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Motivation

Analytical performance modeling:

“Constructing a simplified model for the interaction between
software and hardware in order to understand lowest-order
performance behavior”

Basic questions addressed by analytic performance models
=  What is the bottleneck? - optimization technique

= What is the next bottleneck? - performance potential of the optimization

= Impact of processor frequency and socket scalability
—> Appropriate execution parameters, energy-optimized operating point

If the model fails, we learn something!
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Agenda

ECM model

= Basic rules, non-overlap

= Notation

= Saturation and comparison with Roofline

Case study 1: 5-pt 2D stencil (“Jacobi”)
Case study 2: UXX stencil (SP/DP)
Case study 3: Kahan-enhanced scalar product

Towards model automation: kerncraft

Summary & outlook
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THE ECM MODEL
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ECM model — predicting execution time for loop kernels

1. LOADs inthe L1 cache do not
overlap with any other data
transfer in the memory hierarchy

2. Everything else in the core
overlaps perfectly with data
transfers (STOREs may show
some non-overlap)

3. The scaling limit is set by the ratio
of

# cycles per CL overall

# cycles per CL at the bottleneck

4cy 8cy 3cy 43cy
MULT STORE
P LOAD
—
-
N
-
(q\]
-
™
-
™
=l
£
<5}
>
Example:

6 cy

9cy

9cy

19 cy

Single-core (data in L1): 8 cy (ADD)
Single-core (data in memory):
6+9+9+19 cy = 43 cy

Scaling limit;: 43 /19 = 2.3 cores
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ECM model — composition

ECM predicted time
Tz = maximum of overlapping time and sum of all other contributions

— T,
Tcore — maX(TnOL» TOL) ~ ot
LOAD T.
Tgem = max(Thop + Taata Tor) Teore { 50 "
I . ;
N L1L2
Shorthand notation for time contributions:
N
Tévglev[m cj Trop3
{TOL ” TnOL | TL1L2 | TL2L3 | TLSMem } Tout <
\ I\ y wa
Y Y -
# cy invariant to # cy changes w/ - T
= L3Mem
clock speed clock speed g
Example from previous slide: g g

(81161919119 }cy
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ECM model — prediction

Notation for cycle predictions in different memory hierarchy levels:

Toy
{ TEL'ClM ] TEL'gM ] TELgM ] lecﬁwm ~ 4 )
oy { ApD | |LOAD| T,
1 Tiém -
Tgem = Teore = max(Tror, Tor) T < kS
ECM o —l
Tgém = max(Tnop + Tpaz2, Tor) 5
L3 — = TG
Tgem = max(Tnop + Tpape + Tro13, Tor) 777777777777
(92]
Tgcw = max(Tnor + Trarz + Trzws + Tizmem Tor) o
=
Example: {8]15]24143}¢cy e ~

Experimental data (measured) notation: 8.6 ]16.2]26]47cy
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ECM model — saturation

Main assumption: Performance scaling is linear until a bandwidth
bottleneck (bs) is hit

Performance vs. cores (Memory BN):

Picv (1) = min [ nPHem b’
ECM — ECM » Bé\/lem
Tt
Number of cores at saturation:
(90
M -
- [bs/ Be|l | Tecu' ‘ Ty arom= £
S — M — b
Pzt Tr3mem
o _/
Example:

43
(811619]19|19}cy, {8]115]124143}cy = ng = E‘=3
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2D 5-PT JACOBI STENCIL
(DOUBLE PRECISION)

for (§=1; j < Nj-1; ++3)
for(i=1l; 1 < Ni-1; ++1i)
b[j]l[i] = (al J 1[i-1] + a[ J 1[i+1]
+ af[j-11[ i 1 + a[j+1]1[ 1 ] ) * s;

Unit of work (1 CL): 8 LUPs

I
Data transfer per unit: / ﬁ-

5 CL if layer condition violated in
higher cache level

3 CL if layer condition satisfied .




ECM Model for 2D Jacobi (AVX) on SNB 2.7 GHz

Radius-r stencil 2 (2r+1) layers have to fit Cache k has size Cj,
for(j=1; j < Nj-1; ++j) Layer condition:
for(i=1l; i < Ni-1; ++i) Cr

b[31[i] = (a[ 3§ 1[i-1]1 + a[ j 1[i+1] (2r+1)-N;-8B< —

+al3-110 i1 +al3+l1l i 1) *si| opgpppo

Pmem

LC ECM Model [cy] prediction [cy] [NIIEE%P ] N; < ns

L1 {6]|8|6]6/13}  {8]14]20]133} 659 683
L2  {6]8]10|6]|13}  {87]18]24137} 587 5461
L3 {6/8/10/10|13} {8718]28]41} 529 436900
— {6]/8]10]/10]22}  {8718]28]50} 438  N/A

W A~ W W

LC = layer condition satisfied in ...
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2D 5-pt: impact of inner loop blocking on SNB

800 |||||| ] ] I T TTTI1 ] ] T T TTI1 ] ] T T TT1 ] I T TTTI1
ECM
600 |-
i{‘:
= i
—
= no blocking | [ o
F] | —]
2 Y9 amah =23x 107 (L3 blocking)
£ | |o—ob=43x10 (L2 blocking) ]
200— | — ECM predictions ]
- = Roofline B C =40 B/LUP Cr
" | - = Roofline B =24 B/LUP 3:b-8B< o 1
0 ||||||,‘ | | |||||||' | | ||||||| | | |||||||. | | L1 1 111
10’ 10" 10 10° 10’

Leading dimension (Ni)
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2D 5-pt multi-core scaling

1800 1800 —
1600 — 1600 - —
1400 — 1400 |~ —

800 — 800 —

== 40B/LUP
=+ 24B/LUP I

Performance [MLUP/s]
S
S S
S S
I
Performance [MLUP/s]
S W
S o
S 35
I

600 — - 600 — 0—o0 no blocking 1
Ly 0—o no blocking | . o 105 i
/ _ g _ O—Ob =23
400 b, = 800. b, =300 — 400 - =0 X 5 i
B — ECM model (L1 blocking) | 7 B Vb =11x10 1
200 - ‘king) [ 200 — X
I ECM model (no blocking) ] I A bi _23x 105 / nthreads |
oLl | I I | | | I o L | | | | | | |
1 2 3 4 5 6 7 8 ] 2 3 4 5 6 7 8
# cores # cores
Modified layer condition for static work-sharing of outer loop:
Ck
(27" + 1) ' bi  Nipreqas * 8B < 7
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3D RANGE-2 STENCIL ,,UXX*
(SINGLE & DOUBLE PRECISION)

#pragma omp parallel for private(d) schedule(static)
for (int k=2; k<=N-1; k++) {

for (int j=2; j<=N-1; j++){
for (int i=2; i<=N-1; i++){
d=0.25*(d1[ k ]1[3j]1[i] + d1[ k 1[j-1]
+ dl[k-1][3j][1] + d1[k-1][3~<1][1i])~
ul[k][j1[i] = uwl[k][3j][i] + (dth/d)
*(el *(xx[ k ][ J 1[0 1 1-xx[ k ][ J 1[1i-1])
+ c2 *(xx[ k ][ J J[i+1]-xx[ k ][ J 1[1-2])
cl *(xy[ k 1[ 3 1[ 1 1-xy[ k 1[3-1]1[ 1 1)
c2 *(xy[ k 1[3+11[ 1 ]1-xy[ k 1[3-2][ 1 1)
cl *(xz[ k ][ J 1[ 1 ]-xz[k-1][ j 1[ 1 1)
c2 *(xz[k+1][ j 1[ 1 ]1-xz[k-2][ jJ 1[ 1 1))~

Should we try to
eliminate the divide?

+
+
+
+

}r1}

FRIEDRICH-ALEXANDER
NIVERSITAT _
RLANGEN-NURNBERG
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Uxx stencil layer conditions (outer levels only)

dl[0;-1][0;-1][*] xz[-2;+1] [*] [*]

1

i

- 2 d1 layers - 4 xz layers

- /
hd

4+2 layers must fit
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Uxx stencil ECM analysis

Apply L3 blocking of j loop according to layer condition
(problem size N; X N; X Ny):

4 B (SP C

(4‘+2)'Ni'bj'nthreads'{ ( )}< >

8B(DP)J ~ 2

version ECM model [cy] prediction [cy]
DP {84]/38]20(20|26} {84 ]84 ]84 ||104|

SP {45]|38(20(20|26}  {45]58 78 {104}

DP noDIV ~ {41||38(20|20(26}  {41]58|78 ||104]}

Consequences:

= No use in removing DIV from loop in DP for in-memory case

= No actual DIV in code for SP (compiler employs rcpps + NR)

= Temporal blocking not much use for serial, but makes the code scalable!
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Uxx performance and scaling on SNB and 1VB

2000 — — — —

1800 — — — —

1600 — — — —

X 1400 - - . -
3

= 1200 — (a) Sandy Bridge — — (b) Ivy Bridge —
o

2 1000 — [/ e __. —
<
&

:c_i 300 | |
2

600 - — ECM Model SP 7

O—0 single precision
400 — - ECM Model DP .
B—a double precision noDIV
200 O—0 double precision
o I I I I I I I [ I A N N A
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 9 10
#cores #cores
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KAHAN-ENHANCED SCALAR
PRODUCT

Is the Kahan scalar product harmful for
performance?

J. Hofmann, D. Fey, J. Eitzinger, G. Hager, G. Wellein: Performance
analysis of the Kahan-enhanced scalar product on current multicore
processors. Accepted for PPAM2015. Preprint: arxXiv:1505.02586

IEDRICH-ALEXANDER
NIVERSITAT _
LANGEN-NURNBERG
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http://arxiv.org/abs/1505.02586

Kahan-enhanced scalar product

float sum = 0.0; float sum = 0.0;
float ¢ = 0.0;
for (int i=0; i<n; 1i++) { for (int i=0; 1i<N; ++1i) {
sum = sum + a[i] * b[i] float prod = al[i]l*b[i];
} float v = prod-c;
float t = sumty;
c = (t—-sum)-y;
sum = t;
}
1 ADD, 1 MULT 4 ADD, 1 MULT

= Does it harm performance to augment the dot kernel in this way?
= |s there are difference between single-threaded and multi-
threaded?

= SP vs. DP? Influence of architecture?
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ECM modeling of sdot on
10-core Ivy Bridge EP 2.2 GHz

Naive sdot (AVX): {2]/4]4]4]6.1 @ cy

@ Latency penalty

{478712118.14+2.9} cy

s

saturation at 4 cores

Kahan sdot, scalar mode: {64/16|4(4]6.14+2.9} cy
(64164764764} cy

s

saturation at 11 cores
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Comparing optimal AVX implementations on four Intel
architectures (SP)

ECM model [cy] Prediction [cy/CL] Pred. performance [GUP/s]
SNB {81|4(4]4|7.9+5.1} {818]12]19.9+5.1} {5.4015.4013.6011.73}
IVB {8|4|4]4|6.14+2.9} {81]8]12]18.1+2.9} {4.4014.4012.93]1.68}
HSW  {8]/2]2]5.54|4.9+11.1} {8]8]9.54]14.44+11.1} {4.60]4.60]3.86]1.44}

BDW (8112]2]4|7+1} {81818715+ 1} {3.6013.6073.60] 1.8}
70— | T T
= Kahan without consequence if sl oz Avx: e .
AVX is applied starting from L2 L VB 2 2 gl S i
cache 2 | z Dl AVXKaan o
= BDW latency panelty is rather 5 =1 :/A_N
low (== pure ECM model works sa0r ‘ S
We”) 10—__%‘j-—“ﬁ"' |
(S ——— 3 . S - S
10 10 10

Dataset Size [KiB]
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Saturation

= SP: Saturation possible if any kind of SIMD is applied
= DP: Saturates always

= Compiler is not able
to generate decent
code

6000 — |
. SP

5000
54000 -
E L / @—@ Compiler (iccl5)
b} @—® Scalar
g 3000 -0 SSE
< =0 AVX
= i =+ AVX model
= — = Scalar model
£ 2000}
]
o L

1000

0 | | | | | | | | |
1 2 3 4 5 6 7 8 9 10

NumBer of Cores
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KERNCRAFT

First steps towards automated model
construction




kerncraft: ECM/Roofline modeling toolkit

& GitHub, Inc. [US]| https://github.com/cod3monk/kerncraft
psi//g

GitHUb This repository Explore Features Enterprise Blog
cod3monk / kerncraft @ Watch 1
kerncraft

Loop Kernel Analysis and Performance Modeling Toolkit

This tool allows automatic analysis of loop kernels using the Execution Cache Memory (ECM) model,
the Roofline model and actual benchmarks. kerncraft provides a framework to investigate the data
reuse and cache requirements by static code analysis. In combination with the Intel IACA tool kerncraft
can give a good overview of both in-core and memory bottlenecks and use that data to apply
performance models.

Installation

Run: pip install kerncraft

Additional requirements are:
« Intel IACA tool, with (working) iaca.sh in PATH environment variable (used by ECM,
ECMCPU and Roofline models)
o likwid (used in Benchmark model and by 1ikwid_bench_aute.py )

S Divensimin - Noe Analytic Models for Stencil Kernels

= EALANGEN-NURNBERG




Towards automated model generation

Manual

Code inspection |

Registers

and/or IACA |

Traffic analysis w/ |

I

Automated

| IACAOr

L1

layer conditions |

HW limits: micro-
benchmarking
& docs

| direct analysis

Reuse distance

L2

I
— [l

L3

— |l

MEM

Analytic Models for Stencil Kernels

analysis, cache
simulation

HW limits:
likwid-bench
& docs




kerncraft

vmovsd (%rsi,%rbx,8), %$xmml
vaddsd 16 (%rsi,%rbx,8), %$xmml, $xmm2
vaddsd 8 (%rdx,%rbx,8) , $xmm2, $xmm3

#idefine N 1000
#define M 2000

for(j=1; j < N-1; ++j) Compiler vaddsd 8 (%rcx,%rbx,8), %xmm3, %xmmd
for(i=1; i < M-1; ++i) vaddsd 8(%r8,%rbx,8), %xmm4, %xmm5
b[jl[i] = (a[ J 1[i-1] + a[ j 1[i+1] vaddsd 8(%r9,%rbx,8), %$xmm5, %xmmé

+ a[j-1][ i ] + a[3+1][ i ] ) * s; vmulsd $xmm6, $xmm0, $xmm7
pycparser IACA
TP/CP

Cache simulator/ ‘ HE H
reuse distance " Roofline / ECM model

analysis /1! miu J Hi

R
Computational intewsity ! [F/B]

Traffic volumes T= V/b / Trar2s -+ Tiamem

Machine description
(yaml file)

Mem-L3

likwid-bench docs

DRIvERSITAT - NOER Analytic Models for Stencil Kernels
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kerncraft example (ECM)

$ kerncraft -p ECM -m phinally.yaml 2d-5pt.c -D N 10000 -D M 10000

2d-5pt.c

double a[M] [N];
double b[M] [N];
double s;

for (int j=1; j<M-1; ++j)
for(int i=1; i<N-1; ++i)
b[jI[i] = ( a[jl[i-1] + a[j][i+1]
+ a[j-1]1[i] + a[j+1][i]) * s;

variables: name | type size
_________ e
a | double (10000, 10000)
s | double None
b | double (10000, 10000)

|EDRICH-ALEXANDER
IVERSITAT
LANGEN-NURNBERG
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kerncraft example (ECM) continued

[...1]

Ports and cycles: {'1': 6.0, 'ODV': 0.0, '2D': 8.0, '0O': 5.05, '3': 9.0, '2':
9.0, '5'": 5.95, '4': 4.0, '3D': 8.0}

Uops: 37.0

Throughput: 9.45cy per CL

T nOL = 8.0cy

T OL = 9.0cy

L1-L2 = 10cy
L2-L3 = 10cy

L3-MEM = 12.96cy

{ 9.0 || 8.0 | 10 | 10 | 12.96 } cy

Analytic Models for Stencil Kernels




kerncraft example (Roofline)

$ kerncraft -v -p Roofline -m phinally.yaml 2d-5pt.c -D N 10000 -D M 10000

Bottlenecks:

level | a. intensity | performance | bandwidth | bandwidth kernel
———————— et e et

CPU | | 21.60 GFLOP/s | |

CPU-L1 | 0.083 FLOP/b | 8.50 GFLOP/s | 102.01 GB/s | triad

L1-L2 | 0.1 FLOP/b | 5.12 GFLOP/s | 51.15 GB/s | triad

L2-L3 | 0.1 FLOP/b | 3.15 GFLOP/s | 31.48 GB/s | triad

L3-MEM | 0.17 FLOP/b | 2.90 GFLOP/s | 17.40 GB/s | copy

Cache or mem bound
2.90 GFLOP/s due to L3-MEM transfer bottleneck (bw with from copy benchmark)
Arithmetic Intensity: 0.17 FLOP/b

DRIvEmSITaT - NOER Analytic Models for Stencil Kernels

ERLANGEN-NURNBERG




Summary & outlook

= ECM can

= predict single-core performance and scaling behavior of streaming
kernels

= predict the impact of intended optimizations and code changes

= be more accurate than Roofline but (in principle) requires less
phenomenological input

= be combined with a multicore power model for more insight:

M. Wittmann, G. Hager, T. Zeiser, J. Treibig, and G. Wellein: Chip-level and multi-node
analysis of energy-optimized lattice-Boltzmann CFD simulations.
Concurrency Computat.: Pract. Exper. (2015), DOI: 10.1002/cpe.3489
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= ECM has problems with
= reproducing scaling behavior near saturation

= extremely tight kernels on fast memory interfaces (too optimistic)
» Possible refinement: latency penalties

= Approach to automating Roofline/ECM modeling:
kerncraft https://github.com/cod3monk/kerncraft

ISC15 | Performance Engineering | Georg Hager
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A simple power model for multicore chips

Model assumptions:

1. Power is a quadratic polynomial in the
clock frequency: W = Wy + wy f + w,f?
2. Dynamic power is linear in the number of
active cores: Wyy, = (W1 f + W,f?)n
3. Performance is linear in the number of
cores until it hits a bottleneck W,
4. Performance is linear in the clock
frequency unless it hits a bottleneck
(simplification from performance models!)
5. Energy to solution is power dissipation
divided by performance

Power Wy + (Wif + Wof?)n
Performance Peem(n, f)

Model: E =




Energy to solution vs. performance on the
socket (SNB)

—® |2 GHz AVX
Ak ) () GHzZ AVX

w—ay 27 GHz AVX -
p—=p Turbo AVX | PPC=L

= = E/P = const.

open symbols:
scalar, full socket

Hx““xh

o

PPC=2

PPC=2

Energy to solution

PPC=3

o
tn

PPC=3

PPC=4
(a) model

(b) measured

Bandwidth
barrier

Optimization
region
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