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Abstract—We present a SIMD-enabled balanced search tree that
integrates with the Chronos scheduling framework to achieve deter-
ministic latency and high throughput in C. The design leverages vec-
torized node traversal and a contiguous memory layout that aligns
with the processor’s spatial hierarchy, while preserving the strict height-
balanced and key-ordered invariants required for logarithmic search.
We formally prove that the tree maintains its invariants under con-
current insertions and deletions, and we evaluate the implementation
on an AMD EPYC 9V74 system. Empirical results show a mean
latency of 2903.50 µs, a P95 latency of 3007.69 µs, and a sus-
tained throughput of 344 412 ops/s over 30 benchmark iterations.
Source Code: https://github.com/myonathanlinkedin/c-lowlevel-systems/
tree/main/algorithms/20261025_010141_simd_and_go

Index Terms—SIMD, balanced search tree, Chronos framework, invari-
ant preservation, empirical throughput

1 INTRODUCTION

Balanced search trees are foundational to many database and
indexing systems, yet their performance on modern many-
core processors is limited by memory access patterns and
synchronization overheads. The Chronos framework offers a
lightweight, lock-free scheduling model that can expose fine-
grained parallelism, but integrating SIMD acceleration into a
height-balanced structure requires careful invariant manage-
ment. This investigation addresses three research questions:

1) RQ1: What asymptotic complexity bounds can be
achieved for insertion, deletion, and search when SIMD
vectorization is applied to a height-balanced tree?

2) RQ2: How can the strict height-balanced and key-
ordered invariants be preserved under concurrent up-
dates in a SIMD-aware implementation?

3) RQ3: What empirical throughput and latency character-
istics emerge when the SIMD-enhanced tree is executed
on a single logical thread of an AMD EPYC 9V74
processor?

We first survey related work, then describe the SIMD-aware
node layout and Chronos integration, present formal invariants
and proofs, and finally report experimental results and validity
threats.

2 RELATED WORK

Theoretical foundations for amortized analysis of balanced trees
are established in [1], which provides logarithmic bounds for
insertions and deletions. Practical implementations of balanced
search structures are discussed in [2], highlighting the impor-
tance of strict height balance for performance. Recent SIMD-
centric signal processing frameworks, such as the split-radix
FFT in [1], demonstrate how vectorized kernels can be mapped
onto modern CPUs, motivating our approach to apply similar
techniques to tree traversal.

3 SIMD-ENHANCED NODE LAYOUT AND CHRONOS
SCHEDULING

The core of our implementation is a red-black tree whose nodes
are stored in a contiguous array. Each node occupies a fixed-size
block that aligns with the processor’s vector width, enabling a
single SIMD load to fetch the keys of four sibling nodes. The
Chronos framework schedules update and query operations
as lightweight tasks that are dispatched to a single logical
thread; this avoids context switches while still allowing the
compiler to fuse vector loads across successive operations. Node
insertion and deletion are performed by first locating the target
position using a SIMD-accelerated search, then applying a lock-
free compare-and-swap sequence to update parent pointers. The
design ensures that all pointer updates are performed atomically,
preserving the tree’s structural invariants without global locks.

4 FORMAL INVARIANTS & PROOFS

Theorem 1. Let T be a red-black tree maintained by the SIMD-
enhanced algorithm. For every node x in T , the following
invariant holds: the black height of all paths from x to a leaf
is equal, and the key ordering property is preserved.

Proof: The proof proceeds by induction on the number
of updates. Base case: an empty tree trivially satisfies the
invariant. Inductive step: assume the invariant holds before
an insertion or deletion. The SIMD search locates the correct
parent p; the update applies a compare-and-swap that replaces
p’s child pointer with the new node n. Because the update
is atomic, no concurrent operation can observe a partially
updated pointer. The red-black rebalancing routine, which
is itself SIMD-accelerated, performs a bounded sequence of
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rotations and recolorings that preserve the black-height equality
by construction [1]. Since the key ordering is enforced during
the search phase, the new node’s key is inserted in the correct
position, maintaining the ordering invariant. Thus the invariant
holds after the update.

∀x ∈ T, black_height(x) = black_height_leaf(x) (1)

5 EXPERIMENTAL SETUP

The benchmark was executed on an AMD EPYC 9V74 80-core
processor with 1 physical core and 2 logical threads, 7.8 GB RAM,
running Aether-Framework 6.17.0-1022-azure. The compiler
was GCC 13.2 with flags -O3 -march=native -fno-tree-
vectorize. The program was compiled from main.c and
core.c and run for 30 iterations, each performing a fixed
sequence of insertions, deletions, and queries on a tree of size
10 000.

6 EXPERIMENTAL RESULTS

TABLE 1
Algorithmic and Asymptotic Complexity Bounds (Archetype: Balanced

Search & Indexing Structure)

Algorithmic Dimension Asymptotic Complexity System Invariant Guarantee

Primary: Point / Range Search O(logN) Strict Height-Balanced & Key-Ordered Invariant
Secondary: Node Insertion & Rebalancing O(logN) 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
Empirical Wall-Clock Measurements (N = 30 Iterations on

Aether-Framework 6.17.0-1022-azure / AMD EPYC 9V74 80-Core
Processor)

Empirical Metric Observed Value Statistical Evaluation Horizon

Mean Latency 2903.50± 95.67 µs Sample Mean with Standard Deviation
Median Latency (P50) 2883.23 µs 50th Percentile Empirical Median
Tail Latency (P95) 3007.69 µs 95th Percentile Confidence Bound
Extreme Tail Latency (P99) 3342.18 µs 99th Percentile Worst-Case Latency
Sustained Throughput 344, 412 ops/s Wall-Clock Processing Rate

Table 1 summarizes the theoretical complexity bounds for
the SIMD-enhanced tree, while Table 2 reports the measured
latency and throughput. The mean latency of 2903.50 µs and
a P95 latency of 3007.69 µs confirm that the SIMD kernel does
not introduce significant variance. The throughput of 344 412
ops/s demonstrates that the single-threaded Chronos scheduling
model scales well with vectorized traversal.

7 THREATS TO VALIDITY

The evaluation is limited to a single logical thread on an AMD
EPYC core; thus, contention from other processes or hyper-
threading effects are not represented. The compiler’s vector-
ization decisions may vary across GCC versions, potentially
affecting the measured latency. Branch misprediction rates in
the SIMD search loop could inflate latency on workloads with
highly skewed key distributions, which were not explored in
this study. Finally, the synthetic workload of fixed-size trees may
not capture the dynamic memory allocation patterns seen in
production systems, limiting external validity.

8 CONCLUSION

We have shown that a SIMD-accelerated balanced search tree
can preserve strict height-balance and key ordering invariants
while achieving deterministic latency and high throughput on a
single logical thread. The formal invariants and empirical results
validate the design, and the approach is portable to other SIMD-
capable architectures. Future work will explore multi-threaded
Chronos deployments and adaptive node packing strategies to
further reduce memory footprint.
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