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error[E8599]: the method “clone’ exists for enum ‘top_down::Sketch<F>*, but its trait bounds were not satisfied
> src/top_down.rs:285:48

|
47 | pub enum Sketch<F> {
| method “clone’ not found for this enum because it doesn't satisfy ‘top_down::Sketch<F>: Clone®

285 | *parent = Some(res.clone());
| Annnn
|

note: trait bound ‘F: Clone' was not satisfied
> src/top_down.rs:46:17

|
46 | #[derive(Debug, Clone, PartialEq, Eq, Deserialize, Serial...
| Anann insatisfied trait bound introduced in this “derive’ macro
note: the method ‘clone’ exists on the type ‘usize'
> [Users/jlubin/.rustup/toolchains/stable-aarchb4-apple-darwin/lib/rustlib/src/rust/1library/core/src/clone.rs:236:5
|

236 | fn clone(&self) - Self;

help: consider restricting the type parameter to satisfy the trait bound

47 | pub enum Sketch<F> where F: Clone {
A

error[EB388]: mismatched types
> src/top_down.rs:232:37

..) = Some(IndexMap::from([(*h, ground.clone())])),

|
232 |
|
| I
|
I

arguments to this enum variant are incorrect

note: expected struct “IndexMap<_, top_down::Sketch<_>"
found struct ‘IndexMap<_, &top_down::Sketch<_>*
help: the type constructed contains ‘IndexMap<usize, &top_down::Sketch<F>" due to the type of the argument passed
> src/top_down.rs:232:32

232

|

| ...= Some(IndexMap::from([(*h, ground.clone())])),

| anaa 2

|

| this argument influences the type of “Some®

note: tuple variant defined here

> [Users/jlubin/.rustup/toolchains/stable-aarché4-apple-darwin/lib/rustlib/src/rust/library/core/src/option.rs:688:5

608 | Some(#[stable(feature = "rust1", since = "1.8.8")] T),

error[EB369]: binary operation ‘=" cannot be applied to type ‘&F"
> src/top_down.rs:236:26
|
236 | if f=g1{
| " - &F
| |
| &F
|

help: consider restricting type parameter ‘F' with trait ‘PartialEq®

123 | impl<F: std::cmp::PartialEq> Sketch<F> {
J )

Some errors have detailed explanations: E@388, E8369, E8599.
For more information about an error, try ‘rustc --explain EB308".
error: could not compile ‘honeybee' (1lib) due to 11 previous errors

method cannot be called on “top_down::Sketch<F>' due to unsatisfied trait bounds

expected ‘IndexMap<usize, Sketch<F>*, found ‘IndexMap<usize, &Sketch<F>*

One missing trait imp.
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|
47 | pub enum Sketch<F> {
| method “clone’ not found for this enum because it doesn't satisfy ‘top_down::Sketch<F>: Clone®

285 | *parent = Some(res.clone());
| Annnn
|

note: trait bound ‘F: Clone' was not satisfied
> src/top_down.rs:46:17

|
46 | #[derive(Debug, Clone, PartialEq, Eq, Deserialize, Serial...
| Anann insatisfied trait bound introduced in this “derive’ macro
note: the method ‘clone’ exists on the type ‘usize'
> [Users/jlubin/.rustup/toolchains/stable-aarchb4-apple-darwin/lib/rustlib/src/rust/1library/core/src/clone.rs:236:5
|

236 | fn clone(&self) - Self;

help: consider restricting the type parameter to satisfy the trait bound

47 | pub enum Sketch<F> where F: Clone {
A

error[EB388]: mismatched types
> src/top_down.rs:232:37

..) = Some(IndexMap::from([(*h, ground.clone())])),

|
232 |
|
| I
|
I

arguments to this enum variant are incorrect

note: expected struct “IndexMap<_, top_down::Sketch<_>"
found struct ‘IndexMap<_, &top_down::Sketch<_>*
help: the type constructed contains ‘IndexMap<usize, &top_down::Sketch<F>" due to the type of the argument passed
> src/top_down.rs:232:32

232

|

| ...= Some(IndexMap::from([(*h, ground.clone())])),

| anaa 2

|

| this argument influences the type of “Some®

note: tuple variant defined here

> [Users/jlubin/.rustup/toolchains/stable-aarché4-apple-darwin/lib/rustlib/src/rust/library/core/src/option.rs:688:5

608 | Some(#[stable(feature = "rust1", since = "1.8.8")] T),

error[EB369]: binary operation ‘=" cannot be applied to type ‘&F"
> src/top_down.rs:236:26
|
236 | if f=g1{
| " - &F
| |
| &F
|

help: consider restricting type parameter ‘F' with trait ‘PartialEq®

123 | impl<F: std::cmp::PartialEq> Sketch<F> {
J )

Some errors have detailed explanations: E@388, E8369, E8599.
For more information about an error, try ‘rustc --explain EB308".
error: could not compile ‘honeybee' (1lib) due to 11 previous errors

method cannot be called on “top_down::Sketch<F>' due to unsatisfied trait bounds

expected ‘IndexMap<usize, Sketch<F>*, found ‘IndexMap<usize, &Sketch<F>*
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error[EB599]: the method ‘clone exists for enum ‘top_down::Sketch<F>*, but its trait bounds were not satisfied
> src/top_down.rs:285:48

47 | pub enum Sketch<F> {
method “clone’ not found for this enum because it doesn't satisfy ‘top_down::Sketch<F>: Clone®

285 | *parent = Some(res.clone());

| Annnn
|

note: trait bound ‘F: Clone' was not satisfied
> src/top_down.rs:46:17

46 | #[derive(Debug, Clone, PartialEq, Eq, Deserialize, Serial...
A~ unsatisfied trait bound introduced in this “derive’ macro
note: the method ‘clone’ exists on the type ‘usize®
—> [Users/jlubin/.rustup/toolchains/stable-aarchb4-apple-darwin/lib/rustlib/src/rust/1library/core/src/clone.rs:236:5
|
236 | fn clone(8self) - Self;
I AAAAAARAARAAAAAARAAAAAAA

help: consider restricting the type parameter to satisfy the trait bound

47 | pub enum Sketch<F> where F: Clone {
IR RS RERRRNN]

error[EB388]: mismatched types
—> src/top_down.rs:232:37
232 | ...) = Some(IndexMap::from([(*h, ground.clone())])),

arguments to this enum variant are incorrect

note: expected struct “IndexMap<_, top_down::Sketch<_>"
found struct ‘IndexMap<_, &top_down::Sketch<_>*
help: the type constructed contains ‘IndexMap<usize, &top_down::Sketch<F>" due to the type of the argument passed
> src/top_down.rs:232:32

232

..= Some(IndexMap::from([(*h, ground.clone())]1)),

|

this argument influences the type of ‘Some®

note: tuple variant defined here

> [Users/jlubin/.rustup/toolchains/stable-aarché4-apple-darwin/lib/rustlib/src/ru:

librar

[core/src/option.rs:688:5

608 | Some(#[stable(feature = "rust1", since = "1.8.8")] T),

error[EB369]: binary operation ‘=" cannot be applied to type ‘&F"
> src/top_down.rs:236:26
|
236 | if f=g{
I oA gF
| |
| &F
|

help: consider restricting type parameter ‘F' with trait ‘PartialEq®

IR RRRRRA RS RRRRRARS

123 | impl<F: std::cmp::PartialEq> Sketch<F> {
|

Some errors have detailed explanations: E@388, E8369, E8599.
For more information about an error, try ‘rustc --explain EB308"
error: could not compile ‘hone‘x‘hee‘ (1ib) due to 11 previous er:

method cannot be called on “top_down::Sketch<F>' due to unsatisfied trait bounds

expected ‘IndexMap<usize, Sketch<F>", found ‘IndexMap<usize, &Sketch<F>*

One missing trait im

X J
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> src/top_down.rs:285:48

47 | pub enum Sketch<F> {
method “clone’ not found for this enum because it doesn't satisfy ‘top_down::Sketch<F>: Clone®

285 | *parent = Some(res.clone());

| Annnn
|

note: trait bound ‘F: Clone' was not satisfied
> src/top_down.rs:46:17

46 | #[derive(Debug, Clone, PartialEq, Eq, Deserialize, Serial...
A~ unsatisfied trait bound introduced in this “derive’ macro
note: the method ‘clone’ exists on the type ‘usize®
—> [Users/jlubin/.rustup/toolchains/stable-aarchb4-apple-darwin/lib/rustlib/src/rust/1library/core/src/clone.rs:236:5
|
236 | fn clone(8self) - Self;
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help: consider restricting the type parameter to satisfy the trait bound

47 | pub enum Sketch<F> where F: Clone {
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error[EB388]: mismatched types
—> src/top_down.rs:232:37
232 | ...) = Some(IndexMap::from([(*h, ground.clone())])),

arguments to this enum variant are incorrect

note: expected struct “IndexMap<_, top_down::Sketch<_>"
found struct ‘IndexMap<_, &top_down::Sketch<_>*
help: the type constructed contains ‘IndexMap<usize, &top_down::Sketch<F>" due to the type of the argument passed
> src/top_down.rs:232:32
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Gray, Crichton, and Krishnamurthi. An Interactive Debugger for Rust Trait Errors (PLDI 2025).
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Interactive Debugging of Datalog Programs

ANDRE PACAK, JGU Mainz, Germany
SEBASTIAN ERDWEG, JGU Mainz, Germany

Datalog is used for complex programming tasks nowadays, consisting of numerous inter-dependent predicates.
But Datalog lacks interactive debugging techniques that support the stepwise execution and inspection of the
execution state. In this paper, we propose interactive debugging of Datalog programs following a top-down
evaluation strategy called recursive query/subquery. While the recursive query/subquery approach is well-
known in the literature, we are the first to provide a complete programming-language semantics based on it.
Specifically, we develop the first small-step operational semantics for top-down Datalog, where subqueries
occur as nested intermediate terms. The small-step semantics forms the basis of step-into interactions in
the debugger. Moreover, we show how step-over interactions can be realized efficiently based on a hybrid
Datalog semantics that adds a bottom-up database to our top-down operational semantics. We implemented a
debugger for core Datalog following these semantics and explain how to adopt it for debugging the frontend
languages of Soufflé and IncA. Our evaluation shows that our hybrid Datalog semantics can be used to debug
real-world Datalog programs with realistic workloads.

CCS Concepts: « Theory of computation — Constraint and logic programming; Operational semantics;
Logic and databases; « Software and its engineering — Software testing and debugging.

Additional Key Words and Phrases: debugging, Datalog, small-step operational semantics, QSQR

ACM Reference Format:
André Pacak and Sebastian Erdweg. 2023. Interactive Debugging of Datalog Programs. Proc. ACM Program.
Lang. 7, OOPSLA2, Article 248 (October 2023), 28 pages. https://doi.org/10.1145/3622824

1 INTRODUCTION

Datalog is a logic programming language that was invented in the 1980s as a recursive query
language for databases [Maier et al. 2018]. However, this is not how Datalog is being used nowadays.
In the last 20 years or so, it has become increasingly popular to use Datalog as a programming
language to solve all kinds of problems, from program analysis [Bravenboer and Smaragdakis
2009; Madsen et al. 2016; Szabo et al. 2021] to distributed computing [Abiteboul et al. 2005] and
network monitoring [Alvaro et al. 2010, 2011]. Usages of Datalog usually have two things in
common. First, they process graph-structured data of considerable size, which is well supported
by Datalog’s fixpoint semantics. Second, they involve complex Datalog programs, consisting of
many inter-dependent rules. For example, even the simplest analysis from the Doop framework for
Java bytecode consists of 560 lines of Datalog code that query 32 relations from the database and
compute 78 inter-dependent derived relations [Bravenboer and Smaragdakis 2009]. Sophisticated
Doop analyses are an order of magnitude larger still.

Unfortunately, development tools for Datalog have not been able to keep up with the growing
size and complexity of Datalog programs. Specifically, there is no interactive debugging support
available for Datalog to date. Interactive debuggers assist developers in program understanding
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Datalog is used for complex programming tasks nowadays, consisting of numerous inter-dependent predicates.
But Datalog lacks interactive debugging techniques that support the stepwise execution and inspection of the
execution state. In this paper, we propose interactive debugging of Datalog programs following a top-down
evaluation strategy called recursive query/subquery. While the recursive query/subquery approach is well-
known in the literature, we are the first to provide a complete programming-language semantics based on it.
Specifically, we develop the first small-step operational semantics for top-down Datalog, where subqueries
occur as nested intermediate terms. The small-step semantics forms the basis of step-into interactions in
the debugger. Moreover, we show how step-over interactions can be realized efficiently based on a hybrid
Datalog semantics that adds a bottom-up database to our top-down operational semantics. We implemented a
debugger for core Datalog following these semantics and explain how to adopt it for debugging the frontend
languages of Soufflé and IncA. Our evaluation shows that our hybrid Datalog semantics can be used to debug
real-world Datalog programs with realistic workloads.
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1 INTRODUCTION

Datalog is a logic programming language that was invented in the 1980s as a recursive query
language for databases [Maier et al. 2018]. However, this is not how Datalog is being used nowadays.
In the last 20 years or so, it has become increasingly popular to use Datalog as a programming
language to solve all kinds of problems, from program analysis [Bravenboer and Smaragdakis
2009; Madsen et al. 2016; Szabo et al. 2021] to distributed computing [Abiteboul et al. 2005] and
network monitoring [Alvaro et al. 2010, 2011]. Usages of Datalog usually have two things in
common. First, they process graph-structured data of considerable size, which is well supported
by Datalog’s fixpoint semantics. Second, they involve complex Datalog programs, consisting of
many inter-dependent rules. For example, even the simplest analysis from the Doop framework for
Java bytecode consists of 560 lines of Datalog code that query 32 relations from the database and
compute 78 inter-dependent derived relations [Bravenboer and Smaragdakis 2009]. Sophisticated
Doop analyses are an order of magnitude larger still.

Unfortunately, development tools for Datalog have not been able to keep up with the growing
size and complexity of Datalog programs. Specifically, there is no interactive debugging support
available for Datalog to date. Interactive debuggers assist developers in program understanding
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“Even though a proof tree gives a brief account of the solution steps
performed during the computation, it only does so for the goals
that have been solved in the process. However, it presents neither
the goals that have been tried but unsolved nor the alternative
clauses that could have been used to find an alternative solution.”

Caballero et al., 2017
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Datalog is used for complex programming tasks nowadays, consisting of numerous inter-dependent predicates.
But Datalog lacks interactive debugging techniques that support the stepwise execution and inspection of the
execution state. In this paper, we propose interactive debugging of Datalog programs following a top-down
evaluation strategy called recursive query/subquery. While the recursive query/subquery approach is well-
known in the literature, we are the first to provide a complete programming-language semantics based on it.
Specifically, we develop the first small-step operational semantics for top-down Datalog, where subqueries
occur as nested intermediate terms. The small-step semantics forms the basis of step-into interactions in
the debugger. Moreover, we show how step-over interactions can be realized efficiently based on a hybrid
Datalog semantics that adds a bottom-up database to our top-down operational semantics. We implemented a
debugger for core Datalog following these semantics and explain how to adopt it for debugging the frontend
languages of Soufflé and IncA. Our evaluation shows that our hybrid Datalog semantics can be used to debug
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1 INTRODUCTION

Datalog is a logic programming language that was invented in the 1980s as a recursive query
language for databases [Maier et al. 2018]. However, this is not how Datalog is being used nowadays.
In the last 20 years or so, it has become increasingly popular to use Datalog as a programming
language to solve all kinds of problems, from program analysis [Bravenboer and Smaragdakis
2009; Madsen et al. 2016; Szabo et al. 2021] to distributed computing [Abiteboul et al. 2005] and
network monitoring [Alvaro et al. 2010, 2011]. Usages of Datalog usually have two things in
common. First, they process graph-structured data of considerable size, which is well supported
by Datalog’s fixpoint semantics. Second, they involve complex Datalog programs, consisting of
many inter-dependent rules. For example, even the simplest analysis from the Doop framework for
Java bytecode consists of 560 lines of Datalog code that query 32 relations from the database and
compute 78 inter-dependent derived relations [Bravenboer and Smaragdakis 2009]. Sophisticated
Doop analyses are an order of magnitude larger still.

Unfortunately, development tools for Datalog have not been able to keep up with the growing
size and complexity of Datalog programs. Specifically, there is no interactive debugging support
available for Datalog to date. Interactive debuggers assist developers in program understanding
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Datalog is used for complex programming tasks nowadays, consisting of numerous inter-dependent predicates.
But Datalog lacks interactive debugging techniques that support the stepwise execution and inspection of the
execution state. In this paper, we propose interactive debugging of Datalog programs following a top-down
evaluation strategy called recursive query/subquery. While the recursive query/subquery approach is well-
known in the literature, we are the first to provide a complete programming-language semantics based on it.
Specifically, we develop the first small-step operational semantics for top-down Datalog, where subqueries
occur as nested intermediate terms. The small-step semantics forms the basis of step-into interactions in
the debugger. Moreover, we show how step-over interactions can be realized efficiently based on a hybrid
Datalog semantics that adds a bottom-up database to our top-down operational semantics. We implemented a
debugger for core Datalog following these semantics and explain how to adopt it for debugging the frontend
languages of Soufflé and IncA. Our evaluation shows that our hybrid Datalog semantics can be used to debug
real-world Datalog programs with realistic workloads.
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1 INTRODUCTION

Datalog is a logic programming language that was invented in the 1980s as a recursive query
language for databases [Maier et al. 2018]. However, this is not how Datalog is being used nowadays.
In the last 20 years or so, it has become increasingly popular to use Datalog as a programming
language to solve all kinds of problems, from program analysis [Bravenboer and Smaragdakis
2009; Madsen et al. 2016; Szabo et al. 2021] to distributed computing [Abiteboul et al. 2005] and
network monitoring [Alvaro et al. 2010, 2011]. Usages of Datalog usually have two things in
common. First, they process graph-structured data of considerable size, which is well supported
by Datalog’s fixpoint semantics. Second, they involve complex Datalog programs, consisting of
many inter-dependent rules. For example, even the simplest analysis from the Doop framework for
Java bytecode consists of 560 lines of Datalog code that query 32 relations from the database and
compute 78 inter-dependent derived relations [Bravenboer and Smaragdakis 2009]. Sophisticated
Doop analyses are an order of magnitude larger still.

Unfortunately, development tools for Datalog have not been able to keep up with the growing
size and complexity of Datalog programs. Specifically, there is no interactive debugging support
available for Datalog to date. Interactive debuggers assist developers in program understanding
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Datalog is used for complex programming tasks nowadays, consisting of numerous inter-dependent predicates.
But Datalog lacks interactive debugging techniques that support the stepwise execution and inspection of the
execution state. In this paper, we propose interactive debugging of Datalog programs following a top-down
evaluation strategy called recursive query/subquery. While the recursive query/subquery approach is well-
known in the literature, we are the first to provide a complete programming-language semantics based on it.
Specifically, we develop the first small-step operational semantics for top-down Datalog, where subqueries
occur as nested intermediate terms. The small-step semantics forms the basis of step-into interactions in
the debugger. Moreover, we show how step-over interactions can be realized efficiently based on a hybrid
Datalog semantics that adds a bottom-up database to our top-down operational semantics. We implemented a
debugger for core Datalog following these semantics and explain how to adopt it for debugging the frontend
languages of Soufflé and IncA. Our evaluation shows that our hybrid Datalog semantics can be used to debug
real-world Datalog programs with realistic workloads.
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1 INTRODUCTION

Datalog is a logic programming language that was invented in the 1980s as a recursive query
language for databases [Maier et al. 2018]. However, this is not how Datalog is being used nowadays.
In the last 20 years or so, it has become increasingly popular to use Datalog as a programming
language to solve all kinds of problems, from program analysis [Bravenboer and Smaragdakis
2009; Madsen et al. 2016; Szabo et al. 2021] to distributed computing [Abiteboul et al. 2005] and
network monitoring [Alvaro et al. 2010, 2011]. Usages of Datalog usually have two things in
common. First, they process graph-structured data of considerable size, which is well supported
by Datalog’s fixpoint semantics. Second, they involve complex Datalog programs, consisting of
many inter-dependent rules. For example, even the simplest analysis from the Doop framework for
Java bytecode consists of 560 lines of Datalog code that query 32 relations from the database and
compute 78 inter-dependent derived relations [Bravenboer and Smaragdakis 2009]. Sophisticated
Doop analyses are an order of magnitude larger still.

Unfortunately, development tools for Datalog have not been able to keep up with the growing
size and complexity of Datalog programs. Specifically, there is no interactive debugging support
available for Datalog to date. Interactive debuggers assist developers in program understanding
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Datalog is used for complex programming tasks nowadays, consisting of numerous inter-dependent predicates.
But Datalog lacks interactive debugging techniques that support the stepwise execution and inspection of the
execution state. In this paper, we propose interactive debugging of Datalog programs following a top-down
evaluation strategy called recursive query/subquery. While the recursive query/subquery approach is well-
known in the literature, we are the first to provide a complete programming-language semantics based on it.
Specifically, we develop the first small-step operational semantics for top-down Datalog, where subqueries
occur as nested intermediate terms. The small-step semantics forms the basis of step-into interactions in
the debugger. Moreover, we show how step-over interactions can be realized efficiently based on a hybrid
Datalog semantics that adds a bottom-up database to our top-down operational semantics. We implemented a
debugger for core Datalog following these semantics and explain how to adopt it for debugging the frontend
languages of Soufflé and IncA. Our evaluation shows that our hybrid Datalog semantics can be used to debug
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1 INTRODUCTION

Datalog is a logic programming language that was invented in the 1980s as a recursive query
language for databases [Maier et al. 2018]. However, this is not how Datalog is being used nowadays.
In the last 20 years or so, it has become increasingly popular to use Datalog as a programming
language to solve all kinds of problems, from program analysis [Bravenboer and Smaragdakis
2009; Madsen et al. 2016; Szabo et al. 2021] to distributed computing [Abiteboul et al. 2005] and
network monitoring [Alvaro et al. 2010, 2011]. Usages of Datalog usually have two things in
common. First, they process graph-structured data of considerable size, which is well supported
by Datalog’s fixpoint semantics. Second, they involve complex Datalog programs, consisting of
many inter-dependent rules. For example, even the simplest analysis from the Doop framework for
Java bytecode consists of 560 lines of Datalog code that query 32 relations from the database and
compute 78 inter-dependent derived relations [Bravenboer and Smaragdakis 2009]. Sophisticated
Doop analyses are an order of magnitude larger still.

Unfortunately, development tools for Datalog have not been able to keep up with the growing
size and complexity of Datalog programs. Specifically, there is no interactive debugging support
available for Datalog to date. Interactive debuggers assist developers in program understanding
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AND-OR graphs are not just graphs

Observation: Hidden inside is a proof system that can be poked and prodded
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Key insight:

We don't want to display/traverse the AND-OR graph...
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...we want to navigate the space of modifications to the graph
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Synthesizing bioinformatics analyses
from wet lab experimental workflows

Goal: Differential
gene expression

Day 2: RNA-seq

jupyter

Data analysis program

Programming by Navigation

Creating user schedules for a sparse
tensor algebra compiler

Lacouture et al. FuseFlow: A Fusion-Centric Compilation Framework
for Sparse Deep Learning on Streaming Dataflow (ASPLOS 2026).

Memory
layout

Fuse{ Vikj Aij = Bii Cr [0
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factor * :

Dataflow Memory
ordering layout
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{ "dataflow-ordering": "i@ i1 i2 i4 i8 i5 i9 ié6
i7 i3", "sparse-annotations": { "t8":

{ "format": "CSR", "indices": { "i": true, "j":
false } }, "t1": { "format": "CSR", "indices":
{ "i": true, "j": false } }, "t2": { "format":
"CSR", "indices": { "i": true, "j": false } },
"t3": { "format": "CSR", "indices": { "i":
true, "j": false } }, "t4": { "format":

"custom", "indices": { "i": false, "j":
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This talk: Debugging failing proof search
(e.g., Aesop for Lean, Rust traits, Datalog, ...)
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Lacouture et al. FuseFlow: A Fusion-Centric Compilation Framework
for Sparse Deep Learning on Streaming Dataflow (ASPLOS 2026).
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266:28 Justin Lubin, Marlena Preigh, Max Willsey, and Sarah E. Chasins

B SAT-Based Oracle to Check for Nonempty Completions
Semantic Formulas for Propositions. Propositions can either be assumed, in which case they are
automatically true, or else they are subject to the standard interpretation of Horn clauses in a proof

system: a proposition is true iff there exists a rule that fires with that proposition as a conclusion.
This is captured by the following two formulas for each Q € A:

assumep = trueg and -assumegy = |truep & \/ truep

R with conclusion Q

Activity Formulas for Propositions. We start with two necessary conditions for a proposition
Q € A to be active. First, Q can be active only if it is actually true (activep == trueg). Moreover,
if Q is not the goal node, then it must have an active node that uses it:

activep = \/ activep (only for non-goal nodes)
R with premise Q

Only a single rule that provides a proposition can be active at a given time.

activegp <1

R with conclusion Q

This constraint uses a cardinality constraint to limit the number of literals set to true in a given set,
which is often directly supported by off-the-shelf SAT solvers; alternatively, since the upper bound

of the constraint is 1, it can easily be desugared into standard boolean SAT.
Finally, if Q is to be assumed, then none of the rules that provide Q as a conclusion can be active.
Otherwise, Q will be active iff there exists such a rule that is active:

assumep = /\ —activeg

R with conclusion Q

—assumeg = |activep & \/ activep

R with conclusion Q

Consistency Formulas for Propositions. For each proposition Q € A, we add a simple consistency
formula that enforces the desired meanings of the label partitions:

T ife(Q) =1,
—assumeg ife(Q) =2,
—truep A —assumep A —activep if e(Q) =F,
truep ife(Q) =T/A,
{ truep A activep ife(Q) =T/A!,
truep A massumegp ife(Q) =T,
truep A —assumeg A activep ife(Q) =T,
truep A assumeg ife(Q) = A,
truep A assumegp A activeg ife(Q) = Al

Semantic and Activity Formulas for Rules. Because rules do not have partition labels or assume-
semantics, the formulas for them are much simpler:

truegp /\ truep and activeg = trueg and activex = /\ activep
Q is premise of R Q is premise of R

The first formula is standard AND semantics, the second captures that a rule can only be active if it
is true, and the third captures that a rule can only be active if all its premises are active.




Warm-up: TOP-DOWN step provider

1: procedure ToPDOWNINVERSION(e) @
2 yield all from CommiT(e) a
3 for Q € e 1[{T/A!, T'}] do S

4 for R € R with conclusion Q do ” @
5: P < premises of R with label .L
; ofo
7
8
9

/’/
&

f

if P empty then continue /d) @ @ @ @ @ Q\-CD
o« Py :=T[A!;---; Pp| :=T/A!
if ¢(Q) =T/A'then o « o: Q :=T! @@@@@@@@@@@@

if SAT(¢(oe)) then yield o
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: if ¢(Q) = T/Al then o o 0 := T @@@@@@@@@@@@
9 if SAT(¢(ce)) then yield o




Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

: procedure TOPDOWNINVERSION(e)
yield all from CommiT(e)

for R € R with conclusion QO do

1

2

3

4

5: P < premises of R with label L

; ofoe
7

8

9

/’/
&

f

if P empty then continue

/cb@@@@ @@\@
o« P :=TJA!; --- ; P|p| := T/A!
if ¢(Q) =T/A'then o « o: Q :=T! @@@@@@@@@@@@

if SAT(¢(ce)) then yield o




Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

: procedure ToPDOWNINVERSION(e) @
yield all from CommiT(e)

for Q € e 1[{T/A!, T'}] do

1

2 a

3: @ | &

4: for R € R with conclusion O do - N

I Pempty Then continue STE @ of @ © @ Q\(D
7:

3

9

Fo(0) —T/ATthen s — 7 0 =" @@@@@@@@@@@@

if SAT(¢(ce)) then yield o




Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

: procedure ToPDOWNINVERSION(e) @
yield all from CommiT(e)

1

2 a

3: for Q € e 1[{T/A!, T'}] do

4: for R € R with conclusion O do @ S,

5: P < premises of R with label .L i f \@
6: if P empty then continue @ @ @ @ @ @ @ @ @

7:

3

9

lfe(Q):—T/A'.the.l.l.OW—o: 0 =T @@@@@@@@@@@@

if SAT(¢(ce)) then yield o

(User selection)



Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

1: procedure ToOPDOWNINVERSION(e)

2 yield all from CommiT(e)

3 for Q € e 1[{T/A!, T'}] do

4 for R € R with conclusion Q do

5: P < premises of R with label .L
6
7
8
9

b ) f

if P empty then continue SSE @ & @ D @ Q\@
6 — P, :=T/A!; ---; P p| :=T/A!
if ¢(Q) =T/A'then o « o: Q :=T! @@@@@@@@@@@@

if SAT(¢(ce)) then yield o




Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

: procedure TOPDOWNINVERSION(e) @
yield all from CommiT(e)

1

2 :

3: 1! \

5: P < premises of R with label L : f
6:

7

8

9

if P empty then continue SSS @ & @ D @ Q\@
6 — P, :=T/A!; ---; P p| :=T/A!
if ¢(Q) =T/A'then o « o: Q :=T! @@@@@@@@@@@@

if SAT(¢(ce)) then yield o




Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

1: procedure TOoPDOWNINVERSION(e) @

2 yield all from CommiT(e) a

3: for Q € e 1[{T/A!, T'}] do S

4: for R € R with conclusion O do , @

5: #P <« premises of R with label L e e f

6: 1I I empty then continue @ © @ @ @ ©\®

7 =T/A!; --- ; -

; Fe(Q)=T/ATthenc — o 0 =" @@@@@@@@@@@@
9 if SAT(¢(ce)) then yield o




Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

1: procedure TOoPDOWNINVERSION(e) @

2 yield all from CommiT(e) a

3: for Q € e 1[{T/A!, T'}] do S

4: for R € R with conclusion O do , @

5: #P <« premises of R with label L e e f

6: 1I I empty then continue @ © @ @ @ ©\®

7 | e -

; Fe(Q)=T/ATthenc — o 0 =" @@@@@@@@@@@@
9 if SAT(¢(ce)) then yield o

(User selection)



Warm-up: TOP-DOWN step provider

(i.e.,, we don’t lose anything with Programming by Navigation)

: procedure TOPDOWNINVERSION(e) @
yield all from CommiT(e)

for Q € e ![{T/AL T!}] do —
for R € R with conclusion Q do ’ @

b ) f

1

2

3

4:

5: P < premises of R with label .L

6: if P empty then continue @ @ @ @ — @ @\@
7:

8

9

o« P :=TJA!; --- ; P|p| := T/A!
if ¢(Q) =T/A'then o « o: Q :=T! @@@@@@@@@@@@

if SAT(¢(ce)) then yield o




Non-topological: RANDOM step provider

@
: procedure RANDOM(e) ‘/ @

;. QO « random element of e ! [{f € L : £ non-maximal}] . f
b Ot @@@@@@@ @§r>
5: if SAT(¢(oe)) then yield o

@@@@@@@@@@@@




Non-topological: RANDOM step provider
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Non-topological: RANDOM step provider
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Non-topological: RANDOM step provider
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Even though the propositions are randomly selected,

the labels are still filtered to satisty Strong Soundness



Non-topological: RANDOM step provider

.

ROJINC R .
T ololo @ o1 \@
ithen yield o @ @ —Q
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Even though the propositions are randomly selected,

/’/
&

~1[{f € L : £ non-maximal}]

the labels are still filtered to satisty Strong Soundness

(User selection)



Non-topological: RANDOM step provider

.

f

g . ololo @ o1 SRO
i SA(go(;e)) then yield o @ @ @ @
t @@.@@@@@@@@@

Even though the propositions are randomly selected,

/’/
&

the labels are still filtered to satisty Strong Soundness



Non-topological: CUT step provider

@
: procedure RANDOM(e) ‘/ @

;. QO « random element of e ! [{f € L : £ non-maximal}] . f
b Ot @@@@@@@ @@%}
5: if SAT(¢(oe)) then yield o

@@@@@@@@@@@@




Non-topological: CUT step provider
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Non-topological: CUT step provider
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Non-topological: CUT step provider

( If assumed, proves goal and most valid
labels for it axiomatize the proposition

B e
ST Shar

: procedure RANDOM(e) e

1

2 Q <« random element of e '[{¢ € L : £ non-maximal}] =

3:  for¢ > e(Q) do T g
4

5

.....................

ce—Q:=¢ J—
: if SAT((p(o'e)) then yield .




Non-topological: CUT step provider

o { If assumed, proves goal and most valid
labels for it axiomatize the proposition

=N (=N = — —
procedure RANDOM(e) I

argmin score R

o« (Q:=
if SAT(¢(oe)) then yield o

/- fromon) sirmgebiin
~
~
5

1:
2:
3: for £ > e(Q) do
4
5:




Non-topological: CUT step provider

T { If assumed, proves goal and most valid
labels for it axiomatize the proposition

\ O e

pr OC:ed"uré: Peﬁi-s-eﬁ(e) o

argmin score R

o« (Q:=
if SAT(¢(oe)) then yield o

/- promon) samsgebdine
~
5

1:
2:
3: for £ > e(Q) do
4
5:
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Programming by Navigation Ingredients

¥ ox M

M AND g ) ANDNg

OR OR OR

Expressions Proof system modifications
.y Modification proves
Validity final goal node
Maximum Information Gain, Cut,
Step provider Random, Top-Down, Bottom-Up,
Minimal Leat Heuristic, ...
Nonempty-
completion SAT

oracle



Navigating AND-OR Graph Modifications
to Debug Failing Proof Search

justinlubin@berkeley.edu

Marlena Preigh ’ x Willsey Sar / Ch
B C C D :
f 8
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Validity final goal node

Maximum Information Gain, Cut,
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Strong Completeness Modulo Observability (SCMO) reduces decision counts

Argus :\v/l\ Aesop

O.31x+ »
0.314 -

I ! J ! i ! ! ! ! I | | | ; | | | |
1/16x 1/8x 1/4x 1/2x  1x  2x  4x  8x  16x 1/16x 1/8x 1/4x 1/2x 1x 2x  4x  8x  16x

Strong Soundness / Unsound

Strong Soundness + SCMO / Unsound

Decision count ratio (left is better)

Gray, Crichton, and Krishnamurthi. An Interactive Debugger for Rust Trait Errors (PLDI 2025).
Limperg and From. Aesop: White-Box Best-First Proof Search for Lean (CPP 2023).



Step Provider
Step Decider

CUT

procedure Reepon(e)
QO «— rendem-element-of ¢ 1 [{f € L : £ non-maximal}]

1:

2:

3: for ¢ > d .
. “(Q)do |5 romin score
5

o— Q:={¢
if SAT(¢(oe)) then yield o




Syntax, semantics, and steps for assume-partitions

with these labels

Expression ¢: Partition of propositions /\ T @ T!

e Notation: ¢(Q) is label of proposition Q in ¢
| 2 T/A T/A!
e Label of goal is T! (must be true and used, but not assumed) \ ‘ /
Semantics [¢]: Axiomatizes nodes labeled with A or A!
e valid ift:
1. e(Q) maximal for all O

2. [[] P+ Qfor {(Q)=Tore(Q)=T! O <C Srewsser
3. [e] P Qtore(Q)=F eQ—_> [Q :={]e
4. There exists a derivation of goal containing all o -
propositions Q with ¢(Q) = T! or ¢(Q) = A! €1 — € | €; — €3 STEP/SEQ
Stepo =0 :=1]|o0; o e1 01’02>eg

with these semantics



Model proof search debugging as interactive program synthesis (specification refinement)

Goal: Synthesize modification to proof system that proves the goal... but not just any modification!

Ingredients

o LExpressions e

o Semantics [¢], maps proof systems to proof systems

e FE.g., axiomatize a proposition, introduce new rules,
remove rules, etc.

e For a proof system P and goal proposition G, a notion of
validity (written e valid) such that ¢ valid implies [¢] P + G.

o Specifies “successful” modifications

Goal restated: Synthesize ¢ such that ¢ valid

... but this is an underspecification; need to interactively refine specification with user
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Table 1. Benchmark summary statistics. Each entry describes the median and IQR. Depth is the maximum
graph distance from the goal to any other node in the same connected component. ORs and ANDs are the
OR and AND node count. Consumers is the median number of parents for OR nodes, Providers is the
median number of children for OR nodes, and Premises is the median number of children for AND nodes.

SUITE DeEPTH ORs ANDs CONSUMERS PROVIDERS PREMISES
MANUAL (15 entries) 8 (6—12) 24 (16—40) 12 (9-32) 1(1-1) 0 (0-1) 2 (1-2)
RANDOM (180 entries) 8 (6—12) 105 (60-150) 30 (16—48) 1(1-1) 0 (0-0) 3 (2-4)
ARGuUs (51 entries) 4 (2-4) 5 (3-23) 3 (2-18) 1(0.5-1) 0 (0-0.5) 1(1-4)

AEsoP (38 entries) 2 (2-4) 3 (3-4) 1(1-5) 1(1-1) 0.5 (0-1) 1(1-2)




Table 2. Maximum latencies. Each entry is the maximum latency of the step provider on the given suite.

MANUAL RANDOM ARGUS AESOP

U <1 ms <1 ms <1 ms <1 ms
S <1 ms 1 ms 4 ms 224 ms
S+R <1 ms 6 ms <1 ms 201 ms

Cut 16 ms 92 ms 4 ms 907 ms
Cut+R 15 ms 83 ms 4ms 1084 ms
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why-provenance

oE
Standard observational equivalence works (¢, ~ ¢, iff [¢,] = [e,]), but we can go coarser:
/Special type of\ e; e, iff Assumes(e;; P FG) = Assumes(ey; P+ G),
where

/\ Assumes(e; P + G) = {{Q € e [Lassume] : Q appears in P} : P a proof of G in [[e] P respecting e}







