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Abstract

Mutation testing evaluates test suite quality by injecting intentional
faults into source code to verify if tests detect them. Existing en-
gines typically generate mutants by exhaustively applying mutation
operators. This creates an implicit blind spot where trivial syntax
changes and complex semantic drifts are treated as equally signif-
icant. This lack of prioritization wastes computational resources
on "easy-to-catch” issues. As a result, the assessment often fails to
show whether the test suite is actually capable of catching the most
dangerous, subtle bugs that actually matter.

We present Arcus, a mutation engine that enhances exhaustive
syntactic perturbation with intentional semantic exploration. Our
key innovation is modeling mutation as a seed-controlled walk over
AST locations, enabling the generation of compositional mutation
sequences (i.e., structured chains or trees of dependent edits) that
simulate complex regressions rather than isolated, trivial shifts. Ar-
cus implements this through three core mechanisms: (1) mutations
guided by syntax coverage and semantic properties in tandem, (2)
dependency-aware steering toward critical APIs, and (3) an inter-
active viewer for step-wise traces and mutation trajectories. By
allowing developers to interpret and reproduce complex mutation
paths, Arcus provides a transparent assessment of a test suite’s ca-
pability to detect deep semantic drifts that existing tools overlook.
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1 Introduction

Mutation testing assesses test adequacy by injecting faults to verify
if a test suite can detect them [1]. Existing mutation engines often
focus on the loop of generating mutants, running test cases, and
computing scores by iterating over valid syntactic locations [2-4].
Because these tools inherently treat trivial syntactic perturbations
and complex semantic drifts as equally significant, they operate as
black boxes that obscure the most critical regressions. Consequently,
it tends to waste computational resources on "easy-to-catch" issues
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while leaving the test suite’s ability to detect subtle, high-value
bugs largely unmeasured.

In practice, developers often want to answer a fundamental
question: Which mutants should be generated to most effectively
assess a test suite’s capability of catching deep, high-value regressions?
They must overcome barriers that existing tools fail to help:

e Search Blindness: There is a lack of tools to strategically
navigate the mutation generation process toward critical
logic. Without guidance, the engine cannot distinguish be-
tween trivial edits and changes to critical logics, leading to a
combinatorial explosion of insignificant mutants.

o Traceability Gaps: There is rarely a clear link between test
failures and underlying program logics. When a test fails
to catch a mutant, developers lack a logical explanation of
the specific property being violated, making it difficult to
determine if the test suite is truly deficient.

o Replication Instability: Mutation testing is often stochas-
tic. Without reproducable mutants, it is difficult for develop-
ers to conduct further diagnosis.

To bridge these gaps, this paper presents Argus, a mutation en-
gine that augments random, syntax-location guided generation with
intentional semantic exploration. Our key innovation is modeling
the mutation process as a seed-controlled walk over AST locations.
Unlike standard tools that produce unordered sets of independent
variants, ArGus generates compositional mutation sequences (i.e.,
multi-step trajectories as structured chains or trees of dependent
edits) that realistically simulate complex regressions.

Arcus uniquely supports (1) mutation generation guided by the
interplay between syntax coverage and semantic properties; (2)
dependency-aware steering that directs mutation toward critical
APIs or user-specified symbols; and (3) an interactive viewer that
presents a serialized manifest for exact replay and a step-wise
explanation trace that enables developers to interpret and reproduce
complex mutation paths.

Araus is open source, well-engineered, and ready to use. It can
serve as a practical building block for diverse software engineer-
ing tasks, such as program analysis, debugging, source-to-source
transformation, patching, and code generation, where auditable,
explainable source code edits are often needed.

2 Tool Design and Implementation

2.1 Overview

Our tool Arcus takes as input a program. It parses the program
into an Abstract Syntax Tree (AST), enumerates mutation sites and
operators, and performs a guided, seed-controlled walk. It consists
of three major components: (1) guidance, which determines where
and how the search should focus; (2) scoring and selection, which
ranks candidate mutations and chooses one deterministically under
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Figure 1: Arcus Tool Design

a fixed seed; and (3) an interactive viewer, which enables step-by-
step replay, inspection, and comparison of mutation trajectories.
Araus is currently used for Python programs, but it is general for
all programs that can be parsed into ASTs.

2.2 Mutation Guidance

Arcus models mutation not as isolated edits, but as a trajectory (i.e.,
a seed-controlled walk on the program), represented as:

>?1@;>2; >?,@;>2; >?.@;>2:
0 1 B

where each state B is a concrete program version, and each transi-
tion applies a mutation at a specific AST location. This abstraction
naturally supports higher-order mutants and provides a clear no-
tion of how a mutant evolved. At each step 8, the engine enumerates
the set of applicable mutator candidates O(B;) whose can_apply
predicates hold. A stack of guidance is then applied to prioritize
and filter these mutator candidates before a weighted, prioritized
selection in Section 2.3. The guidance signals include:

e Code Coverage. When available, Arcus uses line-level cov-
erage from a baseline execution to identify which parts of
the program are exercised.

e Semantic Heuristics. Arcus derives coarse semantic sig-
nals from AST structure (e.g., arithmetic expressions, condi-
tionals, and loops) to characterize which kinds of program
behavior are involved.

e Dependency or Target Region. Arcus optionally incorpo-
rates user-specified identifiers or APIs to identify executed
code regions that are relevant to a particular analysis focus.

All guidance signals are modular. They can be enabled/disabled
independently and reweighted as policies. For transparency, Arcus
logs per-step score components and reasons so users can inspect
why a particular mutation was selected (Figure 2).

2.3 Weighted Scoring and Seeded Selection

To avoid spending efforts on low-impact edits, Arcus combines
guidance signals into a single score and picks one candidate accord-
ingly. This makes the selection both steerable (by changing which
signals are enabled and how they are weighted) and inspectable
(by logging the score breakdown).
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Figure 2: Guided Mutation. Arcus identifies applicable can-
didates, applies a modular guidance stack, then performs
weighted scoring and seeded selection to choose the next
committed mutation.

Scoring. For a candidate 2, Argus computes:
score(2) =F((2) +U cov(2) + Vsem(2) +W dep(2)

where F is the base operator weight, and the remaining terms are
optional guidance signals (coverage/semantic/dependency). The
trace records each component for the chosen step. Mutation guid-
ance differs in which signals are enabled and their weights, which
are updated on-the-fly or can be controlled by users:
e Ranpowm: Fq only.
e CovERAGE: Fg + U cov(2).
e ComPOSITE: Fo + U cov(2) + V sem(2)
e DEPENDENCY: Fo+U cov(2) +V sem(2) +W dep(2). When spe-
cific APIs or code regions are provided via —dep-priority,
Arcus boosts candidates that touch the specified targets via
dep(2), concentrating edits around the intended region.

Replication. Arcus uses a single Random Number Generator (RNG)
stream seeded by the run configuration and deterministic candidate
ordering, so identical seed/config yields the same committed walk.
In other words, increasing —Steps extends the same walk while
preserving the prefix.

2.4 Interactive Viewer

Arcus includes an offline interactive viewer that reconstructs and
visualizes a mutation run from exported artifacts, as shown in Fig-
ure 1. The viewer loads manifest.json to obtain the ordered list
of committed steps and run configuration, streams trace.jsonl to
index per-step explanations, and materializes concrete program ver-
sions from artifacts/. For each step, the viewer shows the code
diff, the applied operator and location, and a concise breakdown of
the guidance signals that led to the choice. Steps are pre-indexed,
enabling fast navigation during live walkthroughs without rerun-
ning mutation. It also supports side-by-side comparison of multiple
runs with different guidance, making the impact of guidance signals
easy to inspect and explain.

3 Demonstration and Case Studies

We showcase the usefulness of Arcus using four case studies:
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