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Introduction - Motivation

Goals:
— Use graph representation for high-level optimizations
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Introduction - Motivation

Goals:
— Use graph representation for high-level optimizations
— Scale the code with the process
— Support multiple platforms (CPU, GPU) with generic code
— Benefit from all available hardware
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Introduction - Language

— Implementation done in Julia

julia
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@ DRES

Introduction - Language

— Implementation done in Julia
— Why Julia?
1. Multiple dispatch is helpful for elegantly implementing particle interactions
2. DAG analysis, optimization, and code generation easily in the same language
and same session
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@ DRES

Introduction - Language

— Implementation done in Julia
— Why Julia?
1. Multiple dispatch is helpful for elegantly implementing particle interactions
2. DAG analysis, optimization, and code generation easily in the same language
and same session
3. Interfacing with existing code of the QED.jl project

ju i
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Introduction - Application: Quantum Field Theory

— Experimentation and observation

Experimentation
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Introduction - Application: Quantum Field Theory

— Experimentation and observation needs computation and simulation

Experimentation Simulation
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Introduction - Application: Quantum Field Theory

— Experimentation and observation needs computation and simulation

— Currently very difficult to simulate processes involving even just ten particles
in the final state

Experimentation Simulation
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Introduction - Quantum Electrodynamics (QED)

N-photon Compton scattering processes: e~ +y — e~ + 17y
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- Klein-Nishina formula, first used QED formula, about 100 years ago


@ DRES

Introduction - Quantum Electrodynamics (QED)
N-photon Compton scattering processes: e~ +y — e~ + 17y

Why?
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Introduction - Quantum Electrodynamics (QED)
N-photon Compton scattering processes: e~ +y — e~ + 17y

Why?
— Very simple local structure
— Easy to generate
— Grows very quickly: O(n!) diagrams with O(n) vertices each
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Introduction - Quantum Electrodynamics (QED)
N-photon Compton scattering processes: e~ +y — e~ + 17y

Why?
— Very simple local structure
— Easy to generate
— Grows very quickly: O(n!) diagrams with O(n) vertices each

Properties of the resulting processes and DAGs can be verified
— Important process for QED

== Use e” ++y —> e+ as simplest example case.
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The Pipeline - Finding Feynman Diagrams in QED

One vertex:
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- diagrams are representations of formulas

- measure for probability

- Before optimizing: general complexity?


@ DRES

The Pipeline - Finding Feynman Diagrams in QED
o
Connect all incoming particles with all
One vertex: y outgoing particles in all possible unique
ways, using only this vertex!

e+
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- mention tree-level

- Before optimizing: general complexity?


@ DRES

The Pipeline - Finding Feynman Diagrams in QED
o
Connect all incoming particles with all
One vertex: y outgoing particles in all possible unique
ways, using only this vertex!
e+

Example: e +v —>e +7

TECHNISCHE Optimizations on DAG-Representations for QED
UNIVERSITAT TUD / Anton Reinhard slide 8 of 26
DEN JuliaHEP, 23.05.2024


- Before optimizing: general complexity?


The Pipeline - Finding Feynman Diagrams in QED
o
Connect all incoming particles with all
One vertex: y outgoing particles in all possible unique
ways, using only this vertex!

et e Y
Example: e"+v = e +7 ‘. Y
. . +
Two Feynman diagrams for this process!
y e”
y e
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- Before optimizing: general complexity?


The Pipeline - Finding Feynman Diagrams in QED
o
Connect all incoming particles with all
One vertex: y outgoing particles in all possible unique
ways, using only this vertex!

et e Y
Example: e"+v = e +7 ‘. Y
. . +
Two Feynman diagrams for this process!
y e”

Generally, for scattering processes e~ +v — e~ + nv,
there are (n+ 1)! Feynman diagrams!
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- Before optimizing: general complexity?


The Pipeline - Number of Feynman Diagrams
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- Now general diagram numbers


The Pipeline - Number of Feynman Diagrams

e...electron-positron pairs, u...muon-antimuon pairs,
t...tauon-antitauon pairs, m...photons

Ndiags(ea u, t? m) =

1, 1 f
1, 1 £
1, {1 £
f {F f
TECHNISCHE Optimizations on DAG-Representations for QED
@ gallEVSEDRES’:TKT TUD / Anton Reinhard slide 9 of 26

JuliaHEP, 23.05.2024



The Pipeline - Number of Feynman Diagrams

e...electron-positron pairs, u...muon-antimuon pairs,
t...tauon-antitauon pairs, m...photons

Ndiags(ea u, t? m) =

1, 1 f
1, 1 £
1, {1 £
f {F f
TECHNISCHE Optimizations on DAG-Representations for QED
@ gallEVSEDRES’:TKT TUD / Anton Reinhard slide 9 of 26

JuliaHEP, 23.05.2024



The Pipeline - Number of Feynman Diagrams

e...electron-positron pairs, u...muon-antimuon pairs,
t...tauon-antitauon pairs, m...photons

Niags(€, 1, t,m) = el - ul - t!

1, 1 f
1, 1 £
1, 1 £
f {F f
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- permutations of fermion lines


@ DRES

The Pipeline - Number of Feynman Diagrams

e...electron-positron pairs, u...muon-antimuon pairs,
t...tauon-antitauon pairs, m...photons

(3n-3)!
Ndiags(e, u,t,m) =el-ul-t!- m
where n:=e+u+t

1, 1.

1, 1 £

1, £

f f
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- n = e + u + t

- make k-rooted plane trees with n leaves


The Pipeline - Number of Feynman Diagrams
e...electron-positron pairs, u...muon-antimuon pairs,

t...tauon-antitauon pairs, m...photons

_a\ B
Naiags (€, 1, t,m) =el-ul - t! - (3n-3)! _(HH 3n 3)

" (2n-1)! 3n-3

wheren:=e+u+t

1, 1 f
1, 1 f
1, 1 f
f {F f
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- distribute m photons on (3n - 2) possible spots (n + 2(n - 1) = 3n - 2)


@ DRES

The Pipeline - Number of Feynman Diagrams
e...electron-positron pairs, u...muon-antimuon pairs,

t...tauon-antitauon pairs, m...photons

- 3! _
Ndiags(€, 1, t,m) = el -ul - t!- (3n-3)! . (m +an 3) -m!

" (2n-1)! 3n-3

wheren:=e+u+t

1, 1 f
1, 1 f
1, 1 f
f {F f
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- permute m photons


The Pipeline - Number of Feynman Diagrams
e...electron-positron pairs, u...muon-antimuon pairs,

t...tauon-antitauon pairs, m...photons

— )l B
Ndiags(e,u,t,m):e!-u!-t'.(3n 3)- (m+3n 3)-m!

(2n-1)! 3n-3
(m+3n-3)!
S MBI ol -t
(2n-1)!
where n:=e+u+t
1, 1.
1, f
1, f
f f
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- new result, publishable


\)

The Pipeline - Number of Feynman Diagrams

m+3n-3)!
Naiags (€, u, t,m) = W cel-ul-t!

(nfefuft[ O] 1] 2 | 3 | 4 5 | 6 |
111010 1 1 2 6 24 120 720
2111|110 1 4 20 120 840 6720 60480
22100 2 8 40 240 16380 13440 120960
31|11 6 42 336 3024 30240 332640 3991680
3112|110 12 84 672 6048 604380 665 280 7983360
313/0/0 36 252 2016 18144 181440 1995 840 23950080
401211 144 | 1440 | 15840 190080 | 2471040 | 34594560 518918400
4121210 288 | 2880 | 31680 380160 | 4942080 | 69189120 | 1037836800
413|110 432 | 4320 | 47520 570240 | 7413120 | 103783680 | 1556755200
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- top row is photons, columns numbers of electron/muon/tauon lines

- every direction scales at least factorially
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- top row is photons, columns numbers of electron/muon/tauon lines

- every direction scales at least factorially


The Pipeline - Feynman Diagram Translation

How do we get from the Feynman diagrams to a DAG?

Ve
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@ DRES

The Pipeline - Feynman Diagram Translation

How do we get from the Feynman diagrams to a DAG?

Input particles:

— Four-momentum p= (po,p1,p2,p3)
— Particle mass m

t

m, p

TECHNISCHE Optimizations on DAG-Representations for QED
UNIVERSITAT TUD / Anton Reinhard
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The Pipeline - Feynman Diagram Translation
How do we get from the Feynman diagrams to a DAG?

Outer edges (particle state):
= u(p), u(p), v(p), v(p) €u €5,

— Carry particle state along % (/,e@/‘
<(\O’
e
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The Pipeline - Feynman Diagram Translation
How do we get from the Feynman diagrams to a DAG?

Inner edges (particle propagator):

_ im iguy
p2-m?+ie’ q2+ie
— Carry particle state along Y
Inner Edge
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The Pipeline - Feynman Diagram Translation
How do we get from the Feynman diagrams to a DAG?

Vertices:
— —leyH
— Use conservation of momentum to get %
new particle state Interactions

®
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The Pipeline - The (Naive) Directed Acyclic Graph (DAG)
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@ DRES

The Pipeline - The (Naive) Directed Acyclic Graph (DAG)

TECHNISCHE Optimizations on DAG-Representations for QED
UNIVERSITAT TUD / Anton Reinhard slide 12 of 26
DEN JuliaHEP, 23.05.2024



The Pipeline - The (Naive) DAG, Reduced
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The Pipeline - The (Naive) DAG, Reduced
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Intermission - Complexity of N-Photon Compton Processes

TECHNISCHE Optimizations on DAG-Representations for QED
@ UNIVERSITAT TUD / Anton Reinhard
DRESDEN JuliaHEP, 23.05.2024

slide 14 of 26


- Take 2-photon compton as example


Intermission - Complexity of N-Photon Compton Processes

6 possible diagrams, each with 10 parts
— 60 compute nodes?

TECHNISCHE Optimizations on DAG-Representations for QED
@ UNIVERSITAT TUD / Anton Reinhard slide 14 of 26
DRESDEN JuliaHEP, 23.05.2024



Intermission - Complexity of N-Photon Compton Processes

6 possible diagrams, each with 10 parts
— 60 compute nodes?

TECHNISCHE Optimizations on DAG-Representations for QED
@ UNIVERSITAT TUD / Anton Reinhard slide 14 of 26
DRESDEN JuliaHEP, 23.05.2024



@ DRES

Intermission - Complexity of N-Photon Compton Processes

6 possible diagrams, each with 10 parts
— 60 compute nodes?

Reusing diagram parts reduces the complexity!
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Intermission - Complexity of N-Photon Compton Processes

6 possible diagrams, each with 10 parts
— 60 compute nodes?

Reusing diagram parts reduces the complexity!
Reusing parts from both sides is even better!
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- These improvements are exactly calculable!


Intermission - Complexity of N-Photon Compton Processes

=]
100 F °
=]
o
104 -
=]
® °
|
10 - — O(4&7) versus O(n!)
5!
°
o
°
10° ¢
=]
=]
1 2 3 4 5 6 7
process size (#)
@ nodes, two-sided generation [@ nodes, one-sided generation
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- x-axis n of n-photon compton


The Pipeline - DAG Optimization Operations
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UNIVERSITAT
DRESDEN

JuliaHEP, 23.05.2024

4 N\ (¢ N
Decide Model Choose Scattering GeneI;?;erI;gSnma
Process , 9 .
a
QED e +yoe +q ey
S S J
4 DAG 4 Optimize DAG h (" Code Generat|on N
a 0000
L AN :
AR 0000
544
__ odoe L ) eocoo

/—+ﬁ

Execute and

calculate result
7 i

Optimizations on DAG-Representations for QED
TUD / Anton Reinhard

slide 16 of 26


- What is the search space?


The Pipeline - DAG Optimization Operations

Node Fusion
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The Pipeline - DAG Optimization Operations

Node Fusion

Node Fusion
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The Pipeline - DAG Optimization Operations

Node Fusion
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction

Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction

Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction

Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations
Node Split

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction Node Split

A A A A
[ [ O O
1 1 1 1
] ] [ [
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction

Node Split

Optimizations on DAG-Representations for QED
slide 16 of 26

TECHNISCHE
@ UNIVERSITAT TUD / Anton Reinhard
DRESDEN JuliaHEP, 23.05.2024



The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction
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The Pipeline - DAG Optimization Operations

Node Fusion Node Reduction Node Split
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- We know meta impact of these


The Pipeline - DAG Optimization

What are we optimizing?
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- naive DAG to full DAG now compute/data nodes


@ DRES

The Pipeline - DAG Optimization Deta

What are we optimizing? N

inner _inner
Data Data

— Compute Effort
i A

TECHNISCHE
UNIVERSITAT
DEN

vertex vertex vertex vertex
Data Data Data Data

224 A

outer outer outer outer outer outer outer outer
Data Data Data Data Data Data Data Data
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The Pipeline - DAG Optimization

What are we optimizing? z
— Compute Effort #/ \%

— Data Transfer oy 723
verte. verte. verte. verte.
Data Data Data Data
vertex vertex vertex vertex

outer| |outer| |outer| |outer| |outer| |outer| |outer| |outer|
Data | |Data| | Data| | Data | | Data| | Data| | Data | | Data

outer outer outer outer outer outer outer outer
.
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The Pipeline - DAG Optimization

What are we optimizing?
— Compute Effort

— Data Transfer

Compute Effort

— Compute Intensity = 52—
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The Pipeline - DAG Optimization

What are we optimizing?
— Compute Effort

— Data Transfer

Compute Effort

— Compute Intensity = 52—

Compute
Effort (\5‘{\‘\
)
Y
S
\00‘(\\\1,3
\$ 669
SN
>
Data
Transfer
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- Working point of device: intensity

- Define cost function off of this


@ DRES

The Pipeline - DAG Optimization

What are we optimizing?
— Compute Effort

— Data Transfer

Compute Effort

— Compute Intensity = 52—

Compute
Effort
Data
Transfer
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- Working point of device: intensity

- Define cost function off of this


The Pipeline - Code Generation

e N (c N
Decide Model Choose Scattering Gene[l;?aterl;z/:man

Process , 9 )

QED e +y—e +7 Ay
\ J - J
4 DAG h 4 Optimize DAG h (" Code Generation )

au;-/\ m;-/\ m;v m;v v
i )L J
Execute and
calculate result
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The Pipeline - Code Generation DAG

— Get graph, a scheduler, and machine
information

TECHNISCHE Optimizations on DAG-Representations for QED
@ UNIVERSITAT TUD / Anton Reinhard slide 18 of 26
DRESDEN JuliaHEP, 23.05.2024



The Pipeline - Code Generation [(ome ) [seneasie]

— Get graph, a scheduler, and machine
information
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The Pipeline - Code Generation [(oc ) [sereauie] [asine )

— Get graph, a scheduler, and machine
information
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The Pipeline - Code Generation

— Get graph, a scheduler, and machine
information

— Use scheduler interface
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The Pipeline - Code Generation [(ore ] [sereaie] [wacive)

— Get graph, a scheduler, and machine
information

‘Topological
Order

— Use scheduler interface to create a
topological ordering of tasks for each device
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The Pipeline - Code Generation [(ore ] [sereaie] [wacive)

— Get graph, a scheduler, and machine
information

opological
Order

— Use scheduler interface to create a
topological ordering of tasks for each device

— For each task in the ordering, generate code
using the scheduled device
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The Pipeline - Code Generation [(ore ] [sereaie] [wacive)

Get graph, a scheduler, and machine
information

opological
Order

Use scheduler interface to create a
topological ordering of tasks for each device

For each task in the ordering, generate code
using the scheduled device

Function

Evaluate the function code (o)
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- this is where julia shines, not leaving session


The Pipeline - Code Generation

Get graph, a scheduler, and machine
information

Use scheduler interface to create a
topological ordering of tasks for each device

For each task in the ordering, generate code
using the scheduled device

Evaluate the function code into a function
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- this is where julia shines, not leaving session


The Pipeline - Code Generation

Get graph, a scheduler, and machine
information

Use scheduler interface to create a
topological ordering of tasks for each device

For each task in the ordering, generate code
using the scheduled device

Evaluate the function code into a

Function
(Callable)
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- this is where julia shines, not leaving session


©

The Pipeline - Execute

TECHNISCHE
UNIVERSITAT
DRESDEN

s P N
Decide Model Choose Scattering Generate Feynman
Diagrams
Process , > |
QED e +y—e +7 P/—»—\P
~ J
( (" Optimize DAG ) N
- \§ \_/ Y,

Execute and

calculate result
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The Pipeline - Reduction Effects on ABC vs QED

— ABC-Model is structurally
like QED but with smaller
tasks

— Execution on CPU

— Showing relative time taken
compared to unreduced
graph (lower is better)
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- abc model (simpler qft than qed)

- x axis: reduction progress

- y axis: relative time taken to unreduced graph

- abc gets worse because building blocks too small, compiler gets hurt

- better optimizers necessary


The Pipeline - QED Performance CPU vs GPU

(]
(9]
100 L
<]
°
@ ° — Time taken for execution of
g 220 ~ 1 million samples
k=1 (o] [6)
— CPU: 32 cores of AMD
02 b EPYC™ 7763
* — GPU: 1 Nvidia Tesla A100
SXM4
(]
(o]
1 2 3 4 5
process size (#)
@ CPU execution time, 32 threads (s) @  GPU execution time, A100 80GB (s)
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- execution of different sized processes on cpu or gpu

- scaling as expected factorial

- theoretical expected performance difference (120x) is achieved, small overhead introduced


The Pipeline - QED Performance Heterogeneous Execution

Execution of 230 ~ 1 billion
samples for 5-photon
Compton

CPU: 124 cores of AMD
EPYC™ 7763

GPU: 4 Nvidia Tesla A100
SXM4

Sample distribution onto
available hardware chunks of
various sizes

©

100 F
§ 75 F
c
o
2
3 50
=
=]
c
o
Y 25t
0
210 211 212 213 21:1 215 216 9 218 210
chunk size (#)
[ workload completed by 124 CPU threads (%)
[ workload completed by 4 GPUs (%)
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- explain distributor code

- executing same code compiled for cpu and gpu

- small chunks: too much overhead, large chunks: too much work for single cpu cores


Summary

We can

— represent the necessary computation to evaluate Feynman diagrams as
DAGs.

— provide search space for optimizers through node operations.

— generate efficient code and dynamically compile and run it on multiple
target devices.
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- computation representation

- search space

- code gen and targets

- complexity depends on diagram generation method

- optimizers are useful, size matters, can't replace compiler

- julia well suited to target gpu (performance-wise at least)


Summary

We can

— represent the necessary computation to evaluate Feynman diagrams as
DAGs.

— provide search space for optimizers through node operations.

— generate efficient code and dynamically compile and run it on multiple
target devices.

Findings:
— The complexity of the calculations for QED processes depends on the
diagram generation method.
— Optimizers can help the compiler, but building block size matters.
— Little unexpected overhead is introduced by Julia's GPU libraries.
Optimizations on DAG-Representations for QED
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- computation representation

- search space

- code gen and targets

- complexity depends on diagram generation method

- optimizers are useful, size matters, can't replace compiler

- julia well suited to target gpu (performance-wise at least)


Future Work

Include GPUs in the scheduling of DAGs
Compare different optimization algorithms and cost functions

Determine a machine’s scaling functions and working point graph using
microbenchmarks

— More types of node operations: node vectorization and term rewriting

— Extend theory improvements and diagram counting to other Quantum Field
Theories

— Apply to other promising fields outside of particle physics
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- GPUs in scheduling

- different optimization algroithms/cost functions

- Microbenchmarks for working point

- node vectorization and term rewriting

- theory improvements

- other applications, not limited to QFTs, distributed ML
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Backup - Analysis vs Execution Speed
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Cumulative time taken to
optimize (reduction) versus
execution time at state

Note the factors
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Backup - Vertex Amounts

o]
diagrams
vertices (naive approach) A
vertices (single direction approach) o
vertices (both directions approach) A

10 L L L L L

7
outgoing photons (#)
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Numbers of diagrams and
vertices in generated DAGs
for given n-photon Compton
processes

(n+1)!is shown in red
2(n+1)!

n+l)
7!

is shown in blue

slide 28 of 26



©

Backup - Optimal Complexity with Binomial Join Nodes

diagrams
vertices
outer lines
inner lines

join complexity (FLOP)
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outgoing photons (#)
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— The number of diagrams
eventually scales faster than
the number of nodes
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Backup - DAG Generation Times
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Backup - Optimizer Effects on Compute Intensity
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Backup - Data Types in the DAG

ValueAcc
Particle
Propagation
....................................... _ Data types change
ValueAce [“:.‘::Y:::: .ﬂ.,v.;,,.] throughout the graph
BiSpinor = ‘GammaMatrix
pro Jercires .
............................................................................................................................................. — The result is a complex
Particle Vi) number
-
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