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Parameter tuning is a daily bottleneck in implementation flows
• Hundreds of knobs across Synthesis→ Floorplan→ Placement→ Routing

• QoR is multi-objective: performance, power, area

• No analytic model; each evaluation requires running the flow

• Search space is enormous: up to 1070 combinations

We need automation that is sample-efficient and robust.
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Motivation: Parameter Tuning is Everywhere
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Flat vector modeling ignores flow direction
• Many methods treat parameters as an unordered vector

• They mainly learn correlations from observed runs

• But EDA flows are sequential pipelines, not symmetric functions

The parameter space has a latent stage-wise causal structure.

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>

...

Feature Extraction Exploration & Exploitation

Causality-aware 
Feature Extraction

Causal Structure

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>... Importance Sampling
Random Embedding

Flat Structure
Correlation:

Mean
Variance

Causality:
Intervention-guided  Uncertainty

Boundary Proximity Penalty
Front-end Interventional FilteringCausalTuner

Prior Works

Upper row: Prior works consider parameters as a flat structure and incorporate correlation only.
Lower row: CausalTuner leverages causal structure to guide feature extraction and sampling.
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What existing methods miss
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High-dimensional tool parameter tuning:

Definitions:
• Parameters: x ∈ X (high-dimensional; mixed discrete/continuous)

• QoR: y = f (x), expensive to evaluate via full EDA flow

• Goal: find Pareto-optimal configurations under limited budget

Pareto dominance: x1 ⪰ x2 if ∀m ∈ {1, . . . ,M}, fm(x1) ≤ fm(x2), and
∃k ∈ {1, . . . ,M}, fk(x1) < fk(x2)

6/24

Problem formulation
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Upstream decisions constrain downstream outcomes
• Synthesis choices shape netlist structure→ affects placement/routing difficulty

• Downstream stages rarely cause upstream outcomes (no reverse influence)

In implementation flows, influence is directional.
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Core insight: EDA flows have built-in causal direction
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CausalTuner Algorithm
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Partition parameters into stage blocks:

x = [x̂(1), . . . , x̂(K)], x̂(k) = [x(k)1 , . . . , x(k)nk ], (1)

SCM equations:

x̂(1) := f1(u1), x̂(2) := f2(x̂(1), u2), . . . x̂(K) := fK(x̂(K−1), uK),

y := fY(x̂(1), . . . , x̂(K), uy),
(2)

Upstream stages causally influence downstream stage parameter effects and final
QoR.
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Structural Causal Model (SCM) across Stages
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• Direct effect: P→ QoR
• Mediated effect: P→M → QoR (robust, invariant mediator)
• Confounding: P← C→ QoR (unstable, exogenous confounder)

Interventions eliminate confounding influence:
• Under do(P = p), incoming edges to P are removed→ confounding is isolated

This motivates intervention-guided selection and filtering.

<latexit sha1_base64="3+klv0Mps7WxFx5QoYQ2SwVBIQU=">AAAB9XicbVDLSgMxFL3js9ZX1aUgwSK4KjMuqjsLBXHZin1AW0smk2lDM5khyShl6NJ/cONCEbdu/QTX7vwGf8JM24W2Hgg5nHMvOTluxJnStv1lLSwuLa+sZtay6xubW9u5nd26CmNJaI2EPJRNFyvKmaA1zTSnzUhSHLicNtxBOfUbt1QqFoprPYxoJ8A9wXxGsDbSTdsNuaeGgbmSi1E3l7cL9hhonjhTkj//qH7fH7xfVbq5z7YXkjigQhOOlWo5dqQ7CZaaEU5H2XasaITJAPdoy1CBA6o6yTj1CB0ZxUN+KM0RGo3V3xsJDlQazUwGWPfVrJeK/3mtWPtnnYSJKNZUkMlDfsyRDlFaAfKYpETzoSGYSGayItLHEhNtisqaEpzZL8+T+knBKRaKVSdfKsMEGdiHQzgGB06hBJdQgRoQkPAAT/Bs3VmP1ov1OhldsKY7e/AH1tsPV2mW0A==</latexit>

F
<latexit sha1_base64="3+klv0Mps7WxFx5QoYQ2SwVBIQU=">AAAB9XicbVDLSgMxFL3js9ZX1aUgwSK4KjMuqjsLBXHZin1AW0smk2lDM5khyShl6NJ/cONCEbdu/QTX7vwGf8JM24W2Hgg5nHMvOTluxJnStv1lLSwuLa+sZtay6xubW9u5nd26CmNJaI2EPJRNFyvKmaA1zTSnzUhSHLicNtxBOfUbt1QqFoprPYxoJ8A9wXxGsDbSTdsNuaeGgbmSi1E3l7cL9hhonjhTkj//qH7fH7xfVbq5z7YXkjigQhOOlWo5dqQ7CZaaEU5H2XasaITJAPdoy1CBA6o6yTj1CB0ZxUN+KM0RGo3V3xsJDlQazUwGWPfVrJeK/3mtWPtnnYSJKNZUkMlDfsyRDlFaAfKYpETzoSGYSGayItLHEhNtisqaEpzZL8+T+knBKRaKVSdfKsMEGdiHQzgGB06hBJdQgRoQkPAAT/Bs3VmP1ov1OhldsKY7e/AH1tsPV2mW0A==</latexit>

F
<latexit sha1_base64="VqG83cteiDJHjsQGHkryboMgRPs=">AAAB9XicbVC7TsMwFL3hWcqrwIiEIiokpiphKGxU6sLYVvQhtaVyHKe16tiR7YCqqCP/wMIAQqysfAIzG9/AT+C0HaDlSJaPzrlXPj5exKjSjvNlLS2vrK6tZzaym1vbO7u5vf2GErHEpI4FE7LlIUUY5aSuqWakFUmCQo+Rpjcsp37zlkhFBb/Wo4h0Q9TnNKAYaSPddDzBfDUKzZXUxr1c3ik4E9iLxJ2R/OVH9fv+6L1W6eU+O77AcUi4xgwp1XadSHcTJDXFjIyznViRCOEh6pO2oRyFRHWTSeqxfWIU3w6ENIdre6L+3khQqNJoZjJEeqDmvVT8z2vHOrjoJpRHsSYcTx8KYmZrYacV2D6VBGs2MgRhSU1WGw+QRFiborKmBHf+y4ukcVZwi4Vi1c2XyjBFBg7hGE7BhXMowRVUoA4YJDzAEzxbd9aj9WK9TkeXrNnOAfyB9fYDaaWW3A==</latexit>

R
<latexit sha1_base64="VqG83cteiDJHjsQGHkryboMgRPs=">AAAB9XicbVC7TsMwFL3hWcqrwIiEIiokpiphKGxU6sLYVvQhtaVyHKe16tiR7YCqqCP/wMIAQqysfAIzG9/AT+C0HaDlSJaPzrlXPj5exKjSjvNlLS2vrK6tZzaym1vbO7u5vf2GErHEpI4FE7LlIUUY5aSuqWakFUmCQo+Rpjcsp37zlkhFBb/Wo4h0Q9TnNKAYaSPddDzBfDUKzZXUxr1c3ik4E9iLxJ2R/OVH9fv+6L1W6eU+O77AcUi4xgwp1XadSHcTJDXFjIyznViRCOEh6pO2oRyFRHWTSeqxfWIU3w6ENIdre6L+3khQqNJoZjJEeqDmvVT8z2vHOrjoJpRHsSYcTx8KYmZrYacV2D6VBGs2MgRhSU1WGw+QRFiborKmBHf+y4ukcVZwi4Vi1c2XyjBFBg7hGE7BhXMowRVUoA4YJDzAEzxbd9aj9WK9TkeXrNnOAfyB9fYDaaWW3A==</latexit>

RQoR

 

<latexit sha1_base64="12skXxZ61tmyxBjwdS8pRvtiO08=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsy4qO4s6MJlBfuAtpZMJtOGZpIhyShl6H+o4EIRt36HW3f+jZm2C209EHI4515ycvyYM21c99vJLS2vrK7l1wsbm1vbO8XdvYaWiSK0TiSXquVjTTkTtG6Y4bQVK4ojn9OmP7zI/OYdVZpJcWNGMe1GuC9YyAg2Vrrt+JIHehTZK62Ne8WSW3YnQIvEm5HS+edjhqdar/jVCSRJIioM4VjrtufGpptiZRjhdFzoJJrGmAxxn7YtFTiiuptOUo/RkVUCFEpljzBoov7eSHGks2h2MsJmoOe9TPzPaycmPOumTMSJoYJMHwoTjoxEWQUoYIoSw0eWYKKYzYrIACtMjC2qYEvw5r+8SBonZa9Srlx7peolTJGHAziEY/DgFKpwBTWoAwEFD/ACr8698+y8Oe/T0Zwz29mHP3A+fgBRS5eK</latexit>

P
<latexit sha1_base64="12skXxZ61tmyxBjwdS8pRvtiO08=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsy4qO4s6MJlBfuAtpZMJtOGZpIhyShl6H+o4EIRt36HW3f+jZm2C209EHI4515ycvyYM21c99vJLS2vrK7l1wsbm1vbO8XdvYaWiSK0TiSXquVjTTkTtG6Y4bQVK4ojn9OmP7zI/OYdVZpJcWNGMe1GuC9YyAg2Vrrt+JIHehTZK62Ne8WSW3YnQIvEm5HS+edjhqdar/jVCSRJIioM4VjrtufGpptiZRjhdFzoJJrGmAxxn7YtFTiiuptOUo/RkVUCFEpljzBoov7eSHGks2h2MsJmoOe9TPzPaycmPOumTMSJoYJMHwoTjoxEWQUoYIoSw0eWYKKYzYrIACtMjC2qYEvw5r+8SBonZa9Srlx7peolTJGHAziEY/DgFKpwBTWoAwEFD/ACr8698+y8Oe/T0Zwz29mHP3A+fgBRS5eK</latexit>

P

<latexit sha1_base64="tI2drprUuJ4W0t4HOpXswOGkOgY=">AAAB9XicbVC7TsMwFL3hWcqrwIiELCokpiphKGxU6sLYAn1Ibakcx2mtOk5kO6Aq6sg/sDCAECsrn8DMxjfwEzhtB2g5kuWjc+6Vj48bcaa0bX9ZC4tLyyurmbXs+sbm1nZuZ7euwlgSWiMhD2XTxYpyJmhNM81pM5IUBy6nDXdQTv3GLZWKheJaDyPaCXBPMJ8RrI1003ZD7qlhYK7katTN5e2CPQaaJ86U5M8/qt/3B++XlW7us+2FJA6o0IRjpVqOHelOgqVmhNNRth0rGmEywD3aMlTggKpOMk49QkdG8ZAfSnOERmP190aCA5VGM5MB1n0166Xif14r1v5ZJ2EiijUVZPKQH3OkQ5RWgDwmKdF8aAgmkpmsiPSxxESborKmBGf2y/OkflJwioVi1cmXyjBBBvbhEI7BgVMowQVUoAYEJDzAEzxbd9aj9WK9TkYXrOnOHvyB9fYDayqW3Q==</latexit>

S
<latexit sha1_base64="tI2drprUuJ4W0t4HOpXswOGkOgY=">AAAB9XicbVC7TsMwFL3hWcqrwIiELCokpiphKGxU6sLYAn1Ibakcx2mtOk5kO6Aq6sg/sDCAECsrn8DMxjfwEzhtB2g5kuWjc+6Vj48bcaa0bX9ZC4tLyyurmbXs+sbm1nZuZ7euwlgSWiMhD2XTxYpyJmhNM81pM5IUBy6nDXdQTv3GLZWKheJaDyPaCXBPMJ8RrI1003ZD7qlhYK7katTN5e2CPQaaJ86U5M8/qt/3B++XlW7us+2FJA6o0IRjpVqOHelOgqVmhNNRth0rGmEywD3aMlTggKpOMk49QkdG8ZAfSnOERmP190aCA5VGM5MB1n0166Xif14r1v5ZJ2EiijUVZPKQH3OkQ5RWgDwmKdF8aAgmkpmsiPSxxESborKmBGf2y/OkflJwioVi1cmXyjBBBvbhEI7BgVMowQVUoAYEJDzAEzxbd9aj9WK9TkYXrOnOHvyB9fYDayqW3Q==</latexit>

S

(a)

<latexit sha1_base64="OhvU2zqLZzJ55LDF9jg0uaC4BQA=">AAAB9XicbVC7TsMwFL0pr1JeBUYkFFEhMVUJQ2GjUhfGFtGH1JbKcZzWqmNHtgOqoo78AwsDCLGy8gnMbHwDP4HTdoCWI1k+Oude+fh4EaNKO86XlVlaXlldy67nNja3tnfyu3sNJWKJSR0LJmTLQ4owykldU81IK5IEhR4jTW9YSf3mLZGKCn6tRxHphqjPaUAx0ka66XiC+WoUmiupjnv5glN0JrAXiTsjhYuP2vf94ftVtZf/7PgCxyHhGjOkVNt1It1NkNQUMzLOdWJFIoSHqE/ahnIUEtVNJqnH9rFRfDsQ0hyu7Yn6eyNBoUqjmckQ6YGa91LxP68d6+C8m1AexZpwPH0oiJmthZ1WYPtUEqzZyBCEJTVZbTxAEmFtisqZEtz5Ly+SxmnRLRVLNbdQrsAUWTiAIzgBF86gDJdQhTpgkPAAT/Bs3VmP1ov1Oh3NWLOdffgD6+0HZpuW2g==</latexit>

P
<latexit sha1_base64="OhvU2zqLZzJ55LDF9jg0uaC4BQA=">AAAB9XicbVC7TsMwFL0pr1JeBUYkFFEhMVUJQ2GjUhfGFtGH1JbKcZzWqmNHtgOqoo78AwsDCLGy8gnMbHwDP4HTdoCWI1k+Oude+fh4EaNKO86XlVlaXlldy67nNja3tnfyu3sNJWKJSR0LJmTLQ4owykldU81IK5IEhR4jTW9YSf3mLZGKCn6tRxHphqjPaUAx0ka66XiC+WoUmiupjnv5glN0JrAXiTsjhYuP2vf94ftVtZf/7PgCxyHhGjOkVNt1It1NkNQUMzLOdWJFIoSHqE/ahnIUEtVNJqnH9rFRfDsQ0hyu7Yn6eyNBoUqjmckQ6YGa91LxP68d6+C8m1AexZpwPH0oiJmthZ1WYPtUEqzZyBCEJTVZbTxAEmFtisqZEtz5Ly+SxmnRLRVLNbdQrsAUWTiAIzgBF86gDJdQhTpgkPAAT/Bs3VmP1ov1Oh3NWLOdffgD6+0HZpuW2g==</latexit>

P

<latexit sha1_base64="LLJs+H5nZLe+twD93e658ld13RI=">AAAB9XicbVC7TsMwFL0pr1JeBUYkFFEhMVUJQ2GjUhfGFtGH1JbKcZzWqmNHtgOqoo78AwsDCLGy8gnMbHwDP4HTdoCWI1k+Oude+fh4EaNKO86XlVlaXlldy67nNja3tnfyu3sNJWKJSR0LJmTLQ4owykldU81IK5IEhR4jTW9YSf3mLZGKCn6tRxHphqjPaUAx0ka66XiC+WoUmiupjHv5glN0JrAXiTsjhYuP2vf94ftVtZf/7PgCxyHhGjOkVNt1It1NkNQUMzLOdWJFIoSHqE/ahnIUEtVNJqnH9rFRfDsQ0hyu7Yn6eyNBoUqjmckQ6YGa91LxP68d6+C8m1AexZpwPH0oiJmthZ1WYPtUEqzZyBCEJTVZbTxAEmFtisqZEtz5Ly+SxmnRLRVLNbdQrsAUWTiAIzgBF86gDJdQhTpgkPAAT/Bs3VmP1ov1Oh3NWLOdffgD6+0HUtqWzQ==</latexit>

C
<latexit sha1_base64="LLJs+H5nZLe+twD93e658ld13RI=">AAAB9XicbVC7TsMwFL0pr1JeBUYkFFEhMVUJQ2GjUhfGFtGH1JbKcZzWqmNHtgOqoo78AwsDCLGy8gnMbHwDP4HTdoCWI1k+Oude+fh4EaNKO86XlVlaXlldy67nNja3tnfyu3sNJWKJSR0LJmTLQ4owykldU81IK5IEhR4jTW9YSf3mLZGKCn6tRxHphqjPaUAx0ka66XiC+WoUmiupjHv5glN0JrAXiTsjhYuP2vf94ftVtZf/7PgCxyHhGjOkVNt1It1NkNQUMzLOdWJFIoSHqE/ahnIUEtVNJqnH9rFRfDsQ0hyu7Yn6eyNBoUqjmckQ6YGa91LxP68d6+C8m1AexZpwPH0oiJmthZ1WYPtUEqzZyBCEJTVZbTxAEmFtisqZEtz5Ly+SxmnRLRVLNbdQrsAUWTiAIzgBF86gDJdQhTpgkPAAT/Bs3VmP1ov1Oh3NWLOdffgD6+0HUtqWzQ==</latexit>

C

<latexit sha1_base64="0d8mxtU53UbtTy9eBBJDbhtAj/0=">AAAB9XicbVDLSgMxFL3js9ZX1aUgwSK4KjMuqjsL3bgRWrEPaGvJZDJtaCYzJBmlDF36D25cKOLWrZ/g2p3f4E+YabvQ1gMhh3PuJSfHjThT2ra/rIXFpeWV1cxadn1jc2s7t7NbV2EsCa2RkIey6WJFORO0ppnmtBlJigOX04Y7KKd+45ZKxUJxrYcR7QS4J5jPCNZGumm7IffUMDBXcjnq5vJ2wR4DzRNnSvLnH9Xv+4P3q0o399n2QhIHVGjCsVItx450J8FSM8LpKNuOFY0wGeAebRkqcEBVJxmnHqEjo3jID6U5QqOx+nsjwYFKo5nJAOu+mvVS8T+vFWv/rJMwEcWaCjJ5yI850iFKK0Aek5RoPjQEE8lMVkT6WGKiTVFZU4Iz++V5Uj8pOMVCserkS2WYIAP7cAjH4MAplOACKlADAhIe4AmerTvr0XqxXiejC9Z0Zw/+wHr7AWIMltc=</latexit>

M
<latexit sha1_base64="0d8mxtU53UbtTy9eBBJDbhtAj/0=">AAAB9XicbVDLSgMxFL3js9ZX1aUgwSK4KjMuqjsL3bgRWrEPaGvJZDJtaCYzJBmlDF36D25cKOLWrZ/g2p3f4E+YabvQ1gMhh3PuJSfHjThT2ra/rIXFpeWV1cxadn1jc2s7t7NbV2EsCa2RkIey6WJFORO0ppnmtBlJigOX04Y7KKd+45ZKxUJxrYcR7QS4J5jPCNZGumm7IffUMDBXcjnq5vJ2wR4DzRNnSvLnH9Xv+4P3q0o399n2QhIHVGjCsVItx450J8FSM8LpKNuOFY0wGeAebRkqcEBVJxmnHqEjo3jID6U5QqOx+nsjwYFKo5nJAOu+mvVS8T+vFWv/rJMwEcWaCjJ5yI850iFKK0Aek5RoPjQEE8lMVkT6WGKiTVFZU4Iz++V5Uj8pOMVCserkS2WYIAP7cAjH4MAplOACKlADAhIe4AmerTvr0XqxXiejC9Z0Zw/+wHr7AWIMltc=</latexit>

M

QoR

(b)

<latexit sha1_base64="LLJs+H5nZLe+twD93e658ld13RI=">AAAB9XicbVC7TsMwFL0pr1JeBUYkFFEhMVUJQ2GjUhfGFtGH1JbKcZzWqmNHtgOqoo78AwsDCLGy8gnMbHwDP4HTdoCWI1k+Oude+fh4EaNKO86XlVlaXlldy67nNja3tnfyu3sNJWKJSR0LJmTLQ4owykldU81IK5IEhR4jTW9YSf3mLZGKCn6tRxHphqjPaUAx0ka66XiC+WoUmiupjHv5glN0JrAXiTsjhYuP2vf94ftVtZf/7PgCxyHhGjOkVNt1It1NkNQUMzLOdWJFIoSHqE/ahnIUEtVNJqnH9rFRfDsQ0hyu7Yn6eyNBoUqjmckQ6YGa91LxP68d6+C8m1AexZpwPH0oiJmthZ1WYPtUEqzZyBCEJTVZbTxAEmFtisqZEtz5Ly+SxmnRLRVLNbdQrsAUWTiAIzgBF86gDJdQhTpgkPAAT/Bs3VmP1ov1Oh3NWLOdffgD6+0HUtqWzQ==</latexit>

C
<latexit sha1_base64="LLJs+H5nZLe+twD93e658ld13RI=">AAAB9XicbVC7TsMwFL0pr1JeBUYkFFEhMVUJQ2GjUhfGFtGH1JbKcZzWqmNHtgOqoo78AwsDCLGy8gnMbHwDP4HTdoCWI1k+Oude+fh4EaNKO86XlVlaXlldy67nNja3tnfyu3sNJWKJSR0LJmTLQ4owykldU81IK5IEhR4jTW9YSf3mLZGKCn6tRxHphqjPaUAx0ka66XiC+WoUmiupjHv5glN0JrAXiTsjhYuP2vf94ftVtZf/7PgCxyHhGjOkVNt1It1NkNQUMzLOdWJFIoSHqE/ahnIUEtVNJqnH9rFRfDsQ0hyu7Yn6eyNBoUqjmckQ6YGa91LxP68d6+C8m1AexZpwPH0oiJmthZ1WYPtUEqzZyBCEJTVZbTxAEmFtisqZEtz5Ly+SxmnRLRVLNbdQrsAUWTiAIzgBF86gDJdQhTpgkPAAT/Bs3VmP1ov1Oh3NWLOdffgD6+0HUtqWzQ==</latexit>

C

QoR

<latexit sha1_base64="0d8mxtU53UbtTy9eBBJDbhtAj/0=">AAAB9XicbVDLSgMxFL3js9ZX1aUgwSK4KjMuqjsL3bgRWrEPaGvJZDJtaCYzJBmlDF36D25cKOLWrZ/g2p3f4E+YabvQ1gMhh3PuJSfHjThT2ra/rIXFpeWV1cxadn1jc2s7t7NbV2EsCa2RkIey6WJFORO0ppnmtBlJigOX04Y7KKd+45ZKxUJxrYcR7QS4J5jPCNZGumm7IffUMDBXcjnq5vJ2wR4DzRNnSvLnH9Xv+4P3q0o399n2QhIHVGjCsVItx450J8FSM8LpKNuOFY0wGeAebRkqcEBVJxmnHqEjo3jID6U5QqOx+nsjwYFKo5nJAOu+mvVS8T+vFWv/rJMwEcWaCjJ5yI850iFKK0Aek5RoPjQEE8lMVkT6WGKiTVFZU4Iz++V5Uj8pOMVCserkS2WYIAP7cAjH4MAplOACKlADAhIe4AmerTvr0XqxXiejC9Z0Zw/+wHr7AWIMltc=</latexit>

M
<latexit sha1_base64="0d8mxtU53UbtTy9eBBJDbhtAj/0=">AAAB9XicbVDLSgMxFL3js9ZX1aUgwSK4KjMuqjsL3bgRWrEPaGvJZDJtaCYzJBmlDF36D25cKOLWrZ/g2p3f4E+YabvQ1gMhh3PuJSfHjThT2ra/rIXFpeWV1cxadn1jc2s7t7NbV2EsCa2RkIey6WJFORO0ppnmtBlJigOX04Y7KKd+45ZKxUJxrYcR7QS4J5jPCNZGumm7IffUMDBXcjnq5vJ2wR4DzRNnSvLnH9Xv+4P3q0o399n2QhIHVGjCsVItx450J8FSM8LpKNuOFY0wGeAebRkqcEBVJxmnHqEjo3jID6U5QqOx+nsjwYFKo5nJAOu+mvVS8T+vFWv/rJMwEcWaCjJ5yI850iFKK0Aek5RoPjQEE8lMVkT6WGKiTVFZU4Iz++V5Uj8pOMVCserkS2WYIAP7cAjH4MAplOACKlADAhIe4AmerTvr0XqxXiejC9Z0Zw/+wHr7AWIMltc=</latexit>

M

<latexit sha1_base64="arx5wClHKJ0ReL6QrRdXx2FOFw4=">AAAB+3icbVC9TsMwGHTKXyl/oQwMLBYVUlmqhKFlrMTCWCT6IzVV5ThOa9WxI9tBVFGegTdgYQAhVl6AR2DjRZhx2g7QcpLl0933yefzY0aVdpwvq7C2vrG5Vdwu7ezu7R/Yh+WOEonEpI0FE7LnI0UY5aStqWakF0uCIp+Rrj+5yv3uHZGKCn6rpzEZRGjEaUgx0kYa2uVAVD1fsEBNI3Olrex8aFecmjMDXCXuglSax8nHg1f9bg3tTy8QOIkI15ghpfquE+tBiqSmmJGs5CWKxAhP0Ij0DeUoImqQzrJn8MwoAQyFNIdrOFN/b6QoUnk2MxkhPVbLXi7+5/UTHV4OUsrjRBOO5w+FCYNawLwIGFBJsGZTQxCW1GSFeIwkwtrUVTIluMtfXiWdi5pbr9Vv3EqzAeYoghNwCqrABQ3QBNegBdoAg3vwCJ7Bi5VZT9ar9TYfLViLnSPwB9b7D8T4l/I=</latexit>

do(P )
<latexit sha1_base64="arx5wClHKJ0ReL6QrRdXx2FOFw4=">AAAB+3icbVC9TsMwGHTKXyl/oQwMLBYVUlmqhKFlrMTCWCT6IzVV5ThOa9WxI9tBVFGegTdgYQAhVl6AR2DjRZhx2g7QcpLl0933yefzY0aVdpwvq7C2vrG5Vdwu7ezu7R/Yh+WOEonEpI0FE7LnI0UY5aStqWakF0uCIp+Rrj+5yv3uHZGKCn6rpzEZRGjEaUgx0kYa2uVAVD1fsEBNI3Olrex8aFecmjMDXCXuglSax8nHg1f9bg3tTy8QOIkI15ghpfquE+tBiqSmmJGs5CWKxAhP0Ij0DeUoImqQzrJn8MwoAQyFNIdrOFN/b6QoUnk2MxkhPVbLXi7+5/UTHV4OUsrjRBOO5w+FCYNawLwIGFBJsGZTQxCW1GSFeIwkwtrUVTIluMtfXiWdi5pbr9Vv3EqzAeYoghNwCqrABQ3QBNegBdoAg3vwCJ7Bi5VZT9ar9TYfLViLnSPwB9b7D8T4l/I=</latexit>

do(P )

(c)

(a) Causal graph of the VLSI design flow from synthesis (S) to final QoR.
(b) Causal graph of placement parameters illustrating the roles of confounder (C) and mediator (M).
(c) Intervention on placement parameters eliminates confounder influence.
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Fit Causality-aware GP 
Model

Parameter
Space

Tech
Library

HDL
Codes

Constraint 
Files

Causality-aware 
Encoder Pretrain

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>

...

Trust Region
Initialization

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>

...

ELBO Loss

Causality-informed 
Feature  Extraction

Deep Matern Kernel

Marginal Likelihood 
Maximization

Thompson Sampling via 
Acquisition

Causal Intervention-
guided Uncertainty

Boundary Proximity 
Penalty

Estimated Hypervolume 
Improvement

Front-end Intervention- 
Filtered Evaluation

Front-end Evaluation

Non-dominated 
Selection

Back-end Evaluation

Update and Decision

Evaluated Parameters 
Updating

Trust Region Updating

Stop Criterion Check

Pareto-optimal 
Parameter Set

Power

Pe
rf

or
m

an
ce

Area

Preparation Causal Design Space Exploration

+

+

The overall flow of our CausalTuner framework.

1 Causality-aware feature extractor: hybrid causal attention

2 Deep kernel GP: surrogate on learned embeddings

3 Causal exploration: trust-region BO, boundary proximity penalty, front-end
intervention-filtered evaluation
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Challenge:
• Full attention: too unconstrained; ignores stage ordering
• Standard causal mask (triangular): too strict; blocks useful within-stage interactions

Solution: Hybrid causal attention
• Free attention within a stage
• Causal ordering across stages (later stages cannot attend to previous stages;

preserves hierarchy)

<latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1
<latexit sha1_base64="0qSiA+TXOQEOvRSqdJWQbG5jZ2U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AEMaNrA==</latexit>x2

<latexit sha1_base64="8ZTPrPfKchAK5gctMLgcZ+HsVfA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEkqNrQ==</latexit>x3
<latexit sha1_base64="BaMF3PkaAsnZA0xVzTPLAY+indM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE86Nrg==</latexit>x4

<latexit sha1_base64="e4VOlXH9grcpmGrJDzGLO/oO0WE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/di26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AFVKNrw==</latexit>x5
<latexit sha1_base64="9QHVrNiWfz9J3iAYHaeoOO5k9Og=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFa9aqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMW1o2w</latexit>x6

<latexit sha1_base64="4mi9t1cb2Rrojovw7Et5fnVQ9Lg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBDZkdZmHC7OxmptdICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+65FrI2L1gOOE+xEdKBEKRtFK90+9aq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXKVfuLku16yyOPJzAKZyDB1WowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8AGFqNsQ==</latexit>x7
<latexit sha1_base64="rxE71u1sitH+g9vzueWDWBSv8BQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY5ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE1b9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRdmrlCt3l6XadRZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGd6Nsg==</latexit>x8

<latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1
<latexit sha1_base64="0qSiA+TXOQEOvRSqdJWQbG5jZ2U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AEMaNrA==</latexit>x2
<latexit sha1_base64="8ZTPrPfKchAK5gctMLgcZ+HsVfA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEkqNrQ==</latexit>x3
<latexit sha1_base64="BaMF3PkaAsnZA0xVzTPLAY+indM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE86Nrg==</latexit>x4
<latexit sha1_base64="e4VOlXH9grcpmGrJDzGLO/oO0WE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/di26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AFVKNrw==</latexit>x5
<latexit sha1_base64="9QHVrNiWfz9J3iAYHaeoOO5k9Og=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFa9aqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMW1o2w</latexit>x6
<latexit sha1_base64="4mi9t1cb2Rrojovw7Et5fnVQ9Lg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBDZkdZmHC7OxmptdICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+65FrI2L1gOOE+xEdKBEKRtFK90+9aq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXKVfuLku16yyOPJzAKZyDB1WowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8AGFqNsQ==</latexit>x7
<latexit sha1_base64="rxE71u1sitH+g9vzueWDWBSv8BQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY5ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE1b9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRdmrlCt3l6XadRZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGd6Nsg==</latexit>x8

(a)

<latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1
<latexit sha1_base64="0qSiA+TXOQEOvRSqdJWQbG5jZ2U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AEMaNrA==</latexit>x2

<latexit sha1_base64="8ZTPrPfKchAK5gctMLgcZ+HsVfA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEkqNrQ==</latexit>x3
<latexit sha1_base64="BaMF3PkaAsnZA0xVzTPLAY+indM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE86Nrg==</latexit>x4

<latexit sha1_base64="e4VOlXH9grcpmGrJDzGLO/oO0WE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/di26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AFVKNrw==</latexit>x5
<latexit sha1_base64="9QHVrNiWfz9J3iAYHaeoOO5k9Og=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFa9aqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMW1o2w</latexit>x6

<latexit sha1_base64="4mi9t1cb2Rrojovw7Et5fnVQ9Lg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBDZkdZmHC7OxmptdICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+65FrI2L1gOOE+xEdKBEKRtFK90+9aq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXKVfuLku16yyOPJzAKZyDB1WowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8AGFqNsQ==</latexit>x7
<latexit sha1_base64="rxE71u1sitH+g9vzueWDWBSv8BQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY5ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE1b9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRdmrlCt3l6XadRZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGd6Nsg==</latexit>x8

<latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1
<latexit sha1_base64="0qSiA+TXOQEOvRSqdJWQbG5jZ2U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AEMaNrA==</latexit>x2
<latexit sha1_base64="8ZTPrPfKchAK5gctMLgcZ+HsVfA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEkqNrQ==</latexit>x3
<latexit sha1_base64="BaMF3PkaAsnZA0xVzTPLAY+indM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE86Nrg==</latexit>x4
<latexit sha1_base64="e4VOlXH9grcpmGrJDzGLO/oO0WE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/di26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AFVKNrw==</latexit>x5
<latexit sha1_base64="9QHVrNiWfz9J3iAYHaeoOO5k9Og=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFa9aqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMW1o2w</latexit>x6
<latexit sha1_base64="4mi9t1cb2Rrojovw7Et5fnVQ9Lg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBDZkdZmHC7OxmptdICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+65FrI2L1gOOE+xEdKBEKRtFK90+9aq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjlT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXKVfuLku16yyOPJzAKZyDB1WowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8AGFqNsQ==</latexit>x7
<latexit sha1_base64="rxE71u1sitH+g9vzueWDWBSv8BQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY5ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE1b9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRdmrlCt3l6XadRZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGd6Nsg==</latexit>x8

(b)

<latexit sha1_base64="P4GArwQ3oaXEfJT4toixLcIzE8A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEPQo2r</latexit>x1
<latexit sha1_base64="0qSiA+TXOQEOvRSqdJWQbG5jZ2U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AEMaNrA==</latexit>x2

<latexit sha1_base64="8ZTPrPfKchAK5gctMLgcZ+HsVfA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/d826x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AEkqNrQ==</latexit>x3
<latexit sha1_base64="BaMF3PkaAsnZA0xVzTPLAY+indM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AE86Nrg==</latexit>x4
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(c)

Comparison of different attention patterns. A blue cell at row i, column j indicates that parameter xi

can attend to xj while white cells indicate no attention. 12/24

Causality-aware Feature Extraction
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Attention formula:

AttHC(Q,K,V) = softmax(Mca ⊙ (QK⊤)/
√

d)V (3)

Mask matrix:

Mca =


1n1×n1 0n1×n2 · · · 0n1×nK

1n2×n1 1n2×n2 · · · 0n2×nK
...

...
. . .

...
1nK×n1 1nK×n2 · · · 1nK×nK

 , (4)

stage k cannot attend to stages ≤ k, and fully within its own stage.
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Hybrid Causal Attention
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Goal: learn the causal representation: x→ z
Learning Objective:

L(ϕ; x) = Ez∼qϕ(z|x,u)[log pθ(x|z, u)] +DKL(qϕ(z|x, u)||p(z|u)), (5)

• Standard Gaussian prior p(z|u) = N (0, I) at initialization

• Pretraining done once on sampled valid design points; reused across benchmarks in
same space
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Pretraining Encoder for Generalizable Causal Embeddings
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Deep kernel definition:

k̃ϕ(x, x′) = κ5/2
(∥∥hϕ(x)− hϕ(x′)

∥∥
2

)
, (6)

• hϕ(·): pretrained hybrid-causal encoder

• κ5/2(r): Matérn-5/2 kernel

• Benefit: improved expressiveness + calibrated uncertainty in high-dim space
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Deep Kernel Gaussian Process (DKGP)
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We score candidates by predicted hypervolume improvement:
Hypervolume (HV) definition:

HVyref (P(y)) = λM(∪y∈P(y)[y, yref ]). (7)

Hypervolume Improvement (HVI) definition:

HVI(ŷ∗|P(y), yref ) = HVyref (P(y ∪ ŷ∗))−HVyref (P(y)) (8)

• ŷ∗: GP predicted QoR for sampled x∗
• P(y): current Pareto set

• yref : reference point used for HV
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Acquisition Objective
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BO may oversample near bounds where uncertainty is high but solutions are
unstable/infeasible.
For normalized x ∈ [0, 1]d, define di = min(xi, 1− xi)
Boundary proximity penalty:

BP(x) =
d∑

i=1

exp

(
− d2

i
σ2

)
, (9)

Composite score function:

Score(x∗) = HVI(ŷ∗|P(y), yref )− α · BP(x∗). (10)

Soft discouragement improves stability without hard constraints.
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Boundary Proximity Penalty
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Key Insight: Treat front-end results as soft interventions to filter poor
configurations early.
Process:

1 Sample 2b candidates via Thompson sampling

2 Do lightweight front-end evaluation for all 2b samples

3 Select top b samples based on score and objective-space diversity

4 Only top b proceed to expensive back-end / full-flow evaluation
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Front-end Intervention-filtered Evaluation
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Experimental Results
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Flows and tools:
• VLSI design flow based on Cadence Genus and Innovus (version 17.1)

• 134 parameters across four EDA stages—synthesis, floorplan, placement, and routing

• RISCV32I and Rocket benchmarks

Table: Examples of the flow parameters.

Stage (#Params) Parameter Name Range or Options

Synthesis (105)
auto partition false/true
synthesis general effort medium/low/high/express/none
synthesis map effort high/low/medium/express/none

Floorplan (7)
aspect ratio 0.5-2.0
core margin 1.0-5.0

Placement (13)

global timing effort medium/high
global congestion effort low/medium/high
pre-placement optimization false/true
wireclength optimization none/medium/high

Routing (9)
timing driven false/true
via driven false/true
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Experimental Setup
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Experimental Results
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(a) Comparison of hypervolume progression over iterations on RISCV32I benchmark. (b) The
runtime comparison on RISCV32I benchmark.

• Starts weaker but overtakes baselines around iteration 100

• Continues improving towards best final hypervolume
22/24

Convergence and Runtime
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• CausalTuner injects stage-wise causal structure into representation and BO Process

• Hybrid causal attention + DKGP improves modeling and uncertainty

• Penalty and intervention-filtered evaluation improves stability and efficiency

Causality is not just interpretability—it measurably improves high-dimensional
EDA parameter tuning.
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Conclusion
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THANK YOU!

24/24


	Introduction
	CausalTuner Algorithm
	Experimental Results

