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1st part: Thesis overview

B Context
B Motivations
B Contributions
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My thesis in one slide

My thesis:
regenerate regenerate
(In seconds)
Performance
&
Energy + ++ +++
efficiency:
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My thesis in one slide

My thesis:
regenerate regenerate
(In seconds)
Performance
&
Energy + ++ +++
efficiency:

» ARM Cortex:
A5/A7/A8/A9/
A12/A15/A17/
A53/A57/A72
Scorpion

Krait

X-Gene
Denver
ThunderX

K12

Apple Ax:
A4/A5/A6/A7/A8

Embedded computing heterogeneity & complexity
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Context: Hardware evolution

Performance
(on general purpose processors)

Hardware:

Software:

— Maximum achievable

— Usually obtained by software Increasing

performance
gap

Power wall

Dennard scaling

!
!
|
|
(const. power density) !

Dark silicon

(very high power density)

|

|

' >

: Heterog. Timeline
Single-core Slr)gle_-core : Hon_mg. Hete_rog. manycore

pipelined | multicore multicore +
I accelerators
. Optimizing ! Thread-level : .

I ) - ?

Compilers compilers 1 parallelism (Online auto-tuning?)
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Context: Software auto-tuning

B Auto-tuning:
== Finds the best algorithm implementations & compiler optimizations
== Offline approaches: fixed running environment

== However: perf. depends on processor and input data
Benchmark: Streamcluster (PARVEC)
~20 hours of tuning / 1260 runs / 1 input set:

Best version

for A8 _l_, -
Best version I my

—> 10.2 s (best)

j—> 12.45(+22 %)

for A9 )
ARM Cortex-A8 Best version
for A8 > B __, 15 (455 %)
Best version | [ ., -_> 9-85 (best)
for A9
ARM Cortex-A9
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Context: Software auto-tuning

B Online auto-tuning in hand-held devices?

Compile time Run time

Performance
portability?

Compiled to a

generic User input N
architecture
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Context: Software auto-tuning

B Auto-tuning state of the art: Offline auto-tuning:
Processor: fixed 0
HW complexity Existing online auto-tuning: Input: fixed o

Processor: varying O
Input: varying
[Voss] [Tiwari] [Chen] [Ansel]

This thesis
Processor: varying O

Input: varying (s

>

Milliseconds Seconds Minutes Hours Days o
Tuning time

o cea.alrghisreseved - DACLE Division| September 2015 | 8




Thesis contributions

regen regen

—> —>

) Auto-tunlng to:

== EXplore input-dep. optimizations

== Adapt code to pipe features
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Thesis contributions

. — — .

) Auto-tunlng to:

== EXplore input-dep. optimizations F D{ FP,S.Mm
== Adapt code to pipe features FIo4
FIDH FP/SIMD ‘@
F|D W
:i B FP/SIMD -w
FP/SIMD -

B uArch sim. for ARM:

== Embedded core heterogeneity
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Thesis contributions

. — — .

) Auto-tunlng to:

== EXplore input-dep. optimizations F D{ FP,S.Mm
== Adapt code to pipe features FIo4
FIDH FP/SIMD ‘@
Function
\ersiaon 1 F D _IVVI
Parametrizable Function FlD I
function E— Veuainn F 1o FP/SIMD _1V_V|
generator Function FP/SIMD i
Version 3 B pArch sim. for ARM:
B Run-time code gen.: - Embedded core heterogeneity

== ARM porting
== Online auto-tun support
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Thesis contributions

— .

) Auto-tunlng to:

. —

‘ == EXplore input-dep. optimizations F D{ FP,S.Mm
== Adapt code to pipe features o
FIoH Fp/simMD H
Function
\ersiaon 1 F D _IVVI
Parametrizable Function F | D I
function E— Veuainn F 1o FP/SIMD _1V_V|
generator Function FP/SIMD -
Version 3 B uArch sim. for ARM:
B Run-time code gen.: - Embedded core heterogeneity

== ARM porting
== Online auto-tun support
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2nd Part: pArch simulator for ARM

Why simulation?

gem5: Performance of pipe and caches

== IN-order model in gem5

MCcPAT: Energy estimation

== Better func. unit model in McPAT

gem5 and McPAT integration

Validations: Sim. vs real HW

== Performance: Against Cortex-A8 & Cortex-A9
== Area and rel. Energy: Against big.LITTLE CPUs

Conclusions

F|D

F|D

F|D

F FP/SIMD J_MI
D
pH FpP/siMD
Iy
FP/SIMD il
FP/SIMD il
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Why simulation?

HW complexity
Out-of-order
In-order 5> >
Performance Energy efficiency

HW complexity

#
A > Achievable?

Same resources
Except: dynamic Online auto-tunlng

scheduling capability

Performance
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gemb overview

B Full-system & pArch simulator: ARM, x86, Alpha

== ARMV7-A architecture
== Can simulate Linux boot

== Pipeline, cache and memory behavior
== (Internally used by ARM)

Sys config & binary

L2

Sys config

Component
\ stats

L1-D| L1-I

Core

Instructions executed
Reg. file reads

ALU accesses

L1-D misses
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Out-of-order for ARM:
arm_detailed Shared L2 _
Classic Memory model
L1-D| L1-I L1-D| L1-I
1 [ N ] N
03 model Core Core
Fetch Rename||Issue Execute/Writeback Commit
Simple ALU
I-Cache INT INT = pl 0
omple
Decode REG BeX
1Q FP/SIMD ROB
FP
BP/BTB/RAS FP REG [__Load
| Store
Memory System
D-Cache TLB MMU
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Contribution: In-order model in gem5

B Two main modifications:
. : + Correct config
== Cancel the register renaming }

™

== |SSUe instruction in dispatch order

Fetch Equivalen Execute/Writeback Commit
Rename || Issue Simple ALU
I-Cache INT =
INT REG Complex ALU
Decode 1Q FP/SIMD ROB
BP/BTB/RAS FP RFE':; [__Load
| Store

Memory System

D-Cache TLB MMU
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B Power and area models:

== Multi- & manycores
== Desktop or embedded

== IN-order or out-of-order )
— SMT N 12
/
/) L1-D| L1-I
/
/
/ Core
/
/] 9.3 _
24.6 - -
- 9.
. — MCPAT — 29.7 18
input.xml
(sys config & stats) Average power &

area of components
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McPAT: Area & energy models

input.xml Component I:I I:I
: 1
(sys config & stats) areas 00

: a Component _[ F. Units: per cycle

energy cost Other: per access
Shared L2
L1-D| L1-I L1-D| L1-I
Corel eee Core N
Component avg power =
leakage(T) + energy cost X utilizations
: . eaKage :
Internal chip model: 5 untime
« F. Units: empirical energy & area ‘ 11 |
« Other: analytical models | |

(Static power) (Dynamic power)
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Ceatech  contribution: Better func. unit model in McPAT

® VFP/NEON @ 40 nm:

_AE. 2
== COrtex-A5: 0.15 mm \ 6.5y
== Cortex-A9: 0.98 mm?

Cortex-A5 Cortex-A9

== MCcPAT: always 0.97 mm?
B Rough, but better:

= FU _area < issue_width? [Shifer]

B Assumption:

= FU_energy « issue_width?

( issue_width = Number of instructions that can be issued per cycle )

( issue_width > 1 > Superscalar pipeline )
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Contribution: gem5 and McPAT integration

Sys config & binary

~130 params ~100 params
& &
~1000 stats ~70 stats
gem5 Parser >| McPAT
_ - - - e S ~ 9.3
- — 24.6

Equivalence of pipeline & cache models:
34.7

L2 cache BT 1

power & area

Fetch Dec Issue Exe & Wb Com

[ ] EII[IEI._.
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Proposed in-order vs BeagleBoard Original out-of-order vs Snowball

Cortex-A8 Dual Cortex-A9

(Running 10 PARSEC 3.0 benchmarks)

Main reason: ARM published detailed timing of EXE stage
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Simulation errors of the gem5 03 model

Real CPU Execution time error (Cortex-A9)
is faster Single and dual threads
20
A
15
10
EEEEEEEEEEEEER EEEEEEEEEEEEEEEEEEEEEEENEEEEEEEEEEDER | EEEEEREEI @ Abs. Mean
S | |
. = 0 « M. . 'l-l uliflin 1 @ Mean
o
L rl )
i
=
b F. & £ £y £y Sy Sy 8 8
v @d' @d' NG 92;).% ﬁs}a‘ &ci'? iad&"d E'*‘r;*‘ r@!{* qrf{" qrt*‘ 2 &"’&ﬂ;”&;ﬁﬂstj‘*"& 2
) *5‘0 a .9'3 b? 2 ey 40, o r
Sim. CPU ‘55 4» %% Clop s P2
Im. 2 ?_‘9 ta .gtﬂrw@r 2r
is faster 4 r 2
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Real CPU

is faster Execution time error (Cortex-A8) Execution time error (Cortex-A8)
A Original EXE model Improved EXE model
15 15
I EEEEEEEEEEESEEEEEEEEEEEEEEEEEEEEEN 1“
5 -IIIIIIIIIIIIIIIII EEEEEEN
T = s ° -
S, » $
T T
g -10 g -10
I -15 I -15
4 2 -20
3}. “l;?ﬁ. f,ﬂ FG}. Sfp p 0@05}'
Sim. CPU %e%; O s .
_ 0ok %feasfgw s
is faster \ I ‘
|
EP benchs 24 % of error
reduction
===rx Mean ==xx Abs, Mean
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Behavior of VMOV in the Cortex-A8

B In the Cortex-AS8:
INT pipe (ARM Core) VFP/NEON unit
FET DEC EXE WB DEC EXE WB
INT Instructions
>
FP Instructions
>
Move ARM to NEON: 4 cycles (follows the flow)

Originally: same group
Move NEON to ARM: > 20 cycles  (against the flow)

L Improvement: new group (opClass)
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Error reduction thanks to a new opClass in gem5

Correlation between VMOV NEON to ARM
and the error reduction

-~ 3 50
e B VvMOV NEON
E‘; to ARM 45 -
2.5 B Error 40 E‘E
E reduction (%) T’
= 7J 35 o
< 30 .
215 25 G
=
z 20 5
- 15 @
=
Z 05 10 &
> 2
S o 0 [.E
5y £ S *5}., I
E Tl %f Cap ey, TCa, gy S
E\&w ‘hﬂf‘ %a’ J"%
O ) nge,.
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LArch simulator: Area validation

ODROID-XU3 board:
Exynos 5 octa Core 1 Core 2

L1-D L1-1 L1-D L1-
Core 1 Core 2

L1-D| L1-1| |L1-D| L1-I

Shared L2 Shared L2

L1-D| L1-1| |L1-D| L1-I

Core 3 Core 4 L1-D L1-1 L1-D L1-1

Core 3 Core 4
Cortex-A7 CPU

Cortex-A15 CPU
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LArch simulator: Area validation
Cortex-A7 CPU

Published data : McPAT 1.0
I 45.8%
|541‘||||||l’
3.8 mm? | 2 o
[EETimes/ISSCC] ' 3.3 mm?(-13 %)

Cortex-A15 CPU

314%

H Core
mL2

19 mm?

19 mm? (-1.4 %
[EETimes/ISSCC] ( 6)

(All areas at the same scale)
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LArch simulator: Area validation

Cortex-A7
Published data .. giil | nc g™ MCPAT 1.0
|
0.45 38.2 I 34.7
45 mm? 24.4 l .55 -
[ARM] 4.4 . 1.8 0.45 mm? (0 %)
Cortex-A1l5

6.9 2.8%
2.7

4.8
0.6

HIFU

B Renaming
LsSU

EMMU

B EXE
Other

3.1 mm?

2 (V)
[The Tech Report] 3.2mm* (3.6 %)

(All areas at the same scale)
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LArch simulator: Rel. energy validation

Core 1 Core 2
L1-D L1-1 L1-D L1-I
Core 1 Core 2
L1-D| L1-1| |[L1-D| L1-I
Shared L2 Vs Shared L2
L1-D| L1-1| |L1-D| L1-I
Core3 || Core 4 L1-D L1-] 11D L1
Core 3 Core 4
Cortex-A7 CPU

Cortex-A15 CPU
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LArch simulator: Rel. energy validation

Within 6 % of ARM data Average:
[Greenhalgh] A15 1.5x faster
A7 4x less energy
6 I
5
4
h e
D FVStc?ne. B A7 Energy efficiency
AlSis 2 - m A15 Speedup
1.8x faster
A7 uses3.7x| 1 -
less energy o

(Higher is better)
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W I-cach
.B“C © | Avg of 10 PARSEC benchmarks
ran. pred. )
0.9 Inst. buffer Core + L2 cache active
3.6 B Decoder
B Other

68.9

Instruction fzejgh unit L2 cache

31.2

Other

1.2

Load and store unit
20.1

' 21.1
MMU Execution unit

4.3

W D-cache

M [oad/store 33.4

queue
W Other 62.2 B Register files
ALUs

32.8 m FP/SIMD

" ITLB 38 W Complex ALU
= D-TLB Bomp Eﬁ >
Other ypass buses

W Other
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LArch simulator: Conclusions

Timing accuracy Relative energy/perf accuracy

Cortex-A8 Cortex-A9

L2
Abs. Avg: ~7 % %
i
Previous work with gem5: Cortex-A7 CPU Cortex-A15 CPU

Abs. Avg. > 13 %

[Gutierrez] Dhrystone 2.1: < 6 %

State-of-the-art simulators:
Abs. Avg. > 15 %
[Desikan] [Anh]
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3rd part: Run-time code gen. for ARM

B Run-time code generator: deGoal

== Overview
== Example of deGoal code

B ARM porting and extensions

B Performance evaluation

== 4 computing kernels, SISD & SIMD
== 8CC 4.5.2 (—03)

B Conclusions

Parametrizable
function
generator

Function
\,/ rcinn 1

-

Function

Vﬁuﬁai.a.n"

Function
Version 3
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Compile time

C language

deGoal
language
Static
compilette |conversion
description
of kernel

1 Std C code :
| + :
1 callsto :

I

: deGoal lib.

add rd, rs, #(val)

Compiler

\ .

: gen_add(rd, rs, val);

#include <libdegoal.h>

A—

File.exe

ADD RO, R1, #4

Run time

Run-time

code gen.

User input

Produces

— User input
o ceaalrgnsresened  DACLE Division | September 2015 | 35



Example of deGoal code

B Simple program example:

#

void gen_vector_add(void *buffer, int vec_len, int val)

—{=

Begin buffer Prelude vec_addr

Type int_t int 32 #(vec_len)
Alloc int_tv

lw v, vec_addr
add v, v, #(val)
sw vec_addr, v

Source to source converted
to standard C code

Standard C code
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Example of deGoal code

B Simple program example:

Memory:
void gen_vector_add(void *buffer, int vec_len, int val)
;{# | Idr r1, [rO]
_ addrl, #1
Begin buffer Prelude vec_addr strrl, [rO]
Type int_t int 32 #(vec_len) add r0, #4
Alloc int_tv ldr r2, [rO]
add r2, #1
lw v, vec_addr When executed strr2, [rO]
add v, v, #(val) add r0, #4
sw vec_addr, v
|#
}
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Example of deGoal code

B Simple program example:

void gen_vector_add(void *buffer, int vec_len, int val)

{
#

- Interface: pointer to code buff
Begin buffer Prelude vec_addr <+—— niertace: pointer to code butter

and 1/0 registers

Type int_t int 32 #(vec_len) Type definitions
Alloc int_t v and variable allocations

lw v, vec_addr
add v, v, #(val) <«—— Instructions
sw vec_addr, v
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Example of deGoal code

B Simple program example:

void gen_vector_add(void *buffer, int vec_len, int val)
{
#

Begin buffer Prelude vec_addr

Type int_t int 32 #(vec_len)

Alloc int_tv Determined by the application
and fixed in the final machine code

lw v, vec_addr

add v, v, #(val)

sw vec_addr, v
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Example of deGoal code

B Simple program example:

void gen_vector_add(void *buffer, int vec_len, int val)

{
#
Begin buffer Prelude vec_addr

Type int_t int 32 #(vec_len)
Alloc int_tv

lw v, vec_addr
add v, v, #(val)
sw vec_addr, v

Inline run-time
constants
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Example of deGoal code

B Simple program example:
add v, v, #(val)

void gen_vector_add(void *buffer, int vec_len, int val) 4 1

;{#[ 90

Begin buffer Prelude vec_addr

Type int_t int 32 #(vec_len)
Alloc int_tv {‘. {rg oo {rg

lw v, vec_addr Inline run-time Run #1 Run #2 Run #N
add v, v, #(val) 1
constants

sw vec_addr, v
J# ADD RO, #1
} ADD RO, #4

v
ADD RO, #90
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Example of deGoal code

B Simple program example:

void gen_vector_add(void *buffer, int vec_len, int val)

{
#
Begin buffer Prelude vec_addr

Type int_t int 32 #(vec_len)
Alloc int_tv

Type int_t int 32 #(vec_len)

2

'

lw v, vec_addr Inline run-time Run #1 Run #2 Run #N
add v, v, #(val) 1
constants
sw vec_addr, v
J# VADD QO, #4
J ADD RO, #4
v Vector/SIMD
Scalar/SISD (if enabled)
ADD RO, #4
ADD R1, #4
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Example of deGoal code

B Simple program example:

void gen_vector_add(void *buffer, int vec_len, int val)

{
#
Begin buffer Prelude vec_addr

Typeint_tint32 1

Allocint_tr
1#
int i;
for (i = 0; i < vec_len; ++i) {
# Loop unrolling:

lw r, vec_addr
addr, r, #(val)
sw vec_addr, r
add vec_addr, #(sizeof(int))

» “Copy-paste” a block of
instructions

#
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Compile time

deGoal
language

compilette
descrip.
of kernel

C language

ARM T32
ARM A32

K1
Highly tuned Clibrary: _ MIPS

| architecture-dependent MSP430

PTX (nVIDIA)
STxP70 (STHORM)

For ARM:
~15000 lines of code

Porting:
* Basic ISA (integer)
* FP support (VFP extension)

degoaltoc: e SIMD support (NEON extension)
Architecture-independent Extensions:
e Configurable instruction scheduler
~5000 lines of code * Support for online auto-tuning
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(eatech  deGoal for ARM: Performance evaluation

Setup Comparisons

4 computing kernels:

» Linear transformation
» Interpolation

» Convolution

» Euclidean distance

B deGoal static: as ref.
Vs (no program specialization)

Vectorized (SIMD) reference M deGoal dyn.: input opt.
(w/ program specialization)|

Scalar (SISD) reference

(PARSEC & PARVEC suites)

deGoal static: as ref. &

Scalar (SISD) reference Vs vectorization enabled

Cortex-A8 Cortex-A9

i ¢ L tiefeida
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(eatech  deGoal for ARM: Performance evaluation

Setup Comparisons

4 computing kernels:

» Linear transformation
» Interpolation

» Convolution

» Euclidean distance

“Raw” performance
of ARM porting

\

"M deGoal static: as ref.
Vs (no program specialization)

Vectorized (SIMD) reference M deGoal dyn.: input opt.
(w/ program specialization)|

Scalar (SISD) reference

(PARSEC & PARVEC suites)

deGoal static: as ref. &

Scalar (SISD) reference Vs vectorization enabled

Cortex-A8 Cortex-A9

i ¢ L tiefeida
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(eatech  deGoal for ARM: Performance evaluation

Setup Comparisons

4 computing kernels:

» Linear transformation
» Interpolation

» Convolution

» Euclidean distance

“Raw” performance
of ARM porting

"M deGoal static: as ref.
Vs (no program specialization)

Scalar (SISD) reference

(PARSEC & PARVEC suites) M deGoal dyn.: input opt.

< SW/ Erogram sgecialization!

Vectorized (SIMD) reference

deGoal
normal usage

deGoal static: as ref. &

Scalar (SISD) reference Vs vectorization enabled

Cortex-A8 Cortex-A9

'- t - o g
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(eatech  deGoal for ARM: Performance evaluation

Setup Comparisons

4 computing kernels:

» Linear transformation
» Interpolation

» Convolution

» Euclidean distance

“Raw” performance
of ARM porting

\

"M deGoal static: as ref.
Vs (no program specialization)

Scalar (SISD) reference

(PARSEC & PARVEC suites)

B deGoal dyn.: input opt.

< Sw/ Erogram sgecialization!

deGoal
normal usage

Vectorized (SIMD) reference

deGoal static: as ref. & -

Scalar (SISD) reference Vs vectorization enabled

Cortex-A8 Cortex-A9
- T Blue version
+
Transparent

vectorization
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Speedups of deGoal (higher is better) over PARSEC/PARVEC (gcc —03)

Cortex-A8

Cortex-A9

o 1§ oy

2.50
2.25
2.00
1.75
1.50

1.25
1.00 - = . ll
0.75 .

0.50
0.25

0.00

SISD SIMD SISD SIMD SISD SIMD SISD SIMD

Linear transf. Interpolation Convolution Euclidean dist.

VIPS Streamcluster

2.0
1.8
1.6

11—

0.8
0.6
0.4
0.2

0.0
SISD SIMD SISD SIMD SISD SIMD SISD SIMD

Linear transf. Interpolation Convolution Euclidean dist.

VIPS Streamcluster

sisp ssyp M deGoal static: as ref.
(no program specialization)

Geo.mean  my deGoal dyn.: input opt.
(w/ program specialization)

deGoal static: as ref. &
vectorization enabled

A .

SISD SIMD

Geo. mean
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Speedups of deGoal (higher is better) over PARSEC/PARVEC (gcc —03)

Cortex-A8

2.50
;.(2)(5) In-order pipe: benefits
1.75 more from optimizations
1.50

1.25
1.00 - = . ll
0.75 .

0.50
0.25
0.00 P
SISD SIMD SISD SIMD SISD SIMD SISD SIMD sisp svp M deGoal static: as r_ef._
Linear transf, Interpolation Convolution Euclidean dist. (no program specialization)
VIPS Streamcluster Geo. mean B deGoal dyn.: input opt.
2.0 (w/ program specialization)
1.8

1.6 deGoal static: as ref. &

14 J ' vectorization enabled
12

Out-of-order pipe:

0.8
0.6 speeds up non-
0.4 ..
02 optimized code
0.0

SISD SIMD SISD SIMD SISD SIMD SISD SIMD SISD SIMD

Linear transf. Interpolation Convolution Euclidean dist.

VIPS Streamcluster Geo. mean
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Speedups of deGoal (higher is better) over PARSEC/PARVEC (gcc —03)

Cortex-A8

2.50
2.25
2.00
1.75
1.50
1.25
1.00 = ‘ J ‘ N ‘ il
0.75
0.50
0.25
0.00 B deGoal static: as ref
SISD SIMD SISD D SISD SIMD SISD SIMD SISD SIMD - oo Tel
Linear transf, Interpolation Convolution Euclidean dist. (no program specialization)
Streamcluster Geo.mean  my deGoal dyn.: input opt.
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1.8 .
16 deGoal static: as ref. &
1.4 J vectorization enabled
1.2 J
1.0 - A — J —-
0.8
0.6 deGoal can not
0.4 inline instructions in
0.2 —
0.0 existing codes yet
SISD SIMD SISD SIMD SISD SIMD SISD SIMD SISD SIMD
Linear transf. Interpolation Convolution Euclidean dist.
VIPS Streamcluster Geo. mean
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Speedups of deGoal (higher is better) over PARSEC/PARVEC (gcc —03)
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J, 1\

M deGoal static: as ref.
(no program specialization)

Geo.mean  my deGoal dyn.: input opt.
(w/ program specialization)

deGoal static: as ref. &
vectorization enabled

SISD SIMD

A .

1.0 = —
0.8 . o
0.6 Under-optimized
04 SIMD code
0.2
0.0
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Speedups of deGoal (higher is better) over PARSEC/PARVEC (gcc —03)

Cortex-A8
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1_. .
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Valid to any
input set

4

SISD SI#V’D M deGoal static: as ref.
(no program specialization)

Linear transf. Interpolation Convolution Euclidean dist.

VIPS Streamcluster

Geo. m B deGoal dyn.: input opt.
(w/ program specialization)
deGoal static: as ref. &
vectorization enabled

A @ Modest SIMD speedups:
Most ref. codes are
already specialized

(valid to limited inputs)
SISD SIMD
Geo. mean
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deGoal for ARM: Conclusions

B ARM porting and extensions: ~15000 lines of C code
B Same or better code quality:

== Average speedup of 1.06 to funct. equivalent ref. codes

B Dynamic code specialization:

== Average speedup of 1.19
== Negligible dyn. overheads: < 0.02 %

L Suitable for a very fast

online auto-tuner
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Ccatech 4th part: Online auto-tuning for ARM

Why online auto-tuning?
Online auto-tuning framework
Example of auto-tuning code

Results:

== 2 HW platforms
== 11 Simulated CPUs
== |[N-Order vs out-of-order

Conclusions

regen regen

—> —>
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FROM RESEARCH TO INDUSTRY

Ceatech

Why online auto-tuning?

B Best auto-tuned version is input- & puArchi-dependent
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FROM RESEARCH TO INDUSTRY

Ceatech

Why online auto-tuning?

B Best auto-tuned version is input- & puArchi-dependent

+ + + + + X Cortex-A8
A e AT FE w4 + Cortex-A9
< 120 L P Rk AL e e e
115 + + 4 + T s Lt
g LD ¢ +F Fo+ + s + 7
2 110 +
4 X X
_§*1.05 F X xxXX  xX XX x %
1.00
X X X X
5095 sl RS L N g gk e
0.90 X~ X - T -+ ++
085 -
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360 375 390 405
1-D projection of the auto-tuning exploration space
Small input set
Q 16
% 15 iy i +F @D X Lorer-As o +F T ++
gﬂﬂ 14++ ++ 4y +++++FF#$X++4}4J—F4J-F>><< HH L + Cortex-A9 ++ +H 4+ 4+ A+ BH 4 B
+ + e+
‘g T X +"'+Hbr4ir++>< LA LT ++ L Pt A
>
[}
e
§
(=3
0]

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360 375 390 405

1-D projection of the auto-tuning exploration space
Large input set

o cea.alrghisreseved - DACLE Division| September 2015 | 57



FROM RESEARCH TO INDUSTRY

Ceatech

Why online auto-tuning?

B Best auto-tuned version is input- & puArchi-dependent
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FROM RESEARCH TO INDUSTRY

Ceatech

Why online auto-tuning?

B Best auto-tuned version is input- & puArchi-dependent
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Speedup over PARVEC

Speedup over PARVEC

Why online auto-tuning?

B Best auto-tuned version is input- & puArchi-dependent
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Example of auto-tuning code

B For comparison: Reference SISD code
== PARSEC 3.0 [Bienia]

float dist (Point pl,
{

Point p2, int dim)

int i;
float result = 0.0;
for (i = 0; 1 < dim; 1i++)
result += (pl.coord[i] - p2.coord[i])*(pl.coord[i]

return (result) ;

- p2.coord[i]);

(Euclidean distance kernel in Streamcluster)
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Example of auto-tuning code

B For comparison: Reference SIMD code
== Hand vectorized in PARVEC [Cebrian]

== Compiler intrinsics

float dist (Point pl, Point p2, int dim)
{
float ret;
int 1i;
MM TYPE result, aux, diff, coordl, coordZ;

result = MM SETZERO() ;
for (1=0;i<dim;i=1+SIMD WIDTH) {
~coordl = MM LOADU (& (pl.coord[i]));
~coordZ2 = MM LOADU (& (p2.coord[i]));
_diff = MM SUB( coordl, coord2);
_aux = MM MUL( diff, diff);
result = MM ADD(result, aux);
}
ret = ( MM CVT F( MM FULL HADD(result, result)));

return ret;
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1 |dist_gen(int dim, int vectLen, int hotUF, int cold
int pldStride

2 |1

3 numlter = function(dim, wvectLen, hotUF, coldUF

4 (...)

S |#[ loop #(numlter)

6 for (j = 0; j < coldUF; ++73) |

7 for (i = 0; i < hotUF; ++1i) {

8 | %1 lw Vel[#(1)], coordl

0 |41 lw Ve2[#(1)], coord?2

10 if (pldStride !'= 0) {

11 [#] pld coordl, # ((vectLen-1)*4 + pldStride)

12 [ #] pld coord2, #((vectLen-1)*4 + pldStride)

13 }

14 [ #] sub Vel[#(1i)], Vel[#(i)], Vc2[#(1)]

15 [ #] mac Vresult, Vcll[# (1)1, Vell[#(1i)]

16

17 [ #] add coordl, coordl, # (vectLenx*4)

18 [ #] add coord2, coord2, #(vectLenx4)

19 }

20 }

21 |4 loopend

22 (...)

23 |#[ add result, Vresult

24 (...)

25 |1}

1#
1#

14
1#

1#

1#

14

14

1#

A N

R

© CEA. All rights reserved

DACLE Division| September 2015

Auto-tuned
params

Dynamically
generated
instructions

| 65



Online auto-tuning: HW results

B Highly CPU-bound benchmark (Streamcluster)

ig B Online auto-tuning }g B Online auto-tuning
1'7 M Best static auto-tuning 1'7 M Best static auto-tuning
1.6 1.6
1.5 1.5
g 14 g 14
'g'é 1.3 '§ 1.3
g il 1
0 m ~ I
1.0 il —. - - 1.0
0.9 0.9
SISD SIMD SISD SIMD SISD SIMD Geo. SISD SIMD SISD SIMD SISD SIMD Geo.
Small input Medium input Large input mean Small input Medium input Large input mean
Cortex-A8 Cortex-A9
=y - : T

ml

Avg speedup: 1.26
(all overheads included)
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Online auto-tuning: HW results
B Highly CPU-bound benchmark (Streamcluster)

Several hours to find

ig ‘ }g B Online auto-tuning
1:7 1:7 M Best static auto-tuning
1.6 1.6
1.5 1.5
S* 1.4 S* 1.4
?é 1.3 § 1.3
1.1 ‘ - 1
1.0 il —. - - 1.0
0.9 0.9

D D D D D D Geo. SISD SIMD SISD SIMD SISD SIMD Geo.
mall igput Ylediunyinput JLarge #put mean Small input Medium input Large input mean

Found during

prog. execution COFtex-AS Crte
(2.5sto~40s) | .
(up to 73 versions Avg SPEEdUI.)- 1.26
explored) (all overheads included)
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B Highly CPU-bound benchmark (Streamcluster)

Only 6 % of gap
Several hours to find
ig i }g B Online auto-tuning
1'7 i 1:7 M Best static auto-tuning
1.6 1.6
1.5 1.5
5 14 1.4
B 1.3 1.3
g 12 1.2
211 1.1
1.0 1.0
0.9 0.9
D D D D SISD SIMD SISD SIMD SISD SIMD Geo.
mall igput Ylediuny input Small input Medium input Large input mean
Found during Cortex AQ Cortex-A9
. ortex- ortex-
prog. execution . _ —

q e

(2.5 s to ~405s) .
(up to 73 versions Avg SPEEdUI.)- 1.26
explored) (all overheads included)
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Online auto-tuning: HW results

B Highly memory-bound benchmark (VIPS im_lintra)

Up to
1.3x faster
ig B Online auto-tuning }g B Online auto-tuning
1'7 M Best static auto-tuging 1'7 H Best static auto-tuning
1.6 1.6
1.5 1.5
S 14 S 14
'9'3 1.3 '§ 1.3
=3 1.2 ' =3 1.2
- = ISRy ol
1.0 - | ‘ —. 1.0 - — e e il -
0.9 0.9
SISD D SISD SIMD SISD SIMD Geo. SISD D SISD SIMD SISD SIMD Geo.
Small inpyt Medium input Large input mean Small igput Medium input Large input mean

Bench. run-time ~500 ms,
(~30 versions explored)
Cortex-A8 Cortex-A9

Avg speedup: 1.07
(all overheads included)
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Online auto-tuning: Sim. results

Cortex-A8 Cortex-A9

gem5 + MCcPAT:

ml /o i By R
Real HW: | 11 CPUs
2 cores : 1D W
F | D W
 F D I EP/SIMD W
_TE) i W
| F | D FP/SIM W
E 1D p/SIMD W
LL:E HW
E1D Ep/SIMD__ HW E 1D _ W
I D) FP/SIMD HW
E LD JSIMD HW
N D{ — W FP/SIMD
L i
LE 1D HF5/ivD T 1T D1 R H EP/SIMD WIC]
FE IDIR] HWIC ] —
H___ | [ DR WIC
EIDIR FpAivD _ HWICH——T"FTR { EP/SIMD TWlC
E LD 1R "P/SIMD Wi c
F IDIR] WIC] ———————
i =5 3 | | F D | R | = - W1 C
EIDIR ELRIMBWICT 15 FP/SIMD HWIC
FIDIR FP/SIMD WIC
FP/SIMD
In-order In-order & out-of-order In-order & out-of-order
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FROM RESEARCH TO INDUSTRY

Ceatech Online auto-tuning: Sim. results

B Simulation of CPU-bound bench: 66 running configs

3.00
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Online auto-tuning: Sim. results

B In-order vs out-of-order: Area overhead 000: 12 %

== CPU-bound bench.
HW complexity -16 % +21 % *
L] []

In-order Qut-of-order

Static referenice

Static ref.
> L—Ll—>
Performance Energy efficiency
HW complexity -6% + 31 %

(S|

Our approach

Our approach

> ' L—>
Performance Energy efficiency
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Online auto-tuning: Sim. results

B In-order vs out-of-order: Area overhead 000: 12 %

== CPU-bound bench.
HW complexity +52% +62 % * #
b b |

In-order Qut-of-order

SISD ref.
Our approach (SISD)
I) ] | >
Performance Energy efficiency
HW complexity +3% +39%

SIMD ref.

Our approach (SIMD)

Ly L5
Performance Energy efficiency
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Online auto-tuning: Conclusions

B First online auto-tuner in short-running apps

B HW results:

== Average speedup of 1.16

== Streamcluster:
Run-time code spec. alone: 1.10
Run-time code spec. & auto-tun: 1.26

== Average overhead: 0.9 %

B Sim. results: Online auto-tuning “replaces” HW 000

== Usually better performance in in-order
== Energy reduced by 33 %
== (Simulation time: 3 to 15 h)

© CEA. Al righs reserved DACLE Division| September 2015 | 74



Scaling without Technology Help Tod
oday:

e CPU+GPGPU

* Heterogeneous multicores
* Fixed + reconfig. logic

* Approximate computing

Future?

* Special funct. units

* Accelerators in the pipe

* Near-threshold cores

* EOLE architecture [Perais]

PERFORMANCE/COST (LOG)

80s 80s 00s 10s 20s 30s 40s

[Hill & Kozyrakis "12]

L2 cache "
o ay. l

Sys config & binary

power & area

I->| gem5S H ParserH McPATIJ
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catech  Thesis prospects: Online auto-tuning

\ 4

< —V

T T
—)IFLI J’)

< 1 % of overhead per core

00
CH—at L2
00

G =

Scalability to heterogeneous

multi/manycores
t_gen(int dim, int vectLen, int hotUF, int coldUF,
int pldStride)
{
nu er = function(dim, vectLen, hotUF, colUF); ° .
o C-like auto-tuning
#[ loop # mliter) 14
Tl G <t b language
#1 1w Vecll[# , coordl 14
#1 1w VeZ [# (1) coord2 1%
if (pldStrideQg 0)
#[ pld coordl, #Wyect@h-1)+4 + pldStride) 14
: e ¥ pld coord2, #((Ngflen-1)+4 + pldStride) 14
By ey }
HHHHH #1 sub Vell[# (1)1, [#( , Ve2[#(1)] 14
T [ mac Vresult, [#(i) 1, 1[#(1)] 1%
S # add coor coordl, # (vectLoRQgd) 1#
#1 dd . d2, #(vectLen 14
l d ' } a co coor e deGoaI
Download Now | ¥, ) )
b oo I compilettes
° . #1 ‘ result, Vresult 1%
Install-time auto-tuning - +
(in ahead-of-time compilers) Auto-tun lib calls
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Thesis results

170-page
. 35-page dissertation
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Power is almost not scaling down anymore
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Trend in GP computing: From 90/10 to 10x10

Processors today Processors tomorow

Transistor investment

Transistor investment to 10 % of cases

to special cases

Transistor investment
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another 10 % of cases
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Abstraction level of simulators
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gem5 EXE stage model

Cortex-A7 Cortex-Al5

“TE FP/SIMD 1Q FP/SIMD
FP/SIMD
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gemb EXE stage model

Example of FU gem) opClass Example of instructions
Simple ALU IntAlu MOV, ADD, SUB, AND, ORR
IntMult MUL, MLA

Complex AL [ntDiv UDIV, SDIV
SimdFloatAdd VADD, VSUB

FP/SIMD Unit' | SimdFloatMult VMUL, VNMUL

SimdFloatMultAcc | VMLA, VMLS, VNMLA, VNMLS
Load Unit MemRead LDR, VLDR
Store Unit MemWrite STR, VSTR
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(eatech  gtats of online auto-tuning in the A8 & A9

Explo- | Exploration Run-time regeneration and space exploration
Bench. | Inputset | rable | limitinone | Kernel | Explored | Overhead to bench. run-time | Duration to kernel life
versions run calls | A8 | A9 A8 A9 A8 A9
dim=32 390 13-49 49 1 49 1 02%(11ms) | 04% (9.2ms) | 13/44% 2%
SUeam-| 64 | 510 55-61 | 5315388 | 58 | 61 [ 0.2% (17ms) | 03% (15ms) | 63/27% | 2%
Clusler | qim=128 | 630 67-73 67 | 73 | 02%(30ms) | 0.2% (26ms) | 5.6/1.8% | 15%
Small 838 106-112 1200 44 | 28 1 42% (26 ms) | 2.5 % (12 ms) 100 % 100 %
VIPS | Medium 330 39-45 2336 40 | 42 1 09% (14 ms) | 1.0 % (14 ms) 18 % 66 %
Large 596 73-79 5500 T5 171 | 03% (71 ms) | 0.8 % (78 ms) 28 % 86 %
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Online auto-tuning: Very small workload
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