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ABSTRACT   We present the Lateralus ownership model for native compilation targets. Unlike
managed-runtime languages, Lateralus enforces memory safety at compile time through affine types and
region-based borrowing. We compare performance against equivalent C and Rust programs across 14
benchmarks, showing competitive throughput with zero GC pauses. We describe the move-on-pipe
primitive that integrates ownership transfer naturally with Lateralus's first-class pipeline operator, and the
region allocator that scopes allocations to pipeline stage lifetimes. Our type-checker catches
use-after-free, double-free, and data-race conditions statically, with error messages that describe the
violation in terms of pipeline stages rather than raw memory addresses.

1. Motivation and Problem Statement

Memory safety is one of the most persistent challenges in systems programming. The CVE database
consistently shows that 60-70% of critical security vulnerabilities in systems software are memory-safety
bugs: buffer overflows, use-after-free, double-free, and null-pointer dereferences. These bugs are not
merely theoretical; they are the mechanism behind real-world exploits in browsers, operating systems,
and network daemons. The solution deployed by most modern high-level languages is garbage
collection, which eliminates use-after-free and double-free by managing object lifetimes automatically.

Garbage collection, however, imposes costs that are unacceptable in certain domains: kernel
development, real-time systems, embedded firmware, and latency-sensitive network services. GC
pauses, even with concurrent collectors, introduce latency jitter that is incompatible with real-time
guarantees. GC metadata inflates memory footprint. And GC fundamentally requires a runtime library
that cannot always be present in freestanding environments.

Rust pioneered a third path: memory safety without garbage collection, enforced by a borrow checker at
compile time. Rust's approach has proven that the tradeoff between safety and performance can be
broken — that a sufficiently sophisticated type system can guarantee safety at zero runtime cost.
However, Rust's ownership model is notoriously steep to learn, and its interaction with async code,
closures, and iterator chains produces a class of borrow-check errors that even experienced
programmers find difficult to navigate.

Lateralus targets the same space as Rust but with a different design philosophy: ownership rules are
organized around pipeline stages as the natural unit of memory lifetime. A pipeline stage owns its input
for its duration, may lend it to sub-computations, and must either return it or transfer ownership to the
next stage. This model fits the dominant programming pattern in Lateralus programs and produces
ownership errors that are expressed in terms the programmer already understands: 'stage 3 uses a
value that was moved in stage 2'.

This paper makes the following contributions: (1) a formal presentation of Lateralus's affine type system
for memory safety; (2) the region-based borrowing model and its integration with pipeline stages; (3) the
move-on-pipe primitive; (4) 14 benchmarks comparing Lateralus against C and Rust on
memory-intensive workloads; and (5) a discussion of the design tradeoffs relative to Rust's borrow
checker.

2. Prior Work

The literature on compile-time memory safety is extensive. We survey three lines of work that most
directly influence Lateralus's design: the Rust borrow checker, region-based type systems, and
linear/affine type theory.
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2.1 Rust Borrow Checker

Rust's ownership system is the most widely deployed example of compile-time memory safety. Rust
uses a system of ownership rules: every value has exactly one owner; ownership can be transferred
(moved) but not copied unless the type implements Copy; and temporary borrows (shared references
&T or exclusive references &mut T) must not outlive the owned value. The borrow checker enforces
these rules through lifetime inference, computing for each reference the region of code during which it is
valid.

Rust's model is powerful but has known pain points. The Non-Lexical Lifetimes (NLL) work (Matsakis,
2018) substantially improved the borrow checker's precision, but certain patterns (self-referential structs,
cyclic data structures, complex async state machines) still require unsafe code or carefully chosen
library abstractions (Pin, Arc). The error messages, while much improved over early Rust, are still
expressed in terms of lifetimes and borrow regions that require understanding of the type system to
interpret.

2.2 Region-Based Type Systems

Region-based memory management was formalized by Tofte and Talpin (1994, 1997). In their system,
every allocation belongs to a region; regions are created and destroyed in a stack-like manner; and a
value's type records which region its heap data lives in. The ML Kit compiler (Birkedal et al., 1996)
applied this system to Standard ML, achieving competitive performance with GC for many programs.
Cyclone (Jim et al., 2002) brought region types to a C-like language, enabling safe C programming at
the cost of region annotations in types.

Region types have the advantage of making allocation lifetimes explicit and checkable at the type level.
Their disadvantage is annotation burden: programmers must track which region each value belongs to
and ensure references do not escape their region. Lateralus adopts region types but restricts regions to
pipeline stages, dramatically reducing the annotation burden: in most programs, the programmer never
writes an explicit region annotation.

2.3 Linear and Affine Types

Linear types (Girard, 1987) require that every value be used exactly once. Affine types (a relaxation)
require that every value be used at most once (it may be discarded). Linear types guarantee memory
safety because a value that is used exactly once is freed precisely when it is consumed. Affine types (as
used in Lateralus and Rust) are more ergonomic because they allow dropping values without explicit
consumption. The connection between linear types and resource management was explored by Wadler
(1993) and has since been formalized extensively.

3. Affine Types in Lateralus

Lateralus's type system is affine by default: every value has a use count of at most one. Values that
require reference counting or shared access must explicitly opt into the Shared<T> wrapper, which is
heap-allocated and reference-counted. The vast majority of Lateralus programs — and in particular,
pipeline programs — use only affine values and never need Shared<T>.

Primitive types (Int, Float, Bool, Char, and fixed-size tuples of primitives) are implicitly Copy: they can be
used any number of times without tracking. Heap-allocated values (String, List<T>, user-defined structs
containing heap data) are affine by default. The programmer does not need to annotate this; the
type-checker infers affinity from the presence of heap allocation in the type.

// Affine types: use-at-most-once

let name : String = String::from("hello")  // heap-allocated, affine

let x = name                                 // name is moved into x
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let y = name                                 // ERROR: name was already moved

// Compiler error:

// error[E001]: use of moved value

//   --> src/main.lt:3:9

//   |  let x = name   -- moved here

//   |  let y = name   -- used here after move

// Correct: clone explicitly if you need two copies

let x = name.clone()    // x gets a deep copy

let y = name            // name moved into y

The affine type rule is checked at every use site. A value is 'used' when it is passed as a function
argument, stored in a data structure, or bound to a new name via let. Reading a Copy-typed value does
not consume it; reading an affine-typed value does. The type-checker tracks which names are 'live'
(unconsumed) at each program point and reports errors when a consumed name is used.

Affine types interact with control flow through join points. When two branches of an if expression each
consume different values, the type-checker requires that both branches consume the same set of affine
values from the enclosing scope. This prevents use-after-free in branches: if one branch moves a value,
the other branch must either also move it or explicitly drop it. The compiler generates implicit drop calls
for values that go out of scope without being consumed.

// Affine types and control flow

fn process(data: Buffer, flag: Bool) : Result<Output, Error> =

    if flag {

        data |> fast_path      // data moved into fast_path

    } else {

        data |> slow_path      // data moved into slow_path

    }

    // Both branches consume data: OK

// ERROR: inconsistent consumption

fn bad(data: Buffer, flag: Bool) : Int =

    if flag {

        let _ = data.len()   // borrows data (OK)

        42

    } else {

        data |> process      // moves data

        0

    }

    // Error: data moved in else branch but not in if branch

4. Ownership Rules

Lateralus's ownership rules can be stated concisely:

• Every affine value has exactly one owner at any program point.

• Ownership is transferred (moved) when a value is passed to a function or bound to a new name.

• A value may be borrowed (lent) for a bounded scope; the owner cannot be moved while a borrow is
active.

• When an owner goes out of scope, the value is dropped (freed) automatically.

• Shared ownership requires explicit use of Shared, which is reference-counted.

These rules are enforced entirely at compile time. No runtime bookkeeping is required for ownership
tracking (though Shared<T> requires reference-count operations at runtime). The compiler inserts drop
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calls at the appropriate points: at the end of each scope for unconsumed values, and at the point where
the last branch of a conditional consumes a value.

// Ownership rules: struct with heap data

struct Packet {

    header : Header,         // Copy type

    payload : Vec<Byte>,     // affine: heap-allocated

}

fn route(p: Packet) -> Result<(), Error> {

    let dest = p.header.dest    // reads Copy field: OK

    let payload = p.payload     // moves payload out of p

    // p is now partially consumed: only header remains (Copy)

    send_to(dest, payload)      // payload moved into send_to

}                              // p.header dropped here (implicitly)

Partial moves (as shown above) are supported: moving a field out of a struct leaves the remaining fields
accessible if they are Copy types, or otherwise permanently invalidates the struct. The compiler tracks
field-level consumption for structs with named fields. Partial moves are not supported for tuple or array
types; moving any element invalidates the entire container.

The ownership model extends to pattern matching: matching on an affine value in a match expression
moves the value into the match arm's bindings. If no arm binds the value (e.g., a wildcard arm _ => ...),
the value is dropped. This means that exhaustive pattern matching is both a control-flow and a
resource-management tool: every affine value is either consumed or dropped by the end of the match.

5. Borrowing Semantics

Borrowing allows a value to be temporarily lent without transferring ownership. Lateralus supports two
forms of borrow: shared borrows (&T), which allow read-only access and can coexist with other shared
borrows; and exclusive borrows (&mut T), which allow read-write access and preclude all other borrows
for their duration. These semantics are identical to Rust's, which we adopt because they have been
proven sufficient for safe mutable access and are now well understood by the systems programming
community.

// Borrowing: read-only and exclusive

fn process(buf: &Buffer) -> Int {     // shared borrow: buf not moved

    buf.len()                          // read-only access OK

}                                     // borrow ends; caller retains ownership

fn fill(buf: &mut Buffer, data: &[Byte]) {  // exclusive borrow

    buf.write(data)                           // mutable access OK

}                                            // exclusive borrow ends

fn main() {

    let buf = Buffer::new(1024)

    let len = process(&buf)          // shared borrow: buf still owned

    fill(&mut buf, b"hello")       // exclusive borrow

    // buf is still owned here, dropped at end of scope

}

The borrow checker enforces the constraint that an exclusive borrow cannot coexist with any other
borrow (shared or exclusive) of the same value. This is the key safety property: it ensures that mutation
is always exclusive, preventing data races in single-threaded code and, when combined with the Send
bound, in multi-threaded code as well.
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Lateralus's borrow checker uses a flow-sensitive analysis that is more precise than Rust's early
(pre-NLL) borrow checker but equivalent in power to Rust's current NLL implementation. Borrows are
tracked per-path rather than per-scope, meaning a borrow that ends before a branch join point does not
need to persist through the join. This eliminates a class of spurious borrow errors that affected early
Rust programs.

One area where Lateralus diverges from Rust is two-phase borrows. Rust's two-phase borrow model
allows a mutable borrow to be 'reservation-checked' at its creation point but not 'activated' until its first
use. Lateralus does not implement two-phase borrows in the current version; this simplifies the borrow
checker implementation at the cost of occasionally requiring manual restructuring of code that Rust
would accept. Two-phase borrows are planned for a future release.

6. Lifetime Inference

Lateralus infers lifetimes automatically for the common case. A lifetime is the region of the program
during which a borrow is valid. In Lateralus's model, lifetimes are inferred from the control flow graph
(CFG) of each function: the borrow checker computes for each borrow the minimal CFG region that
contains all uses of the borrow and verifies that this region is strictly contained within the lifetime of the
borrowed value.

// Lifetime inference: no annotations needed for common cases

fn longest(s1: &String, s2: &String) -> &String {

    if s1.len() >= s2.len() { s1 } else { s2 }

}

// Compiler infers: return lifetime = min(lifetime(s1), lifetime(s2))

// Explicit lifetime annotation required when inference is ambiguous:

fn split_at<'a>(s: &'a String, pos: Int) -> (&'a String, &'a String) {

    // Both returned borrows must live at least as long as the input borrow

    (s.slice(0, pos), s.slice(pos, s.len()))

}

Lifetime elision rules reduce the annotation burden in the common case. When a function takes exactly
one borrow parameter, the return type's lifetime is inferred to match that parameter's lifetime. When a
function is a method that takes &self or &mut self, the return type's lifetime is inferred to match self's
lifetime. These two rules cover the vast majority of function signatures in practice.

When lifetime inference fails (because the programmer has written a function where the return lifetime
genuinely depends on runtime control flow), the compiler emits an error requesting explicit annotations.
The error message explains which borrows the compiler was unable to resolve and suggests the
annotation syntax. In our experience writing the Lateralus standard library (approximately 15,000 lines
of code), explicit lifetime annotations were required in fewer than 2% of function signatures.

Lifetimes in Lateralus are strictly stack-structured: a lifetime that begins inside a scope must end before
that scope exits. This excludes certain patterns that Rust's heap-allocated Box and Arc enable. The
trade-off is that the inference algorithm is simpler and more predictable; programmers who need
longer-lived references use Shared<T> explicitly.

7. Pipeline-Specific Ownership: Stages Own Their Inputs

The key innovation in Lateralus's ownership model is the treatment of pipeline stages as natural
ownership boundaries. When a value is passed through a pipeline, ownership is transferred from one
stage to the next at each |> boundary. The input to stage N is owned by stage N for its entire execution;
stage N must either return the value (possibly transformed) or explicitly drop it.



|> LATERALUS Memory Safety Without Garbage Collection: Ownership in Lateralus

Page 7

// Pipeline ownership: each stage owns its input

let result =

    read_file("data.bin")  // allocates Buffer; caller owns it

    |> decompress           // Buffer moved into decompress; decompressed Buffer returned

    |> parse_records        // decompressed Buffer moved in; Vec<Record> returned

    |> filter_valid         // Vec<Record> moved in; filtered Vec<Record> returned

    |> serialize_json       // filtered Vec moved in; String returned

// Each intermediate Buffer/Vec is freed when its stage completes.

// No intermediate value lives beyond its stage.

This ownership discipline has a performance benefit beyond safety: it enables the compiler to reason
that the memory holding stage N's input can be reused for stage N+1's output if the two types have
compatible sizes. The stage-reuse optimization is enabled by default when the stage function consumes
its input and the output type's size is no larger than the input type's size. In practice, this eliminates one
allocation per pipeline stage in about 40% of pipelines measured in our benchmark suite.

The 'stage owns input' model also clarifies the semantics of branching within a pipeline. If a stage
function contains an early-return branch that does not return the normal output type (e.g., an error
return), the stage must drop its input on that branch. The compiler enforces this: a stage that returns
early without dropping its input produces a 'potential memory leak' error. In practice, this means that
error-returning code must explicitly drop or return input values, making resource handling visible in the
source code.

// Ownership in error branches: must consume or return input

fn validate(data: Buffer) : Result<Buffer, Error> {

    if data.len() == 0 {

        drop(data)              // explicitly drop: Buffer freed here

        Err(Error::EmptyInput)

    } else if !check_magic(&data) {

        Err(Error::BadMagic)    // ERROR: data not dropped or returned!

    } else {

        Ok(data)                // ownership transferred to Ok wrapper

    }

}

// Compiler error on second branch:

// error[E012]: value dropped implicitly in error branch

// help: add `drop(data)` before `Err(Error::BadMagic)`

8. Integration with |?> Error Pipes

The error-propagating pipeline operator |?> integrates with the ownership model in a natural way: when
a stage returns Err(e), the input value (which the stage owned) must be disposed of before the error is
propagated. Lateralus specifies that on the Err path, the stage is responsible for dropping its input
explicitly or returning it as part of the error.

// Ownership in error pipelines

type ProcessError = IoError(Buffer) | ParseError(Buffer, String) | EmptyInput

//                             ^^^--- include the buffer in error for caller to inspect

fn read_and_parse(path: String) : Result<Vec<Record>, ProcessError> =

    path

    |?> open_file       // String moved; returns Result<Buffer, ProcessError>

    |?> parse_records   // Buffer moved; returns Result<Vec<Record>, ProcessError>

// On Err path through parse_records:

//   parse_records moves Buffer from Ok(buffer)

//   If parsing fails, must either drop buffer or wrap it in the error
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The convention of including the consumed buffer in error values is a pattern we see frequently in
Lateralus standard library code. It allows the caller to inspect the raw data that caused the error without
requiring a separate diagnostic copy. The type-checker enforces that the buffer appears exactly once:
either in the Ok branch or in the Err branch, never in both.

When the programmer does not need to return the buffer in the error, they can use drop(buffer) explicitly
in the error arm. The compiler verifies that every branch of every match on a Result inside an
error-pipeline stage disposes of the input correctly. This is a stronger guarantee than Rust's, where
dropping on error is implicit and the programmer must remember to do so.

// Simpler error handling: drop on error path

fn parse_packet(buf: Buffer) : Result<Packet, ParseError> {

    let header = buf.slice(0, 8)    // borrows buf

    if header.magic() != MAGIC_BYTES {

        drop(buf)                    // consume buf before returning Err

        return Err(ParseError::BadMagic)

    }

    let body = buf.slice(8, buf.len())  // borrows buf

    Ok(Packet::new(header.to_owned(), body.to_owned()))

    // buf dropped here: body and header are owned copies

}

9. The Move-on-Pipe Primitive

The move-on-pipe primitive is a built-in pipeline stage move! that takes ownership of its input from a
surrounding scope and introduces it into the pipeline. It is syntactic sugar for an explicit let binding that
moves a captured variable into a closure, but spelled more naturally for pipeline use.

// Move-on-pipe: introducing captured values into pipelines

fn process_with_config(data: Buffer, config: Config) : Output {

    data

    |> move!(config) |> parse(config)    // config captured from outer scope

    |> validate

    |> format

}

// Equivalent explicit form:

fn process_with_config(data: Buffer, config: Config) : Output {

    let stage = move |buf| parse(buf, config)  // config moved into closure

    data

    |> stage

    |> validate

    |> format

}

The move! primitive solves a common problem in pipeline programming: a stage needs access to a
value from the enclosing scope that is not the pipeline's current 'data in flight'. Without move!, the
programmer must either bundle the configuration with the data (changing the type of the pipeline) or use
closures (verbose). The move! syntax makes the data flow explicit: the configuration value is moved into
the pipeline at the point it is first needed and is owned by the stage that uses it.

The ownership rules for move! are strict: the captured variable must be affine-typed (not already
consumed) at the capture point. If the variable has already been moved before the pipeline, the compiler
reports an error pointing to the earlier move. If the variable is Copy-typed, move! is unnecessary (the
value is implicitly copied) but harmless.
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Multiple values can be captured in a single move! expression using a tuple syntax: move!(config,
logger). Both values are moved into the pipeline stage and become accessible as a pair within the stage
function. This keeps the pipeline expression clean while allowing complex stage configurations.

10. Region Allocators

Lateralus's region allocator is an arena allocator scoped to a pipeline execution. When a pipeline is
entered, a region is created; allocations within the pipeline are made from this region; when the pipeline
exits (normally or via error), the entire region is freed in a single operation. This is dramatically faster
than per-object allocation for pipelines that produce many intermediate values.

// Region allocator: scoped to pipeline execution

// (Programmer-visible syntax for explicit region use)

fn process_batch(records: &[RawRecord]) : Vec<Output> =

    region batch_region {

        records

        |> map(fn r => parse_in(r, &batch_region))  // alloc in region

        |> filter_valid

        |> map(fn p => enrich_in(p, &batch_region)) // alloc in region

        |> collect_to_heap   // final output copied to heap outside region

    }  // batch_region freed here: all intermediate allocations gone

The region allocator integrates with the type system: values allocated in a region carry a lifetime
annotation that prevents them from escaping the region. If a stage attempts to return a region-allocated
value as its output (outside the region's scope), the type-checker rejects the program with an error
indicating that a region-scoped reference would outlive its region.

In the common case, the programmer does not need to write region explicitly. The compiler's region
inference pass automatically detects pipeline stages whose intermediate outputs are not needed after
the pipeline exits and promotes those allocations to the pipeline's implicit region. This is the same
optimization as region inference in the ML Kit compiler, adapted for pipeline structure.

// Implicit region inference: compiler infers region for intermediate String

fn summarize(text: String) : Int =

    text

    |> tokenize      // returns Vec<Token>: intermediate, region-allocated

    |> count_words   // consumes Vec<Token>: region freed after this stage

// Compiler output (with -v regions flag):

// Region inference: tokenize output allocated in pipeline_0_region

// Region pipeline_0_region freed after count_words

// Net heap allocations: 0 (String input, Int output are both stack/caller-owned)

The region allocator uses a bump-pointer strategy for its internal implementation: it maintains a pointer
to the next free byte in a contiguous block of memory. Allocation is a single pointer increment, orders of
magnitude faster than malloc. When the block is exhausted, a new block is allocated from the system
allocator. At region exit, all blocks are freed together. The implementation is lock-free for
single-threaded pipelines; multi-threaded pipelines (via |>|) use per-thread regions to avoid contention.

11. Benchmark Methodology

We designed 14 benchmarks to evaluate Lateralus's memory performance relative to C and Rust. The
benchmarks were chosen to cover the range of memory allocation patterns common in systems
programming: stack allocation, bulk allocation, fragmented allocation, long-lived objects, and short-lived
temporary values. All benchmarks were compiled with maximum optimizations: -O3 for C (GCC 13.2),
-C opt-level=3 for Rust, and --opt=3 for Lateralus C99 backend.
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Hardware: AMD Ryzen 9 5900X, 12 cores at 3.7 GHz, 32 GB DDR4-3600, Ubuntu 22.04. We use perf
stat to measure wall-clock time, and the custom ltl-alloc-trace tool to measure allocation counts and total
allocated bytes. Each benchmark is run 200 times; we discard the first 20 (warmup) and report the
median of the remaining 180.

• B1: String processing pipeline (parse CSV, filter, transform, serialize JSON)

• B2: Binary protocol parser (fixed-size records, no allocation in hot path)

• B3: Tree traversal (recursive, pointer-chasing, allocation-heavy)

• B4: Bulk array processing (SIMD-friendly, mostly stack/region allocation)

• B5: HTTP request pipeline (parse headers, route, serialize response)

• B6: JSON deserializer (recursive descent, many small allocations)

• B7: Regex engine (NFA simulation, per-match allocation)

• B8: Graph shortest path (Dijkstra, priority queue allocation)

• B9: Concurrent pipeline (8-way parallel fan-out, shared read-only data)

• B10: Long-lived server (sustained allocation/deallocation over 60 seconds)

• B11: Memory-mapped file processor (large buffer, zero-copy where possible)

• B12: Recursive data structure construction (nested list-of-lists)

• B13: Error pipeline benchmark (50% error rate, allocation in error paths)

• B14: Region allocator vs. malloc (direct comparison of allocation strategies)

For each benchmark we measure: throughput (operations per second), peak resident set size (RSS) in
megabytes, total allocated bytes, number of allocator calls, and (for B10) jitter in operation latency as a
proxy for GC pause impact. We do not include GC-based languages in these benchmarks because the
comparison with C and Rust is our primary point of interest; a separate benchmark report compares
Lateralus against Python, Go, and Java.

12. Benchmark Results

We present the 14 benchmark results. Throughput is in Mops/s (million operations per second) or MB/s
for data-processing benchmarks. Peak RSS is in MB. All numbers are median of 180 runs.

B1: String Processing Pipeline (1M rows CSV)

--------------------------------------------

Lateralus   C99 backend:   412 MB/s   Peak RSS: 8.2 MB

C (GCC -O3):               447 MB/s   Peak RSS: 7.9 MB

Rust (opt-3):              401 MB/s   Peak RSS: 8.1 MB

Lateralus alloc count:     0 (full region inference, no malloc calls)

C alloc count:             2,000,003 (2M rows intermediate)

Rust alloc count:          1,000,001 (optimized, 1 alloc/row)

B2: Binary Protocol Parser (100M records)

-----------------------------------------

Lateralus:  2,341 Mops/s   Peak RSS: 0.4 MB

C:          2,501 Mops/s   Peak RSS: 0.4 MB

Rust:       2,298 Mops/s   Peak RSS: 0.4 MB

(All allocate zero in hot path; difference is code generation quality)
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B3: Tree Traversal (1M nodes, depth 20)

----------------------------------------

Lateralus:   89 Mops/s   Peak RSS: 48 MB

C:           94 Mops/s   Peak RSS: 48 MB

Rust:        91 Mops/s   Peak RSS: 48 MB

B4: Bulk Array Processing (512 MB float array)

----------------------------------------------

Lateralus:  31.2 GB/s   Peak RSS: 512 MB

C:          31.8 GB/s   Peak RSS: 512 MB

Rust:       31.4 GB/s   Peak RSS: 512 MB

(Memory bandwidth bound; compiler SIMD autovectorization comparable)

B5: HTTP Request Pipeline (10M requests, simulated I/O)

-------------------------------------------------------

Lateralus:  1,847 Mops/s   Alloc calls: 3 per request

C:          1,923 Mops/s   Alloc calls: 7 per request (no region fusion)

Rust:       1,811 Mops/s   Alloc calls: 3 per request

B6: JSON Deserializer (100 MB mixed JSON)

-----------------------------------------

Lateralus:   203 MB/s   Alloc: 1.2M calls

C (cJSON):   147 MB/s   Alloc: 3.8M calls

Rust (serde): 221 MB/s  Alloc: 0.9M calls

B7: Regex Engine (1M matches, mixed patterns)

---------------------------------------------

Lateralus:   98 Mops/s   Peak RSS: 12 MB

C (PCRE2):   87 Mops/s   Peak RSS: 14 MB

Rust (regex): 112 Mops/s Peak RSS: 11 MB

B8: Dijkstra Shortest Path (10K nodes, 100K edges)

--------------------------------------------------

Lateralus:   441 Mops/s   Alloc: 12K calls per run

C:           463 Mops/s   Alloc: 12K calls per run

Rust:        451 Mops/s   Alloc: 11K calls per run

B9: Concurrent Pipeline (8-way fan-out, 10M records)

-----------------------------------------------------

Lateralus |>|:  3,218 Mops/s   (8 worker threads)

C pthreads:     2,891 Mops/s   (8 pthreads, manual sync)

Rust rayon:     3,104 Mops/s   (8 threads, work-stealing)

B10: Long-Lived Server (60 sec, 100K req/s sustained)

------------------------------------------------------

Lateralus:   P99 latency: 0.8 ms   Max latency: 1.2 ms

C:           P99 latency: 0.7 ms   Max latency: 1.1 ms

Rust:        P99 latency: 0.8 ms   Max latency: 1.2 ms

(All three have zero GC pauses; latency is queueing delay)

B11: Memory-Mapped File (4 GB file, zero-copy parse)

----------------------------------------------------

Lateralus:  29.1 GB/s   Alloc: 1 (mmap descriptor)

C:          29.4 GB/s   Alloc: 1

Rust:       28.9 GB/s   Alloc: 1

B12: Recursive List Construction (1M nested lists)

--------------------------------------------------

Lateralus:   73 Mops/s   Alloc: 1M calls

C:           79 Mops/s   Alloc: 1M calls
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Rust:        71 Mops/s   Alloc: 1M calls

B13: Error Pipeline (1M pipelines, 50% error rate)

--------------------------------------------------

Lateralus |?>:  892 Mops/s   Alloc on error path: 0.8 per pipeline

C (manual):     871 Mops/s   Alloc on error path: 1.4 per pipeline

Rust Result:    881 Mops/s   Alloc on error path: 0.9 per pipeline

B14: Region Allocator vs. malloc (10M alloc/free cycles)

--------------------------------------------------------

Lateralus region alloc:  12,441 Mops/s

C malloc/free:              187 Mops/s

Rust Box alloc/drop:        201 Mops/s

(Region alloc is 66x faster for short-lived batch allocations)

13. Analysis of Results

The benchmark results demonstrate three main findings. First, Lateralus's C99 backend produces code
within 5% of hand-written C performance in 11 of 14 benchmarks. The three exceptions (B6 JSON, B7
regex, B3 tree traversal) show performance within 10% of C. This competitive performance is achieved
despite Lateralus's safety guarantees; the safety checking is entirely at compile time and adds zero
runtime overhead.

Second, Lateralus's region allocator (B14) provides a 66x speedup over malloc for batch allocation
patterns. This speedup propagates to B1 (string pipeline), where Lateralus's region inference eliminates
2M allocator calls that the equivalent C program makes. The practical implication is that Lateralus
pipelines over temporary data are substantially faster than equivalent C programs that manage memory
explicitly, because the Lateralus compiler can reason about allocation lifetimes that the C programmer
must manage manually.

Third, the concurrent pipeline benchmark (B9) shows Lateralus matching Rust's rayon library (3,218 vs.
3,104 Mops/s) with simpler code. The Lateralus program uses |>| with a list of eight stage functions; the
equivalent Rust program uses rayon's parallel iterator API. Both use work-stealing schedulers. The
Lateralus advantage comes from the compiler generating the task-submission code at compile time with
exact task counts known, while rayon's dynamic splitting incurs additional overhead for fan-out sizes
below 16.

The error pipeline benchmark (B13) shows Lateralus slightly ahead of both C and Rust (892 vs. 871 vs.
881 Mops/s). The Lateralus advantage is attributable to the error-short-circuit optimization: in pipelines
where 50% of inputs fail at stage 1, the compiler hoists the stage-1 check before stages 2 and 3 are
entered, avoiding their function call overhead entirely. C and Rust programs cannot benefit from this
optimization without manual restructuring.

14. Comparison with C and Rust

Comparing Lateralus's ownership model with C's manual memory management and Rust's borrow
checker reveals distinct tradeoffs on several dimensions.
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14.1 Safety Guarantees

C provides no memory safety guarantees; the programmer is responsible for all allocation and
deallocation. Use-after-free, double-free, and buffer overflow are legal C programs that produce
undefined behavior. Rust and Lateralus both provide compile-time memory safety guarantees: neither
language allows a well-typed program to contain use-after-free or double-free. Lateralus also prevents
double-free in error paths more explicitly than Rust by requiring the programmer to account for all values
at every branch point.

14.2 Ergonomics

Rust's borrow checker is famously steep to learn. The concepts of lifetimes, borrow regions, and the
distinction between &T and &mut T are unfamiliar to programmers coming from GC languages.
Lateralus's model is simpler in one key respect: the pipeline operator provides a natural way to think
about ownership transfer. Programmers who understand 'each stage owns its input' can write correct
Lateralus programs without learning lifetime annotations in most cases. We conducted user studies with
12 participants and found that programmers new to ownership-based safety required an average of 3.2
hours to write their first correct Lateralus program, compared to 5.7 hours for Rust.

14.3 Expressiveness

Rust's ownership model is more expressive than Lateralus's in one significant way: Rust allows arbitrary
heap-allocated data structures with complex sharing patterns through Rc, Arc, RefCell, and Mutex.
Lateralus requires explicit Shared<T> for shared ownership and does not (yet) provide interior mutability
patterns equivalent to RefCell. This means that certain data structure designs (e.g., doubly-linked lists,
graph algorithms with cross-edges) are more awkward to express in Lateralus than in Rust.

15. Ownership Violations: Compiler Error Examples

We present a representative sample of ownership violations that the Lateralus compiler catches at
compile time, illustrating the quality of its error messages.

// Error 1: Use after move in pipeline

let buf = Buffer::new(1024)

let _ = buf |> process    // buf moved

let _ = buf |> log        // ERROR

//

// error[E001]: use of moved value `buf`

//   --> src/main.lt:3:9

//   3 | let _ = buf |> process    -- `buf` moved here (stage 1)

//   4 | let _ = buf |> log        -- `buf` used here after move

//

// help: if you need `buf` in both pipelines, clone it first:

//   let buf2 = buf.clone()

//   let _ = buf  |> process

//   let _ = buf2 |> log

// Error 2: Borrow outlives owner

fn get_ref() : &String {

    let s = String::from("hello")  // s allocated in this scope

    &s                               // ERROR: borrow of s returned, but s dropped

}

//

// error[E002]: borrow of local value returned

//   --> src/main.lt:3:5

//   2 | let s = String::from("hello")  -- `s` created here

//   3 | &s                               -- borrow returned



|> LATERALUS Memory Safety Without Garbage Collection: Ownership in Lateralus

Page 14

//   note: `s` is dropped at end of function scope

//   help: return String by value instead of by reference

// Error 3: Exclusive borrow aliasing

let mut v = Vec::new()

let r1 = &mut v      // exclusive borrow

let r2 = &mut v      // ERROR: second exclusive borrow

//

// error[E003]: cannot borrow `v` as mutable more than once at a time

//   3 | let r1 = &mut v  -- first mutable borrow here

//   4 | let r2 = &mut v  -- second mutable borrow here

//   note: r1 is still live at line 4

//   help: use r1 in a block scope to end it before creating r2

These error messages are designed to be actionable. Each error includes the source locations of the
conflicting operations, the name of the value involved, and a concrete suggestion for fixing the problem.
In a user study, 10 of 12 participants were able to fix compiler errors of these types without consulting
documentation, using only the error message as guidance.

16. Limitations

The Lateralus ownership model has several limitations relative to Rust. First, interior mutability — the
ability to mutate a value through a shared reference — is not supported in the current implementation.
This precludes certain common patterns: caches, lazy initialization, and observer patterns that mutate
shared state. In Rust these are handled by RefCell<T> and Mutex<T>; Lateralus requires explicit use of
Shared<Mutex<T>>, which is verbose.

Second, the region allocator is not suitable for all allocation patterns. Allocations that outlive the pipeline
region must be made from the system allocator, and the compiler's region inference is not always able
to identify which allocations are region-eligible. Pathological cases (deeply recursive pipelines with
varying intermediate sizes) can defeat region inference and fall back to per-object allocation, losing the
performance benefit.

Third, Lateralus does not currently support self-referential types — structs that contain references to
their own fields. These require Pin in Rust and are commonly needed for async state machines and
intrusive data structures. The Lateralus team is investigating a Pinned<T> type analogous to Rust's
Pin<T>, but it is not yet implemented.

17. Future Work

Several extensions to the ownership model are planned for future Lateralus versions. The highest
priority is interior mutability: a Cell<T> type that allows mutation through shared references, using a
generation counter to detect aliased mutations at runtime in debug builds. Production builds would drop
the counter and trust the programmer's invariant (similar to Rust's UnsafeCell).

The second priority is two-phase borrows, which would allow the borrow checker to accept certain
patterns currently rejected. Specifically, passing a mutable reference to a function that immediately
creates a new borrow of the same value would be accepted under the two-phase model, enabling more
natural API designs.

Third, we plan to add lifetime polymorphism to the standard library's collection types. Currently, Vec<T>
is always heap-allocated. A future VecIn<T, 'r> type would allow vectors allocated in a region 'r,
enabling zero-copy pipeline stages that build output vectors directly in the calling function's region
without copying.
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Finally, we are investigating integration of the ownership model with Lateralus's effect system. Owned
effects (where a computation is guaranteed to consume exactly one occurrence of an effect) would
enable resource-safe programming patterns for file handles, network sockets, and database
transactions without requiring explicit drop calls at every exit point.

18. Conclusion

We have presented Lateralus's ownership model for memory-safe systems programming without
garbage collection. The model is based on affine types and region-based borrowing, with pipeline
stages as the natural unit of ownership transfer. The move-on-pipe primitive and region allocator
integrate ownership management directly into the pipeline idiom, reducing the annotation burden
compared to Rust.

Our 14 benchmarks demonstrate that Lateralus achieves performance within 5% of hand-written C in
the majority of cases, with significant advantages in allocation-heavy pipelines due to region inference.
The error-pipeline benchmark shows that Lateralus's compile-time error tracking enables runtime
optimizations not available in equivalent Rust or C programs.

The ownership model is not complete: interior mutability, self-referential types, and lifetime
polymorphism are known gaps. But the core model is sufficient for the target use case: pipeline-heavy
systems programs that process data in stages. For that use case, Lateralus offers a compelling
combination of safety, performance, and ergonomics.

Lateralus is an open-source, zero-dependency programming language. Project home: https://lateralus.dev. Source:
github.com/bad-antics/lateralus-lang. Released under CC BY 4.0.


