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Introduction



An overview of AI models scaling trends 1.

1by courtesy: https://community.cadence.com/cadence_blogs_8/b/
breakfast-bytes/posts/linleyspr22
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Peak performance vs. power scatter plot of publicly announced AI accelerators and processors (by
July 2022)2.

2Albert Reuther et al. (2022). “AI and ML Accelerator Survey and Trends”. In: IEEE High
Performance Extreme Computing Conference (HPEC). IEEE, pp. 1–10.
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• “Brawny” scaling.

• Scalable scaling.
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• “Brawny” scaling.

• Scale on-chip hardware resources34567.

3Zidong Du et al. (2015). “ShiDianNao: Shifting Vision Processing Closer to the Sensor”. In:
IEEE/ACM International Symposium on Computer Architecture (ISCA), pp. 92–104.

4Yu-Hsin Chen, Joel Emer, and Vivienne Sze (2016). “Eyeriss: A Spatial Architecture for
Energy-efficient Dataflow for Convolutional Neural Networks”. In: IEEE/ACM International
Symposium on Computer Architecture (ISCA), pp. 367–379.

5The NVIDIA Deep Learning Accelerator (NVDLA) (2017). http://nvdla.org/.
6Norman P Jouppi et al. (2017). “In-datacenter Performance Analysis of a Tensor Processing

Unit”. In: IEEE/ACM International Symposium on Computer Architecture (ISCA), pp. 1–12.
7Hasan Genc et al. (2021). “Gemmini: Enabling Systematic Deep-learning Architecture

Evaluation Via Full-stack Integration”. In: ACM/IEEE Design Automation Conference (DAC). IEEE,
pp. 769–774.
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• Scalable scaling.

• Scale DNN accelerators via an network-on-chip (NoC)891011.

8Swagath Venkataramani et al. (2017). “SCALEDEEP: A Scalable Compute Architecture for
Learning and Evaluating Deep Networks”. In: IEEE/ACM International Symposium on Computer
Architecture (ISCA), pp. 13–26.

9Mingyu Gao et al. (2019). “Tangram: Optimized Coarse-Grained Dataflow for Scalable NN
Accelerators”. In: ACM International Conference on Architectural Support for Programming Languages
and Operating Systems (ASPLOS), pp. 807–820.

10Dennis Abts, Jonathan Ross, et al. (2020). “Think Fast: A Tensor Streaming Processor (TSP) for
Accelerating Deep Learning Workloads”. In: IEEE/ACM International Symposium on Computer
Architecture (ISCA). IEEE, pp. 145–158; Dennis Abts, Garrin Kimmell, et al. (2022). “A
Software-defined Tensor Streaming Multiprocessor for Large-scale Machine Learning”. In:
IEEE/ACM International Symposium on Computer Architecture (ISCA), pp. 567–580.

11Norm Jouppi et al. (2023). “TPU v4: An Optically Reconfigurable Supercomputer for Machine
Learning with Hardware Support for Embeddings”. In: IEEE/ACM International Symposium on
Computer Architecture (ISCA), pp. 1–14.
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Main features of Dataflow Architecture Accelerators:
• Dataflow architecture accelerators are a new kind of scalable scaling-driven AI

accelerators.

• A fundamental distinction from previous scalable DNN accelerators is the execution
model.

• Permits asynchronous mechanism where multiple instructions operate on multiple
data streams simultaneously (MIMD).

Dataflow Execution Model
The executability and execution of instructions is solely determined based on the
availability of input operands to the instructions12.

Compute only what is relevant to input proactively13.

12Tony Nowatzki, Vinay Gangadhar, and Karthikeyan Sankaralingam (2019). “Heterogeneous
Von Neumann/Dataflow Microprocessors”. In: Communications of the ACM 62.6, pp. 83–91.

13Jasmina Vasiljevic et al. (2021). “Compute Substrate for Software 2.0”. In: IEEE Micro 41.2,
pp. 50–55.
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What is DNN Model Orchestration?
The orchestration of DNN models determine how to partition, schedule and map a DNN
model to scalable DNN accelerators.

• Partition: partition a DNN computation graph into µops→ Exploit higher execution
parallelism.

• Schedule/Scheduling: The scheduling allocates time slots for each µop to attain the
promising makespan.

• Mapping: decides the allocation of an accelerator for a µop.
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A pipeline overview of DNN model orchestration for scalable DNN accelerators.
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Preliminary



• CNN-Partition14

• Tangram15.

• Atomic dataflow16.

They are proposed for traditional scalable DNN accelerators rather than dataflow
architecture accelerators.

14Yongming Shen, Michael Ferdman, and Peter Milder (2017). “Maximizing CNN accelerator
efficiency through resource partitioning”. In: IEEE/ACM International Symposium on Computer
Architecture (ISCA). IEEE Computer Society, pp. 535–547.

15Mingyu Gao et al. (2019). “Tangram: Optimized Coarse-Grained Dataflow for Scalable NN
Accelerators”. In: ACM International Conference on Architectural Support for Programming Languages
and Operating Systems (ASPLOS), pp. 807–820.

16Shixuan Zheng et al. (2022). “Atomic Dataflow Based Graph-Level Workload Orchestration for
Scalable DNN Accelerators”. In: IEEE International Symposium on High Performance Computer
Architecture (HPCA). IEEE, pp. 475–489.
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<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µ<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µop (width denotes its 
execution time)

4-2

1-1 2-2 3-2 3-3

4-1

1-1 2-1 3-1 3-2
Some example dependencies of 

<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µ<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µops

<latexit sha1_base64="hdhVppjFLzf4e/HzybJVVNNfyks=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYlA8hV3xdQx48RghL0iWMDvpTYbMziwzvWJY8hlePCji1a/x5t84SfagiQUNRVU33V1hIrhBz/t2VlbX1jc2C1vF7Z3dvf3SwWHTqFQzaDAllG6H1IDgEhrIUUA70UDjUEArHN1N/dYjaMOVrOM4gSCmA8kjzihaqdNFeMKszmOY9Eplr+LN4C4TPydlkqPWK311+4qlMUhkghrT8b0Eg4xq5EzApNhNDSSUjegAOpZKGoMJstnJE/fUKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxug0yLpMUQbL5oigVLip3+r/b5xoYirEllGlub3XZkGrK0KZUtCH4iy8vk+ZFxb+uXD1clqtneRwFckxOyDnxyQ2pkntSIw3CiCLP5JW8Oei8OO/Ox7x1xclnjsgfOJ8/woyRfg==</latexit>

Time

1-1

<latexit sha1_base64="bTqFr0QBmud0CMNyOCDrMlBniDg=">AAAB+3icbVBNS8NAEN34WetXrEcvwaJ4Kon4dax48VjBfkAbymY7bZdusmF3Ii0hf8WLB0W8+ke8+W/ctjlo64OBx3szzMwLYsE1uu63tbK6tr6xWdgqbu/s7u3bB6WGloliUGdSSNUKqAbBI6gjRwGtWAENAwHNYHQ39ZtPoDSX0SNOYvBDOoh4nzOKRurapQ7CGNNbxkCAoihV1rXLbsWdwVkmXk7KJEeta391epIlIUTIBNW67bkx+ilVyJmArNhJNMSUjegA2oZGNATtp7PbM+fEKD2nL5WpCJ2Z+nsipaHWkzAwnSHFoV70puJ/XjvB/o2f8ihOECI2X9RPhIPSmQbh9LgChmJiCGWKm1sdNqSKMjRxFU0I3uLLy6RxXvGuKpcPF+XqaR5HgRyRY3JGPHJNquSe1EidMDImz+SVvFmZ9WK9Wx/z1hUrnzkkf2B9/gCxxJTL</latexit>

Accelerator
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3-1

3-2
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2-2
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1-3

2-3

3-4

1-4

2-4

4-3

3-5

Timeline of the Traditional Scalable DNN Accelerators

Round 1 Round 2 Round 3 Round 4

Synchronization

<latexit sha1_base64="hdhVppjFLzf4e/HzybJVVNNfyks=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYlA8hV3xdQx48RghL0iWMDvpTYbMziwzvWJY8hlePCji1a/x5t84SfagiQUNRVU33V1hIrhBz/t2VlbX1jc2C1vF7Z3dvf3SwWHTqFQzaDAllG6H1IDgEhrIUUA70UDjUEArHN1N/dYjaMOVrOM4gSCmA8kjzihaqdNFeMKszmOY9Eplr+LN4C4TPydlkqPWK311+4qlMUhkghrT8b0Eg4xq5EzApNhNDSSUjegAOpZKGoMJstnJE/fUKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxug0yLpMUQbL5oigVLip3+r/b5xoYirEllGlub3XZkGrK0KZUtCH4iy8vk+ZFxb+uXD1clqtneRwFckxOyDnxyQ2pkntSIw3CiCLP5JW8Oei8OO/Ox7x1xclnjsgfOJ8/woyRfg==</latexit>

Time

1-1

<latexit sha1_base64="bTqFr0QBmud0CMNyOCDrMlBniDg=">AAAB+3icbVBNS8NAEN34WetXrEcvwaJ4Kon4dax48VjBfkAbymY7bZdusmF3Ii0hf8WLB0W8+ke8+W/ctjlo64OBx3szzMwLYsE1uu63tbK6tr6xWdgqbu/s7u3bB6WGloliUGdSSNUKqAbBI6gjRwGtWAENAwHNYHQ39ZtPoDSX0SNOYvBDOoh4nzOKRurapQ7CGNNbxkCAoihV1rXLbsWdwVkmXk7KJEeta391epIlIUTIBNW67bkx+ilVyJmArNhJNMSUjegA2oZGNATtp7PbM+fEKD2nL5WpCJ2Z+nsipaHWkzAwnSHFoV70puJ/XjvB/o2f8ihOECI2X9RPhIPSmQbh9LgChmJiCGWKm1sdNqSKMjRxFU0I3uLLy6RxXvGuKpcPF+XqaR5HgRyRY3JGPHJNquSe1EidMDImz+SVvFmZ9WK9Wx/z1hUrnzkkf2B9/gCxxJTL</latexit>

Accelerator

2-1

3-1

3-2

1
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4

4-1

1-2

2-2

3-3

4-2

1-3

2-3

3-4

1-4

2-4

4-3

3-5

Timeline of the Dataflow Architecture Accelerators

Performance benefit

<latexit sha1_base64="8cwY5nc921yfQM4DjH3yVk+nc3o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrz1My6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibNi4p3XbmqX5arZ3kcBTiGEzgHD26gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDc+2Mog==</latexit>

0

<latexit sha1_base64="8cwY5nc921yfQM4DjH3yVk+nc3o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrz1My6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibNi4p3XbmqX5arZ3kcBTiGEzgHD26gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDc+2Mog==</latexit>

0

2-5

3-6 3-7 3-8

3-9

Idle

Comparison between traditional scalable DNN accelerators and dataflow architecture accelerators.

Preliminary: DNN Model Orchestration Comparison
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Summary of the traditional scalable DNN accelerators:
• µOps are scheduled per round.

• Synchronization latencies are produced between adjacent rounds.

• The “bad” µop determines the time interval of a round.

Summary of the dataflow architecture accelerators:
• “Nearly” no synchronizations.

• High throughputs.

Preliminary: DNN Model Orchestration Comparison

15/58
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An overview of ASAP and ALAP scheduling.

ASAP(ui) =

{
maxASAP(uj) + l(uj), ∃ uj ≺ ui, ∀uj

0, @ uj ≺ ui, ∀uj
(1)

ALAP(ui) =

minALAP(uj)− l(uj), ∃ ui ≺ uj, ∀uj

max
uk∈V

ALAP(uk), @ ui ≺ uj, ∀uj
(2)

Preliminary: ASAP & ALAP Scheduling
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Definition I: µOp

The execution granularity of an individual accelerator in dataflow architecture
accelerators 17.

Definition II: µOp precedence constraints

The consumer µop should not begin to execute before the producer µops are completed 18.

Definition III: Accelerator
An accelerator executes one µop at a time until its completion. Other µops cannot preempt
the execution.

17A µop’s operands are termed µtensors.
18We use ui ≺ uj to denote that ui is an immediate producer of uj.

Preliminary: Problem Formulation

17/58



Problem I: Partition
Partition the computation of a DNN model into µops, aiming to maximize utilization of
each accelerator, and achieve load balancing, given a set of constraints.

Problem II: Scheduling

Allocate time slots for µops (the solution from Problem 1), aiming to minimize the
makespan.

Problem III: Mapping

Allocate accelerators for µops (the solution from Problem 1), aiming to minimize the NoC
communication costs during dataflow executions.

Preliminary: Problem Formulation

18/58



Klotski



DNN Model Dataflow Architecture 
Accelerators Specification

Bayesian Optimization-based Entropy-guided Partition 

Unified Formulation for 
<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µ<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µOps Scheduling & Mapping

<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µ<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µOps Scheduling via an ILP Model

NoC Communication-aware 
<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µ<latexit sha1_base64="2C1yv+FxvFToU31FJzNZyvgS1N4=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVxVWbE17LgxmVF+4B2KJk004YmmSHJCGXoJ7hxoYhbv8idf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wj26nfemLa8Fg92nHCAkkGikecEuukh65Me+WKV/VmwMvEz0kFctR75a9uP6apZMpSQYzp+F5ig4xoy6lgk1I3NSwhdEQGrOOoIpKZIJudOsEnTunjKNaulMUz9fdERqQxYxm6Tkns0Cx6U/E/r5Pa6CbIuEpSyxSdL4pSgW2Mp3/jPteMWjF2hFDN3a2YDokm1Lp0Si4Ef/HlZdI8r/pX1cv7i0rtNI+jCEdwDGfgwzXU4A7q0AAKA3iGV3hDAr2gd/Qxby2gfOYQ/gB9/gBYMo3E</latexit>µOps Mapping

Two-Stage Scheduling & Mapping Decoupling

Meet Bayesian Optimization Budget?

DNN Model Orchestration Solution

N

Y

An overview of Klotski framework.

19We focus on convolutional neural networks in Klotski.

Klotski: Overview 19
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Two requirements in partition:
• The computation of each µop should fully utilize an accelerator’s resources.

• The computation latency of all µops should be as close as possible to achieve load
balancing.

Klotski: Bayesian Optimization-based Entropy-guided Partition

21/58



How do we partition?
• A unified representation of the partition strategy.

Example: a convolution layer’s shape is denoted as a tuple (R,S,P,Q,C,K), and
we use s(h,w, ic, oc) to partition the output tensor.

Klotski: Bayesian Optimization-based Entropy-guided Partition
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Type 1 Type 3Type 2 Type 4 Type 5 Type 6 Type 7 Type 8

Type 9 Type 10 Type 11 Type 13 Type 15Type 12 Type 14 Type 16

Type 
6

Input Feature Map
<latexit sha1_base64="tE+XOyajFVls/vIqduE/XfOSMyk=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCpzDjFo8BLx4jmAWSIfR0epImPQvdNUIc8iVePCji1U/x5t/YSeagiQ+afrxXRVU9P5FCo+N8W4W19Y3NreJ2aWd3b79sHxy2dJwqxpsslrHq+FRzKSLeRIGSdxLFaehL3vbHtzO//ciVFnH0gJOEeyEdRiIQjKKR+na51kMRcp1/F3274lSdOcgqcXNSgRyNvv3VG8QsDXmETFKtu66ToJdRhYJJPi31Us0TysZ0yLuGRtRM8bL54lNyapQBCWJlXoRkrv7uyGio9ST0TWVIcaSXvZn4n9dNMbjxMhElKfKILQYFqSQYk1kKZCAUZygnhlCmhNmVsBFVlKHJqmRCcJdPXiWt86p7Xb26v6zUL/I4inAMJ3AGLtSgDnfQgCYwSOEZXuHNerJerHfrY1FasPKeI/gD6/MHVa+S2Q==</latexit>

7 ⇥ 7 ⇥ 3
<latexit sha1_base64="tE+XOyajFVls/vIqduE/XfOSMyk=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCpzDjFo8BLx4jmAWSIfR0epImPQvdNUIc8iVePCji1U/x5t/YSeagiQ+afrxXRVU9P5FCo+N8W4W19Y3NreJ2aWd3b79sHxy2dJwqxpsslrHq+FRzKSLeRIGSdxLFaehL3vbHtzO//ciVFnH0gJOEeyEdRiIQjKKR+na51kMRcp1/F3274lSdOcgqcXNSgRyNvv3VG8QsDXmETFKtu66ToJdRhYJJPi31Us0TysZ0yLuGRtRM8bL54lNyapQBCWJlXoRkrv7uyGio9ST0TWVIcaSXvZn4n9dNMbjxMhElKfKILQYFqSQYk1kKZCAUZygnhlCmhNmVsBFVlKHJqmRCcJdPXiWt86p7Xb26v6zUL/I4inAMJ3AGLtSgDnfQgCYwSOEZXuHNerJerHfrY1FasPKeI/gD6/MHVa+S2Q==</latexit>

7 ⇥ 7 ⇥ 3
Convolution Kernels

<latexit sha1_base64="I0uKcyEl5jAu0r7qPlncQdMyVyk=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAInsKuMeox4MVjBPOAZAmzk0kyZPbBTK8Q1hz8FS8eFPHqb3jzb5wkezCJBcMUVd10d/mxFBod58daWV1b39jMbeW3d3b39u2Dw7qOEsV4jUUyUk2fai5FyGsoUPJmrDgNfMkb/vB24jceudIiCh9wFHMvoP1Q9ASjaKSOfVxqowi4nv/KHbvgFJ0pyDJxM1KADNWO/d3uRiwJeIhMUq1brhOjl1KFgkk+zrcTzWPKhrTPW4aG1Ezx0un+Y3JmlC7pRcq8EMlU/duR0kDrUeCbyoDiQC96E/E/r5Vg78ZLRRgnyEM2G9RLJMGITMIgXaE4QzkyhDIlzK6EDaiiDE1keROCu3jyMqlfFN2rYvn+slApZXHk4ARO4RxcuIYK3EEVasDgCV7gDd6tZ+vV+rA+Z6UrVtZzBHOwvn4BlHyVyg==</latexit>

3 ⇥ 3 ⇥ 3 ⇥ 5
<latexit sha1_base64="I0uKcyEl5jAu0r7qPlncQdMyVyk=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAInsKuMeox4MVjBPOAZAmzk0kyZPbBTK8Q1hz8FS8eFPHqb3jzb5wkezCJBcMUVd10d/mxFBod58daWV1b39jMbeW3d3b39u2Dw7qOEsV4jUUyUk2fai5FyGsoUPJmrDgNfMkb/vB24jceudIiCh9wFHMvoP1Q9ASjaKSOfVxqowi4nv/KHbvgFJ0pyDJxM1KADNWO/d3uRiwJeIhMUq1brhOjl1KFgkk+zrcTzWPKhrTPW4aG1Ezx0un+Y3JmlC7pRcq8EMlU/duR0kDrUeCbyoDiQC96E/E/r5Vg78ZLRRgnyEM2G9RLJMGITMIgXaE4QzkyhDIlzK6EDaiiDE1keROCu3jyMqlfFN2rYvn+slApZXHk4ARO4RxcuIYK3EEVasDgCV7gDd6tZ+vV+rA+Z6UrVtZzBHOwvn4BlHyVyg==</latexit>

3 ⇥ 3 ⇥ 3 ⇥ 5
Output Feature Map

<latexit sha1_base64="YQVypC3s0QTI+pZN/Ol7HoDhpAE=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuGvUY8OIxgnlAsoTZyWwyZPbBTK8Ql3yJFw+KePVTvPk3TpI9aGLBMEVVN91dfiKFRsf5tgpr6xubW8Xt0s7u3n7ZPjhs6ThVjDdZLGPV8anmUkS8iQIl7ySK09CXvO2Pb2d++5ErLeLoAScJ90I6jEQgGEUj9e1yrYci5Dr/Lvp2xak6c5BV4uakAjkaffurN4hZGvIImaRad10nQS+jCgWTfFrqpZonlI3pkHcNjaiZ4mXzxafk1CgDEsTKvAjJXP3dkdFQ60nom8qQ4kgvezPxP6+bYnDjZSJKUuQRWwwKUkkwJrMUyEAozlBODKFMCbMrYSOqKEOTVcmE4C6fvEpa51X3qlq7v6zUL/I4inAMJ3AGLlxDHe6gAU1gkMIzvMKb9WS9WO/Wx6K0YOU9R/AH1ucPT3WS1Q==</latexit>

5 ⇥ 5 ⇥ 3
<latexit sha1_base64="YQVypC3s0QTI+pZN/Ol7HoDhpAE=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuGvUY8OIxgnlAsoTZyWwyZPbBTK8Ql3yJFw+KePVTvPk3TpI9aGLBMEVVN91dfiKFRsf5tgpr6xubW8Xt0s7u3n7ZPjhs6ThVjDdZLGPV8anmUkS8iQIl7ySK09CXvO2Pb2d++5ErLeLoAScJ90I6jEQgGEUj9e1yrYci5Dr/Lvp2xak6c5BV4uakAjkaffurN4hZGvIImaRad10nQS+jCgWTfFrqpZonlI3pkHcNjaiZ4mXzxafk1CgDEsTKvAjJXP3dkdFQ60nom8qQ4kgvezPxP6+bYnDjZSJKUuQRWwwKUkkwJrMUyEAozlBODKFMCbMrYSOqKEOTVcmE4C6fvEpa51X3qlq7v6zUL/I4inAMJ3AGLlxDHe6gAU1gkMIzvMKb9WS9WO/Wx6K0YOU9R/AH1ucPT3WS1Q==</latexit>

5 ⇥ 5 ⇥ 3

…

<latexit sha1_base64="jEUgg6nITR4UZqhpuiIT+A20dec=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H0m8eAQjjwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEa3U7/5hErzSD6YcYx+SAeS9zmjxkq1+26x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUOc/iyMMRHMMpeHANFbiDKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPq16M0Q==</latexit>

R

<latexit sha1_base64="M13Nqvotn30hklAaI5lco9Izf8M=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H0m8eIQojwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEa3U7/5hErzSD6YcYx+SAeS9zmjxkq1+26x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUOc/iyMMRHMMpeHANFbiDKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPrOKM0g==</latexit>

S
<latexit sha1_base64="5kuPGU6ez6goGiCpoBxQeFQ9Px0=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4XhbcuGzBPqAdJJPeaWMzmSHJCGXoF7hxoYhbP8mdf2PazkJbDwQO55xL7j1BIrg2rvvtFFZW19Y3ipulre2d3b3y/kFLx6li2GSxiFUnoBoFl9g03AjsJAppFAhsB6Pbqd9+QqV5LO/NOEE/ogPJQ86osVKj/lCuuFV3BrJMvJxUIIfNf/X6MUsjlIYJqnXXcxPjZ1QZzgROSr1UY0LZiA6wa6mkEWo/my06ISdW6ZMwVvZJQ2bq74mMRlqPo8AmI2qGetGbiv953dSEN37GZZIalGz+UZgKYmIyvZr0uUJmxNgSyhS3uxI2pIoyY7sp2RK8xZOXSeus6l1VLxsXldp5XkcRjuAYTsGDa6jBHdShCQwQnuEV3pxH58V5dz7m0YKTzxzCHzifP6hWjM8=</latexit>

P

<latexit sha1_base64="fnn9FleXD/C757F36ndiCnNilF0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3fx4AXjwmYByRLmJ30JmNmZ5eZWSEs+QIvHhTx6id582+cJHvQxIKGoqqb7q4gEVwb1/12VlbX1jc2C1vF7Z3dvf3SwWFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7qd96QqV5LB/MOEE/ogPJQ86osVK93iuV3Yo7A1kmXk7KkKPWK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5sdOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhLd+xmWSGpRsvihMBTExmX5N+lwhM2JsCWWK21sJG1JFmbHZFG0I3uLLy6R5XvGuK1f1y3L1Io+jAMdwAmfgwQ1U4R5q0AAGCM/wCm/Oo/PivDsf89YVJ585gj9wPn8AqdqM0A==</latexit>

Q
<latexit sha1_base64="EkaAZfkdJpuhDgs9CA64i7Hqgzs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga8CF4SMA9IljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR7dRvPqHSPJIPZhyjH9KB5H3OqLFS7b5bLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/8VMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl76p8WbsoVc6zOPJwBMdwCh5cQwXuoAp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A6DCjMo=</latexit>

K

<latexit sha1_base64="M9zV9E4me6wYZMAHFO/o8qtMjIs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H0m4eIREHglsyOzQCyOzs5uZWRNC+AIvHjTGq5/kzb9xgD0oWEknlarudHcFieDauO63k1tb39jcym8Xdnb39g+Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYyqM7/1hErzWD6YcYJ+RAeSh5xRY6V6tVcsuWV3DrJKvIyUIEOtV/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn80Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjnT7hMUoOSLRaFqSAmJrOvSZ8rZEaMLaFMcXsrYUOqKDM2m4INwVt+eZU0L8reTfm6flWqXGZx5OEETuEcPLiFCtxDDRrAAOEZXuHNeXRenHfnY9Gac7KZY/gD5/MHlKKMwg==</latexit>

C

<latexit sha1_base64="mcA2B0Hy0exOGCDLDNM3LzAz/EI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmYyk+0W8OIxAbNAMoSeTk/S2rPQ3SOEIV/gxYMiXv0kb/6NnUVQ0QcFj/eqqKrnJ5xJZVkfRm5jc2t7J79b2Ns/ODwqHp90ZZwKQjsk5rHo+1hSziLaUUxx2k8ExaHPac+/u1r4vXsqJIujGzVLqBfiScQCRrDSUns6KpYss1FtVFwHWaZr23W3rolTc8qWi2zTWqIEa7RGxffhOCZpSCNFOJZyYFuJ8jIsFCOczgvDVNIEkzs8oQNNIxxS6WXLQ+foQitjFMRCV6TQUv0+keFQylno684Qq6n87S3Ev7xBqoK6l7EoSRWNyGpRkHKkYrT4Go2ZoETxmSaYCKZvRWSKBSZKZ1PQIXx9iv4n3bJpV81K2y01nXUceTiDc7gEG2rQhGtoQQcIUHiAJ3g2bo1H48V4XbXmjPXMKfyA8fYJQqONOA==</latexit>

h

<latexit sha1_base64="3JdP0G4u3nsWrp6aLJCBalL2qVs=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4GmY609eu4MZlFfuAdiiZNNOGZpIhyQhl6B+4caGIW//InX9j+hBU9MCFwzn3cu89YcKo0o7zYeU2Nre2d/K7hb39g8Oj4vFJR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDecXi387j2Rigp+p2cJCWI05jSiGGkj3Qo8LJYcu1FtVHwPOrbvunW/bohX88qOD13bWaIE1mgNi++DkcBpTLjGDCnVd51EBxmSmmJG5oVBqkiC8BSNSd9QjmKigmx56RxeGGUEIyFNcQ2X6veJDMVKzeLQdMZIT9RvbyH+5fVTHdWDjPIk1YTj1aIoZVALuHgbjqgkWLOZIQhLam6FeIIkwtqEUzAhfH0K/yedsu1W7cqNX2p66zjy4Aycg0vgghpogmvQAm2AQQQewBN4tqbWo/Viva5ac9Z65hT8gPX2CQitjaw=</latexit>oc

<latexit sha1_base64="+zThSbj0DOAfXjkPH1El7YN9jAg=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4GmYyk+0W8OIxilkgGUJPpydp0rPQ3SOEIX/gxYMiXv0jb/6NnUVQ0QcFj/eqqKrnJ5xJZVkfRm5jc2t7J79b2Ns/ODwqHp90ZJwKQtsk5rHo+VhSziLaVkxx2ksExaHPadefXi387j0VksXRnZol1AvxOGIBI1hp6ZaRYbFkmY1qo+I6yDJd2667dU2cmlO2XGSb1hIlWKM1LL4PRjFJQxopwrGUfdtKlJdhoRjhdF4YpJImmEzxmPY1jXBIpZctL52jC62MUBALXZFCS/X7RIZDKWehrztDrCbyt7cQ//L6qQrqXsaiJFU0IqtFQcqRitHibTRighLFZ5pgIpi+FZEJFpgoHU5Bh/D1KfqfdMqmXTUrN26p6azjyMMZnMMl2FCDJlxDC9pAIIAHeIJnY2o8Gi/G66o1Z6xnTuEHjLdP/4CNpg==</latexit>

ic

<latexit sha1_base64="YiW+72QSeaPA1j3AnRljMNm98II=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmaSyXYLePGYgFkgGUJPpyZp07PQ3aOEIV/gxYMiXv0kb/6NnUVQ0QcFj/eqqKrnxZxJZVkfRmZjc2t7J7ub29s/ODzKH590ZJQICm0a8Uj0PCKBsxDaiikOvVgACTwOXW96tfC7dyAki8IbNYvBDcg4ZD6jRGmpdT/MFyyzXqmXnRK2TMe2a05Nk1K1VLQcbJvWEgW0RnOYfx+MIpoEECrKiZR924qVmxKhGOUwzw0SCTGhUzKGvqYhCUC66fLQOb7Qygj7kdAVKrxUv0+kJJByFni6MyBqIn97C/Evr58ov+amLIwTBSFdLfITjlWEF1/jERNAFZ9pQqhg+lZMJ0QQqnQ2OR3C16f4f9IpmnbFLLecQqO0jiOLztA5ukQ2qqIGukZN1EYUAXpAT+jZuDUejRfjddWaMdYzp+gHjLdPWV+NRw==</latexit>w

An example shows a partition with s(2, 2, 2, 3).

Klotski: Bayesian Optimization-based Entropy-guided Partition
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Two requirements:
• The computation of each µop should fully utilize an accelerator’s resources.

• The computation latency of all µops should be as close as possible to achieve load
balancing.

Corresponding proposed solutions:
• The 1st requirement→ Divisible by corresponding PE dimensions.

• The 2nd requirement→ Bayesian optimization-based design space exploration
solution.

Klotski: Bayesian Optimization-based Entropy-guided Partition
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Algorithm BO-based Entropy-guided Partition
Require: G: a DNN model. D: the design space for s. T: optimization budget.

1: S = ∅; Sample s ∈ D;
2: for i = 1→ T do
3: Partition G with s;
4: Schedule, map, and execute µops;
5: Evaluate E(s); . Equation 3
6: S = S ∪ {(s,E(s))};
7: Construct a Gaussian process model with S;
8: s∗ = argmaxs∈D UCB(s); s = s∗

9: end for
10: return Optimal s∗ from S.

E(s) = −(
∑
ui∈V

l(ui)

l(V)
ln

l(ui)

l(V)
)/(α ·makespan), (3)

Klotski: Bayesian Optimization-based Entropy-guided Partition
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The main algorithm flow for the unified formulation:

1 → Acquire the upper bound of the makespan by list scheduling2021 22.

2 Acquire the scheduling flexibility by ASAP & ALAP.

3 → Define the solution with a binary tensor X .

4 → Construct constraints for the scheduling & mapping.

5 → Construct optimization objectives.

6 Solve the model with off-the-shelf solvers.

20Ronald L. Graham (1966). “Bounds for Certain Multiprocessing Anomalies”. In: Bell system
technical journal 45.9, pp. 1563–1581.

21Ronald L. Graham (1969). “Bounds on Multiprocessing Timing Anomalies”. In: SIAM journal on
Applied Mathematics 17.2, pp. 416–429.

22→ denotes that we only focus on these steps in slides.

Klotski: Unified Formulation for µOps Scheduling & Mapping
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Step 1: List scheduling gives the upper bound of the makespan for µops
scheduling.

Theorem (Upper Bound of the Makespan for µOps Scheduling)

List scheduling achieves 2− 1/‖a‖ times the optimal makespan for dataflow architecture
accelerators, where ‖a‖ is the number of individual accelerators.

Denote the upper bound as T, µop set V, and the accelerator vector a.

Klotski: Unified Formulation for µOps Scheduling & Mapping
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Step 3: A binary tensor X with the size of |V| × T × ‖a‖.

X ijk =


1, µop ui is scheduled to the k-th accelerator

at the j-th time slot.
0, otherwise.

(4)

Klotski: Unified Formulation for µOps Scheduling & Mapping
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Step 4: list of constraints.
• µOp constraint: scheduling flexibility & issue constraint.

‖a‖∑
k=1

Li∑
j=Si

X ijk = 1, ∀ui ∈ V. (5)

‖a‖∑
k=1

Li∑
j=Si

(j + l(ui)− 1)X ijk ≤ T, ∀ui ∈ V. (6)

• µOps precedence constraint:
‖a‖∑
k=1

Lp∑
j=Sp

j·X pjk −
‖a‖∑
k=1

Lq∑
j=Sq

j ·X qjk ≤ −l(up),

∀up, ∀uq ∈ V and up ≺ uq.

(7)

• Computing resource constraint:
‖a‖∑
k=1

l(ui)−1∑
p=0

|V|∑
i=1

X i(j−p)k ≤ ‖a‖, ∀j = {1, 2, ...,T}. (8)

Klotski: Unified Formulation for µOps Scheduling & Mapping
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Step 5: Optimization objectives include T and NoC communication cost.

A NoC with mesh topology and XY-YX routing algorithm23.

<latexit sha1_base64="9cCCdF7N78/dzwrcVfZ1obiegq0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8Lbvi6xjw4jER84BkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LBjFIMYtqXPOKMGivV7rulsud6M5Bl4uekDDmq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxnh07IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKbYMxlmhmUbL4oygQxCZl+TXpcITNiZAllittbCRtQRZmx2RRtCP7iy8ukce76V+5l7aJccfM4CnAMJ3AGPlxDBe6gCnVggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHqd2MzA==</latexit>

R

<latexit sha1_base64="9cCCdF7N78/dzwrcVfZ1obiegq0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8Lbvi6xjw4jER84BkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LBjFIMYtqXPOKMGivV7rulsud6M5Bl4uekDDmq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxnh07IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKbYMxlmhmUbL4oygQxCZl+TXpcITNiZAllittbCRtQRZmx2RRtCP7iy8ukce76V+5l7aJccfM4CnAMJ3AGPlxDBe6gCnVggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHqd2MzA==</latexit>

R

<latexit sha1_base64="9cCCdF7N78/dzwrcVfZ1obiegq0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8Lbvi6xjw4jER84BkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LBjFIMYtqXPOKMGivV7rulsud6M5Bl4uekDDmq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxnh07IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKbYMxlmhmUbL4oygQxCZl+TXpcITNiZAllittbCRtQRZmx2RRtCP7iy8ukce76V+5l7aJccfM4CnAMJ3AGPlxDBe6gCnVggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHqd2MzA==</latexit>

R

<latexit sha1_base64="9cCCdF7N78/dzwrcVfZ1obiegq0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8Lbvi6xjw4jER84BkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LBjFIMYtqXPOKMGivV7rulsud6M5Bl4uekDDmq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxnh07IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKbYMxlmhmUbL4oygQxCZl+TXpcITNiZAllittbCRtQRZmx2RRtCP7iy8ukce76V+5l7aJccfM4CnAMJ3AGPlxDBe6gCnVggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHqd2MzA==</latexit>
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Accelerator

<latexit sha1_base64="9cCCdF7N78/dzwrcVfZ1obiegq0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8Lbvi6xjw4jER84BkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNJ1SaJ/LBjFIMYtqXPOKMGivV7rulsud6M5Bl4uekDDmq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxnh07IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKbYMxlmhmUbL4oygQxCZl+TXpcITNiZAllittbCRtQRZmx2RRtCP7iy8ukce76V+5l7aJccfM4CnAMJ3AGPlxDBe6gCnVggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHqd2MzA==</latexit>

R NoC Router

Accelerator holds 
<latexit sha1_base64="6uX7W8v5mRIQsHWpmbUWnofzsZQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0jEr2PBi8eK1hbaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjDdZIhPdDqnhUijeRIGSt1PNaRxK3gpHN1O/9cS1EYl6wHHKg5gOlIgEo2il+6yX9qo1z/VmIMvEL0gNCjR61a9uP2FZzBUySY3p+F6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdB3kQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSH4iy8vk8cz1790L+7Oa3W3iKMMR3AMp+DDFdThFhrQBAYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifP2PWjdI=</latexit>

up
<latexit sha1_base64="6uX7W8v5mRIQsHWpmbUWnofzsZQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0jEr2PBi8eK1hbaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjDdZIhPdDqnhUijeRIGSt1PNaRxK3gpHN1O/9cS1EYl6wHHKg5gOlIgEo2il+6yX9qo1z/VmIMvEL0gNCjR61a9uP2FZzBUySY3p+F6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdB3kQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSH4iy8vk8cz1790L+7Oa3W3iKMMR3AMp+DDFdThFhrQBAYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifP2PWjdI=</latexit>

up

Accelerator holds 
<latexit sha1_base64="5U6/gTg2nFO8vCBE6tWZ8N6IUzY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8eAF48RzQOSJcxOOsmQ2dl1ZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrTATXxvO+ncLK6tr6RnGztLW9s7tX3j9o6DhVDOssFrFqhVSj4BLrhhuBrUQhjUKBzXB0M/WbT6g0j+WDGScYRHQgeZ8zaqx0n3Yfu+WK53ozkGXi56QCOWrd8lenF7M0QmmYoFq3fS8xQUaV4UzgpNRJNSaUjegA25ZKGqEOstmpE3JilR7px8qWNGSm/p7IaKT1OAptZ0TNUC96U/E/r52a/nWQcZmkBiWbL+qngpiYTP8mPa6QGTG2hDLF7a2EDamizNh0SjYEf/HlZdI4c/1L9+LuvFJ18ziKcATHcAo+XEEVbqEGdWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QNlWo3T</latexit>

uq
<latexit sha1_base64="5U6/gTg2nFO8vCBE6tWZ8N6IUzY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8eAF48RzQOSJcxOOsmQ2dl1ZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrTATXxvO+ncLK6tr6RnGztLW9s7tX3j9o6DhVDOssFrFqhVSj4BLrhhuBrUQhjUKBzXB0M/WbT6g0j+WDGScYRHQgeZ8zaqx0n3Yfu+WK53ozkGXi56QCOWrd8lenF7M0QmmYoFq3fS8xQUaV4UzgpNRJNSaUjegA25ZKGqEOstmpE3JilR7px8qWNGSm/p7IaKT1OAptZ0TNUC96U/E/r52a/nWQcZmkBiWbL+qngpiYTP8mPa6QGTG2hDLF7a2EDamizNh0SjYEf/HlZdI4c/1L9+LuvFJ18ziKcATHcAo+XEEVbqEGdWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QNlWo3T</latexit>

uq

Possible NoC routing

<latexit sha1_base64="Acl1ins240079o8Ibz55JWgh6EA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8Lbvi6xjw4jEB84BkCbOT3mTM7OwyMyuGkC/w4kERr36SN//GSbIHTSxoKKq66e4KU8G18bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNR1SaJ/LejFIMYtqXPOKMGivVnrqlsud6M5Bl4uekDDmq3dJXp5ewLEZpmKBat30vNcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxnh07IqVV6JEqULWnITP09Maax1qM4tJ0xNQO96E3F/7x2ZqKbYMxlmhmUbL4oygQxCZl+TXpcITNiZAllittbCRtQRZmx2RRtCP7iy8ukce76V+5l7aJccfM4CnAMJ3AGPlxDBe6gCnVggPAMr/DmPDgvzrvzMW9dcfKZI/gD5/MH43WM8g==</latexit>

x

<latexit sha1_base64="QR0W+s1ALTqnWaEXESBWa6GuFRU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvgKSTi17HgxWML9gPaUDbbSbt2swm7GyGE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSDhT2nW/rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHsBkQhZwJbmmmO3UQiiQKOnWByN/M7TygVi8WDzhL0IzISLGSUaCM1s0G15jruHPYq8QpSgwKNQfWrP4xpGqHQlBOlep6baD8nUjPKcVrppwoTQidkhD1DBYlQ+fn80Kl9ZpShHcbSlND2XP09kZNIqSwKTGdE9FgtezPxP6+X6vDWz5lIUo2CLhaFKbd1bM++todMItU8M4RQycytNh0TSag22VRMCN7yy6ukfeF4185V87JWd4o4ynACp3AOHtxAHe6hAS2ggPAMr/BmPVov1rv1sWgtWcXMMfyB9fkD5PmM8w==</latexit>

y

An overview of an NoC communication.

23Natalie Enright Jerger, Tushar Krishna, and Li-Shiuan Peh (2017). “On-chip Networks”. In:
Synthesis Lectures on Computer Architecture 12.3, pp. 1–210.
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The NoC communication cost from µop up to µop uq is 24

cup≺uq = |x1 − x2|+ |y1 − y2|, (9)

where up’s assigned accelerator is at (x1, y1), and the acclerator for uq is at (x2, y2).

24A more realistic model includes the transmitted data volume size.

Klotski: Unified Formulation for µOps Scheduling & Mapping

31/58



Compute the locations of accelerators with following equations:

x1 =
⌊ a

x

⌋
, y1 = a mod x (10)

x2 =

⌊
b
x

⌋
, y2 = b mod x (11)

a− b 6= 0 if
‖a‖∑
k=1

X pjk +

‖a‖∑
k=1

X qjk > 1, j ∈ {1, 2, ...,T} (12)

a =

‖a‖∑
k=1

Lp∑
j=Sp

kX pjk, b =

‖a‖∑
k=1

Lq∑
j=Sq

kX qjk. (13)

The entire NoC communication costs:

C =

|E|∑
e=1

|xe1 − xe2|+ |ye1 − ye2|, (14)

Klotski: Unified Formulation for µOps Scheduling & Mapping
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Step 6: Solve with off-the-shelf solvers.

argmin
X

T+βC

s.t. Equations (5)− (13).
(15)

The length of a single time slot is determined by min l(ui), ∀ui ∈ V, where β is a
coefficient to trade-off T and C.

Klotski: Unified Formulation for µOps Scheduling & Mapping
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Limitations of the unified formulation:
• It costs high runtime to construct constraints like Equation (8).

• Non-linearity in Equation (9), Equation (10), and Equation (11).

We propose a two-stage scheduling & mapping decoupling methodology
accordingly.

Klotski: Unified Formulation for µOps Scheduling & Mapping

34/58



The main algorithm flow for the two-stage scheduling & mapping decoupling:

1 → Acquire the upper bound of the makespan by list scheduling2526 27.

2 Acquire the scheduling flexibility by ASAP & ALAP.

3 → Decouple the unified formulation with binary matrice X and Y 28.

4 → Construct the scheduling model & solve with off-the-shelf solvers.

5 → Construct the mapping model & solve with off-the-shelf solvers.

25Ronald L. Graham (1966). “Bounds for Certain Multiprocessing Anomalies”. In: Bell system
technical journal 45.9, pp. 1563–1581.

26Ronald L. Graham (1969). “Bounds on Multiprocessing Timing Anomalies”. In: SIAM journal on
Applied Mathematics 17.2, pp. 416–429.

27→ denotes that we only focus on these steps in slides.
28→ denotes that we only focus on these steps in slides.
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Step 3: A |V| × T binary matrix X as a scheduling solution and a binary matrix Y
with the size of |V| × ‖a‖ as the mapping solution.

Xij =

{
1, µop ui is scheduled to the j-th time slot.
0, otherwise.

(16)

Yij =

{
1, µop ui is mapped to the j-th accelerator.
0, otherwise.

(17)

Klotski: Two-Stage Scheduling & Mapping Decoupling
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Step 4: Construct the scheduling model & solve with off-the-shelf solvers.

argmin
X

T

s.t.
Li∑

j=Si

Xij = 1,
Li∑

j=Si

(j + l(ui)− 1)Xij ≤ T

Li∑
j=Si

j · Xij−
Lk∑

j=Sk

j · Xkj ≤ −l(ui), ui ≺ uj

l(ui)−1∑
p=0

|V|∑
i=1

Xi(j−p) ≤ ‖a‖, ∀j ∈ {1, 2, ...,T}.

(18)

We relax the last constraint of Equation (18) with Equation (19) 29.∑
i∈I={i|j∈[Si,Li]}

Xij ≤ ‖a‖, ∀j ∈ {1, 2, ...,T}. (19)

29The equation is customized to dataflow architecture accelerators only, but we omit rationales in
slides.
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Step 5: Construct the mapping model & solve with off-the-shelf solvers.

We introduce new variables to transform the mapping problem as mixed-integer
linear programming. Take an example from Equation (10) to Equation (13).
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With newly-incorporated six rational variables (k1, k2,n1,n2, r1, r2), four integer
variables (x1, x2, p, q), and a binary variable z, the communication between ui and
uj is formulated.

argmin
Yi,Yj

k1 + k2 + n1 + n2 (20)

s.t. x1 − x2 = k1 − k2, p− q = n1 − n2 (21)
a
x
− ε ≤ x1 ≤

a
x
,

b
x
− ε ≤ x2 ≤

b
x

(22)

a = p · x + r1, b = q · x + r2 (23)
0 ≤ r1 ≤ x− 1, 0 ≤ r2 ≤ x− 1 (24)
δ − (1− z) ·M ≤ a− b ≤ −δ + Mz (25)
M = ‖a‖+ 1 (26)

a =

‖a‖∑
k=1

kYik, b =

‖a‖∑
k=1

kYjk, (27)

k1, k2,n1,n2 ≥ 0, p, q, x1, x2 ∈ Z, z ∈ {0, 1}. (28)
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Experiments



• We build an in-house simulator for the dataflow architecture accelerators.

• We use MAESTRO30 as performance model for individual accelerators.

• We use nn_dataflow31 as the front end of DNN models, and we implement the
partition based on the framework.

• We use Gurobi v10.032 as the off-the-shelf solver.

30Hyoukjun Kwon et al. (2019). “Understanding Reuse, Performance, and Hardware Cost of DNN
Dataflows: A Data-Centric Approach”. In: IEEE/ACM International Symposium on Microarchitecture
(MICRO), pp. 754–768.

31nn_dataflow: a Neural Network Dataflow Scheduling Tool (n.d.).
https://github.com/stanford-mast/nn_dataflow.

32LLC Gurobi Optimization (2020). Gurobi Optimizer Reference Manual (2020).
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Baselines:
• No previous methods for DNN model orchestration were proposed for dataflow

architecture accelerators.
• We set up our baselines based on Tangram33 and the atomic dataflow34 with

rationales.
• We term them as “baseline 1” and “baseline 2”.

Workloads:
• VGG16, VGG19, ResNet50, ResNet152, and Inception v3.

Topologies:
• 3× 3.
• 4× 4.
• 5× 5.

33Mingyu Gao et al. (2019). “Tangram: Optimized Coarse-Grained Dataflow for Scalable NN
Accelerators”. In: ACM International Conference on Architectural Support for Programming Languages
and Operating Systems (ASPLOS), pp. 807–820.

34Shixuan Zheng et al. (2022). “Atomic Dataflow Based Graph-Level Workload Orchestration for
Scalable DNN Accelerators”. In: IEEE International Symposium on High Performance Computer
Architecture (HPCA). IEEE, pp. 475–489.
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Table: The experimental results for the 3× 3 topology

Workload Method Cycles Ratio Overall Runtime Ratio HUR 1

VGG16
Baseline 1 1.2283E + 08 1.0000 −− 2 −− 1.0000
Baseline 2 5.5633E + 07 0.4529 477.6634 1.0000 2.5617

Klotski 4.0659E + 07 0.3310 878.8832 1.8399 3.0602

VGG19
Baseline 1 1.5523E + 08 1.0000 −− −− 1.0000
Baseline 2 7.4207E + 07 0.4781 576.3081 1.0000 2.5229

Klotski 5.5381E + 07 0.3568 887.5790 1.5401 2.9857

ResNet50
Baseline 1 7.7422E + 07 1.0000 −− −− 1.0000
Baseline 2 5.7060E + 07 0.7370 583.6488 1.0000 0.9762

Klotski 4.8174E + 07 0.8443 1779.0426 3.0481 1.3050

ResNet152
Baseline 1 1.8984E + 08 1.0000 −− −− 1.0000
Baseline 2 1.7102E + 08 0.9009 867.0853 1.0000 1.2523

Klotski 1.5947E + 08 0.8400 2800.9154 3.2302 1.3605

Inception
Baseline 1 2.5122E + 07 1.0000 −− −− 1.0000
Baseline 2 1.6345E + 07 0.6506 470.3763 1.0000 2.5103

Klotski 1.3348E + 07 0.5313 1397.9008 2.9719 3.2996
1 Hardware utilization ratio
2 Not applicable
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Table: The experimental results for the 4× 4 topology

Workload Method Cycles Ratio Overall Runtime Ratio HUR

VGG16
Baseline 1 1.2283E + 08 1.0000 −− −− 1.0000
Baseline 2 4.5869E + 07 0.3734 317.5903 1.0000 2.1196

Klotski 3.0670E + 07 0.2497 881.6310 2.7760 2.4547

VGG19
Baseline 1 1.5523E + 08 1.0000 −− −− 1.0000
Baseline 2 5.8049E + 07 0.3740 388.8627 1.0000 1.9895

Klotski 3.9934E + 07 0.2573 1130.6444 2.9076 2.2964

ResNet50
Baseline 1 7.7422E + 07 1.0000 −− −− 1.0000
Baseline 2 5.3365E + 07 0.6893 541.8091 1.0000 2.8954

Klotski 4.6260E + 07 0.5975 1019.2198 1.8811 3.1953

ResNet152
Baseline 1 1.8984E + 08 1.0000 −− −− 1.0000
Baseline 2 1.6578E + 08 0.8733 793.7304 1.0000 1.2264

Klotski 1.5754E + 08 0.8299 2327.4657 2.9323 1.3438

Inception
Baseline 1 2.5188E + 07 1.0000 −− −− 1.0000
Baseline 2 1.5183E + 07 0.6028 419.3479 1.0000 2.2822

Klotski 1.0781E + 07 0.4280 1432.0112 3.4148 2.8579

Experiments: Comparison to Baselines
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Table: The experimental results for the 5× 5 topology

Workload Method
5× 5

Cycles Ratio Runtime Ratio HUR

VGG16
Baseline 1 1.2283E + 08 1.0000 −− −− 1.0000
Baseline 2 4.2621E + 07 0.3470 466.9748 1.0000 2.7157

Klotski 2.4240E + 07 0.1973 1640.0338 3.5120 3.4766

VGG19
Baseline 1 1.5523E + 08 1.0000 −− −− 1.0000
Baseline 2 5.0412E + 07 0.3248 569.8779 1.0000 2.8346

Klotski 3.9046E + 07 0.2515 2755.4077 4.8351 3.1257

ResNet50
Baseline 1 7.7422E + 07 1.0000 −− −− 1.0000
Baseline 2 5.0868E + 07 0.6570 628.1705 1.0000 1.8228

Klotski 4.4029E + 07 0.5687 1672.0000 2.6617 1.9678

ResNet152
Baseline 1 1.8984E + 08 1.0000 −− −− 1.0000
Baseline 2 1.6460E + 08 0.8671 858.0045 1.0000 1.2575

Klotski 1.5240E + 08 0.8028 4505.7838 5.2515 1.3352

Inception
Baseline 1 2.5180E + 07 1.0000 −− −− 1.0000
Baseline 2 1.2733E + 07 0.5057 514.9384 1.0000 2.8642

Klotski 8.3088E + 06 0.3300 2787.1383 5.4126 3.3710

Experiments: Comparison to Baselines
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Summary
• In the 3× 3 topology, compared to baseline 1 and baseline 2, the solution given by

Klotski outperforms by an average of 44.42% and 10.03% for all DNN workloads. In
the 4× 4 topology, the numbers are 49.01% and 9.29%. And in the 5× 5 topology,
they are 52.02% and 9.33%.

• Klotski costs higher runtime than baselines due to that Klotski leverages much time
to solve the scheduling and mapping in the two-stage methodology.

Experiments: Comparison to Baselines
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We investigate the effectiveness of scheduling and mapping by Klotski with an
ablation study. The partition strategy explored by Klotski is leveraged for baseline
2. Baseline 1’s results are also compared.
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Summary
• In the 3× 3 topology, Klotski outperforms baseline 1 and baseline 2 by 46.34% and

4.10%. For the 4× 4 and 5× 5 topology, the improvments for baseline 1 and baseline
2 are 50.44%, 3.13%, 46.34%, and 3.71%, respectively.
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Summary
• Partitioning a DNN model into µops allows better execution performance, even for

cascaded layers structures.

• The improvement of the execution performance is non-linear to the increased
hardware utilization ratio. → Analytical partition solution?

Experiments: Lessons Learned
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Conclusion



• A Bayesian optimization-based entropy-directed partition algorithm is proposed for
µops generation.

• A unified formal formulation for the scheduling and mapping is proposed for
dataflow architecture accelerators.

• A two-stage methodology decoupling the unified formulation is proposed to make
the solution feasible.

• Extensive results show that Klotski can achieve 9.55% and 48.48% higher execution
performance improvement than baselines.

Conclusion
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