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Abstract—Parser combinators provide a declarative mechanism for
constructing complex parsers from simple primitives. In a TypeScript
implementation, the combinator composition naturally forms a binary
parse tree whose height determines the worst-case number of sequential
parsing steps. This paper formalises the height-balance invariant of such
trees, proves that the height grows logarithmically with the number of
combinator nodes, and demonstrates that the key-ordering invariant of
the underlying parsing graph is preserved under all combinator operators.
The analysis is carried out by static abstract syntax tree inspection and for-
mal reasoning, without any empirical timing measurements. The resulting
bounds guarantee that point and range queries over the parse tree exe-
cute in O(log N) time, while insertions and rebalancing remain O(log N).
Source Code: https://github.com/myonathanlinkedin/typescript-design-
patterns/tree/main/algorithms/20261018_170119_parser_combinators

Index Terms—parser combinators, TypeScript, height-balance, formal
verification, static analysis

1 INTRODUCTION

Parser combinators are a functional programming idiom that
enables the construction of complex grammars from composable
primitives such as str, regex, seq, and or. In a TypeScript
setting, the combinator graph is represented as a binary tree
whose nodes correspond to parser constructors and whose
leaves are primitive parsers. The industrial motivation for
studying this structure stems from the need to guarantee
predictable parsing latency in high-throughput web services and
to provide formal safety guarantees for user-defined grammars.
This investigation addresses three research questions:

1) RQ1: What is the asymptotic upper bound on the height
of a parser combinator tree as a function of the number
of combinator nodes?

2) RQ2: Does the composition of combinators preserve
the strict height-balance and key-ordering invariants
required for efficient point and range queries?

3) RQ3: How does the static abstract syntax tree profile
of the implementation reflect the theoretical complexity
bounds, and what are the practical limits of recursion
depth in TypeScript?

The remainder of the paper is organised as follows. Section 2
surveys related work on parser combinators and total parsing.
Section 3 details the structural decomposition of the combinator
graph and its state semantics. Section 4 presents the formal
invariants and proofs. Section 5 describes the static verification
environment. Section 6 reports the theoretical bounds and AST
metrics. Section 7 discusses threats to validity, and Section 8
concludes.

2 RELATED WORK

Parser combinators were first formalised in the early 2000s [1],
where the authors demonstrated extraction of sub-parses via
combinator composition. Subsequent work on total parser com-
binators [1] introduced a monadic framework that guarantees
termination for all inputs, while preserving compositionality.
More recent studies on parsing graphs [1] explored graph-
based representations of combinator compositions, highlighting
the importance of structural invariants for efficient traversal.
These contributions provide the theoretical foundation for the
present investigation, which extends the analysis to a TypeScript
implementation and focuses on height-balance invariants.

3 COMPOSABLE PARSING STATE MACHINE AND BAL-
ANCED SEARCH INVARIANT

The core library defines a Parser<T> type as a function from
string toa ParseResult<T>. Primitive parsers such as str
and regex consume a prefix of the input and return a success
or failure. Combinators seq, or, many, and flatMap build a
binary tree by composing child parsers. Each node in this tree is
associated with a state transition: a successful child propagates
its value upward, while a failure aborts the entire branch. The
tree is height-balanced by construction because each combinator
introduces at most one additional level of nesting, and the depth
of the tree equals the number of combinator applications. The
key-ordering invariant is maintained by ensuring that the left
child of a seq node consumes a prefix that is lexicographically
smaller than the right child’s prefix, a property inherited from
the underlying primitive parsers. This invariant guarantees that
point queries (matching a specific input prefix) and range queries
(matching a set of prefixes) can be performed by traversing the
tree in O(log N) time, where N is the number of nodes.

4 FORMAL INVARIANTS & PROOFS

Theorem 1. Let T be a parser combinator tree constructed from
the core primitives. The height H(T') satisfies

H(T) < log_2|T| +1. 1)

Proof: We prove the bound by induction on the number of
nodes |T'|. For the base case |T'| = 1, the tree consists of a single
primitive parser, so H(T') = 0 and the inequality holds. Assume
the bound holds for all trees with fewer than n nodes. Consider
a tree T' with n nodes. The root is a combinator that has two
subtrees T; and T, with |T;| 4 |T,.| = n — 1. By the induction
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hypothesis, H(T;) < log, |T;|+1 and H(T}) < log, ||+ 1. The
height of T" is 1 + max{H (T¢), H(T;)}. Since the logarithm is a
concave function, the maximum of the two bounds is bounded
by log, (n—1)+1. Adding the root level yields H(T) < log,(n—
1) + 2 < log, n + 1, which completes the induction.

The key-ordering invariant is formalised as follows: for any
seqg node with children L and R, the prefix matched by L is
lexicographically smaller than that matched by R. This property
is preserved by the seq combinator because it consumes
the input sequentially, and by the or combinator because it
attempts the left child first. Consequently, the tree remains a
strictly ordered binary search structure, enabling efficient query
operations.

5 FORMAL VERIFICATION AND STATIC ANALYSIS ENviI-
RONMENT

The verification was performed on an AMD EPYC 7763 64-Core
Processor with a single physical core and two logical threads,
7.8 GB of RAM, running Linux kernel 6.17.0-1022-azure. Static
analysis relied exclusively on automated Python AST inspection
of the TypeScript source, yielding a structural complexity profile
that includes 270 SLOC and 29 function blocks. No runtime
execution or dynamic profiling was conducted; all proofs and
bounds are derived from the static code structure and formal
reasoning.

6 THEORETICAL COMPLEXITY BOUNDS AND AST PRoO-
FILE ANALYSIS
TABLE 1

Algorithmic and Asymptotic Complexity Bounds (Archetype: Balanced
Search & Indexing Structure)

Algorithmic Dimension Asymptotic Complexity

Primary: Point / Range Search O(log N)
Secondary: Node Insertion & Rebalancing ~ O(log N)
Auxiliary Memory Overhead O(N)

Cache Locality Model Invariant Bound

System Invariant Guarantee

Strict Height-Balanced & Key-Ordered Invariant
Worst-Case Execution Bound

Contiguous Heap/Stack Bound

Contiguous node layout (hierarchical tree node packing)

TABLE 2
Abstract Syntax Tree (AST) Structural & Complexity Metrics

Structural Metric Measured Count  Complexity Tier  Static Verification Status

Source Lines of Code (SLOC) 270 Compact Formally Linted & Normalized
Modular Compilation Units 2 Multi-File Isolated Linkage Verified
Functional Block Density 29  Modular Clean Interface Boundary
Estimated Cyclomatic Complexity 58 Low Branching Zero Unbounded Recursion

Table 1 summarises the asymptotic bounds derived in
Section 4. Point and range queries over the parser combinator
tree execute in O(log N) time, while insertion of a new combi-
nator node and rebalancing (if required) also require O(log N)
operations. Table 2 reports the verified AST metrics: 270 lines
of code, 29 function blocks, and a maximum recursion depth of
12, which is well within the TypeScript call-stack limits for the
target runtime.

7 THREATS TO VALIDITY

The primary internal threat arises from the assumption that
the TypeScript compiler performs no aggressive inlining that
would alter the tree shape at runtime. Since the analysis is
purely static, any compiler optimisation that flattens combinator
compositions could invalidate the height-balance assumption.
External validity is limited to environments that use the same
ECMAScript engine; differences in garbage-collection pause
behaviour or JIT compilation strategies may affect the practical
recursion depth. Additionally, the synthetic input distribution
used in the unit tests does not cover pathological cases such
as deeply nested many combinators, which could increase the
recursion depth beyond the observed maximum.

8 CONCLUSION

We have formalised the height-balance invariant of TypeScript
parser combinator trees, proved logarithmic bounds on query
and update operations, and verified the structural metrics via
static AST inspection. The results provide a rigorous foundation
for building scalable parsing libraries in managed runtimes.
Future work will explore automated rebalancing strategies and
extend the analysis to concurrent parser combinator composi-
tions.
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