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LOOP KERNELS

Automatic Loop Kernel Analysis and
Performance Modeling with Kerncraft
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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 blil; for(j=1; j<5000-1; ++j)

for(i=1; i<5000-1; ++i)
b[j]1[i] = ( aljl[i-1] + alj][i+1]
+ alj-11[i] + alj+11[i]l )
* 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 s;

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

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

ali]l] = s x b[il;

for(j=1; j<5000-1; ++j)

for(i=1; i<5000-1; ++i)
b[jl1[i] = ( aljl[i-1] + aljl[i+1]

+ alj-11[i] + alj+1][il]
X S;

L]
[ - [ [+~ ] >
- L]

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 | Ocy latency
. 2x16B/cy LOAD
e : : 88/cy STORE
incore execution / | |
Port 0 Port 5 64B/2cy memory and | |
. . H L2 £ 12cy latency
— arithmetic operations e
ALU ALU l LOAD | LOAD STORE ALU Ca Ch e tra n Sfe rS — ~30cy latency
Exﬁf]‘i’t?" MULT ADD 4 AGU AGU MOV/MASK ~36GB/s i
DIV V' A y VN JMP
A W A Main Memory ~150cy latency
A 4 A 4 A 4 A 4
I 16B/cy sustained bandwidth
Q) Data flow
/ Control flow
L1 Dcache < 7 > Remenjconiol _~— Pot. bottleneck
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ROOFLINE AND ECM

Automatic Loop Kernel Analysis and
Performance Modeling with Kerncraft
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Roofline

= All memory levels are
separate bottlenecks

Predicted performance

= P = mMin(Peomp., | * bs)
Data< - Pcomp. Peak performance
i [FLOP/s]
N\ R I Operational Intensity
[FLOP/B]
= oP/ b Peak bandwidth
[B/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?
Prs .
Data< — Cache Lines! (64 Byte)
P

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)
iz — 1 unit of work =1 CL
| mow
Toom. — 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.,o. loads from L1 -
T4, loads from L2 into L1
T, 5.3 loads from L3 into L2
T 5.meml0ads from main AN

memory into L3 Comp-

Data TnOL TLl—L2 TL2—L3 TL3—MEM

cy/CL

{ToL ll Thor | TLr2 | Tiows | Tiavem b
ECM

= One measured input:
full-socket mem. bandwidth
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Roofline and ECM

r- TMEM
TL3
Data <
TL2
Data TnOL TLl—L2 TL2—L3 TL3—MEM
T1,0AD
_
. STORE&[ .
oM Comp. oL
cy/CL cy/CL
Roofline ECM

FRIEDRICH-ALEXANDER
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Performance Modeling

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

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

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

alil = s x b[il;
for(i=1; i<5000-1; ++i)
b[j]1[i] = ( aljl[i-1] + alj][i+1]
+ alj-11[i] + alj+11[i]l )
* S;

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

aljlli-1]

aljlli+1] X X X X | %

alj-111[1il] X X X | x| x| x x| x| x| x x| x| x| x

alj+11I[4i] ) X X | % X | % X | x

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

nD Iayer Condition: Creq. B (Z Ll"el.OlcfsetS + maX<Lrel.offsets> x nslices) * S
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Performance Modeling

doub'le
double

UIM] [N] [N];
VIM] [NT[N];

double
doub'le

ROC[M] [N] [N];
c0, cl1, c2, c3, c4,

lap;

for(int k=4; k < M-4; k++) {
for(int j=4; j <
for(int i=4;

lap

Ulk] [j][1

+ + + + + + + + + + +

+

co
cl
cl
cl
(o
c2
c2
c3
c3
c3
(of}
c4
c4

N-4; j++) {
i < N-4; i++) {
VIk] [j][1]

*

*
X
*
*
*
*
*
*
*
*
*
*
]

(

(
(
(
(
(
(
(
(
(
(
(

VI k 10 j 1[i+1]
VI k T[j+11[0 i 1]
VIk+11[ j 10 i ]
VI k 10 j 1[i+2]
VI k 1[j+2]1[1 1 1]
VIk+2]1[ j 10 1]
VI k 1T j 1[i+3]
VI k 1[3+31[ 1 ]
VIk+31[ j 1[0 1 1]
VIE k 1[ j 1[i+4]
VI k 1[j+41[ 1 ]
VIk+41[ j 10 1 1]
2.f % VIkI[j1[il]

ROC[KkI[j1[i]l * lap;

+ + + + + + + + + + + +

VD k 1T j 1[i-1])
VI k T[j-111 1 1)
VIk-11[ j 1[ i 1)
VI k 1T j 1[i-21)
VI k 1[j-211 i 1)
VIk=21[ j 1[ i 1)
VI k 1T j 1[i-31)
VI k T[j=-311 i 1)
VIk=3I[T j 1l i 1)
VI k 1T j 1[i-4])
VI k T[j-411 1 1)
VIk=41[ j 1[0 i 1)

- ULKI[j]1[il]
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KERNCRAFT

Automatic Loop Kernel Analysis and
Performance Modeling with Kerncraft

¥ =

o
L]
Ae
o

FRIEDRICH-ALEXANDER
UNIVERSITAT _
ERLANGEN-NURNBERG




Kerncraft

=1 i , b IACA throughput .
User |npU compiler Inary analysis N |n'C0re
>
kernel code  constants marked for IACA T OL T nOL
f#define N 1000 vmovsd (%rsi,%rbx,8), %xmml
#define M 2000 vaddsd 16 (%rsi,%rbx,8), %xmml, $xmm2 .
- _ vaddsd 8 (%rdx,$rbx,8), txmm2, Sxmm3 ECM/ROOfIlne
for(j=l; j < N-1; ++3) vaddsd 8 (%rcx,%rbx,8), %$xmm3, %xmmd
Be(EEnp & < EFLp ) vaddsd  8(%r8,%rbx,8), %xmmd, %xmm5
bIj1[i] = (al 3 T1[i-1] + a[ j J[i+l] vaddsd  8(3r9,%rbx,8), %xmm5, %xmmé I I IOdel
+al3-1ll 3] + al3+lll i1 ) * s; vmulsd $xmmé6, %xmmO, %xmm7
pycparser data transfers
AST data pattern TR T Tl
N P A
abstract syntax tree o
cache usage prediction
RETE || eEEsEEs with pycachesim
—————— B it L T
a| ('rel', '3', 0), ('rel', 'i', -1)
| (‘rel', 'j', 0), ('rel', 'i', 1)
| (‘rel', 'j', -1), ('rel', 'i', 0)
| (‘rel', 'j', 1), ('rel', 'i', 0) . .
s | ('dir',) h f I
macnine ilie
L H H : lock: 2.7
Layer Condition Symbolc appioaton cacheiine sise: 603
P of LC formulation ey BECECEERE
- {cores per group: 1, cycles per cacheline: 2,
mOdeI . level: L1, size per group: 32 kB}
Inout documentation - {cores per group: 1, cycles per cacheline: 2,
pu _— > level: L2, size per group: 256 kB}
I . - {cores per group: 8, bandwidth: 40 GB/s,
ntermediate likwid-bench level: L3, size per group: 20 MB}
> [...1]
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Kerncraft — Output

ECM model: { To, || Thor | Traz | Tiows | Tisvem )

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

double al[M][N];
double b[M]I[NI;
double s;

{ 9.0 || 8.0 | 10
{ 9.0 \ 18.00 \ 2
saturating at 3 c

$

for(j=1; j<M-1; ++j)
$ kerncraft ——mac

for(i=1; i<N-1; ++1i)
b[jI[i] = ( aljl[i-1] + alj][i+1]
+ alj-11[1i] + alj+1]1[i] )
* S;

. cy/CL -D N 5000 -D M 500

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

$
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Kerncraft — Results

2d-5pt.c in memory on single Intel Xeon E5-2680 (SandyBridge) core

Roofline

. . / ECM
B0 AU 5 5

36 7 / -------------------- ] L3-MEM

10.0

: ' ' oL
o.o_

10 1000 8111 705480
N (of N*M matrix)
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Kerncraft — Results

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

e ; S spatial blocking =7 Roatlihe
49.91 A e D —— —  __ECM
: : +; (@)
++_|- : ; ; E
: + +'H- l X
| o L —H_ + NN ++_|_+_1_ +'H'+++ __________________
40.7 : : ] @)
¥y ST i Sl L3-MEM
36.7 L pr— O
: ; QO
. 32.7 : =
o 30.0 - - E
5’ :
20.0 £
)
)
10.0

OL

0.0
10 1000 8111 705480

N (of N*M matrix)
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Kerncraft — Spatial Blocking

2d-5pt.c in memory on single Intel Xeon E5-2680 (SandyBridge) core

Roofline
ECM
Inner-dim. block:
20032

= 2048
L~ 768

10 1000 8111 705480
N (of N*M matrix)
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Kerncraft — Verbose Output

Layer condition analysis:

$ kerncraft ——machine snb.yaml 2d-5pt.c —pmodel LC

1D Layer—Condition:

L1: unconditionally fulfilled
L2: unconditionally fulfilled
L3: unconditionally fulfilled
2D Layer—Condition:

L1: N <= 1024

L2: N <= 8192

L3: N <= 655360

$

Also available as web-based calculator:
https://rrze-hpc.qgithub.io/layer-condition/#calculator
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Kerncraft — In-Socket Scaling

2D-5pt in memory on Intel Xeon E5-2680 core with OpenMP schedule(static, 1024)
T T T T T T

2.2
gl ' Inner loop length (N)
ol o'
2.0F < =8 — 1024 i
_ @I Q: — 2048
2 ! e — 4096
o L.8F <|__| co§' 7
3 Nl o' — 8192
; S| 8|
9 1.6 - [ - 20000 —
X S L.
g 8’: o 23000
S = =! — 26000 -
2 ol 0'S
: 315 ks
o 1.2} ot £.0 ]
) ='00 = O\
£ o' =
2 10l al & 5.® il
2 \ ! .
| '
0.8} \ : ; I
\\\ N — —
0.6 ' L L ! ! !
1 2 3 4 5 6 7 8

cores
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3D-LONG-RANGE EXAMPLE

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

double VI[M][NI[NI;

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

double c@, cl1, 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

= 0
+ cl
+ cl
+ cl
+ c2
+ c2
+ c2
+ c3
+ c3
+ c3
+ c4
+ c4
+ c4
10101

*

*
*
*
*
*
*
*
*
*
*
*
*
]

VIk][j1[1]

(

(
(
(
(
(
(
(
(
(
(
(
+

VL k 10 j 1[i+1]
VI k T[j+111 i 1]
VIK+1I[ j 10 i 1]
VIE k 10 j 1[i+2]
VI k T[j+2]11 i 1]
VIk+2][ j 10 i 1]
VI k 10 j 1[i+3]
VI k T[j+311 i 1]
VIk+3]1[ j I[ i ]
VI k 1[ j 1[i+4]
VI k 1[j+411 i ]
VIk+4]1[ j 10 i ]
2.f % VIk][j][il]

ROC[k] [j1[i] * lap;

+ + + + + + + + o+ + 4+

VI k 1T j 1[i-11)
VI k 1[3-111 1 1)
VIk-11[ j 1[0 i 1)
VI k 1T j 1[i-2])
VI k 1[j-211 1 1)
VIk=21[ j 10 i 1)
VI k 1[0 j 1[i-31)
VI k 1[3-311 1 1)
VIk=31[ j 1[ 1 1)
VI k10 j 1[i-4])
VI k 1034111 1)

)

]
]
]
VIk=41[ j I[ i ]

- ULKI[j][4i]

FRIEDRICH-ALEXANDER
UNIVERSITAT _
ERLANGEN-NURNBERG




3D-long-range Example

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

T n N -
G : : ; +i +++++++++ +++ T
185.6f b A ;;J'r;;rﬂ“+'+++f+ """""""""""" 3
169.6---------- R R R R R R b eseeesiieiaiiiciiiiooes -
A e +, : : ++ L3-MEM
: L + ++++++ FINENC L :
134.0p--------- AR AR +;F'+”++'_"_'E'“i_'“++-h: """""""""" e Roofline
1 118.0f - b R
1 : :
> 102.0F - AN ST
S ; : :
86.0 T HESERIRSEEEE e L S LT
75.0F - R S | P R
50.0 OL
25.0
0.0
10 21 57 215 497 1747 N (of N*N*M matrix)
C
i)
2
C
o
N
o]
>
o
L1-L2 L2-13 L1-2  L3-MEM L2-13
+16cy +16cy +1l6cy +34.6cy +16cy
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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

= js free (as in free beer and freedom)

= is NOT for inexperienced programmers

* is NOT a fully-automated jack-of-all-trades yielding better
performance
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Open Source

() nttps://github.com/RRZE-HPC/kerncraft

Licensed under AGPLv3




Outlook

Replacement for IACA (under investigation)
Support for non-Intel Architectures (AMD and POWERS8)

= Depends on:
» Support for non-inclusive cache-architectures and (work in progress)
> ECM model support
> Replacement for IACA

= Phenomenological performance modeling with LIKWID

LLVM integration with polyhedral model
= Import of kernels embedded in large code bases
= Automatic tiling during compilation

Irreqular Performance Modeling (e.g., graph algorithms)
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Outlook — Breadth-First-Search

= Assumptions: (const Graph &g,
v,
= More work, will lead to longer pvectors< > &levels,
. . pvector<NodeID> &parent) {
execution time
i . changed = 0;
= Difference in time, can be for(NodeID u = 0; u < g.num_nodes();

u++) {

modeled by additional work

if (levels[u] !'= 1vl)
continue;

" Basic Model for BFS-TD for(NodeID v : g.in_neigh(u)) {
tyr(#nodes) + if(levelslvl < 0) {
t-r(#edgestraversed) + lﬁ;ﬁézévl: Wl + 1
typ(#nodesupdated) = t

¥
by

return changed;

}
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Outlook — Breadth-First-Search

Edge

Edge v
Traversal De?:tillrgg;uon

Node

Traversal Bl 'NOde Filter @

00.00.2015 | Thema | Name des Vortragenden



Outlook — Breadth-First-Search

= Naive prediction model:

— Total runtime
1.0 { M NT (predicted)
I ET (predicted)
UP (predicted)
0.8
2
506
o
£
€
5
=4
0.4
0.2
0.0
0 200 400 600 800 1000 1200

runs (ordered by increasing runtime)
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Outlook — Breadth-First-Search

= Nalve prediction model, stepwise:

oo w | I’WW " \
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Outlook

= Base model on queue network theory

= Major challenge:
Which graph properties to take into account?

= Many common-but unsupported—building blocks.
= |Indirect accesses (graph in CSR format)
= Branches
= Pointer chasing (Shiloach-Vishkin for Connected-Components)
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IN PROGRESS -

memegenerator.net
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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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Kerncraft — In-core Prediction

* S,

1. Transform double alN][N];
2. Compile to assembly o e N
3. Mark inner loop for(j=1; jeN-1; ++j)

i for(i=1; i<N-1; ++1i)
4. Extract unrolling factor oLV = a0 et + 8031 [ie1]
5. Complle to blnary + alj-11[i]1 + alj+1]1T[i] )
6.

Analyze with IACA
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Kerncraft — In-core Prediction

1 . TranSform #include <stdlib.h>
= Linearized arrays and malloc e
2. Compile to assembly int main(int arge, char wargy) £
const int N = atoi(argv[2]);
3. Mark inner loop =Dl
. (sizeof(double)) * (M x N), 32);

4. Extract unrolling factor for (int 1= 0; i< (M %N); ++1) ali]

] . if (var_false) dummy(a);
5' Complle to blnary double xb = _mm_malloc(
0. Analyze with IACA fot(’siziﬁif(idzug;m)i)<*(I\(’|M**N';I:'+43r21;'b[i]

if (var_false) dummy(b);

double s = 0.23;
if (var_false) dummy(&s);

for (int j = 1; j < (M = 1); ++j)
for (int 1 = 1; i < (N - 1); ++i
bli+ (j * N)I = (((al(i - 1)

+ al(i + 1)

+ ali + ((j

+ ali + ((j
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Kerncraft — In-core Prediction

1. Transform o]

..B1.25:

. vmovddu %xmml,
2. Compile to assembly iSAeoL Y
- vinsertf128 $1, Ssymmo, Symm@
3_ Mark |nner Ioop mov 1 $111, INSERTED BY KERNCRAFT
.byte 100 INSERTED BY KERNCRAFT
. . g .byte 103 INSERTED BY KERNCRAFT
. DeteCt|On heur|St|C .byte 144 INSERTED BY KERNCRAFT

vmovupd (%rbx,%rsi,8), %xmm2

4. Extract unrolling factor

. . vmovupd 16 (%rbx,%rsi,8), %xmm3
Complle tO blnary vmovugd 32(%rbx,%rsi,8), %xmml4
6. Analyze with |IACA imoutpd s, 104(475,4151,0)

addq $16, %rsi

cmpq %srdi, %rsi

jb ..B1.26

mov 1 $222, %ebx # INSERTED BY KERNCRAFT
.byte 100 # INSERTED BY KERNCRAFT
.byte 103 # INSERTED BY KERNCRAFT
.byte 144 # INSERTED BY KERNCRAFT

o
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Kerncraft — In-core Prediction

Transform o]

..B1.25:

. vmovddup S%xmml,
Compile to assembly movslq  wrac,

. vinsertf128 $1, Symmo, Ssymm@
Mark |nner Ioop mov 1 $111, INSERTED BY KERNCRAFT

.byte 100 INSERTED BY KERNCRAFT
.byte 103 INSERTED BY KERNCRAFT

" Extract unrOIIing faCtor .byte 144 INSERTED BY KERNCRAFT

hoon =

vmovupd (%rbx,%rsi,8), %xmm2

= From mem. ref. increments
. . vmovupd 16 (%rbx,%rsi,8), %xmm3
Complle tO blnary vmovupd  32(%rbx,%rsi,8), %xmml4

. vmu lpd symm7, S%ymm@, Symm8
6- Analyze Wlth IACA vmovupd %symm8, 104(%r8,%rsi,8)

addq $16, %rsi

cmpq %srdi, %rsi

jb ..B1.26

mov 1 $222, %ebx # INSERTED BY KERNCRAFT
.byte 100 # INSERTED BY KERNCRAFT
.byte 103 # INSERTED BY KERNCRAFT
.byte 144 # INSERTED BY KERNCRAFT

o
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Kerncraft — In-core Prediction

Transform Thraughput Analysis Report
Compile to assembly B e soRra_ac, FoRTs_A
Mark inner loop Port Binding In Cycles Per Tteration:

Extract unrolling factor
Compile to binary
Analyze with IACA

—2D and 3D are LOADs

AR i
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Kerncraft — Cache Prediction

1. Parse kernel code ol o I -
i double b[NJ][NJ;
2. Enforce restrictions fouble o
3. Extract data accesses for(imts iNot; 449)
4. Calculate cache accesses rortie SN .
jllil = ( alj1[i-11 + aljl[i+1]

+ alj-11[i] + alj+1]1[i] )
X S;

1. Compile offsets to fill all
cache levels

2. Reset cache simulator stats

3. Execute next cache line
accesses

4. Check for hits/misses
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Kerncraft — Cache Prediction

1. Parse kernel code aridbles: nane | tyesize
2. Enforce restrictions 1 G ops
3. Extract data accesses B
4. Calculate cache accesses
1. Compile offsets to fill all
cache levels data sources: | rame | offsets -
2. Reset cache simulator stats | {;}f; }}
3. Execute next cache line e

aCCeSSGS data destinations: name | offsets
4. Check for hits/misses

constants: name | value
_________ +___________

M | 511
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