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DaCe.Python: Performance Metaprogramming Towards Spatial Computers
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Why Python as Programmer Frontend? Python is the lingua 
franca of computational, 

data sciences, and AI

DaCe also supports C 
and Fortran but not as 

part of this talk J
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LǘΩǎ !ƭƭ !ōƻǳǘ ǘƘŜ 9ŎƻǎȅǎǘŜƳ ς and NumPy όŦƻǊƎŜǘ ŀōƻǳǘ ƭƛǎǘǎ ϧ ŘƛŎǘƛƻƴŀǊƛŜǎ ƛŦ ȅƻǳΩǊŜ ŀŦǘŜǊ ǇŜǊŦƻǊƳŀƴŎŜύ

NetworkX
Network Analysis in Python

439,100 projects
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Scientific Python ς a Long History of Optimization NumPy is accelerated 
by numerous 
frameworks!
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NPBench

Performance 

Productivity 

Weather (2)

Physics (9)

Chemistry (4)

Learning (6)

Signals (3)

Graphs (2)

Solver (10)

Other (3)

LinAlg (12)
NumPy baseline

DaCe

Numba

CuPy

51 kernels from 9 domains Metrics Frameworks

Pythran

We need a fair 
comparison 

between those

Meet

Yours?

https://github.com/spcl/npbench
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NPBench results
Machine with two 16-core 

Intel Xeon Gold 6130 processors 
and an Nvidia V100 GPU with 

32GB of memory

Ziogas et al.: NPBench: A Benchmarking Suite for High-tŜǊŦƻǊƳŀƴŎŜ bǳƳtȅΣ !/a L/{Ωнм

How does this 
work? Does this work for future 

spatial architectures?
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Changing hardware constraints and the physics of computing

ώмϐΥ aŀǊŎ IƻǊƻǿƛǘȊΣ /ƻƳǇǳǘƛƴƎΩǎ 9ƴŜǊƎȅ tǊƻōƭŜƳ όŀƴŘ ǿƘŀǘ ǿŜ Ŏŀƴ Řƻ ŀōƻǳǘ ƛǘύΣ L{{/ нлмпΣ ǇƭŜƴŀǊȅ  
[2]: Moore: Landauer Limit Demonstrated, IEEE Spectrum 2012

130nm

90nm

65nm

45nm

32nm

22nm
14nm

10nm

0.9 V [1]

32-bit FP ADD:  0.9 pJ
32-bit FP MUL:  3.2 pJ

2x32 bit from L1 (8 kiB):    10 pJ
2x32 bit from L2 (1 MiB):  100 pJ
2x32 bit from DRAM:         1.3 nJ

Χ5nm 2nm

Three Ls of modern computing:

How to address locality challenges on standard architectures and programming?

D. Unat Ŝǘ ŀƭΦΥ ά¢ǊŜƴŘǎ ƛƴ 5ŀǘŀ [ƻŎŀƭƛǘȅ !ōǎǘǊŀŎǘƛƻƴǎ ŦƻǊ It/ {ȅǎǘŜƳǎέ

IEEE Transactions on Parallel and Distributed Systems (TPDS). Vol 28, Nr. 10, IEEE, Oct. 2017
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Control in Load-store vs. Dataflow

Memory

Cache

RegistersControl

x=a+b

ld a, r1

ALU

ald b, r2 badd r1, r2

ba

x

bast r1, x Memory

+

c d y

y=(a+b)*(c+d)

a b

+

x

a b c d

a+b c+d

y

Turing Award 1977 (Backus): "Surely there must be a less primitive 
way of making big changes in the store than pushing vast numbers 
of words back and forth through the von Neumann bottleneck."

Load-ǎǘƻǊŜ όάǾƻƴ bŜǳƳŀƴƴέύ

Energy per instruction: 70pJ

{ƻǳǊŎŜΥ aŀǊƪ IƻǊƻǿƛǘȊΣ L{{/Ωмп

Energy per operation: 1-3pJ

{ǘŀǘƛŎ 5ŀǘŀŦƭƻǿ όάƴƻƴ Ǿƻƴ bŜǳƳŀƴƴέύ

Very Low High
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Control Locality
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Single Instruction Multiple Data/Threads (SIMD - Vector CPU, SIMT - GPU)

Memory

Cache

RegistersControl

ALUALU

ALUALU

ALUALU

ALUALU

ALUALU
45nm, 0.9 V [1]

Random Access SRAM:

8 kiB: 10 pJ
32 kiB: 20 pJ
1 MiB: 100 pJ

Memory

+

c d ya b

+

x

a b c d

45nm, 0.9 V [1]

Single R/W registers: 

32 bit: 0.1 pJ

ώмϐΥ aŀǊŎ IƻǊƻǿƛǘȊΣ /ƻƳǇǳǘƛƴƎΩǎ 9ƴŜǊƎȅ tǊƻōƭŜƳ όŀƴŘ ǿƘŀǘ ǿŜ Ŏŀƴ Řƻ ŀōƻǳǘ ƛǘύΣ L{{/ нлмпΣ ǇƭŜƴŀǊȅ  

High Performance Computing really 
became a data management challenge

(which requires spatial programming / thinking)
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Data movement dominates everything!

Source: Fatollahi-Fard et al.

Á άLƴ ŦǳǘǳǊŜ ƳƛŎǊƻǇǊƻŎŜǎǎƻǊǎΣ ǘƘŜ ŜƴŜǊƎȅ ŜȄǇŜƴŘŜŘ ŦƻǊ Řŀǘŀ ƳƻǾŜƳŜƴǘ ǿƛƭƭ ƘŀǾŜ ŀ ŎǊƛǘƛŎŀƭ ŜŦŦŜŎǘ ƻƴ 
ŀŎƘƛŜǾŀōƭŜ ǇŜǊŦƻǊƳŀƴŎŜΦέ

Á άΧ ƳƻǾŜƳŜƴǘ ŎƻƴǎǳƳŜǎ ŀƭƳƻǎǘ ру ǿŀǘǘǎ ǿƛǘƘ ƘŀǊŘƭȅ ŀƴȅ ŜƴŜǊƎȅ ōǳŘƎŜǘ ƭŜŦǘ ŦƻǊ ŎƻƳǇǳǘŀǘƛƻƴΦέ
Á άΧǘƘŜ Ŏƻǎǘ ƻŦ Řŀǘŀ ƳƻǾŜƳŜƴǘ ǎǘŀǊǘǎ ǘƻ ŘƻƳƛƴŀǘŜΦέ
Á άΧŘŀǘŀ ƳƻǾŜƳŜƴǘ ƻǾŜǊ ǘƘŜǎŜ ƴŜǘǿƻǊƪǎ Ƴǳǎǘ ōŜ ƭƛƳƛǘŜŘ ǘƻ ŎƻƴǎŜǊǾŜ ŜƴŜǊƎȅΧέ
Á the phrase άŘŀǘŀ ƳƻǾŜƳŜƴǘέ ŀǇǇŜŀǊǎ му ǘƛƳŜǎ ƻƴ мм ǇŀƎŜǎ (usually in concerning contexts)!
Á ά9ŦŦƛŎƛŜƴǘ Řŀǘŀ ƻǊŎƘŜǎǘǊŀǘƛƻƴ ǿƛƭƭ ƛƴŎǊŜŀǎƛƴƎƭȅ ōŜ ŎǊƛǘƛŎŀƭΣ ŜǾƻƭǾƛƴƎ ǘƻ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘ ƳŜƳƻǊȅ 

hierarchies and new types of interconnect tailored for locality and that depend on 
sophisticated software to place computation and data so as to minimize data movementΦέ

Source: NVIDIA

hǳǘǎǘŀƴŘƛƴƎ ǇŀǇŜǊ ŀǘ a[{ȅǎΩнм
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Á Well, to a good approximation how we programmed yesterday

ÁOr last year?

ÁOr four decades ago?

Á Control-centric programming

ÁWorry about operation counts (flop/s is the metricΣ ƛǎƴΩǘ ƛǘΚύ

ÁData movement is at best implicit (or invisible/ignored)

Á In fact, this is how we think about algorithms

Do this then that

Á How to cross the chasm between algorithms and data-centric computing?

ÁDomain scientists and algorithm developers remain in the control-centric land

ÁPerformance engineers enter the data-centric/spatial land

ÁAn intermediate representation connects the two ς both may need to adapt!

Ą Performance Metaprogramming connects the two!

10

ά{ƻǇƘƛǎǘƛŎŀǘŜŘ ǎƻŦǘǿŀǊŜέΥ Iƻǿ Řƻ ǿŜ ǇǊƻƎǊŀƳ ǘƻŘŀȅΚ

.ŀŎƪǳǎ ΨттΥ ά¢ƘŜ ŀǎǎƛƎƴƳŜƴǘ ǎǘŀǘŜƳŜƴǘ 
is the von Neumann bottleneck of programming 

languages and keeps us thinking in word-at-a-time 
ǘŜǊƳǎ ƛƴ ƳǳŎƘ ǘƘŜ ǎŀƳŜ ǿŀȅ ǘƘŜ ŎƻƳǇǳǘŜǊΩǎ 

ōƻǘǘƭŜƴŜŎƪ ŘƻŜǎΦέ
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Upleveling programming in the 21st century ς Performance Metaprogramming

IR ï e.g., Parametric 

Dataflow Graphs (SDFG)

‬ό

‬ὸ
‌​ό π

Graph Transformations 

(API, Interactive)

Transformed

Dataflow

Performance

Results

C++ code 

generation/runtime

╛ ╡
*

*

*

*

*

*

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19

Domain Scientist

DSLs

SDFG Builder API
Multi-Level 

Library Nodes

Applied Scientist

translate DSL into 
an Internal Representation

Performance Engineer

Specialized 
Code Generation

CPU Code

GPU Code

FPGA Code

R
u

n
tim

e
 

10s of 
SLOC

1000s of auto-
generated SLOC100s of reusable 

SLOC
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DaCe.Python translates to Parametric Dataflow Graphs (SDFGs) as IR

12

ώ ὼ ÓÉÎ
ὼ

“

ὼ

ώ

Tasklet Memlets

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19
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Data-Parallelism in Parametric Dataflow Graphs (SDFGs)
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Χ

B

Tasklet

A[1]

B[1]

A[0]

B[0]

A[N-1]

B[N-1]

A

Tasklet Tasklet

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19

Represent Parameters 
as Symbols!
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Data-Parallelism in Parametric Dataflow Graphs (SDFGs)
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A

B

[i=0:N]

Tasklet

A[i]

B[i]

[i=0:N]

A[0:N]

B[0:N]

Χ

B

TaskletTasklet Tasklet

A[1]

B[1]

A[0]

B[0]

A[N-1]

B[N-1]

A

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19

Parametric 
Iteration space 

(map)
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Non-dataflow ordering: States in Parametric Dataflow Graphs (SDFGs)
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A

B

[i=0:N]

Tasklet

A[i]

B[i]

[i=0:N]

A[0:N]

B[0:N]

C

A

[i=0:N]

Tasklet

C[i]

A[i]

[i=0:N]

C[0:N]

A[0:N]

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19
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State s1State s0

Non-dataflow ordering: States in Parametric Dataflow Graphs (SDFGs)
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A

B

[i=0:N]

Tasklet

A[i]

B[i]

[i=0:N]

A[0:N]

B[0:N]

C

A

[i=0:N]

Tasklet

C[i]

A[i]

[i=0:N]

C[0:N]

A[0:N]

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19
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Parametric Dataflow Graphs - Concepts

Å Store volatile (buffers, queues, RAM) and 
nonvolatile (files, I/O) information

Å Can be sources or sinks of data

Å Stateless functions that perform computations at 
any granularity

Å Data access only through ports

Å Data flowing between containers and tasklets/ports
ÅLƳǇƭŜƳŜƴǘŜŘ ŀǎ ŀŎŎŜǎǎΣ ŎƻǇƛŜǎΣ ǎǘǊŜŀƳƛƴƎΣ Χ

Å Map scopes provide parallelism
Å States constrain parallelism outside of datatflow

Data Containers Computation

Data Movement / Dependencies Parallelism and States

Ben-Nun, de Fine Licht, Ziogas, TH: Stateful Dataflow Multigraphs: A Data-Centric Model for High-Performance Parallel Programs, SC19
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Performance Engineer view: Visual Studio Code Integration & Transformations

Schaad et al.: Boosting Performance Optimization with Interactive Data Movement Visualization
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Performance Engineer view: Analyzing Data Flows & Computation Volume

Schaad et al.: Boosting Performance Optimization with Interactive Data Movement Visualization
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Schaad et al.: Boosting Performance Optimization with Interactive Data Movement Visualization

Performance Engineer view: Analyzing Memory Access Patters & Locality
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Programmer/Performance Engineer view: Debugging & Code Generation

Visual Studio Code integration
Plugin "DaCe SDFG Viewer (SDFV)"

Schaad et al.: Boosting Performance Optimization with Interactive Data Movement Visualization
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DaCe Offers Full Support for ML Pipelines Through ONNX

Rausch et al. ñA Data-Centric Optimization Framework for Machine Learningò, in ICSô22

Key principle: minimize data movement and optimize data layout

a[{ȅǎΩнл
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Á Gordon Bell Prize 2019

ÁOptimized twice-finalist code
OMEN

ÁQuantum Nano Transport
simulation

Design of future micro-
processors

Á Now working on large-scale:

ÁDeep Learning (transformers)

ÁClimate (COSMO, icon, fv3)

ÁDǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴǎ ǎƻƭǾŜǊǎ

ÁΧ ȅƻǳǊ ǇǊƻƧŜŎǘΚ

25

DƻǊŘƻƴ .Ŝƭƭ tǊƛȊŜ нлмф ƻƴ hwb[Ωǎ {ǳƳƳƛǘ ό¢ƻǇ-1 Machine)

http://spcl.inf.ethz.ch/DAPP 

http://spcl.inf.ethz.ch/DAPP
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Case Study: Weather and Climate Code FV3

Weather service is 
currently GPU-powered [2]

[1] Institute for Atmospheric and Climate Science and Computer Graphics Laboratory, ETH Zürich [https://vimeo.com/389292423]

[1]

[2] Swiss National Supercomputing Center (CSCS) [https://www.cscs.ch/computers/arolla-tsa-meteoswiss]
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Centro Svizzero di Calcolo Scientifico
Swiss National Supercomputing Centre
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The Pace Project ς Rewriting FV3 in Python

Á FV3 is a highly optimized atmospheric model in Fortran

ÁRewrite in Python to run it at scale on modern supercomputers

ÁNo FORTRAN involved ς move to 21st century programming + devops + package management (with similar syntax!)

Á Full dynamical core: 12,450 Python LoC across 36 modules

vs. 29,458 in the baseline FORTRAN implementation

Usage: python - m pace.driver.run  [OPTIONS] CONFIG_PATH

  Run the driver.

  CONFIG_PATH is the path to a DriverConfig  yaml  file.

Options:

  ...

https://github.com/ai2cm/pace 

Declarative Abstraction (GT4Py)

Unit Tests

Dynamical Core

Acoustics Remapping

Tracer Advection

Horizontal Stencil Vertical Solver

Orchestration (DaCe)

Full-Program 

Optimization
Local 

Optimization

Callbacks

Transfer 

Tuning

Backend

Halo Exchange

J. Dahm Ŝǘ ŀƭΦΣ άtŀŎŜ ǾлΦмΥ ! tȅǘƘƻƴ-based Performance-tƻǊǘŀōƭŜ LƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ C±о 5ȅƴŀƳƛŎŀƭ /ƻǊŜέΦ 9D¦{ǇƘŜǊŜΩнн

https://github.com/ai2cm/pace
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Declarative Abstraction (GT4Py)

Unit Tests

Dynamical Core

Acoustics Remapping

Tracer Advection

Horizontal Stencil Vertical Solver

Orchestration (DaCe)

Full-Program 

Optimization
Local 

Optimization

Callbacks

Transfer 

Tuning

Backend

Halo Exchange

Ben-Nun et al.: Productive Performance Engineering for Weather and Climate Modeling with Python, SC22
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Tracer Advection

c_sw

Remapping

update_dz_c

p_grad_c

nh_p_grad

Dynamical Core (fv_dynamics)

riem_solver_3

ray_fast

riem_solver_c

Acoustic Dynamics

neg_adjust_3

Horizontal Stencil

Halo Update

Vertical Solver

update_dz_d
fv_tp_2d

d_sw

fv_tp_2dfv_tp_2dfv_tp_2d

fv_tp_2dfv_tp_2d

del2_cubed

del2_cubed

cubed_to_latlon

1,110

Stencil calls per

timestep: 18,978

222

267

26

4,536

2,050

340

155

753

131

131

1,765

2,088

8,010

274

132

Python Lines of Code

Legend

Component with

Multiple Stencils

class  HyperdiffusionDamping :
 # ...
 def  __call__ ( self , qdel : FloatField , cd: float ):

   # ...
   for  n in  range ( self ._ ntimes ):
    nt  = self ._ ntimes  -  ( n + 1)
   self ._ corner_fill ( qdel , self ._q )

   if  nt  > 0:
    self ._ copy_corners_x ( self ._q )

   self ._ compute_zonal_flux [ n](
          self ._ fx , self ._q , self ._del6_v)
   # ...

def  dycore_loop ( state, dycore , time_steps ):
  
  for  _ in  range ( time_steps ):
   dycore . step_dynamics ( state )

# ...

dynamics.py

state  = initialize_state (...) # Data loading
dycore  = fv_dynamics . DynamicalCore (...)

# Invoke function
dycore_loop ( state , dycore , T)

validate ( state )

plot_on_map ( state .x_wind )

del2cubed.py

Ben-Nun et al.: Productive Performance Engineering for Weather and Climate Modeling with Python, SC22
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Tracer Advection

c_sw

Remapping

update_dz_c

p_grad_c

nh_p_grad

Dynamical Core (fv_dynamics)

riem_solver_3

ray_fast

riem_solver_c

Acoustic Dynamics

neg_adjust_3

Horizontal Stencil

Halo Update

Vertical Solver

update_dz_d
fv_tp_2d

d_sw

fv_tp_2dfv_tp_2dfv_tp_2d

fv_tp_2dfv_tp_2d

del2_cubed

del2_cubed

cubed_to_latlon

1,110

Stencil calls per

timestep: 18,978

222

267

26

4,536

2,050

340

155

753

131

131

1,765

2,088

8,010

274

132

Python Lines of Code

Legend

Component with

Multiple Stencils

class  HyperdiffusionDamping :
 # ...
 def  __call__ ( self , qdel : FloatField , cd: float ):

   # ...
   for  n in  range ( self ._ ntimes ):
    nt  = self ._ ntimes  -  ( n + 1)
   self ._ corner_fill ( qdel , self ._q )

   if  nt  > 0:
    self ._ copy_corners_x ( self ._q )

   self ._ compute_zonal_flux [ n](
          self ._ fx , self ._q , self ._del6_v)
   # ...

def  dycore_loop ( state, dycore , time_steps ):
  
  for  _ in  range ( time_steps ):
   dycore . step_dynamics ( state )

# ...

dynamics.py

state  = initialize_state (...) # Data loading
dycore  = fv_dynamics . DynamicalCore (...)

# Invoke function
dycore_loop ( state , dycore , T)

validate ( state )

plot_on_map ( state .x_wind )

del2cubed.py

https://github.com/ai2cm/pace/blob/main/examples/notebooks/stencil_definition.ipynb 

Ben-Nun et al.: Productive Performance Engineering for Weather and Climate Modeling with Python, SC22


