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The effect of mask optimization.
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Background: Mask Optimization



• Supervised learning based method
• Generative method1: image generation task
• Regressive method2: learns from segment offset from other OPC engines
* Potential performance limitation due to dependency on pre-collected dataset

• Reinforcement learning based method3

1Haoyu Yang, Shuhe Li, et al. (2018). “GAN-OPC: Mask Optimization with
Lithography-guided Generative Adversarial Nets”. In: Proc. DAC, 131:1–131:6.

2Tetsuaki Matsunawa, Bei Yu, and David Z. Pan (2015). “Optical proximity correction with
hierarchical Bayes model”. In: Proc. SPIE. vol. 9426.

3Xiaoxiao Liang et al. (2023). “RL-OPC: Mask Optimization With Deep Reinforcement
Learning”. In: IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems.
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Background: Deep Learning-based OPC



Reinforcement Learning
Reinforcement Learning investigates how intelligent agents makes sequential
decisions and interacts with RL environment to fetch the scores of the latest decision.
Objective: maximize accumulative reward

RL overview4.

4Xiaoxiao Liang et al. (2023). “RL-OPC: Mask Optimization With Deep Reinforcement
Learning”. In: IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems.
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Background: Deep Learning-based OPC



• RL-OPC5: encodes the local feature as input, decides segment movements, learns
the mapping from mask updating to mask quality improvement.
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Loss calculation
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Gradient

RL-OPC flow.

5Xiaoxiao Liang et al. (2023). “RL-OPC: Mask Optimization With Deep Reinforcement
Learning”. In: IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 6 / 19

Background: Deep Learning-based OPC



• Observations:
• Distinct masks may yield similar contours:

Wafer

Mask
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Insights



• Light proximity effect: in the
lithography process, the local light
intensity is determined by mask
patterns within a larger
neighborhood.

Z(x, y) = foptical(M)

• Consistent with the fact that the
forward lithography process can
be approximated by
convolutional operations.

Mask

Projection 
Lens

Wafer

(x, y)

M
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Insights



• Regression-based OPC and RL-OPC decide segment movement solely by
analyzing its local features - frequent mask evaluation

• Enlarged solution space: effects of the neighboring segments’ movements are
neglected.

• Motivation:
• Based on observations, consider the neighboring segments as spatially
correlated.

• When processing multiple segments, regard them as coordinated in fixing
the contour displacement.
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Gap



• Regression-based OPC and RL-OPC decide segment movement solely by
analyzing its local features - frequent mask evaluation

• Enlarged solution space: effects of the neighboring segments’ movements are
neglected.

• Motivation:
• Based on observations, consider the neighboring segments as spatially
correlated.

• When processing multiple segments, regard them as coordinated in fixing
the contour displacement.
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Gap



• State: layout geometrical information, encoded by squish pattern6;

• Action: inward / outward movement for individual segment;

• Reward: the mask quality improvement after mask updating in each iteration:

rt =
|EPEt| − |EPEt+1|

|EPEt|+ ε
+ β

PVBt − PVBt+1

PVBt
. (1)

6Haoyu Yang, Piyush Pathak, et al. (2019). “Detecting multi-layer layout hotspots with
adaptive squish patterns”. In: Proc. ASPDAC, pp. 299–304.
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Method: RL Preparation



• Graph Neural Network (GNN): after segmentation, formulate the layout into a
graph, fuse the node features along the graph edges.

• Vertices: each individual segment;
• Graph edges: determined by segments distance;
• Node features: encoded neighborhood of each segment.

• Recurrent Neural Network (RNN): sequentially processes the input embeddings
and recurrently records the historical contexts for deciding future incoming
segments.
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Method: RL Decision Network



• Two attempts for capturing the spatial correlation:
• Graph encoding & feature fusing: graph edges determined by proximity
• Sequential decision using RNN, coordinately considers segments movements
on the fly

Policy
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Calculate policy gradient
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PVBt

The correlation-aware mask updating framework.
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Method: Correlation-aware Decision Framework



• Observations:
• Solution space explosively grows with complex layout
• A purely data-driven learning scheme may not be efficient enough
• Fluctuated mask quality

The EPE curve fluctuates on complex layout.

• Solution: integration of OPC domain knowledge for RL guidance.
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Method: OPC-inspired RL Modulator



• OPC principle: reduce the gap between light intensity and the threshold at target
pattern edges.

• Example: Large inner EPE→ Intensity lacking→more light needed→may
prefer outward movement; vice versa.
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Method: OPC-inspired RL Modulator



• Design a modulator to modulate the likelihood of each movement being selected
when deciding single segment.

• Based on the current EPE at each segment, generates a vector using a projector,
formulate its preference towards each movement:
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0
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<latexit sha1_base64="YOcOH8HoNeXdJGwq+XLwL4jL1V4=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKURwIbMjs0MGF2djMzayQbPsGLB43x6hd5828cYA8KVtJJpao73V1BLLg2rvvt5JaWV1bX8uuFjc2t7Z3i7l5dR4liWGORiFQzoBoFl1gz3AhsxgppGAhsBMObid94RKV5JB/MKEY/pH3Je5xRY6X7p85pp1hyy+4UZJF4GSlBhmqn+NXuRiwJURomqNYtz42Nn1JlOBM4LrQTjTFlQ9rHlqWShqj9dHrqmBxZpUt6kbIlDZmqvydSGmo9CgPbGVIz0PPeRPzPayWmd+WnXMaJQclmi3qJICYik79JlytkRowsoUxxeythA6ooMzadgg3Bm395kdRPyt5F+fzurFS5zuLIwwEcwjF4cAkVuIUq1IBBH57hFd4c4bw4787HrDXnZDP78AfO5w8R+I2s</latexit>x3

<latexit sha1_base64="8UpoiBKDQy1ebImR6Sofwbp1N9s=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo5ELx4xyiOBDZkdGpgwO7uZmTWSDZ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPRzdRvPqLSPJIPZhyjH9KB5H3OqLHS/VO30i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNs7J3UT6/q5Sq11kceTiCYzgFDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBE3yNrQ==</latexit>x4
<latexit sha1_base64="mVWBEP0G/avafuduSB7NRu2Cp+E=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNqEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/dSrdYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/yU6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5PGWdm7KFfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AFQCNrg==</latexit>x5

For positive EPE

<latexit sha1_base64="cT3z+/LKf/DKKyfnnlxX1lOJRwc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivdPfa8XrniVt0ZyF/i5aQCOeq98me3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JklT4JY2VLGjJTf05kNNJ6HAW2M6JmqBe9qfif10lNeOlnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb78lzRPqt559ez2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcO8I2q</latexit>x1
<latexit sha1_base64="WQ1eUAu1DD8mx6Eo/k6Syc0haI4=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0eM8khgQ2aHBibMzm5mZo1kwyd48aAxXv0ib/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0M/Wbj6g0j+SDGcfoh3QgeZ8zaqx0/9StdIslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+ld+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvYuyud3Z6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8AEHSNqw==</latexit>x2

<latexit sha1_base64="YOcOH8HoNeXdJGwq+XLwL4jL1V4=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKURwIbMjs0MGF2djMzayQbPsGLB43x6hd5828cYA8KVtJJpao73V1BLLg2rvvt5JaWV1bX8uuFjc2t7Z3i7l5dR4liWGORiFQzoBoFl1gz3AhsxgppGAhsBMObid94RKV5JB/MKEY/pH3Je5xRY6X7p85pp1hyy+4UZJF4GSlBhmqn+NXuRiwJURomqNYtz42Nn1JlOBM4LrQTjTFlQ9rHlqWShqj9dHrqmBxZpUt6kbIlDZmqvydSGmo9CgPbGVIz0PPeRPzPayWmd+WnXMaJQclmi3qJICYik79JlytkRowsoUxxeythA6ooMzadgg3Bm395kdRPyt5F+fzurFS5zuLIwwEcwjF4cAkVuIUq1IBBH57hFd4c4bw4787HrDXnZDP78AfO5w8R+I2s</latexit>x3
<latexit sha1_base64="8UpoiBKDQy1ebImR6Sofwbp1N9s=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo5ELx4xyiOBDZkdGpgwO7uZmTWSDZ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPRzdRvPqLSPJIPZhyjH9KB5H3OqLHS/VO30i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNs7J3UT6/q5Sq11kceTiCYzgFDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBE3yNrQ==</latexit>x4

<latexit sha1_base64="mVWBEP0G/avafuduSB7NRu2Cp+E=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNqEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/dSrdYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/yU6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5PGWdm7KFfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AFQCNrg==</latexit>x5 0

<latexit sha1_base64="auy5FSlrF3bd1O2VVMffdIc0G8Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQAh4jmgckS5idTJIhs7PLTK8QlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGt1O/+cS1EZF6xHHM/ZAOlOgLRtFKD9VatVssuWV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons1Ak5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/7qVBxglyx+aJ+IglGZPo36QnNGcqxJZRpYW8lbEg1ZWjTKdgQvMWXl0njrOxdli/uz0uVmyyOPBzBMZyCB1dQgTuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AyLSNfA==</latexit>

EPE

For negative EPE

<latexit sha1_base64="eIRfKeFPCdXK9dXb7AFubq7lzL4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGMA9IljA7O5sMmZ1ZZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7goQzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpapIrRJJJeqE2BNORO0aZjhtJMoiuOA03Ywup367SeqNJPiwYwT6sd4IFjECDZW6kTVHgmlOe2XK27NnQEtEy8nFcjR6Je/eqEkaUyFIRxr3fXcxPgZVoYRTielXqppgskID2jXUoFjqv1sdu8EnVglRJFUtoRBM/X3RIZjrcdxYDtjbIZ60ZuK/3nd1ETXfsZEkhoqyHxRlHJkJJo+j0KmKDF8bAkmitlbERlihYmxEZVsCN7iy8ukdVbzLmsX9+eV+k0eRxGO4Biq4MEV1OEOGtAEAhye4RXenEfnxXl3PuatBSefOYQ/cD5/AGZOj5E=</latexit>

f(·)
<latexit sha1_base64="tlM7l+3Olzx0HTBSV4fgWliwxcE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9LzeuWKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieO1nQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AECwI2i</latexit>p1

<latexit sha1_base64="G5j5u3yH3aE7qDdfJgrUEB5+kQY=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JL1qr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvsZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14l1WLu7Py7WbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEERI2j</latexit>p2

<latexit sha1_base64="OosA13sAO5ZPFHSNlMCZU3iaK/Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga9eIxoHpAsYXbSmwyZnV1mZoWw5BO8eFDEq1/kzb9xkuxBowUNRVU33V1BIrg2rvvlFJaWV1bXiuuljc2t7Z3y7l5Tx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaObqd96RKV5LB/MOEE/ogPJQ86osdJ90jvtlStu1Z2B/CVeTiqQo94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m506IUdW6ZMwVrakITP150RGI63HUWA7I2qGetGbiv95ndSEV37GZZIalGy+KEwFMTGZ/k36XCEzYmwJZYrbWwkbUkWZsemUbAje4st/SfOk6l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAxgM4Ale4NURzrPz5rzPWwtOPrMPv+B8fAMFyI2k</latexit>p3
<latexit sha1_base64="6bkZ6cp3jOw8DmY3G7o/9NZvIfM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6SHrnvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcHTI2l</latexit>p4

<latexit sha1_base64="V9UT0BAACwRgw/r8j29mdpZvcbM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfdKv9csVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5FtXZ3Xqlf53EU4QiO4RQ8uIQ63EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsI0I2m</latexit>p5
<latexit sha1_base64="tlM7l+3Olzx0HTBSV4fgWliwxcE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9LzeuWKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieO1nQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AECwI2i</latexit>p1
<latexit sha1_base64="G5j5u3yH3aE7qDdfJgrUEB5+kQY=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JL1qr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvsZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14l1WLu7Py7WbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEERI2j</latexit>p2

<latexit sha1_base64="OosA13sAO5ZPFHSNlMCZU3iaK/Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga9eIxoHpAsYXbSmwyZnV1mZoWw5BO8eFDEq1/kzb9xkuxBowUNRVU33V1BIrg2rvvlFJaWV1bXiuuljc2t7Z3y7l5Tx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaObqd96RKV5LB/MOEE/ogPJQ86osdJ90jvtlStu1Z2B/CVeTiqQo94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m506IUdW6ZMwVrakITP150RGI63HUWA7I2qGetGbiv95ndSEV37GZZIalGy+KEwFMTGZ/k36XCEzYmwJZYrbWwkbUkWZsemUbAje4st/SfOk6l1Uz+/OKrXrPI4iHMAhHIMHl1CDW6hDAxgM4Ale4NURzrPz5rzPWwtOPrMPv+B8fAMFyI2k</latexit>p3

<latexit sha1_base64="6bkZ6cp3jOw8DmY3G7o/9NZvIfM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6SHrnvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcHTI2l</latexit>p4

<latexit sha1_base64="V9UT0BAACwRgw/r8j29mdpZvcbM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfdKv9csVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5FtXZ3Xqlf53EU4QiO4RQ8uIQ63EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsI0I2m</latexit>p5

(a) (b)

The projection function to derive the modulator for each segment by their EPE.
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Method: OPC-inspired RL Modulator



• Modulator: generates preference vector, element-wise multiplies with policy’s
prediction

Policy <latexit sha1_base64="kANI2o35xGElKmkBa1KeMjemZDk=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyURX8uqG5cV7AOaECbTSTt08mDmRilpP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufcePxFcgWV9G4WV1bX1jeJmaWt7Z3fPLO+3VJxKypo0FrHs+EQxwSPWBA6CdRLJSOgL1vaHt1O//cik4nH0AKOEuSHpRzzglICWPLPsJNxzYMCAVK/HyoMTz6xYNWsGvEzsnFRQjoZnfjm9mKYhi4AKolTXthJwMyKBU8EmJSdVLCF0SPqsq2lEQqbcbHb6BB9rpYeDWOqKAM/U3xMZCZUahb7uDAkM1KI3Ff/zuikEV27GoyQFFtH5oiAVGGI8zQH3uGQUxEgTQiXXt2I6IJJQ0GmVdAj24svLpHVasy9q5/dnlfpNHkcRHaIjVEU2ukR1dIcaqIkoekLP6BW9GWPjxXg3PuatBSOfOUB/YHz+ANCZk7k=</latexit>

⇡✓(A|st)

Lithography 
simulatorSampling

<latexit sha1_base64="Pylle28vtwfDq+2h9meD0UZpbJQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA+1hr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mpE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZ/k36QnOGcmwJZVrYWwkbUk0Z2nRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1oKTzxzCHzifP1FyjdY=</latexit>at

Calculate policy gradient

<latexit sha1_base64="aa7AgMsn2ODySFhKWLEQBQTelGM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz8RXR+HHGm3XHGr7gxkmXg5qUCOerf85fdilkZcIZPUmI7nJhhkVKNgkk9Kfmp4QtmIDnjHUkUjboJsdvGEnFilR/qxtqWQzNTfExmNjBlHoe2MKA7NojcV//M6Kfavg0yoJEWu2HxRP5UEYzJ9n/SE5gzl2BLKtLC3EjakmjK0IZVsCN7iy8ukeVb1LqsX9+eV2k0eRxGO4BhOwYMrqMEd1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8fq02Q7g==</latexit>⇡✓

<latexit sha1_base64="okSflD1PcKLejeQmuAlJLub8Bt4=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdQx68RjBPCC7hN7JbDJkdnad6Q2EkO/w4kERr36MN//GSbIHTSxoKKq66e4KUykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJsk043WWyES3QjBcCsXrKFDyVqo5xKHkzXBwN/WbQ66NSNQjjlIexNBTIhIM0EqBryCU0PGxzxE6pbJbcWegy8TLSZnkqHVKX343YVnMFTIJxrQ9N8VgDBoFk3xS9DPDU2AD6PG2pQpiboLx7OgJPbVKl0aJtqWQztTfE2OIjRnFoe2MAftm0ZuK/3ntDKObYCxUmiFXbL4oyiTFhE4ToF2hOUM5sgSYFvZWyvqggaHNqWhD8BZfXiaN84p3Vbl8uChXb/M4CuSYnJAz4pFrUiX3pEbqhJEn8kxeyZszdF6cd+dj3rri5DNH5A+czx/jGZIx</latexit>r✓

<latexit sha1_base64="s4TqbkwMUm5DQpV/A2lOI/hg0Xs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSg+5hr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mpE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZ/k36QnOGcmwJZVrYWwkbUk0Z2nRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1oKTzxzCHzifP2tYjec=</latexit>rt Calculate 
Reward
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<latexit sha1_base64="oJtmmLKNs6+ZDra7pinwI7NhPTg=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5ZEfC2LUnBZwT6gDWEynbZDJ5MwMxFqyJe4caGIWz/FnX/jtM1CWw9cOJxzL/feE8ScKe0431ZhZXVtfaO4Wdra3tkt23v7LRUlktAmiXgkOwFWlDNBm5ppTjuxpDgMOG0H49up336kUrFIPOhJTL0QDwUbMIK1kXy7nPZkiOqNeuan+tTNfLviVJ0Z0DJxc1KBHA3f/ur1I5KEVGjCsVJd14m1l2KpGeE0K/USRWNMxnhIu4YKHFLlpbPDM3RslD4aRNKU0Gim/p5IcajUJAxMZ4j1SC16U/E/r5vowbWXMhEnmgoyXzRIONIRmqaA+kxSovnEEEwkM7ciMsISE22yKpkQ3MWXl0nrrOpeVi/uzyu1mzyOIhzCEZyAC1dQgztoQBMIJPAMr/BmPVkv1rv1MW8tWPnMAfyB9fkD7YOSoQ==</latexit>

EPEt�1

<latexit sha1_base64="juO6YaSK/xNK6/DZRZ4oAIMqwXk=">AAAB8nicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgxKwGMEs8BkCD2dTtKkl6G7RghDPsOLB0W8+jXe/Bs7yRw0+qDg8V4VVfXiRHALvv/lFVZW19Y3ipulre2d3b3y/kHL6tRQ1qRaaNOJiWWCK9YEDoJ1EsOIjAVrx+Pbmd9+ZMZyrR5gkrBIkqHiA04JOCnMukbieqM+7UGvXPGr/hz4LwlyUkE5Gr3yZ7evaSqZAiqItWHgJxBlxACngk1L3dSyhNAxGbLQUUUks1E2P3mKT5zSxwNtXCnAc/XnREaktRMZu05JYGSXvZn4nxemMLiOMq6SFJiii0WDVGDQePY/7nPDKIiJI4Qa7m7FdEQMoeBSKrkQguWX/5LWWTW4rF7cn1dqN3kcRXSEjtEpCtAVqqE71EBNRJFGT+gFvXrgPXtv3vuiteDlM4foF7yPb8lakPI=</latexit>

EPEt
<latexit sha1_base64="HWNKRsxQxHJ32sosEoa9FLwEhPw=">AAAB8nicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgzx4jGCWWAyhJ5OJ2nSy9BdI4Qhn+HFgyJe/Rpv/o2dZA6a+KDg8V4VVfXiRHALvv/tFdbWNza3itulnd29/YPy4VHL6tRQ1qRaaNOJiWWCK9YEDoJ1EsOIjAVrx+O7md9+YsZyrR5hkrBIkqHiA04JOCnMukbiRqs+7UGvXPGr/hx4lQQ5qaAcjV75q9vXNJVMARXE2jDwE4gyYoBTwaalbmpZQuiYDFnoqCKS2SibnzzFZ07p44E2rhTgufp7IiPS2omMXackMLLL3kz8zwtTGNxGGVdJCkzRxaJBKjBoPPsf97lhFMTEEUINd7diOiKGUHAplVwIwfLLq6R1UQ2uq1cPl5VaPY+jiE7QKTpHAbpBNXSPGqiJKNLoGb2iNw+8F+/d+1i0Frx85hj9gff5A97YkQA=</latexit>

PVBt

The CAMO framework
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Methodology: CAMO Framework



• Experimental settings:
• Dataset: via & metal layer cases

• Via: 2µm× 2µm clips, # vias 2 to
6

• Metal: 1.5µm× 1.5µm clips, by
OpenROAD, standard cells from
NanGate 45nm PDK

• EPE measurement: 60nm evenly
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Results: Numerical Comparisons



(a) (b)

The EPE trajectories of two testcases, (a) without modulator, and (b) with modulator.
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Results: Modulator Effectiveness
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