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Loop Kernels

double a[5000], b[5000];
double s;

double a[5000] [5000] ;
double b[5000] [5000] ;
double s;

for(i=0; i<5000; ++1i)

alil = s x b[il; for(j=1; j<5000-1; ++j)
for(i=1; i<5000-1; ++1i)
bljl1[il = ( aljl1[i-1]1 + alj] [i+1]
+alj-11[i] + a[j+1]1[di] )
* S;

= Many inner-loop iterations
= No branching
= Access fully determined by loop counters (i.e., no irregularities)
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Loop Kernels

double a[5000], b[5000];

double a[5000] [5000] ;
double s;

double b[5000] [5000] ;
double s;

for(i=0; i<5000; ++1i)

alil = s % b[il]; for(j=1; j<5000-1; ++j)

for(i=1; i<5000-1; ++1)
b[jI1[i] = ( aljl[i-1]1 + alj] [i+1]
+alj-11[i] + al[j+1]1[i] )
* S;

|| >
S [ [ ] N
S [ ]

=

Streaming Kernel Stencil Code
= Simple structure = Complex Structure
* No data-reuse * Heavy data-reuse
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Loop Kernels

How to predict performance on complex architectures?

Two major contributions/bottlenecks:

L1 /
instruction
<> Reorder buffer / Register renaming G Ocv latenc
X 2x16B/cy LOAD 5 Y Y
e : : 88/cy STORE
late!
T Incore execution / g o
NN _ : ° memory and , = T
L2 ) cy latency
-+ arithmetic operations . f
ALU ALU | | LOAD | | LOAD STORE ALU CaChe trans ers — ~30cy latency
Exsoution MULT ADD 4 AGU AGU | [Mov/mask ~36GB/s i
DIV A A A A JMP
A A Main Memory ~150cy latency
A\ 4 A 4 A 4 A 4
t 16B/cy sustained bandwidth
=P Data flow
P / R Control flow
L1 Dcache < > Memory control
/ — Pot. bottleneck
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Potential Benefits

» Guided optimizations
> Which optimization strategy to pursue?
> What gain is to be expected?

= Guiding decisions for or against a specific architecture
> What can be expected on new hardware?
> Enabling hardware/software co-design

= Energy optimized computing
> Which configuration yields the best energy to solution?

» Deeper understanding of code and hardware interactions
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Roofline

= All memory levels are
separate bottlenecks

Predicted performance

Pyewm P = mln(Pcomp’ I ° bS)

Data< - P.omp. Peak performance
i [FLOP/s]
N Pioap | Operational Intensity
[FLOP/B]
b, Peak bandwidth
[B/s]

Pcomp.

FLOP/s

Roofline _
= Bandwidths are measured

by suitable benchmarks
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Roofline: Performance vs Time

= CPU frequency?

Predicted performance — CyCIeS'
( PyeMm . .
= Basic memory units?
Data< _. Cache Lines! (64 Byte)
Prp

L PrLoap

Peomp

FLOP/s

Roofline
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Roofline: Performance vs Time

= CPU frequency?

Predicted runtime — Cycles!
( T
= Basic memory units?
| < — Cache Lines! (1 CL=64 B)
e — 1 unit of work =1 CL
[ e
Teoms — Cycle / Cache Line (cy/CL)
cy/CL = Lower is better
Roofline
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Execution-Cache-Memory (ECM) Model

= Memory and cache levels
contribute to runtime

To.  computation & stores

T,oL loads from L1

T, 4o, loads from L2 into L1

T,53 loads from L3 into L2

T, 3.veml0ads from main SORE &
memory into L3 Cormp.

Data

{ TOL ” TnOL | TL1-L2 | TL2-L3 | TL3-MEM}

= One measured input:
full-socket mem. bandwidth

Predicted runtime

TL17L2

TL27L3

TL37MEM

cy/CL

ECM
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Roofline and ECM

f- TMEM
TL3
Data <
TL2
Data TnOL TLlfLZ TL27L3 TL37MEM
L Tr.0AD
T STORE & T
OmP- Comp. oL
cy/CL cy/CL
Roofline ECM
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Performance Modeling

double a[5000], b[5000];
double s;

double a[5000] [5000] ;
double b[5000] [5000] ;
double s;

for(i=0; i<5000; ++1i)

alil = s x b[il; for(j=1; j<5000-1; ++j)
for(i=1; i<5000-1; ++1i)
bljl1[il = ( aljl1[i-1]1 + alj] [i+1]
+alj-11[i] + a[j+1]1[di] )
* S;

STREAM Scale 2D 5-point Stencil
= For each cache line (8 it.): = For each cache line (8 it.):
> 1CL s stored » 1CL s stored
> 8 FLOP > 32 FLOP
» 1 CL are loaded » 1-3 CL are loaded
Why 1-37?
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Layer Conditions

(aljlli-1]
+a[j][i+] X X | X X | X X [ X
+a[j—][i] X X X X X | X|X]| X X[ X]|X]|X
+alj+1]1[il) X X% all e
code pattern/ workload hit/miss hit/miss
stencil

1D layer condition: stencil-width * stencil-height < cache-size
2D layer condition: stencil-height * matrix-width < cache-size




Performance Modeling

double U[MI] [N] [N];

double V[M] [N] [N];

double ROC[M] [N] [N];

double c@, c1, c2, c3, c4, lap;

for(int k=4; k < M-4; k++) {
for(int j=4; j < N-4; j++) {
for(int i=4; i < N-4; i++) {
lap = c@ * V[k][j]1[il]

+clx (VI kI1[ 3 1[i+1]
cl VI k 1[j+11[1i ]
cl VIk+1]1[j I[ 11
c2 VI kK 1[ j 1[1i+2]
c2 VI k 1[j+2]1[ 11

*

* VL k 1[j 1[i-1])
*

*

*

*

c2 % ( VIk+21[ 3 1[ i1

*

*

*

*

*

*

VI k 1[j-1101 1)
VIk-11[j 1[0 i1)
VI k 103 1[i-2])
VI k 1[j-21T1i1)
VIk-21Tj 1[0 1 1)
VI k I[j 10i-31)
VI k 1[j-31[1i1)
VIk-31Tj 10 1 1)
VI k 1T j 1[i-4])
Vi k 1[j-41T1i1)
VIk=4]1[3j 10 11);
ULkI[j] (4]

(

(

(

(

(
c3 % (VI kK I1[j 1[i+3]
c3 % ( VI kK 1[j+31[ 1]
c3 % ( VIk+31[j 1[ i1
( VI k 10 j 1[i+4]
( VI kK 1[j+41[1 ]
( VIk+41[3j 10 1]
=2.f % VIk][j1[i]
+ ROCI[kI[jI[1i] % lap;

c4
c4
c4
UlLk] [j]1[4]
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Kerncraft

IACA throughput

compiler analysis

user-input binary

kernel code  constants marked for IACA

#define N 1000 vmovsd (%rsi,%rbx,8) , %$xmml

#define M 2000 vaddsd 16 (%rsi,%rbx,8), $xmml, $xmm2 .

vaddsd 8 (%rdx, %rbx,8) , %$xmm2, %$xmm3 ECM/ROOfIIne
SRR §) S ERLS aR)) vaddsd  8(%zcx,%rbx,8), %xmm3, %xmmd
Her(E=iy & < BELp o) vaddsd  8(%r8,%rbx,8), Sxmmd, Sxmm5
bIJIME] = (al 3 1[i-1] + al j 1[i+1] vaddsd  8(%r9,%rbx,8), %xmm5, xmmé mOdel

+alj-11[ i1 +a[3+1l1[ 1 1) * s; vmulsd Sxmm6, %xmm0, %xmm7

pycparser

AST

abstract syntax tree

data pattern

cache simulation
reuse distance analysis

0), ('rel', 'i', -1)

|
+
a | ('rel', 'j',
| (‘rel', 'j', 0), ('rel', 'i', 1)
| (‘rel', 'j', -1), ('rel', 'i', 0)
| ("rel', 'j', 1), ('rel', 'i', 0)
s | ('dir',)

machine file

clock: 2.7 GHz

documentation cacheline size: 64 B

Input
Intermediate
Output

FRIEDRICH-ALEXANDER

UNIVERSITAT
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e

likwid-bench
—_—
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memory hierarchy:

- {cores per group: 1,
level: L1, size per

- {cores per group: 1,
level: L2, size per

- {cores per group: 8,
level: L3, size per

RS

cycles per cacheline: 2,
group: 32 kB}

cycles per cacheline: 2,
group: 256 kB}
bandwidth: 40 GB/s,
group: 20 MB}




Kerncraft — Output

ECM model: { To_ || Thool Tesz | Tios | Tisamem }

$ kerncraft ——machine snb.yaml 2d-5pt.c ——pmodel ECM -D N 5000 -D M 500

kernels/2d-5pt.c

{9.0]] 8.0 ] 10 | 6] 12.74 } = 36.74 cy/CL

{ 9.0\ 18.00 \ 24.00\ 36.74 } cy/CL

saturating at 3 cores

$

$ kerncraft ——machine snb.yaml 2d-5pt.c ——pmode 1l Roofline ——unit cy/CL-D N 5000 -D M 500

kernels/2d-5pt.c

Cache or mem bound with 1 core(s)

29.79 cy/CL due to L3-MEM transfer bottleneck (bw from copy benchmark)
Arithmetic Intensity: 0.17 FLOP/b

$

EESEE o )
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Kerncraft — Results

2d 5pt c |n memory on smgle Intel Xeon E5 2680 (SandyBrldge) core

sDatlaI blocklnq T

10.0|

.............................................................................................................

L3-MEM

L1-L2

Roofline

oL

10

ERLANGEN-NURNBERG

1000 8111
N (of N*M matrix)

PMBS15 | Kerncraft | Julian Hammer

705480




3D-LONG-RANGE EXAMPLE

double U[M] [N] [N];

double V[M] [N] [N];

double ROC[M] [N] [N];

double c0, cl, c2, c3, c4, lap;

for(int k=4; k < M-4; k++) {
for(int j=4; j < N-4; j++) {
for(int i=4; 1 < N-4; i++) {
lap = c@ * V[k][j][i]

ULkI[j1[i] = 2.f % VIkI[j1[i] - ULK]I[j]1[il

ROC[K] [j1[il] * lap;

+clx (V[ kI1[ 3 I[i+1] + V[ k 1[ j 1[i-1])
+clx (V[ kKI1[+110 i1 + VI k I1[j-11[4i 1)
+clx ( VIk+11[ j 10 i ] + VIk-21[3 10 i 1)
+c2*% (VI k1[ j 1[i+2]1 + VI k 1[ j 1[i-21)
+c2% (VI k1[j+21[ i 1 + VI k 1[j-21[ 1 1)
+ c2% ( VIk+21[ j 1[0 i 1 + VIk=-21[ 3 1[ i 1)
+c3% (VI KI[ 3§ 1[i+3]1 + VI kK I[ j 1[i-31)
+c3 % (VI kKI1[G+310 i1 + VI k I1[j=-31[4i 1)
+ c3 % ( V[k+31[ j 10 i1 + VIk=31[31[ i 1)
+cd*x (VI KI[j 10i+4] + VI kK I[ j 1[i-41)
+c4x (V[ KI1[j+410 i1 + VI k I1[j-41[4i 1)
+cdx (( VIk+41[ j 1011 + VIk-4I[ 310 1i1);
+
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3D-long-range Example

stencil center-point

stream head (uncached)

" . cached element
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3D-long-range Example

3d-long-range-stencil.c in memory on single Intel Xeon E5-2680 (SandyBridge) core

185.61 T S VY SIS S i
. . . e SR .
169.6]- ... SR S SN TN AU i

134.0
118.0
102.0

86.0
75.0

Roofline

cy/CL

50.0 oL

25.0

10 21 57 215 497 1747 N (of N*N*M matrix)

layer-condition

L1-12 L2-13 L1-L2  L3-MEM L2-13
+1l6cy +16cy +1l6cy +34.6cy +16c¢cy

= UNivensimir e PMBS15 | Kerncraft | Julian Hammer
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3D-long-range Example

250 b o _

cy/CL

(ebplighApues) 089z-63

cy/CL

(o6puig AAl) 2A0692-S3

250

200

150

cy/CL

100

50

(lI9mseH) €AG692-G3

S Nivensiar o 0en PMBS15 | Kerncraft | Julian Hammer
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Benefits

= Guiding optimizations

= Hardware-software co-design

= Energy optimized computing

» Deeper understanding of code and hardware interactions

Kerncraft...

= is a white-box utility

= takes some of the pain out of performance modeling

= is free (as in free beer and freedom)

= s NOT for inexperienced programmers

= s NOT a fully-automated jack-of-all-trades yielding better
performance
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Open Source

O https://github.com/RRZE-HPC/kerncraft

Licensed under AGPLv3
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Further Work

= Support for other compilers than ICC (done)
» Lift some code restrictions (partially done)

= Replacement for IACA (under investigation)
= Support for non-Intel Architectures
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Thank You for Your Attention!

Julian Hammer <julian.hammer@fau.de>
RRZE High Performance Computing Group
http://www.rrze.fau.de/hpc
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