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FuzzyFlow: Leveraging Dataflow To Find and Squash Program Optimization Bugs .
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Performance Optimization in HPC

Conservative

n Well studied & tested

00 —E

Target System

Domain Scientist

(--- Custom Pass
Automate testing

Untested

Test authoring takes time \Q,

Performance Engineer
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Formalizing Optimizations

Input Configuration
X
Tiled C =A-B

C=A-B
. . . . for (int t_i = 0; t_i < N; t_i += 32)
for (int i = @; i < N; i++) for (int t.j = ©; t.j < N; t_J += 32)
for (int j = @; J < N; j++) y/8l Translation / Transformation p' el (e I3 = Bh 8 < IC s el
for (int k = 0; k < N; k++) for (int i = t_i\di < t_i + 32;\i++)
CLi][3] += ALi][k] * BLKI[j]; T(p) =p' o for (int K <t MRk <% k 2 2k
C[i][J] += A[i][k] * B il;
_ 1 ot Only works for some N
s = p(x) s =pX) Y
4 ) 4 )
+ Change in semantics
Optimizations should
preserve semantics e ) e )

System State System State
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Automated Optimization Testing

Input Configuration

x \
C—4.B Tiled C=A-B

. . . . for (int t i =9; t i < N; t i += 32)
for (int i = @; i < N; i++) for (int t.j = @; t.j < N; t_j += 32)
fo; (1r(1‘F 'Jt ; G;GJ ; TSNJT) ) (728 Translation / Transformation p fozoﬁl?znz‘li( _ ?itc‘li( z ﬁ;itik;ﬁ: ii,),)
or 1n = 5 5 ++ = L 41, _ 5)
CI1]13] += ALL]Tk] = BLK][3]5 T(p)=p’ T (U 1% e 1) % Gl e o
C[i][j] += A[i][k] * B[kI[3];
System States /
( N[/ N

Formal Validation Differential Testing
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Automated Optimization Testing

Input Configuration

x \
P o Tiled C=A-B

' . . for (int t_i =
for (int i N; i++) for (int t_j
t

=0
j=0; j ;0 for (int
int Kk e e i

( N[ )

Formal Validation Differential Testing

Proof of T Symbolic execution Fuzzing

* Probabilistic testing

* Execution takes time
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How Do We Speed Things Up?

R=(A-B)-C)-D

for (int i = 0; i < N; i++)
for (int j = 9; j < N; j++)
for (int k = 0; k < N; k++)
U[i][J] += A[i][k] * B[k][]]; ),,g

for (int i = 9; i < N; i++)

for (int j = @; j < N; j++) p Loop Tiling
for (int k = 0; k < N; k++)
VIi][J] += U[i][k] * C[k][3]; T(p) =p’
for (int i = 0; i < N; i++) >'% (p) P

for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
R[1][J] += V[i][k] * D[k][J];
Differential Fuzzing

Program Cutout
for (int i = 9; i < N; i++)
for (int j = ©; j < N; j++)
for (int k = 9; k < N; k++)
V[i][j] += U[i][k] * C[k][]]; T(c) =c

Loop Tiling

O e o ETHzUrich

Execution takes time

for (int i = 9; i < N; i++)
for (int j = 9; j < N; j++)
for (int k = 9; k < N; k++)
ULi][J] += A[i][k] * B[k][]J];
for (int t_i = 0; t_i < N; t_i += 32)

for (int t_j = 0; t_j < N; t_j += 32)
for (int t_k = 0; t_k < N; t_k += 32)
for (int i = t_i; i < t_i + 32; i++)
for (int j = t_j; J < t_j + 32; j++)
for (int k = t_k; k < t_k + 32; k++)

VIi][3] += U[i][k] * C[k][]];
for (int i = @; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
R[1][3] += V[i][k] * D[kI[]];

for (int t_i = 0; t_i < N; t i += 32)
for (int t_j = 0; t_j < N; t_j += 32)
for (int t_k = 0; t_k < N; t_k += 32)
for (int i = t_i; i < t_i + 32; i++)
for (int j = t_j; j < t_j + 32; j++)
for (int k = t_k; k < t_k + 32; k++)
VIi][J] += U[i][k] * C[k][31;
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Extracting A Program Cutout )

R=(A-B)-C)-D

for (int i = @; i < N; i++)
for (int j = 05 J < N; j++) /,,/”""' __"‘“‘-\\

X . Tiled C=A-B
-For‘ (lnt k = 9; k < N; k++) t=4-5 for (int t_i = @; t i < N; t_i += 32)
9 g _ . * 9915 for (int i = @; i < N; i++) for (int t_j = 0; t_j ;g 4=
U [ 1] [J ] L= A[ l] [k] B [ k] [J ] g )‘% for (int j = @; j < Nj j++) j2 8l Translation / Transformation P fo'g (tini_g-k : GF %-; T N§ Ecl-k +22;2)
for (int i = 9; i < N; i++) for (int k = @; k < N; k+) e Gl L E A B B s s f
) ~ 9 - N i C[i1[3] += A[il[k] * BIKI[F1; T(p) =p R e DI SV S
for (int j = 0@; j < N; j++) p CL41[3] += ALL][K] * BKI[31;
for (int k = 0; k < N; k++) \ System States /
V[i][j] += U[i][k] * C[k][J];:=_{; s s’
for (int i = 0; i < N; i++)

for (int j = @; j < N; j++)
for (int k = 9; k < N; k++)
R[1][J] += V[i][k] * D[k][3];

Program Cutout

?
for (int j = ©; j < N; j++)
for (int k = 9; k < N; k++) ¢
V[i][j] += U[i][k] * C[k][]]; Input Configuration: { }
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Extracting A Program Cutout )

Need: Side-Effect Analysis

R=((A-B)-C)-D ¢ influenced by contents
of V, U, C,and N

; Pointer aliasing

; Overlapping memory

for (int i = 0; i < N; i++)
for (int j = 9; j < N; j++)
for (int k = 0; k < N; k++)
U[i][J] += A[i][k] * B[k][]];
for (int i = 9; i < N; i++) ):%
for (int j = 9; j < N; j++) p
for (int k = 0; k < N; k++)
VIi][J] += U[i][k] * C[k][3];
for (int i = 0; i < N; i++) >!%
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
R[1][J] += V[i][k] * D[k][]];

Only contents of V
influence remainder of p

Program Cutout

for (int i = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++) ¢

V[i][]j] += U[i][k] * C[k]1[3]1; Input Configuration: {V,U,C, N }

System state: { V' }
Hard to find

for arbitrary changes
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Extracting A Program Cutout

R=(A-B)-C)-D

for (int i = 0; i < N; i++)
for (int j = 9; j < N; j++)
for (int k = 0; k < N; k++)
U[i][J] += A[i][k] * B[k][]];
for (int i = 9; i < N; i++)
for (int j = 9; j < N; j++)
for (int k = 0; k < N; k++)
VIi][J] += U[i][k] * C[k][3];
for (int i = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
R[1][J] += V[i][k] * D[k][3];

=8

p

>

Program Cutout
for (int i = 0; i < N; i++)
for (int j = 9; j < N; j++)
for (int k = 9; k < N; k++)
VIi][3] += U[i][k] * C[k][3];

C

Execution takes time

Need: Side-Effect Analysis

’ Pointer aliasing

’ Overlapping memory
Need: Generalization

Input dependent ; No relation between N and sizes

correctness
for (int t i =0; t i < N; t i += 32)
for (int t_j = 0; t_j < N; t_j += 32)
, for (int t k = 0; t k < N; t k += 32)
Loop Tiling Cc for (int i = t i; 1 < t i + 32; i++)
for (int j = t_j; j < t_j + 32; j++)
T(c) =c' for (int k = t_k; k < t_k + 32; k++)
VIi][J] += U[i][k] * C[k][31;
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Leveraging Parametric Dataflow

for (int i = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
U[i][3] += A[1][k] * B[k][3];
for (int 1 = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
V[i][J] += U[i][k] * C[k][]];
for (int 1 = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)

Data containers

Execution takes time

Data movement /

dependencies

I/: double[N X N]

i=[0:N] j=[0:N]

—
U
i=[0:N] j=[0:N] k=[0:N]

—)

Computations

v

R[1][J] += V[i][k] * D[k][J];
R[0: N][0: N] B C\l/j @

i=[0:N]

j=[0:N]

k=[0:N]

|
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Leveraging Parametric Dataflow )

multiply_add
for (int i = 0; i < N; i++)
y

Fo; (i?t Jj ; 0; j ; N; j++) ) oditied B
or (int = 0; < N; k++
SR Ta——— ‘ e
s T S I
for (int j = 0; j < N; j++) [ ]
for (int k = 0; k < N; k++)

for (int j = 0; j < N; j++)
R[1][J] += V[i][k] * D[k][3]1; g;]
V

for (int k = 0; k < N; k++)

VIi][3] += U[i][k] * C[kI[JI;
for (int 1 = 0; i < N; i++)
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Leveraging Parametric Dataflow )

for (int i = 0; i < N; i++)
For (int 3 = 03 3 < N 349
for (int k = 0; k < N; k++)

U[Li1[J] += A[i][k] * B[kI[]];
for (int 1 = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
VIi][3] += U[i][k] * C[kI[JI;
for (int 1 = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
R[1][J] += V[i][k] * D[k][3]1;

i=[0:N] j=[0:N] k=[0:N]
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Execution takes time Probabilistic testing

Leveraging Parametric Dataflow

| + parameters
Read without prior write

i=[0:N] j=[0:N] k=[0:N] - V
— Need: Generalization

@ i=[0:N] j=[0:N] k=[0:N]

i=[0:N] j=[0:N] k=[0:N] . 3 * *_'
— 7 — Graph traversal startlng atc ]
[ J

[
]

Write in ¢ with
subsequent read in p

Need: Side-Effect Analysis v
Input configuration: {V, U, C }

System state: { V' }
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Reducing Input Configurations {

for (int i = 0; i < N; i++) {
int x = A[i] + B[i];
int y = f(x);
int z = g(x);
int tmp = z * 2;
C[i] = h(y, tmp); y z
| =
tmp
for (int i = 0; i < N; i++) { I Scalar subset
int x = A[i] + B[i]; Ci
int = f(x); . .
int 321 _ ggxi; 254 possible inputs c
Cli] = h(y, z * 2);
} Input configuration: {y, z }

J System state: { C_i }
p
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Reducing Input Configurations (

S-T minimum cut between
program start and cutout
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Reducing Input Configurations {

= Virtual source (S ‘ ' (S
A B A A B
T T T ~T T
i=[0:N] SO
X X X -
Y . 1 1 1
T T
Qii] C C Nodes added
imp ‘ ‘ to cutout
5 cpresenting cuc
C Run minimum S-T cut

(Edmonds-Karp, O(|E|?|V]))
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Constraining Inputs

p c C: double[50 X 50]
C[i][3] = tmp * 2;

ErElg]a[ki;* e Input configuration: {C, i, j } System state: { C }
/ Used to ind
sed to index : .
; ; *kC  int i : Mostly “uninteresting” crashes
void main(double **C, int i) { data container C

for (int j = 0; j < 20; j++)
foo(C, i, J);

: i €10,49], j€[0,19
, Constrain parameters used to access data [049], 7 €10.19]
§ro-»
void foo(double **C, int i, int i) { Derive control-flow constraints

; CliJ[3] = C[3][i] * 4;

User specified constraints
void main(double **C, int i) {

for (int j = 0; j < 20; j++)

foo(C, i, j);
} j is further constrained
/

p

void foo(double **C, int i, int j) { int tmp
int tmp = C[J][i] * 2; C[i][3]]

17
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Execution takes time Probabilistic testing

v

Minimal size of input space Constrained input choices Maximized cutout coverage

Improved Coverage

AFL++ [1]

[1] Fioraldi et al., AFL++ : Combining Incremental Steps of Fuzzing Research, WOOT’20 18
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FuzzyFlow Process

Given program p and transformation T

Obtain dataflow cutout ¢ from p Uniform sampling over constraints

Apply transformation T to cutout ¢
Coverage-guided mutation

Sample or mutate input configuration x
r . Run c and ¢’ = T(¢) on configuration Capture crashes
Compare system states s = c(x) and s' = ¢'(x)

Counterexample
Results equivalent? Exit codes match?

Repeat 7 times

Equivalence:
Numerical difference below threshold t,.
ty, = 0 = checks for bit-wise equality.

19
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FuzzyFlow — A Proof-Of-Concept

Productive Performance Engineering for Weather

DaCe [1] and Climate Modeling with Python
Lifting C Semantics for Dataflow Optimization

Tal Ben-Nun*, Linus Groner!, Florian Deconinck?, Tobias Wicky?, Eddie Davis?, Johann Dahm?,

Oliver D. Elbert!, Rhea George!, Jeremy McGibbon?, L M o e - v R
Oliver Fuhrer!, Thomas Schulthess and T
*Department of Computer Scien
ETH Ziirich, 8092 Ziirich, Switzer
Email: {talbn, lukashans.truemper, htor} ¢ ‘
N e A e DATA MOVEMENT IS ALL YOU NEED: A CASE STUDY ON OPTIMIZING |
Deinsum: Practically I/O Optimal Multi-Linear Algebra TRANSFORMERS
Alexandros Nikolaos Ziogas Grzegorz Kwasniewski*
Department of Computer Science NexiSilicon L
ETH Zurich Tel Aviv, Israel
B e M e A Case Study on DaCe Portability & Performance for Batched
Timo Schneider Tory Dlscrete FOU rier TranSfOI'mS
Department of Computer Science Department | 1pute-
ETH Zurich E Mans I. Andersson s
Zurich, Switzerland Zuricl ~ S Lo
timo.schneider@inf.ethz.ch torsten.h¢ Stefano N{arkldls € key
S Ig has
ights, -
A Data-Centric Approach to Extreme-Scale Ab initio Dissipative nology up to
& i ling a
Quantum Transport Simulations | deep
ri [16]. Given the current trend with more companies invest-
Alexandros Nikolaos Ziogas*, Tal Ben-Nun*, Guillermo Indalecio Fernandez', Timo Schneider®, eseeondesigh and the emaging compulational peradigns,
X G o i quantum computing, it is likely that more and more new .
Mathieu Luisier’, and Torsten Hoefler ir systems will be available for the HPC programmer who is ——
*Scalable Parallel Computing Laboratory, ETH Zurich, Switzerland b design applications that can run efficiently on a large spec-
TIntegrated Systems Laboratory, ETH Zurich, Switzerland computer systems. Most of these new computer hardware
ith a set of programming interfaces and abstractions that
ABSTRACT 2 PERFORMANCE ATTRIBUTES
The computational efficiency of a state of the art ab initio quantum
transport (QT) solver, capable of revealing the coupled electro- Performance attribute Our submission
them‘lal properties of atomically-resolvcfl nano-transistors, has Category of achievement Scalability, time-to-solution
bgen lmprovgd by up Eo.lwo or'd.ers of mz_igmlude lhrf)ugh .a'dala cen- Type of method used Non-linear system of equations

[1] Ben-Nun et al., Stateful Dataflow Multigraphs: A Data-Centric Model for Performance Portability on Heterogeneous Architectures, SC'19
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Bug Hunt

Changes in semantics (2)

NPBench 6 DaCe transformations

containing bugs found

52 benchmark applications Lead to invalid code (4)

61 optimizations and passes tested

3,280 test cases extracted

21
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Reducing Input Spaces

BERT Encoder layer

// ...
mkl batched gemm(X, Y, tmp);

A oo

#pragma omp parallel for
for (int i = 0; i < H; i++)
for (int j = 0; j < B; Jj++)
for (int k = 0; k < SM; k++)
for (int 1 = 0; 1 < SM; 1++)
beta[1][J][k][1] = \
tmp[i][J][k][1] * scale;

Input configuration: { X, Y, scale }

YW @spcl_eth

528x faster than running whole application

(12.1 seconds)

43.7 trials per second on consumer hardware

/] ...
[/ ... Vectorize parallel loops

E—)

Input space reduced by 75%

Using BERT; srcE

System state: { beta }

mkl batched gemm(X, Y, tmp);
#pragma omp parallel for
for (int i = 0; i < H; i++)
for (int j = 9; j < B; j++)
for (int k = 0; k < SM; k++)
for (int 1 = 0; 1 < SM; 1++)
beta[i][J][k][1] = \
tmp[1][J1[k]I[1] * scale;

22
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GPU Kernel Extraction

ECMWEF Cloud Microphysics Scheme (CLOUDSC)

77 cos
void loop function() {
for (int j = ©; j < NPROMA; j++)
ZPFPLSX[j:j+NPROMA] = comp(ZFALLSINK, ZQXN, ZRDTGDP[j]);

Only writes to
subset of ZPFPLSX GPU Kernel Extraction

CUDA copy, allocation, ...
[ CUDA boilerplate ]
cudaLaunchKernel(loop function, ...); Kernel launch

[ CUDA boilerplate ]
/] ...

All of ZPFPLSX copied back!

Took engineer 16h to find and debug
Attempt to find bug using FuzzyFlow

43 seconds on

consumer hardware

23
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Conclusions More of SPCL’s research:

180+ Talks

u youtube.com/@spcl

*“"_-7!315[_ Q.. ETHzirich PSP & cscs Qcr . ETHzirich
Automated Optimization Testing Leveraging Parametric Dataflow Data containers u twitter.co m/ spCI_Eth 1'4K+ FO"OWQ rs

Data movement /
dependencies

Tiled C=A'B

< N; £ += 32)
5 <5 t 5 += 32)

< N3 t_k += 32)
¢ tir 39 i)

O github.com/spcl 3.8K+ Stars

C=A-B

for (int i
for (int j
For (int

for (int €3
for (int t.

=I0N]

FION] k=[ON]

Computations

L][k]in[k][jl; RI0: MI[0: ! @ p— eee or Spcloechnch

Formal Validation Differential Testing =ON FON] k=[ON]

Proof of T S c execution

= Specification time consuming i rce (e.| trinsics)
= Input-dependent correctness State space explosion Execution takes time
Floating point arithmetic

MASIICEL. <3 csos Qe . ETHzirich MG S cscs Qen. ETHziirich
Reducing Input Configurations { Bug Hunt
for (int i - @; i < N; i+s) { = [ a a 3
int x = A[i] + B[i];

int y = f(x);
int z = g(x);
int tmp = z * 2;
C[i] = h(y, tmp); N Changes in semantics (2)
i NPBenc 6 DaCe transformations
containing bugs found
52 benchmark applications Lead to invalid code (4)
for (Int 1= 0; 1< N; 1+4) { Scalar subset 61 optimizations and passes tested
int x = A[i] + B[i];
int y = f(x); N .
; - . 254 possible inputs
é'[';]: h%;j)'z *2); 3,280 test cases extracted

) i
L 0T0 | cec—. itHu
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Localized Optimization Testing Requirements

Requirements 2> Side Effect Analysis
X X X X X

Abstract Syntax Tree

SSA-Form v X X X X
Program Dependence Graph v X X X
MLIR v v V1 v X
Parametric Dataflow v v v v v

1 Constant sizes only.

25
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From Multi-Node to Single-Node

Distributed Vanilla Graph Attention, SDDMM

J1 oo

MPI Bcast(H2, LAcols * LHcols, MPI DOUBLE, ©, comm); Drops need for communication
/] ...

#pragma omp parallel for

for (int i = ©; i < LAnnz; i++) { ...
for (int k = 0; k < LHcols; k++) { SDDM Op_t'mlzatloh
int H1_idx = LWcols * A_rowidx[i] + k; | (e.g., remove intermediates)
int H2 idx = LWcols * A colidx[i] + k;

double tmp H1[H1 idx] * H2[H2_ idx];

values[i] = tmp + values[i]; int H1 idx
_ LWcols * A_colidx[i] + k;

} int H2_idx
;/ double tmp = HI[H1_idx] * H2[H2_idx];

values[i] = tmp + values[i];
MPI Allreduce(MPI_IN PLACE, output, LArows * LWcols, [1] P (115
MPI_DOUBLE, MPI_SUM, comm);

LWcols * A rowidx[i] + k;

/] ... Input configuration: { i, k, values, H1,

H?2, LWcols, A_rowidx, A_colidx }

System state: { values; }

26
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