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Abstract

Query rewriting is a classical technique for transforming complex declarative SQL queries into
simpler equivalents, improving execution speed and developer comprehension. This is typically
done using transformation rules, which are limited in scope and hard to update in production.
Emerging methods using large language models (LLMs) show promise but often suffer from
semantic errors and syntactic inconsistencies.

This thesis shows how LLMs’ reasoning abilities can be used for reliable query optimiza-
tion, employing generic and database-aware prompts, LLM token probability-guided rewrites,
and a self-reflective LLM agent. To ensure correctness and stability, we incorporate a wide
range of statistical and logic-based validation mechanisms. We implemented these LLM-driven
techniques in the LITHE and AGENTIC-LITHE systems and evaluated them on complex analytic
queries from standard benchmarks on modern database platforms.

Tests on industry-standard benchmarks show our system outperforms state-of-the-art tech-
niques by an order of magnitude, serving as a reliable intermediary between enterprise applica-
tions and databases. For example, on TPC-DS with PostgreSQL, slow queries saw a geometric
mean speedup of 10.2x over the native optimizer, compared to 4.9x from SOTA. Overall,
LITHE and AGENTIC-LITHE mark a promising step toward practical LLM-based advisory tools
for enterprise query performance.

This investigation is a joint project with another M.Tech CSA student, Himanshu Devrani.
My thesis focuses on detailing the components and work implemented by me, while the remaining

aspects of the project are covered in the technical report [10)].
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Chapter 1
Introduction

SQL queries in enterprise applications are often burdened with inefficiencies, particularly when
generated by tools like ORM frameworks. A clear illustration of this issue is the blog-processing
query presented in Figure 1.1, which was created using the widely used Entity Framework [20].
This complex query, intended to generate a daily summary of rating metrics for highly-rated
blogs, can be simplified into a more efficient flat query, as demonstrated in Figure 1.2.

Simplifying complex query structures into lean equivalents offers numerous advantages.
First, it significantly enhances query readability, making it easier to debug and maintain queries
in industrial settings. Second, while query optimizers are theoretically capable of eliminating
redundancies to create efficient execution plans, in practice, they often struggle with overly
complex query structures, leading to suboptimal performance. In fact, one of the most popular
database optimizers, PostgreSQL [1], failed to optimize the query shown in Figure 1.1.

This issue arises because the optimizer typically performs optimizations at the node level in
the execution plan, where it lacks the context to fully understand the declarative meaning of the
query. As a result, it cannot perform meaningful transformations at the query level. In contrast,
large language models (LLMs), with their advanced context understanding, can interpret the
query semantically and transform it into more efficient SQL instructions. Therefore, an LLM
based query re-writer can serve as an effective and non-invasive mechanism for delivering good
performance despite inherent optimizer limitations. The non-invasive nature of LLM-based
query rewriting can enable open-source optimizers to match the performance of commercial

database optimizers, bypassing the complexity of modifying the optimizer itself.



SELECT t.Key, sum(t.Rating) AS PostRating,

(SELECT sum(b0.Rating)

FROM (SELECT p0.Postld, p0.Blogld, p0.Content,
p0.CreatedDate, p0O.Rating, p0.Title,
bl.Blogld AS BloglId0,
bl.Rating AS Rating0 ,
bl.Url, p0.day AS Key
FROM Posts AS p0 INNER JOIN Blogs AS bl
ON p0.Blogld = bl.Blogld
WHERE bl.Rating > 5) AS t0

INNER JOIN Blogs AS b0
ON t0.Blogld = b0.Blogld
WHERE t.Key = t0.Key ) AS BlogRating
FROM (SELECT p.Rating, p.day AS Key
FROM Posts AS p INNER JOIN Blogs AS b
ON p.Blogld = b.Blogld
WHERE b.Rating > 5) AS t
GROUP BY t.Key;

Figure 1.1: Complex SQL Representation

SELECT p.day AS Key, SUM(p.Rating) AS PostRating
,SUM(b.Rating) AS BlogRating

FROM Posts AS p INNER JOIN Blogs AS b
ON p.Blogld = b.Blogld

WHERE b.Rating > 5

GROUP BY p.day;

Figure 1.2: Lean Equivalent Query

Building on this context, we have designed an effective SQL-to-SQL query transformation
tool which meets the following essential criteria: (1) The rewritten query must preserve the
semantic equivalence with the original query; (2) The transformation should avoid any degra-
dation in execution efficiency; and (3) The computational and resource costs of performing the
transformation should remain feasible for real-world deployment scenarios.

This investigation is a joint project with another M.Tech CSA student, Himanshu Devrani.

My thesis focuses on detailing the components and work implemented by me, while the remain-



ing aspects of the project are covered in the technical report [10].

1.1 Query Rewriting via LLMs

1.1.1 Prior Work

A significant portion of modern SQL query rewriting research focuses on rule-based methodolo-
gies [38, 31, 5, 33, 7, 22]. For example, WeTune [31] generates new rewrite rules by enumerating
a bounded set of logically equivalent query plans and employing an SMT solver to verify their
correctness. Despite its ability to produce numerous rewrite rules, this approach struggles to
handle complex queries due to the computational challenges associated with rule validation.
As such it is unable to optimize any of the TPC-DS queries [13, 17].

Learned Rewrite [38], by contrast, builds on Calcite’s [6] predefined set of rewrite rules.
It uses Monte Carlo Tree Search (MCTS) to navigate the combinatorial explosion of possible
rule sequences, aiming to identify the most effective subset and application order for these
rules. Similarly, LLM-R? [16] also employs Calcite’s rules but utilizes an LLM to determine
the optimal rules and their sequence for improving query performance. R-Bot [27] extends
this concept by integrating advanced methods like retrieval-augmented generation (RAG) and
iterative self-reflection to further enhance the ordering of Calcite rules. Query Booster [5], on
the other hand, enables users to define custom rewrite rules through a flexible rule language.
These user-defined rules are then generalized for application to SQL queries.

All of the above approaches operate via the query plan space, (i.e optimization on the nodes
of the execution plan tree) rather than directly in query space (i.e transforming the query
structure itself), which can restrict the kind of rewrites that can be accomplished.

GenRewrite [17] is the first LLM-based approach that tries to use the LLM itself for end-
to-end query rewriting. Rather than relying on Calcite’s [6] predefined rules, they use the LLM
to generate Natural Language Rewrite Rules (NLR2s), which act as hints for query rewriting.
Through iterative prompting, it refines these rules to produce rewritten queries. The results
highlight the ability of LLMs to outperform rule-based methods by better understanding query
contexts, resulting in notable advancements in query rewriting compared to previous techniques.

However, LLM-generated rewrite rules often fail to generalize beyond specific queries, and
applying them correctly can be challenging without clear examples. Furthermore, LLMs’ lack

of database awareness limits their ability to create efficient, metadata-informed rewrites.



1.1.2 The LITHE Rewriter

To address these limitations, we present LITHE (LLM Infused Transformations of HEfty queries),
an LLM-based query rewriting assistant to aid DBAs in tuning slow-running queries that have
entailed their intervention. The system is built through a structured exploration of prompt
engineering strategies. It features a suite of basic prompts as well as database-sensitive prompts
with Redundancy Removal and Metadata-infused Rules.

In addition to prompt-based strategies, LITHE exploits token probability outputs from the
LLM to identify uncertain predictions. When the model is unsure about token generation, it
branches into multiple alternative paths using Monte Carlo Tree Search (MCTS) to explore
potentially better rewrites.

To ensure rewritten queries are both correct and performant, LITHE verifies semantic equiv-
alence using a combination of statistical result comparisons and logic-based tools. Additionally,
it employs heuristics to detect and discard rewrites that may regress in actual runtime perfor-

mance, despite favorable optimizer estimates.

1.1.3 Results

Our first set of experiments to evaluate LITHE’s performance is carried out on the industry
standard TPC-DS benchmark [8], hosted on the PostgreSQL platform with GPT-40 used as the
LLM. The evaluation focuses on slow queries taking more than a threshold time to complete. We
compare the performance of LITHE against SOTA techniques (specifically, Learned Rewrite [38],
LLM-R? [16], GenRewrite [17], as well as a baseline LLM prompt [17]). The primary metrics are
(a) reductions in optimizer-estimated costs, (b) run-time speedups, and (c) rewriting overheads.
For LLM-based techniques, the number of tokens used is also monitored since the financial
charges for LLM usage are typically dependent on this number. To understand the independent
utility of the various components of LITHE, a systematic ablation study is carried out.

In our second stage of experiments, we evaluate generalizability of the above outcomes in
a variety of new scenarios, including (a) unseen database schemas, and (b) alternative LLM
platforms.

Our experiments demonstrate that LITHE achieves, for many slow queries, semantically
correct transformations that significantly reduce the abstract costs. In particular, for TPC-DS,
LITHE constructed “highly productive” (> 1.5z estimated speedup) rewrites for as many as 26
queries, whereas SOTA promised such rewrites for only about half the number. Further, the GM
(Geometric Mean) of LITHE’s cost reductions reached 11.5, almost double the 6.1 offered by
SOTA.



We also evaluated whether the above cost reductions translated into real execution speedups.
Here, we find that LITHE is indeed often substantively faster at run-time as well. Specifically,
the geometric mean of the runtime speedups for slow queries was as high as 13.2 over the native
optimizer, whereas SOTA delivered 4.9 in comparison.

Overall, LITHE is a promising step toward viable LLM-based advisory tools for ameliorating

enterprise application performance.

1.2 Agentic Al for Query Rewriting

1.2.1 Prior Work

In recent times, Agentic reasoning has been incorporated into LLMs, enabling them to
dynamically interact with external environments and to reflect on their past steps to improve
the quality of chosen actions [26, 21]. In particular, they have been extensively used for Text-
to-SQL transformations [29, 34, 32, 24, 28]. The main focus of these Agentic techniques is to
correctly ascertain the information necessary to formulate the SQL query [29, 23, 28]. On the

other hand, the goal of S2S rewriting is on improving the performance of an existing SQL query.

1.2.2 The AGENTIC-LITHE Rewriter

Building on LITHE, we propose an enhanced framework, AGENTIC-LITHE, that introduces a
reasoning-driven LLM Agent for S2S transformations. Inspired by the Tree of Thoughts
problem-solving method [35], this Agent can self-analyze its errors and devise new SQL-to-
SQL rewrite rules that go beyond those used in LITHE. Rather than generating a complete SQL
rewrite in a single step, the Agent first reflects on potential optimizations, then applies them

incrementally, improving rewrite quality by fostering deeper reasoning and adaptive correction.

1.2.3 Results

On the same test bed used to evaluate LITHE, AGENTIC-LITHE demonstrated superior perfor-
mance compared to both LITHE as well as SOTA. For TPC-DS, AGENTIC-LITHE constructed
4 additional highly productive rewrites for queries that neither LITHE nor SOTA were able to
optimize. Taking these additional rewrites into account, the GM of AGENTIC-LITHE’S cost
reductions reached 10.2, whereas those of LITHE and SOTA fell to 8.4 and 4.9, respectively.
Similarly, for slow queries, its GM runtime speedup reached 17.7, significantly higher than
LITHE (9.4) and the state-of-the-art (4.0).

Next, AGENTIC-LITHE was tested for generalizability on an unseen database schema as well

as an alternative LLM platform. In both cases, it continued to outperform LITHE and SOTA.



An ablation study was also carried out to assess the contributions and rewrite overheads of the
different components of AGENTIC-LITHE in isolation.

Finally, an in-depth analysis of the Agent’s reasoning demonstrated that AGENTIC-LITHE
could independently discover rewrite rules employed by LITHE, and beyond.

1.3 Contributions

In summary, our study makes the following contributions:
1. Assesses LLM suitability for S2S transformation.

2. Transforms directly in query space instead of plan space intermediates, leading to perfor-

mant rewrites.

3. Leverages LLM token probabilities to guide navigation of the rewrite search space and

minimize LLM errors.
4. Uses an LLM agent to iteratively analyze, refine, and generate optimized SQL rewrites.

5. Evaluates rewrite quality over a broad range of database environments, demonstrating

substantial benefits over both SOTA and the native optimizer.

6. Identifies learnings that could help guide research directions for industrial-strength query

rewriting.

1.4 Overview

The remainder of this thesis is structured as follows: Chapter 2 describes the architecture
and overall design of LITHE. Chapter 3 explores the Token Probability Driven Rewrite pipeline
employed in LITHE. Chapter 4 presents a comprehensive experimental evaluation of LITHE, while
Chapter 5 discusses its limitations. Chapter 6 introduces AGENTIC-LITHE, a novel LLM Agent
based S2S transformation tool, with its evaluation covered in Chapter 7. Finally, Chapter 8

outlines future research directions, and Chapter 9 concludes the thesis.



Chapter 2

LITHE Architecture

/ LITHE \
i

1

Syntax
Verification
TV
E || Query Costing ||
1 1
Database | © !
Administrator || FastSemantic ||
|| Verification ||
T {BestProm
est Prompt
Transformed Que 4
i Query O Token Probability-driven
uery Cost Benefit i
0 ?’.V ! ofi Rewrite
Verification Label | Least Cost Rewrite
Explanation \ Final Checks /

Figure 2.1: High-level architecture of LITHE

In the initial phase of this study, we conducted a calibrated investigation into the reliable use
of LLMs for rewriting complex SQL queries. This work led to the development of the LITHE
(LLM Infused Transformations of Hefty queries) system. As illustrated in the architectural
diagram of Figure 2.1, LITHE takes as input the user query QU and outputs a transformed
query Q7 together with (a) the expected performance improvement, in terms of optimizer
estimated cost, of Q; (b) a verification label indicating the mechanism (provable or statistical)
used to determine that Q7 is semantically equivalent to QY; and (c) a reasoning for why
the LLM expects QT to be helpful wrt performance. This information allows DBAs to make
informed decisions about adopting Q. Notably, keeping a DBA in the loop is standard practice
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in commercial query advisory systems [9].

Our design of LITHE was based on a calibrated investigation of the suite of techniques

described below:

Prompt-based rewriting pipeline.

The pipeline feeds the user query and an ensemble of prompts to the LLM prompting
module in parallel, each requesting a rewrite. The prompts range from a set of Basic Prompts,
to database sensitive prompts that incorporate rewrite rules commonly followed by DBAs. The

Basic Prompts, shown in Figure 2.2, cover a progressive range of instruction detail to test the

LLM’s base knowledge.

Prompt 1

Prompt 2

Prompt 3/ Prompt 4

**Enter Query here**

Rewrite this query to improve performance.

You are a database expert and SQL optimizer. Your role involves
identifyinginefficient SQL queries and transforming them into
optimized, functionally equivalent <Database Engine> versions.

**Enter Query here**

Rewrite this query to improve performance of query while
maintaining semantic equivalence.

You are a database expert and SQL optimizer. Your role involves
identifyinginefficient SQL queries and transforming them into
optimized, functionally equivalent <Database Engine> versions.
Your tone is analytical and instructional.

A user has provided the following <Database Engine> query that
is potentially inefficient:

**Enter Query here**

The task is to first identify whether the query is inefficient or
not. If it is inefficient, you must rewrite the query to make it
more efficient while maintaining semantic equivalence. Here are
a few steps that can help you complete the task:

1. Start by identifying specific inefficiencies in the provided
query. If you feel the original query is already efficient, skip the
next two steps, and simply return the query as-is.

2. Next, provide guidelines for optimizations, and explainthe
rationale behind the recommended optimizations. Correspond
how these changes would map onto the original query to
maintain syntacticand semantic equivalence.

3. Finally craft the new, optimized <Database Engine> query

which includes all the enhancements discussed. Give complete
rewritten query with no manual involvement by user.

Figure 2.2: Templates used for Basic Prompts




The database sensitive prompts use Redundancy Removal Rules (R1 through R4 from Ta-
ble 2.1) to help the model adapt to different query patterns, and Metadata-infused Rules (R5

and R6 from Table 2.1) to guide the query optimizer towards efficient execution plans.

Table 2.1: Rules for Database-sensitive prompts

Redundancy Removal Rules
R1 Use CTEs to avoid repeated computation.
R2 When multiple subqueries use the same base table, rewrite to scan the base table only once.
R3 Remove redundant conjunctive filter predicates.
R4 Remove redundant key (PK-FK) joins.
Metadata-infused Rules
R5 Pick EXIST/IN from subquery selectivity (high/low).
R6 Pre-filter tables with self-joins and low selectivities on their filter/join predicates. Remove
redundant filters. Don’t create explicit join statements.

Token Probability Driven Rewrites. Beyond the standard prompt interface, LITHE lever-
ages the LLM telemetry, particularly the token probabilities output at each prediction step.
Whenever the LLM lacks high confidence in the next token, this module follows multiple alter-
native paths in the decision process using Monte Carlo tree search (MCTS). This report details
the token probability-driven rewrite module in brief.
Semantic Equivalence. To ensure semantic equivalence, we first test result equivalence on
down-sampled databases to quickly discard incorrect rewrites, though this may rarely yield
false positives. Then, logic-based tools like QED [30] and SQLSolver [12] provide provable
verification where applicable; otherwise, equivalence is checked on the full database. Rewrites
are then labeled provable or statistical, leaving final judgment to the DBA.
Regression Identification. Since optimizer cost estimates often diverge from actual run-
times [18], some rewrites may underperform in practice. To mitigate this, we apply heuristics
to detect and reject such rewrites, preferring the original query instead.

More details on the Prompt-based rewriting pipeline, Semantic Equivalence and Regression

Identification modules are available in the technical report [10].



Chapter 3
Token Probability Driven Rewrite

A key challenge with LLMs is hallucinations—responses that range from mildly incorrect to
entirely fabricated. This often stems from low-confidence output tokens, which can “confuse”
the LLM and lead to suboptimal outputs [14]. In order to have a robust approach for such cases,
we take inspiration from the code generation literature [36]. Specifically, we propose a Monte
Carlo Tree Search (MCTS) based decoding approach to search for a sequence of LLM-generated
tokens that results in both a valid query rewrite as well as performance improvements.

This approach models the problem of query rewriting as a decision tree denoting a Markov
Decision Process (MDP). The root node of this tree corresponds to the initial prompt. An
edge from a parent node to a child represents a possible token generated by the LLM and is
associated with a value denoting the probability of generating this token given the path taken
thus far. Here, each edge can be considered as an action of the MDP. A node is considered
terminal if the incoming edge corresponds to the “;” token.

The state of a node n is represented by the partial rewrite created by following the path
from the root to n — it is obtained by concatenating all the tokens along this path. The root’s
state is an empty rewrite, and every terminal node’s state is a complete rewritten query. To
make the above representation concrete, the decision tree for a toy SQL query is shown in
Figure 3.1.

Given that the vocabulary sizes of LLMs are upwards of hundreds of thousands of tokens, it
may become very expensive (in both dollar costs as well as computational costs) to construct

the entire tree.
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Figure 3.1: A toy example showing the decision tree that is traversed using Algorithm 1.

3.1 The MCTS Algorithm

It is therefore essential to significantly reduce the token search space while exploring the tree
for valid rewrites. This is precisely the purpose of MCTS which applies an Upper Confidence
Bound (UCB) heuristic to identify the best paths in a tree without computing the entire tree.
The pseudocode of the search procedure is shown in Algorithm 1. It consists of four stages that
are repeated across iter,,,, iterations:
1. Selection: The first stage is responsible for identifying the most appropriate path of the
decision tree that is yet to be explored. To do this, it starts from the root, and selects successive
edges (actions) till an unprocessed non-terminal node is reached (Lines 6-8 in Algorithm 1).
Actions are picked using a UCB that balances exploration and exploitation. The goal is to pick
those actions that have either (1) a higher potential to produce correct and faster rewrites (ex-
ploitation); or (2) been selected fewer times in the past (exploration).

Specifically, given a node n, a set of possible actions a € A, the next node in this traversal
is chosen as:

Npext = argmax UC' B(n, a) (3.1)

a€A

11



Algorithm 1 Token-augmented Rewrite

root # Start State
k # Maximum number of child node expansions
0 # Probability threshold for node expansion

itermee  # Maximum number of iterations

1: Potential, visits, V < empty Map

2: for i<« 1,2,...,iterq. do

3:  wisits[root] + visits[root] + 1

4: Neyr $— TOOL

5: # Stage 1: Selection

6: while len(ney,.children) > 0 do

£ Neur < AIZMAX e Actions(neyr.children) UCB(ncur, a)

8: ViSitS[Neyr] < visits[ne,] + 1

9: # Stage 2: Expansion
10: expand < True
11: while expand and *;" ¢ n,,.state do
12: tokenspest, Prewt < Model(neyy, k)
13: if Pest[0] < 6 then
14: for token € tokens,e,; do
15: Nnew < New Node with State n.,,.state - token
16: Append n,,., to ne,.children
17: expand < False
18: else
19: Newr-StAte <= Neyy.state - tokens, ey [0]
20: # Stage 3: Simulation - Expand from n.,, to full rewrite

21: query < GreedyExpand(ne,,)

22: v <— ComputePotential(query)

23: Potential[query| < v

24: # Stage 4: Backpropagation

25: while n.,, # Null do

26: Vinew] < max(V[ne,|,v)

27: Newr < Parent(ng,,)

28: # Return valid rewrite with maximum Potential > 1
29: if Jq € Potential | Potential[q] > 1 then

30: return ¢ having maximum value of Potential|q]
31: else 12

32: return the original query




where UCB is a heuristic adapted from [25] and is modified to reflect the tree structure of our

formulation. It is defined as follows:

UCB(n,a) = V(n')

+ ﬁ(n) X PLLM(CL | n.state) (32)

log(visits[n])
1 + visits[n/]

Here, n’ is the node reached from n by taking action a, and the first component V'(n')
represents the exploitation potential of n’ to produce correct and faster queries (this notion is
formalized below in Stage 3). The second component in the equation represents exploration —
it is higher for those child nodes of n that are visited less often. Here, Ppp); represents the
next token probability and visits[n| is the number of times n has been visited during the search
process. [ is a function that controls the balance between exploration and exploitation. It
depends on two hyper-parameters cp.sc and c - a higher value of ¢, makes the algorithm favor
exploitation more, whereas a higher value of ¢ increases the incentive to explore. [ is defined
o visits[n] + Cpase + 1

pn) = log( )+ (3:3)

Chase

For example, consider the situation where the tree in Figure 3.1 has been expanded to the
point where nodes 5 and 15 are the current unexpanded nodes. At this juncture, the selection
procedure will use the UCB values of these two nodes to choose which node to expand next.
2. Expansion: The second stage is used to expand the unprocessed node n.,, chosen by the
Selection stage. It retrieves LLM, the top k probable next tokens from n.,,’s state (Line 12),
and expands the decision tree by adding k£ new child nodes corresponding to these tokens. To
make the expansion tractable, multiple child nodes are added only if the probability of the
highest token falls below a threshold 6 (Line 13). In other words, when the highest token
probability is below 6, it means that the LLM itself is unsure of what the next token should be
and therefore it is worth exploring additional options. On the other hand, if the highest token
probability is greater than 6, then the tokens are generated in a greedy fashion from the current
node until a point where the LLM is again unsure of the next token, or it reaches a terminal
node (i.e., completes a query rewrite).

For example if k£ is set to 2 and 6 is set to 0.7, when the root node in Figure 3.1 is first
processed, Nodes 1,2,3, and 4 are expanded and created one after the other since the token
probabilities are higher than 6 (the algorithm processes Line 19 of the while loop). Only once

Node 4 is reached, two new nodes (5 and 15) are created as its children in this expansion stage.
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3. Simulation: In this stage we determine the potential value, V' (n.,.), to be assigned to
the node n.,. that was just expanded. n.,, is expanded in a greedy fashion, based on the
highest-probability tokens until a terminal node is reached (Line 21). Then, the complete
rewritten query represented by the state corresponding to this terminal node is used to compute
the potential (Line 22). For a valid rewrite, V(ne,) is equal to the speedup this rewritten
query provides with respect to the original input. However, if invalid (i.e. syntactically or
semantically incorrect), V' (n,,) is assigned a zero value. Continuing the example in Figure 3.1,
to compute V' (n15) the path colored blue is greedily expanded to identify the potential of using
this rewrite path. In this instance, the rewrite “select * from B left outer join A;” is
used to evaluate V' (n;s).

After every simulation, the complete rewritten query obtained after the greedy expansion
of neyr is cached along with V(ne,.) in a map, Potential.
4. Back Propagation: The V value of the simulation for n.,,. is back-propagated to all its
ancestor nodes. An ancestor node’s V' value is updated if and only if the new value is higher
than the existing value.
Rewritten Query. At the end of all iterations, ¢ € Potential with highest value Potential|q]
that is greater than 1 is returned as the rewritten query (Lines 29-30). In case no such rewrite
exists, implying that all the valid rewrites are slower than the original query, the original query
itself is returned (Line 32).

3.2 MCTS Seed Prompt

The root state in Algorithm 1 corresponds to the state just after the prompt is fed to the LLM.
One way to use this algorithm is to execute it for all the various prompts that make up the
Prompt-based rewriting pipeline, and choose the rewrite that provides the best performance.
This, however, is expensive both from the aspect of query rewrite time, as well as the number
of LLM tokens used. To minimize these costs, the LITHE workflow first selects, given a query,
the prompt yielding the most effective rewrite from among the ensemble of prompts from the
Prompt-based rewriting pipeline. It then employs this prompt to initiate the MCTS-based
rewrite. In case no prompt provides a lower-cost rewrite, a simple baseline prompt as detailed
in [17] is used as the fallback option. Later, in Section 4.3, we show how the seed choice

overheads can be further reduced via a classifier construction.
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Chapter 4
Experimental Evaluation - LITHE

In this chapter, we report on LITHE’s performance profile. We first describe the experimental
setup, including comparative baselines, query suites and evaluation platforms. Then we present
the speedup results for both aggregate benchmark and individual queries, followed by charac-
terization of the rewrite overheads. We finally discuss the impact of alternative platforms wrt
database schema and LLMs.

Performance Framework. A query taking over 10 seconds on the native database engine
is considered a “slow query”, potentially requiring DBA intervention as per industry norms
(e.g., [2]). A Cost Productive Rewrite is defined as a rewrite that improves such queries by
at least 1.5X in optimizer-estimated cost. This aggressive threshold was chosen to minimize
runtime regression risk due to optimizer headroom and justify rewrite overhead. A rewriting
tool’s effectiveness is measured by the number of CPR achieved on slow queries, along with
CSGM (geometric mean of cost speedups) and TSGM (geometric mean of response-time
speedups).

Rewrite Baselines. We compare LITHE with a collection of contemporary rewrite techniques,
collectively referred as SOTA — the details of these techniques are provided in Section 1.1.1.
Specifically, it consists: Baseline LLM prompt [17], Learned Rewrite [38], LLM-R? [16], and
GenRewrite [17]. For fairness, the best-performing rewrite from these baselines was chosen as
the comparator for each input query.

Query Set. Our evaluation in this report primarily focuses on complex analytical queries
from the standard TPC-DS decision-support benchmark [8], which models a retail supplier
environment. The benchmark is used at its default size of 100 GB. LITHE has also been evaluated
on other benchmarks, including DSB [11], ARCHER [37], JOB [15] and StackOverflow [19]. Due
to space limitations, we defer their details to the technical report [10].

Query Equivalence. A multi-stage approach is used to help the DBA test semantic equiv-
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alence between the original query and a recommended rewrite. We use a sampling-based ap-
proach to quickly test equivalence in the rewrite generation stages of the pipeline. The idea
here is to execute the queries on several small samples of the database and verify equivalence
based on the sample results. Once the least-cost rewrite passing the sampling tests is identified,
LITHE uses the recently proposed QED [30] and SQLSolver [12] to formally verify equivalence.
If the logic-based test is inconclusive, result equivalence is evaluated on the entire database
itself. The DBA may choose to prematurely terminate this test in case the checking time is
found to be excessive.

LITHE Parameter Settings. The temperature parameter of GPT-40, ranging from 0 to 1,
controls response randomness—higher values yield less predictable outputs. For deterministic
results, we set it to 0, enabling greedy sampling. LITHE ’s MCTS uses the following hyperparam-
eters: iter,,.. = 8, expansion threshold # = 0.7, number of expansions k = 2, and c¢pqs. = 10,
¢ = 4 — tuned empirically for efficiency and quality. Finally, we try a maximum of 5 times to
fix, via prompt corrections, any rewrite that exhibits syntax errors (Section 2).

Testbed. The majority of our experiments are carried out on the following data processing
platform: Sandbox server with Intel(R) Xeon(R) CPU E5-1660 v4 @ 3.20GHz x 16, 32 GB
RAM, and 12TB HDD, running Ubuntu 22.04 LTS; PostgreSQL v16 database engine; and
GPT-40 LLM for both LITHE and SOTA.

4.1 Rewrite Quality (Cost and Time)

LITHE produces a rewrite with a positive cost speedup (> 1x) for 46 of the 88 TPC-DS queries
deemed to be slow by our threshold. Of these 46, there were 26 CPRs resulting in a highly
productive CSGM of 11.5. On the other hand, SOTA delivers only 13 CPRs (out of 42 positive
rewrites) with a CSGM of 6.1. All but one of the SOTA CPRs also feature in the LITHE CPRs,
making the total number of CPRs considered to be 27. Of these 27, we were able to formally
verify 11 using the logic-based tools, whereas the remaining 16 passed our statistical tests.
Furthermore, we also manually verified the correctness of these rewritten queries.

Even in terms of wall-clock runtimes for query executions, in almost all cases, LITHE out-
performs or matches SOTA, including the one query where SOTA’s optimizer cost was better.
Overall, LITHE produces more robust rewrites resulting in a high TSGM of 13.2, whereas SOTA
provides a TSGM of 4.9.

We also found that the explanations provided by LITHE matched our manual analysis of of
the query plans for the original and rewritten queries, indicating that model-based reasoning is

well aligned with human-backed reasoning in these scenarios.
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4.2 Components of LITHE

A natural question at this stage is the role of the various techniques in LITHE towards achieving
its large performance benefits. With GPT-40, MCTS produces an additional CPR and also
improves the cost speedup of a pre-existing CPR over the Prompt-based rewriting pipeline.
The CSGM improves from 11.3 to 11.5 and the TSGM improves from 12.9 to 13.2 with the
addition of MCTS.

4.3 Rule Selection Classifier

On an average, LITHE takes 5 minutes and consumes 18,427 LLM tokens to rewrite CPR queries.
While such investments might seem reasonable at first glance, using the MCTS module directly
with the right prompt can further reduce rewrite overheads without compromising performance.
To achieve this, we build an LLM-based classifier to select the most appropriate rewrite rule
for a given query. Specifically, it identifies whether any of Rules R1-R6 from Table 2.1 apply.
If none do, it falls back to using the set of Basic Prompts to find the best input prompt for the
MCTS module.

The classifier is provided with the rewrite rules, along with an example and a counter-
example for each rule. For rules involving database schema or statistics, the relevant information
is also included to enable informed decisions. Then, given an input query, the classifier selects
the most appropriate rewrite rule.

Note that classical ML classifiers weren’t used, as they require converting SQL queries
and rewrite rules into numerical embeddings. These cannot capture the complex relationships
between queries and rewrite rules that involve first-order logic.

Table 4.1 compares the performance of LITHE with and without the classifier. The time
overheads do visibly go down by about 52 percent, and the tokens by about 13 percent. However,
there is a price to be paid — the CPRs are reduced to 23 and the CSGM and TSGM come down
to 8.5 and 9.5 respectively.

Table 4.1: Impact of Classifier (TPC-DS)
’ Metrics ‘ Without Classifier ‘ With Classifier ‘

# CPR 26 23

CSGM 11.5 8.5

TSGM 13.2 9.5
Avg. Tokens 18427 16003
Avg. Time 5 min 2.4 min
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4.4 LITHE on LLaMA

We evaluated LITHE using the LLaMA 3.1 70 billion instruct model - much smaller than GPT-
40 models which may have hundreds of billions of parameters [3]. To enable practical inference,
we used 4-bit quantization and set do_sample to False for deterministic, greedy decoding. To
make up for the huge reduction in model parameters as compared to GPT-40, we include up
to two example demonstrations for each rule-based prompt.

For this environment, Table 4.2 shows LITHE’s performance on the TPC-DS benchmark with
and without MCTS. Although certainly lower than the corresponding numbers with GPT-40
(Section 4.1), it is encouraging to see that, in absolute terms, significant performance benefits
can be obtained for most queries, especially with MCTS support. So, the message is that

smaller models can also be fruitfully used in real-world environments.

Table 4.2: LITHE Rewrite Performance with LLaMA
| | # CPR | CSGM | TSGM |

LITHE with GPT-4o 26 11.5 13.2
LLaMA without MCTS 18 5.6 6.5
LLaMA with MCTS 22 8.5 10.9
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Chapter 5

Shortcomings of LITHE

LITHE employs a small set of Redundancy Removal Rules as a proof of concept (Rules R1-R4
from Table 2.1). These four rules were selected because, through experimentation, they appear
to cover a wide range of database environments. However, this choice raises the question:
why limit LITHE to only these rules? It’s entirely possible that there exists a more effective
rule for a query that is already addressed by one of the existing rules, or even that there are
redundant queries for which the appropriate transformation isn’t captured by any current rule.
A significant limitation in LITHE ’s approach is that the strict application of specific rules
can hinder the LLM’s ability to genuinely understand the inefficiencies in a query. Instead of
engaging in reasoning, the model ends up mechanically applying a rule, missing the chance to
leverage its full cognitive potential. Furthermore, the one-rule-per-prompt design inherently
limits the rewriting process for queries exhibiting multiple types of redundancies, leading to an
early termination of optimization.

Interestingly, with the current state of LLM capabilities, it’s not unreasonable to believe that
LLMs could come up with LITHE ’s redundancy removal rules, or even better rules, on their own.
In fact, given both the original and rewritten queries produced by LITHE, we were able to confirm
that an LLM can successfully identify the precise rewrite rule responsible for the transformation.
To this end, the set of Basic Prompts in LITHE (Figure 2.2) were designed to encourage out-of-
the-box thinking from the LLM and allow for multiple levels of query optimization. While the
hope was for the Basic Prompts to produce a superset of the CPRs produced by the Redundancy
Removal Rules, in practice LLMs miss out on several optimizations without these rules (Section
7.2 of [10]).

The shortcomings of the Basic Prompts, despite encouraging out-of-the-box thinking, stem
from the linear thought process of LLMs. These prompts compel the LLM to generate a

rewritten query within a single attempt, leading it to output the first query that comes to mind
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without exploring alternative optimizations. This inability to branch out and explore different
thought processes, by forcing the thinking and query generation into a single output, negatively
impacts the quality of generation due to a lack of “breathing space”. Even when these prompts
task the LLM with coming up with multiple optimization guidelines for a given query, they
ultimately instruct it to apply all these optimizations simultaneously. Even if one of the LLM’s
proposed “optimizations” was one that would not preserve equivalence, the resultant query
would not be equivalent to the original. This rules out the possibility for the LLM to try out
each optimization individually to test which ones actually result in equivalent queries.

A critical missing component in LITHE’s prompt pipeline is self-reflection. In the current
workflow, once the LLM generates a syntactically correct query, its task is complete. It lacks
the ability to re-analyze the input and output queries or its own thought process during query
generation. Self-reflection implies a deliberate pause to review one’s own thoughts and actions,
a process deeply tied to learning and growth in humans. It is through this iterative process
of questioning, analyzing, and refining that better outcomes often emerge. Without such a
mechanism in LITHE, the LLM is unable to consider more optimal alternatives when it generates
a correct rewrite, or introspect its flaws when it generates an incorrect rewrite. This absence
of feedback to the LLM after generating a syntactically correct query deprives them from a
second attempt at rewriting. Just as humans learn from their mistakes through reflection,
LLMs should be afforded the same opportunity for iterative improvement.

While LITHE’s MCTS pipeline does encourage the LLM to reflect on its outputs by rewarding
correct and faster query rewrites, the performance improvements that it brings out are marginal

when applied in conjunction with large scale LLMs like GPT-40 as shown in Section 4.2.
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Chapter 6

AGENTIC-LITHE

To address the limitations of LITHE, the Prompt Pipeline is stripped of the Basic Prompts as
well as the set of Redundancy Removal Rules. The Token Probability-driven Rewrite module
is replaced by an LLM Agent in the Agentic Rewrite module as illustrated in Figure 6.1.
This Agent, inspired from the Tree of Thoughts method of problem solving [35], is capable of
analyzing its own mistakes and coming up with SQL-to-SQL rewrite rules beyond those existing
in LITHE.

Metadata-infused prompts that utilize Rules R5 and R6 from Table 2.1 are the only ones
retained in the Prompt pipeline. The Agent then operates on the best-performing rewrite from
this pipeline, as generating such statistics-based rules remains beyond the current capabilities
of LLMs. This enhanced framework is referred to as AGENTIC-LITHE.

Instead of having the LLM generate a complete rewrite in one step, the Agentic Rewrite
module splits this process into stages. Analysis is decoupled from query generation by first
asking the model to reflect on what optimizations are possible, and then applying them one at
a time. This prevents rushed attempts at generating rewrites and gives the model “breathing
space” to first focus on its reasoning. Detailed database sensitive feedback is provided to the
LLM when it makes mistakes. The model is continuously encouraged to revise its thought
process and approach the problem differently, to not only fix mistakes but to also deliver faster
rewrites.

Similar to the MCTS module, we model the query rewriting task using a tree data structure.
However, our approach to constructing and exploring this tree is fundamentally different. In
this approach, each edge in the tree represents a rewrite rule, and each node corresponds to a
query obtained by applying the rule from its parent node. The root node represents the original
query. Every node in the tree is also assigned a value: if the rewritten query is valid—meaning

it is both syntactically and semantically correct—the value corresponds to the cost speedup it

21



/ AGENTIC LITHE \
A

A
- Metadata Infused
Input Query OV |——> Prompting

Syntax Verification

SR I
2 [aumycong |
De%'se

Administrator Fast Semantic
Verification
T | "Best que
uel
Transformed Query Q7 -~

Query Cost Benefit Agentic Rewrite

Verification Label | Least Cost Rewrite

Explanation \ Final Checks /

I

Figure 6.1: High-level architecture of AGENTIC-LITHE

provides relative to the original query. If the rewrite is invalid, the node is assigned a value of
zero. The root node always has a value of 1.

Given the countless rewrite rules that might be applicable to a query, this tree would have
infinite depth and breadth. Hence, we need to significantly reduce the search space of rewrite
rules while exploring the tree for the most potent rewrites. For this purpose, we use the LLM
as a rewrite rule generator to get the K most optimal rewrite rules given an input query, and
we use the Breadth First Search algorithm with a fixed depth, D, and breadth, B, to navigate
the best paths in the tree.

The algorithm consists of three stages - Thought Generation, Query Generation, and Node
Evaluation - that are repeated across D iterations. Beginning with just the root node at depth
0 the tree is expanded layer by layer, guided by the LLM and BFS constraints to find the most
impactful rewrites. The pseudocode of the algorithm is shown in Algorithm 2.

As a running example, we consider a variant of the TPC-DS Q95, “Q”, that calculates
the total shipping cost in 2001 for returned orders from the company “pri” that were shipped
from multiple warehouses. This variant is used in place of the original Q95 query due to space
constraints; while more compact than the original, )y retains the essential structure and logic
necessary for illustrating our approach. Figure 6.2 illustrates the tree generated by the Agentic
Rewrite algorithm after the first iteration, with K set to 2. The root node ng represents the
original query )g. Nodes n; and ny are derived from ngy by applying the LLM generated rewrite

rules Ry and Ry to ), respectively.

22



No
WITH cte Qg
AS (SELECT s1.0_num
FROM sales s1, sales s2
WHERE s1.0_num = s2.0_num
AND s1.wh_sk < s2.wh_sk)
SELECT SUM(ship_cost)
FROM  sales s1, company c, date_dim d
WHERE s1.c_sk = c.c_sk AND c.name = 'pri'
AND s1.d_sk = d.d_sk AND d.year = 2001
AND s1.0_num IN (SELECT o_num FROM cte)
AND s1.0_num IN (SELECT r.o_num FROM returns r, cte
WHERE r.0o_num = cte.o_num);

| Value: 1 |
R1: Eliminate Redundant R2: Simplify CTE
Subqueries Dependencies
N4 na
e DE Q SELECT SUM(s1.ship_cost) Q2

(SELECT s1.0_num
FROM  sales s1, sales s2
WHERE s1.0_num =s2.0_num
AND s1.wh_sk < s2.wh_sk),
orders
AS (SELECT cte.o_num
FROM returnsr, cte
WHERE r.o_num = cte.o_num)

FROM sales s1, sales s2,
returns r, company c,
date_dim d

WHERE s1.c_sk=c.c_sk

AND c.name = 'pri'

AND s1.d_sk = d.d_sk

AND d.year = 2001

SELECT SUM(ship_cos) AND o1 wh, e = soh. ok

FROM  sales s1, company ¢, AND si.0 n_um —ro nurTT
date_dim d - e

WHERE s1.c_sk =c.c_sk | Value: 0 |

AND c.name = "pri'

AND s1.d_sk =d.d_sk

AND d.year = 2001

AND s1.0_num IN (SELECT o_num
FROM orders);

| Value: 2.7 |

Figure 6.2: A toy example showing the tree that is obtained using Algorithm 2 after the 1st
iteration.

Node n; has a value of 2.7, indicating that its query (), is a valid rewrite that achieves a
2.7x cost performance improvement over (Jy. In contrast, node ns has a value of 0, signifying
that its query @5 is an invalid rewrite. While the LLM is instructed to be detailed in generating
rewrite rules, this figure shows simplified rules for brevity.

6.1 Thought Generation

Given a tree node, this stage is responsible for generating K candidate rewrite rules for pro-
ceeding further, by using one of two prompts:
Rule Generation Prompt: This prompt is used if the node’s value is positive, meaning

that the node’s query is correct. Given the node’s query, the LLM is instructed to come up
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Algorithm 2 Agentic Rewrite

mput_query  # The input query

K # Num Thoughts
B # Breadth
D # Depth

sample_dbs  # List of sample databases

1: root < Node(query = input_query, rule = None, value = 1)
2: best_node < root
3: queue < [root]
4: test_dbs < empty List
5. for d < 0,1,...,D —1do
6: size < len(queue)
7: for s =0 to size — 1 do
8: n < pop(queue)
9: # Stage 1: Thought Generation
10: if node.value > 0 then
11: k_rules <— RuleGen(n.query, K)
12: else
13: (db, ddl, dml, outputs) <— DataGen(n.pnt.query, n.query)
14: k_rules < FineTune(ddl,dml, n.pnt.query, n.query, outputs, n.rule, K)
15: Append db to test_dbs
16: # Stage 2: Query Generation
17: for each rule in k_rules do
18: query < QueryGen(n.query, rule)
19: Nnew <— Node(query, rule, 0)
20: n.add_child(n,ey)
21: Append n,.,, to queue

22: # Stage 3: Node Evaluation

23: for each node n in queue do

24: n.value < FastVerifier(input_query, n.query, sample_dbs, test_dbs)
25: if n.value > best_node.value then

26: best_node <—n

27: queue < top B nodes by value from queue

28: for each db in test_dbs do
29: DropDatabase(db)
30: # Return the valid rewrite with maxinnmb lalue

31: return best_node.query




with K distinct rewrite rules and is given the freedom to be as detailed and creative as possible
in coming up with these rewrite rules (Line 11 of Algorithm 2).

Fine-Tuning Prompt: This prompt is used if the node’s value is zero, meaning that the
node’s query is incorrect. The LLM is asked to provide K variations of the rewrite rule that
led to the incorrect query (Line 14 of Algorithm 2). The goal is to encourage the model to
reflect on and correct its mistake. To aid this, we provide a minimal dataset with DDL and
DML commands where the original and rewritten queries yield differing results, along with
their respective outputs. These minimal datasets are synthetically generated using LLMs, as
described in Section 6.5.

'You are a database expert and SQL optimizer. Your role involves
identifying inefficient SQL queries and improving them step by
step. To enhance the given query's performance, provide up to 2
distinct rewrite rules. Be as detailed and creative as possible.

WITH cte Q
AS (SELECT s1.order
FROM sales s1, sales s2
WHERE s1.0_num = s2.0_num AND s1.wh_sk <> s2.wh_sk),
orders
AS (SELECT cte.o_num
FROM returnsr, cte
WHERE r.o_num = cte.o_num)
SELECT SUM(ship_cost)
FROM sales s1, company ¢, date_dim d
WHERE s1.c_sk =c.c_sk AND c.name = 'pri'
AND s1.d_sk = d.d_sk AND d.year = 2001
AND s1.0_num IN (SELECT o_num FROM orders);

v

R3: Replace Subquery with Join R4: Aggregate Before Joining
Figure 6.3: Rule Generation

As node n; goes through the Thought Generation stage, the LLM examines its query )y
and generates two new rewrite rules using the Rule Generation Prompt, R3 and Ry, to further
improve )y since it is a valid rewrite (Figure 6.3). On the other hand, since )5 is an invalid
rewrite, the LLM is shown a minimal dataset on which @y and @)y differ and is given a second

chance through the Fine-Tuning Prompt to figure out what went wrong with Ry (Figure 6.4).
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Minimal Dataset

Result Original Query

Rewritten Query

Result

create table date_dim (
d_sk integer not null,
year integer

)

create table company (
c_sk integer not null,
name char(50)

)i

create table returns (
o_num integer not null
)i
create table sales (
d_sk integer ,
c_sk integer s
wh_sk integer ,
o_num integer not null,

ship_cost decimal(7,2)
)i

INSERT INTO date_dim (d_sk, year) VALUES (401, 2001);
INSERT INTO company (c_sk, name) VALUES (301, 'pri');

INSERT INTO sales (d_sk, c_sk, wh_sk, o_num, ship_cost)
VALUES (401, 301, 501, 1001, 10.00), (401, 301, 502, 1001, 12.00);

INSERT INTO returns (o_num) VALUES (1001), (1001);

WITH cte Qq
AS (SELECT s1.0_num
FROM sales s1, sales s2
WHERE s1.0_num =s2.0_num
AND s1.wh_sk < s2.wh_sk)
SELECT SUM(ship_cost)
FROM sales s1, company c, date_dim d
WHERE s1.c_sk = c.c_sk AND c.name = 'pri'
AND s1.d_sk = d.d_sk AND d.year = 2001
AND s1.0_num IN (SELECT o_num FROM cte)
AND s1.o_num IN (SELECT r.o_num FROM returns r, cte
WHERE r.o_num = cte.o_num);

Rewrite Rule: Simplify CTE Dependencies

SELECT SUM(s1.ship_cost) Qy
FROM sales s1, sales s2, returns r, company c, date_dim d
WHERE s1.c_sk =c.c_sk AND c.name = 'pri'
AND s1.d_sk = d.d_sk AND d.year = 2001
AND s1.0_hum = s2.0_num
AND s1.wh_sk < s2.wh_sk
AND s1.0_num = r.o_num;
sum
24.00

The rewritten query is not equivalent to the original query on the above
dataset. Can you provide 2 new variations of the given rewrite rule so
that the rewritten query will be equivalent to the original?

v

R5: Preserve CTE Logic for R6: Combine Filtering Conditions
Filtering into a Single Subquery

Figure 6.4: Fine Tuning
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6.2 Query Generation

This module directs the LLM to rewrite an input query strictly according to a specified rewrite
rule. Given a tree node, following Thought Generation, the queries corresponding to each new
rewrite rule are created using the Query Generation module. K new nodes are created with
these queries and added as children to the given node, with each edge representing one of the
K thoughts (Lines 17-21 of Algorithm 2).

6.3 Node Evaluation

This module evaluates the progress that a node has made towards efficiently rewriting the
original query. It serves as a heuristic for the search algorithm to determine which nodes to
keep exploring and in which order. To that extent, this module determines the value of a tree
node by calling LITHE ’s Fast Semantic Verification tool (Line 24 of Algorithm 2). Given the
original query and a rewritten query, this tool quickly evaluates result equivalences between the
two on a diverse cluster of databases constructed using not only down-sampled versions of the
original database (Section 2), but also LLM generated synthetic databases (Section 6.5).

While these checks do not suffer from false negatives, they may (rarely) incur false positives.
These tests can thus quickly weed out obviously non-equivalent rewrites. If the two queries are
deemed equivalent, this tool assigns the cost performance improvement that the rewritten query
offers over the original to the node’s value. Else, it assigns the node a value of zero.

As shown in Figure 6.5, nodes ns-ng with queries (Q3-Q)g are created after the Query Gener-
ation stage corresponding to the rules R3-Rg. Finally, LITHE 's Fast Semantic Verifier evaluates
these newly created nodes in the Node Evaluation stage. At this point, AGENTIC-LITHE discov-
ers a rewrite that is 11.8 times more cost efficient than the original. However, none of LITHE’s
Basic Prompts, even with MCTS support were able to offer a Cost Productive Rewrite. Fur-
thermore, LITHE’s Redundancy Removal Rules converge on a rewrite that provides only a 2.8

cost speedup, even when aided by MCTS.

6.4 Search Algorithm

The Breadth First Search algorithm maintains a set of the B highest valued nodes per iteration,
and iterates the three stages for D steps in total (until a depth D is reached) (Line 27 of
Algorithm 2). With B set to 2, nodes ny and ns are discarded and iteration 3 will processes
only nodes nz and ng. At the end, the query corresponding to the node with the highest value
is returned (Line 31 of Algorithm 2).
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R1: Eliminate Redundant
Subqueries

R2: Simplify CTE
Dependencies

R6: Combine Filtering

R3: Replace R4: Aggregate Before R5: Preserve CTE o . )
Subquery with Join Joinin Logic for Filterin Conditions into a Single
auery g g g Subquery
ng ng N5 Ng
WITH cte Qg WITH cte Q, WITH cte AS Qs | SELECT SUM(ship_cost) Qs
AS (SELECT s1.0_num AS (SELECT s1.0_num (SELECT s1.0_num FROM  sales s1, company c,
FROM sales s1, sales s2 FROM  sales s1, sales s2 FROM  sales s1, sales s2 date_dim d
WHERE s1.0_num = s2.0_num WHERE s1.0_num = s2.0_num WHERE  s1.0_num = s2.0_num WHERE st.c_sk =c.c_sk
AND  s1.wh_sk < s2.wh_sk), AND  s1.wh_sk < s2.wh_sk), AND  s1.wh_sk < s2.wh_sk), AND c.name = 'pri'
orders orders SELECT SUM(ship_cost) AND s1.d_sk =d.d_sk
AS (SELECT DISTINCT r.o_num AS (SELECT r.o_num FROM sales s1, company c, AND  d.year = 2001
FROM returns, cte FROM returns , cte date_dim d AND  EXISTS
WHERE r.0_num = cte.o_num) WHERE GeLONTN SEDE. a), WHERE s1.c_sk =c.c_sk (SELECT 1
SELECT SUM(ship_cost) aggr ) AND c.name = 'pri' FROM sales s2, retumns r
FROM sales s1, company ¢, AS (SELECT SUM(ship_cost) cost AND  si.d_sk=d.d_sk WHERE s2.0_num = r.o_num
date_dim d, orders o FROM sales AND d.year = 2001 AND s1.0_num = s2.0_num
WHERE s1.c_sk = c.c_sk WHERE o_num IN AND  si.0_num IN (SELECT o_num AND s1.wh_sk <> s2.wh_sk);
AND c.name = 'pri_ (SELECT o_num FROM orders)) FROM cte);
-name = p SELECT SUM(cost) | Value: 1.8 |
AND s1.d_sk=d.d_sk
AND d.year = 2001 FROM  aggr ag, date_dim d, | Value: 0 |
_ . company ¢
pD Sk SO WHERE ag.d_sk = d.d_date_sk
Value: 8.2 AND d.year = 2001
AND ag.c_sk =c.c_sk
AND c.name = 'pri';
[ Value: 2.3

Figure 6.5: The tree that is obtained using Algorithm 2 after the 2nd iteration on the toy

example.

6.5 Minimal Dataset Construction

The existing sample databases employed by the Fast Semantic Verifier, although tiny compared
to the original database, contain upwards of thousands of rows in order to effectively capture
semantic errors across a wide variety of queries. The outputs of hefty queries on these sample
databases are also huge. Hence, it is not practical to directly feed the existing sample databases
to the Fine-Tuning Prompt. Given two queries which are not equivalent to each other, this
module creates a tiny test database with no more than 3-4 rows per table, on which the two
queries differ.

First, the minimal DDL schema that covers both the queries is extracted and a test database
with this schema is created. Next, the LLM is given with up to 5 attempts in coming up with
a minimal set of insert into DML commands to populate the database so that the two queries
would have different results.

In case the LLM succeeds, this module returns the minimal DDL schema, the set of insert

into DML commands, as well as the results of the two queries on the test database (Line 14
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of Algorithm 2). The test database is used for Fast Semantic Verification of future Agentic
rewrites. If any such rewrite fails on this test database, the same set of insert into DML
commands are reused for the Fine-Tuning Prompt. This test database is maintained for the
duration of processing the current query.

If it fails, the test database is dropped immediately and an empty result is returned.
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Chapter 7

Experimental Evaluation -
AGENTIC-LITHE

In this chapter, we report on AGENTIC-LITHE’s performance profile. The same experimental
setup and comparative baselines as detailed in chapter 4 are used. The hyperparameters used by
AGENTIC-LITHE for the Agentic Rewrite module are as follows: The maximum number of rewrite
rules generated per query K is set to 3, the maximum depth of the tree D is 5, and maximum
breadth of the tree D is 2. These settings were determined after an empirical evaluation of the
various trade-offs, providing a robust balance between performance and rewrite time.

Given the exploratory nature of the Agent, it may propose rewrites that appear cost-effective
but introduce runtime regressions. To mitigate this, we discard any Agentic rewrites that show
regressions on the sample databases, serving as a practical guardrail for PostgreSQL.

Finally, similar to LITHE, AGENTIC-LITHE also uses the recently QED [30] and SQLSolver [12]
to formally verify equivalence. If the logic-based verification is inconclusive, result equivalence

is assessed directly over the entire database.

7.1 Rewrite Quality (Cost and Time)

7.1.1 Estimated Cost
AGENTIC-LITHE produces 4 additional CPRs on the 88 slow TPC-DS queries. These 4 queries

passed our statistical tests as well as manual verification for equivalence, increasing total number
of CPRs being considered to 31. On these 31 queries, AGENTIC-LITHE delivers a CSGM of 10.2
compared to LITHE’s 8.4, with SOTA coming at a distant third with a CSGM of only 4.9.

A drill-down into the cost speedup performance at the granularity of individual queries is
shown in Figure 7.1, which compares AGENTIC-LITHE (yellow bars), LITHE (red bars) and
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Figure 7.1: Plan Cost Speedups via Rewrites.

SOTA (blue bars) on each of the 31 CPR queries — note that the cost speedups on the x-axis are
tabulated on a logig scale, and the queries are sequenced in decreasing order of AGENTIC-LITHE
speedup. The vertical dotted line at 1 represents the normalized baseline cost of the original
query with the native optimizer, while the vertical line at 1.5 is the CPR threshold.

We first observe, gratifyingly, that the Agentic rewrites are indeed capable of promising dra-
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matic cost speedups — take, for instance, Q74, which improves by 20 times for AGENTIC-LITHE,
whereas neither SOTA nor LITHE are able to offer a CPR. This improvement in query perfor-
mance is due the Agent’s self-reflective capabilities. Although it was not able to identify an
CPR for the first two iterations, it kept refining its rewrite rules to land on a rewrite for Q74
that effectively reduced the number of joins in the query from 4 to 2.

In most queries, AGENTIC-LITHE’s cost speedup either exceeds or matches both LITHE and
SOTA. Apart from the four queries (Q2, Q29, Q39, Q74) where AGENTIC-LITHE produces a new
CPR, there a handful of cases (Q4, Q9, Q28, Q31, Q5) where it improves upon an existing
CPR. Conversely, the opposite is true for two queries (Q47, Q57) where one of LITHE or SOTA
project a large speedup but AGENTIC-LITHE settles for the original query. And in Q88 and Q95,
SOTA performs only marginally better.

7.1.2 Execution Time

Thus far, we had considered optimizer-estimated execution costs. We now move to wall-clock
runtimes for query executions — Figure 7.2 shows the runtime speedups (on a logig scale)
obtained by AGENTIC-LITHE, LITHE and SOTA. We observe, again gratifyingly, that there are
indeed several queries where substantial time benefits are achieved by the rewrites, even exceed-
ing order-of-magnitude benefits in some cases — for instance, AGENTIC-LITHE improves Q74 by
a huge factor of 3.2 - 103! Second, in almost all cases, AGENTIC-LITHE outperforms or matches
SOTA, including queries where SOTA’s optimizer costs were better (Q88, Q95). There remain
only a few instances (Q9, Q47) where SOTA is better.

From a modeling perspective, we see that the well-documented gap between optimizer pre-
dictions and actual run-times is prevalent in the rewrite space as well. On the one hand, there is
Q61 where the projected speedup of 2.2 increases to a huge 270 at runtime. On the other hand,
the 10° speedup for Q41 decreases to 210. There a couple of queries for which AGENTIC-LITHE’s
rewrites are faster in terms of optimizer cost, but are slower than LITHE’s rewrites by a mag-
nitude of a few seconds in actual run-times (Q9, Q28). But for SOTA, the reductions can be
severe — a striking case in point is Q57, where SOTA actually causes regression despite a speedup
projection of close to 100.

Q47 is the only case where AGENTIC-LITHE does not find a CPR, but both LITHE and SOTA
do. This performance improvement is also noticeable in the actual run-times. Upon close
inspection, this improvement is due to both LITHE and SOTA adding a redundant conjunctive
filter predicate on the date_dim table. Although redundant, upon explicitly pointing out this
predicate, PostgreSQL decides to use the efficient hash-join with date_dim whereas it was using

the inefficient nested-loop join earlier.
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Figure 7.2: Execution Time Speedups via Rewrites.

However, the good news is that with both AGENTIC-LITHE and LITHE, although the runtime
speedups did not always match the projections, we did not encounter any regressions among the
CPR rewrites. Overall, AGENTIC-LITHE produces highly robust rewrites resulting in a whopping
TSGM of 17.7, whereas LITHE and SOTA provide a TSGM of 9.4 and 4.0 respectively.
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7.1.3 Reasoning

Unlike LITHE and existing SOTA methods, AGENTIC-LITHE inherently generates a reasoning
behind every rewrite it produces. This is obtained by simply tracing the sequence of rewrite
rules from the root to the highest valued node in the Agentic decision tree. As a confirmatory
exercise, we compared the LLM-generated explanation output by AGENTIC-LITHE with our
own manual analysis of the query plans generated for the original and rewritten queries. For
example, consider Q74. By following the path from the root to the best valued node in the
Agentic tree during the rewriting of Q74, the subsequence of effective rewrite rules clearly
identifies the key factors behind the substantial 3.2 - 10® speedup. These include:

1. Split the Query into Two Independent Subqueries for Store and Web Sales. This simplifies

the logic for each sales type and reduces the number of joins.

2. Explicitly filter the data before combining the two subqueries. Using a WHERE EXISTS

ensures only relevant rows are compared, minimizing the intermediate result set.

3. Simplify Aggregations with Conditional Aggregates. Employing a single CTE to pre-

compute all necessary aggregates in one pass streamlines computation.

Overall, we found that the explanations provided by AGENTIC-LITHE matched our manual
analysis of the plans, indicating that model-based reasoning is well aligned with human-backed
reasoning in these scenarios. Interestingly, we observed a significant overlap between the rules
generated by AGENTIC-LITHE and LITHE’s Redundancy Removal Rules.

For instance, AGENTIC-LITHE generates the following rule that generates a 6.7x cost speedup
on TPC-DS Query 9: “Aggregate with Conditional Filtering. Instead of writing separate sub-
queries for each range of ‘ss_quantity’, consider using a single query with conditional aggrega-
tion. This approach avoids scanning the ‘store_sales’ table multiple times, which can signifi-
cantly improve performance.”

Now consider LITHE’s R2, which gives the same speedup when invoked: “When multiple
subqueries use the same base table, rewrite to scan the base table only once.”

This demonstrates that AGENTIC-LITHE can independently discover rules like LITHE’s Re-

dundancy Removal Rules, and beyond.

7.2 Ablation Analysis

Since the Agentic Rewrite explores the rewrite space at a fine granularity, one could ask whether
the Metadata-infused rules could be dropped and if the Agent could start rewriting over the orig-

inal query directly. The motivation is that it would relieve us from using the database-sensitive
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rules that incur significant computational and financial overheads. This analysis is captured
in Table 7.1 which lists the performance of AGENTIC-LITHE with and without the Metadata-
infused rules. When this experiment was conducted, the CPRs and CSGM drop precipitously
to 23 and 7.7 respectively, falling short of LITHE's 26 CPRs and 8.4 CSGM. Interestingly,
while the TSGM also reduces to 12.2, it is still better than LITHE’s 9.4. Nonetheless, these
results highlight the need to reflect database selectivity aware rules for effective query rewriting,

and not rely solely on prior LLM knowledge.

Table 7.1: Ablation Analysis.

Method | CPRs | CSGM | TSGM
Agentic Rewrite 23 7.7 12.2
AGENTIC-LITHE 30 10.2 17.7

7.3 Rewrite Overheads (Time/Money)

Having established the performance benefits of rewrites, we now turn our attention to their
time and financial overheads.

The average processing time per CPR query is shown in Table 7.2, and we see that they do
take a few minutes. However, this investment may be acceptable in deployment given that the
execution benefits typically far outweigh the compilation overheads. For instance, with Q4, the
original query took more than an hour to complete, whereas the LITHE and AGENTIC-LITHE
rewrites executed in just 9 minutes and 6 minutes respectively. Further, many applications
tend to use a set of canned queries which are run thousands of times. Thus, even a large

one-time investment can be easily recovered over repeat executions of such queries.

Table 7.2: Rewrite Overheads of AGENTIC-LITHE, LITHE and SOTA.
’ ‘ Avg. Time (min) ‘ Avg. Tokens

AGENTIC-LITHE 12.1 30756
LITHE 5 18427
SOTA 1.7 20076

Notwithstanding the above, we also observe that AGENTIC-LITHE is considerably slower than
both LITHE and SOTA in producing rewrites due to its exploratory and self-reflective nature. In

particular, creating minimal test databases to point out errors is very time-taking.
The average number of LLM tokens required by AGENTIC-LITHE, LITHE and SOTA, are also
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shown in Table 7.2. The good news is that the inference charges per query are just a few cents’,

making rewriting practical from a deployment perspective.

7.4 Dependence on LLM (Training/Model)

7.4.1 Masked Database

An interesting question to ask now is whether the performance benefits seen thus far could
be an artifact of GPT-40 having already been trained well on the TPC-DS benchmark, which
is prominent in the public domain. To investigate this issue, we created a masked version
of the TPC-DS database schema, whereby the table and column names convey no semantic
information about their contents. We then constructed rewrites for the 31 CPR queries (after
syntactic changes to reflect the new masked schema) on this version. The results are shown in
Tables 7.3 and 7.4. While we observe that the performance profiles only marginally decrease
for both LITHE and SOTA, AGENTIC-LITHE takes a bigger hit.

Table 7.3: Rewrite Performance in terms of CPRs on Masked Database.

# CPR
Approach
TPC-DS | Masked
AGENTIC-LITHE 29 24
LITHE 26 24
SOTA 13 12

Table 7.4: Rewrite Performance in terms of CSGM and TSGM on Masked Database.

# CSGM # TSGM
Method
TPC-DS \ Masked | TPC-DS \ Masked
AGENTIC-LITHE 10.2 8.2 17.7 12.5
LITHE 8.4 77 9.4 8.4
SOTA 4.9 4.6 4.0 3.6

Although AGENTIC-LITHE still continues to dominate over LITHE and SOTA across all met-
rics, it loses the most number of CPRs. This is because the Agent strives to understand the
input queries at a deeper level instead of directly jumping into rewriting. Masking the queries

undeniably obfuscates the query logic, thereby giving a harder time to the Agent.

LAt the time of writing, GPT-40 costs USD 2.5 per million tokens.
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7.4.2 AGENTIC-LITHE on LLaMA

In our concluding experiment, we evaluate the performance on the LLaMA 3.1 70 billion pa-
rameter instruct model with the same setup as in Section 4.4.

For this environment, Table 7.5 shows the CPR, CSGM, and TSGM obtained on a micro-
benchmark of 10 representative TPC-DS queries. While these results are lower than those
achieved with GPT-4o, it is encouraging to note that substantial performance gains are still
observed for most queries, particularly when Agentic support is used. These results reaffirm

that even smaller models can offer practical value in real-world applications.

Table 7.5: Micro-benchmark Performance with GPT-40 and LLaMA
| # CPR | CSGM | TSGM |

GPT-40 with LITHE 9 21.1 21.7
LLaMA with LITHE 7 8.1 7.6
GPT-40 with AGENTIC-LITHE 10 26.1 29.1
LLaMA with AGENTIC-LITHE 8 17.7 17.8
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Chapter 8
Lessons Learned

Based on our study, we now present a few observations with implications for future rewriting

tools.

8.1 Rewrite Space Coverage by LLMs

Given the decades-long research on database query optimization, we expected the potential
for performance improvement via rewriting to be limited. What came as a surprise was the
substantial scope for improvement still available, as showcased by the large CSGM and TSGM
values, even on commercial platforms. These results suggest that LLMs explore optimization
spaces that are well outside the purview of contemporary database engines. Further, this
enhanced space could be augmented, in a two-stage process, with the recent proposals for

LLM-based “plan hints” that steer the optimizer in fruitful directions within a plan space [4].

8.2 Additional Agentic Features

AGENTIC-LITHE currently iteratively enhances query performance due to its structured work-
flow — planning, acting, observing, and refining. While this process is effective at discovering
useful and new rewrite rules, the agent’s interaction with the database is limited to fixing se-
mantic and syntactic mistakes. In principle, however, AGENTIC-LITHE could be extended to
leverage a memory store to log one or more of: (1) query execution times; (2) memory usages
of slow queries; and (3) prior interactions with users. Additionally, the agent could be given
direct database engine access so that it can not only request metadata such as query execution
plans, database statistics, and live query analyzers, but also provide “plan hints”. With these
enhancements, the agent could potentially optimize queries like TPC-DS Q47, by analyzing the

execution plan and applying appropriate suggestions at the plan level. Ultimately, this would
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enable the agent to deliver both query-level and plan-level optimizations in synergistic ways.

8.3 MCTS coupled with LLM Agents

To some extent, MCTS also enables the LLM to explore alternative rewrite paths. However,
this exploration begins only after the underlying prompt has been fixed. MCTS operates within
the output token space to find the optimal rewrite given a predefined sequence of thoughts. In
contrast, the Agent explores the prompt space itself to identify a sequence of reasoning steps
that would yield the best rewrite. While it is tempting to combine the two approaches, our
experiments showed no performance gains when adding MCTS to the Agent. This is because the
Agent’s thoughts are highly precise and well-aligned with the intended transformation, leaving
little ambiguity in how they should be applied. Consequently, not only are low-probability
output tokens rare, but searching the LLM’s token space in such cases also fails to yield improved

queries.
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Chapter 9
Conclusion

We examined how the latent potential of LLMs can be applied effectively in the rewriting of
SQL queries. Previously, our study infused database domain knowledge into LLM prompts and
used LLM telemetry in the form of token probabilities were used to explore rewrite space. How-
ever, the existing architecture enforces linear, one-shot thinking, and prevents self-reflection,
hindering the LLM’s ability to fully optimize queries. To address this, we study propose a self-
reflective LLM Agent that is capable of analyzing its mistakes and coming up with SQL-to-SQL
rewrite rules previously unseen.

An empirical evaluation over common database benchmarks showed that Agentic rewriting is
a potent mechanism to improve query performance. In fact, even order-of-magnitude speedups
were routinely achieved with regard to both abstract costing and execution times. However,
our results also showed a significant semantic distance between foundation models and query
optimizers, with regard to both scope and precision, which would have to be bridged to fully
leverage the latent power of LLMs. Further, our focus here was primarily on prompting-based
strategies — a future line of research could be to investigate how domain-specific fine-tuning

could be leveraged to provide GPT-4o-like rewrites on small open models.
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