d(n,m),e(n,m)

} Example: Source After Improvement

do j=1,m
doi=1,n LLoop 1— doj=1m
.’=b/— Since the number of do ii=1,n,blki | Loop 1
(i,3)+c(i,j3) iterations is large, the do i=ii. minii-+blki-1
enddo data in Array a in the o |.—|-|,m|n.(|-|+ _"_ /M)
doi=1,n-100 Loop 2:| cache is overwritten. a(i,j)=b(i,j)+c(i,j) —
d(u,J)e(-,J) - enddo 1 Lloop?2 |
enddo | do i=ii,min(ii+blki-1,n-100)
enddo \ d(ig)=a(ij)+e(i)

1 m];iy a causes a cache enddo Data in Array a remains
- enddo in the cache, causing a
cache hit.
—) Array access sequence enddo
I 1 Block size Number of loop iterations: Number of loop lteratlonsI;

| Cache miss |

- he mi
Array size 1 Cache miss n

@m

| cache miss | |  cachehit |
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Strip Mining (Before Improvement)
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Array data cannot be fully cached and thus cannot be reused in Loop 2 because the humber
of iterations of Loop 1 is large. Consequently, the "No instruction commit because memory
cache is busy"” event occurs many times.

Source Before Improvement [Seconds]
32 1$omp parallel do reduction(+:s1) 6.0E-01
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 5 0E-01 _l
<<< d,c,b,a e
<<< Loop-information End >>> Number of loop iterations: 375,000
33 1p do j=1,m Total array size: 12 MB
<<< Loop-information Start >>> Since number of iterations is large, 4.0E-01 - No instruction
<<< [OPTIMIZATION] array data cannot be fully cached el -
<<< SIMD(VL: 8) a floating-point
<<< PREFETCH(HARD) Expected by compiler : | 3 0E-01 load instruction
<<< b,c a, d
<<< Loop-information End >>>
34 2 p 8v doi=1,n
35 2 p 8v s1 =s1 + a(i,j) * (s3 * b(i,j) + c(i,j) * (s2 + s3 * d(i,j) )) 2.0E-01 No instruction
36 2 p 8v enddo commit because
<<< Loop-information Start >>> g‘;’;wry cacheis
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) 1.0E-01
<<< SOFTWARE PIPELINING .
<<< PREFETCH(HARD) Expel Array access causes cache miss
<<< b,a,d, c e _ 0.0E+00
<<< Loop-information End >>> / Before
37 2 p 2v do i=1,n-100 @
:g i :;; 3 eneéz:)) s2 * (a(i,j) + b(i,j) * (s3 + c(i,j) * d(i,1))) ‘ Data cannot be reused, so the L_1D_and L2
40 1 p enddo miss rates are around 0.20, which is the
theoretical value of stream access.
Cache L e—C
e | atsore | o | R [|Uomestmmenomsmaduonisetars) |, N[ 2| e |2 st | 12 s sovers
instruction) i on) miss) (/L1D miss) (/L1D miss) ———instruction) miss) (/L2 miss) (/L2 miss)
Before 0.00[2.08E+09]4.23E+08 0.200 7.61%| 92.40% -0.01% 4.23E+08 0.20 5.17%| 95.41% 0.00%
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Effect of Strip Mining (Source Tuning) FUJITSU

Strip mining increases cache efficiency, resulting in improvement of the "No
instruction commit because memory cache is busy" event.

[Seconds]
Source After Improvement 6.0E-01
32 blki=4*1024/8 \
33 \
34 !$omp parallel do reduction(+:s1) | Block size: 4 KB E-01 __ \\
35 1p :ioj=1,;n . 4 KB x 4 streams = 16 KB N
<<< Loop-information Start >>> - : :
<<< [OPTIMIZATION] > Sizen L1 cache _ _ Effect of
<<< PREFETCH(HARD) Expected by compiler : | 4.0E-01 - o 1.62 times
<<< d, c, b, a e memory access M
! .' T . for a floating- \
<<< Loop-information End >>> point load
36 2 p do ii=1,n,blki 3.0E-01 instruction ‘
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< PREFETCH(HARD) Expected by compiler : 2.0E-01 No instruction
<<< b,c a,d commit because
<<< Loop-information End >>> ?;";ory cache s
37 3 p 8v do i=ii,min(ii+blki-1,n) 1.0E-01
383 3 p 8v sl =s1+ a(i,j) * (s3 * b(i,j) + &
39 3 c(ij) * (s2 +s3 *d(i,j) ))
40 3 p 8v enddo
<<< Loop-information Start >>> 0.0E+00 S
<<< [OPTIMIZATION] Cache Before After
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING| Array access causes ) e | tomestore || iRt | 10 mis deman
<<< PREFETCH(HARD) Exped Cache hit instruction) instruction instruction) miss)
<<<  badce Before 0.00|2.08E+094-23E+08 0.20) 7.61%
<<< Loop-information End >>>
41 3 p 2v do i=ii,min(ii+b|ki-1,n-100)/ After 0.00| 1.95E+09|R.35E+08 0.12¢ 15.24%
42 3 p v e(ij) =s2* (a(ij) + & Loop 2 L2 miss rate L2 miss demand
43 3 b(i,j) * (s3 + c(i,j) * d(i,i))) / L2 miss (_/Load-sizc::)e raters‘“ilsog)(/LZ
44 3 p 2v enddo L1D and L2 misses 423108 0208 5.179%
45 2 p enddo reduced : : : o
46 1 p enddo Y 5E+08 0.12 7.84%
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oyAoL L Strip Mining (Before Improvement) FUJITSU

Array data cannot be fully cached and thus cannot be reused in Loop 2 because the humber
of iterations of Loop 1 is large. Consequently, the "No instruction commit because memory
cache is busy" event occurs many times.

[Seconds]
Source Before Improvement 8 0E-01
35 #pragma omp parallel for reduction(+:s1) '
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 7.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>> Number of loop iterations: 375,000 6.0E-01
. . . u iterati 5
36 p for(j=0;j<m;j++) { . p. ' Nolstricton
<<< Loop-information Start >>> el Gl e 1 Ll commit due to
p-informati Since number of iterations is large, 5.0E-01 memory access for a
<<< [OPTIMIZATION] array data cannot be fully cached floating-point load
<<< SIMD(VL: 8) - instruction
<<< PREFETCH(HARD) Expected by compiler : 4.0E-01
<<< (unknown)
<<< Loop-information End >>> 3.0E-01
37 p 8v for(i=0;i<n;i++) { . .
38 p 8 sl=sl+aljllil * (s3 * b[ILi] + c[jIli] * (2 + s3 * d[j1[i])); @ e o
39 p 8v b 2.0E-01 memory cache is
<<< Loop-information Start >>> busy
<<< [OPTIMIZATION] 1.0E-01
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IRC-220 ITD: Q& M\V/E-J DNl Q)
<<< PREFETCH(HARD) Expecte . 0.0E+00
( ) Exp Array access causes cache miss
<<<  (unknown) Before
<<< Loop-information End >>> T
40 p 2v for(i=0;i<n-100;i++) {
41 p 2v e[jI[i1 = s2 * (al[jl[i]1 + b[FI[i] * (s3 + c[jI[i]1 * d[JI[i1)); @ Data cannot be reused, so the L1D and L2
:; p2v 3} miss rates are around 0.20, which is the
A P y ¥ theoretical value of stream access.
. L1D miss iss . L2 miss L2 miss
. . L1D miss . L2 miss
L1I miss rate L1D miss rate h software L2 miss rate hardware software
Cache (/Effective :‘:;:g'it?gg L1D miss |(/Load-store W prefetch rate| prefetch rate L2 miss (/Load-store de(ll;a)n(d /[;te prefetch rate | prefetch rate
instruction) u W miss) (%) (/L1D | (%) (/L1D instruction) ;ﬁss) (%) (/L2 (%) (/L2
miss) miss) DE—— miss) miss)
Before 0.00 2.17E+09 ( 4.23E+08 0.19 9.14% 90.86% 0.00% %E‘FOS 0.19 5.42% 95.53% 0.00%
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Strip mining increases cache efficiency, resulting in improvement of the
"No instruction commit because memory cache is busy" event.

[Seconds]
Source After Improvement 8 0E-01
37 blki=4*1024/8; 7.0E-01
38 Ao N
39 #pragma omp parallel for reduction(+ Block size: 4 KB N EffeCt _Of
40 p for(j=0;j<m;j++) { 4 KB x 4 streams = 16 KB 6.0E-01 \\ 1.63 times
<<< Loop-information Start >>> -> Size in L1 cache N
\
<<< [OPTIMIZATION] _ 5.0E-01 N
<<< PREFETCH(HARD) Expected by compiler : \
<<< (unknown) No instruction >
<<< Loop-information End >>> 4.0E-01 commit due to .
a1 p for(ii=0;ii<n;ii+=blki) { a floating-point
42 p int min1=MIN(ii+blki,n); load instruction
<<< Loop-information Start >>> 3.0E-01
<<< [OPTIMIZATION] No instruction
. it
<<< SIMD(VL: 8) > OE-01 ;‘;‘;‘a";'se
<<< PREFETCH(HARD) Expected by compiler : memory cache
<<<  (unknown) is busy
<<< Loop-information End >>> 1.0E-01
43 p 8v for(i=ii;i<mini;i++) {
44 p 8v s1 = s1 + a[j][i] * (s3 * b[§1[i] + c[jI[i] * (s2 + s3 * d[j][i])} 00
45 p 8v H P
46 p int min2=MIN(ii+blki,n-100); Before After
<<< Loop-information Start >>> Array access causes
<<< [OPTIMIZATION] cache hit L1I miss L1D miss L1D miss
<<< SIMD(VL: 8) | cache rate Load-store L1D miss rate (/Load-| demand
<<< SOFTWARE PIPELINING(IPC: 2.30, ITR: 98, MVE: 2, POL: S) (/Effective | instruction _ store rate (%)
<<< PREFETCH(HARD) Expected by compiler/ instruction) instruction)|(/L1D miss)
<<<  (unknown) Before 000  2.17E+0%  4.23E+08 019N, 9.14%
<<< Loop-information End >>>
Aft 9
47 p 2v for(i=ii;i<min2;i++) { er 0.00] 1.99E+O§ 2.35E+08 O.Q/ 19.90%
48 p 2v e[j1[i]1 = s2 * (a[jI[i] + bLIILi1 * (s3 + c[jI[i]1 * d[1[i1)); Loop 2
499 p 2v by . L2 miss
L2 miss rate
50 p ¥ . P . demand rate
51 p 3 L1D and L2 misses L2 miss (_/Lct)ad-ts_tor)e (%) (/L2
instruction .
52 } reduced miss)
T < 4.23E+08 019 N  5.42%
2.35E+08§ 0.12 1.77%
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What is Loop Blocking?

O
FUJITSU

Loop blocking executes source code divided by the specified blocking
size in order to increase cache efficiency.

This can be considered as strip mining in two or more dimensions.

Example: Source Before Improvement

subroutine sub(a,b,m,n)
integer n,m
real*8 a(m,n),b(n,m)
do j=1m

do i=i|I

enddo
enddo
end subroutine

Array a: Stride access
Array b: Sequential access

Example: Source After Improvement

subroutine sub(a
paramet
integer n,m
real*8 a(m,n),b(n,m)
do jj=1,m,blkj
do ii=1,n,blki
do j=jj,min(jj+blkj-1,m)
do i=ii,min(ii+blki-1,n)
b(i,j)=a(j,i)

enddo Block si
ock size:
eggdo 12 KB per array
eﬁgdoo (= 96 x 16 x 8 bytes)

end subroutine
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What is Loop Blocking? FUJITSU

e Array access (before improvement)

Memory is accessed every time i is updated because Array a has a stride access pattern. As a
result, the data cached at a(1,1) is expelled before a(2,1) is accessed.

Array a(m,n) access sequence and cache miss situation L1 cache (64 KB) state verwritten data

(3) in right (1) in right (2) in right xpelled data

diagram i-axis direction diagram diagram (1) When j=1,i=240
= 1,012 o T1alealeal  T12al 124+ - [1)n a(1,1) | a(1,2) | a(1,3) a(1,240)
2 s o e e, e ’ ' ’ '
3 —_— : a(2,1) | a2,2) | a2,3) a(2,240)
O 7 e s s
3 : i I I I | I g : Data not overwritten e :

- | | | | ! I I | | | | EXIt)e"s'(ljl . until this point cen .

g L -l ata sti : '
VIR 20 N A O I R R s e I reusable | a(32,1) | a(32. 2 a(323)[ - -+ a(32,240
A e e e e
2| %117, R A T R i — (2) When j=1, i=241
g 21 1 | | .l ! ! — | | | | L
2 I T T A s s I =T a(1,24))| a(1,2) | at,3) | - a(1,240)
2 S s I S I —— e a(2,241)| a(2,2) | a@,3) | --- a(2,240)
o | | | | I - i “I"— i | : Old data expelled when cee :

\3/ d | : l k ! | | I — s . overwritten by new data cee :
1 a(32,241)] a(32.2) [ a(32,3)[ - .- 1a(32,240

(3) When j
m,1

a(1,241) a(1,480)
Example: Source Before Improvement — Array access sequence a(2,241) a(2,480)

. 1= Block size . W :

subroutine sub(a,b,m,n) e . . ,

integer n,m ) ] '

real*8 a(m,n), b(n,m) Cache line a(32,241) || a(B2,1) a(32,480

do j=1,m ‘

doi=1,n Cach . Cache miss occurs
b(i,j)=a(j,i) ache miss because a(2,1) data
enddo was already

enddo Cache hit expelled

end subroutine
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What is Loop Blocking? FUJITSU

e Array access (after improvement) Block size: 96 x 16

The array is accessed one block at a time in loop blocking. As a result, cache
efficiency increases because a(2,1) access now hits the cache.

Array a(m,n) access sequence and cache miss situation

L1 cache (64 KB) state

(2) in right (1) in right i-axis direction
|_ e = | s (1) When j=1, i=96
<
g a(1,1) | a(1,2)| a(1,3) a(1,96)
S a(2,1) | a(2,2)| a(2,3) a(2,96)
: Array data thi :
" g : cached :
2| £ | a(32.1)] a(32. [ a(32.3)[  ---  [a(32,96
o 2
g| & i Access to | (2) When j=2, i=1
Z: | next block ] a(1,96)
o !
§' el i I i N R | a(2,96)
\ & g =
- e e e e e e ek e e ] = b e = e = .
a(32.96
Example: Source After Improvement _> Array access sequence J_
subroutine sub(a,b,m,n) I——I Block size Cache hit occurs
parameter(blki=96,blkj=16) because data is
integer n,m . e
real*8 a(m,n),b(n.m) Cache line still in cache
do jj=1,m, blkj
do ii=1,n, blki ] Cache miss
do j=jj,min(jj+blkj-1,m) L] ]
do i=ii,min(ii+blki-1,n) I Point: ] o
b(ij)=a(ii) Cache hit Loop_ bI<_)ck|ng may ha_we a negative impact on data
enddo - continuity, possibly disabling hardware prefetch.
oneae In such cases, use software prefetch.
enddo For details, see Adverse Effect on Hardware Prefetch.
end subroutine
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Loop Blocking (Before Improvement) FUJITSU

Cache efficiency is low because Array a has a stride access pattern. Consequently, the "No
instruction commit due to memory access for a floating-point load instruction" event occurs

many times. [Seconds]
Source Before Improvement 1.8E+00
48 1 I$Somp do
<<< Loop-information Start >>> 1.6E+00 7
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 1.4E+00 -
<<< b
<<< Loop-information End >>> 1.2E400 -
49 2 p do j=1,n2
<<< Loop-information Start >>> No
<<< [OPTIMIZATION] 1.0E+00 + instruction
<<< SIMD(VL: 8) commit
<<< SOFTWARE PIPELINING(IPC: 1.72, ITR: 176, MVE: 6, POL: S) 8.0E-01 - due to
<<< PREFETCH(HARD) Expected by compiler : Ll /
<<< b 6.0E-01 - acfcless_for
<<< Loop-information End >>> ;oigﬁ:)nagd-
50 3 p 2v do |_=_1'n1 . . . . 4.0E-01 - instruction
51 3 p 2v b(i,j) = c0 + a(j,i)*(c1 + a(j,i)*(c2 + a(j,i)*(c3 + a(j,i)*
52 3 & (c4 + a(j,i)*(c5 + a(j,i)*(c6 + a(j,i)*(c7 + a(j,i)*
53 3 & (c8 + a(j,i)*c9)))))) 2.08-01 1
54 3 p 2v enddo
5 2 p enddo 0.0E+00 -
56 1 I$Somp enddo B
. . efore
Array a data is cached once in L1D at
iteration i, but the data is expelled at the
next j iteration(s). Consequently, a cache
miss occurs.
Cache
L1I miss L1D miss L1D miss rl;;lsivT;f‘Z I;(l)?tvc:fz L2 miss rate L2 miss hla-lidn\:vi:fe slz)zftmilsli
rate Load-store | | ;5 o |Fate (/Load-| demand refetch refetch L2 miss [(/Load-store demand refetch refetch
.(/ Effecl_:ive instruction . store_: rate (0/?) fate (%) fate (%) instruction) rate (o./°) ll?ate (%) fate (%)
instruction) instruction) |(/L1D miss) (/L1D miss)|(/L1D miss) (/L2 miss) (/L2 miss) | (/L2 miss)
Before 0.00[ 4.06E+08| 1.28E+09 3.16] 98.85% 1.15% 0.00%| 1.31E+09 3.24] 29.75%| 71.85% 0.00%
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Effect of Loop Blocking (Source Tuning) FUJITSU

Loop blocking increases cache efficiency by reusing Array a data. The result is
improvement of the "No instruction commit due to memory access for a floating-

point load instruction” event. [Seconds]
Source After Improvement (Source Tuning) 1.8£+00
55 1 $omp do e
gg ; P dggJiT_linlf the size of each block in the |
P —LNIRS) cache is 12 KB (96 x 16 x 8), and
58 4 p do j=jj,min(3j+16-1,n2)| the size required for processing \
<<< Loop-information Start >>> | each block is 24 KB (12 x 2 | \
<<< [OPTIMIZATION] blocks). !
<<< SIMD(VL: 8) The purpose is to increase the N \x
<<< SOFTWARE PIPELINING(IPC: 1.] use efficiency of the L1D cache T in(;truction \
<<< Loop-information End >>> | and L2 cache. commit \
59 5 p 2v do i=ii,min(ii+96-1,n1) | 8.0E-01 - due to Effect of
60 5 p 2v b(i,j) = A0+ a(,i)*(c1 + a(j,i)*(c2 + a(j,i)*(c3 + aj,i)* memory 3.55 ti
61 5 & (4 + a(j,i)*(c5 + aj,i)*(c6 + a(j,i)*(c7 + a(j,i)* access for 29 LIMES
62 5 & (8 + a(i,i)*c9)))N))) 6.0E-01 1 a floating- \
63 5 p 2v enddo point load \
64 4 p enddo 4.0E-01 - instruction - —
65 3 p enddo
66 2 p enddo |
67 1 I$Somp enddo 2.08-01
L1D and L2 misses reduced Before After
significantl
Cache '9 i y <
. . . L1D miss L1D miss . . L2 miss L2 miss
L1I miss L1D miss L1D miss L2 miss rate| L2 miss
hardware softvl\-llzgg hardware software
rate Load-store | |,y el [Fate (/Load-{ demand prefetch prefetch L2 miss (/Load- demand prefetch prefetch
_(/Effect_lve instruction ) storg rate (0/9) rate (%) rate (%) ] storg rate (°_/o) rate (%) rate (%)
instruction) instruction) [(/L1D miss) (/L1D miss)|(/L1D miss) N instruction)| (/L2 miss) (/L2 miss) | (/L2 miss)
Before 0.00| 4.06E+08| 1.28E+09 3.16\98.85% 1.15% 0.00%| 1.31E+09 3.24[~\29.75%| 71.85% 0.00%
After 0.00| 8.26E+08] 1.69E+08 0.201"95.18%| 4.82%|  0.00%| 1.56E+08 0.190 745.06%| 61.56%| 0.00%
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oy oL = | oop Blocking (Before Improvement)

Q
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Cache efficiency is low because Array a has a stride access pattern. Consequently, the "No
instruction commit due to memory access for a floating-point load instruction" event occurs
many times.

[Seconds]
Source Before Improvement 2.5E+00
43 #pragma omp parallel
44
45 for(k=0;k<iter;k++) { 2.0E+00
46 #pragma omp for
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 1.5E+00
<<< (unknown)
<<< Loop-information End >>> e ruction
47 p for(j=0;j<n2;j++) { commit due
<<< Loop-information Start >>> 1.0E+00 accoss for'a
<<< [OPTIMIZATION] ggfrf;“,g; g
<< SIMD(VL. 8) instruction
<<< SOFTWARE PIPELINING(IPC: 1.08, ITR: 128, MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 5.0E-01
<<< (unknown)
<<< Loop-information End >>>
48 p 2v for(i=0;i<nl;i++) { 0.0E+00
49 p 2v b[j1[i] = c0 + a[i][j1*(c1 + a[i][j1*(c2 + a[il[j]*(c3 + a[i][j]* '
50 (c4 + a[i][j1*(c5 + a[i][j1*(c6 + a[il[i]*(c7 + a[i][j]* Before
51 (c8 + a[i][j1*c9)))))N); - -
52 p 2v > Array a data is cached once in L1D at
gi p b iteration i, but the data is expelled at the
- }} next j iteration(s). Consequently, a cache
56 } miss occurs.
. L1D mi L1D mi . L2 mi L2 mi
L1I miss rate Load-store L1D miss rate d:nl-ngnrglfaste hardvn\:alf'z softhaI: L2 miss rate derl;12a::jlsrsate hardn\:\;::e softwgsrse
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate | prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) instruction) miss) (%) _(/I31D (%) _(/ng instruction) miss) (%) (/)LZ (%) (/)LZ
miss miss miss miss
Before 0.000  4.00E+08  1.28E+09 3.21 98.53% 1.47% 0.00%  1.33E+09 3.32 28.24% 73.08% 0.00%
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o74oL Ll Effect of Loop Blocking (Source Tuning)

Loop blocking increases cache efficiency by reusing Array a data. The result is improvement of the "No
instruction commit due to memory access for a floating-point load instruction" event.

[Second]
Source After Improvement (Source Tuning) 2.5E+00
45 #pragma omp parallel
46 { - .
47 for(k=0;k<iter;k++) { Applying loop blocking
48 #pragma omp for Since the L1 cache size is 64 KB, 2 0E+00
gg P fc;r(jg'fot;)jj__<<n21;j1_'_=j_j_ the size of each block in the '
P or(NN=0;1I<N1;II=1INS A .
<<< Loop-information Starth\so# CaChe_ is 12 K_B (96 x 16 x 8)’_ and \
<<< [OPTIMIZATION] the size required for processing \
<<< PREFETCH(HARD) Expected by compiler: | each block is 24 KB (12 x 2 \
<<< b \
<<< Loop-information End >>> ) . : 1.5E+00 No \
51 p for(j=ij;i <MIN(jj+16-1,n2);j++) { U 102 L el 1 instruction \
52 p int st = MIN(ii+96-1,n1); use efficiency of the L1D cache commit due
<<< Loop-information Start >>> and L2 cache. to memory
<<< [OPTIMIZATION] access gfora Effect of
<<< SIMD(VL: 8) - _ -
<<< SOFTWARE PIPELINING(IPC: 1.25, ITR: 128, MVE: 4, POL: S) 1.0E+00 el e 4.80 times
<<< PREFETCH(HARD) Expected by compiler : \
<<< b \
<<< Loop-information End >>>
53 p 2v for(i=iiji<st;i++) {
54 p 2v b[j1[i] = c0 + a[il[j1*(c1 + a[i][j1*(c2 + a[il[j1*(c3 + a[i][j]*
55 (c4 + a[i][j]*(c5 + a[i][j1*(c6 + a[i]1[j1*(c7 + a[il[j]* 5.0E-01
56 (c8 + a[i1[i1*c9)))))));
57 p 2v ¥
58 p b
59 p 1
60 p 1
61 b 0.0E+00
62 } Befi Aft
63 ¥ - erore er
1 L1D and L2 misses reduced
significantly
|
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate Load-store L1D miss rate d:n%!gnrglfaste hardware L2 miss rate derl;'lzanmdlsrsate hardware software
Cache (/Effective instruction L1D miss [(/Load-store (%) (/L1D prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) u instruction) o) (%) (/L1D instruction) ) (%) (/L2 (%) (/L2
miss) miss)
miss) miss) miss)
Before 0.00 4.00E408 1.28E+09 3.21 98.53% 1.47% 0.0@%%09 3.32 28.24%| 73.08%| 0.00%
After 0.00 4.93E¥8&\ 1.70E+08 0.35) 93.66% 6.34% b% 1.40E+08 0.28 49.47% 53.12%| 0.00%
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Adverse Effect on Hardware Prefetch FUjiTSU

® Loop blocking, outer loop prefetch, and other means have a negative impact
on data continuity by reducing the block size, possibly disabling hardware

prefetch. In such cases, you will need to use software prefetch.
® For details on how to specify software prefetch, see Using Software Prefetch.

® Hardware prefetch

Hardware prefetches data by predicting data access based on the
regularity of memory access by programs.

If there is a gap equal to or greater than one cache line between data,

prefetch may fail.
Memory arrangement

/\ Cache miss

. Cache hit
If there is a gap (unaccessed area) equal to or

- g BN Area not
greater than 1 cache line, a cache miss occurs. prggra(r)n accessed by

viv

— >  Prefetch

® Software prefetch

Software (compiler) analyzes programs and prefetches data by generating
a prefetch instruction. Alternatively, from a specified instruction line, it
generates a prefetch instruction for the relevant part.
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(o8
What is the Sector Cache? FUJITSU

The sector cache is a cache mechanism that can prevent non-reusable data from
expelling reusable data from the cache. An application can allocate reusable data
and non-reusable to different sectors. (Reusable arrays use Sector 1, and others
use Sector 0.)

Conceptual image of L2 cache usage

Sector cache details
® You can set multiple sectors in both the L1D cache and L2 Core #0-#11
cache. The maximum number of sectors is 4 (*1) in L1D and Setting by application
2in L2.
® The number of ways specifies the capacity of each sector.
® The capacity works as a target value.
Hardware controls sectors so that they approach
the specified capacity at the line replacement time.
-> Not forcibly disabled even when over the capacity
® Use the LRU (least recently used) algorithm to control
expulsion within a sector.
® Applications can decide the usage of sectors 0 and 1.
However, Sector 0 stores instruction sequences.
® In a secondary cache, the assistant core always uses two
ways.

Sector 0 Sector 1

4 10

-

N
Ul
o
=3
<
-+
o]
n
=
=

ine

soul| 8+0°C

(*1) The L1D cache currently has 2 sectors. This specification is Y

designed for easy use by customers. 14 ways
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How to Use the Sector Cache (1/2) FUJITSU

B Sector cache: Pseudo local memory | pata with unclear reusability
Software can use sectors separately
according to data reusability. . Data notto be reused . Data to be reused

® Data used -> Use Sector 1 : Cache —
® Other data -> Use Sector 0 | /(

@ Data in Sector 1 is not expelled by other
data. _ Normal Pseudo local
® Instruction lines can specify the arrays cache memory
stored in Sector 1.
Sector 0 Sector 1
Example using compiler instruction lines to
specify the sector cache
!OCL SCACHE—ISOLATE—WAY(L2= 10) How they are specified under the old specifications
I0CL SCACHE_ISOLATE_ASSIGN(a) (K computer, FX100)
do j=1,m 10CL CACHE_SECTOR_SIZE(4,10)
doi=1,n 10CL CACHE_SUBSECTOR_ASSIGN(a)
a(i) = a(i) + b(i,j) *c(i,j) o
enddo a(i) = a(i) + b(i,j) *(i,j)
enddo enddo
enddo
I0CL END_SCACHE_ISOLATE_ASSIGN 10CL END_CACHE_SUBSECTOR
10CL END_SCACHE_ISOLATE_WAY 10CL END_CACHE_SECTOR_SIZE
<Purpose>

To prevent Array a, which is reusable, from being expelled from
the cache due to access to Arrays b and c during the loop
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How to Use the Sector Cache (2/2) FUﬁTSU

To use the sector cache, specify the following optimization control lines.

Optimization Control Line

Optimization Specifier . Specifiable?
Fortran) Meaning By A
a
( By Program By DO Loop By Statement Ass‘i,gn:;gnt
Statement
SCACHE_ISOLATE_WAY(L2=n1[,L1=n2 Specifies the maximum number of ways
— — ( nil n21) for Sector 1 of the primary cache and Yes No Yes No
END_SCACHE_ISOLATE_WAY secondary cache.
SCACHE_ISOLATE_ASSIGN(arrayl[,array2]--) Specifies the arrays stored in Sector 1 Yes No Yes No
END_SCACHE_ISOLATE_ASSIGN of the cache.
Optimization Specifier Meaning Optimizsatio!}_CgFt;‘ol Line
pecifiable?
(C/C o ) global procedure loop statement
he isolat L2=n1il.L1=n2 Specifies the maximum number of ways
scache_lsola e_way( nil, n21) for Sector 1 of the primary cache and No Yes No Yes
end_scache_isolate_way secondary cache.
scache_isolate_assign(array1[,array2]--) Specifies the arrays stored in Sector 1
end_scache_isolate_assign of the cache. No Yes No Yes
® Note

® In the secondary cache, the assistant core always uses two ways. Therefore, the ranges of values that can be
specified in n1 and n2 are as follows:
0 = n1 = maximum number of ways of secondary cache - 2

0 = n2 = maximum number of ways of primary cache —
® For a CMG that contains an assistant core, the A64FX Specifications
assistant core uses part (2 ways = 1 MiB) of the Number of CMGs 4

L2 cache. Therefore, for the CMG, . .
the maximum number of ways of the secondary L1I cache size 64 KiB/4 ways
cache is 14 and the size is 7 MiB. L1D cache size 64 KiB/4 ways
® Sector Cache optimization is not available in Clang Mode. 32 MiB/16 ways (8 MiB/CMG)
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Sector Cache: Case 1 (Before Improvement) FUJITSU

Array b data is expelled from the cache and thus cannot be reused. Consequently, the "No instruction
commit due to L2 cache access for a floating-point load instruction” event occurs many times.

Source Before Improvement

[Seconds]
66 parameter(n=8*1024*1024, m=9*512*1024/8) 1 4E+00
67 real*8 a(n), b(m), s
68 integer*8 c(n)
69 real*8 dummy1(140),dummy2(140) 1.2E+00 -
70 common /data/a,dummyl,c,dummy2,b
71 . 1.0E+00
<<< Loop-information Start >>> Array size No instruction
= | - commit due to L2
<<< [PARALLELIZATION] a: 64 MiB — | ccheaccessiora
<<< Standard iteration count: 843 b: 4.5 N_I'B 8.0E-01 instruction
<<< [OPTIMIZATION] c: 64 MiB _
<<< SIMD(VL: 8) 6.0E-01
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 176, MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<<< ¢ a 4.0E-01
<<< Loop-information End >>>
72 1 pp 2v doi=1,n 2.0E-01
73 1 p 2v a(i) = a(i) + s * b(c(i))
74 1 p 2v enddo
0.0E+00
Before
. LiD mi t L1D mi L1D miss L1D miss L2 miss rate] L2 mi L2 miss L2 miss
Cache | '(eiece. | Losecetore | |1 miss |(/Loac-store | aemand rate | Porcvare | sofware | 15 miss | {/Loxtstore | asman rate | herdware | software
instruction) instruction) | (%) (/L1D miss) '(9%) L1Dmiss) '(°%) UL1Dmis) instrudtion) | (%) (/L2miss) "(%) 2 mis) p(%) (L2 miss)
Before 0.00| 4.76E+09| 7.89E+08 0.17 0.89%| 99.11% 0.00%)| 7.34E+08 0.15)) 0.77%| 100.00% 0.00%
Memory throughput 2
(GB/s)___—| Memory throughput is bottleneck High L2 cache miss rate
Before < 203.11P
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Q
Sector Cache: Case 1 (Source Tuning) FUJITSU

Storing Array b in Sector 1 increases cache efficiency. The result is improvement of the "No
instruction commit due to L2 cache access for a floating-point load instruction" event.

o . . Seconds

Source After Improvement (Optimization Control Line Tuning) 1_4[E+00 ! Effect of
58 parameter(n=8*1024*1024, m=9*512%*1024/8) .

59 real*8 a(n), b(m), s 1.08 times
60 integer*8 c(n) 1.2E400 - S~

61 real*8 dummy1(140),dummy2(140)

62 common /data/a,dummy1l,c,dummy2,b

63 1.0E4+00

64 10CL SCACHE_ISOLATE_WAY(L2=10)

65 10CL SCACHE_ISOLATE_ASSIGN(b) B

<<< Loop-information Start >>> 8.0E-01 instruction

commit due

<<< [PARALLELIZATION] to L2 cache _

<<< Standard iteration count: 843 ﬁf,‘;if:;o re

<<< [OPTIMIZATION] 6.0E-01 point load
instruction

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 176, MVE: 4, POL: S)

<<< PREFETCH(HARD) Expected by compiler : 4.0E-01

<<< c a

<<< Loop-information End >>>

66 1 pp 2v doi=1,n 2 .0E-01
67 1 p 2v a(i) = a(i) + s * b(c(i))
68 1 p 2v enddo
69 10CL END_SCACHE_ISOLATE_ASSIGN 0.0E+00
70 10CL END_SCACHE_ISOLATE_WAY Before After
miss F miss F L1D mi L1D miss L1D miss L2 miss rate L2 mi L2 miss L2 miss
“Utttecte. | Load-store | 5 pice | loadcstors |demand rate| hardware | software |5 mics | (/Loadstore |demand rate| hardware | software
instruction) instruction) | (%) (/L1D miss) %) (/L1Dmis) | (%)(/L1Dmiss) —'m) (%) (/12 miss) p(%)(/LZmiss) P% o
Before 0.00]14.76E+09|7.89E+08 0.17 0.89%| 99.11% 0.00%]| 7.34E+08 0.15\0.77% 100.00% 0.00%
After 0.00]5.19E+09|7.93E+08 0.15 1.19%| 98.81% 0.01%]| 5.99E+08 0.12 /1.93% 99.69% 0.00%
Memory throughput
(GB/s) -
Before 20311 L2 misses reduced
After 188.07
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o8
O/ L L Sector Cache: Case 1 (Before Improvement) FUJITSU

Array b data is expelled from the cache and thus cannot be reused. Consequently, the "No instruction
commit due to L2 cache access for a floating-point load instruction” event occurs many times.

Source Before Improvement [Seconds]
. . 1.8E+00
. Array declaration: size
56 void sub(double s) { | double a[8388608]: 64MiB L 6EL00
57 long long int i; double b[589824]: 4.5MiB
58 long long int c[8388608]: 64MiB 1 4E+00 No instruction
59 #pragma omp parallel for commit due to
<<< Loop-information Start >>> 1.2E+00 - ;.2 ca;:he access
<<< [OPTIMIZATION] ot load 2
<<< SIMD(VL: 8) 1.0E+00 _ instruction
<<< SOFTWARE PIPELINING(IPC: 2.33, ITR: 160, 8 0E-01
MVE: 4, POL: S) e
<<< PREFETCH(HARD) Expected by compiler : 6.0E-01
<<< c a
<<< Loop-information End >>> 4.0E-01
60 p 2v for(i=0;i<n;i++){
61 p 2v a[i] =a[i] +s * b[c[i]]; 2.0E-01
62 p 2v }
63 3 0.0E+00
Before
. L1D mi L1D mi . L2 miss L2 miss
L1I miss rate| | . L1D miss rate| | L1D rglsst hardvTalf'Z softvlsralfes L2 miss rate | | L2 n:jlss t hardwlare softw!are
Cache (/Effective .0‘1 st9re L1D miss |(/Load-store eoTan LrlaDe prefetch rate | prefetch rate L2 miss (/Load-store er;;an /{g € prefetch rate | prefetch rate
instruction) | 'mstruction instruction) | (%) (/ (%) (/JL1D | (%) (/L1D instruction) | (%) ( (%) (/L2 | (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.000 4.85E+09  7.89E+08 0.16 1.07% 98.92% 0.01%  7.39E+08 ( 0.15 0.78% 100.00% 0.00%
Memory
Statistics throughput
Before 14> | High memory throughput High L2 cache miss rate

40 DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



Q
FUJITSU

Storing Array b in Sector 1 increases cache efficiency. The result is improvement of the "No
instruction commit due to L2 cache access for a floating-point load instruction" event.

oy4oL Ll Sector Cache: Case 1 (Source Tuning)

[Seconds]
Source After Improvement (Optimization Control Line Tuning) 1.8E+00
Array declaration: size
. 1.6E+00
double a[8388608]: 64MiB Effect of
56 void sub(double s){ double b[589824]: 4.5MiB =~ 1.15 times
57 long long int i; long long int c[8388608]: 64MiB 1-4E+00 ~
58 #pragma statement scache_isolate_way L2=10 i
59 #pragma statement scache_isolate_assign b 1.2E+00 —
60 #pragma omp parallel for Aﬂ:ﬂ:‘:&“ﬁ?&
<<< Loop-information Start >>> 1.0E+00 - L2 cache
access for a
<<< [OPTIMIZATION] Pt oot -
<<< SIMD(VL: 8) 8.0E-01 load
<<< SOFTWARE PIPELINING(IPC: 2.33, ITR: 160, instruction
MVE: 4, POL: S) 6.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<< ¢&a 4.0E-01
<<< Loop-information End >>>
61 p 2v for(_|=0;|<_n;|++) { - 2 0E-01
62 p 2v a[i] = a[i] + s * b[c[i]];
63 p 2v 1}
. . 0.0E+00
64 #pragma statement end_scache_.isolate_assign
65 #pragma statement end_scache_isolate_way Before After
66 by
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate Load-store L1D miss rate d;;gnﬁlf:te hardware software L2 miss rate derl;12::1nmc;snite hardware software
Cache (/Effective instruction L1D miss |(/Load-store %) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store %) (/L2 prefetch rate | prefetch rate
instruction) instruction) | ¢ °n)1i(ss (%) (/L1D | (%) (/L1D —instruCtion). (gis(s (%) (/L2 | (%) (/L2
) miss) miss) ) miss) miss)
Before 0.00 4.85E+09 7.89E+08 0.16 1.07% 98.92% 0.01% ( 7.39E+08 0.190 ) 0.78%, 100.00%| 0.00%
After 0.00 5.03E+09 7.91E+08 0.16 1.23% 98.78% 0.00% “\R.48E+08 0.11 1.99% 98.64%| 0.00%
Statistics |Memory throughput (GB/s) .
Before 16747 L2 misses reduced
After 155.55
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Q
Sector Cache: Case 2 (Before Improvement) FUJITSU

Array u data is expelled from the cache and thus cannot be reused. Consequently, the "No instruction
commit because memory cache is busy" event occurs many times.

Source Before Improvement [Seconds]

167 1 s do iter = 1, niter 4.0E-01
<<< Loop-information Start >>>
<<< [PARALLELIZATION]

3.5E-01 -
<<< Standard iteration cou Array size
<<< Loop-information End > n1=452 unew: 60.5 MB
=1,n3- n2=52 L aat 3.0E-01 -
168 2 pp do k=1,n3-2 u: 60.5 MB

<<< Loop-information Start = N3=322

| |
<<< [OPTIMIZATION] iS:160:5MB 2.5E-01 l

<<< PREFETCH(HARD) Expected by compiler :

<<< u, rhs, unew

<<< Loop-information End >> . 2.0E-01

pin Preferably, Array u is cached
169 3 p do j=1,n2-2 . . . . ) )
. . so that dimensions i and j No instruction

<<< Loop-information Start >> fA bl 1 5E-01 commit

<<< [OPTIMIZATION] Or Array U are reusabie. - because

<<< SIMD(VL: 8) memory cache

<<< SOFTWARE PIPELINING(IPC: 3.71, ITR: 136, MVE: 9, POL: S) 1.0E-01 is busy

<<< PREFETCH(HARD) Expected by compiler :

<<< u, rhs, unew 5 0E-02

<<< Loop-information End >>> e
170 4 p v doi=1,n1-2
171 4 p v unew(i,j k) = & 0.0E+00
172 4 ((u(i+1,j,k) + u(i-1,j,k)) * hisqginv & Before improvement
173 4 +(u(i,j+1,k) + u(i,j-1,k)) * h2sqinv & .
174 4 +(u(i,j,k+1) + u(i,jk-1)) * h3sqinv & Memory throughput is | Memory throughput
175 4 -rhs(i,j,k)) * hhhinv bottleneck (GB/s)
176 4 p Vv end do Before 215 62
177 3 p end do ——C D
178 2 p end do L2 miss rate L2 miss demand |L2 miss hardware| L2 miss software

Cache L2 miss (/Load-store rate (%) (/L2 |prefetch rate (%) |prefetch rate (%)
179 1 end do instruction) miss) (/L2 miss) (/L2 miss)
Before 2.46E+08 0.15 2.57% 98.19% 0.00%
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Sector Cache: Case 2 (Source Tuning) FUJITSU

Storing part of dimension k of Array u in Sector 1 increases cache efficiency. The result
is improvement of the "No instruction commit because memory cache is busy" event.

Source After Improvement [Seconds]

166 10CL SCACHE_ISOLATE_WAY(L2=13) 4.0E-01 |
167 I10CL SCACHE_ISOLATE_ASSIGN(u)
168 1 s do iter = 1, niter 3.5E-01 - EffeCt Of

<<< Loop-information Start >>> 4 1.15 times

<<< [PARALLELIZATION] S

<<< Standard iteration count: 2 3.0E-01

<<< Loop-information End >>>
169 2 pp do k=1,n3-2

<<< Loop-information Start >>> 2.5E-01 1

<<< [OPTIMIZATION]

<<< PREFETCH(HARD) Expected by compiler : 2 0E-01

<<< u, rhs, unew

<<< Loop-information End >>> No instruction
170 3 p do j=1,n2-2 1.5E-01 commit due to

<<< Loop-information Start >>> ?uZTOI‘V cache

<<< [OPTIMIZATION]

<<< SIMD(VL: 8) 1.0E-01

<<< SOFTWARE PIPELINING(IPC: 3.71, ITR: 136, MVE: 9, POL: S)

<<< PREFETCH(HARD) Expected by compiler : 5 0E-02

<<< u, rhs, unew

<<< Loop-information End >>> Array u reusability
171 4 p v do i=1,n1-2 increased 0.0E+00
172 4 p v unew(i,j k) = & Before After
173 4 ((u(i+1,j,k) + u(i-1,j,k)) * hisqinv &
174 4 +(u(i,j+1,k) + u(i,j-1,k)) * h2sqinv & Mem°r(yGt|;'/rg)'"ghp“t
175 4 +(u(i,j,k+1) + u(i,j,k-1)) * h3sqginv & L2 misses reduced Sor 1562
176 4 -rhs(i,j,k)) * hhhinv ctore :
177 4 p v end do | After 205.39
178 3 p end do L2 miss ra}b L2 miss demand| L2misshardware [L2 miss software
179 2 p end do L2 miss (/Load-store rate (%) (/L2 prefetch rate (%) prefetch rate
180 1 end do i ion) miss) (/L2 miss) (%) (/L2 miss)
181 I0CL END_SCACHE_ISOLATE_ASSIGN Before™| 2.46E+08 0.15[™~ 2.57% 98.19% 0.00%
182 10CL END_SCACHE_ISOLATE_WAY After~|__1.95E+08 0.100—  13.43% 87.39% 0.00%
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o8
O/ L L Sector Cache: Case 2 (Before Improvement) FUJITSU

Array u data is expelled from the cache and thus cannot be reused. Consequently, the "No instruction
commit because memory cache is busy" event occurs many times.

[Seconds]

Source Before Improvement 5 0E-01
4.5E-01
107 for (iter=0; iter<niter; iter++){
108 #pragma omp parallel for private(i,j, k) 4.0E-01
109 p for(k=1;k<=n3-2; k++){
<<< Loop-information Start >>> 3.5E-01
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 3.0E-01
<<< (unknown) .
<<< Loop-information End >>> nl1=452 Array Size 25801 No instruction
110 p for(j=1;j<=n2-2;j++){ 2=52 unew: 60.5MB i commit due to
n . 2.0E-01 memory cache
<<< Loop-information Start >>> n3=322 u: 60.5MB Ty
<<< [OPTIMIZATION] rhs: 60.5MB 1.5E-01
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.12, ITR: 120, MVE: 8, POL: S) 1.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<<  (unknown) Preferably, Array u is cached %502
<<< Loop-information End >>> so that dimensionsiandj - o
11 p v for(i=1;i<=n1-2ji++){ of Array u are reusable.
112 p v unew[K][j1[i] = Before
113 ((u[KI[GI0i+1] + u[Kk1[j1[i-11) * hisqinv
114 +(u[K]I[j+11[i] + u[k1[j-11[i]) * h2sqinv
115 +(u[k+1][§I[i] + ulk-11[j][i]) * h3sqinv i Statistics | thremgnmut
116 -rhs[K][I[i]) * hhhinv; High memory throughput —_— | (GB/S)
117 p v 3 Beforql 173.23
118 p b L2 miss L2 miss L2 miss
119 p be L2 miss rate demand rat hardware software
120 Cache L2 miss (/Load-store eo/a /[az € prefetch rate| prefetch rate
instruction) | (%).( (%) (/L2 | (%) (/L2
121 } iss) miss) miss)
Before 2.46E+08 0.15 2.38%| 98.32% 0.00%
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oy of Ll Sector Cache: Case 2 (Source Tuning)

107
108
109
110
111

112

113
114
115
116
117
118
119
120
121
122
123
124
125

T

T T

Source After Improvement

#pragma statement scache_isolate_way L2=13
#pragma statement scache_isolate_assign u
for (iter=0; iter<niter; iter++){
#pragma omp parallel for private(i,j, k)
for(k=1;k<=n3-2; k++){
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>>
for(j=1;j<=n2-2;j++){
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.12, ITR: 120, MVE: 8, POL: S)

<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>> Array u reusability
v for(i=1;i<=n1-2;i++){ increased
v unew[k][j1[i] =
((ulk1[1[i+1] + u[k][jI[i-1]) * hisqinv
+(u[k1[j+11[i] + u[k]1[j-1]1[i]) * h2sqinv
+(u[k+11[j1[i] + u[k-1][j1[i]) * h3sqinv
-rhs[k][j]1[i]) * hhhinv;
v b
b
>
>

#pragma statement end_scache_isolate_assign
#pragma statement end_scache_isolate_way

45

O
FUJITSU

Storing part of dimension k of Array u in Sector 1 increases cache efficiency. The result
is improvement of the "No instruction commit because memory cache is busy" event.

[Seconds]
5.0E-01
4.5E-01 Effect of
~~._ 1.14 times
4.0E-01 =
3.0E-01
25601 |t
memory cache
2.0E-01 pusy
1.5E-01
1.0E-01
5.0E-02
0.0E+00
Before After
Memory
Statistics | throughput
(GB/s)
= Before 173.23
L2 misses reduced o 6747
. L2 miss L2 miss
L2 miss rate d erl;12arr:::srsate hardware software
Cache L iss (/Load-store %) (/L2 prefetch rate| prefetch rate
instruction) | (%) s(s) (%) (/L2 | (%) (/L2
miss) miss)
Before 2.46E+08 0.15 2.38% 98.32% 0.00%
After 1.99E+08 0.12 13.90% 86.99% 0.00%
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Loop Interchange

What is Loop Interchange?

Loop Interchange (Before Improvement)
Loop Interchange Tuning Details

Effect of Loop Interchange (Source Tuning)

46



O
What is Loop Interchange? FUJITSU

Loop interchange is a means to increase data access efficiency by changing the order of

loops in a multi-loop task.
In Fortran, arrays are stored in column-major order. Therefore, operation will be faster

when the order of loops is changed as shown below for sequential access.

(In C, arrays are stored in row-major order, so the order is reversed compared to Fortran.)

Example: Source Before Improvement Example: Source After Improvement
do j=1,n1 doi=1,n2
doi=1,n2 do j=1,n1
a(j,i) = b(j,i) * c(j,i) a(j,i) = b(j,i) * c(j,1)
enddo enddo
enddo Low cache efficiency since enddo Cache efficiency improved by
Arrays a, b, and c have changing order of loops
stride access patterns to sequential access
m Points

® Note that if the number of iterations of the innermost loop is small, software
pipelining may not be performed.
However, if the innermost loop can be fixed at the SIMD length, software
pipelining is performed in its outer loops.

o If the access direction is different between stored and loaded arrays, performance
will increase more through sequential access to the stored array.

® Note
® Loop interchange optimization is not available in Clang Mode.
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Loop Interchange Tuning Details

O
FUJITSU

Source Before Improvement

do j=1,n1

doi=1,n2
a(i)=s1+c(j,i)/ (s1+s2/ d(j,i))} Loop 1
enddo

doi=2,n2
b(j,i) = a(i) / (s2 + s1/ a(i-1)) } Loop 2
enddo
enddo

Low cache efficiency since

Arrays b, ¢, and d have stride

access pattern

(2) Loops 1 and 2 Separated

do j=1,n1
doi=1,n2
a(j,i) =s1 + c(j,i) / (s1 +s2/ d(j,i))
enddo
enddo

doj=1,n1
do i=2,n2
b(j,1) = a(j,i) / (s2 + s1 / a(j,i-1))
enddo
enddo

48

(1) Array a Converted to 2-Dimensional Array

do j=1,n1
doi=1,n2
a(j,i) =s1+c(j,i) / (s1 +s2/ d(j,i))
enddo
doi=2,n2
b(j,i) = a(j,i) / (s2 + s1 / a(j,i-1))
enddo
enddo
Eliminated dependency
on Array a, which
inhibited loop fission

(3) Loops Interchanged

doi=1,n2
do j=1,n1
a(j,i) = s1 + c(j,i) / (s1 +s2/ d(j,i))
enddo
enddo

do j=1,n1
b(j,i) = a(j,i) / (s2 + s1 / a(j,i-1))
enddo
enddo Cache efficiency improved since
Arrays b, ¢, and d now have
sequential access patterns
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Q
Loop Interchange (Before Improvement) FUJITSU

Cache efficiency is low because Arrays b, ¢, and d have stride access patterns.
Consequently, the "No instruction commit due to access for a floating-point load
instruction"” events occur many times.

Source Before Improvement [Seconds]
45 real*8 a(n2),b(n1,n2),c(n1,n2),d(n1,n2) 2.5E-01
46 real*8 s1,s2
47 integer n1,n2 . .
48 ISomp parallel Low cache efficiency since
49 1$Somp do private(a) Arrays b, ¢, and d have stride 2.0E-01 I
50 1 p do j=1,n1 access pattern
<<< Loop-information Start ; }
<<< [OPTIMIZATION] Q:n:'::ittrgﬁtﬂ;
<<< SIMD(VL: 8) 1.5E-01 L1D cache
<<< SOFTWARE PIPELINING(IPC: 1.95, ITR: 112, MVE: 3, POL: S) access for a
<<< Loop-information End >>> floating-point
512 p 2v do i=1,n2 :gZSruction
52 2 p 2v a(i) = s1 + c(j,i) / (s1 + s2 / d(j,i)) Loop 1 { OE-01
53 2 p 2v enddo :
<<< Loop-information Start >>> . .
<<< [OPTIMIZATION] Egn;';fit{gﬁt:’t';
<<< SIMD(VL: 8) L2 cache
<<< SOFTWARE PIPELINING(IPC: 2.27, ITR: 96, MVE: 2, POL: S) 5.0E-02 access for a
<<< Loop-information End >>> Iftl:;«'zlting-point
54 2 p 2v do i=2,n2 : .
55 2 p 2v b(j,i) = a(i) / (s2 + s1 / a(i-1)) Loop 2 eeon
56 2 p 2v enddo 0.0E+00 —— |
57 1 p enddo Before
58 ISomp end do
59 I$Somp end parallel
High L1D miss rates
(it miss rate | L oad-store rate (/Load- rariwars. | Sohwars 2missrate | L2miss | (LS| 20
Cache .f,’s'iﬁf,iif!,v,f) instruction L1D miss store prefetch rate | prefetch rate L2 miss (ia;:f:g;ar; d(("e/:;(a/rl-‘gn::;;! prefetch rate | prefetch rate
instructien)| iiss)| (%) (/11D miss) | (%) (/L1D miss) (%) (/12miss) | (%) (/L2 miss)
Before 0.00| 3.60E+08| 3.89E+08 1.08 98.28%;.) 1.72% 0.00%| 1.07E4+04 0.00] 62.54%| 46.87% 0.00%
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Effect of Loop Interchange (Source Tuning)

Q
FUJITSU

Loop interchange increases cache efficiency through sequential access to arrays. The result is improvement
of the "No instruction commit due to access for a floating-point load instruction” event.

Seconds
Source After Improvement X EE—Ol ]
45 real*8 a(n1,n2),b(n1,n2),c(n1,n2),d(n1,n2)
46 real*8 s1,s2
47 integer n1,n2 Tuning details
48 1$Somp parallel \
49 15omp do (1) Array a converted to 2. 0E-01 ‘ -
50 1 p doi=1,n2 2-dimensional array \
<<< Loop-information Ste (2) Loops 1 and 2 separated \
<<< [OPTIMIZATION] 3) Loops interchanged NO i \
<<< SIMD(VL: 8) (3) P 9 | sE-01 'c';ir;?:'g:e \
<<< SOFTWARE PIPELINING(IPC: 2.13, ITR: 112, MVE: 2, POL: S) el to L1D \
<<< Loop-information End >>> cache \
51 2 p 2v do j=1,n1 ?Icce_ssfora \
52 2 p 2v a(j,i) = s1 + c(j,i) / (s1 + s2 / d(j,i)) AR Effect of
53 2 p 2v enddo 1.0E-01 instruction | | H
54 1 p enddo 5.9‘1 times
55 1$Somp end do \
56 !$0m|:_i do i"::;truction \
57 1 p do i=2,n2 commit due \
<<< Loop-information Start >>> 5.0E-02 to L2 cache \
<<< [OPTIMIZATION] access Ll \
<<< SIMD(VL: 8) point load
<<< SOFTWARE PIPELINING(IPC: 2.04, ITR: 96, MVE: 2, POL: S) instruction
<<< Loop-information End >>>
. L
58 2 p 2v do j=1,n1 0.0E+00
50 2 p 2v b(j,i) = a@j,i) / (s2 + s1 / a(j,i-1)) Before After
60 2 p 2v enddo
61 1 p enddo
62 1$omp end do Number of L1D misses reduced significantly
63 I$somp end parallel /
L1D miss | L1D miss | L1D miss | 11D miss . . L2 miss L2 miss
L1l miss rate| ) oad-store . rate (/Load-| demand hardware software . L2 miss rate L2 miss hardware software
Cache iﬁ/sﬁﬂiﬁg'.f) instruction L1D miss store rate (%) prefta)tglg{é prefetch rate L2 miss (I{:;:f: c-tsi:’c:‘r)e d(f/g(a/':g n:.:s prefetch rate | prefetch rate
w iss)| (%) (/1D miss) | (%) (/L1D miss) (%) (/12 miiss) | (%) (/L2 miss)
Before 0.00] 3.60E+08| 3.89E+0g] 1.08 98.28%\<1.72% 0.00%]| 1.07E+04 0.00] 62.54%| 46.87% 0.00%
After 0.00] 1.94E+08| 2.15E+07 0.11 9.28% 0.72% 0.00%| 8.66E+03 0.00] 17.98%| 87.84% 0.00%
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C/C++ Loop Interchange (Before Improvement)

Cache efficiency is low because Arrays b, ¢, and d have stride access patterns.
Consequently, the "No instruction commit due to access for a floating-point load
instruction"” events occur many times.

Q
FUJITSU

Source Before Improvement [Seconds]
33 void sub(int n,int m,double s1,double s2) {
34 double a[n2]; 1.8E+00
35 inti,j;
= —
<<< Loop-information Start >>> 1.6E+00
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< a 1.4E+00
<<< Loop-information End >>> Low cache efficiency since No
37 for(j=0;j<n1;j++) { A b ddh id 1.2E+00 instruction
<<< Loop-information Start >>> rrays b, C, an ave stride : commit due
<<< [OPTIMIZATION] access pattern o210
<<< SIMD(VL: 8) 1. 0E+00 cache ]
<<< SOFTWARE PIPELINING(IPC: 1.92, ITR: 112, MVE: 3, POL: S) : gf)f;flf ora
<<< PREFETCH(HARD) Expected by compiler—: point Igad
<<< a 8.0E-01 instruction
<<< Loop-information End >>> '
38 2v for(i=0;i<n2;i++) {
39 2v a[i] = s1 + c[il[j]1 / (s1 + s2 / d[il[iD); } No
40 2v ¥ Loop 1 6.0E-01 instruction
<<< Loop-information Start >>> commit due
<<< [OPTIMIZATION] 4.0E-01 to L2 Ci‘fhe
<<< SIMD(VL: 8) : ?Ifgiis:g_‘“a
<<< SOFTWARE PIPELINING(IPC: 2.18, ITR: 96, MVE: 2, POL: S) point load
<<< PREFETCH(HARD) Expected by compiler : 2 0E-01 instruction
<<< a )
<<< Loop-information End >>>
41 2v for(i=1;i<n2ji++) { 0.0E-+00
42 2v b[i1[j]1 = a[i] / (s2 + s1 / a[i-1]); Loop 2 ’
43 v} Before
44 ¥
45 3 a g
High L1D miss rates
L1D miss L1D miss L2 miss L2 miss L2 miss
L1I miss rate| | . 4 oce L1D miss rate hardware software L2 missrate | ;- 4 rate| hardware software
Cache (/Effective instruction L1D miss |(/Load-store prefetch rate | prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate| prefetch rate
instruction) u instruction) (%) (/L1D (%) (/L1D instruction) ). (%) (/L2 (%) (/L2
A A miss) f .
, miss) miss) miss) miss)
Before 0.00 1.87E+09 3.89E+08~—_ 0.2 97.%) 2.06% 0.00% 2.18E+04) 0.00 71.23% 38.77% 0.00%4
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oyAof L Al Effect of Loop Interchange (Source Tuning)
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Loop interchange increases cache efficiency through sequential access to arrays. The result is improvement
of the "No instruction commit due to access for a floating-point load instruction” event.

[Seconds]
Source After Improvement 1.8E+00
glsl void sub(int n1,int n2,double s1,double s2) 1.6E4+00 -\
gg flotu_b_le a[m][n]; Tuning details \
int i,j;
38 (1) Array a converted to 1 4E+00 '
<<< Loop-information Start >>> - A : \
<<< [OPTIMIZATION] 2-dimensional array NO  ction \
iler :
::: P;{,E(I:IE;FCH(HARD) Expected by compiler (2) LOOpS 1 and 2 Separated L 2E400 :oT{'gt I \
<<< Loop-inf tion End >>> A : o
39 form e e (3) Loops interchanged cache ‘\
<<< Loop-information Start >>> ?If)‘;iis:gfor & \
<<< [OPTIMIZATION] . a
<<< SIMD(VL: 8) 1.0E+00 ﬁ“zprtugf:n
<<< SOFTWARE PIPELINING(IPC: 1.88, ITR: 96, MVE: 2, POL: S)
<<< PREFETCH(HARD) Expected by compiler : EffeCt Of
<<< c,d a H
<<< Loop-information End >>> 8.0E-01 6-3 1 tl mes
40 2v  for(j=0;j<nl;j++) {
41 2v a[illj]l = s1 + c[il[j1 / (s1 + s2 / d[il[j]); \
42 v} _ No \
43 b 6.0E-01 instruction \
<<< Loop-information Start >>> commit due
<<< [OPTIMIZATION] to L2 cache
<<< PREFETCH(HARD) Expected by compiler : 4.0E-01 access for a
<<< a, b ' floating-
<<< Loop-information End >>> point load \
44 for(i=0;i<n2;i++) { instruction
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 2.0E-01
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.09, ITR: 96, MVE: 2, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<<< ab 0.0E+00
<<< Loop-information End >>>
45 2v  for(j=0jj<nL;j++){ Before After
46 2v b[i1[j]1 = a[il[i]1 / (s2 + s1 / a[i-11[j1);
47 2v ¥
48 H g a o
49 } / Number of L1D misses reduced significantly
N 7 " " "
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . o ore L1D miss rate deLnl'nIa)nr::I“faste software L2 miss rate derl;12a:‘gsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate| prefetch rate
instruction) instruction) omiss) (%) (/L1D instruction) r(l)ﬁss) (%) (/L2 (%) (/L2
miss) miss) miss)
Before 0.00] 1.87E+09 3.89Ef@ 0.21] 97.94% 2.06%| 0.00%] 2.18E+04) 0.00 71.23% 38.77% 0.00%
After 0.00] 1.87E+09 2.27E4¥B~Z 0.01 14.23%] 85.77%| 0.00%| 3.63E+04) 0.00 42.14% 62.84% 0.00%
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Loop Fusion

What is Loop Fusion?
Loop Fusion (Before Improvement)
Loop Fusion (Source Tuning)
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o8
What is Loop Fusion? FUJITSU

Loop fusion is a means to connect loops to achieve the following effects:

- Data localization: To reuse arrays

- Higher parallelism at instruction level: To increase the number of instructions
in a loop to increase parallelism at the instruction level

Single Loop Double Loop
Peeling
. . i=1
Peeling doi=1,n =2
j=1 | Loop fusion doj=1,n doj=1,n
do i=1, n XXX 1= XXX XXX
f XXX - F XXX enddo enddo
enddo do i=2, n enddo S |
f XXX doi=2, n doi=2,n 1) 450p fusion
do i=2’ n enddo 116 ¢ QL do i=2’n dO J—1,n -
...yyy... ...yyy... d0j=1, n XXX dO |=-2, n
enddo doi=2. n [enddo Yy enqdo doj=1,n
"%WV"' enddo do j=1,n S XXX
enddo ---yyy--- ---yyy---
enddo #oqp enddo enddo
- uston 'nddo | enddo

Do not do if operations in loop
become too large in quantity

m Points
® The compiler automatically fuses loops that have the same loop length.
® Software pipelining may not be facilitated when a loop contains too many operations.
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Array data is not fully cached and cannot be reused in Loop 2 because Loop 1 has a large number of
iterations. Consequently, the "No instruction commit because memory cache is busy" event occurs many

Loop Fusion (Before Improvement)

times.

Source Before Improvement [Seconds]
42 1pp v do j=1,m-1 — 3.0E-01
<<< Loop-information Start >>> m = 50
<<< [OPTIMIZATION] n = 150,000
<<< COLLAPSED Array type: real*8 2.56-01 l
<<< Loop-information End >>> -
43 2 p doi=1,n
4 2 p v sl =s1 + a(i,j) * (s3 * b(i,j) + c(i,j) * (s2 + s3 *d(i,j) ))
45 2 p v enddo 2.0E-01 —
46 1 p v enddo
47 —
<<< Loop-information Start >>> 1 5E-01 No instruction
<<< [PARALLELIZATION] Total array data: Approx. ' commit
<<< Standard iteration count: 572 200 MB because
<<< [OPTIMIZATION] Array data not fully cached memory cache
<<< COLLAPSED 1.0E-01 is busy
<<< SIMD(VL: 8) |
<<< SOFTWARE PIPELINING(IPC: 2.30, ITR: 96, MVE: 2, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<< b,a,d, c e >5.0E-02
<<< Loop-information En
48 1 pp 2v do j=1,m Array dccess causes
<<< Loop-information Sta cache miss j 0.0E+00
<<< [OPTIMIZATION] — Before
<<< COLLAPSED
<<< Loop-information End >>>/ The L1 and L2 cache miss rates are 0.24, which is the
49 2 p 2 doi=1,n N B o theoretical value of stream access. However, misses
50 2 p 2v e(ig) = s2* (a(ij) + b(ig) * (3 + c(ig) * d(i1) occur in both Loops 1 and 2. This means Loop 2
512 p v enddo — /| cannot use the data cached in Loop 1.
52 1 p enddo
. L1D miss rate . 5 1D miss . . L2 miss L2 miss
Cache| (eee]| Load-store |\ 1p uee | (/Lond-store |demand rat mm L2 miss | (/Load-store | demand rate | hardware | software
instruction) instruction) (%)M (/11D miss) (%) (/L1D miss instruction) | (%) (/L2 miss) (%) (/12miss) | (%) (/12 miss)
Before 0.00| 8.57E+08| 2.09E+08 0.2450.64% 99.35% 0.0l%ﬁ+08 0.24 0.66%| 99.50% 0.00%
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Loop Fusion (Source Tuning)

because memory cache is busy" event.

Loop fusion increases cache efficiency. The result is improvement of the "No instruction commit

Q
FUJITSU

Source After Improvement (Source Tuning) Image of loop fus"qo j=1, m-1 - doj=1, m-1
(22 1pp Vv do j=1,m-1 doj=1, m-1 do I=])-(,xl)1( doi=1,n
<<< Loop-information Start >>> doi=1,n enddo XXX
—] <<< [OPTIMIZATION] XX _ yyy
Loop fusion <<< coLLapsep enddo [ enddo | Loop fus'd’ng“
[ <<< Loop-information End >>> enddo Vet do j=1, m-1 enddo
43 2 p doi=1,n B 3 3 _ do j=1, m doi=1,n do j= m,m
4 2 p v s1 =s1 + a(i,j) * (s3 * b(i,j) + c(i,j) * (s2 + s3 * d(i,| doi=1. n yyys doi=1,n
45 2 p v e(i,j) =s2 * (a(i,j) + b(i,j) * (s3 + c(i,j) * d(i,j))) y’yy —>1| enddo - Yyyer
46 2 p v enddo enddo enddo enddo
47 1 p v enddo enddo = . enddo
— Array access causes ——— Peeling | doj=mm
[49 1 s do j=m,m cache hit _y'yy
<<< Loop-information Starc enddo
<<< [PARALLELIZAYION] T enddo
<<< Standard iteration count: 364 1 3.0E-01
<<< [OPTIMIZATION] . .
. <<< SIMD(VL: 8) Cutting out (peeling) > 5E-01 - * -
'Pee“ng <<< SOFTWARE PIPELININ for loop fusion s) ' Effect of
<<< PREFETCH(HARD) Ex , - 5 0.0 | 1.62 times -
<<< b,a, d, c e : \
<<< Loop-information End >>> »
50 2 pp 2v doi=1,n 1.5E-01 he
. s . .. .. instruction
51 2 p 2v e(i,j) = s2 * (a(i,j) + b(i,j) * (s3 + c(i,j) * d(i,j))) commit
52 2 p 2v enddo 1.0E-01 because
53 1 p enddo :;i?,‘:g
— busy
5.0E-02
Number of L1D and L2 misses
reduced significantly 0.0E+00 Sofor Aftor
. L1D miss L1D miss . . L2 miss L2 miss
L1I mi L1D miss rate L1ID m L2 miss rate L2 miss
Cache |{dteme | Loadsere | 14 miss u/ demand raz [Stardvare | sofbare |1 miss | (JLoadsore | deman rate | ferduare | sftvare,
instruction) instryction) | (%) (/11D miss) (%) (/L1Dmiss) | (%) (/L1D miss) instruction) | (%) (/L2 miss) (%) (/2miss) | (%) (/L2 miss)
Before 0.00 8.57E+Q€ 2.09E+08\ 0.24 0.64%| 99.35% \GM 2.09E+08 0.24 0.66%| 99.50% 0.00%
After 0.00 4.92E+(58 1.18E+08 0.24 0.36%| 99.63% 0.00\94.1 1.17E+08 0.24 0.41%| 99.75% 0.00%
56
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Array data is not fully cached and cannot be reused in Loop 2 because Loop 1 has a large number of
iterations. Consequently, the "No instruction commit because memory cache is busy" event occurs many

o/4of L Loop Fusion (Before Improvement)

times.

[Seconds]
Source Before Improvement 4.0E-01
39 #pragma omp parallel for )
40 p for (j=0;j<m-1;j++) { m =50 3.5E-01
<<< Loop-information Start >>> n = 150000 '
<<< [OPTIMIZATION] _
<<< SIMD(VL: 8) Array type : double OE.01
<<< PREFETCH(HARD) Expected by compiler : -
<<< (unknown)
<<< Loop-information End >>> 2 5E-01
41 p 8v for (i=0ji<n;i++) { ’
42 p 8v *s1 = *s1 + a[jI[i] * (*s3 * b[jI[i]1 + c[jI[i]1 * (*s2 + *s3 * d[jI[i] ));
43 p 8 3 2.0E-01
44 p 3} - No instruction
45 commit becaust_a
46 #pragma omp parallel for Total array data: Approx. 200 MB 1.5E-01 memory cache is
<<< Loop-information Start >>> | Array data not fully cached —
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 1.0E-01
<<< (unknown)
<<< Loop-information End >>>
47 p for (j=0;j<m;j++) { — 5.0E-02
<<< Loop-information Start >>>
<<< [OPTIMIZATION] Array access causes -
<<< SIMD(VL: 8) - 0.0E+00
<<< SOFTWARE PIPELINING(IPC: CaChe miss
<<< PREFETCH(HARD) Expected by compiler, : Before
<<< (unknown)
<<< Loop-information End >>>
48 p 2v  for (i=0ji<m;i++) { The L1 and L2 cache miss rates are 0.21, which is the
49 p v e[jlli] = *s2 * (aljlli] + bIII[i1* (*s3 + c[3I[i] * dIjILi] )); theoretical value of stream access. However, misses
50 p v} occur in both Loops 1 and 2. This means Loop 2
51 p ¥ — N
| cannot use the data cached in Loop 1.
. L1D mi L1D miss . L2 miss L2 miss
L1I miss rate Load-store L1D miss rate d:n];gnlglfaste are software L2 miss rate dell;12.':mmdlslite hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) prefetch rate| pr ch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) instruction) omiss) (%) (/L1D (%) ( instruction) I:'liSS) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 9.87E+08 @08 0.215 9.82% 90.20% -0.02%, 2.10E+08 0.215 5.83% 95.03% 0.00%
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o7 oL L | oop Fusion (Source Tuning) FUJITSU

Loop fusion increases cache efficiency. The result is improvement of the "No instruction commit
because memory cache is busy" event.

i Image of loop fusion -
Source After Improvement (Source Tuning) 9 Pf ° - _ for(j=0:j<m-15j++){
Y (i . . . . or(j=0;j<m-1;j++ i=0i<n:i
o s rgogem-ten | | GERETISDC)| | o=
p-information Start >>> for(i=0;i<n;i++){ XXX >
<<< [OPTIMIZATION] e XX Ko y T : =YYy
—t< SIMD(VL: 8) ¥ 3 | Loop Fusion | ¥
Loop FUSION|.  soFTwARE PIPELINING(IPC: 1.98, ITR: 192, MVE: 2, POL: S) ¥ Peeling | C
T <<< PREFETCH(HARD) Expected by compiler : N . for(j=0;j<m-1;j++){ for(j=m-1;j<m;j++){
<< f‘;:,(rj(f(’,]ff:{ﬁi)f{ for(i=0;i<n;i++){ for(i=0;i<n;i++){
<<< Loop-information End >>> A YYYiuu e YYYe
41 p 8v for (i=0ji<n;i++) { =YYy b }
42 p 8v *s1 = *s1 + a[jl[i] * (*s3 * b[jI[i] + c[jI[i] * (*s2 + *s3 * d[j][i] )); 3} ¥ - }
43 p 8v e[j1[i] = *s2 * (a[jl[i] + b[JI[i1* (*s3 + c[j1[i] * d[j1[i])); . . .
4 p 8 3} N for(j=m-1;j<m;j++){
45 3 for(i=0;i<n;i++){
= P Array access causes oYYy
(48 p for (j=m-1;j<m;j++) { cache hit }}
<<< Loop-information Start >>> - C
<<< [OPTIMIZATION] [Seconds]
<<< SIMD(VL: 8) 4.0E-01
Peeling < SOFTWARE PIPELINING(IPC: 3.83, ITR: 176, MVE: 3, POL: S) 3.5E-01 Effect of
T << PREFETCH(HARD) Expected by compiler : ' 1.34 times
<<<  -e- 3.0E-01 ==
<<< Loop-information End >3> SS
49 p 2v  for (i=0;i<nji++) { 2.5E-01
50 p 2v e[jl[i] = *s2 * (a[jl[il + bIyI[i1* (*s3 + c[j1[i] * d[j1Li])); 2.0E-01
51 p 2v ¥ a 0 _ N
52 p ¥ CUttIng out (peellng) 1.58-01 in:truction
. it
— for loop fusion 1.0E-01 fommit
5.0E-02 cache is busy
1 Number of L1D and L2 misses 0.0E+00
reduced significantly Before After
m L1D miss L1D miss L2 miss L2 miss L2 miss
L1I miss rate dware software L2 miss rate hardware software
Cache (/Effective :‘:;S;iilogs L1D miss dg;:)a |(1;ILr1a|;e ;%a&% L2 miss (/Load-store "““(':}3"(" /I':;te prefetch rate | prefetch rate
instruction) A (%) (/L1D (% instruction) A (%) (/L2 (%) (/L2
—4 miss) miss) miss) = miss) miss) miss)
Before 0.00 9.87E+08 2.10E+08 9.82% 90.20% -0.02% 2.10E+08] \ 0.21] 5.83%] 95.03% 0.00%
After 0.00 1.94E+(§§ 1.19E+08 2.55%) 97.54% -0.09% 1.18E+08 0.06 1.46% 98.73% 0.00%
58
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Array Merge (Indirect Access)

What is Array Merge?
Array Merge (Before Improvement)
Effect of Array Merge (Source Tuning)
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What is Array Merge? FUJITSU

Array merge is a means to merge multiple arrays in the same loop
into one only if they have a common access pattern. Data access
becomes sequential, which increases cache efficiency.

Source Before Improvement Source After Improvement
parameter(n=1000000) parameter(n=1000000)
real*s a(n)l b(n)l Array merge ‘> real*8 abc(3, n)
integer d(n+10) integer d(n+10)
doiter =1, 100 doiter =1, 100
doi=1,n (L1D cache) doi=1,n
a(d(i)) = b(d(i)) a( d(i)) abc(1, d(i)) = abc(2, d(i))
+ scalar * c(d(i)) NEIEEN + scalar * abc(3, d(i))
enddo enddo (L1D cache)
b( d(i)) abc( 1, d(i))
enf:ldo enddo abe( 2, d(i)) 8
b( d(i+1)) - abc( 3, d(i))
Access to different Access to same
P c( d(i)) - abc( 1, d(i+1))
::ahclle rI:ne;; | r cache line abc( 2, d(i+1))
nv;t geqaueﬁgial)va Hes e c(dii+1)) abc( 2, d(+1))
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m Array Merge (Before Improvement)

Cache use efficiency is low (indirect access) because the L1D miss rate is high. Consequently,
the "No instruction commit due to L2 cache access for a floating-point load instruction”

event occurs many times.

Source Before Improvement [Seconds]
1 parameter(n=2*1000*1000/8) 7.0E-01
2 real*8 a(n),b(n),c(n),e(n),f(n),s ;
3. integer d(n) 6.0E-01
14 1 s call sub(a,b,c,d,e,f,s,n)
. ] 5.0E-01
25 subroutine sub(a,b,c,d,e,f, s, n)
26 real*8 a(n),b(n),c(n),e(n),f(n),s
27 integer d(n), ii 4.0E-01
28 No instruction
29 ISomp parallel do schedule (static,96) commit due to
<<< Loop-information Start >>> 3.0E-01 }':rgafl';‘;t"i‘;‘;‘fss
<<< [OPTIMIZATION] point load
<<< SIMD(VL: 8) instruction
<<< SOFTWARE PIPELINING(IPC: 1.07, ITR: 80, MVE: 3, POL: S) 2.08-01
<<< PREFETCH(HARD) Expected by compiler :
<<< d
1.0E-01
<<< Loop-information End >>>
30 1 p 2v doi=1,n
31 1 p 2v i = d(i) 0.0E+00 -
32 1 p 2v a(ii) =s/ (s+f(ii) / (s + e(ii) / (b(ii) + s/ c(ii)))) Before
33 1 p 2v enddo
34 I$Somp end parallel do
. : L1D miss L1D miss L1D miss . L2 miss L2 miss L2 miss
L1I miss rate| L1D miss rate L2 miss rate
Cache| (/Effective Load-store L1D miss | (/Load-store demand rate h?rdv;gare stf)ftwlfre L2 miss | (/Load-store demand haflrdv;l1are s?ftwlfre
instruction) | "truction instruction) (O/on)ni(s/slim o LID )| (9% (LD nstruction) (;?_tzen(nog) o0 L2mes) | G0 2mes)
Before 0.00|6.44E+08|1.27E+09 1.97 99.98% 0.01% 0.00%|4.82E+07 0.07] 60.81%| 50.33% 0.00%
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Array merge increases cache efficiency by merging the list access arrays. The result is
improvement of the "No instruction commit due to L2 cache access for a floating-point load

Effect of Array Merge (Source Tuning)

instruction” event.
Source After Improvement (Source Tuning)

7.0E-01
1 parameter(n=2*1000*%1000/8)
2 real*8 abcef(5,n),s ;\\
.3 integer d(n) 6.0E-01 .
: \
14 1 s call sub(abcef,d,s,n) \
: \
: 5.0E-01
24 subroutine sub(abcef,d, s, n) Effect of
25 real*8 abcef(5,n),s ec_ o
26 integer d(n), ii 4.0E-01 | 2.3 times
27 ' \
28 I$omp parallel do schedule (static,96) No : \
<<< Loop-information Start >>> '“StrUFtt'gn '
<<< [OPTIMIZATION] 3.08-01 P —
<<< SIMD(VL: 8) access for a
<<< SOFTWARE PIPELINING(IPC: 1.09, ITR: 80, MVE: 3, POL: S) floating-
<<< PREFETCH(HARD) Expected by compiler : 2.0E-01 point load
<<< d instruction
<<< Loop-information End >>>
29 1 p 2v doi=1,n 1.0E-01
30 1 p 2v i = d(i)
31 1 p 2v abcef(1,ii) = s / (s + abcef(5,ii) / ( s + abcef(4,ii) s BN
32 1 * [ (abcef(2,ii) + s / abcef(3,ii)))) 0.0E+00 - B At
33 1p 2 " enddo L1D miss rates reduced | ~°¢ ¢
1ISomp end parallel do . ap-
pendp significantly
I =
. . L1D miss L1D miss L1D miss . . L2 miss L2 miss
L1I miss rate| | . . |LiD missrate| | -4 hard ft ] L2 miss rate L2 miss hard ft
Cache (T | nsucion | 40 miss | (Loatstore | rotety |l s 1218 | (Lantore e s et et
(71D miss) % miss) | (% miss, %, miss %, miss
Before 0.00] 6.44E+08|1.27E+09 1.97] 99.98% 0.01% 0.00%| 4.82E+07 0.07] 60.81%| 50.33% 0.00%
After 0.00] 3.19E+08|2.97E+08 0.93[ 99.68% 0.32% 0.00%| 1.58E+04 0.00] 63.74%| 54.78% 0.00%
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/AL L Array Merge (Before Improvement)

Cache use efficiency is low (indirect access) because the L1D miss rate is high. Consequently,
the "No instruction commit due to L2 cache access for a floating-point load instruction”
event occurs many times.

Source Before Improvement [Seconds]
- 8.0E-01
Array declaration
double a[250000];
double b[250000]; /.0E-01
double c[250000]; —
double e[250000]; 6.0E-01
. ] . double f[250000];
24 void sub(double (* restrict a),double (* restrict b),
double (* restrict c¢),int (* restrict d),double (* restrict e), 5.0E-01 : .
double (* restrict f),double s,int n) { el
25 int i,ii; L2 cache
26 4.0E-01 access for a
27 #pragma omp parallel for schedule (static,96) (e L e
<<< Loop-information Start >>> 3.0E-01
<<< [OPTIMIZATION] '
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.33, ITR: 112, MVE: 4, POL: S) 2.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>> 1.0E-01
28 p 2v for(i=0;i<n;i++) {
29 p 2v ii = d[i];
30 p 2v  afiil=s/ (s + f[iil/ (s + e[ii] / (b[ii] + s/ c[ii]))); 0.0E+00
31 p 2v } Before
32 }
. L1D mi L1D mi . L2 mi L2 mi
L1I miss rate Load-st L1D miss rate d L1D rglsst hard\llv«':lf‘se softvr\::;f: L2 miss rate d L2 n':jlss t hardn\r\;::e softwgsrse
Cache (/Effective _oat stc_>re L1D miss |(/Load-store eoTan Lt;laDe prefetch rate| prefetch rate L2 miss (/Load-store eg}an B e prefetch rate | prefetch rate
instruction) | Instruction instruction) | ¢ °r31i(s/s) (%) (/L1D | (%) (/L1D instruction) | (%) s(s/) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.000  6.58E+08  1.27E+09 1.93 99.94% 0.06% 0.00%  4.24E+07 0.06] 56.24%) 56.98%) 0.00%
63 DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



OyA o8 & W Effect of Array Merge (Source Tuning)

Array merge increases cache efficiency by merging the list access arrays. The result is
improvement of the "No instruction commit due to L2 cache access for a floating-point load

instruction" event.

Q
FUJITSU

Source After Improvement (Source Tuning) [Seconds]
8.0E-01
Array declaration
double a[250000]; —
double b[250000]; !
double c[250000]; N
double e[250000]; 6.0E-01 \
double f[250000]; =
Effect of
5.0E-01 - 2.04 ti
24 void sub(double (* restrict abcef)[5],int (* restrict d),double s,int n) { instruction .04 times
25 int i,ii; due to L2 \
26 4.0E-01 cache \
. access for \
27 #pragma omp parallel for schedule (static,96) a floating-
<<< Loop-information Start >>> pelesy !
<<< [OPTIMIZATION] 3.0E-01
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.36, ITR: 112, MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 2.0E-01
<<< (unknown)
<<< Loop-information End >>>
28 p 2v for(i=0;i<n;i++) { 1.0E-01
29 p 2v ii = d[i];
30 p 2v abcef[ii][0] = s / (s + abcef[iil[4] / ( s + abceflii][3] /
(abcef[ii][1] + s / abcef[ii][2]))); 0.0E+00
31 2v -
32 ¢ 3 } L1D miss rates reduced Before After
) significantly
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . <ore L1D miss rate d:nignlglfas | hardware software L2 miss rate de:;'uzanmdlsrsate hardware software
Cache (/Effective | . tructi L1D miss |(/Load-store o L1 prefetch rate| prefetch rate L2 miss (/Load-store %) (/L2 prefetch rate | prefetch rate
instruction) | 'Mstruction instruction) | ¢ °n)1.(/ } (%) (JL1D | (%) (/L1D instruction) | (%) ( (%) (/L2 | (%) (/L2
N  miss) miss) miss) miss) miss)
Before 0.00 6.58E+08 1.27E+09 1.93 99.94% 0.06% 0.00% 4.24E+0Q7| 0.06) 56.24%| 56.98%| 0.00%
After 0.00 3.67E+08 2.94E+08 0.80 99.69% 0.30% 0.00%] 1.41E+04) 0.00) 76.45% 61.05%| 0.00%
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Array Dimension Shift

What is Array Dimension Shift?

Array Dimension Shift (Before Improvement)

Effect of Array Dimension Shift (Source Tuning)

Effect of Array Dimension Shift (Compiler Option Tuning)
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What is Array Dimension Shift?

Q
FUJITSU

Array dimension shift is a tuning method that changes the access dimension of an
array to improve cache utilization.

As shown in the following example, shifting the changed dimension inward can
increase cache use efficiency.

m Before improvement

(Data location in memory)

a( 1, 1, 1)

~\ 256 x 256 x 8 B

—
]

(Cache line)

Example of Source

parameter(n=96,m=100)
real*8 a(n, m, 8)
common /com/a
doj=1,m
doi=1,n
a(i, j, 1) = a(i, j, 2) + a(i, j, 3) + a(i, j, 4) +
a(i, j, 5) + a(i, j, 6) + a(i, j, 7) +

a( 2, 1, 1)

\=32x16 KB

IDistant access
1

a(256, 256, 1)

1
/

LA
\\256x256x88

a( 1, 1,2)

1= 32x 16 KB

I' Distant access

\= 32 x 16 KB

a(256, 256, 2)| ,
\\256X256XSB

a(256, 256, 3)

)Distant access
!

a( 1, 1,4)

/7

f5. 256 x 256 x 88

\ =32x16 KB

a(256, 256, 4)

) Distant access
]

a( 1, 1,5

/
\\256 X 256 x 8 B

1= 32 x 16 KB

1 ~:
=< Distant access

a( 1, 1,6)

\
1
1 256 x 256 x 8 B

a( 1, 1,7) i<\=32x16KB

1 Distant access
/

256 x 256 x 8 B

=32x 16 KB

Distant access

a(i, j, 8) —
enddo a( 1, 1,8) ¥~
enddo cc
a(256, 256, 8)
| =  Store in cache = ----- » Memory access order |

66

m  After improvement

Can use data effectively since
all 8 pieces of data are on
same cache line

ﬂ& e KX
] al, 2, 1 [*

(Data location in memory)
a(l, 1, 1)
a(2, 1, 1) \

a(l, 3, 1) |&<

Example of Source

parameter(n=96,m=100)
real*8 a(n, 8, m)
common /com/a
doj=1,m

doi=1,n

a(i, 1,3) = a(i, 2,j) + a(i, 3,j) +a(i, 4,j) +
a(i, 5,j) +a(i, 6,3) +a(i, 7,j) +

a(i, 8,7)
enddo
enddo

a(l, 8, 1)

a(1, 256, 1)
a(2, 256, 1)
a(3, 256, 1)
a(4, 256, 1)

a(1, 1, 2)
a2, 1, 2)
a3, 1, 2)
a4, 1, 2)

a(8, 256, 256)
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P
Array Dimension Shift (Before Improvement) FUJITSU

Data locality for access in the innermost loop of Array a is low. Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction" event occurs.

Source Before Improvement

16 real(8)::a(N,M,8) [Seconds]
: N = 96 1.8E+00
<<< Loop-information Start >>> M = 100
<<< [OPTIMIZATION] 1.6E+00 -
<<< PREFETCH(HARD) Expected by compiler :
<<< a 1.4E+00 -
<<< Loop-information End >>>
21 2 p do j=1,M 1.2E+00 -
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 1.0E+00 1
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.87, ITR: 56, 8.08-01 1
MVE: 2, POL: S) 60501 !
<<< PREFETCH(HARD) Expected by compiler :
e @ sor01 | commitauete
<<< Loop-information End >>> L2 cache accesd
22 3 p Vv do |_=_1,N B 3 B > OE-01 g:)l‘i:tfllggctlmg-
23 3 p v a(i,j,1)=a(i,j,2)+a(i,j,3)+a(i,j,4)+& instruction
24 3 a(ij,5)+a(i,j,6)+a(i,j,7)+a(ij,8) 0.0E+00
25 3 p v enddo Before
26 2 p enddo
. L1D miss L1D miss . L2 miss L2 miss
Cache|“{iimesiace| Loscstore | 1o |\ 00 mimt i cemana core| vers, | softuers |, | aemana e nerivere | ot
instruction) instruction) umiss) (%) _(/L1D (%) _(/L1D instruction) r‘:1iss) (%)_ /L2 (%)_ /L2
miss) miss) miss) miss)
Before 0.00|2.12E+10|8.20E+08 0.04| 78.62%| 21.38%| 0.00%]|5.45E+03 0.00| 87.63%| 20.43% 0.00%
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Effect of Array Dimension Shift (Source Tuning)

P
FUJITSU

Array dimension shift increases data locality. The result is improvement of the "No
instruction commit due to L2 cache access for a floating-point load instruction" event.

Source After Improvement (Source Tuning)

16 real(8)::a(N,8,M) [Seconds]
<<< Loop-information Start >>> N = 96 1.8E+00
<<< [OPTIMIZATION] M =100
<<< PREFETCH(HARD) Expected by compiler : 1.6E+00 - <
<<< a Effect of
=i i 1.4E+00 - -
<<< Loop m_formatlon End >>> 1.38 times
21 2 p do j=1,M N
<<< Loop-information Start >>> 1.2E+00 - >
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) 1.0E+00 1
<<< SOFTWARE PIPELINING(IPC: 2.87, ITR: 56,
MVE: 2, POL: S) 8.0E-01
<<< PREFETCH(HARD) Expected by compiler : 6.0E-01
r . No instructi
<<< Loop-information End >>> 4.0E-01 c:n:'r‘:it’guft"‘)
22 3 p Vv do i=1,N L2 cache
; . ; ; . . ; ; access for a
23 3 p vV a(i,1,3)=a(,2,j)+a(i,3,j)+a(i,4,7)+& 2 0E-01 floating-point
. .. .o . o - : load
24 3 a(i,5,3)+a(i,6,3)+a(i,7,j)+a(i,8,j) instruction
25 3 p Vv enddo 0.0E+00 R —
26 2 p enddo Before After
Cache
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rat L1D miss rate| , LD MiSS | opg fit L2 miss rate | , L2 MiSS | kg fit
/ ETflessti?ee !.oatd-si_ore L1D miss (/Lo?cljit?r: de;/n andLl;.a;e pre?gtt‘:’;a:aete prZ?etzv;:Ete L2 miss (/Lglzfs;?)rz der;;and I':;te pre?:;tt‘:ll\fla:aete pr:(f)etzv::zte
instruction) | Mstruction instruction) | ¢ °n)1i(s/s) (%) (JL1D | (%) (/L1D instruction) | ¢ gziés/) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00[2.12E+10|8.20E+08 0.04] 78.62%| 21.38% 0.00%)| 5.45E+03 0.00] 87.63%| 20.43% 0.00%
After 0.00/2.11E+10|7.39E+07 0.00 99.99% 0.01% 0.00%|4.12E+03 0.00] 80.75%| 32.43% 0.00%
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'J[f = Array Dimension Shift (Before Improvement) FUJITSU

Data locality for access in the innermost loop of Array a is low. Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction" event occurs.

Source Before Improvement [Seconds]
36 void sub(int N,int M,int ITER, double (* restrict a)[M][N]) 2.5E+00
37 {
38 inti,jk;
39 #pragma omp parallel private(i,j, k) N=96
40 { M=100 2.0E+00
41 for(k=0; K<ITER; k++)
42 {
43 #pragma omp for nowait Array declaration
<<< Loop-information Start >>> double a[8][M][N]; 1.5E+00
<<< Loop-information End >>>
44 p for(j=0; j<M; j++)
45 p {
<<< Loop-information Start >>> 1.0E+00
<<< Loop-information End >>>
46 p v for(i=0; i<N; i++) - No instruction
a7 p v 5.0E-01 commit due to
48 p v a[o][jIli1=al1]1[j1[i1+al2][j]1[i1+al[3][j][i]1+ 2 ?Iccet_ss for a .
1T 1T 1T SIE0 oating-poin
49 a[41[1[i1+a[5][1[i1+al61[i1 i1 +al71[1il; o [floa
50 p v b instruction
51 p ¥ 0.0E+00 |
52 b e Before
53 ¥
55 return;
56 ¥
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . o oce L1D miss rate deLnl'lgnr::I“Saste hardware software L2 miss rate derl;‘nza::ssate hardware software
Cache (/Effective inst ct'orn L1D miss |(/Load-store (%) ( /LI;I.D prefetch rate | prefetch rate L2 miss (/Load-store (%) ( /It2 prefetch rate| prefetch rate
instruction) | 'MStruct! instruction) i s (%) (/L1D | (%) (/L1D instruction) mis ) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 2.18E+10) 8.20E+08 0.04] 82.13% 17.87% 0.00% 1.49E+04 0.00 81.54% 38.68% 0.00%
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oA o0 L B Effect of Array Dimension Shift (Source Tuning)

P
FUJITSU

Array dimension shift increases data locality. The result is improvement of the "No
instruction commit due to L2 cache access for a floating-point load instruction" event.

; [Seconds]
Source After Improvement (Source Tuning) 5 SE4+00
36 void sub(int N,int M,int ITER, double (* restrict a)[8][N]) {
38 int i,j,k;
39 #pragma omp parallel private(i,j, k) N=96 2.0E+00
a0 { M=100
= N
43 pragma omp for nowait | Effect of
ragm p for nowai . =
<<< Loop-information Start >>>| Array declaration 1.45 times
1.5E+00 ~
double a[8][M][N]; .
<<< Loop-information End >>>
44 p for(j=0; j<M; j++) {
<<< Loop-information Start >>>
1.0E+00
<<< Loop-information End >>>
46 p v for(i=0; i<N; i++) {
48 p v a[jl[0]lil=alil[1][i]+ali][2] i1 +a[1[310i1+ - No inctruction
49 a[jl[41lil1+a[jl1[5]1[i1+aljl[6]1[il+alil1[7]1[i]; 5.0E-01 commit due to
L2 cache
50 p v bs | access for a
floating-point
51 p ¥ / Iooaad ing-poin
52 } instruction
53 by 0.0E+00
55 return;
56 3} Before After
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . ore L1D miss rate| deLr:gnnJI?:te hardware software L2 miss rate de||;12arn|1c:srs.-:1te hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate | prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate| prefetch rate
instruction) instruction) (:11iss) (%) (/L1D (%) (/L1D instruction) ;‘ﬂss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 2.18E+10 8.20E+08] 0.04 82.13% 17.87%| 0.00%| 1.49E+04 0.00 81.54% 38.68% 0.00%
After 0.00 2.09E+10 8.63E+07] 0.00 99.97% 0.02%| 0.00%| 1.56E+04 0.00 86.83% 39.15% 0.00%
70
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O
m Effect of Array Dimension Shift (Compiler Option Tuning) FUJITSU

You can obtain an effect equivalent to that of source tuning by specifying the

following compiler options (Fortran-specific).

Compiler Option

Functional Description

-Karray_subscript

Specifies a dimensional shift in an allocatable array of 4 or more
dimensions or in an array of 4 or more dimensions with 10 or fewer
elements in the last dimension and 100 or more elements in the other
dimensions.

-Karray_subscript_element=100,
-Karray_subscript_elementlast=10,

and -Karray_subscript_rank=4 too are enabled at the same time.

-Karray_subscript_element=N
(2=N=2,147,483,647)

Specifies N or more as the humber of elements in dimensions other than
the last dimension in the array undergoing the dimensional shift. This
option is valid when the -Karray_subscript option is enabled. However, this
option is not valid for allocatable arrays.

-Karray_subscript_elementlast=N
(2=N=2,147,483,647)

Specifies N or less as the nhumber of elements in the last dimension in the
array undergoing the dimensional shift. This option is valid when the -
Karray_subscript option is enabled. However, this option is not valid for
allocatable arrays.

-Karray_subscript_rank=N
(2=N=30)

Specifies N or more as the humber of dimensions in the array undergoing
the dimensional shift. This option is valid when the -Karray_subscript
option is enabled.

Use example (for source before improvement)
$frtpx —Kfast,parallel sample.f90
—Karray_subscript,array_subscript_rank=2,array_subscript_element=2

Note

These options must be specified in all source code using the target array.
The effect of the shift varies depending on the program.
If not used correctly, computational results may vary.
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Unroll-and-Jam

What is Unroll-and-Jam?
Unroll-and-Jam (Before Improvement)
Effect of Unroll-and-Jam (Optimization Control Line Tuning)
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What is Unroll-and-Jam? FUjiTSU

Unroll-and-jam is the optimization to unroll an outer loop of a
nested loop n times and jam the unrolled statements into the inner

loop as loop fusion.

Unrolling of an

outer loop
Source Before Improvement Source After Improvement
TOCL UNROLL_AND_JAM_FORCE(2) DO J=1, 128, 2
DO J=1, 128 DO I=1, 128
DO I=1, 128 A(1, J) = B(I, J) + B(I, J+1)
A(I, J) = B(1, J) + B(I, J+1) A(I, J+1) = B(I, J+1) +}3(1, J+2)
END DO END DO
END DO END DO Fusion of an inner loop

(removing common
expression)

Unroll-and-jam promotes removing common expression and
improves the execution performance. The increase of data stream
and change of the order of data access may decrease the cache
efficiency and the execution performance.
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What is Unroll-and-Jam?

Specify the following optimization control lines.

Q
FUJITSU

Optimization
Specifier (Fortran)

Meaning

Optimization Control Line Specifiable?

By Array

By Program By DO Loop By Statement Assignment
Statement
Enables unroll-and-jam for loops to be as effectively
UNROLL_AND_JAM[(n)] | optimized as determined for the loops. n is a decimal number Yes Yes No No
(2 to 100) that represents the number of unrolls (multiplicity).
UNROLL_AND_JAM_FO Enables unroll-and jam. n is a decimal humber (2 to 100) that No Yes No No
RCE[(n)] represents the humber of unrolls (multiplicity).
NOUNROLL_AND_JAM Disables unroll-and-jam. Yes Yes No No
Optimization Meaning Optimization Control Line Specifiable?
SpeCIfler (C/C++) global procedure loop statement
Enables unroll-and-jam for loops to be as effectively
unroll_and_jam[(n)] optimized as determined for the loops. n is a decimal humber Yes Yes Yes No
(2 to 100) that represents the number of unrolls (multiplicity).
unrool_and_jam_force[ Enables unroll-and jam. n is a decimal humber (2 to 100) that
. No No Yes No
(n)] represents the number of unrolls (multiplicity).
nounroll_and_jam Disables unroll-and-jam. Yes Yes Yes No

® Note

The UNROLL_AND_JAM specifier does not result in optimization in cases where no effect can be expected from
optimization or there is data dependency across iterations.

o If the UNROLL_AND_JAM_FORCE specifier is mistakenly specified (there is data dependency across iterations), the
execution results are not guaranteed.

The innermost loop is not subject to unroll-and-jam.

depending on an increase in the number of data streams or changes in the data access sequence.

74

Prefetch may compensate for an increase in cache misses, improving the situation.

If the number of iterations of the innermost loop is small, cache use efficiency and execution performance may drop,

DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



What is Unroll-and-Jam? FUjiTSU

You can obtain an effect equivalent to that of optimization control
line tuning by specifying the following compiler option.

Compiler Option Functional Description
-K{ unroll_and_jam[=N] | | Specifies whether or not to perform unroll-and-jam optimization. You
nounroll_and_jam } can specify a value from 2 to 100 in N to set the upper limit on the
2=N=100 number of loop unrolis. If N is not specified, the compiler automatically

decides the best value. The default is -Knounroll_and_jam.

Applying unroll-and-jam facilitates the elimination of common
expressions and may raise execution performance. However, an
increase in the number of data streams or a change in the access
sequence may decrease cache use efficiency, resulting in a decrease in
execution performance.

In addition, the impact of unroll-and-jam optimization on execution
performance varies from loop to loop. Therefore, we recommend not
applying this optimization with the -Kunroll_and_jam[=N] option to an
entire program but instead applying it with the optimization specifier
UNROLL_AND_JAM or UNROLL_AND_JAM_FORCE to individual loops.

m Use example (for source before improvement)
$ frtpx -Kfast,parallel sample.f90 -Kunroll_and_jam

$ fccpx -Kfast,parallel sample.c -Kunroll_and_jam

#®Note
Unroll-and jam optimization is not available in Clang Mode.
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o8
Unroll-and-Jam (Before Improvement) FUJITSU

Cache use efficiency is low because the L1D miss rate is high. Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction” event
occurs many times.

Source Before Improvement [355?%';0'5]
. +
11 DATA_TYPE,dimension(IMAX,JMAX,KMAX)::a
12 DATA_TYPE,dimension(JMAX,KMAX)::b
13 DATA_TYPE,dimension(JMAX,IMAX)::c \
. 3.0E+00
151 pp  do k=1, KMAX #define DATA_TYPE real (kind=8) ]
ig ; do el IMAX - 3 #define IMAX 512
5] oj=1, - . 2.5E+00
<<< Loop-information Start >>> #def!ne JMAX 512
<<< [OPTIMIZATION] #define KMAX 128 '
<<< SIMD(VL: 8) ) OE100
<<< SOFTWARE PIPELINING(IPC: 1.85, ITR: 80, MVE: 2, POL: S) '
<<< PREFETCH(HARD) Expected by compiler :
<<< a . . No instruction
<<< Loop-information End >>> 1.5E+00 commit due to
183 p 2v doi =1, IMAX L2 cache access
193 p 2v a(i,j,k) = a(i,j+1,k) + a(i,j+2,k) + a(i,j+3,k) & L%ri:tfl'ggg'"g'
203 + (b(]+2Ik) / C(JII)) 1.0E4+00 instruction
213 p 2v end do ~
222 p end do
231 p end do Low cache use efficiency
{ since Array c has stride S:0F-01
access pattern
vocioo | NN
Before
L1I miss rate L1D miss rate L1D miss L1D miss L1D miss software| L2 miss rate |L2 miss demand
Cache | (/Effective !_oa;d-sttzgre L1D miss (/Load-store | demand rate h?,;:;"?(;e)p("/e:fg:h prefetch rate (%) L2 miss (/Load-store | rate (%) (/L2
instruction) | 'Mstruction instruction) |(%) (/L1D miss) m(i)ss) (/L1D miss) instruction) miss)
Before 0.00] 3.39E+0p 3.82E+09 1.13 99.50% 0.50% 0.00% 1.15E+08 0.03 46.67%
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Effect of Unroll-and-Jam (Optimization FUﬁTSU

Control Line Tuning)

Unroll-and-jam increases cache use efficiency, reducing the number of the L1D misses. The result is
improvement of the "No instruction commit due to L2 cache access for a floating-point load instruction”
event.

Source After Improvement (Optimization Control Line Tuning) Lf,§§°
11 DATA_TYPE,dimension(IMAX,JMAX,KMAX)::a 39800
12 DATA_TYPE,dimension(JMAX,KMAX)::b ~__
13 DATA_TYPE,dimension(JMAX,IMAX)::c
: o 00
16 1 locl unroll_and_jam_force(8)| real(kind=8) \
17 2 p LdO J'=_1% JMA)E_- 3St . #define IMAX 512 o ‘
<<< Loop-intormation art >>> .
<<< [OPTIMIZATION] #define JMAX 512 Y
<<< SIMD(VL: 8) #define KMAX 128 [ Effect of
<<< SOFTWARE PIPELININ : — .
<<< PREFETCH(HARD) Expég !J“m"'“_g of an outer Iogp reduced E+00 2.32 times ||
<<< a instructions by eliminating the \
<<< PREFETCH(SOFT) : 32 | common expressions of Array a and No instruction \
: . . : \
PP saE.%liENTIAL ' 32 increased the cache use efficiency of  |e+00 commit due \
<<< SP;[LLS . Arrays aandc access for a \
<<< GENERAL :SPILLO FILL4 [ b D
<< SIMD&FP :SPILLO FILLO 1.0E+00 instruction
<<<  SCALABLE :SPILL O FILLO
<<< PREDICATE : SPILLO FILLO
<<< Loop-information End >>>
18 3 p 2v do i =1, IMAX 5.0€-01
19 3 p 2v a(i,j,k) = a(i,j+1,k) + a(i,j+2,k) + a(i,j+3,k) &
20 3 + (b(3+2,k) / c(j,i))
> 3 b v enddo L1D misses reduced | oo M
23 1 p end do significantly Before After
/l i |
L1I miss rate L1D miss rate L1D miss L1D miss L1D miss software| L2 miss rate |L2 miss demand
Cache | (/Effective !.o:id-stt(.)re L1D miss (/Load-store | demand rate h?;ilév?(;e)Q?eEEtDch prefetch rate (%) L2 miss (/Load-store | rate (%) (/L2
instruction) instruction instruction) / |(%) (/L1D miss) m‘i)ss) (/L1D miss) instruction) miss)
Before 0.00[ 3.39E+09 3.82E+09 1.13 99.50% 0.50% 0.00% 1.15E+08 0.03 46.67%
After 0.00f 2.68E+09 7.37E+08 0.27 89.34% 2.55% 8.12% 1.15E+08| 0.04 44.44%
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oyiot T Unroll-and-Jam (Before Improvement)

Cache use efficiency is low because the L1D miss rate is high. Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction” event

occurs many times.

Source Before Improvement [Seconds]
3.0E+00
69 #pragma omp parallel for #define IMAX 512
70 p for (k=0;;(<KMAX;k++){ #define IMAX 512
<<< Loop-information Start >>> #define KMAX 128 !
<<< [OPTIMIZATION] 2.5E+00
<<< PREFETCH(HARD) Expected by comj .
<<< (unknown) Array declaration
<<< Loop-information End >>> double > OE+00
71 p for (j=0;j<IMAX-3;j++){ a[KMAX][JMAX][IMAX],
<<< Loop-information Start >>> b[KMAX][IMAX],
<<< [OPTIMIZATION] c[IMAX][IMAX];
<<< SIMD(VL: 8) 1.5E+00
<<< SOFTWARE PIPELINING(IPC: 2.09, ITR: 80, MVE: 2, POL: S) No instruction
<<< PREFETCH(HARD) Expected by compiler : commit due
<<< (unknown) 1. 0E+00 to L2 cache
<<< Loop-information End >>> ' AR,
72 p 2v for (i=0;i<IMAX;i++){ load
73 p 2v a[k1[j1i] = a[k][3+1][i] + a[k][j+2][i] + a[k][j+3][i] LS TRl
74 + (b[k1[j+2] / clil[i]); 5.0E-01
75 p 2v by S
76 p ¥ . .
77 p ¥ Low cache use efficiency ]
| since Array c has stride 0.0E+00
access pattern Before
. L1D miss L1D miss .
. . L1D miss . L2 miss
L1I miss rate L1D miss rate hardware software L2 miss rate
Cache (/Effective :':atf_l_Stt?rﬁ L1D miss (/Load-store d?OT? |(1}:|Lr1aI;e prefetch rate | prefetch rate L2 miss (/Load-store de(r;;a)n(d/{;te
instruction) structio instruction) omiss) (%) (/L1D | (%) (/L1D instruction) r(:1iss)
miss) miss)
Before 0.000 3.50E+09] 3.68E+09 1.05 99.73% 0.26% 0.00%  1.16E+08 0.03 59.11%
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Effect of Unroll-and-Jam (Optimization

ALl Control Line Tuning)

Q
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Unroll-and-jam increases cache use efficiency, reducing the number of the L1D misses. The result is
improvement of the "No instruction commit due to L2 cache access for a floating-point load instruction"

event.

.. . . . [Seconds]
Source After Improvement (Optimization Control Line Tuning) 3 0E+00
74 for (k=0;k<KMAX;k++){
75 #pragma loop unroll_and_jam_force 8 @ #define IMAX 512
<<< Loop-information Start >>> #define JMAX 512 !\
S35 I OREFETCH(HARD) Expected #define KMAX 128 S B
xpected by con \
<<< (unknown) Array declaration | Effect of
<<< Loop-information End >>> double — 1.58 times
76 for (j=0;j<IMAX-3;j++)< 2.0E+00 N
<<< Loop-information Start >>> a[KMAX][IMAX][IMAX], \
<<< [OPTIMIZATION] b[KMAX][JMAX], \
<<< SOFTWARE PIPELINING(IPC: 0.53, C[IMAX][IMAX]; NO  ction L
<<< PREFETCH(HARD) Expected by comper : 1.5E+00 commit
<<< (unknown) A due to L2
<<< PREFETCH(SOFT): 32 .U"m"'".g Ofﬁn oll.'te.r Io‘.)P reguced cache or
<<< SEQUENTIAL : 32 instructions by e.lmlnatlng the S facting. —
<<<  (unknown): 32 common expressions of Arrayaand  JE+00 point load
<<< SPILLS: increased the cache use efficiency of nstriiction
<<< GENERAL :SPILLO FILL A d
<<< SIMD&FP :SPILL O FILL[ Arfdysadandc. _
<<<  SCALABLE :SPILLO FILLO >.0E-01
<<< PREDICATE : SPILLO FILLO
<<< Loop-information End >>>
77 2v for (i=p;i_<IMAX;i+_+){ ] ) ) ) ) 0.0E+00
78 2v a[kl1[jI[i] = a[k][i+1][i] + a[k][j+2][i] + a[k][j+3][i] DR
80 2v -
81 } L1D misses reduced
82 } significantly
. L1D miss L1D miss :
. . L1D miss . L2 miss
L1I miss rate L1D miss rate hardware software L2 miss rate
Cache (/Effective :':Satg;itt?gﬁ L1D miss (/Load-stpre d?OT? |(1}:|Lr1aI;e prefetch rate | prefetch rate L2 miss (/Load-store de(r;;a)n(d/{;te
instruction) instruction) °miss) (%) (/LD | (%) (/L1D instruction) r‘:ﬁss)
miss) miss)
Before 0.00 3.50E+09 3.68E+09 1.05 99.73% 0.26% 0.00% 1.16E+08 0.03 59.11%
After 0.00 2.42E+09 6.24E+08 0.26 82.30% 3.11% 14.60% 1.15E+08 0.05 39.17%
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Data Access Wait Time (Hidden
Latency)

- Indirect Access Prefetch
- Using Software Prefetch to Access Non-Sequential Data
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Indirect Access Prefetch

What is Prefetch?

Indirect Access Prefetch (Optimization Control Line)

Effect of Indirect Access Prefetch (Compiler Option Tuning)

Indirect Access Prefetch (Before Improvement)

Effect of Indirect Access Prefetch (Optimization Control Line Tuning)
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What is Prefetch? FUjiTSU

Prefetch is a mechanism that raises performance by loading data into
the cache before the data is required by an executed instruction.
Memory allocation

»
»

Cache miss
> Cache hit

”  Prefetch

»
>

The two types of prefetch are hardware prefetch and software prefetch.
® Hardware prefetch

Hardware prefetches data by predicting data access based on the regularity of memory
access by programs.

The cache efficiency of a program may degrade significantly because data is also prefetched
from areas not accessed by the program. In such cases, use software prefetch.

Memory allocation

[ »
» »

viv

Cache miss
Data in unaccessed areas is also prefetched. Cache hit

If there is a gap equal to or greater than 1 cache
line, a cache miss occurs. by program

B Software prefetch —— Prefetch

Software (compiler) prefetches data by analyzing programs and generating a prefetch
instruction.

BN Area not accessed
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Specify the following optimization control line.

Obtimization Specifi Optimization Control Line
imization Specifier Py
P P Meaning Specifiable?
(Fortran) By Array
By Program | By DO Loop |By Statement] Assignment
Statement
PREFETCH Enables the automatic prefetch function of the compiler. Yes Yes No No

Optimization Control Line

Optimization Specifier Meaning Specifiable?

(C/C++)

global procedure loop statement

prefetch Enables the automatic prefetch function of the compiler. Yes Yes Yes No

¢ Supplementary information

Thte_ prefetch optimization specifier is equivalent to specifying the following compiler
option:

-Kprefetch_sequential,prefetch_stride,prefetch_indirect,prefetch_conditional,
prefetch_cache_level=all

® Note
Prefetch with the compiler option -Kprefetch_sequential, -Kprefetch_stride,
-Kprefetch_indirect, or -Kprefetch_conditional enabled may degrade
execution performance, depending on the cache efficiency of loops, whether
they have any branches, and the complexity of subscripts.
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Effect of Indirect Access Prefetch (Compiler Option Tuning) FUJITSU

You can obtain an effect equivalent to that of optimization control
line tuning by specifying the following compiler option.

Compiler Option Functional Description

-Kprefetch_indirect Specifies whether or not to generate an object using a prefetch
- instruction for the array data that is used in a loop and accessed
indirectly (list-accessed).

This option is valid when the -O1 or higher option is enabled.
The default is -Kprefetch_noindirect.

mUse example (for source before improvement)
$ frtpx —Kfast,parallel sample.f90 -Kprefetch_indirect

$ fccpx —Kfast,parallel sample.c -Kprefetch_indirect

® Note

Although data is prefetched, the intended effect may not be obtained
depending on the cache efficiency of loops, whether they have any IF
clauses, and the complexity of subscripts.

Indirect prefetch optimization is not available in Clang Mode.
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m Indirect Access Prefetch (Before Improvement)

Latency is apparent in memory access because the recommended option does
not generate prefetch in cases of indirect access (list access). Consequently,
the "No instruction commit due to L2 cache access for a floating-point load

instruction"” event occurs many times.

Q
FUJITSU

instruction

[Seconds]
4.0E+00
Source Before Improvement
<<< Loop-information Start >>> 3.5E400
<<< [PARALLELIZATION]
<<< Standard iteration count: 572 3.0E+00
<<< [OPTIMIZATION]
<<< SOFTWARE PIPELINING(IPC: 3.50, ITR: 18, MVE: 3, POL: S) 2.5E+00
<<< PREFETCH(HARD) Expected by compiler :
<< e d, a 2.0E+00
<<< Loop-information End >>>
52 1 pp 2 doi=1,n 1.5E+00
53 1 p 2 a(i) = b(d(i)) + scalar * c(e(i))
54 1 p 2 enddo 1.0E+00
Arrays b and c have 5 0E-01
indirect access patterns

0.0E+00 -

No instruction
commit due to L2
cache access for a
floating-point load

B

The L1D and L2 miss dm rates are high, which means prefetch is not Before
working. Performance may be higher because memory throughput
is more than sufficient to raise performance. Mem°"(VGt|;‘/r:)“9hp“t
Before———__ 32.67
. L1D miss L1D mis; L1D miss . L2 miss L2 miss L2 miss
L1I miss rate | ) o5(-store . L1D miss rate| 4o ond rate |  hardwafe software . L2 miss rate |, ond rate| hardware software
Cache If{;:ﬂiﬁ:;% instruction L1D miss (i{1 I;tt)f:c—tsig:‘r)e (%) (/L1D |prefetch rate | prefetch rate L2 miss instr:-s.tor)e (%) (/L2 |prefetch rate|prefetch rate
~__miss) __ | (%){/1 1D miss) | (%) (/L1D miss) miss) (%) (/L2 miiss) | (%) (/L2 miss)
Before 0.00]9.01E+09| 3.77E+09 0.4 98.23% 1.77% 0.00%]| 4.29E+08 0.03] 54.19%) 75.86% 0.00%
85
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Effect of Indirect Access Prefetch (Optimization FUﬁTSU

Control Line Tuning)

Specify the prefetch specifier to generate prefetch for indirect access (list access). The
result is improvement of the "No instruction commit due to L2 cache access for a floating-

point load instruction” event.
5Seconds]
4.0E4+00

Source After Improvement E——
3.5E+00 \
51 locl prefetch N
<<< Loop-information Start >>> Effect of
3.0E+00 | .
<<< [PARALLEL.IZATI.ON] + 1.49 times
<<< Standard iteration count: 572 A\
<<< [OPTIMIZATION] Prefetch generated 2 5E4+00 N
<<< PREFETCH(HARD) Ej for indirect access
<<< ¢,d,a (Arrays b and c) 2.0E+00
<<< PREFETCH(SOFT).z8 [ mtrucﬁon
. . to L2 cache
<<< c:4,b:4 access for a
<<< Loop-information End >>> floating-
. 1.0E+00 point load
52 1 pp 2 doi=1,n instruction
53 1 p 2 a(i) = b(d(i)) + scalar * c(e(i)) < OE-01
54 1 p 2 enddo '
Before After
The L1D and L2 miss dm rates were reduced by the generated Memory
prefetch instruction for indirect access (Arrays b and c). w@@
Before 32.67>
After \_ 183.71
. . L1D miss L1D piiss L1D miss . L2 miss L2 miss L2 miss
L1I miss rate Load-store . L1D miss rate demand hardware software \ L2 miss rate demand hardware software
Cache| (/effective |. : L1D miss | (/Load-store L2 mis (/Load-store
. : truct . > te (% tch rat fetch rat > te (% fetch rat fetch rat
instruction) | Nstruction instruction) (/:_algf'n?s)s) |(3°r ULiDrr\‘isg I()°;S(7L§.Drl;?'sg [ uction) (;?_Zerfﬁgg) p(EZ)?/I(.:Zmr;s;a p(';z)‘z/&mr.:;
Before 0.00[ 9.01E+09| 3.77E+09 0.421 98.23%& 1.77% 0.00%| 4.29E+08 0.05(" 54.19%| \75.86% 0.00%
After 0.00| 1.66E+10| 3.82E+09 0.23(_ 2.94%L" 2.94%| 94.12%]| 1.77E+09 0.13_ 2.02%l 6.20%| 91.78%
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O74 oL L Indirect Access Prefetch (Before Improvement) FUJITSU

Latency is apparent in memory access because the recommended option does not
generate prefetch in cases of indirect access (list access). Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction" event
occurs many times.

Source Before Improvement [Seconds]
53 void sub(double * restrict a, double * restrict b, 4.5E+00
double * restrict ¢, int * restrict d, int * restrict e, 4.0E+00
double scalar, int n){ —
54 int i; 3.5E+00
56 #pragma omp parallel for 3.0E4+00
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 2.5E+00 g‘:ni'r‘:.t’““m“
it due to
. . . . L2 h
<<< SOFTWARE PIPELINING(IPC: 2.83, ITR. 12, MVE: 2, POL: S) > OE+00 for_ca:?:;f:;fss
<<< PREFETCH(HARD) Expected by compiler : B
<<< (unknown) 1.5E+00
<<< Loop-information End >>>
. . . 1.0E+00
57 p 2 for(i=0;i<n;i++){
58 p 2 a[i] = b[d[i]] + scalar * c[e[i]]; 5.0E-01
5 p 2 } -
60 3 Arrays b and c have 0.0E+00
indirect access patterns Before
The L1D and L2 miss dm rates are high, which means prefetch is not o Memory throughput
working. Performance may be higher because memory throughput Statistics sy
is more than sufficient to raise performance.
Before 31.24
. L1D mi L1D miss . L2 miss L2 miss
L1I miss rate| | . L1D miss ratel | L1D rglsst hardysare software \ L2 miss rate | , L2 mdlss t hardware software
Cache (/Effective _oat st(_>re L1D miss |(/Load-store eoTan Ll;laDe prefetch rate| prefetch rate L2 miss Load-store en:;an I'_-; e prefetch rate | prefetch rate
instruction) | Instruction instruction) | (%) / %) (/LD | (%) (/L1D instruction) | (%) U/ (%) (/L2 | (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.000  8.65E+09  3.78E+09 0.@ 98.01%) 1.99% 0.00%  4.30E+08§ 0.05(' 47.96% )  100.00% 0.00%}
v
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C/C++ Effect of Indirect Access Prefetch
(Optimization Control Line Tuning)
Specify the prefetch specifier to generate prefetch for indirect access (list access). The

result is improvement of the "No instruction commit due to L2 cache access for a floating-
point load instruction” event.

Q
FUJITSU

[Seconds]
Source Before Improvement 4.5E+00
53 void sub(double * restrict a, double * restrict b,
. . . 4.0E+00 N
double * restrict c, int * restrict d, _
int * restrict e, double scalar, int n){ EffeCt Of
54 i i 3.5E+00 .
int i; 1.42 times
56 #pragma loop prefetch 3.0E-+00 ~ N
57 #pragma omp parallel for OB+
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 2.5E+00 AN
<<< PREFETCH(HARD) Expected by compiler : \ )
<<< (unknown) 2.0E+00 yg’n:':ltt“éﬁtft'z)
. L2 cach
<<< PREFETCH(SOFT): 8 Prefetch generated L SE00 access for a
::: I(NDf(RECT ')88 for indirect access ' floating-point
unknown): : ]
Arrays b and c instruction
<<< Loop-information End >>> ( 4 ) 1.0E4+00
58 p 2 for(i=0;i<n;i++){
5 p 2 a[i] = b[d[i]] + scalar * c[e[i]]; 5.0E-01
60 p 2 3}
61 ¥ 0.0E+00
Before After
. Statistics Memory throughput
The L1D and L2 miss dm rates were reduced by the generated (GB/5)
prefetch instruction for indirect access (Arrays b and c). Before J 31.24>
———— After N\ 159.90
. L1D miss L1D i . L2 miss L2 miss
LiI missrate| | 4 4oce L1D miss rate del_nignglfaste hardware software L2 miss rate dell;'lzanmdlsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate | prefetch rate M (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) u instruction) °miss) (%) (/L1D | (%) (/L1D instruction) ;iss) (%) (/L2 (%) (/L2
miss) miss) \L\ miss) miss)
Before 0.00 8.65E+09 3.78E+09 0.44 98.01%\\ 1.99% 0.00% 4.30E+08 0.05) 47.96%\100.00% 0.00%
After 0.00 1.70E+10 3.83E+09 0.2\2 2.99%/ 2.94% 94.08% 1.70E+09 0.10 1.80% 6.41%] 91.79%
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Using Software Prefetch to
Access Non-Sequential Data

Using Software Prefetch to Access Non-Sequential Data

Using Software Prefetch to Access Non-Sequential Data (Before Improvement)

Using Software Prefetch to Access Non-Sequential Data (1) (Optimization
Control Line Tuning)

Using Software Prefetch to Access Non-Sequential Data (2) [Recommended]
(Optimization Control Line Tuning)

89



o8
Using Software Prefetch to Access Non-Sequential Data FUJITSU

Cache misses occur easily with hardware prefetch in accessing
non-sequential data or data with short sequential parts. In such cases,
use software prefetch to raise performance.

To use software prefetch, use either the PREFETCH_READ and
PREFETCH_WRITE specifiers, which are described later, or the
following compiler options.

Compiler Option

Functional Description

-Kprefetch_sequential
=auto

Sets the compiler to automatically select whether to use hardware
prefetch or output a prefetch instruction for the array data used in
a loop and accessed sequentially. This option is valid when the -0O1
or higher option is enabled. If the -O2 or higher option is enabled,
the default is -Kprefetch_sequential=auto.

-Kprefetch_sequential
=soft

Outputs a prefetch instruction for the array data used in a loop
and accessed sequentially, rather than using hardware prefetch.
This option is valid when the -O1 or higher option is enabled.

-Kprefetch_nosequent
ial

Generates an object, rather than using a prefetch instruction, for
the array data used in a loop and accessed sequentially. If

the -00 or -O1 option is enabled, the default is -
Kprefetch_nosequential.
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Using Software Prefetch to Access Non FUJITSU

Sequential Data
Specify the PREFETCH_READ and PREFETCH_WRITE specifiers as described below.

Optimization Control Line

Optimization Specifier Meaning Specifiable?

By Array
By Program | By DO loop |By Statement] Assignment
Statement

Specifies that a prefetch instruction be

PREFETCH_READ(name[,level={1]|2}][,st | 9enerated for the referenced data. v N v N
rong={0|1}]) name is an array element name, level is the cache level es o es o
used for prefetch, and strong is whether or not to
perform strong prefetch.

PREFETCH_WRITE(name[,level={1|2}][, Specifies that a prefetch instruction be

strong={0]1}]) generated for the defined data. Yes No Yes No

After Improvement (1) (Software Prefetch Element Specified)

Before
do j=1,n
. do i=1,isize
do j=1,n 10CL PREFETCH_WRITE(a(i,j+1),level=1)
do i=1,isize 10CL PREFETCH_READ(b(i,j+1),level=1)

a(i,j) = b(i,j) + scalar * c(i,j) ‘ocL :gﬁ)Fichrér;Efzﬁg(.;ﬁ lgiliej‘ge'ﬂ)

enddo enddo
enddo enddo

After Improvement (2) (Software Prefetch Vector Specified)

j
do j=1,n

Array elements are specified in vector format. | ——_| :ggll: BEEEE&H_\&VEIZIS%?{1_=i_sizq,j-;)1)|,levleli)1)
. o . . ! _ :isize,j+1),level=

Since multiple prefetch instructions can be I0CL PREFETCH_READ(c(1:isize,j+1),level=1)

generated simultaneously, performance is do i=1,isize

even higher than when each element is a(i,j) = b(i,j) + scalar * c(i,j)

individually specified. enggg‘“
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C/C++ Using Built-in Prefetch to Access Non-

Sequential Data

Built-in prefetch function is used as described below. Refer to the GNU
C/C++ compiler websites for specifications.

Before

for(j=0;j<n;j++){
for (i=0; i <isize; i++) {
a[j1[i]1 = b[j1[i] + scalar * c[j][i];
b2
>

Performance is improved by reducing
the number of prefetching.

I

92

After (1) (Built-in prefetch Element Specified)

for  =0;j<n;j++){
for (i = 0; i < isize; i++) {
__builtin_prefetch(&a[j+1]1[0], 1, 3);
__builtin_prefetch(&b[j+1][0], 0, 3);
__ builtin_prefetch(&c[j+1][0], O, 3);
__builtin_prefetch(&a[j+1][32], 1, 3);

aljlli] = bIj]Li] + scalar * c[ILi];

After (2) (Built-in prefetch Vector Specified)

__builtin_prefetch(&a[j+1][0], 1, 3);
__builtin_prefetch(&a[j+1]1[32], 1, 3);
builtin_prefetch(&a[j+1][64], 1, 3);
builtin_prefetch(&b[j+1][0], 0, 3);
builtin_prefetch(&b[j+1][32], 0, 3);
builtin_prefetch(&b[j+1][64], 0, 3);
builtin_prefetch(&c[j+1][0], 0O, 3);

for (i = 0; i < isize; i++) {
a[jI[i]1 = b[j1[i] + scalar * c[j1[i];
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Using Software Prefetch to Access Non-
Sequential Data (Before Improvement)

Q
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Access is not sequential because the nhumber of iterations of the innermost loop is small and the array
size is larger than the number of iterations. The cost of prefetch startup is quite apparent in normal
prefetch. Consequently, the "No instruction commit due to access for a floating-point load instruction"

event occurs many times. [Secogd(s}]E o1
Source Before Improvement
42 parameter(n=1200) 3.0E-01 -
43 integer n -
No instruction commit due to
44 real*8 a(n,n),b(n,n),c(n,n),scalar 2 0E-01 - ;ﬁ;g;;f;ﬁetﬁgggﬁmu;w
45 common /com/a,b,c
46
47 I$omp paralleldo | Number of elements in 1st 1.08-01 - e e
<<< Loop-information { dimension of array: 1,200 (R e
<<< [OPTIMIZATION]| Number of loop iterations (isize): 0.0E+00 -
<<< PREFETCH(HARL 128 Before
<<< ¢b,a Access continuity broken when ol Flow direction of inner loop
<<< Loop-information | outer loop j is incremented g — >
48 1 p do j=1,n a i=1 i=isize i=1,200
= .
<<< Loop-information Start >>> o j=1 > >
<<< [OPTIMIZATION] 5 >
<<< SIMD(VL: 8) 3 > —
<<< SOFTWARE PIPELINING(IPC: 3.40, ITR: 128, MVE: 3, POL: S) ;‘ > >
<<< PREFETCH(HARD) Expected by compiler : % P> —
<<< ¢/b,a :.) > —
<<< Loop-information End >>> S \L > —
49 2 p 2v do i=1,isize j=1,20C D> B
50 2 p 2v a(i,j) = b(i,j) + scalar * c(i,j) Prefetch
51 2 p 2v enddo [ ]cachehit
52 1 p en Cache miss
| The high L1D miss dm rate means prefetch is not working. Area not accessed by code
. - O CID TIIISS CID TTIISS - . L2 miss L2 miss
L1I miss rate L1D miss rate L1D miss L2 miss rate L2 miss
Cache (/Effective !.oad-stt_)re L1D miss | (/Load-store | demand rate hafnrdware S(f’ftware L2 miss (/Load-store | demand rate hardware software
instruction) | fnstruction instruction) | (%) (/LiDiss) | FySf=i<1 rate | Prefeich rate instruction) | (%) (/12miss) | Poretch rate "[f,zf]e[tlcghr:gle
Before 0.00 17> 2.64E+08 0.15@) 29.46%| -0.40%| 1.26E+08 0.07] 39.28%| 83.10%| 0.00%
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Using Software Prefetch to Access Non-Sequential
Data (1) (Optimization Control Line Tuning)

Use the PREFETCH_READ and PREFETCH_WRITE specifiers to generate prefetch for arrays in the outer
loops to hide the prefetch startup cost. The result is improvement of the "No instruction commit due to L2

Q
FUJITSU

cache access for an integer load instruction” event. 4 OEtsgionds]
Source After Improvement N
42 parameter(n=1200) 3.0E-01 - Al
43 integer n Effect of
44 real*8 a(n,n),b(n,n),c(n,n),scalar o etraction commt o =
45 common /com/a,b,c 2 OE-01 1o coche e o n 2.14 ‘tlmes
46 ' N,
47 I$Somp parallel do
<<< Loop-information Start >>> o -
<<< [OPTIMIZATION] 1.0E-01 remory accees for
<<< PREFETCH(HARD) Expected by compiler : D
<<< c, b a -_
. 0.0E+00 -
<<< PREFETCH(SOFT): 18 Before After
<<< SPECIFIED: 18 Flow direction of inner loop
<<< a:6,c:6,b:6 3 S
16,C:6,b: 5
<<< Loop-information End >>> i i=1 i=isize - i=1,200
48 1 p d01=.1,n _ = _—
<<< Loop-information Start >>> o J
<<< [OPTIMIZATION] s > >
<<< SIMD(VL: 8) g > >
<<< SOFTWARE PIPELINING(IPC: 2.25, ITR: 88, MVE: 6, POL: S) = > N
<<< PREFETCH(HARD) Expected by compiler : g >
<<< ¢/b,a . o N N
<<< PREFETCH(SOFT): 18 _Prefchh In array at 1 5 v - =
<<< SPECIFIED : 18 iteration ahead in S > >
<<< «c:6,b:6,a:6 outer loop j=1,20C >
<<< Loop-information End >>> | ————» Prefetch
49 2 p v do i=1,isize L1iD . d t d d — Eggn: 'r:?ss
50 2 p 10CL PREFETCH_WRITE(a(i,j+1),level=1) MISS am rate reduce Area not accessed by code
51 2 p 10CL PREFETCH_READ(b(i,j+1),level=1) - ; L1D miss L1D miss
L1D t L1D
52 2 p  !0CLPREFETCH_READ(c(ij+1) level=1) Cache | Loadstore |y s | (/Load-store | |demand rate | hardware | software
L. . .. instruction . . o y prefetch rate | prefetch rate
53 2 p v a(i,j) = b(i,j) + scalar * c(i,j) instruction) | |(%) (VLIDMS) | (o) (11D miss) | (%) (/L1Dmiss)
54 2 p v enddo Before | 1.75E+09| 2.64E+08 0.15]/ 70.94%)\  29.46%|  -0.40%
1
55 P enddo After | 1.13E+09| 1.90E+08 0.17] \._ 4.57%| 0.44%| 94.99%
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Using Software Prefetch to Access Non-Sequential Data (2) FUﬁTSU

[Recommended] (Optimization Control Line Tuning)

You can reduce the number of instructions of the innermost loop and raise performance by specifying the
PREFETCH_READ and PREFETCH_WRITE specifiers for an array in an outer loop.

[Seconds]
Source After Improvement 4.0E-01
<<< Loop-information Start >>> \
<<< [OPTIMIZATION] \
<<< PREFETCH(HARD) Expected by compiler : 3.0E-01 - A
S b ' Effect of
<<< PREFETCH(SOFT): 3 i
<<< SPECIFIED: 3 Prefetch of entire array e o 2.82 times
<<< a:l,c1,b:1 . . . 0E-01 Rl () -
<<< Loop-information End 3 at 1 iteration ahead in \
48 1 p do j=1,n outer loop A
<<< Loop-information Start 3 : )
<<< [OPTIMIZATION] T—1.0E-01 - et
<<< PREFETCH(SOFT): 4 memory access for
<<< SPECIFIED: 4 instruction
<<< a4
<<< Loop-information End >>> 0.0E+00 -
49 1 p 4s 10CL PREFETCH_WRITE(a(1:isize,j+1),level=1) Before After
<<< Loop-information Start >>> - Flow direction of inner loop
<<< [OPTIMIZATION] o . — >
<<< PREFETCH(SOFT): 4 s i=1 i=isize i=1,200
<<< SPECIFIED: 4 = .
<<< b:4 a j=1
<<< Loop-information End >>> a B> D
50 1 p 4s !OCL PREFETCH_READ(b(1:isize,j+1),level=1) S . g
<<< Loop-information Start >>> o N
<<< [OPTIMIZATION] = > >
<<< PREFETCH(SOFT): 4 e >
<<< SPECIFIED: 4 o _ N
<<< c:4 il -
<<< Loop-information End >>> 8 v > >
51 1 p 4s !OCL PREFETCH_READ(c(1:isize,j+1),level=1) T j=1,200 >
<<< L[oop-information]start >>> Prefetch
<<< [OPTIMIZATION .
<<< SIMD(VL: 8) i [ ]cachehit
<<< SOFTWARE PIPELINING(IPC: 3.40, ITR: 128, MVE: 3, POL: S) L1D miss dm rate reduced e s cessed by code
<<< PREFETCH(HARD) Expected by compiler :
<< c, b,a L1D miss rate . L1D miss hardware| L1D miss software
<<< Loop-information End >>> Cache Load-store L1D miss (/Load-store L1D miss demand prefetch rate prefetch rate (%)
52 2 p 2v do i=1,isize instruction instruction) ot COULDMSS) o0 111D miss) (/L1Dmiss)
53 2 P 2v 204) = b(ij) + scalar * c(i.) Before | 1.75E+09| 2.64E+08 0.15] »~ 70.94% 29.46% -0.40%
55 1 p enddo After 9.22E+08| 1.93E+08 0.21 \ 23.46%i( 1.65% 74.90%
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Using Built-in Prefetch to Access Non-Sequential Data FUdl)TSU
(Before Improvement) ]

Access is not sequential because the nhumber of iterations of the innermost loop is small and the array
size is larger than the number of iterations. The cost of prefetch startup is quite apparent in normal
prefetch. Consequently, the "No instruction commit due to access for a floating-point load instruction"

C/C++

event occurs many times. 5.0E-01
[Seconds]
Source Before Improvement )
4.0E-01
40 void sub(double scalar, int isize){
41 inti, j; 3.0E-01
42 No instruction commit due to
L2 cache access for a
43 #pragma Omp pal‘allel for 20E_01 floating-point load instruction
<<< Loop-information Start >>> _ _ _
<<< [OPTIMIZATION] 1.0E-01 fomemry aecesstora
_oa |ngjp0|n [oF]
<<< PREFETCH(HARD} Number of elements in 1st dimension of 0.0E+00 e
<<< ¢ba array: 1,200 DET Ber.
L . . . . . efore
» <<<f Loop 'gfo_rmat"?" E' Number of loop iterations (isize): 128
or(J=0;j<n;j++ . . . .
P a . ;J ’_] ) Access continuity broken when outer Flow direction of inner loop -
<<< Loop-information St |40 j is incremented = — >
<<< [OPTIMIZATION] i=1 i=isize i=1,200
i
<<< SIMD(VL: 8) 2 | j=1 > >
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 144, MVE: 4, POL: S) g >
<<< PREFETCH(HARD) Expected by compiler : g > —
<<< c, b, a ;‘ N >
<<< Loop-information End >>> % N .
45 p 2v for (i = 0; i < isize; i++){ a N >
46 p 2v a[jl[i]l = b[jlLi] + scalar * c[j]1[i]; 8 \L N N
47 v 3} ©. -
P j=1,20C > >
48 p bs
————» Prefetch
49 } [ ]cachehit
Cache miss
The high L1D miss dm rate means prefetch is not working. Arfza not accesf:d by code
. miss miss
L1I miss rate L1D miss rate| , P es hardware software L2 miss rate | , -2 miss hardware software
Cache (/Effective !‘:T:_zi?rs L1D miss |(/Load-store deoc‘! n;erlaI;e prefetch rate| prefetch rate L2 miss (/Load-store der;}and [gte prefetch rate | prefetch rate
instruction) | 'Mstructio instruction) | ¢ O (%) (/L1D | (%) (/L1D instruction) | (%) (/ (%) (/L2 | (%) (/L2
miss) miss) iss) miss) miss)
Before 0.00 2.18E+09 2.57E+08 0.1§ 73.77%) 26.27% -0.04% 6.67E+07| 0.03 42.40%| 82.13%| 0.00%
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C/C++

integer load instruction” event.

41
42
43
44

45

46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

T T T T T T T T T T T T T T T T

4.0E-01
Source After Improvement o < | Effect of
2.28 times
void sub(double scalar, int isize){ 3.0E-01
inti, j; N \
2.5E-01 N
#pragma omp parallel for No instruction ~ \
<<< Loop-information Start >>> 2.0E-01 zgg;":i;ci::;?o';z N
<<< [OPTIMIZATION] 1.5E-01 an integer load
<<< PREFETCH(HARD) Expected by compiler : : instruction
<<< ¢, b a _ . .
<<< PREFETCH(SOFT) : 48 1.0E-01 Commit due to
<<< SPECIFIED: 48 5.0E-02 memory access for
<<< a:16,c:16,b: 16 :,23?::3.;%2;:.:
<<< Loop-information End >>> 0.0E+00
for (j = 0;j < n; j++){
<<< Loop-information Start >>> Before After
<<< [OPTIMIZATION] -n i i .
<<< SIMD(VL: 8) > Flow direction of inner loop -
<<< SOFTWARE PIPELINING(IPC: 2.62, ITR: 56, MVE: 4, POL: S) s _ P 7 . 1.200
<<< PREFETCH(HARD) Expected by compiler : a 1= 1 I=lsize 1= 4
<<< <¢ab = -
<<< PREFETCH(SOFT) : 48 o =1
<<< SPECIFIED : 48 o > >
<<< b: 16, c: 16, a: 16 g < -
<<< Loop-information End >>> o = "~
v for(i = 0; i < isize; i++){ =h > >
v ___builtin_prefetch(&a[j+1][0], 1, 3); 8
v __builtin_prefetch(&b[j+1][0], 0, 3); T
v _ builtin_prefetch(&c[j+1][0], 0, 3); Prefetch in array at 1 = >
v __builtin_prefetch(&a[j+1][32], 1, 3); - - - 6
v _ builtin_prefetch(&b[j+1][32], 0, 3); iteration ahead in K= v D> >
v __builtin_prefetch(&c[j+11[32], 0, 3); i=1,200 > ol
v ___builtin_prefetch(&a[j+1][64], 1, 3); OUter Ioop . ] ! ]
v __builtin_prefetch(&b[j+1][64], 0, 3); — > Prefetcl'_l
v __builtin_prefetch(&c[j+1][64], 0, 3); i Cache hIF
v _builtin_prefetch(8a[j+1]1[96], 1, 3); L1D miss dm rate reduced Cache miss
v __builtin_prefetch(&b[j+1][96], 0, 3); Area not accessed by code
v ___builtin_prefetch(&c[j+1][96], O, 3); - -
. - svrs . L1D miss L1D miss
v alllil = bljli] + scalar * c[j[i]; Load-st L1D misq rate | L10 ™IS | hardware software
v 3} Cache 'r?at sct9rﬁ L1D miss | (/Load-store | °% /LriaDe prefetch rate | prefetch rate
} instructio instrucgion) | (%) ( (%) (/LID | (%) (/L1D
b /n'uss.)\ miss) miss)
Before 2.18E+09] 2.57E+08| '0.12/ 73.77% 26.27% -0.04%
After 1.16E+09 1.93E+08 0.17% 14.76% 1.20% 84.04%
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[Seconds] 4.5E-01

Using Built-in Prefetch to Access Non-Sequential Data (1)
(Optimization Control Line Tuning)

P
FUJITSU

Use the built-in prefetch functions to generate prefetch for arrays in the outer loops to hide the prefetch
startup cost. The result is improvement of the "No instruction commit due to L2 cache access for an




C/C++

Using Built-in Prefetch to Access Non-Sequential Data (2)
[Recommended] (Optimization Control Line Tuning)

P
FUJITSU

You can reduce the number of instructions of the innermost loop and raise performance by specifying the

built-in prefetch functions for an array in an outer loop.  [Seconds]
4.5E-01
Source After Improvement 4.0E-01
— . | Effect of
41 void sub(double scalar, int isize){ 3 0E-01 M 2.83 times
42 inti, j; el N
43 - N
. 2.5E-01 \
44 #pragma omp parallel for Prefetch of entire array No nstruction  \
<< Loop-information Start >> . . h . 2.0E-01 commit due to L2
<<< [OPTIMIZATION] at 1 iteration ahead in PN
<<< PREFETCH(HARD) Expec{ outer loop 1.5E-01 instruction \
<<< ¢b,a 1.0E-01 I
<<< PREFETCH(SOFT): 12 | e suction
<<<  SPECIFIED: 12 5.0E-02 T
:4,b:4,c: instructi
<<< Loop-information End >>> 0.0E+00 —
45 p for(G=0;j<n;j++){
46 p __builtin_prefetch(&a[j+11[0], 1, 3); Before After
47 p __ builtin_prefetch(&a[j+1]1[32], 1, 3); f - f
48 p " builtin_prefetch(&a[j+1]1[64], 1, 3); T Flow direction of inner loop >
49 p _bu!It!n_prefetch(&a[J_+1][96], 1, 3); s i=1 i=isize i=1,200
50 p __builtin_prefetch(&b[j+1][0], O, 3); a
51 p __ builtin_prefetch(&b[j+1][32], 0, 3); 5 j=1
52 p __ builtin_prefetch(&b[j+1][64], O, 3); 2 ~ N
53 p __builtin_prefetch(&b[j+1][96], 0, 3); g- <
54 p __builtin_prefetch(&c[j+1][0], O, 3); 3 > >
55 p __builtin_prefetch(&c[j+1][32], O, 3); =3 > >
56 p __ builtin_prefetch(&c[j+1][64], 0, 3); o N
57 p __builtin_prefetch(&c[j+1][96], 0, 3); = |
<<< Loop-information Start >>> o B> B
<<< [OPTIMIZATION] sV N -
<<< SIMD(VL: 8) S. - -
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 14 j=1,200 > >
::: PREI:ETCH(HARD) Expected by compiler : ——» Prefetch
¢ Db,a Cache hit
<<< Loop-information End >>> L1iD miss dm rate reduced Cache miss
58 p 2v for (i =0;i<isize; i++){ Area not accessed by code
59 p 2v a[jl[i] = b[j]1[i] + scalar * c[j1[i]; L1D miss L1D miss L1D miss
L1D miss rat hard ftw
D Cache |tz | v || URTEIDE | sl | M |
instruction A % %
62 } miss) miss)
Before 2.18E+09] 2.57E+08 0.12 73.77%\  26.27% -0.04%
After 1.17E+09 1.94E+08 0.1 23.67% / 1.43%| 74.90%|
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Data Access Wait Time (Reduced
Access Amount)

- High-Speed Store (ZFILL)



P
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High-Speed Store (ZFILL)

- What is High-Speed Store (ZFILL)?
- ZFILL (Before Improvement)
- Effect of ZFILL (Optimization Control Line Tuning)
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What is High-Speed Store (ZFILL)? FUJiTSU

B What is high-speed store (ZFILL)?

ZFILL is a function that secures a cache line (containing undefined values) for
writing in the cache. The function can reduce cache line read from memory to
improve the performance of a program whose bottleneck is memory throughput.

m Operating conditions

®m The array to be stored has no
dependency across iterations.

Example:
DOI=1,N
A(I) = B(I) + C(I)

® Arrays with definitions have no END DO
references.
® Memory access is sequential.
ZFILL not used ZFILL used
Register Register
A A
[—ﬁ [—ﬁ Secure
cache line
Read B Read C Read B Read C for A Write A
A 4 (ZFILL) \ 4 A\ 4
Cache Cache
A A A A A
e ) Eliminated reading
reaston ||| oncacne R on on cacne St | || Saeiee [|Lof A from memory
G b OC} line (j N Cb
Memory emory
> t > t
Total number of memory accesses: 4 Total number of memory accesses: 3
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What is ZFILL? (1/2) FUjiTSU

Specify the following optimization control lines.

. . Optimization Control Line
Optimization Specifier Meaning Specifiable?
(Fortran) By Array
By Program | By DO Loop |By Statement| Assignment
Statement
Specifies that a ZFILL instruction be generated. m1 is a
ZFILL[(m1)] decimal number (1 to 100) representing the humber of No Yes No Yes
cache lines.
NOZFILL Specifies that no ZFILL instruction be generated. No Yes No Yes
Optimization Specifier Optimization Control Line
P P Meaning Specifiable?
(C/C++)
global procedure loop statement
Specifies that a ZFILL instruction be generated. m1 is a
zfillf(m1)] decimal number (1 to 100) representing the number of No No Yes No
cache lines.
nozfill Specifies that no ZFILL instruction be generated. No No Yes No
® Note

® The ZFILL instruction is output for the array data stored in a loop. Howevey, it is not output for
arrays with references in the same loop, arrays that are not sequentially accessed, and arrays
stored under IF statements.

® No prefetch instruction to the secondary cache is output when the ZFILL instruction is output.

¢ To definitely store the loop together with the cache line secured by the ZFILL instruction, the loop
is transformed. Consequently, the following optimizations cannot be applied. This may degrade
execution performance.

v~ Loop unrolling
v Loop striping
® Execution performance may also degrade in the following cases:
v~ Loop with a small number of iterations
v~ Data is in the primary or secondary cache
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What is ZFILL? (2/2) FUJiTSU

You can obtain an effect equivalent to that of optimization control
line tuning by specifying the following compiler option.

Compiler Option Functional Description
-K{ zfill[=N] | nozfill } Specifies that an instruction (ZFILL instruction) be
1 =N=100 generated for the array data written only in a loop in

order to secure a cache line for writing in the cache
rather than loading data from memory.

Specify N to target the data located N cache lines
ahead of the ZFILL instruction.

You can specify N in a range from 1 to 100. If N is not
specified, the compiler automatically decides a value.
This option is valid when -02 or higher option is
enabled. The default is -KnoZzfill.

mUse example (for source before improvement)
$ frtpx -Kfast,parallel sample.fo0 -Kzfill

$ fccpx -Kfast,parallel sample.f90 —Kzfill
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Q
FUJITSU

mZFILL (Before Improvement)

Memory throughput is a bottleneck because the memory access load of
the program is high. Consequently, the data access wait time is long.

[Seconds]
1.6E-01
Source Before Improvement —
1.4E-01
38 real*8 a(n),b(n),c(n),d
39 . . 1.2E-01
<<< Loop-information Start >>> : .
<<< [PARALLELIZATION] bl
<<< Standard iteration count: 1000 1.0E-01 L2 cache acces|
<<< [OPTIMIZATION] f‘:)"i :tfllggctlmg-
<<< SIMD(VL: 8) 8.0E-02 truction
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 144,
MVE: 4, POL: S) No ins_truction
. 6.0E-02 t due t
<<< PREFETCH(HARD) Expected by compiler : memory access
<<< c, b, a
<<< Loop-information End >>> 4.0E-02 No instructi
40 1 pp 2v doi=1,n il
41 1 p 2v a(i) = b(i) + c(i)*d 2 0E-02 because
42 1 p 2v enddo memory cache
is busy
0.0E+00
. L1D mi L1D mi . L2 mi L2 mi
L1I miss rate Load-st L1D miss rate d L1iD r;rlusst hardwelif‘z softvv:f: L2 miss rate d L2 n:_;ss t hardn\;‘vlas?e softTvlasrse
(/Effective _oat st?re L1D miss | (/Load-store eoTan Lt;.aDe prefetch rate| prefetch rate L2 miss (/Load-store el:;an [;e prefetch rate|prefetch rate
instruction) | 'MStruction instruction) | ¢ °n)1i(s/s ) (%) (/L1D | (%) (/L1D instruction) | ¢ ;1)is(£) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00]| 3.90E+08|9.39E+07 0.24| 27.78%| 72.21% 0.01%|9.38E+07 0.24| 12.72%| 88.66% 0.00%
Memory -
Throughput (GB/s)f | Memory throughput is bottleneck
Before 211.59
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Effect of ZFILL (Optimization Control Line

o8
Tuning) Y

Specify the ZFILL specifier to eliminate cache line reading from memory according to a store
instruction and to reduce the humber of L2 misses. This results in an improved data access

wait time.

[Seconds]
Source After Improvement (Optimization Control Line Tuning) 1.6E-01
38 real*8 a(n),b(n),c(n),d —N
39 locl Zfill 1.4E-01 | Effect of
<<< Loop-information Start >>> .
<<< [PARALLELIZATION] 1 2E-01 1.32 times
<<< Standard iteration count: 1000 O ruction -
<<< [OPTIMIZATION] commit
<<< SIMD(VL: 8) L.0E-01 Cache
<<< SOFTWARE PIPELINING(IPC: 2.55, ITR: 128, g°;§::i.f:;t
MVE: 2, POL: S) 8.0E-02 poin load
<<< PREFETCH(HARD) Expected by compiler :
<<< ¢ b 6.0E-02 - LEhIERy
<<< PREFETCH(SOFT): 2 access wait
<<< SEQUENTIAL: 2
<<< a:2 4.0E-02 No
<<L<L ZFILL instruction
commit
<L a 2 0E-02 because
<<< Loop-information End >>> e Gt
40 1 pp Vv doi=1,n busy
41 1 p v a(i) = b(i) + c(i)*d 0.0E+00 ot ar
42 1 p v enddo erore er
. L1D mi L1D mi . L2 mi L2 mi
L1I miss rate Load-st L1D miss rate d L1D r:lsst hardwéf': softvc::es L2 miss rate d L2 ":;SS t hardnvvasfe softwéstfe
(/Effective ir(\?truit(i)gs L1D miss | (/Load-store 23091;‘? /LrlaDe prefetch rate|prefetch rate| L2 miss (/Load-store e(?,;a)n( /II:; €| prefetch rate| prefetch rate
instruction) instruction) "miss) (%) (/L1D | (%) (/L1D instruction) ;1iss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00| 3.90E+08|9.39E+07 0.24 27.78%| 72.21% 0.01%] 9.38E+07 0.24) 12.72%| 88.66% 0.00%
After 0.00]4.38E+08[9.39E+07 0.21] 16.80%| 49.98% 33.22%) 6.25E+07] 0.14 1.15%| 98.98% 0.00%
Memory
Throu =T 559 Number of L2 misses reduced by 1/3, though
Before : >\ memory throughput is still bottleneck even
After 209.96] after improvement
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OyA 08 L N ZFILL (Before Improvement)

The data access wait time is long because the memory access load of the program is high.

[Seconds]
2.0E-01
Source Before Improvement
| | | 18801 —
38 void sub(double * restrict a, double * restrict b,
double * restrict ¢, double d, int n){ 1.6E-01
39 int i; . .
No instruction
40 1.4E-01 commit due to
41 #pragma omp parallel for ;—;gagl';gtai:;‘fss
<<< Loop-information Start >>> 1.2E-01 point load
<<< [OPTIMIZATION] ' R
<<< SIMD(VL: 8) L 0E-01
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 144, '
MVE: 4, POL: S) 8 0E-02
<<< PREFETCH(HARD) Expected by compiler : ' Memory
<<< (unknown) 6.0E-02 access wait
<<< Loop-information End >>> :
42 p 2v for(i=0;i<n;i++){ 4.0E-02
43 p 2v a[i] = b[i] + c[i]*d; :
44 p 2v } No instructi
45 ) 2.0E-02 commit because
memory cache is
b
0.0E+00 i
Before
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate Load-sto L1D miss rate| d L1D IZI“sst hardware software L2 miss rate d L2 szs t hardware software
Cache (/Effective | . tructi re L1D miss |(/Load-store eoTan /Lt;.aDe prefetch rate| prefetch rate L2 miss (/Load-store elg}an /[;e prefetch rate | prefetch rate
instruction) | Mstruction instruction) | (%) ( (%) (/L1D | (%) (/L1D instruction) | (%) ( (%) (/L2 | (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.00 3.95E+08 9.40E+07| 0.24) 41.24% 58.75% 0.01% 9.39E+07 0.24] 19.15% 83.83%| 0.00%
Statistics Memon ey 2P
Before 175.68
106 DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



C/C+

+ Effect of ZFILL

(Optimization Control Line Tuning)

Q
FUJITSU

Specify the ZFILL specifier to eliminate cache line reading from memory according to a store instruction and
to reduce the number of L2 misses. This results in an improved data access wait time.

Source After Improvement (Optimization Control Line Tuning) [Seconds]
2.0E-01
37 void sub(double * restrict a, double * restrict b,
% . .
28 . double * restrict ¢, double d, int n){ 1.8E-01 ——— Effect of
39 m “| 1.29 times
40 #pragma omp parallel for 1.6E-01 m_tmcﬁon ~~
41 #pragma loop zfill 1.4E-01 commit due S
<<< Loop-information Start >>> : to L2 C?Che [
<<< [OPTIMIZATION] | 2E-01 floating-
<<< SIMD(VL: 8) ’ point load
<<< SOFTWARE PIPELINING(IPC: 2.55, ITR: 128, 1 0E-01 pstiteten
MVE: 2, POL: S) :
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown) 8.0E-02
<<< PREFETCH(SOFT): 2 Memory
<<< SEQUENTI(AL : 2) 6.0E-02 access wait No
<<< (unknown): 2 instruction -
<<< ZFILL 4.0E-02 commit
<<< (unknown) 21&::1?,.3
<<< Loop-information End >>> 2.0E-02 cache is
42 p v for(i=0;i<n;i++){ busy
43 p v a[i] = b[i] + c[i]*d; 0.0E+00
:‘51 P V} be Before After
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . L1D miss rate| | L1D 'S'Sst hardware software L2 miss rate | | L2 ":1'55 t hardware software
Cache (/Effective i:s?truzt(i’gﬁ L1D miss | (/Load-store ?091?? /LrlaDe prefetch rate| prefetch rate L2 miss (/Load-store e(r;}a)n( /Itg € prefetch rate | prefetch rate
instruction) instruction) omiss) (%) (/L1D (%) (/L1D instruction) |'1J1iss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 3.95E+08 9.40E+07 0.24 41.24%) 58.75%) 0.01% ﬁ.39E+07\ 0.24 19.15% 83.83%) 0.00%}
After 0.000  4.31E+0§ 9.40E+07 0.22 30.94%) 35.79%) 33.27% \ 6.26E+07, / 0.15 4.59% 95.79%) 0.00%
P M th hput
Statistics R Ay ]
Number of L2 misses reduced by 1/3
Before 175.68
After 170.27
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Data Access Wait Time (Improved
Thrashing)

What is Cache Thrashing?
Padding That Increases Array Elements in the First Dimension

Padding That Increases Array Elements in the Second Dimension
Padding With Dummy Arrays

Padding With Dummy Arrays (Arrays of Different Sizes)

Array Merge (Improved Thrashing)

Loop Fission (Improved Thrashing)
Padding Using the Large Page Environment Variable
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What is Cache Thrashing? FUJITSU

Cache thrashing is a phenomenon where only data with specific indexes
(location information) in the cache is frequently overwritten. (Data location in memory)
This phenomenon occurs easily when the array size is a power of 2 (multiple order

Execution

- \
a loop is large. . \ 256 x 256 X 8 B
a( 32, 1, 12 | =32x16KB

1 Distant access
’

of 16 KB), since the size per way is 16 KB, and when the number of streams in { a( 1. 1.1 I (1)

Note: A stream is a series of data referenced and defined in association with loop iterations. a( 1, 1, 2) e\\ (2)
- \ 256 x 256 x 8 B
E : . (L1D cache) a( 32, 1, 2) | | = 32Xx 16 I)<(B
xample of Source WAY 14\WAY 2 AY 3  WAY 4 . . . ,| Distant access
( ] \G)
subroutine sub(a, n, m) *n=256, m=256 \‘l 256 x 256 x 8 B
real*8 a(n,m,8) \ ! =_32 x 16 KB
doj=1,m 64 o o e , Distant access
doi=1,n entries< . - \. a( 1, 1.4 ‘\\ (4)
a(i,j,8)=a(ij,1)+a(ij,2)+a(ij,3)+a(i,j,4)+ ‘ : : : VL \ 256 x256x 8B
a(ij,5)+a(i,j,6)+a(i,ji,7) - : = : a( 32, 1, 4) | =32x16KB
enddo \ \ \ o o e ‘,' Distant access
enddo L‘ J—l'—l'—SL Yo (5)
end a( 32, 1, 5)] ‘: 256 x 256 x 8 B
=) Store in cache . . . ; =32x16 KB
+  Distant access
— i i &
M L1D cache thrashing guideline Store |.n cache (conflict) a( 1, 1.6) N (6)
(for 512-bit SVE access instructions and sequential access) | ~~~~~ > Execution order (1) to (7) - \
1 256 x 256 X 8 B
a( 32, 1, 6 ! =32x16KB
. . /
. In this example, 8 pieces of data 7 Distant access
L1D miss rate . .
(/Load-store instruction) are assigned to the same index N
because a(1,1,1) to a(1,1,8) are v (7)
0.25 or higher 32 x 16 KB apart from each other — ) 256 x 256 x 8B
(on a 16 KB boundary). Therefore, a2 1. 1.8) o/ 32X 16KB
i the 1st and 2nd pieces of data are ==t Distant access
| Single precision: 64/256 O;’:c"e";"(')tftz';tgy the 5th and 6th a( 32, 1, 8)
Double precision: 64/256 P . . o .
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Padding

What is Padding?

Padding That Increases Array Elements in the First Dimension
Padding That Increases Array Elements in the Second Dimension
Padding With Dummy Arrays

Padding With Dummy Arrays (Arrays of Different Sizes)
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What is Padding? FUJTSU

Padding is a means to insert a dummy area between arrays or into an array.

m  Use conditions m  Purpose
Multiple streams of the same array exist To create a temporary area to shift addresses
or m  Adverse effect

multiple arrays exist. The amount of padding must change every time that

the scale of the problem changes.

Example where multiple streams of the same array exist

m After improvemen

m Before improvement (Data location in memory) (L1D cache) (Data location in memory)
a( 1, 1, 1) ‘\‘ zsgzx 2f::BSB ) a( 1, 1, 1) F,
=32x
/ a(2, 1,0 | V20 e | a(2, 1,1 |\
cee ) thrashing does cee \
(L1D cache) ~Na(256, 256, 1)f / Cearaocur stnee : : a(256, 1, 1) | |
a( 1, 1,2) 25;52")(252"'(:3 location has ) a(257, 1,1) |
oo = P .. 1
L1D cache > Distant access il ,'
: : a(256, 256 a(256, 256, 1) | |
thrashing : . 256 x256x 8B 557 256 1 /
occurs M\=32x16 KB a(257, , 1) ./
o )Distant access | a( 1/ 1! 2) N
Example of Source a(256, 256, 3)| Example of Source 2 2 1.2) \

y el \
parameter(n=256,m=256) aC 1, 1, 4) 5. 256x25x88 | parameter(n=257,m=256) o \
real*8 a(n, m, 8) V= 32x16KB 1 oakg a(n, m, 8) a(256, 1,2) ‘

r ) Distant access Y Padding shifts f— !
Zon_nlwln /com/a a(256, 256, 4)‘=,, Zonjn_wln /eom/a 1 storage location in a(257, 1,2 !
z;i‘_l'":‘ aC 1, 1,5) "~ 2s6x256x88 g;i__l’n:‘ cache !
L - .. .. =32x16 KB L - . .. a(256, 256, 2 !
a(i, j, 8) = a(i, j, 1) + a(i, j, 2) + a(i, j, 3) + a( 1, 1,6) ;_\'lDistant access a(i,j, 8) =a(i, j, 1) + a(i, j, 2) +a(i, j, 3) + a(257 256 2) /
a(i, J, 4) +a(i, 3, 5) + a(i, J, 6) + — 756 x 256 x 8 8 a(i, J, 4) + a(i, 3, 5) + a(i, J, 6) + “‘/
7 iy e
enddo <\ Distant access enddo a( 2, 1,3)
enddo oo I| 25§2X 2'15: })((BS B enddO .o
! =32x
a( 1’ 1’ 8) r Distant access

=== Store in cache === Store in cache (conflict) =~ =----- »>Memory access sequence |
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Padding That Increases Array
Elements in the First Dimension

Padding That Increases Array Elements in the First Dimension (Before
Improvement)

Padding That Increases Array Elements in the First Dimension (After
Improvement)

Effect of Padding That Increases Array Elements in the First Dimension
(Compiler Option Tuning)
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Padding That Increases Array Elements in
the First Dimension (Before Improvement)

Q
FUJITSU

Each stream of Array a is on a 16 KB boundary. L1D cache thrashing occurs. Consequently,
the "No instruction commit due to L2 cache access for a floating-point load instruction"

event occurs many times.

Seconds
Source Before Improvement 80[5-01 ]
42 parameter(n=256,m=256) '
43 real*8 a(n, m, 8)
44 common /com/a Array size 7.0E-01
<<< Loop-information Start 256 X 256 x 8 B =
<<< [PARALLELIZATION] 32 x 16 KB
. . 6.0E-01
<<< Standard iteration co, (16 KB boundary)
<<< [OPTIMIZATION]
<<< COLLAPSED 5.0E-01
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, 4 0E-01
MVE: 7, POL: S) ) No
<<< PREFETCH(HARD) Expected by compiler : instruction
commit due
<<< a 3.0E-01 to L2 cache
<<< Loop-information End >>> access for a
45 1 pp v doj=1,m floating-point
<<< Loop-information Start >>> 2.0E-01 load
P Streams of instruction
<<< [OPTIMIZATION] same arra
<<< COLLAPSED \4 1.0E-01
<<< Loop-information End >>> J
% 2 o1 B D .
8 P do'.. o . T 0.0E+00 -
47 2 p v a(i,j, 8)=a(,j 1) +a(,j 2)+a(i,j3)+ & Before
48 2 a(i, j, 4) + a(i, j, 5) + a(i, j, 6) + a(i, j, 7)
49 2 p v enddo High L1D miss rates despite sequential array access
50 1 p enddo -> L1D cache thrashing occurs
o
L1D misé L1D miss L1D miss L2 miss L2 miss L2 miss
L1I miss rate L1D miss rate hardware software L2 miss rate hardware software
Cache (/Effective !_oatd-stt(_)re L1D miss | (/Load-store dem dLrlaI;e prefetch rate|prefetch rate L2 miss (/Load-store delg;and {;te prefetch rate| prefetch rate
instruction) | 'Mstruction instruction) °n)1i(s/s) (%) (/L1D | (%) (/L1D instruction) [ (%) s(s/) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00[3.08E+09| 1.30E+09 0.42 67.7@ 32.27% 0.00%| 1.50E+04 0.00] 37.70%| 72.22% 0.00%
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Padding That Increases Array Elements in
the First Dimension (After Improvement)

Q
FUJITSU

Add padding (+1) to the first dimension of each stream of Array a to prevent L1D cache thrashing. The
result is improvement of the "No instruction commit due to L2 cache access for a floating-point load

instruction" event.

Source After Improvement [Seconds]
42 parameter(n=257,m=256) 8.08:01
43 real*8 a(n, ny;
44 common /conn:_/?\ 7.0E-01
<<< Loop-information Start A
<<< [PARALLELIZATION] 1 added to n to shift data 6.0E-01 \\
<<< Standard iteration cof from 16 KB boundary ' \
<<< [OPTIMIZATION] \
<<< COLLAPSED >-0E-01 | Effect of
<<< SIMD(VL: 8) 2.48 times
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, 4.0E-01 No N
MVE: 7, POL: S) instruction \\
<<< PREFETCH(HARD) Expected by compiler : 3.0E-01 commit \
<<< a due to L2
. . cache
<<< Loop-information End >>> access for _
45 1 pp v doj=1,m 2.08-01 a floating-
<<< Loop-information Start >>> point load
<<< [OPTIMIZATION] 1 0E-01 instruction -—
<<< COLLAPSED
<<< Loop-information End >>> ;
) 0.0E+00 -
46 2 p doi=1,n Before After
47 2 p v a(i,j, 8)=a(,j 1) +a(,j 2)+a(i,j3)+&
48 2 a(il jI 4) + a(il jl 5) + a(il jl 6) + a(il jI 7) ® Note
49 2 p v enddo . An overly large padding count may have a negative impact
50 1 p enddo L1D misses reduced on data Zonti?wipt'y, disagbling hard\Yvare prefetgh. P
. . L1D miss L1D miss ] L2 miss L2 miss L2 miss
Cache L%}El}}lgcsti?ete :.:;(':_I-stc.)re L1D miss IZ}Eo?éiztfr? prr;?ztj;a:aete pr(se(f)(::‘::v::(;te L2 miss (L/ZL(r)l;ldes:itrZ deTand rate prlza?gtjc‘:’\tlla::te pr(s;f)g:vlf:zte
instruction) uction instruction) (%) (/L1D | (%) (/L1D instruction) | (%) s(s/)"z (%) (/L2 | (%) (/12
miss) miss) miss) miss)
Before 0.00|3.08E+09|1.30E+09 /0.42 32.27% 0.00%| 1.50E+04 0.00] 37.70%| 72.22% 0.00%
After 0.00|2.62E+09 4.58E+08\ 0.17 8.20%}1" 91.80% 0.00%| 9.69E+03 0.00] 46.19%| 58.89% 0.00%
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C/C++ Pz_:lddlng That Increases Array Elements in the Final FU_]ITSU

Dimension (Before Improvement)

Each stream of Array a is on a 16 KB boundary. L1D cache thrashing occurs. Consequently,
the "No instruction commit due to L2 cache access for a floating-point load instruction"
event occurs many times.

Source Before Improvement

[Seconds]
30 void sub(void){ ﬁ‘rraI;/I declsarazté%n _— 8.0E-01
31 int i, j; ouble a[8][256][256];
32 Array a size 7.0E-01
33 #pragma omp parallel for collapse(2) >56x256x8B= -
<<< Loop-information Start >>> 32x16 KB(16 KB boundary) 6.0E-01
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) 5.0E-01
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7, POL: S)
<<< PREFETCH(HARD) Expected by compiler:
4.0E-01
<<< a Streams of No instruction
- j commit due to
<<< Lo_op |nf?rmat|<_)n End >>> same array 3 0E-01 L5 Coths Accass
34 p v for(j=0;j<m;j++){ ’ for a floating-
=0 .y point load
35 p \" for (|—_05|<n, |+_+).{ N . / _ instruction
36 p v a[7][310i] = a[01[i1[i] + a[1][j1[i] + a[2][31[i]1 + a[3][j][i] + 2.0E-01
a[41[j1[i]1 + a[S1[1[i] + a[6]1[j1[i1;
37 p v ¥ 1.0E-01
38 p v }
39 h 0.0E+00 4_—
Before
High L1D miss rates despite sequential array access
-> L1D cache thrashing occurs
L L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . L1D miss rate| | L1D d Sst hardware software L2 miss rate derl;fa::jlsrsate hardware software
Cache (/Effective .0‘1 st9re L1D miss | (/Load-store € 7 /LrlaDe prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) | 'mstruction instruction) o) ( (%) (/JL1D | (%) (/L1D instruction) °) (%) (/L2 | (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.00 3.08E+09 1.33E+O9& 0.43 68.32% 31.68% 0.00% 2.65E+04) 0.00 49.48% 60.25%| 0.00%
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Padding That Increases Array Elements in the Final
Dimension (After Improvement)

C/C++

P
FUJITSU

Add padding (+1) to the final dimension of each stream of Array a to prevent L1D cache thrashing. The
result is improvement of the "No instruction commit due to L2 cache access for a floating-point load

instruction" event.
Source After Improvement

[Seconds]
30 void sub(void){ Array declaration 8.0E-01
31 inti, j; double a[8][256][257];
32 . 7.0E-01
33 #pragma omp parallel for collaps: Shift from th? 16 KB_ \
<<< Loop-information Start >>> boundary by increasing \
<<< [OPTIMIZATION] (+1) the elements of the 6.0E-01 \\
<<< SIMD(VL: 8) final dimension of array a. \
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7, POL: S) 5.0E-01 Effect of
<<< PREFETCH(HARD) Expected by compiler : -
<<< a2 No 2.49 times
4.0E-01 instruction
<<< Loop-information End >>> commit \
. . - due to L2 \
34 p v for(j=0;j<m;j++){ cache \
s Al s - f
35 p v for(i = 0f i<n; |+:|-)-_{ - - 3.0E-01 :cf‘;::in‘;r_ \
36 p v al7100] = a[0I[ILi] + a[ 11110 + a[2][[i] + iz
a[31[j1[i1 + a[41[31[i] + a[5]1[31[i]1 + a[6][j1[i]; 2.0E-01
37 p vV b
388 p Vv }
ooes00 L N
Before After
¥ Note
B An overly large padding count may have a negative impact
L1D mISS?S reduced on data continuity, disabling hardware prefetch.
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | 4 o oce L1D miss rate dé'l nrglfaste hardware software L2 miss rate der|;123nmdlsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate| prefetch rate
instruction) instruction) miss) (%) (/L1D | (%) (/L1D instruction) r:ﬁss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 3.08E+09 1.33E+09 / 0.43 68.32% ™\ 31.68% 0.00%| 2.65E+04] 0.00 49.48% 60.25%] 0.00%
After 0.00 2.67E+09 4.60E+08 \ 0.17 8.5020/ 91.50% 0.00%] 2.26E+04) 0.00 22.14% 83.91% 0.00%
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m Effect of Padding That Increases Array Elements in FUﬁTSU

the First Dimension (Compiler Option Tuning)

You can obtain an effect equivalent to that of source tuning by
specifying the following compiler options (Fortran-specific).

Compiler Option Functional Description
-Karraypad_const[=N] Pads N elements in arrays whose 1st dimension has an explicit
— upper/lower bound that has a constant upper/lower bound
(1=N=2,147,483,647) expression. If N is not specified, the compiler decides the

amount of padding for each target array. The purpose of
padding is to create a gap in an array.

-Karraypad_expr=N Pads N elements in arrays whose 1st dimension has an explicit
— upper/lower bound regardless of whether the upper/lower
(1=N=2,147,483,647) bound expression is a constant expression.

EUse example (for source before improvement)
$ frtpx -Kfast,parallel sample.f90 -Karraypad_expr=1

Padding is applied to the automatically selected target arrays.

Note
These options must be specified for all source code using a target array.
The effect of padding varies depending on the program.
If not used correctly, computational results may differ.
The -Karraypad_const [=N] and -Karray_expr=N options cannot be
specified at the same time.
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Padding That Increases Array
Elements in the Second
Dimension

Case of No Improvement by Padding That Increases Array Elements in the First
Dimension

Padding That Increases Array Elements in the Second Dimension

Padding That Increases Array Elements in the Second Dimension (Before
Improvement)

Effect of Padding That Increases Array Elements in the Second Dimension
(Source Tuning)

118



Case of No Improvement by Padding That Increases

Array Elements in the First Dimension

Depending on the array size, adding padding (+1) to array elements in the first dimension

may not result in improvement.

Address = 0

Q
FUJITSU

j-axis direction

2048 x 8B=16KB
Source Before Improvement 2048 >
parameter(k=32,1=2048) A(L,1, 1) eeeecneiiiiiiiiiiiininn. [a(1,2048,1)
real*8 a(k, |, 8) Address continuous |,
common /com/a in i-axis direction a(i,j,1) area
doj=1,1
doi=1,k
. I L. L. . a 32’1’1 ......................... 32,204811
ati, 3, 8) = a, j, 1) + a(i, 3, 2) + ai, j, 3) + & s [t 2 )
a(i, j, 4) +a(i, j, 5) +a(,j 6) +a(,j 7) direction M
enddo
enddo Address a(i,},2) area
end = 32 x 16KB
L1I miss . i 2048 x8 B
rate LLD miss ratel iomand rate ( ) :
(/Effective S orsctomy | (%) (/L1D Padding
instruction)| L1D miss miss)
Before 0.00]1.04E+07 0.39 68.52 Address = () -axisdirection | 2048 x 8B=16KB
After 0.00[1.32E+07 0.52 75.20 2048 >
1.0E-02
[Seconds] i-axis a(1,1,1) | ......................... |a(1,2048,1)
direction
8.0E-03 2 —
- i Address continuous a(ij,1) area
in i-axis direction
6.0E-03 — v [2(32,1,1) ceeenenieniiiiiiiiiiennn, a(32,2048,1)
: +1 ¢ Padding
4.0E-03 —_— [ a(1,1,2) |
[} I - -
Cannot prevent thrashing Address a(i,j,2) area
2.08-03 - ' = 32 x 16KB+16KB
2048 x8 B
S — { ( )

Thrashing occurs since Array a is still on 16 KB boundary

Before padding After padding
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Padding That Increases Array Elements in the Second FUﬁTSU

Dimension
L1D cache thrashing is prevented by adding padding (+1) to the second

dimension to destroy 16 KB boundaries. 2048 x 8 B
Address J-axis direcl= 16 kB
=0 2048

[
Source Before Improvement d { ] >

x k)

33 parameter(k=32,1=2048) . 7y . la(1.2048.1)

34 real*8 a(k, |, 8) Address continuous |q . _

o in i-axis direction 532 a(i,j,1) area

35 common /com/a g

36doj=1,1 g la32.2048 1)
3

37 doi=1,k
38 a(i, j, 8) = a(i, j, 1) + a(i, j, 2) + a(i, j, 3) + a(i, j, 4) +
a(i, j, 5) + a(i, j, 6) + a(i, j, 7)

39 enddo = 64 x 16 KB
o t (2048 x 8 B)
41 end

Thrashing occurs due to 16 KB boundary

Padding to 2nd dimension of Array a

,‘_\dd@ J-axis direction
= 2048 vetl,

Source After Improvement

33 parameter(k=32,1=2048) |
34 real*8 a(k, I+1, 8) Address gontlnuous RE [a(1.2048.1)

in i-axis direction c
35 common /com/a 32 ; a(i,j,1) area Padding

36doj=1,I

37 doi=1,k

38 a(i,j, 8) = a(i, j, 1) + a(i, j, 2) + a(i, j, 3) + a(i, j, 4) +
a(i, j, 5) + a(i, j, 6) + a(i, j, 7)

a(i,j,2) area

~

Address

39 enddo =32x16 KB + 0.256 KB |
40 enddo
41 end Thrashing prevented because 16 KB boundary destroyed
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Padding That Increases Array Elements in the
Second Dimension (Before Improvement)

Q
FUJITSU

Each stream of Array a is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction” event occurs many times.

Source Before Improvement [Seconds]
38 parameter(n=32,m=2048) 9.0E-02
39 real*8 a(n, m, 8)
40 common /com/a 8.0E-02 -I
<<< Loop-inforimation Sta Array size
<<< [PARALLELIZATION] 32 x 2048 x 8 B = 7 0E-02
<<< Standard iteration { 32 x 16 KB
<<< [OPTIMIZATION] (16 KB boundary) 6.0E-02
<<< COLLAPSED
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, 5.0E-02 No instruction
MVE: 7, POL: S) commit due to
! . 4 0E-02 L2 cache access
<<< PREFETCH(HARD) Expected by compiler : -UE- for a floating-
<<< a Point Ioa_ad
<<< Loop-information End>>> 3.0E-02 Lol
41 1 v doj=1,m
PP 1= . Streams of
<<< Loop-information Sta same arra 2 0E-02
<<< [OPTIMIZATION] Y
<<< LLAPSED
co ) S ] 1.0E-02
<<< Loop-information End >>>
43 2 p v a(i, j, 8) = a(i, j, 1) + a(i, j, 2) + a(i, j, 3) + & 0.0E+00 -
4 2 a(i, j, 4) + a(i, j, 5) + a(i, j, 6) + a(i, j, 7) Before
:Z i PV e::::° High L1D miss rates despite sequential array access
P -> L1D cache thrashing occurs
L1D miss L1D miss L2 miss L2 miss L2 miss
L1I miss rate Load-store L1D miss rate hardware software L2 miss rate demand rate hardware software
Cache | (/Effective instructi L1D miss (/Load-store prefetch rate|prefetch rate L2 miss (/Load-store % L2 prefetch rate| prefetch rate
instruction) | 'nstruction instruction) (%) (/L1D | (%) (/L1D instruction) | ¢ r‘;)is(s{) (%) /L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00| 3.88E+08| 1.63E+08§| 0.42| 67.769 32.22% 0.01%| 1.01E+04 0.00] 71.17%| 39.65% 0.00%
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Effect of Padding That Increases Array Elements FUﬁTSU

in the Second Dimension (Source Tuning)

Add padding (+1) to the second dimension of each stream of Array a to prevent L1D cache
thrashing. The result is improvement of the "No instruction commit due to L2 cache access
for a floating-point load instruction" event.

Source After Improvement

39 parameter(n=32,m=2048) [Seconds]
40 real*8 a(n, m+1, 8) 9.0E-02

41 common /com}ﬁt
<<< Loop-information Start > 8 0E-02 _'\
<<< [PARALLELIZATION] | 1 added to m to shift data b

<<< Standard iteration cour :

<<< [OPTIMIZATION] from 16 KB boundary .0.02 | | Effect of
<<< COLLAPSED , 1.65 times
<<< SIMD(VL: 8) 0E-02 \

<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, N

MVE: 7, POL: S) 5.0E-02 No instruction

commit due to
<<< PREFETCH(HARD) Expected by compiler : L2 cache

access for a

<<< a 4.0E-02 floating-point
. . load
<<< Loop-information End >>> instruction
42 1 pp Vv doj=1,m 3.0E-02
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 2.0E-02
<<< COLLAPSED
<<< Loop-information End >>> 1.0E-02
43 2 p doi=1,n -
44 2 p v a(ij 8 =a(,j 1) +a(ij 2) +a(i,j, 3) + & 0.0E400 LI O
4 2 LG RALCOELGLEL (37%) Before After
p Vv enddo .
47 1 p enddo L1D misses reduced
rA
L1I miss rate L1D miss rate L1D miss defmand |L1D miss hardware|L1D miss software L2 miss rate L2 miss demand | L2 miss hardware | L2 miss software
Cache (/Effective :‘::te;itt?;ﬁ L1D miss (/Load-store rate (%) z{:lD prefetch rate (%) | prefetch rate (%) L2 miss (/Load-store rate (%) (/L2 prefetch rate (%) | prefetch rate (%)
instruction) instruction) mis: (/L1D miss) (/L1D miss) instruction) miss) (/L2 miss) (/L2 miss)
Before 0.00[ 3.88E+08]+-63E+08 0.42| 67.76%} 32.22%|  0.01%|1.01E+04 0.00| 71.17%| 39.65%| 0.00%
After 0.00| 3.26E+08+.07E+08 0.33 51.92%/ 48.98% 0.00%{9.13E+03 0.00 72.77%| 33.09% 0.00%
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Padding That Increases Array Elements in the Second
Dimension (Before Improvement)

O
FUJITSU

C/C++

Each stream of Array a is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No
instruction commit due to L2 cache access for a floating-point load instruction” event occurs many times.

Source Before Improvement

Array declaration

[Seconds]
31 inti, j; .
32 Array a size 9.0E-02
32x2048x8B=
33 #pragma omp parallel for collapse(2) 8.0E-02 i
<<< Loop-information Start >>> 32x16 KB(16 KB boundary) '
<<< [OPTIMIZATION] 7.0E-02
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7, POL: S) 6.0E-02
<<< PREFETCH(HARD) Expected by compiler :
5.0E-02 I i
<<< a No instruction
<<< Loop-information End >>> Streams of Egmm'lt‘ dueito
0 i< e same array 4.0E-02 Cache access
34 p v for(j=0;j<m;j++){ for a floating-
f 0 e point load
35 p \" for (i - 0f 1<n; |+'-|')'-{ o . 3.0E-02 oo
36 p v a[71[510i]1 = a[01[j1[i] + a[1]1[1[i] + a[2][j1Li]
+ a[31[j1[i] + a[4]1[31[i] + a[5]1[31[i] + a[6][j1[il; 2.0E-02
37 p v ¥
388 p Vv } 1.0E-02
39 } _
0.0E+00
Before
High L1D miss rates despite sequential array access
-> L1D cache thrashing occurs
L1D miss L1D miss L2 miss L2 miss L2 miss
L1I miss rate Load-st L1D miss rate hardware software L2 miss rate demand rate hardware software
Cache (/Effective .0‘1 st9re L1D miss |(/Load-store prefetch rate| prefetch rate| L2 miss |(/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) | 'Mstruction instruction) (%) (/L1D | (%) (/L1D instruction) |'1J1iss) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00 3.92E+08 1.66E+08 0.42 oD 31.61% 0.00%| 2.04E+04] 0.00) 39.77%, 72.33%| 0.00%
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C/C++

Effect of Padding That Increases Array Elements in the
Second Dimension (Source Tuning)

for a floating-point load instruction"” event.

O
FUJITSU

Add padding (+1) to the second dimension of each stream of Array a to prevent L1D cache
thrashing. The result is improvement of the "No instruction commit due to L2 cache access

Source After Improvement [Seconds]
1.0E-01
30 void sub(void){ Array declaration
1 inti, i .
:2 inti, j double a[8][2049][32]; 9.0E-02
33 #pragma omp parallel for collapse(2) = Shift from the 16 KB i\\
<<< Loop-information Start >>> boundary by increasing 8.0E-02 \\ Effect of
<<< [OPTIMIZATION] (+1) the elements of the \ ecto
<<< SIMD(VL: 8) second dimension of 7.0E-02 Y 1.63 times
<<< SOFTWARE PIPELINING(IPC: 2.( array a. \
<<< PREFETCH(HARD) Expected by compiler : 6.0E-02 \\
<<< a \
<<< Loop-information End >>> 5.0E-02 No ;
C 0 s instruction
34 p v for (j : 0;j .< m; J.++){ commit due
35 p v for(i=0;i<n;i++){ 4.0E-02 to L2 cache
36 p v al71[j1[i1 = a[01[j1[i1 + a[1]1[j1[i]1 + a[2][j1[i]1 + a[3][j1li] :gc;:?:gf?ra
+ a[4][j1[i]1 + a[5][j1[i]1 + a[6][j1[il; 3.0E-02 point load
37 p \' by ' instruction
38 p v }
39 3 2.0E-02
e !—
ooero0 |
Before After
L1D misses reduced
. . L1D mibs L1D miss L1D miss . L2 miss L2 miss L2 miss
L1I miss rate| | . ore L1D miss ratel ;- (' te| hardware software L2 missrate | , - i rate| hardware software
Cache (/Effective instructi L1D miss | (/Load-store %) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) | 'mstruction instruction) | (%) (%) (/JL1D | (%) (/L1D instruction) |'1J1iss) (%) (/L2 | (%) (/L2
iss) miss) miss) miss) miss)
Before 0.00 3.92E+08 1.66E-;/0§ 0.42, 68.39%\ 31.61% 0.00%] 2.04E+04) 0.00 39.77% 72.33% 0.00%
After 0.00 3.44E+08 1.07E-h78 0.31 51.12% 48.88% 0.00%] 2.21E+04) 0.00) 19.24% 84.94% 0.00%
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P
FUJITSU

Padding With Dummy Arrays

Padding With Dummy Arrays (Before Improvement)
Padding With Dummy Arrays (Source Tuning)
Effect of Padding With Dummy Arrays (Compiler Option Tuning)
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Padding With Dummy Arrays FUﬁTSU

(Before Improvement)

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No instruction commit
due to L2 cache access for a floating-point load instruction" event occurs many times.

Source After Improvement [Seconds]
1 parameter(n=256,m=256) 8.0E-01
2 real*8 a(n, m),b(n,m),c(n,m),d(n,m),e(n,m),f(n,m),g(n,m),h(n,m)
3 character (1),parameter :: null0=2z'00'
4 common /test/a,b,c,d,e,f,g,h \ 7.0E-01
: Array size
27 1s s call sub() 256 x 256 x 8 B =
: 32 x 16 KB 6.0E-01 No instruction commit
34 subroutine sub() (16iKB'boundary) ::ifti?fh?dra" nstruction te
35 parameter(n=256,m=256)
36 real*8 a(n, m),b(n,m),c(n,m),d(n,m),e(n,m),f(n,m),g(n,m),h(n,m) 5.0E-01
37 common /test/a,b,c,d,e,f,g,h
<<< Loop-information Start >>> 4 0E-01
<<< [PARALLELIZATION] ’ No
<<< Standard iteration count: 433 instruction
<<< [OPTIMIZATION] 3.0E-01 commit due
<<< COLLAPSED to L2 cache
<<< SIMD(VL: 8) access for a
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7, POL: S) 2.0E-01 floating-
<<< Loop-information End >>> point load
33 1pp v doj=1,m instruction
<<< Loop-information Start >>> 1.0E-01
<<< [OPTIMIZATION]
<<< Loop-information End >>> 0.0E+00 -
39 2 p doi=1,n Before
40 2 p v a(i, j) = b(i, ) + c(i, ) + d(i, j) + e(i, §) + £(i ,§) + g(i ,§) + h(i ,j)
41 2 p v enddo
42 1p enddo High L1D miss rates despite sequential array access
-> L1D cache thrashing occurs
L1I miss rate ~ L1D miss rate /L?m‘édemand L1D miss hardware| L1D miss software L2 miss rate L2 miss demand | L2 miss hardware | L2 miss software
Cache _(/Effeclfive ::);‘:usctt?gﬁ L1D miss (_/Load-s_tore ate ("/9) (/L1D | prefetch ra'fe (%) | prefetch rat_e (%) L2 miss (_/Load-s_tore rate ('T/o) /L2 prefetch ra_te (%) | prefetch ra_te (%)
instruction) instruction) - miss) (/L1D miss) (/L1D miss) instruction) miss) (/L2 miss) (/L2 miss)
Before 0.00 3.05E+09]@E+09 0.43] 67.76%]D 32.24% 0.00%| 8.35E+03 0.00[ 86.64%| 19.76% 0.00%
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m Padding With Dummy Arrays (Source Tunhing) FUﬁTSU

Shift arrays from 16 KB boundaries by adding dummy arrays between them to prevent L1D
cache thrashing. The result is improvement of the "No instruction commit due to L2 cache

access for a floating-point load instruction"” event.

[Seconds]
Source After Improvement 8.0E-01
1 parameter(n=256,m=256) it farion commit
2 real*8 a(n, m),dummy1(64),b(n,m),dummy2(64),& o
c(n,m),dummy3(64),d(n,m),dummy4(64) 7.0E-01 \
3 real*8 e(n, m),dummy5(64),f(n,m),dummy6(64),& \
g(n,m),dummy?7(64),h(n,m) '
A_—lnnt 6.0E-01
4 character (1),parameter :: nul -
) (1P NL Arrays shifted from \\
: 16 KB boundaries by 3
28 1s s clsub() adding dummy arrays 5.0E-01 | Effect of
) between them .
35 subroutine sub() 1.97 times
. 4.0E-01 No : s
. . instruction
<<< Loop-information Start >>> commit v

<<< [OPTIMIZATION] access.for
> OE-01 a floating-
<<< COLLAPSED 0E- hoint load

<<< SIMD(VL: 8) instruction
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7)
<<< Loop-information End >>>

40 1 pp v doj=1,m _-
<<< Loop-information Start >>> 0.0E+00 - Before After
<<< [OPTIMIZATION]
<<< COLLAPSED
<<< Loop-information End >>>

1.0E-01

<<< [PARALLELIZATION] 3.0E-01 due to L2
<<< Standard iteration count: 433 cache

L1D miss and L1D miss dm rates improved

41 2 p doi=1,n j L1D miss rate | , L1D |:]1' 3
- . . . . - . . . s L -st . t
42 2 p v a(i, j) = b(i, j) + <(i, j) + d(i, §) + e(i, ) + f(i.j) + 9(i,j) + h(i,j) | |Cache | O etion | L1D miss (/Loadstore (96 (/L1D
43 2 p v enddo miss)
44 1 p enddo Before | 3.05E+091.30E-+09 0.43] 67.
After 2.79E+09"6-06E+08 0.22 0
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C/C+

(Before Improvement)

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No instruction commit
due to L2 cache access for a floating-point load instruction" event occurs many times.

Source After Improvement

i Padding With Dummy Arrays

O
FUJITSU

[Seconds]
Array declaration 8.0E-01 —
1 ucti I
double a[256] [256], waiting for an
b[256][256], c[256][256], instruction
i 1 7.0E-01 | to be fetched
35 void sub(void){ d[256][256], e[256][256],
36 inti, j; f[256][256], g[256][256], \-
37 h[256][256]; 6.0E-01 =
38 #pragma omp parallel for collapse(2)
<<< Loop-information Start >>> Array size 256x256x8B= & 0E-01
<<< [OPTIMIZATION] 32x16 KB(16 KB boundary) o
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7, POL: S) 4.0E-01 el
<<< PREFETCH(HARD) Expected by compiler : L2 cache
<<< b,c f,e g, hd a ?Icc?s fora .
<<< Loop-information End >>> 3.0E-01 i
39 p v for(j=0;j<m;j++){ instruction
40 p v for (i=0;i<n;i++){ 2.0E-01
41 p v a[jIli] = bII0T + c[3101] + d[FI] + e[310i] + FI5100] + g[310i] + hIjIi];
42 p v ¥
43 p Vv } 1.0E-01
44 ¥
ooesoo L N |
Before
High L1D miss rates despite sequential array access
-> L1D cache thrashing occurs
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . <ore L1D miss rate%:n{g'f:te hardware software L2 miss rate de:;'uzanmdlsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store %) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store %) (/L2 prefetch rate | prefetch rate
instruction) | 'MStructio instructiy)/ ( °n)1.( (%) (/L1D | (%) (/L1D instruction) (;1)'( (%) (/L2 (%) (/L2
iss) miss) miss) iss) miss) miss)
Before 0.00 3.12E+99 1.33E+09 0.43 68.30%> 31.70% 0.00% 2.34E+04] 0.00) 46.43% 66.98% 0.00%
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oyAor L Padding With Dummy Arrays (Source Tuning) FUﬁTSU

Shift arrays from 16 KB boundaries by adding dummy arrays between them to prevent L1D
cache thrashing. The result is improvement of the "No instruction commit due to L2 cache
access for a floating-point load instruction"” event.

36
37
38
39

40
41
42
43
a4

T T T T T

Source After Improvement

8.0E-01
Shift from 16 KB boundary by

[Seconds]

No instruction commit

waiting for an
instruction

adding a dummy array declaration = 7.0E-01 | to be fetched
of double type with 64 elements \
. . (e.g., dummy[64]) between each \ | Effect of
void sub(void){ e e I h 6.0E-01 \ .
inti, j; ysa, b, ¢ d, &1, N 1 2.47 times
Array declaration 5.0E-01 \
#pragma c.)mp para_llel for colla double a[256][256], dummy1[64], \\
<<< Loop-information Start >>
<<< [OPTIMIZATION] Elieste Jlzsle |y el a2 o \
c<<  SIMD(VL: 8) c[256]1[256], dummy3[64], 4.0E-01 No \\
. instruction
<<< SOFTWARE PIPELINING( llste ety o e, commit. \
<<< PREFETCH(HARD) Expec e[256][256], dummy5[64], 3.0E-01 G 3
<<< befedhda f[256][256], dummy6[64], cache ;
<< Loop-information End >» 9[2561[256], dummy7[64], 2 floating-
v for(=0;j<mjee) 1226112561 2 0E01 Prstruction
v for(i=0;i<n;i++){
v a[jIli1 = bIILT + c[310i]1 + dIiILi] + e[j1[i1 + fLi1[i1 + g[310i1 + h[jlil; 1.0E-01
v }
v |
0.0E+00
Before After
L1D miss and L1D miss dm rates improved
. L1D miss
L t . L1D miss rate d d t
Cache ircljsatruct';)re L1D miss (i/n:(t)f:‘;tsig:‘rf (e"l;:zir(‘s/slsl;.aDe
Before 3.12E+09 1.33E+09 0.43 68.30%
After 2.67E+09._ 4.56E+08 0.17 8.37%
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Effect of Padding With Dummy Arrays o
m (Compiler Option Tuning) FUJITSU
You can obtain an effect equivalent to that of source tuning by
specifying the following compiler option (Fortran-specific).

Compiler Option Functional Description
-Kcommonpad[=N] Specifies that a gap be placed between areas of
(4=N=2,147,483,644) variables in the common block to improve data cache

use efficiency.

If N is not specified, the compiler automatically
decides the best value.

mUse example (for source before improvement)

$ frtpx -Kfast,parallel sample.f90 -Kcommonpad=512

Automatically selecting target arrays -> Applying padding

Note

To compile separately when you specify the compiler option -Kcommonpad for
a file containing a common block, you need to also specify it for other files
containing the common block of the same name.

To compile with the compiler option -Kcommonpad=N specified for multiple
files, the value of N must be the same.

If you use the same common block hame but change its elements when
speafyllng the compiler option -Kcommonpad, the program may not run
properly.
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P
FUJITSU

Padding With Dummy Arrays
(Arrays of Different Sizes)

Conflict Between Arrays of Different Sizes
Padding With Dummy Arrays (Arrays of Different Sizes: Before Improvement)
Padding With Dummy Arrays (Arrays of Different Sizes: Source Tuning)

131



Q
Conflict Between Arrays of Different Sizes (1/2) FUJITSU

In general, cache thrashing does not regularly occur with arrays of different sizes.
j-axis direction

[
»

a(i,j) b(i,j) \ h(i,j)

Example of Source
1,11 1,2 1,25 1,11 121 1256 -~ -~ -- -0 1,1 1,2 1,256
211 22 1--1 2256 241 22 |--] 22560 ool o B 93 [ oo [..] 2256
parameter(n=256,m=256) g N O PO R [RVRTRPRTITSTE N et S

256,1| 256,2| --| 256,258
257,1| 257,2| --| 257,258

256 1 256,2 -- | 256,254 256,11 256,2 - - | 256,25¢ -

\/ +18 K

Cache thrashing occurs since addresses
are assigned to 16 KB boundaries.

If address of Array a(1,1) is 0, theN

address of Array a(1,1) is
address of Array b(1,1) is

parameter(k=2560,1=256)

uonaJIp SIxe-I

2560.12560.2 -- 1256025

real*8 a(n,m), b(nh,m), c(n,m),
d(n,m), e(n,m), f(n,m),
g(n,m), h(k,l)

<d—

y

common /test/a,b,c,d,e,f,g,h
doj=1,m
doi=1,n
a(i, j) = b(i, j) + c(i, j) + d(i, j) +
e(i, j) + f(i, j) + 9(i, j) +
h(i, j) |
enddo Counting up in second dimension:
enddo address of Array a(1,2) is address of a(1,1) + 256 x 8 B
address of Array b(1,2) is address of b(1,1) + 256 x 8 B

+2560x8B

In general, cache thrashing does not regularly Arrays a, b, ¢, d, e, f, and g remain on 16 KB
occur with arrays of different sizes. boundaries, but the address of Array h is not

on a 16 KB boundary.

address of Array h(1,1) is

256 x 8 B + 18 KB

address of Array h(1,2) is address of h(1,1
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O
Conflict Between Arrays of Different Sizes (2/2) FUJITSU

Even arrays of different sizes may remain on 16 KB boundaries, depending on the array size.
In that case, cache thrashing regularly occurs.

j-axis direction

[
»

Example of Source S a(i,j) b(i,j) \ h(i,j)
X, 1,1 12 [--[ 1,256 4,4 1,2 -] 1,256 -~ T 33 12 ].-1 1.256
n 211 22 |--| 225p0 21| 2,2 |--| 2256} - -+ > -0 v r - o - 2.1 22 |--| 2256
parameter(n=256,m=256) % 31 3.2 - 32501 30 3.2 ) 3286 o g o L 30 ) 3.2 1 3256
parameter(k=2304,1=256) g [ 256,11 256,2 -- | 256,254 256,1 256,2 -- | 256,25¢ -~ -~ -~ -~ - -~ - |- -~ | 956 1| 256,2| -- | 256,25¢
fo \/ 257,1| 257,2| - | 257,256
O +16 K N I S
real*8 a(n,m), b(n,m), c(n,m), S 2304123042 -- 230425
d(n,m), e(n,m), f(n,m), v Cache thrashing occurs since addresses
g(n,m), h(k,l) are assigned to 16 KB boundaries.
S
common /test/a,b,c,d,e,f,g,h If address of Array a(1,1) is 0, then:
doj=1,m address of Array a(1,1) is
doi=1,n address of Array b(1,1) is
a(i, j) = b(i, j) + c(i, j) + d(i, j) + :
e(i, j) + (i, j) + g(i, j) + address of Array h(1,1) is
h(i, j)
enddo Counting up in second dimension:
enddo address of Array a(1,2) is address of a(1,1) + 256 x 8 B[220 X 8 B + 16 KB
address of Array b(1,2) is address of b(1,1) + 256 x 8 B
address of Array h(1,2) is address of h(1,1)(+ 2304 x 8 B

Measures against thrashing are required <:| Arrays a, b, ¢, d, e, f, g, and ha
for arrays of all sizes, including Array h. remain on 16 KB boundaries.
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Padding With Dummy Arrays (Arrays of

O
Different Sizes: Before Improvement) FUJITSU

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No instruction commit
due to L2 cache access for a floating-point load instruction" event occurs many times.

Source Before Improvement [Seconds]
8.0E-01
52 integer k,I,n,m
53 parameter(n=256,m=256)
54 parameter(k=2304,1=256) 7.0E-01 1
55 . ry .
56 real*8 a(n,m), b(n,m), c(n,m), d(n,m), & 6.0E-01 waiting for an Instucton
to be fetched
e(n,m), f(n,m), g(n,m), h(k,l)
ﬁd 5.0E-01
57 common /test/a,b,c,4,€ 1htarval between arrays remains
<<< Loop-information Star| 15 KB even after counting up N
<<< [PARALLELIZATION] in second dimension 4.0E-01 / o _
<<< Standard iteration cq mstruc_:tlon
<<< Loop-information End >>> commit due
_P 3.0E-01 to L2 cache
58 1 pp doj=1,m access for a
<<< Loop-information Start >>> floating-
<<< [OPTIMIZATION] 2.0E-01 point load
<<< SIMD(VL: 8) instruction
<<< SOFTWARE PIPELINING(IPC: 2.83, ITR: 112, 1.0E-01
MVE: 13, POL: S)
<<< Loop-information End >>> 4—_
50 2 p v doi=1,n 0.0E+00 - Before
60 2 p v a(i, j) = b(i, j) + c(i, j) + d(i, j) + e(i, j) +
f(i, 3) + 9(i, ) + h(i, j) . . . .
61 2 p v enddo High L1D miss rates despite sequential array access
62 1 p enddo ﬁ -> L1D cache thrashing occurs
| L1D miss L1D miss L2 miss L2 miss L2 miss
L1I miss rate Load-store L1D miss rate hardware software L2 miss rate demand rate hardware software
(/Effective instruction L1D miss (/Load-store prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate|prefetch rate
instruction) instruction) (%) (/L1D (%) (/L1D instruction) r(:1iss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00| 3.00E+09]1.39E+09 0.46| 70.14%pP 29.86% 0.00%| 3.34E+04 0.00f 34.30%| 77.94% 0.00%
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Padding With Dummy Arrays (Arrays of Different

Sizes: Source Tuning)

instruction" event.
Source After Improvement

Q
FUJITSU

Shift arrays from 16 KB boundaries by adding dummy arrays them to prevent L1D cache thrashing. The
result is improvement of the "No instruction commit due to L2 cache access for a floating-point load

[Seconds]
52 integer k,I,n,m 8.0E-01 - ] -
No instruction commit
53 parameter(n=256,m=256) waiting for an instruction
_ _ to be fetched
54 parameter(k=2304,1=256) 7 OE-01 - X
55 \
56 real*8 a(n,m),dummy1(64),b(n,m),dummy2(64), & \
57 c(n,m),dummy3(64),d(n,m),dummy4(64), & 6.0E-01 \
58 e(n,m),dummy5(64),f(n,m),dummy6(64), & \‘
59 g(n,m),dummy7(64),h(k,l)
60 common /test/a,dummyl,b,dummy2,c,dummy3,d,dummy4,e, 5.0E-01 EffeCt _Of
dummys,f,dummy6,g,dummy7,h 1.97 times
61 '\
<<< Loop-information Start >>> Dummy arrays placed 4.08-01 No : \
<<< [PARALLELIZATION] A RS e .
IZATI between arrays commit !
<<< Standard iteration count: 2 3 0E-01 due to L2
<<< Loop-information End >>> cache
62 1 pp doj=1,m access_for
<<< Loop-information Start >>> 2 .0E-01 =) e
MRS point load
<<< [OPTIMIZATION] instruction
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.83, ITR: 112, MVE: 13, POL: S) 1.0E-01
<<< Loop-information End >>>
.. . . . . . . . . 0.0E+00 - ==l ===
64 2 p v a(i, j) = b(i, j) + c(i, j) + d(i, j) + e(i, 3) + £(i, 3) + g(i, J) + h(i, j) After
65 2 p Vv enddo Before
66 1 p enddo
: - L1D miss and L1D miss dm rates improved [— T
L1I miss rate Load-store L1D miss rate deLn];gnI:;Ifast /ﬁardware ~ SOTtware CZTMSSTate [ o ate | nardware software
(/Effective instruction L1D miss (/Load-store (%) (/ prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate|prefetch rate
instruction) instruction) °m. ) (%) (/L1D (%) (/L1D instruction) r(:1iss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00] 3.00E+09| 1= +09 0.46| 70.14%|.. 29.86% 0.00%| 3.34E+04 0.00] 34.30%| 77.94% 0.00%
After 0.00[2.57E+09)6-90E+08 0.27] 38.70%|" 61.31%|  0.00%]|2.54E+04 0.00| 29.53%| 80.62%| 0.00%
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C/C+

i Padding With Dummy Arrays (Arrays of
Different Sizes: Before Improvement)

Q
FUJITSU

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No instruction commit
due to L2 cache access for a floating-point load instruction" event occurs many times.

Source Before Improvement

[Seconds]
Array declaration 8.0E-01
double a[256][256],
b[256][256], c[256][256],
- No instructi it
24 void sub(void){ d[256][256], e[256][256], 70801 beatng for on inemaeion
25 int i, i f[256][256], g[256][256], to be fetched
26 h[256][2304]; 6.0E-01
27 #pragma omp parallel for .
<<< Loop-information Start >>> Array a size: 256x256x8B= 5.0E-01
<<< [OPTIMIZATION] 32x16 KB(16 KB boundary)
<<< PREFETCH(HARD) Expected by compiler : 4 0E-01 No instruction
<<< bcfeghda Interval between arrays ' commit clue
<<< Lo_op-lnf_ormatl_on End >>> remains 16 KB even after access for a
28 p for = 0;j <m;j++){ counting up in second 3.0E-01 floating-point
<<< Loop-information Start >>> dimension load
<<< [OPTIMIZATION] 5 0E-01 instruction
<<< SIMD(VL: 8) o
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 13, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 1.0E-01
<<< b,c f,e g, hd a
<<< Loop-information End >>> _
29 p v for(i=0;i<n;i++){ 0.0E+00
30 p v a[jllil = bIjI[i] + c[10i1 + d[310i] + e[10i] + fL310i1 + g[jIli]1 + h[jI[il; Before
31 p v ¥
32 p }
33 b High L1D miss rates despite sequential array access
-> L1D cache thrashing occurs
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate Load-store L1D miss rate de;gnﬁlf:te hardware software L2 miss rate der|;12::1nmc;snite hardware software
Cache (/Effective instruction L1D miss |(/Load-sto %) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store %) (/L2 prefetch rate | prefetch rate
instruction) instructi %) (/1 (%) (/L1D | (%) (/L1D instruction) | (%) / (%) (/L2 | (%) (/L2
) miss) miss) ) miss) miss)
Before 0.00 3.62E+@ 1.38E+09 0.38 71.21/%> 28.78% 0.01% 1.04E+05 0.00) 91.27% 10.77%| 0.00%
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Padding With Dummy Arrays (Arrays of
Different Sizes: Source Tuning)

C/C++

Q
FUJITSU

Shift arrays from 16 KB boundaries by adding dummy arrays them to prevent L1D cache thrashing. The
result is improvement of the "No instruction commit due to L2 cache access for a floating-point load

instruction" event.

Source After Improvement [Seconds]
. 8.0E-01
25 void sub(void){ Sl Wil o L3S [ e R e o o
26 int i, j; by adding a dummy array S oE-01 \ o be fetched
27 declaration of double type '
28 #pragma omp parallel for with 64 elements (e.g., \\
<<< Loop-information Start >>> dummy[64]) between each 6.0E-01 X
<<< [OPTIMIZATION] of arraysa, b, c,d, e, f, g, h.
<<< PREFETCH(HARD) Expected 5 OE-01 Effect of
<<< b,cf,eg,hda EINES 2.53 times
<<< Loop-information End >>> = double a[256][256], \
29 p for (j = 0; j < m; j++){ dummy1[64], b[256][256], 4.0E-01 No \
<<< Loop-information Start >>> dummy2[64], C[256][256], iclﬁrﬁ',?tﬁgﬂe \\
<<< [OPTIMIZATION] dummy3[64], d[256][256], 3.0E-01 to L2 cache \
SIMD(VL: 8 : access for a
<<< (VL: 8) dummy4[64], e[256][256], floating- ;
<<< SOFTWARE PIPELINING(IPC dummy5[64], f[256][256], %t::\rtugia:n
<<< PREFETCH(HARD) Expected dummy6[64], g[256][256], 2.0E-01
<<< bgfeghda dummy7[64], h[256][2304];
<<< Loop-information End >>> 1. 0E-01
30 p v for(i=0;i<n;i++){ '
31 p v a[jllil = b[jI[i1 + c[j1[i]1 + d[310i1 + e[310i] + FL3I0] + g[310i1 + hIiILi1; 4—
32 p v 3} 0.0E+00
33 p b
34 3 Before After
L1D miss and L1D miss dm rates improved
B L1D miss L1D miss . L2 miss L2 miss
LiI missrate| | 4 4oce L1D miss rate deLlD d faste hardware software L2 miss rate de:;uzanmdlsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store JL1D prefetch rate| prefetch rate L2 miss (/Load-store %) (/L2 prefetch rate | prefetch rate
instruction) | Instructio instruction) | 4%) (%) (/L1D | (%) (/L1D instruction) | (%) ( (%) (/L2 | (%) (/L2
7 iss) miss) miss) iss) miss) miss)
Before 0.00 3.62E+09 1.38E+09 0.38 71.21% 28.78% 0.01% 1.04E+05 0.00 91.27% 10.77%] 0.00%
After 0.00 2.69E+& 4.81E+08 0.18 17.6%/ 82.33% 0.00% 1.20E+05 0.00) 54.33% 62.57% 0.00%
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Array Merge (Improved
Thrashing)

- What is Array Merge?

- Array Merge (Improved Thrashing) (Before Improvement)
- Array Merge (Improved Thrashing) (Source Tuning)

- Array Merge (Compiler Option Tuning)
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What is Array Merge?

Q
FUJITSU

Array merge is a tuning method that merges multiple arrays into one.

As shown in the following example, you can store data on the same
cache line by reducing the number of arrays.

m Before improvement

(Data location in memory)

ac 1, 1) I~

\
a( 2, 1) 956 x 256x 8 B

(L1D cache)[

1
F32x 16 KB

\ a(256, 256) ‘IDiStantacceSS

L1D cache
thrashing occurs

b( 1, 1) F.256x256x88B
‘,—-32x16KB

/Distant access

Example of Source

subroutine sub() \

parameter(n=256,m=256)
real*8 a(n, m),b(n,m),c(n,m),d(n,m),e(n,m),

f(n,m),g(n,m),h(n,m)

common /test/a,b,c,d,e,f,gh
doj=1,m
doi=1,n

a(i, j) = b(i,3)+c(i,j)+d(i)+ &
e(i,j)+f(i,)+9(i,i)+h(i,j)
enddo
enddo
End

<256 x 256 x 8 B
)= 32 x 16 KB
» Distant access

\\256 X 256 x 8 B
=32 x 16 KB

e( 1, 1) | Distant access
:256 X 256 x 8 B
;1 =32x16 KB

\ Distant access
1256x 256 x 8 B
/=32x16 KB

%, Distant access

ac 1, 1) 1A

f( 1, 1

7
h( 1, 1) |4 256x256x8E
=32x16 KB
Distant access

h(256, 256)

m  After improvement

Can use data effectively since all
8 pieces of data are on same
(L1D cach 4 cache line

Example of Source

subroutine sub()
parameter(n=256,m=256)
real*8 abcd(n,4,m),efgh(n,4,m)
common /test/abcd,efgh
doj=1,m
doi=1,n
abcd(i,1,j)=abcd(i,2,j)+abcd(i,3,j)+ &
abcd(i,4,j)+ &
efgh(i,1,j)+ efgh(i,2,j)+ &
efgh(i,3,j)+ efgh(i,4,j)
enddo
enddo

)  Store in cache — =l

Store in cache (conflict) -----

» Memory access sequence

(Data location in memory)

abcd(1, 1,1)
abcd(2, 1, 1)

abcd(1, 2, 1)

abcd(1, 4, 1)

efgh(1, 1, 1)

efgh(1, 4, 1)

abcd(1, 2, 1)

abcd(1,256, 1)
abcd(2,256, 1)
abcd(3,256, 1)

abcd(4,256, 1

abcd(4,256,256)
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Array Merge (Improved Thrashing)
(Before Improvement)

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No instruction commit
due to L2 cache access for a floating-point load instruction" event occurs many times.

Q
FUJITSU

Source Before Improvement [Seconds]
40 parameter(n=256,m=256) 8.0E+00
41 real*8 a(n, m),b(n,m),c(n,m),d(n,m),&
e(nlm)lf(nlm)lg(nlm)lh(nlm) 70E+00 4
42 common /test/a,b,c,d,e,f,g,h
<<< Loop-information Start >>> Array size
<<< [PARALLELIZATION] 256 x 256 x 8 B = | 6.0E+00
<<< Standard iteration count: 433 32 x 16 KB ————
<<< [OPTIMIZATION] (16 KB boundary) 5.0E+00
<<< COLLAPSED . .
No instruction
<<< SIMD(VL: 8) 4 OE400 commit due to
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, VB }-2 ca;:lheta_lccess
. . or a floating-
MVE: 7, POL: S) point load
<<< PREFETCH(HARD) Expected by compiler : 3.0E+00 instruction
<<< b,c f,e g, hd, a
<< Loo_p-mformatmn End >>> > 0E+00
43 1 pp Vv doj=1,m
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 1.0E+00
<<< COLLAPSED
<<< Loop-information End >>> 0.0E+00 ;_
4 2 p doi=1,n Before
45 2 p v a(i,j)=b(i,j)+c(i,j)+d(i,j)+e(i,j)+f(i,j)+9(i,j) +h(i,j) - - - -
46 2 p v enddo High L1D miss rates despite sequential array access
47 1 p enddo -> L1D cache thrashing occurs
L1D miss L1D miss . L2 miss L2 miss
. . L1D piss - L2 miss
L1I miss rate L1D miss rate hardware software L2 miss rate hardware software
Cache (/Effective !_oatd-si_ore L1D miss | (/Load-store d%};e prefetch rate| prefetch rate L2 miss (/Load-store der;;and I':;te prefetch rate|prefetch rate
instruction) | 'MStruction instruction) °n)1i(5/s) (%) (/L1ID | (%) (/L1D instruction) | ¢ gziés/) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00] 3.40E+ 1.33E+10 0.39] 68.21%]pD 31.79% 0.00%| 1.12E+04 0.00] 72.56%| 37.92% 0.00%
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Array Merge (Improved Thrashing)
(Source Tuning)

Array merge reduces the number of streams from 8 to 2, preventing L1D cache thrashing. The result is
improvement of the "No instruction commit due to L2 cache access for a floating-point load instruction"
event.

Source After Improvement (Source Tuning)

Q
FUJITSU

[Seconds]
44 parameter(n=256,m=256) 8.0E+00
45 real*8 abcd(n,4,m),efgh(n,4,m)
46 common /test/abcd,ef
<<< Loop-information Start >>] 8 arrays merged 7.0E+00 "\
<<< [PARALLELIZATION] into 2 (4 arrays each) \\
<<< Standard iteration count:z 6.0E+00 }
<<< [OPTIMIZATION] —
<<< PREFETCH(HARD) Expected by compiler : 5 OE400 | Effect of
<<< efgh, abcd 2.44 times
<<< Loop-information End >>> \
47 1 pp doj=1,m 4.0E+00 No \
<<< Loop-information Start >>> Instruction \
commit due \
<<< [OPTIMIZATION] 3.0E+00 to L2 cache R
<<< SIMD(VL: 8) access for a -
<<< SOFTWARE PIPELINING(IPC: 2.28, ITR: 112, et
MVE: 13, POL: S) 2.0E+00 instruction
<<< PREFETCH(HARD) Expected by compiler :
<<< efgh, abcd 1.0E+00
<<< Loop-information End >>>
48 2 p Vv doi= 1-,I1 . . . . . . . 0.0E+00 ___ __
49 2 p v abcd(i,1,j)=abcd(i,2,j)+abcd(i,3,j)+abcd(i,4,j)+& Before After
50 2 efgh(i,1,j)+efgh(i,2,j)+efgh(i,3,j)+efgh(i,4,j)
51 2 p v enddo
52 1 p enddo L1D misses reduced
S
e | towsore | L&E;:.;s.zt:,;y eyt ety vty IRV I ool iy choppriagl i tpton] [kt pediyon
instruction) instructio miss) (/L1D miss) (/L1D miss) instruction) miss) (/L2 miss) (/L2 miss)
Before 0.00 3.40E+1,0”1ﬁ-10 0.39] 68.21%|. 31.79% 0.00%| 1.12E+04 0.00] 72.56%| 37.92% 0.00%
After 0.00 2.54E+1\0~44\0E+09 0.17 84./98%/ 15.03% 0.00%| 1.70E+04 0.00] 69.93%| 46.61% 0.00%
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Array Merge (Improved Thrashing)
C/C++ (Before Improvement)

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No instruction commit
due to L2 cache access for a floating-point load instruction" event occurs many times.

Q
FUJITSU

Source Before Improvement

. [Seconds]
31 void sub(void) Array declaration 8.0E+00
32 { double a[256][256],
33 int i,j; b[256][256], c[256][256],
34 #pragma omp parallel for d[256][256], e[256][256], 7-0E+00
pragn PP f[256][256], g[256][256],
<<< Loop-information Start >>> h[256][256];
<<< [OPTIMIZATION] ! 6.0E+00
<<< PREFETCH(HARD) Expected b' Array a size: 256x256x8B= r—
<<< b,cf,e g, hd a 32x16 KB(16 KB boundary) 5.0E+00
<<< Loo!a-inf_orma!tion End >>> No instruction
35 p for(j=0;j<m;j++){ 4.0E+00 commit due to
<<< Loop-information Start >>> ;—: ‘;aﬁ';: f_‘:cess
r 1 =
<<< [OPTIMIZATION] 3.0E+00 point load .
<<< SIMD(VL: 8) instruction
<<< SOFTWARE PIPELINING(IPC: 2.66, ITR: 104, MVE: 7, POL: S) 2. 0E+00
<<< PREFETCH(HARD) Expected by compiler :
<<< b,c f,e g, hd, a
<<< Loop-information End >>> 1.0E+00
36 p v for(i=0;i<n;i++){ _
37 p v a[j1[i1=b[i1[i]+c[iIi1+d[j1[i1+e[f1[i1+fi1i1+aljli1+h[j1i]; |  O-0E+00
38 p v } Before
39 p bs
40 ¥
High L1D miss rates despite sequential array access
S -> L1D cache thrashing occurs
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | d-st L1D miss yate d L1D r:lsst hardware software L2 miss rate d L2 mdlss t hardware software
Cache (/Effective _oat st9re L1D miss |(/Load-gtore eor/nan LrlaDe prefetch rate| prefetch rate L2 miss (/Load-store er;}an [; e prefetch rate | prefetch rate
instruction) | Instruction instrugtion) | (%) (%) (/L1D | (%) (/L1D instruction) | (%) (/ (%) (/L2 | (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.00| 3.32E+10) 1.36E+10 0.41] 69.48%> 30.52% 0.00% 1.16E+05 0.00| 86.19% 26.53% 0.00%
142

DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



Array Merge (Improved Thrashing)

C/C++ (Source Tuning)

O
FUJITSU

Array merge reduces the number of streams from 8 to 2, preventing L1D cache thrashing. The result is
improvement of the "No instruction commit due to L2 cache access for a floating-point load instruction"

event.
Source After Improvement (Source Tuning)

[Seconds]
Array declaration 3
i i .OE+00
> ‘{’°'d sub(void) double abcd[256][4][2561,
I efgh[256][4][256]; \
33 nt 1,J; 7.0E+00 \
34 #pragma omp parallel for 8 arrays merged into 2 (4 arrays \
<<< Loop-information Start >>: each) \
<<< [OPTIMIZATION] 6.0E+00 AN
<<< PREFETCH(HARD) Expected by compiler : — Effect Of
<<< efgh, abcd
! 5.0E+00 H
<<< Loop-information End >>> 2-47 tlmeS
A Y
35 p for(j=0;j<m;j++){ No . \
<<< Loop-information Start >>> 4.0E+00 :Lir;‘i::'on \
<<< [OPTIMIZATION] due to L2 \\
. cache
<<< SIMD(VL: 8) 3.0E+00 access for
<<< SOFTWARE PIPELINING(IPC: 2.28, ITR: 112, MVE: 8, POL: S) a floating-
<<< PREFETCH(HARD) Expected by compiler : point load
instruction
<<< efgh, abcd 2.0E4+00
<<< Loop-information End >>>
36 p Vv for(i=0;i<n;i++){ 1 OE+00
37 p Vv abcd[j]1[0][i1=abcd[jl1[1][i]+abcd[j1[2]1[i]+abcd[j1[3][i]+ '
efgh[jl[0][i]1+efgh[jI[1][i]1+efgh[j1[2][i]+efgh[j1[31[i];
388 p v b 0.0E+00
39 p }
40 3 Before After
L1D misses reduced
—
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | 4 4 oce L1D miss rate deLn11I:nr2If:te hardware software L2 miss rate derl;12;mmdlsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate| prefetch rate
instruction) u instruction) °miss) (%) (/L1D | (%) (/L1D instruction) ;ﬁss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 3.32Em 1.36E+10 0.41] 69.48%\ 30.52% 0.00%| 1.16E+05 0.00 86.19% 26.53% 0.00%
After 0.00 2.63E+\ﬁ3\4@E+09 0.17] 90.03% 9.98% -0.01% 4.45E+04 0.00) 80.52% 35.47% 0.00%
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o8
m Array Merge (Compiler Option Tuning) FUJITSU

You can obtain an effect equivalent to that of source tuning by
specifying the following compiler options (Fortran-specific).

Compiler Option Functional Description
-Karray_merge_common Specifies the merging of multiple arrays in a common block. You
[=name] can specify the common block nhame in name. If name is not

specified, the arrays in all the common blocks with nhames are
subject to this option.

-Karray_merge_local Specifies the merging of multiple local arrays.
-Karray_merge_local_size=1000000 is also enabled at the same
time.

-Karray_merge_local_size=N | Specifies N or more bytes as the size of local arrays merged. This

(2=N=2,147,483,647) option is valid when the -Karray_merge_local option is enabled.

-Karray_merge This option is equivalent to specifying the -Karray_merge_local and

-Karray_merge_common options.

Use example (for source before improvement)
$frtpx —Kfast,parallel sample.fO0 -Karray_merge_common

Note
These options must be specified in all source code using a target array.
The effect of the merge varies depending on the program.
If not used correctly, computational results may vary.
They cannot be used with a debug option (-g or -H).
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Loop Fission (Improved
Thrashing)

What is Loop Fission?

Loop Fission (Improved Thrashing) (Before Improvement)
Effect of Loop Fission (Improved Thrashing) (Source Tuning)
Effect of Loop Fission (Optimization Control Line Tuning)
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What is Loop Fission? FUjiTSU

e Loop fission is a means to split a loop into multiple smaller loops
mainly for the following purposes:

To facilitate software pipelining
To improve cache memory use efficiency

To eliminate a register shortage

Loop fission reduces the number of arrays accessed in a loop, and thus may be able to facilitate software
pipelining and prevent cache thrashing.

However, note that efficient use of data in the cache may no longer be possible, depending on how the loop
is split.

Source After Improvement

parameter(n=65536)
real*8 a(n),b(n),c(n),d(n),e(n),f(n),

Source Before Improvement g(n),h(n)
parameter(n=65536) common /com/a,b,c,d,e,f,g,h
real*8 a(n),b(n),c(n),d(n),e(n),f(n), <TOCL LOOP_ No@b
g(n),h(n) doi=1,n
common /com/a,b,c,d,e,f,g,h a(i)= s/ b(|) Loop fusion suppressed
do i=1,n _ c(iy)=s/d)[
a(i) = s / b(i) enddo _
c(i) = s/ d(i) cCache thrashing occur doi=1,n - Loop fission
e(i) = s/ f(i) e(i) = s / (i) —/ Suppress cache thrashing
g(i) = s/ h(i) g(i)= s/ h(|)
enddo enddo
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m Loop Fission (Improved Thrashing) FUjITSU

(Before Improvement)

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No
instruction commit due to access for a floating-point load instruction” event occurs many

times.
[Seconds]
Source Before Improvement 3.0E-02
46 parameter(n=65536)
47 real*8 a(n),b(n),c(n),d(n),e(n),f(n),g(n),h(n) 2.5E-02
48 common /com/a,b,c,d,e,f,g,
49
<<< Loop-information Start >>;  Array size S 0E-02 -
<<< [PARALLELIZATION] 65536 x 8 B = VB
<<< Standard iteration count: 32 x 16 KB
<<< [OPTIMIZATION] (16 KB boundary) _ -
<<< SIMD(VL: 8) 1.5E-02 o LD
<<< SOFTWARE PIPELINING(IPC: 1.90, ITR: 56, cache access for a
MVE: 4, POL: S) floating-point load
N instruction
<<< PREFETCH(HARD) Expected by compiler :
<<< f’ d' b’ h’ 9,¢&¢a HOE02 No instruction
<<< Loop-information End >>> commit due to L2
50 1pp v doi=1n g
51 1 p Vv a(i) = S/ b(i) 5.0E-03 load instruction
52 1 p v c(i) = s/ d(i)
53 1 p v e(i) = s/ f(i)
54 1p v o= s/n0) e
55 1 p vV enddo 0.0E+00 -
Before
High L1D miss and L1 miss dm rates despite
Cache sequential array access
1t mics rat 1D mice rata]  L1D MisS r|;1|::jmis -> L1D cache thrashing occurs .x;srs;
miss rate miss rate ar e
(/Effective :':sig;ii?;ﬁ L1D miss | (/Load-store dza(:'/n ;‘ r(l;ILl;-al;e prefetch rate| prefetch rate L2 miss (/Load-store ae(r;;:)n(d/g@ prefetch rate|prefetch rate
instruction) instruction) Omiss) %) (/L1D | (%) (/L1D instruction) miss) (%) (/L2 (%) (/L2
] miss) miss) miss) miss)
Before 0.00|1.25E+08}-3.85E+07 0.31] 57.48%P 42.52% 0.01%| 1.84E+04 0.00] 31.49%| 72.74% 0.00%
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Effect of Loop Fission (Improved Thrashing) FUﬁTSU

(Source Tuning)

Loop fission reduces the number of streams from 8 to 4, preventing L1D cache thrashing.
The result is improvement of the "No instruction commit due to L2 cache access for a
floating-point load instruction” event.

[Seconds]
Source After Improvement 3.0E-02
46 parameter(n=65536)
47 real*8 a(n),b(n),c(n),d(n),e(n),f(n),g(n)h(n) 5 5E-02
48 common /com/a,b,c,d,e,f,g,h Ik \
49 \
50 10CL LOOP_NOFUSION -
<<< Loop-information Start >>> N > OE-03 - Effect of
<<< [PARALLELIZATION] . ' 1.77 times
<<< Standard iteration cou{LOOP fusion suppressed .
<<< [OPTIMIZATION] S \
<<< SIMD(VL: 8) 1.5E-02 e oo \
<<< SOFTWARE PIPELINING(IPC: 2.36, ITR: 80, fL;rDaCfalggg:;fess
MVE: 2, POL: S) point load
<<< Loop-information End >>> pnstruction ___
51 1 pp 2v doi=1,n 1.0E-02 No instruction
52 1 p 2v a(i) = s/ b(i) L2 cache access
53 1p 2 (D = s/ d(i) Do
P Vv enddo . . _ instruction
<<< Loop-information Start >> Loop fission >-08-03
<<< [PARALLELIZATION]
<<< Standard iteration count: 411 j -
<<< [OPTIMIZATION] 0.0E+00 -
<<< SIMD(VL: 8) Before After
<<< SOFTWARE PIPELINING(IPC: 2.45, ITR: 80,
MVE: 2, POL: S) . i
<<< Loop-information End 3>> L1D miss and L1D miss dm rates reduced
55 1 pp 2v doi=1,n . L1D mi L1D mi
56 1 p 2v e(i) = s/ f(i) L%} rpfiss rate[ | 1 ctore %D mcilss rate d:;gnglf:te h?rdvlz.':liz s?ftvcEf:
Yy = H Effective | . : L1D miss Load-store | " refetch rate | prefetch rate
g; i B %x en%((;)o_ S / h(l) instruction) instruction instruction) (/o%i(s/slle p(°/o) (/L1D p(%) (/L1D
miss) miss)
Before 0.00| 1.25E+08| 3.85E+07 0.31] 57.48%| 42.52% 0.01%
After 0.00|1.10E4+08| 1.78E+07 0.16 8.37%| 91.63% 0.00%
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C/C++ Loop Fission (Improved Thrashing)
(Before Improvement)

Each array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the "No
instruction commit due to access for a floating-point load instruction” event occurs many

O
FUJITSU

times.
Source Before Improvement [Seconds]
3.0E-02
Array declaration
double a[65536], b[65536],
. c[65536], d[65536] _
42 \{IOId sub(double s) e[65536]', f[65536],’ 2.58-02
4 .
47 int i; g[65536], h[65536];
48 2.0E-02
49 #pragma omp parallel for = Array a,b,c,d,e,f,g,h
<<< Loop-information Start > Size: 65536 x 8B= No instruction
<<< [OPTIMIZATION] 32x16 KB(16 KB boundary) commit due to L1D
<<< SIMD(VL: 8) 1.5E-02 e k)
<<< SOFTWARE PIPELINING(IPC: 1.90, ITR: 56, instruction
MVE: 4, POL: S) ] NN ——
<<< PREFETCH(HARD) Expected by compiler : commit due to L2
<<< f,d, b, h,geca 1.0E-02 cache access for a
r S P Wy D Sr Sy floating-point
<<< Loop-information End >>> load instruction
50 p v for(i=0;i<n; i++)
51 p v { i
52 p vV a[i] = s/ b[i]; >.0E-03
53 p v c[i] = s/ d[i];
54 p v e[il= s/f[il; _
55 p v g[il= s/hli]; 0.0E+00
56 p v }
57 Before
gg }retur“; High L1D miss and L1 miss dm rates despite

sequential array access
-> L1D cache thrashing occurs

. /IﬁD miss L1D miss . L2 miss L2 miss
L1I miss rate| | . core L1D miss rate dé;gn?'ss <| hardware software L2 miss rate der|;12::1nmc;snite hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) 1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) instruction) ° iss) (%) (/L1D (%) (/L1D instruction) miss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 1.17E+98 3.93E+07| 0.34 W> 41.56% 0.00% 1.94E+04) 0.00) 16.93%| 87.92%| 0.00%
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Effect of Loop Fission (Improved Thrashing)

P
FUJITSU

(Source Tuning)

Loop fission reduces the number of streams from 8 to 4, preventing L1D cache thrashing.
The result is improvement of the "No instruction commit due to L2 cache access for a
floating-point load instruction” event.

[Seconds]
Source After Improvement 3.08-02
e ‘{’°id sub(double s) Array declaration
48 b[65536], c[65536],
49 #pragma omp parallel for d[65536], e[65536], Effect of
<<< Loop-information Start >>> =
<<< SIMD(VL: 8) h[65536]; : N
<<< SOFTWARE PIPELINING(IPC: 2.09, ITR: 64, .
MVE: 2, POL: S) \ No ins_ttrl.(;ctiotn
<<< PREFETCH(HARD) Expected by compiler : 1 5E-02 N 1D cache access
<<< d, b, c a ’ for a floating-
<<< Loop-information End >>> P°Tt ";?d
50 p 2v for(i=0;i<n; i++) instruction
51 p 2v {
oo s/ Losez T e
53 p 2v clil = s/ d[i]; L2 cache access
5 p 2v } for atflloa;ing-
55 point loa
56 #pragma omp parallel for . 5.0E-03 Instruction
<<< Loop-information Start >>> Loop fISSIOn
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) 4-
<<< SOFTWARE PIPELINING(IPC: 2.09, ITR: 64, 0.0E+00
MVE: 2, POL: S)
<<< PREFETCH(HARD) Expectéd by compiler : Before After
<<< h f, g, e
<<< Loop-information End >>>
57 p 2v for(i=0;i<n; i++)
58 p 2v { . :
50 p 2v e[il= s/flil; L1D miss and L1D miss dm rates reduced
2(1) p %V }g[i] = s/ hlil;
\ . L1D miss L1D miss
62 P return; Cach L1I miss rate Load-store D miss rate deL;gan:te hardware software
ache (/Effective : N L1D miss { (/Load-store prefetch rate | prefetch rate
63 ¥ instruction) | Mstruction instruction) | (%) ULID 150y 11D | (%) (/L1D
miss) miss) miss)
Before 0.000 1.17E+08] 3.93E+07 0.34 58.44% 41.56% 0.00%
After 0.000 1.51E+08| 1.86E+07 0.12 12.30% 87.72% -0.02%
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Effect of Loop Fission (Optimization Control FUjiTsu

Line Tuninc

You can obtain an effect equivalent to that of source tuning by specifying the following optimization control line option.

. e Optimization Control Line Specifiable?
Optimization Specifier Meaning
By Al
(Fortran) By Program By DO Loop By Statement Ass‘ggnr:gnt
Statement
FISSION_POINT[(n1)] Specifies fission of a loop at the specified point in No No Yes No
(n1 is a decimal number the loop. The n1-fold nested multiloop is looped. (n1
from 1 to 6.) is counted from the innermost loop.)
Optimization Specifier Meanin Optimization Control Line Specifiable?
(C/C++: Trad MOde) g global procedure loop statement
fission_point[(n1)] Specifies fission of a loop at the specified point in No No No Yes
(n1 is a decimal number the loop. The n1-fold nested multiloop is looped. (n1
from 1 to 6.) is counted from the innermost loop.)

Source After Improvement (Optimization Control Line Tuning)

46 parameter(n=65536)

47 real*8 a(n),b(n),c(n),d(n),e(n),f(n),g(n),h(n)
48 common /com/a,b,c,d,e,f,g,h

49

<<< Loop-information Start >>>

<<< [PARALLELIZATION]

<<< Standard iteration count: 411

<<< [OPTIMIZATION]

<<< FISSION(num: 2)

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 2.45, ITR: 80, MVE: 2, POL: S)
<<< PREFETCH(HARD) Expected by compiler :

<<< b,d,c,a f, hge

<<< Loop-information End >>>

50 1 pp 2v doi=1,n

51 1 p 2v a(i) = s/ b(i)
52 1 p 2v c(i) = s/ d(i)
53 1 locl fission_point(1)
54 1 p 2v e(i) = s/ f(i)
5 1 p 2v g(i) = s/ h(i)
56 1 p 2v enddo

57 end subroutine sub
58

Diagnostic messages: program name(sub)
jwd82120-i "a.f90", line 50: Loop was split into two.
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Padding Using the Large Page
Environment Variable

XOS_MMM_L_FORCE_MMAP_THRESHOLD
Padding Using the Large Page Environment Variable (Before Improvement)
Padding Using the Large Page Environment Variable (After Improvement)

152



oo
XO0S_MMM_L_FORCE_MMAP_THRESHOLD FUJITSU

Environment Specified Value

: Description
Variable Name | (_ indicates default) P

Sets whether or not to give priority to mmap(2) when acquiring
memory with a size equal to or greater than
MALLOC_MMAP_THRESHOLD_ (default: 128 MiB).

"0" means priority is not given to mmap(2). First, the heap area
XaaTAI\SMTN:_I—é‘ESFSgEg 0|1 is searched for space. If there is space, the free memory of the
- - heap area is returned. mmap(2) is used to acquire memory only
when space is not found in the heap area. "1" means priority is
given to mmap(2). mmap(2) is used to acquire memory without
searching the heap area for space (even when there is space).
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Padding Using the Large Page Environment

©
Variable (Before Improvement) FUJITSU

Each stream of the dynamic array is on a 16 KB boundary. L1D cache thrashing occurs.
Consequently, the "No instruction commit due to L2 cache access for a floating-point load

instruction” event occurs many times.

Source Before Improvement
parameter(n=256,m=256)

w

[Seconds]
4 real*8,allocatable :: a(:,:),b(:,:),c(:,:),d(:,:), 2.5E+00
e(:,:),f(:,:),9(:,:),h(:,)
6 allocate(a(n,m))
7 allocate(b(n,m)) . 2.0E+00
8 allocate(c(n,m)) Array size
9 allocate(d(n,m)) 256 x 256 x 8 B = | SEv00
11 allocate(f(n,m)) T
12 allocate(g(n,m)) 1.0E+00 4[]
Noi .
13 allocate(h(n,m)) e 12
= sesses cache access for a
) floating-point load
36 1 p doj=1,m 5.0E-01 || |— instruction
<<< SIMD(VL: 8) St £ .
<<< SOFTWARE PIPELI| >V €aMms Of same SIz€ |y, p. 5
POL: S) 0.0E+00 ° ~ <] N~ ool o
Rl o™ i
<<< PREFETCH(HARD) Expected by compiler : s|lo|lo|lo|lw|lv|lo|lw|lw|lw| 2|
<<< ¢/b,d,e f,g, h a @@@@@@@@@@gg
+ b, d, &1, 9,0, clc|lelelelelelelel el @2
<<< Loop-information End >>> L L L L L e e e =8 =
37 2 p v doi=1,n !
38 2p v a(i, §) = b(i, §) + c(i, §) + d(i, §) + e(i, 3) Before
+ (i ,j) + 9(i ,j) + h(i j)
39 2 p v  enddo High L1D miss rates
40 _1p enddo -> L1D cache thrashing occurs
. L1D wpxfiss L1D miss . .
. . L1D miss . . L2 miss L2 miss
L1I miss rate L1D miss rate dware software L2 miss rate L2 miss
Cache (/Effective I__oatd-sipre L1D miss (/Load-store deg/“ an;leiaDte /ﬁ{’_le?g::(rate prefetch rate L2 miss (/Load-store | demand rate h?r?v;aret s?vaT‘]aret
instruction) | mstruction instruction) | °r2ﬂ(ss) T () gL1p (%) (/L1D instruction) | (%) (/L2 miss) (%" (e}fz r:fisi) ((E;:)e (e/fz r:fises)
miss) miss)
Before 0.0011.34.E+10 3.44.E+09Q 0.26 51.52% 48.28% 0.20%|1.61.E+03 0.00 73.10% 53.55% 0.00%
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Padding Using the Large Page Environment
Variable (After Improvement)

Specify the MALLOC_MMAP_THRESHOLD_=204800 environment variable to change the address alignment

of each array to prevent L1D cache thrashing. The result is improvement of the "No instruction commit due
to L2 cache access for a floating-point load instruction" event.

P
FUJITSU

[Seconds] [Seconds]
2.5E+00 2.5E+00
2.0E4+00 2.0E+00
1.5E+00 1.5E4+00
1.0E4+00 |H 1.0E+00 -
No instruction commit due to
L2 cache access for a
floating-point load instruction
5.0E-01 - 5 0E-01 -
0.0E+00 -
0.0E+00
%;.‘;g ;g%az O|H|N|Im|g o IN©l 0 O
5|8 8 8 518 8 33 IR IR IR IR IR IR
ELEIE|E EIE|E|E|E EIBIEIEIE 88 BB B G
ll—l—l—l— FIFIFIE|E FIF|IF|FIFIFIF|F|F|F S|c
Before After
L1D miss and L1D miss dm rates improved
. L1D miss L1D miss : :
. . L1D miss . . L2 miss L2 miss
Cache Lil miss ratel | 4 ctore ) L1D miss rate | = rate hardware software ) L2 miss rate L2 miss hardware software
(/Effective instruction L1D miss (/Load-store (%) (/L1D prefetch rate | prefetch rate L2 miss (/Load-store | demand rate refetch rate refetch rate
instruction) instruction) Dmiss) (%) (/L1D (%) (/L1D instruction) |[(%) (/L2 miss) (‘F’;)(/LZ miss) (5)(”_2 miss)
miss) miss) ° °
Before 0.00[1.34.E+10[3.44.E+09 0.26] 51.52%)| ™ 48.28% 0.20%[1.61.E+03 0.00] 73.10%| 53.55% 0.00%
After 0.001.35.E+10{1.81.E+09 0.13 9.47%~ 90.51% 0.02%|2.43.E+03 0.00] 68.31%| 58.01% 0.00%
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Padding Using the Large Page Environment FUoi)TSU
Variable (Before Improvement) J

Each stream of the dynamic array is on a 16 KB boundary. L1D cache thrashing occurs. Consequently, the
"No instruction commit due to L2 cache access for a floating-point load instruction" event occurs many
times.

C/C++

Source Before Improvement

62 void sub(int n, int m, double (* restrict a)[n], double (* restrict b)[n], [Seconds]
double (* restrict c)[n], double (* restrict d)[n], double (* restrict e)[n], 3.0E+00
double (* restrict f)[n], double (* restrict g)[n], double (* restrict h)[n])
63 . 2.5E+00
64 int i,j; Array declaration 2 0E+00
65 #pragma omp parallel for private(i) double a[256][256], ’
<<< Loop-information Start >>> b[256][256], c[256][256], 1.5E+00
<<< [OPTIMIZATION] d[256][256], e[256][256], ' Zl:nirr\‘ﬁr:cteitﬂ s
<<< PREFETCH(HARD) Expected by f[256][256], g[256][256], 1.0E+00 ML HEEL T cache accessfora | | | | | | |]
<<<  (unknown) h[256][256]; ) LRl s
<<< Loop-information End >>> 5.0E-01
66 p for(j = 0; j<m; j++) Array a size: 256x256x8B= ' i
67 p { 32x16 KB(16 KB boundary) 0.0E+00
<<< Loop-information Start >>> O - Nl < ~Noolool —~
<<< [OPTIMIZATION] holholholheolhe] holholhe} —
. O (O] O (O © O O O T T
::: z:)h:gx:R:LIPELINING IPC: 2.66, ITR: 104, MVE: 7, POL: S 9—) 9—) 9—) 9—) 9—) 9—) 9—) 9—) o o
("’_' ! s +S) clclclclc c e
<<< PREFETCH(HARD) Expected by co ar - HF KRR |l ol el il
<<< (unknown) . =i
<<< Loop-information End >>> Streams of same size Before
68 p v for(i = 0; i<n; i++)
69 p v {
70 p v a[jllil = bIjI[i] + c[10i1 + d[31[i1 + e[j1[i1 + L3101 + g[j1i1 + h[jl[il;
71 p v }
;g p }t High L1D miss rates
i }re urn; -> L1D cache thrashing occurs
. D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . core L1D miss rate d:;gnﬂlfs hardware software L2 miss rate der|;12::1nmc;snite hardware software
Cache (/Effective instruction L1D miss |(/Load-store o D prefetch rate | prefetch rate L2 miss (/Load-store %) (/L2 prefetch rate| prefetch rate
instruction) instruction) | (%) (1 (%) (/L1D | (%) (/L1D instruction) | (%) / (%) (/L2 | (%) (/L2
) miss) miss) ) miss) miss)
Before 0.00 1.39E+10 5.24E+09 0.38 69.38%D 30.62% 0.01%| 7.49E+04] 0.00 68.31% 44.20% 0.00%
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Padding Using the Large Page Environment
Variable (After Improvement)
Specify the MALLOC_MMAP_THRESHOLD_=204800 environment variable to change the address alignment

of each array to prevent L1D cache thrashing. The result is improvement of the "No instruction commit due
to L2 cache access for a floating-point load instruction" event.

C/C++

O
FUJITSU

[Seconds] [Seconds]
3.0E+00 3.0E+00
2.5E+00 - 2.5E+00
2.0E+00 2.0E+00
1.5E+00 1.5E+00
No instruction commit due to
L2 cache access for a
1OE+OO 1IN 1T ] || floating-pointload instruction 1
5.0E-01 i u
0.0E+00
O 1A NM T INONOODONO H O " NM T O NOO O -
oo vooouoooo U U v o Uv o Uowo oo T
8888888888'0'0 M| MO | MO O] O O O O O T O
s_s_s_s_s_s_s_s_s_ng 888888888888
|l CcCclccclcc oo o |l |l Cc clclCcclcc C|C
HFFFFFRFRFFEFRESC HFFHFRFFRFRFRFRERZSCS
= -
Before After
L1D miss and L1D miss dm rates improved
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | 4 4 oce L1D miss rate deLn11I:nr2If:te hardware software L2 miss rate derl;12;mmdlsrsate hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate| prefetch rate
instruction) u instruction) °miss) (%) (/L1D | (%) (/L1D instruction) ;ﬁss) (%) (/L2 (%) (/L2
miss) miss) miss) miss)
Before 0.00 1.39E+10 5.24E+09 0.38 69.38%\ 30.62% 0.01% 7.49E+04) 0.00 68.31% 44.20%| 0.00%
After 0.00 1.25E+10 1.80E+09 0.14) W/ 90.69% 0.00% 2.98E+04) 0.00 49.45% 57.41%| 0.00%
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Operation Wait
(Facilitation of SIMDization)

- Loop Peeling
- Loops With an Unclear Defining Relationship
- Loops Containing Pointer Variables



P
FUJITSU

Loop Peeling

What is Loop Peeling?
Loop Peeling (Before Improvement)
Loop Peeling (Source Tuning)
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(o8
What is Loop Peeling? FUJITSU

Loop peeling is a means to separate part of processing from a loop.

SIMDization or effective software pipelining may not be performed when a loop
contains data dependency.

As shown below, you can address the problem of dependency in a loop by
peeling the loop to separate only the dependency part from the loop.

Source Before Improvement Source After Improvement
doj=1,n a[1_]_= a[1] + a[1]
a[j] = a[j] + a[1] doj=2,n
enddo a[j] = a[j] + a[1]
enddo

The example on the left shows partial dependency, because a[1] defined when j=1
is used when 2 < j < n.

The example on the right shows that the dependency in the loop can be removed
by peeling the loop only in cases where j=1.
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0
m Loop Peeling (Before Improvement) FUJITSU

SIMDization is not performed effectively because Array a has a data dependency. The
dependency is that what is defined at i=1 is referenced at i=2 or higher.

Source Before Improvement
[Seconds]

3.0E+00

<<< Loop-information Start >>>

<<< [OPTIMIZATION]

<<< PREFETCH(HARD) Exp¢ 2 5E+00
<<< b, (unknown)

<<< Loop-information End > SIMDization only
8 2 doj=1,m 4 partially done 2.0E+00 -

<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.38, ITR: 144,

MVE: 5, POL: S) 1.58+00 1
<<< PREFETCH(HARD) Expected by compiler :
<<< a, b, (unknown)

<<< Loop-information End >>> 1.0E+00 -
9 3 p 2m doi=1,n ' 2 instruction
10 3 p 2m a(i,j) = c0 + a(1,j)*(c1 + b(i,j)*(c2 + b(i,j)*(c3 + b(i,j)* commit
11 3 & (c4 + b(1,j)*(c5 + b(I,j)*(c6 + b(I,j)*(c7 + b(1,j)* L inctruct .
12 3 & (c8 + b(i,j)*c9))))N)) 5.0E-01 - [nstruction commi
13 3 p v end do -
14 2 p end do N Array a has a dependency
i I
between the load side and 0.0E+00
| store side when i=1.
Before
SIMD
SIMD instruction
Effective rate (%)
instruction (/Effective
instruction)
Before 1.49E+11 14.61%
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m Loop Peeling (Source Tuning) FUJITSU

SIMDization is facilitated by loop peeling at one iteration. This results in a reduced total
number of effective instructions, reduced instruction commits, and higher performance.

c Seconds
Source After Improvement (Source Tuning) 3[0E+00 ]
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 2.5E+00
<<< b, a .
<<< Loop-information End >>> | Peeling of
8 2 p doj= Lm | dependency part
9 2 p i=1 2.0E+00 -
10 2 p a(i,j) = c0 + a(1,j)*(c1 + b(i,j)*(c2 + b(i,j)*(c3 + b(i,j)* \\
11 2 & (c4 + b(i,j)*(c5 + b(|,])*(c6 + b(i,j)*(c7 + b(i,j)*
12 2 & (c8 + b(i,j)*c9)))
<<< Loop-information Start >>>| SIMDization facilitated since |1 5p4q0 - Effect _Of
<<< [OPTIMIZATION] dependency was removed 2.87 times
<<< SIMD(VL: 8) \
<<< SOFTWARE PIPELINING(IPC: 1.23, ITR: 128,
MVE: 4, POL: S) 1 0E+00 4
<<< PREFETCH(HARD) Expected by compiler : ) 2 instruction
<<< b, a commit
<<< Loop-information End >>>
13 3 p 2v doi=2,n 1 instr_uction
14 3 p 2v a(i,j) = c0 + a(1,j)*(c1 + b(i,j)*(c2 + b(i,j)*(c3 + b(i,j)* 5.0E-01 - eclulull
i5 3 & (c4 + b(i,j)*(c5 + b(i,j)*(c6 + b(i,j)*(c7 + b(i,j)*
16 3 & (c8 + b(i,j)*c9)))))))
17 3 p 2v end do
18 2 p end do 0.0E+00 -
Before After
SIMD instruction
SIMD Effective rate (%)
instruction (/Effective
instruction)
Before 1.49E+11 14.61%
After 2.96E+10 81.26%
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o400 L Loop Peeling (Before Improvement)

P
FUJITSU

SIMDization is not performed effectively because Array a has a data dependency. The
dependency is that what is defined at i=0 is referenced at i=1 or higher.

40
41
42

43

44
45
46
47
48
49
50
51

Source Before Improvement

# el [Seconds]
pragma omp paralle 2 5E
for(k=0;k<1000000;k++) . SE+00
#pragma omp for nowait | S1MDIization only
<<< Loop-information Start > i
<<< [OPTIMIZATION] partlally done
<<< PREFETCH(HARD) Expected by compiler : 2.0E+00
<<< (unknown)
<<< Loop-information End >>>
for(j=0;j<m;j++){
<<< Loop-information Start >>> 1.5E+00
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.27, ITR: 144, MVE: 5, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 1.0E+00 2 instruction
<<< (unknown) commit
<<< Loop-information End >>> 1 instruction
2m for(i=0;i<n;i++){ commit
2m a[jlli] = c0 + a[j][0]*(c1 + b[j1[i1*(c2 + b[jI[i]*(c3 + b[jI[i]* 5 OE-01
(c4 + b[jI[i]1*(c5 + b[j][i]1*(c6 + b[j][i1*(c7 + b[j][i]* e
(c8 + b[j1[i1*c9))))))));
v y ¥ \ Array a has a dependency | |
} between the load side and 0.0E+00 ‘ ‘
} store side when i=0.
Before
SIMD instruction
P Effective rate (%)
Statistics instruction (/Effect;)ve
instruction)
Before 1.33E+11] 16.32%
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SIMDization is facilitated by loop peeling at one iteration. This results in a reduced total
number of effective instructions, reduced instruction commits, and higher performance.

Source After Improvement (Source Tuning) [Seconds]
40 #pragma omp parallel 2.5E+00
41 for(k=0;k<1000000;k++){
42 #pragma omp for nowait

<<< Loop-information Start >>>

<<< [OPTIMIZATION] 2 0E+00

<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)

‘ Effect of

<<< Loop-information End >>>
43 p for(j=0;j<m;j++){ Peeling of dependency part .
44 b im0, Y — 1.5E+00 2.75 times
45 p a[jl[i]l = c0 + a[jl[0]*(c1 + b[jl[i1*(c2 + b[{l[i1*(c3 + b[jl[il* ‘\
:g ggg I EB%E:}:S:;?)';)')’)[)J; SIMDization facilitated since \

\

<<< Loop-information Start >>> dependency was removed 1.0E+00 2 instruction A

<<< [OPTIMIZATION] T

<<< SIMD(VL: 8) 1 instruction

<<< SOFTWARE PIPELINING(IPC: 1.23, ITR: 128, MVE: 5, POL: S) @l

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown) 5.0E-01
<<< Loop-information End >>>
48 p 2v for(i=1;i<n;i++){
49 p 2v a[j1li] = c0 + a[j1[0]*(c1 + b[j][i]*(c2 + b[j1[i]*(c3 + b[jI[i]*
50 (c4 + b[jl[i]1*(c5 + b[j1[i1*(c6 + b[j1[i1*(c7 + b[j1[il* 0.0E+00
51 (c8 + b[jI[1*<9))))N);
52 p 2v } After
53 p ¥
54 ¥
55 ¥
SIMD instruction
Statistics ilf:tfl?:(t:lt‘i,:n (;?Etf?es:é)\)e
instruction)
Before 1.33E+11] 16.32%
After 2.79E+10) 86.10%
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Loops With an Unclear Defining
Relationship

Loops With an Unclear Defining Relationship (Before Improvement)
Loops With an Unclear Defining Relationship (Optimization Control Line Tuning)
Loops With an Unclear Defining Relationship (Optimization Control Line)
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Loops With an Unclear Defining Relationship
(Optimization Control Line)

Q
FUJITSU

Specify the following optimization control line.

Obtimization Specifi Optimization Control Line
ptimization Specifier Meaning Specifiable?
( FO I‘tl‘a n ) By Array

By Program By DO Loop | By Statement | Assignment
Statement

Notifies the main processing system
that the elements of arrays targeted
by operations in a DO loop are not

NORECURRENCE defined and cited across iterations.

[(arrayl[,array2]...)] (Loops can be sliced for the specified Yes Yes No Yes
arrays.)
arrayl, array2, and so on are array
names.

Optimization Specifier _ Optimization Control Line
C/C++) Meaning Specifiable?
( / global procedure loop statement

Notifies the main processing system
that the elements of arrays targeted
by operations in a loop are not

norecurrence defined and cited across iterations.

[(arrayl[,array2]...)] (Loops can be sliced for the specified Yes Yes No Yes
arrays.)
arrayl1, array2, and so on are array
names.
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m Loops With an Unclear Defining Relationship FUﬁTSU

(Before Improvement)

SIMDization and software pipelining are not performed effectively because data dependency
is unclear in Array a. Consequently, the "No instruction commit waiting for an integer
instruction to be completed” event occurs many times.

Source Before Improvement [Seconds]

<<< Loop-information Start >>>
<<< [PARALLELIZATION]

1.6E+00

::: Software pipelining is not performed L 4E400
< effectively because data dependency
<<| across iterations in Array a is unclear. 1.2E+00 -
<<< Loop-information End >>>
53 1 pp do j=1,n1 1.0E+00 -
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 8.0E-01 -
<<< SOFTWARE PIPELINING(IPC: 0.56, ITR: 3,
MVE: 2, POL: S) 6.0E-01 -

<<< PREFETCH(HARD) Expected by compiler :
<<< I, b, x

R . 4.0E-01 -
<<< Loop-information End >>>

54 2 p s doi=1,n2
55 2 p m a(l(i),)=a(x(i),i)/b(i,j) 2.08-01 1
56 2 p v end do
57 1 p end do Dependency 0.0E+00 -
4 between the load Before

side and store side
of Array a is unclear.

SIMD instruction
SIMD Effective rate (%)
instruction (/Effective
instruction)
Before 7.10E+10 0.00%
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m Loops With an Unclear Defining Relationship FUﬁTSU

(Optimization Control Line Tuning)

Use the NORECURRENCE specifier to explicitly specify no data dependency in order to
facilitate SIMDization and software pipelining. The result is significant improvement of the
"No instruction commit waiting for an integer instruction to be completed"” event.

[Seconds]
1.6E+00

Source After Improvement (Optimization Control Line Tuning)

53 locl norecurrence(a)

<<< Loop-infarmation 1.4E4+00 -
<<< [PARALLELTZAT] Compiler notified about no
<<< Standard iteratf data dependency between

<<< [OPTIMIZATION a(l(i), i) and a(x(i) , j) 1200
<<< PREFETCH(HARe =r~pecceomy——ormpmers
<<<L X, b, | 1.0E+00 -
<<< Loop-information End >>>
54 1 pp do j=1,n1 8.0E-01 -
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
——<<< SIMD(VL: 16) 6.0E-01 -
<<< SOFTWARE PIPELINING(IPC: 2.72, ITR: 288,

MVE: 3, POL: S) 4.0E-01 -
<<< PREFETCH(HARD) Expected by compiler :
<<< X, b, |
<<< Loop-information End >>>
2v doi=1,n2
2v a(l(i),3)=a(x(i),j)/b(i,j) 0.0E+00 -
2v end do

n
end do SIMD instruction
I Effective rate (%)

SIMDization and SIMD | instruction (/Effective
software pipelining done instruction)

. Before 7.10E+10 0.00%
effeCtlver After 1.91E+10 10.08%

Effect of
2.13 times
\

\
\

2.0E-01 -

=
. B

Before After

55
56
57
58

= NNN
TTTT

168 DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



C/C++ Loops With an Unclear Defining Relationship FUﬁTSU

(Before Improvement)

SIMDization and software pipelining are not performed effectively because data dependency
is unclear in Array a. Consequently, the "No instruction commit waiting for an integer
instruction to be completed” event occurs many times.

Source Before Improvement [Seconds]
48 #pragma omp parallel 2:5E+00
49 {
50 nraama nmn for nowait
<<| Software pipelining is not performed > 0E+00
<A effectively because data dependency across
<: iterations in Array a is unclear.
<<< Loo‘p-informa'tion End >>> '
51 p for(j=1; j<ni; j++) 1.5E+00
52 p {
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 1 OE+00
<<< SOFTWARE PIPELINING(IPC: 0.39, ITR: 6, '
MVE: 2, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown) 5.0E-01
<<< Loop-information End >>> '
53 p | 2s for(i=0; i<n2; i++)
54 p |2v
55 p 2m a[jIlifi]=alj1xLill/bli1li]; 0.0E+00
gs p 2 y ¥ Dependency Before
58 P 3 | between the load
60 return: side and store side SIMD instruction
4 i I Effecti te (%
61 } Of Array als unclear. Statistics instftclclt‘ilgn (;aEf?e(cti\ze
instruction)
Before 8.49E+10) 0.00%
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C/C++ Loops With an Unclear Defining Relationship FUﬁTSU

(Optimization Control Line Tuning)

Use the norecurrence specifier to explicitly specify no data dependency in order to facilitate
SIMDization and software pipelining. The result is significant improvement of the "No
instruction commit waiting for an integer instruction to be completed" event.

Source After Improvement (Optimization Control Line Tuning) [Seconds]
2.5E4+00
48 #pragma omp parallel
49 {
50 #pragma omp for nowait
51 #pragma loop norecurrence 2.0E+00 \

<<< Loop-information Stapt—>—
<<< [OPTIMIZAT Compiler notified about no
<<< PREFETCH(HARD) B data dependency between

<<<  (unknown) a[j, I[1]] and a[j, x[i]] 1.5E+00
<<< Loop-information Ena—===

Effect of
2.21 times

52 p for(j=1; j<ni; j++)
53 p
<<< Loop-information Start >>> 1.0E+00
<<< [OPTIMIZATION]
—<<< SIMD(VL: 16)
<<< SOFTWARE PIPELINING(IPC: 2.27,ITR: 256,
MVE: 3, POL: S) 5.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>>
54 p | 2v for(i=0; i<n2; i++) 0.0E+00
55 p | 2v {
56 p |2v  alllIi]]=alxCi]/bGIC; Before After
g; P | 2v ) by SIMD instruction
0 - I ffecti %
59 P } SIMDlzatlon and Statistics i:stfszlt‘ilgn _(;aEtf?e(c';\)e
61 rett software pipelining done — ——] '"s“““';’“go/
62 } = efore . + .00%
effeCtlvely After 2.74E+10 5.49%
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Loops Containing Pointer
Variables

What is a Loop Containing a Pointer Variable?
Loops Containing Pointer Variables (Before Improvement)

Loops Containing Pointer Variables (Optimization Control Line Tuning)
Loops Containing Pointer Variables (contiguous Attribute Specified)
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What is a Loop Containing a Pointer
Variable?

Optimization may not be facilitated for a loop containing a pointer variable since which
storage area part is occupied by the pointer variable is determined at execution.

Q
FUJITSU

Example of Source Code

real,dimension(100),target::x
real,dimension(:),pointer::a,b

Example of Source Code

real,dimension(100),target::x
real,dimension(:),pointer::a,b

locl noalias
a=>x(1:10) 0 .
b=>x(11:20) E;zigf%)
do '=1'1003?3 do i=1,10000
a(i)=2.0/b(i)+1.0 =L )
end Elc)) ® enCIélgllc))=2-0/b(l)+1.0

By specifying the NOALIAS specifier, you can judge at the compile time that different pointer variables do
not point to the same storage area. This facilitates optimization related to pointer variables.

However, if the combined state of pointer variables changes within the loop, optimization may not be
facilitated even though the optimization specifier is specified.

Optimization Specifier Optimization Control Line Specifiable?

(Fortran)

Meaning By Array

Assignment
Statement

By Program By DO Loop By Statement

Specifies that a pointer variable not share a

storage area with other variables. Yes

Yes Yes No

NOALIAS

Optimization Specifier Optimization Control Line Specifiable?

Meaning

(C/C++)

global

procedure

loop

statement

noalias

Specifies that a pointer variable not share a
storage area with other variables.

Yes

Yes

Yes

No
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m What is a Loop Containing a Pointer Variable? FUﬁTSU

You can obtain an effect equivalent to that of optimization control
line tuning by specifying the following compiler option.

Compiler Option

Functional Description

-Knoalias [=spec]

Specifies optimization that assumes no pointer variable or
pointer component combines a storage area with another
variable.

You can specify s in spec. If S is specified, the compiler
performs optimization that assumes no entity with the Fortran
pointer attribute is combined with another variable.

In the following contexts, entities with the pointer attribute
may combine with other variables:

Pointer assignment statement

Derived-type assighment statement with a pointer
component

ALLOCATE statement where SOURCE=specifier shows a
derived type with a pointer component

Dummy argument with a pointer attribute or component
Initial setting for variables with a pointer attribute or
component

BUse example (for source before improvement)
$ frtpx -Kfast,parallel sample.f90 -Knoalias
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Loops Containing Pointer Variables FUJITSU

(Before Improvement)

SIMDization is not facilitated because it is not clear that Pointer Variables a and b point to different
storage areas. Consequently, the "No instruction commit waiting for an integer instruction to be
completed" event occurs many times.

Source Before Improvement [Seconds]
3 real,dimension(100000),target::x 3.0E+00
4 integer :: kmax
5 real,dimension(:),pointer::a,b
9 a=>x(1:10000) 2.5E+00 -
10 b=>x(10001:20000)

11 kmax = 1000000

12 I$Somp parallel

13 1 do k=1,kmax 2.0E+4+00 -
14 1 ISomp do

<<< Loop-information Start >>>
<<< [OPTIMIZATION]

<<< SOFTWARE PIPELINING(IPC: 0.19, ITR: 8, MVE: 2, POL: L) 1.5E+00
<<< Loop-information End >>>

15 2 p 2s do i=1,10000
16 2 p 2s a(i)=2.0/b(i)+1.0
17 2 p 2s end do 1.0E+00 1
18 1 I$Somp enddo nowait
19 1 end do
20 ISomp end parallel
5.0E-01 A
No SIMDization
. 2 Effective SIMD instruction rate (%) 0.0E+00
Statistics instruction (/Effective instruction)o J Before
Before 1.10E+11 Q)O%)
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Loops Containing Pointer Variables FUJITSU

(Optimization Control Line Tuning)

Use the NOALIAS specifier to explicitly specify no data dependency in order to facilitate
SIMDization and software pipelining. The result is significant improvement of the "No
instruction commit waiting for an integer instruction to be completed"” event and other

events.

- ) X [Seconds]
Source After Improvement (Optimization Control Line Tuning) | | s.oe.00

3 real,dimension(100000),target::x
4 integer :: kmax
5 real, dimension(:),pointer::a,b 2.56+00 1 { Effect of 1.13 times
9 a=>x(1:10000) B
10 b=>x(10001:20000) 2.0E+00 1
11 kmax = 1000000 . e
12 ISomp parallel Compiler notified
13 1 do k=1,km about no dependency |se+oo |
14 1 1$omp do /M— between a(i) and b(i)
15 1 locl noalias

<<< Loop-information Start >>> 108400 7

<<< [OPTIMIZATION]

<<< SIMD(VL: 16) I

<<< SOFTWARE PIPELINING(IPC: 0.19, ITR: 96, | | *°5°"

MVE: 2, POL: L)

<<< Loop-information End >>>
16 2 p 2v do i=1,10000 0:0F+00 R
17 2 p 2v a(i)=2.0/b(i)+1.0 Before Atter
18 2 p 2v end do (noalias)
19 1 ISomp enddo nowait
20 1 end do —_ Effective SIMD instruction rate (%)
21 ISomp end parallel Statistics instruction (/Effective instruction)

SIMDization reduced total Before 1.10E+11 0.00%
number of effective
h - Aft . . .839
et er {C 1.26E+10 40.83%
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Loops Containing Pointer Variables FUﬁTSU

(contiguous Attribute Specified)

Data continuity is explicitly specified when the contiguous attribute is specified, which changes non-contiguous
instructions into contiguous instructions. The result is facilitated optimization and significant improvement of the
"No instruction commit due to L1D cache access for a floating-point load instruction,"” "No instruction commit
waiting for a floating-point instruction to be completed," and other events.

. ; P [Seconds]
Source After Improvement (contiguous Attribute Specified) 2 OE+00
3 real,dimension(100000),target::x
4 integer :: kmax
5 real,dimension(:),pointer,contiguous::a,b 2.5E+00
9 a=>x(1:10000) Compiler notified about || , _ || \
10 b=>x(10001:20000) : OE+ Y
11 K = 1000000 pointer arrays a and b .
max = in separate contiguous \
12 I$Somp parallel areas , . N
<<< Loop-information Start=>>=> 1sEroo commitwaithgfor | 3
<<< [OPTIMIZATION] eiruchan o be .
<<< PREFETCH(HARD) Expected by compiler : completed Effect of 8.57 times
<<< (unknown) TOET00 Y
<<<Loop-information End| cCompiler notified about ] Y
13 1 do k=1,kmax no dependency J— No instruction \
ig i i$°|mp C:P __— | between a(i) and b(i) e \
10CI noalias floating-point load
<<< Loop-information Start >>> 0.0E400 — %
<<< [OPTIMIZATION] After f
<<< SIMD(VL: 16) (noalias) (noaliasfct(itlguous)
<<< SOFTWARE PIPELINING(IPC: 2.62, ITR: 352,
MVE: 3’ POL: S) Load-store instruction
<< PREFErCH(HARD) Expected by compiler : Load instruction Store instruction
<<<  (unknown) Instruct SIMD Non-SIMD SIMD Non-SIMD
<<< Loop-information End >>3  Non-contiguous 0N | ggevedor | N | nonsp | srgevedor | Y™ | Nomsmp
16 2 p 2v do i=1,10000 instructions changed w %‘E«ﬁ load contiguous gm“{:ﬁ store
17 2 p 2v a(i)=2.0/b(i)+1.0 into contiguous instructon jon | "o [SOreinsiuein ingtruction | trucion
18 2 p 2v end do Instructions (her \.1OE+01 6.36E-+08|1.08E-+09|1.56E+02|6.36E+08|1.33E+08
19 1 ISomp enddo nowait Aftor
20 1 end do (noalias+c{6.36E+08 0.@ 5.00E+08|6.36E+080.00E+00]3.70E+07
21 ISomp end parallel ontiguous)
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C/C++ Loops Containing Pointer Variables FUﬁTSU

(Before Improvement)

SIMDization is not facilitated because it is not clear that Pointer Variables a and b point to different
storage areas. Consequently, the "No instruction commit waiting for an integer instruction to be
completed" event occurs many times.

[Seconds]
Source Before Improvement & OE00
17 #pragma omp parallel
18 { 4.5E+00
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 4.0E+00
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown) 3.5E+00
<<< Loop-information End >>>
19 for(k=0; k<kmax; k++) 3.0E+00
20 {
21 #pragma omp for nowait 2.5E+00
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 2.0E+00
<<< SOFTWARE PIPELINING(IPC: 0.21, ITR: 8, MVE: 2, POL: L)
<<< PREFETCH(HARD) Expected by compiler : 1.5E+00
<<< (unknown)
<<< Loop-information End >>> 1.0E+00
22 p 2s for(i=0; i<10000; i++)
23 p 2s { 5.0E-01
;451 B %Ss }a[l] 2.0/b[i]+1.0; 0 0E£00
26 > Before
27 ¥ No SIMDization

SIMD instruction
Statistics Effective instruction | rate (%) (/Effective
instruction)

Before ] 1.50E+11 0.00%] >
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C/C++ Loops Containing Pointer Variables FUﬁTSU

(Optimization Control Line Tuning)

Use the noalias specifier to explicitly specify no data dependency in order to facilitate
SIMDization and software pipelining. The result is significant improvement of the "No
instruction commit waiting for an integer instruction to be completed"” event and other

events. [Seconds]
5.0E+00
Source After Improvement (Optimization Control Line Tuning)
17 #pragma omp parallel 4.5E+00
18 { 4.0E+00 '
<<< Loop-information Start >>> ' \
<<< [OPTIMIZATION] s eEr00 Y
<<< PREFETCH(HARD) Expected by compiler : ' \
<<< (unknown) 3 0E+00 \
<<< Loop-information End >3 . e '
19 fOI"(kI:(I); k<kmax; k++) Compiler notified Effect _Of
20 L about no dependency | 2-5E+00 4.01 times
21 #pragma omp fornowaif between ali] and b[i] | _ = Y
22 #pragma loop noalias '
<<< Loop-information Start >>> 1 5E+00
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) L OE+00
<<< SOFTWARE PIPELINING(IPC: 0.18, ITR: 64,
MVE: 2, POL: L) 5.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown) 0.0E+00
<<< Loop-information End >>>
23 p 2v for(i=0; i<10000; i++) Before After
24 p 2v
25 p 2 ali]=2.0/b[i]+1.0;
SIMD instructi
;g P 2v } } Statistics Effective instruction | rate (°/ol)n(S/'I;Lflfcelc(:R/e
et
28 3 SIMDization reduced total nstruction)
number of effective Before 1.50E+11 0.00%
instructions — After < 2.27E+10 72.14%>
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Operation Wait (Hidden Latency)

Loop Fission (Facilitation of software pipelining)

Specifying the Appropriate Number of Unrolls and Suppressing Software
Pipelining

Specifying the Number of Striping (Interleaving) Expansions and
Suppressing Software Pipelining

Software Pipelining in an Outer Loop
Rerolling
Loop Unswitching
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Loop Fission (Facilitation of
software pipelining)

- Loop Fission (Facilitation of software pipelining) (Before Improvement)
- Loop Fission (Facilitation of software pipelining) (Source Tuning)
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Loop Fission (Facilitation of software pipelining)

O
m (Before Improvement) FUJITSU
Optimization of scheduling such as SWPL is not possible because a long chain of
operations requires many registers. Consequently, the "No instruction commit waiting for
a floating-point instruction to be completed" event occurs many times.

[Seconds]
Source Before Improvement Aol
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 1.26-01 -
<<< SIMD(VL: 8)
<<< PREFETCH(HARD) Expected by compiler :
<<L<L x1l,y 1.0E-01 -~
<<< Loop-information End >>>
18 2 2v doi=1,n
19 2 2v y(i) =c0 / x1(i) / c1 / x1(i) & 8.0E-02
20 2 /c2 /7 x1(i) / 3 / x1(i) / c4 / x1(i)
21 2 2v end do
6.0E-02
) ) No instruction
* Compiler option corpt!nitf
H = waltin Oor a
-Knoeval specified | goftware pipelining cannot be applied because | 4-°5°2 P floating-point
long operation chain uses many registers e
2.0E-02
vorroo NN |

Event appears large since scheduling is not

P Befor
optimized erore

. L1D miss L1D miss . L2 miss L2 miss

L1I miss rate Load-store L1D miss rate deL;gn?Ifaste hardware software L2 miss rate derl;12a|r1r::|lsrsate hardware software
Cache (/Effective instruction L1D miss (/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate|prefetch rate

instruction) instruction) i o) (%) (/L1D | (%) (/L1D instruction) e s5) (%) (/L2 (%) (/L2

miss) miss) miss) miss)
Before 0.00]7.69E+06{1.61E4+03 0.00] 71.62%| 27.38% 1.00%|1.32E+02 0.00] 48.92%| 59.71% 0.00
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Loop Fission (Facilitation of software pipelining)

Q
FUJITSU

(Source Tuning)

Loop fission shortens the chain of operations, reducing the registers used by a single loop.

As a result, scheduling such as SWPL is optimized and the event is improved.

Source After Improvement [Seconds]
20 1 locl loop_nofusion
<<< Loop-informatiorkta:t@ _
<<< [OPTIMIZATION] Loop fusion suppressed 1 2E-01 \
<<< SIMD(VL: 8) N
<<< SOFTWARE PIPELINING(IPC: 1.02, - \
<<< PREFETCH(HARD) Expected by compiler : 1 OE-01 A
<<< sg'x ﬁs Effect of
<<< : =
<<< GENERAL :SPILLO FILLO Loop fission 1.83 Flmes
<<< SIMD&FP :SPILLO FILLO 8.0802 N
<<< SCALABLE : SPILL O FILL 27 \
<<< PREDICATE : SPILLO FILLO e .
<<< Loop-information End >>> 6.0E-02 ::':ﬂr;?tt'on
21 2 2v doi=1,n waiting for
22 2 2v y(i) = c2 / x1(i) / ¢33 / x1(i) / c4 / x1(i) a floating-
23 2 2v end do 4.0E-02 el
<<< Loop-information Start >>> it
<<< [OPTIMIZATION] completed
<<< SIMD(VL: 8) 2.0E-02
<<< SOFTWARE PIPELINING(IPC: 1.08, -
<<< PREFETCH(HARD) Expected by compiler :
<<< X1,y 0.0E+00 s
<<< Loop-information End >>> Before After
249 2 2v doi=1,n
> 2 oy = 0/ fet /o /v Event improved
* Com p||e Option 'Knoeval SpeCiﬁed L1I miss rate L1D miss rate L1D miss II;;:?CIVT:‘Z I;z?tvc:f:
(/Effective !.oad-st(_)re L1D miss | (/Load-store deomand rate prefetch rate| prefetch rate
instruction) instruction instruction) (/o%i(s/slle (%) (/L1D | (%) (/L1D
miss) miss)
Before 0.00[7.69E+4+06|1.61E+03 0.00] 71.62%| 27.38% 1.00%
After 0.00[3.65E+07|1.73E+03 0.00] 70.79%| 28.98% 0.23%
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Loop Fission (Facilitation of software pipelining)

Trad Mode NG R RS 0=09)

Q
FUJITSU

Optimization of scheduling such as SWPL is not possible because a long chain of
operations requires many registers. Consequently, the "No instruction commit waiting for
a floating-point instruction to be completed” event occurs many times.

[Seconds]
Source Before Improvement 1.4E-01
18 for (iter = 0; iter < 10000; iter++){
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 1.2E-01
<<< SIMD(VL: 8)
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown) 1.0E-01
<<< Loop-information End >>>
19 2v for(i=0;i<n;i++){ 8.0E-02
20 2v yl[il =c0 / x1[i]1/ c1 / x1[i]/ c2 / x1[i] / c3 / x1[i] / c4 / x1[i]; ' No instruction
21 2v by commit
22 3} waiting for a
6.0E-02 floating-point
instruction to
X compile option: -Knoeval Bp iz
4.0E-02 |
Software pipelining cannot be applied because /
long operation chain uses many registers
L 00 |
Event appears large since scheduling is not optimized Before
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . ore L1D miss rate d:n];gnlglfaste hardware software L2 miss rate dell;125mmdlslite hardware software
Cache (/Effective instruction L1D miss |(/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) | 'S instruction) °) | (%) (/L1D | (%) (/L1D instruction) °) (%) (/L2 (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.00 1.11E+09 1.72E+06 0.00 99.92% 0.08% -0.01% 4.01E+03 0.00 86.58% 26.24%] 0.00%
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Loop Fission (Facilitation of software pipelining)

O
FUJITSU

Trad Mode JEEUTTRi1e))

Loop fission shortens the chain of operations, reducing the registers used by a single loop.
As a result, scheduling such as SWPL is optimized and the event is improved.

Source After Improvement

[Seconds]

18 for (iter = 0; iter < 10000; iter++){
19 #pragma loop loop_nofusion 1.4E-01
<<< Loop-information Start >>>\ Loop fusion suppressed
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) 1.2E-01
<<< SOFTWARE PIPELINING(IPC: 1.02, ITR: 112, MVE: 3, POL: L)
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknOWn) 1.0E-01
<<< SPILLS : Effect of
<<< GENERAL : SPILLO FILLO icci i
<<< SIMD&FP : SPILLO FILLO LOOp fission 8.0E-02 1.83 times
<<< SCALABLE : SPILL O FILL 27 e \\
<<< PREDICATE : SPILLO FILLO ::‘:;tm . \
<<< Loop-information End >>> commit
20 2v. for (i=0;i<n;i++){ 6.0E-02 e
21 2v y[il = c2 / x1[i] / ¢3 / x1[i] / c4 / x1[i]; point
22 2v } Es'i;l;uction
<<< Loop-information Start >>> 4.0E-02 completed
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.08, ITR: 64, MYE: 2, POL: S) 2.0E-02
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>> e
23 2v  for (i=0;i<n;i++){ 0.0E+00
24 2v y[i] = c0 / x1[i] / c1 / x1[i] / yI[i]l; Before After
25 2v ¥
26 h
Xcompile option: -Knoeval Event improved
. L1D miss L1D miss
. . L1D miss
L1I miss rate L1D miss rate hardware software
Cache (/Effective :':Satgasctt?gs L1D miss (/Load-store dg;‘? ?;ILI;aI;e prefetch rate | prefetch rate
instruction) instruction) omiss) (%) (/L1D (%) (/L1D
miss) miss)
Before 0.00 1.11E+09 1.72E4+06 0.00 99.92% 0.08% -0.01%
After 0.00 6.46E+08 9.82E+05 0.00 99.88% 0.11% 0.00%
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Loop Fission (Facilitation of software pipelining)

o)
Clang Mode [CELER T E9) FUJITSU

Optimization of scheduling such as SWPL is not possible because a long chain of
operations requires many registers. Consequently, the "No instruction commit waiting for
a floating-point instruction to be completed” event occurs many times.

[Seconds]
Source Before Improvement 3.5E-01
19 for (iter = 0; iter < 10000; iter++){
<<< Loop-information Start >>> 3.0E-01
<<< [OPTIMIZATION]
<<< SIMD(VL: 8 Interleave: 1)
<<< SPILLS: 2 5E-01
<<< GENERAL :SPILLO FILLO '
<<< SIMD&FP :SPILLO FILLS8
<<< SCALABLE : SPILL 4 FILL6
<<< PREDICATE: SPILLO FILLO 2.0E-01
<<< Loop-information End >>>
20 v for (i=0;i<n;i++){ No instruction
21 yl[il = sin(x1[i]*c0) 1.5E-01 commit
22 +cos(x1[i]*c1) waiting for_a
23 +atan(x1[i]*c2) If:f;i:'u“c%g:'t“:
%g Hog(all1*c3); 1.0E-01 be completed
26 }
Software pipelining cannot be applied because | ;- ;, /
long operation chain uses many registers
X Based on the compiler's characteristics, the example is 100 I
made using mathematical functions.
Before
Event appears large since scheduling is not optimized
. L1D miss L1D miss . L2 miss L2 miss
L1I miss rate| | . ore L1D miss rate| | :;gnglf:t e| hardware software L2 miss rate | | e||;12::mmdlsrsat e| hardware software
Cache (/Effective inst st.; L1D miss |(/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) | 'Mstruction instruction) hiss (%) (/L1D | (%) (/L1D instruction) |:1iss) (%) (/L2 (%) (/L2
miss) miss) miss) miss) miss)
Before 0.00 1.76E+09 2.04E+06) 0.00 99.85% 0.14%| 0.01%] 9.95E+03 0.00 88.46% 18.51%| 0.00%
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Loop Fission (Facilitation of software pipelining) FUﬁTSU

Clang Mode [ Rt e))

Loop fission shortens the chain of operations, reducing the registers used by a single loop.
As a result, scheduling such as SWPL is optimized and the event is improved.

Source After Improvement

19 for (iter = 0; iter < 10000; iter++){ [Seconds]
20 #pragma loop loop_nofusion 3.5E-01
<<< Loop-information Start >>>\ .
<<< [OPTIMIZATION] Loop fusion suppressed
<<< SIMD(VL: 8 Interleave: 1)
<<< SOFTWARE PIPELINING 3.0E-01

<<< SPILLS:
<<< GENERAL : SPILLO FILLO
<<< SIMD&FP : SPILLO FILLO
<<< SCALABLE : SPILL 8 FILL 17 2.5E-01
<<< PREDICATE : SPILLO FILLO
<<< Loop-information End >>>
21 \Y for (i=0;i<n;i++){

Effect of
1\.51 times

gg y[il = sin(x1[i]*c0); 2 0E-01 N,
<<< Loop-information Start >>> No
<<< [OPTIMIZATION] instruction
se commit
<<< Loop-information End >>> 1.5E-01 waiting for
24 v for(i=0;i<n;i++){ a floating-
gg , ylil += cos(x1[i]*c1); e e
<<< Loop-information Start >>> 1.0E-01 Ez:‘imted
<<< [OPTIMIZATION]
<<< Loop-information End >>> LOOp flSSIOﬂ
27 v for(i=0;i<n;i++){ 5.0E-02
28 y[il += atan(x1[i]*c2);
29 ¥
<<< Loop-information Start >>> 4—
<<< [OPTIMIZATION] 0.0E+00
<<< Loop-information End >>>
30 v for (i=0;i<n;i++){ Before After
31 y[i]l += log(x1[i]*c3);
32 }
33 ¥ i
% Based on the compiler's characteristics, the example is Event |mproved
made using mathematical functions.
. . . L1D miss .
L1I miss rate L1D miss rate [L1D miss demand L1D miss software|
Cache (/Effective !.oad-st9re L1D miss (/Load-store rate (%) (/L1D hardware prefetch prefetch rate (%)
instruction) instruction instruction) miss) rate E‘,‘O/?S)SSILID (/L1D miss)
Before 0.00 1.76E+09 2.04E+06 0.00 99.85% 0.14% 0.01%
After 0.00 2.67TE+09 2.39E+06 0.00 99.91% 0.10% -0.01%

186 DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



P
FUJITSU

Specifying the Appropriate Number
of Unrolls and Suppressing
Software Pipelining

Loop Execution Operation After Software Pipelining

Specifying the Appropriate Number of Unrolls and Suppressing Software
Pipelining (Before Improvement)

Specifying the Appropriate Number of Unrolls and Suppressing Software
Pipelining (Optimization Control Line Tuning)

Specifying the Appropriate Number of Unrolls and Suppressing Software
Pipelining (Optimization Control Line)
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Q
Loop Execution Operation After Software Pipelining FUJITSU

e Software pipelining determines  |Example  <<<Loop-information Start >>>

processing routes as follows <<< [OPTIMIZATION]
according to the number of loop <<< SIMD(VL: 8)
iterations. <<< SOFTWARE PIPELINING(IPC: 2.50, ITR: 144,

MVE: 4, POL: S)
<<< Loop-information End >~
17 1 pp 2v doi=1,N | Assumptions in example

c 18 1 p 2v b(i)=a(i)+c Number of loop iter=ationsn =312
Loop structure diagram 19 1 p 2v  enddo Number of unrolls = 2
8SIMD

| Parallelism: High | |

if (number of iterations corresponds to value presented by SWPL (144 or more iterations), then

Excellent | SWPL v

efficiency | + unrolled loop software pipelining will be applied to the loop selected at execution when

the number of loop iterations is 144 or more.
In the loop in the example, iterations from i=1 to i=288 are executed in this loop.

—\
Good > if (number of iterations excluding number of iterations immediately above is multiple of 16), then
Unrolled loop

efficiency | 2 unrolls x 8 (SIMD) = 16

In the loop in the example, iterations from i=289 to i=304 are executed in this loop.

Poor
efficiency
A

E—— > if (number of iterations excluding number of iterations immediately above is multiple of 8), then

Original loop 8 (SIMD)

In the loop in the example, the remaining iterations from i=305 to i=312 are executed in this loop.

| Parallelism: Low | l

As described above, the processing route is determined according to

the number of loop iterations. Therefore, if the number of loop iterations
is small, loops with high parallelism at the instruction level are not
executed, so instruction scheduling has a small effect.

In the above structural diagram of
loops generated by the compiler in a
multiplex manner, the higher in the
hierarchy, the higher the parallelism at
the instruction level.
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Specifying the Appropriate Number of Unrolls and FUdl)TSU
Suppressing Software Pipelining (Before Improvement) ]

Unrolling and software pipelining are not working effectively because the number of iterations is small.
Consequently, the "No instruction commit waiting for a floating-point instruction to be completed" and "No
instruction commit waiting for an integer instruction to be completed” events occur many times.

Source Before Improvement

<<< Loop-information Start >>>
<<< [PARALLELIZATION]

<<< Standard iteration count:
<<< [OPTIMIZATION]

Number of loop iterations n
= 40, while number of
unrolls = 2

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 1.62, ITR:|176,

MVE: 6, POL: S)
<<< PREFETCH(HARD) Expected by compiler|:

/ <<< ab
<<< Loop-information End >>>

39 1 pp 2v doi=1,n

40 1 p 2v b(i) = c0 + a(i)*(cl1 + a(
41 1

42 1 & (<8 + a(i)*c9))))))))

43 1 p 2v enddo

i)*(c2 + a(i)*(c3 + a(i)*

& (c4 + a(i)*(c5 + a(i)*(c6 + a(i)*(c7 + a(i)*

Problem: Small humber of loop iterations

- Software-pipelined loop not executed
The software pipelining condition "ITR:

- Inappropriate number of unrolls
2 unrolls x 8 (SIMD) = 16

performance.

The original loop is executed for 8 iterations.
The execution of the original loop greatly affects

176" is not satisfied.

[Seconds]

8.0E+00

7.0E+00 -

6.0E+00 -

5.0E+00 -

4.0E+00 -

3.0E+00

2.0E+00

1.0E+00

0.0E+00

No instruction

commit
waiting for a
floating-point

instruction to
be completed

 EEe

Before
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Specifying the Appropriate Number of Unrolls and Suppressing FUdl)TSU
Software Pipelining (Optimization Control Line Tuning) ]

Suppress software pipelining and specify a number of unrolls appropriate to the number of
iterations to appropriately schedule instructions. The result is reduction of the "No
instruction commit waiting for a floating-point instruction to be completed” and "No
instruction commit waiting for an integer instruction to be completed” events.

Source After Improvement (Optimization Control Line Tuning)

[Seconds]

39 locl unroli(5) 5 specified as 8.0E+00
40 locl noswp number of unrolls
<<< Loop-information Start >§.> 000
<<< [PARALLELIZATION] Y Software pipelining |~
<<< Standard iteration count: 53 g,ppressed \
<<< [OPTIMIZATION] 6.0E+00 - Effect of
<<< SIMD(VL: 8) i
<<< PREFETCH(HARD) Expected by compiler : & OE£00 1'5\4 times
<<< a,b OETU0 \
<<< Loop-information End >>>
41| 1 pp 5v doi=1,n 4.0E+00
42| 1 p 5v  b(i) =c0 + a(i)*(c1 + a(i)*(c2 + a(i)*(c3 + a(i)*
43| 1 & (c4 + a(i)*(c5 + a(i)*(c6 + a(i)*(c7 + a(i)* 3.0E+00 MO ruction
44| 1 & (c8 + a(i)*c9)))N))) ' commit
45| 1 p 5v enddo e
2.0E+00 point
instruction
to be
completed
1.0E+00
Specifying 5 as the number of unrolls results in j_
5 unrolls x 8 (SIMD) = 40. 0-08+00 - Sefore e
,
The unrolled loop is executed for all 40 iterations.
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C/C++ Specifying the Appropriate Number of Unrolls and FU_]ITSU

Suppressing Software Pipelining (Before Improvement)

Unrolling and software pipelining are not working effectively because the number of iterations is small.
Consequently, the "No instruction commit waiting for a floating-point instruction to be completed" and "No
instruction commit waiting for an integer instruction to be completed” events occur many times.

Source Before Improvement [Seconds]
<<< Loop-information Start >>> | Number of loop iterations n | /-0E+00
<<< [OPTIMIZATION] = 40, while number of
<<< SIMD(VL: 8) unrolls = 2 6 OEL00

<<< SOFTWARE PIPELINING(IPC: 1.62, ITR: 176,
MVE: 6, POL: S)

<<< PREFETCH(HARD) Expected by compiler : 5.0E+00

<<< (unknown)

<<< Loop-information End >>>

31 2v for(i=0;i<n;i++){ 4.0E+00
3 2v b[i] = c0 + a[i]*(c1 + a[i]*(c2 + a[i]*(c3 + a[i]*
33 (c4 + a[i]*(c5 + a[i]l*(c6 + a[i]*(c7 + a[i]*
34 (C8 + a[i]*cg)))))))); 3.0E+00 No instruction
35  2v } ST
36 instruction to be
} 2.0E+00 completed
Problem: Small humber of loop iterations 1OE+00
- Software-pipelined loop not executed -
The software pipelining condition "ITR: 176" is not satisfied. 0.0E+00
- Inappropriate number of unrolls Before

2 unrolls x 8 (SIMD) = 16
The original loop is executed for 8 iterations.

The execution of the original loop greatly affects
performance.
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C / C+ + Specifying the Appropriate Number of Unrolls and Suppressing FUdl)TSU
Software Pipelining (Optimization Control Line Tuning) ]

Suppress software pipelining and specify a number of unrolls appropriate to the number of
iterations to appropriately schedule instructions. The result is reduction of the "No
instruction commit waiting for a floating-point instruction to be completed” and "No
instruction commit waiting for an integer instruction to be completed” events.

[Seconds]
Source After Improvement (Optimization Control Line Tuning)

7.0E+00
31 #pragma loop unroll 5—— | g specified as
32 #pragma loop noswp number of unrolls
l <<< Loop—informatimm\ 6.0E+00
<<< [OPTIMIZATION] Software pipelining
<<< SIMD(VL: 8) e
<<< PREFETCH(HARD) Expected by —<orpmers >.0E+00 Effect of
<<< (unknown) 1.77 times
<<< Loop-information End >>> 4 0E+00 N
33 S5v for(i=0;i<n;i++){ ' \
34 5v  b[i] = c0 + a[i]*(c1 + a[i]*(c2 + a[i]*(c3 + a[i]* AN
35 (c4 + a[il*(c5 + a[il*(c6 + a[il*(c7 + a[il* 3.0E+00 | Noinstructen
36 (c8 + alil*c9)))M))); | ioraosing
37 S e
38 by 2.0E+00
1.0E+00 commit "
yvaltmg for an
integer
be compieted
Specifying 5 as the number of unrolls results in 0.0E+00
5 unrolls x 8 (SIMD) = 40. Before After

The unrolled loop is executed for all 40 iterations.
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Specifying the Appropriate Number of Unrolls and FUﬁTSU

Suppressing Software Pipelining (Optimization Control Line)
Specify the following optimization specifiers. Alternatively, you can specify compiler options.

Optimization Optimization Control Line
(Fortran) By Program By DO Loop | By Statement AsBs‘i,g‘?ir:gnt
Statement
Unrolls a DO loop. n is a decimal humber (2 to 100) that
UNROLL(n) represents the number of unrolls (multiplicity). No Yes No No
NOSWP Disables the software pipelining function. Yes Yes No Yes
Optimization Optimization Control Line
Specifier Meaning Specifiable?
(C/C++) global procedure loop statement
Unrolls a loop. n is a decimal humber (2 to 100) that
unrolli(r) represents the number of unrolls (multiplicity). No No Yes No
noswp Disables the software pipelining function. Yes Yes Yes No
Compiler Option Functional Description
-Kunroll[=N] Specifies optimization of loop unrolling. N specifies the upper limit on the number of loop unrolls.
(2=N=100) If N is not specified, the compiler automatically decides the best value. If the -00 or -O1 option is
enabled, the default is -Knounroll. If the -02 or higher option is enabled, the default is -Kunroll.
-Knoswp Specifies that software pipelining not be optimized.

mUse example
$ frtpx -Kfast,parallel sample.f90 -Kunroll=5,noswp
$ fccpx -Kfast,parallel sample.f90 -Kunroll=5,noswp

®Note
Unrolling optimization is not available in Clang Mode.
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P
FUJITSU

Specifying the Number of Striping
(Interleaving) Expansions and
Suppressing Software Pipelining

Loop Expansion

Specifying the Number of Striping (Interleaving) Expansions and Suppressing
Software Pipelining (Before Improvement)

Specifying the Number of Striping (Interleaving) Expansions and Suppressing
Software Pipelining (Optimization Control Line Tuning)

Specifying the Number of Striping (Interleaving) Expansions and Suppressing
Software Pipelining (Optimization Control Line)
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Loop Expansion FUjiTSU

® The two types of loop expansion are as follows:
e Unrolling

e Striping
Difference between unrolling and striping » 2 unrolling expansions » 2 striping expansions
DO I=1,N,2 DO I=1,N,2
Different manner of TMP_B1 = B(I) TMP_B1 = B(I)
expansion TMP_C1 = C(I) TMP_B2 = B(I+1)
SoIoin TMP_A1 = TMP_B1 + TMP_C1 TMP_C1 = C(I)
A ~ B + C A(T) = TMP_A1 TMP_C2 = C(I+1)
A TMP_B2 = B(I+1) TMP_A1 = TMP_B1 + TMP_C1
TMP_C2 = C(I+1) TMP_A2 = TMP_B2 + TMP_C2
TMP_A2 = TMP_B2 + TMP_C2 A(I) = TMP_A1
Ef,?;nls?én A(I+1) = TMP_A2 A(I+1) = TMP_A2
Bluet ond ENDDO ENDDO
expansion
® Points

® Since coordination with SIMDization and software pipelining can be expected to
have an effect, we recommend first applying unrolling. If there is no effect, apply
striping.

e Striping uses more registers than unrolling. Therefore, execution performance
may degrade when the stripe length n is increased.

e If the -Kstriping and -Kunroll options are concurrently specified, the one specified
later is enabled.
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Specifying the Number of Striping (Interleaving) e
m Expansions and Suppressing Software Pipelining FUJITSU

Before Improvement

Unrolling and software pipelining are not working effectively because the number of iterations is small.
Consequently, the "No instruction commit waiting for a floating-point instruction to be completed" and "No
instruction commit waiting for an integer instruction to be completed” events occur many times.

Source Before Improvement [Seconds]
<<< Loop-information Start >>> 80500
<<< [PARALLELIZATION] Number of loop iteration
<<< Standard iteration count: p = 40, while number of ["=7% ]
<<< [OPTIMIZATION] unrolls = 2
<<< SIMD(VL: 8) I 6.0E400 -
<<< SOFTWARE PIPELINING(IPC: 1.62, ITR: 176,
MVE: 6, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 5.0E+00 1
- <<< ab
<<< Loop-information End >>> 4 0E+00 -
39 | 1 pp 2v doi=1,n
40 |1 p 2v b(i) = c0 + a(i)*(c1 + a(i)*(c2 + a(i)*(c3 + a(i)*
41 | 1 &  (c4 + a(i)*(c5 + a(i)*(c6 + a(i)*(c7 + a(i)* 3.08+00 No instruction
42 1 & (C8 + a(l)*c9)))))))) commit waiting
43 |1 p 2v. enddo 2.0E+00 point instruetion
to be completed
p ) . . 1.0E+00
roblem: Small nhumber of loop iterations
- Software-pipelined loop not executed 0.0E400 !
Ue+ -

The software pipelining condition "ITR: 176" is not satisfied.

- Inappropriate number of unrolls
2 unrolls x 8 (SIMD) = 16
The original loop is executed for 8 iterations.

The execution of the original loop greatly affects
performance.

Before
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Specifying the Number of Striping (Interleaving) e
m Expansions and Suppressing Software Pipelining FUJITSU

Optimization Control Line Tuning

Suppress software pipelining and specify a number of striping expansions appropriate to the humber of
iterations to appropriately schedule instructions. The result is reduction of the "No instruction commit
waiting for a floating-point instruction to be completed"” and "No instruction commit waiting for an integer
instruction to be completed” events.

.. . . S d
Source After Improvement (Optimization Control Line Tuning) ;;:030 s
0B+
39 locl striping(5) —
40 locl nounroll ————— | _ S5 specified as 7.0E+00 - N
number of striping
41 !0C|fn05WP expansions N
— <<< Loop-information Start >>> 1
<<< [PARALLELIZATION] \ 6.08+00 Effect of
<<< Standard iteration count: 552 1.48 times
<<< [OPTIMIZATION] Unrolling and software | | 5 oE4 00 - N
<<< SIMD(VL: 8) pipelining suppressed M
<<< PREFETCH(HARD) EXpeCted by COrmrpeT—
<<< a,b 4.0E+00 -
<<< Loop-information End >>>
42 1 pp 5v doi=1,n 3.0E+00 . :
43 1 p 5v  b(i) = cO + a(i)*(cl + a(i)*(c2 + a(i)*(c3 + a(i)* commit "
4 1 & (c4 + a(i)*(c5 + a(i)*(c6 + a(i)*(c7 + a(i)* ‘f’;’:;ttii'r“g_f;;if‘t
45 1 & (C8 + a(|)*c9)))))))) 2.0E+00 instruction to
46 1 p 5v enddo be completed
1.0E+00
Before After

Specifying 5 as the number of striping expansions
results in

5 striping expansions x 8 (SIMD) = 40.
The striped loop is executed for all 40 iterations.
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Specifying the Number of Striping (Interleaving) o)
C/C++ Expansions and Suppressing Software Pipelining FU]ITSU

Before Improvement

Unrolling and software pipelining are not working effectively because the number of iterations is small.
Consequently, the "No instruction commit waiting for a floating-point instruction to be completed" and "No
instruction commit waiting for an integer instruction to be completed” events occur many times.

Source Before Improvement

<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)

Number of loop iteration
n = 40, while nhumber of
unrolls = 2

<<< SOFTWARE PIPELINING(IPC: 1.62, ITR: 176,

MVE: 6, POL: S)

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)
<<< Loop-information End >>>

33 /2v for(i=0;i<n;i++){

34 2v b[i] = c0 + a[il*(cl1 + a[il*(c2 + a[i]*(c3 + a[il*
35 (c4 + a[i]*(c5 + a[i]*(c6 + a[i]*(c7 + a[i]*
36 (c8 + a[i]*c9)))))));

37 2v }

38 >

Problem: Small number of loop iterations
- Software-pipelined loop not executed

- Inappropriate number of unrolls
2 unrolls x 8 (SIMD) = 16

performance.

The software pipelining condition "ITR: 176" is not satisfied.

The original loop is executed for 8 iterations.
The execution of the original loop greatly affects

[Seconds]

7.0E+00

6.0E+00

5.0E+00

4.0E+00

3.0E+00

2.0E+00

1.0E+00

0.0E+00

No instruction
commit waiting
for a floating-
point instruction
to be completed

ooEE

Before
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Specifying the Number of Striping (Interleaving) o)
C/C++ Expansions and Suppressing Software Pipelining FU]ITSU

Optimization Control Line Tuning

Suppress software pipelining and specify a number of striping expansions appropriate to the humber of
iterations to appropriately schedule instructions. The result is reduction of the "No instruction commit
waiting for a floating-point instruction to be completed"” and "No instruction commit waiting for an integer
instruction to be completed” events.

Source After Improvement (Optimization Control Line Tuning)

[Seconds]
33 #pragma loop striping5 — nu:szfr!i;izgrﬁ)sing 7.0E+00
34 #pragma loop nounroll expanslons
35 #pragma loop noswp
- <<< Loop-information Start >>> Unrolling and 6.0E+00
<<< [OPTIMIZATION] software pipelining
<<< SIMD(VL: 8) suppressed
<<< STRIPING 5.0E+00 Effect of
<<< PREFETCH(HARD) Expected by compiler : 1.62 times
<<< (unknown) =
<<< Loop-information End >>> 4.0E+00 \\
36 v for(i=0;i<n;i++){
37 \' b[i] = c0 + a[i]*(c1 + a[i]*(c2 + a[i]*(c3 + a[i]*
38 (c4 + a[i]l*(c5 + a[i]*(c6 + a[i]*(c7 + a[i]* 3.0E+00 N nstruction
39 (c8 + a[i1*c9)))))))); o commic
40 \'4 } floating-point
41 } 2.0E+00 be completed
1.0E+00 No instruction
commit waiting
instruction to be
Specifying 5 as the number of striping expansions 0.0E+00 i
results in

Before After

5 striping expansions x 8 (SIMD) = 40.
The striped loop is executed for all 40 iterations.
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Specifying the Number of Striping (Interleaving) Expansions and

Suppressing Software Pipelining (Optimization Control Line)

Q
FUJITSU

Specify the following optimization specifiers. Alternatively, you can specify compiler options.

Optimization Specifier

Optimization Control Line Specifiable?

Meaning —
(Fortran) By Program By DO Loop By Statement AssI:ssi,é:\mgr;t
Enables the loop striping function. n is a
STRIPING[(n)] decimal humber (2 to 100) that represents Yes Yes No Yes
the number of expansions (multiplicity).
NOSWP Disables the software pipelining function. Yes Yes No Yes

Optimization Specifier

Meaning

Optimization Control Line Specifiable?

(C/ C+ +) global procedure loop statement
Enables the loop striping function. n is a
striping[(n)] decimal number (2 to 100) that represents Yes Yes Yes No
the number of expansions (multiplicity).
noswp Disables the software pipelining function. Yes Yes Yes No

Compiler Option

Functional Description

-Kstriping[=N]

Specifies whether or not to optimize loop striping. You can specify the stripe length (number

(2=N=100) of expansions) in N. N can be a value from 2 to 100. If no value is specified in N, the compiler
automatically decides a value. If the number of loop iterations in the source program is known
and the value specified in N exceeds the nhumber of iterations, the number of expansions
automatically decided by the compiler is valid. The default is -Knostriping.

-Knoswp Specifies that software pipelining not be optimized.

mUse example

$ frtpx -Kfast,parallel sample.f90 -Kstriping=5,noswp
$ fccpx -Kfast,parallel sample.f90 -Kstriping=5,noswp

¢ Note

Striping optimization is not available in Clang Mode.
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Software Pipelining in an Outer
Loop

What is Software Pipelining in an Outer Loop?

Software Pipelining in an Outer Loop (Before Improvement)

Software Pipelining in an Outer Loop (Source Tuning)

Software Pipelining in an Outer Loop (Using CLONE)

Software Pipelining in an Outer Loop (Using CLONE) (Before Improvement)
Software Pipelining in an Outer Loop (Using CLONE) (Source Tuning)
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O
What is Software Pipelining in an Outer Loop? FUJITSU

e If the number of iterations of the innermost loop is small, you can facilitate software
pipelining in its outer loops through strip mining or other means to make the number of

iterations equal to the SIMD length.
Source Before Improvement

24 3 p do j=1,M
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192,
MVE: 7, POL: S)
<<< PREFETCH(HARD) Expected by compiler :

<<< b, a

<<< Loop-information End >>>
25 4 p 2v doi=1,N
26 4 p 2v a(ij,k)=a(i,j,k)+c*b(i,jk)
27 4 p 2v enddo
28 3 p enddo

The above example is valid for fixed-length SIMD.
The SIMD lengths when the SIMD width is 512 [bits] are
as follows.

SIMD lengths when SIMD width (vector length) = 512 [bits]

Data Type SIMD Length

Double-precision type 8
Single-precision type 16
Half-precision type 32
1-byte type 64

25

26

27
28
29
30
31

202
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Source After Improvement

do ii=1,N,blk
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SOFTWARE PIPELINING(IPC: 0.31, ITR: 192,
MVE: 2, POL: L)
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a
<<< Loop-information End >>>
8 do j=1,M
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< FULL UNROLLING
<<< Loop-information End >>>

fv do i=ii,ii+blk-1
fv a(i,j,k)=a(i,j,k)+c*b(ij,k)
fv enddo
8 enddo
enddo
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Software Pipelining in an Outer Loop

o2,
(Before Improvement) FUJITSU

Software pipelining is not applied because the number (N) of iterations of the
innermost loop is small compared with the software pipelining condition.

Source Before Improvement [Seconds]
2 integer,parameter::N=16,M=200,L=48 1.4E+00
18 real(8)::a(N,M,L),b(N,M,L)
19 real(8),parameter::c=0.5 1.2E+00
20 I$Somp parallel private(iter,i,j, k)
21 1 do iter=1,itmax
22 1 I$Somp do 1.0E+00 -
23 2 p do k=1,L
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 8.0E-01 -
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a
<<< Loop-information | Does not enter software 6.0E-01 -
24 3 p doj=1,M pipelining route because number
<<< Loop-information S (N) of iterations of innermost
<<< [OPTIMIZATION] | loop is smaller than ITR:192 4.0E-01 - 2 instruction commit
<<< SIMD(VL: 8) 1 instruction commit
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192,
MVE: 7, POL: S) 2.0E-01 -
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a
<<< Loop-informW N =16 0.0E+00
25 4 p 2v doi=1,N
26 4 p 2 a(i,j,k)=a(i,j, k)+c*b(i,j,k) Before
27 4 p 2v enddo
28 3 p enddo
29 2 p enddo GFLOPS Effective instruction
30 1 I$Somp enddo nowait
31 1 enddo Before 50.98 7.53E+10
32 I$Somp end parallel
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Software Pipelining in an Outer Loop

O
(Source Tuning) FUJITSU

Strip mining fixes the innermost loop at the SIMD length. The result is facilitated software pipelining in its
outer loops, improved operation efficiency, and more effective instructions.

Source After Improvement

2 integer,parameter::N=16,M=200,L=48
. gerp ' ! [Seconds]
18 real(8)::a(N,M,L),b(N,M,L) 1.4E+00
19 real(8),parameter::c=0.5
20 integer,parameter::blk=8
21 I$omp parallel private(iter,ii,i,j, k) i
5 1 do iter=1,itmax 1.2E+00 Effect .of
23 1 1$omp do 1.14 times
24 2 p do k=1,L S
<<< Loop-information Start >>> 1.0E4+00 -

<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :

<<< b, a n1 A
<<< Loop-information End >>3 8.08-01
25 3 p do ii=1,N,blk Software pipelining
<<< Loop-information Start > i
<<< [OPTIMIZATION] applied 6.0E-01 -
<<< SOFTWARE PIPELINING(IPC: 0.31, ITR: 192, MVE: 2, POL: L)
<<< PREFETCH(HARD) Expected by compiler : _ _ )
<<< b, a 4 0E-01 - 2 instruction commit
<<< Loop-information_End>>>—|M = 200 » )
26 4 p 8 do j=1,M commit |
<<< Loop-information Start >>
<<< [OPTIMIZATION] Number of innermost | 20F01 1 commit dueto L2
<<< SIMD(VL: 8) = = e £ e T
<<<  FULL UNROLLIN loop iterations is fixed s
<<< Loop-informatjor’ End >>{ at SIMD length 0.0E+00 e |
27 5 p fv do i=ii,ii+blk-1 T Before After
28 5 p fv a(i,j,k)=a(i,j,k)+c*b(ij,k)
29 5 p fv enddo
30 4 p 8 enddo
g; ; P eggdo GFLOPS Effective instruction
p enddo
33 1 I$omp enddo nowait
34 1 enddo Before 50.98 7.53E+10
35 !$omp end parallel After 57.95 3.19E+10
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Software Pipelining in an Outer Loop (Using CLONE)  FUJITSU

If the number of iterations of the innermost loop is a small fixed value, you can also use
clone tuning.
e What is clone tuning?

A tuning method that facilitates optimizations such as full unrolling by using the CLONE
specifier to generate a conditional branch based on a variable value for the loop

After Optimization (Image of Source)

Example of Source If (N==8) then
doi=1,8
A(i)=i
locl clone(N==8) endo
doi=1,N else
A() =i i= -
endc(lg d°l'\(i§'_"i‘ Loop cloned when N==8, which
enddo fixes loop length and
endif facilitates other optimizations
Optimization Optimization Control Line Specifiable?
Specifier Meaning By Array
By P By DO L By Stat: t Assi t
(Fortran) y Program Yy oop y Statemen Ss&gtgennTe?\r;
Specifies that a conditional branch be generated as specified in arguments,
CLONE(var==n1 assuming the variable var is invariable in the loop, and that optimization
[,n2]-) - that clones the loop in an IF clause be performed. The conditional No Yes No Yes
! expression has equality with the variable var in the 1st argument and the
values n1[,n2] and so on specified in the 2nd and subsequent arguments.
Optimization Optimization Control Line Specifiable?
Specifier Meaning
(C/C++) global procedure loop statement
Specifies that a conditional branch be generated as specified in arguments,
clone(var==n1[,n assuming the variable var is invariable in the loop, and that optimization
2] - that clones the loop in an IF clause be performed. The conditional No No Yes No
expression has equality with the variable var in the 1st argument and the
values n1[,n2] and so on specified in the 2nd and subsequent arguments.
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Software Pipelining in an Outer Loop

(o8]
(Using CLONE) (Before Improvement) FUJITSU

A condition for applying software pipelining is not satisfied because the
number (N) of iterations of the innermost loop is small.

Source Before Improvement [Seconds]
2 integer,parameter::N=8,M=240,L=48 1.2E+00
18 real(8)::a(N,M,L),b(N,M,L)
;g : ;gﬂ(s)%aaarlfeTe:s:t:i&fi i 1| Does not enter software 00 -
21 1 " do ﬁe?‘:l itmgx s pipelining route because
22 1 1$omp do ! number (N) of innermost
23 2 p do k=1,L loop iterations is smaller E .01 -
<<< Loop-information Start >>> | than ITR:192
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a 6.0E-01 -
<<< Loop-information End >>>
24 3 p do j=1,M
<<< Loop-information Start >>> 4.0E-01 -
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192,
MVE: 7, POL: S) 2.0E-01 -
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a
<<< Loop-information End > N=8
25 4 p 2v do i=1,N 0.0E+00 Bef
26 4 p 2v a(i,j,k)=ai,j,k)+c*b(ij,k) elore
27 4 p 2 enddo
28 3 p enddo :
2 2p enddo Grops | Erectve
30 1 I$Somp enddo nowait
31 1 enddo Before 29.51 6.18E+10
32 I$Somp end parallel
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Software Pipelining in an Outer Loop

(o8]
(Using CLONE) (Source Tuning) FUJITSU

CLONE fixes the nhumber of iterations of the innermost loop at the SIMD length. The result is facilitated
software pipelining in its outer loops, improved operation efficiency, and more effective instructions.

Source After Improvement (Source Tuning)

] [Seconds]
.2 integer,parameter::N=8,M=240,L=48 1 2E4+00
18 real(8)::a(N,M,L),b(N,M,L)
19 real(8),parameter::c=0.5
%2 :\:‘Iﬂege{l NN 1.0E+00 -
22 I$Somp parallel private(iter,i,j, k)
23 1 do iter=1,itmax
249 1 I$Somp do
25 1 1ocl clone(NN==8) 8.0E-01 + f
<<< Loop-information Start >>> EffeCt (o)
<<< [OPTIMIZATION] 2.29 times
= T E i \
<<< Loop-information End >>> | Software pipelining p.0E-01 \
26 2 p do k=1,L applied \
<<< Loop-information Stay% \
<<< [OPTIMIZATION]
<<< SOFTWARE PIPELINING(IPC: 3.75, ITR: 208, 4.0E-01 +
MVE: 6, POL: S)
<<< Loop-information End >>
27 3 p 2 doj=1iM——|M = 240
<<< Loop-information Start >>> 2.0E-01 1 TR
<<< [OPTIMIZATION] commit due to L2
<<< SIMD(VL: 8) floating_point 1oad
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192, _ .
MVE: 7, POL: S) 0.0E+00
<<< Loop-information End >>> Before After
28 4 p 2v do i=1,NN — :
20 4 p 2v a(ij K)=a(ij k) +cb(i g\ [Yumber of innermost
30 4 p 2v enddo loop iterations is fixed
31 3 p 2 enddo at SIMD |ength GFLOPS Effective instruction
32 2 p enddo T
gz 1 !t%ggoenddo nowait Before 29.51 6.18E+10
35 1Somp end parallel After 67.60 1.44E+10
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C/C++ Software Pipelining in an Outer Loop FUﬁTSU

(Using CLONE) (Before Improvement)

A condition for applying software pipelining is not satisfied because the
number (N) of iterations of the innermost loop is small.

Source Before Improvement

[Seconds]

35 #pragma omp parallel private(iter,i,j, k) 1.2E+00
36 {
37 for (iter = 0; iter < itmax;[™ =
38 #pragma omp for nowait | Does not enter software 1.0E+00
39 p for (k = 0; k < L; k++){| pipelining route because

<<< Loop-information Start Lumber (N) of innermost

<<< [OPTIMIZATION]
<<< PREFETCH(HARD) EXx
<<< (unknown)

<<< Loop-information End >>>

loop iterations is smaller 8.0E-01
than ITR:192

40 p for (j = 0; j < M; j++){ 6.0E-01
<<< Loop-information Start >>> 1 instruction
<<< [OPTIMIZATION] commit
<<< SIMD(VL: 8) 4.0E-01
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192,
MVE: 7, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 2. 0E-01
<<< (unknown)
<<< Loop-information End > N=8
41 p 2v for(i=0;i < Nji++){ 0.0E+00
42 p 2v a[k1[j1[i] = a[k]IL] + c * b[K][FILT; '
43 p 2v be Before
44 p >
45 p >
46 be
47 ;
' Statistics | aroes | et
Before 33.39 4.87E+10
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C/C++ Software Pipelining in an Outer Loop

(o8]
(Using CLONE) (Source Tuning) FUJITSU

CLONE fixes the nhumber of iterations of the innermost loop at the SIMD length. The result is facilitated
software pipelining in its outer loops, improved operation efficiency, and more effective instructions.

Source After Improvement (Source Tuning) [Seconds]
. . . 1.2E+00

37 #pragma omp parallel private(iter,i,j, k)
38
39 for (iter = 0; iter < itmax; iter++){ \
40 #pragma omp for nowait 1.0E+00 \
41 #pragma loop clone NN== =

<<< Loop-information Start >>> Effect of

<<< [OPTIMIZATION] .

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)

<<< Loop-information End >>> Software pipelining

<<< Loop-information Start >>> applie

<<< [OPTIMIZATION] I/ —

<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 176, S amspriction

MVE: 6, POL: S) _

<<< PREFETCH(HARD) Expected by compiler : 4.0E-01 _

<<< (unknown)

<<< Loop-information End >>>
43 p 2 for (] =0;j<M; j++){—— M= 240 2.0E-01 Nolnsll:{:ctlotn

<<< Loop-information Start >>> s

<<< [OPTIMIZATION] for a floating-

<<< SIMD(VL: 8) instruction

<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192, 0.0E+00

MVE: 7, POL: S)

<<< PREFETCH(HARD) Expected by compiler : Before After

<<< (unknown)

<<< Loop-information End >>>
44 p  2v for (i = 0; i < NN; i++){—__\‘< Number of innermost

06T = R * =1 k:4 . Effective

22 B §¥ }a[k][]]['] aridnind + ¢ * brkip! loop iterations is fixed Statistics GFLOPS | jnstruction
2; B 2 } ¥ at SIM'D length Before 33.39 4.87E+10
49 by After 65.89 1.50E+10
50 3}
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Rerolling

What is Rerolling?
Rerolling (Before Improvement)
Rerolling (Source Tuning)
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What is Rerolling? FUjiTSU

Rerolling is a tuning method that facilitates the
optimization of a loop by restoring unrolled statements to
loop statement=<

Unrolling
Frequent tuning of code that does not
assume SIMDization

Normal Loop Manual Unrolling Rerolling
do k=1,m dok?lﬂn do k=1,m
doj=1,n doj=1,n _ _ do j=1,n
doi=1,8 agJB = ggjllg + aSJB doi=1,8
a(i,j,k) = b(i,j,k) + a(i,j,k) |:> a(2,],%) = b(2,),x) + a(2,], |:> a(i,j,k) = b(i,j,k) + a(i,j,k)
enddo a(3,j,k) = b(3,j,k) + a(3,j,k) enddo
enddo a(4IJlk) = b(4l.]lk) + a(4l]lk) enddo

enddo a(5,j,k) = b(5,j,k) + a(5,j,k) enddo
a(6,j,k) = b(6,j,k) + a(6,j,k)
a(7,j,k) = b(7,j,k) + a(7,j,k)
a(8,j,k) = b(8,j,k) + a(8,j,k)

enddo
enddo
Downside of unrolled code Rerolling
Many Gather Load and Scatter Store Restoring unrolled loop to original loop

instructions due to distant access
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(o8
m Rerolling (Before Improvement) FUJITSU

A loop is manually unrolled. The result is a lot of Gather Load and Scatter Store
instructions. Consequently, the "No instruction commit due to L1D cache access for a
floating-point load instruction” event occurs many times.

Source Before Improvement

40 real(8) :: a(8,N,M),b(8,N,M)
41 n
<<< Loop-information Start >>> N =128 [Se:[?EJg:]
<<< [PARALLELIZATION] = 250 '
<<< Standard iteration count: 2
<<< [OPTIMIZATION] 3 56400 -
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a
<<< Loop-information End >>> 3.0E+00 -
42 1 pp DO K=1,M
<<< Loop-information Start >>> 5 SE400
<<< [OPTIMIZATION] | No
<<< SIMD(VL: 8) instruction
<<< SOFTWARE PIPELINING(IPC: 2.04, ITR: 40, 2 0E+00 commit
MVE: 3, POL: S) due to L1D
<<< PREFETCH(HARD) Expected by compiler : cache
<<< b, a 1.5E4+00 access for
<<< Loop-information End >>> a floating-
43 2 p v DO J=1,N point load
44 2 p v a(1,3,K) = b(1,3,K) + a(1,3,K) 1.0E4+00 instruction
45 2 p v a(2,3,K) = b(2,3,K) + a(2,3,K)
46 2 P v a(3,J,K) = b(3,J,K) + a(3,J,K) 5.0E-01
47 2 p v a(4,3,K) = b(4,1,K) + a(4,3,K)
48 2 p v a(5,3,K) = b(5,3,K) + a(5,3,K) 4—_
49 2 p v a(6,],K) = b(6,3,K) + a(6,1,K) 0.0E+00 -
50 2 p v a(7,3,K) = b(7,3,K) + a(7,3,K) Before
51 2 p v a(8,],K) = b(8,3,K) + a(8,1,K)
52 2 p v ENDDO
53 1 p ENDDO
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0
m Rerolling (Source Tuning) FUJITSU

Data access becomes sequential due to rerolling (restoring to a loop), which facilitates
optimizations such as effective software pipelining, SIMDization, and loop unrolling.

Source After Improvement (Source Tuning)

40 real(8) :: a(8,N,M),b(8,N,M) [Seconds]
41
<<< Loop-information Start>>~ 4.0E+00
<<< [PARALLELIZATION] Transformation
<<< Standard iteration c( ;
into 1 loo _
<<< [OPTIMIZATION P 3.5E+00

<<< COLLAPSED
<<< SIMD(VL: 8) 3.0E+00 -
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192,
MVE: 7, POL: S)

<<< PREFETCH{HARD) Expected by compiler : 2.5E4+00 Effect of -

<<< a/b instructi 3.01 times
<<< Loop-information End >>> No Instruction T
42 1 pp 2v DO K=1,M 2.0E+00 L1D cache \
<<< Loop-information\Start >>> ?If)g‘iissgf_";o?nt \
<<< [OPTIMIZATION] 1 5E4+00 load \
<<< COLLAPSED instruction

<<< Loop-information En SIMDization and

\
43 2 p 2  DOJ=LN loop unrolling facilitated| 1.0e+00 -—
<<< Loop-information Star

<<< COLLA 5.0E-01
<<< Loop-information End >>>
a4 3 p 2 | D e
45 3 p 2v a(1,3,K) = b(I,3,K) + a(1,3,K) 0-08+00 Sefore After
46 3 p 2v ENDDO
47 2 p ENDDO
48 1 p ENDDO
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o400 & Rerolling (Before Improvement)

A loop is manually unrolled. The result is a lot of Gather Load and Scatter Store
instructions. Consequently, the "No instruction commit due to L1D cache access for a

Q
FUJITSU

floating-point load instruction"” event occurs many times.

50

51
52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

TTOTTTTTTTTTTTO

Source Before Improvement

#pragma omp parallel for private(j) N=128
<<< Loop-information Start >>> -
<<< [OPTIMIZATION] M=250
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>>

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

{
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.04, ITR: 40,

MVE: 3, POL: S)

<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>>

v for(j=0; j<N; j++)
v {
v a[k][jI[0] = b[k][j1[0] + a[k][j1[O];
v a[k][jI[1] = b[k][j1[1] + a[k][j1[1];
v a[k][jI[2] = b[k][j1[2] + a[k][j1[2];
v a[k][j1[3] = b[k][j1[3] + a[k][j1[3];
v a[k][jI[4] = b[k][j1[4] + a[k][j1[4];
v a[k][j1[5] = bIKkI[j1[5] + a[k]1[i]1[5];
v a[k][jI[6] = b[k][j1[6] + a[k][j1[6];
v ) a[k1[j1[7]1 = blk][j1[7] + alk][1[7];
v

>

return;

by

214

[Seconds]

4.0E+00

3.5E+00

2.5E+00
No instruction
commit due to

2.0E+00 L1D cache
access for a
floating-point

1.5E+00 load
instruction

1.0E+00

5.0E-01

Before
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P
o7 oL &l Rerolling (Source Tuning) FUJITSU

Data access becomes sequential due to rerolling (restoring to a loop), which facilitates
optimizations such as effective software pipelining, SIMDization, and loop unrolling.

Source After Improvement (Source Tuning) [Seconds]
. . 4.0E+00
50 #pragma omp parallel for private(i,j) collapse(3)
<<< Loop-information Start >>> e
<<< [OPTIMIZATION] Transformation into 1 loop 3.5E+00
<<< SIMD(VL: 8) \
<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192, \
MVE: 7, POL: S) 3.0E+00 ‘
<<< PREFETCH(HARD) Expected by compiler : Effect of
<<< (unknown) 2.5E+00 2.50 times
<<< Loop-information \End >>>
51 2v for (k=0; k< M; k+ . . 5
52 p 2 { ( SIMDlzatlon and 2.0E+00 i’:strut_:tion
53 p 2  for(j=0; j<N; j++ loop unrolling facilitated fo11D cache
54 2 e
55 p 2 i 1.5E+00 .poi:t |(::::ld
56 p 2V Instruction
57 p 2v a[k][j1[i] = b[k][31i] + alk]i1LiT;
58 p v 1.0E+00
50 p 2v ¥
60 p 2v } 5.0E-01
61
62 return;
63 ¥ 0.0E+00
Before After
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Loop Unswitching

What is Loop Unswitching?
Effect of Loop Unswitching (Before Improvement)
Effect of Loop Unswitching (After Improvement)

216



What is Loop Unswitching?

P
FUJITSU

Loops may contain IF statements that have branches of invariant states. This optimization takes those
IF statements out of the loops and creates loops for cases where the IF statement conditions are

satisfied /not satisfied.

Source Code

ISomp do
doi=1,n1
locl unswitching
if (n1 >= q) then
processing 1
endif
locl unswitching
if(n1 > r) then
processing 2
endif
locl unswitching
if(nl < s) then
processing 3
endif
enddo
ISomp enddo

Optimization Image

Ipattern (1)
if((conl true).and.(con2 true).and.(con3 true))then
doi=1,n1
processing 1
processing 2
processing 3
enddo
endif

Ipattern (2)
if((con1 true).and.(con2 true).and.(con3 false))then
doi=1,n1
processing 1
processing 2
enddo
endif

Ipattern (3)
if((conl true).and.(con2 false).and.(con3 true))then
doi=1,n1
processing 1
processing 3
enddo
Endif

Ipattern (4)
if((conl ture).and.(con2 false).and.(con3 false))then
doi=1,n1
processing 1
enddo
endif

Ipattern (5)
if((con1 false).and.(con2 true).and.(con3 true))then
doi=1,n1
processing 2
processing 3
enddo
endif

Ipattern (6)

if((con1 false).and.(con2 true).and.(con3 false))then
doi=1,n1
processing 2
enddo

endif

Ipattern(7)
if((con1 false).and.(con2 false).and.(con3 true))then
doi=1,n1
processing 3
enddo
endif

Ipattern(8)

if((con1 false).and.(con2 false).and.(con3 false))then
doi=1,n1
enddo

endif

Unrolled to 8 IF statements (DO statements)
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m Effect of Loop Unswitching FUﬁTSU
(Before Improvement) -
SIMDization and software pipelining are not performed effectively because the innermost

loop contains an IF statement. Consequently, the "No instruction commit waiting for a
floating-point instruction to be completed" event occurs many times.

[Seconds]

Source Before Improvement > 5E4+00

97 1 I$Somp do
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) 2.0E+00 1
<<< SOFTWARE PIPELINING(IPC: 1.31, ITR: 96,
MVE: 2, POL: L)
<<< UNSWITCHING
<<< PREFETCH(HARD) Expected by compiler : 1.5E+00 -
<<< a, b
<<< Loop-information End >>>
98 2 p 2v do i=1,n1

9 2 _ 1.0E+00
100 3 p 2v if (n1 >= q) then No instruction
101 3 p 2v a(i) = cO+b(i)*(c1+b(i)*(c2+b(i)*(c3+b(i)*c4))) commit waiting
102 3 p 2v  endif L e
103 2 5 OE-01 to be completed
104 3 p 2v if(n1 > r) then :
105 3 p 2v a(i) = c0*b(i)/(c1*b(i)/(c2*b(i)/(c3*b(i)/c4)))
106 3 p 2v endif
108 3 p 2v if(nl < s) then 0.0E+00 -
109 3 p 2v a(i) = cO+b(i)/(c1+b(i)/(c2+b(i)/(c3+b(i)/c4))) Before
110 3 p 2v endif
111 2 p 2v enddo
112 1 I$Somp enddo nowait SIMD
SIMD instruction
Effective rate (%)
instruction (/Effective
instruction)
Before 747E+ 10 94180/0
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Effect of Loop Unswitching <O
FUJITSU
(After Improvement) -
Specify loop unswitching for IF statements to eliminate branching and facilitate SIMDization

and software pipelining. The result is significant improvement of the "No instruction commit
waiting for a floating-point instruction to be completed" event.

[Seconds]

Source After Improvement (Optimization Control Line Tuning)  2.56+00

97 1 I$Somp do
<<< Loop-information Start >>> 2.0E+00 -
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.04, ITR: 80,

MVE: 3, POL: S) 1.5E+00 -

<<< UNSWITCHING

<<< PREFETCH(HARD) Expected by compiler : Effect of

<<< b, a 5.68 times
<<< Loop-information End >>> 1.0E+00 v
98 2 p 2v doi=1,n1 \
99 2 locl unswitching ol \
100 3 p 2v if (n1 >= q) then commit waiting \
101 3 p 2v a(i) = co+b(i)*(c1+b(i)*(c2+b(i)*(c3+b(i)*c4))) | 50e01 f‘gi:tf'““"g' ‘\
102 3 p 2v endif rnstruction to '
103 2 locl unswitching be completed
104 3 p 2v if(n1 > r) then !
105 3 p 2v a(i) = cO*b(i)/(c1*b(i)/(c2*b(i)/(c3*b(i)/c4))) | ; oe+o0 |
106 3 p 2v endif Before After
107 2 locl unswitching
108 3 p 2v if(n1l < s) then SIMD
109 3 p 2v a(i) = c0+b(i)/(c1+b(i)/(c2+b(i)/(c3+b(i)/c4))) - -
110 3 b 2v  end recve | e
111 2 p 2v enddo instruction (/Effective
112 1 I$omp enddo nowait instruction)
Before 7.47E+ 10 94180/0
After 1.60E+10 75.83%
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C/C++ Effect of Loop Unswitching FUﬁTSU

(Before Improvement)

SIMDization and software pipelining are not performed effectively because the innermost
loop contains an if statement. Consequently, the "No instruction commit waiting for a
floating-point instruction to be completed" event occurs many times.

Source Before Improvement \ O[Esf;‘;”ds]
91 #pragma omp for nowait
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 3.5E+00
<<< SIMD(VL: 8)
<<< UNSWITCHING
<<< PREFETCH(HARD) Expected by compiler : 3.0E+00
<<< (unknown)
<<< Loop-information End >>> 2 5E+00
92 p 2v for(i=0; i<nl; i++)
93 p 2v { j )
94 p 2v if (n1 >=q) 2.0E+00 y:nfr':itt“‘jf;;ggg
95 p 2v { for a floating-
96 p 2v a[i] = cO+b[i]*(c0+b[i]*(cO+b[i]*(c0+b[i]*c0))); L SE00 f:'lg‘;'cf“)i:;‘fett'gg
97 p 2v }
98
99 p 2v if(nl >r) [r—
100 p 2v ¢ 1.0E+00
101 p 2v a[i] = c0*b[i]/(c0*b[i]l/(cO*b[i]l/(cO*b[i]/c0)));
102 p 2v ¥ 5.0E-01
103
104 p 2v if(nl < s)
105 p 2v { 0.0E+00
106 p 2v a[i] = co0+b[i]/(cO0+b[i]l/(cO+b[i]l/(cO0+b[i]/c0))); Before
107 p 2v ¥ ST
108 P 2v } L. Effective instruction
109 s Statistics instruction (;aEtf?e(cz/?\Ze
instruction)
Before 8.54E+10 89.49%
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Effect of Loop Unswitching FUﬁTSU

(After Improvement)

Specify loop unswitching for if statements to eliminate branching and facilitate SIMDization
and software pipelining. The result is significant improvement of the "No instruction commit
waiting for a floating-point instruction to be completed" event.

[Seconds]
Source After Improvement (Optimization Control Line Tuning) 4.0E+00
89 for( j=0; j<iter; j++ )
90 { 3.5E+00
91 #pragma omp for nowait
<<< Loop-information Start >>> 3.0E+00
<<< [OPTIMIZATION] '
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 1.12, ITR: 96, MVE: 3, POL: S) 2.5E+00
<<< UNSWITCHING \
<<< PREFETCH(HARD) Expected by compiler : No
<<<  (unknown) 2.0E+00 instruction Effect of
<<< Loop-information End >>> waiting for a :
92 p 2v for(i=0; i<nl; i++) ;'gﬁf{"g' 19'31 times
93 p 2v { 1.5E+00 instruction \
94 #pragma statement unswitching olbs \
95 p 2v if (n1 >= q) L 0E+00 R \
96 p 2v { ' \
97 p 2v a[i] = cO+b[i]*(cO+b[i]*(cO0+b[i]*(cO0+b[i]*c0))); \
98 p 2v ¥ 5.0E-01 !
99 ' \
100 #pragma statement unswitching 5—
101 p 2v if(n1 > r) 0.0E+00
102 p 2v {
103 p 2v a[i] = cO*b[i]/(cO*b[i]l/(cO*b[i]/(c0*b[i]/c0))); Before After
104 p 2v ¥
105
106 #pragma statement unswitching SIMD
107 2v if(lnl<s . instruction
108 B 2v {( ) Statistics imatrction i (%)
. . . . . ective
109 p 2v a[i] = c0+b[i]/(c0+b[i]/(cO+b[i]/(c0+b[i]/c0))); igstruction)
110 p 2v b Before 8.54E+100  89.49%
111 p 2v 3}
112 } After 1.68E+10 71.58%
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FUJITSU

Microarchitecture-Dependent
Bottlenecks

Avoiding the Scatter Store Instruction

Facilitating Gathering by the Gather Load Instruction
Avoiding Excessive SFI

Using the Multiple Structures Instruction

Adjusting the Hardware Prefetch Distance
SVE Vector Register Size (SIMD Width)

Using the Half-Precision Real Type
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Avoiding the Scatter Store
Instruction

- Avoiding the Scatter Store Instruction (Before Improvement)
- Avoiding the Scatter Store Instruction (Source Tuning)
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Avoiding the Scatter Store Instruction
(Before Improvement)

Performance degrades when the number of Scatter Store (non-sequential store) instructions is large.
Consequently, the "No instruction commit due to L1D cache access for a floating-point load instruction”
event occurs many times.

Q
FUJITSU

Source Before Improvement [S: g;nois]
42 I$Somp parallel
43 1 DO K=1, ITER g
44 1 I$omp do
<<< Loop-information Start >>> 2:5E+00
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< b 2.0E+00
<<< Loop-information End >>> No instruction
45 2 p DO J=1,M commit due to
<<< Loop-information Start >>> L1D cache
<<< [OPTIMIZATION] 1.5E+00 access for a
. floating-point
<<< SIMD(VL: 8) load instruction
<<< SOFTWARE PIPELINING(IPC: 2.60, ITR: 80,
MVE: 3, POL: S) 1.0E+00
<<< PREFETCH(HARD) Expected by compiler :
<<< b
<<< Loop-information End >>>
46 3 p 2v DO I=1,M 5.0E-01
47 3 p 2v a(J,I) = b(1,3)
48 3 p 2v ENDDO
49 2 p ENDDO 0.0E+00
50 1 I$Somp end do nowait Before
51 1 ENDDO - -
52 '$omp end parallel ngh L1D miss rates SIMD
More Scatter Store instructions Store instruction
than other instructions = SIMD
L1I miss rate L1D miss #;zwéiz I;;:’)tvr\::f: S::I;?\It?gzle::(s)r coxz‘;t:;us con 'c;r:l-ous Floa_ting-po!nt Pr_edicate_
Cache| (/Effective !.oad-sts)re L1D miss deumand rate prefetch rate|prefetch rate store structure |scattek store r_eglster .Sp'" r_eglster §p|||
instruction) instruction (%) .(/L]'D (%) (/L1D (%) (/L1D instruction store instruction instruction instruction
_mlsg)\ miss) miss) instruction
Before 0.00[1.62E+09 1.50E+09& 0.92] 99.98% 0.02% 0.00%| | 1.60E+01 0.00E+OQ 1.30E+08))1.07E+04|5.49E+03
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Avoiding the Scatter Store Instruction
(Source Tuning)

Change the loop index to prevent the occurrence of Scatter Store instructions. The result is
significant improvement in L1D misses.

Q
FUJITSU

Source After Improvement [Seconds]
42 I$Somp parallel 3.0E+00
43 1 DO K=1, ITER
<<< Loop-information Start >>> > 5E4+00 \
<<< [OPTIMIZATION] ' \
<<< PREFETCH(HARD) Expected by compiler : \
<<< a \
<<< Loop-information End >>> 2.0E+00 “
45 2 p DO J=1,M No instruction \
<<< Loop-information Start >>> tc;rgmit rculue to \
<<< [OPTIMIZATION] L SE+00 RRd \
<<< SIMD(VL: 8) : floating-point Effect of
<<< SOFTWARE PIPELINING(IPC: 2.87, ITR: 256, wd ecLo
MVE: 4, POL: S) . 51.9 times
<<< PREFETCH(HARD) Expected by compiler : 1.0E+00 \
<<< a \
<<< Loop-information End >>> \
46 3 p 4v DO I=1,M \
47 3 p 4v a(1,J) = b(3,1) >.0E-01 |
48 3 p 4v ENDDO \
49 2 p ENDDO \
g(l) i !ﬂI;EoNnB%(e)nd do nowait 0.0E+00 e
L1D misses significantly Before After
1 -
52 1$Somp end parallel improved
Number of Scatter Store Store instruction
instructions successfully reduced \_SIMD
L1I miss rate| | . ) L1D miss rate] | g Ic;i"“t hardware software Single vector Mg:)tri‘li:e::ior Nontontiguous |  Floating-point [ o
o | mstructon | H10 TS| (e e oy 1D (B e e | | e | < | ERET | e |
miss) miss)
Before 0.00| 1.62E+09| 1.50E+09 0.2 99.08%] 0.02%| _ 0.00%)| | L:60E-+01/0.00E+0QrT.30E+08)\1.07E+04)5.49E+03
After 0.00| 3.64E+08[ 3.03E+06 0.01] 99.97%| 0.02%| 0.01%| | 1.30E+08 0-00E+0(}\0@Eﬂ0 6.40E+01{2.38E+02
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Avoiding the Scatter Store Instruction
C/C++ (Before Improvement)

Performance degrades when the number of Scatter Store (non-sequential store) instructions is large.
Consequently, the "No instruction commit due to L1D cache access for a floating-point load instruction”
event occurs many times.

O
FUJITSU

[Seconds]
Source Before Improvement 3.5E+00

44 #pragma omp parallel
45
46 for(k=0; k<iter; k++) 3.0E+00
47 {
48 #pragma omp for nowait g

<<< Loop-information Start >>> 2.5E4+00

<<< [OPTIMIZATION]

<<< PREFETCH(HARD) Expected by compiler :

<<< b 2.0E+00 No instruction

<<< Loop-information End >>> commit due to
49 p for(j=0; j<m; j++) L1D cache
S0 { 1.5E+00 floating-point

<<< Loop-information Start >>> ' load instruction

<<< [OPTIMIZATION]

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 2.40, ITR: 80, 1.0E+00

MVE: 3, POL: S)

<<< PREFETCH(HARD) Expected by compiler :

<<L<L b 50E'01

<<< Loop-information End >>>
51 p 2v for(i=0;i<m;i++)
52 p 2v { 0.0E+00
gz B gz }a[l][J] b[j1[i1; Before
55 p b2
56 by . .
57 } High L1D miss rates More Scatter Store instructions

than other instructions
Multiple
) ) L1D miss L1D miss L1D miss . vector .
LiI missrate| | . . o _ L1D miss ratel | - 7% .| hardware software Slnglt_a vector| contiguous I_:Ioatln_g- )
Cache (/Effective | . : L1D miss |(/\Load-store|~ prefetch rate | prefetch rate| | contiguous structure point register| Predicate
instruction) | 'nstruction ingtruction) | (%) (S/S LID | "(o6) (/LID | (%) (/L1D store store spill register spill
—miss) | " hhic) miss) instruction | instruction instruction | instruction
Before 0.00] 1.58E+09 1.50E+09& 0.95 100.00%) 0.00%] 0.00%| 0.00E+00 0.00E+OO( 3 1.17E+04) 5.88E+03)
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Avoiding the Scatter Store Instruction
(Source Tuning)

Change the loop index to prevent the occurrence of Scatter Store instructions. The result is
significant improvement in L1D misses.

Source After Improvement

O
FUJITSU

[Seconds]
44 #pragma omp parallel 3.5E+00
45
2? 20r(k=0; k<iter; k++) 3 0E4+00
48 #pragma omp for nowait
<<< Loop-information Start >>> 5 EE400 g‘
<<< [OPTIMIZATION] O ‘\
<<< PREFETCH(HARD) Expected by compiler : \
<<< a \
<<< Loop-information End >>> 2.0E+00 No \
49 p for(j=0; j<m; j++) e \
50 p { to L1D cache B
<<< Loop-information Start >>> 1.5E+00 R Effect of
<<< [OPTIMIZATION load =
<<< [SIMD(VL: 8) : instruction 47.7 times
<<< SOFTWARE PIPELINING(IPC: 1.28, ITR: 96, 1.0E+00 ‘\
MVE: 2, POL: S) \
<<< PREFETCH(HARD) Expected by compiler : \
<<< a 5.0E-01
\
<<< Loop-information End >>> \
51 p 4v for(i=0;i<m;i++) \
52 p 4v { 0.0E+00
53 p  4v aljllil = bLil0L; Before After
54 p 4v ¥
55 p ¥ . . =
56 3 L1D misses significantly
57 } improved
/ | Number of Scatter Store Multiple
instructions successfully reduced vector _
LiI miss rate| | . 1D miss Fate 5 rate| Nardware | software | o7 le vector| contiguous Floating- ]
Cache | (/Effective | 0302 2" | L1D miss |[(/Load-store| “ % /LrlaDe prefetch rate | prefetch rate| | contiguous | structure point register| Predicate
instruction) | 'mstruction uction) | ¢ °n)1i(ss) (%) (JL1D | (%) (/L1D store store spill register spill
miss) miss) instruction | instruction instruction | instruction
Before 000  158E+09  1.50E+09 0.95 100.00% 0.00%] 0.00% 0.00E+000  0.00E400,” 1.30E+08\ 1.17E+04  5.88E+03
After 0.00 4.13E+08 3.67E+0é 0.01 99.35%] 0.67%] -0.01% 1.30E+08 0.00E+OO\ 0.00E+OO/ 3.20E+01] 1.70E+01
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Facilitating Gathering by the
Gather Load Instruction

- Gathering Function of the Gather Instruction
Facilitating Gathering by the Gather Load Instruction (Before Improvement)
Facilitating Gathering by the Gather Load Instruction (Source Tuning)
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Gathering Function of the Gather Instruction Fufitsu

B What is the gathering function of the Gather instruction?

If two elements issued simultaneously from one FP are adjacent to each other, the Gather
instruction can process them at a high speed. If the addresses of the two adjacent elements

match each other within 128 bytes, the instruction can speed up processing by gathering the
elements and processing them in one flow.

B If two adjacent elements belong to the same 128-byte block, they are gathered and
processed in one flow. In the following address pattern examples, = " " & indicates the
gathered parts, and the two elements are processed in one L1D$ plpef'ne flow.

€ Address pattern example 1 € Address pattern example 2

oo 01 B oo 1
1288 '!l -. 1288{

lllllllllllllllb .llllllllll

1285{ 128'3{

» Gathered and processed in 1 flow =
'IIIIIIIIIIIIIIIIIII'

Pay attention when implementing the starting addresses

of arrays to make full use of the gathering function of the
Gather instruction.
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Facilitating Gathering by the Gather Load

Instruction (Before Improvement)

Q
FUJITSU

The Gather Load and Scatter Store instructions occur due to stride access, and the "No instruction
commit due to L1D cache access for a floating-point load instruction" event occurs many times.

Source Before Improvement [Seconds]
30 real(kind=8),dimension(n,m) :: a
31 real(kind=8),dimension(n,m) :: b,c
32 6.0E+4+00

<<< Loop-information Start>>>"| n = 16

<<< [OPTIMIZATION]

<<< SIMD(VL: 8) |

::: LoiOF;"f‘:"‘:zi;zEfn"ﬂi(:P‘ Although arrays a, b, and c are
33 1 v g sequentially accessed, each
34 1 v a( 1,i) = b( 1,i) + c( 1,i) array (a(1,i) etc.) is accessed  p
35 1 v a( 2,i) = b( 2,i) + c( 2,) with a stride of 1_6 ele_ments No instruction
36 1 v a( 3,i) = b( 3,i) + c( 3,i) (128 bytes) per iteration. :
37 1 v a(4,i) = b(4i) + c( 4,0) : - b commit due to

i /! )/ -> Since access is discrete, the
38 1 v a(5,) = b 5,i) + (5,1 Gather instruction is used LD et
39 1 v a( 6,i) = b( 6,i) + c( 6,i) . access for a
40 1 v a( 7,i) = b( 7,i) + ¢( 7,i) T ZUEFT floating-point
41 1 v a( 8,i) = b( 8,i) + c( 8,i) q q
a2 1 v a( 9.i) = b( 9.4) + c( 9.4) load instruction
43 1 v a(10,i) = b(10,i) + c(T The non-contiguous Gather Load +00
4 1 v a(11,i) = b(11,i) + ¢(1 instruction is used, but 128 or more
45 1 v a(12,i) = b(12,i) + c(1 bytes are between the addresses of 2
46 1 v a(13,i) = b(13,i) + c(1 adjacent elements. Therefore, the
47 1 v a(14,i) = b(14,i) + c(1 gathering function of the Gather +00
48 1 v a(15,i) = b(15,i) + c¢(1 instruction is not working, resulting in a Before
49 1 v a(16,i) = b(16,i) + c(1.high L1 busy rate. i
50 1 v end do
Busy L1 busy rate (%) L2 busy rate (%) | Memory busy rate (%)
Instruction
“Befare 1 76.29% O 2.15% 0.00%
Load-store instruction
Load instruction /S?ore instruction
Non-contiguous gather load Non-contiguous scatter Extra _Gatherinstruction rate (%)
instruction store instruction 0 flow rate (%) 1 flow rate (%) 2 flow rate (%)
Before | < 9.60E+08 > 4.80E+08 Before 0.00% 0.00% 100.00%
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Facilitating Gathering by the Gather Load

Instruction (Source Tuning)

Q
FUJITSU

Arrays were split so that there would be less than 128 bytes between the addresses of two adjacent
elements. The gathering function of the Gather function now works. The result is improvement of the
"No instruction commit due to L1D cache access for a floating-point load instruction" event.

o [Seconds]
Source After Improvement (Source Tuning) |

30 real(kind=8),dimension(n,m) :: al,a2,a3,a4
31 real(kind=8),dimension(n,m) :: b1,b2,b3,b4,c1,c2,c3,c4 - Effect of
32 ~N =4 1.15 times

<<< Loop-informati < YN

<<< [OPTIMIZATION] 5.0E400 |

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELIl A|though arrays a, b, and c are

<<< Loop-information En gaquentially accessed, each array +00
33 1 v doi=1m _ (a1(1,i) and so on) is accessed with
34 1 v al( 1) =bi(Li) 4 3 stride of 4 elements (32 bytes)
36 1 v al( 3,i) = b1(3,i) + -> commit due to
37 1 v ai( 4,i) = b1(4,i) | The gathering function of the Gather L1I)ecaf.;2$ R
38 1 v a2( 1,i) = b2( 1) + j ion i kina b h . access for d

! ! instruction is working because there floating-point
39 1 v a2( 2,i) = b2( 2,i) +| are less than 128 bytes between the load instruction
40 1 v a2( 3,i) = b2( 3,i) +| addresses of pairs of adjacent - n
41 1 v az2( 4,i) = b2( 4,i) +[ elements.
42 1 v a3( 1,i) = b3( 1,i) +'cor=y T T
43 1 v a3( 2,i) = b3( 2,i £ 00
4 1 v a3( 3,i) = b3(3,if The gathering function of the Before After
45 1 v a3(4,0) =b3(4,] Gather instruction is working, and
46 1 v a4( 1,i) =b4( 1,i 1 L1D$ pipeline flow is now Busy
47 1 v a4( 2,i) = ba( 2,i i i .
48 1 v a4( 3,i) = b4( 3,i szl o sl s L1 busy rate (%) L2 busy rate (%) Memory busy rate (%)
49 1 v a4( 4,i) = ba( 4,i) + c4( 4,i) \
50 1 v end do
Before 76.29% 2.15% 0.00%
Instruction \after 66.21% 2.84% 0.00%
Load-store instruction
Load instruction Store instruction Extra
Non-contiguous gather load | Non-contiguous scatter store Gather instruction rate (%)
instruction instruction 0 flow rate (%)~_ 1 flow rate (%) 2 flow rate (%)
Before 9.60E+08 4.80E+08 Before 0.00% ™~  0.00% 100.00%
After 9.60E+08 4.80E+08 After 0.00% _75.00% > 25.00%
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C/C++ Facilitating Gathering by the Gather Load
Instruction (Before Improvement)

The Gather Load and Scatter Store instructions occur due to stride access, and the "No instruction
commit due to L1D cache access for a floating-point load instruction" event occurs many times.

Q
FUJITSU

[Seconds]
Source Before Improvement 5.0E+00
50 void sub(int n, int m,double (* restrict a)[n], 4.5E+00
double (* restrict b)[n],double (* restrict c)[n]) ’ -
51 {
o nt i o n=16 4.0E+00
53 3.5E4+00

<<< Loop-information Start >>>
<<< [OPTIMIZATION]

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 2
<<< Loop-information End >>>

Although arrays a, b, and care [0
sequentially accessed, each
array (a[i][1] etc.) is accessed

No instruction
commit due to
L1D cache

54 v for(i=0; i<m; i++) with a stride of 16 elements 0 gggif:gf?;oa;nt
55 v { _ _ (128 bytes) per iteration. 0 load instruction
i aHE (H - EHE (H ICHE (1’%; _~"| -> since access is discrete, the
\" all = 1 Cl!I H - . o
58 v a[il[ 2] = bi[ 2] + <[il[ 21 Gather instruction is used. 0
59 v a[il[ 3] = b[il[ 3] + c[il[ 31; Y
60 v a[il[ 4] = b[il[ 4] + c[il[ 4]; >-0E-01
61 v alil[ 5] = b[il[ 5] + c[il[ 51; 0 0F4+00
62 v alill 6] = b[il[ 6] + c[il[ 6] The non-contiguous Gather Load i
63 v a[ill 71 = b[il[ 71 + c[il[ 7] instruction is used, but 128 or more Before
64 v a[il[ 8] = b[il[ 8] + c[il[ 8] bytes are between the addresses of 2
65 v a[i][ 9] = b[i]l[ 9] + c[i][ 9]] adjacent elements. Therefore, the
66 v a[i][10] = b[i][10] + c[i][1{ gathering function of the Gather
67 v a[il[11] = b[i][11] + c[i][1] instruction is not working, resulting in a
68 v } high L1 busy rate. )
70 return;
71 ¥ L1 busy rate (%) L2 busy rate (%) Memory busy rate (%)
~sefore —C__77.75% 2.77% 0.00%
Load-store instruction
Load instruction /S?ore instruction
Non-contiguous gather load Non-contiguous scatter Gather instruction rate (%)
instruction store instruction 0 flow rate (%) —~1 flow rate (% )—+—2flow rate (%)
Before | < 7.20E+08 > 3.60E+08 Before 0.00% 0.00% 8.33% O
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'oJ{or M Facilitating Gathering by the Gather Load FUﬁTSU

Instruction (Source Tuning)

Arrays were split so that there would be less than 128 bytes between the addresses of two adjacent
elements. The gathering function of the Gather function now works. The result is improvement of the
"No instruction commit due to L1D cache access for a floating-point load instruction" event.

Source After Improvement (Source Tuning) . OE[ieggndS]

73 void sub(int n, int m,double (* restrict al)[n],double (* restrict a2)[n], '
74 double (* restrict a3)[n], 4.5E+00 ~ Effect Of
75 double (* restrict b1)[n],double m ’ ~ | .
76 double (* restrict b3)[n], h=4 4.0E+00 1.31 times
77 double (* restrict c1)[n],double (* restrict c2)[n], T ' <
;g . double (* restrict c3)[n]) 3.5E4+00 ~
o Sequentially atcessed. each array |/

<<< Loop-information Start >>> . i . ]

<<< [OIfTIMIZATION] (a1[il[1] and so on) is accessed SE+00 commit due to

<<< SIMD(VL: 8) with a stride of 4 elements (32 L1D cache

<<< SOFTWARE PIPELINING(IP| bytes) per iteration. 0E+00 s

<<< Loop-information End >>> -> load instruction
82 v for(i=0; i<m; i++) The gathering function of the Gather [5E+00
83 v { instruction is working because there
84 v al[i][ 0] = bi[i][ 0] + c1[iI[ O] 3re |ess than 128 bytes between the [0E+00
85 v al[i][ 1] = bi[i][ 1] + c1[i][ 1 . .
86 v aili[ 2] = bi[il[ 2] + c1[i][ 2 Zldednzzsnste;s of pairs of adjacent OE-01
87 v ai[i][ 3] = bi[i][ 3] + c1[i][ 3 ' i
88 v a2[i][ 0] = b2[i][ 0] + c2[i][ O]; 0.0E+00
89 v a2[i][ 1] = b2[i][ 1] + c2[il[ 1];
920 v a2[il[ 2] = b2[il[ 2] + c2[il[ 2]; Before After
91 v a2[il[ 3] = b2[i][ 3] + c2[il[ 3];
92 v a3[i][ 0] = b3[i][ 0] + c3[i][ O];
93 v a3[i][ 1] = b3[i][ 1] :
94 v a3lll 2] = b30IL 21| The gathering function of the Busy L1 busy rate (%) L2 busy rate (%) Memory busy rate (%)
95 v a3[i][ 3] = b3[i][ 3] . . . .
% v 3 iiaLth; m_strlqctlc;r is working, and
99 3 processing 2 adjacent elements. Before 77.75% 2.77% 0.00%
Instruction | - After 59.49% 1.07% 0.00%

Load-store instruction
Load instruction Store instruction  \ Extra
Non-contiguous gather load | Non-contiguous scatter sto\g Gather instruction rate (%)
instruction instruction | ————1 0 flow rate (%) 1 flow rate (%) 2 flow rate (%)
Before 7.20E+08 3.60E+08 Before ~ 0.00%——| ___0.00% 8.33%
After 7.20E+08 3.60E+08 After 0.00% <__100.00% > 0.00%
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Avoiding Excessive SFI

What is Excessive SFI?

Excessive SFI Occurrence Case 1

Excessive SFI Occurrence Case 2

Avoiding Excessive SFI (Before Improvement)
Avoiding Excessive SFI (Source Tuning)
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What is Excessive SFI? FUjiTSU

e What is SFI (Store Fetch Interlock)?

e If the preceding store instruction and the following load instruction have
different addresses, this control mechanism sets an interlock to prevent
the load operation from passing the store operation.

e Basically, only addresses for store are locked.

® Excessive SFI
Excessive SFI is a phenomenon where the above control locks excessive
addresses. This occurs in the following cases:
e For masked SIMD, addresses whose mask determination value is 0 (do
not store) are locked.

e If the gathering function of GatherLoad works, all the elements on a
cache line are subject to the SFI check for GatherLoad. In this case, SFI

may be detected from addresses that are not actually for load, and the
control may determine that they be locked.
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Excessive SFI Occurrence Case 1 FUjiTSU

In the right example, SFI does not occur

when X=8, but addresses whose Source Code

mask value is 0 are locked when X=6, realto youn), x10tn) - <= X =8ore
resulting in excessive SFI. Doj=1,n

Doi=1,X <-X=8o0rb6
y(i,3) = y(i,j) + x1(i,j)

End Do
End Do
End Do
m X = 8 (SFI does not occur)
Array y 1/ 2/ 3/ 4, 5/ 6/ 7/ 8/ 1I 2! 3’ ‘ 4-I 5I 6’ 7’ 8’ 3’ e
1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 1

j=1 load mask 1 1 1 1 1 1 1 1 No overlap, and
SFI does not occur

j=1 store mask 1 1 1 1 1 1 1 1
j=2 load mask 1 1 1 1 1 1 1 1
H X — 6 (SFI OccurS) j=2 store mask 1 1 1 1 1 1 1 1
A P L L L L N
)
maYY 11, 12, |3, |4 |5 |6 V1, (2, 3 |4 [5 |6 [3 |3 |3 [3 |3 |-
1 1 1 1 1 1 2 2 :2 2 2 2 1 2 3 4 5
j=1 load mask 1 1 1 1 1 11 0 0 | _
Locked even when mask value is 0,
and SFI occurs in iteration j=2
j=1 store mask 1 1 1 1 1 1 0 0 :
3 ¥
j=2 load mask:| 1 1 1 1 1 1 0 0
j=2storemask{ 1 [ t 4 1 | 1 | 1] 1| o] o0
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Excessive SFI Occurrence Case 1 FUjiTSU

In the right example, SFI occurs when
X=7 or 6. SFI does not occur when
X=5 or less because SIMDization

Source Code
real*8 y(X,n), x1(X,n) <-X=8to1l

. Dok =1, iter
is not performed. Doj=1,n
Doi=1,X <-X=8to1l
SFI occurs in cases of 7 or 6 v(i,j) = y(i,3) + x1(i,j)
End Do
. End Do
Elapsed time | gnd po
12 11.047 10.598
10 .

SFI does not occur in cases of 5

or less because compiler decides
8 not to perform SIMDization

(FULLUNROLL)
6
4 2.771
) 1.738 1.609
0 [ | I —

> Pl © % b ” v N
v 4 4 v v 7 v 4
+ + + + + + + +
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Excessive SFI Occurrence Case 2 FUjiTSU

In the right example, SFI does not occur : 150“1r6ce Code
when X=1, but excessive SFI occurs 'r:;;%gfy“(nj;),‘;g(n, m)
when X=16 because no existing store Dok =1, iter
operation is subject to SFI. v, i) = y(1, 1) + x1(1, i)
End Do
m X = 1 (SFI does not occur) End Do
Array y 1,1 2,1 3,1 4,1 oo 15,1 [ 16,1 | 1,2 2,2 s No existing store operation is
! subject to SFI, and excessive
i=1 to 16 load 1,1 1,2 < 1,3 1,4 1,15 | 1,16 SFI does not occur

i=1 to 16 store 1,1 1,2 1,3 1,4 1,15 | 1,16

Gathering function of
Gather Disabled Disabled e e Disabled Disabled o GatherLD not operating

i=17 or greater, load
No gathering due to access with stride of 128 bytes or gresten o 1,171 1,18

i=17 or greater, store
' 1,171 1,18

m X = 16 (SFI occurs)

Arayy 111 |12 |13 [14 |-+ |- |115]| 1,16 |1,17 | 1,18 . _
— u ¥ us u u !EXIstlr_\g store operation
i=1to16load | 1,1 | 1,2 |13 |14 |-+ |-+ |1,15]| 1,16 ::ngg;f‘f; ts‘;lszlcrcﬂfr'sd

i=1to16store 1,1 [1,2 [1,3 [1,4 [-== |- |1,45]|1,16 )

\ Gathering function of
Gather Enabled Enabled e e Enabled \ Enabled | e GatherLD operating, and
A

B= cache line (all its elements)
i=17 or greater, load | 1,17 | 1,18 oo | is subject to SFI check

Gathering due to access with stride of 8 bytes

i=17 or greater, store 1 1 7 1 18
/ ’
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Avoiding Excessive SFI &
m (Before Improvement) LY

The innermost loop applies to Case 1. Addresses with a mask value of 0 are
locked, and excessive SFI occurs. Point: The case has a small number of loop

iterations and no SWPL.

[Seconds]
Source Before Improvement 3.0E+00
39 real(4) :: a(20,M), b(20,M) > SE400 A
40 integer(4) :: M, ITER ’
41 real(4),parameter :: c=0.5
<<< Loop-information Start >>> 2.0E+00
<<< [OPTIMIZATION]
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 304, N
MVE: 7, POL: S) 1.5E+00 instruction
<<< PREFETCH(HARD) Expected by compiler : commit due
<<< a, b
<<< Loop-information End >>> e LD ER G
_ 1.0E+00 access for a
46 2 p DO J=1,M floating-
<<< Loop-information Start >>> point load
<<< [OPTIMIZATION] instruction
<<< SIMD(VL: 16) 5.0E-01
<<< Loop-information End >>>
47 3 p Vv DO I=1,20
48 3 p vV a(I,J) =a(1,3) +c*b(1,I) 0.0E4+00
49 3 p Vv ENDDO
50 2 p ENDDO Before

Busy | SFI(Store Fetch
Interlock) rate

Before 0.44
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Q
m Avoiding Excessive SFI (Source Tuning) FUJITSU

Excessive SFI was successfully avoided by changing the number of
array elements through padding to a multiple of the SIMD length.

[Seconds]
Source After Improvement 3.0E400
39 real(4) :: a(32,M), b(32,M)
40 integer(4) :: M, ITER
41 real(4),parameter :: c=0.5 2.5E+00 -

<<< Loop-information Start >>>

<<< [OPTIMIZATION]

<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 304,
MVE: 7, POL: S)

2.0E+00

N

<<< PREFETCH(HARD) Expected by compiler : No

<<< a, b 1.5E+00 instruction Effect of

<<< Loop-information End >>> g‘:l':'t’;'tl_m 3.94 times
46 2 p DO J=1,M cache el

<<< Loop-information Start >>> 1.0E4+00 access for z

<<< [OPTIMIZATION] a floating- \

<<< SIMD(VL: 16) point load \

<<< Loop-information End >>> 5 OE.01 (S ETE ] ‘
47 3 p v DO I=1,20 '
48 3 p v a(1,J) = a(1,3) + c * b(1,3)
49 3 p v ENDDO
50 2 p ENDDO 0.0E+00

Before After

Busy | SFI(Store Fetch
Interlock) rate

Before 0.43
After 0.01
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(Before Improvement)

The innermost loop applies to Case 1. Addresses with a mask value of 0 are locked, and
excessive SFI occurs. Point: The case has a small number of loop iterations and no SWPL.

Source Before Improvement

42 void sfil1(float (* restrict a)[20], float (* restrict b)[20], [Seconds]
int m, int iter) 3.0E+00
43 {
44 float ¢=0.5;
47 #pragma omp parallel
48 {
<<< Loop-information Start >>> 2.0E+00

<<< Loop-information End >>>
49 for(k=0; k<iter; k++) No instruction

50 { 1.5E+00 commit due to
. L1D cache

51 #pragma omp for nowait access for a

<<< Loop-information Start >>> floating-point
1.0E+00 load instruction

<<< Loop-information End >>>

52 p for(j=0; j<m; j++)

53 p { 5.0E-01

<<< Loop-information Start >>>

<<< Loop-information End >>>

v for(i=0; i< 20; i++) 0.0E+00
v L - - Before

v a[jlli]1 = a[jl[i] + c * b[j1[i];

Y } } Busy SFI(Store Fetch Interlock) rate

Before 0.44%

54
55
56
57
58
59 ¥

60 ¥

62 return;
63 ¥

TTTTT
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©
o748 £ W Avoiding Excessive SFI (Source Tuning) FUJITSU

Excessive SFI was successfully avoided by changing the number of
array elements through padding to a multiple of the SIMD length.

Source After Improvement
42 void sfil1(float (* restrict a)[32], float (* restrict b)[32], 3.0E+00

[Seconds]

int m, int iter)

43 { \
44 float ¢c=0.5; 2.5E+00 - \
45 inti,jk; \
46 \\
47 #pragma omp parallel
48 { 2.0E4+00 \

<<< Loop-information Start >>> Effect of

No H

<<< Loop-information End >>> 1.5E+00 instruction_ 4.19 times
49 for(k=0; k<iter; k++) to L1D cache Y
o { i \
51 #pragma omp for nowait 1.0E+00 S \

<<< Loop-information Start >>> \\

<<< Loop-information End >>> 5 0E-01
52 p for(j=0; j<m; j++) '
53 p {

<<< Loop-information Start >>>

0.0E+00

<<< Loop-information End >>> Before After
54 p v for(i=0; i< 20; i++)
55 p v
56 p v a[jlli]l = a[jI[i] + c * b[jI[il;
57 P Vv } Busy SFI(Store Fetch Interlock) rate
58 p b
59 > Before 0.44%
60 } After 0.01%
62 return;
63 ¥
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Using the Multiple Structures
Instruction

Conditions for Applying the Multiple Structures Instruction
Using the Multiple Structures Instruction (Before Improvement)
Using the Multiple Structures Instruction (Source Tuning)
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Conditions for Applying the Multiple
Structures Instruction

e Supported by Fortran and C/C++ (Trad mode/Clang mode)

Q
FUJITSU

e Options can set on/off for Fortran and C/C++ (Trad mode).

-K<ai i I
KSImd_use_mUItlple_StrUCtureS | Default is -Ksimd_use_multiple_structures, and can

-Ksi md_nouse_m ulti p | e structures suppress with -Ksimd_nouse_multiple_structures

e For an array of structures (AoS), the instruction applies when the innermost
dimension consists of 2, 3, or 4 elements and all the elements are accessed. If
the innermost dimension contains 5 or more elements, the instruction does not

apply.

e Example of applicable case(Fortran) : e Example of applicable case(C/C++) :
real*8 y(n),{x (4,0) | double y[n],ix[N][4];
Doj =1, iter for (j = 0; j <iter; j++) {
Doi = 1,_9 ______________________________ for(i=0, i< Nt { .
y(i) =- x(1,1) + x(2,i) + x(3,i) + x(4,i)) i y(i) £ e x[1][0] + x[i][1] + x[i][2] + x[i][3]; i i
ENd DO==m=mmmmmmmmmmmmm e e e
End Do b

e If higher performance through sequential load is expected from rewriting an
array of structures (AoS) to a structure of arrays (SoA), we recommend doing
SO.
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m Using the Multiple Structures Instruction
(Before Improvement)

Q
FUJITSU

An array of structures contains six elements and the Gather Load instruction is used (the
Multiple Structures instruction is not applicable). Consequently, the "No instruction commit
due to L1D cache access for a floating-point load instruction" event occurs many times.

Source Before Improvement

<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 2.35, ITR: 96,
MVE: 3, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<<< a, b
<<< Loop-information End >>>
22 2 p 2v doi=1,N
23 2 p 2v b(i)=a(1,i) + a(2,i) + a(3,i) + &
a(4,i) + a(5,i) + a(6,i)

24 2 p 2v enddo

[Seconds]
1.8E+00

1.6E+00 -

1.4E+00 -

1.2E+00 -

The Multiple Structures
instruction is not applicable
because Array a contains 6
elements.

1.0E4+00 No
instruction
8.0E-01 commit due
to L1D
cache
6.08-01 access for a
floating-
4.0E-01 point load
instruction
2.0E-01
0.0E+00
Before
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m Using the Multiple Structures Instruction FUJITSU

(Source Tuning)

Through division to form arrays containing three elements each, applying the Multiple
Structures instruction reduces the "No instruction commit due to L1D cache access for a
floating-point load instruction” event.

[Seconds]
: 1.8E+00
Source After Improvement (Source Tuning)
1.6E+00 - ‘-\
<<< Loop-information Start >>> \\
<<< [OPTIMIZATION] 1.4E+00 1
<<< SIMD(VL: 8) Effect of
<<< SOFTWARE PIPELINING(IPC: 1.33, ITR: 56, 1.2E+00 - 1.73 times
MVE: 2, POL: S) \
<<< PREFETCH(HARD) Expected by compiler : 1.0E4+00 S
<<< ¢ab e
<<< Loop-information End >>> 8.0E-01 i
22 2 p v doi=1,N to L1D cache
23 2 p v b(i) = a(1,i) + a(2,i) + a(3,i) + & ] access for a
c(1,1) +.¢(2,i) + c(3,1) ST
24 2 p v enddo 40501 instruction
2.0E-01
Applying the Multiple Structures instruction | g ogr00 R

Because Array a contained 6 elements, Before After
Array ¢ was added so that each array
contains 3 elements.
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C/C++ Using the Multiple Structures Instruction FUﬁTSU

(Before Improvement)

An array of structures contains six elements and the Gather Load instruction is used (the
Multiple Structures instruction is not applicable). Consequently, the "No instruction commit
due to L1D cache access for a floating-point load instruction" event occurs many times.

Source Before Improvement [Seconds]
33 void MultiStructure(int n, int m, int iter) 2.0E+00
34 {
35 intik; 1.8E+00
36
37 #pragma omp parallel 1.6E+00
38 {
<<< Loop-information Start >>> 1.4E4+00
<<< Loop-information End >>> 1.2E+00
39 for(k=0; k< iter; k++)
40 { 1.0E+00 No instruction
41 #pragma omp for nowait commit due to
<<< Loop-information Start >>> 8.0E-01 access for a
' floating-point
<<< Loop-information End >>> 6 0E-01 oad ion
42 p 2v for(i=0; i< n; i++)
43 p 2 { 4.0E-01
44 p 2v b[i]l=a[il[0] + a[il[1] + a[il[2]
+ a[il[3] + a[i][4] + a[i][5]; ) 0E-01
45 p 2v b '
46 b
47 } 0.0E+00
48 Before
49 return; The Multiple Structures instruction is not
50 3 applicable because Array a contains 6
1 elements.
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C/C++ Using the Multiple Structures Instruction FUﬁTSU

(Source Tuning)

Through division to form arrays containing three elements each, applying the Multiple
Structures instruction reduces the "No instruction commit due to L1D cache access for a
floating-point load instruction” event.

[Seconds]

Source After Improvement (Source Tuning)

2.0E+00

32 void MultiStructure(int n, int m, int iter)
33 { 1.8E+00
34 intik;
35 1.6E+00
36 #pragma omp parallel Effect of
37 { 1.4E+00 i

<<< Loop-information Start >>> 1'6\2 times

. . 1.2E+00 AN

<<< Loop-information End >>> \
38 for(k=0; k<iter; k++) 1 OE+00
39 { ' i’:;tru(_:tion
40 #pragma omp for nowait 8 0E-01 o L1D cache

<<< Loop-information Start >>> ' bl

Point Io?d

<<< Loop-information End >>> 6.0E-01 s
41 p \"% for(i=0; i<N; i++)
42 p v { 4.0E-01
43 p \" b[i] = a[i][0] + a[i]l[1] + a[il[2] 5 OE-01

+ c[il[0] + c[i][1] + c[il[2]; o

44 p \"% ¥
45 } \ 0.0E+00
46 by Before After
:; return: Applying the Multiple Structures instruction
49 r Because Array a contained 6 elements, Array c was

¥ added so that each array contains 3 elements.
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Prefetch Distance

Distance Setting Function for Hardware Prefetch

Result of Hardware Prefetch Distance Adjustment (on L2)
Result of Hardware Prefetch Distance Adjustment (on Memory)
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Prefetch Distance FUjiTSU

B Hardware and software prefetch distances

m Hardware prefetch and software prefetch are performed on data located on lines
ahead as shown below.

Hardware Prefetch Software Prefetch
L1 Prefetch L2 Prefetch L1 Prefetch L2 Prefetch
Up to 6 lines Up to 40 lines Automatic Automatic
Hardware prefetch Software prefetch
allows users to set provides automatic
the distance. distance adjustment.

B Prefetch distances are dependent on application access.
Thrashing may occur when prefetching cache lines far ahead. We
recommend prefetching nearby cache lines.
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Distance Setting Function for Hardware FUjiTSU

Prefetch

B Command for setting the hardware prefetch distance (hwpfctl)

Item Description

hwpfctl [ --disableL1 ] [ --disableL2 ] [ --distL1 lines_I1 ] [ --distL2 lines_I2 ] [ --weakL1 ] [ --weakL2 ] [--verbose] command
{arguments ...}

Syntax hwpfctl --default [--verbose] command {arguments ...}
hwpfctl --reset [--verbose]
hwpfctl --help

The hwpfctl command changes the prefetch behavior (stream detect mode) of hardware mounted on the A64FX.

Explanation Process affinity determines the CPU cores that are subject to the change.

--disableL1

--disableL2
Disables hardware prefetch for the L1/L2 cache. If omitted, hardware prefetch is enabled.

--distL1=lines_I1

--distL2=lines_I2
Specifies the prefetched cache line in the L1/L2 cache, as a number of cache lines counted from the cache line where a cache miss
occurs. You can specify a value from 1 to 15 in lines_I1 to prefetch a line in the L1 cache, and a value from 1 to 60 in lines_I2 to
prefetch a line in the L2 cache. However, the specified lines_|2 value is rounded up to the nearest multiple of 4, and the resulting
value is written in the system register. If 0 is specified, the operation uses the default value of the CPU. If the option is omitted or the
specified value is invalid, 0 is assumed specified.

Option --weakL1

--weakL2
Sets "weak" as the priority of prefetch requests to the L1/L2 cache. If omitted, "strong" is the priority.

--default
Starts the command with the default settings. Options other than --verbose are ignored.

--reset
Initializes the system register values. Options other than --verbose are ignored.

--verbose
Outputs the values before and after a system register change.

--help

Displays usage instructions.

B Example of using the command for setting the hardware prefetch distance (hwpfctl)

hwpfctl --distL1=6 --distL2=40 a.out
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Result of Hardware Prefetch Distance Adjustment

P
(on L2) FUJITSU

The following figure shows the result of hardware prefetch distance
adjustment.
® L1 prefetch distance evaluation using Triad

(in L2 cache access)

Prefetch distances and throughputs
(Triad on L2)

GB/s

720.0 (.
Triad
700.0 I~
698.0 I coc 1 ISomp parallel
680.0 : 690.5 Doj = 1, iter
660.0 672.6 !$Omp do
661.1 Doi=1,n
640.0 y(i)=x1(i) + c0 * x2(i)
638.7
620.0 End Do
000 ' ISomp end do nowait
' 606.6 End Do
580.0 ISomp end parallel
560.0
3line 4line Sline 6line 7line 8line 9line 10line
Best Performance when
value distance not specified

® Setting command
hwpfctl -distL1=3~10 a.out
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Result of Hardware Prefetch Distance Adjustment FUJITSU

(on Memory)

e L2 prefetch distance evaluation using Triad
(in memory access)

GB/s Prefetch distances and throughputs § Triad |
(Triad on memory) I$omp parallel
170.0 . -
Doj =1, iter
160.0 ISomp do

150.0

140.0

130.0

120.0

110.0

detas 159.9 159.8 159.5 159.1 159.2 Doi=1,n
y(i)=x1(i) + c0 * x2(i)
End Do
ISomp end do nowait
End Do
ISomp end parallel
* The values for these throughputs do

not include reading of the cache lines for

100.0

10line 15line 20line 25line 30line 35line 40line written data.
Best Performance when
value distance not specified

® Setting command
hwpfctl -distL2=10~40 a.out
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- SVE Vector Register Size (SIMD Width)
- Effect on Optimization With -Ksimd_reg_size=agnostic Specified (Caution)
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SVE Vector Register Size (SIMD Width) Fujitsu

e SIMD widths supported by the processor

The ARM Scalable Vector Extension (SVE) allows the implementing system to freely
decide the vector length (SIMD width) in units of 128 bits within a range of 128 bits
to 2,048 bits.

The A64FX is implemented with a vector length of 512 bits.

® The A64FX supports the following vector lengths:
e 512 bits
e 256 bits
e 128 bits

e Compiler option

e -Ksimd_reg_size={ 128 | 256 | 512 | agnostic }
The default is -Ksimd_reg_size=512.

e simd_reg_size={ 128 | 256 | 512 }
This option specifies the SVE vector register size in units of bits. The optimization by the compiler at the
compile time assumes that the value specified by this option is the SVE vector register size. However, the

generated executable program operates normally only in a CPU architecture implementing the SVE vector
register of the size specified by the option.

® simd_reg_size=agnostic
This option specifies compilation with no specific size assumed for the SVE vector register to generate an
executable program that decides the SVE vector register size at execution. This executable program can
be executed independently from the size of the SVE vector register implemented in the CPU architecture.

However, execution performance may be worse (degraded) than when the -
Ksimd_reg_size={128|256|512} option is specified.
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Effect on Optimization With -Ksimd_reg_size=agnostic FUﬁTSU

Specified (Important Points)

The optimization performed when -Ksimd_reg_size=agnostic is specified may not be equivalent to that
with -Ksimd_reg_size=512 (default). In that case, execution performance may degrade.

[Seconds]
; ) ; 2.0E+00
Source With -Ksimd_reg_size=512 (default) L SE+00 ,
24 2 p do k=1,L _ 1.6E+00 o —
25 3 p do ii=1,N,blk blk = 8 L ag400 Ee;gsriidnig;’" o
<<< Loop-information Start >>> 1.2E400 - 7
<<< [OPTIMIZATION] oEr00 | s
<<< SOFTWARE PIPELINING(IPC: 0.31, ITR: 192, :
MVE: 2, POL: L) 8.0E-01 1
<<< PREFETCH( _. . 01 1
<<< b, a Since innermost loop corre§popc!s o1 -
<<< Loop-inform: to SI_MD_Iength, software pipelining o1
26 4 p 8 do j=1,M applied in outer loop o
<<< Loop-information Start >>> 512 agnostic
<<< [OPTIMIZATION] _ _ — —
<<< SIMD(VL: 8) Source When -Ksimd_reg_size=agnostic is Specified
<<< FULL UNROLLING 24 2 p do k=1,L
<<< Loop-information End >>>/ 55 3 g do ii=1,N,blk
27 5 p fv do i=ii,ii+blk-1 26 4 p do j=1,M
28 5 p fv a(ij,k)=a(i,j,k)+c*b(ij,k) <<< Loop-information Start >>>
29 5 p fv enddo <<< [OPTIMIZATION]
30 4 p 8 enddo <<< SIMD(VL: AGNOSTIC; VL: 2 in 128-bit)
31 3 p enddo <<< PREFETCH(HARD) Expected by compiler :
32 2 p enddo <<< b, a
<<< Loop-information End >>>
27 5 p 2v do i=ii,ii+blk-1
28 5 p 2v a(i,j,k)=a(i,j,k)+c*b(i,j k)
29 5 p 2v enddo
30 4 p enddo
® Note g; ; g eﬁgggo Software pipelining not applied

o After compilation with -Ksimd_reg_size=agnostic specified, optimization that depends
on the SIMD width (software pipelining in the above example) is not performed.
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Effect on Optimization With -Ksimd_reg_size=agnostic FUﬁTSU

Specified (Important Points)

The optimization performed when -Ksimd_reg_size=agnostic is specified may not be equivalent to that
with -Ksimd_reg_size=512 (default). In that case, execution performance may degrade.

[Seconds]
Source With -Ksimd_reg_size=512 (default) 3.0E+00
46 for(iter=1; iter<=itmax; iter++) { 2.5E+00 I]?eélg(;-?:ldn?lggn of -~
48 #pragma omp for - =
49 p for(k=0;k<L; k++) { 2.0E+00 -
51 p for(ii=0;ii<N;ii+=blk) blk =8 L SE400
<<< Loop-information Start >>> T
<<< [OPTIMIZATION] 1.0E+00
<<< Loop-information End >> Sjnce innermost loop corresponds
53 p for(j=0;j<M;j++) { ~ ' o SIMD length, software pipelining
<<< Loop-information Start >: lied i ter |
<<< [OPTIMIZATION] applied in outer loop 512 agnostic

<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 3.00, ITR: 192,
MVE: 7, POL: S)

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)

Source When -Ksimd_reg_size=agnostic is Specified

<<< Loop-information End >>> 46 for(iter=1; iter<=itmayx; iter++) {

55 p 2v for(i=ii; i<ii+blk-1; i++) { :g o *ffgrr(alg_“aa_k‘:“:[’;‘;:) .

g; B gz }a[k][J][I]—a[k][J][I]+C*b[k][J][l], 51 p for(“=0’;ii<|\’l;“+=blk) g

50 p } 53 p for(j=0;j<M;j++) {

60 p } <<< Loop-information Start >>>

61 p » <<< [OPTIMIZATION] _ _

62 } <<< SIMD(VL: AGNOSTIC; VL: 2 in 128-b|_t)
<<< 'PREFETCH(HARD) Expected by compiler :
<<< (unknown)

| Note <<< Loop-information End >>>
55 p 2v for(i=ii; i<ii+blk-1; i++) {
o After compilation with - gg p %V }a[k][j][i]=a[k][J'][i]+C*b[k][J'][i];
. . . S p \%
K5|r_nd__re_g_5|ze=agnost|c specified, 59 p 3 Software pipelining not applied
optimization that depends on the SIMD 2‘1’ p i
width (software pipelining in the above 62 }

example) is not performed.

257 DO NOT REDISTRIBUTE NOR DISCLOSE TO PUBLIC. Copyright 2023 FUJITSU LIMITED



P
FUJITSU

Using the Half-Precision Real
Type

- Using the Half-Precision Real Type (Before Improvement)
- Using the Half-Precision Real Type (Source Tuning)

258



m Using the Half-Precision Real Type FUﬁTSU
(Before Improvement) -

For double-precision real type data, the SIMD length is 8. However, by

reducing data precision, you can increase the SIMD length to effectively use

the bandwidth and functional unit.

[Seconds]
Source Before Improvement
2.5E+00
2 integer,parameter::N=60000
19 real(8)::x1(N),x2(N),y(N)
20 real(8),parameter::c=0.5 2.0E+00
<<< Loop-information Start >>> No instruction commit
<<< [OPTIMIZATION] e e
<< SIM D(VL. 8) 1.5E+00 point load instruction
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 144,
MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler : N
<<< x2, X1,y NO .
<<< Loop-information End >>> 1.0E+00 Lgir;ﬁlgse
25 2 p 2v y(i) = x1(i) + ¢ * x2(i) access for a
26 2 p 2v enddo floating-
5.0E-01 point load
instruction
SIMD length when SIMD width (vector length)=512 [bits] 4!—
0.0E+00 -

Data Type SIMD Length Before

Double-precision type 8
Single-precision type 12 riors | apenataroee
.. ratio (%)
Half-precision type 32
Before 51.52 6.71%
1-byte type 64
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Using the Half-Precision Real Type

©
(Source Tuning) FUJITSU

You can extend the SIMD length to 32 by using the half-precision real type, which has fewer digits.

The reduction in data volume results in improvement of the "No instruction commit due to access for a
floating-point load instruction" event.

[Seconds]
2.5E+00
Source After Improvement
2 integer,parameter::N=60000
: 2.0E+00 -
19 real(2)::x1(N),x2(N),y(N)
20 real(2),parameter::c=0.5 No Instruction
: e
<<< Loop-information Start >>> 1 5E+00 floating-point load \
<<< [OPTIMIZATION]
<<< SIMD(VL: 32) Effect of
<<< SOFTWARE PIPELINING(IPC: 3.25, ITR: 576 i i i
MVE: 4, POL: S) commitdus o 8.15 times
\
<<< PREFETCH(HARD) Expected by compiler : 1.0E+00 i \
<<<  x2,x1,y Pretruction \
<<< Loop-information End >>> \
24 2 p 2v doi=1,N \
25 2 p 2v y(i) = x1(i) + ¢ * x2(i) 5.0E-01 \
26 2 p 2v enddo \
00e+00 L ] !
Before After
Floating-point
GFLOPS operation peak ratio
(%)
Before 51.52 6.71%
After 421.57 54.89%
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Using the Half-Precision Real Type

P
FUJITSU

el Y (Before Improvement)

For double-precision real type data, the SIMD length is 8. However, by
reducing data precision, you can increase the SIMD length to effectively use

the bandwidth and functional unit. [Seconds]
Source Before Improvement 255401
N = 60000
34 double const c=0.5; itmax = 1000000
35 int i’k; 2.0E+01
36 Array declaration
37 4 for(k=0;k<itmax; k++) double x1[N], x2[N], y[N];
38 {
<<< Loop-information Start >>> 1.5E+01
<<< [OPTIMIZATION]
<<< SIMD(VL: AGNOSTIC;
VL: 2 in 128-bit Interleave: 1)
<<< Loop-information End >>> 1.0E+01
39 v for(i=0;i<N; i++) ' No instruction
40 { o hesses o
41 y[il = x1[i] + ¢ * x2[i]; {.nzat*gt,cgt;g:m{.oad
42 b
5.0E+00
43 } No instruction
commit due to
L2 cache access
L for'afloating-
00 & | Ihetruction
O+
SIMD length when SIMD width (vector length)=512 [bits] Before
Data Type SIMD Length
Double-precision type 8
> v Statistics GrLops [ Flosiinghomnt
Single-precision type 16
. Bef 579  1.20E+11
Half-precision type 32 U
1-byte type 64
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Using the Half-Precision Real Type
Clang Mode [¢L IR =m it l{11¢))

You can extend the SIMD length to 32 by using the half-precision real type, which has fewer digits.

The reduction in data volume results in improvement of the "No instruction commit due to access for a
floating-point load instruction" event.

P
FUJITSU

[Seconds]
2.5E+01
Source After Improvement
N = 60000
34 _Floatl16 c = 0.5f16; itmax = 1000000 2.0E+01
35 intik; \\
36 ;
. Array declaration \
37 4 for(k=0;k<itmax; k++) double x1[N], x2[N], Y[NI; \
38 £ 1.5E+01 | Effect of
<<< Loop-information Start >>> .
<<< [OPTIMIZATION] 3.78 times
<<< SIMD(VL: AGNOSTIC; \
VL: 8 in 128-bit Interleave: 1) 1.0E+01 \
<<< Loop-information End >>> Noinstmﬁm\\
39 \% for(i=0;i<N; i++) commit due to
40 { oo
41 y[i] = Xl[i] +c* X2[i]; 5.0E+00 instruction
42 } No ins]:ruction
43 > cache accass for
G| load instruction
0.0E+00
Before After
® Note
® Half-Precision Real Type is not Statistics arLops | F N
available in Trad Mode of C/C++. — o
After 21.91  1.20E+11

262
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Improving the Thread
Parallelization Ratio

- What is the Thread Parallelization Ratio?

- Increasing the Thread Parallelization Ratio



What is the Thread Parallelization Ratio? FuﬁTSU

The thread parallelization ratio is a proportion of the part that can be executed in parallel during
one parallel execution.

At 1 parallel S Parallel executable part
execution part
Sequential g/fThe part that can be executed in
At 2 pa_lrallel execution | Parallel executable part parallel at 2 parallel executions is half of
executions part that at 1 parallel execution.

Amdahl's law can be used to express the relationship between the thread
parallelization ratio and scalability at the time of n parallel executions.

Case where n = 16 (Ideal 16 parallel executions)

B Amdahl's law 18 7

16

1 =
Scalability = * "= Important to increase

=
(1_ p)+£ 2= parallelization ratio to obtain [ =7

0 1 . -
n 18 |_high scalability ) N/
®m p: Parallelization ratio
® n: Number of parallel executions 4

6 £

0

Aupqejess

0 20 40 60 80 100
Parallelization ratio
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Loops With an Unclear Relationship Between Definition and Citation
Loops Containing Pointer Variables
Loops With Data Dependency
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Loops With an Unclear Relationship Between FujiTsu

Definition and Citation
e 1OCL NORECURRENCE

In the following program, the main processing system cannot determine whether
loops can be sliced on Array a without problems, since the subscript expression of
Array a is another array element y(j). If the programmer knows that loops can be
sliced on Array a without problems, the programmer can parallelize loops by
specifying the NORECURRENCE specifier.

Source Before Improvement Source After Improvement
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 5 _!ocl norecurrence(a)
<<< SOFTWARE PIPELINING(IPC: 0.32, ITR: 6, <<< Loop-information Start >>>
MVE: 2, POL: S) << [PARALLELE[ZAT]EON]
<<< PREFETCH(HARD) Expected by compiler : | <<< Standard iteration count: 762
<<< b, y <<< [OPTIMIZATION]
<<< Loop-information End >>> <<< SIMD(VL: 16)
6 1 s 2s do i=1,160000 <<< SOFTWARE PIPELINING(IPC: 2.33,
7 1 m 2m a(y(i))=a(y(i))+b(i) ITR: 416, MVE: 7, POL: S)_
8 1 p 2v end do <<< PREFETCH(HARD) Expected by compiler :
: <<< vy, b
jwd5228p-i "a.f90", line 7: This DO loop cannot be parallelized <<< Loop-information End >>>
b::acause tlg_e Iorder otf_ data definition and citation is different from that 6 1 pp 2V doi= 1,160000
of sequential execution. N . .
jwdq62285-i "a.f90", line 7: SIMDization of this DO loop is not possible 7 1 P 2v a(y(l))_a(y(l))+b(l)
because the order of data definition and citation may be differentfrom | 8 1 p 2v end do

that of sequential execution.

I Caution!

m If loops cannot be sliced on the array for which the NORECURRENCE specifier is specified,
the main processing system may incorrectly slice loops.

m If the array name is omitted, the specifier is enabled for all arrays within the scope.
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Loops Containing Pointer Variables FUJITSU

e |OCL NOALIAS

Since which storage area part is occupied by a pointer variable is determined at
execution, data dependency is unknown and parallelization is not possible. If the
programmer knows that pointer variables do not point to the same storage area, the
programmer can perform parallelization by specifying the NOALIAS specifier.

Source Before Improvement Source After Improvement
1 real,dimension(100000),target::x | 1 real,dimension(100000),target::x
2 real,dimension(:),pointer::a,b 2 real,dimension(:),pointer::a,b
3 a=>x(1:10000) 3 a=>x(1:10000)
4 b=>x(10001:20000) 4 b=>x(10001:20000)
5 5
6 ) ) 6 locl noalias
<<< Loop-information Start >>> <<< Loop-information Start >>>
<<< [OPTIMIZATION] ) <<< [PARALLELIZATION]
<<< PREFETCH(HARD) Expected by compiler : <<< Standard iteration count: 1143
<<< X <<< [OPTIMIZATION]
<<< Loop-information End >>> <<< SIMD(VL: 16)
7 1 s 4s do i=1,100000 <<< SOFTWARE PIPELINING(IPC: 2.75,
8 1 s 4s b(i) = a(i)+1.0 ITR: 288, MVE: 4, POL: S)
9 1 s 4s end do <<< PREFETCH(HARD) Expected by compiler :
jwd5228p-i "a.f90", line 8: This DO | tb llelized <<< (unknown)
Wi -1 'a. , line o: IS O0p canno e paralielize = =
bécause thg order of data definition and cﬁtation is difIf)erent from that <<< Loop-lnformat|0|:| End >>>
of sequential execution. 7 1 pp 2v do i=1,100000
jwd6228s-i "a.f90", line 8: SIMDization of this DO loop is not possible | 8 1 p 2v b(i) = a(i)+1_0
because the order of data definition and citation may be different from
that of sequential execution. 9 1 P 2v end do
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Loops With Data Dependency FUITSU

e Parallelization using peeling

The following loop is not parallelized because it has dependency with regard to Array a
when i=1 and i=n. Take the beginning or end of the loop out of the loop to facilitate

parallelization.

Source Before Improvement

<<< Loop-information Start >>>
<<< [OPTIMIZATION]

<<< PREFETCH(HARD) Expected by compiler :

<<< b, a

<<< Loop-information End >>>
4 1 s 2s doi=1,n
5 1 s 2m a(i)=a(1)+b(i)+a(n)
6 1 s 2v end do

jwd5202p-i "a.f90", line 5: This DO loop cannot be parallelized
because the order of data definition and citation is different from that
of sequential execution. (Name: a)

jwd5208p-i "a.f90", line 5: The order of definition and citation is
unknown. For this reason, the order of definition and citation may be
different from that of sequential execution, and this DO loop cannot be
parallelized. (Name: a)

ONOGO WU

269

Source Before Improvement

a(1)=a(1)+b(1)+a(n)
<<< Loop-information Start >>>
<<< [PARALLELIZATION]
<<< Standard iteration count: 843
<<< [OPTIMIZATION]
<<< SIMD(VL: 16)
<<< SOFTWARE PIPELINING(IPC: 3.00,
ITR: 384, MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<<< ab
<<< Loop-information End >>>

1 pp 2v doi=2,n-1
1 p 2v a(i)=a(1)+b(i)+a(n)
1 p 2v enddo

a(n)=a(1)+b(n)+a(n)
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Improving False Sharing

- What is False Sharing?
False Sharing (Before Improvement)
False Sharing (Source Tuning)
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What is False Sharing? FUJITSU

False sharing is a phenomenon where cache line invalidation and copy back between

threads are frequent occurrences. B Thread O specifies s(1) update
Example where 4-thread parallelization is (1) Cache hit
assumed (2) s(1) update completed by Thread 0
(3) Cache lines invalidated at Threads 1 to 3 to maintain data coherency
Source Before Improvement (Invalidate)
: - | (1) cache hit |
) s bl A L) s Thread Thread 1 Thread2  Thread 3
2 real*8 a(ni,nj),b(ni,nj) nj=4 (Core (Core 2) (Core 3) (Core 4)
3 real*8 s(nj)—— ni = 2000 L1
4 cache | s(1)tos(4) | |(3)Invalidate | |(3)Invalidate | |(3)Invalidate
5 1 pp doj=1,nj " A A A
6 1 p 5(j)=0.0
7 2 p 8v doi=1,ni |
8 2 p 8v s(i)=s(3)+a(i,j)*b(i,j)
9 2 p 8v end do L2 cache
10 1 p end do
11 N -
12 end
. Data cached in units of B Thread 1 specifies s(2) update
B Initial stq(e cache lines
. e (1) Cache miss
Each thread reats same cache line containing s(1) to s(4) (2) Cache line copied from Thread 0 back to Thread 1
(3) s(2) update completed by Thread 1
Thread10 Thread21 Thread3 2 Threaci1 3 (4) Cache line invalidated at Thread 0 ton| (1) Cache miss |(Invalidate)
L, (core1) (core 2) (core3)  (core4d) Thread 0  Thread Thread 2 Thread 3
cachd s(1) tos(4) s(1) to s(4) s(1) to s(4) s(1) to s(4) L1 (Core 1) (Core (Core 3) (Core 4)
cache|(4)Invalidate s(1) to s(4) Invalidate Invalidate
A
\ K Performance
| AN degrades
o because each
L2 cache (2) Copy = thread repeats
I)aack L2 C ¥ _, this condition
Z—]
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False Sharing (Before Improvement)

False sharing occurs because the number of iterations of the parallelization
dimension j is small (16 iterations) and Array a data shares a cache line between
threads. Consequently, the data access wait time is long.

Source Before Improvement [Seconds]
9.0E-01
22 subroutine sub(flag)
23 integer*8 i,j,n 8. 0E-01
24 parameter(n=60000)
25 parameter(m=16)
26 real*8 a(m,n),b(m,n) 7.0E-01 +
27 integer flag(m,n)
28 common /com/a-h 6.0E-01
29 AALEP Gy e
: parallelization
32 1 p do i=1,m dimensions: 16 >-0E-01
<<< Loop-information Start >>> No instruction
<<< [OPTIMIZATION] 4.0E-01 commit due to
<<< SIMD(VL: 8) L1D cache
<<< SOFTWARE PIPELINING(IPC: 2.28, ITR: 128, 3 0E-01 el
. . .OE- floating-point
MVE: 3, POL: S) load instruction
<<< Loop-information End >>>
33 2 p 2v doj=1,n False sharing occurs 2.0E-01
34 3 p 2v if(flag(ij)€q.1)th i No ins_ttr:ctiotn >
HEER = = commit due to
35 3 p 2v a(_l’-])_b(]'l) 1.0E-01 cache access for a
36 3 p 2v endif floating-point load
37 2 p 2v enddo instruction
383 1 p enddo 0.0E+00
Before
. L1D miss L1D miss . L2 miss L2 miss
. . L1D miss . L2 miss
L1I t L1D t hard ft L2 t hard ft
Cache (/E'}}I:Stil;?ee !_oatd-stt(_)re L1D miss (/Lo?(!lit?r: deoTandLrlaI;e pre?::t(‘:,;a::te prZ?et‘(l:vr?:(:\te L2 miss (/Lcrglzfs:?)ri delg;and [;te preaflgtxa:aete pr:‘f)et‘::v::gte
instruction) | 'Mstruction instruction) | ¢ on)1i(s/s) (%) (/L1D | (%) (/L1D instruction) | ¢ :1)is(s/) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00|3.57E+09| 7.27E+08 0.20 9.39%| 90.85%| -0.23%|1.75E+04 0.00] 21.82%| 100.00% 0.00%
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False sharing can be avoided through loop interchange and outer parallelization. This results
in fewer L1 cache misses and an improved data access wait time.

False Sharing (Source Tuning)

Source After Improvement

[Seconds]
23 integer*8 i,j,n 9 0E-01
24 parameter(n=60000) '
25 parameter(m=16)
26 real*8 a(m,n),b(m,n) 8.0E-01
27 integer flag(m,n) l\
. _ i \
<<< Loop-information Start >>> 7.08-01 \
<<< [OPTIMIZATION] \
<<< SOFTWARE PIPELINING(IPC: 1.32, ITR: 48, 6.0E-01 v
MVE: 2, POL: S) [— \\
<<< PREFETCH(SOFT) : 4 5 0E-01 x
<< SEQUENTIAL : 4 N e e e
<<<L b: 4 Loop interchange OE-01 commit due to| EffeCt Of
<<< Loo -informatiw Sakal L1D cache [ P
p h and outer iy ol 8.15 times
32 1 p 2 do j=1,n - ;
. . parallelization floating-point \
<<< Loop-information Start >> T 3.0E-01 load v
<<< [OPTIMIZATION] instruction \
<<< SIMD(VL: 8) 0E-01 \
<<< FULL UNROLLING False sharing | No instruction ‘\
<<< Loop-information End >>> I‘eventEd commit due to \
33 2 p fv do i=1,m P 0E-01 12 cache access
3 3 p fv if(flag(i,j),eq.1)then [ point load
35 3 p fv a(|,])=b(],|) 0.0E400 instruction
36 3 p fv endif ’ Before After
37 2 p fv enddo
383 1 p 2 enddo L1D misses reduced and performance raised
because false sharing prevented
L1D_mriss L1D miss L1Dvrwos gp 2 miss = =SS
L1I miss rate| | 1 ctore L1D miss rate and rate| hardware software L2 missrate |, oo rate| hardware software
(/Effective instruction L1D miss | (/Load-stor: (%) (/L1D prefetch rate|prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate|prefetch rate
instruction) instr/ud.io‘()e’ miss) (%) _(/Ile (%) _(/Ile instruction) miss) (%). (/)L2 (%). (/)L2
miss miss miss miss
Before 0.00| 3.57E+09] 7.27E+08 0.20 9.39%| 90.85%| -0.23%]|1.75E+04 0.00[ 21.82%| 100.00% 0.00%
After 0.00 1.19E+b§ 5.29E+07 0.04 4.40%| 84.91%| 10.70%]|1.61E+04 0.00 7.89%| 85.83% 6.28%
274
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oyfoL L B False Sharing (Before Improvement)

False sharing occurs because the number of iterations of the parallelization
dimension j is small (16 iterations) and Array a data shares a cache line between
threads. Consequently, the data access wait time is long.

[Seconds]
Source Before Improvement 1.0E+00
42 #pragma omp for M=16
<<< Loop-information Start >>: N=60000 9.0E-01
<<< [OPTIMIZATION] -
::: PEEFE-(rCHk(HARD)) Expect Array declaration 8.0E-01
, 4, (unknown
<<< Loop-information End >>> double a_[N][M]’ 7. 0E-01
43 p for (i=0;i<M;i++) b[N][M]; —
44 p { B No instruction
<<< Loop-informhn Number of 00501 E‘;B‘mitﬁ“e i
<<< [OPTIMIZATION] | parallelization 5 0E-01 e
<<< SOFTWARE PIPELINING(IPC: 2.00, ITR: 128, load instruction
MVE: 3, POL: S) 4.0E-01
<<< PREFETCH(HARD) Expected by compiler :
<<< b, a, (unknown) 3.0E-01 No instruction
<<< Loop-information End >>> Eg“c‘:z'; é':?cf:;s
45 p 2v for(j=0;j<N;j++) 2.0E-01 for a floating-
46 p 2v point load
47 p 2v if(flag[j1[il==1) 1.0E-01 instruction
48 p 2v {
49 p 2v a[j1[i1=blil[j]; 0.0E+00
50 p 2v ¥ -
51 p 2v 3} False sharing occurs Before
52 p }
. L1D mi L1D mi . L2 mi L2 mi
LiI missrate| | 4 4oce L1D miss rate del_nignglfaste hard\r/‘;;?‘tsa softvr\::;f: L2 miss rate de:;uzanmdlsrsate hardn\rs;::e softwgsrse
Cache (/Effective | . truction L1D miss |(/Load-store (%) (/L1D prefetch rate| prefetch rate L2 miss (/Load-store (%) (/L2 prefetch rate | prefetch rate
instruction) | 'MSTYC instruction) | ¢7°) (%) (/L1D | (%) (/L1D instruction) °) (%) (/L2 | (%) (/L2
miss) miss) miss) miss) miss) miss)
Before 0.00 4.04E4+09 7.28E+08 0.1§ 30.45% 69.61% 0.00% 3.94E+404] 0.00 48.46% 58.66%)| 0.00%
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oy4of L False Sharing (Source Tuning)

False sharing can be avoided through loop interchange and outer parallelization. This results
in fewer L1 cache misses and an improved data access wait time.

Source After Improvement

[Seconds]
M=16 1.0E+00
42 #pragma omp for -
<<< Loop-information Start >> N=60000 9.0E-01
<<< [OPTIMIZATION] . \
<<< SOFTWARE PIPELINING( Array declaration ) \
8.0E-01 \
MVE: 3, POL: S)  double a[N][M], \
<<< PREFETCH(HARD) Expect h[N1[M1: ) \
<<< a, (unknown) [NIIMI; 7.0E-01 E— \
<<< Loop-information End >>> No \
43 p fOI"(j:O;j<N;j++) 6.0E-01 instrugttign E Eff t f
44 p { to L1D cache ecto
<<< Loop-information Start >>> 5.0E-01 Eccessiiona i
<<< [OPTIMIZATION] Loop interchange e 9\'43 LI
<<< SIMD(VL: 8) and outer 4.0E-01 instruction \
<<< FULL UNROLLING parallelization \
<<< Loop-information”"End >>> 3.0E-01 No instruction \\
45 p fv for (i=0;i<M;i++) L2cachfe \
dop b {- 1T False sharin 2.0E-01 foating-pin !
47 p fv if(flag[j][i]==1) g load \
48 p fv { prevented 1 0E-01 \
49 p v a[Ilil=bllL; - s
50 p fv >
51 p fv ¥ 0.0E+00
52 p > Before After
L1D misses reduced and performance raised
M —— because false sharing preY‘enlgsed —
L1I mi t L1D mi t hard ft L2 mi t hard ftw
Cache (/Er;}LaS(?ti:flee !.oatd-st()re L1D miss (/Lo|.'1=11clls-:ss':t:;—:l - oTandLrlaI;e pre?gt(‘:';a::te prZ?et‘t’:vlf:ite L2 miss (/Lgljfs:?)rz dell;and Ir_';te pre?;tc‘:fla:aete prztf)etclf:gte
instruction) | Instruction iw ( °r21i(s/s) (%) (/L1D | (%) (/L1D instruction) | (%) s(s/) (%) (/L2 | (%) (/L2
miss) miss) miss) miss)
Before 0.00  4.04E+09  7.28E+08 0.18 30.45% 69.61% 0.00%  3.94E+04 0.00) 48.46% 58.66% 0.00%
After 000 127609 4.81E+07 0.04 6.15% 93.86% 0.00%  1.93E+04 0.00 15.65% 89.19% 0.004
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Loops With Irregular Throughput

- Loops With Irregular Throughput (Before Improvement)
- Loops With Irregular Throughput (OpenMP Tuning)
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Loops With Irregular Throughput
(Before Improvement)

P
FUJITSU

If throughput is irregular, cyclic division with a static scheduling method causes a load imbalance. In the
following example, the "Synchronous waiting time between threads" event occurs many times due to the

load imbalance.
Source Before Improvement

1 subroutine init(a,b,ie,n) 7.0E+00

<<< Loop-information Start >>>

<<< [OPTIMIZATION] 6.0E400 -

<<< FUSED

<<< Loop-information End >>>
8 1 doi=1,n 5.0E+00 - |
9 2 if (mod(i,2).eq.0) then
1‘1’ § en'cﬁg')=1°°°°° Sets value in array ie,
12 1 enddo T which has ending value of  [F+00 - i
. evaluation loop, only at
16 subroutine sub(a,b,s,ie,n| even-numbered iterations | i
17 real a(n),b(n),s |
18 integer ie(n)

19 I$omp parallel do schedule(stati
20 1 p do j=1,n
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 16)
<<< SOFTWARE PIPELINING(IPC: 3.50, [Fvaluation loop L -
ITR;448, MVE: 7, POL: S)
<<< Loop-information End >>>

2.0E+00 I

1.0E+00 - I

0.0E+00

o ~d o ™M <r wn \s] ~ w0 [e)} o ~
21 2 p 2v do i=1,ie(j) 2l BN B Bl RIRIRIRIRIE| S| B
22 2 p 2v a(i) = a(i)™(i)*s E|ENE|E|E|E|E E|E|E| 8|8
23 2 p 2v enddo | (LA LN A A L L A L O S =
24 1 enddo = .
25 P end subroutine sub The innermost loop iterates Before
: 100,000 times only when the
27 program main control variable j is an even It .
28 parameter(n=1000000) | number. Synchronous waiting time
31 call init(a,b,ie,n) | between threads occurs
: due to load imbalance
33 call sub(a,b,2.0,ie,n)
35 end program main
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Loops With Irregular Throughput
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(OpenMP Tuning)

Change to a dynamic scheduling method so that the next processing can be done by a thread that finishes
processing earlier than other threads. The result is improvement in the load imbalance.

Source After Improvement S 0E+00
1 subroutine init(a,b,ie,n) 6.0E+00 -
<<< Loop-information Start >>> 5 OE400 -
<<< [OPTIMIZATION] '
<<< FUSED 4-0E+00 1
<<< Loop-information End >>> 3.0E+00 -
8 1 doi=1,n 2.0E+00
9 2 if (mod(i,2).eq.0) then 1 OE+00 4
10 2 ie(i)=100000
11 2 endif 0.08+00
12 1 enddo Before
. 7.0E+00
16 subroutine sub(a,b,s,ie,n) 6.0E+00
17 real a(n),b(n),s 5.0E400 1
18 integer ie(n)
19 1$omp parallel do schedule(dynamic,1) 4.08+00 ettt rrrt it
20 1 p do j=1,n 3.0E+00 - ottt rt ettt ren
<<< Loop-information Start >>> 2.0E+00 - e T T e T e T e e O e N o O S
<<< [OPTIMIZATION] 1.0E400 - AN [ I
<<< SIMD(VL: 16) A H EHBE\H BH BH B BH B B =
<<< SOFTWARE PIPELINING(IPC: 3.50, ITR: 448, C0E+00 ola|an][mf\v|w|lo|~]|ow]a]ol=x
MVE: 7, POL: HEIRIER IR IR IR IR IR AR AR
<<< Loop-information End >3~ =— E| E| £ EIE|E|E|E é é
21 2 p 2v do i=1,ie(j) : e
22 2 p 2v a(i) = a(i)*b(i)*s dynamic SpE(_:Ier_d so that After
23 2 next processing is executed
p 2v enddo
24 1 p enddo by threa]d that (_:ompletes
25 end subroutine sub processing earlier - .
: , Load imbalance improved
27 program main
28 parameter(n=1000000)
31 call init(a,b,ie,n)
33 call sub(a,b,2.0,ie,n)
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C/C++ Loops With Irregular Throughput FUﬁTSU

(Before Improvement)

If throughput is irregular, cyclic division with a static scheduling method causes a load imbalance. In the
following example, the "Synchronous waiting time between threads" event occurs many times due to the
load imbalance.

Source Before Improvement 3.5E-03

28 void sub(int n, float (* restrict a)[n], float * restrict b,
float s, int * restrict ie){

29 int i, j; 3-0E_O3 1

30

31 #pragma omp parallel for schedule(static, 1)
<<< Loop-information Start >>> 2.5E-03 -
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<<  (unknown) 2.0E-03 -
<<< Loop-information End >>>

32 p for (3 =0;j)<n;j++){
<<< Loop-information Start >>> 1.5E-03 -
<<< [OPTIMIZATION]
<<< SIMD(VL: 16)
<<< SOFTWARE PIPELINING(IPC: 3.50, 1.0E-03 |

ITR: 448, MVE: 7, POL: S) Evaluation loop

<<< PREFETCH(HARD) Expected by compiler:
<<< (unknown) 5.0E-04 |

<<< Loop-information End >>>

33 p 2v for (i = 0; i <ie[j]; i++){
34 p 2v a[jlli] = a[jl[i]*b[i]*s; 0.0E4+00 -
gg po2v ) o ™ N oo oo -
P ¥ B o o - o T
37 b © © @ M © T| O
0 0 0 0 Q8 &
The innermost loop iterates = = i [y -
100,000 times when the
control variable j is an even Before
number. The innermost loop
iterates 1,000,000 times Synchronous waiting time
when the control variable j is between threads occurs
an odd number.

due to load imbalance
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Loops With Irregular Throughput

(OpenMP Tuning)

Change to a dynamic scheduling method so that the next processing can be done by a thread that finishes
processing earlier than other threads. The result is improvement in the load imbalance.

Source After Improvement

28 void sub(int n, float (* restrict a)[n],

29
30
31

32

33
34
35
36
37

TTTT

float * restrict b, float s, int * restrict ie){
inti, j;

#pragma omp parallel for schedule(dynamic, 1)

<<< Loop-information Start >>>

<<< [OPTIMIZATION]

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)

<<< Loop-information End >>>

for (j = 0; j < n; j++){

<<< Loop-information Start >>>

<<< [OPTIMIZATION]

<<< SIMD(VL: 16)

<<< SOFTWARE PIPELINING(IPC: 3(50, ITR: 448,
MVE: 7, POL: S)

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)

<<< Loop-information End >>>

2v  for (i = 0;i <ie[j]; i++){

2v

Q
FUJITSU

4.0E-03

3.0E-03 |

2.0E-03

1.0E-03 -

0.0E+00 -
Before

2v }a[j][i] = a[jI[i1*bli]*s;

¥ dynamic specified so that
next processing is executed
1 by thread that completes
processing earlier

3

Thread 10
Thread 11

281

Load imbalance improved
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Parallelization in the Appropriate
Parallelization Dimension

Parallelization in the Appropriate Parallelization Dimension (Before
Improvement)

Parallelization in the Appropriate Parallelization Dimension (Source Tuning)
Parallelization in the Appropriate Parallelization Dimension (Compiler Option
Tuning)

Parallelization in the Appropriate Parallelization Dimension (OpenMP Source
Tuning)
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m Parallelization in the Appropriate Parallelization FUﬁTSU

Dimension (Before Improvement)

If the number of loop iterations in a parallelization dimension is small and unknown at the
compile time, a load imbalance occurs when there are fewer iterations than parallel threads
(12 in the example). Consequently, the "Synchronous waiting time between threads" event
occurs many times.

32

33

34
35
36
37
38

1

HNWWW

pp

T TTTTO

Poor load balance among threads

Source Before Improvement 2 OE+00

<<< Loop-information Start >>>
<<< [PARALLELIZATION] | = 6.0E+00 1
<<< Standard iteration count: 2 m = 512
<<< Loop-inforW n = 256 5.0E+00 -
do k=1,1

<<< Loop-information Start >>> 4.0E+00
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 3 0E+00
<<< ¢, b a ’
<<< Loop-information End >>>

do j=1,m 2.0E+00
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 1.0E+00 -
<<< SIMD(VL: 8)

<<< SOFTWARE PIPELINING(IPC: 3.25, 0.0E+00
ITR: 144, MVE: 4, POL: S)

<<< PREFETCH(HARD) Expected by compiler :

<<< ¢, b a

<<< Loop-information End >>>

Thread 2
Thread 3
Thread 4
Thread 5
Thread 6
Thread 7
Thread 8
Thread S
Thread 10
Thread 11

2v doi=1,n Before
2v a(i,j,k)=b(ij,k)+c(ij k)
2v enddo
enddo Load imbalance occurs because
enddo number of iterations in

parallelization dimension k is 2
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Parallelization in the Appropriate Parallelization FUﬁTSU

Dimension (Source Tuning) _
Specify the SERIAL and PARALLEL specifiers to perform parallelization in the
appropriate dimension. The result is improvement in the load imbalance.

8.0E+00

Source After Improvement

31 locl serial 6 0E+00 -

32 do k=1,l o

33 locl parallel Loop slicing |_. .,
<<< Loop-information Start >> Suppressed

<<< [PARALLELIZATION]

<<< Standard iteration count: 4 r—=zoE+00

<<< [OPTIMIZATION]

<<< PREFETCH(HARD) Expected by compiler : 0.0E+00 -
<<< ¢, b,a

-

<<< Loop-information End >>> |=2 Before
34 2 pp dojsim—_ - E+00
<<< Loop-information Start >5>>—| m = 512
<<< [OPTIMIZATION] n =256 E+00
<<< SIMD(VL:8) T
<<< SOFTWARE RIPELINING(IPC: 3.25, 4. 0E+00
ITR: 144, MVE: 4, POL: S) ’
<<< PREFETCH(HARD) Expected by compiler :
<<< ¢ b,a 2.0E+00
<<< Loop-information End >>>
35 3 p 2v doi=1,n 0.0E+00
36 3 p 2v a(i,J, k)=b(i,j, k) +&(i,j k) = el I I i B B B Rl e
7 3pv Enddo 18|55 888888 F G
L L L L L L L L L o j jul
39 1 enddo Executed in parallel L R R R =R =
41 when number of loop j
iterations is 512 in After
parallelization
dimension
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Parallelization in the Appropriate Parallelization FUﬁTSU

Dimension (Compiler Option Tuning)

Specify the compiler option -Kdynamic_iteration to automatically select the appropriate parallelization
dimension at execution and improve the load imbalance.

Source After Improvement

8.0E+00
<<< Loop-information Start >>> 6.0E+00 -
<<< [PARALLELIZATION]
<<< Standard iteration count: 2
<<< Loop-information End >>> 4.0E+00

31 1 pp do k=1,

<<< Loop-information Start >>> 2. 0E+00
<<< [PARALLELIZATION]
<<< Standard iteration count: 4

<<< [OPTIMIZATION] 0.0E+00
<<< PREFETCH(HARD) Expected by compiler :
<<< c, b, a

Before

<<< Loop-information End ] | = 2 8.0E+00
32 2 pp do j=1, | m=512
<<< Loop-infgrmation Start -
<<< [PARALLELIYATION] | M = 256 6.0E+00
<<< Standard iteration count: 728
<<< [OPTIMIZATION] 4.0E+00
<<< SIMD(VL:
<<< SOFTWARE\PIPELINING(IPC: 3.25, > OE+00
: 144, MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 0.0E+00 g
<<< ¢ba ’ ol H| | m mlo|~|o|l ol o~
<<< Loop-information\\End >>> T | oT|T| T s|w|lT|w|w| 7| ™
33 3pp 2v do i=1,n AR IR 1R 18 R 1R 2R 1R 1R 12N
34 3 p 2v a(i,j,k)=b(i,] Despite attempt at parallel ElE|E|E FlFIF|F|IF| cl|e
35 3 p 2v enddo execution from outer loop, -iE
36 2 p enddo parallel execution is done in
37 1p enddo inner loop j, which has 512
| iterations, since loop k has
few iterations (2) Load imbalance improved
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Parallelization in the Appropriate Parallelization FUC?TSU
Dimension (OpenMP Source Tuning) J
Specify the OpenMP COLLAPSE clause to transform outer loops into a single loop.
The result is improvement in the load imbalance.

Source After Improvement 8.0E+00
32 I$omp parallel do private(k,j,i) collapse(2) ' 6.0E+00 -
<<< Loop-information Start >>>
<<< [OPTIMIZATION] 4 0E+00
<<< PREFETCH(HARD) Expected by compiler :
<<< ¢b,a 2.0E+00
<<< Loop-information End >>>
33 1 p do k=1,1 1=2
34 2 p do j=1,m ~ | m=512 0.0E+00 -
<<< Loop-information Start >>> Before
<<< [OPTIMIZATION] n=256 | ...
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 3.25, 6.0E+00
R: 144, MVE: 4, POL: S) ’
<<< PREFETCH(HARD)\Expected by compiler :
<<< ¢ b,a 4.0E+00
<<< Loop-information En >>
35 3 p 2v doi=1,n 2.0E+00
38 2 p enddo | COLLAPSE clause transformed SIZISI2I¥|21LeI51221S|=
39 1p enddo loop k, which has few S/ 8/8| 8 38/ 8/ 8 8/%|3
40 '$omp end pi jterations, and its inner loop EIE|E|E|ENE|E|E|E|E|E| £
1 into single loop -E
After
¥ Note
® Be careful not to COLLAPSE the SIMD . .
transformation axis (innermost loop). Load imbalance improved
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If the number of loop iterations in a parallelization dimension is small and unknown at the

compile time, a load imbalance occurs when there are fewer iterations than parallel threads
(12 in the example). Consequently, the "Synchronous waiting time between threads" event
occurs many times.

42
43

44

45
46
47
48
49

TTTTT

Source Before Improvement

#pragma omp parallel for 1=2
for(k=0; k<I; k++){ —

<<< Loop-information Start >>> m_ 512

<<< [OPTIMIZATION] n=256

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)
<<< Loop-information End >>>
for (j = 0; j < m; j++){
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 3.00,
ITR: 144, MVE: 5, POL: S)

<<< PREFETCH(HARD) Expected by compiler :

<<< (unknown)
<<< Loop-information End >>>

2v for(i=0;i<n;i++){

gv }a[k][j][i] = b[K][j10i] + c[kI[10i];
\%

Parallelization in the Appropriate Parallelization FUdl)TSU
Dimension (Before Improvement) )

Poor load balance among threads

7.0E+00
6.0E+00 |
5.0E+00 |
4.0E+00 -
3.0E+00
2.0E+00
1.0E+00
0.0E+00

Thread 0
hread 1
Thread 2
Thread 3
Thread 4
Thread 5
Thread 6
Thread 7
Thread 8
Thread 9
Thread 10
Thread 11

w
@
o
©
o

Load imbalance occurs because
number of iterations in
parallelization dimension k is 2
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C/C++ Parallelization in the Appropriate FUﬁTSU

Parallelization Dimension (Source Tuning)

Specify the parallel for or parallel specifiers to perform parallelization in the
appropriate dimension. The result is improvement in the load imbalance.

Source After Improvement 8.0E+00
42 #pragma omp parallel private(i,j, k) 6.0E+00 -
4 Y (k=0; k<I;K =2

or (k=0; k <I; k++ =
45 #pragma omp for m=512 4.0E+00

<<< Loop-information Start >>> n=256
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown) —
<<< Loop-information End >% Loop slicing 0.0E+00 =

46 p for (j = 0; j <m; j++){ suppressed Before

2.0E+00

<<< Loop-information Start >> +
<<< [OPTIMIZATION] 8.0E+00
<<< SIMD(VL:
<<< SOFTWARE PIPELINING(IPC: 3.00, 6.0E+00
ITR: 144, \MVE: 5, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 4.0E+00
<<< (unknown)
<<< Loop-information End\>>> 2.0E+00
47 p 2v for (i=0;i<n;i++){
48 p 2v a[k1[i1[i]1 = bIk1[j1[i] + s{k1[71[i1; 0.0E+00
49 p 2v T Ol NM T N O N OO
LI 3EERREEEE e
>1 ¥ Executed in parallel g _(GE) 9_5) 9_5) g g g g S_E) _“E) S 3
{1 when number of loop j F FFFFFFEFRFFESCE S
iterations is 512 in =ik
parallelization
dimension After
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C/C++ Parallelization in the Appropriate Parallelization FUﬁTSU

Dimension (Compiler Option Tuning)

Specify the compiler option -Kdynamic_iteration to automatically select the appropriate
parallelization dimension at execution and improve the load imbalance. The optimization is
not available in Clang Mode.

.0E+00
Source After Improvement 8.0E+0

<<< Loop-information Start >>>
<<< [PARALLELIZATION]
<<< Standard iteration count: 3 m=512
<<< Loop-information End >>> n=256 4.0E+00 -
42 pp for (k = 0; k < n3; k++){
<<< Loop-information Start >>>
<<< [PARALLELIZATION] 2.0E+00
<<< Standard iteration count: 37
<<< [OPTIMIZATION] 0.0E+00 -
<<< PREFETCH(HARD) Expected by compiler :
<< (unknown 8.0E+00
<<< Loop-information End >>> )
43 pp for (j = 0; j < n2; j++){

<<< Loop-informatign Start >>>
<<< [PARALLELIZATION]
<<< Standard iteratjon count: 552 4.0E+00
<<< [OPTIMIZATION
<<< SIMD(VL: 8) 2.0E+00
<<< SOFTWARE PIRELINING(IPC: 3.25,

ITR: 144, : 4, POL: S) 0.0E+00
<<< PREFETCH(HARD) Expected by compiler :

<<<  (unknown) Despite attempt at parallel

<<< Loop-information E ayacution from outer loop,
44 pp 2v for (i = 0; i < n1; il harallel execution is done in
45 p 2v a[k1[i1[i] = bIKIM} jnner loop j, which has 512
46 p 2v b iterations, since loop k has

47 p by few iterations (2)
48 p b2

6.0E+00 -

Il
N

Before

6.0E+00

Thread 0 [

Thread 1
Thread 2
Thread 4
Thread 6
Thread 7
Thread 8
Thread 9
Thread 10
Thread 11

Load imbalance improved
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C/C++ Parallelization in the Appropriate Parallelization FUJITSU

Dimension (OpenMP Source Tuning)

Specify the OpenMP collapse clause to transform outer loops into a single loop.
The result is improvement in the load imbalance.

Source After Improvement 8 OE+00
42 #pragma omp parallel for private(i,j, k) collapse(2) | 6.0E+00 -
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler : 4.0E+00 -
<<< (unknown)
<<< Loop-information End >>> =2 2 0E+00 -
43 p for (k = 0; k < I; k++){ m=512 :
44 p for (3 =0;j <m; j++){ n=256
<<< Loop-information Start >>> 0.0E+00 =
<<< [OPTIMIZATION]
<<< SIMD(VL: 8) Before
<<< SOFTWARE PIPELINING(IPC: 3.00, 8.0E+00
ITR: 144, MVE: 5, POL: S)
<<< PREFETCH(HARD) Expected by compiler : 6.0E+00
<<< (unknown)
<<< Loop-information End >>> 4.0E+00
45 p 2v for (i=0;i<n;i++)
46 p 2v a[k][j1i] = bIkI[ i1 c[k1[10i1; 2 acy 00
47 p 2v 3 -
48 p b COLLAPSE clause transformed | ull= S 00000000
49 p > loop k, which has few 00 =T <lolol T ololol —
iterations, and its inner loop Sl ol 5o oo oo ™™
1 into single loop RS @ @ g:; @ @ @g 2
EEEREEEEEE £ 2
¥  Note ==
® Be careful not to COLLAPSE the SIMD After
transformation axis (innermost loop). - -
Load imbalance improved
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Specifying a Large Page Paging
Policy

- Large Page Paging Policy
- Effect of a Large Page Paging Policy (demand)



Large Page Paging Policy FUjiTSU

® XOS_MMM_L_PAGING_POLICY=prepage:demand:prepage

® Memory allocation is as follows when multiple CMGs are running for
thread parallelism:

®In prepaging, data comes from CMGO at the start of the load module.
eIn demand paging, data is put on the running CMG at the first access time.
® Demand paging is recommended for processing across multiple CMGs.

Environment Variable Specifiable Value Description
Name (Default indicated
by _)

This setting selects the paging method (page allocation trigger) for
each memory area.
"demand" means the demand paging method, and "prepage" means
the prepaging method. This environment variable specifies paging

. methods for three memory areas by delimiting them with a colon (:).
XOS_MMM_L_PAGING. POLICY Eggmgzg I ﬁ%}; The 1st specification is for the .bss area for static data. ("prepage” is

[demand | prepage] always used for the .data area for static data. No other paging method

can be specified.)
The 2nd specification is for the stack area and thread stack area.
The 3rd specification is for the dynamic memory securing area.
If any specified value is not a specifiable value,
"prepage:demand:prepage" is assumed specified.
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Effect of a Large Page Paging Policy (demand) FUﬁTSU

Since data comes from CMGO in prepaging, performance cannot reach that of 48-thread streams.

With the method changed to demand paging, data is put on the running CMG, and performance is
significantly higher.

Source
14 Subroutine sub(n,iter,x1,x2,y1)
15 real(8) :: x1(n), x2(n), y1(n),cO
16 integer n,i k
17 c0=2.0
18
19 call fapp_start("sub",0,0)
20 1 do k=1,iter
21 1 I$Somp parallel do

<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)

Memory throughput (GB/s)

<<< SOFTWARE PIPELINING(IPC: 2.45, ITR: 93 GB/s

128, MVE: 2, POL: S) brepage (default) /
<<< PREFETCH(SOFT): 10 demand 804 GB/s
<<< SEQUENTIAL : 10
<<< x2:4,x1:4,y1:2 Compiler option: -Kfast,openmp
PP ZSiLL -Kprefetch_sequential=soft -Kprefetch_line=9
<<< Loop-information End >>> -Kprefetch_line_L2=70 -Kzfill=18

22 2 p v doi=1,n

23 2 p v y1(i) = x1(i) + c0 * x2(i)

24 2 p v end do

25 1 enddo

30 parameter(N=45000000,ITER=100) \

31 real*8 x1(N),x2(N),y1(N) ;

32 call init(N,ITER,x1,x2,y1) Stream (Data size: About 1

33 call sub(N,ITER,x1,x2,y1) GB)
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Changing the Lock Type

- What is the Lock Type (XOS_MMM_L_ARENA_LOCK_TYPE)?
- Effect of Changing the Lock Type

295



What is the Lock Type FUﬁTSU

(XOS_MMM_L_ARENA_LOCK_TYPE)?
B XOS_MMM_L_ARENA_LOCK_TYPE

m This is a setting related to the memory allocation policy.

m "0" gives priority to memory acquisition performance. This is the
recommended value when performing malloc in a parallel region.
(This may improve performance because memory is acquired/released
from an independent memory pool for each thread, reducing the cost of
exclusive control as compared to the default setting.)

m "1" (default) gives priority to memory use efficiency. This is the
recommended value when memory usage is high.
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Effect of Changing the Lock Type FUjiTSU

malloc performance is higher when XOS_MMM_L_ARENA_LOCK_TYPE=0 is specified.
(Reduced execution time from 0.56 seconds to 0.35 seconds, a performance increase of 1.60
times)

Source

subroutine sub(n,m,iter,x1,x2,y2)
integer(8) :: pZ1i(iter)
real(8) :: x1(n), x2(n), y2(n,m),cO
c0=2.0

AUNAWNE

I$Somp parallel do shared(n,m,iter,x1,x2,c0,y2) private(pZ1,i,j k) default(none)
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< x1, x2,y2
<<< Loop-information End >>>
7 1 p do k=1,m
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< PREFETCH(HARD) Expected by compiler :
<<< (unknown)
<<< Loop-information End >>>

8 2 p s do j=1,iter

9 2 p m pZ1(j) = malloc(8 * n)

10 2 p v end do

11 1
<<< Loop-information Start >>>
<<< [OPTIMIZATION]
<<< SIMD(VL: 8)
<<< SOFTWARE PIPELINING(IPC: 3.50, ITR: 144, MVE: 4, POL: S)
<<< PREFETCH(HARD) Expected by compiler :
<<< x1, x2, y2
<<< Loop-information End >>>

12 2 p 2v doi=1,n

13 2 p 2v y2(i,k) = x1(i) + c0 * x2(i)

14 2 p 2v end do

15 1

16 2 p s do j=1,iter

17 2 p s call free( pZ1(j))

18 2 p s end do

19 1 p end do

20 end subroutine sub

21

22 program main

23 parameter(N=1048512,ITER=80)

24 real*8 x1(N),x2(N),y2(N,12)

25 call sub(N,12,ITER,x1,x2,y2)

26 end program main
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Reduced memory usage

- Rewriting OMP SINGLE to OMP MASTER



Rewriting OMP SINGLE to OMP MASTER Fujitsu

® Reducing memory usage by rewriting

m Rewriting omp single to omp master and barrier, fixes the execution
thread and suppresses redundant use of memory space.

Source Before Improvement Source After Improvement
I$Somp parallel I$omp parallel
ISomp single ISomp master

call loop(a,b,alpha,max); call loop(a,b,alpha,max);
ISomp end single ISomp end master
ISomp end parallel ISomp barrier

ISomp end parallel
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Revision History FUjiTSU

® Revision History

Version | Date Details

1.0 Sep. 2020 - First published

1.3 Mar. 2021 - Correcting typographical errors and
expressions by reviewing articles

1.4 Aug. 2021 - Fixing differences by increasing the

number of software versions, and
correcting typographical errors and
expressions by reviewing articles

- Added “What is Unroll-and-Jam?” page

- Added “Rewriting OMP SINGLE to OMP
MASTER” page

2.1 Jul. 2022 - Added tuning in C/C++

- Format changed

- Correcting typographical errors and
expressions by reviewing articles

2.2 Mar. 2023 - Correcting typographical errors and

expressions by reviewing articles
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