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Figure 1: (Left): Deep Gaussian Process illustration1. (Middle): Histograms of a random selection of
inducing outputs. The best-fit Gaussian distribution is denoted with a dashed line. Some of them
exhibit a clear multimodal behaviour. (Right): P-values for 100 randomly selected inducing outputs
per dataset. The null hypotheses are that their distributions are Gaussian.

resulting in a Bayesian ‘self-tuning’ covariance function that fits the data without any human input
[Damianou, 2015].

The deep hierarchical generalization of GPs is done in a fully connected, feed-forward manner. The
outputs of the previous layer serve as an input to the next. However, a significant difference from
neural networks is that the layer outputs are probabilistic rather than exact values so the uncertainty is
propagated through the network. The left part of Figure 1 illustrates the concept with a single hidden
layer. The input to the hidden layer is the input data x and the output of the hidden layer f1 serves as
the input data to the output layer, which itself is formed by GPs.

Exact inference is infeasible in GPs for large datasets due to the high computational cost of working
with the inverse covariance matrix. Instead, the posterior is approximated using a small set of pseudo
datapoints (⇠100) also referred to as inducing points [Snelson and Ghahramani, 2006, Titsias, 2009,
Quiñonero-Candela and Rasmussen, 2005]. We assume this inducing point framework throughout
the paper. Predictions are made using the inducing points to avoid computing the covariance matrix
of the whole dataset. Both in GPs and DGPs, the inducing outputs are treated as latent variables that
need to be marginalized.

The current state-of-the-art inference method in DGPs is Doubly Stochastic Variation Inference
(DSVI) [Salimbeni and Deisenroth, 2017] which has been shown to outperform Expectation Prop-
agation [Minka, 2001, Bui et al., 2016] and it also has better performance than Bayesian Neural
Networks with Probabilistic Backpropagation [Hernández-Lobato and Adams, 2015] and Bayesian
Neural Networks with earlier inference methods such as Variation Inference [Graves, 2011], Stochas-
tic Gradient Langevin Dynamics [Welling and Teh, 2011] and Hybrid Monte Carlo [Neal, 1993].
However, a drawback of DSVI is that it approximates the posterior distribution with a Gaussian. We
show, with high confidence, that the posterior distribution is non-Gaussian for every dataset that
we examine in this work. This finding motivates the use of inference methods with a more flexible
posterior approximations.

In this work, we apply an inference method new to DGPs, Stochastic Gradient Hamiltonian Monte
Carlo (SGHMC), a sampling method that accurately and efficiently captures the posterior distribution.
In order to apply a sampling-based inference method to DGPs, we have to tackle the problem of
optimizing the large number of hyperparameters. To address this problem, we propose Moving
Window Monte Carlo Expectation Maximization, a novel method for obtaining the Maximum
Likelihood (ML) estimate of the hyperparameters. This method is fast, efficient and generally
applicable to any probabilistic model and MCMC sampler.

One might expect a sampling method such as SGHMC to be more computationally intensive than a
variational method such as DSVI. However, in DGPs, sampling from the posterior is inexpensive,
since it does not require the recomputation of the inverse covariance matrix, which only depends on

1Image source: Daniel Hernández-Lobato
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1Chen Bai et al. (2021). “BOOM-Explorer: RISC-V BOOM Microarchitecture Design Space Explo-
ration Framework”. In: Proc. ICCAD.

RISC-V BOOM-Explorer [ICCAD’21 BPA]1
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• Logic synthesis v.s. physical synthesis

• Constraints mapping between two synthesis stages is difficult.

Gaps Between Design Stages
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• Run design tools with all solutions is time-consuming.

• For 3K solutions, running time is 3000 × 5 = 15K mins.

• What we care: Pareto Frontier Curve

2Yuzhe Ma, Subhendu Roy, et al. (2019). “Cross-layer Optimization for High Speed Adders: A
Pareto Driven Machine Learning Approach”. In: IEEE TCAD 38.12, pp. 2298–2311.

Active Learning in Logic Synthesis [TCAD’19]2
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• Not every difficult-to-observe node has the same impact for improving the
observability;

• Select the observation point locations with largest impact to minimize the total count.

Predicted-0

Predicted-1

OP

Fan-in cone
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(a)
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3Yuzhe Ma, Haoxing Ren, et al. (2019). “High Performance Graph Convolutional Networks with
Applications in Testability Analysis”. In: Proc. DAC, pp. 1–6.

Example: Test Point Insertion [DAC’19]3
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4Walter Lau Neto et al. (2019). “LSOracle: A logic synthesis framework driven by artificial intelli-
gence”. In: Proc. ICCAD, pp. 1–6.

Example: Logic Synthesis [ICCAD’19]4

9/38



5Azalia Mirhoseini et al. (2021). “A graph placement methodology for fast chip design”. In: Nature
594.7862, pp. 207–212.

Example: Macro Block Placement [Nature’21]5
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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

6Zhiyao Xie et al. (2018). “RouteNet: Routability Prediction for Mixed-Size Designs Using Convo-
lutional Neural Network”. In: Proc. ICCAD.

RouteNet [ICCAD’18]6
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7Rongjian Liang et al. (2020). “DRC Hotspot Prediction at Sub-10nm Process Nodes Using Cus-
tomized Convolutional Network”. In: Proc. ISPD.

J-Net [ISPD’20]7
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8Siting Liu et al. (2021). “Global Placement with Deep Learning-Enabled Explicit Routability Op-
timization”. In: Proc. DATE.

CNN Driven Global Placement [DATE’21]8
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Over simplification of dynamic, 
complex problems

Rely too much on data, not 
leveraging the mechanics of the 
problem

Cons

Pros

Known optimality, robust, less 
training data, good 
interpretability, 
Solve an abstract problem 
efficiently

GPU parallel computing, easy to 
design, end-to-end training on 
complex problems, 
Solve any problem by learning 
from its data

Placement，route, synthesis, 
CTS, simulations, etc

Supervised，unsupervised, 
reinforcement learnings, etc

MLEDA Algorithms

Yu Huang, “EDA Advanced Technologies”.

Machine learning vs. traditional EDA methodologies
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Challenge 1: Circuit
Representation



• Previous works only focus on the graph structural information, which varies greatly
across netlists.

• We should extract general knowledge!
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Expected embeddings
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Previous Structural GNN fail to capture the underlying semantic

Defect of Previous GCN Works
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Logic functionality: keep the same across different designs.
• Generalized to unseen netlists, even with totally different topology!

Can we extract this information?
• Yes! –> Key: Boolean Equivalence

 
a(b+b’+c’) + a’(b+c)  

a + a’(b+c)

 
ab + (ab’+a’b) + (ac’+a’c)  

 
ab + xor(a,b) + xor(a,c)  

Equivalent

a 

b 
c 

a 
b 

c 

9Ziyi Wang, Chen Bai, et al. (2022). “Functionality Matters in Netlist Representation Learning”.
In: Proc. DAC.

Gate Functionality and Boolean Equivalence [DAC’22]9
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• Iterative random sub-netlist replacement.

• Positive sample pair share same functionality, while w. totally different topology.

• Maximizing agreement between positive samples: embedding of netlists with
similar semantic (functionality) tend to be close

• Minimizing agreement between negative samples: distinguish from netlists with
different semantic, even with similar topology.

PreprocessI1
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Preprocess

FGNN

NOROR

AND INVXOR

I1
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I3
I4

Replaced

Representations

Maximize 
Agreement

XOR(x, y) = OR( AND( INV(x), y) ), AND( x, INV(y) ) )

AND(x, y) = NOR( INV(x), INV(y) )

equivalent
replacement

equivalent
replacement

DAG

DAG

Netlist Contrastive Learning Scheme
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Transform to DAG

Netlist Contrastive Learning

…..

…….

…….

Node-level tasks Graph-level tasks

Preprocess

Pre-train

Fine-tune

Netlists

DAGs

Pre-trained 
FGNN

Pre-trained Circuit Learning Model
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Challenge 2: Timing Modeling
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One example of the timing path in the netlist, cell (cell path) and wire (wire path).

Timing Model in EDA
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• Timing needs to capture path information

• GCN is only good at node embedding and graph embedding

2

6

1

3

4

5

Encoding

Aggregation

1 [1 ⇥ 128]
<latexit sha1_base64="GwNhdARjeSUjS0HEid7r0fNk3zQ=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8FEsAq7aUwZsLGMYC6wWcLsZDYZMnth5mwgLHkTGwtFbH0TO9/GSbKFJv4w8PGfczhn/iCVQqPjfFulnd29/YPyYeXo+OT0zD6/6OokU4x3WCIT1Q+o5lLEvIMCJe+nitMokLwXTO+X9d6MKy2S+AnnKfcjOo5FKBhFYw1tu+a5ZIAi4pq4jaZfG9pVp+6sRLbBLaAKhdpD+2swSlgW8RiZpFp7rpOin1OFgkm+qAwyzVPKpnTMPYMxNav8fHX5gtwYZ0TCRJkXI1m5vydyGmk9jwLTGVGc6M3a0vyv5mUYNv1cxGmGPGbrRWEmCSZkGQMZCcUZyrkBypQwtxI2oYoyNGFVTAju5pe3oduou4YfG9VWo4ijDFdwDbfgwh204AHa0AEGM3iGV3izcuvFerc+1q0lq5i5hD+yPn8A0YCRww==</latexit><latexit sha1_base64="GwNhdARjeSUjS0HEid7r0fNk3zQ=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8FEsAq7aUwZsLGMYC6wWcLsZDYZMnth5mwgLHkTGwtFbH0TO9/GSbKFJv4w8PGfczhn/iCVQqPjfFulnd29/YPyYeXo+OT0zD6/6OokU4x3WCIT1Q+o5lLEvIMCJe+nitMokLwXTO+X9d6MKy2S+AnnKfcjOo5FKBhFYw1tu+a5ZIAi4pq4jaZfG9pVp+6sRLbBLaAKhdpD+2swSlgW8RiZpFp7rpOin1OFgkm+qAwyzVPKpnTMPYMxNav8fHX5gtwYZ0TCRJkXI1m5vydyGmk9jwLTGVGc6M3a0vyv5mUYNv1cxGmGPGbrRWEmCSZkGQMZCcUZyrkBypQwtxI2oYoyNGFVTAju5pe3oduou4YfG9VWo4ijDFdwDbfgwh204AHa0AEGM3iGV3izcuvFerc+1q0lq5i5hD+yPn8A0YCRww==</latexit><latexit sha1_base64="GwNhdARjeSUjS0HEid7r0fNk3zQ=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8FEsAq7aUwZsLGMYC6wWcLsZDYZMnth5mwgLHkTGwtFbH0TO9/GSbKFJv4w8PGfczhn/iCVQqPjfFulnd29/YPyYeXo+OT0zD6/6OokU4x3WCIT1Q+o5lLEvIMCJe+nitMokLwXTO+X9d6MKy2S+AnnKfcjOo5FKBhFYw1tu+a5ZIAi4pq4jaZfG9pVp+6sRLbBLaAKhdpD+2swSlgW8RiZpFp7rpOin1OFgkm+qAwyzVPKpnTMPYMxNav8fHX5gtwYZ0TCRJkXI1m5vydyGmk9jwLTGVGc6M3a0vyv5mUYNv1cxGmGPGbrRWEmCSZkGQMZCcUZyrkBypQwtxI2oYoyNGFVTAju5pe3oduou4YfG9VWo4ijDFdwDbfgwh204AHa0AEGM3iGV3izcuvFerc+1q0lq5i5hD+yPn8A0YCRww==</latexit><latexit sha1_base64="GwNhdARjeSUjS0HEid7r0fNk3zQ=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8FEsAq7aUwZsLGMYC6wWcLsZDYZMnth5mwgLHkTGwtFbH0TO9/GSbKFJv4w8PGfczhn/iCVQqPjfFulnd29/YPyYeXo+OT0zD6/6OokU4x3WCIT1Q+o5lLEvIMCJe+nitMokLwXTO+X9d6MKy2S+AnnKfcjOo5FKBhFYw1tu+a5ZIAi4pq4jaZfG9pVp+6sRLbBLaAKhdpD+2swSlgW8RiZpFp7rpOin1OFgkm+qAwyzVPKpnTMPYMxNav8fHX5gtwYZ0TCRJkXI1m5vydyGmk9jwLTGVGc6M3a0vyv5mUYNv1cxGmGPGbrRWEmCSZkGQMZCcUZyrkBypQwtxI2oYoyNGFVTAju5pe3oduou4YfG9VWo4ijDFdwDbfgwh204AHa0AEGM3iGV3izcuvFerc+1q0lq5i5hD+yPn8A0YCRww==</latexit>

1 [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 ⇥ 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>

2 [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>

3 [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>

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>

Why GCN cannot model timing well?
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The RC net graph G is represented with:
• Node feature matrix X for each capacitance

• Path feature matrix H for each wire path

• Weighted adj. matrix A for each resistance

• Label matrix for real wire slew and delay

Node
Features

Path
Features

Weighted
Adj.

RC Graph: nodes, paths

Path 1

Path 2

10Yuyang Ye et al. (2023). “Fast and Accurate Wire Timing Estimation Based on Graph Learning”.
In: Proc. DATE.

Current Progress: Wire Timing [DATE’23]10
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Challenge 3: Netlist+Layout:
Multimodality



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

Manual 
Feature GNN CNN

Netlist+Layout: Multimodality
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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

Manual 
Feature GNN CNN CNN+ 

GNN

Netlist+Layout: Multimodality
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Endpoint-wise
Netlist Information 

Extraction

Placed 
Circuit

Endpoint Arrival Time 
Regression

Output

MLP

Endpoint-wise
Layout Information

Extraction

CLK

D Q

CLK

D Q vnvn

Endpoint-wise
Netlist

Embeddings

Endpoint-wise
Layout 

Embeddings

Endpoint Embeddings

• Customized GNN: extract information from netlists

• CNN with novel masking technique: extract information from layouts.

11Ziyi Wang, Siting Liu, et al. (2023). “Realistic Sign-off Timing Prediction via Multimodal Fusion”.
In: Proc. DAC.

GCN + CNN Flow [DAC’23]11
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Challenge 4: Constrained AIGC



Original Layout Patterns [ICCAD’20]

(a) (b) (c)

Generated Layout Patterns (Ours)

VLSI layout patterns provide critical resources in various designs for manufacturability
research, from early technology node development to back-end design and sign-off
flows[DAC’19]12.

12Haoyu Yang et al. (2019). “DeePattern: Layout pattern generation with transforming convolu-
tional auto-encoder”. In: DAC, pp. 1–6.

Layout Pattern Generation
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• Maybe No

• Gap between Discrete Rules and Continuous DNN Model

An End-to-End Learning Solution?
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Squish Pattern [US Patent’14]13

• Lossless and efficient representation method

• Encodes layout into pattern topology matrix and geometric information

• Problem #1: information density of each pixel is still not satisfactory

13Frank E Gennari and Ya-Chieh Lai (Sept. 2014). Topology design using squish patterns. US Patent
8,832,621.

Squish Pattern Representation
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Space Width Area 

Examples of DRC Rule

Finding legal distance vector for each topology

• Solving a Linear System (1D pattern) [DAC’19].

• Using Exist Distance Vector (2D pattern) [ICCAD’20]

• Problem #3: 2D pattern introduces non-linear constraint, hard to solve!

Pattern Legalization
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01 1
11 1
01 0
00 1 1

Real Pattern

0

0
0

1 1
0 1

1 1
0 1

0 1
0 00 1

1 1

Fold
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Discrete Diffusion Model
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14Zixiao Wang et al. (2023). “DiffPattern: Layout Pattern Generation via Discrete Diffusion”. In:
Proc. DAC.

Constrained AIGC [DAC’23]14
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1 When (machine learning integrated)

2 How (to solve unique challenges)

3 Future Direction

Outline
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R-CNN: Region-Based CNN

Input 
image

Girshick et al, “Rich feature hierarchies for accurate object detection and 
semantic segmentation”, CVPR 2014.
Figure copyright Ross Girshick, 2015; source. Reproduced with permission.

Slides from Justin Johnson

Machine Learning is to Fit A Function f (x)

How Machine Can Understand Picture?
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R-CNN: Region-Based CNN

Input
Regions of 
Interest (RoI)

image from a proposal
method (~2k) Girshick et al, “Rich feature hierarchies for accurate object detection and 

semantic segmentation”, CVPR 2014.
Figure copyright Ross Girshick, 2015; source. Reproduced with permission.

Slides from Justin Johnson

Machine Learning is to Fit A Function f (x)

How Machine Can Understand Picture?

34/38



R-CNN: Region-Based CNN

Warped image 
regions (224x224)

Regions of 
Interest (RoI) 
from a proposal
method (~2k)

Input 
image

Girshick et al, “Rich feature hierarchies for accurate object detection and 
semantic segmentation”, CVPR 2014.
Figure copyright Ross Girshick, 2015; source. Reproduced with permission.

Slides from Justin Johnson

Machine Learning is to Fit A Function f (x)

How Machine Can Understand Picture?
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R-CNN: Region-Based CNN

Conv  
Net

Conv  
Net

Conv  
Net

Class

Class
Class

Regions of 
Interest (RoI) 
from a proposal
method (~2k)

Input 
image

Forward each 
region through 
ConvNet

Warped image 
regions (224x224)

Classify each region

Slides from Justin Johnson

Machine Learning is to Fit A Function f (x)

How Machine Can Understand Picture?
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R-CNN: Region-Based CNN

Conv  
Net

Conv  
Net

Conv  
Net

Class

Class
Class

Regions of 
Interest (RoI) 
from a proposal
method (~2k)

Input 
image

Forward each 
region through 
ConvNet

Warped image 
regions (224x224)

Classify each region

Bbox
Bounding box regression:
Predict “transform” to correct the 
RoI: 4 numbers (tx, ty, th, tw)Bbox

Bbox

Slides from Justin Johnson

Machine Learning is to Fit A Function f (x)

How Machine Can Understand Picture?
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Machine Learning is to Fit A Function f (x)

How Machine Can Understand Text?
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• Combinatorial Problem (e.g. Coloring)

• Handling Complicated Rules

(a) Graph Coloring (b) Design Rule Checking

Challenges to AI
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EDA problems

AI Model?

Know the Boundary!
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EDA problems

AI Model?

Math 
Formualtion

Concrete 
Modeling

Dynamic 
Programming

Approximate 
Algorithm

SAT / SMT

LP / ILP

Min-cost Flow

Heuristic

Search based

Know the Boundary!
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THANK YOU!
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