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Analytic Performance Modeling
Why?

Components

What we do in this work

Model Construction

Model assumptions: port model, full throughput,...
Microbenchmarking for instruction throughput (and latency)
Putting together a prediction

OSACA: Automating the in-core model construction

Overview
Structure and Output

Schonaver Triad Benchmark Example
7t Benchmark Example
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Roofline Model

* How fast can my kernel run at best? g
 What are the relevant hardware bottlenecks? §
* Apply simplified model of underlying hardware
Operational Intensity (Flops/Byte)
* In-core execution
. Data transfer LD ‘ ‘ L1-L2 ‘ L2-L3 L3-Mem
ST
* Putting execution and data transfer together L
MULT ]] |
aoo | || ECM Model
;’t[Cy]
13.11.2018
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* Optimization within the kernel
* Guiding decisions for or against specific architecture

* Deeper understanding of code and hardware interaction
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* Semi-automated machine instruction (throughput/latency)
benchmarking

* Automated in-core runtime prediction for steady-state loops
* Open-Source Architecture Code Analyzer (OSACA) tool

e Casestudies
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OSACA —Workflow

// TRIAD BENCHMARK

//STARTLOOP
for(int j=0; j<size; ++j){
a[j] = b[j] + <[3]*d[]];

Throughput analysis

P - Load operation can be hidden behind a past or future store instruction
X - No information for this instruction in data file

* - Instruction micro-ops not bound to a port

Port Binding in Cycles Per
| Fort [ o 1 1 1213 1 5 5

| Cyeles | 1.0 | 1.0 | O 10O .75 1 D.75 | 095 | 0,75 | 4.0 | 4.0 |

Ports Pressure in cycles
| 0 |1 2 1 3 1 4 | 5 | 6 7

X LL10:

P vmevapd (%rl3, %rax), %ymm0
vmovapd ((r12,%rax), Symm3
addl $1, %ecn

vimaddl 3%2pd 0 (%713, %rax),

|
|
|
Q.25 |
|
| &Hymm3, Fymm0
|
|
|
|

1.00 1.00
vmovapd Symm0, (%rl4, %rax)
addg $32, %rax

cmpl %ecx, %rl0d

ja .L10

0.2
0.2

o en

I
|
|
I
|
I
I
|
|

| I

otal number cof estimated throughput: 4.0
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OSACA —Workflow

// TRIAD BENCHMARK

vevksiZss—xmm xmm r32 .

1.0
vevtsiZss-xmm_xmm_r32-TP 3.0
vmulss-xmm_ xmm_xmm 1.0

//STARTLOOP
for(int j=0; j<size; ++j){
a[j] = b[3] + <[3]*d[3];

0sl|acA

Throughput analysis

P - Load operation can be hidden behind a past or future store instruction
X - No information for this instruction in data file

* - Instruction micro-ops nob bound Lo a port

Port Binding in Cycles Per Iteration:

Extract instructions

L14:
vmovapd 0(%r13, %rax), %ymm0

ja .L10

addl | Porc | 0 ] 1 12131 41 5] 6| 71 8] 9
Vmovapd | Cycles | 1.0 | 1.0 | D 1 0 1 0.75 | 0.75% | 0,95 | 0.75 | 4.0 | 4.0 |
vfmadd132pd Ports Pressure in cycles
| 0 |1 Iz 1 3 1 4 | 5 | 6 (I | 8 | 9 |
vmovapd -
| | | | | | | | | | [ X .Ll0:
addq | | | | | | | | | {1.0)}] (1.0)| P vmovapd ({(%rlS,%rax), %ymm0
CmP' | | I | | | | | | 1.00 | 1.00 | wmovapd (%¥7r12,%rax), Symm3
. | | I | | 0.25 | 0.25 1 0.25 | ©.25 | | | addl 51, %ecx
Ja | 1.00 | 1.00 | | | | I I | 1.00 | 1.00 | vfmaddl3Zpd 01(%713,%rax),
| | | | | | | | | | | Eymm3, Gymmd
| | | | | | | | | 2.00 | 2.00 | vmovapd SymmQ, (%rl4,%rax)
| | | | | 0.25 | 0.25 | 0.25 | 0.25 | | | addg $32, %rax
| | | | | 0.25 | 0.25 | 0.25 | 0.25 | | | cmpl %ecx,%rl0d
| | | | | | | | | | |
T Q

otal number of estimated throughput: 4.

PMBS18 | OSACA | JanLaukemann 13.11.2018 7



FRIEDRICH-ALEXANDER

—|
!
[m]

I
I n!!

1. AllDatainlLa

2. Average distribution of port scheduling

. LD L1-L2 L2-L3 L3-Mem
3. Perfect out-of-order scheduling ——
ST |
4. Latencies hidden via speculative MULT
] ADD
execution ———»t[oy]

5. Runtime prediction == longest time any port is occupied
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1. AllDatainlLa

2. Average distribution of port scheduling

. LD D L1-L2 L2-L3 L3-Mem
3. Perfect out-of-order scheduling | |
ST
4. Latencies hidden via speculative MULT
] ADD
execution —>t[ov]

5. Runtime prediction == longest time any port is occupied

PMBS18 | OSACA | JanLaukemann 13.11.2018



FRIEDRICH-ALEXANDER
= UNIVERSITAT
ERLANGEN-NURNBERG

32KkB L1 1-Cache

Intel Skylake

3 128bit

Instruction Queue |

Decode |

Decoded Micro-Operation Queue |

In-Order
Out-of-Order

[ Out-of-Order Scheduler |
| Port 0 | | Porc 1 H Port 5 H Port 6 | Pore 2 H Port 3 | | Port 4 | ‘ Port 7 |
I | B o o | e | e e
‘QNDBR‘\NE'Hl I FAST LFA I | FAST LA ‘ |15l‘ uxm\ull | AGL ‘ | AGU |

Cow | [ooon | [ |

[Cocva | [Cavewn | [avaseiaa |

‘ AV ML, I | AVEADD | ‘ AVXILL ADD |

‘ AVXADD | | AV ALLY | | AVXE MUL |

[ | [Caeesner ] [amszaw ]

AVXSLIT

Memory Control |

1x%512bit % % 2x312bit

‘ 1 MB Unified L2 Cache

5|2\bit Line Fill Butfers II ; W

[ 64kBLITCache ]

AMD Zen

3 256 bit
[ Predecode |
| Instruction Queue |
Micro-op /
| Decode | 1.0 Cache

Decoded Micro-Operation Queue |

In-Order
Qut-of-Order

[ Ourof-Order Scheduler | /]

Out-of-Order Scheduler

|P0rt l)l | Port 1 | |P0r[ 2| |

Port 3| |1’0rt4| |l’ort 5| |P0r'r 6| |l’0rt7‘ |l’ort 8| Il’ort 9‘

[ssoaw] [sseatu] [sscaw] |

sseatu | [ aw [ e | [Caw ] [Caw ][ Cacu ] [Cace ]

| SSTMITT | | SSTUMUT | | 8T AT | |

SST r\nTJl |T\mN:Jr| | MTTE | | DV | |nm\\1<H|

| SSE TMA | | SSTFMA | |.5W nm!r‘l |

SSE DIV, | LOAD

8T STTUT

Floating-point / vector execution, | Integer execution

LOAD

Memory Control |

1x128bit v« 2x128bit

512 kB Unified 1.2 Cache

> 32kB L1 D-Cache
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AMD Zen

Intel Skylake

[ 64kBLITCache ]

3 256 bit

[ Predecode |

| Out-of-Order Scheduler | | OutofOrder Scheduler | | Out-of-Order Scheduler |

[ Port O | [ Port 1 | [ Port5 |[ Port6 | | Port2 || Port3 || Port4 ][ Port7 | ot 0] [Port 1] [Port 2] [Port 3] [Port 4] [Port 5] [Port 6] [Port 7] [Port 8] [Port 9]
[ av | au || Aaw |[ Aw || woaD [[ LoAD | [ STORE | [SIMLPE AGU|

[sSEAW| [ssEaw] [sseaw] [sseaw]| | A | [ aw || Aaw || awu | [ Acu || AGu |
RoBRANCH [ FASTLEA | [FASTLEA | BRANCH| | AGU [ [ AGU ] [ssE muL] [ssemut] [sseapp| [sseapp|' '[BRANCH] [ MuL | [ DIV | [BRANCH
LAVKDIV | [ AVKFMA | [AVX SHUF] [sSE Fma] |SSE FMA| [sSE SHUF| [ SSEDIV |
[AvXFMA | [ AVXMUL | [avxs12 Fma) SSESHUF
[ AVX MUL | | AvX ADD | [Avx512 ADD|
[ AVX ADD | | AVX ALU | |Avx512 mut|
[ AVX ALU | [AVX SHIFT] [Avxs12 Aw] | Memory Confrol |

Floating-point / vector execution, | Integer execution

| Memory Control |

| Memory Control |
1x128bit v« 2x128bit

512 kB Unified 1.2 Cache ~ 32kB L1 D-Cache

312 bit

PMBS18 | OSACA | JanLaukemann 13.11.2018 1
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//STARTLOOP

// TRIAD BENCHMARK

for(int j=0; j<size; ++j){
a[j] = b[J] + <[3]*d[3];

Memory R GPR 32b A GPR 64b 8 YMM N IMD

L14:
vmovapd
add|

vmovapd
vfmadd132pd
vmovapd
addq

cmpl

ja

0(%r13, %rax), %ymm0
$1, YGESi

(%r14, %rax), Y%oymm4
(%rl2, %rax), %ymm4, %ymmo0
%ymma0, (%rl5, %rax)

$32, Borax

%esi, -100(%rbp)

 OSACA

OSACA —Workflow

vevtsiZ2ss-xmm_ xmm r32 1
vevtsiZss-xmm_xmm_r32-TP 3
vmulss-xmm xmm xmm 1

.0
.0
0

Ccsv
data files

|
|
|
|
| 1.00 1.00
|
|
|
|
|
To

tal number of estimated

0sl|acA
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Model Construction (l11): Microbenchmarks

Latency

loop:
inc %eax
vaddpd 7xmmo,
vaddpd 7xmmo,
vaddpd 7xmmo,

vaddpd 7xmmo,

cmp %eax, %edx

j1l loop

%xmml, JXxmmo
%xmmoys Jsxmml
%xmmls Jxmmo

%xmm@f’%xmml

#loop count

Throughput

loop:

inc %eax

vaddpd 7xmmo,
vaddpd 7xmm1,
vaddpd 7xmm2,
vaddpd 7xmmo,
vaddpd 7xmm1,
vaddpd 7xmm2,
vaddpd 7xmmo,

cmp %eax, %edx
j1l loop

%Xmmo,
%xmml,
%xmm2,
%Xmmo,
%xmml,
%xmm2,
%Xmmo

%xmm3
%xmm4
%xXmm5
%Xmme6
%xmm7
%xXmm8
%xmm9

#loop count

PMBS18 | OSACA | JanLaukemann
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Model Construction (l11): Microbenchmarks

Throughput
: loop:
inc Q:l‘ iEc %eax

vaddpd 0 vaddpd %xmm@, %xmmo, %xmm3
vaddpd Q,Q\ vaddpd %xmml, %xmml, %xmm4
vaddpd Q vaddpd 7%xmm2, %xmm2, %xmm5
0 vaddpd %xmm@, %xmm@, %xmmé6
vad@ B vaddpd %xmml, %xmml, %xmm7
cmp B vaddpd %xmm2, %xmm2, %xmm8
jl vaddpd %xmm@, %xmm@, %xmm9
cmp %eax, %edx #loop count
j1l loop

PMBS18 | OSACA | JanLaukemann 13.11.2018 14
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Benchmark tool output
Using frequency 1.80GHz.

database entry

vaddpd-xmm_xmm_xmm, 0.5, 4.0, \
"(0.5,0,0.5,0,0,0,0,0,0)"

vaddpd-xmm_xmm_xmm-1: 4.009
vaddpd-xmm_xmm_xmm-2: 2.006
vaddpd-xmm_xmm_xmm-4: 1.011
vaddpd-xmm_xmm_xmm-5: 0.805
vaddpd-xmm_xmm_xmm-8: 0.556
Vaddpd-xmm_xmm_xmm-le: 0.554 | Port 0 | ‘ Port 1 I | Port 5 | | Port 6 | | Port 2 ‘ | Port 3 | | Port 4 | l Port 7 I
Vadd pd'Xmm_Xmm_Xmm':I.Z: @ . 551 [Caw ][ aw [ ][ au ] [oaw ] [roso ][ srore ] [sieieacu
|3Nl: \!K.\Nlltl ‘ FAST LEA | | FAST LEA | |l\"l' ]6!(,\,\1\'H| | AGU ‘ | AGL |
| AVX DIV | ‘ AVX FMA | | AVX SHUF |
| AVX FMA | ‘ AVX MUL | | AVXSL2 FMA |
| AVX MUL | ‘ AVX ADD | | AVXSI2 ADD |
| AVX ADL | | AVX ALU | | AVX3SL2 MUL ‘
| AVX ALL | | AVX SHFT | | AVXSI2 ALL ‘
Lo |
PMBS18 | OSACA | JanLaukemann 13.11.2018 15
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Benchmark tool output database entry
Using frequency 1.80GHz. vaddpd-xmm_xmm_xmm, 0.5, 4.0, \
"(0.5,0,0.5,0,0,0,0,0,0)"
vaddpd-xmm_xmm_xmm-1: 4.009
vaddpd-xmm_xmm_xmm42: 2.006
vaddpd-xmm_xmm_xmm44: 1.011
vaddpd-xmm_xmm_xmm45: 0.805
vaddpd-xmm_xmm_xmm48: 0.556
Vaddpd-xmm_xmm_xmm- l10: 0.554 | Port 0 | ‘ Port 1 || Port 5 || Port 6 || Port 2 H Port 3 | | Port 4 | [ Port 7 I
Vaddpd-Xmm_Xmm_Xmm- 12: @. 551 I ALU | [ ALU ] | ALU | | ALU | | LOAD ‘ | LOAD | | STORE | [‘-l&ll‘ll'.\m'l
[2:0 ua\mll [ eastiea | [ masties | [Isteranca] [ acu ][ acu ]
# of independent e
instructions Lomen ] [ovmn | Lomee ]
[ avxaw | [Cavxsier ] [Cavszaw |
IIEI
PMBS18 | OSACA | JanLaukemann 13.11.2018 16



Benchmark tool output
Using frequency 1.80GHz.

vaddpd-xmm_xmm_xmm-
vaddpd-xmm_xmm_xmm-
vaddpd-xmm_xmm_xmm-
vaddpd-xmm_xmm_xmm-
vaddpd-xmm_xmm_xmm-
vaddpd-xmm_xmm_xmm410:
vaddpd-xmm_xmm_xmm+412

o uvlThNBR

# of independent
instructions

.009
.006
.011
. 805
.556
.554
.551

O OO0k, NA

CPI

database entry

vaddpd-xmm_xmm_xmm, 0.5, 4.0, \
"(0.5,0,0.5,0,0,0,0,0,0)"

| Port 0

Port 3 | | Port 4 |

Port 7 I

[ aw av | [ [ mu ][ o

STORE | [ SIMPLE AGU |

Port 1 || Port 5 || Port 6 | | Port 2 ‘ |
| [ Croan ]
| [ acv ]

|3N|:J!R.\MIL FAST LEA | | FAST LEA | |I*T]5K,\N\'H| | AGU

||
| [
| [
| AVX DIV | ‘ AVX FMA || AVX SHUF |
| [
| [
| |
| |

| AVX FMA AVX MUL | | AVXSL2 FMA |
| AVX MUL AVX ADD | | AVX3I2 ADD |
| AVX ADD AVX ALU | | AVXSI2 MUL |
| AVX ALU AVX SHFT | | AVXSI2 ALL J

PMBS18 | OSACA | JanLaukemann
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Benchmark tool output
Using frequency 1.80GHz.

database entry

vaddpd-xmm_xmm_xmm, 0.5, 4.0, \
"(0.5,0,0.5,0,0,0,0,0,0)"

vaddpd-xmm_xmm_xmm-1: 4.009
vaddpd-xmm_xmm_xmm42: 2.006
vaddpd-xmm_xmm_xmm44: 1.011
vaddpd-xmm_xmm_xmm45: 0.805
vaddpd-xmm_xmm_xmm48: 0.556
Vaddpd-xmm_xmm_xmm- 10: 0.554 | Port 0 | ‘ Port 1 || Port 5 || Port 6 || Port 2 H Port 3 | | Port 4 | Port 7 I
Vaddpd-Xmm_Xmm_Xmm' 12: @. 551 I ALU | [ ALU ] | ALU | | ALU | | LOAD ‘ | LOAD | | STORE | [i]»{l‘ll'.\m'l
|3N|:J!R.\mn| | FAST LEA | | FAST LEA | |l\'TBR,—\Nt'H| | AGU ‘ | AGU |
# of independent  CP| e
InStruCtionS : AVX MUL : l‘ AVX ADD : : .m(fl:mm:
| AVX ALL | | AVX SHFT ||.\\'Xi\!¢\ll J
Lo |
PMBS18 | OSACA | JanLaukemann 13.11.2018 18



Benchmark tool output
Using frequency 1.80GHz.

database entry

vaddpd-xmm_xmm_xmm, 0.5, 4.0, \
"(0.5,0,0.5,0,0,0,0,0,0)"

vaddpd-xmm_xmm_xmm-1: 4.009
vaddpd-xmm_xmm_xmm42: 2.006
vaddpd-xmm_xmm_xmm44: 1.011
vaddpd-xmm_xmm_xmm45: 0.805
vaddpd-xmm_xmm_xmm48: 0.556
Vaddpd-xmm_xmm_xmm- l10: 0.554 | Port 0 | ‘ Port 1 || Port 5 || Port 6 || Port 2 H Port 3 | | Port 4 | Port 7 I
vaddpd-xmm_xmm_xmm+412 0.551 Co 1w ] 1= 10w 1o ] [on | [
|3N|:J!R.\mn| | FAST LEA | | FAST LEA | |l\'TBR,—\Nt'H| | AGU ‘ | AGU |
# of independent  CP| e
InStruCtlonS : AVX MUL : l‘ AVX ADD : : .m(fl:mm:
| AVX ALL | | AVX SHFT ||.\\'Xi\!¢\ll J
Lo |
13.11.2018 19
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for(int j=0; j<size; ++j){
a[J] = b[J] + <[3]*d[]];

ibench

—— benchmark —— "7

tool

1.0
- 3.0
1.0

h
Memory N GPR 32bl GPR 64b N YMM N IMD P - Load operation n be hidden behind a past or future store instruction

X - No information for this instruction in data file

.L14: * - Instruction micro-ops nobt bound to a port
Port Binding in Cycles Per Iteration:

vmovapd 0(%r13, %rax), %ymm0 i Y e AN .

addl <1 OBESi —Pp| Forz 10 111213 1015 | 6 1 7T | 8 | 9

’ - - - —

\/mOVapd (D/grl4, u/gra)()’ U/Uymm4 | Cycles | 1.0 | 1.0 | O 1 0O Q.75 1 0.75 | 0075 |1 0075 | 4.0 | 4.0

vfmadd132pd (%r12, %rax), %ymm4, Y%eymmo Ports Pressure in cycles

vmovapd %ymm0, (%r15, Y%rax) o bt L A ‘

add $32 Phrax | | | | | I I | | | % .Ll0: )

a . CcSV | | | | | I | | {1.0)] (1.0)| P vmovapd {%rlS,%rax), %ymm0
cmpl %esi, -100(%rbp) | | | | | I | | 1.00 | 1.00 | vmovagd (%112, %rax), Symm3
N 1 | | | | 0.25 | 0.25 1 0.25 | ©.25 | | | addl $1, %ecx
ja .L14 data files | 1.00 | 1.00 | | | I | | 1.00 | 1.00 | vfmaddl32pd 0 (%113, %rax),

| | | | | | | | | | Eymm3, Gymmd
| | | | | | | | 2.00 | 2.00 | vmovapd Symm0, (%rl4,%rax)
| | | | 0.25 | 0.25 | 0.25 | 0.25 | | | addg $32, %rax
| | | | 0.25 | 0.25 1 0.25 | 0.25 | | | cmpl fecx,%r10d
| | | | | | | | | | ja .L10
Total number of estimated throughput: 4.0
PMBS18 | OSACA | JanLaukemann 13.11.2018 20
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for(int j=0; j<size; ++j)

* Load-bound

* Create code with -O1, -O2 and -O3 flag
(+ architecture specific flags)

a[j] = b[J] + c[3]*d[]];

2x unrolling

.L10:
vmovaps (%ri13,%rax), %xmmo
vmovaps (%ri15,%rax), %xmm3
* Analyze for Intel Skylake & AMD Zen incl %esi

vaddpd (%rl4,%rax), %xmm3, %xmmo
vmovaps %xmmo, (%rl2,%rax)
addq $16, %rax
cmpl %esi, %riled
ja .L10

PMBS18 | OSACA | JanLaukemann 13.11.2018 21
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Insert marker for kernel detection

(done by tool or manually)

mov1l
.byte

.L10:
vmovaps
vmovaps
incl
vaddpd
vmovaps
addq
cmpl
ja

mov1l
.byte

$111, %ebx
100, 103, 144

(%r13,%rax), %xmmeo
(%rl5,%rax), %xmm3
%esi

#START MARKER
#START MARKER

(%rld,%rax), %xmm3, %xXmmo

%xmmo, (%rl2,%rax)
$16, %rax

%»esi, »riled

.L10

$222, %ebx
100, 103, 144

#END MARKER
#END MARKER

PMBS18 | OSACA | JanLaukemann
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$ osaca --iaca --arch ZEN triad.s.zen.03.s

$ o
Throughput Analysis Report /‘0/7 lO//GOIf
-------------------------- o) o)
P - Load operation can be hidden behind a past or future store instruction /725 /.25
X - No information for this instruction in data file /V 44
* - Instruction micro-ops not bound to a port
Port Binding in Cycles Per Iteration:
| Port | © | 1 | 2| 3 -bov| 4 | 5 | 6 | 7 | 8 | 9 |
| Cycles | 1.25 | 1.25 | .75 | .75 © | .75 | 0.75 | .75 | ©.75 | 2.0 | 2.0 |
Ports Pressure in cycles
| ¢ | 2 | 2 | 3 - Dbv | 4 | 5 | e | 7 | 8 | 9 |
| | | I I I | I | | | X .L1e:
| .25 | ©.25 | ©.25 | @.25 | | | | | (0.5)| (0.5)| P vmovaps 0(%ri3,%rax), %xmme
| .25 | ©.25 | ©.25 | @.25 | | | | | .50 | ©.50 | vmovaps (%r15,%rax), %xmm3
| | | | | ©.25 | ©.25 | ©.25 | ©.25 | | | incl %esi
| @.50 | @.50 | | | | | | | .50 | ©.50 | vaddpd (%ri14,%rax), %xmm3, %xmme
| .25 | ©.25 | ©.25 | @.25 | | | | | 1.00 | 1.00 | vmovaps %xmmo, (%rl2,%rax)
| | | | | .25 | ©.25 | ©.25 | @.25 | | | addq $16, %rax
| | | | | .25 | ©.25 | ©.25 | @.25 | | | cmpl %esi, %ried
| | | I I I | I I I | Jja .L10

Total number of estimated throughput: 2.0

PMBS18 | OSACA | JanLaukemann
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[ FRIEDRICH-ALEXANDER
L E S==='=__= UNIVERSITAT

&= = —= ERLANGEN-NURNBERG

$ osaca --iaca --arch ZEN triad.s.zen.03.s

$ o
Throughput Analysis Report /247 XDA49C7}C
-------------------------- o) o)
P - Load operation can be hidden behind a past or future store instruction /725 /.25
X - No information for this instruction in data file /V 44
* - Instruction micro-ops not bound to a port
Port Binding in Cycles Per Iteration:
| Port | © | 1 | 2| 3 -bov| 4 | 5 | 6 | 7 | 8 | 9 |
| Cycles | 1.25 | 1.25 | .75 | .75 © | .75 | 0.75 | .75 | ©.75 | 2.0 | 2.0 |
Ports Pressure in cycles
| ¢ | 2 | 2 | 3 - Dbv | 4 | 5 | e | 7 | 8 | 9 |
| | | I I I | I | X_.L10:
| .25 | .25 | ©.25 | @.25 | | | | Il (6.5)| (0.5)| P vmovaps 0(%ri13,%rax), %xmmo |
| .25 | ©.25 | ©.25 | @.25 | | | | | .50 | ©.50 | vmovaps (%r15,%rax), %xmm3
| | | | | ©.25 | ©.25 | ©.25 | ©.25 | | | incl %esi
| @.50 | @.50 | | | | | | | .50 | ©.50 | vaddpd (%ri14,%rax), %xmm3, %xmme
| .25 | ©.25 | ©.25 | @.25 | | | | | 1.00 | 1.00 | vmovaps %xmmo, (%rl2,%rax)
| | | | | .25 | ©.25 | ©.25 | @.25 | | | addq $16, %rax
| | | | | .25 | ©.25 | ©.25 | @.25 | | | cmpl %esi, %ried
| | | I I I | I I I | Jja .L10

Total number of estimated throughput: 2.0
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$ osaca --iaca --arch ZEN triad.s.zen.03.s

$ o
Throughput Analysis Report /247 XDA49C7}C
-------------------------- o) o)
P - Load operation can be hidden behind a past or future store instruction /725 /.25
X - No information for this instruction in data file /V 44
* - Instruction micro-ops not bound to a port
Port Binding in Cycles Per Iteration:
| Port | © | 1 | 2| 3 -bov| 4 | 5 | 6 | 7 | 8 | 9 |
| Cycles | 1.25 | 1.25 | .75 | .75 © | .75 | 0.75 | .75 | 0.75 ||2.0 | 2.0]|

Ports Pressure in cycles
| ¢ | 2 | 2 | 3 - Dbv | 4 | 5 | e | 7 | 8 | 9 |
| | | I I I | I | X_.L10:
| .25 | .25 | ©.25 | @.25 | | | | Il (6.5)| (0.5)| P vmovaps 0(%ri13,%rax), %xmmo |
| .25 | ©.25 | ©.25 | @.25 | | | | | .50 | ©.50 | vmovaps (%r15,%rax), %xmm3
| | | | | ©.25 | ©.25 | ©.25 | ©.25 | | | incl %esi
| @.50 | @.50 | | | | | | | .50 | ©.50 | vaddpd (%ri14,%rax), %xmm3, %xmme
| .25 | ©.25 | ©.25 | @.25 | | | | | 1.00 | 1.00 | vmovaps %xmmo, (%rl2,%rax)
| | | | | .25 | ©.25 | ©.25 | @.25 | | | addq $16, %rax
| | | | | .25 | ©.25 | ©.25 | @.25 | | | cmpl %esi, %ried
| | | I I I | I I I | Jja .L10

t

Total number of estimated throughput:|2.0
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Results

Architecture Optimization | |\ ¢ Measured Prediction [cy/it]
executed on  compiled for flag MFLOP/s Mit/s cylit OSACA IACA
Zen Zen =

1797 898 2.00 2.00
1797 2.00 2.00
_________
Skylake 1770 2.03 2.00 2.24
Skylake Zen -02 1x 1768 884 2.04 2.00 2.00
Skylake Zen -03 2X 3505 1753 1.03 2.00/2 2.21
Zen Skylake -01 1x 1792 896 2.01 2.00 -

Zen Skylake -02 1x 1797 898 2.01 2.00 -
Skylake 3166 1589 1.01 4.00/4
_________
Skylake Skylake 1776 2.03 2.00 2.00
Skylake Skylake -03 4x 6808 2738 0.53 2.00/4 221/4
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vextractil28 $0x1, %ymm2, %xmmo
° Compute_bound vcvtdg2pd %xmm2, %ymml
vaddpd symm7, %ymml, %ymml
addl $1, %eax
1 4 vecvtdqg2pd %Xmme, %ymmo
= f > dx vaddpd %ymm7, %ymmo, %ymmo
0 1+x vpaddd %ymm8, %ymm2, %ymm2
int SLICES = 1000000000; p V/mulpd £ymmé, ymml, %ymnl
~ > i . vmulpd %ymmeé, %ymmo, %ymmo
double sum = @., delta x = 1./SLICES; 8x unrolling vaddpd ymml, %ymms., %ymmi
for(int i=0; i<SLICES; ++i) { vaddpd &ymme, xymms, Jeymme
double x = (i+0.5)*delta_x; vd}vpd symml, Joymmd, Zymml
ST = S & g J § LG " )’( * x); vdivpd %ymme, %ymm4, %ymmo
} ’ ’ ? vaddpd %ymml, %ymmo@, %ymmo
. vaddpd %ymme, %ymm3, %ymm3
= * s
double Pi = sum * delta_x; cmpl $125000000, %eax
jne .L2
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| @ - bDv | 1 | 2 | 3 | 4 | 5 | 6 | 7
I I I I I I I I
I I I I I | 1.00 | I
| 1.00 | | | | | 1.00 | |
| ©.50 | 0.50 | | | | | |
| ©.25 | .25 | | [ | .25 | @.25 |
| 1.00 | | | | | 1.00 | |
| ©.50 | 0.50 | | | | | |
| 0.33 | 0.33 | | | | .33 | |
| ©.50 | 0.50 | | | | | |
| ©.50 | 0.50 | | | | | |
| ©.50 | 0.50 | | | | | |
| ©.50 | 0.50 | | | | | |
| 1.00 8.00 | | | | | | |
| 1.00 8.00 | | | | | | |
| ©.50 | ©.50 | | | | | |
| ©.50 | ©.50 | | | | | |
| ©.25 | .25 | | | | .25 | @.25 |
I I I I I
T f

otal number of estimated throughput: 16.0

X .L2:

vextractil28 $ox1, %ymm2, %xmml

vcvtdq2pd
vaddpd
addl
vcvtdq2pd
vaddpd
vpaddd
vmulpd
vmulpd
vaddpd
vaddpd
vdivpd
vdivpd
vaddpd
vaddpd
cmpl

jne

%xmm2, %ymmeo

%ymm7, %ymmo, %ymmo
$1, %eax

%xmml, %ymml

%ymm7, %ymml, %ymml
%ymm8, %ymm2, %ymm2
%ymmé6, %ymmo, %ymmo
%ymmé6, %ymml, %ymml
%ymme, %ymm5, %ymmo
%ymml, %ymm5, %ymml
%ymmo, %ymm4, %ymmo
%ymml, %ymm4, %ymml
%ymml, %ymmo@, %ymmo
%ymmo, %ymm3, J%ymm3
$125000000, %eax
.L2
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| ¢ - ov | 2 | 2 | 3 | 4 | s | e | 7 | 7
| | | | | | | | | X .L2:
| | | | | | 1.00 | | | vextractil28 $ox1, %ymm2, %xmml
| 1.00 | | | | | 1.00 | | | vcvtdg2pd %xmm2, %ymme
| ©.50 | 0.50 | | [ | | | | vaddpd %ymm7, %ymm@, %ymme
| ©.25 | .25 | | [ | .25 | @.25 | | addl $1, %eax
| 1.00 | | | | | 1.00 | | | vcvtdg2pd %xmml, %ymml
| ©.50 | 0.50 | | [ | | | | vaddpd %ymm7, %ymml, %ymml
| 0.33 | ©.33 | | | | ©.33 | | | vpaddd %ymms, %ymm2, %ymm2
| ©.50 | 0.50 | | | | | | | vmulpd %ymmé6, %ymmo, %ymme
| ©.50 | @.50 | | | | | | | vmulpd %ymm6, %ymml, %ymml
| ©.50 | 0.50 | | | | | | | vaddpd %ymme, %ymm5, %ymme
| ©.50 | 0.50 | | | | | | | vaddpd %ymml, %ymm5, %ymml
| 1.00 |8.00]|| | | | | | | | fvdivpd %ymme, %ymm4, %ymme
| 1.00 |8.00]]| | | | | | | | fvdivpd %ymml, %ymm4, %ymml
| ©.50 | ©.50 | | | | | | | vaddpd Zymmi, Rymmo, Jeymmo.
| ©.50 | ©.50 | | | | | | | vaddpd %ymme, %ymm3, %ymm3
| ©.25 | .25 | | | | .25 | @.25 | | cmpl $125000000, %eax
| | | | | | | | | jne .L2
Total number of estimated throughput: 16.0
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| ¢ - ov | 2 | 2 | 3 | 4 | s | e | 7 | 7
| | | | | | | | | X .L2:
| | | | | | 1.00 | | | vextractil28 $ox1, %ymm2, %xmml
| 1.00 | | | | | 1.00 | | | vcvtdg2pd %xmm2, %ymme
| ©.50 | 0.50 | | [ | | | | vaddpd %ymm7, %ymm@, %ymme
| ©.25 | .25 | | [ | .25 | @.25 | | addl $1, %eax
| 1.00 | | | | | 1.00 | | | vcvtdg2pd %xmml, %ymml
| ©.50 | 0.50 | | [ | | | | vaddpd %ymm7, %ymml, %ymml
| 0.33 | ©.33 | | | | ©.33 | | | vpaddd %ymms, %ymm2, %ymm2
| ©.50 | 0.50 | | | | | | | vmulpd %ymmé6, %ymmo, %ymme
| ©.50 | @.50 | | | | | | | vmulpd %ymm6, %ymml, %ymml
| ©.50 | 0.50 | | | | | | | vaddpd %ymme, %ymm5, %ymme
| ©.50 | 0.50 | | | | | | | vaddpd %ymml, %ymm5, %ymml
| 1.00 |8.00]|| | | | | | | | fvdivpd %ymme, %ymm4, %ymme
| 1.00 |8.00]]| | | | | | | | fvdivpd %ymml, %ymm4, %ymml
| ©.50 | ©.50 | | | | | | | vaddpd Zymmi, Rymmo, Jeymmo.
| ©.50 | ©.50 | | | | | | | vaddpd %ymme, %ymm3, %ymm3
| ©.25 | .25 | | | | .25 | @.25 | | cmpl $125000000, %eax
| | | | | , | | | jne .L2
Total number of estimated throughput:|16.0’
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Results

Archltectur Optimization Measured Prediction [cy/it]
HED) MFLOP/s Mit/s cylit OSACA IACA

Skylake 1198 200 9.02 4.75 3.91
Skylake 2697 4.00 4.25 4.00
1197 11.48 4.00
Zen -02 2696 449 4.96 4.00 =
Zen -03 5377 896 2.44 2.00 =
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$ osaca --iaca --arch SKL pi.s.skl.01.s (}3
$ _ . Pl
Throughput Analysis Report /70 @O'

Port Binding in Cycles Per Iteration:

| ¢ - bDv | 2 | 2 | 3 | 4 | 5 | e | 7 |

| | | | | | | | | X .L2:

| ©.25 | .25 | | [ | .25 | @.25 | | vxorpd %Xmme, %xmmo, %xmme
| ©.50 | 0.50 | | [ | 1.00 | | | vevtsi2sd %eax, %xmme, %xmmo
| ©.50 | 0.50 | | | | | | | vaddsd %xmm4, %xmmo, %xmme
| ©.50 | 0.50 | | | | | | | vmulsd %xmm3, %xmmo, %xmme
| ©.50 | 0.50 | | | | | | | vmulsd %xmme, %xmmo, %xmme
| ©.50 | 0.50 | | | | | | | vaddsd %xmm2, %xmmo, %xmme
| 1.00 4.00 | | | | | | | | vdivsd %xmme, %xmml, %xmme
| ©.50 | .50 | ©.50 | ©.50 | | | | | vaddsd (%rsp), %xmm@, %xmm5
| | | .50 | ©.50 | 1.00 | | | | vmovsd %xmm5, (%rsp)

| ©.25 | .25 | | | | .25 | @.25 | | addl $1, %eax

| ©.25 | .25 | | | | .25 | @.25 | | cmpl $1000000000, %eax

| | | | | | | | | jne .L2

Total number of estimated throughput: 4.75
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$ osaca --iaca --arch SKL pi.s.skl.01.s (}3
$ _ . Pl
Throughput Analysis Report /70 @O'

Port Binding in Cycles Per Iteration:

| ¢ - bDv | 2 | 2 | 3 | 4 | 5 | e | 7 |

| | | | | | | | | X .L2:

| ©.25 | .25 | | [ | .25 | @.25 | | vxorpd %Xmme, %xmmo, %xmme
| ©.50 | 0.50 | | [ | 1.00 | | | vevtsi2sd %eax, %xmme, %xmmo
| ©.50 | 0.50 | | | | | | | vaddsd %xmm4, %xmmo, %xmme
| ©.50 | 0.50 | | | | | | | vmulsd %xmm3, %xmmo, %xmme
| ©.50 | 0.50 | | | | | | | vmulsd %xmme, %xmmo, %xmme
| ©.50 | 0.50 | | | | | | | vaddsd %xmm2, %xmmo, %xmme
| 1.00 4.00 | | | | | | | | vdivsd %xmme, %xmml, %xmme
| ©.50 | .50 | ©.50 | ©.50 | | | | | vaddsd (%rsp), %xmm@, %xmm5
| | | .50 | ©.50 | 1.00 | | | | fvmovsd %xmm5, (%rsp)

| ©.25 | .25 | | | | .25 | @.25 | | addl $1, %eax

| ©.25 | .25 | | | | .25 | @.25 | | cmpl $1000000000, %eax

| | | | | | | | | jne .L2

Total number of estimated throughput: 4.75
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* Latency modelling

* Critical Path

* Loop-carried dependencies

* Differentiate addressing modes
* Architecture specific heuristics

« Integrationin “KERNCRAFT

* Replacement / Additional instrumentalization of benchmark tools
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* OSACA s Open Source

* OSACA supports non-Intel architectures

* OSACA s based on benchmarks of individual instructions

* OSACA allows manual extension of the supported instruction set

* OSACA allows architectural exploration
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https://github.com/RRZE-HPC/OSACA

Open Source = Architecture Code Analyzer
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