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Performance Optimization in HPC

Conservative

Untested

Well studied & tested

Test authoring takes time

Domain Scientist Target System

Custom Pass

Compiler

Automate testing

Performance Engineer
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Formalizing Optimizations

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   C[i][j] += A[i][k] * B[k][j];

𝐶 = 𝐴 ∙ 𝐵
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++)

C[i][j] += A[i][k] * B[k][j];

Tiled  𝐶 = 𝐴 ∙ 𝐵

Only works for some 𝑁

C C
≠

Exit code

Change in semantics

System State

Input Configuration

Optimizations should 
preserve semantics

Exit code

𝒑

System State

Translation / Transformation 𝒑′

𝑻 𝒑 = 𝒑′

=

𝒙

𝒔 = 𝒑(𝒙) 𝒔′ = 𝒑′(𝒙)

A BN C

𝑁 × 𝑁𝑁 × 𝑁𝑁 × 𝑁
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Automated Optimization Testing

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   C[i][j] += A[i][k] * B[k][j];

𝐶 = 𝐴 ∙ 𝐵
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++)

C[i][j] += A[i][k] * B[k][j];

Tiled  𝐶 = 𝐴 ∙ 𝐵

Input Configuration

𝒑 Translation / Transformation 𝒑′

𝑻 𝒑 = 𝒑′

𝒙

Proof of 𝑇 Symbolic execution

• Specification time consuming
• Input-dependent correctness

• Missing source (e.g.: intrinsics)
• State space explosion
• Floating point arithmetic

Fuzzing

• Probabilistic testing
• Execution takes time

Formal Validation Differential Testing

𝒔 𝒔′

System States
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Automated Optimization Testing

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   C[i][j] += A[i][k] * B[k][j];

𝐶 = 𝐴 ∙ 𝐵
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++)

C[i][j] += A[i][k] * B[k][j];

Tiled  𝐶 = 𝐴 ∙ 𝐵

Input Configuration

𝒑 Translation / Transformation 𝒑′

𝑻 𝒑 = 𝒑′

𝒙

Proof of 𝑇 Symbolic execution

• Specification time consuming
• Input-dependent correctness

• Missing source (e.g.: intrinsics)
• State space explosion
• Floating point arithmetic

Formal Validation Differential Testing

𝒔 𝒔′

System States

Fuzzing

• Probabilistic testing
• Execution takes time

FuzzyFlow: Find bugs 500+ times faster!



@spcl_eth

@spcl

spcl.ethz.ch

6

How Do We Speed Things Up?

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   U[i][j] += A[i][k] * B[k][j]; 
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][j]; 
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   U[i][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++)
V[i][j] += U[i][k] * C[k][j];

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

𝑅 = ((𝐴 ∙ 𝐵) ∙ 𝐶) ∙ 𝐷

Translation / Transformation𝒑 𝒑′

𝑻 𝒑 = 𝒑′

Loop Tiling

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][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++)

V[i][j] += U[i][k] * C[k][j];

𝒄 Translation / Transformation 𝒄′

𝑻 𝒄 = 𝒄′

Loop Tiling

Program Cutout
⊆ 𝑝

Differential FuzzingDifferential Fuzzing

Execution takes time Probabilistic testing
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Extracting A Program Cutout

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   U[i][j] += A[i][k] * B[k][j]; 
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][j]; 
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

𝑅 = ((𝐴 ∙ 𝐵) ∙ 𝐶) ∙ 𝐷

𝒑

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][j];

𝒄

Program Cutout

System state: { }

Input Configuration: { }

Execution takes time Probabilistic testing



@spcl_eth

@spcl

spcl.ethz.ch

System state: { }

Input Configuration: { }

?

8

Extracting A Program Cutout

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   U[i][j] += A[i][k] * B[k][j]; 
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][j]; 
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

𝑅 = ((𝐴 ∙ 𝐵) ∙ 𝐶) ∙ 𝐷

𝒑

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][j];

𝒄

Program Cutout

Only contents of 𝑉
influence remainder of 𝑝

System state: { 𝑉 }

Input Configuration: { 𝑉, 𝑈, 𝐶, 𝑁 }

𝑐 influenced by contents 
of 𝑉, 𝑈, 𝐶, and 𝑁

Hard to find 
for arbitrary changes  

Hard to find 
for arbitrary changes  

Need: Side-Effect Analysis

• Scalar
• Memory
• Sub-Region

Pointer aliasing

Overlapping memory 

Execution takes time Probabilistic testing



@spcl_eth

@spcl

spcl.ethz.ch

9

Extracting A Program Cutout

for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   U[i][j] += A[i][k] * B[k][j]; 
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][j]; 
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

𝑅 = ((𝐴 ∙ 𝐵) ∙ 𝐶) ∙ 𝐷

𝒑

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][j];

𝒄

Program Cutout

Need: Side-Effect Analysis

• Scalar
• Memory
• Sub-Region

Pointer aliasing

Overlapping memory 

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++)

V[i][j] += U[i][k] * C[k][j];

Translation / Transformation 𝒄′

𝑻 𝒄 = 𝒄′

Loop Tiling

Need: Generalization

• Inputs
• Sizes

No relation between N and sizes
Input dependent 

correctness

Execution takes time Probabilistic testing
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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][j] += A[i][k] * B[k][j];
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][j];
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

A BU

U CV

V DR

R

multiply_add

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

multiply_add

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

multiply_add

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

Computations

Data containers

Data movement / 
dependencies

Loop scopes
𝑅[0:𝑁][0:𝑁]

𝐷[𝑘][𝑗]

𝑉: double[𝑁 × 𝑁]

Execution takes time Probabilistic testing
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A BU

U CV

V DR

R

multiply_add

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

multiply_add

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

multiply_add

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

11

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][j] += A[i][k] * B[k][j];
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][j];
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

A BU

U CV

V DR

R

multiply_add

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

multiply_add

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

multiply_add

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

multiply_add

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

Modified by 𝑇Modified by 𝑇

Execution takes time Probabilistic testing
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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][j] += A[i][k] * B[k][j];
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][j];
for (int i = 0; i < N; i++)
 for (int j = 0; j < N; j++)
  for (int k = 0; k < N; k++)
   R[i][j] += V[i][k] * D[k][j];

A BU

U CV

V DR

R

multiply_add

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

multiply_add

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

multiply_add

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

U CV

V

multiply_add

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

𝑉[0:𝑁][0:𝑁]

𝑉[0:𝑁][0:𝑁]

𝑈[0:𝑁][0:𝑁] 𝐶[0:𝑁][0:𝑁]

Execution takes time Probabilistic testing
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Leveraging Parametric Dataflow

A BU

U CV

V DR

R

multiply_add

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

multiply_add

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

multiply_add

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

System state: { }

U CV

V

multiply_add

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

Input configuration: { }
Need: Side-Effect Analysis

• Scalar
• Memory
• Sub-Region System state: { 𝑉 }

Input configuration: { 𝑉, 𝑈, 𝐶, 𝑁 }

Read without prior write

𝒑

𝒄

𝑈[0:𝑁][0:𝑁]

+ parameters

Input configuration: { 𝑉, 𝑈, 𝐶 }

Write in 𝑐 with 
subsequent read in 𝑝

𝑉[0:𝑁][0:𝑁]

Graph traversal starting at 𝑐

𝑉[0:𝑁][0:𝑁]

Need: Generalization

• Inputs
• Sizes

Execution takes time Probabilistic testingExecution takes time Probabilistic testing



@spcl_eth

@spcl

spcl.ethz.ch

C_i

y z

mult

tmp

h

14

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);

}

for (int i = 0; i < N; i++) {
 int x = A[i] + B[i];
 int y = f(x);
 int z = g(x);
 C[i] = h(y, z * 2);
} 

A B

C

add

i=[0:N]

x

f g

y z

mult

tmp

h

Execution takes time Probabilistic testing

𝒑

𝒄

System state: { 𝐶_𝑖 }

Input configuration: { 𝑦, 𝑧 }

A B

C

add

i=[0:N]

x

f g

y z

mult

tmp

h

Smaller configuration (232)

Scalar subset

𝐶[𝑖]

264 possible inputs
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Reducing Input Configurations

A B

C

add

i=[0:N]

x

f g

y z

mult

tmp

h

S-T minimum cut between 
program start and cutout

“Tightest” point of graph

Execution takes time Probabilistic testing
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Reducing Input Configurations

A B

C

add

i=[0:N]

x

f g

y z

mult

tmp

h

S
N N

A B

C

add

i=[0:N]

x

T

f g

S

Virtual sink 
representing cutout

N N

1 1

∞ ∞

∞ ∞

1 1

1

A B

C

add

i=[0:N]

x

T

f g

S
N N

1 1

∞ ∞

∞ ∞

1 1

Nodes added 
to cutout

Virtual source

Execution takes time Probabilistic testing

Run minimum S-T cut
(Edmonds-Karp, 𝑂( 𝐸 2|𝑉|))
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Constraining Inputs Execution takes time Probabilistic testing

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

void main(double **C, int i) {
  for (int j = 0; j < 20; j++)
    foo(C, i, j);
}

void foo(double **C, int i, int j) {
 C[i][j] = C[j][i] * 4;
}

void main(double **C, int i) {
  for (int j = 0; j < 20; j++)
    foo(C, i, j);
}

int tmp = C[j][i] * 2;
C[i][j] = tmp * 2;

𝒑 𝒄

𝒑′

𝑻 𝒑 = 𝒑′

System state: { 𝐶 }Input configuration: { 𝐶, 𝑖, 𝑗 }

Used to index 
data container 𝐶

Used to index 
data container 𝐶

𝐶: double[50 × 50]

Mostly “uninteresting” crashes

Constrain parameters used to access data
𝑖 ∈ [0,49], 𝑗 ∈ [0,49]

𝑗 is further constrained

Derive control-flow constraints

𝑖 ∈ [0,49], 𝑗 ∈ [0,19]

User specified constraints
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Improved Coverage Execution takes time Probabilistic testing

if (x == 0)
 foo();
else
 bar();

Most likely never executed

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

AFL++ [1]

Coverage-guided fuzzing
Instrument code, maximize coverage

Dataflow Cutout

Generate C++

Sample input configuration

Execution takes time Probabilistic testing

Minimal size of input space Constrained input choices Maximized cutout coverage
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FuzzyFlow Process

1. Obtain dataflow cutout 𝑐 from 𝑝

2. Apply transformation 𝑇 to cutout 𝑐

3. Sample or mutate input configuration 𝑥

4. Run 𝑐 and 𝑐′ = 𝑇(𝑐) on configuration

5. Compare system states 𝑠 = 𝑐(𝑥) and 𝑠′ = 𝑐′(𝑥)

6. Counterexample

Repeat 𝑟 times

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

Results equivalent? Exit codes match?

Capture crashes

Coverage-guided mutation

Uniform sampling over constraints

Given program 𝑝 and transformation 𝑇
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FuzzyFlow – A Proof-Of-Concept

DaCe [1]

[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

NPBench

52 benchmark applications

3,280 test cases extracted

61 optimizations and passes tested

6 DaCe transformations 
containing bugs found

Changes in semantics (2)

Lead to invalid code (4)
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Reducing Input Spaces

BERT Encoder layer

// ...
mkl_batched_gemm(X, Y, tmp);
// ...
// ...
// ...
#pragma omp parallel for
for (int i = 0; i < H; i++)
 for (int j = 0; j < B; j++)
  for (int k = 0; k < SM; k++)
   for (int l = 0; l < SM; l++)
    beta[i][j][k][l] = \
     tmp[i][j][k][l] * scale;
// ...

Input configuration: { 𝑡𝑚𝑝, 𝑠𝑐𝑎𝑙𝑒 }

System state: { 𝑏𝑒𝑡𝑎 }

Vectorize parallel loops

Input configuration: { 𝑋, 𝑌, 𝑠𝑐𝑎𝑙𝑒 }

Input space reduced by 75%

Using 𝐵𝐸𝑅𝑇𝐿𝐴𝑅𝐺𝐸

43.7 trials per second on consumer hardware

528x faster than running whole application 
(12.1 seconds)

mkl_batched_gemm(X, Y, tmp);
#pragma omp parallel for
for (int i = 0; i < H; i++)
 for (int j = 0; j < B; j++)
  for (int k = 0; k < SM; k++)
   for (int l = 0; l < SM; l++)
    beta[i][j][k][l] = \
     tmp[i][j][k][l] * scale;
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GPU Kernel Extraction

ECMWF Cloud Microphysics Scheme (CLOUDSC)

// ...
void loop_function() {
  for (int j = 0; j < NPROMA; j++)
   ZPFPLSX[j:j+NPROMA] = comp(ZFALLSINK, ZQXN, ZRDTGDP[j]);
}
// ...

// ...
[ CUDA boilerplate ]
cudaLaunchKernel(loop_function, ...);
[ CUDA boilerplate ]
// ...

Only writes to 
subset of ZPFPLSX

All of ZPFPLSX copied back!

Took engineer 16h to find and debug

43 seconds on 
consumer hardware

GPU Kernel Extraction

CUDA copy, allocation, …

Kernel launch

Attempt to find bug using FuzzyFlow
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Conclusions More of SPCL’s research:

… or spcl.ethz.ch

180+ Talksyoutube.com/@spcl

twitter.com/spcl_eth 1.4K+ Followers

github.com/spcl 3.8K+ Stars

spcl.inf.ethz.ch
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Localized Optimization Testing Requirements

Requirements →

Representation ↓

Side Effect Analysis Generalization

Scalar Memory Sub-Region Inputs Sizes

Abstract Syntax Tree X X X X X

SSA-Form X X X X

Program Dependence Graph X X X

MLIR 1 X

Parametric Dataflow

1 Constant sizes only.
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From Multi-Node to Single-Node

Distributed Vanilla Graph Attention, SDDMM

// ...
MPI_Bcast(H2, LAcols * LHcols, MPI_DOUBLE, 0, comm);
// ...
#pragma omp parallel for
for (int i = 0; i < LAnnz; i++) {
 for (int k = 0; k < LHcols; k++) {
  int H1_idx = LWcols * A_rowidx[i] + k;
  int H2_idx = LWcols * A_colidx[i] + k;
  double tmp = H1[H1_idx] * H2[H2_idx];
  values[i] = tmp + values[i];
 }
}
// ...
MPI_Allreduce(MPI_IN_PLACE, output, LArows * LWcols,
       MPI_DOUBLE, MPI_SUM, comm);
// ...

SDDM Optimization
(e.g., remove intermediates)

Drops need for communication

int H1_idx = LWcols * A_rowidx[i] + k;
int H2_idx = LWcols * A_colidx[i] + k;
double tmp = H1[H1_idx] * H2[H2_idx];
values[i] = tmp + values[i];

System state: { 𝑣𝑎𝑙𝑢𝑒𝑠𝑖  }

Input configuration: { 𝑖, 𝑘, 𝑣𝑎𝑙𝑢𝑒𝑠, 𝐻1, 
𝐻2, 𝐿𝑊𝑐𝑜𝑙𝑠, 𝐴_𝑟𝑜𝑤𝑖𝑑𝑥, 𝐴_𝑐𝑜𝑙𝑖𝑑𝑥 }
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