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Abstract

While model serving has unlocked unprecedented capabilities, the high cost of
serving large-scale models continues to be a significant barrier to widespread ac-
cessibility and rapid innovation. Compiler optimizations have long driven sub-
stantial performance improvements, but existing compilers struggle with neural
workloads due to the exponentially large and highly interdependent space of pos-
sible transformations. Although existing stochastic search techniques can be ef-
fective, they are often sample-inefficient and fail to leverage the structural context
underlying compilation decisions. We set out to investigate the research question
of whether reasoning with large language models (LLMs), without any retrain-
ing, can leverage the context-aware decision space of compiler optimizations to
significantly improve sample efficiency. To that end, we introduce a novel compi-
lation framework (dubbed REASONING COMPILER) that formulates optimization
as a sequential, context-aware decision process guided by a large language model
and structured Monte Carlo tree search (MCTS). The LLM acts as a proposal
mechanism, suggesting hardware-informed transformations that reflect the cur-
rent program state and accumulated performance feedback. MCTS incorporates
the LLM-generated proposals to balance exploration and exploitation, facilitating
a structured, context-sensitive traversal of the expansive compiler optimization
space. By achieving substantial speedups with markedly fewer samples than lead-
ing neural compilers, our approach demonstrates the potential of LLM-guided
reasoning to transform the landscape of compiler optimization.1

1 Introduction

The rise of model serving for LLMs, diffusion models, and other neural models has enabled a new
class of intelligent systems, driving transformative applications in healthcare, education, and sci-
entific discovery. These models incur significant computational demands during inference, which
proportionally translate into substantial monetary costs. Driving down the cost of model serving is
critical, not merely to broaden access and democratize inference, but to catalyze faster cycles of in-
novation in model design and deployment. Achieving this goal demands reducing inference runtime
on computational infrastructure, resources that are not only expensive but also increasingly limited
in availability. Compiler optimizations are a critical enabler, not only for cost-efficient inferencing
across diverse applications but also for empowering rapid research iteration.
1Code is available at https://github.com/he-actlab/REASONING_COMPILER
*Equal contribution
39th Conference on Neural Information Processing Systems (NeurIPS 2025).

https://github.com/he-actlab/REASONING_COMPILER


Existing compilers struggle with neural models due to the exponentially large space of valid pro-
gram transformations (e.g., tiling, fusion, and layout changes). Each decision, such as selecting a
tiling factor or a parallelization strategy, introduces dependencies and constraints that influence the
feasibility and performance benefits of subsequent transformations. Rule-based optimizations also
often rely on hand-tuned heuristics that can overfit to a specific workload or hardware target. The
seminal work in superoptimization [1–3] aimed to tackle these shortcomings through enumerative
or symbolic search, but the search space proved combinatorial and rugged. STOKE [4] showed that
high-quality programs often lie in regions separated by low-probability paths, and therefore adopted
Markov chain Monte Carlo (MCMC)-based randomized search. Neural compilers followed suit,
using evolutionary search or simulated annealing to navigate similarly irregular landscapes [5–8].
While these methods have shown promise in discovering performant configurations, they are fun-
damentally sample-inefficient. They overlook synergistic transformations that emerge only when
decisions are made with contextual awareness. These techniques also often explore redundant sub-
spaces or invalid configurations.

In contrast, we set out to investigate the research question of whether reasoning with large lan-
guage models (LLMs), without any retraining, can leverage the context-aware decision space of
compiler optimizations to significantly improve sample efficiency. To that end, we introduce a novel
compilation framework that couples LLM reasoning with Monte Carlo tree search (MCTS) [9] to
guide compiler optimization. Hence, in our approach, compiler optimization is cast as a sequential
decision-making process, in which each transformation, such as tiling, fusion, or vectorization, is
selected with awareness of the current program state, while also assimilating downstream informa-
tion and propagating its implications upstream to guide future decisions. Our approach avoids the
prohibitive cost of fine-tuning LLMs as compilation policies, nor does it require additional training
or task-specific adaptation. In this formulation, the LLM evaluates partial transformation sequences
and proposes contextually appropriate next steps, drawing upon hardware-informed cost models
and the historical trajectory of optimization decisions to inform its proposal. The LLM serves as a
context-aware proposal engine: given the current schedule and its observed performance, it gener-
ates candidate transformations that are likely to be effective in the context of the traversed trajec-
tory. These LLM-guided reasoning choices are integrated into an MCTS framework that provides
a structured mechanism for balancing exploration and exploitation by evaluating LLM-suggested
transformations, expanding promising branches, and leveraging rollout feedback to adaptively steer
the search toward high-performing regions of the exponentially large optimization space.

This integration of LLM-based chain-of-thought (CoT) guidance with tree search combines con-
textual reasoning and adaptability with principled, structured decision-making, enabling the com-
piler to navigate the complexity of the search space with significantly improved sample efficiency.
We evaluate the REASONING COMPILER and compare its improvements and sample efficiency with
TVM, which employs evolutionary search. Results show that the REASONING COMPILER consis-
tently achieves significantly higher speedups than what TVM achieves using significantly fewer
samples. On five representative benchmarks (Llama-3-8B Attention Layer, DeepSeek-R1 MoE Layer,
FLUX Attention Layer, FLUX Convolution Layer, and Llama-4-Scout MLP Layer) and across five hard-
ware platforms (Amazon Graviton2, AMD EPYC 7R13, Apple M2 Pro, Intel Core i9, and Intel
Xeon E3), the REASONING COMPILER achieves 5.0× average speedup using 5.8× fewer samples,
resulting in an average of 10.8× improvement over TVM in sample efficiency. For the end-to-end
Llama-3-8B benchmark across five hardware platforms, the REASONING COMPILER uses 3.9× fewer
samples to achieve a 4.0× speedup, yielding a 5.6× sample efficiency improvement. These results
underscore the promise of LLM-guided reasoning in neural compilation for efficient and scalable
model serving.

2 Problem Formalization

Sopt. = argmax
S′⊆O∗, |S′|≤T

f((o′k ◦ · · · ◦ o′1)(p0)) (1)

We consider the problem of optimizing an input program p0 ∈ P representing a layer from a neu-
ral network for some objective function f : P 7→ R ≥ 0. This objective function represents
an evaluation of the program on the target platform for some figure of merit (e.g., latency, power,
utilization). Any program p ∈ P can be transformed through the application of some transforma-
tion/optimization (used interchangeably from here on out) o ∈ O, where each optimization is a
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function o : P 7→ P that performs a targeted transformation to the program, thus introducing a
new variant of the program that is semantically equivalent to the original program but may perform
better or worse on a target hardware platform. In this way, successive application of transforma-
tions to a program can yield significant performance differences from the original. Therefore, given
some maximum transformation sequence length T , the goal is to find a sequence of transformations
Sopt. = ⟨o1, o2, . . . , on⟩ such that n ≤ T and f(popt.) = maxS′⊆O∗, |S′|≤T f((o′k ◦ · · · ◦ o′1)(p0))
where popt. = (on ◦ on−1 ◦ · · · ◦ o1)(p0) and O∗ is the Kleene star2 of O. These constraints collec-
tively define the optimization objective given in Equation (1).

To facilitate an efficient search over the space of valid program transformation sequences, we cast
the optimization problem as a finite-horizon Markov decision process (MDP) defined by the tu-
ple M = ⟨S,A,P,R⟩. This formulation provides a structured approach for sequential decision-
making in the transformation space, allowing the search process to account for how individual
transformations compound over time to affect final program performance. Compared to unstruc-
tured methods such as exhaustive or purely stochastic search, which often require a large number
of expensive program evaluations, casting the problem as an MDP enables more deliberate explo-
ration, offering the potential for improved sample efficiency. Each state st ∈ S corresponds to a
program pt ∈ P obtained by applying a sequence of transformations to the original program p0,
i.e., st = pt = (ot ◦ · · · ◦ o1)(p0). An action at ∈ A corresponds to selecting a transformation
o ∈ O to apply at step t, transitioning the current program to a new variant. Since the application
of a transformation is deterministic, the transition function P(st+1 | st, at) is 1 if st+1 = at(st)
and 0 otherwise. The reward function is defined as the objective value caused by the optimization
sequence, i.e., R(st, at) = s · f(at(pt)) where s ∈ {+1,−1} is chosen so that larger rewards are
always better.

By formulating the problem as an MDP, we enable the use of planning algorithms such as Monte
Carlo tree search (MCTS) [9] to explore program transformation sequences. Under standard as-
sumptions, such as finite branching, bounded rewards, and a tree policy (e.g., UCT) that guarantees
persistent exploration, MCTS is consistent on finite-horizon problems: as the number of simula-
tions tends to infinity, it converges (with probability 1) to the optimal root action/sequence Sopt. that
maximizes the objective. With any finite simulation budget, it returns a high-quality but approx-
imate solution. Consequently, our framework (see §3) yields a sequence S′

opt. that approximately
maximizes the objective in practice while enjoying asymptotic optimality in theory.

3 REASONING COMPILER: Integrating LLM-Guided Contextual Reasoning
with Monte Carlo Tree Search

We present the REASONING COMPILER, a novel compilation framework that unifies the structured
exploration capabilities of Monte Carlo tree search (MCTS) [9] with the contextual, history-aware
reasoning of large language models (LLMs). While MCTS provides a principled approach to explor-
ing sequences of program transformations, compiler optimization introduces a unique challenge: the
successive application of transformations can exhibit complex, non-local interactions that are diffi-
cult to capture through purely stochastic or myopic policies. To address this, we employ an LLM
to model program transformation context, tracking which transformations have been applied, how
they impact performance, and what directions remain promising. This contextualization is essential
to enabling effective and sample-efficient search in compiler optimization.

Optimization interactions are complex, making efficient search challenging. Unlike tasks where
actions are relatively independent, program transformations compose in subtle and complex ways.
For example, the profitability of applying loop tiling may depend on the prior application of loop
fusion or unrolling. Additionally, transformations can introduce new, unforeseen opportunities/con-
straints for future transformations. These dependencies make the space of valid and useful trans-
formation sequences both combinatorial and deeply contextual. While black-box methods such as
evolutionary search and some implementations of reinforcement learning have achieved notable suc-
cess in compiler autotuning [6, 8, 10, 11], they often do not explicitly model the nuanced structural
and temporal dependencies between transformations. This can limit their ability to generalize across
contexts, as optimization efficacy depends on transformation histories. Even when guided by local

2The Kleene star operator, denoted with an asterisk (∗), represents the set of all finite-length sequences, includ-
ing the empty sequence, formed from elements of a given set.
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Chain-of-Thought	Prompt
You	are	an	AI	compiler	op9miza9on	assistant.	We	are	
performing	a	Monte	Carlo	tree	search	(MCTS)	to	find	
an	op9mal	transforma9on	sequence	for	a	given	node.	
In	the	MCTS	tree,	the	“current	node”	is	the	leaf	we	are	
expanding,	while	“immediate	parent”	and	
“grandparent”	refer	to	the	ancestors	in	the	tree.	You	
are	given	the	following	informa9on.

Please	compare	the	code,	their	transforma9on	trace,	
and	scores	of	these	programs	to	see	what	changes	
might	improve	the	current	node’s	performance.	Then,	
propose	a	*sequence*	of	op9miza9ons	(one	or	more)	
from	the	provided	list.	Output	your	chain-of-thought	
reasoning	as	well	as	the	final	list	of	transforma9ons.	
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<latexit sha1_base64="3S8QU0jw3LToKBzBXsjnn446NDM=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2Ae0Q8mkmTY0kwlJRihDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeUAlurOd9o8LK6tr6RnGztLW9s7tX3j9omiTVlDVoIhLdDolhgkvWsNwK1laakTgUrBWO7qZ+64lpwxP5aMeKBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+wlNYyYtFcSYju8pG2REW04Fm5S6qWGK0BEZsI6jksTMBNns3Ak+cUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eZxFOEIjuEUfLiGGtxDHRpAYQTP8ApvSKEX9I4+5q0FlM8cwh+gzx/1pI9W</latexit>pi+1

<latexit sha1_base64="v0EVI2uipueWnzViASQDiAZ933w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJT3u5O+lVa27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reZf3i/rzWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBxcGOrQ==</latexit>p0

<latexit sha1_base64="lPy7hb1VvlLpfY4I6qM5Mz8xoLY=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2Ae0oUymk3bIZDLMTIQS+hFuXCji1u9x5984abPQ1gMXDufcy733BJIzbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk5SRWiLJDxR3QBrypmgLcMMp12pKI4DTjtBdJf7nSeqNEvEo5lI6sd4JFjICDZW6shB5p1F00G15tbdGdAy8QpSgwLNQfWrP0xIGlNhCMda9zxXGj/DyjDC6bTSTzWVmER4RHuWChxT7Wezc6foxCpDFCbKljBopv6eyHCs9SQObGeMzVgvern4n9dLTXjjZ0zI1FBB5ovClCOToPx3NGSKEsMnlmCimL0VkTFWmBibUMWG4C2+vEza53Xvqn75cFFr3BZxlOEIjuEUPLiGBtxDE1pAIIJneIU3RzovzrvzMW8tOcXMIfyB8/kD+cSPWQ==</latexit>p1,k

<latexit sha1_base64="K92kisEgv4DwtsrojqslB6fUloY=">AAAB7nicbVDLSgMxFL3js9ZX1aWbYBFcSJkpvpZFNy4r2Ae0Q8mkmTY0k4QkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPpDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWju6nfeqLaMCke7VjRMMEDwWJGsHVSS/Wy4Lw66ZXKfsWfAS2TICdlyFHvlb66fUnShApLODamE/jKhhnWlhFOJ8VuaqjCZIQHtOOowAk1YTY7d4JOndJHsdSuhEUz9fdEhhNjxknkOhNsh2bRm4r/eZ3UxjdhxoRKLRVkvihOObISTX9HfaYpsXzsCCaauVsRGWKNiXUJFV0IweLLy6RZrQRXlcuHi3LtNo+jAMdwAmcQwDXU4B7q0AACI3iGV3jzlPfivXsf89YVL585gj/wPn8AoyePIA==</latexit>p1,2

<latexit sha1_base64="gjFIGsmtev8nIc+i5hS7lnPBhQA=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwIWVGfC2LblxWsA9oh5JJM21oJhOSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89oRLcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNEmqKWvQRCS6HRLDBJesYbkVrK00I3EoWCsc3U391hPThify0Y4VC2IykDzilFgntVQv88/8Sa9c8areDHiZ+DmpQI56r/zV7Sc0jZm0VBBjOr6nbJARbTkVbFLqpoYpQkdkwDqOShIzE2Szcyf4xCl9HCXalbR4pv6eyEhszDgOXWdM7NAselPxP6+T2ugmyLhUqWWSzhdFqcA2wdPfcZ9rRq0YO0Ko5u5WTIdEE2pdQiUXgr/48jJpnlf9q+rlw0WldpvHUYQjOIZT8OEaanAPdWgAhRE8wyu8IYVe0Dv6mLcWUD5zCH+APn8AoaKPHw==</latexit>p1,1

<latexit sha1_base64="J3Zn6LPhorrZQUDu7FXxnKUFcaA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuzsbDJmdmeZ6Q2EkH/w4kERr/6PN//GSbIHTSxoKKq66e4KUikMuu63s7K6tr6xWdgqbu/s7u2XDg4bRmWa8TpTUulWQA2XIuF1FCh5K9WcxoHkzWBwN/WbQ66NUMkjjlLux7SXiEgwilZqdIahQtMtld2KOwNZJl5OypCj1i19dULFspgnyCQ1pu25KfpjqlEwySfFTmZ4StmA9njb0oTG3Pjj2bUTcmqVkERK20qQzNTfE2MaGzOKA9sZU+ybRW8q/ue1M4xu/LFI0gx5wuaLokwSVGT6OgmF5gzlyBLKtLC3EtanmjK0ARVtCN7iy8ukcV7xriqXDxfl6m0eRwGO4QTOwINrqMI91KAODJ7gGV7hzVHOi/PufMxbV5x85gj+wPn8Ac6vj0w=</latexit>...

<latexit sha1_base64="rExrhlnE5ACdEZd0YAsFVEZwZR0=">AAAB7nicjVDJSgNBEK1xjXGLevTSGAQvhhlxOwa9eIxgFkiG0NPpSZr09DTdNUIY8hFePCji1e/x5t/YWQ4qCj4oeLxXRVW9SEth0fc/vIXFpeWV1cJacX1jc2u7tLPbsGlmGK+zVKamFVHLpVC8jgIlb2nDaRJJ3oyG1xO/ec+NFam6w5HmYUL7SsSCUXRSU3dzcRyMu6VyUPGnIH+TMsxR65beO72UZQlXyCS1th34GsOcGhRM8nGxk1muKRvSPm87qmjCbZhPzx2TQ6f0SJwaVwrJVP06kdPE2lESuc6E4sD+9Cbib147w/gyzIXSGXLFZoviTBJMyeR30hOGM5QjRygzwt1K2IAaytAlVPxfCI2TSnBeObs9LVev5nEUYB8O4AgCuIAq3EAN6sBgCA/wBM+e9h69F+911rrgzWf24Bu8t0/9FY9b</latexit>

pi→1

<latexit sha1_base64="XrgK1Kq2oHHsL/W30LjXXkA1gok=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKpi20oWy2k3bpZhN2N0IJ+Q1ePCji1R/kzX/j9uOgouCDgcd7M8zMC1PBtXHdD6e0tLyyulZer2xsbm3vVHf3WjrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7H11O/fY9K80TemUmKQUyHkkecUWMlP+3nvOhXa17dnYH8TWqwQLNffe8NEpbFKA0TVOuu56YmyKkynAksKr1MY0rZmA6xa6mkMeognx1bkCOrDEiUKFvSkJn6dSKnsdaTOLSdMTUj/dObir953cxEl0HOZZoZlGy+KMoEMQmZfk4GXCEzYmIJZYrbWwkbUUWZsflU/hdC66TundfPbk9rjatFHGU4gEM4Bg8uoAE30AQfGHB4gCd4dqTz6Lw4r/PWkrOY2YdvcN4+ASDSjuk=</latexit>

pi

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

MCTS	Tree

<latexit sha1_base64="DL+y61MyXaOmXyB7lsu2G4c5pMw=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgzowWNEs0AyhJ5OT9Kkl6G7RwhDPsGLB0W8+kXe/Bs7yRw08UHB470qqupFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LRjhMaCjyQLGYEWyc9qB7rlSt+1Z8BLZMgJxXIUe+Vv7p9RVJBpSUcG9MJ/MSGGdaWEU4npW5qaILJCA9ox1GJBTVhNjt1gk6c0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4OsyYTFJLJZkvilOOrELTv1GfaUosHzuCiWbuVkSGWGNiXTolF0Kw+PIyaZ5Vg8vqxf15pXabx1GEIziGUwjgCmpwB3VoAIEBPMMrvHnce/HevY95a8HLZw7hD7zPH1a0jds=</latexit>oi
<latexit sha1_base64="rBd/1R0JxJTPlxZklHVWAV/5jrw=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwIWVGfC0LunBZwT6gHUomzbShmWRIMkIZ+hFuXCji1u9x59+YtrPQ1gMXDufcy733hIngxnreNyqsrK6tbxQ3S1vbO7t75f2DplGppqxBlVC6HRLDBJesYbkVrJ1oRuJQsFY4up36rSemDVfy0Y4TFsRkIHnEKbFOaqle5p/5k1654lW9GfAy8XNSgRz1Xvmr21c0jZm0VBBjOr6X2CAj2nIq2KTUTQ1LCB2RAes4KknMTJDNzp3gE6f0caS0K2nxTP09kZHYmHEcus6Y2KFZ9Kbif14ntdFNkHGZpJZJOl8UpQJbhae/4z7XjFoxdoRQzd2tmA6JJtS6hEouBH/x5WXSPK/6V9XLh4tK7S6PowhHcAyn4MM11OAe6tAACiN4hld4Qwl6Qe/oY95aQPnMIfwB+vwBoLKPIA==</latexit>o1,1

<latexit sha1_base64="YUpiNXHNKmVRcLtr24Z88W3bKGo=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoivpYFXbisYB/QhjKZTtohk5kwMxFK6Ee4caGIW7/HnX/jpM1CWw9cOJxzL/feEyScaeO6305pZXVtfaO8Wdna3tndq+4ftLVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC6Db3O09UaSbFo5kk1I/xSLCQEWys1JGDzDuLpoNqza27M6Bl4hWkBgWag+pXfyhJGlNhCMda9zw3MX6GlWGE02mln2qaYBLhEe1ZKnBMtZ/Nzp2iE6sMUSiVLWHQTP09keFY60kc2M4Ym7Fe9HLxP6+XmvDGz5hIUkMFmS8KU46MRPnvaMgUJYZPLMFEMXsrImOsMDE2oYoNwVt8eZm0z+veVf3y4aLWuCviKMMRHMMpeHANDbiHJrSAQATP8ApvTuK8OO/Ox7y15BQzh/AHzucP+NSPWg==</latexit>o1,k

<latexit sha1_base64="zPIPkwjA9Ak7GdPLjsxvwCwucdQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NADx4jmAcmS5idnSRDZmeWmV4hLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5H1OCVrpUfWyrogUmkmvXPGq3gzuMvFzUoEc9V75qxspmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7OKJe2KVyO0rbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpNi/DjIukxSZpPNF/VS4qNzp+27ENaMoxpYQqrm91aVDoglFG1LJhuAvvrxMmmdV/7J6cX9eqd3mcRThCI7hFHy4ghrcQR0aQEHCM7zCm2OcF+fd+Zi3Fpx85hD+wPn8ARDPkTI=</latexit>o...

<latexit sha1_base64="zPIPkwjA9Ak7GdPLjsxvwCwucdQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NADx4jmAcmS5idnSRDZmeWmV4hLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5H1OCVrpUfWyrogUmkmvXPGq3gzuMvFzUoEc9V75qxspmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7OKJe2KVyO0rbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpNi/DjIukxSZpPNF/VS4qNzp+27ENaMoxpYQqrm91aVDoglFG1LJhuAvvrxMmmdV/7J6cX9eqd3mcRThCI7hFHy4ghrcQR0aQEHCM7zCm2OcF+fd+Zi3Fpx85hD+wPn8ARDPkTI=</latexit>o...

<latexit sha1_base64="CwY0K1SOYhAIU4tEoZb9e3cRC54=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwY5kRX8uCLlxWsA9oh5JJM21oJhmSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8tOOEBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+4qmMZOWCmJMx/cSG2REW04Fm5S6qWEJoSMyYB1HJYmZCbLZuRN84pQ+jpR2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi6T1DJJ54uiVGCr8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eVxFOEIjuEUfLiGGtxDHRpAYQTP8ApvKEEv6B19zFsLKJ85hD9Anz/3wI9Z</latexit>oi→1

Transforma9ons	to	apply:
Reasoning:	The	current	program	
has	a	predicted	score	of	…
Based	on	the	informa9on,	I	will	
propose	using													next.

Response

<latexit sha1_base64="YEc1ZBDQrLV+/XH5+8vcEsrT+fw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB0DXjxGMCaQLGF20kmGzM4sM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dUSK4sb7/7RVWVtfWN4qbpa3tnd298v7Bo1GpZthgSijdiqhBwSU2LLcCW4lGGkcCm9Hoduo3n1AbruSDHScYxnQgeZ8zap3UVN2MnwWTbrniV/0ZyDIJclKBHPVu+avTUyyNUVomqDHtwE9smFFtORM4KXVSgwllIzrAtqOSxmjCbHbuhJw4pUf6SruSlszU3xMZjY0Zx5HrjKkdmkVvKv7ntVPbvwkzLpPUomTzRf1UEKvI9HfS4xqZFWNHKNPc3UrYkGrKrEuo5EIIFl9eJo/n1eCqenl/UanV8jiKcATHcAoBXEMN7qAODWAwgmd4hTcv8V68d+9j3lrw8plD+APv8wfzgI9T</latexit>oi+1

<latexit sha1_base64="YEc1ZBDQrLV+/XH5+8vcEsrT+fw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB0DXjxGMCaQLGF20kmGzM4sM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dUSK4sb7/7RVWVtfWN4qbpa3tnd298v7Bo1GpZthgSijdiqhBwSU2LLcCW4lGGkcCm9Hoduo3n1AbruSDHScYxnQgeZ8zap3UVN2MnwWTbrniV/0ZyDIJclKBHPVu+avTUyyNUVomqDHtwE9smFFtORM4KXVSgwllIzrAtqOSxmjCbHbuhJw4pUf6SruSlszU3xMZjY0Zx5HrjKkdmkVvKv7ntVPbvwkzLpPUomTzRf1UEKvI9HfS4xqZFWNHKNPc3UrYkGrKrEuo5EIIFl9eJo/n1eCqenl/UanV8jiKcATHcAoBXEMN7qAODWAwgmd4hTcv8V68d+9j3lrw8plD+APv8wfzgI9T</latexit>oi+1

LLM

<latexit sha1_base64="3S8QU0jw3LToKBzBXsjnn446NDM=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2Ae0Q8mkmTY0kwlJRihDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeUAlurOd9o8LK6tr6RnGztLW9s7tX3j9omiTVlDVoIhLdDolhgkvWsNwK1laakTgUrBWO7qZ+64lpwxP5aMeKBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+wlNYyYtFcSYju8pG2REW04Fm5S6qWGK0BEZsI6jksTMBNns3Ak+cUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eZxFOEIjuEUfLiGGtxDHRpAYQTP8ApvSKEX9I4+5q0FlM8cwh+gzx/1pI9W</latexit>pi+1
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Figure 1: Overview of the optimization workflow. The algorithm explores the tree to select a
candidate node. At this node, the LLM is prompted with contextual information to generate a
sequence of transformations, which are then applied to produce optimized code variants.

reward signals, they may struggle to capture the interplay between past decisions and future op-
portunities, limiting their effectiveness in deeply contextual optimization landscapes. Our insight
is that efficient search in this space benefits from an agent that reasons over transformation history,
structural code changes, and observed performance dynamics to choose the next step.

3.1 LLM-Guided Contextual Reasoning for Program Transformation Proposal

Contextual reasoning via LLMs. To address these challenges, the REASONING COMPILER lever-
ages a large language model (LLM) as a contextual reasoning engine. The LLM is tasked with
synthesizing program transformations that are not only syntactically valid but also informed by the
program’s full history and structure. By prompting the LLM with a rich, structured representation
of the current optimization state, we enable it to reason over the cumulative effects of prior transfor-
mations, analyze performance trends, and identify differential improvements over prior programs.

Figure 1 illustrates the optimization workflow. From the root program, the REASONING COMPILER
traverses the tree by computing the UCT score [12], selecting a promising leaf node (i.e., program)
pi for expansion by balancing exploitation of high-reward paths and exploration of under-sampled
branches based on visit statistics and empirical mean rewards (see §3.2).

Prompt construction. At each expansion step in the search, the LLM receives a prompt that in-
cludes the source code and predicted performance for the current program pi, its parent pi−1, and
its grandparent pi−2. It also includes the ordered sequences of transformations that were applied to
reach each of these program variants, denoted Si, Si−1, and Si−2. Finally, the full set of available
transformation operations O is included. Given this context, the LLM is explicitly instructed to: (1)
analyze the differences between program variants and their associated performance scores, identify-
ing which transformations contributed to observed performance changes; (2) reason about potential
interactions between previously applied and candidate future transformations, including both syn-
ergistic and antagonistic effects; (3) synthesize a new sequence of transformations that is justified
in the context of the current program structure and transformation history; and (4) provide a ratio-
nale for the proposed sequence, referencing specific code features and transformation interactions.
This structured prompt is designed to elicit chain-of-thought (CoT) reasoning [13], encouraging the
LLM to perform deep, multi-step analysis and move beyond surface-level edits, instead generating
proposals that are both semantically meaningful and tailored to the evolving optimization trajectory.

Transformation proposal and validation. The LLM proposes a candidate transformation oi+1 ∈
O in the form of a string. Given the generative nature of the LLM, the output may include an invalid
or unrecognized transformation even though it is guided by a predefined set of valid transformations.
To ensure correctness, the output string is first parsed and filtered to retain only a transformation that
matches known valid names and transformation parameters. If no valid transformation is found,
the REASONING COMPILER samples a random transformation from the valid set. The successfully
validated and applied transformation yields a new program variant pi+1, with its transformation
history updated as Si+1 = Si⊕⟨oi+1⟩, where⊕ denotes sequence concatenation. This new program
variant is scored using a hardware cost model and used to update the MCTS tree (see §3.2).

It is important to emphasize that the LLM is not the centerpiece of our contribution, but a necessary
enabler of effective search in this domain. Compiler optimization poses a uniquely challenging
setting due to the non-local, compositional nature of transformation interactions. Traditional black-
box search or heuristic-guided methods struggle to navigate such spaces efficiently. The REASONING
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<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="3S8QU0jw3LToKBzBXsjnn446NDM=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2Ae0Q8mkmTY0kwlJRihDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeUAlurOd9o8LK6tr6RnGztLW9s7tX3j9omiTVlDVoIhLdDolhgkvWsNwK1laakTgUrBWO7qZ+64lpwxP5aMeKBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+wlNYyYtFcSYju8pG2REW04Fm5S6qWGK0BEZsI6jksTMBNns3Ak+cUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eZxFOEIjuEUfLiGGtxDHRpAYQTP8ApvSKEX9I4+5q0FlM8cwh+gzx/1pI9W</latexit>pi+1

<latexit sha1_base64="JluU30XoCHEj4u4yCXOfYh5GEI0=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2Ae0Q8mkmTY0kwxJRihDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeMBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHd1O/9cS04Uo+2nHCgpgMJI84JdZJLdXL+Jk/6ZUrXtWbAS8TPycVyFHvlb+6fUXTmElLBTGm43uJDTKiLaeCTUrd1LCE0BEZsI6jksTMBNns3Ak+cUofR0q7khbP1N8TGYmNGceh64yJHZpFbyr+53VSG90EGZdJapmk80VRKrBVePo77nPNqBVjRwjV3N2K6ZBoQq1LqORC8BdfXibN86p/Vb18uKjUbvM4inAEx3AKPlxDDe6hDg2gMIJneIU3lKAX9I4+5q0FlM8cwh+gzx/0Go9V</latexit>oi+1

<latexit sha1_base64="v0EVI2uipueWnzViASQDiAZ933w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJT3u5O+lVa27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reZf3i/rzWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBxcGOrQ==</latexit>p0

<latexit sha1_base64="lPy7hb1VvlLpfY4I6qM5Mz8xoLY=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2Ae0oUymk3bIZDLMTIQS+hFuXCji1u9x5984abPQ1gMXDufcy733BJIzbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk5SRWiLJDxR3QBrypmgLcMMp12pKI4DTjtBdJf7nSeqNEvEo5lI6sd4JFjICDZW6shB5p1F00G15tbdGdAy8QpSgwLNQfWrP0xIGlNhCMda9zxXGj/DyjDC6bTSTzWVmER4RHuWChxT7Wezc6foxCpDFCbKljBopv6eyHCs9SQObGeMzVgvern4n9dLTXjjZ0zI1FBB5ovClCOToPx3NGSKEsMnlmCimL0VkTFWmBibUMWG4C2+vEza53Xvqn75cFFr3BZxlOEIjuEUPLiGBtxDE1pAIIJneIU3RzovzrvzMW8tOcXMIfyB8/kD+cSPWQ==</latexit>p1,k

<latexit sha1_base64="K92kisEgv4DwtsrojqslB6fUloY=">AAAB7nicbVDLSgMxFL3js9ZX1aWbYBFcSJkpvpZFNy4r2Ae0Q8mkmTY0k4QkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPpDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWju6nfeqLaMCke7VjRMMEDwWJGsHVSS/Wy4Lw66ZXKfsWfAS2TICdlyFHvlb66fUnShApLODamE/jKhhnWlhFOJ8VuaqjCZIQHtOOowAk1YTY7d4JOndJHsdSuhEUz9fdEhhNjxknkOhNsh2bRm4r/eZ3UxjdhxoRKLRVkvihOObISTX9HfaYpsXzsCCaauVsRGWKNiXUJFV0IweLLy6RZrQRXlcuHi3LtNo+jAMdwAmcQwDXU4B7q0AACI3iGV3jzlPfivXsf89YVL585gj/wPn8AoyePIA==</latexit>p1,2

<latexit sha1_base64="gjFIGsmtev8nIc+i5hS7lnPBhQA=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwIWVGfC2LblxWsA9oh5JJM21oJhOSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89oRLcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNEmqKWvQRCS6HRLDBJesYbkVrK00I3EoWCsc3U391hPThify0Y4VC2IykDzilFgntVQv88/8Sa9c8areDHiZ+DmpQI56r/zV7Sc0jZm0VBBjOr6nbJARbTkVbFLqpoYpQkdkwDqOShIzE2Szcyf4xCl9HCXalbR4pv6eyEhszDgOXWdM7NAselPxP6+T2ugmyLhUqWWSzhdFqcA2wdPfcZ9rRq0YO0Ko5u5WTIdEE2pdQiUXgr/48jJpnlf9q+rlw0WldpvHUYQjOIZT8OEaanAPdWgAhRE8wyu8IYVe0Dv6mLcWUD5zCH+APn8AoaKPHw==</latexit>p1,1

<latexit sha1_base64="J3Zn6LPhorrZQUDu7FXxnKUFcaA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuzsbDJmdmeZ6Q2EkH/w4kERr/6PN//GSbIHTSxoKKq66e4KUikMuu63s7K6tr6xWdgqbu/s7u2XDg4bRmWa8TpTUulWQA2XIuF1FCh5K9WcxoHkzWBwN/WbQ66NUMkjjlLux7SXiEgwilZqdIahQtMtld2KOwNZJl5OypCj1i19dULFspgnyCQ1pu25KfpjqlEwySfFTmZ4StmA9njb0oTG3Pjj2bUTcmqVkERK20qQzNTfE2MaGzOKA9sZU+ybRW8q/ue1M4xu/LFI0gx5wuaLokwSVGT6OgmF5gzlyBLKtLC3EtanmjK0ARVtCN7iy8ukcV7xriqXDxfl6m0eRwGO4QTOwINrqMI91KAODJ7gGV7hzVHOi/PufMxbV5x85gj+wPn8Ac6vj0w=</latexit>...

<latexit sha1_base64="rExrhlnE5ACdEZd0YAsFVEZwZR0=">AAAB7nicjVDJSgNBEK1xjXGLevTSGAQvhhlxOwa9eIxgFkiG0NPpSZr09DTdNUIY8hFePCji1e/x5t/YWQ4qCj4oeLxXRVW9SEth0fc/vIXFpeWV1cJacX1jc2u7tLPbsGlmGK+zVKamFVHLpVC8jgIlb2nDaRJJ3oyG1xO/ec+NFam6w5HmYUL7SsSCUXRSU3dzcRyMu6VyUPGnIH+TMsxR65beO72UZQlXyCS1th34GsOcGhRM8nGxk1muKRvSPm87qmjCbZhPzx2TQ6f0SJwaVwrJVP06kdPE2lESuc6E4sD+9Cbib147w/gyzIXSGXLFZoviTBJMyeR30hOGM5QjRygzwt1K2IAaytAlVPxfCI2TSnBeObs9LVev5nEUYB8O4AgCuIAq3EAN6sBgCA/wBM+e9h69F+911rrgzWf24Bu8t0/9FY9b</latexit>

pi→1

<latexit sha1_base64="XrgK1Kq2oHHsL/W30LjXXkA1gok=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKpi20oWy2k3bpZhN2N0IJ+Q1ePCji1R/kzX/j9uOgouCDgcd7M8zMC1PBtXHdD6e0tLyyulZer2xsbm3vVHf3WjrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7H11O/fY9K80TemUmKQUyHkkecUWMlP+3nvOhXa17dnYH8TWqwQLNffe8NEpbFKA0TVOuu56YmyKkynAksKr1MY0rZmA6xa6mkMeognx1bkCOrDEiUKFvSkJn6dSKnsdaTOLSdMTUj/dObir953cxEl0HOZZoZlGy+KMoEMQmZfk4GXCEzYmIJZYrbWwkbUUWZsflU/hdC66TundfPbk9rjatFHGU4gEM4Bg8uoAE30AQfGHB4gCd4dqTz6Lw4r/PWkrOY2YdvcN4+ASDSjuk=</latexit>

pi

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...<latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="bpxzXSg98LKH2YnlLSG8yi5lcgI=">AAAB9XicbVDLTsMwEHTKq5RXgSMXiwqJU5UgXscKLhyLRB9SGyrHdVqrthPZG6CK8h9cOIAQV/6FG3+D2+YALSOtNJrZ1e5OEAtuwHW/ncLS8srqWnG9tLG5tb1T3t1rmijRlDVoJCLdDohhgivWAA6CtWPNiAwEawWj64nfemDa8EjdwThmviQDxUNOCVjpPu6lXWBPkBous6xXrrhVdwq8SLycVFCOeq/81e1HNJFMARXEmI7nxuCnRAOngmWlbmJYTOiIDFjHUkUkM346vTrDR1bp4zDSthTgqfp7IiXSmLEMbKckMDTz3kT8z+skEF76KVdxAkzR2aIwERgiPIkA97lmFMTYEkI1t7diOiSaULBBlWwI3vzLi6R5UvXOq2e3p5XaVR5HER2gQ3SMPHSBaugG1VEDUaTRM3pFb86j8+K8Ox+z1oKTz+yjP3A+fwCRmJM5</latexit>psim

Hardware	
cost	
model

<latexit sha1_base64="CfwtGwd3OJCxCb1UR8MZeOLxcKk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildm9EMQun/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+bnTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPEzoZIUuWKLRWEqCcZk9jsZCM0ZyokllGlhbyVsRDVlaBMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCYIo/B</latexit>

f̂

<latexit sha1_base64="v0EVI2uipueWnzViASQDiAZ933w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJT3u5O+lVa27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reZf3i/rzWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBxcGOrQ==</latexit>p0

<latexit sha1_base64="lPy7hb1VvlLpfY4I6qM5Mz8xoLY=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoivpZFNy4r2Ae0oUymk3bIZDLMTIQS+hFuXCji1u9x5984abPQ1gMXDufcy733BJIzbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk5SRWiLJDxR3QBrypmgLcMMp12pKI4DTjtBdJf7nSeqNEvEo5lI6sd4JFjICDZW6shB5p1F00G15tbdGdAy8QpSgwLNQfWrP0xIGlNhCMda9zxXGj/DyjDC6bTSTzWVmER4RHuWChxT7Wezc6foxCpDFCbKljBopv6eyHCs9SQObGeMzVgvern4n9dLTXjjZ0zI1FBB5ovClCOToPx3NGSKEsMnlmCimL0VkTFWmBibUMWG4C2+vEza53Xvqn75cFFr3BZxlOEIjuEUPLiGBtxDE1pAIIJneIU3RzovzrvzMW8tOcXMIfyB8/kD+cSPWQ==</latexit>p1,k

<latexit sha1_base64="K92kisEgv4DwtsrojqslB6fUloY=">AAAB7nicbVDLSgMxFL3js9ZX1aWbYBFcSJkpvpZFNy4r2Ae0Q8mkmTY0k4QkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPpDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWju6nfeqLaMCke7VjRMMEDwWJGsHVSS/Wy4Lw66ZXKfsWfAS2TICdlyFHvlb66fUnShApLODamE/jKhhnWlhFOJ8VuaqjCZIQHtOOowAk1YTY7d4JOndJHsdSuhEUz9fdEhhNjxknkOhNsh2bRm4r/eZ3UxjdhxoRKLRVkvihOObISTX9HfaYpsXzsCCaauVsRGWKNiXUJFV0IweLLy6RZrQRXlcuHi3LtNo+jAMdwAmcQwDXU4B7q0AACI3iGV3jzlPfivXsf89YVL585gj/wPn8AoyePIA==</latexit>p1,2

<latexit sha1_base64="gjFIGsmtev8nIc+i5hS7lnPBhQA=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwIWVGfC2LblxWsA9oh5JJM21oJhOSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89oRLcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNEmqKWvQRCS6HRLDBJesYbkVrK00I3EoWCsc3U391hPThify0Y4VC2IykDzilFgntVQv88/8Sa9c8areDHiZ+DmpQI56r/zV7Sc0jZm0VBBjOr6nbJARbTkVbFLqpoYpQkdkwDqOShIzE2Szcyf4xCl9HCXalbR4pv6eyEhszDgOXWdM7NAselPxP6+T2ugmyLhUqWWSzhdFqcA2wdPfcZ9rRq0YO0Ko5u5WTIdEE2pdQiUXgr/48jJpnlf9q+rlw0WldpvHUYQjOIZT8OEaanAPdWgAhRE8wyu8IYVe0Dv6mLcWUD5zCH+APn8AoaKPHw==</latexit>p1,1

<latexit sha1_base64="J3Zn6LPhorrZQUDu7FXxnKUFcaA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuzsbDJmdmeZ6Q2EkH/w4kERr/6PN//GSbIHTSxoKKq66e4KUikMuu63s7K6tr6xWdgqbu/s7u2XDg4bRmWa8TpTUulWQA2XIuF1FCh5K9WcxoHkzWBwN/WbQ66NUMkjjlLux7SXiEgwilZqdIahQtMtld2KOwNZJl5OypCj1i19dULFspgnyCQ1pu25KfpjqlEwySfFTmZ4StmA9njb0oTG3Pjj2bUTcmqVkERK20qQzNTfE2MaGzOKA9sZU+ybRW8q/ue1M4xu/LFI0gx5wuaLokwSVGT6OgmF5gzlyBLKtLC3EtanmjK0ARVtCN7iy8ukcV7xriqXDxfl6m0eRwGO4QTOwINrqMI91KAODJ7gGV7hzVHOi/PufMxbV5x85gj+wPn8Ac6vj0w=</latexit>...

<latexit sha1_base64="XrgK1Kq2oHHsL/W30LjXXkA1gok=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKpi20oWy2k3bpZhN2N0IJ+Q1ePCji1R/kzX/j9uOgouCDgcd7M8zMC1PBtXHdD6e0tLyyulZer2xsbm3vVHf3WjrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7H11O/fY9K80TemUmKQUyHkkecUWMlP+3nvOhXa17dnYH8TWqwQLNffe8NEpbFKA0TVOuu56YmyKkynAksKr1MY0rZmA6xa6mkMeognx1bkCOrDEiUKFvSkJn6dSKnsdaTOLSdMTUj/dObir953cxEl0HOZZoZlGy+KMoEMQmZfk4GXCEzYmIJZYrbWwkbUUWZsflU/hdC66TundfPbk9rjatFHGU4gEM4Bg8uoAE30AQfGHB4gCd4dqTz6Lw4r/PWkrOY2YdvcN4+ASDSjuk=</latexit>

pi

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p... <latexit sha1_base64="OxNWMMW8gio5nPun+01zUjW0INo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdmmk0PTKFa/qzeAuEz8nFchR75W/upGiacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNrp24J1aJ3L7StiS6M/X3REZiY8ZxaDtjgkOz6E3F/7xOiv3rIOMySZFJOl/UT4WLyp2+7kZcM4pibAmhmttbXTokmlC0AZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzVHOi/PufMxbC04+cwh/4Hz+ALGXjzk=</latexit>· · ·

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...
<latexit sha1_base64="FQS7tax1r9EN1uyPdeuCSckFsyE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5oHJEmZnJ8mQ2ZllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZ6THpZV0QKzaRXrnhVbwZ3mfg5qUCOeq/81Y0UTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdvHEPbFK5PaVtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1UuxfBxmXSYpM0vmifipcVO70fTfimlEUY0sI1dze6tIh0YSiDalkQ/AXX14mzbOqf1m9uD+v1G7yOIpwBMdwCj5cQQ3uoA4NoCDhGV7hzTHOi/PufMxbC04+cwh/4Hz+ABHCkTE=</latexit>p...

<latexit sha1_base64="3S8QU0jw3LToKBzBXsjnn446NDM=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2Ae0Q8mkmTY0kwlJRihDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeUAlurOd9o8LK6tr6RnGztLW9s7tX3j9omiTVlDVoIhLdDolhgkvWsNwK1laakTgUrBWO7qZ+64lpwxP5aMeKBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+wlNYyYtFcSYju8pG2REW04Fm5S6qWGK0BEZsI6jksTMBNns3Ak+cUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eZxFOEIjuEUfLiGGtxDHRpAYQTP8ApvSKEX9I4+5q0FlM8cwh+gzx/1pI9W</latexit>pi+1

<latexit sha1_base64="EMo2Ak3zQMf9r9DAY0+kLLUEYR4=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqJuSiK9l0Y3LCvYBTQiT6aQdOpmEmRuxhGz8FTcuFHHrZ7jzb5y2WWjrgQuHc+7l3nuChDMFtv1tlJaWV1bXyuuVjc2t7R1zd6+t4lQS2iIxj2U3wIpyJmgLGHDaTSTFUcBpJxjdTPzOA5WKxeIexgn1IjwQLGQEg5Z888AdYsjCvJb4mQv0ETLFojw/8c2qXbensBaJU5AqKtD0zS+3H5M0ogIIx0r1HDsBL8MSGOE0r7ipogkmIzygPU0FjqjysukDuXWslb4VxlKXAGuq/p7IcKTUOAp0Z4RhqOa9ifif10shvPIyJpIUqCCzRWHKLYitSRpWn0lKgI81wUQyfatFhlhiAjqzig7BmX95kbRP685F/fzurNq4LuIoo0N0hGrIQZeogW5RE7UQQTl6Rq/ozXgyXox342PWWjKKmX30B8bnD5Fhlww=</latexit>

f̂(psim) <latexit sha1_base64="rExrhlnE5ACdEZd0YAsFVEZwZR0=">AAAB7nicjVDJSgNBEK1xjXGLevTSGAQvhhlxOwa9eIxgFkiG0NPpSZr09DTdNUIY8hFePCji1e/x5t/YWQ4qCj4oeLxXRVW9SEth0fc/vIXFpeWV1cJacX1jc2u7tLPbsGlmGK+zVKamFVHLpVC8jgIlb2nDaRJJ3oyG1xO/ec+NFam6w5HmYUL7SsSCUXRSU3dzcRyMu6VyUPGnIH+TMsxR65beO72UZQlXyCS1th34GsOcGhRM8nGxk1muKRvSPm87qmjCbZhPzx2TQ6f0SJwaVwrJVP06kdPE2lESuc6E4sD+9Cbib147w/gyzIXSGXLFZoviTBJMyeR30hOGM5QjRygzwt1K2IAaytAlVPxfCI2TSnBeObs9LVev5nEUYB8O4AgCuIAq3EAN6sBgCA/wBM+e9h69F+911rrgzWf24Bu8t0/9FY9b</latexit>

pi→1

(a)	MCTS	Expansion	via	LLM	
Suggested	Transforma>ons

(b)	MCTS	Rollout (c)	MCTS	Backpropaga>on

<latexit sha1_base64="rBd/1R0JxJTPlxZklHVWAV/5jrw=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwIWVGfC0LunBZwT6gHUomzbShmWRIMkIZ+hFuXCji1u9x59+YtrPQ1gMXDufcy733hIngxnreNyqsrK6tbxQ3S1vbO7t75f2DplGppqxBlVC6HRLDBJesYbkVrJ1oRuJQsFY4up36rSemDVfy0Y4TFsRkIHnEKbFOaqle5p/5k1654lW9GfAy8XNSgRz1Xvmr21c0jZm0VBBjOr6X2CAj2nIq2KTUTQ1LCB2RAes4KknMTJDNzp3gE6f0caS0K2nxTP09kZHYmHEcus6Y2KFZ9Kbif14ntdFNkHGZpJZJOl8UpQJbhae/4z7XjFoxdoRQzd2tmA6JJtS6hEouBH/x5WXSPK/6V9XLh4tK7S6PowhHcAyn4MM11OAe6tAACiN4hld4Qwl6Qe/oY95aQPnMIfwB+vwBoLKPIA==</latexit>o1,1
<latexit sha1_base64="rBd/1R0JxJTPlxZklHVWAV/5jrw=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwIWVGfC0LunBZwT6gHUomzbShmWRIMkIZ+hFuXCji1u9x59+YtrPQ1gMXDufcy733hIngxnreNyqsrK6tbxQ3S1vbO7t75f2DplGppqxBlVC6HRLDBJesYbkVrJ1oRuJQsFY4up36rSemDVfy0Y4TFsRkIHnEKbFOaqle5p/5k1654lW9GfAy8XNSgRz1Xvmr21c0jZm0VBBjOr6X2CAj2nIq2KTUTQ1LCB2RAes4KknMTJDNzp3gE6f0caS0K2nxTP09kZHYmHEcus6Y2KFZ9Kbif14ntdFNkHGZpJZJOl8UpQJbhae/4z7XjFoxdoRQzd2tmA6JJtS6hEouBH/x5WXSPK/6V9XLh4tK7S6PowhHcAyn4MM11OAe6tAACiN4hld4Qwl6Qe/oY95aQPnMIfwB+vwBoLKPIA==</latexit>o1,1

<latexit sha1_base64="YUpiNXHNKmVRcLtr24Z88W3bKGo=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoivpYFXbisYB/QhjKZTtohk5kwMxFK6Ee4caGIW7/HnX/jpM1CWw9cOJxzL/feEyScaeO6305pZXVtfaO8Wdna3tndq+4ftLVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC6Db3O09UaSbFo5kk1I/xSLCQEWys1JGDzDuLpoNqza27M6Bl4hWkBgWag+pXfyhJGlNhCMda9zw3MX6GlWGE02mln2qaYBLhEe1ZKnBMtZ/Nzp2iE6sMUSiVLWHQTP09keFY60kc2M4Ym7Fe9HLxP6+XmvDGz5hIUkMFmS8KU46MRPnvaMgUJYZPLMFEMXsrImOsMDE2oYoNwVt8eZm0z+veVf3y4aLWuCviKMMRHMMpeHANDbiHJrSAQATP8ApvTuK8OO/Ox7y15BQzh/AHzucP+NSPWg==</latexit>o1,k
<latexit sha1_base64="YUpiNXHNKmVRcLtr24Z88W3bKGo=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoivpYFXbisYB/QhjKZTtohk5kwMxFK6Ee4caGIW7/HnX/jpM1CWw9cOJxzL/feEyScaeO6305pZXVtfaO8Wdna3tndq+4ftLVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC6Db3O09UaSbFo5kk1I/xSLCQEWys1JGDzDuLpoNqza27M6Bl4hWkBgWag+pXfyhJGlNhCMda9zw3MX6GlWGE02mln2qaYBLhEe1ZKnBMtZ/Nzp2iE6sMUSiVLWHQTP09keFY60kc2M4Ym7Fe9HLxP6+XmvDGz5hIUkMFmS8KU46MRPnvaMgUJYZPLMFEMXsrImOsMDE2oYoNwVt8eZm0z+veVf3y4aLWuCviKMMRHMMpeHANDbiHJrSAQATP8ApvTuK8OO/Ox7y15BQzh/AHzucP+NSPWg==</latexit>o1,k

<latexit sha1_base64="CwY0K1SOYhAIU4tEoZb9e3cRC54=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwY5kRX8uCLlxWsA9oh5JJM21oJhmSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8tOOEBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+4qmMZOWCmJMx/cSG2REW04Fm5S6qWEJoSMyYB1HJYmZCbLZuRN84pQ+jpR2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi6T1DJJ54uiVGCr8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eVxFOEIjuEUfLiGGtxDHRpAYQTP8ApvKEEv6B19zFsLKJ85hD9Anz/3wI9Z</latexit>oi→1
<latexit sha1_base64="CwY0K1SOYhAIU4tEoZb9e3cRC54=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkVwY5kRX8uCLlxWsA9oh5JJM21oJhmSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8tOOEBTEZSB5xSqyTWqqX8TN/0itXvKo3A14mfk4qkKPeK391+4qmMZOWCmJMx/cSG2REW04Fm5S6qWEJoSMyYB1HJYmZCbLZuRN84pQ+jpR2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi6T1DJJ54uiVGCr8PR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eVxFOEIjuEUfLiGGtxDHRpAYQTP8ApvKEEv6B19zFsLKJ85hD9Anz/3wI9Z</latexit>oi→1

<latexit sha1_base64="DL+y61MyXaOmXyB7lsu2G4c5pMw=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgzowWNEs0AyhJ5OT9Kkl6G7RwhDPsGLB0W8+kXe/Bs7yRw08UHB470qqupFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LRjhMaCjyQLGYEWyc9qB7rlSt+1Z8BLZMgJxXIUe+Vv7p9RVJBpSUcG9MJ/MSGGdaWEU4npW5qaILJCA9ox1GJBTVhNjt1gk6c0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4OsyYTFJLJZkvilOOrELTv1GfaUosHzuCiWbuVkSGWGNiXTolF0Kw+PIyaZ5Vg8vqxf15pXabx1GEIziGUwjgCmpwB3VoAIEBPMMrvHnce/HevY95a8HLZw7hD7zPH1a0jds=</latexit>oi
<latexit sha1_base64="DL+y61MyXaOmXyB7lsu2G4c5pMw=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgzowWNEs0AyhJ5OT9Kkl6G7RwhDPsGLB0W8+kXe/Bs7yRw08UHB470qqupFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LRjhMaCjyQLGYEWyc9qB7rlSt+1Z8BLZMgJxXIUe+Vv7p9RVJBpSUcG9MJ/MSGGdaWEU4npW5qaILJCA9ox1GJBTVhNjt1gk6c0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4OsyYTFJLJZkvilOOrELTv1GfaUosHzuCiWbuVkSGWGNiXTolF0Kw+PIyaZ5Vg8vqxf15pXabx1GEIziGUwjgCmpwB3VoAIEBPMMrvHnce/HevY95a8HLZw7hD7zPH1a0jds=</latexit>oi

<latexit sha1_base64="zPIPkwjA9Ak7GdPLjsxvwCwucdQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NADx4jmAcmS5idnSRDZmeWmV4hLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5H1OCVrpUfWyrogUmkmvXPGq3gzuMvFzUoEc9V75qxspmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7OKJe2KVyO0rbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpNi/DjIukxSZpPNF/VS4qNzp+27ENaMoxpYQqrm91aVDoglFG1LJhuAvvrxMmmdV/7J6cX9eqd3mcRThCI7hFHy4ghrcQR0aQEHCM7zCm2OcF+fd+Zi3Fpx85hD+wPn8ARDPkTI=</latexit>o...
<latexit sha1_base64="zPIPkwjA9Ak7GdPLjsxvwCwucdQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NADx4jmAcmS5idnSRDZmeWmV4hLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5H1OCVrpUfWyrogUmkmvXPGq3gzuMvFzUoEc9V75qxspmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7OKJe2KVyO0rbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpNi/DjIukxSZpPNF/VS4qNzp+27ENaMoxpYQqrm91aVDoglFG1LJhuAvvrxMmmdV/7J6cX9eqd3mcRThCI7hFHy4ghrcQR0aQEHCM7zCm2OcF+fd+Zi3Fpx85hD+wPn8ARDPkTI=</latexit>o...

<latexit sha1_base64="zPIPkwjA9Ak7GdPLjsxvwCwucdQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NADx4jmAcmS5idnSRDZmeWmV4hLPkLLx4U8erfePNvnCR70MSChqKqm+6uMBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5H1OCVrpUfWyrogUmkmvXPGq3gzuMvFzUoEc9V75qxspmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7OKJe2KVyO0rbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpNi/DjIukxSZpPNF/VS4qNzp+27ENaMoxpYQqrm91aVDoglFG1LJhuAvvrxMmmdV/7J6cX9eqd3mcRThCI7hFHy4ghrcQR0aQEHCM7zCm2OcF+fd+Zi3Fpx85hD+wPn8ARDPkTI=</latexit>o...
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Figure 2: Structured tree search where nodes are (a) selected and expanded with the LLM
suggested transformations, (b) scored by a learned hardware cost model, and (c) updated
with performance estimates to guide future search.

COMPILER uses structured search (via MCTS) with learned contextual reasoning (via LLM + CoT)
to overcome these challenges. The result is a sample-efficient optimization algorithm capable of
discovering performant transformation sequences in high-dimensional, high-interaction spaces.

3.2 Structured Optimization via Monte Carlo Tree Search

MCTS as a sample-efficient planner. As described in §2, we cast program optimization as a finite-
horizon decision process over the space of transformation sequences. Framing the problem as an
MDP allows the REASONING COMPILER to consider long-term optimization effects and leverage
planning algorithms such as Monte Carlo tree search (MCTS) to explore this space efficiently.

MCTS operates over a tree T = ⟨V,E⟩ where V = P and E = O such that each node p ∈ P is a
program from the state space S and each edge o ∈ O corresponds to a transformation from the action
space A. This tree structure naturally supports the reuse of common transformation prefixes and
allows the planner to backpropagate value estimates from downstream program variants to upstream
decisions. Such reuse is critical in compiler optimization, where transformation sequences exhibit
both compounding effects and long-range interactions.

Selection via UCT. During the selection phase, MCTS traverses T from the root, recursively select-
ing child programs pi to maximize the UCT (Upper Confidence bounds applied to Trees) criterion:

UCT(pi) =
W (pi)

N(pi)
+ c

√
lnN(pi−1)

N(pi)

where W (pi) is the cumulative reward of pi, N(pi) is the visit count of node (i.e., program) pi, and
c governs the exploration-exploitation tradeoff.

LLM-guided expansion. As shown in Figure 2(a), once a promising leaf node pi is selected, an
LLM is queried to propose a transformation conditioned on pi and its ancestors (see §3.1). The
model generates a candidate transformation oi+1 ∈ O, which is applied to pi to produce a new
program pi+1 = oi+1(pi). This results in a new node pi+1 added to T corresponding to the updated
program and extended transformation path. To ensure T remains acyclic, if pi+1 already exists in the
tree, it is not added. By leveraging the LLM’s contextual reasoning, the system proposes globally
informed transformations that extend beyond myopic heuristics.

Rollout for local reward estimation. As shown in Figure 2(b), once a new node pi+1 is added
to the tree, the REASONING COMPILER performs a lightweight MCTS rollout to estimate the long-
term impact of the transformation sequence that produced it. This is done by sampling a random-
ized sequence of legal transformations o1, . . . , oq and applying them to obtain a terminal program
psim = (oq ◦· · ·◦o1)(pi+1). Directly measuring hardware-level performance requires compiling and
running on real hardware, which is too expensive for the inner loop of a planning algorithm. Follow-
ing standard practice in compiler autotuning, the REASONING COMPILER uses a learned, hardware-
informed surrogate f̂ for f that is cheap to evaluate and accelerates search while preserving final
quality [6, 7, 10, 14–16]. We convert this prediction into a rollout reward W (pi+1) = s · f̂(psim),
where s ∈ {+1,−1} is chosen so that larger values indicate better performance (e.g., s = −1 for
latency). This noisy but informative proxy lets MCTS trade off immediate and downstream effects
without real-hardware runs.
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Backpropagation. As shown in Figure 2(c), the estimated reward W (pi+1) is then backpropagated
to all ancestors along the path to the root according to the update step W (pA)←W (pA)+W (pi+1)
where pA is some ancestor program. The visit counts are also updated according to the update step
N(pA)← N(pA) + 1. These updates refine the empirical estimates that guide future selections.

4 Evaluation

We implement the REASONING COMPILER as an extension to MetaSchedule [8]. The framework
introduces three modular components: (1) a prompt generator that serializes the current scheduling
state, including the IRModule, transformation trace (i.e., the applied schedule history), and hard-
ware cost model outputs, into structured prompts that capture the textual difference from the base
IRModule and reflect the current schedule’s performance; (2) an LLM interface that queries an ex-
ternal API (e.g., OpenAI) and parses the LLM’s output into candidate transformation sequences; and
(3) a tree manager that performs MCTS with selection based on UCT score, expansion using LLM
suggested transformations, simulation with a hardware-informed cost model, and backpropagation
for tree statistics updates.

4.1 Methodology

We evaluate the REASONING COMPILER on five representative computational kernels drawn from
production-scale models: (1) a self-attention layer from Llama-3-8B [17], (2) a mixture-of-experts
(MoE) layer from DeepSeek-R1 [18], (3) a self-attention layer from FLUX (stable diffusion) [19],
(4) a convolution layer from FLUX [19], and (5) an MLP layer from Llama-4-Scout [20]. In addition,
we perform an end-to-end evaluation of Llama-3-8B. Compiler optimization is framed as a sequen-
tial decision process and guided by MCTS [9] using the Upper Confidence bounds applied to Trees
(UCT) criterion [12] with exploration parameter c =

√
2 and branching factor B = 2 following prior

work [21, 22]. During search, the LLM (OpenAI GPT-4o mini [23]) is queried using hierarchical
context—specifically, the parent and grandparent schedules and their transformations—to enable in-
formed proposal generation. We compare three optimization strategies: (1) TVM MetaSchedule [8],
which uses Evolutionary Search; (2) MCTS without LLM guidance (MCTS); and (3) the REASON-
ING COMPILER that uses prompt-based proposal generation (LLM-Guided MCTS). All experiments
are conducted using Apache TVM v0.20.0 [10, 24]. Our experimental environment is a dedicated
Intel Core i9 workstation under a fixed software and hardware stack to isolate scheduling effects.
This environment covers all five kernels above and is the ablation environment. To show portability
and scalability across consumer and datacenter processors, we evaluate each of the five kernels on
five hardware platforms: Amazon Graviton2, AMD EPYC 7R13, Apple M2 Pro, Intel Core i9, and
Intel Xeon E3. Each experiment is repeated 20 times, and we report the mean performance to en-
sure statistical stability. Additionally, we leverage OpenAI and HuggingFace model serving APIs to
access the respective models. The implementation is open-sourced.
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Figure 3: Relative speedup over pre-optimized code as a function of evaluated transformation
proposals. The REASONING COMPILER achieves superior sample efficiency, discovering high-
quality code with fewer samples across all operators in low-budget regimes.

4.2 Experimental Results

We assess the sample efficiency of the REASONING COMPILER by analyzing how code quality
evolves with increasing search budget, quantified in terms of evaluated transformation proposals.
Figure 3 presents results across five representative workloads, encompassing both transformer-style
attention layers and convolution-heavy architectures. Across all benchmarks, our method achieves
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competitive or superior code performance with significantly fewer samples than state-of-the-art
black-box autotuners such as TVM with Evolutionary Search. These results directly support the
central hypothesis of our work: leveraging LLM-driven, context-aware reasoning enables more effi-
cient and effective exploration of the compiler optimization space.

Rapid convergence in low-sample regimes. A consistent trend across all benchmarks is the rapid
ascent of code quality in the initial stages of search. This early-stage performance is critical in prac-
tice, as real-world compiler pipelines often operate under strict tuning time budgets. Figure 3 shows
Relative Speedup over Pre-Optimized Code on the y-axis, with the number of evaluated transforma-
tion proposals on the x-axis. Speedup is defined as the ratio of the execution time of the unoptimized
code to that of the optimized code after tuning. Higher values indicate more efficient and optimized
code. For instance, on the Llama-3-8B self-attention layer, the REASONING COMPILER achieves a
7.08× speedup over the untuned baseline with just 36 samples, whereas TVM with Evolutionary
Search requires 72 samples, which is twice the budget to achieve comparable gains. On the Llama-
4-Scout MLP layer, the gap is even more pronounced: the REASONING COMPILER achieves 12.7×
speedup at 20 samples, while TVM falls short of this mark even after 3000 samples.

Quantitative sample efficiency. To formally quantify sample efficiency, we compare the number
of samples required by each method to reach target speedups. On the FLUX self-attention layer, the
REASONING COMPILER attains a 2× speedup using only 36 samples, while TVM with Evolutionary
Search requires more than 600 samples, a 16× reduction in tuning cost. On the FLUX convolution
layer, the REASONING COMPILER consistently outperforms TVM across nearly all budget levels and
reaches TVM’s final performance after evaluating just 400 samples.

Speedup relative to baselines. The REASONING COMPILER not only produces better code, but
does so more aggressively and earlier in the search process. For example, on the DeepSeek-
R1 MoE Layer, the REASONING COMPILER achieves a 3.3× speedup over TVM with Evolutionary
Search at 36 samples; on the Llama-4-Scout MLP layer, the REASONING COMPILER achieves a 9.3×
speedup over TVM at 20 samples. This trend, which shows strong initial gains followed by conver-

Table 1: Sample efficiency comparison between the REASONING COMPILER and TVM with Evo-
lutionary Search on layer-wise benchmarks across various hardware platforms.

Hardware
Platform Benchmark

TVM REASONING COMPILER Improvement

# Samples Speedup # Samples Speedup Sample
Reduction

Sample
Efficiency

Gain

Amazon
Graviton2

Llama-3-8B Layer 510 3.9× 60 5.1× 8.5× 11.1×
DeepSeek-R1 MoE Layer 980 2.7× 150 5.9× 6.5× 14.4×
FLUX Attention Layer 320 1.6× 130 3.0× 2.5× 4.6×
FLUX Convolution Layer 160 1.8× 20 4.1× 8.0× 18.2×
Llama-4-Scout MLP Layer 1,630 1.7× 500 4.0× 3.3× 7.7×

AMD
EPYC 7R13

Llama-3-8B Layer 1,400 2.1× 200 12.1× 7.0× 40.3×
DeepSeek-R1 MoE Layer 2,290 1.7× 330 2.3× 6.9× 9.4×
FLUX Attention Layer 2,460 1.5× 230 3.1× 10.7× 22.1×
FLUX Convolution Layer 2,520 1.3× 470 4.8× 5.4× 19.6×
Llama-4-Scout MLP Layer 510 6.4× 100 10.2× 5.1× 8.1×

Apple
M2 Pro

Llama-3-8B Attention Layer 1,010 3.3× 190 9.7× 5.3× 15.6×
DeepSeek-R1 MoE Layer 1,040 2.8× 230 4.8× 4.5× 7.8×
FLUX Attention Layer 270 2.1× 50 3.7× 5.4× 9.5×
FLUX Convolution Layer 2,260 1.5× 510 5.5× 4.4× 16.2×
Llama-4-Scout MLP Layer 2,460 2.2× 440 3.4× 5.6× 8.6×

Intel
Core i9

Llama-3-8B Attention Layer 920 10.5× 130 11.0× 7.1× 7.4×
DeepSeek-R1 MoE Layer 1,632 9.1× 192 9.1× 8.5× 8.5×
FLUX Attention Layer 1,000 5.1× 150 5.4× 6.7× 7.0×
FLUX Convolution Layer 400 2.3× 72 2.3× 5.6× 5.6×
Llama-4-Scout MLP Layer 230 5.6× 20 12.7× 11.5× 26.1×

Intel
Xeon E3

Llama-3-8B Attention Layer 2,760 3.9× 320 5.8× 8.6× 12.8×
DeepSeek-R1 MoE Layer 1,000 3.7× 180 4.4× 5.6× 6.6×
FLUX Attention Layer 1,340 1.4× 450 3.4× 3.0× 7.1×
FLUX Convolution Layer 220 1.9× 40 2.2× 5.5× 6.4×
Llama-4-Scout MLP Layer 1,200 2.0× 300 6.1× 4.0× 12.2×

Geomean — — 2.7× — 5.0× 5.8× 10.8×
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gence, demonstrates that the REASONING COMPILER quickly identifies high-performing regions of
the search space, while TVM’s uninformed search requires substantial exploration to reach similar
quality.

Operator-specific trends. We observe that certain operator types, such as matrix multiplication
operations extracted from attention layers and MLP layers, exhibit sharper performance improve-
ments. This is likely due to recurring structural patterns such as loop fusion, tiling, and vector-
ization, which pretrained LLMs can more readily recognize and exploit. Convolutional operators,
by contrast, expose a broader and less regular transformation space. Nonetheless, the REASONING
COMPILER consistently matches or exceeds baseline performance with fewer samples, underscoring
its effectiveness across diverse operator characteristics.

Sample efficiency across hardware platforms. As shown in Table 1, the REASONING COMPILER
demonstrates superior sample efficiency compared to TVM with Evolutionary Search across five
hardware platforms on five benchmarks. We define sample efficiency as the speedup achieved per
sample ( Speedup

# of Samples ). On average, across all 25 platform-operator pairs, the REASONING COM-
PILER achieves a 5.0× speedup using 5.8× fewer samples, resulting in a 10.8× improvement in
sample efficiency. The performance gains are particularly significant for compute-intensive work-
loads. For instance, for the Llama-3-8B self-attention layer on AMD EPYC 7R13, the REASONING
COMPILER achieved a 12.1× speedup in just 200 samples, while TVM required 1,400 samples to
reach a 2.1× speedup. This represents a 7.0× sample reduction and a 40.3× sample efficiency gain.
On Intel Core i9, the REASONING COMPILER often matches or exceeds TVM’s peak with fewer tri-
als: on the Llama-4-Scout MLP layer, the REASONING COMPILER used 11.5× fewer samples for a
26.1× efficiency gain.

Table 2: Sample efficiency comparison between the REASONING COMPILER and TVM with Evo-
lutionary Search on end-to-end Llama-3-8B across various hardware platforms.

Hardware
Platform

TVM REASONING COMPILER Improvement

# Samples Speedup # Samples Speedup Sample
Reduction

Sample
Efficiency

Gain

Amazon Graviton2 4,560 3.7× 1,440 5.1× 3.2× 4.4×
AMD EPYC 7R13 410 2.0× 140 2.2× 2.9× 3.2×

Apple M2 Pro 4,820 2.2× 1,770 3.9× 2.7× 4.8×
Intel Core i9 3,800 2.2× 720 4.9× 5.3× 11.8×

Intel Xeon E3 4,640 5.0× 670 5.0× 6.9× 6.9×
Geomean — 2.8× — 4.0× 3.9× 5.6×

End-to-end sample efficiency. For end-to-end Llama-3-8B across the five hardware platforms in
Table 2, the REASONING COMPILER’s sample efficiency improvement over TVM ranges from 3.2×
on AMD EPYC to 11.8× on Intel Core i9. End-to-end speedups range from 2.2× on AMD EPYC to
5.1× on Amazon Graviton2. The REASONING COMPILER consistently achieves significantly higher
speedups: using 3.9× fewer samples, it achieves a 4.0× speedup and yields a 5.6× geometric-mean
sample efficiency improvement over TVM with Evolutionary Search.

Implications. These findings reinforce our core thesis: compiler optimization should be cast as a
structured decision process, enriched by prior knowledge and contextual reasoning. Our integration
of LLMs into Monte Carlo tree search results in a strategically guided and sample-efficient search,
particularly valuable in scenarios with constrained tuning budgets. By generating performant code
with orders-of-magnitude fewer samples, our framework offers both practical deployment advan-
tages and a compelling alternative to conventional, sample-inefficient compilation pipelines.

4.3 Ablation Studies

4.3.1 Impact of LLM Choice and Reasoning Strategy

To better understand the contributions of different components in our approach, we conduct an ab-
lation study focused on the effects of LLM selection and reasoning modality. Figure 4(a) shows the
relative speedup over unoptimized code as a function of the number of schedule samples evaluated
by the REASONING COMPILER on the Llama-3-8B self-attention layer using a range of LLM models
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(a) (b)

Figure 4: Ablation studies for the Llama-3-8B self-attention layer. (a) Comparing different
LLMs as proposal engines shows stronger LLMs lead to faster convergence. (b) Increasing
the prompt’s historical trace depth improves sample efficiency.

for API calls. The x-axis indicates the cumulative number of schedules explored, while the y-axis
shows the best speedup achieved so far. This setup enables us to directly compare how effectively
various LLMs leverage contextual information to guide the search. The general trend of the re-
sults supports our central claim: compiler optimization benefits from goal-directed, context-aware
reasoning in terms of sample efficiency. Below, we discuss the specific behaviors that exemplify
different reasoning strategies.

Large instruction-tuned Llama3.3 (70B) achieves exceptional sample efficiency. The
instruction-tuned Llama3.3-70B model rapidly attains near-optimal performance, reaching a 9.69×
speedup after only 36 samples, roughly 86% of the GPT-4o mini’s maximum speedup but with
less than 6% of its sampling budget. This corresponds to an approximately 15× improvement in
sample efficiency. Instruction tuning also significantly improves the ability of LLMs to generate
domain-specific, context-aware transformation proposals. The consistent performance advantage of
instruction-tuned models over untuned counterparts of comparable size confirms that semantic task
alignment, combined with sufficient model capacity, synergistically enhances the effectiveness of
sequential context reasoning in guiding compiler optimizations.

DeepSeek-R1-Distill-Qwen (32B) excels in long-horizon optimization. The DeepSeek-R1-
Distill-Qwen-32B model, employing a mixture-of-experts (MoE) architecture, exhibits a more grad-
ual improvement, starting with a 7.07× speedup at 18 samples and reaching 9.98× after 579 sam-
ples. The sparse expert routing inherent in MoE architectures likely facilitates exploration of com-
plex transformation sequences over extended horizons, complementing context-aware reasoning by
enabling specialized and conditional decision-making.

Lower-parameter models also achieve high sample efficiency. Despite their reduced scale,
smaller models still produce notable speedups relative to the untuned baseline. For example,
Llama3.1-Instruct (8B) reaches a 5.87× speedup, and DeepSeek-R1-Distill-Qwen (7B) achieves a
4.86× speedup at just 36 samples. When compared to the widely used Evolutionary Search strategy,
which requires around 72 samples to achieve a 7.0× speedup and fails to reach comparable per-
formance for tuning the DeepSeek-R1 MoE layer. Even after 3000 samples, these smaller models
consistently outperform. The REASONING COMPILER with lower-parameter models achieves at least
twice the sample efficiency of TVM with Evolutionary Search, making them well-suited for efficient
compiler optimization in local or edge deployments.

Open-source models match proprietary models in performance. Our results demonstrate that
open-source LLMs, when adequately scaled and instruction-tuned, match or exceed the performance
of proprietary baselines such as GPT-4o mini. This underscores the broad applicability of our ap-
proach and its independence from proprietary data or architectures, enabling widespread adoption
of context-aware, LLM-guided compiler optimization.

4.3.2 Impact of Historical Trace Depth on Optimization Efficiency

Figure 4(b) presents the relative speedup over unoptimized code as a function of the number
of schedule samples evaluated by the REASONING COMPILER on the Llama-3-8B self-attention
layer. Using a deeper historical trace (see Figure 1) in the prompt (parent + grandparent + great-
grandparent) leads to faster convergence compared to the shallower trace (parent + grandparent).
For example, at 36 samples, the deeper trace achieves a speedup of approximately 7.13×, slightly
surpassing the 7.08× of the shallower trace. However, by 72 samples, the deeper trace saturates
at 11.36× speedup, while the shallower trace reaches only 8.38×, requiring many more samples
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(around 579) to approach 11.3× performance. This demonstrates that including longer histori-
cal context enables the LLM to better capture dependencies and synergies in transformation se-
quences, resulting in more sample-efficient and goal-directed exploration, validating the advantage
of context-aware reasoning.

5 Related Work

Superoptimization. While our high-level goal of discovering highly efficient program variants
shares motivation with the superoptimization literature, our formulation and tractability differ sub-
stantially. Superoptimization aims to find the globally optimal instruction-level program, typically
via enumerative [1, 3], symbolic [2], or stochastic [4] search over low-level assembly variants;
hybrid [25] and neural [26] approaches have also been explored. STOKE [4] showed that high-
quality programs often reside in low-probability regions and made the leap to use randomized search
(MCMC). Neural compilers followed suit and relied on evolutionary search or simulated annealing
algorithms [5–8]. In contrast, the REASONING COMPILER treats optimization as a planning prob-
lem that leverages MCTS to reason contextually about dependencies among transformations over
structured intermediate representations.

ML-Based Autotuning. Autotuning frameworks optimize performance-critical parameters (e.g.,
loop tile sizes, phase orderings, memory layouts) using a variety of ML-based techniques, includ-
ing linear models [27, 28], tree-based methods [29, 30], Bayesian networks [31, 32], evolutionary
algorithms [29, 33, 34], clustering [28, 34], and reinforcement learning [11, 33–35]. The REASON-
ING COMPILER shares the same goal of performance-driven parameter selection, but distinguishes
itself by combining LLM-based contextual reasoning with structured search (via MCTS) to explore
transformation sequences in a history- and structure-aware manner.

Techniques for Neural Compilation. A large body of work targets the optimization of neural
network inference pipelines, spanning graph-level transformations and scheduling [36–43] and low-
level code generation [5, 10, 44–49]. Many modern systems incorporate learned components (e.g.,
cost models) and search strategies to navigate large configuration spaces; for example, TVM/An-
sor [6, 7, 10] and FlexTensor [50] use learned performance models and evolutionary strategies for
tuning. While highly effective for tensor-program tuning, these approaches often emphasize local
parameter optimization or rely on domain-specific heuristics. The REASONING COMPILER moves
beyond these works by introducing LLM-based contextual reasoning over transformation history,
structural changes, and performance trends, enabling history- and structure-aware exploration not
addressed in prior neural compilation work.

LLMs for Code Reasoning and Optimization. LLMs have demonstrated capabilities in code gen-
eration [51–56], fuzzing [57], bug repair [58], and even high-level optimization [59]. Recent work
has explored the use of LLMs to generate phase orderings or perform disassembly [60, 61]. The
REASONING COMPILER advances these approaches by embedding an LLM in a structured decision
loop, leveraging it for context-aware reasoning within a grounded search process.

6 Conclusion

Compiling neural workloads remains a bottleneck for scalable model serving: traditional compilers
struggle with combinatorial transformation spaces, and the state-of-the-art neural compilers rely on
stochastic search, lacking sample efficiency and contextual awareness. This paper introduced the
REASONING COMPILER, a novel framework that formulates compiler optimization as a sequential,
context-aware decision process, pairing LLM-generated proposals with MCTS and performance
feedback to reason and navigate through the optimization space efficiently. By enabling LLM rea-
soning in the compiler optimization process, we achieve a leap from randomized search to informed
and guided compilation. Our results show that the REASONING COMPILER consistently yields faster
runtimes with markedly fewer evaluations without any retraining. These gains directly translate to
reduced operational cost of LLM services, lower energy usage per query, improved system respon-
siveness, more agile model deployment, faster model training, and accelerated innovation cycles,
among other benefits. Looking ahead, the same LLM that guides compilation can accelerate its own
inferencing, creating a virtuous, self-optimizing cycle in which sped-up LLMs enable more efficient
transformations and progressively better models and services.
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A LLM Prompt Example

Below we show an example prompt used in our LLM-Guided MCTS framework (refer to Figure 1).

Example Code to be Optimized:

@tvm.script.ir_module
class MyModule:

@T.prim_func
def main(

A: T.Buffer((1, 16, 7168), "float32"),
B: T.Buffer((7168, 2048), "float32"),
C: T.Buffer((1, 16, 2048), "float32"),
):
T.func_attr({"global_symbol": "main", "tir.noalias": True})
for b, t, j, k in T.grid(1, 16, 2048, 7168):

with T.block("moe"):
vb, vt, vj, vk = T.axis.remap("SSSR", [b, t, j, k])
with T.init():

C[vb, vt, vj] = T.float32(0)
C[vb, vt, vj] += A[vb, vt, vk] * B[vk, vj]

Prompt

You are a code optimization assistant performing Monte Carlo Tree
Search (MCTS) on a given code to improve performance. Each code has a
corresponding history of transformations and predicted cost. You are
given the code of the selected node and its immediate parent. Their
main differences include:

Loop shapes:
Current:
for b_1, t_1, j_1 in T.grid(1, 2, 8), and then
j_2_init in T.grid(1), and later
j_2 in T.grid(1).
Index example: vj = ... + j_1 * 64 + j_2 * 64
Parent:
for b_1, t_1, j_1 in T.grid(1, 2, 2),
then j_2_init in T.grid(4),
and later j_2 in T.grid(4).
Index example: vj = ... + j_1 * 256 + j_2 * 64

Tile decisions:
Current: sample_perfect_tile(..., decision=[4, 8, 1, 64])
Parent: sample_perfect_tile(..., decision=[4, 2, 4, 64])

Performance estimates:
Current: 0.773
Parent: 0.313

Available transformations:
TileSize, Parallel, ComputeLocation, Unroll

Task
Analyze the IR, trace, and predicted scores.
Then propose a sequence of transformations (you may repeat any) to
potentially improve performance.
Output your reasoning and your suggested transformations.

For example, your answer should be in the following format:
Reasoning: This code still has large loop extents, so I’d tile it
twice differently, then unroll.
Transformations to apply: TileSize, TileSize, Unroll.
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LLM Response

Reasoning: The current schedule tiles the j-axis as 2048=4×8×1×64,
whereas the parent uses 4×2×4×64. The higher predicted score of the
current node (0.773 vs. 0.313) suggests that expanding outer parallel
granularity (j_1=8) helped, but collapsing j_2 to 1 removed a small
register-level tile, limiting unrolling and hurting reuse within each
j_3=64 chunk.

I would (1) reintroduce a non-unit j_2 while shrinking j_1 so that
j_1×j_2 =8; for instance, [4,4,2,64] keeps enough outer tasks but
creates a j_2×j_3=128-wide microtile that unrolls cleanly. (2) Tile
the 7168-step k-reduction to align with j_3=64, e.g., 7168 = 7×16×64;
the 16-step inner slice can be unrolled to cut loop overhead and
improve register reuse across the j_3 tile. (3) Move the compute of
block "moe" to the j_1 level so each j_1 tile initializes/accumulates
C locally, shortening live ranges and reducing write-back pressure.
(4) Parallelize the outer j_1 (or t_1 if j_1 becomes too small)
to utilize cores without touching the reduction. (5) Unroll the
small j_2 loop and the k-inner microtile. These changes retain the
beneficial outer structure of the current node while restoring a
compact inner tile for ILP and cache locality, which should further
improve throughput.

Transformations to apply: TileSize, TileSize, ComputeLocation,
Parallel, Unroll, Unroll.
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B Sample Efficiency and Speedup Results

Table 3 presents the relative speedup of three methods—Evolutionary Search, MCTS, and the REA-
SONING COMPILER—evaluated across the different benchmarks. Speedup is measured as the ratio
of execution time for the unoptimized code to that of the optimized code after applying a given
number of transformation proposals. The table captures performance as a function of the number of
samples explored. Higher values indicate more effective optimization. For instance, the REASON-
ING COMPILER consistently achieves higher speedups with fewer samples, demonstrating superior
sample efficiency and faster convergence compared to MCTS and Evolutionary Search. This table
corresponds to Figure 3 in the paper.

Table 3: Speedup over unoptimized code across varying numbers of samples for different
compiler optimization methods.

Llama-3-8B Attention Layer

Number of Samples 18 36 72 144 192 600 900 1632 5952

Evolutionary Search 4.67 5.70 7.74 7.98 9.40 9.54 11.20 12.04 13.18
MCTS 4.14 4.68 8.11 8.50 9.66 9.94 11.79 12.44 12.63
REASONING COMPILER 4.52 7.08 8.38 8.79 10.56 11.33 12.10 12.57 12.87

DeepSeek-R1 MoE Layer

Number of Samples 36 54 72 144 192 600 900 1632 3000

Evolutionary Search 2.11 2.27 3.90 4.10 5.07 6.60 6.62 9.31 9.13
MCTS 5.93 6.33 6.79 6.87 6.93 7.24 8.18 8.84 8.90
REASONING COMPILER 7.05 7.33 8.34 8.53 9.10 9.45 11.06 11.74 11.74

FLUX Attention Layer

Number of Samples 36 54 72 150 200 600 1000 1500 3000

Evolutionary Search 2.22 2.44 2.73 2.73 4.64 4.71 5.11 5.61 5.58
MCTS 3.62 3.79 3.85 4.04 4.37 5.09 5.56 5.40 5.64
REASONING COMPILER 4.48 4.67 4.89 5.37 5.42 5.43 5.59 5.60 5.67

FLUX Convolution Layer

Number of Samples 36 72 150 200 400 600 1000 1600 3000

Evolutionary Search 2.08 2.11 2.15 2.19 2.29 2.32 2.44 2.45 2.55
MCTS 2.11 2.13 2.18 2.37 2.38 2.38 2.44 2.44 2.45
REASONING COMPILER 2.21 2.30 2.29 2.36 2.47 2.47 2.51 2.55 2.58

Llama-4-Scout MLP Layer

Number of Samples 20 50 100 250 400 600 1000 1500 3000

Evolutionary Search 1.36 2.28 3.61 5.59 5.59 5.75 5.76 5.94 5.94
MCTS 1.76 2.51 4.05 5.41 7.83 8.13 8.58 8.90 8.90
REASONING COMPILER 12.74 12.74 12.74 12.75 12.75 13.24 13.26 13.52 13.79
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C Impact of LLM Choice and Reasoning Strategy

As a continuation of Figure 4(a), Table 4 reports speedup over unoptimized code on three additional
benchmarks: DeepSeek-R1 MoE Layer, FLUX Attention Layer, and FLUX Convolution Layer. Each
block of the table corresponds to a different benchmark and shows the best speedup achieved by
the REASONING COMPILER as a function of the number of schedules sampled using the reasoning
model listed in the table. Rows compare different reasoning models used for API call genera-
tion, including both proprietary (e.g., GPT-4o mini, OpenAI o1-mini) and open-source models (e.g.,
Llama3.3-Instruct, DeepSeek-Distill). Across all benchmarks, the results show that more capable
models—those that are larger or instruction-tuned—consistently achieve higher speedups with fewer
samples. For example, Llama3.3-Instruct (70B) and DeepSeek-Distill (32B) achieve near-maximal
speedup within the first 72–150 samples, while smaller models such as DeepSeek-Distill (7B) or
Llama3.1-Instruct (8B) reach similar performance more gradually. These results validate the gen-
erality of our findings: the use of context-aware LLMs accelerates convergence of the REASONING
COMPILER across diverse code domains. Moreover, the performance of open-source models is com-
petitive with proprietary alternatives, further supporting the accessibility and reproducibility of our
method.
Table 4: Speedup over unoptimized code across varying numbers of samples for different
choices of API call models.

Llama3-8B Attention Layer

Number of Samples 18 36 72 150 200 600

GPT-4o mini 4.52 7.08 8.38 8.79 10.56 11.33
OpenAI o1-mini 4.63 4.64 7.37 9.14 9.15 11.77
Llama3.3-Instruct (70B) 5.15 9.68 9.69 9.80 9.80 9.81
DeepSeek-Distill-Qwen (32B) 7.07 8.14 8.23 8.77 8.78 9.98
Llama3.1-Instruct (8B) 3.60 5.87 6.28 8.46 8.63 10.52
DeepSeek-Distill-Qwen (7B) 4.06 4.86 6.68 6.82 7.94 11.58

DeepSeek-R1 MoE Layer

Number of Samples 18 36 72 150 200 600

GPT-4o mini 6.14 7.05 8.33 8.53 9.10 9.45
OpenAI o1-mini 4.56 6.65 8.59 9.29 10.55 11.56
Llama3.3-Instruct (70B) 7.30 7.70 7.96 8.06 8.60 9.22
DeepSeek-Distill-Qwen (32B) 5.56 8.11 9.49 10.17 11.02 12.02
Llama3.1-Instruct (8B) 4.29 4.31 6.98 8.70 9.18 9.21
DeepSeek-Distill-Qwen (7B) 6.89 7.35 7.35 10.22 10.34 10.44

FLUX Attention Layer

Number of Samples 18 36 72 150 200 600

GPT-4o mini 4.09 4.48 4.89 5.37 5.42 5.43
OpenAI o1-mini 3.29 2.99 5.27 5.53 5.65 5.67
Llama3.3-Instruct (70B) 2.67 3.12 4.82 4.86 5.71 5.71
DeepSeek-Distill-Qwen (32B) 3.56 4.29 4.29 4.54 4.99 5.21
Llama3.1-Instruct (8B) 2.01 3.43 3.55 3.80 3.87 5.21
DeepSeek-Distill-Qwen (7B) 3.02 3.76 3.83 4.54 4.94 5.17

FLUX Convolution Layer

Number of Samples 18 36 72 150 200 600

GPT-4o mini 1.65 2.21 2.30 2.29 2.36 2.47
OpenAI o1-mini 2.37 2.37 2.38 2.39 2.45 2.54
Llama3.3-Instruct (70B) 2.30 2.35 2.47 2.51 2.56 2.57
DeepSeek-Distill-Qwen (32B) 1.41 2.26 2.32 2.35 2.40 2.45
Llama3.1-Instruct (8B) 2.11 2.30 2.39 2.55 2.55 2.56
DeepSeek-Distill-Qwen (7B) 1.56 2.18 2.42 2.44 2.46 2.45
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D Impact of Historical Trace Depth on Optimization Efficiency

As a continuation of Figure 4(b), Table 5 presents the data for the ablation study on the depth of
historical trace included in the prompt sent to the LLM. Specifically, we compare two configurations:
the “Parent + Grandparent” setting, where the prompt contains information from the current node
and its two immediate ancestors, and the “Parent + Grandparent + Great-Grandparent” setting, where
the prompt additionally includes the great-grandparent node. These variations allow us to assess the
impact of deeper context windows on the effectiveness of the REASONING COMPILER.

Results show that increasing the historical context generally improves sample efficiency across all
benchmarks. For example, on DeepSeek-R1 MoE Layer, adding one more ancestral node boosts
early performance significantly, achieving a 9.39× speedup at just 18 samples compared to 6.14×
for the shallower context. Similarly, on Llama-3-8B Attention Layer, the extended context leads to a
higher final speedup (11.87× vs. 11.33×) and earlier convergence. The performance gains, while
smaller, are also consistent on FLUX Attention Layer and FLUX Convolution Layer, with improve-
ments observed across all sample budgets. These findings confirm that providing richer historical
context enables the LLM to make more informed decisions at each step of the search, ultimately
enhancing the sample efficiency of the REASONING COMPILER

Table 5: Speedup over unoptimized code across varying numbers of samples for different
context lengths.

Llama-3-8B Attention Layer
Number of Samples 18 36 72 150 200 600

Parent + Grandparent 4.52 7.08 8.38 8.79 10.56 11.33
Parent + Grandparent + Great-Grandparent 3.63 7.13 11.36 11.86 11.86 11.87

DeepSeek-R1 MoE Layer
Number of Samples 18 36 72 150 200 600

Parent + Grandparent 6.14 7.05 8.33 8.53 9.10 9.45
Parent + Grandparent + Great-Grandparent 9.39 10.31 10.31 10.49 10.59 10.65

FLUX Attention Layer
Number of Samples 18 36 72 150 200 600

Parent + Grandparent 4.09 4.48 4.89 5.37 5.42 5.43
Parent + Grandparent + Great-Grandparent 4.21 4.55 4.81 5.47 5.53 5.61

FLUX Convolution Layer
Number of Samples 18 36 72 150 200 600

Parent + Grandparent 1.65 2.21 2.30 2.29 2.36 2.47
Parent + Grandparent + Great-Grandparent 1.73 2.22 2.32 2.35 2.49 2.50
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E Ablations of MCTS Branching Factor

To determine the value of MCTS branching factor (B), we ablate on B = 2 and B = 4. In Table 6,
results show that when branching factor B = 2, the REASONING COMPILER is more sample-efficient
than when B = 4. Our choice of B = 2 aligns with prior works [21, 22]. If a higher branching
factor is chosen, then there are more possible next steps, which require more sampling effort (i.e.,
more simulations) to cover these expanded possibilities at the same level of thoroughness.

Table 6: Speedup over unoptimized code across varying numbers of samples for different
branching factors.

Llama-3-8B Attention Layer
Number of Samples 18 36 72 150 200 600

B = 2 4.52 7.08 8.38 8.79 10.56 11.33
B = 4 4.16 7.88 8.35 8.89 9.86 10.99

DeepSeek-R1 MoE Layer
Number of Samples 18 36 72 150 200 600

B = 2 6.14 7.05 8.33 8.53 9.10 9.45
B = 4 2.98 4.29 4.29 7.28 7.29 9.10

FLUX Attention Layer
Number of Samples 18 36 72 150 200 600

B = 2 4.09 4.48 4.89 5.37 5.42 5.43
B = 4 2.40 3.48 3.97 4.95 4.97 5.55

FLUX Convolution Layer
Number of Samples 18 36 72 150 200 600

B = 2 1.65 2.21 2.30 2.29 2.36 2.47
B = 4 1.91 1.97 2.23 2.23 2.25 2.43
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F Cost of LLMs Used in Experiments

In Table 7, for each benchmark, we report the API cost of running a full experiment with every
LLM used to generate transformation proposals. We run a high number of samples to understand
the boundary of performance improvements and allow the algorithm to saturate. For OpenAI, our
main results used GPT-4o mini, the lowest-cost model available at submission time. For open-source
models, we used Hugging Face APIs through the Nscale hyperscaler provider. Across benchmarks,
these open-source models achieved competitive speedups and sample efficiency relative to GPT-
4o mini, indicating that open-source models are a viable alternative when commercial APIs are
impractical. Costs of open-source models could be further reduced by local deployment.

Table 7: Cost of different LLM APIs per entire experiment (USD) across layer-wise and end-to-
end benchmarks.

Layer / Task
Model

GPT-4o
mini

OpenAI
o1-mini

Llama3.3-
Instruct (70B)

DeepSeek-
Distill (32B)

Llama3.1-
Instruct (8B)

DeepSeek-
Distill (7B)

Llama-3-8B Attention Layer $0.89 $6.56 $2.07 $1.55 $0.31 $2.07
DeepSeek-R1 MoE Layer $0.90 $6.63 $2.09 $1.57 $0.31 $2.09
FLUX Attention Layer $0.88 $6.47 $2.03 $1.52 $0.30 $2.03
FLUX Convolution Layer $1.12 $8.25 $2.67 $2.00 $0.40 $2.67
Llama-4-Scout MLP Layer $0.90 — — — — —
End-to-End Llama-3-8B $1.59 — — — — —

G LLM Proposal Validity and Fallback Rates

LLM-generated transformations can occasionally be syntactically valid but semantically redundant
or performance-regressive. During any single MCTS expansion, proposals that fail basic validity
checks (e.g., naming or use-context non-compliance) are simply discarded while the remaining valid
proposals proceed, and no fallback is triggered. A fallback occurs only when all LLM-generated
proposals in that expansion are invalid, in which case the search reverts to the default, non-LLM
expansion policy and continues without interruption. In Table 8, we report the fallback rate as
the average fraction of expansions that trigger this non-LLM path (i.e., expansions in which all
LLM proposals are invalid). To prevent downstream harm from poor but valid transformations,
the cost model evaluates all proposed transformations before they are added to the tree; proposals
with low estimated values are naturally pruned. Because the transformation space is a known, finite
set of legal rewrites, most correctness issues reduce to naming compliance and use-context, which
modern instruction-tuned LLMs typically handle well. Empirically, commercial models (GPT-4o
mini and OpenAI o1-mini) show 0% fallback rates, larger open-source models perform similarly
(Llama3.3-Instruct 70B at 0.08% and DeepSeek-Distill 32B at 0.17%), whereas smaller models
exhibit higher fallback rates (Llama3.1-Instruct 8B at 10.50% and DeepSeek-Distill 7B at 17.20%).

Table 8: Fallback rate by model used as the transformation proposal generator.

Model Fallback Rate

GPT-4o mini 0%
OpenAI o1-mini 0%
Llama3.3-Instruct (70B) 0.08%
DeepSeek-Distill (32B) 0.17%
Llama3.1-Instruct (8B) 10.50%
DeepSeek-Distill (7B) 17.20%
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NeurIPS Paper Checklist
1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?
Answer: [Yes]
Justification: We demonstrate accurately the paper’s contributions and scope in the abstract,
§1 (introduction), and §4 (results) to support the claims.
Guidelines:

• The answer NA means that the abstract and introduction do not include the claims
made in the paper.

• The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

• The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

• It is fine to include aspirational goals as motivation as long as it is clear that these
goals are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: The authors acknowledge that their method currently depends on external
APIs for querying large language models, which may pose reproducibility and scalability
concerns due to cost and access restrictions. They also recognize that the system’s perfor-
mance can vary across model types and that the evaluation is limited to six representative
state-of-the-art benchmarks. Moreover, since the approach relies on prompt formatting and
reasoning traces, its effectiveness may degrade in settings where context length or LLM
interpretability is constrained.
Guidelines:

• The answer NA means that the paper has no limitation while the answer No means
that the paper has limitations, but those are not discussed in the paper.

• The authors are encouraged to create a separate "Limitations" section in their paper.
• The paper should point out any strong assumptions and how robust the results are to

violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The au-
thors should reflect on how these assumptions might be violated in practice and what
the implications would be.

• The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

• The authors should reflect on the factors that influence the performance of the ap-
proach. For example, a facial recognition algorithm may perform poorly when image
resolution is low or images are taken in low lighting. Or a speech-to-text system might
not be used reliably to provide closed captions for online lectures because it fails to
handle technical jargon.

• The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

• If applicable, the authors should discuss possible limitations of their approach to ad-
dress problems of privacy and fairness.

• While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.
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3. Theory assumptions and proofs
Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
Answer: [NA]
Justification: This paper focuses on practical compiler optimization techniques rather than
theoretical developments. As such, it does not present formal theorems or proofs. However,
in §2, we provide a formal problem formulation to clearly define the optimization setting
and guide our methodology. No theoretical claims are made that would require formal
assumptions or correctness proofs.
Guidelines:

• The answer NA means that the paper does not include theoretical results.
• All the theorems, formulas, and proofs in the paper should be numbered and cross-

referenced.
• All assumptions should be clearly stated or referenced in the statement of any theo-

rems.
• The proofs can either appear in the main paper or the supplemental material, but if

they appear in the supplemental material, the authors are encouraged to provide a
short proof sketch to provide intuition.

• Inversely, any informal proof provided in the core of the paper should be comple-
mented by formal proofs provided in appendix or supplemental material.

• Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main
experimental results of the paper to the extent that it affects the main claims and/or conclu-
sions of the paper (regardless of whether the code and data are provided or not)?
Answer: [Yes]
Justification: We have provided a detailed experimental setup and included the link to our
GitHub repository. We also described in detail our method in §3.1 and §3.2 to make sure
our experiments can be reproduced.
Guidelines:

• The answer NA means that the paper does not include experiments.
• If the paper includes experiments, a No answer to this question will not be perceived

well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

• If the contribution is a dataset and/or model, the authors should describe the steps
taken to make their results reproducible or verifiable.

• Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture
fully might suffice, or if the contribution is a specific model and empirical evaluation,
it may be necessary to either make it possible for others to replicate the model with
the same dataset, or provide access to the model. In general. releasing code and data
is often one good way to accomplish this, but reproducibility can also be provided via
detailed instructions for how to replicate the results, access to a hosted model (e.g., in
the case of a large language model), releasing of a model checkpoint, or other means
that are appropriate to the research performed.

• While NeurIPS does not require releasing code, the conference does require all sub-
missions to provide some reasonable avenue for reproducibility, which may depend
on the nature of the contribution. For example
(a) If the contribution is primarily a new algorithm, the paper should make it clear

how to reproduce that algorithm.
(b) If the contribution is primarily a new model architecture, the paper should describe

the architecture clearly and fully.
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(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to re-
produce the model (e.g., with an open-source dataset or instructions for how to
construct the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case au-
thors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
Answer: [Yes]
Justification: We included the link to our repository in the abstract. The repository contains
instructions on how to set up and run the experiments.
Guidelines:

• The answer NA means that paper does not include experiments requiring code.
• Please see the NeurIPS code and data submission guidelines (https://nips.cc/public/

guides/CodeSubmissionPolicy) for more details.
• While we encourage the release of code and data, we understand that this might not

be possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

• The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

• The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

• The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

• At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

• Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLs to data and code is permitted.

6. Experimental setting/details
Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?
Answer: [Yes]
Justification: In §4.1, we specified all the experiment details necessary to understand the
results.
Guidelines:

• The answer NA means that the paper does not include experiments.
• The experimental setting should be presented in the core of the paper to a level of

detail that is necessary to appreciate the results and make sense of them.
• The full details can be provided either with the code, in appendix, or as supplemental

material.
7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropri-
ate information about the statistical significance of the experiments?
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Answer: [Yes]
Justification: All experiments are repeated 20 times, and the results are averaged to ensure
statistical stability, as described in §4.1.
Guidelines:

• The answer NA means that the paper does not include experiments.
• The authors should answer "Yes" if the results are accompanied by error bars, confi-

dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

• The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

• The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

• The assumptions made should be given (e.g., Normally distributed errors).
• It should be clear whether the error bar is the standard deviation or the standard error

of the mean.
• It is OK to report 1-sigma error bars, but one should state it. The authors should prefer-

ably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis of
Normality of errors is not verified.

• For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

• If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments compute resources
Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?
Answer: [Yes]
Justification: We mention the machine details in §4.1, and the README in the GitHub
repository provides the steps.
Guidelines:

• The answer NA means that the paper does not include experiments.
• The paper should indicate the type of compute workers CPU or GPU, internal cluster,

or cloud provider, including relevant memory and storage.
• The paper should provide the amount of compute required for each of the individual

experimental runs as well as estimate the total compute.
• The paper should disclose whether the full research project required more compute

than the experiments reported in the paper (e.g., preliminary or failed experiments
that didn’t make it into the paper).

9. Code of ethics
Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?
Answer: [Yes]
Justification: The research conducted in the paper conforms, in every respect, with the
NeurIPS Code of Ethics.
Guidelines:

• The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.
• If the authors answer No, they should explain the special circumstances that require a

deviation from the Code of Ethics.
• The authors should make sure to preserve anonymity (e.g., if there is a special consid-

eration due to laws or regulations in their jurisdiction).
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10. Broader impacts
Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?
Answer: [Yes]
Justification: This work presents a compiler optimization framework that leverages LLM
reasoning for efficient model serving. The positive societal impacts include reducing the
computational cost of deploying large machine learning models, which in turn improves
accessibility and scalability, as discussed in abstract, introduction, and conclusion (see §1
and §6).
Guidelines:

• The answer NA means that there is no societal impact of the work performed.
• If the authors answer NA or No, they should explain why their work has no societal

impact or why the paper does not address societal impact.
• Examples of negative societal impacts include potential malicious or unintended uses

(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact spe-
cific groups), privacy considerations, and security considerations.

• The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

• The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

• If there are negative societal impacts, the authors could also discuss possible mitiga-
tion strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards
Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?
Answer: [NA]
Justification: The paper does not release any models or associated datasets which have high
risk of misuse. It rather focuses on compiler-level optimizations for efficient ML model
serving, which poses no direct safety or misuse concerns that would warrant safeguards.
Guidelines:

• The answer NA means that the paper poses no such risks.
• Released models that have a high risk for misuse or dual-use should be released with

necessary safeguards to allow for controlled use of the model, for example by re-
quiring that users adhere to usage guidelines or restrictions to access the model or
implementing safety filters.

• Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

• We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets
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Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?
Answer: [Yes]
Justification: Our method is integrated with Apache TVM v0.20.0 [10], an open-source
machine learning compiler stack released under the Apache License 2.0. We properly cite
the original work [8, 10] and ensure full compliance with its licensing terms. We also use
OpenAI or HuggingFace’s model serving and utilize their APIs to access the models.
Guidelines:

• The answer NA means that the paper does not use existing assets.
• The authors should cite the original paper that produced the code package or dataset.
• The authors should state which version of the asset is used and, if possible, include a

URL.
• The name of the license (e.g., CC-BY 4.0) should be included for each asset.
• For scraped data from a particular source (e.g., website), the copyright and terms of

service of that source should be provided.
• If assets are released, the license, copyright information, and terms of use in the pack-

age should be provided. For popular datasets, paperswithcode.com/datasets has cu-
rated licenses for some datasets. Their licensing guide can help determine the license
of a dataset.

• For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

• If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New assets
Question: Are new assets introduced in the paper well documented and is the documenta-
tion provided alongside the assets?
Answer: [Yes]
Justification: We integrate the proposed approach into open-source TVM scheduling and
also make our code open source, as discussed in §4.1.
Guidelines:

• The answer NA means that the paper does not release new assets.
• Researchers should communicate the details of the dataset/code/model as part of their

submissions via structured templates. This includes details about training, license,
limitations, etc.

• The paper should discuss whether and how consent was obtained from people whose
asset is used.

• At submission time, remember to anonymize your assets (if applicable). You can
either create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and research with human subjects
Question: For crowdsourcing experiments and research with human subjects, does the pa-
per include the full text of instructions given to participants and screenshots, if applicable,
as well as details about compensation (if any)?
Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

• The answer NA means that the paper does not involve crowdsourcing nor research
with human subjects.

• Including this information in the supplemental material is fine, but if the main contri-
bution of the paper involves human subjects, then as much detail as possible should
be included in the main paper.
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• According to the NeurIPS Code of Ethics, workers involved in data collection, cura-
tion, or other labor should be paid at least the minimum wage in the country of the
data collector.

15. Institutional review board (IRB) approvals or equivalent for research with human
subjects
Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?
Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

• The answer NA means that the paper does not involve crowdsourcing nor research
with human subjects.

• Depending on the country in which research is conducted, IRB approval (or equiva-
lent) may be required for any human subjects research. If you obtained IRB approval,
you should clearly state this in the paper.

• We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

• For initial submissions, do not include any information that would break anonymity
(if applicable), such as the institution conducting the review.

16. Declaration of LLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.
Answer: [Yes]
Justification: Large language models are an integral part of our method. We use them in the
program optimization process to guide transformation proposals in compiler optimization
search. This use of LLMs is central, and is described in detail in 3.1. All of our usage com-
plies with responsible AI guidelines, and models used (e.g., OpenAI’s models, LLaMA-3,
DeepSeek) are publicly accessible using APIs.
Guidelines:

• The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

• Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM) for what
should or should not be described.
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