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The Evolution of Computer Hardware
When was the first Microprocessor?

(a) (b)

1971, Intel 4004.
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Scaling of Apple SOC

Apple A7 (2013)

I 1,000,000,000 Transistors
I 102mm2 die size
I 1.3GHz

Apple A10 (2016)

I 3,300,000,000 Transistors
I 125mm2 die size
I 2.34GHz
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Moore’s Law to Extreme Scaling
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An Inverter Example
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Challenge: Larger and Larger Scale

Placement [Lu+,DAC’14]: 221K nets, 63 fixed macros and 210K movable cells.
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Challenge: Complicated Design Flow
System Specification

Architectural Design

Functional Design and 
Logic Design (RTL)

Logic Synthesis

Physical Design

Physical Verification and 
Signoff

Fabrication

Packaging and Testing

Chip

module test
input in[3];

…
endmodule

AND

OR

DRC
LVS
STA

10 / 50



Challenge: Complicated Design Flow
System Specification

Architectural Design

Functional Design and 
Logic Design (RTL)

Logic Synthesis

Physical Design

Physical Verification and 
Signoff

Fabrication

Packaging and Testing

Chip

module test
input in[3];

…
endmodule

AND

OR

DRC
LVS
STA

Floorpanning

Placement

Clock Tree Synthesis

Signal Routing

Timing Closure

10 / 50



Outline

Integrating Active Learning

Integrating Deep Learning

Integrating Deep Learning Engine

On Irregular Structure Learning: Graph Learning
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Gaps Between Design Stages
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Case Study: Adder Design

I Logic synthesis v.s. physical synthesis
I Constraints mapping between two synthesis stages is difficult.
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Why Smart Sampling ?

Front-End Team Perspective:
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I Run design tools with all solutions is time-consuming.
I For 3K solutions, running time is 3000× 5 = 15K mins.
I What we care: Pareto Frontier Curve
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Pareto Frontier

Pareto Frontier

I All the points are not dominated by any other point.
I Evaluation: Hyper-volume.

- Size of the region bounded by the Pareto frontier and reference point.
- Each dimension of reference point is the maximum value on that dimension.

f1(x)

f2(x)

Hypervolume
Reference point
Pareto-optimal point

f1(x)

f2(x)
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Active Learning Flow [TCAD’19]
Regression

I Gaussian process model;
I A prediction consists of a mean and a variance;
I Off-the-shelf library for implementation.
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Active Learning Flow [TCAD’19]
Uncertainty

I Given the prediction (m, σ), a hyper-rectangle is defined as

HR(x) = {y : mi(x)− βσi(x) ≤ yi ≤ mi(x) + βσi(x)}

I The uncertainty region is defined as:

Rt+1(x) = Rt(x) ∩ HR(x)

f1(x)

f2(x)

HR(x)

m1(x)

m2(x)
��1(x)

�
�

2
(x

)

f1(x)

f2(x)
Rt(x)

Rt+1(x)

HR(x)

17 / 50



Active Learning Flow [TCAD’19]

Classification

x ∈


P, if max(Rt(x)) ≤ min(Rt(x′)) + δ,

N, if max(Rt(x′)) ≤ min(Rt(x)) + δ,

U, otherwise.

Pareto-optimal

Non-Pareto-optimal

Unclassified

f1(x)

f2(x)
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Pareto-Frontier Results
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Outline

Integrating Active Learning

Integrating Deep Learning

Integrating Deep Learning Engine

On Irregular Structure Learning: Graph Learning
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Challenge: Larger and Larger Scale

I Back-end is time consuming
I Accurate connectivity should be predictable
I Better estimation means efficient

design-to-market budget
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Complicated Relationship in Placement & Route
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RouteNet [ICCAD’18]∗

Features Extraction

Input features for #DRV prediction.
Red: macro region
Green: global long-range RUDY
Blue: global RUDY pins

Input tensor constructed by stacking 2D features:
(1) Pin density, (2) macro (3) long-range RUDY, (4) RUDY pins

∗Zhiyao Xie et al. (2018). “RouteNet: Routability Prediction for Mixed-Size Designs Using Convolutional
Neural Network”. In: Proc. ICCAD.
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RouteNet [ICCAD’18]∗

Filter size indicated in ()

ProposedModel - Hotspot Detection

Pixel-wise loss function

∗Zhiyao Xie et al. (2018). “RouteNet: Routability Prediction for Mixed-Size Designs Using Convolutional
Neural Network”. In: Proc. ICCAD.
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RouteNet [ICCAD’18]∗

DRC Hotspot Detection Evaluation

∗Zhiyao Xie et al. (2018). “RouteNet: Routability Prediction for Mixed-Size Designs Using Convolutional
Neural Network”. In: Proc. ICCAD.
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Conditional GAN [DAC’19]†

I The inputs of this network include imageplace
and imageconnect;

I The target image is the routing heat map
image imageroute;

I It only uses the post-placement information
without routing information.

†Cunxi Yu and Zhiru Zhang (2019). “Painting on Placement: Forecasting Routing Congestion Using
Conditional Generative Adversarial Nets”. In: Proc. DAC.
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J-Net [ISPD’20]‡

‡Rongjian Liang et al. (2020). “DRC Hotspot Prediction at Sub-10nm Process Nodes Using Customized
Convolutional Network”. In: Proc. ISPD.
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Our Study: Feature Extraction

Capacity Pin number

Net density Congestion

Feed features into different RGB channels
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Our Study: Network Structure

Generator:

Discriminator:

Predictor
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Predicted Congestion Comparison

Top row: predicted congestion map; Bottom row: actual congestion map.
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Plugged In Global Router [MLCAD’19]

NTUgr2 NCTU-gr NTHU-Route 2.0 Ours
TOF WL T(s) TOF WL T(s) TOF WL T(s) TOF WL T(s)

a1 0 5.60 177.2 0 5.44 102.53 0 5.36 207.11 0 5.38 207.37
a3 0 13.41 157.7 0 13.11 154 0 13.15 225.84 0 13.10 263.89
a4 0 12.29 59.2 0 12.19 63.6 0 12.17 56.11 0 12.23 77.29
a5 0 16.03 520.4 0 15.95 381.71 0 15.53 549.98 0 15.64 611.39
b1 0 5.85 428.4 0 5.97 204.32 0 5.57 406.78 0 5.60 283.41
n2 0 7.66 27.6 0 7.59 35.73 0 7.59 30.82 0 7.59 30.65
n6 0 18.55 487.3 0 18.27 238.72 0 17.69 968.39 0 17.67 439.83
a2 0 5.36 39.8 0 5.27 36.02 2 5.23 93.4 0 5.24 51.23
n5 0 23.90 1220.1 0 23.46 281.47 18 23.14 721.52 0 23.21 399.4
b3 0 13.47 206 0 13.17 99.4 32 13.07 307.45 0 13.10 126.38
b2 2 9.42 6616.8 4 9.10 171.35 84 9.00 400.29 8 9.01 189.17
n1 38 4.87 14339.2 108 4.70 120.39 144 4.60 483.1 18 4.63 140.05
n4 148 13.55 16327.4 172 13.00 158.86 242 12.88 1032.89 172 12.90 449.65
b4 212 23.96 4478.6 512 23.17 277.64 266 22.78 2145.56 160 22.74 930.7
n3 31136 17.96 36325.5 37182 10.80 21053 n/a n/a >24 hrs 31050 10.70 2603.55
Total 31536 191.90 81411.2 37978 181.19 23378.74 >788 >167.78 >86400.00 31606 178.74 6803.96
Ratio 1.01 1.07 11.97 1.21 1.02 3.44 n/a n/a n/a 1.00 1.00 1.00

Zhonghua Zhou et al. (2019). “Congestion-aware Global Routing using Deep Convolutional Generative
Adversarial Networks”. In: Proc. MLCAD.
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Outline

Integrating Active Learning

Integrating Deep Learning

Integrating Deep Learning Engine

On Irregular Structure Learning: Graph Learning
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Recent Development of Placement
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Typical Nonlinear Placement Algorithm

min
x,y

WL(x, y),

s.t. D(x, y) ≤ td

Objective of nonlinear placement

min
(∑

e∈E WL(e; x, y)
)︸ ︷︷ ︸

Wirelength

+λD(x, y)︸ ︷︷ ︸
Density

Challenges of Nonlinear Placement
Low efficiency

� >3h for 10M-cell design
Limited acceleration

� Limited speedup, e.g. mPL, due to clustering
Huge development effort

� >1year for ePlace/RePlAce
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Advances in Deep Learning Hardware/Software

Over 60x speedup in neural
network training since 2013

Deep learning toolkits
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DREAMPlace Strategies [DAC’19]∗

DREAMPlace Strategies

I Cast the non-linear placement problem into a neural network training problem.
I Leverage deep learning hardware (GPU) and software toolkit (e.g. Pytorch)
I Enable ultra-high parallelism and acceleration while getting the state-of-the-art results.

∗Yibo Lin et al. (2019). “DREAMPlace: Deep Learning Toolkit-Enabled GPU Acceleration for Modern VLSI
Placement”. In: Proc. DAC.
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Analogy between NN Training and Placement

min
w

n∑
i

f (φ(xi;w), yi) + λR(w)

Forward Propagation
Compute obj

Neural
Network
φ(·;w)

Data
Instance
(xi, yi)

Error
Function

f (φ(xi;w), yi)

Backward Propagation
Compute gradient ∂obj

∂w

Train a neural network

min
w

n∑
i

WL(φ(xi;w), yi) + λD(w)

Neural
Network
WL(·;w)

Net
Instance
(ei, 0)

Error
Function

WL(ei;w)

Solve a placement
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Analogy between NN Training and Placement

min
w

n∑
i

WL(ei;w) + λD(w)

Forward Propagation
Compute obj

Neural
Network
WL(·;w)

Net
Instance
(ei, 0)

Error
Function

WL(ei;w)

Backward Propagation
Compute gradient ∂obj

∂w

Solve a placementTrain a neural network

Net Wirelength Output

WL

Input

w = (x, y)

Net instances

Casting the placement problem into neural network training
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DREAMPlace Architecture

Placement
API

Nonlinear
Optimizer

Automatic
Gradient

Python

OPs
C++/CUDA

CONV
ReLU

WL
Density

Nesterov’s
Method

Match RePlAce

[TCAD’19,Cheng+]

Leverage highly optimized deep learning toolkit PyTorch

†

†C. Cheng et al. (2019). “RePlAce: Advancing Solution Quality and Routability Validation in Global
Placement”. In: IEEE TCAD 38.9, pp. 1717–1730.

36 / 50



Experimental Results

RePlAce [TCAD’18,Cheng+]
• CPU: 24-core 3.0 GHz Intel Xeon 
• 64GB memory allocated

DREAMPlace
• CPU: Intel E5-2698 v4 @2.20GHz
• GPU: 1 NVIDIA Tesla V100
• Single CPU thread was used 34x

speedup

43x
speedup

ISPD 2005 Benchmarks
200K~2M cells

Industrial Benchmarks
1M~10M cells

10M-cell design 
finishes within 5min c.f. 3h

Same quality of results!
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Future Directions

New Solvers New Objectives

Applicable to Other 
CAD Problems New Accelerations

Routability, timing, etc.

Gate sizing, 
floorplanning, 

…

SGD, ADAM, etc.

Multi-GPU,
distributed computing,

mixed precision, 
…

DREAM
BIGGER
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Outline

Integrating Active Learning

Integrating Deep Learning

Integrating Deep Learning Engine

On Irregular Structure Learning: Graph Learning
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Challenge: Irregular Structure Learning

I Verification [Yang et.al
TCAD’2018]

…

HS

Non-HS

I Mask optimization [Yang et.al DAC’2018]

Litho-
SimulatorGenerator

More Considerations

I Existing attempts still rely on regular format of data, like images;
I Netlists and layouts are naturally represented as graphs;
I Few DL solutions for graph-based problems in EDA.

 SPICE 10. Application Demo

10-2CIC
National Science Council
Chip Implementation Center

(1). Two-stage OP AMP Design

M1 M2

M3 M4

M5

M6

M7M8

Cc

CL

Vbias

1 2

3
4

5

vout

Ibias

vdd

vdd

* Target specification :
* CL = 4pF, Av>4000, 
* GB=2MHz 
* 1 < CMR < 4 , 0.8 < Vout < 4.2
* SR = 2 V/us , Pdiss < 10mW , 
* with 0.5um UMC process

vss

vout

Vbias

vdd
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Graph Structure Example: Test Points Insertion

I Fig. (a): Original circuit with bad testability. Module 1 is unobservable. Module 2 is
uncontrollable;

I Fig. (b): Insert test points to the circuit;
I (CP1, CP2) = (0, 1)→ line I = 0; (CP1, CP2) = (1, 1)→ line I = 1;
I CP2 = 0→ normal operation mode.

Module 1

Module 2

(a)

Module 1

OP

CP1 CP2

0
1

Module 2I

(b)
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Node Classification [DAC’19]∗

I Represent a netlist as a directed graph. Each node represents a gate.
I Initial node attributes: SCOAP values [Goldstein et. al, DAC’1980].
I Graph convolutional networks: compute node embeddings first, then perform

classification.

FC LayersLayer 2Layer 1
Prediction

0
10

0

1 1

∗Yuzhe Ma, Haoxing Ren, et al. (2019). “High Performance Graph Convolutional Networks with Applications
in Testability Analysis”. In: Proc. DAC, 18:1–18:6.
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Node Embedding

2

6

1

3

4

5

Encoding

Aggregation
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4 [1 ⇥ 64]
<latexit sha1_base64="f9szBjwYn0ydUMqNSBJnJA0gKjI=">AAAB+HicbZDLSgNBEEVr4ivGR0ZdumlMBFdhJoi6DLhxGcE8IBlCT6cnadLzoLtGiEO+xI0LRdz6Ke78GzvJLDTxQsPhVhVVff1ECo2O820VNja3tneKu6W9/YPDsn103NZxqhhvsVjGqutTzaWIeAsFSt5NFKehL3nHn9zO651HrrSIowecJtwL6SgSgWAUjTWwy9WeS/ooQq7J1aVXHdgVp+YsRNbBzaECuZoD+6s/jFka8giZpFr3XCdBL6MKBZN8VuqnmieUTeiI9wxG1GzyssXhM3JunCEJYmVehGTh/p7IaKj1NPRNZ0hxrFdrc/O/Wi/F4MbLRJSkyCO2XBSkkmBM5imQoVCcoZwaoEwJcythY6ooQ5NVyYTgrn55Hdr1mmv4vl5p1PM4inAKZ3ABLlxDA+6gCS1gkMIzvMKb9WS9WO/Wx7K1YOUzJ/BH1ucPXe+RiA==</latexit><latexit sha1_base64="f9szBjwYn0ydUMqNSBJnJA0gKjI=">AAAB+HicbZDLSgNBEEVr4ivGR0ZdumlMBFdhJoi6DLhxGcE8IBlCT6cnadLzoLtGiEO+xI0LRdz6Ke78GzvJLDTxQsPhVhVVff1ECo2O820VNja3tneKu6W9/YPDsn103NZxqhhvsVjGqutTzaWIeAsFSt5NFKehL3nHn9zO651HrrSIowecJtwL6SgSgWAUjTWwy9WeS/ooQq7J1aVXHdgVp+YsRNbBzaECuZoD+6s/jFka8giZpFr3XCdBL6MKBZN8VuqnmieUTeiI9wxG1GzyssXhM3JunCEJYmVehGTh/p7IaKj1NPRNZ0hxrFdrc/O/Wi/F4MbLRJSkyCO2XBSkkmBM5imQoVCcoZwaoEwJcythY6ooQ5NVyYTgrn55Hdr1mmv4vl5p1PM4inAKZ3ABLlxDA+6gCS1gkMIzvMKb9WS9WO/Wx7K1YOUzJ/BH1ucPXe+RiA==</latexit><latexit sha1_base64="f9szBjwYn0ydUMqNSBJnJA0gKjI=">AAAB+HicbZDLSgNBEEVr4ivGR0ZdumlMBFdhJoi6DLhxGcE8IBlCT6cnadLzoLtGiEO+xI0LRdz6Ke78GzvJLDTxQsPhVhVVff1ECo2O820VNja3tneKu6W9/YPDsn103NZxqhhvsVjGqutTzaWIeAsFSt5NFKehL3nHn9zO651HrrSIowecJtwL6SgSgWAUjTWwy9WeS/ooQq7J1aVXHdgVp+YsRNbBzaECuZoD+6s/jFka8giZpFr3XCdBL6MKBZN8VuqnmieUTeiI9wxG1GzyssXhM3JunCEJYmVehGTh/p7IaKj1NPRNZ0hxrFdrc/O/Wi/F4MbLRJSkyCO2XBSkkmBM5imQoVCcoZwaoEwJcythY6ooQ5NVyYTgrn55Hdr1mmv4vl5p1PM4inAKZ3ABLlxDA+6gCS1gkMIzvMKb9WS9WO/Wx7K1YOUzJ/BH1ucPXe+RiA==</latexit><latexit sha1_base64="f9szBjwYn0ydUMqNSBJnJA0gKjI=">AAAB+HicbZDLSgNBEEVr4ivGR0ZdumlMBFdhJoi6DLhxGcE8IBlCT6cnadLzoLtGiEO+xI0LRdz6Ke78GzvJLDTxQsPhVhVVff1ECo2O820VNja3tneKu6W9/YPDsn103NZxqhhvsVjGqutTzaWIeAsFSt5NFKehL3nHn9zO651HrrSIowecJtwL6SgSgWAUjTWwy9WeS/ooQq7J1aVXHdgVp+YsRNbBzaECuZoD+6s/jFka8giZpFr3XCdBL6MKBZN8VuqnmieUTeiI9wxG1GzyssXhM3JunCEJYmVehGTh/p7IaKj1NPRNZ0hxrFdrc/O/Wi/F4MbLRJSkyCO2XBSkkmBM5imQoVCcoZwaoEwJcythY6ooQ5NVyYTgrn55Hdr1mmv4vl5p1PM4inAKZ3ABLlxDA+6gCS1gkMIzvMKb9WS9WO/Wx7K1YOUzJ/BH1ucPXe+RiA==</latexit>

1 [1 ⇥ 4]
<latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit>

2 [1 ⇥ 4]
<latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit>

3 [1 ⇥ 4]
<latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit>

4 [1 ⇥ 4]
<latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit><latexit sha1_base64="Esc1wQglJvTU8pmXrR3WrZTvTbE=">AAAB9XicbZBNS8NAEIYnftb6VfXoZbEVPJWkCHosePFYwX5AGstmu22XbjZhd6KU0P/hxYMiXv0v3vw3btsctPWFhYd3ZpjZN0ykMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4OxzezevuRayNidY+ThAcRHSoxEIyitR4qvke6KCJuyGVQ6ZXKbtWdi6yCl0MZcjV6pa9uP2ZpxBUySY3xPTfBIKMaBZN8WuymhieUjemQ+xYVtYuCbH71lJxbp08GsbZPIZm7vycyGhkziULbGVEcmeXazPyv5qc4uA4yoZIUuWKLRYNUEozJLALSF5ozlBMLlGlhbyVsRDVlaIMq2hC85S+vQqtW9Szf1cr1Wh5HAU7hDC7Agyuowy00oAkMNDzDK7w5T86L8+58LFrXnHzmBP7I+fwBa0WRFw==</latexit>

Encoding Encoding Encoding Encoding

1 2 3 4
[4 ⇥ 4]

<latexit sha1_base64="t0vBBJQHG1pyts/Wwe3QLMuVU1w=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmQkCXATcuI5gHTMbQ0+lJmvQ86K5RwpD/cONCEbf+izv/xk4yC0280HC4VUVVXz+RQqNtf1uFjc2t7Z3ibmlv/+DwqHx80tFxqhhvs1jGqudTzaWIeBsFSt5LFKehL3nXn9zM691HrrSIo3ucJtwL6SgSgWAUjfVQdRukjyLkmjS86qBcsWv2QmQdnBwqkKs1KH/1hzFLQx4hk1Rr17ET9DKqUDDJZ6V+qnlC2YSOuGswomaRly2unpEL4wxJECvzIiQL9/dERkOtp6FvOkOKY71am5v/1dwUg2svE1GSIo/YclGQSoIxmUdAhkJxhnJqgDIlzK2EjamiDE1QJROCs/rldejUa47hu3qlWc/jKMIZnMMlOHAFTbiFFrSBgYJneIU368l6sd6tj2VrwcpnTuGPrM8fb/KRGg==</latexit><latexit sha1_base64="t0vBBJQHG1pyts/Wwe3QLMuVU1w=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmQkCXATcuI5gHTMbQ0+lJmvQ86K5RwpD/cONCEbf+izv/xk4yC0280HC4VUVVXz+RQqNtf1uFjc2t7Z3ibmlv/+DwqHx80tFxqhhvs1jGqudTzaWIeBsFSt5LFKehL3nXn9zM691HrrSIo3ucJtwL6SgSgWAUjfVQdRukjyLkmjS86qBcsWv2QmQdnBwqkKs1KH/1hzFLQx4hk1Rr17ET9DKqUDDJZ6V+qnlC2YSOuGswomaRly2unpEL4wxJECvzIiQL9/dERkOtp6FvOkOKY71am5v/1dwUg2svE1GSIo/YclGQSoIxmUdAhkJxhnJqgDIlzK2EjamiDE1QJROCs/rldejUa47hu3qlWc/jKMIZnMMlOHAFTbiFFrSBgYJneIU368l6sd6tj2VrwcpnTuGPrM8fb/KRGg==</latexit><latexit sha1_base64="t0vBBJQHG1pyts/Wwe3QLMuVU1w=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmQkCXATcuI5gHTMbQ0+lJmvQ86K5RwpD/cONCEbf+izv/xk4yC0280HC4VUVVXz+RQqNtf1uFjc2t7Z3ibmlv/+DwqHx80tFxqhhvs1jGqudTzaWIeBsFSt5LFKehL3nXn9zM691HrrSIo3ucJtwL6SgSgWAUjfVQdRukjyLkmjS86qBcsWv2QmQdnBwqkKs1KH/1hzFLQx4hk1Rr17ET9DKqUDDJZ6V+qnlC2YSOuGswomaRly2unpEL4wxJECvzIiQL9/dERkOtp6FvOkOKY71am5v/1dwUg2svE1GSIo/YclGQSoIxmUdAhkJxhnJqgDIlzK2EjamiDE1QJROCs/rldejUa47hu3qlWc/jKMIZnMMlOHAFTbiFFrSBgYJneIU368l6sd6tj2VrwcpnTuGPrM8fb/KRGg==</latexit><latexit sha1_base64="t0vBBJQHG1pyts/Wwe3QLMuVU1w=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmQkCXATcuI5gHTMbQ0+lJmvQ86K5RwpD/cONCEbf+izv/xk4yC0280HC4VUVVXz+RQqNtf1uFjc2t7Z3ibmlv/+DwqHx80tFxqhhvs1jGqudTzaWIeBsFSt5LFKehL3nXn9zM691HrrSIo3ucJtwL6SgSgWAUjfVQdRukjyLkmjS86qBcsWv2QmQdnBwqkKs1KH/1hzFLQx4hk1Rr17ET9DKqUDDJZ6V+qnlC2YSOuGswomaRly2unpEL4wxJECvzIiQL9/dERkOtp6FvOkOKY71am5v/1dwUg2svE1GSIo/YclGQSoIxmUdAhkJxhnJqgDIlzK2EjamiDE1QJROCs/rldejUa47hu3qlWc/jKMIZnMMlOHAFTbiFFrSBgYJneIU368l6sd6tj2VrwcpnTuGPrM8fb/KRGg==</latexit>

1 2 5
[3 ⇥ 4]

<latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit><latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit><latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit><latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit>

1 3 6
[3 ⇥ 4]

<latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit><latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit><latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit><latexit sha1_base64="ZRWAUcQqUl4U4xlVrk2nk3hc1Vc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8ZEcBVmoqDLgBuXEcwDJmPo6fQkTXoedNcoYch/uHGhiFv/xZ1/YyeZhSZeaDjcqqKqr59IodG2v63C2vrG5lZxu7Szu7d/UD48aus4VYy3WCxj1fWp5lJEvIUCJe8mitPQl7zjj29m9c4jV1rE0T1OEu6FdBiJQDCKxnqouhekhyLkmlx61X65YtfsucgqODlUIFezX/7qDWKWhjxCJqnWrmMn6GVUoWCST0u9VPOEsjEdctdgRM0iL5tfPSVnxhmQIFbmRUjm7u+JjIZaT0LfdIYUR3q5NjP/q7kpBtdeJqIkRR6xxaIglQRjMouADITiDOXEAGVKmFsJG1FFGZqgSiYEZ/nLq9Cu1xzDd/VKo57HUYQTOIVzcOAKGnALTWgBAwXP8Apv1pP1Yr1bH4vWgpXPHMMfWZ8/bmORGQ==</latexit>

1 4
[2 ⇥ 4]

<latexit sha1_base64="gz9sTuEnDC8pCyixZBfR1XQG1ko=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CruLoMeAF48RzAM2a5idzCZDZh/M9CphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFqRQabfvbWlvf2NzaLu2Ud/f2Dw4rR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxzczvPHKlRRLf4yTlfkSHsQgFo2ikh5rnkh6KiGty6df6lapdt+cgq8QpSBUKNPuVr94gYVnEY2SSau05dop+ThUKJvm03Ms0Tykb0yH3DI2pWeTn86un5NwoAxImylSMZK7+nshppPUkCkxnRHGkl72Z+J/nZRhe+7mI0wx5zBaLwkwSTMgsAjIQijOUE0MoU8LcStiIKsrQBFU2ITjLL6+Stlt37Lpz51YbbhFHCU7hDC7AgStowC00oQUMFDzDK7xZT9aL9W59LFrXrGLmBP7A+vwBbNKRGA==</latexit><latexit sha1_base64="gz9sTuEnDC8pCyixZBfR1XQG1ko=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CruLoMeAF48RzAM2a5idzCZDZh/M9CphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFqRQabfvbWlvf2NzaLu2Ud/f2Dw4rR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxzczvPHKlRRLf4yTlfkSHsQgFo2ikh5rnkh6KiGty6df6lapdt+cgq8QpSBUKNPuVr94gYVnEY2SSau05dop+ThUKJvm03Ms0Tykb0yH3DI2pWeTn86un5NwoAxImylSMZK7+nshppPUkCkxnRHGkl72Z+J/nZRhe+7mI0wx5zBaLwkwSTMgsAjIQijOUE0MoU8LcStiIKsrQBFU2ITjLL6+Stlt37Lpz51YbbhFHCU7hDC7AgStowC00oQUMFDzDK7xZT9aL9W59LFrXrGLmBP7A+vwBbNKRGA==</latexit><latexit sha1_base64="gz9sTuEnDC8pCyixZBfR1XQG1ko=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CruLoMeAF48RzAM2a5idzCZDZh/M9CphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFqRQabfvbWlvf2NzaLu2Ud/f2Dw4rR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxzczvPHKlRRLf4yTlfkSHsQgFo2ikh5rnkh6KiGty6df6lapdt+cgq8QpSBUKNPuVr94gYVnEY2SSau05dop+ThUKJvm03Ms0Tykb0yH3DI2pWeTn86un5NwoAxImylSMZK7+nshppPUkCkxnRHGkl72Z+J/nZRhe+7mI0wx5zBaLwkwSTMgsAjIQijOUE0MoU8LcStiIKsrQBFU2ITjLL6+Stlt37Lpz51YbbhFHCU7hDC7AgStowC00oQUMFDzDK7xZT9aL9W59LFrXrGLmBP7A+vwBbNKRGA==</latexit><latexit sha1_base64="gz9sTuEnDC8pCyixZBfR1XQG1ko=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CruLoMeAF48RzAM2a5idzCZDZh/M9CphyX948aCIV//Fm3/jJNmDJhY0FFXddHcFqRQabfvbWlvf2NzaLu2Ud/f2Dw4rR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxzczvPHKlRRLf4yTlfkSHsQgFo2ikh5rnkh6KiGty6df6lapdt+cgq8QpSBUKNPuVr94gYVnEY2SSau05dop+ThUKJvm03Ms0Tykb0yH3DI2pWeTn86un5NwoAxImylSMZK7+nshppPUkCkxnRHGkl72Z+J/nZRhe+7mI0wx5zBaLwkwSTMgsAjIQijOUE0MoU8LcStiIKsrQBFU2ITjLL6+Stlt37Lpz51YbbhFHCU7hDC7AgStowC00oQUMFDzDK7xZT9aL9W59LFrXrGLmBP7A+vwBbNKRGA==</latexit>

Aggregation Aggregation Aggregation Aggregation

d = 2
<latexit sha1_base64="jpxVY4aTErt9hJMB0trgCd4dSrA=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZrNpl242YXcilNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIpTDout9OaWNza3unvFvZ2z84PKoen3RNkmnGOyyRiX4MqOFSKN5BgZI/pprTOJC8F0xu5/XeE9dGJOoBpyn3YzpSIhKMorV69ZDckGZ9WK25DXchsg5eATUo1B5WvwZhwrKYK2SSGtP33BT9nGoUTPJZZZAZnlI2oSPet6hozI2fL9adkQvrhCRKtH0KycL9PZHT2JhpHNjOmOLYrNbm5n+1fobRtZ8LlWbIFVt+FGWSYELmt5NQaM5QTi1QpoXdlbAx1ZShTahiQ/BWT16HbrPhWb5v1lrNIo4ynME5XIIHV9CCO2hDBxhM4Ble4c1JnRfn3flYtpacYuYU/sj5/AEa744J</latexit><latexit sha1_base64="jpxVY4aTErt9hJMB0trgCd4dSrA=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZrNpl242YXcilNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIpTDout9OaWNza3unvFvZ2z84PKoen3RNkmnGOyyRiX4MqOFSKN5BgZI/pprTOJC8F0xu5/XeE9dGJOoBpyn3YzpSIhKMorV69ZDckGZ9WK25DXchsg5eATUo1B5WvwZhwrKYK2SSGtP33BT9nGoUTPJZZZAZnlI2oSPet6hozI2fL9adkQvrhCRKtH0KycL9PZHT2JhpHNjOmOLYrNbm5n+1fobRtZ8LlWbIFVt+FGWSYELmt5NQaM5QTi1QpoXdlbAx1ZShTahiQ/BWT16HbrPhWb5v1lrNIo4ynME5XIIHV9CCO2hDBxhM4Ble4c1JnRfn3flYtpacYuYU/sj5/AEa744J</latexit><latexit sha1_base64="jpxVY4aTErt9hJMB0trgCd4dSrA=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZrNpl242YXcilNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIpTDout9OaWNza3unvFvZ2z84PKoen3RNkmnGOyyRiX4MqOFSKN5BgZI/pprTOJC8F0xu5/XeE9dGJOoBpyn3YzpSIhKMorV69ZDckGZ9WK25DXchsg5eATUo1B5WvwZhwrKYK2SSGtP33BT9nGoUTPJZZZAZnlI2oSPet6hozI2fL9adkQvrhCRKtH0KycL9PZHT2JhpHNjOmOLYrNbm5n+1fobRtZ8LlWbIFVt+FGWSYELmt5NQaM5QTi1QpoXdlbAx1ZShTahiQ/BWT16HbrPhWb5v1lrNIo4ynME5XIIHV9CCO2hDBxhM4Ble4c1JnRfn3flYtpacYuYU/sj5/AEa744J</latexit><latexit sha1_base64="jpxVY4aTErt9hJMB0trgCd4dSrA=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZrNpl242YXcilNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIpTDout9OaWNza3unvFvZ2z84PKoen3RNkmnGOyyRiX4MqOFSKN5BgZI/pprTOJC8F0xu5/XeE9dGJOoBpyn3YzpSIhKMorV69ZDckGZ9WK25DXchsg5eATUo1B5WvwZhwrKYK2SSGtP33BT9nGoUTPJZZZAZnlI2oSPet6hozI2fL9adkQvrhCRKtH0KycL9PZHT2JhpHNjOmOLYrNbm5n+1fobRtZ8LlWbIFVt+FGWSYELmt5NQaM5QTi1QpoXdlbAx1ZShTahiQ/BWT16HbrPhWb5v1lrNIo4ynME5XIIHV9CCO2hDBxhM4Ble4c1JnRfn3flYtpacYuYU/sj5/AEa744J</latexit>

K2 = 128
<latexit sha1_base64="X6qJQxdJCNDB4/kqt0E4zH3odo8=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8FWcFVmZmM3QsGN4KaCvUg7lEyaaUOTzJBkhDL0Kdy4UMStj+POtzFtZ6GtPwQ+/nMOOecPE860cd1vp7CxubW9U9wt7e0fHB6Vj0/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YSTm3m980SVZrF8MNOEBgKPJIsYwcZaj9W7gX/t+fXqoFxxa+5CaB28HCqQqzkof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPYsSC6qDbLHwDF1YZ4iiWNknDVq4vycyLLSeitB2CmzGerU2N/+r9VIT1YOMySQ1VJLlR1HKkYnR/Ho0ZIoSw6cWMFHM7orIGCtMjM2oZEPwVk9eh7Zf8yzf+5WGn8dRhDM4h0vw4AoacAtNaAEBAc/wCm+Ocl6cd+dj2Vpw8plT+CPn8wdc846+</latexit><latexit sha1_base64="X6qJQxdJCNDB4/kqt0E4zH3odo8=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8FWcFVmZmM3QsGN4KaCvUg7lEyaaUOTzJBkhDL0Kdy4UMStj+POtzFtZ6GtPwQ+/nMOOecPE860cd1vp7CxubW9U9wt7e0fHB6Vj0/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YSTm3m980SVZrF8MNOEBgKPJIsYwcZaj9W7gX/t+fXqoFxxa+5CaB28HCqQqzkof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPYsSC6qDbLHwDF1YZ4iiWNknDVq4vycyLLSeitB2CmzGerU2N/+r9VIT1YOMySQ1VJLlR1HKkYnR/Ho0ZIoSw6cWMFHM7orIGCtMjM2oZEPwVk9eh7Zf8yzf+5WGn8dRhDM4h0vw4AoacAtNaAEBAc/wCm+Ocl6cd+dj2Vpw8plT+CPn8wdc846+</latexit><latexit sha1_base64="X6qJQxdJCNDB4/kqt0E4zH3odo8=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8FWcFVmZmM3QsGN4KaCvUg7lEyaaUOTzJBkhDL0Kdy4UMStj+POtzFtZ6GtPwQ+/nMOOecPE860cd1vp7CxubW9U9wt7e0fHB6Vj0/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YSTm3m980SVZrF8MNOEBgKPJIsYwcZaj9W7gX/t+fXqoFxxa+5CaB28HCqQqzkof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPYsSC6qDbLHwDF1YZ4iiWNknDVq4vycyLLSeitB2CmzGerU2N/+r9VIT1YOMySQ1VJLlR1HKkYnR/Ho0ZIoSw6cWMFHM7orIGCtMjM2oZEPwVk9eh7Zf8yzf+5WGn8dRhDM4h0vw4AoacAtNaAEBAc/wCm+Ocl6cd+dj2Vpw8plT+CPn8wdc846+</latexit><latexit sha1_base64="X6qJQxdJCNDB4/kqt0E4zH3odo8=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8FWcFVmZmM3QsGN4KaCvUg7lEyaaUOTzJBkhDL0Kdy4UMStj+POtzFtZ6GtPwQ+/nMOOecPE860cd1vp7CxubW9U9wt7e0fHB6Vj0/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YSTm3m980SVZrF8MNOEBgKPJIsYwcZaj9W7gX/t+fXqoFxxa+5CaB28HCqQqzkof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPYsSC6qDbLHwDF1YZ4iiWNknDVq4vycyLLSeitB2CmzGerU2N/+r9VIT1YOMySQ1VJLlR1HKkYnR/Ho0ZIoSw6cWMFHM7orIGCtMjM2oZEPwVk9eh7Zf8yzf+5WGn8dRhDM4h0vw4AoacAtNaAEBAc/wCm+Ocl6cd+dj2Vpw8plT+CPn8wdc846+</latexit>

d = 1
<latexit sha1_base64="q6zaCrIEPIh1Iyb0c1SQe3TZnL8=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZjNpl242YXcjlNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIBdfGdb+d0sbm1vZOebeyt39weFQ9PunqJFMMOywRiXoMqEbBJXYMNwIfU4U0DgT2gsntvN57QqV5Ih/MNEU/piPJI86osVavHpIb4tWH1ZrbcBci6+AVUINC7WH1axAmLItRGiao1n3PTY2fU2U4EzirDDKNKWUTOsK+RUlj1H6+WHdGLqwTkihR9klDFu7viZzGWk/jwHbG1Iz1am1u/lfrZya69nMu08ygZMuPokwQk5D57STkCpkRUwuUKW53JWxMFWXGJlSxIXirJ69Dt9nwLN83a61mEUcZzuAcLsGDK2jBHbShAwwm8Ayv8Oakzovz7nwsW0tOMXMKf+R8/gAZao4I</latexit><latexit sha1_base64="q6zaCrIEPIh1Iyb0c1SQe3TZnL8=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZjNpl242YXcjlNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIBdfGdb+d0sbm1vZOebeyt39weFQ9PunqJFMMOywRiXoMqEbBJXYMNwIfU4U0DgT2gsntvN57QqV5Ih/MNEU/piPJI86osVavHpIb4tWH1ZrbcBci6+AVUINC7WH1axAmLItRGiao1n3PTY2fU2U4EzirDDKNKWUTOsK+RUlj1H6+WHdGLqwTkihR9klDFu7viZzGWk/jwHbG1Iz1am1u/lfrZya69nMu08ygZMuPokwQk5D57STkCpkRUwuUKW53JWxMFWXGJlSxIXirJ69Dt9nwLN83a61mEUcZzuAcLsGDK2jBHbShAwwm8Ayv8Oakzovz7nwsW0tOMXMKf+R8/gAZao4I</latexit><latexit sha1_base64="q6zaCrIEPIh1Iyb0c1SQe3TZnL8=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZjNpl242YXcjlNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIBdfGdb+d0sbm1vZOebeyt39weFQ9PunqJFMMOywRiXoMqEbBJXYMNwIfU4U0DgT2gsntvN57QqV5Ih/MNEU/piPJI86osVavHpIb4tWH1ZrbcBci6+AVUINC7WH1axAmLItRGiao1n3PTY2fU2U4EzirDDKNKWUTOsK+RUlj1H6+WHdGLqwTkihR9klDFu7viZzGWk/jwHbG1Iz1am1u/lfrZya69nMu08ygZMuPokwQk5D57STkCpkRUwuUKW53JWxMFWXGJlSxIXirJ69Dt9nwLN83a61mEUcZzuAcLsGDK2jBHbShAwwm8Ayv8Oakzovz7nwsW0tOMXMKf+R8/gAZao4I</latexit><latexit sha1_base64="q6zaCrIEPIh1Iyb0c1SQe3TZnL8=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4ut4KkkvehFKHjxWMG2QhvKZjNpl242YXcjlNAf4cWDIl79Pd78N27bHLT1hYWHd2bYmTdIBdfGdb+d0sbm1vZOebeyt39weFQ9PunqJFMMOywRiXoMqEbBJXYMNwIfU4U0DgT2gsntvN57QqV5Ih/MNEU/piPJI86osVavHpIb4tWH1ZrbcBci6+AVUINC7WH1axAmLItRGiao1n3PTY2fU2U4EzirDDKNKWUTOsK+RUlj1H6+WHdGLqwTkihR9klDFu7viZzGWk/jwHbG1Iz1am1u/lfrZya69nMu08ygZMuPokwQk5D57STkCpkRUwuUKW53JWxMFWXGJlSxIXirJ69Dt9nwLN83a61mEUcZzuAcLsGDK2jBHbShAwwm8Ayv8Oakzovz7nwsW0tOMXMKf+R8/gAZao4I</latexit>

K1 = 64
<latexit sha1_base64="IHHu0N0VArtRsMtnZvyN3BWYoEM=">AAAB8XicbZBNSwMxEIZn/az1q+rRS7AVPJXdIupFKHgRvFSwH9guJZvOtqHZ7JJkhVL6L7x4UMSr/8ab/8a03YO2vhB4eGeGzLxBIrg2rvvtrKyurW9s5rby2zu7e/uFg8OGjlPFsM5iEatWQDUKLrFuuBHYShTSKBDYDIY303rzCZXmsXwwowT9iPYlDzmjxlqPpbuuR67JxXmpWyi6ZXcmsgxeBkXIVOsWvjq9mKURSsME1brtuYnxx1QZzgRO8p1UY0LZkPaxbVHSCLU/nm08IafW6ZEwVvZJQ2bu74kxjbQeRYHtjKgZ6MXa1Pyv1k5NeOWPuUxSg5LNPwpTQUxMpueTHlfIjBhZoExxuythA6ooMzakvA3BWzx5GRqVsmf5vlKsVrI4cnAMJ3AGHlxCFW6hBnVgIOEZXuHN0c6L8+58zFtXnGzmCP7I+fwBmIqO1g==</latexit><latexit sha1_base64="IHHu0N0VArtRsMtnZvyN3BWYoEM=">AAAB8XicbZBNSwMxEIZn/az1q+rRS7AVPJXdIupFKHgRvFSwH9guJZvOtqHZ7JJkhVL6L7x4UMSr/8ab/8a03YO2vhB4eGeGzLxBIrg2rvvtrKyurW9s5rby2zu7e/uFg8OGjlPFsM5iEatWQDUKLrFuuBHYShTSKBDYDIY303rzCZXmsXwwowT9iPYlDzmjxlqPpbuuR67JxXmpWyi6ZXcmsgxeBkXIVOsWvjq9mKURSsME1brtuYnxx1QZzgRO8p1UY0LZkPaxbVHSCLU/nm08IafW6ZEwVvZJQ2bu74kxjbQeRYHtjKgZ6MXa1Pyv1k5NeOWPuUxSg5LNPwpTQUxMpueTHlfIjBhZoExxuythA6ooMzakvA3BWzx5GRqVsmf5vlKsVrI4cnAMJ3AGHlxCFW6hBnVgIOEZXuHN0c6L8+58zFtXnGzmCP7I+fwBmIqO1g==</latexit><latexit sha1_base64="IHHu0N0VArtRsMtnZvyN3BWYoEM=">AAAB8XicbZBNSwMxEIZn/az1q+rRS7AVPJXdIupFKHgRvFSwH9guJZvOtqHZ7JJkhVL6L7x4UMSr/8ab/8a03YO2vhB4eGeGzLxBIrg2rvvtrKyurW9s5rby2zu7e/uFg8OGjlPFsM5iEatWQDUKLrFuuBHYShTSKBDYDIY303rzCZXmsXwwowT9iPYlDzmjxlqPpbuuR67JxXmpWyi6ZXcmsgxeBkXIVOsWvjq9mKURSsME1brtuYnxx1QZzgRO8p1UY0LZkPaxbVHSCLU/nm08IafW6ZEwVvZJQ2bu74kxjbQeRYHtjKgZ6MXa1Pyv1k5NeOWPuUxSg5LNPwpTQUxMpueTHlfIjBhZoExxuythA6ooMzakvA3BWzx5GRqVsmf5vlKsVrI4cnAMJ3AGHlxCFW6hBnVgIOEZXuHN0c6L8+58zFtXnGzmCP7I+fwBmIqO1g==</latexit><latexit sha1_base64="IHHu0N0VArtRsMtnZvyN3BWYoEM=">AAAB8XicbZBNSwMxEIZn/az1q+rRS7AVPJXdIupFKHgRvFSwH9guJZvOtqHZ7JJkhVL6L7x4UMSr/8ab/8a03YO2vhB4eGeGzLxBIrg2rvvtrKyurW9s5rby2zu7e/uFg8OGjlPFsM5iEatWQDUKLrFuuBHYShTSKBDYDIY303rzCZXmsXwwowT9iPYlDzmjxlqPpbuuR67JxXmpWyi6ZXcmsgxeBkXIVOsWvjq9mKURSsME1brtuYnxx1QZzgRO8p1UY0LZkPaxbVHSCLU/nm08IafW6ZEwVvZJQ2bu74kxjbQeRYHtjKgZ6MXa1Pyv1k5NeOWPuUxSg5LNPwpTQUxMpueTHlfIjBhZoExxuythA6ooMzakvA3BWzx5GRqVsmf5vlKsVrI4cnAMJ3AGHlxCFW6hBnVgIOEZXuHN0c6L8+58zFtXnGzmCP7I+fwBmIqO1g==</latexit>
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Efficient Inference

I Neighborhood overlap leads to duplicated computation→ poor scalability.
I Transform weighted summation to matrix multiplication.
I Potential issue: adjacency matrix is too large.
I Fact: adjacency matrix is highly sparse! It can be stored using compressed format.

2

6

1

3

4

5
Gd = A · Ed−1 =

1 2 3 4 5 6



1 1 w1 w1 w1 0 0
2 w2 1 0 0 w1 0
3 w2 0 1 0 0 w2

4 w2 0 0 1 0 0
5 0 w2 0 0 1 0
6 0 0 w1 0 0 1

×





e(1)d−1

e(2)d−1

e(3)d−1

e(4)d−1

e(5)d−1

e(6)d−1
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Efficient Training

I Adjacency matrix cannot be split as conventional way.
I A variant of conventional data-parallel scheme.

- Each GPU process one graph instead of one "chunk";
- Gather all to calculate the gradient.

Training data:

Output Evaluate

Gradient
GPU1 GPU2

Output
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Benchmarks

I Industrial designs under 12nm technology node.
I Each graph contains > 1M nodes and > 2M edges.

Design #Nodes #Edges #POS #NEG

B1 1384264 2102622 8894 1375370
B2 1456453 2182639 9755 1446698
B3 1416382 2137364 9043 1407338
B4 1397586 2124516 8978 1388608
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Classification Results Comparison

I Baselines: classical learning models with feature engineering in industry;
I GCN outperforms other classical learning algorithms.

B1 B2 B3 B4 Average
0.7

0.8

0.9

1

Ac
cu

ra
cy

LR SVM RF MLP GCN
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Testability Results Comparison

I Without loss on fault coverage, 11% reduction on test points inserted and 6% reduction
on test pattern count are achieved.

Design Industrial Tool GCN-Flow
#OPs #PAs Coverage #OPs #PAs Coverage

B1 6063 1991 99.31% 5801 1687 99.31%
B2 6513 2009 99.39% 5736 2215 99.38%
B3 6063 2026 99.29% 4585 1845 99.29%
B4 6063 2083 99.30% 5896 1854 99.31%

Average 6176 2027 99.32% 5505 1900 99.32%
Ratio 1.00 1.00 1.00 0.89 0.94 1.00
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Conclusion

I Active learning leverages the gap between two different design spaces
I Extention: parameter tuning?

I Enable Deep Learning in back-end phase
I Extension: Integrated in Global/Detailed Placement

I A GCN-based methodology is proposed for netlist representation;
I GCN shows superior performance to classical learning models in test points insertion

problem;
I Extension: gate-sizing, or circuit reliability analysis?
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