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Abstract Performance models provide insightful perspectives to allow us to predict performance and
propose optimization guidance. Although there has been much research, pinpointing bottlenecks of
various memory access patterns and reaching high performance of both regular and irregular programs
on various hardware configurations are still not trivial. In this work, we propose a novel model called
probability-process-ram (PPR) to quantify the amount of compute and data transfer time on general-
purpose multicore processors. The PPR model predicts the number of instruction for single-core and
probability of memory access between each memory hierarchy through a newly designed cache
simulator. By using the automatically extracted best optimization method and expectation, we use
PPR model for analyzing and optimizing sparse matrix-vector multiplication and 1D convolution as
case study for typical irregular and regular computational kernels. Then we obtain best block sizes for
sparse matrices with various sparsity structures, as well as optimal optimization guidance for 1D
convolution with different instruction sets support and data sizes. Comparison with Roofline model and
ECM model, the proposed PPR model greatly improves prediction accuracy by the newly designed

cache simulator and achieves comprehensive feedback ability.

Key words performance model; feedback optimization; sparse matrix-vector multiplication; convolu-
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Fig. 1 PPR model and comparison with Roofline, Cache-aware Roofline and ECM
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Fig. 7 Comparison of PPR model with actual measurement and ECM model
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X R A T ER DL ) R B B SR R R X
P AL 7 35 VR 43 B ) CSR ., A2 HE 45 1 547 17 it 465
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[l — B BT A7 S0 3R L He Z (8] 0] LA AT 3 7 47 £ BCSR
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FEFTIC 1A WD T NAE AL B R S —
Iy BRIV BT W A F LR L T T EORAM Y
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PPR 458 14 fift phe 3k 156 d5c PIE 70 R 1) L. A% 48 07 vk — BER
FHL R 27 > BGE T J7 15 2 BN fee AL 73 AR, L7
I AE— € A5 PF T A AR (E TN RS B 220 AN FRE
P FR AT PPR A5 B4 B0 31 53 48 2 TF 4 I 4
VifE e 51 LU A BCSR B3 1k U5 A7 IT 4 . i 5 332
AT R AT AT LA 2 45 B o> BN (1945 4 I 85 A 4%
P cache miss YKL PO H B A0 BRI VERE L B 8 25
T R AR Py S AR 3 BT oR . RAT N 13 AN
FEH g BCSR KL Jf: 265 H 100 A9 f5 42 20 B 3o 3L A
S B I i 9 e A 23 B X G AR Y A N - o3 4 T
BRAESERIF HAl R 1P 1 124 Y0 i ¥4 BE fin 2 L. [+)
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Table 3 Optimal Block Sizes and Speedup
R3I RENSRAXNMRMEL

bl SUIRIIN S 87 N N T3 6 2 -\ N N | B 9= A )
12monthl 1X1 1X1 100
bone010 3X1 3X3 155
cagel5 1X1 1X1 100
circuittM 2X1 2X1 108
crankseg_2 2X1 2X1 121
Ldoor X7 7X7 166
mipl 2X2 2X2 138
rail4284 1X2 1X2 102
Si41Ged 1H72 2X1 2X1 105
torsol 3X1 3X3 126
coPapersCiteseer 2X1 2X1 107
pwtk 3X1 3X2 145
bar 3X1 3X1 141

AE AR TN 32 ¥ A6 9% 12 4> SpMV B[],
T EHBHATIY 64 A SpMV I 8], 41 1t T B #2138
TR PR AT T R K WA T ®RERLS
B T4

5 EMEE

FeATTfdE A PPR A5 AU #4501 0] 15 77 17— AL
MG FRATT A8 T S B B 48 BT 38 O 28 48 O I
e 1) T AN [m] (14 Ei Al BLASE R0 AN [6) 1 AL 4 45 40 T de A
B AL T 1 25 SR AR KL UL — 4836 BU R 9] (At 5 7R
T3 VR AR R i S A — S BRI 1) i ] SSE,AVX
H AVX2 84 L UEAT 4 B0F 8 AR R ST
RN T 1 5 W AR DK TR) B X6 F 22 ip  ASE AL 4% o)
Ay Load #8210 & . X 5% £ 4 A6 2% i 1] 52 3
Xof 55 KA I ) Y — 2 o (H R T X 5% A 30 U 2 3
TESCHE B 08 SR /0N S i 15 00 B8 B /N AS [R] R ARE T
Z352 M cache miss BUHEE. BT LA, F A1 1] PPR #5%Y
JE i AT IR 2 Ui A7 98 4 | cache N A7 A% iy I 1]
oy MR T 9 P BE L O LA S 1t 3 0 1 fiE
XF L B 5 4 AR 22 A 48 4 4R SR AN [) Bl R/
AR T .

5.1 JRIAAEE Y14 g8 T A0 5 4 4

M 1T DA . Z a1 R 16 4
kernel 4 H1 16 /> A K £ 04T 16 AL A 16
AL FRAE . FRATAT LUA Bl B W o 0 i
B2 WERBESEM E—WA 15 M. 16 W&
U B 16 A 50K B2 07 U s i 4 2
cache line.

&% 1. Naive 118

fA WA B IN K B length . % TR
KERNEL ¥ kernel length s

B iy s OUT .

@D for (i=03i<(length —kernel _length) ;

i=i+1) do
©) tmp<10;
®  for (k=0,k<<kernel_length; i=i-+1)
do

@ tmp<tmp+IN[i+k]X
KERNEL/[ kernel length —k—1];
®  end for
©® OUTLil<tmp;
@ end for
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FE 16 Y& FUERAE 0y b B b, 20 ) s IO Al TN
t 16 AN ICEEFEUE OUT B, Hoh & 16X 16
AFIMAE S HE P24 16 X 16 4~ Load 1 16 4~
Store 4.3 & ffi Hl Z A~ 2F £ 45 M 48 & EHE, aT LU
52 4 TH B 46 A 22 18] 9 B0 A0 X T 2 w4848, 1 A
JEBA AT LABRAT 2 A>T in 48 4 B Ik it 5548 & 185 ok
16 X16/2=128 A~ J& 1, 9 H 1 A v LLgAT 2 4
Load #§4 f1 1 4~ Store #§ 4, B B Ui 0] 48 & FF 85 4
16X 16/2=128 4~ J& 1. Ui 77 B Bt o 1 T3 538 19 £ i
15 2 0] Hb ik 2 ) 7 () 5 1 A R T L g T AL
#7855, I 2 4 cache line 5 M AL L2 cache 3|
L1 cache B4 2 N JEHY,L3 cache 3] 1.2 cache #9 4 4>

JEW . FAEF] L3 cache B9 10 AN JE W L B J5 T A1 7T LA
I W7 S TR B0HE /N B9 GFLOPS M fE. 24 %04 #1078
L1 cache i}, CPU F Ml 9% 8 %€ 7 2.7 GHz, if i X
(DA MRE R (16 X 16 X 2)/(max(128,128)/
2.7 =10.8 GFLOPS. 4845 7E L2 cache B , i i X
(DA RN (16 X 16 X 2)/(max (128,128 +
2)/2.7)=10.63 GFLOPS. 4 %45 7£ L3 cache B,
i) A PERE A (16 X 16 X 2)/(max (128,
12844)/2.7) =10.47 GFLOPS. 4 % i £ T 771}, 1
i 2O A PERE N (16 X 16 X 2)/(max (128,
128-+10)/2.7) =10.02 GFLOPS. H.{& #§ 4 % & ik
el 4 B .

Table 4 Measured and Predicted Performance Using Algorithm 1
x4 HiE1NERBNEEEE

S L1 #hit L2 7 di L3 SREEES S
Tk i 3fe 12 A 19 128 128 128 128
Load #§4 &-Store $§4 & 1& i JT 55/ J& 9 128 128+2=130 128+4=132 128+10=138
T P B8/ GFLOPS 10.80 10.63 10.47 10.02
W5 19 B8/ GEFLOPS 10.52 10.38 10.17 9.81

M 4 Al LA Y JC 8 8O A AR AT — 2 B A
R B B 3 B U AT TR 2 U AR R
T T8 AT A4 2 PR TR A4 07 125, 57 20 i
DAL BT BEAT SR P RE.

5.2 MUAEMEESHR

SIMD(single instruction multiple data)$g #.45
L BRI A N FRE 11 AL HL 28 R 51 5] A 1A-32 42
I ALY T 128 b SSE 84 fl 256 b AVX,
AVX2 484 (¥ SCRF A SIMD 7T U ) 4 4k 1 55 Al
U7 [R) 224 i S8 o DT DR R I AR 4 4 S AT I 1] ik
Hb X F Ak Load Ml Store 484> 75 224 ff 45 15 7]
f B M k4% R 16 B X 5%, Ui 1) R X 5% £ B A 9% Y
IR IR] 2 5 R 1 2 A 42 TR FRATTRE A AVX2
64 T2 BUBHE AR XS 57 FRS 57 2 S RRUAS , e 4 1T G
e

Bk 2 BT AVX2 SR BAER SR R, — K
TR AVX2 4584 [ I #RA7E 8 A 5 B2 72 mi %L
B2 By T 880HE 7 A % 25 1Y S ) v, 7 ) B0 1Y )
B 4 B ANREDRIIE 16 B A9 U7 47X 57 » A b 0 20T 25
_mm256_loadu _ps % 7 AE X 55 ) i 15 7] 45 2
B HUE X 55

Bk 2. AVX RIFAX S5

A A BIE IN L K JE length . % B HE
KERNEL #K FE kernel length ;

faw st BE OUT .
@D _m256kernel_reversel kernel length ];
@ for (i=0;i<kernel length;i=1i+1) do
@  kernel_reversel i | < _mm?256_broadcast_ss
(KERNEL[ kernel length—i—1]);
@ end for
® for (i =0;i<(length —kernel _length[16);
i=i+1) do
accO,accl<—_mm?256_setzero _ps(O);
for (k=03k<kernel length[16;k =
k+1) do
data _of fset<iX16+k X16;
for ([=0;/<4;/=[+1) do
for (m=0;m<4;m=m-+1) do
data _block<—_mm?256_loadu _ps
(IN[O]+data_offset+1+
m X4);

0 @

© e e e

®

accO<—_mm256_fmadd _ps
(kernel _reverse[ k X161+
m X4 ],data_block sacc0);

® data _block<—_mm?256 loadu ps

(IN[O0]+data of fset+1-+

m X4-+8);
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() accl<—_mm?256_fmadd _ps
(kernel _reverse[ k X164+
m X4 .data_block saccl);
end for
end for
end for
_mm _storeu_ps(OUT[0]+iX16,

® 6 @ 6

accO,accl);
@ end for
HH UL T DGR T4 A AVX2 484 1 R
ATLARAAT 2 AT imds & AT m s 2 #4E 8 A5k
JETE SR TR T B4R A T B O (16 X 16)/ (8 X 2) =

16 A~ JE A, e Ah T AR XS FF Ui A48 4, 1 8
AT PAPAT — A~ FEXF 551 Load $§ 4 F12F 4> Store
84 IR U5 I 48 4 JF8S R (16X 16)/8 =32 /> J&l 1.
BARTE WA Z R B B9 A% B Ak 1 8B > B s T
1€ L1 cache B PEREI A (16 X 16 X 2)/ (max(16,32)/
2.7)=43.2 GFLOPS. 58 #li 7E L2 cache B}, i f
A O T PERE N (16 X16 X 2)/(max(16,32+
2)[2.7)=40.66 GFLOPS. * #(#}& 7F L3 cache i, il
SR O T PR BE R (16 X 16 X 2)/ (max(16,32+
4)[2.7)=138.40 GFLOPS. X4 $¥& 78 F A7 i} . 18 1 5
(O A PERE R (16 X 16 X 2)/(max (16, 32+
10)/2.7)=32.91 GFLOPS.EfiE 2 5 fr 7

Table 5 Measured and Predicted Performance Using Algorithm 2
x5 HE2MNERBNE EEE

BAE L1 &4 L2 &4 L3 74t WAFA B
Tk Fn3fe 12 & 91 16 16 16 16
Load $§4 &-Store 84 & &4 744/ 811 32 32+2=34 32+4=36 32+10=42
U M B/ GFLOPS 43.20 40.66 38.40 32.91
3 B Pk B8/ GFLOPS 42.63 40.27 38.18 30.53

MRS M R, Bk 2 Uifrde 2 o Tk RE
B, I FATUALAEXT FF Ui fe 46 % 5k 3 9 78
BAEE S A B 4 A%, (15 5 — U5 A7 b 41k 5 4% R
16 B M hk X% 55, ASad i R 1 &S A B 14 i

ik 3. AVX RIFXFFITHE.

Wi RN BHE IN. K length . 7% 845
KERNEL ¥ AK B kernel _length ;

B < B OUT .

@ _m256kernel _reverse[ kernel _length ];

@ for (i =03i<kernel length;i=i-+1) do

@  kernel_reversel i |<—_ mm?256_broadcast_ss

(KERNEL [ kernel length—i—11]);

@ end for

® floatin_aligned[4 ][ length ];

© for (i=0;i<<4;i=i+1) do

@  memcpyGn_aligned[i],(IN[0]+7),

(length —1i) Xsizeo f(float));

® end for

@ for (i =0;i<(length —kernel _length[16) ;

i=i+1) do

© acc < _mm256_setzero_ps(;

@ for (k=03k<kernel length[16;k=
k+1) do
@ data of fset<—i X164k X 16;
® for (1=0,m=0;1<4&&m<4;l=
[+1,m=m+1) do

@) data_block<_mm256_load _ps
(in_aligned [l ]+data_of fset +
[+mX4);

® acc<_mm256_ fmadd _ps Ckernel _

reverse[ kB X 16 +1+m X 4], data _
block , acc) ;
@® end for
@  end for
®  mm_storeu_ps(OUT[0]+iX16,acc);
© end for
SRR 3 WU T U AR A TJT RS 1A A B AT PR
T 2 X35 Load 84 F1 1 4> Store 84, W1t 15
] 4 4 FF 88l (16 X 16) /(8 X 2) =16 A~ JE 1. T 4
UE B R U7 A2 50 4% IR 16 B X 57, AT R 50 o i
B 4 A% 2 16 YOt BRI s 17 8 A
cache line 7E AN [A] B8 HUAR 0 PERE AN K 6 I 7w
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Table 6 Measured and Predicted Performance Using Algorithm 3
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Jin ik Ao i R 3 16 16 16 16
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i # 1 BE/ GFLOPS 86.40 57.60 43.20 24.69
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