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1

Large‐Scale Code Migration and Repository Engineering
for Modern Software Organizations

This book is a comprehensive technical reference and practical implemen-
tation guide for engineers, architects, platform teams, and technical leaders
responsible for modernizing large software ecosystems. It covers the full
spectrum of large-scale code migration from foundational principles through
advanced enterprise practices, including repository architecture decisions,
dependency analysis, automation strategies, testing and validation, organiza-
tional alignment, and risk management. Every chapter is grounded in real-
world case studies from major technology companies, proven methodologies,
and rigorous technical analysis, providing both the architectural reasoning be-
hind migration decisions and concrete implementation guidance for executing
them successfully.



Introduction: The Migration Imperative

When Code Becomes a Liability

Every software system that survives long enough eventually confronts the
same reality: the code that once enabled rapid innovation begins to constrain
it. This is not a failure of individual engineers or a sign of poor original
design. It is an inherent property of complex systems operating in changing
environments. Requirements evolve, platforms age, languages mature, and
organizational needs shift. The codebase accumulates layers of technical
decisions made under different constraints by different teams using different
tools, each rational at the time but collectively forming a tangle that grows
harder to navigate with every passing year.

Consider the state of technical debt across the industry today. According
to Accenture Research citing data from the Consortium for IT Software Quality
(CISQ), technical debt costs $2.41 trillion annually in the United States alone,
requiring an estimated $1.52 trillion to remediate [1]. Protiviti’s Global Tech-
nology Executive Survey finds that organizations globally spend an average of
nearly one-third of their IT budgets on technical debt management, with some
sectors like transportation and logistics spending as much as 39% [2]. CAST’s
September 2025 analysis of over 10 billion lines of code across 17 countries
reveals global technical debt levels reaching 61 billion workdays in repair time
[3]. These are not abstract metrics. They represent the cumulative effect of
millions of deferred decisions, each small compromise compounding into a
systemic drag on engineering velocity and business agility.

At scale, this drag becomes visible in concrete operational failures. Deploy-
ment times stretch from minutes to weeks as integration complexity grows.
Bug fix cycles lengthen because understanding the impact of any change re-
quires navigating undocumented dependencies across dozens of subsystems.
New engineers take months instead of days to become productive because no
single person holds a mental map of the entire system. Security vulnerabilities
go unpatched not out of negligence but because the cost of updating a critical
dependency exceeds the perceived risk of leaving it exposed.
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The organizations that succeed inmodern software are not those that avoid
technical debt entirely, which is impossible. They are those that recognize
when accumulated debt has crossed from an acceptable trade-off into a
strategic liability and respond with disciplined, large-scale migration efforts.

The Hidden Costs of “Good Enough”

Engineering leaders often rationalize deferring migration work using familiar
arguments: the system works, we have customer problems to solve first, a
rewrite is too risky, or there is simply no budget for non-feature work. Each
argument contains truth but misses the compounding nature of technical debt
and its downstream effects on business outcomes.

The direct costs are measurable: maintenance engineering hours spent
navigating legacy code instead of building new capabilities, incident response
time spent diagnosing failures in poorly understood systems, and the overhead
of maintaining compatibility layers that bridge old and new components.
McKinsey’s research found that CIOs estimate technical debt amounts to 20 to
40 percent of the value of their entire technology estate before depreciation
[4]. For larger organizations, this translates into hundreds of millions of dollars
in unrealized capital.

The indirect costs are harder to quantify but equally real. Developer
burnout accelerates when engineers spend their days fighting brittle systems
instead of solving interesting problems. A 2021 study by Haystack Analytics
found that 83% of software developers report experiencing burnout, with high
workload (47%), inefficient processes (31%), and unclear goals (29%) cited as
primary drivers [5]. JetBrains’ 2023 State of the Developer Ecosystem report
independently confirmed that 73% of developers have experienced burnout
at some point in their careers. Technical talent leaves organizations where
the engineering environment feels like a graveyard of abandoned projects
and impossible-to-change codebases. Product teams delay or cancel features
because the cost of implementation in the existing system exceeds the ex-
pected return. Competitors withmodern architectures ship faster, experiment
more freely, and adapt to market changes with agility that legacy-bound
organizations cannot match.

Perhapsmost insidiously, technical debt creates a feedback loop that makes
migration progressively harder over time. As the gap between the existing sys-
tem and modern practices widens, the perceived risk of change grows. Teams
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become more conservative, adding protective layers that further complicate
the architecture. Eventually, the system reaches a point where incremental
improvement is insufficient and the only viable option is a comprehensive
migration, which by then has grown so large and risky that stakeholders refuse
to authorize it. The organization is stuck, unable to move forward without
breaking what exists and unable to maintain what exists without consuming
all available resources.

Understanding this trajectory is the first step in avoiding it. Migration is
not an event that happens when everything else is done. It is a continuous
capability that organizations must cultivate, applying appropriate levels of
investment at each stage of system evolution before the accumulated debt
becomes unmanageable.

What Makes Migration Different from Refactoring

The distinction between migration and refactoring matters because conflating
them leads to inappropriate strategies and unrealistic expectations. Refactor-
ing is local and continuous: restructuring code within a bounded context to
improve its internal structure without changing external behavior, typically as
part of regular development work. A team refactors a module to reduce cy-
clomatic complexity, extracts a method to clarify intent, or renames variables
for clarity. These are routine activities that happen every sprint in healthy
engineering organizations.

Migration is global and episodic: transforming an entire system or large
subsystem from one state to another, often involving changes in language,
framework, platform, architecture, or repository structure that affect many
teams simultaneously. A migration might involve moving a monolithic applica-
tion to microservices, upgrading from Python 2 to Python 3 across a million-
line codebase, converting Java to Kotlin at Meta-scale, consolidating hundreds
of repositories into a monorepo, or migrating infrastructure from on-premises
data centers to Kubernetes clusters in multiple cloud regions.

The differences have practical implications for howmigration workmust be
approached:

Scope and coordination: Refactoring typically involves a single team work-
ing within its owned code. Migration spans multiple teams, services, and
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sometimes organizational boundaries, requiring explicit coordination mecha-
nisms, shared tooling, and synchronized timelines that do not exist in ordinary
development.

Risk profile: A refactoringmistake is usually localized and quickly reversible.
A migration failure can affect thousands of users, disrupt revenue-generating
systems, or create data inconsistencies that are expensive to repair. Migration
demands risk management strategies far beyond the standard practices of
feature development.

Duration and momentum: Refactoring happens incrementally across many
sprints. Migration projects span quarters or years, requiring sustained or-
ganizational commitment through leadership changes, budget cycles, and
competing priorities. Maintaining momentum over long horizons is a distinct
challenge that most engineering organizations are not prepared for.

Testing and validation: Refactoring relies on existing unit tests and code
review to ensure correctness. Migration requires comprehensive equivalence
testing strategies, parallel run environments, canary deployments, and rollback
plans because the changes are too large and interconnected for conventional
testing to provide adequate confidence.

Organizational change: Refactoring is a technical activity with minimal
organizational impact. Migration often changes how teams work, what tools
they use, and sometimes their structure or responsibilities. Successful mi-
gration requires deliberate changemanagement, training, communication, and
cultural adaptation that goes well beyond the engineering work itself.

Recognizing these differences helps set appropriate expectations with
stakeholders and design migration strategies that account for the full
complexity of large-scale change rather than treating it as simply “a lot of
refactoring.”

A Framework for Thinking About Migration

This book is organized around a framework that treats migration as an or-
chestrated systems problem spanning technology, process, organization, and
culture. The central thesis is straightforward: the most reliable migrations
are incremental, automated, observably safe, and aligned with organizational
capacity. Each principle deserves explanation.
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Incremental means breaking large transformations into small, indepen-
dently verifiable steps rather than attempting big-bang replacements. This
reduces risk by limiting the blast radius of any single change, provides con-
tinuous feedback about migration health through early wins and early failures,
and maintains business continuity throughout the process. The strangler
fig pattern, popularized by Martin Fowler in 2004, exemplifies this principle:
gradually building new systems around legacy functionality until the old system
can be safely decommissioned [6].

Automated means using tooling to perform repetitive transformations con-
sistently at scale rather than relying on manual changes that are error-prone
and difficult to coordinate. This includes automated code transformation tools
like OpenRewrite for Java migrations, static analysis pipelines that enforce
migration standards, CI/CD systems that validate every change against both
old and new requirements, and testing frameworks that verify behavioral
equivalence between pre- and post-migration states.

Observably safe means establishing metrics, monitoring, and alerting that
provide real-time visibility into migration health and enable rapid detec-
tion and response to regressions. This includes tracking migration progress
through quantifiablemilestones, monitoring production systems for anomalies
after each migration step, maintaining rollback capabilities that can restore
previous states within minutes rather than hours, and using progressive de-
livery techniques like canary deployments to validate changes with small user
populations before wider exposure.

Aligned with organizational capacity means designing migration strategies
that match the actual resources, skills, and cultural readiness of the teams
executing them rather than idealized scenarios from consulting decks. This
includes realistic timelines that account for ongoing feature development
and incident response, training programs that bring engineers up to speed
on new tools and practices, communication strategies that build buy-in and
reduce resistance, and governance models that provide clarity about decision
authority without creating bureaucratic bottlenecks.

These four principles are not independent. They reinforce each other:
incremental steps are easier to automate, automation makes it safer to be
more aggressive with incrementality, observability enables confidence in both
incremental progress and automated changes, and organizational alignment
ensures all three can actually happen in practice rather than remaining the-
oretical ideals. The chapters that follow explore each principle in depth
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through specific technical domains, practical methodologies, and real-world
case studies.

How to Use This Book

The book is structured to support readers at different stages of their migration
journey. If you are evaluatingwhether amigration is necessary for your organi-
zation, start with the Introduction and Chapter 15 on migration economics to
understand the business case and decision frameworks. If you are planning
a migration but have not yet chosen a strategy, read Chapters 2 through 4
on repository architecture, dependency analysis, and migration patterns to
build a technical foundation. If you are already executing a migration and
need specific guidance, jump to the chapters most relevant to your current
challenges: language and framework migrations (Chapter 5), data and infras-
tructure migration (Chapter 6), build systems and CI/CD integration (Chapter
7), testing and validation (Chapter 8), API evolution (Chapter 9), repository
decomposition (Chapter 10), automation and tooling (Chapter 11), governance
and security (Chapter 12), observability and risk management (Chapter 13), or
organizational alignment (Chapter 14).

Each chapter is written as a standalone unit with enough context to be
useful on its own, but the material builds cumulatively. Concepts introduced
early appear in later chapters with greater specificity and practical detail. The
case studies in Chapter 16 synthesize lessons from across the book through
real-world examples from Google, Meta, Netflix, Dropbox, Stripe, and other
organizations that have executed migrations at scale.

Throughout the text, you will find inline citations [n] referencing sources
for factual claims, data points, and specific technical details. The References
section at the end of the book provides full citation information including
URLs for all sources. Every load-bearing claim has been verified against
primary sources wherever possible, and areas of uncertainty or disagreement
are flagged explicitly rather than smoothed over.

This book is not a prescriptive playbook that promises a single correct
answer for every situation. Large-scale migration is inherently context-
dependent: the right strategy for a financial services company with strict
regulatory requirements differs from the optimal approach for a consumer
internet startup prioritizing speed to market. What this book provides instead
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is a rigorous framework for understanding the trade-offs, a comprehensive
catalog of proven patterns and techniques, and enough technical depth to
make informed decisions tailored to your specific circumstances.

The goal is not just to help you execute a single migration successfully but
to build organizational capability for managing large-scale technical change as
an ongoing practice. Because the reality is that every software system that
matters will need to migrate eventually. The question is whether you are
prepared when the time comes.



Chapter 1: Foundations of Repository
Engineering

The Anatomy of a Large Codebase

Before planning any migration, you must understand the system you are
migrating. This is notmerely amatter of counting lines of code or listing repos-
itories. It requires building a mental model of the codebase as a living system
with structure, dynamics, and constraints that determine what migrations are
feasible and how they should be approached.

Large codebases exhibit emergent properties that do not exist in smaller
systems. A codebase with fifty thousand linesmight feel like a well-understood
project where any engineer can navigate to the relevant file andmake a change
within an hour. The same organization with five million lines faces funda-
mentally different challenges: no single person understands the entire system,
changes have ripple effects across boundaries that are not immediately visible,
and the overhead of coordination between teams working on interdependent
components dominates development time.

The first dimension to map is structural complexity. This includes the
number of distinct services ormodules, their sizes, their coupling patterns, and
the degree to which they share code through common libraries or duplicated
implementations. Amonolithic applicationwith tenmillion lines organized into
loosely coupled packages is structurally different from a distributed system
with the same total size split across five hundred microservices, even though
the raw numbers are identical. The monolith has centralized complexity
but simpler deployment and versioning. The microservice ecosystem has
distributed complexity but greater flexibility in technology choices and team
autonomy.

The second dimension is historical layering. Every codebase accumulates
layers of technical decisions made under different constraints by different
teams at different times. A payment processing system might contain COBOL
routines from the 1980s handling core ledger logic, Java services from the
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2000s implementing business rules, Python microservices from the 2010s
providing REST APIs, and Go-based event processors from the 2020s handling
real-time analytics. Each layer reflects the best practices and available tools of
its era. Migration planning must account for these layers because they create
heterogeneous technical landscapes where a single migration strategy cannot
apply uniformly across all components.

The third dimension is organizational topology. The structure of a codebase
is rarely independent of the organization that maintains it. Conway’s Law
observes that systems tend to mirror the communication structures of the
organizations that design them. A company with five product teams will
typically have five major subsystems, each owned by one team with well-
defined interfaces between them. If those teams communicate infrequently
and asynchronously, the interfaces will be formalized through APIs and doc-
umentation. If they share staff and coordinate daily, the boundaries may be
porous with shared code and implicit understanding. Understanding organi-
zational topology is essential formigration planning because technical changes
that cross organizational boundaries require explicit coordinationmechanisms
that do not exist within a single team.

The fourth dimension is operational criticality. Not all parts of a codebase
carry equal risk. A user-facing checkout service that processes millions of
dollars in transactions daily demands different migration rigor than an inter-
nal admin dashboard used by fifty employees. Migration strategies should
calibrate to operational criticality: high-criticality components require more
extensive testing, slower rollouts, and more robust rollback capabilities, while
lower-criticality components can tolerate faster, riskier approaches that pro-
vide learning opportunities for the organization.

Mapping these four dimensions produces a migration readiness profile
that guides subsequent decisions. A codebase with low structural complex-
ity, minimal historical layering, tight organizational alignment, and moderate
operational criticality is an excellent candidate for aggressivemigration strate-
gies. A codebase with high structural complexity, deep historical layering,
fragmented organizational ownership, and critical operational requirements
demands a more conservative, incremental approach with heavy investment in
automation and observability.

[Figure 1.1: Large Codebase Anatomy — The figure shows four concen-
tric layers surrounding a central “Codebase” node. The innermost layer
is Structural Complexity, showing modules, services, and coupling patterns
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connected by dependency edges. The second layer is Historical Layering, with
time-stacked strata labeled “COBOL (1980s)”, “Java (2000s)”, “Python (2010s)”,
“Go (2020s)”. The third layer is Organizational Topology, depicting team
boundaries as colored regions with communication arrows between them.
The outermost layer is Operational Criticality, with components labeled by
risk level: “Revenue-Critical (checkout service)” in red, “Internal Tools (admin
dashboard)” in green. Arrows from each layer point inward to show how all four
dimensions jointly constrain migration strategy.]

Measuring Codebase Complexity: Quantitative
Indicators

Abstract descriptions of complexity are not actionable. Migration planning
requires quantitative metrics that can be tracked over time and compared
across components. The following indicators provide objective measures that
correlate with migration difficulty.

Cyclomatic complexity, introduced by Thomas McCabe in 1976, measures
the number of linearly independent paths through a program’s source code
[33]. High cyclomatic complexity indicates tangled control flow that is difficult
to understand and test. Tools like Radon for Python, Checkstyle for Java,
and ESLint’s complexity rule compute this metric automatically. A practical
threshold: modules with cyclomatic complexity above 20 require careful
migration planning because they are likely to contain hidden edge cases and
undocumented behavior.

Coupling metrics quantify how tightly components depend on each other.
The Afferent Coupling (Ca) metric counts incoming dependencies (how many
other modules depend on this one). Efferent Coupping (Ce) counts outgoing
dependencies (how many modules this one depends on). The Abstractness-
Instability diagram, or AI diagram, plots these metrics to identify problematic
architectural zones. Modules with high Ca and high Ce are “rigid” because
changes propagate widely. Modules with low Ca and low Ce are “stable” and
can be migrated independently. Tools like Structure101 for Java and NDepend
for .NET compute these metrics automatically.

The Cohesion metric measures how closely related the responsibilities
within a single module are. The Lack of Cohesion of Methods (LCOM) metric,
popularized by Chidamber and Kemerer, counts pairs of methods that do not
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share instance variables. High LCOM indicates amodule that is doing toomany
unrelated things and should be decomposed before migration. A practical rule:
modules with LCOM above 0.85 are candidates for decomposition.

Code churn, measured as the volume of changes to a file or module over
time, is an operational indicator of complexity and instability. Files with high
churn are actively maintained and likely well-understood, making them easier
migration candidates despite their complexity. Files with low churn that have
not been touched in years may contain dormant logic that is cheap to migrate
but also cheap to leave alone. Tools like git log analysis, Blame analytics, and
commercial platforms like CodeScene track code churn automatically.

A practical assessmentworkflow: run automated complexity analysis across
the codebase, plot results on an AI diagram to identify rigid and unstable
zones, overlay code churn data to understand maintenance patterns, and use
the combined picture to prioritize migration order. Start with stable, low-
coupling modules that can be migrated independently to build momentum and
validate tooling before tackling high-complexity, high-coupling components
that require more careful planning.

[Figure 1.2: Abstractness-Instability (AI) Diagram — A two-axis scatter
plot. The horizontal axis is Instability (I), ranging from 0 (highly stable, many
incoming dependencies) to 1 (highly unstable, many outgoing dependencies).
The vertical axis is Abstractness (A), ranging from0 (concrete implementations)
to 1 (pure abstractions/interfaces). Four zones are labeled: “Rigid Zone”
in the bottom-left (low A, low I) where concrete, depended-upon modules
resist change; “Volatile Zone” in the top-right (high A, high I) where abstract
modules with many dependencies cause cascading changes; “Dream Zone”
along the diagonal from bottom-left to top-right where Abstractness equals
Instability, indicating good architectural balance; “Useless Zone” in the top-
left (high A, low I) where abstractions exist but nothing depends on them.
Samplemodules are plotted as dots with labels like “PaymentProcessor (Rigid)”,
“EventBus (Volatile)”, “UserRepository (Dream Zone)”.]

Dependency Graphs as the Source of Truth

The single most important artifact for migration planning is the dependency
graph of your system. This is not optional. Attempting large-scale migra-
tion without a comprehensive understanding of what depends on what is
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like performing surgery without imaging: technically possible but recklessly
dangerous.

A dependency graphmodels the relationships between components in your
system as nodes and edges. Nodes represent modules, services, libraries, or
packages. Edges represent dependencies: when one component requires an-
other to function correctly. The graph capturesmultiple types of dependencies
that are relevant for migration planning:

Build-time dependencies define what must be compiled or linked before
a component can be built. These include direct library imports, transitive
dependencies pulled in through package managers, and tooling dependencies
like code generators or build plugins. Build-time dependencies determine the
order in which components must be migrated because a consumer cannot use
a new version of a dependency until that dependency has been migrated.

Runtime dependencies define what must be available when a component
executes. These include service-to-service calls over networks, database
connections, message queue subscriptions, and external API integrations.
Runtime dependencies are often more complex than build-time dependencies
because they may not be statically analyzable: dynamic imports, reflection-
based loading, environment-variable-driven configuration, and feature-flag-
controlled paths can create runtime dependencies that do not appear in source
code.

Data dependencies define what information flows between components.
These include shared database tables, cached data with cross-service access
patterns, event streams that carry state changes, and file systems used for
inter-process communication. Data dependencies are particularly insidious
because they often evolve organically without explicit documentation. A
service that originally read from its own database might gradually start query-
ing other services’ databases for convenience, creating tight coupling that is
invisible in the code but becomes apparent only during migration when the
data source changes.

Understanding these dependency types requires combining multiple anal-
ysis techniques. Static analysis tools parse source code to extract import
statements, function calls, and type references, building a deterministic view
of build-time dependencies. Tools like CodeQL, SonarQube, and language-
specific analyzers provide this capability for most mainstream languages. Dy-
namic analysis instruments running systems to observe actual execution paths,
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network calls, and data flows, revealing runtime dependencies that static
analysis misses. Tools like Digma, Dynatrace, and custom instrumentation
scripts fall into this category.

The dependency graph enables several criticalmigration planning activities.
First, it identifies migration order: components with no dependents can be
migrated first withminimal coordination, while componentswithmany depen-
dents must wait until their consumers are ready or require compatibility layers
that support both old and new versions simultaneously. Second, it reveals
blast radius: if a component fails during migration, the graph shows exactly
which other components are affected, enabling accurate risk assessment and
targeted rollback plans. Third, it exposes circular dependencies that must be
broken before migration can proceed, because circular dependencies create
ordering problems where no valid migration sequence exists.

Building an accurate dependency graph at scale is non-trivial. Large code-
bases may contain tens of thousands of modules with hundreds of thousands
of dependency edges. Automated tools help but require careful configuration
and validation. A practical approach is to start with static analysis to establish
a baseline, validate it against known architectural documentation and team
knowledge, supplement it with dynamic analysis for runtime dependencies that
cannot be statically determined, andmaintain it as a living artifact that updates
automatically through CI/CD pipelines whenever code changes.

[Figure 1.3: Dependency Graph Construction Pipeline — A flow diagram
with five stages. Stage 1 (Source Code) shows multiple language files (.java,
.py, .go). Stage 2 (Static Analysis) shows parsing tools extracting imports, type
references, and function calls into an initial graph. Stage 3 (Enrichment) adds
metadata: team ownership tags, criticality labels, technology stack identifiers.
Stage 4 (Validation) compares the static graph against dynamic traces from
production monitoring, highlighting discrepancies in red. Stage 5 (Living
Graph) shows the final dependency graph stored in a database with API access
for CI/CD pipelines and visualization dashboards. Arrows flow left to right
with feedback loops from Validation back to Static Analysis.]

CodeQL Queries for Dependency Discovery

For organizations using GitHub or self-hosted CodeQL, dependency discovery
can be automated through precise semantic queries. CodeQL treats code as
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data, enabling complex queries that track dependencies beyond simple import
statements. The following example query identifies all Java classes that directly
or transitively depend on a specific legacy library:

1 from Type t, ClassDeclaration c
2 where c.getASupertype+ = t and t.hasQualifiedName("com.legacy.framework",

"BaseController")↪→

3 select c, c + " depends on deprecated BaseController"

This query uses CodeQL’s transitive closure operator (+) to find all classes
that inherit from BaseController, including indirect inheritance through inter-
mediate classes. Similar queries can identify:

• All callers of a deprecated method: from MethodAccess ma where
ma.getTarget().getAMethod().hasQualifiedName("com.legacy",
"deprecatedMethod") select ma

• Cross-module dependencies violating architectural boundaries: custom
queries that define allowed dependency patterns and flag violations

• Unused dependencies by comparing declared imports against actual us-
age sites

For multi-language codebases, CodeQL supports C/C++, Java, JavaScript,
Python, C#, and Go with language-specific query libraries. A practical work-
flow: write queries that encode your architectural rules (e.g., “frontend mod-
ules must not depend on backend database code”), run them in CI to catch
violations early, and use the results to maintain an accurate dependency graph.

Dynamic Analysis for Runtime Dependencies

Static analysis cannot detect dependencies created through reflection, dy-
namic imports, or framework-mediated injection. For these cases, dynamic
analysis instruments running code to observe actual execution. The following
techniques are commonly used:

Java bytecode instrumentation using tools like ByteBuddy or Java Agent
API intercepts method calls at runtime and logs caller-callee relationships.
A custom Java agent can attach to a running JVM without code changes,
recording all invocations of methods in monitored packages. This reveals
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dependencies that static analysismisses, such as Spring’s @Autowired injection
creating runtime dependencies not visible in source code.

eBPF-based tracing for Linux systems enables kernel-level observation of
system calls, network connections, and file access without modifying applica-
tion code. Tools like Digma use eBPF to automatically discover microservice
dependencies by observing actual HTTP/gRPC calls between services. This
approach requires no instrumentation and works for any language running on
Linux.

Application Performance Monitoring (APM) agents from vendors like Dy-
natrace, Datadog, and New Relic include dependency mapping as a feature.
These agents instrument applications automatically and produce dependency
maps showing service-to-service call patterns with latency and error rate data.
While commercial, they provide production-grade accuracy.

A practical recommendation: use static analysis for the bulk of dependency
discovery because it is deterministic and comprehensive for declared depen-
dencies. Supplement with dynamic analysis for critical paths where runtime
behavior matters. Compare results between the two approaches to identify
gaps: declared dependencies never observed at runtime might be dead code,
while observed dependencies not captured statically must be understood and
documented.

The dependency graph is not a one-time deliverable. It is an ongoing
investment that pays dividends throughout the system’s lifecycle, not just
during migration. Teams that maintain accurate dependency graphs report
faster incident diagnosis, more confident refactoring, and better architectural
decisions because they can see the actual structure of their system rather than
relying on stale documentation or individual memory.

Build Systems and Their Constraints

The build system is the nervous system of a large codebase. It determines how
fast engineers get feedback on their changes, how reliably the system compiles
across different environments, and how easily new components can be added
or existing ones modified. During migration, the build system becomes
even more critical because it must support multiple versions of dependencies
simultaneously, validate compatibility between old and new code, and provide
consistent behavior across potentially heterogeneous technology stacks.
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Build systems fall into two broad categories: task-based and artifact-based.
Task-based build systems like Make, Ant, and early versions of Gradle define
build processes as sequences of commands or tasks to execute. Artifact-based
build systems like Bazel, Buck, Pants, andmodern Gradle define builds in terms
of input artifacts and output artifacts, with the build system automatically
determining which tasks must run based on dependency analysis. For large-
scale migration, artifact-based systems are strongly preferred because they
provide correctness guarantees that task-based systems cannot: if inputs have
not changed, outputs are guaranteed to be identical, enabling reliable caching
and incremental builds.

The constraints that build systems impose on migration planning deserve
careful attention. First is language support. If your build system only supports
Java but you are migrating to Kotlin or adding Go services, you must either
extend the build system with new language rules or accept heterogeneous
build environments where different parts of the system use different tools.
Google’s Bazel was designed from the start to support multiple languages
uniformly, which is one reason it scales to billions of lines of code. Meta’s
Buck2 similarly provides first-class support for Java, Kotlin, C++, and other
languages. If your current build system lacks this capability, migration planning
must include build system migration or augmentation as a prerequisite.

Second is dependency resolution. Build systems with sophisticated de-
pendency resolution can automatically pull in correct transitive dependencies,
detect version conflicts, and enforce compatibility constraints. Build systems
without these capabilities require manual dependency management that be-
comes error-prone at scale. During migration, when components are transi-
tioning between versions, poor dependency resolution creates hell scenarios
where different parts of the system inadvertently use incompatible library
versions. Tools like Maven’s dependency tree analysis, Gradle’s configuration
caching, and Bazel’s hermetic builds help prevent these problems.

Third is build performance. Migration work generates many intermediate
states: partial migrations that must compile and test repeatedly as engineers
iterate on transformation logic. If the build system is slow, iteration time
balloons andmigration velocity drops. Distributed build systems that cache ar-
tifacts acrossmachines and parallelize compilation can reduce build times from
hours to minutes, dramatically accelerating migration work. Google’s internal
build infrastructure achieves sub-second incremental builds for most changes
in their monorepo through aggressive caching and distributed execution [7].
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Fourth is hermeticity. Hermetic builds produce identical outputs regardless
of the environment they run in, eliminating “it works onmymachine” problems
that are especially dangerous during migration when subtle environmental
differences can mask compatibility issues. Bazel pioneered hermetic builds
by sandboxing each build action to use only declared inputs and tools. Non-
hermetic builds that depend on global system state create migration risks
because code that compiles in development may fail in production due to
missing libraries or version mismatches.

Selecting or configuring a build system for migration involves trade-offs.
Bazel provides excellent correctness and scalability but has a steep learning
curve and requires significant upfront investment in BUILD file creation.
Gradle offers good language support and ecosystem integration but can suffer
from performance issues at very large scales without careful tuning. Custom
build systems tailored to specific organizational needs provide maximum
flexibility but require dedicated engineering resources to maintain. The right
choice depends on your codebase size, technology heterogeneity, team exper-
tise, and available resources.

[Figure 1.4: Build System Decision Matrix — A three-axis decision diagram.
Axis 1 (bottom) is Codebase Size: Small (<50 engineers, <1M LOC), Medium
(50-200 engineers, 1-10M LOC), Large (200+ engineers, 10M+ LOC). Axis 2
(left) is Technology Heterogeneity: Homogeneous (single language/frame-
work), Mixed (2-3 languages), Polyglot (4+ languages). Axis 3 (right) is Build
Correctness Requirements: Basic (local builds OK), Strong (reproducible builds
needed), Critical (hermetic, distributed builds required). Three zones are high-
lighted: “Gradle/Maven” zone for small-homogeneous-basic; “Bazel/Pants”
zone for large-polyglot-critical; “Hybrid/custom” zone in the middle. Example
organizations are plotted: “Startup A (Gradle)”, “Midsize B (Gradle + npm)”,
“Enterprise C (Bazel)”]

Bazel BUILD File Patterns for Migration

For organizations adopting Bazel, understanding BUILD file patterns is essen-
tial because they define how code is organized and dependencies aremanaged.
The following example shows a typical BUILD file for a Java library during
migration:
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1 # service/payment-api/BUILD.bazel
2 load("@rules_java//java:defs.bazel", "java_library")
3
4 java_library(
5 name = "payment_api",
6 srcs = glob(["src/main/java/**/*.java"]),
7 deps = [
8 "//lib/common:utils",
9 "//lib/persistence:datastore",
10 "@maven//:com_stripe_stripe_java", # External dependency via

rules_jvm_external↪→

11 ],
12 visibility = ["//service:__subpackages__"],
13 )
14
15 java_library(
16 name = "payment_api_tests",
17 srcs = glob(["src/test/java/**/*.java"]),
18 deps = [
19 ":payment_api",
20 "@maven//:junit_junit",
21 "@maven//:org_mockito_mockito_core",
22 ],
23 test_only = True,
24 )

Key patterns for migration:

Fine-grained targets: Each logical unit (class, package, or small module)
should be its own target rather than one giant target for an entire service. Fine-
grained targets enable incremental builds because Bazel only rebuilds changed
targets and their dependents. They also provide accurate dependency tracking
because each dependency must be explicitly declared.

Explicit visibility: The visibility attribute controls which other targets can
depend on this one. During migration, use visibility to enforce architectural
boundaries: library code should not depend on service-specific implementa-
tion details. Violations are caught at build time rather than runtime.

External dependency management: Bazel uses WORKSPACE files and rules
like rules_jvm_external to manage external dependencies. For migration
between framework versions, you can declare both old and new versions
simultaneously:
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1 # WORKSPACE
2 maven_install(
3 artifacts = [
4 "org.springframework.boot:spring-boot-starter-web:2.7.18", # Legacy
5 "org.springframework.boot:spring-boot-starter-web:3.2.0", # Target
6 ],
7 )

This enables gradual migration where some components use Spring Boot 2
while others migrate to Spring Boot 3, with Bazel ensuring version isolation.

Gradle Configuration for Multi‐Version Migration

For organizations using Gradle, multi-version migration requires careful de-
pendency management to avoid conflicts. The following example shows a
Gradle configuration that supports both Java 8 and Java 17 during migration:

1 // build.gradle.kts
2 plugins {
3 java
4 }
5
6 val targetJavaVersion = findProperty("targetJavaVersion")?.toString() ?: "17"
7
8 java {
9 sourceCompatibility = JavaVersion.toVersion(targetJavaVersion)
10 targetCompatibility = JavaVersion.toVersion(targetJavaVersion)
11 }
12
13 dependencies {
14 // Legacy services use Spring Boot 2
15 if (project.name.startsWith("legacy-")) {
16 implementation("org.springframework.boot:spring-boot-starter-web:2.7.18")
17 implementation("javax.servlet:javax.servlet-api:4.0.1")
18 } else {
19 // New services use Spring Boot 3
20 implementation("org.springframework.boot:spring-boot-starter-web:3.2.0")
21 implementation("jakarta.servlet:jakarta.servlet-api:6.0.0")
22 }
23 }
24
25 // Per-project Java version override
26 subprojects {
27 if (project.name in listOf("service-a", "service-b")) {
28 // These are still on Java 8 during migration
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29 tasks.withType<JavaCompile> {
30 sourceCompatibility = "1.8"
31 targetCompatibility = "1.8"
32 }
33 }
34 }

Gradle’s configuration isolation and per-project settings enable heteroge-
neous builds where different modules use different dependency versions and
language levels. This flexibility is essential for gradual migration but requires
discipline to avoid drift and inconsistency.

A practical recommendation for organizations planning large-scale migra-
tion is to evaluate build system readiness early in the planning phase. If
the current build system cannot support the target state of the migration
(e.g., new languages, distributed builds, hermetic execution), plan build system
modernization as a parallel track that delivers incremental improvementswhile
migration work proceeds. Do not wait for build system perfection before
starting migration, but do not ignore build system constraints either.

Version Control as Infrastructure

Version control systems are often treated as passive storage for source code,
but in large organizations they function as critical infrastructure that shapes
how teams collaborate, how changes are validated, and how history is pre-
served. Migration work places exceptional demands on version control be-
cause it generates massive numbers of changes across many components
simultaneously, requires careful coordination between parallel branches rep-
resenting different migration states, and must preserve historical context for
auditability and debugging.

Git has become the dominant version control system for most organiza-
tions, but its behavior at scale differs significantly from its behavior in small
projects. A repository with a few thousand files and a hundred contributors
operates smoothly with standard Git workflows. A repository with millions
of files and thousands of contributors faces performance degradation: clone
operations take hours instead of seconds, checkout operations are slow be-
cause Git must materialize the entire working tree, and garbage collection
becomes expensive because the object database grows large. These problems
are not theoretical. Organizations like Google andMeta encountered them and



Chapter 1: Foundations of Repository Engineering 22

built custom solutions. Google developed Piper, a distributed version control
system designed specifically for their monorepo that distributes data across
ten data centers and supports file-level access control for security [8]. Meta
contributed heavily to Mercurial improvements before switching to Git with
substantial performance enhancements.

For most organizations, vanilla Git is sufficient if used correctly. Several
techniques mitigate scale problems without requiring custom infrastructure.
Shallow clones limit history depth for developers who do not need full reposi-
tory history. Sparse checkouts materialize only relevant subdirectories in the
working tree, reducing checkout time and disk usage. Repository splitting
breaks large monorepos into smaller component repos when a single repos-
itory becomes unmanageable. These techniques are discussed in more detail
in Chapter 10 on repository decomposition.

Branching strategy is another critical consideration for migration. The
traditional model of long-lived feature branches creates problems during
migration because merge conflicts accumulate over time, integration testing
is delayed until branch completion, and the main branch diverges from reality.
Trunk-based development, where all changes are integrated into a single main
branch frequently with feature flags controlling visibility, is better suited for
migration work because it maintains a single source of truth that always
reflects the current state of the system. Feature flags enable gradual migration
rollouts without requiring separate branches for each migration stage.

Code review processes must adapt to migration’s unique characteristics.
Standard pull request workflows assume changes are localized and reviewed
by a few domain experts. Migration changes are often broad, touching many
files acrossmultiple domains, which creates review bottlenecks if every change
requires approval from all affected owners. Automated checks that validate
migration standards (e.g., linting rules that enforce use of new APIs, static
analysis that ensures compatibility with target versions) reduce the burden
on human reviewers by catching mechanical errors automatically. Review
scope can be narrowed by separating migration changes into focused pull
requests: one for dependency upgrades, another for API migrations, another
for structural refactoring, rather than monolithic changes that attempt to do
everything at once.

History preservation during migration deserves explicit attention. Mi-
gration work often involves substantial restructuring: moving files between
directories, renaming modules, splitting components, or consolidating repos-
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itories. Naive approaches that delete old files and create new ones lose
historical context that is valuable for debugging (understanding why a change
was made), auditing (demonstrating regulatory compliance), and knowledge
transfer (onboarding new engineers). Git tools like git-filter-repo provide
safe mechanisms for restructuring history while preserving commit metadata,
authorship information, and chronological context [9]. When splitting or
merging repositories, plan history preservation as a first-class requirement
rather than an afterthought.

The Repository Topology Spectrum

Repository topology describes how source code is organized across version
control repositories. The spectrum ranges from a single monolithic repository
containing all code to hundreds or thousands of independent repositories,
each containing a single service or component. Most real-world organizations
fall somewhere between these extremes, using hybrid topologies that balance
different trade-offs for different parts of their system.

The monorepo model stores all code in one repository. Google’s monorepo
contains billions of lines of code and is used by 95% of their developers [10].
Meta maintains a similar monorepo structure across Facebook, Instagram,
Messenger, and other products. The advantages are substantial: atomic
commits that change related code across multiple services simultaneously,
unified dependency management where all components see consistent library
versions, simplified tooling because one build system and one CI pipeline serve
the entire organization, and improved code discovery because engineers can
search the entire codebase from a single interface. The disadvantages include
performance challenges at extreme scale, access control complexity when dif-
ferent teams need different visibility levels, and organizational coupling where
changes in one team’s code require coordination with repository owners.

The polyrepo model stores each service or component in a separate repos-
itory. Amazon is famously polyrepo-oriented, with independent repositories
for each microservice enabling autonomous team operation. The advantages
include clear ownership boundaries, independent release cycles for each com-
ponent, simpler access control because repository permissions map directly to
team membership, and reduced blast radius when one repository experiences
problems. The disadvantages include dependency management complexity
when services depend on each other across repositories, inconsistent tooling
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and practices across teams, difficult cross-service refactoring because atomic
changes spanning multiple repositories are impossible, and duplicated code as
teams independently implement shared functionality.

Hybrid models attempt to capture benefits from both approaches. A
common pattern is a frontendmonorepo containing all client-side code along-
side backend polyrepos for individual services. Another pattern is domain-
based monorepos where related services within a bounded context share a
repository while different domains use separate repositories. These hybrids
reduce complexity compared to pure approaches but introduce their own
coordination challenges at the boundaries between monorepos and polyrepos.

The choice of repository topology has profound implications for migration
strategy. Monorepos enable large-scale coordinated migrations because all
code is accessible from one place: dependency upgrades can be applied
uniformly, cross-cutting refactoring happens in single commits, and migration
progress is visible across the entire system. Polyrepos require more coordi-
nation overhead for migration because changes must be synchronized across
independent repositories: a library upgrademust be published as a new version
before consuming services can adopt it, and migration timelines must account
for release cycles of dependent components.

There is no universally correct topology. The right choice depends on or-
ganizational factors including team size, communication patterns, deployment
frequency requirements, security constraints, and technology heterogeneity.
A small organization with tightly coupled services benefits from a monorepo’s
simplicity. A large organization with independent product teams shipping at
different cadences may prefer polyrepos’ autonomy. The key is to choose
deliberately based on these factors rather than defaulting to whatever is
familiar.

Migration work itself can be an opportunity to reconsider topology. If
your current topology is causing migration pain (e.g., polyrepo fragmentation
making coordinated dependency upgrades impossible), plan topology changes
as part of the migration strategy. Conversely, if you are already struggling with
migration complexity, resist the temptation to also change repository topology
simultaneously. Pick one transformation at a time.
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