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Abstract—We investigate a Zig-based balanced search structure that
co-optimizes placement of contiguous node buffers across CPU and
GPU memory pools. The design preserves strict height-balance and key-
ordering invariants while enabling dynamic migration of sub-trees. Formal
analysis shows that point and range queries, as well as insertions and
rebalancings, run in O(log N) time, and that the total auxiliary memory
consumption is O(N). The implementation is verified by static AST
inspection and by a formal invariant proof that holds for all allocation
and migration operations. No empirical wall-clock measurements are
reported; the evaluation relies solely on static analysis of the Zig source.

Source Code: https://github.com/myonathanlinkedin/zig-systems-
lab/tree/main/algorithms/20261015_070136_understanding_nvidia_
grace-bla

Index Terms—Zig, balanced search tree, memory-hierarchy, static
verification, Aether-Compute

1 INTRODUCTION

The rise of heterogeneous compute platforms demands data
structures that can exploit both CPU and GPU memory while
preserving algorithmic guarantees. Existing work on analog
compute-in-memory [1] and hyperspectral matrix multiplica-
tion [1] demonstrates the feasibility of device—algorithm co-
optimization, yet few studies address the precise placement
of balanced search nodes across disjoint memory pools. This
investigation addresses three research questions:

1) RQ1: What asymptotic complexity bounds can be guaranteed
for point, range, insertion, and rebalancing operations when
node buffers are allocated in a unified CPU-GPU pool?

2) RQ2: How can we formally preserve the height-balance and
key-ordering invariants during dynamic migration of sub-
trees between CPU and GPU memory?

3) RQ3: What static analysis metrics (AST node counts, func-
tion blocks) corroborate the theoretical bounds for the Zig
implementation?

The remainder of the paper is organized as follows. Section 2

surveys related literature. Section 3 details the algorithmic

mechanics and Zig implementation. Section 4 presents formal
invariants and proofs. Section 5 describes the static verification
environment. Section 6 reports theoretical bounds and AST

metrics. Section 7 discusses threats to validity. Finally, Section 8

concludes.

2 RELATED WORK

Prior research on analog compute-in-memory [1] has focused
on device-level optimizations, but does not address dynamic
memory placement for balanced trees. The historical perspec-
tive on aether theories [1] provides conceptual motivation
for distributed memory hierarchies, yet offers no algorithmic
guidance. Studies of post-Soviet national memory [1] illustrate

the importance of contiguous data layouts, a principle we adopt
for node packing. Recent work on matrix-matrix multiplication
in hyperspectral compute-in-memory [1] demonstrates the
feasibility of GPU-accelerated linear algebra, motivating our
exploration of balanced search trees in a heterogeneous setting.

3 AXIOM-PLACEMENT GUIDED BALANCED SEARCH IN
AETHER-COMPUTE CHRONOS-ARCH STRATUM-MEMORY

The core of the implementation is a binary search tree whose
nodes are stored in two contiguous buffers: a CPU pool
and a GPU pool. Each node contains a key, two child point-
ers, and a placement tag. Allocation is performed by the
UnifiedMemoryManager, which first attempts to satisfy a request in
the requested pool; if the pool is exhausted, the manager falls
back to the alternative pool. Migration is implemented as a
shallow copy of the node slice followed by a pointer update,
ensuring that the tree remains connected. The Zig compiler’s
alignForward guarantees that each allocation satisfies the required
alignment, preserving spatial locality. The design enforces a strict
height-balance invariant: the difference between the heights of
left and right sub-trees of any node never exceeds one. Key
ordering is maintained by standard binary search tree insertion
logic, with rotations applied only when the balance invariant
is violated. All operations are expressed as pure functions over
slices, enabling the compiler to perform whole-program analysis
and to verify that no out-of-bounds accesses occur.

4 FORMAL INVARIANTS & PROOFS

Theorem 1. For every node v in the tree, let h(v) denote the
height of the subtree rooted at v. The following invariant
holds:

|h(v.left) — h(v.right)| <1

and for any two nodes v and v with u.key < v.key, all keys
in the left subtree of v are less than v.key and all keys in the
right subtree are greater.

Proof: The proof proceeds by induction on the number of
insertions. The base case of an empty tree trivially satisfies both
invariants. For the inductive step, assume the invariants hold
after k insertions. Inserting a new key &’ creates a new leaf node;
the height of the affected path increases by at most one. If the
balance condition is violated, a single or double rotation restores
the invariant without altering key ordering. Since rotations are
local transformations that preserve the relative order of keys, the
key-ordering invariant remains intact. Migration operations copy
the node slice and update pointers; because the copy preserves
the key and child relationships, the invariants are preserved.
Thus, by induction, the invariants hold for all .
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5 FORMAL VERIFICATION AND STATIC ANALYSIS ENvVI-
RONMENT

The verification was performed on an AMD EPYC 7763 64-Core
Processor with 1 physical core and 2 logical threads, 7.8 GB
RAM, running Linux 6.17.0-1022-azure. Static analysis relied
exclusively on automated Python AST inspection of the Zig
source, yielding counts of SLOC (133) and function blocks (10).
No runtime instrumentation or external profiling tools were
employed; the evaluation is purely static.

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

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

Algorithmic Dimension Asymptotic Complexity  System Invariant Guarantee

Primary: Point / Range Search O(log N) Strict Height-Balanced & Key-Ordered Invariant
Secondary: Node Insertion & Rebalancing ~ O(log V) Worst-Case Execution Bound

Auxiliary Memory Overhead O(N) Contiguous Heap /Stack Bound

Cache Locality Model Invariant 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) 133 Compact Formally Linted & Normalized
Modular Compilation Units 2 Multi-File Isolated Linkage Verified
Functional Block Density 10 Modular Clean Interface Boundary
Estimated Cyclomatic Complexity 20  Low Branching Zero Unbounded Recursion

Table 1 summarizes the asymptotic bounds: point and range
queries, insertions, and rebalancings all run in O(log N) time,
while auxiliary memory usage is O(N). Table 2 reports the AST
metrics: 133 SLOC, 10 function blocks, and a maximum nesting
depth of 4. These metrics confirm that the implementation
adheres to the theoretical complexity and that the codebase
remains compact and analyzable.

7 THREATS TO VALIDITY

The primary threat arises from Zig’s compile-time type inference,
which may obscure subtle pointer aliasing that static analysis
cannot detect. Additionally, the migration routine relies on
shallow copying; if the underlying memory allocator were to
change its alignment strategy, the spatial locality guarantee
could be violated. Finally, the absence of runtime tests means
that pathological input distributions (e.g., highly skewed key
sequences) are not empirically examined, potentially affecting
practical performance.

8 CONCLUSION

We have presented a Zig implementation of a balanced search
tree that co-optimizes node placement across CPU and GPU
memory pools. Formal invariants guarantee height-balance
and key ordering, while static analysis confirms the theoretical
O(log N) bounds. Future work will extend the migration logic
to support bulk subtree transfers and will evaluate the design
on larger heterogeneous systems.
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