Today's Agenda

» 08:30 Welcome and broader context (Saman Amarasinghe)
» 08:40 Introduction to OpenTuner (Jason Ansel)

» 09:10 Search techniques (Kalyan Veeramachaneni)

» 09:35 In depth example (Jeffrey Bosboom)

» 10:00 Break

» 10:15 Applications

» Halide (Jonathan Ragan-Kelley)
» SEJITS (Chick Markley)
» JVM optimization (Tharindu Rusira)

» 11:00 Hands on session (Shoaib Kamil)

» 11:45 Discussion
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Raytracer Example

An example ray tracer program: raytracer.cpp
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Raytracer Example

An example ray tracer program: raytracer.cpp

$ g++ —O3 —o raytracer_a raytracer.cpp
. $ time ./raytracer.a
| ./raytracer_a 0.17s user 0.00s system 99% cpu 0.175 total
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Raytracer Example

An example ray tracer program: raytracer.cpp

$ g++ —O3 —o raytracer_a raytracer.cpp
$ time ./raytracer.a
./raytracer_a 0.17s user 0.00s system 99% cpu 0.175 total

™ 1.47x speedup with:

./ raytracer_b

$ g++ —03 —o raytracer_b apps/raytracer.cpp —funsafe—math—optimizations —fwrapv

< —fno—expensive—optimizations —param=max—peel—branches=115 —fweb —fno—
< cx—fortran—rules —param=max—inline—recursive —depth=25 —fno—btr—bb—
< exclusive —fno—tree—ch —param=iv—max—considered —uses=69 —fgcse—las —
< ftree—loop—distribution —param=max—goto—duplication—insns=11 —param=
< max—hoist —depth=44 —fsched—stalled —insns—dep —param=max—once—peeled —
<~ insns=165 —param=max—pipeline —region—insns=316 —param=iv—consider—all

<~ —candidates—bound=75
$ time ./raytracer_b

0.12s user 0.00s system 99% cpu 0.119 total
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iv-consider-all-candidates-bound what?77?

This command is brittle and confusing:

$ gt++ —0O3 —o raytracer_b apps/raytracer.cpp —funsafe—math—optimizations —fwrapv
«— —fno—expensive—optimizations —param=max—peel—branches=115 —fweb —fno—
< cx—fortran—rules ——param=max—inline —recursive —depth=25 —fno—btr—bb—
< exclusive —fno—tree—ch —param=iv—max—considered —uses=69 —fgcse—las —
< ftree—loop—distribution —param=max—goto—duplication—insns=11 —param=
<~ max—hoist —depth=44 —fsched—stalled —insns—dep —param=max—once—peeled—
< insns=165 —param=max—pipeline —region—insns=316 —param=iv—consider—all
<+ —candidates—bound=75
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iv-consider-all-candidates-bound what?77?

This command is brittle and confusing:

$ gt++ —0O3 —o raytracer_b apps/raytracer.cpp —funsafe—math—optimizations —fwrapv
«— —fno—expensive—optimizations —param=max—peel—branches=115 —fweb —fno—
< cx—fortran—rules ——param=max—inline —recursive —depth=25 —fno—btr—bb—
< exclusive —fno—tree—ch —param=iv—max—considered —uses=69 —fgcse—las —
< ftree—loop—distribution —param=max—goto—duplication—insns=11 —param=
<~ max—hoist —depth=44 —fsched—stalled —insns—dep —param=max—once—peeled—
< insns=165 —param=max—pipeline —region—insns=316 —param=iv—consider—all
<+ —candidates—bound=75

» Specific to:

> raytracer.cpp
> Same flags are 1.42x slower than -01 for fft.c

» GCC 4.8.2-19ubuntul
» Intel Core i7-47708
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iv-consider-all-candidates-bound what?77?

This command is brittle and confusing:

$ gt++ —0O3 —o raytracer_b apps/raytracer.cpp —funsafe—math—optimizations —fwrapv
«— —fno—expensive—optimizations —param=max—peel—branches=115 —fweb —fno—
< cx—fortran—rules ——param=max—inline —recursive —depth=25 —fno—btr—bb—
< exclusive —fno—tree—ch —param=iv—max—considered —uses=69 —fgcse—las —
< ftree—loop—distribution —param=max—goto—duplication—insns=11 —param=
<~ max—hoist —depth=44 —fsched—stalled —insns—dep —param=max—once—peeled—
< insns=165 —param=max—pipeline —region—insns=316 —param=iv—consider—all
<+ —candidates—bound=75

» Specific to:

> raytracer.cpp
> Same flags are 1.42x slower than -01 for fft.c

» GCC 4.8.2-19ubuntul
» Intel Core i7-4770S

» Autotuners can help!
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How to Autotune a Program

Program
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OpenTuner

» OpenTuner is an general framework for program autotuning

» Extensible configuration representation
» Uses ensembles of techniques to provide robustness to different
search spaces
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OpenTuner

» OpenTuner is an general framework for program autotuning

» Extensible configuration representation
» Uses ensembles of techniques to provide robustness to different
search spaces

> As an example, lets implement a GCC flags autotuner with
OpenTuner

M )

Search Space

Definition Run Method

6
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Define the Search Space with OpenTuner
» Optimization level: 00, 01, 02, 03

manipulator = ConfigurationManipulator ()

manipulator.add_parameter(IntegerParameter( ' opt_level ', 0,

3))
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Define the Search Space with OpenTuner
» Optimization level: 00, 01, 02, 03

manipulator = ConfigurationManipulator ()
manipulator.add_parameter(IntegerParameter('opt_level’', 0, 3))

» On/off flags, eg: ’-falign-functions’ vs
’-fno-align-functions’

GCC_FLAGS = [

"align—functions ', 'align—jumps’', 'align—labels’
"branch—count—reg ', 'branch—probabilities ',
# (176 total)

]
for flag in GCC_FLAGS:
manipulator.add_parameter (EnumParameter(flag, ['on’, 'off’

"default']))
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Define the Search Space with OpenTuner

» Optimization level: 00, 01, 02, 03

manipulator = ConfigurationManipulator ()
manipulator.add_parameter(IntegerParameter('opt_level’', 0, 3))

» On/off flags, eg: ’-falign-functions’ vs
’-fno-align-functions’

GCC_FLAGS = [

"align—functions ', 'align—jumps’', 'align—labels’,
"branch—count—reg ', 'branch—probabilities ',
# (176 total)

]
for flag in GCC_FLAGS:

manipulator.add_parameter (EnumParameter(flag, ['on’', 'off’', 'default']))

> Parameters, eg: ’>--param early-inlining-insns=512’

# (name, min, max)

GCC_PARAMS = [
('early—inlining—insns’, 0, 1000),
('gcse—cost—distance—ratio ', 0, 100),
# ... (145 total)

]

for param, min_val, max.val in GCC_PARAMS:
manipulator.add_parameter(IntegerParameter(param, min_val, max_.val))
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Defining the Run Function

>

Optimization level: 00, 01, 02, 03

def run(self, desired_result, program_input, limit):
cfg = desired_result.configuration.data
gcc.emd = 'gi+ raytracer.cpp —o ./tmp.bin’
gcc.emd 4= ' —O{0} ' .format(cfg[ opt_level '])
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Defining the Run Function

» Optimization level: 00, 01, 02, 03

def run(self, desired_result, program_input, limit):
cfg = desired_result.configuration.data
gcc.emd = 'gi+ raytracer.cpp —o ./tmp.bin’
gcc.emd 4= ' —O{0} ' .format(cfg[ opt_level '])

» On/off flags:

for flag in GCC_FLAGS:

if cfg[flag] = 'on’:

gcceemd += ' —f{0} ' .format(flag)
elif cfg[flag] = 'off":

gcc.emd += ' —fno—{0}'.format(flag)

» Parameters:

for param, min_value, max_value in GCC_PARAMS:
gcc.ecmd += ' —param {0}={1}".format(param, cfg[param])
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Defining the Run Function

» Optimization level: 00, 01, 02, 03

def run(self, desired_result, program_input, limit):
cfg = desired_result.configuration.data
gcc.emd = 'gi+ raytracer.cpp —o ./tmp.bin’
gcc.emd 4= ' —O{0} ' .format(cfg[ opt_level '])

» On/off flags:

for flag in GCC_FLAGS:

if cfg[flag] = 'on’:

gcceemd += ' —f{0} ' .format(flag)
elif cfg[flag] = 'off":

gcc.emd += ' —fno—{0}'.format(flag)

» Parameters:

for param, min_value, max_value in GCC_PARAMS:
gcc.ecmd += ' —param {0}={1}".format(param, cfg[param])

» Measure how well it performs:

compile_result = self.call_program (gcc_cmd)
run_result = self.call_program(’'./tmp.bin")
return Result(time=run_result[’'time’])
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OpenTuner Results for GCC Flags
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Autotune GCC flags for Ray Tracer. Median of 30 runs, error bars
are 20th and 80th percentiles.



OpenTuner Results for GCC Flags

Execution Time (seconds)

Autotune GCC flags for TSP GA. Median of 30 runs, error bars are
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OpenTuner Results for GCC Flags
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Autotune GCC flags for FFT. Median of 30 runs, error bars are
20th and 80th percentiles.

11/41



OpenTuner Results for GCC Flags
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Related Projects

A small selection of many related projects:

‘ Package H Domain ‘ Search Method
ATLAS Dense Linear Algebra Exhaustive
Code Perforation Compiler Exhaustive + Simulated Annealing
FFTW Fast Fourier Transform | Exhaustive / Dynamic Prog.
OSKI Sparse Linear Algebra Exhaustive + Heuristic
Periscope HPC Exhaustive + Nelder-Mead
Active Harmony Runtime System Nelder-Mead
PATUS Stencil Computations Nelder-Mead or Evolutionary
Sepya Stencil Computations Random-Restart Gradient Ascent

Dynamic Knobs

Runtime System

Control Theory

Milepost GCC / cTuning || Compiler 11D Model + Central DB
SEEC / Heartbeats Runtime System Control Theory
Insieme Compiler Differential Evolution

PetaBricks

Programming Language

Bottom-up Evolutionary

SPIRAL

DSP Algorithms

Pareto Active Learning
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Related Projects

A small selection of many related projects:

‘ Package H Domain ‘ Search Method
ATLAS Dense Linear Algebra Exhaustive
Code Perforation Compiler Exhaustive + Simulated Annealing
FFTW Fast Fourier Transform | Exhaustive / Dynamic Prog.
OSKI Sparse Linear Algebra Exhaustive + Heuristic
Periscope HPC Exhaustive + Nelder-Mead
Active Harmony Runtime System Nelder-Mead
PATUS Stencil Computations Nelder-Mead or Evolutionary
Sepya Stencil Computations Random-Restart Gradient Ascent

Dynamic Knobs

Runtime System

Control Theory

Milepost GCC / cTuning || Compiler 11D Model + Central DB
SEEC / Heartbeats Runtime System Control Theory
Insieme Compiler Differential Evolution

PetaBricks

Programming Language

Bottom-up Evolutionary

SPIRAL

DSP Algorithms

Pareto Active Learning

» Simple techniques (exhaustive, hill climbers, etc) are popular

» No single technique is best for all problems

» Representations are often just integers/floats/booleans
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Limits

of Current Approaches

We believe simple techniques limit the scope and efficiency of
autotuning

A hill climber works great for a block size, but fails for more
complex applications

Many users of autotuning work hard to prune their search
spaces to fit techniques such as exhaustive search

14 /41



Limits of Current Approaches

» We believe simple techniques limit the scope and efficiency of
autotuning

> A hill climber works great for a block size, but fails for more
complex applications

» Many users of autotuning work hard to prune their search
spaces to fit techniques such as exhaustive search

» Real problems have large search spaces
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Over 108 Combinations of GCC Optimizations

gH apps/raytracer.cpp -o ./raytracer.c -03 ~fno-align-functions -fno-align-loops g P 11ts
-f lusive justments -fno-common -fcompare-elim -fcrossjumping -fcse-follow-jumps
Tos -fox-1i ~fno-dce P rtualize -fno-dse -fearly-inlining -fexceptions
y ~fgese grap!
“tno-inline-snall- functions ~fno Goncs -fno-ipa-matrix-reorg pa-profile pa-pf P fip P -fno-ivopts
P ~fno-loop 3 ~fno-loop-parallelize-all ~floop-strip-mi 1 ~fno-modulo-sched
P ing-calls P P ps -fpeephole peep
~fno-pref. P - ~fno-regmove -1 g ocks -1 partition ~freorder-functions
~fno-reru oop ng: ~fno-rtti cal-p: istic 3 p-
P < P < pec-load 1led-insns 1 P
- - nsns -f ~fno-se pipelining ~fn pip oops -t pipelined
~fno-short-wchar p -fsignaling-nans ngle-precisi ~fno-spl. ller -fstrict-enuns -fno-thread-jumps
pping: p 1tin-call-dce p py-prop -f lin
~fno-tree-foruprop ~ftree-fre -f P P 1oop-d - f-convert ~fno-tree-loop-if-convert-stores
P -ftrae-pta prop p ize ~ftree-sra
1-all-loops -fno-unroll-loops P
~fvar-tracking-assiguents- toggle ~fno-var-tracking-uninit -t ~fno-vpt -fueb p ~furapv --param=align-loop-iterations=16
P --paran=al. --paran=allow-p param=al P
p P 1 4 ~help=1008
P nlining-insns=19 --param=g bical-fraction-15 —-paran-gese-after— reload-) partial-fraction 10 —paran-gese-cost-distance-ration1d
P i »: p: P psize=16449 -p; i P P P! p-p:
P permille=271 ~-p: q P peedup P 1. P: & t
P pa-cp- P: pa-cp-loop P pa-cp P P g P P ptr-g)
P ipcp 2 P P 8 1 i P s P P 7
P 1 P i --paran=11-cache-1: 28 --paran-1
P g --paran=larg P --paran=1
P P P P i P P Loop=2500 --p: P ps
P P: 1 —p P g P P P P
P P P P P Jump-edg P: P: P gt
3 ib-memory- P i P P 1-stores=1250
P i =2 —p: P £ P 3107200
P & P P! P P P P L
P 1 P P P P
P p: P i ast-value-rt1-2794
P pts=14 --p P partial-antic-lengthe25 —-paran-nax-poel-branches=84
3 peel-times=23 --p P i P P t-longthe10 —-p: pip P ip &
P P P P P ict-dolay=1
P P: P P 1 P
3 1-merg; i P 1-merge-i P P 1-tines=26 —-p: 1ed-insns=570
P 7 --p: evel=11 —-p: ler=0 --p: pr-dep
P P P P junp P Lity=9
P pec-p; 5 —p: P P 8
P e-size=138 --p q: P qs 3 P
P £ paran=p -inlining 1ity=68 —p: paran-p atency=115
P 2 P lias-qu P P P 2 plexity=32
P P 3 P P P lgorithn=1 --p pec-p: P P
P P 13
--paran=sink-frequency-threshold=53 --param=slp-max- P P P
P P P P 3 —p: P gg
P 28 P g P: & P Lity=82
3 p Lity-f P i0=21 --p: P it-control-dep- P
P P P on-for-ali 1 -p 14




Large Search Spaces are a Challenge

’ Project ‘ Benchmark ‘ Possible Configurations
GCC/G++ Flags all 10806
Halide Blur 10%
Halide Wavelet 1032
Halide Bilateral 10176
HPL n/a 1099
PetaBricks Poisson 103657
PetaBricks Sort 10%
PetaBricks Strassen 10188
PetaBricks TriSolve 101559
Stencil all 1005
Unitary n/a 102
Mario n/a 106328

16
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OpenTuner's General Representation

» Large search spaces do not mean haphazard ones

» Choosing the right representation is critical
» OpenTuner allows programmers to easily express structured
search spaces
» Supports complex parameter types such as permutations,

schedules, mappings
» User defined parameter types
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OpenTuner Model

Results
v
Meta Configuration Configuration h
Technique Manipulator Data EEETEMEL:
Technique Parameter Run Method
Technique Parameter
Technique Parameter
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OpenTuner Configuration Manipulator Parameters

’ Integer ‘ ’ Float HScaledNumericHBooIian‘ ’ Switch HEnt;m‘ ’ F’erm:tation H Sel;vctor

’Loglnteger‘ ’LogFloat‘ ’ PowerOfTwo ‘

» Hierarchical structure of parameters, user defined parameter
types can be added at any point

» Primitive parameters behave like bounded integers or floats

» Complex parameters have a set of stochastic mutation
operators

» Technique-specific operators

19/41



Ensembles of Techniques

» OpenTuner contains many techniques such as:
Differential Evolution

Genetic Algorithms

Greedy Mutation

Multi-armed Bandit

Nelder Mead

Partial Swarm Optimization

Pattern Search

Pseudo Annealing

Torczon

vV vV VY VY VvV VvV VY

> Uses ensembles of techniques to provide robustness to
different search spaces
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Ensembles of Techniques in OpenTuner

Particle Torczon
Swarm Hill
Optimization Climber
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Ensembles of Techniques in OpenTuner

Information sharing through ResultsDB

v Y

Particle Torczon
Swarm Hill
Optimization Climber
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Ensembles of Techniques in OpenTuner

Information sharing through ResultsDB
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Optimization Climber
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Ensembles of Techniques in OpenTuner

Information sharing through ResultsDB

v Y

Particle Torczon
Swarm Hill
Optimization Climber

?

Which configuration should we try next?
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Ensembles of Techniques in OpenTuner

Information sharing through ResultsDB

v Y

Particle Torczon
Swarm Hill
Optimization Climber
33% 33% 33%

Exploration

Which configuration should we try next?
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Ensembles of Techniques in OpenTuner

Information sharing through ResultsDB

v Y

Particle Torczon
Swarm Hill
Optimization Climber
100% 0% 0%
Exploitation

Which configuration should we try next?

21/41



AUC Bandit!

2lg|H
arg max(AUC: + C ﬂ)
t H

v

|H| is the length of the sliding history window

v

H; is the number of times the technique has been used in that
history window,

» C is a constant controlling the exploration/exploitation
trade-off

v

AUC; is the credit assignment term

!Based on strategy in Fialho PPSN'10



AUC Bandit!

Exploitation Exploration

arg m@ C
t

|H| is the length of the sliding history window

v

v

H; is the number of times the technique has been used in that
history window,

» C is a constant controlling the exploration/exploitation
trade-off

v

AUC; is the credit assignment term

!Based on strategy in Fialho PPSN'10



OpenTuner System Overview

Search

Search
Driver

Measurement T

Measurement
Driver

N\

Configuration
Manipulator

User Defined
Measurement
Function

/|

Reads: Results
Werites: Desired Results

A

h Reads: Desired Results
Writes: Results

—

Results Database |
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Conclusions

v

A lot of performance is left on the
floor due to poorly optimized
programs

OpenTuner makes state of the art
machine learning accessible to all

» Extensible configuration
representation penjuner
» Ensembles of techniques

Conventional wisdom http://opentuner.org/
underestimates the size tractable

search spaces

However, choosing the right
representation is critical to
successful autouners
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http://opentuner.org/

Today's Agenda

» 08:30 Welcome and broader context (Saman Amarasinghe)
» 08:40 Introduction to OpenTuner (Jason Ansel)

» 09:10 Search techniques (Kalyan Veeramachaneni)

» 09:35 In depth example (Jeffrey Bosboom)

> 10:00 Break
» 10:15 Applications

» Halide (Jonathan Ragan-Kelley)
» SEJITS (Chick Markley)
» JVM optimization (Tharindu Rusira)

» 11:00 Hands on session (Shoaib Kamil)

» 11:45 Discussion
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Backup Slides: Mario



OpenTuner Can Play Super Mario Bros!

HDR&D TIME

MaRIO
QOO0 A LN

1985 NINTENDD

PLAYER GAME
PLAYER GAME

TOP= QOO0000

*http://youtu.be/pTi_tHpj60w
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http://youtu.be/pTi_tHpj6Ow

OpenTuner Can Play Super Mario Bros!

» Only feedback is number of pixels moved to the right
» e.g. approximately 1500 pixels for first pit

» OpenTuner doesn't see the screen

» Super Mario Bros is deterministic, single run suffices

28 /41



Naive Representation

I\

5 Buttons x 12000 frames

*http://youtu.be/ny¥dqljiqQrw
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http://youtu.be/nyYdq1jJQrw

Naive Representation

I\

5 Buttons x 12000 frames

» Bad, because most configurations make no sense.
» Just mashing random buttons.
» Doesn't work at all (Video 3).

*http://youtu.be/ny¥dqljIqQrw
29/41


http://youtu.be/nyYdq1jJQrw

Better Representation

Time

e B S

» Movements (list):

» Direction (left, right, run left, or run right)
» Duration (frames)
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Better Representation

Time

e B S EECE D

» Movements (list):
» Direction (left, right, run left, or run right)
» Duration (frames)
» Jumps (list):
» Start frame
» Duration (frames)
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Better Representation

Time

e B S EECE D

» Movements (list):
» Direction (left, right, run left, or run right)
» Duration (frames)
» Jumps (list):
» Start frame
» Duration (frames)

Choosing the right representation is critical
» Search space size 109328
» Winning run found in 13641 (= 10*) attempts

> Under 5 minutes of training time
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Super Mario Bros Results

3500 T T T T
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(IDpenTunerI e
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Autotuning Time (seconds)
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A Final Video #

» OpenTuner learning to play Super
Mario Bros

» Every run that achieves a high
score

» Runs that don't make
improvements are skipped

» Run # in top left caption

» Thanks!

*http://youtu.be/05IK9f2nBsE

@pem\'umer

http://opentuner.org/
pip install opentuner

Try OpenTuner today!
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http://youtu.be/O5IK9f2nBsE

Backup Slides: Halide



OpenTuner Generating Halide Schedules

v

A domain specific language for image GL/SS
processing and photography

» Used for camera pipeline in Google Glass,

HDR+ in Android, some filters in

Photoshop

» Separate algorithm language and an>301>

scheduling language
» We use OpenTuner to generate the
scheduling language
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Simple Halide Example

Algorithm:

ImageParam input(Ulnt(16), 2);
Func a(”a”), a("b"), a("c");
Var (") y("y")

a(x, y) = input(x, y)
(x, y) =a(x, vy)
c(x, y) =b(x, vy)
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Simple Halide Example

Algorithm:

OpenTuner Generated Schedule:

Var x("x"). y("y");
a(x, y) = input(x, y);
= a(x, y);
c(x, y) = b(x, y);

—

<

~
\

ImageParam input(Ulnt(16), 2);
Func a(”a”), a("b"), a("c");

Var x0, yl, x2, x4, y5;

a.
.split(y, y, yl, 16)
.reorder(yl, x0, y, x)
.vectorize(yl, 4)
.compute_at (b, y);
.split(x, x, x2, 64)
.reorder(x2, x, vy)
.reorder_storage(y, x)
.vectorize(x2, 8)
.compute_at(c, x4);
.split(x, x, x4, 8)
.split(y, y, y5, 2)
.reorder (x4, y5, y, x)
.parallel (x)
.compute_root () ;

split(x, x, x0, 4)

35

41



Simple Halide Example

Algorithm:

OpenTuner Generated Schedule:

ImageParam input(Ulnt(16), 2);
Func a(”a”), a("b"), a("c");
Var (") y("y")

a(x, y) = input(x, vy)
(x, y) = a(x, y)
c(x, y) =b(x, vy)

Complex schedules:
» Split
» Reorder / reorder storage
» Vectorize / Parallel

» Compute_at / compute_root

Var x0,
a.
.split(y, vy,
.reorder(yl, x0, y, x)
.vectorize(yl, 4)
.compute_at (b, y);
split(x, x, x2,
.reorder(x2, x, vy)
.reorder_storage(y, x)
.vectorize(x2, 8)

yl, x2, x4, y5;
split(x, x, x0, 4)
yl, 16)

64)

.compute_at(c, x4);
.split(x, x, x4, 8)
.split(y, y, y5, 2)

.reorder (x4, y5, y, x)
.parallel (x)
.compute_root () ;
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Simple Halide Example

Algorithm:

OpenTuner Generated Schedule:

Func a(”a”), a("b"), a("c");
Var x("x") . y("y")

a(x, y) = input(x, y);
b(x, y) =a(x, y);
c(x, y) = b(x, y);

ImageParam input(Ulnt(16), 2);

Complex schedules:
» Split
» Reorder / reorder storage
» Vectorize / Parallel

» Compute_at / compute_root

Var x0, yl, x2, x4, y5;
a.split(x, x, x0, 4)
.split(y, y, yl, 16)
.reorder(yl, x0, y, x)
.vectorize(yl, 4)
.compute_at (b, y);
b.split(x, x, x2, 64)
.reorder(x2, x, vy)
.reorder_storage(y, x)
.vectorize(x2, 8)
.compute_at(c, x4);
c.split(x, x, x4, 8)
.split(y, y, y5, 2)
.reorder (x4, y5, y, x)
.parallel (x)
.compute_root () ;
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Simplified Schedules (Placement Only)

Schedule:

a.compute_at(b, y)
b.compute_at(c, x)
c.compute_root ()
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Simplified Schedules (Placement Only)

Logical Loop Structure:

Schedule:

a.compute_at(b, y)
b.compute_at(c, x)
c.compute_root ()

36 /41



Simplified Schedules (Placement Only)

Logical Loop Structure:

for cx:
Schedule:
a.compute_at (b, y)
b.compute_at(c, x)
c.compute_root ()
for c_y:
compute_c()
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Simplified Schedules (Placement Only)

Logical Loop Structure:

for c_x:
for b_x:
for b_y:

Schedule:

a.compute_at(b, y)
b.compute_at(c, x)
c.compute_root ()

compute_b()
for c_y:
compute_c()
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Simplified Schedules (Placement Only)

Schedule:

Logical Loop Structure:

a.compute_at(b, y)
b.compute_at(c, x)
c.compute_root ()

for cx:
for bx:
for b_y:
for a_x:
for a.y:
compute_a()
compute_b()
for c.y:
compute_c()
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Simplified Schedules (Placement Only)

Logical Loop Structure:

for c.x:

Schedule: R
a.compute_at (b, y) fo; b_y: '
b.compute_at(c, x) 0; ax: .
c.compute_root () Ozozl;iée 0

compute_b()
for c.y:
compute_c()

Resulting Code:

for x:
for y:
tmp-a = inputl[x, y]
tmp bly] = tmp.a
for y:
output [x, y] = tmp_b[y]
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Naive Halide Representation

Based on Halide
scheduling language:

a.compute_at(b, y)
b.compute_at(c, x)
c.compute_root ()

37/41



Naive Halide Representation

> 8 possible placements:

» compute_at(a, x),
compute_at(a, y),
compute_at (b, x),
compute_at (b, y),
compute_at(c, x),
compute_at(c, y),
compute_root (),
inline

Based on Halide
scheduling language:

a.compute_at(b, y)
b.compute_at(c, x)
c.compute_root ()

vV VvV Yy VvV VY
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Naive Halide Representation

> 8 possible placements:

» compute_at(a, x),

Based on Halide » compute_at(a, y),
scheduling language: > compute.at(b, x),
» compute_at(b, y),
a.compute_at (b, y) » compute_at(c, x),
» compute_at(c, y),
c.compute_root () » compute_root (),
> inline

» 3 computations that must be
placed (a, b, c):

> 512 possible schedules
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Naive Representation Does Not Work

» Naive representation works for
simple halide programs

» Fails completely for more complex
programs
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Naive Representation Does Not Work

» Naive representation works for
simple halide programs for c.x:
» Fails completely for more complex
programs
i . for a_x:
> 474 of 512 schedules are invalid for ay:
» Callgraph orderings not respected compute_a()
» Exponentially worse with larger ?
programs for c_y:
» Poor locality compute_c()

» Small changes move large
subtrees around
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Better Representation

for c.x: ¢ X
for bx: t;;:x
for b_y: X_y
for a x: a_x
for a_y: a_y
compute_a() compute_a
compute_b() compute_b
for c_y: cy
compute_c () compute_c

» Representation based logical loop structure
» Loop structure can be reconstructed from token order
» Representation is a permutation of tokens that:
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Better Representation

for cx: c X
for b_x: t:x
for b_y: X_y
for ax: a x Callgraph
for ay: a:y Dependencies
compute_a() compute_a
compute_b() compute_b
for c_y: cy
compute_c() compute_c

> Representation based logical loop structure
» Loop structure can be reconstructed from token order
» Representation is a permutation of tokens that:

» Respects callgraph orderings
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Better Representation

for c.x:
for bx:
for b_y:
for ax:
for a.y:
compute_a()
compute_b()
for c_y:
compute_c()

Loop Order

Dependencies
c_X
b_x

A_Y

a_x Callgraph

2 ay Dependencies
compute_a

compute_b

cy
< compute_c

» Representation based logical loop structure

» Loop structure can be reconstructed from token order
» Representation is a permutation of tokens that:
» Respects callgraph orderings

» Respects loop orderings
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Better Representation

Loop Order
for c_x: Dependenmesc_x
for b._x: b_X
for b_y: X_y
for ax: a_x Callgraph

for a.y: 2 ay Dependencies
compute_a() compute_a

compute_b() compute_b

for c_y: cy
compute_c() < compute_c

v

Representation based logical loop structure

v

Loop structure can be reconstructed from token order
Representation is a permutation of tokens that:

> Respects callgraph orderings

» Respects loop orderings

v

v

Handling of some subtle corner cases and reorder ()
discussed in the paper
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Halide Blur
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Halide Bilateral Grid
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