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Modern AI 

Parameter counts in Machine Learning, Jaime Sevilla, 
Published in Towards Data Science  Jul 2, 2021
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Hogarth, Ian. "We must slow down the race to God-like AI." Financial Times, 12 Apr. 2023
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The Challenge

DNNs are increasingly deeper and wider models with 
higher computational demands

Training is Hard

Training GPT-3 on 
3584x H100s would take 46h*

* Nvidia, NVIDIA H100 GPUs Set Standard for Generative AI in Debut MLPerf Benchmark, 27 Jun. 2023 
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DNNs are increasingly deeper and wider models with 
higher computational demands

Training is Hard

Training GPT-3 on 
3584x H100s would take 46h*

* Nvidia, NVIDIA H100 GPUs Set Standard for Generative AI in Debut MLPerf Benchmark, 27 Jun. 2023 

z
Fast Inference is 

Even Harder

Requiring optimizations at various levels of HW-SW and 
next-level of efficient production toolsets
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Speeding up Inference

Several techniques are employed for a faster inference:
• Reducing parameter size

• Model compression (pruning)
• Post-Training Quantization  (PTQ)
• Quantization-aware training (QAT)

• Exploiting parallelism in computation
• Happens at several levels with several 

assumptions and end goals
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Parallelizing Computations

Model Parallelism
Layer Scheduling
Per Layer
Per Tensor
Per Operation

Multiple Models
Data Parallelism

Inside Model Outside Model
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Parallelizing Computations

Model Parallelism
Layer Scheduling
Per Layer
Per Tensor
Per Operation

Multiple Models
Data Parallelism

Inside Model Outside ModelModel Itself!

Blackhole of
ML Models

No Explicit Parallelism

Current approaches in reducing the inference latency 
are always applied after a model architecture is defined 
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Model Parallelism
Model parallelism does not change the model 
- Synchronization: Difficult to distribute  
- Several Connections: High communication overhead
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Single-Chain Data Dependency

The main performance barrier in model 
parallelism is single-chain dependency

Cannot efficiently extend concurrency and 
distribution beyond current explicit 
parallelism exposed within intra-layer 
computations 

 ResNet50

Single-Chain 
Dependency
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Single-Chain Data Dependency

We discover that this bias also exist in
• well-known architectures and,
• neural architecture search (NAS) 

studies 

For instance, RandWire, a NAS study trying 
to search all possible models, has also this 
single-chain dependency

RandWire*

Single-Chain 
Dependency

* Xie et al. "Exploring randomly wired neural networks for image recognition." ICCV’19
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ParallelNets 

Our Solution
In this paper we search for models efficient for 
distribution, while providing a good accuracy!

LCP ¹ RandWire ²

Parallelizable
Low Accuracy

 ResNet50

Single-Chain 
Dependency

¹ Hadidi et al. “LCP: A Low-Communication Parallelization Method for Fast Neural Network Inference in Image Recognition.” Accepted, CSCE 2023 

Single-Chain 
Dependency

Parallelizable
Good Accurcay

² Xie et al. "Exploring randomly wired neural networks for image recognition." ICCV’19

This Work



19

Searching for a Model
Formulating as neural architecture search (NAS) problem
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Generate Random 
Graph
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Generate Random 
Graph

Searching for a Model

Evaluate

Formulating as neural architecture search (NAS) problem

What generator to use?

Evaluation:
- Accuracy
- Parallelization

But parallelization speedup depends on
several factors… 
 Communication latency,
 Number of devices, …
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Generate Random 
Graph

Searching for a Model

Evaluate

Formulating as neural architecture search (NAS) problem

What generator to use?

Evaluation:
- Accuracy
- Parallelization

How to use evaluation 
to direct generators?

But parallelization speedup depends on
several factors… 
 Communication latency,
 Number of devices, …
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Generate Random 
Graph

Searching for a Model

Evaluate

Formulating as neural architecture search (NAS) problem

What generator to use?

Evaluation:
- Accuracy
- Parallelization

How to use evaluation 
to direct generators?

But parallelization speedup depends on
several factors… 
 Communication latency,
 Number of devices, …

Hypergraph
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Hypergraph Theory

• Each edge can join any number
of vertices
Better to represent communication

© Wikipedia
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Hypergraph Theory

• Each edge can join any number
of vertices
Better to represent communication

• Hypergraph partitioning
To find a load balanced partitioning, with minimum 
communication overhead on n processors
Common in data centers
Solve with METIS or PaToH [Catalyurek et al.]

© Wikipedia

Devine, K. D., Boman, E. G., Heaphy, R. T., Bisseling, R. H., & Catalyurek, U. V. (2006, 
April). Parallel hypergraph partitioning for scientific computing. In Proceedings 20th 
IEEE International Parallel & Distributed Processing Symposium (pp. 10-pp). IEEE.
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Generate Random 
Graph

Searching for a Model

Evaluate

Formulating as neural architecture search (NAS) problem

What generator to use?

Evaluation:
- Accuracy
- Parallelization

How to use evaluation 
to direct generators?

But parallelization speedup depends on
several factors… 
 Communication latency,
 Number of devices, …
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Graph Generators
Use random graph generators to create models
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Graph Generators
Use random graph generators to create models

Erdős-Rényi Barabási-Albert Watts-Strogatz

¹ Xie et al. "Exploring randomly wired neural networks for image recognition." ICCV’19

(ER) (BA) (WS)
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Graph Generators
Use random graph generators to create models

Erdős-Rényi Barabási-Albert Watts-Strogatz
Not easy to parallelize Not load balanced

¹ Xie et al. "Exploring randomly wired neural networks for image recognition." ICCV’19

Not easy to parallelize
(ER) (BA) (WS)
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Graph Generators
Use random graph generators to create models

Erdős-Rényi Barabási-Albert Watts-Strogatz

Exponential Distance Based
(poposed)

Not easy to parallelize Not load balanced

Easier
to parallelize

Better
in load balancing

¹ Xie et al. "Exploring randomly wired neural networks for image recognition." ICCV’19

Not easy to parallelize
(ER) (BA) (WS)
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Generate Random 
Graph

Searching for a Model

Evaluate

Formulating as neural architecture search (NAS) problem

What generator to use?

Evaluation:
- Accuracy
- Parallelization

How to use evaluation 
to drive generators?

But parallelization speedup depends on
several factors… 
 Communication latency
 Number of devices, …
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Parallelization Score

ParallelNets 

?

Partitioning
Hypergraph

Analyzing
Paths+
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Parallelization Score
Assigning 

Weights and Costs

Partitioning
Hypergraph

n
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�
<latexit sha1_base64="culQV9HZ/vGyiVmFV3ZRbEGBTA4=">AAACEnicbVBLS8NAGNzUV62vqEcvwSI0ICXR4uMgFEX0WME+oAlhs920azcPdjdKCf0NXvwrXjwo4tWTN/+NmzSIWgcWhpnv290ZN6KEC8P4VAozs3PzC8XF0tLyyuqaur7R4mHMEG6ikIas40KOKQlwUxBBcSdiGPouxW13eJb67VvMOAmDazGKsO3DfkA8gqCQkqPqlg/FAEGaXIxPLJf0K63KnUP03fOKReU1Pejc6KmuO2rZqBoZtGli5qQMcjQc9cPqhSj2cSAQhZx3TSMSdgKZIIjiccmKOY4gGsI+7koaQB9zO8kijbUdqfQ0L2TyBELL1J8bCfQ5H/munEwD8L9eKv7ndWPhHdkJCaJY4ABNHvJiqolQS/vReoRhJOhIEogYkX/V0AAyiIRssZSVcJzi4DvyNGntVc39au2qVq6f5nUUwRbYBhVggkNQB5egAZoAgXvwCJ7Bi/KgPCmvyttktKDkO5vgF5T3L2RanMo=</latexit>

Several Partitioning Options (     )m
<latexit sha1_base64="jL0hCFnUbCC2QpbU7j/X9MeFIQs=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8hV0NPm5BLx4TMA9IljA76SRjZmaXmVkhLPkCLx4U8eonefNvnN0sosaChqKqm+6uIOJMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+S4exotCkIQ9VJyAaOJPQNMxw6EQKiAg4tIPJTeq3H0BpFso7M43AF2Qk2ZBRYqzUEP1S2a24GfAi8XJSRjnq/dJHbxDSWIA0lBOtu54bGT8hyjDKYVbsxRoiQidkBF1LJRGg/SQ7dIaPrTLAw1DZkgZn6s+JhAitpyKwnYKYsf7rpeJ/Xjc2w0s/YTKKDUg6XzSMOTYhTr/GA6aAGj61hFDF7K2Yjoki1NhsilkIVynOv19eJK3TindWqTaq5dp1HkcBHaIjdII8dIFq6BbVURNRBOgRPaMX5955cl6dt3nrkpPPHKBfcN6/AO6njSk=</latexit>
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<latexit sha1_base64="lziy57cWHINJWFI9iAg2wnQeODI=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UEP1S2ak4GexF4uakDDnq/dJHbxDSOEChKSdKdV0n0l5CpGaU46zYixVGhE7ICLuGChKg8pLs0Jl9bJSBPQylKaHtTP05kZBAqWngm86A6LH666Xif1431sNLL2EiijUKOl80jLmtQzv92h4wiVTzqSGESmZutemYSEK1yaaYhXCV4vz75UXSOq24Z5Vqo1quXedxFOAQjuAEXLiAGtxCHZpAAeERnuHFureerFfrbd66ZOUzB/AL1vsX8CuNKg==</latexit>

"
<latexit sha1_base64="9S9Xxw+f+L1kCG8jIsJ8NMhrUH8=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTm3boZCbMTAol9DPcuFDErV/jzr9xkgZR64ELh3Pu5d57gphRpR3n0yqtrK6tb5Q3K1vbO7t71f2DjhKJJNAmggnZC7ACRjm0NdUMerEEHAUMusHkNvO7U5CKCv6gZzH4ER5xGlKCtZG8/hRLiBVlgg+qNafu5LCXiVuQGirQGlQ/+kNBkgi4Jgwr5blOrP0US00Jg3mlnyiIMZngEXiGchyB8tP85Ll9YpShHQppims7V39OpDhSahYFpjPCeqz+epn4n+clOrzyU8rjRAMni0Vhwmwt7Ox/e0glEM1mhmAiqbnVJmMsMdEmpUoewnWGi++Xl0nnrO6e1xv3jVrzpoijjI7QMTpFLrpETXSHWqiNCBLoET2jF0tbT9ar9bZoLVnFzCH6Bev9C9Lpkb8=</latexit>

�
H = (V, E)|P = {V1, V2, V3, ..., VP }

 
<latexit sha1_base64="hxCgktxbSN4lMa4OlxtEyndv8bo="></latexit>

⌘1
<latexit sha1_base64="MXx0uQd4UXJjwhOoxhLHRTvxsvI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZJKMmZ1ZZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lpaxIrRJJJeqE2BNORO0aZjhtBMpisOA03YwuU799gNVmklxZ6YR9UM8EmzICDZWavWowX2vX664VTcDWiReTiqQo9Evf/QGksQhFYZwrHXXcyPjJ1gZRjidlXqxphEmEzyiXUsFDqn2k+zaGTqyygANpbIlDMrUnxMJDrWehoHtDLEZ679eKv7ndWMzvPATJqLYUEHmi4YxR0ai9HU0YIoSw6eWYKKYvRWRMVaYGBtQKQvhMsXZ98uLpHVS9U6rtdtapX6Vx1GEAziEY/DgHOpwAw1oAoF7eIRneHGk8+S8Om/z1oKTz+zDLzjvX0msjxQ=</latexit>

⇤0
1

<latexit sha1_base64="9sZsqXzZ+eJtTyStL6FTXB0eueo=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovoqiRafOyKbly4qGAf2IYymUzboZNJmJkIJfQv3LhQxK1/486/cZIGUeuBgcM55zL3Hi/iTGnb/rQKC4tLyyvF1dLa+sbmVnl7p6XCWBLaJCEPZcfDinImaFMzzWknkhQHHqdtb3yV+u0HKhULxZ2eRNQN8FCwASNYG+m+d2OiPj7sO/1yxa7aGdA8cXJSgRyNfvmj54ckDqjQhGOluo4daTfBUjPC6bTUixWNMBnjIe0aKnBAlZtkG0/RgVF8NAileUKjTP05keBAqUngmWSA9Uj99VLxP68b68G5mzARxZoKMvtoEHOkQ5Sej3wmKdF8YggmkpldERlhiYk2JZWyEi5SnH6fPE9ax1XnpFq7rVXql3kdRdiDfTgCB86gDtfQgCYQEPAIz/BiKevJerXeZtGClc/swi9Y71+xhJBq</latexit>

�w1
<latexit sha1_base64="qG+eVEePlJ2hQBNxbZqM3nSWdjI=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac0IUwmN+3QyYOZiVJCf8ONC0Xc+jPu/BsnaRC1HrhwOOde7r3HSziTyjQ/jcrS8srqWnW9trG5tb1T393ryTgVFLo05rEYeEQCZxF0FVMcBokAEnoc+t7kOvf79yAki6M7NU3ACckoYgGjRGnJzmwfuCLuw8y13HrDbJoF8CKxStJAJTpu/cP2Y5qGECnKiZRDy0yUkxGhGOUwq9mphITQCRnBUNOIhCCdrLh5ho+04uMgFroihQv150RGQimnoac7Q6LG8q+Xi/95w1QFF07GoiRVENH5oiDlWMU4DwD7TABVfKoJoYLpWzEdE0Go0jHVihAuc5x9v7xIeidN67TZum012ldlHFV0gA7RMbLQOWqjG9RBXURRgh7RM3oxUuPJeDXe5q0Vo5zZR79gvH8BNJyR7g==</latexit>

⌘2
<latexit sha1_base64="unYIYtHHpEqe+OZK7pG+I2vElf8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0YfNyCXjxGMA9IljA7mU3GzM4sM7NCCPkHLx4U8er/ePNvnN0sosaChqKqm+6uIOZMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+S8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX6d++4EqzaS4M5OY+hEeChYygo2VWj1qcL/aL5XdipsBLRIvJ2XI0eiXPnoDSZKICkM41rrrubHxp1gZRjidFXuJpjEmYzykXUsFjqj2p9m1M3RslQEKpbIlDMrUnxNTHGk9iQLbGWEz0n+9VPzP6yYmvPCnTMSJoYLMF4UJR0ai9HU0YIoSwyeWYKKYvRWREVaYGBtQMQvhMsXZ98uLpFWteKeV2m2tXL/K4yjAIRzBCXhwDnW4gQY0gcA9PMIzvDjSeXJenbd565KTzxzALzjvX0swjxU=</latexit>

�w2
<latexit sha1_base64="LTc2aUprMYuhZfr2kXjQgknMrUI=">AAAB83icbVDLSsNAFJ34rPVVdekmWARXJanFx67oxmUF+4AmhMnkph06mYSZiVJCf8ONC0Xc+jPu/BsnaRC1HrhwOOde7r3HTxiVyrI+jaXlldW19cpGdXNre2e3trffk3EqCHRJzGIx8LEERjl0FVUMBokAHPkM+v7kOvf79yAkjfmdmibgRnjEaUgJVlpyMicAprD3MPOaXq1uNawC5iKxS1JHJTpe7cMJYpJGwBVhWMqhbSXKzbBQlDCYVZ1UQoLJBI9gqCnHEUg3K26emcdaCcwwFrq4Mgv150SGIymnka87I6zG8q+Xi/95w1SFF25GeZIq4GS+KEyZqWIzD8AMqACi2FQTTATVt5pkjAUmSsdULUK4zHH2/fIi6TUb9mmjdduqt6/KOCroEB2hE2Sjc9RGN6iDuoigBD2iZ/RipMaT8Wq8zVuXjHLmAP2C8f4FNiCR7w==</latexit>

⇤0
2

<latexit sha1_base64="9G5WuXlF0xb1+7SrEbIIH78XeLI=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFdlbQWH7uiGxcuKtgHtqFMJpN26GQSZiZCCf0LNy4UcevfuPNvnKRB1Hpg4HDOucy9x404U9q2P62FxaXlldXCWnF9Y3Nru7Sz21ZhLAltkZCHsutiRTkTtKWZ5rQbSYoDl9OOO75K/c4DlYqF4k5PIuoEeCiYzwjWRrrv35ioh48GtUGpbFfsDGieVHNShhzNQemj74UkDqjQhGOlelU70k6CpWaE02mxHysaYTLGQ9ozVOCAKifJNp6iQ6N4yA+leUKjTP05keBAqUngmmSA9Uj99VLxP68Xa//cSZiIYk0FmX3kxxzpEKXnI49JSjSfGIKJZGZXREZYYqJNScWshIsUp98nz5N2rVI9qdRv6+XGZV5HAfbhAI6hCmfQgGtoQgsICHiEZ3ixlPVkvVpvs+iClc/swS9Y71+zCJBr</latexit>

Calculating metrics for Each Option:

⌘3
<latexit sha1_base64="BGtuJ4EC2mzqNVOk1IcXBvXOzyw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZDYZMzuzzMwKIeQfvHhQxKv/482/cXaziBoLGoqqbrq7gpgzbVz30yksLa+srhXXSxubW9s75d29lpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvk799gNVmklxZyYx9SM8FCxkBBsrtXrU4P5pv1xxq24GtEi8nFQgR6Nf/ugNJEkiKgzhWOuu58bGn2JlGOF0VuolmsaYjPGQdi0VOKLan2bXztCRVQYolMqWMChTf05McaT1JApsZ4TNSP/1UvE/r5uY8MKfMhEnhgoyXxQmHBmJ0tfRgClKDJ9Ygoli9lZERlhhYmxApSyEyxRn3y8vktZJ1Tut1m5rlfpVHkcRDuAQjsGDc6jDDTSgCQTu4RGe4cWRzpPz6rzNWwtOPrMPv+C8fwFMtI8W</latexit>

�w3
<latexit sha1_base64="XKZyicMORHbMtSef1fiPsnxzNiY=">AAAB83icbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7AOaECaTm3boZBJmJkoJ/Q03LhRx68+482+cpEHUeuDC4Zx7ufceP2FUKsv6NCpLyyura9X12sbm1vZOfXevJ+NUEOiSmMVi4GMJjHLoKqoYDBIBOPIZ9P3Jde7370FIGvM7NU3AjfCI05ASrLTkZE4ATGHvYeadevWG1bQKmIvELkkDleh49Q8niEkaAVeEYSmHtpUoN8NCUcJgVnNSCQkmEzyCoaYcRyDdrLh5Zh5pJTDDWOjiyizUnxMZjqScRr7ujLAay79eLv7nDVMVXrgZ5UmqgJP5ojBlporNPAAzoAKIYlNNMBFU32qSMRaYKB1TrQjhMsfZ98uLpHfStE+brdtWo31VxlFFB+gQHSMbnaM2ukEd1EUEJegRPaMXIzWejFfjbd5aMcqZffQLxvsXN6SR8A==</latexit>

⇤0
3

<latexit sha1_base64="O1eoBArfvp9WyqHC1QZUQYeVtjY=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFdldQWH7uiGxcuKtgHtqFMJpN26GQSZiZCCf0LNy4UcevfuPNvnKRB1Hpg4HDOucy9x404U9q2P62FxaXlldXCWnF9Y3Nru7Sz21ZhLAltkZCHsutiRTkTtKWZ5rQbSYoDl9OOO75K/c4DlYqF4k5PIuoEeCiYzwjWRrrv35ioh48GtUGpbFfsDGieVHNShhzNQemj74UkDqjQhGOlelU70k6CpWaE02mxHysaYTLGQ9ozVOCAKifJNp6iQ6N4yA+leUKjTP05keBAqUngmmSA9Uj99VLxP68Xa//cSZiIYk0FmX3kxxzpEKXnI49JSjSfGIKJZGZXREZYYqJNScWshIsUp98nz5P2SaVaq9Rv6+XGZV5HAfbhAI6hCmfQgGtoQgsICHiEZ3ixlPVkvVpvs+iClc/swS9Y71+0jJBs</latexit>

⌘m
<latexit sha1_base64="yEov158uzSm5FnaQqXo67YXEmOM=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKWw0+LgFvXiMYB6QLGF2MpuMmdlZZnqFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7/EhwA6776RSWlldW14rrpY3Nre2d8u5e26hYU9aiSijd9YlhgoesBRwE60aaEekL1vEn16nfeWDacBXewTRiniSjkAecErBSu8+ADOSgXHGrbga8SGo5qaAczUH5oz9UNJYsBCqIMb2aG4GXEA2cCjYr9WPDIkInZMR6loZEMuMl2bUzfGSVIQ6UthUCztSfEwmRxkylbzslgbH566Xif14vhuDCS3gYxcBCOl8UxAKDwunreMg1oyCmlhCqub0V0zHRhIINqJSFcJni7PvlRdI+qdZOq/XbeqVxlcdRRAfoEB2jGjpHDXSDmqiFKLpHj+gZvTjKeXJenbd5a8HJZ/bRLzjvX6Scj1A=</latexit>

�wm
<latexit sha1_base64="rUC1956v0TF+xLpLnZ23EdYZFJk=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac0IUwmk3bozCTMTJQS+htuXCji1p9x5984SYOo9cCFwzn3cu89QcKo0rb9aVWWlldW16rrtY3Nre2d+u5eT8WpxKSLYxbLQYAUYVSQrqaakUEiCeIBI/1gcp37/XsiFY3FnZ4mxONoJGhEMdJGcjM3JEwj/2Hmc7/esJt2AbhInJI0QImOX/9wwxinnAiNGVJq6NiJ9jIkNcWMzGpuqkiC8ASNyNBQgThRXlbcPINHRglhFEtTQsNC/TmRIa7UlAemkyM9Vn+9XPzPG6Y6uvAyKpJUE4Hni6KUQR3DPAAYUkmwZlNDEJbU3ArxGEmEtYmpVoRwmePs++VF0jtpOqfN1m2r0b4q46iCA3AIjoEDzkEb3IAO6AIMEvAInsGLlVpP1qv1Nm+tWOXMPvgF6/0Lj4ySKg==</latexit>

⇤0
m

<latexit sha1_base64="ulJX4Ve/RJ/4ldwghJEaGl2cLPw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovoqqRafOyKbly4qGAf2IYymUzaoZNJmJkIJfQv3LhQxK1/486/cZIGUeuBgcM55zL3HjfiTGnb/rQKC4tLyyvF1dLa+sbmVnl7p63CWBLaIiEPZdfFinImaEszzWk3khQHLqcdd3yV+p0HKhULxZ2eRNQJ8FAwnxGsjXTfvzFRDx8OgkG5YlftDGie1HJSgRzNQfmj74UkDqjQhGOlejU70k6CpWaE02mpHysaYTLGQ9ozVOCAKifJNp6iA6N4yA+leUKjTP05keBAqUngmmSA9Uj99VLxP68Xa//cSZiIYk0FmX3kxxzpEKXnI49JSjSfGIKJZGZXREZYYqJNSaWshIsUp98nz5P2cbV2Uq3f1iuNy7yOIuzBPhxBDc6gAdfQhBYQEPAIz/BiKevJerXeZtGClc/swi9Y718Mg5Cm</latexit>

Generating Network

Algorithm
Inputs

Load variability: 
Communication:

Concurrency:

Analyzing
Paths+

Converting to DAG G =
�
V (wi), E(�j)

�
<latexit sha1_base64="culQV9HZ/vGyiVmFV3ZRbEGBTA4=">AAACEnicbVBLS8NAGNzUV62vqEcvwSI0ICXR4uMgFEX0WME+oAlhs920azcPdjdKCf0NXvwrXjwo4tWTN/+NmzSIWgcWhpnv290ZN6KEC8P4VAozs3PzC8XF0tLyyuqaur7R4mHMEG6ikIas40KOKQlwUxBBcSdiGPouxW13eJb67VvMOAmDazGKsO3DfkA8gqCQkqPqlg/FAEGaXIxPLJf0K63KnUP03fOKReU1Pejc6KmuO2rZqBoZtGli5qQMcjQc9cPqhSj2cSAQhZx3TSMSdgKZIIjiccmKOY4gGsI+7koaQB9zO8kijbUdqfQ0L2TyBELL1J8bCfQ5H/munEwD8L9eKv7ndWPhHdkJCaJY4ABNHvJiqolQS/vReoRhJOhIEogYkX/V0AAyiIRssZSVcJzi4DvyNGntVc39au2qVq6f5nUUwRbYBhVggkNQB5egAZoAgXvwCJ7Bi/KgPCmvyttktKDkO5vgF5T3L2RanMo=</latexit>

Several Partitioning Options (     )m
<latexit sha1_base64="jL0hCFnUbCC2QpbU7j/X9MeFIQs=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8hV0NPm5BLx4TMA9IljA76SRjZmaXmVkhLPkCLx4U8eonefNvnN0sosaChqKqm+6uIOJMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+S4exotCkIQ9VJyAaOJPQNMxw6EQKiAg4tIPJTeq3H0BpFso7M43AF2Qk2ZBRYqzUEP1S2a24GfAi8XJSRjnq/dJHbxDSWIA0lBOtu54bGT8hyjDKYVbsxRoiQidkBF1LJRGg/SQ7dIaPrTLAw1DZkgZn6s+JhAitpyKwnYKYsf7rpeJ/Xjc2w0s/YTKKDUg6XzSMOTYhTr/GA6aAGj61hFDF7K2Yjoki1NhsilkIVynOv19eJK3TindWqTaq5dp1HkcBHaIjdII8dIFq6BbVURNRBOgRPaMX5955cl6dt3nrkpPPHKBfcN6/AO6njSk=</latexit>
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<latexit sha1_base64="lziy57cWHINJWFI9iAg2wnQeODI=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUSLH7eiF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GTRpErQ8GHu/NMDPPjzhT2nE+raXlldW19cJGcXNre2e3tLffUmEsKTZpyEPZ8YlCzgQ2NdMcO5FEEvgc2/7kJvXbDygVC8WdnkboBWQk2JBRoo3UEP1S2ak4GexF4uakDDnq/dJHbxDSOEChKSdKdV0n0l5CpGaU46zYixVGhE7ICLuGChKg8pLs0Jl9bJSBPQylKaHtTP05kZBAqWngm86A6LH666Xif1431sNLL2EiijUKOl80jLmtQzv92h4wiVTzqSGESmZutemYSEK1yaaYhXCV4vz75UXSOq24Z5Vqo1quXedxFOAQjuAEXLiAGtxCHZpAAeERnuHFureerFfrbd66ZOUzB/AL1vsX8CuNKg==</latexit>

"
<latexit sha1_base64="9S9Xxw+f+L1kCG8jIsJ8NMhrUH8=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTm3boZCbMTAol9DPcuFDErV/jzr9xkgZR64ELh3Pu5d57gphRpR3n0yqtrK6tb5Q3K1vbO7t71f2DjhKJJNAmggnZC7ACRjm0NdUMerEEHAUMusHkNvO7U5CKCv6gZzH4ER5xGlKCtZG8/hRLiBVlgg+qNafu5LCXiVuQGirQGlQ/+kNBkgi4Jgwr5blOrP0US00Jg3mlnyiIMZngEXiGchyB8tP85Ll9YpShHQppims7V39OpDhSahYFpjPCeqz+epn4n+clOrzyU8rjRAMni0Vhwmwt7Ox/e0glEM1mhmAiqbnVJmMsMdEmpUoewnWGi++Xl0nnrO6e1xv3jVrzpoijjI7QMTpFLrpETXSHWqiNCBLoET2jF0tbT9ar9bZoLVnFzCH6Bev9C9Lpkb8=</latexit>

�
H = (V, E)|P = {V1, V2, V3, ..., VP }

 
<latexit sha1_base64="hxCgktxbSN4lMa4OlxtEyndv8bo="></latexit>

⌘1
<latexit sha1_base64="MXx0uQd4UXJjwhOoxhLHRTvxsvI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZJKMmZ1ZZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lpaxIrRJJJeqE2BNORO0aZjhtBMpisOA03YwuU799gNVmklxZ6YR9UM8EmzICDZWavWowX2vX664VTcDWiReTiqQo9Evf/QGksQhFYZwrHXXcyPjJ1gZRjidlXqxphEmEzyiXUsFDqn2k+zaGTqyygANpbIlDMrUnxMJDrWehoHtDLEZ679eKv7ndWMzvPATJqLYUEHmi4YxR0ai9HU0YIoSw6eWYKKYvRWRMVaYGBtQKQvhMsXZ98uLpHVS9U6rtdtapX6Vx1GEAziEY/DgHOpwAw1oAoF7eIRneHGk8+S8Om/z1oKTz+zDLzjvX0msjxQ=</latexit>

⇤0
1

<latexit sha1_base64="9sZsqXzZ+eJtTyStL6FTXB0eueo=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovoqiRafOyKbly4qGAf2IYymUzboZNJmJkIJfQv3LhQxK1/486/cZIGUeuBgcM55zL3Hi/iTGnb/rQKC4tLyyvF1dLa+sbmVnl7p6XCWBLaJCEPZcfDinImaFMzzWknkhQHHqdtb3yV+u0HKhULxZ2eRNQN8FCwASNYG+m+d2OiPj7sO/1yxa7aGdA8cXJSgRyNfvmj54ckDqjQhGOluo4daTfBUjPC6bTUixWNMBnjIe0aKnBAlZtkG0/RgVF8NAileUKjTP05keBAqUngmWSA9Uj99VLxP68b68G5mzARxZoKMvtoEHOkQ5Sej3wmKdF8YggmkpldERlhiYk2JZWyEi5SnH6fPE9ax1XnpFq7rVXql3kdRdiDfTgCB86gDtfQgCYQEPAIz/BiKevJerXeZtGClc/swi9Y71+xhJBq</latexit>

�w1
<latexit sha1_base64="qG+eVEePlJ2hQBNxbZqM3nSWdjI=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac0IUwmN+3QyYOZiVJCf8ONC0Xc+jPu/BsnaRC1HrhwOOde7r3HSziTyjQ/jcrS8srqWnW9trG5tb1T393ryTgVFLo05rEYeEQCZxF0FVMcBokAEnoc+t7kOvf79yAki6M7NU3ACckoYgGjRGnJzmwfuCLuw8y13HrDbJoF8CKxStJAJTpu/cP2Y5qGECnKiZRDy0yUkxGhGOUwq9mphITQCRnBUNOIhCCdrLh5ho+04uMgFroihQv150RGQimnoac7Q6LG8q+Xi/95w1QFF07GoiRVENH5oiDlWMU4DwD7TABVfKoJoYLpWzEdE0Go0jHVihAuc5x9v7xIeidN67TZum012ldlHFV0gA7RMbLQOWqjG9RBXURRgh7RM3oxUuPJeDXe5q0Vo5zZR79gvH8BNJyR7g==</latexit>

⌘2
<latexit sha1_base64="unYIYtHHpEqe+OZK7pG+I2vElf8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0YfNyCXjxGMA9IljA7mU3GzM4sM7NCCPkHLx4U8er/ePNvnN0sosaChqKqm+6uIOZMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+S8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX6d++4EqzaS4M5OY+hEeChYygo2VWj1qcL/aL5XdipsBLRIvJ2XI0eiXPnoDSZKICkM41rrrubHxp1gZRjidFXuJpjEmYzykXUsFjqj2p9m1M3RslQEKpbIlDMrUnxNTHGk9iQLbGWEz0n+9VPzP6yYmvPCnTMSJoYLMF4UJR0ai9HU0YIoSwyeWYKKYvRWREVaYGBtQMQvhMsXZ98uLpFWteKeV2m2tXL/K4yjAIRzBCXhwDnW4gQY0gcA9PMIzvDjSeXJenbd565KTzxzALzjvX0swjxU=</latexit>

�w2
<latexit sha1_base64="LTc2aUprMYuhZfr2kXjQgknMrUI=">AAAB83icbVDLSsNAFJ34rPVVdekmWARXJanFx67oxmUF+4AmhMnkph06mYSZiVJCf8ONC0Xc+jPu/BsnaRC1HrhwOOde7r3HTxiVyrI+jaXlldW19cpGdXNre2e3trffk3EqCHRJzGIx8LEERjl0FVUMBokAHPkM+v7kOvf79yAkjfmdmibgRnjEaUgJVlpyMicAprD3MPOaXq1uNawC5iKxS1JHJTpe7cMJYpJGwBVhWMqhbSXKzbBQlDCYVZ1UQoLJBI9gqCnHEUg3K26emcdaCcwwFrq4Mgv150SGIymnka87I6zG8q+Xi/95w1SFF25GeZIq4GS+KEyZqWIzD8AMqACi2FQTTATVt5pkjAUmSsdULUK4zHH2/fIi6TUb9mmjdduqt6/KOCroEB2hE2Sjc9RGN6iDuoigBD2iZ/RipMaT8Wq8zVuXjHLmAP2C8f4FNiCR7w==</latexit>

⇤0
2

<latexit sha1_base64="9G5WuXlF0xb1+7SrEbIIH78XeLI=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFdlbQWH7uiGxcuKtgHtqFMJpN26GQSZiZCCf0LNy4UcevfuPNvnKRB1Hpg4HDOucy9x404U9q2P62FxaXlldXCWnF9Y3Nru7Sz21ZhLAltkZCHsutiRTkTtKWZ5rQbSYoDl9OOO75K/c4DlYqF4k5PIuoEeCiYzwjWRrrv35ioh48GtUGpbFfsDGieVHNShhzNQemj74UkDqjQhGOlelU70k6CpWaE02mxHysaYTLGQ9ozVOCAKifJNp6iQ6N4yA+leUKjTP05keBAqUngmmSA9Uj99VLxP68Xa//cSZiIYk0FmX3kxxzpEKXnI49JSjSfGIKJZGZXREZYYqJNScWshIsUp98nz5N2rVI9qdRv6+XGZV5HAfbhAI6hCmfQgGtoQgsICHiEZ3ixlPVkvVpvs+iClc/swS9Y71+zCJBr</latexit>

Calculating metrics for Each Option:

⌘3
<latexit sha1_base64="BGtuJ4EC2mzqNVOk1IcXBvXOzyw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZDYZMzuzzMwKIeQfvHhQxKv/482/cXaziBoLGoqqbrq7gpgzbVz30yksLa+srhXXSxubW9s75d29lpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvk799gNVmklxZyYx9SM8FCxkBBsrtXrU4P5pv1xxq24GtEi8nFQgR6Nf/ugNJEkiKgzhWOuu58bGn2JlGOF0VuolmsaYjPGQdi0VOKLan2bXztCRVQYolMqWMChTf05McaT1JApsZ4TNSP/1UvE/r5uY8MKfMhEnhgoyXxQmHBmJ0tfRgClKDJ9Ygoli9lZERlhhYmxApSyEyxRn3y8vktZJ1Tut1m5rlfpVHkcRDuAQjsGDc6jDDTSgCQTu4RGe4cWRzpPz6rzNWwtOPrMPv+C8fwFMtI8W</latexit>

�w3
<latexit sha1_base64="XKZyicMORHbMtSef1fiPsnxzNiY=">AAAB83icbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7AOaECaTm3boZBJmJkoJ/Q03LhRx68+482+cpEHUeuDC4Zx7ufceP2FUKsv6NCpLyyura9X12sbm1vZOfXevJ+NUEOiSmMVi4GMJjHLoKqoYDBIBOPIZ9P3Jde7370FIGvM7NU3AjfCI05ASrLTkZE4ATGHvYeadevWG1bQKmIvELkkDleh49Q8niEkaAVeEYSmHtpUoN8NCUcJgVnNSCQkmEzyCoaYcRyDdrLh5Zh5pJTDDWOjiyizUnxMZjqScRr7ujLAay79eLv7nDVMVXrgZ5UmqgJP5ojBlporNPAAzoAKIYlNNMBFU32qSMRaYKB1TrQjhMsfZ98uLpHfStE+brdtWo31VxlFFB+gQHSMbnaM2ukEd1EUEJegRPaMXIzWejFfjbd5aMcqZffQLxvsXN6SR8A==</latexit>

⇤0
3

<latexit sha1_base64="O1eoBArfvp9WyqHC1QZUQYeVtjY=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFdldQWH7uiGxcuKtgHtqFMJpN26GQSZiZCCf0LNy4UcevfuPNvnKRB1Hpg4HDOucy9x404U9q2P62FxaXlldXCWnF9Y3Nru7Sz21ZhLAltkZCHsutiRTkTtKWZ5rQbSYoDl9OOO75K/c4DlYqF4k5PIuoEeCiYzwjWRrrv35ioh48GtUGpbFfsDGieVHNShhzNQemj74UkDqjQhGOlelU70k6CpWaE02mxHysaYTLGQ9ozVOCAKifJNp6iQ6N4yA+leUKjTP05keBAqUngmmSA9Uj99VLxP68Xa//cSZiIYk0FmX3kxxzpEKXnI49JSjSfGIKJZGZXREZYYqJNScWshIsUp98nz5P2SaVaq9Rv6+XGZV5HAfbhAI6hCmfQgGtoQgsICHiEZ3ixlPVkvVpvs+iClc/swS9Y71+0jJBs</latexit>

⌘m
<latexit sha1_base64="yEov158uzSm5FnaQqXo67YXEmOM=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKWw0+LgFvXiMYB6QLGF2MpuMmdlZZnqFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7/EhwA6776RSWlldW14rrpY3Nre2d8u5e26hYU9aiSijd9YlhgoesBRwE60aaEekL1vEn16nfeWDacBXewTRiniSjkAecErBSu8+ADOSgXHGrbga8SGo5qaAczUH5oz9UNJYsBCqIMb2aG4GXEA2cCjYr9WPDIkInZMR6loZEMuMl2bUzfGSVIQ6UthUCztSfEwmRxkylbzslgbH566Xif14vhuDCS3gYxcBCOl8UxAKDwunreMg1oyCmlhCqub0V0zHRhIINqJSFcJni7PvlRdI+qdZOq/XbeqVxlcdRRAfoEB2jGjpHDXSDmqiFKLpHj+gZvTjKeXJenbd5a8HJZ/bRLzjvX6Scj1A=</latexit>

�wm
<latexit sha1_base64="rUC1956v0TF+xLpLnZ23EdYZFJk=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac0IUwmk3bozCTMTJQS+htuXCji1p9x5984SYOo9cCFwzn3cu89QcKo0rb9aVWWlldW16rrtY3Nre2d+u5eT8WpxKSLYxbLQYAUYVSQrqaakUEiCeIBI/1gcp37/XsiFY3FnZ4mxONoJGhEMdJGcjM3JEwj/2Hmc7/esJt2AbhInJI0QImOX/9wwxinnAiNGVJq6NiJ9jIkNcWMzGpuqkiC8ASNyNBQgThRXlbcPINHRglhFEtTQsNC/TmRIa7UlAemkyM9Vn+9XPzPG6Y6uvAyKpJUE4Hni6KUQR3DPAAYUkmwZlNDEJbU3ArxGEmEtYmpVoRwmePs++VF0jtpOqfN1m2r0b4q46iCA3AIjoEDzkEb3IAO6AIMEvAInsGLlVpP1qv1Nm+tWOXMPvgF6/0Lj4ySKg==</latexit>

⇤0
m

<latexit sha1_base64="ulJX4Ve/RJ/4ldwghJEaGl2cLPw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovoqqRafOyKbly4qGAf2IYymUzaoZNJmJkIJfQv3LhQxK1/486/cZIGUeuBgcM55zL3HjfiTGnb/rQKC4tLyyvF1dLa+sbmVnl7p63CWBLaIiEPZdfFinImaEszzWk3khQHLqcdd3yV+p0HKhULxZ2eRNQJ8FAwnxGsjXTfvzFRDx8OgkG5YlftDGie1HJSgRzNQfmj74UkDqjQhGOlejU70k6CpWaE02mpHysaYTLGQ9ozVOCAKifJNp6iA6N4yA+leUKjTP05keBAqUngmmSA9Uj99VLxP68Xa//cSZiIYk0FmX3kxxzpEKXnI49JSjSfGIKJZGZXREZYYqJNSaWshIsUp98nz5P2cbV2Uq3f1iuNy7yOIuzBPhxBDc6gAdfQhBYQEPAIz/BiKevJerXeZtGClc/swi9Y718Mg5Cm</latexit>

Generating Network

Algorithm
Inputs

Load variability: 
Communication:

Concurrency:

Analyzing
Paths+

Converting to DAG G =
�
V (wi), E(�j)

�
<latexit sha1_base64="culQV9HZ/vGyiVmFV3ZRbEGBTA4=">AAACEnicbVBLS8NAGNzUV62vqEcvwSI0ICXR4uMgFEX0WME+oAlhs920azcPdjdKCf0NXvwrXjwo4tWTN/+NmzSIWgcWhpnv290ZN6KEC8P4VAozs3PzC8XF0tLyyuqaur7R4mHMEG6ikIas40KOKQlwUxBBcSdiGPouxW13eJb67VvMOAmDazGKsO3DfkA8gqCQkqPqlg/FAEGaXIxPLJf0K63KnUP03fOKReU1Pejc6KmuO2rZqBoZtGli5qQMcjQc9cPqhSj2cSAQhZx3TSMSdgKZIIjiccmKOY4gGsI+7koaQB9zO8kijbUdqfQ0L2TyBELL1J8bCfQ5H/munEwD8L9eKv7ndWPhHdkJCaJY4ABNHvJiqolQS/vReoRhJOhIEogYkX/V0AAyiIRssZSVcJzi4DvyNGntVc39au2qVq6f5nUUwRbYBhVggkNQB5egAZoAgXvwCJ7Bi/KgPCmvyttktKDkO5vgF5T3L2RanMo=</latexit>

Several Partitioning Options (     )m
<latexit sha1_base64="jL0hCFnUbCC2QpbU7j/X9MeFIQs=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8hV0NPm5BLx4TMA9IljA76SRjZmaXmVkhLPkCLx4U8eonefNvnN0sosaChqKqm+6uIOJMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+S4exotCkIQ9VJyAaOJPQNMxw6EQKiAg4tIPJTeq3H0BpFso7M43AF2Qk2ZBRYqzUEP1S2a24GfAi8XJSRjnq/dJHbxDSWIA0lBOtu54bGT8hyjDKYVbsxRoiQidkBF1LJRGg/SQ7dIaPrTLAw1DZkgZn6s+JhAitpyKwnYKYsf7rpeJ/Xjc2w0s/YTKKDUg6XzSMOTYhTr/GA6aAGj61hFDF7K2Yjoki1NhsilkIVynOv19eJK3TindWqTaq5dp1HkcBHaIjdII8dIFq6BbVURNRBOgRPaMX5955cl6dt3nrkpPPHKBfcN6/AO6njSk=</latexit>

Parallelization Score:
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Width vs. Depth Graphs

(a) ResNet50

(b) FB [49]

(c) ParallelNets
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mLonger Execution Time/

<latexit sha1_base64="Zv3F3+B3mqrx1EfTuiSuBwv3IRI=">AAAB7nicbVDLSgMxFM34rPVVdekmWARXZaatbWdXdOOygn1AO5RMmmlDM0lIMkIZ+hFuXCji1u9x59+YaYv4OnDhcM693HtPKBnVxnU/nLX1jc2t7dxOfndv/+CwcHTc0SJRmLSxYEL1QqQJo5y0DTWM9KQiKA4Z6YbT68zv3hOlqeB3ZiZJEKMxpxHFyFipO5BKSCOGhaJb8iqe69egW6pUK16jbonrXvplH3qWZCiCFVrDwvtgJHASE24wQ1r3PVeaIEXKUMzIPD9INJEIT9GY9C3lKCY6SBfnzuG5VUYwEsoWN3Chfp9IUaz1LA5tZ4zMRP/2MvE/r5+YqBGklMvEEI6Xi6KEQSNg9jscUUWwYTNLEFbU3grxBCmEjU0ovwjBz1D7evkv6ZRtUKXqbbXYvFrFkQOn4AxcAA/UQRPcgBZoAwym4AE8gWdHOo/Oi/O6bF1zVjMn4Aect08iWZA/</latexit>

Longer Execution Time/
<latexit sha1_base64="Zv3F3+B3mqrx1EfTuiSuBwv3IRI=">AAAB7nicbVDLSgMxFM34rPVVdekmWARXZaatbWdXdOOygn1AO5RMmmlDM0lIMkIZ+hFuXCji1u9x59+YaYv4OnDhcM693HtPKBnVxnU/nLX1jc2t7dxOfndv/+CwcHTc0SJRmLSxYEL1QqQJo5y0DTWM9KQiKA4Z6YbT68zv3hOlqeB3ZiZJEKMxpxHFyFipO5BKSCOGhaJb8iqe69egW6pUK16jbonrXvplH3qWZCiCFVrDwvtgJHASE24wQ1r3PVeaIEXKUMzIPD9INJEIT9GY9C3lKCY6SBfnzuG5VUYwEsoWN3Chfp9IUaz1LA5tZ4zMRP/2MvE/r5+YqBGklMvEEI6Xi6KEQSNg9jscUUWwYTNLEFbU3grxBCmEjU0ovwjBz1D7evkv6ZRtUKXqbbXYvFrFkQOn4AxcAA/UQRPcgBZoAwym4AE8gWdHOo/Oi/O6bF1zVjMn4Aect08iWZA/</latexit>

Longer Execution Time/
<latexit sha1_base64="Zv3F3+B3mqrx1EfTuiSuBwv3IRI=">AAAB7nicbVDLSgMxFM34rPVVdekmWARXZaatbWdXdOOygn1AO5RMmmlDM0lIMkIZ+hFuXCji1u9x59+YaYv4OnDhcM693HtPKBnVxnU/nLX1jc2t7dxOfndv/+CwcHTc0SJRmLSxYEL1QqQJo5y0DTWM9KQiKA4Z6YbT68zv3hOlqeB3ZiZJEKMxpxHFyFipO5BKSCOGhaJb8iqe69egW6pUK16jbonrXvplH3qWZCiCFVrDwvtgJHASE24wQ1r3PVeaIEXKUMzIPD9INJEIT9GY9C3lKCY6SBfnzuG5VUYwEsoWN3Chfp9IUaz1LA5tZ4zMRP/2MvE/r5+YqBGklMvEEI6Xi6KEQSNg9jscUUWwYTNLEFbU3grxBCmEjU0ovwjBz1D7evkv6ZRtUKXqbbXYvFrFkQOn4AxcAA/UQRPcgBZoAwym4AE8gWdHOo/Oi/O6bF1zVjMn4Aect08iWZA/</latexit>
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(b) Prior work

(c) This Work

} Width vs. depth of a model represents how well parallelizable a 
model is beyond the computations within a single layer
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Significant Accuracy Loss

(a) |V| = 40,

|P| = 4

<latexit sha1_base64="NAofRERe2SYP6EFR6HDmCVstfcc=">AAACHXicbZDLSsNAFIYn9VbjLerSTbAoFaQkElAEoeDGZQV7gSaUyXTSDp1cmDkRSxofxI2v4saFIi7ciG9j0nZRW38Y+PnOOcw5vxtxJsEwfpTC0vLK6lpxXd3Y3Nre0Xb3GjKMBaF1EvJQtFwsKWcBrQMDTluRoNh3OW26g+u83rynQrIwuINhRB0f9wLmMYIhQx3NUm2gD+B6SRmfpI/HI9vH0CeYJ410dGUZp6ptz8BaDtWOVjIqxlj6ojGnpoSmqnW0L7sbktinARCOpWybRgROggUwwmmq2rGkESYD3KPtzAbYp9JJxtel+lFGuroXiuwFoI/p7ESCfSmHvpt15mvK+VoO/6u1Y/AunIQFUQw0IJOPvJjrEOp5VHqXCUqADzODiWDZrjrpY4EJZIHmIZjzJy+axlnFtCrWrVWqXk7jKKIDdIjKyETnqIpuUA3VEUFP6AW9oXflWXlVPpTPSWtBmc7soz9Svn8BzZyhFQ==</latexit>

(b) |V| = 40,

|P| = 6

<latexit sha1_base64="HezWyiu0BbkQlq6NocOLd03Ygiw=">AAACGnicbZDLSsNAFIYn9VbrLerSTbAoFaQkElQEoeDGZQV7gSaUyXTSDp1cmDkRS1pfw42v4saFIu7EjW/jpO2iVn8Y+PnOOcw5vxdzJsE0v7XcwuLS8kp+tbC2vrG5pW/v1GWUCEJrJOKRaHpYUs5CWgMGnDZjQXHgcdrw+ldZvXFHhWRReAuDmLoB7obMZwSDQm3dcoDeg+enJe9o9HA4dAIMPYJ5Wh8NL23z2HFmWFWx07ZeNMvmWMZfY01NEU1VbeufTiciSUBDIBxL2bLMGNwUC2CE01HBSSSNMenjLm0pG+KASjcdnzYyDhTpGH4k1AvBGNPZiRQHUg4CT3VmW8r5Wgb/q7US8M/dlIVxAjQkk4/8hBsQGVlORocJSoAPlMFEMLWrQXpYYAIqzYIKwZo/+a+pn5Qtu2zf2MXKxTSOPNpD+6iELHSGKugaVVENEfSIntEretOetBftXfuYtOa06cwu+iXt6wcUJ6Dc</latexit>

(c) |V| = 40,

|P| = 8

<latexit sha1_base64="c/9KxiVCKGvb8T0ZeBFW22X0Pj0=">AAACGnicbZDLSsNAFIYnXmu9VV26CRalgpREChZBKLhxWcFeoAllMp20QycXZk7EksbXcOOruHGhiDtx49s4abOorT8M/HznHOac3wk5k2AYP9rS8srq2npuI7+5tb2zW9jbb8ogEoQ2SMAD0XawpJz5tAEMOG2HgmLP4bTlDK/TeuueCskC/w5GIbU93PeZywgGhboF0wL6AI4bl8hp8ngytjwMA4J53EzGVxXjzLJmWF2xardQNMrGRPqiMTNTRJnq3cKX1QtI5FEfCMdSdkwjBDvGAhjhNMlbkaQhJkPcpx1lfexRaceT0xL9WJGe7gZCPR/0CZ2diLEn5chzVGe6pZyvpfC/WicCt2rHzA8joD6ZfuRGXIdAT3PSe0xQAnykDCaCqV11MsACE1Bp5lUI5vzJi6Z5XjYr5cptpVi7zOLIoUN0hErIRBeohm5QHTUQQU/oBb2hd+1Ze9U+tM9p65KWzRygP9K+fwEY2qDf</latexit>

(d) |V| = 40,

|P| = 10
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Abstract—Satisfying the high computation demand of modern
deep learning architectures is challenging for achieving low infer-
ence latency. The current approaches in decreasing latency only
increase parallelism within a layer. This is because architectures
typically capture a single-chain dependency pattern that prevents
efficient distribution with a higher concurrency (i.e., simultaneous
execution of one inference among devices). Such single-chain
dependencies are so widespread that even implicitly biases recent
neural architecture search (NAS) studies. In this visionary paper,
we draw attention to an entirely new space of NAS that re-
laxes the single-chain dependency to provide higher concurrency
and distribution opportunities. To quantitatively compare these
architectures, we propose a score that encapsulates crucial
metrics such as communication, concurrency, and load balancing.
Additionally, we propose a new generator and transformation
block that consistently deliver superior architectures compared to
current state-of-the-art methods. Finally, our preliminary results
show that these new architectures reduce the inference latency
and deserve more attention.

Index Terms—Edge AI, Neural Architecture Search, Dis-
tributed and Collaborative Edge Computing, IoT, Collaborative
Edge & Robotics

I. INTRODUCTION & MOTIVATION

Increasingly deeper and wider convolution/deep neural net-
works (CNN/DNN) [1]–[3] with higher computation demands
are continuously attaining higher accuracies. Nevertheless,
the high computation and memory demands of these DNNs
hinder achieving low inference latency [4]. Although current
platforms exploit parallelism, we discover that, since most
architectures capture a single-chain dependency pattern [5]–
[7], shown in Figures 1a & b, we cannot efficiently extend con-
currency and distribution beyond current explicit parallelism
exposed within intra-layer computations (i.e., matrix-matrix
multiplications) to reduce the latency of an inference. In other
words, distribution and concurrency, if any, are implemented
at data level [8], which only increases the throughput.

The status quo approaches in reducing the inference latency
are always applied after an architecture is defined (e.g.,
reducing parameters with weight pruning [9], [10] or reducing
computation with quantization or compression [11]–[13]).
Additionally, for extremely large architectures, limited model

This work was partially supported by the NSF grant number 2103951
and Institute of Information and Communications Technology Planning and
Evaluation grant funded by the Korea government (No. 2021-0-00766).

§Equal contribution
*This work was done when the author was affiliated with Georgia Tech.

(a) ResNet50 (b) Prior Work (c) This work
(with DP generator) 

Single-Chain Dependency Concurrent Easily Distributed 
Not Concurrent

Hard To 
Distribute

Fig. 1: Sampled Architectures Overview – (a) & (b) Limited
concurrency and distribution due to single-chain dependency.
(c) Improved concurrent architecture.

parallelism is applied on final layers (i.e., large fully-connected
layers that do not fit in the memory of edge devices [14]–[16]).
However, since model-parallelism methods do not change
the architecture, distributing all layers with such methods
adds several synchronization/merging points, incurring high
communication overheads (Figure 1a & b). We discover that
the single-chain inter-layer dependency pattern, common in
all the well-known architectures and even in state-of-the-art
neural architecture search (NAS) studies [17], prevents the
efficient model distribution for reducing inference latency.

This visionary paper addresses the single-chain data de-
pendency in current architecture designs and endeavors to
inspire discussion for new concurrent architectures for at-
edge distribution. To do so, first, we analyze architectures
generated by recent unbiased NAS studies [17] and discover
that scaling/staging blocks implicitly enforce dependencies.
Then, we generate new architectures with prior and our new
distance-based network generators using our new probabilistic
scaling block. Then, for quantitatively comparing generated ar-
chitectures, we propose a concurrency score that encapsulates
important metrics such as communication, load balancing,
and overlapped computations, by reformulating the problem
as a hypergraph partitioning problem [18], [19]. Based on
the scores and experiments, our generated architectures have
higher concurrency and are more efficient for distribution

Please check the paper for 
more details on 
• Distribution
• Scaling blocks & strategy
• Example deep dive
• Code
• Parallelization score
• Results on speedup and 

communication
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Intelligence Requires Computation

Intelligent edge devices
For instance, robots need to sense, manipulate, and 
reason about their environment, all of which imposes 
heavy computations

Environment

Agent

Sensing

Manipulation

Reasoning
&

Planning

Effects
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Heavy Computations
Heavy computations are usually in the form of deep 
neural networks (DNNs) inference

- Allowing to function in diverse situations
- Requiring to perform inference computation 

locally in the edge on the device:
      i.e., in-the-edge inference

©Tesla ©Skydio
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In-the-Edge Inference
• In-the-edge applications

Intelligence in self-driving cars, smart homes/cities
• Sometimes is the only option

No Internet connectivity
Intermittent connectivity 

• Privacy preserving
Straightforward way to preserve privacy and security
Personalization 

• Even faster
No cost associated with communication latency

• Sometimes cost($) efficient 
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In-the-Edge Inference (Challenge)

Edge devices cannot handle such heavy computations 
due to lack of resources
Newer DNNs are heavier for better understanding
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Model vs. Data Parallelism

- Data Parallelism – Throughput Oriented 

Requires several input
High computation and memory footprints per device
Does not break down heavy layers
No adjustable work per device

- Model Parallelism – Latency Oriented 

Requires one input
Exploits parallelism within a layer
Breaks down heavy layers
Adjustable work per device
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Data & Model Parallelism

Data Parallelism Model Parallelism

Data parallelism provides the next input to the 
next devices in a network

Model parallelism splits layers over multiple 
devices, working on the same input
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Uniform Channels Do Not Scale
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Blocks

Conv Block

Direct Output to Other 
Blocks

Input from 
Other Blocks

Learnable
Weighted 

Sum

Sigmoid Sigmoid

MaxPooling

Conv

MaxPooling

Input

Scaled Output

(a) Basic Building Block. (b) Scaling Building Block.

RELU
3x3 SepConv

BN

(if needed)
  Downsample

(if needed)
  Upsample
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Staging (1)

• Greedy-based Staging:
• We set an upper limit for channel size. 
• As long as channel sizes have not reached the 

upper bound, we conduct staging (i.e., down- 
sample the input & upsample the channel)

• However, this design raises an issue that 
intermediate outputs are quickly squeezed 
through the maxpooling layer, which discards 
important features. 

• This approach hurts the accuracy to some 
extent. 
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Staging (2)

• Probabilistic-based staging 
• In this design, although the channel size may have not 

reached the limit, staging is done with a fixed 
probability of 0.5 to avoid discarding features too 
quickly. 
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(a) (b)

n = 3
<latexit sha1_base64="1hL/+kzhwtt63NL+KL9k2t781Xc=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+FgIRTcuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxb2eRtQN8EgwnxGsjXQnLmuDcsWu2hnQInFyUoEczUH5oz8MSRxQoQnHSvUcO9JugqVmhNNZqR8rGmEywSPaM1TggCo3yU6doSOjDJEfSlNCo0z9OZHgQKlp4JnOAOux+uul4n9eL9b+uZswEcWaCjJf5Mcc6RClf6Mhk5RoPjUEE8nMrYiMscREm3RKWQgXKU6/X14k7ZOqU6vWb+uVxlUeRxEO4BCOwYEzaMANNKEFBEbwCM/wYnHryXq13uatBSuf2YdfsN6/AOTdja4=</latexit>

(c)

⌘ =
6
9
3

= 2
<latexit sha1_base64="0cnWmPG2KQYDE/cf3lgA8uLhavE=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJX0QrULoejGZQV7gSaUyXTSDp1MwsxEKCFbN76KGxeKuPUN3Pk2TtIgav1h4OM/53Dm/G7IqFSW9WkUVlbX1jeKm6Wt7Z3dPXP/oCeDSGDSxQELxMBFkjDKSVdRxcggFAT5LiN9d3aV1vt3REga8Fs1D4njowmnHsVIaWtkQpsoBC+g7QmE42YSL6CVxPUk0X5tZJatipUJLkM1hzLI1RmZH/Y4wJFPuMIMSTmsWqFyYiQUxYwkJTuSJER4hiZkqJEjn0gnzi5J4Il2xtALhH5cwcz9OREjX8q57+pOH6mp/FtLzf9qw0h5505MeRgpwvFikRcxqAKYxgLHVBCs2FwDwoLqv0I8RToKpcMrZSG0UjW/T16GXq1SrVcaN41y+zKPowiOwDE4BVVwBtrgGnRAF2BwDx7BM3gxHown49V4W7QWjHzmEPyS8f4F7GCZVw==</latexit>

⌘ =
5
15
3

= 1
<latexit sha1_base64="ku24ey4+nKtWYBS09pT9H8MqxTQ=">AAACCnicbZBNS8MwHMZTX+d8q3r0Eh2Cp9G6+XYQhl48TnAvsJaRZukWlqYlSYVRevbiV/HiQRGvfgJvfhvTrog6Hwj8eJ5/SP6PFzEqlWV9GnPzC4tLy6WV8ura+samubXdlmEsMGnhkIWi6yFJGOWkpahipBsJggKPkY43vsryzh0Rkob8Vk0i4gZoyKlPMVLa6pt7DlEIXkDHFwgnx2kyBVtTLU11YPfNilW1csFZsAuogELNvvnhDEIcB4QrzJCUPduKlJsgoShmJC07sSQRwmM0JD2NHAVEukm+SgoPtDOAfij04Qrm7s8bCQqknASengyQGsm/WWb+l/Vi5Z+5CeVRrAjH04f8mEEVwqwXOKCCYMUmGhAWVP8V4hHSXSjdXjkv4TzTyffKs9A+qtq1av2mXmlcFnWUwC7YB4fABqegAa5BE7QABvfgETyDF+PBeDJejbfp6JxR3NkBv2S8fwFctpmM</latexit>

⌘ =
7
15
3

= 1.4
<latexit sha1_base64="sMPwC2Ffut56OUWAiowsF83ZPUU=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRKtVhdC0Y3LCvYBTSiT6aQdOpmEmYlQQj7Ajb/ixoUibv0Ad/6NkzSIWg8MHM45lzv3eBGjUlnWp1FaWFxaXimvVtbWNza3qts7HRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vM794RIWnIb9U0Im6ARpz6FCOlpUG15hCF4AV0fIFw0kiTGbFP0uQ4TbVhm3WdskwrB5wndkFqoEBrUP1whiGOA8IVZkjKvm1Fyk2QUBQzklacWJII4Qkakb6mHAVEukl+TAoPtDKEfij04wrm6s+JBAVSTgNPJwOkxvKvl4n/ef1Y+WduQnkUK8LxbJEfM6hCmDUDh1QQrNhUE4QF1X+FeIx0G0r3V8lLOM9w+n3yPOkcmfaxWb+p15qXRR1lsAf2wSGwQQM0wTVogTbA4B48gmfwYjwYT8ar8TaLloxiZhf8gvH+BVXzmgQ=</latexit>

Width of Concurrent Computations at Same Depth

(d)

⌘ =
7
7
3

= 3
<latexit sha1_base64="/CSATbvHGtoDlxnIQBAqyFF2lWU=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJXEFqsLoejGZQV7gSaUyXTSDk4mYWYilJCtG1/FjQtF3PoG7nwbJ2koav1h4OM/53Dm/F7EqFSW9WWUlpZXVtfK65WNza3tHXN3ryvDWGDSwSELRd9DkjDKSUdRxUg/EgQFHiM97+4qq/fuiZA05LdqGhE3QGNOfYqR0tbQhA5RCF5AxxcIJ800mUM9TbVfH5pVq2blgotgF1AFhdpD89MZhTgOCFeYISkHthUpN0FCUcxIWnFiSSKE79CYDDRyFBDpJvklKTzSzgj6odCPK5i7PycSFEg5DTzdGSA1kX9rmflfbRAr/8xNKI9iRTieLfJjBlUIs1jgiAqCFZtqQFhQ/VeIJ0hHoXR4lTyE80yn85MXoXtSs+u1xk2j2ros4iiDA3AIjoENmqAFrkEbdAAGD+AJvIBX49F4Nt6M91lryShm9sEvGR/f7GCZVw==</latexit>

n = 3
<latexit sha1_base64="1hL/+kzhwtt63NL+KL9k2t781Xc=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+FgIRTcuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxb2eRtQN8EgwnxGsjXQnLmuDcsWu2hnQInFyUoEczUH5oz8MSRxQoQnHSvUcO9JugqVmhNNZqR8rGmEywSPaM1TggCo3yU6doSOjDJEfSlNCo0z9OZHgQKlp4JnOAOux+uul4n9eL9b+uZswEcWaCjJf5Mcc6RClf6Mhk5RoPjUEE8nMrYiMscREm3RKWQgXKU6/X14k7ZOqU6vWb+uVxlUeRxEO4BCOwYEzaMANNKEFBEbwCM/wYnHryXq13uatBSuf2YdfsN6/AOTdja4=</latexit>

n = 3
<latexit sha1_base64="1hL/+kzhwtt63NL+KL9k2t781Xc=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+FgIRTcuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxb2eRtQN8EgwnxGsjXQnLmuDcsWu2hnQInFyUoEczUH5oz8MSRxQoQnHSvUcO9JugqVmhNNZqR8rGmEywSPaM1TggCo3yU6doSOjDJEfSlNCo0z9OZHgQKlp4JnOAOux+uul4n9eL9b+uZswEcWaCjJf5Mcc6RClf6Mhk5RoPjUEE8nMrYiMscREm3RKWQgXKU6/X14k7ZOqU6vWb+uVxlUeRxEO4BCOwYEzaMANNKEFBEbwCM/wYnHryXq13uatBSuf2YdfsN6/AOTdja4=</latexit> n = 3

<latexit sha1_base64="1hL/+kzhwtt63NL+KL9k2t781Xc=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+FgIRTcuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxb2eRtQN8EgwnxGsjXQnLmuDcsWu2hnQInFyUoEczUH5oz8MSRxQoQnHSvUcO9JugqVmhNNZqR8rGmEywSPaM1TggCo3yU6doSOjDJEfSlNCo0z9OZHgQKlp4JnOAOux+uul4n9eL9b+uZswEcWaCjJf5Mcc6RClf6Mhk5RoPjUEE8nMrYiMscREm3RKWQgXKU6/X14k7ZOqU6vWb+uVxlUeRxEO4BCOwYEzaMANNKEFBEbwCM/wYnHryXq13uatBSuf2YdfsN6/AOTdja4=</latexit>
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Significant Accuracy Loss

(a) |V| = 40,

|P| = 4

<latexit sha1_base64="NAofRERe2SYP6EFR6HDmCVstfcc=">AAACHXicbZDLSsNAFIYn9VbjLerSTbAoFaQkElAEoeDGZQV7gSaUyXTSDp1cmDkRSxofxI2v4saFIi7ciG9j0nZRW38Y+PnOOcw5vxtxJsEwfpTC0vLK6lpxXd3Y3Nre0Xb3GjKMBaF1EvJQtFwsKWcBrQMDTluRoNh3OW26g+u83rynQrIwuINhRB0f9wLmMYIhQx3NUm2gD+B6SRmfpI/HI9vH0CeYJ410dGUZp6ptz8BaDtWOVjIqxlj6ojGnpoSmqnW0L7sbktinARCOpWybRgROggUwwmmq2rGkESYD3KPtzAbYp9JJxtel+lFGuroXiuwFoI/p7ESCfSmHvpt15mvK+VoO/6u1Y/AunIQFUQw0IJOPvJjrEOp5VHqXCUqADzODiWDZrjrpY4EJZIHmIZjzJy+axlnFtCrWrVWqXk7jKKIDdIjKyETnqIpuUA3VEUFP6AW9oXflWXlVPpTPSWtBmc7soz9Svn8BzZyhFQ==</latexit>

(b) |V| = 40,

|P| = 6

<latexit sha1_base64="HezWyiu0BbkQlq6NocOLd03Ygiw=">AAACGnicbZDLSsNAFIYn9VbrLerSTbAoFaQkElQEoeDGZQV7gSaUyXTSDp1cmDkRS1pfw42v4saFIu7EjW/jpO2iVn8Y+PnOOcw5vxdzJsE0v7XcwuLS8kp+tbC2vrG5pW/v1GWUCEJrJOKRaHpYUs5CWgMGnDZjQXHgcdrw+ldZvXFHhWRReAuDmLoB7obMZwSDQm3dcoDeg+enJe9o9HA4dAIMPYJ5Wh8NL23z2HFmWFWx07ZeNMvmWMZfY01NEU1VbeufTiciSUBDIBxL2bLMGNwUC2CE01HBSSSNMenjLm0pG+KASjcdnzYyDhTpGH4k1AvBGNPZiRQHUg4CT3VmW8r5Wgb/q7US8M/dlIVxAjQkk4/8hBsQGVlORocJSoAPlMFEMLWrQXpYYAIqzYIKwZo/+a+pn5Qtu2zf2MXKxTSOPNpD+6iELHSGKugaVVENEfSIntEretOetBftXfuYtOa06cwu+iXt6wcUJ6Dc</latexit>

(c) |V| = 40,

|P| = 8

<latexit sha1_base64="c/9KxiVCKGvb8T0ZeBFW22X0Pj0=">AAACGnicbZDLSsNAFIYnXmu9VV26CRalgpREChZBKLhxWcFeoAllMp20QycXZk7EksbXcOOruHGhiDtx49s4abOorT8M/HznHOac3wk5k2AYP9rS8srq2npuI7+5tb2zW9jbb8ogEoQ2SMAD0XawpJz5tAEMOG2HgmLP4bTlDK/TeuueCskC/w5GIbU93PeZywgGhboF0wL6AI4bl8hp8ngytjwMA4J53EzGVxXjzLJmWF2xardQNMrGRPqiMTNTRJnq3cKX1QtI5FEfCMdSdkwjBDvGAhjhNMlbkaQhJkPcpx1lfexRaceT0xL9WJGe7gZCPR/0CZ2diLEn5chzVGe6pZyvpfC/WicCt2rHzA8joD6ZfuRGXIdAT3PSe0xQAnykDCaCqV11MsACE1Bp5lUI5vzJi6Z5XjYr5cptpVi7zOLIoUN0hErIRBeohm5QHTUQQU/oBb2hd+1Ze9U+tM9p65KWzRygP9K+fwEY2qDf</latexit>

(d) |V| = 40,

|P| = 10

<latexit sha1_base64="OuZAiQnzgkqy3Au2NF9oK3JKlgs=">AAACG3icbZDLSsNAFIYnXmu9VV26CRalgpSkFBRBKLhxWcFeoAllMpm0QycXZk7EksbncOOruHGhiCvBhW/jpO2itv4w8POdc5hzfifiTIJh/GhLyyura+u5jfzm1vbObmFvvynDWBDaICEPRdvBknIW0AYw4LQdCYp9h9OWM7jO6q17KiQLgzsYRtT2cS9gHiMYFOoWKhbQB3C8pOSepo8nI8vH0CeYJ810dFU1zixrhtUVM41uoWiUjbH0RWNOTRFNVe8Wviw3JLFPAyAcS9kxjQjsBAtghNM0b8WSRpgMcI92lA2wT6WdjG9L9WNFXN0LhXoB6GM6O5FgX8qh76jObE05X8vgf7VODN6FnbAgioEGZPKRF3MdQj0LSneZoAT4UBlMBFO76qSPBSag4syrEMz5kxdNs1I2q+XqbbVYu5zGkUOH6AiVkInOUQ3doDpqIIKe0At6Q+/as/aqfWifk9YlbTpzgP5I+/4FkFGhEw==</latexit>

Best Prior Work This Work
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Significant Accuracy LossBest Prior Work This Work

(a) |V| = 40,

|P| = 4

<latexit sha1_base64="NAofRERe2SYP6EFR6HDmCVstfcc=">AAACHXicbZDLSsNAFIYn9VbjLerSTbAoFaQkElAEoeDGZQV7gSaUyXTSDp1cmDkRSxofxI2v4saFIi7ciG9j0nZRW38Y+PnOOcw5vxtxJsEwfpTC0vLK6lpxXd3Y3Nre0Xb3GjKMBaF1EvJQtFwsKWcBrQMDTluRoNh3OW26g+u83rynQrIwuINhRB0f9wLmMYIhQx3NUm2gD+B6SRmfpI/HI9vH0CeYJ410dGUZp6ptz8BaDtWOVjIqxlj6ojGnpoSmqnW0L7sbktinARCOpWybRgROggUwwmmq2rGkESYD3KPtzAbYp9JJxtel+lFGuroXiuwFoI/p7ESCfSmHvpt15mvK+VoO/6u1Y/AunIQFUQw0IJOPvJjrEOp5VHqXCUqADzODiWDZrjrpY4EJZIHmIZjzJy+axlnFtCrWrVWqXk7jKKIDdIjKyETnqIpuUA3VEUFP6AW9oXflWXlVPpTPSWtBmc7soz9Svn8BzZyhFQ==</latexit>

(b) |V| = 40,

|P| = 6

<latexit sha1_base64="HezWyiu0BbkQlq6NocOLd03Ygiw=">AAACGnicbZDLSsNAFIYn9VbrLerSTbAoFaQkElQEoeDGZQV7gSaUyXTSDp1cmDkRS1pfw42v4saFIu7EjW/jpO2iVn8Y+PnOOcw5vxdzJsE0v7XcwuLS8kp+tbC2vrG5pW/v1GWUCEJrJOKRaHpYUs5CWgMGnDZjQXHgcdrw+ldZvXFHhWRReAuDmLoB7obMZwSDQm3dcoDeg+enJe9o9HA4dAIMPYJ5Wh8NL23z2HFmWFWx07ZeNMvmWMZfY01NEU1VbeufTiciSUBDIBxL2bLMGNwUC2CE01HBSSSNMenjLm0pG+KASjcdnzYyDhTpGH4k1AvBGNPZiRQHUg4CT3VmW8r5Wgb/q7US8M/dlIVxAjQkk4/8hBsQGVlORocJSoAPlMFEMLWrQXpYYAIqzYIKwZo/+a+pn5Qtu2zf2MXKxTSOPNpD+6iELHSGKugaVVENEfSIntEretOetBftXfuYtOa06cwu+iXt6wcUJ6Dc</latexit>

(c) |V| = 40,

|P| = 8

<latexit sha1_base64="c/9KxiVCKGvb8T0ZeBFW22X0Pj0=">AAACGnicbZDLSsNAFIYnXmu9VV26CRalgpREChZBKLhxWcFeoAllMp20QycXZk7EksbXcOOruHGhiDtx49s4abOorT8M/HznHOac3wk5k2AYP9rS8srq2npuI7+5tb2zW9jbb8ogEoQ2SMAD0XawpJz5tAEMOG2HgmLP4bTlDK/TeuueCskC/w5GIbU93PeZywgGhboF0wL6AI4bl8hp8ngytjwMA4J53EzGVxXjzLJmWF2xardQNMrGRPqiMTNTRJnq3cKX1QtI5FEfCMdSdkwjBDvGAhjhNMlbkaQhJkPcpx1lfexRaceT0xL9WJGe7gZCPR/0CZ2diLEn5chzVGe6pZyvpfC/WicCt2rHzA8joD6ZfuRGXIdAT3PSe0xQAnykDCaCqV11MsACE1Bp5lUI5vzJi6Z5XjYr5cptpVi7zOLIoUN0hErIRBeohm5QHTUQQU/oBb2hd+1Ze9U+tM9p65KWzRygP9K+fwEY2qDf</latexit>

(d) |V| = 40,

|P| = 10

<latexit sha1_base64="OuZAiQnzgkqy3Au2NF9oK3JKlgs=">AAACG3icbZDLSsNAFIYnXmu9VV26CRalgpSkFBRBKLhxWcFeoAllMpm0QycXZk7EksbncOOruHGhiCvBhW/jpO2itv4w8POdc5hzfifiTIJh/GhLyyura+u5jfzm1vbObmFvvynDWBDaICEPRdvBknIW0AYw4LQdCYp9h9OWM7jO6q17KiQLgzsYRtT2cS9gHiMYFOoWKhbQB3C8pOSepo8nI8vH0CeYJ810dFU1zixrhtUVM41uoWiUjbH0RWNOTRFNVe8Wviw3JLFPAyAcS9kxjQjsBAtghNM0b8WSRpgMcI92lA2wT6WdjG9L9WNFXN0LhXoB6GM6O5FgX8qh76jObE05X8vgf7VODN6FnbAgioEGZPKRF3MdQj0LSneZoAT4UBlMBFO76qSPBSag4syrEMz5kxdNs1I2q+XqbbVYu5zGkUOH6AiVkInOUQ3doDpqIIKe0At6Q+/as/aqfWifk9YlbTpzgP5I+/4FkFGhEw==</latexit>
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Best Prior Work This Work

(a) |V| = 40,

|P| = 4

<latexit sha1_base64="NAofRERe2SYP6EFR6HDmCVstfcc=">AAACHXicbZDLSsNAFIYn9VbjLerSTbAoFaQkElAEoeDGZQV7gSaUyXTSDp1cmDkRSxofxI2v4saFIi7ciG9j0nZRW38Y+PnOOcw5vxtxJsEwfpTC0vLK6lpxXd3Y3Nre0Xb3GjKMBaF1EvJQtFwsKWcBrQMDTluRoNh3OW26g+u83rynQrIwuINhRB0f9wLmMYIhQx3NUm2gD+B6SRmfpI/HI9vH0CeYJ410dGUZp6ptz8BaDtWOVjIqxlj6ojGnpoSmqnW0L7sbktinARCOpWybRgROggUwwmmq2rGkESYD3KPtzAbYp9JJxtel+lFGuroXiuwFoI/p7ESCfSmHvpt15mvK+VoO/6u1Y/AunIQFUQw0IJOPvJjrEOp5VHqXCUqADzODiWDZrjrpY4EJZIHmIZjzJy+axlnFtCrWrVWqXk7jKKIDdIjKyETnqIpuUA3VEUFP6AW9oXflWXlVPpTPSWtBmc7soz9Svn8BzZyhFQ==</latexit>

(b) |V| = 40,

|P| = 6

<latexit sha1_base64="HezWyiu0BbkQlq6NocOLd03Ygiw=">AAACGnicbZDLSsNAFIYn9VbrLerSTbAoFaQkElQEoeDGZQV7gSaUyXTSDp1cmDkRS1pfw42v4saFIu7EjW/jpO2iVn8Y+PnOOcw5vxdzJsE0v7XcwuLS8kp+tbC2vrG5pW/v1GWUCEJrJOKRaHpYUs5CWgMGnDZjQXHgcdrw+ldZvXFHhWRReAuDmLoB7obMZwSDQm3dcoDeg+enJe9o9HA4dAIMPYJ5Wh8NL23z2HFmWFWx07ZeNMvmWMZfY01NEU1VbeufTiciSUBDIBxL2bLMGNwUC2CE01HBSSSNMenjLm0pG+KASjcdnzYyDhTpGH4k1AvBGNPZiRQHUg4CT3VmW8r5Wgb/q7US8M/dlIVxAjQkk4/8hBsQGVlORocJSoAPlMFEMLWrQXpYYAIqzYIKwZo/+a+pn5Qtu2zf2MXKxTSOPNpD+6iELHSGKugaVVENEfSIntEretOetBftXfuYtOa06cwu+iXt6wcUJ6Dc</latexit>

(c) |V| = 40,

|P| = 8

<latexit sha1_base64="c/9KxiVCKGvb8T0ZeBFW22X0Pj0=">AAACGnicbZDLSsNAFIYnXmu9VV26CRalgpREChZBKLhxWcFeoAllMp20QycXZk7EksbXcOOruHGhiDtx49s4abOorT8M/HznHOac3wk5k2AYP9rS8srq2npuI7+5tb2zW9jbb8ogEoQ2SMAD0XawpJz5tAEMOG2HgmLP4bTlDK/TeuueCskC/w5GIbU93PeZywgGhboF0wL6AI4bl8hp8ngytjwMA4J53EzGVxXjzLJmWF2xardQNMrGRPqiMTNTRJnq3cKX1QtI5FEfCMdSdkwjBDvGAhjhNMlbkaQhJkPcpx1lfexRaceT0xL9WJGe7gZCPR/0CZ2diLEn5chzVGe6pZyvpfC/WicCt2rHzA8joD6ZfuRGXIdAT3PSe0xQAnykDCaCqV11MsACE1Bp5lUI5vzJi6Z5XjYr5cptpVi7zOLIoUN0hErIRBeohm5QHTUQQU/oBb2hd+1Ze9U+tM9p65KWzRygP9K+fwEY2qDf</latexit>

(d) |V| = 40,

|P| = 10

<latexit sha1_base64="OuZAiQnzgkqy3Au2NF9oK3JKlgs=">AAACG3icbZDLSsNAFIYnXmu9VV26CRalgpSkFBRBKLhxWcFeoAllMpm0QycXZk7EksbncOOruHGhiCvBhW/jpO2itv4w8POdc5hzfifiTIJh/GhLyyura+u5jfzm1vbObmFvvynDWBDaICEPRdvBknIW0AYw4LQdCYp9h9OWM7jO6q17KiQLgzsYRtT2cS9gHiMYFOoWKhbQB3C8pOSepo8nI8vH0CeYJ810dFU1zixrhtUVM41uoWiUjbH0RWNOTRFNVe8Wviw3JLFPAyAcS9kxjQjsBAtghNM0b8WSRpgMcI92lA2wT6WdjG9L9WNFXN0LhXoB6GM6O5FgX8qh76jObE05X8vgf7VODN6FnbAgioEGZPKRF3MdQj0LSneZoAT4UBlMBFO76qSPBSag4syrEMz5kxdNs1I2q+XqbbVYu5zGkUOH6AiVkInOUQ3doDpqIIKe0At6Q+/as/aqfWifk9YlbTpzgP5I+/4FkFGhEw==</latexit>

(e) |V| = 80,

|P| = 4

<latexit sha1_base64="JIqf3a7CcUffY4eflhXVTKMOSvo=">AAACHXicbZDLSsNAFIYnXmu8VV26CRalgpREAhZBKLhxWcG2QlPKZHqig5MLMydiSeuDuPFV3LhQxIUb8W2ctF3Uyw8DP985hznn9xPBFdr2lzEzOze/sFhYMpdXVtfWixubTRWnkkGDxSKWlz5VIHgEDeQo4DKRQENfQMu/Oc3rrVuQisfRBfYT6IT0KuIBZxQ16hZd00O4Qz/IyrA/vN8beCHFa0ZF1hwOTqr2gel5U7CuoWt2iyW7Yo9k/TXOxJTIRPVu8cPrxSwNIUImqFJtx06wk1GJnAkYml6qIKHshl5BW9uIhqA62ei6obWrSc8KYqlfhNaITk9kNFSqH/q6M19T/a7l8L9aO8Wg2sl4lKQIERt/FKTCwtjKo7J6XAJD0deGMsn1rha7ppIy1IHmITi/T/5rmocVx624526pdjyJo0C2yQ4pE4cckRo5I3XSIIw8kCfyQl6NR+PZeDPex60zxmRmi/yQ8fkN2rihHQ==</latexit>

(f) |V| = 80,

|P| = 6

<latexit sha1_base64="B9AELSTI6ULfTsDPK/SB8cIosOA=">AAACHXicbZDLSsNAFIYn9VbjrerSTbAoFaQkErQIQsGNywr2Ak0pk+mkHTq5MHMilrQ+iBtfxY0LRVy4Ed/GSdtFbf1h4Oc75zDn/G7EmQTT/NEyS8srq2vZdX1jc2t7J7e7V5NhLAitkpCHouFiSTkLaBUYcNqIBMW+y2nd7V+n9fo9FZKFwR0MItrycTdgHiMYFGrnbN0B+gCulxS8k9Hj8dDxMfQI5kltNLwqmae648zAioLnejuXN4vmWMaisaYmj6aqtHNfTicksU8DIBxL2bTMCFoJFsAIpyPdiSWNMOnjLm0qG2CfylYyvm5kHCnSMbxQqBeAMaazEwn2pRz4rupM15TztRT+V2vG4JVaCQuiGGhAJh95MTcgNNKojA4TlAAfKIOJYGpXg/SwwARUoGkI1vzJi6Z2VrTson1r58uX0ziy6AAdogKy0AUqoxtUQVVE0BN6QW/oXXvWXrUP7XPSmtGmM/voj7TvX99voSA=</latexit>

(g) |V| = 80,

|P| = 8

<latexit sha1_base64="UXD/jtLPIvMyqZ4iGhlZWzUUvbA=">AAACHXicbZDLSsNAFIYnXmu8RV26CRalgpREAhZBKLhxWcFeoAllMp20QycXZk7EksYHceOruHGhiAs34tuYtF3U1h8Gfr5zDnPO70acSTCMH2VpeWV1bb2woW5ube/sanv7DRnGgtA6CXkoWi6WlLOA1oEBp61IUOy7nDbdwXVeb95TIVkY3MEwoo6PewHzGMGQoY5mqTbQB3C9pNQ7TR9PRraPoU8wTxrp6KpinKm2PQNrOVQ7WtEoG2Ppi8acmiKaqtbRvuxuSGKfBkA4lrJtGhE4CRbACKepaseSRpgMcI+2Mxtgn0onGV+X6scZ6epeKLIXgD6msxMJ9qUc+m7Wma8p52s5/K/WjsGrOAkLohhoQCYfeTHXIdTzqPQuE5QAH2YGE8GyXXXSxwITyALNQzDnT140jfOyaZWtW6tYvZzGUUCH6AiVkIkuUBXdoBqqI4Ke0At6Q+/Ks/KqfCifk9YlZTpzgP5I+f4F5CahIw==</latexit>

(h) |V| = 80,

|P| = 10

<latexit sha1_base64="yzitSq6yLFYgZwkN7Evxo41csl4=">AAACHnicbZDLSsNAFIYn9VbjLerSTbAoFaQkUrEIQsGNywr2Ak0pk+mkHTq5MHMilrS+iBtfxY0LRQRX+jZO2i5q6w8DP985hznndyPOJFjWj5ZZWl5ZXcuu6xubW9s7xu5eTYaxILRKQh6Khosl5SygVWDAaSMSFPsup3W3f53W6/dUSBYGdzCIaMvH3YB5jGBQqG2c6w7QB3C9JN87GT0eDx0fQ49gntRGw6uSdao7zgysKGhbetvIWQVrLHPR2FOTQ1NV2saX0wlJ7NMACMdSNm0rglaCBTDC6Uh3YkkjTPq4S5vKBtinspWMzxuZR4p0TC8U6gVgjunsRIJ9KQe+qzrTPeV8LYX/1ZoxeKVWwoIoBhqQyUdezE0IzTQrs8MEJcAHymAimNrVJD0sMAGVaBqCPX/yoqmdFexioXhbzJUvp3Fk0QE6RHlkowtURjeogqqIoCf0gt7Qu/asvWof2uekNaNNZ/bRH2nfv1v5oVc=</latexit>
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Raw 2 Units 4 Units 8 Units

Raw 2 Units 4 Units 8 Units

Raw 2 Units 4 Units 8 Units

Raw 2 Units 4 Units 8 Units

Raw 2 Units 4 Units 8 Units
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