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A Performance Tuning Strategy Based
on the Roofline Model for Vector Processors
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Over the last decade, the ratio of memory bandwidth to computational per-
formance (Bytes/Flop, B/F) of vector processors has decreased. To cover the
insufficient B/F, modern vector processors are equipped with an on-chip vector
cache. The purpose of this work is to establish a performance tuning strat-
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1.

techniques are applied to an application, there is an explicit trade-off between
individual tuning techniques. Therefore, a tuning strategy which finds a good
trade-off between individual tuning techniques is required. In this paper, a
tuning strategy based on the roofline model for modern vector processors is
proposed. We focus on two important loop transformations. One is loop un-
rolling and the other is cache blocking. To decide which of loop unrolling and
cache blocking is performed first, the roofline model is employed to analyze the
performance bottleneck of a target application. Then, the optimization effec-
tive to remove the bottleneck is applied to the application preferentially. To
determine the number of loop unrolls and the cache blocking size, we employ
the greedy search algorithm. The superiority of the strategy is evaluated with
several applications. The evaluation results show that the strategy can improve
the performance and also drastically reduce the energy consumption.
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Fig.2 The roofline model for the vector processor.
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Fig.3 The case of the DRAM bandwidth bottleneck.

0,
100% Wi f\;/ector chaining
50%1 & witho| |vector chaining
) V. len.>=256
W .a$°\ L] vien =128
S Qbs‘ V.len. =64
o
& 25% & V.len. = 32
# &
Q/,s&o V. Len. =16
2%t
6% : : : : :

/16  1/8  1/4  1/2 1 2
BHEEE (Flops/Byte)

04 ODO0OOO0OO0OOOOOODOODODODOOO
Fig.4 The case of the computation bottleneck.
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Table 1 Summary of setting parameters.

Base System Architecture NEC SX-8
Main Memory DDR-SDRAM
Vector Cache SRAM

Vector Cache Size 1MB

Number of Sub-caches 32
Associativity 2-Way

Cache Policy

Cache Bank Cycle

Cache Latency

Line Size

Total MSHR Entries (Per Sub-caches)
Memory-Cache bandwidth per flop/s
Cache-Register bandwidth per flop/s

LRUO Write-through
5% of memory cycle
15% of memory latency
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Fig.6 The roofline model of all benchmarks.
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Fig.8 The roofline model of Matrix Multiply.

ooooooboooooooooooobooboooOoOoOooOobOoobOOoOoOoOoOobOOoooo
gooooboooooooooboooooooboobooooobooo0oooooooOoooooDoonoo
O0O0O0O00000000000O000D0D0DDO independent strategyD 00000000
ooooooon

goooooooooooooooooooooobOooOoooboooooooooDooo
goooooooooooooobooooooooooooooooboobooooooDoDbboboo
ooooooon

5.4.1 OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

0000000000 0O000000000D000 Matrix Multiply O Earthquake O
ocooooooooobob voooooooobooboOooooooobooOboboOooooo
goooboboooooooooooooobooooooobooboooooooboOoooooon
goboooooooo

0O 80 Matrix Multiply 0000000000000 O0O0O0OOOOOOOOOOOO
goooooboooooooooobooooooboboOoooooOooOoOooooOboOooOoDoo
08000000D0O00000DO 338%00 972%00000000000000O0
ooooboooooooobooooooooooboOOoOoOoOoOoOoOOoObOOOOOObOoObO
gooooooobooobooobooooooboooobooooOoOoOoOoUOobboOooboOoDoDoOo
gooobobooooooooboooooooboobooobooOoOoOo0ooooobooboboooooboboo
goooooooooooooobooooboOoboOoooobOboOobOoOoOobooooooDooboo
gooobooooooooobooooooooooooboooooooooboOoooooDoobo
goooo

(© 2011 Information Processing Society of Japan



84 O0OO0OO0OOO0OO0O0OCOOOOOCOOOOOOOOOOOOOOOOOOCOO

100.0%
80.0%

% 60.0% I
4 %6 =wunroll=2

E a0.0% ;
® a1 39.4% -
33.8%  33.8%  34.6% 3%\ - unroll =4

20.0% ’ 44% e unroll = 8

0.0%

1024 512 256 128 64
JovFLIe4X

09 0000000000O0ODOO0O000O0O0O0OO0OOOOMatix MultiplyO
Fig.9 Relationship between unrolling and blocking (Matrix Multiply).

gbobooobooooboooboooobooOooOoOooboOobObboOoOoOOoOobOOoOoOOOOOboo
OU00O00o0oUuooOooooooUooooOo 9T Y%uUoUuoooooooooooo

gobooooobooooooobooboooobooooOoooooOooboboOooonooo

gboooboooooooobooooOooooooboOooooboooooOoOoOooOoOooobo 9O
gobobooooooooobooooboooooobobooobooooooobocooooonoo
goooooooooooi12sgoooooooooooooooooooooobooo
gol12sgiooooooooooooooboooooboooooooooooooDooo
gooooooooooooooboooboooooobooooooooobooooooDooo
gooooooooooooooooboooooboooooboooooobooooDooDoo
gooooooooooooooooooboobooooooobobooooooooooDoboo
gooooooooooooooobooooooobobooooboobooooooDboo
goooooboooooooooobobooboooooobobooooboboooooDbooboo
goooboooooobooooobooooooooooboooooboboooobboooboDbDbo
goboodoooooooooboooooboboooooooooon

5.4.2 00000000000 OOOCOOOOOOOOOOOLOOO0O0000000004

0000000000 00000000 StencilJ Land Mine0OOOOOOOOOO
ocoorooOoOoooooooooooooooooo

Stencil 0 0 O 7-pt Stencill D 000 27-pt Stencil 0000 0000000000000
goooooooobooooobooooooboooboOooooOoboboOooobOboOoOooobooOboo
gooooboooooooooovptO0O00O 2r-ptO00O0O0OO0OCOOOOOODOCO
O07-pt000000000O000 1200000000000 234%00 28.6%000
OU00U0O0UoUOo2-pt000000000000O0OO0ODOU0OO0O 23.4%00 45.7%0
gbobooooooooobooobooooooooorptobOOobOOoObOOOOOODO
goboooobobobooooooooooobooboooobOoOoooooooooooo27-ptd

000000000 0OobDOoooOoooooog Vol.4 No.3  77-87 (May 2011)

22%
 non-opt (with vector cache)
a Independent strategy

w Proposed strategy

. i

Q Proposed strategy

=— 1% step : Blocking size = 63
27 step: Unroll = 1

Independent strategy
~Unroll =2
*Blocking size = 63

0.22
BEBE (Flops/Byte)

010 0000000000000000000Land Mined
Fig.10 The roofline model of Land Mine.

goooooooooooooocoooooboooobooboOOoO00oooooOooboOoooobooonoo
oobooooooooo

ooodvpto0o0O 27-pt000000O0O0O0O0OOOOCOOCOOOOOOODOO
gbooooboooooooooooooooooooooooooooboooboOoooboOoDo
gooooooooooooooobooooooooooobooooooobooooooDooo
goooobooboooooooobooboooooooooobooboooooDoobooooDboo
goboboooooooooooboo100oooboooboobooooboboOobooboDOo
000,000000000000000D000O0O0OOOT-pt StencilOO 2(n—1)00
00000000027-pt Stencil 00 18(n—1) 000000000000 DO0OOODOO
goooobooooooooooooooboobooooooboobooooDbobooooooDoboo
gooboooooobooooooooooooboooooobooooobooooooan
0000000000000000 Stencil 000000 30000000000000
0000000000000 00000000000 Stencll 000000000000
goboobooooobooboooooooboooobooooooboOooooooboooOoooooo
oboooooboooboooooboooboooobObo0obooOoOooboOo0oobOOOobboOooDoOo
obooooboooboooobobooooooooboooon

O0OOLand Mine 0000000000000 O0OOOOCOOOOO0O0O0O0 1000
gobooocoooooobooooooooooooooobbooOooooboobOoooobooboo
000000000 00O00L000O0U00LO0ODOU0OnO 16.8%00 18.6%0 000000
gooobooooooboooboooooobooooobooOo 20000000000 630
gobobooooooooooboooooooooOooobooooooobobooooooDooo

(© 2011 Information Processing Society of Japan



g6 UUO0OO00O0OO0O0OOO0OO0OOO0OOOOOOCOOOO0OO0OOODOObObOO

20.0%

17.8% o, 18.6%

i,

18.0% 7
5 1

—=—non-unroll

R 16.0% o
[lad <. ~ 15,19 ~= unroll = 2
a7, ~ unroll = 4
B eunroll = 8

¥ 14.0%

12.0%

1024 512 256 128 64
IovFL o4 X

011 000000000000 000000000O00O Land Mine
Fig.11 Relationship between unrolling and blocking (Land Mine).

gbobooboobooooobooooboooobOoOooobOOobObUobOOobobooDo
gooooboocooooobooooobooooobobobo0oooobooboOoooooboonoo
goooooooboooooobooooobooooobobooooboooboOoboooooboo
gobootooobooooooooboboooboobooOoooobooooooOooooo

0110 Land MineOOOOODOOO0OO0O0OOOCOOO0OODOODOOOODOODOOOOO

gobooboooooooooooobooooooobooobooOoboooooobooooooobonoo
gooooooooooooobooooobooo0ooooboobooooooooooobo
gooooooobooogoooboooooooooobooooooooboooooonooo
goboooooooooooboooooobooooooboooobobooooobboooooDooo
gooooooooooooooooobooboooooobooboooooboooDooboOo0ooo
ocooooooooooboooobOobOOOO0oOoOoOoOoOoOobOOOOOOObOOoOoboooo
ooooooooooooooooobooooboon

5.5 0000000000

gbooooobooooooooooobooooooooooboooooooooooao
goboooooobobooooooooboooooooooooboooooooboooooo

goboboooooooooobooooooboooooOobooooooOoboOooooooa
goooobooooooooooooooooooooobooooooooOoOoooDbonoo
ooooooooooOoOoboOoooooOooooooooooooo o/ 000000
0000000000000000000000000000 CACTI5122 000000
oono
gobooocoboooooooboooooboooobobo1120000000000DOO
OooOO0O0OD0O0O0000000000000000Matrix Multiply 0 Earthquake 00O
gooobooooooooooooooorooooooooooooobooboooDbonoo
gooooboobooooooooooobooooooobooOoboooooooboOooboooDoooOooo

000000000 0OobDOoooOoooooog Vol.4 No.3  77-87 (May 2011)

non-opt (without vector cache)  mnon-opt (with vector cache)
m independent strategy mproposed strategy
22

S
g
8 &

1.43

. 117 1.19
10 1.00 1.0

o
8

096 108 Poo

Energy Consumption
g I
8
[
5
8
o
5
8

o
@
8
[

Matrix Multiply 7-pt Stencil 27-pt Stencil Earthquake Land Mine Turbulent Flow
012 OgO0OOOOOoOOoo
Fig. 12 Effects of the proposed strategy on the energy consumption.
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