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ABSTRACT

Spatial and temporal memory errors account for over 70% of high-severity vulnerabilities in legacy infrastructure software written
in C and C++. While runtime memory sanitizers and garbage-collected runtimes offer remediation, they introduce
non-deterministic latency and significant memory overhead unacceptable in real-time operating systems. We introduce
ChronoSafe, a static compiler extension implementing affine type systems and lifetime interval analysis within LLVM. ChronoSafe
enforces pointer provenance and exclusive ownership at compile time without requiring garbage collection or runtime
fat-pointers. Microbenchmarks on the SPEC CPU2017 suite show zero runtime throughput penalty and less than 1.8%
compilation time overhead, validating compile-time ownership as a viable paradigm for safety-critical kernel development.
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1. INTRODUCTION & PROBLEM CONTEXT

Memory corruption vulnerabilities—encompassing out-of-bounds pointer writes, use-after-free conditions, and double-free
invocations—continue to represent the overwhelming majority of zero-day exploits cataloged in modern system kernels. While
memory-safe programming languages have demonstrated widespread efficacy, rewriting multi-million line legacy C and C++
infrastructures is economically intractable. Furthermore, runtime instrumentation suites such as AddressSanitizer and fat-pointer
runtimes incur 2x-3x runtime throughput degradations, rendering them inapplicable in real-time embedded environments.

2. THEORETICAL FRAMEWORK & CORE METHODOLOGY

ChronoSafe resolves this conundrum by integrating affine ownership types directly into LLVM intermediate representation (IR)
without requiring syntax alterations to standard ISO C17 source code. Our compiler pass formulates pointer lifetime tracking as an
interval graph coloring problem. By tracking pointer provenance through scalar evolution analysis, ChronoSafe establishes a
compile-time strict partial order over heap allocations: forall p, g in Allocations, Provenance(p) != Provenance(q) -> Lifetimes are
mutually disjoint or explicitly nested. Any pointer dereference violating spatial bounds or temporal validity is flagged as a static
compilation error, delivering verified zero-runtime-cost safety.

3. EXPERIMENTAL EVALUATION & BENCHMARK RESULTS

To evaluate our contribution empirically, we conducted comparative benchmarks under standardized baseline environments. The
quantitative evaluation across key performance indicators is summarized in Table 1.
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Memory Consumption
Sanitization Framework Runtime CPU Overhead Delta Compilation Slowdown Safety Invariant

AddressSanitizer (ASan) +88.4% +210.0% +15.2% Dynamic Bounds Check

Shadow Memory
Valgrind Memcheck +1420.0% +380.0% 0.0% (JIT) Emulation

Spatial + Temporal
SoftBound+CETS +116.0% +145.0% +42.0% Pointers

Compile-Time Affine
ChronoSafe (Proposed) 0.0% (Zero-Cost) 0.0% (Zero-Cost) +1.8% Invariant

Table 1: Empirical benchmark performance across baseline protocols.
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