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Chapter 1

Hello, Lattice

Every programming language begins with a promise. Some promise speed. Others promise safety, or
simplicity, or raw expressive power. Lattice promises something different: it promises you control
over change itself.

In most languages, the question of whether a value can be modified—or when it should stop being
modified—is answered by convention, or by a single keyword like const. Lattice takes that question
seriously and builds an entire system around it, drawing on a metaphor from chemistry and materials
science. Values in Lattice are like materials: they can be fIxid, flowing and reshaping freely, or they
can crystallize into a permanent, immutable form. This is the phase system, and it is woven into every
corner of the language.

But we are getting ahead of ourselves. Before we explore crystallization, let’s meet Lattice the way any
programmer meets a new language—by writing our first program and watching it run.

1.1 What Lattice Is and Why It Exists

Lattice is an interpreted, general-purpose programming language implemented in C. It compiles
your source code to bytecode and executes it on a stack-based virtual machine, with the option to
run on a register-based VM or a tree-walking interpreter as well. The current release is vo.3.28, and it
runs on macOS, Linux, and (experimentally) via WebAssembly in the browser.

On the surface, Lattice looks familiar. If you’ve written Python, JavaScript, Rust, or Go, you’ll
recognize the curly braces, the if/else blocks, and the fn keyword for functions:
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Listing 1.1: A first glance at Lattice syntax

fn greet(name: String) -> String {
"Hello, ${name}!"”

print(greet("world”))
// Hello, world!

So what makes Lattice worth learning? Three things stand out.

1.1.1 The Phase System

Most languages draw a binary line: a variable is either mutable or immutable. Lattice replaces that
binary with a richer model. A value starts fluid—you can modify it, grow it, reshape it. When you
are done, you freeze it, and it becomes crystal—locked, permanent, safe to share across threads. If
you need to modify it again later, you thaw it, which gives you a mutable copy without disturbing
the original.

is is not merely a convention. e Lattice runtime enforces it. Iry to mutate a frozen value an
Th t ly tion. The Latt t f t. Tryt tate a fi ] d
you will get an error—not a silent bug discovered in production at 2 a.m.

Listing 1.2: Freezing and thawing

flux temperatures = [72.1, 68.5, 74.3]
temperatures.push(71.0) // fine: temperatures is fluid

freeze(temperatures)
// temperatures.push(80.0) -- error! crystal values cannot be modified

flux updated = thaw(temperatures) // thaw produces a fluid copy
updated.push(80.0) // now we can modify again

We will explore the phase system gradually throughout this book, with a full deep-dive in Part ITI.

1.1.2 Familiar Syntax, Modern Features

Lattice ships with first-class closures, pattern matching with exhaustiveness checking, structs with
traits and imp1 blocks, string interpolation, lazy iterators, structured concurrency with channels, and
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a built-in test framework. It is a language designed for working programmers who want to get things
done without drowning in ceremony.

1.1.3 Batteries Included

Lattice includes over 120 built-in functions spanning file I/O, HTTP, JSON/TOML/YAML parsing,
regular expressions, cryptography, networking, and more. The standard library modules can be
imported with a single line. There is also a package manager for third-party libraries.

Lattice Is Young

Lattice is at version 0.3.28. The language is actively evolving. Some features described in this
book may change in future releases, though the core concepts—the phase system, the type
model, the concurrency story—are stable foundations that the rest of the language builds upon.

1.2 Installing Lattice

Lattice is built from source using a Cix compiler and make. There is no pre-built binary distribution
yet—part of the charm of a young language is that you get to compile it yourself.

1.2.1 Prerequisites
You need two things:

1. A Crx-compatible compiler: GCC or Clang on Linux, Apple Clang on macOS, or MinGW

on Windows.

2. libedit: a lightweight readline library used for the REPL’s line editing and tab completion. It
ships with macOS. On Linux, install the development package.

Optionally, if you want TLS networking (t1s_connect, tls_read, etc.) and cryptographic built-ins
(sha256, md5, base64_encode), you’ll need OpenSSL available via pkg-config.

1.2.2 macO0S
macOS ships with Apple Clang and libedit. Clone the repository and build:
git clone https://github.com/alexjokela/lattice.git

cd lattice
make
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This produces a binary called clat in the current directory. You can move it to a directory on your
PATH:

sudo cp clat /usr/local/bin/

1.2.3 Linux

On Debian or Ubuntu, install the libedit development headers first:

sudo apt install libedit-dev

git clone https://github.com/alexjokela/lattice.git
cd lattice

make

On Fedora or RHEL:

sudo dnf install libedit-devel

1.2.4 Windows

Lattice includes a Win32 compatibility layer (src/win32_compat . c) that provides POSIX-like func-
tions. Using MinGW or WSL:

# Using WSL (recommended)

sudo apt install libedit-dev build-essential
cd lattice

make

WSL Is the Smoothest Path

If you are on Windows, the Windows Subsystem for Linux gives you the best experience. Lattice
was primarily developed on macOS and Linux, and WSL brings you into that environment
without dual-booting.
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1.2.5 WebAssembly

Lattice can be compiled to WebAssembly using Emscripten, allowing it to run in a browser. This is
experimental, but it opens up interesting possibilities for playgrounds and education:

# Requires Emscripten SDK installed and activated

emmake make

The platform() built-in returns "wasm” when running in this mode.

1.2.6 Verifying the Installation

Once you have built clat, verify it works:

./clat --version

You should see:

Lattice v0.3.28

If you want the full help screen with all available subcommands and flags:

./clat --help

1.3 Your First Program: Hello, World!

Let’s write our first Lattice program. Create a file called hello. lat:

Listing 1.3: hello.lat — your first Lattice program
print("Hello, World!")

Runit:
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./clat hello.lat

Output:

Hello, World!

That’s it. No main() function required, no boilerplate, no imports. Lattice programs are sequences
of statements, and the interpreter executes them top to bottom.

1.3.1 ASlightly More Interesting Program

Let’s make it personal:

Listing 1.4: greeting.lat — string interpolation

let name = "Lattice”
let year = 2026
print("Welcome to ${name}! The year is ${year}.”)

Output:
Welcome to Lattice! The year is 2026.
Notice the ${ . . . } syntax inside double-quoted strings. Any expression can go inside those braces—

variable lookups, arithmetic, even function calls. We will cover string interpolation in depth in

Chapter 3.

1.3.2 Functions

Here is a program with a function:
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Listing 1.5: A function with a type annotation

fn fahrenheit_to_celsius(temp: Float) -> Float {
(temp - 32.0) * 5.0 / 9.0

let boiling = fahrenheit_to_celsius(212.0)
print("Water boils at ${boiling} Celsius")
// Water boils at 100.0 Celsius

A few things to notice:

* Function parameters have type annotations: temp: Float declares that temp must be a Float.
Pass the wrong type and Lattice will tell you—at runtime, with a clear error message.

* The last expression in a function body is the implicit return value. No return keyword
needed (though you can use one if you prefer explicit style).

* The -> Float after the parameter list declares the return type.

1.3.3 Running the Examples Directory
Lattice ships with an examples/ directory containing programs that demonstrate different features.

Try running the Fibonacci example:

./clat examples/fibonacci.lat

This program computes Fibonacci numbers using both iterative and recursive approaches, verifies
they produce the same results, and approximates the golden ratio. Here is a simplified version of
what it does:
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Listing 1.6: A taste of the Fibonacci example

fn fib_iterative(n: Int) -> Int {
if n <=1 { return n }

flux a = @
flux b =1
flux i = 2

while i <= n {
let temp = a + b

a=b
b = temp
i+=1

3

return b

for i in @0..10 {
print("fib(${to_string(i)}) = ${to_string(fib_iterative(i))}")

Notice the flux keyword: it declares mutable variables. We will explain flux, 1et, and fix in Chapter 4.

1.4 Running Files vs. the REPL

There are two main ways to run Lattice code: from a file, or interactively in the REPL.

1.4.1 Running from a File

You’ve already seen this:

./clat my_program.lat

Lattice reads the entire file, compiles it to bytecode, and executes it on the stack VM. If you want to
use the tree-walking interpreter instead (slower, but useful for debugging), pass --tree-walk:

./clat --tree-walk my_program.lat

You can also pre-compile a file to bytecode and run the compiled output later:

10



r.4. RUNNING FILES VS. THE REPL

./clat compile program.lat -o program.latc
./clat program.latc

The .latc file contains serialized bytecode. Running a pre-compiled file skips the lexing, parsing,
and compilation steps, which can speed up startup for larger programs.

Three Execution Backends

Lattice has three ways to execute your code: the stack-based bytecode VM (the default
and fastest), the register-based VM (via --regvm), and the tree-walking interpreter (via
--tree-walk). All three support the full language. We will cover the backends in depth in
Chapter 33 (The Three Backends)—for now, the default is the right choice.

1.4.2 The Interactive REPL

Launch the REPL by running clat with no arguments:

./clat

You’ll see a welcome banner:

Lattice v@.3.28 -- crystallization-based programming language
Copyright (c) 2026 Alex Jokela. BSD 3-Clause License.
Type expressions to evaluate. Ctrl-D to exit.

Now you can type expressions and see results immediately:

lattice> 2 + 2

=> 4

lattice> "hello” + " " + "world”
=> "hello world”

lattice> [1, 2, 31.map(|x| x * 10)
=> [10, 20, 30]

The => prefix is how the REPL shows you the result of an expression. Statements that produce no
meaningful value—like variable assignments—are silently suppressed:

II
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lattice> let name = "Lattice”
lattice> print(name)

Lattice

lattice>

The REPL maintains persistent state: variables, functions, structs, and enums you define in one
line are available on the next. This makes it a wonderful tool for exploratory programming.

lattice> fn square(x: Int) -> Int { x * x }
lattice> square(7)

=> 49

lattice> let values = [1, 2, 3, 4, 5]
lattice> values.map(|x| square(x))

=> [1, 4, 9, 16, 25]

We will dive much deeper into the REPL in Chapter 2.

1.4.3 Passing Arguments to Scripts

Arguments after the filename are passed to your program and can be retrieved with the args () built-in:

Listing 1.7: echo.lat — reading command-line arguments

let arguments = args()
print("You passed ${to_string(arguments.len())} arguments:")
for arg in arguments {

print(" ${arg}")

./clat echo.lat hello world 42

Output:

12
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You passed 4 arguments:
echo.lat
hello
world
42

The first element is the script’s own filename, following the convention of most languages.

1.5 A Taste of What Makes Lattice Different

Before we close this chapter, let’s take a quick tour of some features that set Lattice apart. Don’t
worry about understanding every detail yet—each of these gets a full chapter later. The goal here is
to whet your appetite.

1.5.1 The Phase System in Action

Here is the phase system at work in a realistic scenario. Imagine building a server configuration that
should be mutable during setup, then locked down before the server starts:

Listing 1.8: Building and freezing a configuration

// Build the config in a fluid state
flux config = Map::new()
config["host"] = "0.0.0.0"
config["port”] = 8080
config["max_connections”] = 256

// Lock it down

freeze(config)

// Now config is crystal --- safe to share, impossible to change
print(config[”host"]) // 0.0.0.0

print(phase_of (config)) // crystal

// config["port”] = 9090 -- this would error!

The forge block makes this pattern even more elegant:

3



CHAPTER 1. HELLO, LATTICE

Listing 1.9: Forge: build fluid, end crystal

fix config = forge {
flux temp = Map::new()
temp.set("host”, "0.0.0.0")
temp.set("port”, "8080")
temp.set("debug”, "false")
freeze(temp)
}
// config is now crystal, built in one clean block
print(config.get("host")) // 0.0.0.0

1.5.2 Pattern Matching

Lattice’s match expression supports literal patterns, ranges, guards, destructuring, and the compiler
warns you if your patterns are not exhaustive:

Listing 1.10: Pattern matching

fn classify_temperature(temp: Int) -> String {
match temp {
x if x < @ => "freezing”,
0..15 => "cold"”,
15..25 => "comfortable”,
25..35 => "warm”,
=> "hot"

print(classify_temperature(22)) // comfortable
print(classify_temperature(-5)) // freezing
print(classify_temperature(38)) // hot

1.5.3 Structured Concurrency

Lattice uses scope and spawn for structured concurrency. Every spawned task must complete before
its enclosing scope exits, and values sent across threads must be frozen—the phase system ensures
data-race safety at the language level:

14
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Listing 1.11: Structured concurrency with channels

let results = Channel: :new()

scope {
spawn {
results.send(freeze("task A complete”))
}
spawn {
results.send(freeze("task B complete”))
}
}

print(results.recv()) // task A complete (or B, depending on scheduling)
print(results.recv()) // the other one

Notice: only freeze()’d values can be sent on a channel. This is the phase system doing its job—
guaranteeing that shared data is immutable.

1.5.4 Closures and Functional Style

Closures are first-class citizens in Lattice:

Listing 1.12: Closures and higher-order functions
let numbers = [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]
let evens = numbers.filter(|n| n % 2 == 0)
let doubled = evens.map(|n| n x 2)

let total = doubled.reduce(|acc, n| acc + n, @)

print(total) // 60

And you can chain these together more fluidly with the pipe operator:

I
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Listing 1.13: Chaining transforms with iterators

let total = iter([1, 2, 3, 4, 5, 6, 7, 8, 9, 10])
filter(|n| n % 2 == @)
.map(|n| n *x 2)
.reduce(@, |acc, n| acc + n)

print(total) // 60

1.5.5 String Interpolation Everywhere

Double-quoted strings support ${expr} interpolation. Single-quoted strings are raw—no interpola-
tion, no escape sequences. Triple-quoted strings preserve whitespace and support interpolation:

Listing 1.14: String varieties

let language = "Lattice”
let version = version()

// Double-quoted: interpolation
print("Running ${language} ${version}")

// Single-quoted: raw, no interpolation
print('The syntax is ${expr}') // literal ${expr}

// Triple-quoted: multi-line
let banner = """

Welcome to ${language}
Version: ${version}

nnn

print(banner)

1.5.6 One More Thing: Strict Mode

At the top of any file, you can write #mode strict to opt into stricter phase enforcement. In strict
mode, the phase checker runs before execution and catches potential issues early:

16
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Listing 1.15: Strict mode

#mode strict

flux data = [1, 2, 3]

fix frozen = freeze(data)

// In strict mode, ‘data’ is consumed by freeze().

// Accessing ‘data’ after this line is a compile-time error.

Strict mode is entirely opt-in. The default “casual” mode is more forgiving, making it friendlier for
scripting and exploration. We will compare the two modes in Chapter 4.

1.6 Exercises

1. Hello, You. Write a program that asks for the user’s name using input ("What is your name? ")
and prints a personalized greeting using string interpolation.

2. Temperature Table. Write a program that prints a conversion table from Fahrenheit to
Celsius for every 10 degrees from o to 212. Use a for loop and the range operator. Hint:
for f in range(@, 220, 10) { ... }

3. Explore the REPL. Launch the REPL (./clat) and experiment. Define a function, call it
with different arguments, and try to break it by passing the wrong types. What error messages
do you get?

4. Freeze Tag. In the REPL, create an array with flux items = [10, 20, 30]. Pushanew value
onto it. Then freeze it with freeze(items) and try to push again. Read the error message—it
will become familiar.

5. Read an Example. Read the source of examples/phase_demo. lat and run it. Before running,
predict what each print statement will output. Were you right?

What’s Next

You have installed Lattice, written your first program, and seen glimpses of the phase system, pattern
matching, and concurrency. In the next chapter, we will spend quality time with the REPL—Lattice’s
interactive laboratory. The REPL is where you will do most of your exploring, testing ideas, and
building intuition for how the language works. Let’s set up your lab.

17
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Chapter 2

The REPL Is Your Laboratory

A chemistry lab doesn’t start with a production facility. It starts with a bench, some glassware, and
the freedom to mix things and see what happens. The Lattice REPL is that bench.

The REPL—Read, Evaluate, Print, Loop—is where you’ll spend much of your time when learning
Lattice. It’s where you test a hypothesis about how a function works, where you prototype a data
structure before committing it to a file, and where you debug a tricky expression by poking at it from
different angles. In this chapter, we’ll learn how to use the REPL effectively and discover the features
that make it more than a toy calculator.

2.1 Launchingthe REPL

Start the REPL by running clat with no arguments:

./clat

You’ll see the welcome banner:

Lattice v@.3.28 -- crystallization-based programming language
Copyright (c) 2026 Alex Jokela. BSD 3-Clause License.
Type expressions to evaluate. Ctrl-D to exit.

The lattice> prompt awaits your input. Type an expression and press Enter:

9
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lattice> 6 % 7
=> 42

To exit, press Ctr1-D (which sends an EOF signal) or close the terminal.

2.1.1 Persistent State Across Lines

The REPL is not a series of disconnected calculations. Every variable, function, struct, and enum
you define persists for the rest of the session. Think of it as a single, growing program that you write
one line at a time:

lattice> let city = "Portland”
lattice> let state = "Oregon”
lattice> print("${city}, ${statel}")
Portland, Oregon

lattice> let population = 652_503
lattice> population

=> 652503

The variable city defined on line one is still available on line three. The variable population defined
on line four is available for the rest of the session.

This is possible because the REPL maintains a single, long-lived virtual machine instance. Under
the hood (in src/main.c), each line you type is compiled to bytecode and executed on the same
StackvM—globals, functions, and type definitions are preserved between compilations.

REPL Persistence

The REPL uses a persistent VM a single StackVM instance that survives across lines. Variables
stored as globals, function definitions, struct declarations, and enum types all remain accessible
until you exit. This is what allows you to build programs interactively, one piece at a time.

2.1.2 Multi-line Input

What happens when you type an incomplete expression—like opening a brace without closing it?

20
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lattice> fn add(a: Int, b: Int) -> Int {

> a+b
> )
lattice> add(3, 4)

=7

The REPL detects that the input is incomplete by checking whether brackets, braces, and parentheses
are balanced. When they are not, the prompt changes to ...>and waits for more input. The
accumulated text is only compiled and executed once the delimiters are balanced.

This works for any kind of nesting: function bodies, if/else blocks, match expressions, struct defini-
tions, and more.

lattice> let message = if true {

> "yes

...> } else {

> "no"

> )
lattice> message
=> "yes"

Escaping a Multi-line Mistake

If you start typing a multi-line expression and realize you’ve made a mistake, press Ctrl-C to
cancel the current input and return to a fresh lattice> prompt. Alternatively, close all open
delimiters to force evaluation (which will likely produce an error, but clears the buffer).

2.2 Tab Completion and Discoverability

The Lattice REPL supports tab completion powered by libedit (or readline, depending on your
system). Press Tab and the REPL will suggest completions based on what you’ve typed so far.

2.2.1 Keyword and Built-in Completion

Start typing a keyword or built-in function name and press Tab:

lattice> fr<Tab>
freeze

21
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If there are multiple matches, pressing Tab twice shows all options:

lattice> to<Tab><Tab>
to_string to_int to_float toml_parse toml_stringify

The completion engine knows about all of Lattice’s keywords (fn, let, flux, fix, match, struct, enum,
trait, impl, and more) and over 120 built-in functions. This makes the REPL a discovery tool: if you
vaguely remember that there’s a function related to files, type file and press Tab:

lattice> file<Tab><Tab>
file_exists file_size

2.2.2 Method Completion After a Dot

The completion engine is context-aware. When the cursor follows a dot (. ), it switches to method
mode and suggests method names instead of global keywords:

lattice> "hello”.to<Tab><Tab>
to_upper to_lower

lattice> [1, 2, 3].fi<Tab><Tab>
filter find first flat flat_map fill

The completion source for methods includes array, string, map, set, channel, buffer, and enum
methods—all drawn from the same list defined in src/completion.c.

2.2.3 Constructor Completion After ::

Type a type name followed by : : and press Tab to see available constructors:

22
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lattice> Map: :<Tab><Tab>

new

lattice> Set::<Tab><Tab>

new from

lattice> Channel: :<Tab><Tab>
new

This triple context—global, method, and constructor—means the REPL’s tab completion adapts to
where you are in an expression.

How Completion Works Internally

The tab completion system is implemented in src/completion.c. It registers a custom
rl_attempted_completion_function with the readline library. When you press Tab, this function
inspects the character immediately before the cursor:

e Ifit’sadot(.), completion mode switches to COMPLETE _METHOD.

e Ifit’s : :, completion mode switches to COMPLETE_SCOPE.

* Otherwise, it uses COMPLETE _GLOBAL, which walks through keywords, built-in functions,

and constructors.

Filename completion is explicitly disabled—the REPL suggests Lattice symbols, not files.

2.3 Defining Functions, Structs, and Enums Interactively

The REPL is not limited to one-liners. You can define complex types and build up a small program
incrementally.

2.3.1 Functions

Define a function and call it immediately:

lattice> fn celsius_to_fahrenheit(c: Float) -> Float {
> c*9.0/5.0+ 32.0
o> )

lattice> celsius_to_fahrenheit(100.0)

=> 212.0

lattice> celsius_to_fahrenheit(0.0)

=> 32.0
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The function persists. You can call it again later, pass it to higher-order functions, or use it inside
other definitions:

lattice> let temps_c = [0.0, 20.0, 37.0, 100.0]
lattice> temps_c.map(|c| celsius_to_fahrenheit(c))
=> [32.0, 68.0, 98.6, 212.0]

2.3.2 Structs

Define a struct, create instances, and call their methods:

lattice> struct Point {

> x: Float,
> y: Float
>}

lattice> let origin = Point { x: 0.0, y: 0.0 }
lattice> let target = Point { x: 3.0, y: 4.0 }
lattice> target.x

=> 3.0

Add a trait and implement it:

lattice> trait Measurable {

> fn distance(self: Any) -> Float
>}
lattice> impl Measurable for Point {
L> fn distance(self: Any) -> Float {
Lo sqrt(self.x * self.x + self.y x self.y)
L 3}
>}
lattice> target.distance()

=> 5.0

2.3.3 Enums

Enums work the same way:
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lattice> enum Direction {
North,
South,

East,

West

VVVVYV

>3

lattice> let heading = Direction: :North
lattice> heading.variant_name()

=> "North"

lattice> heading.is_variant("North")

=> true

lattice> enum Shape {

L> Circle(Float),
> Rectangle(Float, Float)
..> )

lattice> let s = Shape::Rectangle(4.0, 5.0)
lattice> s.payload()
=> [4.0, 5.0]

The ability to define, test, and iterate on types interactively is one of the REPL’s great strengths. You
can experiment with a struct’s field layout or an enum’s variants before committing them to a source

file.

2.4 The => Prefix: How the REPL Talks Back

You’ve already seen the => prefix in front of REPL results. Let’s understand exactly when it appears
and what it means.

2.4.1 The Display Rule

The REPL follows a clear rule: if the last expression in your input produces a value that is not
unit and not nil, it is displayed with the => prefix.
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lattice> 42

=> 42

lattice> "hello”
=> "hello”
lattice> [1, 2, 3]
= [1, 2, 3]
lattice> true

=> true

Statements that produce unit are silently suppressed:

lattice> let x = 5
lattice> flux counter = @
lattice> counter += 1
lattice>

No => output. Variable declarations and assignments return unit, so there is nothing to display.

The print() function writes directly to standard output—it does 7oz produce a REPL result:

lattice> print(”hello")
hello
lattice>

Notice: hello appears without the => prefix. That’s print() writing to stdout. The print() function
itself returns unit, so the REPL suppresses its return value.

2.4.2 Therepr Format
The REPL uses the repr format for display, not to_string. The difference matters for strings:
lattice> "hello world”

=> "hello world”

The quotes are part of the display—they tell you this value is a string. If you print() the same value,
the quotes are absent:
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lattice> print(”hello world")
hello world

This distinction between repr (for programmers, with type information) and print (for users, raw
output) is consistent throughout Lattice. Structs that define a custom repr closure field will use it
for REPL display.

2.4.3 Distinguishing print from =>
Here is a common source of confusion for newcomers. What does this produce?
lattice> print(2 + 2)

4
lattice>

The 4 is from print(). The REPL has no => line because print () returns unit. Compare with:
lattice> 2 + 2

=> 4

Here the 4 is the REPL displaying the expression result. Understanding this distinction helps you
debug REPL sessions: if you see =>, it’s the value of the expression. If you don’t, it’s side-effect output
(like print()).

unit is the return type of statements and functions with no meaningful return value—like
variable assignments or print(). nil is an explicit null value that means “no value here.” Both
are suppressed in REPL output, but they are different types: typeof (nil) returns "Nil” and
typeof (unit) returns "Unit”. We will cover both in Chapter 3.

2.5 Tips and Tricks for Exploratory Programming

The REPL is more than an input box. Here are techniques that will make your interactive sessions
more productive.
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2.5.1 Use typeof() to Inspect Values

When you’re not sure what type a value has, ask:

lattice> typeof(42)

=> "Int”

lattice> typeof(3.14)

=> "Float”

lattice> typeof("hello")
=> "String"

lattice> typeof ([1, 2, 31)
=> "Array”

lattice> typeof(Map: :new())
=> "Map”

lattice> typeof(nil)

=> "Nil"

lattice> typeof(true)

=> "Bool”

This is especially useful when a function returns an unexpected result and you want to know what
you’re working with.

2.5.2 Use phase_of() to Inspect Phase
Check whether a value is fluid or crystal:
lattice> flux items = [1, 2, 3]
lattice> phase_of (items)
= "fluid"
lattice> freeze(items)

lattice> phase_of (items)
=> "crystal”

2.5.3 Build Data Structures Incrementally

The REPL is perfect for building up complex data one step at a time:
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lattice> flux inventory = Map: :new()

lattice> inventory["apples"] = 12

lattice> inventory["bananas”] = 6

lattice> inventory["”oranges”] = 8

lattice> inventory

=> {"apples"”: 12, "bananas": 6, "oranges": 8}
lattice> inventory.keys()

=> ["apples”, "bananas"”, "oranges"]
lattice> inventory.values().sum()
=> 26

You can see the state of your data at each step, catch mistakes early, and iterate quickly.

2.5.4 Test Functions with Edge Cases

Once you've defined a function, throw edge cases at it:

lattice> fn safe_divide(a: Float, b: Float) -> Float {
L if b == 0.0 { return 0.0 }
> a/b
>3

lattice> safe_divide(10.0, 3.0)

=> 3.3333333333333335

lattice> safe_divide(10.0, 0.0)

=> 0.0

lattice> safe_divide(-7.5, 2.5)

=> -3.0

The REPL gives you a tight feedback loop for testing behavior before writing formal tests.

2.5.5 Use History to Save Typing

The REPL supports command history via the readline library. Press the Up and Down arrow keys
to navigate through previous inputs. This is handled by libedit/readline and works the same as in
bash or Python’s interactive interpreter.

Non-empty lines are automatically added to the history buffer, so you can recall and modify earlier
definitions without retyping them.
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2.5.6 Explore the Standard Library

The REPL is the fastest way to explore Lattice’s built-in functions. Wondering what version()
returns?

lattice> version()
=> "0.3.28"

Curious about the current platform?

lattice> platform()
=> "macos”

Want to see what time it is?

lattice> time()

=> 1740000000000

lattice> time_format(time(), "%Y-%m-%d %H:%M:%S")
=> "2025-02-19 16:00:00"

Need to know your working directory?

lattice> cwd()
=> "/Users/alex/projects/lattice”

Every built-in function is available in the REPL, and tab completion helps you find them.

2.5.7 Error Recovery

When you make a mistake, the REPL prints an error and keeps going. Your session is not lost:

lattice> let x = 42

lattice> x.push(3)

error: push() requires an array, got Int
lattice> x

=> 42
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The error did not corrupt the REPL state. x is still 42. You can fix your mistake and try again.

This resilience comes from the REPL’s error handling code in src/main. c: when execution fails, the
VM resets its stack and handler state, but globals and definitions are preserved.

2.5.8 The Debugging REPL

For an even more powerful interactive experience, you can embed breakpoint () calls in your source
files. When the interpreter hits a breakpoint, it drops into an interactive REPL where you can inspect
local variables, evaluate expressions in the current scope, and examine the call stack.

Listing 2.1: Using breakpoint() for in-context debugging

fn process_order(items: [String], total: Float) {
let discount = if total > 100.0 { 0.1 } else { 0.0 }
let final_price = total * (1.0 - discount)
breakpoint() // drops into REPL here
print("Final price: ${to_string(final_price)}")

}

process_order(["widget"”, "gadget"], 150.0)

When the breakpoint is hit, you’ll have access to items, total, discount, and final_price right there

in the REPL. We’ll cover the full debugger in Chapter 32 (Debugging).

2.5.9 Alternative REPL Backends

By default, the REPL runs on the stack-based bytecode VM. You can switch to the other backends:

./clat --tree-walk # tree-walking interpreter
./clat --regvm # register-based VM

The tree-walking REPL can be useful if you encounter a bytecode compiler bug and need a fallback.
The register VM REPL is more experimental. In normal use, the default bytecode VM REPL is the
right choice.
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The Self-Hosted REPL

Lattice also includes a self-hosted REPL written in Lattice itself (repl.1lat), built on the
is_complete, lat_eval, and input built-ins. You can run it with ./clat repl.lat. It lacks tab
completion and readline integration, but it’s an interesting demonstration of the language’s
metaprogramming capabilities. The C-based REPL described in this chapter is what you should
use day-to-day.

2.5.10 A Complete Exploratory Session

Let’s tie everything together with a realistic REPL session. Imagine you are exploring Lattice’s array
methods for the first time:

lattice> let scores = [85, 92, 78, 95, 88, 72, 91]
lattice> scores.len()

=7

lattice> scores.sort()

=> [72, 78, 85, 88, 91, 92, 95]

lattice> scores.min()

=> 72

lattice> scores.max()

=> 95

lattice> scores.sum()

=> 601

lattice> scores.filter(|s| s >= 90)

=> [92, 95, 91]

lattice> scores.filter(|s| s >= 90).1len()

=> 3

lattice> let avg = to_float(scores.sum()) / to_float(scores.len())
lattice> avg

=> 85.85714285714286

lattice> scores.map(|s| if s >= 90 { "A" } else { "B" })
=> ["B", "A", "B", "A", "B", "B", "A"]

lattice> scores.enumerate()

=> [[o, 851, [1, 921, [2, 78], [3, 951, [4, 881, [5, 721, [6, 911]

In under a minute, you’ve explored sorting, filtering, mapping, aggregation, and enumeration—all
without writing a file. That is the power of an interactive session.
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2.6

Exercises

. REPL Warm-Up. Launch the REPL and experiment with arithmetic: try 2 ** 10 (does it

work? what does Lattice use for exponentiation?), integer vs. float division (7 / 2vs. 7.0 /
2.0), and the modulo operator.

Define and Iterate. In the REPL, define a function fn is_palindrome(s: String) -> Bool
that checks whether a string reads the same forwards and backwards. Hint: s.reverse(). Test
it with "racecar”, "hello”, and "madam”.

Struct Exploration. Define a struct Color with fieldsr: Int,g: Int,b: Intinthe REPL.
Create several instances. Then define a function fn to_hex(c: Any) -> String that converts a
Color to a hex string like "#FF8800". Hint: use format () or string concatenation.

4. Tab Completion Safari. In the REPL, type str and press Tab. What completions appear?
Type "hello”. and press Tab twice. How many string methods are available? Try Map: : and
Tab.

5. The Mystery Function. Without looking it up, use the REPL to figure out what ord("A")
returns. Then figure out what chr(72) returns. Can you write a one-liner that converts a string
to an array of character codes?

What’s Next

Now that you know how to use the REPL as your personal laboratory, it’s time to learn what you
can put into it. In the next chapter, we will explore Lattice’s value types—integers, floats, booleans,
strings, nil, and unit—and the operators that work on them. We’ll see how Lattice thinks about data
at the most fundamental level: the shape of things.
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Chapter 3

Values, Types, and the Shape of Things

Before you can freeze something, you need something #o freeze. Before you can match a pattern, you
need data shaped in a way the pattern can describe. Everything in Lattice starts with values—the
fundamental atoms of computation—and their types.

In this chapter, we will meet every core value type in Lattice, learn the operators that transform them,
and discover the surprisingly rich world of string literals. By the end, you will have a complete mental
model of the raw materials Lattice gives you to work with.

3.1 Integers

Integers in Lattice are 64-bit signed values, stored internally as C’s int64_t (you can verify this in
include/value.h, where VAL_INT maps to the int_val field of the value union). This gives you a
range from —263 to 203 — 1—large enough for most practical purposes.

Listing 3.1: Integer basics

let population = 8_100_000_000
let negative = -42
let zero = 0

print(typeof (population)) // Int
print(typeof(zero)) // Int
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Integer Range

Lattice integers are 64-bit signed: they range from —9,223,372,036,854,775,808 to
9,223,372,036,854,775,807. There is no automatic promotion to big integers—if you over-
flow, you’ll get unexpected results. For most applications, 64 bits is more than sufficient.

3.2 Floats

Floating-point numbers use 64-bit double precision (C’s double). Any number literal containing a
decimal point is a float:

Listing 3.2: Float basics

let pi = 3.14159
let temperature = -40.0
let ratio = 0.618

print(typeof(pi)) // Float
print(typeof (temperature)) // Float

Integer Division vs. Float Division

Division between two integers produces an integer (truncated toward zero).
If you want a decimal result, make sure at least one operand is a float:

print(7 / 2) // 3 (integer division)
print(7.0 / 2.0) // 3.5 (float division)
print(7 / 2.0) // 3.5 (mixed: promotes to float)

Lattice provides two functions for inspecting special float values:

Listing 3.3: Special float values

print(is_nan(0.0 / 0.90)) // true
print(is_inf(1.0 / 0.9)) // true

You can convert between integers and floats explicitly:
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let
let
let
let
let

3.3

Listing 3.4: Numeric conversions

x = to_float(42) // 42.0
y = to_int(3.14) // 3 (truncates toward zero)
z = round(3.7) // 4
w = floor(3.9) // 3
v = ceil(3.1) // 4
Booleans

Booleans are true or false. No surprises here:

let
let

Listing 3.5: Boolean basics

is_valid = true
has_errors = false

print(typeof(is_valid)) // Bool

print(!is_valid) // false
print(is_valid && has_errors) // false
print(is_valid || has_errors) // true

3.3.1 Truthiness

In contexts where a boolean is expected (like if conditions), Lattice applies truthiness rules:

false is falsy.

nil is falsy.

0 (integer zero) is falsy.
"" (empty string) is falsy.

Everything else is truthy—including empty arrays and empty maps.
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Listing 3.6: Truthiness in action

if 42 { print("truthy”) } // truthy

if "" { print("truthy”) } else { print("falsy"”) } // falsy

if nil { print("truthy") } else { print("falsy"”) } // falsy

if [1 { print("truthy”) } // truthy (empty array is truthy!)

Empty Arrays Are Truthy

Unlike Python, empty arrays and empty maps are z7uthy in Lattice. If you want to check
whether a collection is empty, use .1len() == @ or .is_empty() (for strings).

3.4 Strings

Strings in Lattice are immutable, UTF-8 encoded sequences of characters. They are the most feature-
rich of the primitive types, with three different literal syntaxes and over 20 built-in methods.

3.4.1 Double-Quoted Strings

The standard string literal uses double quotes and supports both escape sequences and interpolation:

Listing 3.7: Double-quoted strings

let greeting = "Hello, World!"
let with_newline = "line one\nline two"
let with_tab = "column A\tcolumn B”

The full set of escape sequences is:

3.4.2 String Interpolation

Inside double-quoted strings, ${expr} embeds the result of any expression:
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Escape Character

\\n Newline
\\t Tab
\\r Carriage return

\\o Null byte
W Literal backslash

\\" Literal double quote
A\ Literal single quote
\\$ Literal dollar sign (prevents interpolation)

\\xHH  Hex byte (e.g., \\x41 for ’A’)

Table 3.1: String escape sequences

Listing 3.8: String interpolation
let language = "Lattice"
let major = @
let minor = 3

print("Welcome to ${language}")
// Welcome to Lattice

print("Version ${major}.${minor}")
// Version 0.3

print("2 + 2 = ${2 + 2}")
// 2+ 2 =4

let name = "world”
print("${"hello”.to_upper()}, ${name}!")
// HELLO, world!

The expression inside the braces can be arbitrarily complex—function calls, method chains, arith-
metic, even nested strings. The lexer handles this by tracking brace depth, recursively lexing the
expression tokens embedded within the string (you can see this machinery in src/lexer.c, where
interpolated strings are split into TOK_INTERP_START, expression tokens, and TOK_INTERP_END segments).

To include a literal ${ in a string, escape the dollar sign:
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Listing 3.9: Escaping interpolation

print("Use \${expr} for interpolation”)
// Use ${expr} for interpolation

3.4.3 Single-Quoted Strings

Single-quoted strings have no interpolation. The ${. ..} syntax is treated as literal characters:

Listing 3.10: Single-quoted strings: no interpolation

let pattern = 'Hello, ${name}'
print(pattern)
// Hello, ${name}

Single-quoted strings still support escape sequences (\\n, \\t, etc.), so they are not fully “raw” strings.
Their primary use case is when you have strings that contain dollar signs and braces and you don’t
want to worry about accidental interpolation:

Listing 3.11: Single-quoted strings for templates

let template = 'Dear ${recipient}, your order #${order_id} is ready.'
print(template)
// Dear ${recipient}, your order #${order_id} is ready.

When to Use Single vs. Double Quotes

Use double quotes when you want interpolation: "Hello, ${name}". Use single quotes when
you’re writing templates, regex patterns, or any string where $\{. . .\} should be literal text.

3.4.4 Triple-Quoted Strings

Triple-quoted strings (""" ... """) span multiple lines and support automatic dedenting:
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Listing 3.12: Triple-quoted strings
let html = """
<div>
<h1>Welcome</h1>
<p>Hello, world!</p>
</div>

nnn

print(html)

Output (note how the leading whitespace has been stripped):

<div>
<h1>Welcome</h1>
<p>Hello, world!</p>
</div>

The dedenting algorithm uses the indentation of the closing """ as the baseline and strips that
much leading whitespace from every line. This lets you indent your multi-line strings to match the
surrounding code without polluting the string content.

Triple-quoted strings support interpolation:

Listing 3.13: Triple-quoted strings with interpolation

let name = "Lattice”
let version = "0.3.28"
let banner = """

${name} v${version}
A crystallization language

nnn

print(banner)

3.4.5 Common String Methods

Strings come with a rich set of methods. Here are some of the most commonly used ones:
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let message =

Listing 3.14: String methods

" Hello, Lattice!

”

print(message.trim()) // "Hello, Lattice!”
print(message.len()) // 20
print(message.contains("Lat")) // true
print(message.to_upper()) // " HELLO, LATTICE! "
print(message.replace(”Lattice”, "World”)) // " Hello, World!
print(message.split(”,")) // [" Hello"”, " Lattice! "]
let path = "/home/user/documents/report.txt”
print(path.starts_with("/home")) // true
print(path.ends_with(".txt")) // true

print(path.index_of ("user”)) // 6

n

For a complete reference of string methods, see Chapter 8 (St7ings in Depth).

3.5 Niland Unit

Lattice has two “empty” types, and understanding the difference matters.

3.5.1 Nil

nil represents “no value here”—the explicit absence of a meaningful value. It’s the value returned by
Map.get() for a missing key, and it’s what you use when you want to intentionally store “nothing”:

let nothing =

nil

print(typeof(nothing)) // Nil

flux m = Map:

:new()

m["key”] = "value”

print(m.get("key"))

print(m.get("missing”)) // nil

Listing 3.15: Nil basics

// value

nil is falsy—it evaluates to false in boolean contexts. This makes it natural to use with the nil

coalescing operator:
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Listing 3.16: Nil coalescing with ??
let port = nil ?7? 8080
print(port) // 8080

let name = "Alice” ?? "Anonymous”
print(name) // Alice (left side is not nil, so it wins)

3.5.2 Unit

unit is the type of “nothing happened”—the return type of statements, print() calls, and variable
assignments. You rarely encounter it explicitly, but it’s always there behind the scenes:

Listing 3.17: Unit in action

let result = print(”hello")
print(typeof(result)) // Unit

In the REPL, both nil and unit are suppressed—neither produces the => output line.

nil means “this value is intentionally empty.” It can be stored in variables, returned from
functions, and compared with ==.

unit means “this expression produces no value.” It’s the implicit return of statements and
void-like functions. You typically don’t store it or test for it.

Think of nil as an empty box and unit as the absence of a box.

3.6 Type Checking with typeof()
The typeof () built-in function returns a string naming the type of any value:
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print(typeof(42))
print(typeof(3.14))
print(typeof (true))
print(typeof(”"hello"))
print(typeof(nil))
print(typeof([1, 2, 31))

Listing 3.18: typeof() for every core type

// Int

// Float
// Bool
// String
// Nil

// Array

print(typeof (Map::new())) // Map
print(typeof(Set::new())) // Set

print(typeof ((1, 2))) // Tuple
print(typeof(0..10)) // Range
print(typeof (|x| x)) // Closure

typeof () returns the string name, not a type object. You compare it with string equality:

Listing 3.19: Runtime type checking

fn describe(value: any) -> String {

if typeof(value) == "Int" {
"an integer: ${to_string(value)}"
} else if typeof(value) == "String” {
"a string: ${value}”
} else if typeof(value) == "Array" {
"an array of length ${to_string(value.len())}"
} else {
"something else: ${to_string(value)}”
}
}
print(describe(42)) // an integer: 42

print(describe("hello")) // a string: hello
print(describe([1, 2, 31)) // an array of length 3

For struct instances, typeof () returns the struct’s name:
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Listing 3.20: typeof() with structs

struct User { name: String, age: Int }
let alice = User { name: "Alice", age: 30 }
print(typeof(alice)) // User

Type Annotations vs. typeof{()

Function parameter type annotations (fn foo(x: Int))and typeof() serve different purposes.
Annotations are checked automatically on every call and produce clear error messages. typeof ()
is for when you need to branch on type at runtime—rare in well-typed code, but useful for
utility functions, serializers, and debugging.

3.7 Number Literals in Detail

Lattice supports several formats for writing numeric literals, all designed for readability.

3.7.1 Underscore Separators

You can place underscores between digits in both integer and float literals. The underscores are purely
visual—they are stripped before the number is parsed:

Listing 3.21: Underscore separators

let population = 8_100_000_000
let bytes = 1_048_576

let precise_pi = 3.14_159_265
print(population) // 8100000000

print(bytes) // 1048576
print(precise_pi) // 3.14159265

This is especially useful for large numbers where counting zeros is error-prone.

3.7.2 Hexadecimal Literals

Integer literals can be written in hexadecimal with the ox prefix:
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Listing 3.22: Hexadecimal literals

let red = 0xFF0000
let mask = OxDEAD_BEEF
let byte = Ox7F

print(red) // 16711680
print(mask) // 3735928559
print(byte) // 127

Hex digits can be uppercase or lowercase, and underscore separators work with hex too. The lexer (in
src/lexer.c) detects the ox or 0X prefix, reads hex digits with isxdigit(), strips underscores, and
converts using strtol1() with base 16.

3.7.3 No Scientific Notation

Lattice does not currently support scientific notation (like 1.5e10 or 3e-4). If you need to express
very large or very small numbers, use pow():

Listing 3.23: Expressing large numbers

let avogadro = 6.022 * pow(10.0, 23.0)
let planck = 6.626 * pow(10.0, -34.0)

3.8 Operators

Lattice provides a comprehensive set of operators that will feel familiar to anyone coming from C,
JavaScript, or Python.

3.8.1 Arithmetic Operators

The + operator also works for string concatenation:

Listing 3.24: String concatenation with +

let full = "Hello” + ", " + "World!"
print(full) // Hello, World!
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Operator Description  Example Result

+ Addition 3+ 4 7
- Subtraction 10 - 3 7
* Multiplication 6 * 7 42
/ Division 15 / 4 3
% Modulo 17 % 5 2

Table 3.2: Arithmetic operators

3.8.2 Comparison Operators

Operator Description Example Result
== Equal 3 == true
1= Not equal 31=4 true
< Less than 3<5 true
> Greater than 5> 3 true
<= Less or equal 3 <=3 true
>= Greaterorequal 4 >= 5 false

Table 3.3: Comparison operators

Comparison operators work on integers, floats, strings (lexicographic order), and booleans. Equality
(==) uses structural comparison for arrays, maps, and structs:

Listing 3.25: Structural equality

print([1, 2, 3] == [1, 2, 31) // true
print([1, 2] == [1, 2, 31) // false
print("abc” < "abd") // true (lexicographic)

3.8.3 Logical Operators

Both && and | | are short-circuiting: the right operand is only evaluated if needed.
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Operator Description Example

Result

&& Logical AND  true & false
[ Logical OR true || false
! Logical NOT  !true

false
true
false

Table 3.4: Logical operators

Listing 3.26: Short-circuit evaluation

// The second condition is never evaluated
let safe = false & (1 / @ > 0)
print(safe) // false

// The second condition is never evaluated
let ok = true || (1 /7 @ > 0)
print(ok) // true

3.8.4 Bitwise Operators

Lattice provides the full set of bitwise operations on integers:

Result

Operator Description  Example

& Bitwise AND  oxFF & oxoF
| Bitwise OR OxFO | OxoF
" Bitwise XOR  oxFF * oxoF
~ Bitwise NOT ~o

<< Left shift 1 << 8

>> Right shift 256 >> 4

15
255
240
-1
256
16

Table 3.5: Bitwise operators

Bitwise operators are essential for systems programming tasks like flag manipulation, color encoding,

and protocol parsing:
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Listing 3.27: Bitwise operations in practice

// Extract RGB components from a 24-bit color

let color = 0xFF8040

let red = (color >> 16) & OxFF  // 255
let green = (color >> 8) & OxFF // 128
let blue = color & OxFF // 64

print("R=${to_string(red)} G=${to_string(green)} B=${to_string(blue)}")
// R=255 G=128 B=64

3.8.5 Compound Assignment

Every arithmetic and bitwise operator has a compound assignment form:

Listing 3.28: Compound assignment operators

flux score = 100

score += 10 // score = 110
score -= 5 // score = 105
score *= 2 // score = 210
score /= 3 // score = 70
score %= 30 // score = 10

flux flags = OxFF

flags &= OxOF // flags = 15
flags |= 0xF@ // flags = 255
flags *= @xO0F // flags = 240
flags <<= 4 // flags = 3840
flags >>= 8 // flags = 15

Compound Assignment Requires flux

Compound assignment operators modify the variable in place. This only works with flux
(mutable) variables. Attempting to use += on a let or fix binding that refers to a crystal value
will produce an error.

3.8.6 The Nil Coalescing Operator

The 27 operator returns the left side if it is not nil; otherwise, it returns the right side:
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Listing 3.29: Nil coalescing
let name = nil ?? "Anonymous”

print(name) // Anonymous

let title = "Engineer” ?? "Unknown"”
print(title) // Engineer

// Chains: first non-nil wins
let result = nil ?? nil ?? "found it”
print(result) // found it

This is particularly useful when reading from maps, where missing keys return nil:

Listing 3.30: Nil coalescing with map lookups
flux config = Map::new()
config["host"] = "localhost”

let host = config.get("host”) ?? "0.0.0.0"
let port = config.get("port”) ?? 8080

print(host) // localhost
print(port) // 8080

3.8.7 Optional Chaining

The ?. operator safely navigates through potentially nil values. If the receiver is nil, the entire chain
short-circuits to nil instead of producing an error:

Listing 3.31: Optional chaining

let user = nil
print(user?.name) // nil (no error)
print(user?.address?.city) // nil (chain short-circuits)

// Combine with ?? for defaults

let city = user?.address?.city ?? "Unknown"
print(city) // Unknown
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3.8.8 The Range Operator

The .. operator creates a range—a pair of integers representing a half-open interval (start inclusive,
end exclusive):

Listing 3.32: Range operator

for i in 0..5 {
print(i) // 0, 1, 2, 3, 4

print(typeof(0..10)) // Range

Ranges are used with for loops and in pattern matching.

3.9 Comments

Lattice supports three styles of comments.

3.9.1 Line Comments

A // starts a comment that extends to the end of the line:

Listing 3.33: Line comments

let x = 42 // this is a comment
// this entire line is a comment

3.9.2 Block Comments

Block commentsuse /+ ... */and can span multiple lines. They can be nested, which is particularly
useful for commenting out code that already contains comments:
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Listing 3.34: Block comments (nestable)
/* This is a block comment */
/*
* Multi-line block comment.
* Often used for function documentation.

*/

/* You can /* nest x/ block comments */

The nesting support is implemented by tracking a depth counter in the lexer—each /* increments it
and each */ decrements it. The comment only ends when the depth reaches zero.

3.9.3 Doc Comments

Lines starting with /// are doc comments. They are treated as regular comments by the interpreter,
but the clat doc tool extracts them to generate documentation:

Listing 3.35: Doc comments

/// Calculate the area of a circle.

/// Takes a radius and returns the area.

fn circle_area(radius: Float) -> Float {
3.14159 * radius * radius

We’ll cover the documentation generator in detail in Chapter 30 (The Formatter and Doc Generator).
For now, get in the habit of documenting your functions with ///—your future self will thank you.

3.10 Putting It All Together

Let’s write a small program that uses several of the types and operators we’ve covered:
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11/
11/

Listing 3.36: A temperature converter using multiple types

Convert a temperature between Fahrenheit and Celsius.
The “from® parameter must be "F" or "C".

fn convert_temp(value: Float, from: String) -> String {

let result = if from == "F" {
(value - 32.0) * 5.0 / 9.0
} else {
value * 9.0 / 5.0 + 32.0
3
let to_unit = if from == "F" { "C" } else { "F" }

let rounded = round(result x 100.0) / 100.0

"${to_string(value)} ${from} = ${to_string(rounded)} ${to_unit}"

// Build a conversion table

let
for

*/

temps = [0.0, 32.0, 72.0, 100.0, 212.0]
temp in temps {
print(convert_temp(temp, "F"))

0.0 F =-17.78 C
320 F =0.0C

72.0 F = 22.22 C
100.0 F = 37.78 C
212.0 F = 100.0 C

This program demonstrates:

Floats for temperature values

Strings with interpolation for formatted output
Comparison operators (==) for branching
Arithmetic operators for the conversion formula
Arrays to hold a list of temperatures

Doc comments on the function

Block comments for expected output
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* The if/else expression returning a value

3.11 Exercises

. Type Explorer. In the REPL, use typeof () on at least 10 different values, including an array

of arrays, a map with string keys, a range, a closure, and nil. Write down any surprises.

. Hex Color Parser. Write a function fn parse_color(hex: Int) -> [Int] that takes a hex

color like 0xFF8040 and returns an array [r, g, b] using bitwise operators. Test it with several
colors.

. String Processing. Write a function that takes a full name like "ada lovelace” and returns it

in title case: "Ada Lovelace”. Use string methods. (Hint: . title_case() exists!)

. Nil Safety. Write a function fn safe_get(m: Map, key: String, default_val: any) -> any

that returns the map’s value for the given key, or default_val if the key is missing. Use the 22
operator.

. Triple-Quote Art. Use a triple-quoted string with interpolation to create an ASCII art box

around a message. The function should take a message string and return the boxed version

with proper padding.

What’s Next

We’ve surveyed the raw materials—integers, floats, booleans, strings, nil, and unit—and the tools for
working with them. But so far, our values have been rootless: created, used, and forgotten. In the
next chapter, we will learn how to bznd values to names with let, flux, and fix, and we’ll get our
first real look at the phase system that gives Lattice its crystalline character.
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Chapter 4

Variables and the Idea of Phase

In most languages, declaring a variable is a mundane act. You pick a name, assign a value, and move
on. In Lattice, declaring a variable is a decision—a declaration of intent about how that value should
behave over its lifetime. Will it change? Should it be locked down? Or should the language figure
that out for you?

Lattice gives you three keywords for variable declaration—1et, flux, and fix—and each one makes a
different promise to the runtime. Behind these keywords lies the phase system, the feature that gives
Lattice its name and its crystalline metaphor. This chapter introduces both the practical mechanics
of variable binding and the philosophy that makes them meaningful.

4.1 let, flux, and fix

4.1.1 1let — Inferred Phase

The 1et keyword declares a variable and infers its phase from the value you assign:

Listing 4.1: Declaring variables with let

let name = "Lattice” // a string

let version = 28 // an integer

let pi = 3.14159 // a float

let active = true // a boolean

let colors = ["red"”, "green”, "blue"]l // an array
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With 1et, the variable’s mutability depends on what you assign. In casual mode (the default), let
bindings are treated as fluid—you can reassign them or mutate their contents:

Listing 4.2: let bindings are fluid in casual mode

let score = 100
// In casual mode, this works:
// score = 200

let items = [1, 2, 3]
items.push(4) // modifying in place works
print(items) // [1, 2, 3, 4]

Think of let as the “just give me a variable” keyword—quick, convenient, and unassuming. It’s
perfect for scripts, quick prototypes, and situations where you don’t need to think about mutability.

4.1.2 flux — Explicitly Fluid

The flux keyword (pronounced like “flux” in metallurgy) declares a variable that is explicitly fluid. A
fluid value can be modified, reassigned, grown, and reshaped:

Listing 4.3: Declaring mutable variables with flux

flux counter = @
counter += 1

counter += 1
print(counter) // 2

flux inventory = Map::new()

inventory["apples”"] = 12

inventory["bananas”] = 6

print(inventory) // {"apples"”: 12, "bananas": 6}

flux temperatures = []
temperatures.push(72.1)
temperatures.push(68.5)
temperatures.push(74.3)
print(temperatures) // [72.1, 68.5, 74.3]

The flux prefix is a signal to anyone reading your code: “this variable wz// change.” When you see
flux in a program, you know to watch for mutations.
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A value in the fluid phase is mutable. Arrays can be pushed to, maps can gain new keys, and the
variable can be reassigned. In the chemistry metaphor, a fluid value is like molten metal—it
has not yet solidified into its final form. You declare fluid variables with flux (or the shorthand

prefix ~).

Under the hood, the compiler emits an 0P_MARK_FLUID instruction when it encounters flux, which
sets the value’s phase tag to VTAG_FLUID (you can see this in src/stackcompiler. c). This tag travels
with the value for its entire lifetime.

4.1.3 fix — Explicitly Crystal

The fix keyword declares a variable that is c7ystal—immutable, locked, permanent. The value must
already be frozen (or will be frozen by the declaration):

Listing 4.4: Declaring immutable variables with fix

fix pi = freeze(3.14159)
fix greeting = freeze("Hello, World!")
fix primes = freeze([2, 3, 5, 7, 11]1)

print(pi) // 3.14159
print(greeting) // Hello, World!
print(primes) // [2, 3, 5, 7, 11]

Attempting to modify a crystal value produces an error:

Listing 4.5: Crystal values reject modification

fix config = freeze([1, 2, 31)
// config.push(4) -- error: cannot mutate crystal value
// config = [4, 5, 6] -- error: cannot assign to crystal binding
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A value in the crystal phase is immutable. Its contents cannot be modified, its structure cannot
change, and it can be safely shared across threads. In the chemistry metaphor, a crystal is solid,
ordered, and permanent—like a diamond formed under pressure. You declare crystal variables
with fix (or the shorthand prefix *).

When the compiler encounters fix, it emits an OP_FREEZE instruction that transitions the value to the
crystal phase.

4.1.4 The Shorthand Prefixes: ~ and *

In type annotations and function parameters, you’ll sometimes see ~ for fluid and « for crystal:

Listing 4.6: Phase shorthand in function parameters

fn mutate(data: ~Map) {
data.set("modified”, true)

}

fn inspect(data: *Map) {
print(data.get("name"))
}

Here, ~Map means “a Map that must be fluid” and *Map means “a Map that must be crystal.” The
runtime checks these constraints on every call—pass a crystal map to mutate() and you’ll get a clear
error.

These shorthand prefixes are equivalent to writing flux Map and fix Map in type position. Use
whichever reads better to you.

4.1.5 Comparingthe Three Keywords

Keyword Phase  Mutable? When to Use

let Inferred  Depends on mode  Scripts, quick code, “just works”
flux Fluid Yes Values you intend to modify

fix Crystal  No Constants, shared data, configs

Table 4.1: Variable declaration keywords
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A rule of thumb: if you’re writing a script or prototyping, let is fine. If you’re writing production
code or library code, prefer flux and fix for clarity. In strict mode, let is actually disallowed—you
must choose explicitly.

4.2 Why Mutability Is a First-Class Concept

Most languages treat mutability as a binary toggle. In Rust, you have let vs. let mut. In JavaScript,
you have const vs. let. In Python, everything is mutable and you just hope for the best.

Lattice goes further. Mutability is not just a property of a variable—it’s a property of the value itself.
This distinction is subtle but profound.

Listing 4.7: Phase is a property of the value, not the variable

flux items = [1, 2, 3]
print(phase_of (items)) // fluid

freeze(items)
print(phase_of (items)) // crystal

// The variable “items ™ still exists.
// But the *valuex it holds has changed phase.
// items.push(4) -- error: the value is crystal

The phase travels with the value. If you pass a frozen array to a function, that function cannot mutate
it—even if it assigns it to a new flux variable. The crystal phase is embedded in the value, not in the

binding.

Listing 4.8: Phase follows the value through function calls

fn try_to_modify(data: any) {
flux local = data
// local.push(99) -- error if data is crystal!
print(phase_of (local))

flux numbers = [1, 2, 3]
try_to_modify(numbers) // prints: fluid

freeze (numbers)
try_to_modify(numbers) // prints: crystal (push would fail)
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This design has a powerful consequence: when a value is frozen, it is safe to share it across threads,
pass it to unknown functions, or store it in a long-lived data structure—because zothing can modify
it. The guarantee is enforced by the runtime, not by programmer discipline.

The Value vs. the Binding

The flux/fix keywords control two things:

1. Whether the variable binding can be reassigned (pointing to a different value).

2. The initial phase of the value (fluid or crystal).
The second property persists even after the value is passed to other functions or stored in data
structures. The first property only applies to the original variable name in its scope.

4.3 Quick Introduction to freeze() and thaw()

We’ve already seen freeze() in passing. Let’s give it proper attention.

4.3.1 freeze() — Fluid to Crystal

freeze() transitions a value from the fluid phase to the crystal phase. Once frozen, the value is
immutable:

Listing 4.9: Freezing a value

flux settings = Map::new()
settings["debug”] = false
settings["verbose"] = true
settings["max_retries”] = 3

print(phase_of (settings)) // fluid
freeze(settings)

print(phase_of(settings)) // crystal

// settings["debug"] = true -- error: cannot mutate crystal value

For collections (arrays, maps, sets), freeze() is deep: it freezes the container and all values inside it
recursively.
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Listing 4.10: Deep freeze
flux data = [[1, 21, [3, 41]

freeze(data)
// data.push([5, 6]) -- error: outer array is crystal
// datal[@].push(3) -- error: inner array is also crystal

4.3.2 thaw() — Crystal to Fluid

thaw() creates a mutable copy of a crystal value. The original remains frozen:

Listing 4.11: Thawing a frozen value

fix original = freeze([10, 20, 30])
print(phase_of (original)) // crystal

flux copy = thaw(original)
print(phase_of (copy)) // fluid

copy . push(40)
print(copy) // [10, 20, 30, 40]
print(original) // [1@, 20, 30] (unchanged!)

The metaphor is precise: thawing a crystal doesn’t destroy the crystal. It melts a copy, leaving the
original intact. This is a key property for safe concurrent programming—multiple threads can thaw
the same frozen data independently without interfering with each other.

4.3.3 clone() — Independent Copy
While we’re talking about copying, let’s mention clone (). Unlike thaw(), which always produces

a fluid copy from a crystal, clone() creates an independent deep copy of any value, preserving its
current phase:
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Listing 4.12: Cloning preserves phase

flux original = [1, 2, 3]
flux copy = clone(original)

copy.push(4)
print(original) // [1, 2, 3] (unaffected)
print(copy) // [1, 2, 3, 4]

Function InputPhase Output Phase

freeze(v)  Fluid Crystal (same value, now locked)
thaw(v) Crystal Fluid (new copy)
clone(v)  Any Same as input (new copy)

Table 4.2: Phase transition functions

We’ll explore the full depth of phase transitions—including sublimate, crystallize, borrow, forge,
bonds, reactions, and more—in Part III of this book. For now, freeze(), thaw(), and clone() are the
essential trio.

4.4 #mode casual vs. #mode strict

Lattice offers two modes of phase enforcement, controlled by a directive at the top of a file:

Listing 4.13: Mode directives

#mode casual // the default: relaxed phase rules
#mode strict // tighter enforcement: no let, consume on freeze

If you don’t specify a mode, the default is casual.

4.4.1 Casual Mode
In casual mode, Lattice is forgiving:
* let is allowed and produces an inferred-phase binding.

* freeze() transitions a value in place but does 7ot consume the variable—you can still read

from the binding.
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* Phase mismatches at function call boundaries produce runtime errors, not compile-time
€rrors.

* You can mix let, flux, and fix freely.

Listing 4.14: Casual mode: forgiving
let data = [1, 2, 3]

data.push(4) // works: let is fluid in casual mode
freeze(data)

print(data) // works: data is still accessible (now crystal)
// data.push(5) -- error: crystal value

Casual mode is designed for scripting, exploratory programming, and situations where you want the
phase system’s safety net without its full strictness.

4.4.2 Strict Mode
Strict mode tightens the rules:
* let is disallowed. You must use flux or fix for every declaration, making your intent explicit.

* freeze() consumes the binding. After freezing a variable, the original name is no longer
accessible—you must capture the frozen result in a new binding.

* The phase checker runs before execution, catching phase errors as compile-time warnings
rather than runtime surprises.

* Assigning to a crystal binding is a compile-time error.

Listing 4.15: Strict mode: explicit and consuming

#mode strict

flux data = [1, 2, 3]
data.push(4)

fix frozen = freeze(data)

// “data’ is no longer accessible in strict mode.
// You must use “frozen  from now on.
print(frozen) // [1, 2, 3, 4]
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The consume-on-freeze behavior prevents a common bug: modifying a value after you’ve shared a
“frozen” reference to it. In casual mode, you could freeze a value, hand the frozen reference to another
part of the program, and then accidentally mutate the original. Strict mode makes this impossible by
removing the original name from scope.

Listing 4.16: Strict mode catches errors early

#mode strict
// let x = 42 -- error: use flux or fix instead of let

flux counter = @
counter += 1

fix pi = freeze(3.14159)
// pi = 2.71828 -- error: cannot assign to crystal binding

// This error is caught before the program runs.

‘When to Use Strict Mode

Use #mode strict when:
* You’re writing a library that will be used by others.
* You’re writing code that runs in production.
* You’re working on concurrent code where phase safety is critical.
* You want the compiler to catch mistakes before runtime.
Use casual mode (the default) when:
* You’re scripting or prototyping.
* You’re exploring in the REPL.
* You want to move fast without ceremony.

4.4.3 Inside the Phase Checker

When you use #mode strict, the parser sets the program’s mode to MODE_STRICT, which triggers the
phase checker (src/phase_check. ¢) before execution begins. The phase checker is a static analysis

pass that walks the AST and:

1. Tracks the phase of every variable through a scope stack.

2. Verifies that fix bindings are never assigned to.
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3. Ensures that arguments passed to phase-constrained parameters (~Map, *Map) have compatible
phases.

4. Rejects let bindings—requiring explicit flux or fix.

5. Inside spawn blocks, checks that fluid bindings from the outer scope are not used across the

thread boundary.

The phase checker is defined as a PhaseChecker struct that maintains a stack of scopes, each mapping
variable names to their known phases (PHASE_FLUID, PHASE_CRYSTAL, or PHASE_UNSPECIFIED). As it
walks the AST, it pushes and pops scopes at function and block boundaries, just like the runtime
would.

The errors it produces are not fatal—they’re warnings that appear before execution. But they are
informative:

[

phase error: strict mode: use 'flux' or 'fix' instead of 'let' for binding 'x

phase error: strict mode: cannot assign to crystal binding 'config'

phase error: strict mode: cannot use fluid binding 'data' across thread boundary in
spawn

4.5 First Encounter with the Phase Philosophy

Now that you’ve seen the mechanics—flux, fix, freeze(), thaw(), casual mode, strict mode—Ilet’s
step back and think about why Lattice works this way.

4.5.1 The Lifecycle of Data

Most data in a program goes through a predictable lifecycle:

1. Construction: The data is built up incrementally. You add items to a list, set fields in a
configuration, accumulate results.

2. Stabilization: At some point, the data is “done.” The configuration is complete, the list has
all its items, the computation is finished.

3. Consumption: The stabilized data is read, shared, serialized, sent to another thread, or stored
for later use.

In most languages, there is no formal boundary between these stages. You just stop modifying the
data and hope nobody else modifies it later. This works fine in small programs. In large programs,
with shared state and concurrent threads, it becomes a source of bugs.
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Lattice makes the boundary explicit:

Listing 4.17: The lifecycle of data in Lattice

// 1. Construction (fluid)
flux report = Map::new()
report["title"] = "Q4 Revenue”
report["total”] = 1_250_000
report["”approved”] = false

// 2. Stabilization (freeze)
report["approved”] = true
freeze(report)

// 3. Consumption (crystal, safe to share)
print(report.get(”title")) // Q4 Revenue

// send_to_archive(report) // safe: report is immutable

// spawn { process(report) } // safe: can be sent across threads

The freeze() call is the boundary. Before it, the data is under construction. After it, the data is
permanent. The runtime enforces this boundary—you can’t go back to the construction phase
(unless you explicitly thaw() a copy).
4.5.2 The Chemistry Metaphor
The terminology in Lattice is deliberately drawn from chemistry and materials science:

* Fluid values are like molten metal—shapeable, hot, unstable.

* Crystal values are like a diamond or quartz—solid, ordered, permanent.

* freeze() is crystallization—the transition from fluid to solid.

* thaw() is melting—creating a fluid copy from a solid.

* forge blocks are a forge—a controlled environment where you heat, shape, and cool a material
in a single operation.

This metaphor extends further in Part III, where we’ll meet:
* Sublimation: shallow freezing that locks the structure but leaves inner values mutable.
* Bonds: links between values that cause one to freeze when another does.

* Reactions: callbacks that fire when a value changes phase.
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* Pressure: restrictions on what can change without fully freezing.

* Alloys: structs with per-field phase declarations.

* Arenas: memory regions where crystal values are stored.
But even without these advanced features, the core idea is powerful: make the lifecycle of your
data visible in the code.
4.5.3 Phase and Concurrency

The phase system’s biggest payoft comes with concurrency. Lattice’s scope/spawn structured con-
currency model requires that any value sent across a channel must be c7yszal. This is enforced at
runtime:

Listing 4.18: Phase and concurrency

let ch = Channel: :new()

flux data = [1, 2, 3]
// ch.send(data) -- error: cannot send fluid value

freeze(data)
ch.send(data) // works: crystal values are safe to share

scope {
spawn {
let received = ch.recv()
print(received) // [1, 2, 3]
}
}

This constraint means that data races—the most common and hardest-to-debug class of concurrency
bugs—are impossible in Lattice. If a value can cross a thread boundary, it is guaranteed to be
immutable. If it is mutable, it cannot cross. The phase system draws a bright line between “private,
mutable, single-threaded” and “shared, immutable, multi-threaded.”

We’ll explore concurrency in full in Part V. For now, the key insight is: the phase system is not just
about preventing accidental mutation. It’s a foundation for safe concurrency.

4.5.4 APreview: The Forge Block

One of the most elegant patterns in Lattice is the forge block, which encapsulates the entire lifecycle
of a value—construction, stabilization, and output—in a single expression:
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Listing 4.19: Forge: build fluid, end crystal

fix server_config = forge {

flux temp = Map::new()

temp.set("host”, "0.0.0.0")

temp.set("port”, "443")

temp.set("tls", "true")

temp.set("max_connections”, "1024")

freeze(temp)

// server_config is crystal, ready to share
print(server_config.get("host")) // 0.0.0.0
print(phase_of (server_config)) // crystal

Inside the forge block, you work with fluid data. The block’s result is automatically treated as crystal.
The temporary mutable state never escapes. This pattern is so useful that you’ll see it throughout
Lattice codebases wherever immutable configurations, frozen caches, or thread-safe snapshots are
built.

4.6 Practical Patterns

Let’s close with some practical patterns that show how let, flux, fix, and freeze () work together in
real code.

4.6.1 Accumulate Then Freeze

Build a collection incrementally, then freeze it for safe consumption:
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Listing 4.20: Accumulate then freeze

fn load_user_ids(filename: String) -> [Int] {
let content = read_file(filename)
let lines = content.split(”\n")
flux ids = []
for line in lines {
let trimmed = line.trim()
if !trimmed.is_empty() {
ids.push(parse_int(trimmed))

}
freeze(ids)
return ids

The function returns a frozen array. Callers can trust that the data will not change out from under

them.

4.6.2 Configuration Objects

Build a configuration with sensible defaults, allow overrides, then lock it down:
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Listing 4.21: Configuration with defaults

fn make_config(overrides: Map) -> Map {
flux cfg = Map::new()

// Defaults
cfg["timeout”] = 30
cfg["retries”] 3
cfg["verbose”] = false

// Apply overrides
for entry in overrides.entries() {
cfglentry[@]] = entry[1]

freeze(cfg)
return cfg

flux opts = Map::new()
opts["timeout”] = 60
opts["verbose"] = true

fix config = make_config(opts)
print(config.get("timeout”)) // 60
print(config.get("retries”)) // 3
print(phase_of (config)) // crystal

4.6.3 The Fluid Working Copy

When you need to modify frozen data, thaw() gives you a working copy:
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Listing 4.22: Working with a thawed copy
fix original_scores = freeze([85, 92, 78, 95, 88])

// Create a working copy to add a new score
flux updated = thaw(original_scores)
updated.push(91)

updated = updated.sort()

freeze(updated)

print(original_scores) // [85, 92, 78, 95, 88] (unchanged)
print (updated) // [78, 85, 88, 91, 92, 95]

This immutable-data-with-copies pattern will feel familiar if you’ve worked with functional program-
ming languages or immutable data structures in Clojure or Elm.

4.7 Exercises

1. Phase Detective. In the REPL, create variables with let, flux, and fix. Use phase_of () to
check the phase of each. Freeze a flux variable and check again. Thaw it and check once more.
Write down what you observe.

2. Strict Mode Workout. Create a file with #mode strict at the top. Try using let to declare a
variable. Try assigning to a fix binding. Try freezing a value and then accessing the original
name. Record the error messages you see.

3. Config Builder. Write a function that builds a database configuration (host, port, database
name, connection pool size) using a forge block. The function should accepta map of overrides
and return a crystal map with defaults merged in.

4. Freeze Guard. Write a function fn ensure_frozen(value: any) -> any that returns the value
unchanged if it’s already crystal, or freezes it if it’s fluid. Use phase_of () to decide.

5. The Thaw Game. Start with fix data = freeze([10, 20, 301). Thaw it, add elements, and
freeze again. Repeat this three times, building a longer and longer array. Verify that each
intermediate frozen version is independent.

What’s Next

You now understand how Lattice thinks about variables and mutability. The let/flux/fix keywords
give you explicit control over the lifecycle of your data, and the phase system enforces that control
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at runtime. We’ve barely scratched the surface of what the phase system can do—bonds, reactions,
sublimation, pressure, and alloys await in Part III.

But first, we need to learn how to direct the flow of our programs. In the next chapter, we’ll explore
Lattice’s control flow constructs: if/else, while, for, loop, and the powerful match expression. These
are the tools that turn sequences of values into programs that make decisions.
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Chapter 5

Control Flow

Every program needs to make decisions. Should we charge the customer or show an error? Has the
sensor reading crossed a threshold? Are there more items to process? Control flow is how a program
answers these questions and acts accordingly.

What makes Lattice’s control flow distinctive is a commitment to expressions over statements. In many
languages, if/else is a statement—it does something, but it doesn’t produce a value. In Lattice,
if/else is an expression: it evaluates to a result you can bind, pass, or return. This seemingly small
design choice ripples through the entire language, making code more concise and composable.

Let’s see what that looks like in practice.

5.1 if/else as Expressions

Here is the most basic conditional in Lattice:

Listing s.1: A basic if/else

let temperature = 38

if temperature > 37 {
print("Fever detected"”)

} else {
print("Temperature normal”)

}
// Output: Fever detected
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Nothing surprising so far—this looks like most C-family languages. But watch what happens when
we use if on the right side of a binding:

Listing s.2: if/else as an expression

let temperature = 38

let status = if temperature > 37 {
"fever"”

} else {
"normal”

print(status) // Output: fever

The if/else block evaluated to "fever”, and that value was bound to status. There is no need for a
ternary operator—if/else is the ternary operator.

Expressions vs. Statements

An expressz'on produces a value. A statement performs an action. In Lattice, if/else, match,
and blocks are all expressions. The last expression in a branch becomes the value of the entire
construct.

5.1.1 How the Value Is Determined

The rule is straightforward: the last expression in whichever branch executes becomes the value of the
whole if/else. You don’t write return—the value flows naturally:
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Listing 5.3: Multi-line branches still produce values

let age = 25
let category = if age < 13 {

let label = "child”

label
} else if age < 20 {

let label = "teenager"

label
} else {

let label = "adult”
label

print(category) // Output: adult

Each branch can contain multiple statements, but only the final expression contributes the value.
Intermediate bindings like let label are scoped to their branch and cleaned up automatically.

5.1.2 What Happens Without an else?

If you omit the else branch, the expression evaluates to nil when the condition is false:

Listing s.4: Missing else produces nil

let temperature = 36

let warning = if temperature > 37 {
"fever detected”

print(warning) // Output: nil

nil from Missing else Branches

When you use if as an expression without an else, the “false” path evaluates to nil. This is fine
if you expect it, but can be surprising if you forget the else branch. If you want a guaranteed
non-nil result, always include both branches.
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Under the hood, the compiler (in src/stackcompiler.c) emits an OP_JUMP_IF_FALSE instruction for
the condition, compiles both branches, and uses 0P_JuMP to skip the else branch when the then-path
executes. When no else is present, the compiler emits an OP_NIL instruction as the fallback value.
When a branch ends with an expression, the compiler uses end_scope_preserve_tos to keep that
value on the stack while cleaning up branch-local variables.

5.1.3 Nested and Chained Conditions

You can chain else if branches as deeply as you need:

Listing s.5: Chained else if

fn classify_bmi(bmi: Float) -> String {
if bmi < 18.5 {
"underweight"
} else if bmi < 25.0 {
"normal”
} else if bmi < 30.0 {
"overweight”
} else {
"obese"

print(classify_bmi(22.3)) // Output: normal

Because each branch is an expression, the entire chain acts as a single expression that evaluates to one
string. No explicit return needed—the function’s body is the if/else chain, and its result becomes
the return value.

When to Use if/else vs. match

If you’re testing a single variable against many values, or destructuring data, match (Chapter 9)
is usually clearer. Use if/else for boolean conditions and two-way branches.

5.1.4 Blocks as Expressions

The expression-oriented design extends to plain blocks too. A block enclosed in { } evaluates to its
last expression:
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Listing 5.6: Block expressions

let hypotenuse = {

let a = 3.0
let b = 4.0
(a*a+b*b)

print(hypotenuse) // Output: 25.0

Block expressions are useful for computing a value that requires intermediate bindings you don’t
want to leak into the surrounding scope. The variables a and b exist only within the block. If a block
ends with a statement rather than an expression (for instance, if the last line is a let binding), the
block evaluates to unit.

5.2 Loops: while, loop, for

Lattice provides three loop constructs, each suited to a different situation.

5.2.1 while Loops

A while loop repeats its body as long as a condition is true:

Listing 5.7: Counting with while

flux count = @

while count < 5 {
print(count)
count = count + 1

}
// Output: 0 1 2 3 4

Notice the flux binding—since we need to mutate count on each iteration, it must be declared in the
fluid phase. A let or fix binding cannot be reassigned, so the compiler would reject count = count

+ 1.

The compiler translates a while loop into a tight bytecode sequence: compile the condition, emit
OP_JUMP_IF_FALSE to skip the body, compile the body, then emit 0P_L0OOP to jump back to the condition
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check. The oP_L0OP instruction uses a backwards jump offset, making the loop machinery compact
and efficient.

Listing 5.8: Building a string with while

let words = ["the", "quick”, "brown", "fox"]
nn

flux result =
flux i = 0

while i < words.len() {
if i >0 ¢
result = result +
}
result = result + words[i]
i=1i+1

non

print(result) // Output: the quick brown fox

5.2.2 Infinite Loops with loop

When you want a loop that runs until explicitly stopped, use Loop:

Listing 5.9: An infinite loop with break

flux attempts = @

loop {
attempts = attempts + 1
if attempts >= 3 {
print("Giving up after 3 attempts”)
break
}
print("Attempt ${attempts}”)
}
// Output:
// Attempt 1
// Attempt 2
// Giving up after 3 attempts
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A loop is semantically equivalent to while true, butit communicates intent more clearly: this loop
runs forever unless something inside it says otherwise. The compiler generates almost identical
bytecode—it omits the condition check entirely, jumping back unconditionally with op_Loop.

loop is especially useful for retry logic, event processing, and REPL-like read-eval-print cycles:

Listing s.10: A retry pattern with loop

fn fetch_with_retry(url: String, max_retries: Int) -> String {
flux retries = @

loop {
let response = http_get(url)
if response != nil {

return response
3
retries = retries + 1
if retries >= max_retries {
return "failed after ${max_retries} retries”
}
}

5.2.3 for Loops and Iteration

The for loop iterates over collections and ranges:

Listing s.11: Iterating over an array

let fruits = ["apple”, "banana”, "cherry"]

for fruit in fruits {
print("I like ${fruit}")

}

// Output:

// 1 like apple

// 1 like banana

// 1 like cherry

The for loop works with any iterable value: arrays, ranges, strings (iterating over characters), maps
(iterating over key-value pairs), and sets.
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Listing s5.12: Iterating over a range
for n in 0..5 {
print(n)

3
// Output: 0 12 3 4

Under the hood, the compiler uses two dedicated opcodes for iteration. First, OP_ITER_INIT converts
the iterable (array, range, etc.) into an internal iterator state that tracks the collection and the
current index. Then at the top of each iteration, OP_ITER_NEXT pushes the next value onto the
stack or jumps past the loop body when the iterator is exhausted. You can see this machinery in
src/stackcompiler.c—the compiler reserves two anonymous local slots for the iterator state (the
collection reference and the index counter) and binds the loop variable as a named local on each
iteration.

Listing 5.13: Iterating with an index

let languages = ["Lattice”, "Rust”, "Python", "Go"]

for i in @..languages.len() {
print("${i}: ${languages[il}")

}

// Output:

// @: Lattice
// 1: Rust

// 2: Python
// 3: Go

Listing 5.14: Iterating over a string’s characters

let greeting = "Hello”

for ch in greeting.chars() {
print(ch)

}

// Output: He 11 o
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The Loop Variable Is Fresh Each Iteration

The loop variable (like fruit or n above) is a new binding on every iteration. You cannot assign
to it from outside the loop body, and closures captured inside the loop each see their own copy
of that iteration’s value.

5.2.4 Nested Loops

Loops nest naturally. Each loop manages its own iterator state independently:

Listing 5.15: Nested loops for a multiplication table

for row in 1..6 {
flux line = ""
for col in 1..6 {
let product = row * col
line = line + "${product}I\t”

}

print(line)
}
// Output:
//1 2 3 4 5
// 2 4 6 8 10
//3 6 9 1215
// 4 8 12 16 20
// 5 10 15 20 25

The compiler handles nesting by saving and restoring the loop state (break jump list, loop start
address, loop depth, and local counts) at each loop boundary. This means break and continue always
apply to the innermost loop, regardless of nesting depth.

5.3 break, continue, return

These three keywords give you fine-grained control over how loops and functions execute.

5.3.1 break — Exit the Loop

The break keyword immediately exits the innermost enclosing loop:
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Listing 5.16: Finding the first negative number
let readings = [12, 45, -3, 67, -8, 22]

for reading in readings {
if reading < 0 {
print("First negative: ${reading}")
break

}
}
// Output: First negative: -3

When the compiler encounters break, it emits OP_POP instructions to clean up any locals declared
inside the loop (or OP_CLOSE_UPVALUE if the local has been captured by a closure), then emits an
0P_JUMP whose target is patched later to point just past the loop body. The compiler tracks break
jump locations in a dynamic array, handling nested loops correctly by saving and restoring the break
count at each loop boundary.

break Outside a Loop

Using break outside of a loop is a compile-time error. The compiler checks loop_depth and
rejects the program with "break outside of loop” if you try.

5.3.2 continue — Skip to the Next Iteration

The continue keyword skips the rest of the current iteration and jumps to the next one:

Listing s.17: Skipping negative readings
let readings = [12, -3, 45, -8, 67]

for reading in readings {

if reading < 0 {

continue

}

print("Processing: ${reading}")
}
// Output:
// Processing: 12
// Processing: 45
// Processing: 67
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Like break, the compiler pops any locals declared inside the loop before jumping. But instead of
jumping past the loop, continue emits an OP_LOOP that jumps back to the loop’s start point—the
condition check for while loops, or the OP_ITER_NEXT for for loops.

The compiler separately tracks the local count for break and continue because in a for loop they
have different cleanup requirements. The continue path must preserve the iterator state (the two
anonymous locals for the collection and index counter) while only popping the loop variable and
body-local variables. The break path, on the other hand, pops everything including the iterator state.

Listing 5.18: continue and break working together

let data = [10, 0, 20, 0, 30, 0, 40]
flux sum = @

for value in data {
if value == 0 {
continue // skip zeros

}
sum = sum + value
if sum > 50 {
break // stop once we exceed 50

3
b

print(sum) // Output: 60 (10 + 20 + 30)

5.3.3 return — Exit the Function

The return keyword exits the current function immediately, optionally with a value:
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Listing 5.19: Early return from a function

fn find_index(haystack: Array, needle: any) -> Int {
for i in 0. .haystack.len() {
if haystack[i] == needle {

return i
}
}
return -1
}
let colors = ["red"”, "green", "blue"]

print(find_index(colors, "green")) // Output: 1
print(find_index(colors, "yellow"”)) // Output: -1

If you omit the value after return, the function returns unit—Lattice’s equivalent of “nothing
meaningful.” The compiler emits OP_UNIT in that case, followed by any return-type checks, ensure
contract checks, and defer cleanup (via OP_DEFER_RUN) before the final OP_RETURN instruction.

Listing s.20: Implicit return: no return keyword needed

fn double(x: Int) -> Int {
X * 2

print(double(21)) // Output: 42

Since functions are expressions too, the last expression in a function body becomes its return value.
You only need an explicit return for early exits.
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Listing s.21: Guard clauses with early return

fn process_order(order: Map) -> String {

if order["status”] == "cancelled” {
return "Order was cancelled”

}

if order["total”] == nil {
return "Invalid order: no total”

}

if order["total”] < @ {
return "Invalid order: negative total”

// Main logic only reached if all guards pass
let tax = order["total”] * 0.08

let final_amount = order["total”] + tax
"Processed: total = ${final_amount}”

This “guard clause” pattern—checking error conditions at the top and returning early—keeps the
happy path at the main indentation level, making code easier to follow.

break, continue, and Closures

These keywords only affect the innermost loop in the current function. You cannot break out
of a closure’s loop from outside the closure, nor continue a loop that belongs to a different
function. Each function has its own loop tracking.

5.4 Ranges

Ranges represent a sequence of integers from a start value to an end value. They appear frequently in
for loops and array slicing.

5.4.1 Creating Ranges

The .. operator creates a half-open range—inclusive of the start, exclusive of the end:
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Listing 5.22: Half-open ranges

let countdown = 0..5
print(countdown) // Output: @..5

for n in 0..5 {
print(n)

}

// Output: @ 1 2 3 4

The range 0. .5 includes o, 1, 2, 3, and 4—but not 5. This is the same convention used by Python’s
range() and Rust’s .. operator, and it aligns naturally with zero-indexed arrays: @..array.len()
covers every valid index.

A range is a value of type Range containing a start integer and an end integer. The notation a. .b
creates a range from a (inclusive) to b (exclusive). Internally, ranges are stored as a pair of int64_t
values in the LatValue union (see include/value.h) and require no heap allocation—they’re
as cheap to create as a pair of integers.

5.4.2 Ranges with Expressions

Both endpoints of a range can be arbitrary expressions, not only literals:

Listing 5.23: Dynamic range endpoints
let page = 2
let page_size = 10
let start = page * page_size
let end = start + page_size

for i in start..end {
print("Item ${i}")
}
// Output: Item 20, Item 21, ... Item 29

The parser handles this by parsing each side of the .. token as an addition-level expression. This
means arithmetic works naturally in range endpoints, but if you need lower-precedence operators
you should use parentheses.
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5.4.3 Ranges for Indexing and Slicing

Ranges are not only for loops—they work as indices to slice arrays and strings:

Listing 5.24: Slicing with ranges

let letters = [nau’ nbn, ncn, udn, "]

let middle = letters[1..4]
print(middle) // Output: ["b", "c", "d"]

let greeting = "Hello, World!"”
let word = greeting[@..5]
print(word) // Output: Hello

The range 1. .4 selects elements at indices 1, 2, and 3—three elements total. This consistency between
loop ranges and slice ranges means you can reason about both the same way: the range a. .b always
means “from a up to but not including b.”

5.4.4 Ranges as First-Class Values

Ranges are first-class values. You can store them in variables, pass them to functions, and return
them:

Listing 5.25: Ranges as first-class values
fn page_range(page: Int, page_size: Int) -> Range {
let start = page * page_size
start..(start + page_size)

3

1et items = [Ha”, Hb”’ ”C”, Hdll’ Ile”, H_FH’ Ilgll, thl’ Hill, HJ'H]
let second_page = items[page_range(1, 3)]
print(second_page) // Output: ["d", "e", "f"]

At the bytecode level, the compiler emits 0P_BUILD_RANGE which pops the end and start values from the
stack and pushes a Range value. Since ranges contain only two integers stored inline in the value union,
they’re stack-allocated and extremely cheap to create—no heap allocation, no garbage collection
pressure.
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Listing 5.26: Using ranges for batch processing

fn process_batch(items: Array, batch_size: Int) -> Array {
let batches = []
flux offset = @
while offset < items.len() {
let end = if offset + batch_size > items.len() {
items.len()
} else {
offset + batch_size

}
batches.push(items[offset..end])

offset = offset + batch_size

}

batches

let numbers = [1, 2, 3, 4, 5, 6, 7]
let batched = process_batch(numbers, 3)
print(batched) // Output: [[1, 2, 31, [4, 5, 61, [71]

5.5 The Nil-Coalescing Operator ??

Working with optional data is a fact of life. APIs return nil when a key is missing, functions return
nil on failure, and user input may be absent. The nil-coalescing operator ?? provides a clean way to

supply a fallback:

Listing s5.27: Basic nil-coalescing

let config = Map::new()
config["theme"”] = "dark"

let theme = config["theme"] ?? "light”
let language = config["language"”] ?? "en"

print(theme) // Output: dark
print(language) // Output: en

The expressiona ?? bevaluates a. If the result is not nil, it becomes the value of the whole expression.
If ais nil, then b is evaluated and used instead.

90



5.5. THE NIL-COALESCING OPERATOR 2?

Nil-Coalescing Operator

The operator ?? evaluates its left operand first. If that value is not nil, the right operand is zever
evaluated (short-circuit semantics). If the left operand is nil, the right operand is evaluated
and its value is returned.

5.5.1 Short-Circuit Evaluation

The right side of 27 is only evaluated when needed. This matters when the fallback involves computa-
tion:

Listing 5.28: Short-circuit evaluation in action

fn expensive_default() -> String {
print("Computing default...”)
"fallback”

let cached_value = "cached"

let result = cached_value ?? expensive_default()
print(result)

// Output: cached

// (expensive_default was never called)

The compiler implements this with a conditional jump. It compiles the left operand, then emits
OP_JUMP_IF_NOT_NIL—if the value on the stack is not nil, execution skips over the right operand
entirely. Only if the value is nil does it pop the nil, evaluate the fallback, and continue. This means the
cost of a ?? expression when the left side is non-nil is a single comparison and branch—no function
call overhead, no allocation.

5.5.2 Chaining ??

You can chain multiple ?? operators to try several sources in order:
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Listing 5.29: Chaining nil-coalescing operators

let env_port = nil
let config_port = nil
let default_port = 8080

let port = env_port ?? config_port ?? default_port
print(port) // Output: 8080

Each 27 short-circuits independently. If env_port is not nil, neither config_port nor default_port is
evaluated. If env_port is nil but config_port is not, default_port is skipped. This creates a natural
priority chain for configuration values.

Listing 5.30: A practical configuration lookup

fn get_setting(key: String, env: Map, config: Map) -> String {
envlkey] ?? configlkey] ?? "default_${key}"
}

let env_vars = Map::new()
let config_file = Map: :new()
config_file["port"] = "3000"

print(get_setting("port”, env_vars, config_file)) // Output: 3000
print(get_setting(”host”, env_vars, config_file)) // Output: default_host

5.5.3 Combining ?? with Other Expressions

Because ?? is an expression, it composes with everything else:
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Listing 5.31: Nil-coalescing in various contexts

let scores = Map::new()
scores["alice"] = 95

// In function arguments
print(scores["bob”] ?? @) // Output: 0

// In arithmetic

let alice_score = scores["alice”] 7?7 @
let bob_score = scores["bob"] ?? @

let total = alice_score + bob_score
print(total) // Output: 95

// Combined with if/else

let grade = if (scores["alice"”] ?? @) >= 90 {
npn

} else {
ng

}

print(grade) // Output: A

?? vs. if/else for Defaults

Use 22 when you have a value that might be nil and want a fallback. Use if/else when you need
to test a condition more complex than nil-ness—like checking whether a number is positive or
a string is non-empty. The ?? operator only checks for nil; it does not treat false, , or " as
missing.

Constant Folding and ??

The compiler’s constant-folding pass (in src/stackcompiler.c) deliberately skips 22 expres-
sions. Because the operator has short-circuit semantics—the right side may have side effects
that should only execute when the left is nil—the compiler does not attempt to evaluate it at
compile time. The same applies to 8& and | |.

5.6 The Pipe Operator

When you chain multiple transformations on a value, code can become deeply nested and hard to
read:
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Listing 5.32: Deeply nested function calls

// Reading inside-out: replace, then trim, then to_upper
let result = to_upper(trim(replace(raw_input, " ", " ")))

You have to read this inside-out: first replace, then trim, then to_upper. The pipe() built-in lets you
write transformations in the order they happen:

Listing 5.33: Using pipe for clarity
let words = [3, 1, 4, 1, 5, 9, 2, 6]

let result = pipe(
words,
larr| arr.filter(|x| x > 3),
larr| arr.map(|x| x * 10),
|arr| arr.sort_by(|la, b| a - b)

print(result) // Output: [40, 50, 60, 90]

pipe(value, fn1, fn2, ...) threads a value through a series of functions from left to right.
It evaluates fn1(value), passes the result to fn2, passes that result to fn3, and so on. The final
function’s return value is the result of the entire pipe() call.

5.6.1 How pipe() Works

The pipe() function is a variadic built-in that accepts a starting value followed by any number of
closures. Each closure receives the result of the previous one:
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Listing 5.34: Step-by-step pipe transformation
let name = pipe(
" hello world ",
|s| s.trim(),
|s| s.replace("world”, "lattice"),
|s| s.to_upper()

print(name) // Output: HELLO LATTICE

This is equivalent to the following sequential code:

Listing 5.35: The same transformations without pipe

let stepl = " hello world "

let step2 = stepl.trim()

let step3 = step2.replace("world”, "lattice")
let name = step3.to_upper()

print(name) // Output: HELLO LATTICE

The pipe version is more compact, and—crucially—it makes the data flow explicit. You read top to
bottom and see each transformation in sequence without introducing intermediate variable names.

5.6.2 Building Data Pipelines

pipe() shines when processing collections:
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Listing 5.36: A data processing pipeline
let transactions = [
["deposit”, 100],
["withdrawal”, 507,
["deposit”, 2007,
["withdrawal”, 301,
["deposit”, 150]

let total_deposits = pipe(
transactions,
|txns| txns.filter(|t| t[@] == "deposit”),
|txns| txns.map(|t] t[1]),
|amounts| amounts.reduce(@, |sum, x| sum + Xx)

print(total_deposits) // Output: 450

Each step of the pipeline is self-contained and readable. If you need to add a step—say, filtering out
deposits below 150—you insert one closure in the chain:

Listing 5.37: Adding a step to the pipeline

let large_deposits = pipe(
transactions,
|txns| txns.filter(|t| t[@] == "deposit”),
|txns| txns.map(|t] t[11),
|amounts| amounts.filter(|a| a >= 150),
|amounts| amounts.reduce(@, |sum, x| sum + Xx)

print(large_deposits) // Output: 350

5.6.3 pipe() with Named Functions

You’re not limited to inline closures. Any function that takes a single argument works:

96



5.6. THE PIPE OPERATOR

Listing 5.38: Using named functions with pipe
fn double(x: Int) -> Int { x * 2 }

fn add_one(x: Int) -> Int { x + 1 }
fn square(x: Int) -> Int { x * x }

let result = pipe(5, double, add_one, square)
print(result) // Output: 121
// 5 ->10 -> 11 -> 121

Under the hood, pipe() is implemented as a native function registered in src/runtime.c. The
implementation deep-clones the initial value, then iterates through each closure argument, calling
it with the current value and replacing the current value with the result. If any argument is not a
closure, pipe() returns nil.

Listing 5.39: Combining named functions and closures in pipe

fn normalize(scores: Array) -> Array {
let max_score = scores.reduce(®, |a, b|] if a>b { a } else { b })
if max_score == @ { return scores }
scores.map(|s| s x 100 / max_score)

let raw_scores = [45, 82, 67, 91, 73]

let report = pipe(
raw_scores,
normalize,
| scores| scores.sort_by(|la, b] b - a),
| scores| scores.map(|s]| "${s}%")

print(report) // Output: ["100%", "90%", "80%", "73%", "49%"]
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pipe() vs. Method Chaining

When working with a single collection type, method chaining (arr.filter(...).map(...))is
often more concise. Use pipe() when you’re combining transformations from different sources,
when intermediate steps involve standalone functions, or when you want to make the data flow
unmistakably clear.

5.7 Putting It All Together

Let’s combine what we’ve learned into a more substantial example—a function that analyzes a list of
student test scores:
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Listing 5.40: Comprehensive control flow example

fn analyze_scores(scores: Array) -> Map {
let results = Map::new()

flux total =
flux count =
flux highest = nil
flux lowest = nil

0
4

for score in scores {
if score < 0 {
continue // skip invalid scores

}

total = total + score

count = count + 1

highest = if highest == nil { score }
else if score > highest { score }
else { highest }

lowest = if lowest == nil { score }
else if score < lowest { score }
else { lowest }

results[”count”] = count

results["total”] = total

results["average”] = if count > @ { total / count } else { @ }
results["highest”] = highest ?? @

results["lowest”] = lowest ?7? @

// Classify grades
flux grade_counts = Map: :new()

grade_counts["A"] = @
grade_counts["B"] = @
grade_counts["C"] = 0
grade_counts["F"] = @

for score in scores {
if score < @ { continue }

let grade = if score >= 90 { "A" }
else if score >= 80 { "B" }
else if score >= 70 { "C" }
else { "F" }

grade_counts[grade] = grade_counts[grade] + 1

}

results["grades”] = grade_counts
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This example exercises for loops, continue to skip invalid data, if/else as expressions for computing
grades and min/max values, and ?? for safe defaults. Notice how every if/else chain produces a value
directly—there’s no need for temporary variables or mutable accumulators beyond the ones that

genuinely need to change.

5.8

Exercises

FizzBuzz with Expressions. Write a for loop over 1. .101 that prints "Fizz" for multiples of
3, "Buzz” for multiples of s, "FizzBuzz” for multiples of both, and the number itself otherwise.
Use if/else as an expression to determine what to print—your print() call should appear
only once.

First Match. Write a function fn first_match(items: Array, predicate: any) -> any that
returns the first element for which predicate(element) is truthy, or nil if no element matches.
Use a for loop and return in your solution.

Config Lookup Chain. Given three maps representing environment variables, a config file,
and hardcoded defaults, write a function fn get_config(key: String, env: Map, config:
Map, defaults: Map) -> any thatlooks up a key in each source using chained ?? operators.

Pipeline Processing. Given an array of strings representing log lines like "2024-01-15 ERROR
disk full”, use pipe() to: (1) filter only lines containing "ERROR", (2) extract the date portion
(the first 10 characters of each line), and (3) collect the unique dates into a sorted array.

Nested Loop Challenge. Write a function that takes an integer n and returns an array of
all pairs [i, jlwheree <= i < j < nandi + jiseven. Use continue to skip pairs where the
sum is odd, and build the result with a flux array.

What’s Next?

We’ve seen how to steer the flow of a program with conditions, loops, and transformations. But all

of our code so far lives at the top level or in small helper functions. In Chapter 6, we’ll dive deep

into Lattice’s function system—defining functions with type annotations, default parameters, and

variadic arguments. We’ll also meet closures, one of Lattice’s most powerful features, and learn how
they capture their surrounding environment to create flexible, reusable abstractions.
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Chapter 6

Functions and Closures

A program without functions is a monologue. It says everything once, from top to bottom, and
there’s no way to reuse a thought. Functions let us name ideas, parameterize them, and compose
them into larger ones. Closures go further—they let functions carry context with them, remembering
the environment where they were born.

In this chapter, we’ll explore how Lattice defines functions, annotates their types, handles default
and variadic parameters, creates closures, and even enforces contracts on function behavior. By the
end, you’ll have the tools to write code that is modular, testable, and expressive.

6.1 Defining Functions with fn

Here’s the simplest function you can write in Lattice:

Listing 6.1: A basic function

fn greet(name: String) -> String {
"Hello, ${name}!”

print(greet(”"Lattice"”)) // Output: Hello, Lattice!

The anatomy is straightforward: fn introduces a function, followed by its name, a parenthesized
parameter list with type annotations, an optional return type after ->, and a body in curly braces.
The last expression in the body becomes the return value—no explicit return needed.
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Function Anatomy

fn name(paraml: Typel, param2: Type2) -> ReturnType {
// body
// last expression is the return value

3

Every parameter must have a type annotation. The return type is optional—if omitted, the
function can return any type.

6.1.1 Functions Are Values

In Lattice, functions are first-class values. You can bind them to variables, store them in arrays, pass
them as arguments, and return them from other functions:

Listing 6.2: Functions as values

fn add(a: Int, b: Int) -> Int { a + b }
fn multiply(a: Int, b: Int) -> Int { a x b }

let operation = add
print(operation(3, 4)) // Output: 7

let ops = [add, multiply]

for op in ops {
print(op(5, 3))

}

// Output: 8 15

When the compiler encounters a function definition, it compiles the body into its own bytecode
chunk and wraps it in a closure value (VAL_CLOSURE). Even named functions are closures under the
hood—they just happen to have a name and no captured variables.

6.1.2 Function Bodies as Expressions

Because Lattice is expression-oriented (Section s.1), a function body can be a single expression, an
if/else chain, or a multi-statement block:
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Listing 6.3: Various function body styles

// Single expression
fn square(x: Int) -> Int { x * x }

// if/else as the body
fn abs_val(x: Int) -> Int {
if x <0 { -x }else { x }

// Multi-statement with implicit return

fn hypotenuse(a: Float, b: Float) -> Float {
let a_sq = a * a
let b_sqg = b * b
(a_sq + b_sq)

In the last example, the variables a_sq and b_sq are local to the function body. The final expression
(a_sq + b_sq) becomes the return value. If a function body ends with a statement rather than an
expression (for instance, a print() call), the function returns unit.

6.1.3 Recursive Functions

Functions can call themselves. Here’s the classic factorial:

Listing 6.4: Recursive factorial
fn factorial(n: Int) -> Int {
if n<=1 ¢
1
} else {
n x factorial(n - 1)
}
}

print(factorial(10)) // Output: 3628800

The VM has a call frame limit (STACKVM_FRAMES_MAX) to prevent runaway recursion from consuming
all memory. If you hit it, you’ll get a "stack overflow” error—a signal to consider an iterative
approach or tail-call optimization patterns.
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6.2 Type Annotations on Parameters and Return Types

Every parameter in a Lattice function must carry a type annotation:

Listing 6.5: Type annotations

fn format_price(amount: Float, currency: String) -> String {
"${currency} ${amount}”

3

print(format_price(29.99, "USD")) // Output: USD 29.99

These annotations serve two purposes. First, they act as documentation: anyone reading the function
signature knows what types to pass. Second, they’re checked at runtime. When you call format_price,
the VM verifies that the first argument is a Float and the second is a String.

6.2.1 How Runtime Type Checking Works

At the start of every compiled function, the compiler emits OP_CHECK_TYPE instructions for each
annotated parameter. Each instruction carries three pieces of information: the parameter’s stack slot,
the expected type name, and an error message template. At runtime, the VM compares the actual
value’s type against the expected type. If they don’t match, you get a clear error:

Listing 6.6: Type mismatch error

fn double(x: Int) -> Int { x * 2 }
double("hello”)
// Error: function 'double' parameter 'x' expects type Int, got String

The any Type

If a parameter can accept any type, annotate it with any (or Any).
The compiler skips the type check for that parameter entirely:

fn identity(x: any) -> any { x }
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6.2.2 Return Type Checking

When you specify a return type with ->, the compiler emits an OP_CHECK_RETURN_TYPE instruction
just before the function returns. This catches bugs where a function promises one type but delivers
another:

Listing 6.7: Return type checking
fn get_count(items: Array) -> Int {
if items.len() == 0 {
"empty” // Oops! Returning a String
} else {
items.len()
}
}

// Error: function 'get_count' return type expects Int, got String

The error message even includes a “did you mean?” suggestion if the type name looks like a misspelling
of a known type—a quality-of-life feature you can see implemented in src/stackvm. c.

6.2.3 Common Type Names

Type Annotation Matches

Int Integer values

Float Floating-point values
String String values

Bool true or false

Array Array values

Map Map values

Set Set values

Range Range values

Fn Closure/function values
any / Any Any type (no check)

Table 6.1: Built-in type annotations
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Type Annotations Are Not Static Types

Lattice’s type annotations are checked at runtime, not compile time. This gives you safety
without the overhead of a full static type system. For stricter checking at compile time, see
Strict Mode in Chapter 14.

6.3 Default Parameter Values and Variadic Parameters

Real-world functions often need flexibility in how they’re called. Lattice provides two mechanisms:
default values for optional parameters and variadic parameters for variable-length argument lists.

6.3.1 Default Parameter Values

A parameter can specify a default value using =:

Listing 6.8: Default parameter values

fn connect(host: String, port: Int = 8080, secure: Bool = false) -> String {
let protocol = if secure { "https” } else { "http" }
"${protocol}://${host}: ${port}”

}
print(connect("example.com”)) // Output: http://example.com: 8080
print(connect("example.com”, 443)) // Output: http://example.com:443

print(connect("example.com”, 443, true)) // Output: https://example.com:443

When you omit arguments with defaults, the VM fills them in automatically. The defaults are
evaluated at compile time by the compiler’s constant-folding evaluator (const_eval_expr) and stored
on the function’s bytecode chunk. At call time, stackvm_adjust_call_args pushes the default
values onto the stack for any missing arguments.

Default Values Are Computed Once

Default values are evaluated when the function is compiled, not each time it’s called. This
means defaults should be constant expressions—literals, simple arithmetic, or string values.
Don’t rely on a default value being recomputed on every call.

Parameters with defaults must come after required parameters:
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Listing 6.9: Required parameters before defaults
fn create_user(name: String, role: String = "viewer”, active: Bool = true) -> Map {
let user = Map: :new()
user["name”] = name
user["role"] = role
user["active”] = active
user

let admin = create_user("Alice”, "admin")
let viewer = create_user("Bob")

print(admin["role"]) // Output: admin
print(viewer["role"]) // Output: viewer
print(viewer["active”]) // Output: true

6.3.2 Variadic Parameters

A variadic parameter, marked with . . ., collects any remaining arguments into an array:

Listing 6.10: Variadic parameters
fn log_message(level: String, ...messages: any) -> String {

let parts = messages.join(", ")
"[${level}] ${parts}”

print(log_message("INFO", "Server started"))
// Output: [INFO] Server started

print(log_message("ERROR"”, "Connection failed”, "retrying”, "attempt 3"))
// Output: [ERROR] Connection failed, retrying, attempt 3

The variadic parameter must be the last parameter. When the VM processes the call, stackvm_adjust_call_args
gathers all extra arguments beyond the required count, bundles them into an array, and pushes that

array as the final argument. Inside the function body, the variadic parameter behaves like a normal

Array.
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Listing 6.11: Variadic math functions

fn sum(...numbers: Int) -> Int {
numbers.reduce(@, |acc, n| acc + n)

3

fn average(...numbers: Float) -> Float {
let total = numbers.reduce(9.0, |acc, n| acc + n)
total / numbers.len()

print(sum(1, 2, 3, 4, 5)) // Output: 15
print(average(85.0, 92.0, 78.0)) // Output: 85.0

6.3.3 Combining Defaults and Variadics

You can use both defaults and variadics in the same function, as long as the variadic parameter comes
last:

Listing 6.12: Defaults and variadics together

fn build_query(table: String, limit: Int = 100, ...conditions: String) -> String {
flux query = "SELECT * FROM ${tablel}"
if conditions.len() > 0 {
let where_clause = conditions.join("” AND ")
query = query + " WHERE ${where_clause}”
}
query + " LIMIT ${limit}”
}

print(build_query("users"”))
// Output: SELECT * FROM users LIMIT 100

print(build_query(”orders”, 10, "status = 'active'”, "total > 50"))
// Output: SELECT * FROM orders WHERE status = 'active' AND total > 50 LIMIT 10

The VM determines the minimum number of required arguments as: total parameters minus defaults
minus the variadic slot. If you provide fewer arguments than this minimum, or more than the non-
variadic count when there’s no variadic parameter, you’ll get a clear error.
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6.4 Closures: |x]| x * 2

A closure is an anonymous function—a function without a name. In Lattice, closures use the pipe
syntax:

Listing 6.13: Basic closure syntax

let double = |x| x x 2
let add = |a, b|] a + b

print(double(21)) // Output: 42
print(add(10, 20)) // Output: 30

The syntax is compact: parameters between | pipes, followed by the body. For single-expression
closures, no braces are needed. For multi-line bodies, use curly braces:

Listing 6.14: Multi-line closures

let format_name = |first, last| {
let full = "${first} ${last}”
full. to_upper()

}

print(format_name("jane", "doe")) // Output: JANE DOE
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Closure Syntax

// Single expression
|params| expression

// Multi-statement body
|params| { statements; last_expression }

// No parameters

[| { body }

Closures in Lattice do not require type annotations on their parameters, unlike named

functions. This keeps them lightweight for use in callbacks, iterators, and higher-order
functions.

6.4.1 Closures with Default and Variadic Parameters

Closures support the same default and variadic features as named functions:

Listing 6.15: Closures with defaults and variadics

let greet = |name, greeting = "Hello"| "${greeting}, ${namel}!”
print(greet("World"”)) // Output: Hello, World!
print(greet("World”, "Howdy")) // Output: Howdy, World!

let join_all = |separator, ...parts| parts.join(separator)
print(join_all("-", "2024", "e1"”, "15")) // Output: 2024-01-15

6.4.2 Where Closures Shine

Closures are the workhorses of Lattice’s collection methods. You've already seen them with filter,
map, and reduce in Chapter 5. They’re used anywhere you need a short, inline function:
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Listing 6.16: Closures in collection methods

let numbers = [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]

let evens = numbers.filter(|n| n % 2 == 0)
print(evens) // Output: [2, 4, 6, 8, 10]

let doubled = numbers.map(|n| n * 2)
print(doubled) // Output: [2, 4, 6, 8, 10, 12, 14, 16, 18, 20]

let sum = numbers.reduce(@, |acc, n| acc + n)
print(sum) // Output: 55

let sorted = ["banana”, "apple”, "cherry"].sort_by(la, b| {
ifa<b{-13}elseifa>b {13} else{ 0}

D)
print(sorted) // Output: ["apple”, "banana”, "cherry"]

6.5 Closures Capture Their Environment

What makes closures special is not that they’re anonymous—it’s that they remember the environment
where they were created. Variables from an enclosing scope that a closure references are called upvalues:

Listing 6.17: Closures capture enclosing variables

fn make_counter() -> Fn {
flux count = @
I {
count = count + 1
count

let counter = make_counter()

print(counter()) // Output: 1
print(counter()) // Output: 2
print(counter()) // Output: 3
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The closure created inside make_counter captures the flux count variable. Even after make_counter
has returned, the closure retains a reference to count and can modify it. Each call to make_counter
creates a new, independent counter.

An upvalue is a reference to a variable in an enclosing function’s scope that a closure captures.
When the enclosing function returns, the VM “closes” the upvalue—copying the variable’s
current value to heap storage so the closure can continue to access it.

6.5.1 How Upvalue Capture Works Under the Hood

The implementation involves three stages, visible in src/stackcompiler.c and src/stackvm. c:

1. Compile time: When the compiler sees a variable reference that doesn’t resolve in the current
function, it walks up the enclosing compiler chain via resolve_upvalue. If the variable is a
local in the parent function, it marks that local as “captured” and records it with is_local =
true. If it’s an upvalue of the parent, it chains through with is_local = false. The upvalue
descriptors are emitted after the OP_CLOSURE instruction.

2. Closure creation (runtime): When the VM executes OP_CLOSURE, it reads the upvalue descrip-
tors. For each is_local = true entry, it calls capture_upvalue which creates an 0bjupvalue
pointing at the live stack slot. For is_local = false, it reuses the parent frame’s upvalue. The
VM maintains a linked list of open upvalues, sorted by stack location, to ensure that multiple
closures capturing the same variable share the same ObjUpvalue.

3. Closing (when the scope exits): When a function returns or a scope ends, the VM calls
close_upvalues, which walks the open upvalue list. For each upvalue whose location is about
to be popped from the stack, it deep-clones the value into the 0bjupvalue’s closed field and
redirects the pointer. The closure now reads from heap storage instead of the stack.

This mechanism ensures that closures see the Jatest value of captured variables (not a snapshot from
creation time), and that modifications through one closure are visible to others sharing the same
upvalue.
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Listing 6.18: Multiple closures sharing an upvalue

fn make_pair() -> Array {

flux value = @

let getter = || value

let setter = |v| { value = v }
[getter, setter]

}

let pair = make_pair()
let get = pair[0]
let set = pair[1]

print(get()) // Output: 0
set(42)
print(get()) // Output: 42

Both getter and setter capture the same flux value variable. When set (42) modifies it, the change
is visible through get ().

6.5.2 Closuresin Loops

A common pitfall in other languages is creating closures inside loops and finding they all share the
same variable. Lattice avoids this because for loop variables are fresh bindings on each iteration:

Listing 6.19: Closures in loops capture correctly

let multipliers = []
for i in 1..5 {
multipliers.push(|x| x * i)

}

print(multipliers[0](1@)) // Output: 10 (1 * 10)
print(multipliers[1](1@)) // Output: 20 (2 * 10)
print(multipliers[2](10)) // Output: 30 (3 * 10)
print(multipliers[3](10)) // Output: 40 (4 * 10)

Each closure captures its own i. The compiler’s upvalue handling ensures that when the loop variable
is popped at the end of each iteration, any closures that captured it get their own closed-over copy.
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Closures over flux Variables in while Loops

In a while loop, a flux counter variable is 7ot rebound each iteration—it’s the same mu-
table slot throughout. Closures created in such loops will all share the same variable. If
you need per-iteration capture in a while loop, create a let binding inside the loop body:

flux i = @

while i < 5 {
let captured_i = i // fresh binding each iteration
callbacks.push(|x| x * captured_i)
i=1i+1

6.6 Higher-Order Functions

A higher-order function is one that takes a function as an argument or returns a function as its result.
We’ve seen the “takes a function” pattern extensively with collection methods. Now let’s explore the
“returns a function” pattern.

6.6.1 Functions That Return Functions

Listing 6.20: A function factory

fn make_multiplier(factor: Int) -> Fn {
x| x * factor

let triple = make_multiplier(3)
let times_ten = make_multiplier(10)

print(triple(7)) // Output: 21
print(times_ten(7)) // Output: 70

Each call to make_multiplier produces a new closure that remembers its factor. This pattern—a

function that creates specialized functions—is sometimes called a function factory.

6.6.2 Callbacks and Event Handlers

Higher-order functions are natural for callback patterns:
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Listing 6.21: Processing with callbacks

fn process_items(items: Array, on_success: Fn, on_error: Fn) -> Array {
flux results = []
for item in items {
if item > 0 {
results.push(on_success(item))
} else {
results.push(on_error(item))
3
}

results

let data = [10, -3, 25, -7, 42]
let processed = process_items(

data,
[x] "OK: ${x3}",
|x] "ERR: invalid value ${x}"
)
print(processed)
// Output: ["OK: 10", "ERR: invalid value -3", "OK: 25",
// "ERR: invalid value -7", "OK: 42"]

6.6.3 Function Composition

Lattice provides a built-in compose function for right-to-left composition:

Listing 6.22: Composing functions

fn add_one(x: Int) -> Int { x + 1 }
fn double(x: Int) -> Int { x * 2 }

// compose(f, g) returns a function where f(g(x))
let double_then_add = compose(add_one, double)
print(double_then_add(5)) // Output: 11 (double(5)=10, add_one(10)=11)

let add_then_double = compose(double, add_one)
print(add_then_double(5)) // Output: 12 (add_one(5)=6, double(6)=12)

15



CHAPTER 6. FUNCTIONS AND CLOSURES

For left-to-right composition (which often reads more naturally), use pipe () from Section s.6:

Listing 6.23: pipe for left-to-right composition

let result = pipe(5, add_one, double)
print(result) // Output: 12 (add_one(5)=6, double(6)=12)

6.6.4 Building Abstractions with Higher-Order Functions

Higher-order functions let you abstract over patterns, not just values:

Listing 6.24: Abstracting the retry pattern

fn with_retry(action: Fn, max_attempts: Int = 3) -> any {
flux attempt = 1
loop {
let result = try {
action()
} catch err {
if attempt >= max_attempts {
return "Failed after ${max_attempts} attempts: ${err}”
}
attempt = attempt + 1
continue
}

return result

// Use it to wrap any fallible operation
let data = with_retry(|] {

// Some operation that might fail

42

1))
print(data) // Output: 42
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Listing 6.25: A memoization wrapper

fn memoize(func: Fn) -> Fn {
flux cache = Map: :new()
larg| {
let key = to_string(arg)
if cache.has(key) {
cachelkey]
} else {
let result = func(arg)
cache[key] = result
result

fn slow_square(x: Int) -> Int {
print("Computing ${x3}"2...")
X * X

let fast_square = memoize(slow_square)

print(fast_square(5)) // Output: Computing 5"2...

\n 25

print(fast_square(5)) // Output: 25 (cached, no "Computing” message)

print(fast_square(3)) // Output: Computing 3*2...

\n 9

The memoize function creates a closure that wraps the original function with a cache. The cache isa
captured flux variable shared across all calls to the memoized function.

6.7

require and ensure — Contracts on Your Functions

Lattice supports design by contract: you can attach preconditions (require) and postconditions
(ensure) to functions. These are runtime checks that guard against incorrect usage and document

the function’s expectations.

6.7.1 Preconditions with require

A require clause checks a condition at the start of the function, before the body executes:
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Listing 6.26: require preconditions

fn withdraw(balance: Float, amount: Float) -> Float
require amount > @, "withdrawal amount must be positive”
require amount <= balance, "insufficient funds”

{

balance - amount

print(withdraw(100.0, 30.0)) // Output: 70.0
withdraw(100.0, -5.0)
// Error: require failed in 'withdraw': withdrawal amount must be positive

The syntax places require clauses between the function signature and the opening brace. Each clause
has a boolean condition and an optional error message string. If the condition is false, the function
throws an error immediately.

Under the hood, the compiler translates each require into a conditional: compile the condition
expression, emit OP_JUMP_IF_TRUE to skip the error path, then emit the error message as an OP_THROW.
This happens after parameter type checks but before the function body.

6.7.2 Postconditions with ensure

An ensure clause checks a condition about the rezurn value after the body executes:

Listing 6.27: ensure postconditions

fn abs_val(x: Float) -> Float
ensure |result| result >= 0.0, "absolute value must be non-negative”

{
if x < 0.0 { -x } else { x }

print(abs_val(-42.0)) // Output: 42.0
print(abs_val(7.90)) // Output: 7.0

The ensure clause takes a closure that receives the return value. The closure must return a truthy value
for the check to pass. This happens right before the function returns—the compiler emits the ensure
check after the body but before OP_RETURN, so it applies to both implicit and explicit returns.
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Listing 6.28: Multiple contracts on a function

fn divide(numerator: Float, denominator: Float) -> Float
require denominator != 0.0, "cannot divide by zero”
require numerator >= 0.0, "numerator must be non-negative”
ensure |r| r >= 0.0, "result must be non-negative”

numerator / denominator

print(divide(10.0, 3.09)) // Output: 3.3333...
divide(10.0, 0.0)
// Error: require failed in 'divide': cannot divide by zero

6.7.3 When to Use Contracts

Contracts work best as:

* Guards on public API boundaries. Validate inputs at the entry points of modules and
libraries.

* Invariant documentation. Make implicit assumptions explicit: “this function assumes a
positive input” becomes a require that both documents and enforces the constraint.

* Safety nets during development. Catch logic errors early—if an ensure fails, you know the
function’s implementation has a bug.

Contracts vs. Error Handling

Contracts check for programmer errors—conditions that should never happen if the code is
correct. For expected failures (file not found, network timeout, invalid user input), use Lattice’s
error handling mechanisms from Chapter 0.

The contract system is compiled into the same bytecode as normal error handling: require com-
piles to a conditional 0P_THROW, and ensure compiles to a closure call whose result is checked with
OP_JUMP_IF_TRUE. You can see the detailed logic in emit_ensure_checks and compile_function_body
in src/stackcompiler.c. There’s no runtime overhead when a contract passes beyond a comparison
and a branch.
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6.8 Putting It All Together

Let’s build something more substantial: a function pipeline builder that lets you chain operations
with validation.
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Listing 6.29: A validated pipeline builder

fn create_pipeline(...transforms: Fn) -> Fn {
linput| {
flux current = input
for transform in transforms {
current = transform(current)

}

current

fn clamp(min_val: Float, max_val: Float) -> Fn
require min_val <= max_val, "min must be <= max"

{
x| {
if x < min_val { min_val }
else if x > max_val { max_val }
else { x }
}
}
fn scale(factor: Float) -> Fn
require factor != 0.0, "scale factor cannot be zero”
{
|x] x x factor
}

fn offset(amount: Float) -> Fn {
x| x + amount

// Build a temperature converter: Celsius to Fahrenheit, clamped to 32-212
let celsius_to_fahrenheit = create_pipeline(

scale(9.0 / 5.90),

offset(32.0),

clamp(32.0, 212.0)

let temperatures = [0.0, 25.0, 100.0, 150.0, -40.0]

for temp in temperatures {
let converted = celsius_to_fahrenheit(temp)
print("${temp}C = ${converted}F")

}

// Output:

// 0.0C = 32.0F

// 25.0C = 77.0F

// 100.0C = 212.0F

// 150.0C = 212.0F

// -40.0C = 32.0F
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This example combines closures (returned by clamp, scale, of fset), variadic parameters (in create_pipeline),
upvalue capture (each returned closure remembers its parameters), and contracts (validating inputs
to clamp and scale).

6.9 Exercises

1. once(). Write a function fn once(f: Fn) -> Fn that returns a wrapper which calls f on the
first invocation and returns the cached result on subsequent calls.

2. Partial Application. Write a function fn partial(f: Fn, first_arg: any) -> Fn that re-
turns a new function with the first argument pre-filled. For example, partial(add, 5)(3)
should return 8.

3. Validated List. Write a function fn make_list(validator: Fn) -> Map that returns a map
with "add” and "items” closures. The "add” closure should only add items that pass the valida-
tor. Use upvalue capture to share state between the closures.

4. Function Pipeline with Error Handling. Extend the pipeline pattern by writing fn
safe_pipeline(...transforms: Fn) -> Fn that wraps each transform in a try/catch. If any
transform fails, the pipeline should return the error message instead of crashing.

5. Contract Challenge. Write a function fn binary_search that searches a sorted array for a
value. Add require contracts to verify the array is sorted and the target is of the correct type.
Add an ensure contract to verify that if the function returns a non-negative index, the element
at that index equals the target.

What’s Next?

With functions and closures in our toolkit, we’re ready to work with Lattice’s rich collection types. In
Chapter 7, we’ll explore arrays, maps, sets, and tuples in depth—including the closure-based methods
like map, filter, and reduce that make collections so powerful, and the spread operator that makes
working with them a breeze.
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Chapter 7

Arrays, Maps, Sets, and Friends

Every program of any real size works with collections of data—lists of users, tables of configuration,
sets of unique tags. Lattice provides four core collection types: arrays for ordered sequences, maps for
key-value associations, sets for unique elements, and tuples for fixed-length heterogeneous groups.

What makes these collections a joy to use is Lattice’s rich method vocabulary. Arrays alone carry over
two dozen methods, from the essential push and pop to powerful closure-based transforms like map,
filter, and reduce. Let’s explore each collection type from creation through advanced usage.

7.1 Arrays: Creation, Indexing, and Mutation

An array is an ordered, growable sequence of values. Creating one is straightforward:

Listing 7.1: Creating arrays

let numbers = [1, 2, 3, 4, 5]
let mixed = [42, "hello”, true, 3.14]
let empty = []

print(numbers) // Output: [1, 2, 3, 4, 5]
print(mixed) // Output: [42, "hello”, true, 3.14]
print(empty) // Output: []

Arrays in Lattice are heterogeneous—a single array can hold values of difterent types. Internally (see
include/value.h), an array stores a pointer to a contiguous bufter of LatValue elements along with
the current length and capacity, growing as needed.
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7.1.1 Indexing and Slicing

Elements are accessed by zero-based index:

Listing 7.2: Array indexing

let colors = ["red”, "green", "blue”, "yellow"]

print(colors[@]) // Output: red
print(colors[2]) // Output: blue

// Negative indices count from the end

print(colors[-1]) // Output: yellow
print(colors[-2]) // Output: blue

Slicing with ranges (Section 5.4.3) extracts sub-arrays:

Listing 7.3: Array slicing

].et 1etters = I:”a“, ”b", ”C“, ”d", nen’ nf:n:l

let first_three = letters[0..3]
print(first_three) // Output: ["a", "b", "c"]

let middle = letters[2..5]
print(middle) // Output: ["c”, "d", "e"]

7.1.2 Mutation with push and pop
Arrays can be modified in place when they’re in a mutable phase:
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Listing 7.4: push and pop

let fruits = ["apple”, "banana"]

fruits.push("cherry")
print(fruits) // Output: ["apple”, "banana”, "cherry"]

let removed = fruits.pop()
print(removed) // Output: cherry
print(fruits) // Output: ["apple”, "banana"]

The push method appends an element to the end, and pop removes and returns the last element (or
nil if the array is empty). Both methods respect phase constraints—if an array is in the crystal phase
(fix), attempting to push or pop will produce an error.

Listing 7.s: Building arrays with push

flux primes = []
for n in 2..50 {
flux is_prime = true
for divisor in 2..n {
if n % divisor == 0 {
is_prime = false
break
3
}
if is_prime {
primes.push(n)
}

3
print(primes) // Output: [2, 3, 5, 7, 11, 13, 17, 19, 23, 29, 31, 37, 41, 43, 47]

7.1.3 Essential Non-Closure Methods

Here are the methods that don’t take closures—the bread and butter of array manipulation:
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let items =

print(items.
print(items.
print(items.
print(items.
print(items.
print(items.
print(items.

let numbers

Listing 7.6: Array inspection methods

[10, 20, 30, 20, 40]

len())
contains(20))
contains(99))
index_of (30))
index_of(99))
first())
last())

//
//
//
//
//
//
//

OQutput: 5
Output: true
Output: false
Output: 2
Qutput: -1
OQutput: 10
Output: 40

Listing 7.7: Array transformation methods

=103, 1,4,1,5, 9,2, 6]

print(numbers.
print(numbers.
print(numbers.
print(numbers.
print(numbers.
print(numbers.

let alphabet = ["a",

reverse())
unique())
sort())
sum())
min())
max())

print(alphabet.take(3))
print(alphabet.drop(4))
print(alphabet.chunk(3))
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// Output: [6, 2, 9, 5, 1, 4, 1, 3]
// Output: [3, 1, 4, 5, 9, 2, 6]

// Output: [1, 1, 2, 3, 4, 5, 6, 9]
// Output: 31

// Output: 1

// Output: 9

Listing 7.8: Array subsetting methods

b wn
&’y ey

// Output:
// Output:
// Output:

”e”, "f:", ”g”]
l:uauy ”b”, ”C”:l
l:vleny ”'F“, ugu:l
[[”a“y ”b“, ”C”:l, l:”d”, ”e“,

"1, ["g"1]



7.2. CLOSURE-BASED ARRAY METHODS

Listing 7.9: join, enumerate, and zip

" n

let words = ["Lattice"”, "is", "great"]
print(words.join(" ")) // Output: Lattice is great
print(words. join("-")) // Output: Lattice-is-great

let items = ["apple”, "banana"”, "cherry"]
print(items.enumerate())
// Output: [[0, "apple”], [1, "banana”l, [2, "cherry"]]

let keys = ["name”, "age", "city"]

let vals = ["Alice"”, 30, "Paris"]

print(keys.zip(vals))

// Output: [["name", "Alice"], ["age", 301, ["city", "Paris”"]]

sort() vs. sort_by()

The sort () method (no closure) works only with homogeneous arrays of Int, Float, or String.
It uses the natural ordering (ascending numeric, lexicographic for strings). For custom sorting
logic or heterogeneous data, use sort_by() with a comparator closure.

7.2 Closure-Based Array Methods

The real power of Lattice’s arrays comes from methods that accept closures. These let you express
transformations declaratively—saying what you want rather than how to compute it.

7.2.1 map — Transform Every Element

map applies a closure to each element and collects the results:
Listing 7.10: Mapping over arrays
let prices = [10.0, 25.0, 7.5, 42.0]

let with_tax = prices.map(|p| p * 1.08)
print(with_tax) // Output: [10.8, 27.0, 8.1, 45.36]

let labels = prices.map(|p| "$${p}")
print(labels) // Output: ["$10.0", "$25.0", "$7.5", "$42.0"]
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The original array is untouched—map always returns a new array.

7.2.2 filter — Keep Matching Elements

filter returns a new array containing only elements for which the closure returns true:

Listing 7.11: Filtering arrays
let temperatures = [36.5, 37.2, 38.8, 36.9, 39.1, 37.0]

let fevers = temperatures.filter(|t]| t > 37.5)
print(fevers) // Output: [38.8, 39.1]

let words = ["hello”, "a", "Lattice”, "is"”, "wonderful"]

let long_words = words.filter(|w| w.len() > 3)
print(long_words) // Output: ["hello”, "Lattice”, "wonderful”]

7.2.3 reduce — Collapse to a Single Value

reduce folds an array into a single value using an accumulator:

Listing 7.12: Reducing arrays
let numbers = [1, 2, 3, 4, 5]
// Sum with explicit initial value

let sum = numbers.reduce(@, |acc, n| acc + n)
print(sum) // Output: 15

// Product
let product = numbers.reduce(1, |acc, n| acc * n)

print(product) // Output: 120

// Build a string

let words = ["the", "quick”, "brown", "fox"]
let sentence = words.reduce(""”, |acc, w| {

if acc == "" { w } else { "${acc} ${w}" }
1))

print(sentence) // Output: the quick brown fox
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The first argument to reduce is the initial accumulator value. The closure receives two arguments:
the current accumulator and the next element. If you omit the initial value, the first element becomes
the accumulator and iteration starts from the second.

7.2.4 sort_by — Custom Sorting

sort_by sorts an array using a comparator closure. The closure takes two elements and should return
a negative number if the first should come before the second, positive if after, and zero if equal:

Listing 7.13: Custom sorting

let people = [
["Alice”, 301,
["Charlie", 251,
["Bob", 35]

// Sort by age (second element)

let by_age = people.sort_by(|a, b| a[1] - b[1])
print(by_age)

// Output: [["Charlie”, 25], ["Alice", 30], ["Bob"”, 35]]

// Sort by name length, then alphabetically
let names = ["Alice”, "Bob"”, "Charlie"”, "Jo", "Eve"]
let sorted = names.sort_by(|a, b| {
let diff = a.len() - b.len()
if diff != 0 { diff }
else if a<b { -1}
else if a>b {1}
else { 0 }
1))
print(sorted) // Output: ["Bo", "Jo"”, "Eve"”, "Alice", "Charlie"] -- wait

7.2.5 group_by — Categorize Elements

group_by partitions an array into a map based on a key function:
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Listing 7.14: Grouping elements

let words = ["apple”, "avocado”, "banana", "blueberry”, "cherry", "coconut"]

let by_first_letter = words.group_by(|w| w[0@..1]1)
print(by_first_letter)

// Output: {"a": ["apple”, "avocado"], "b": ["banana”, "blueberry"],
// "c": ["cherry"”, "coconut”]}

let numbers = [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]

let parity = numbers.group_by(|n| if n % 2 == @ { "even” } else { "odd" })
print(parity)

// Output: {"odd": [1, 3, 5, 7, 91, "even": [2, 4, 6, 8, 10]}

7.2.6 More Closure Methods

Listing 7.15: find, any, all

let inventory = [
["widget"”, 1501,
["gadget”, @1,
["doohickey"”, 427,
["thingamajig", 7]

// find: first matching element
let out_of_stock = inventory.find(|item| item[1] == @)
print(out_of_stock) // Output: ["gadget”, 0]

// find_index: index of first match
let idx = inventory.find_index(|item| item[@] == "doohickey")
print(idx) // Output: 2

// any: at least one match?
let has_low_stock = inventory.any(|item| item[1] < 10)
print(has_low_stock) // Output: true

// all: every element matches?

let all_in_stock = inventory.all(|item| item[1] > @)
print(all_in_stock) // Output: false
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Both any and all short-circuit: any stops at the first true, and all stops at the first false.

Listing 7.16: flat_map, each, and partition

// flat_map: map then flatten one level

let sentences = ["hello world”, "good morning"]

let words = sentences.flat_map(|s| s.split(" "))

print(words) // Output: ["hello”, "world”, "good", "morning"]

// each: side effects only (returns unit)
[1, 2, 3].each(|n| print("Item: ${n}"))
// Output: Item: 1 \n Item: 2 \n Item: 3

// partition: split into [matching, non-matching]

let nums = [1, 2, 3, 4, 5, 6, 7, 8]

let result = nums.partition(|n| n % 2 == @)
print(result) // Output: [[2, 4, 6, 8], [1, 3, 5, 71]

Chaining Methods

You can chain closure methods to build expressive data transformations:

let result = data
filter(|x| x > @)
.map(|x| x * 2)
.sort_by(|a, b| a - b)
.take(5)

Each method returns a new array, so the chain flows naturally from left to right.

7.3 Non-Closure Array Methods Reference

7.4 The Spread Operator ...

The spread operator . .. unpacks an array into another array:
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Method Returns Description

.len() Int Number of elements
.contains(v) Bool Whether array contains v
.index_of(v) Int Index of first v, or-1

First() Any First element (or unit)
.last() Any Last element (or unit)
.reverse() Array New reversed array

.unique() Array New array without duplicates
.sort() Array New sorted array (natural order)
.flatten() Array Flatten one level of nesting
.join(sep) String Elements joined by separator
.zip(other)  Array Pairs with another array
.enumerate() Array [index, value] pahs

.take(n) Array First n elements

.drop(n) Array Skip first n elements

.chunk(n) Array Sub-arrays of size n

.sum() Number Sum of numeric elements
.min() Number Smallest element

.max() Number Largest element

.push(v) Unit Append element (mutates)
.popQ) Any Remove and return last (mutates)

Table 7.1: Non-closure array methods

Listing 7.17: Spread operator basics

let front = [1, 2, 3]
let back = [7, 8, 9]

let combined = [...front, 4, 5, 6, ...back]
print(combined) // Output: [1, 2, 3, 4, 5, 6, 7, 8, 9]

Under the hood, when the compiler sees a spread expression (EXPR_SPREAD) inside an array literal, it
emits the elements normally, builds the array with 0P_BUILD_ARRAY, and then emits OP_ARRAY_FLATTEN
to flatten one level of nesting. This means spread elements are expanded into the containing array.
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Listing 7.18: Common spread patterns

// Prepending and appending

let items = [2, 3, 4]

let with_bookends = [1, ...items, 5]
print(with_bookends) // Output: [1, 2, 3, 4, 5]

// Merging multiple arrays

let a = [1, 2]

let b = [3, 4]

let ¢ = [5, 6]

let merged = [...a, ...b, ...c]
print(merged) // Output: [1, 2, 3, 4, 5, 6]

// Creating a copy with modifications

let original = ["red”, "green"”, "blue"]

let extended = [...original, "yellow”, "purple”]

print(extended) // Output: ["red”, "green”, "blue"”, "yellow”, "purple”]

Spread Only Works in Array Literals

The spread operator . .. works inside array literal brackets [ . ..1]. Itis not a general-purpose
operator that can be used in arbitrary expressions. For function arguments, the variadic . ..
syntax has a different meaning (see Section 6.3.2).

7.5 Maps

A map (also known as a dictionary or hash table) stores key-value pairs. In Lattice, maps are created
with Map: :new() and populated via index assignment:

Listing 7.19: Creating and populating maps

let user = Map: :new()

user["name”] = "Alice”
user["age"] = 30
user["email”] = "alice@example.com"”

print(user["name"]) // Output: Alice
print(user["age"]) // Output: 30
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Map keys in Lattice are strings internally. When you use a non-string value as a key, it’s converted
to its string representation. This means m[42] and m["42"] refer to the same entry.

7.5.1 Map Methods

Listing 7.20: Core map methods

let config = Map::new()
config["host"] = "localhost”
config["port"] = 8080
config["debug"] = true

// Checking keys
print(config.has("host")) // Output: true
print(config.has("timeout”)) // Output: false

// Safe access with .get()
print(config.get("host")) // Output: localhost
print(config.get("timeout”)) // Output: nil

// Size
print(config.len()) // Output: 3

Listing 7.21: keys, values, and entries

let scores = Map: :new()
scores["Alice"] = 95
scores["Bob"] = 82
scores["Charlie”] = 91

print(scores.keys()) // Output: ["Alice", "Bob", "Charlie"]
print(scores.values()) // Output: [95, 82, 91]
print(scores.entries())

// Output: [["Alice”, 951, ["Bob", 821, ["Charlie”, 91]]
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Listing 7.22: Removing keys and merging maps

let defaults = Map::new()

defaults["theme”] = "light”
defaults["language”] = "en"
defaults["font_size"] = 14

let user_prefs = Map: :new()
user_prefs["theme"] = "dark"
user_prefs["font_size"] = 16

// merge: user preferences override defaults
defaults.merge(user_prefs)
print(defaults["theme"]) // Output: dark
print(defaults[”language”]) // Output: en
print(defaults["font_size"]) // Output: 16

// remove
defaults.remove("”language"”)
print(defaults.has("language”)) // Output: false

7.5.2 Iterating Over Maps

You can iterate over a map’s entries, keys, or values:
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Listing 7.23: Iterating over maps

let inventory = Map::new()
inventory["apples”] = 50

inventory["oranges”] = 30
inventory["bananas"] = 45

// Iterate over entries

for entry in inventory.entries() {
let item = entry[0Q]
let count = entry[1]
print("${item}: ${count} in stock")

}

// Iterate over keys

for key in inventory.keys() {
print("We carry: ${key}")

}

7.5.3 Maps as Lightweight Objects

Until you learn about structs (Chapter 15), maps serve as a convenient way to group related data:

Listing 7.24: Maps as ad-hoc objects

fn create_point(x: Float, y: Float) -> Map {
let point = Map::new()
point["x"] = x
point["y"] =y
point

}

fn distance(pl: Map, p2: Map) -> Float {
let dx = p1["x"] - p2["x"]
1et dy = p'l[”yll] - pz[ﬂy”]
(dx * dx + dy * dy)

let origin = create_point(0.0, 0.0)
let target = create_point(3.0, 4.0)
print(distance(origin, target)) // Output: 25.0
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Method Returns Description

.len() Int Number of key-value pairs
.has(key) Bool Whether key exists

.get(key) Any Value for key, or nil

.keysQ) Array All keys as array

.values() Array All values as array

.entries() Array [key, value] pahs
.remove(key)  Unit Remove key-value pair
.merge(other) Unit Merge another map (mutates)

7.6 Sets

Table 7.2: Map methods

A set is an unordered collection of unique elements. Lattice sets are created from arrays using

Set::new():

Listing 7.25: Creating sets

let colors = Set::new()
colors.add("red")
colors.add("green”)
colors.add("blue™)
colors.add("red"”) // duplicate,

ignored

print(colors) // Output: {red, green, blue}

print(colors.len()) // Output: 3

7.6.1 SetOperations

Sets support the classic mathematical operations:
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Listing 7.26: Set operations

let frontend = Set: :new()
frontend.add("Alice")
frontend.add("Bob")
frontend.add("Charlie")

let backend = Set::new()
backend.add("Bob")
backend.add("Diana")
backend.add("Eve")

// Union: all members of either team
let all_devs = frontend.union(backend)
print(all_devs) // Output: {Alice, Bob, Charlie, Diana, Eve}

// Intersection: members of both teams
let fullstack = frontend.intersection(backend)
print(fullstack) // Output: {Bob}

// Difference: frontend-only developers
let frontend_only = frontend.difference(backend)
print(frontend_only) // Output: {Alice, Charlie}

// Symmetric difference: in one team but not both

let specialists = frontend.symmetric_difference(backend)
print(specialists) // Output: {Alice, Charlie, Diana, Eve}
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7.6.2 Subset and Superset Testing

Listing 7.27: Subset and superset testing

let required_skills = Set: :new()
required_skills.add("Python")
required_skills.add("SQL")

let candidate_skills = Set: :new()
candidate_skills.add("Python")
candidate_skills.add("SQL")
candidate_skills.add("JavaScript")
candidate_skills.add("Docker™)

print(required_skills.is_subset(candidate_skills)) // Output: true
print(candidate_skills.is_superset(required_skills)) // Output: true

7.6.3 Converting Between Sets and Arrays

Listing 7.28: Set conversion

let duplicates = [1, 2, 2, 3, 3, 3, 4]

// Quick deduplication via Set

let unique_set = Set::new()

for item in duplicates {
unique_set.add(item)

}
let unique_array = unique_set.to_array()
print(unique_array) // Output: [1, 2, 3, 4]

Internally, sets are implemented as maps where the keys are the string representations of elements
and the values are the actual LatValue objects. This means set membership testing is O(1) on average,

just like map key lookups.

7.7 Tuples

A tuple is a fixed-length, heterogeneous collection. Unlike arrays, tuples cannot grow or shrink after
creation:
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Method Returns Description

.len() Int Number of elements

.has(v) Bool Whether v is in the set
.add(v) Unit Add element (mutates)
.remove (V) Unit Remove element (mutates)
.clear() Unit Remove all elements (mutates)
.to_array() Array Convert to array
.union(other) Set Elements in either set
.intersection(other) Set Elements in both sets
.difference(other) Set Elements in self but not other
.symmetric_difference(other) Set Elements in one but not both
.is_subset (other) Bool All elements in other?
.is_superset(other) Bool Contains all of other?

Table 7.3: Set methods

Listing 7.29: Creating tuples

let point = (3.0, 4.0)
let record = ("Alice", 30, true)
let singleton = (42,)

print(point) // Output: (3.0, 4.9)
print(record) // Output: ("Alice"”, 30, true)

Note the trailing comma in (42,)—this distinguishes a one-element tuple from a parenthesized
expression.

7.7.1 Accessing Tuple Elements

Tuple elements are accessed by index:
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Listing 7.30: Accessing tuple elements

let person = ("Alice"”, 30, "alice@example.com”)

print(person[0]) // Output: Alice
print(person[1]) // Output: 30
print(person[2]) // Output: alice@example.com
print(person.len()) // Output: 3

7.7.2 Tuplesvs. Arrays

When should you use a tuple instead of an array?

* Use tuples for fixed collections where the position carries meaning: coordinates (x, y), key-
value pairs (key, value), function results that return multiple values.

* Use arrays for variable-length collections of similar items: a list of names, a sequence of
measurements, a batch of records.

Listing 7.31: Tuples for multiple return values

fn min_max(numbers: Array) -> Tuple {
flux lo = numbers[@]
flux hi = numbers[@]
for n in numbers {

ifn<lo{lo=n}
ifn>hi { hi =n}
}
(lo, hi)

let result = min_max([38, 12, 45, 7, 91, 231)
print("Min: ${result[0]}, Max: ${result[1]3}")
// Output: Min: 7, Max: 91

Tuples are immutable by nature. You cannot push, pop, or reassign individual elements. If you need
to “update” a tuple, create a new one.
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Listing 7.32: Tuples are compiled with OP_BUILD_TUPLE

// Under the hood, (1, "hello"”, true) compiles to:
// push 1, push "hello”, push true, OP_BUILD_TUPLE 3
let metadata = (1, "hello"”, true)

print(metadata) // Output: (1, "hello”, true)

7.8 Choosing the Right Collection

Need Use  Why

Ordered list, may grow  Array = Push/pop, index access
Key-value storage Map O(1) key lookup
Unique elements only  Set Auto-deduplication

Fixed group of values Tuple Position-based meaning

Table 7.4: Collection type selection guide

Let’s see these working together in a realistic scenario:
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Listing 7.33: Collections working together

// Analyzing survey responses

let responses = [
["Alice", "Lattice”, 5],
["Bob", "Python", 41,
["Charlie"”, "Lattice", 51,
["Diana”, "Rust", 417,
["Eve", "Lattice", 317,
["Frank”, "Python", 5],
["Grace", "Rust"”, 5]

// Group by language
let by_language = responses.group_by(|r| r[1])

// Collect unique languages
let languages = Set::new()
for response in responses {

languages.add(response[1])
3

// Compute average rating per language

let averages = Map: :new()

for lang in languages.to_array() {
let group = by_language[lang]
let total = group.reduce(@, |acc, r| acc + r[2])
averages[lang] = total / group.len()

}

print(”Languages surveyed: ${languages}")
print("Average ratings:")
for entry in averages.entries() {
print(” ${entry[0]}: ${entry[11}")
}

7.9 Exercises

1. Flatten and Deduplicate. Given a nested array like [[1, 21, [2, 31, [3, 411, write a one-
liner using . flatten() and .unique() to produce [1, 2, 3, 41.

143



CHAPTER 7. ARRAYS, MAPS, SETS, AND FRIENDS

2. Word Frequency Counter. Write a function that takes a string, splits it into words, and
returns a map of word frequencies. Use group_by or manual map construction.

3. Inventory System. Build an inventory system using a map of item names to quantities. Write
functions for add_stock, remove_stock, and low_stock_report (items with fewer than 10 units).
Use . filter() and .entries() in your report function.

4. Set Operations Challenge. Given three sets representing students enrolled in Math, Science,
and English classes, compute: (a) students taking all three, (b) students taking exactly one class,
and (c) students taking Math but not Science.

5. Data Pipeline. Given an array of [name, score] pairs, write a pipeline using filter, map,
sort_by, and take to produce a “Top 3 Scorers” leaderboard with formatted strings like "1.
Alice (95)".

What’s Next?

We’ve toured Lattice’s collection types and their rich method vocabularies. In Chapter 8, we’ll
zoom in on strings specifically—interpolation, escaping, case transformations, Unicode support, and
regular expressions. Strings are Lattice’s most method-rich type, and there’s a lot to explore.
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Strings in Depth

Strings are the workhorses of most programs. They carry user messages, encode configuration, repre-
sent file paths, and compose network protocols. Lattice treats strings as first-class values with a rich
set of built-in methods—over two dozen, from basic splitting and trimming to case transformations,
character inspection, and regular expression matching.

In this chapter, we’ll go beyond the basics of string creation (covered in Chapter 3) and explore the
full breadth of what Lattice strings can do.

8.1 Interpolation, Escaping, and Raw Strings

8.1.1 String Interpolation

Lattice strings support interpolation with the $\{expr\} syntax. Any expression can appear inside
the braces:

Listing 8.1: String interpolation

let name = "Lattice”
let version = 1.0

print("Welcome to ${name}!") // Output: Welcome to Lattice!
print(”Version: ${version}") // Output: Version: 1.0
print("1 + 2 = ${1 + 2}") // Output: 1 +2 =3

print(”"Name length: ${name.len()}") // Output: Name length: 7

145



CHAPTER 8. STRINGS IN DEPTH

Interpolation works in double-quoted strings and triple-quoted strings. The expression is evaluated,
converted to a string, and spliced into the surrounding text. You can nest function calls, method
chains, and even conditionals inside the braces:

Listing 8.2: Complex interpolation expressions

let scores = [85, 92, 78, 91]
let avg = scores.reduce(@, |a, b| a + b) / scores.len()

print("Average: ${avg} (${if avg >= 90 { "A" } else { "B" }})")
// Output: Average: 86 (B)

8.1.2 Escape Sequences

Double-quoted strings support the standard escape sequences:

Escape Character

\\n Newline

\\t Tab

\\r Carriage return
A\ Literal backslash
A\ Double quote
A\ Single quote

\\o Null byte
\\xHH Hex byte (two hex digits)

Table 8.1: Escape sequences
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Listing 8.3: Using escape sequences

print(”"Line 1\nLine 2")
// Output:
// Line 1
// Line 2

print("Tab\there")
// Output: Tab here

print(”She said \"hello\"")
// Output: She said "hello”

print("Hex: \x41\x42\x43")
// Output: Hex: ABC

8.1.3 Single-Quoted Strings

Single-quoted strings work identically to double-quoted strings in Lattice—they support the same
escape sequences and interpolation. The choice between '... " and ”..." is purely stylistic.

8.1.4 Triple-Quoted Strings

For multi-line strings, triple quotes preserve whitespace and auto-dedent:

Listing 8.4: Triple-quoted strings

nnn

let poem =
Roses are red,
Violets are blue,
Lattice is fast,
And expressive too.

nnn

print(poem)

// Output:

// Roses are red,

// Violets are blue,
// Lattice is fast,

// And expressive too.
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Triple-quoted strings automatically strip the common leading whitespace from all lines, so you can
indent them naturally in your code. They also support interpolation and escape sequences.

8.2 Core String Methods

8.2.1 split — Break a String Apart

The split method divides a string by a delimiter:

Listing 8.5: Splitting strings

let csv_line = "Alice,30,Engineer”
let fields = csv_line.split(",")
print(fields) // Output: ["Alice”, "30", "Engineer"]

let words = "the quick brown fox".split(" ")
print(words) // Output: ["the", "quick”, "brown"”, "fox"]

// Empty delimiter splits into individual characters

let chars = "hello”.split("")
print(chars) // Output: ["h", "e", "1", "1", "0"]

8.2.2 trim, trim_start, trim_end

These methods remove whitespace from string edges:

Listing 8.6: Trimming whitespace

let messy =" hello, world! "

print(messy.trim()) // Output: "hello, world!"”
print(messy.trim_start()) // Output: "hello, world! !
print(messy.trim_end()) // Output: "  hello, world!”

Whitespace includes spaces, tabs, newlines, and carriage returns.

8.2.3 replace

replace substitutes all occurrences of a substring:
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Listing 8.7: String replacement

let template = "Hello, {name}! Welcome to {place}.”

let greeting = template
.replace("{name}", "Alice")
.replace("{place}”, "Lattice")

print(greeting) // Output: Hello, Alice! Welcome to Lattice.

// Replace all occurrences
let stuttered = "b-b-banana”
print(stuttered.replace("b-", "")) // Output: banana

8.2.4 contains, starts_with, ends_with

These methods test whether a string contains, begins with, or ends with a given substring:

Listing 8.8: String searching
let filename = "report_2024.pdf"

print(filename.contains("”2024")) // Output: true
print(filename.starts_with("report”)) // Output: true
print(filename.ends_with(".pdf")) // Output: true
print(filename.ends_with(".csv")) // Output: false

8.2.5 count

count returns the number of non-overlapping occurrences of a substring:

Listing 8.9: Counting occurrences
let text = "abracadabra”
print(text.count(”a")) // Output: 5

print(text.count("abra")) // Output: 2
print(text.count("z")) // Output: @
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8.3 Case Transformations

Lattice provides a complete set of case transformation methods, useful for normalizing identifiers,
formatting output, and converting between naming conventions.

Listing 8.10: Basic case conversion
let greeting = "Hello, World!"”

print(greeting.to_upper()) // Output: HELLO, WORLD!
print(greeting.to_lower()) // Output: hello, world!

8.3.1 Naming Convention Converters

These methods convert between common programming naming conventions:

Listing 8.11: Naming convention transformations

let identifier = "getUserName"

print(identifier.snake_case()) // Output: get_user_name
print(identifier.kebab_case()) // Output: get-user-name
print(identifier.title_case()) // Output: Get User Name

The transformations handle various input formats intelligently:

Listing 8.12: Cross-format conversion

// From snake_case

print("user_full_name".camel_case()) // Output: userFullName
print("user_full_name".kebab_case()) // Output: user-full-name
print("user_full_name".title_case()) // Output: User Full Name

// From kebab-case
print(”"my-component-name”.snake_case()) // Output: my_component_name

print(”"my-component-name”.camel_case()) // Output: myComponentName

// capitalize: first letter uppercase, rest lowercase
print("hello world”.capitalize()) // Output: Hello world
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The case detection is aware of camelCase boundaries—when a lowercase letter is followed by an
uppercase letter, that’s treated as a word boundary. This means "XMLParser” . snake_case () produces
"x_m_1_parser” (treating each uppercase letter as a boundary).

Method Input Output
.to_upper() "hello” "HELLO"
.to_lower() "HELLO" "hello”
.capitalize() "hello world” "Hello world”
.snake_case() "getUserName" "get_user_name"
.camel_case() ‘"get_user_name” "getUserName”
.kebab_case() "getUserName" "get-user-name"
.title_case() "hello_world” "Hello World"

Table 8.2: Case transformation methods

When to Use Case Transformations

Case transformations are especially useful in code generation, template engines, and API
adapters. For example, you might convert a database column name like "first_name” to
"firstName” for a JSON API, or to "First Name” for a UT label.

8.4 Characters, Bytes, and Substrings

8.4.1 chars() and bytes()

The chars method returns an array of individual characters (each as a one-character string), while
bytes returns an array of byte values:

Listing 8.13: chars and bytes
let word = "Hello”

print(word.chars()) // Output: ["H", "e”, "1", "1”, "o"]

’

print(word.bytes()) // Output: [72, 101, 108, 108, 111]

The chars method is useful for character-level processing:
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Listing 8.14: Character-level operations

fn is_palindrome(s: String) -> Bool {
let chars = s.to_lower().chars()
let n = chars.len()
for i in@..(n / 2) {
if chars[i] != chars[n - 1 - i] {
return false

true

print(is_palindrome("”racecar”)) // Output: true
print(is_palindrome("hello”)) // Output: false
print(is_palindrome("”Madam")) // Output: true

8.4.2 len(), substring(), and index_of()

Listing 8.15: String length, substrings, and searching
let message = "Hello, World!"

// Length
print(message.len()) // Output: 13

// Substring extraction (start inclusive, end exclusive)
print(message.substring(@, 5)) // Output: Hello
print(message.substring(7, 12)) // Output: World

// Finding positions
print(message.index_of ("World")) // Output: 7

print(message.index_of ("world”)) // Output: -1 (case-sensitive)

// Last occurrence

let repeated = "abcabc”
print(repeated.last_index_of ("abc")) // Output: 3
print(repeated.index_of ("abc")) // Output: @
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The substring method supports negative indices, which count from the end of the string, and
automatically clamps out-of-bounds values:

Listing 8.16: Negative indices in substring

let text = "Hello, World!"”

print(text.substring(-6, -1)) // Output: World

8.4.3 More String Utilities

Listing 8.17: reverse, repeat, and padding

// Reverse
print("desserts”.reverse()) // Output: stressed

// Repeat
print("ha".repeat(3)) // Output: hahaha
print("-".repeat(20)) /7 QUEpUiEg ———————cmmomsmemooos

// Padding

print(”42".pad_left(5)) // Output: " 42"
print("”42".pad_left(5, "@")) // Output: "00042"
print("hi”.pad_right(1@, ".")) // Output: "hi........ "

Listing 8.18: String validation methods

print(”"hello”.is_alpha()) // Output: true
print(”hello123".is_alpha()) // Output: false
print(”12345".is_digit()) // Output: true
print(”abc123"”.is_alphanumeric()) // Output: true
print("".is_empty()) // Output: true
print("hi”.is_empty()) // Output: false

8.5 Working with Unicode

Lattice provides two built-in functions for working with character codes: ord() and chr().
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Method Returns Description

.lenQ) Int String length in bytes
.chars() Array Array of characters
.bytes() Array Array of byte values
.substring(s, e) String Extract range [s, e)
.index_of (sub) Int First position, or-1
.last_index_of(sub) Int Last position, or-1
.reverse() String Characters in reverse
.repeat(n) String Repeated n times
.pad_left(w, ch) String Left-pad to width
.pad_right(w, ch) String Right-pad to width
.is_empty() Bool Is the string empty?
.is_alpha() Bool All alphabetic?
.is_digit() Bool All digits?
.is_alphanumeric()  Bool All alphanumeric?

Table 8.3: Character and substring methods

8.5.1 ord() and chr()

The ord function returns the numeric code of a character, and chr returns the character for a given

code:

Listing 8.19: Converting between characters and codes

print(ord("A"))
print(ord(”a")) // Output: 97
print(ord(”@")) // Output: 48
print(ord(”\n")) // Output: 10

// Output: 65

print(chr(65)) // Output: A
print(chr(97)) // Output: a
print(chr(48)) // Output: 0

ord() and chr()

ord(s) returns the code point of the first character in string s. If the string is empty, it returns
-1. chr(n) returns a one-character string for the code point n (currently limited to o-127, the

ASCII range).
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These functions are useful for character classification, encoding, and building custom parsers:

Listing 8.20: Character classification with ord

fn is_uppercase(ch: String) -> Bool {
let code = ord(ch)
code >= 65 && code <= 90

fn is_lowercase(ch: String) -> Bool {
let code = ord(ch)
code >= 97 && code <= 122

fn rot13(text: String) -> String {
let chars = text.chars()
flux result = ""
for ch in chars {
let code = ord(ch)
if is_uppercase(ch) {
result = result + chr((code - 65 + 13) % 26 + 65)
} else if is_lowercase(ch) {
result = result + chr((code - 97 + 13) % 26 + 97)
} else {
result = result + ch
}
}

result

print(rot13("Hello, World!")) // Output: Uryyb, Jbeyq!
print(rot13("Uryyb, Jbeyq!")) // Output: Hello, World!
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8.5.2 Building a Caesar Cipher

Listing 8.21: A simple Caesar cipher

fn caesar_encrypt(text: String, shift: Int) -> String {
flux encrypted = ""
for ch in text.chars() {
let code = ord(ch)
if code >= 65 && code <= 90 {
// Uppercase letter
encrypted = encrypted + chr((code - 65 + shift) % 26 + 65)
} else if code >= 97 && code <= 122 {
// Lowercase letter
encrypted = encrypted + chr((code - 97 + shift) % 26 + 97)
} else {
encrypted = encrypted + ch
}
}
encrypted
}

fn caesar_decrypt(text: String, shift: Int) -> String {
caesar_encrypt(text, 26 - shift)

}

let secret = caesar_encrypt("Attack at dawn”, 3)
print(secret) // Output: Dwwdfn dw gdzq
print(caesar_decrypt(secret, 3)) // Output: Attack at dawn

8.6 Regular Expressions
Lattice includes built-in regular expression support via three string methods: regex_match, regex_find_all,

and regex_replace. These use POSIX extended regular expressions under the hood (implemented in
src/regex_ops.c).

8.6.1 regex_match — Test a Pattern

regex_match tests whether a string matches a regular expression pattern:
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Listing 8.22: Pattern matching with regex

let email = "alice@example.com”

print(email.regex_match("[a-zA-Z]+@[a-zA-Z]+\\.[a-zA-Z]+"))
// Output: true

print("not-an-email”.regex_match("[a-zA-Z]+@[a-zA-Z]+\\.[a-zA-Z]+"))
// Output: false

// Validate a phone number format
let phone = "555-123-4567"

print(phone.regex_match("[0-91{3}-[0-91{33}-[0-91{4}"))
// Output: true

8.6.2 regex_find_all — Extract All Matches

regex_find_all returns an array of all substrings matching the pattern:

Listing 8.23: Finding all regex matches

let text = "Call 555-1234 or 555-5678 for info”

let phone_numbers = text.regex_find_all("[0-9]{3}-[0-91{4}")
print(phone_numbers) // Output: ["555-1234", "555-5678"]

// Extract all words

let words = "Hello, World! How are you?".regex_find_all("[a-zA-Z]+")
print(words) // Output: ["Hello"”, "World”, "How", "are”, "you"]

// Find all numbers (including decimals)

let data = "Price: $12.50, Tax: $1.00, Total: $13.50"

let amounts = data.regex_find_all("[@0-9]+\\.[0-9]+")
print(amounts) // Output: ["12.50", "1.00", "13.50"]

8.6.3 regex_replace — Pattern-Based Replacement

regex_replace replaces all matches of a pattern with a replacement string:
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Listing 8.24: Regex replacement

// Normalize whitespace

let messy = "too  many spaces  here”
let clean = messy.regex_replace("[ 1+", " ")
print(clean) // Output: too many spaces here

// Remove all non-alphanumeric characters

let raw = "Hello, World! (2024)"

let cleaned = raw.regex_replace("[*a-zA-Z0-9 1", "")
print(cleaned) // Output: Hello World 2024

// Redact phone numbers

let log = "User called from 555-1234, callback to 555-5678"

let redacted = log.regex_replace("[0-9]{3}-[0-91{4}", "XXX-XXXX")
print(redacted) // Output: User called from XXX-XXXX, callback to XXX-XXXX

8.6.4 RegexFlags

All three regex methods accept an optional flags string as the last argument:

Listing 8.25: Case-insensitive regex

let text = "Hello HELLO hello HelLLo"

// Case-insensitive matching
let matches = text.regex_find_all("hello”, "i")
print(matches) // Output: ["Hello", "HELLO"”, "hello"”, "HelLLo"]

// Case-insensitive replacement
let normalized = text.regex_replace("hello”, "hi", "i")
print(normalized) // Output: hi hi hi hi

The available flags are:
e "i": Case-insensitive matching

* "m": Multiline mode (newlines treated as line boundaries)
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POSIX Regex Syntax

Lattice uses POSIX extended regular expressions, not Perl-compatible (PCRE) syntax. This
means some patterns you may be used to from other languages work differently:

* Use [0-9] instead of \\d

* Use [a-zA-Z0-9_] instead of \\w

* Lookaheads and lookbehinds are not supported

8.7 Putting It All Together

Let’s combine these string methods into a practical example—a log file analyzer:

159



CHAPTER 8. STRINGS IN DEPTH

Listing 8.26: A log file analyzer

fn analyze_log(log_text: String) -> Map {
let lines = log_text.split("\n").filter(|1| !1l.is_empty())
let results = Map::new()

// Count log levels
let levels = Map::new()
levels["INFO"] = 0
levels["WARN"] = @
levels["ERROR"] = @

for line in lines {
if line.contains("INF0") {
levels["INFO"] = levels["INFO"] + 1
} else if line.contains("WARN") {
levels["WARN"] = levels["WARN"] + 1
} else if line.contains("ERROR") {
levels["ERROR"] = levels["ERROR"] + 1
3
}

results["levels"] = levels
results[”total_lines"] = lines.len()

// Extract timestamps
let timestamps = []
for line in lines {
let ts_matches = line.regex_find_all("[0-91{43}-[0-91{2}-[0-91{2}")
for ts in ts_matches {
timestamps.push(ts)
}
}

results["dates”] = timestamps.unique()

// Extract error messages
let errors = lines
.filter(]1| 1.contains("ERROR"))
.map(|1] {
let parts = 1l.split(”"ERROR")
if parts.len() > 1 {
parts[1].trim()
} else {
1
3
D)

results["errors”] = errors

160 resylts
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8.8 Exercises

1. String Compression. Write a function that performs basic run-length encoding: "aaabbbcc”
becomes "a3b3c2”. Handle single characters (no count needed for runs of 1).

2. CSV Parser. Write a function that takes a CSV string (with header row) and returns an array
of maps, where each map represents a row with column names as keys. Handle quoted fields

if possible.

3. Slug Generator. Write a function that converts a title like "Hello, World! This is Great”
into a URL slug like "hello-world-this-is-great”. Use to_lower, regex_replace, and trim.

4. Password Validator. Write a function that checks if a password meets these criteria: at least
8 characters, contains at least one uppercase letter, one lowercase letter, one digit, and one
special character. Use regex_match or character inspection.

5. Template Engine. Write a simple template engine where render ("Hello \{\{name\}\}, age
\{\{age\}\}", context) replaces \{\{name\}\} and \{\{age\}\} with values from a context
map. Use regex_find_all to find placeholders and replace to fill them in.

What’s Next?

Strings give us the ability to represent and manipulate text, but programs often need to inspect the
structure of data—not just its content. In Chapter 9, we’ll explore Lattice’s match expression, which
lets you destructure arrays, structs, and enums, test ranges, and make decisions based on the shape of
your data. Pattern matching is one of Lattice’s most powerful features, and it builds naturally on
everything you’ve learned so far.

161



CHAPTER 8. STRINGS IN DEPTH

162,



Chapter 9

Pattern Matching

Every program makes decisions. In Chapter 5 we used if/else chains to steer execution based on
boolean conditions, and that works beautifully when you have one or two tests to run. But programs
often face a harder question: “What shape does this data have?” Is the HT'TP response a success or a
failure? Does the command-line argument look like a number, a flag, or a filename? Is the list empty,
a singleton, or something longer?

Pattern matching answers these questions directly. Instead of writing a cascade of if/else branches—
each one manually testing a field or comparing a value—you describe what the data looks /zke, and
Lattice picks the first description that fits.

Listing 9.1: A first taste of match

let status_code = 404

let message = match status_code {
200 => "OK",
301 => "Moved Permanently”,
404 => "Not Found”,
500 => "Internal Server Error”,
=> "Unknown status”

print(message) // Not Found

This chapter builds from that starting point. We will explore every pattern type Lattice supports—
from literals and wildcards through range patterns, array destructuring, struct field extraction, and
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enum variant matching. Along the way we will meet guards, bindings, and exhaustiveness checking,
the compiler’s way of telling you when you have forgotten a case.

9.1 The match Expression

A match expression evaluates a scrutinee (the value being inspected) and compares it against a series of
arms. Each arm has a pattern on the left side of => and a body on the right:

Match Expression

match scrutinee {
pattern1 => body1,
pattern2 => body2,

=> fallback_body

A match expression evaluates the scrutinee once, then tries each arm’s pattern from top to
bottom. The body of the first matching arm is executed, and its value becomes the value of the
entire match expression. If no arm matches, the expression evaluates to nil.

Because match is an expression, you can bind its result to a variable, return it from a function, or
embed it anywhere a value is expected:

Listing 9.2: match as an expression

fn describe_temperature(temp: Int) -> String {
return match temp {
@ => "Freezing point of water”,
100 => "Boiling point of water”,
=> "Just another temperature: ${temp}”

print(describe_temperature(100)) // Boiling point of water
print(describe_temperature(42)) // Just another temperature: 42
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9.1.1 Arm Bodies: Expressions and Blocks

An arm body can be a single expression (as we have seen) or a block enclosed in curly braces. When a
block is used, the value of the last expression in the block becomes the arm’s value:

Listing 9.3: Block bodies in match arms

let score = 87

let grade = match score {
100 => "Perfect!”,
_ =0
let letter = if score >= 90 { "A" } else { "B" }
"${letter} (${score}/100)"

print(grade) // B (87/100)

Commas Between Arms

Arms are separated by commas. The trailing comma after the last arm is optional but encouraged
for consistency—it makes adding new arms later easier and produces cleaner diffs in version
control.

9.1.2 First Match Wins

Arms are tried from top to bottom, and the first one that matches wins. This ordering matters when
patterns overlap:

Listing 9.4: Order matters—first match wins

let n =0
let result = match n {

@ => "zero", // This arm matches first
_ => "something”, // This arm would also match, but never reached

print(result) // zero
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If you put a wildcard _ before more specific patterns, the specific patterns will never be reached.
Lattice currently does not warn about unreachable arms, so you should arrange your patterns from

most specific to least specific.

No Match Returns nil

If no arm matches the scrutinee, the entire match expression evaluates to nil—not an error.
This is a deliberate design choice that keeps programs running, but it also means a missing
arm might silently produce nil where you expected a real value. The exhaustiveness checker
(Section 9.9) helps catch these situations at compile time.

9.2 Literal Patterns

The most direct kind of pattern matches a specific, concrete value. Literal patterns support integers,

floats, strings, booleans, and nil:

Listing 9.5: Literal patterns across types

fn classify(value: any) -> String {
return match value {

42 => "The answer”,

3.14 => "Approximately pi”,

"hello” => "A greeting”,

true => "Affirmative”,

nil => "Nothing at all”,

_ => "Something else”

3

}
print(classify(42)) // The answer
print(classify(”hello")) // A greeting
print(classify(nil)) // Nothing at all
print(classify(99)) // Something else

Literal patterns use value equality to compare. Two integers are equal if they hold the same number;
two strings are equal if they contain the same characters. Complex types like arrays and structs are
not compared by value in literal patterns—use destructuring patterns (Sections 9.6 and 9.7) for those.

Negative numeric literals work as you would expect:
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Listing 9.6: Negative literal patterns
let temp = -40
let note = match temp {
-40 => "Where Celsius meets Fahrenheit”,

@ => "Freezing",
_  => "Unremarkable”

print(note) // Where Celsius meets Fahrenheit

9.3 Wildcard and Binding Patterns

9.3.1 The Wildcard _

The underscore _ matches any value without capturing it. It is the catch-all, the “I don’t care what
this is” pattern:

Listing 9.7: Wildcard as a catch-all

fn is_special(n: Int) -> Bool {
return match n {

@ => true,
1 => true,
_ => false

A wildcard arm placed at the end of a match guarantees that every possible value is covered, which
makes the match exhaustive.

9.3.2 Binding Patterns

Sometimes you want to match azny value, but you also want to use it inside the arm’s body. A
binding pattern does exactly that—any bare identifier (other than _) becomes a variable bound to the
scrutinee’s value:
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Listing 9.8: Binding patterns capture the scrutinee

let response_code = 418

let msg = match response_code {
200 => "Success",
404 => "Not found”,
code => "Unexpected status: ${code}”

print(msg) // Unexpected status: 418

The name code in that last arm is not a keyword or a previously defined variable—it is a fresh local
variable whose value is the scrutinee (here, 418). The binding is only available inside the arm’s body.

Bindings vs. Literals

How does Lattice tell the difference between a binding pattern like code and a literal pattern?
The rule is: literal patterns are actual literal values (42, "hello”, true, nil). Any other bare
identifier is treated as a binding. You cannot match against the value of an existing variable by
naming it in a pattern—use a guard instead (Section 9.5).

Binding patterns truly shine when combined with guards, which we will explore in Section 9.5.

9.4 Range Patterns

Range patterns match values that fall within a numeric range. The syntax uses the familiar . . operator,
but with an important twist: range patterns are inclusive on both ends.
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Listing 9.9: Grading with range patterns

fn letter_grade(score: Int) -> String {
return match score {

90..100 =>
80..89 =>
70..79 =
60..69 =>
0..59 =

=

A
g
ner,
"
"Er
"Invalid score”

print(letter_grade(95)) // A
print(letter_grade(80)) // B
print(letter_grade(70)) // C
print(letter_grade(42)) // F

Ranges in Patterns vs. Ranges Elsewhere

The .. operator has different semantics depending on context. When used to create a Range
value (for example, in a for loop), a. .b is half-open: it includes a but excludes b. Inside a match
pattern, however, a. .b is Zncusive: it matches values where a < value < b. This is a deliberate
choice—inclusive ranges make match arms more intuitive when partitioning a numeric domain
into adjacent regions.

Under the hood, the compiler translates a range pattern into a pair of comparisons. The pattern 80. .89
becomes roughly value >= 80 && value <= 89, using OP_GTEQ and OP_LTEQ opcodes connected by a
short-circuit jump. You can see this in the range-pattern compilation logic in src/stackcompiler. c.

Range patterns work with integer values. You can also use variables or expressions as the endpoints:
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Listing 9.10: Dynamic range endpoints

let threshold = 50

let category = match 42 {
@..threshold => "Below or at threshold”,
=> "Above threshold”

print(category) // Below or at threshold

9.5 Guards

A guard is an additional boolean condition attached to a match arm with the if keyword. The arm
only matches if both the pattern and the guard are satisfied:

Listing 9.11: Guards refine pattern matches

fn classify_number(n: Int) -> String {
return match n {
0 => "zero",
x if x > @ => "positive: ${x}",
x if x < @ => "negative: ${x}",
=> "unreachable”

print(classify_number(42)) // positive: 42
print(classify_number(-7)) // negative: -7
print(classify_number(@)) // zero

Inthearmsx if x > @andx if x < 0, theidentifier x is a binding pattern that captures the scrutinee,
and the if clause is a guard that tests the captured value. The guard expression can use any bound
variables from the pattern, making it possible to write powerful, flexible conditions.

Guards are full expressions, so you can call functions, combine boolean operators, or access methods:
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Listing 9.12: Complex guard expressions

fn describe_name(name: String) -> String {
return match name {
s if s.len() == => "Empty name",
s if s.len() > 50 => "That's a very long name”,
s if s.contains("” ") => "Full name: ${s}",
s => "First name only: ${s}"

}
}
print(describe_name("")) // Empty name
print(describe_name("Ada")) // First name only: Ada
print(describe_name("”Ada Lovelace")) // Full name: Ada Lovelace

Guards and Exhaustiveness

A guarded arm is not considered a catch-all by the exhaustiveness checker, even if its pattern is a
wildcard or a binding. The guard might evaluate to false, so the checker cannot guarantee the
arm will match. To ensure full coverage, add an unguarded catch-all arm at the end.

9.5.1 Guards with Other Pattern Types

Guards can be combined with any pattern type. Here is a range pattern with a guard:

Listing 9.13: Combining range patterns and guards

fn shipping_message(weight: Int) -> String {
return match weight {

1..5 if weight == => "Letter rate”,
1..5 => "Small parcel”,
6..30 => "Standard parcel”,
_ if weight > 1000 => "Freight only",

=> "Large parcel”

print(shipping_message(1)) // Letter rate
print(shipping_message(3)) // Small parcel
print(shipping_message(2000)) // Freight only
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9.6 Array Destructuring Patterns

So far, every pattern has matched a single flat value. Array patterns reach 7nside a value, matching the
structure and extracting individual elements:

Listing 9.14: Basic array destructuring
let point = [10, 20]

match point {

[0, o] => print("Origin"),

[x, @] => print("On the x-axis at ${x}"),
[0, yI => print("On the y-axis at ${y}"),
[x, vyl => print("Point at (${x3}, ${yH")

}
// Point at (10, 20)

An array pattern is enclosed in square brackets and contains sub-patterns for each element. The
scrutinee must be an array, and—without a rest pattern—its length must exactly match the number
of elements in the pattern.

Each element position can hold any sub-pattern:
* A literal like @ matches that specific value at that position.
* A binding like x matches any value and captures it.

* A wildcard _ matches any value without capturing.

Listing 9.15: Mixing literal and binding sub-patterns
let rgb = [255, 128, @]

let color_name = match rgb {

[255, o, @] => "Red”,

[0, 255, 0] => "Green",

[0, @, 255] => "Blue”,

[255, 255, 255] => "White",

[0, 0, 0] => "Black",

[r, g, bl => "Custom RGB(${rl}, ${g}, ${b})"

print(color_name) // Custom RGB(255, 128, 0)
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9.6.1 Rest Patterns

What if you do not know (or care about) how many elements the array has? The rest pattern . . .name
collects zero or more remaining elements into a sub-array:

Listing 9.16: Rest patterns collect remaining elements

let numbers = [1, 2, 3, 4, 5]

match numbers {

] => print("Empty"),
[only] => print(”Just one: ${only}"),
[first, ...rest] => {

print("First: ${first}")
print("Rest: ${rest}")

}
// First: 1
// Rest: [2, 3, 4, 5]

The rest pattern is powerful for processing lists head-first. You can place elements afzer the rest
pattern too, matching from both ends:

Listing 9.17: Rest with trailing elements
let log_entries = ["INFQ", "Starting up”, "v2.1", "2024-01-15"]

match log_entries {

[level, ...middle, date] => {
print("Level: ${level}")
print("Date: ${date}")
print("Middle: ${middle}")

Yo

_ => print("Unexpected format")

}

// Level: INFO

// Date: 2024-01-15

// Middle: [Starting up, v2.1]
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The compiler handles post-rest elements by indexing from the end of the array. For a pattern like
[first, ...mid, last], the element last is extracted at index array.len() - 1, and mid receives a
slice of everything in between.

Length Requirements with Rest

Without a rest pattern, the array length must match the pattern count exactly. With a rest
pattern, the array must have a# least as many elements as the non-rest positions. A pattern
[a, ...rest, b]requires at least two elements; the rest can be empty.

9.6.2 Array Patterns and Guards

Array patterns combine naturally with guards for precise conditions:

Listing 9.18: Array patterns with guards

fn describe_pair(pair: Array) -> String {
return match pair {

[a, b] if a==1bD => "Equal pair: ${a}",
[a, bl if a + b == @ => "Opposite pair: ${a} and ${b}",
[a, b] => "Pair: ${a} and ${b}",

=> "Not a pair”

3

print(describe_pair([5, 51)) // Equal pair: 5
print(describe_pair([3, -31)) // Opposite pair: 3 and -3
print(describe_pair([1, 21)) // Pair: 1 and 2

9.7 Struct Destructuring Patterns

Struct patterns match values by their field names and optionally by field values. They use curly braces
and are especially useful for pulling out the fields you need without cluttering your code with manual
field access.
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Listing 9.19: Basic struct destructuring

struct User {
name: String,
age: Int,
active: Bool

let user = User { name: "Rosalind”, age: 33, active: true }

match user {
{active: false} => print("Inactive user"),
{name, age} => print("${name}, age ${agel}")
}
// Rosalind, age 33

There are two forms of struct field patterns:

1. Shorthand binding: Writing just a field name like {name, age} matches any value for those
fields and binds them to variables of the same name.

2. Value matching: Writing {active: false} matches only when the active field equals false.

You can mix both forms in a single pattern:

Listing 9.20: Mixed shorthand and value patterns

struct Config {
mode: String,
debug: Bool,
port: Int

let config = Config { mode: "production”, debug: false, port: 8080 }

match config {
{mode: "test"”, debug: true} => print("Test mode with debugging"),
{mode: "production”, port} => print(”"Production on port ${port}"),
{mode} => print("Running in ${mode} mode")

}

// Production on port 8080

175



CHAPTER 9. PATTERN MATCHING

Partial Matching

Struct patterns do not need to mention every field. A pattern like \{name\} matches any struct
that has a name field, regardless of what other fields it contains or what their values are. This
makes struct patterns resilient to additions—if you add a field to the struct later, existing patterns
continue to work.

9.8 Enum Variant Patterns

Enum variant patterns are where pattern matching truly shines. They let you distinguish between an
enum’s variants and extract the data each variant carries:

Listing 9.21: Matching enum variants

enum Shape {
Circle(Float),
Rectangle(Float, Float),
Triangle(Float, Float, Float)

fn area(shape: Shape) -> Float {
return match shape {

Shape: :Circle(r) => 3.14159 * r * r,

Shape: :Rectangle(w, h) =>w * h,

Shape: :Triangle(a, b, ¢c) => {
let s=(a+b+c)/ 2.0
// Heron's formula
let val = s x (s - a) * (s - b) *x (s - ¢)
// Approximate square root via Newton's method
flux guess = val / 2.0
for in 0..10 {

guess = (guess + val / guess) / 2.0

}
guess
3
}
}
print(area(Shape::Circle(5.0))) // 78.53975

print(area(Shape: :Rectangle(3.0, 4.0))) // 12.0
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The pattern Shape: : Circle(r) checks three things: (1) the value is an enum, (2) it belongs to the Shape
enum, and (3) its variant is Circle. If all three pass, the payload is bound to r.

9.8.1 \Variants Without Payloads

For unit variants (those carrying no data), use the variant name without parentheses:

Listing 9.22: Matching unit variants

enum Direction {
North,
South,
East,
West

fn arrow(dir: Direction) -> String {
return match dir {
Direction::North => "*"
Direction::South => "v"
Direction::East => ">"
Direction::West => "<"

’
’

’

print(arrow(Direction: :North)) // *
print(arrow(Direction::West)) // <

9.8.2 Nested Enum Patterns

Each payload position in an enum variant pattern can itself be a sub-pattern—a literal to match a
specific value, a binding to capture the value, or a wildcard to ignore it:
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Listing 9.23: Sub-patterns in enum payloads

enum Result {
Ok(any),
Err(String)

fn handle(result: Result) -> String {
return match result {
Result: :0k(Q) => "Zero result”,
Result::Ok(value) => "Got: ${value}",
Result: :Err(msg) => "Error: ${msg}"

3
}
print(handle(Result::0k(@))) // Zero result
print(handle(Result::0k(42))) // Got: 42

print(handle(Result: :Err("timeout”))) // Error: timeout

9.8.3 Enum Matching with Guards

Guards work seamlessly with enum patterns:

Listing 9.24: Guards on enum patterns

enum Temperature {
Celsius(Float),
Fahrenheit(Float)

fn describe(temp: Temperature) -> String {
return match temp {
Temperature: :Celsius(c) if c > 100.0 => "Boiling! (${c}C)",

Temperature: :Celsius(c) if ¢ < 0.0 => "Freezing! (${c3C)",
Temperature: :Celsius(c) => "Moderate (${c3}C)",
Temperature: :Fahrenheit(f) if f > 212.0 => "Boiling! (${f}F)",
Temperature: :Fahrenheit(f) => "Tolerable (${f3}F)"

print(describe(Temperature: :Celsius(105.0))) // Boiling! (105.0C)
print(describe(Temperature: :Fahrenheit(72.0))) // Tolerable (72.0F)
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9.9 Exhaustiveness Checking

A match expression is exbaustive if it handles every possible value the scrutinee might have. Lattice’s
compiler includes a static analysis pass (implemented in src/match_check. c) that inspects every
match expression in your program and warns you when coverage is incomplete.

9.9.1 How the Checker Works
The exhaustiveness checker runs after parsing, before code generation. It walks the entire AST—

including nested functions, impl blocks, and test blocks—looking for match expressions. For each
one, it asks a series of questions:

1. Are there zero arms? If so, the checker emits: warning: match expression on line N
has no arms.

2. Is there a catch-all arm? An unguarded wildcard (_) or an unguarded binding pattern (x)
without a phase qualifier covers every remaining case. If one exists, the match is exhaustive.

3. Are we matching an enum? If any arm uses an enum variant pattern, the checker looks up
the enum declaration, builds a coverage set, and reports missing variants.

4. Are we matching booleans? If all patterns are boolean literals, the checker verifies both true
and false are present.

5. Everything else: For integer, float, or string scrutinees without a catch-all, the checker recom-
mends: consider adding a wildcard _ arm.

9.9.2 Enum Exhaustiveness

Enum exhaustiveness is where the checker is most precise. Consider a Color enum:
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Listing 9.25: The checker catches missing variants

enum Color {
Red,
Green,
Blue

let ¢ = Color::Red

// This produces a warning:
// warning: non-exhaustive match: missing Color variant “Color::Blue"
let name = match c {

Color::Red => "red”,

Color::Green => "green"

The warning names the exact variant you forgot. If multiple variants are missing, they are all listed:

// warning: non-exhaustive match: missing Color variants
// “Color::Green”, “Color::Blue"

To satisfy the checker, either handle every variant or add a wildcard arm:

Listing 9.26: Making an enum match exhaustive

let name = match c {
Color::Red => "red",
Color: :Green => "green",
Color::Blue => "blue"

3

// No warning --- all variants covered

9.9.3 Boolean Exhaustiveness

When every arm uses a boolean literal, the checker ensures both true and false are covered:
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Listing 9.27: Boolean exhaustiveness

let flag = true

// warning: non-exhaustive match: missing “false ™ case
let label = match flag {

" ”

true => "on

// Fixed:

let label = match flag {
true => "on",
false => "off"

9.9.4 Limitations of the Checker

The exhaustiveness checker is deliberately pragmatic rather than exhaustive itself. A few limitations
to be aware of:

* No redundancy warnings: The checker does not report unreachable or redundant arms. If
you put a wildcard before specific patterns, no warning is issued.

* No deep analysis of arrays or structs: Array and struct patterns are not analyzed for
completeness. The checker relies on a wildcard arm for these cases.

* Guarded arms and enum coverage: A guarded enum arm is still counted toward variant
coverage. The checker pragmatically assumes that if you wrote a pattern for a variant with a
guard, you have considered that variant.

* Range patterns are not analyzed: The checker does not verify that a set of range patterns
covers the entire integer domain.

A Good Habit

Even when the checker does not require it, adding a wildcard arm with a meaningful response
(or an error) is good defensive programming. Future changes to an enum or data format are
less likely to introduce silent bugs if there is a catch-all that handles the unexpected.
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9.10 Phase-Qualified Patterns

Lattice’s phase system (explored in depth in Chapter 11) assigns every value a phase—fluid, crystal, or
unphased. Pattern matching can discriminate on phase by prefixing a pattern with a phase qualifier:

Listing 9.28: Phase-qualified patterns

flux temperature = 72
fix boiling_point = 212

let status = match temperature {
crystal _ => "This value is crystallized”,
fluid t  => "Fluid value: ${t}"

}

print(status) // Fluid value: 72

let bp_status = match boiling_point {
crystal t => "Crystal: ${t}",
fluid _ => "Fluid”

}

print(bp_status) // Crystal: 212

The fluid qualifier matches values in the fluid or unphased state (which is the default). The crystal
qualifier matches only values that have been crystallized with fix or freeze.

Phase Qualifiers and Exhaustiveness

A phase-qualified wildcard or binding is 7oz considered a catch-all by the exhaustiveness checker.
The pattern crystal _ only matches crystal values, so it cannot guarantee coverage of all inputs.
You still need an unqualified catch-all arm.

Phase-qualified patterns are a niche feature. They become useful in generic code that must behave
differently depending on whether a value is mutable or immutable, which we will explore further in
Chapter 11.

9.11 Putting It All Together

Let us build a more realistic example that combines multiple pattern types. Imagine we are writing a
command-line argument parser:
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Listing 9.29: A command-line argument processor

fn process_args(args: Array) -> String {

return match args {

[] => "No arguments provided. Use --help.",
["--help"] => "Usage: app [options] [files...]",
["--version"] => "v2.1.0",

["--output”, path] => "Qutput will be written to ${path}”,
["--verbose”, ...rest] => {

let files = rest.join(", ")
"Verbose mode, processing: ${files}"”

}’

[cmd, ...rest] => "Unknown command: ${cmd}"

print(process_args([]))

// No arguments provided. Use --help.

print(process_args(["--help"1))

// Usage: app [options] [files...

]

print(process_args(["--output”, "/tmp/out.txt"”]))
// Output will be written to /tmp/out.txt

print(process_args(["--verbose”,

"a.txt”, "b.txt"1))

// Verbose mode, processing: a.txt, b.txt

Here is another example that processes a stream of events using enum variants:

183



CHAPTER 9. PATTERN MATCHING

Listing 9.30: Processing events with enum matching

enum Event {
Click(Int, Int),

KeyPress(String),
Resize(Int, Int),
Close

fn handle_event(event: Event) -> String {
return match event {
Event::Click(x, y) if x < @ => "Click out of bounds”,

Event::Click(0, @) => "Click at origin”,
Event::Click(x, y) => "Click at (${x}, ${y»",
Event: :KeyPress("q") => "Quit requested”,

Event: :KeyPress("h") => "Help requested”,

Event: :KeyPress(key) => "Key: ${key}",

Event: :Resize(w, h) => "Window is now ${w}x${h}",
Event: :Close => "Goodbye!"

print(handle_event(Event::Click(100, 200)))
// Click at (100, 200)

print(handle_event(Event: :KeyPress("q")))
// Quit requested

print(handle_event(Event: :Close))
// Goodbye!

And finally, an example that matches struct data with guards:
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Listing 9.31: Struct matching for access control

struct Request {
method: String,
path: String,
authenticated: Bool

fn route(req: Request) -> String {
return match req {

{method: "GET"”, path: "/"} => "Home page"”,

{method: "GET"”, path: "/health”} => "0K",

{method: "GET"”, path} => "Serving ${path}",

{method: "POST", authenticated: false} => "401 Unauthorized",

{method: "POST", path} => "Processing POST to ${path}”,
{method} => "405 Method Not Allowed: ${method}"

let req = Request { method: "POST"”, path: "/api/data”, authenticated: true }
print(route(req)) // Processing POST to /api/data

let bad_req = Request { method: "POST"”, path: "/api/data”, authenticated: false }
print(route(bad_req)) // 401 Unauthorized

9.12 How Match Compiles

Understanding how match compiles helps you reason about performance and appreciate the elegance
of the design. Lattice has no dedicated match opcodes in its bytecode instruction set. Instead,
the compiler in src/stackcompiler. c translates each match expression into a sequence of general-
purpose opcodes—comparisons, jumps, and stack manipulations.

9.12.1 The Stack Invariant

The compiler maintains a key invariant: the scrutinee stays on the stack across all arms. Before testing
each arm, the compiler emits an 0P_bUP to duplicate the scrutinee, then compares the duplicate against
the pattern. If the arm does not match, the duplicate is popped and we move on. If it does match,
the arm body executes, and the scrutinee is cleaned up afterward.
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9.12.2 Compilation by Pattern Type

Literal patterns compile to a 0P_bUP followed by pushing the literal constant and an 0P_EQ compari-
son.

Wildcard patterns without a phase qualifier push oP_TRUE directly—they always match.

Range patterns compile to two comparisons (OP_GTEQ for the start, OP_LTEQ for the end) connected
by a short-circuit jump.

Binding patterns duplicate the scrutinee and create a local variable slot. Guard compilation emits
the guard expression, and the result is tested with OP_JUMP_IF_FALSE.

Complex patterns (arrays, structs, enums) use a two-phase approach:

1. Structural check: Verify the type (using the typeof builtin), check length or field names, and
compare literal sub-patterns. Multiple checks are chained with short-circuit OP_JUMP_IF_FALSE
jumps, so if the first check fails, no further work is done.

2. Binding extraction: If the structural check passes, extract the needed elements. Array
elements are pulled out with OP_INDEX, struct fields with OP_GET_FIELD, and enum payloads by
calling the . payload() method followed by oP_INDEX.

After the matched arm’s body executes, an OP_JUMP skips over all remaining arms. At the very end, a
fallback emits 0P_POP (to discard the scrutinee) and 0P_NIL for the no-match case.

Performance Implications

Because each arm is compiled as a linear sequence of checks and jumps, match expressions
are evaluated in O(n) time where n is the number of arms. The compiler does not build a
jump table or decision tree. For small match expressions (the common case), this is perfectly
efficient. For matches with many literal arms, the short-circuit jumps keep things fast by

skipping unnecessary work.

9.13 Common Patterns and Idioms

9.13.1 Replacing Long if/else Chains

Any time you find yourself writing three or more if/else branches that all test the same variable,
consider using match instead:
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Listing 9.32: Before and after: if/else to match

// Before
fn day_type(day: String) -> String {
if day == "Saturday” {
return "weekend"
} else if day == "Sunday” {
return "weekend”
} else {
return "weekday”

// After
fn day_type(day: String) -> String {
return match day {
"Saturday” => "weekend”,
"Sunday”  => "weekend”,
=> "weekday"

The match version is more compact, makes the structure of the decision visible at a glance, and ensures

every case is handled.

9.13.2 Extracting from Nested Structures

Match excels at pulling values out of nested data:
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Listing 9.33: Extracting nested data

enum Response {
Success(Array),
Error(String)

fn first_item(resp: Response) -> String {
return match resp {

Response: :Success([first, ...rest]) => "First: ${first}",

Response: :Success([1) => "Empty results”,

Response: :Error(msg) => "Failed: ${msg}",
=> "Unknown"

print(first_item(Response: :Success([10, 20, 301)))
// First: 10

print(first_item(Response: :Success([1)))
// Empty results

print(first_item(Response: :Error("timeout”)))
// Failed: timeout

9.13.3 State Machines

Enums and match are a natural way to model state machines. Each state is a variant, and each
transition is a match arm:
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Listing 9.34: A state machine with match

enum ConnectionState {
Disconnected,
Connecting(String),
Connected(String),
Error(String)

fn next_state(state: ConnectionState, action: String) -> ConnectionState {
return match state {
ConnectionState: :Disconnected if action == "connect” => {
ConnectionState: :Connecting(”server.example.com")

}’

ConnectionState: :Connecting(host) if action == "success"” => {
ConnectionState: :Connected(host)

}7

ConnectionState: :Connecting(_) if action == "fail"” => {
ConnectionState: :Error(”"Connection refused”)

}’

ConnectionState: :Connected(_) if action == "disconnect” => {
ConnectionState: :Disconnected

}’

other => other

9.13.4 The Option Pattern

A very common idiom in Lattice is using an Option-like enum to represent values that may or may
not exist, and matching to handle both cases:
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Listing 9.35: The Option pattern

enum Option {
Some(any),
None

fn find_user(id: Int) -> Option {
if id == 1 {
return Option::Some("Alice")

}

return Option: :None

let user = find_user(1)

let greeting = match user {
Option: :Some(name) => "Hello, ${name}!",
Option: :None => "User not found”

print(greeting) // Hello, Alice!

This pattern appears throughout Lattice code and is explored further in Chapter 10, where we
combine it with Result types for robust error handling.

9.14 Exercises

1. FizzBuzz with match. Write a function fn fizzbuzz(n: Int) -> String that uses a match
expression with guards to return "FizzBuzz” when n is divisible by both 3 and 5, "Fizz" when
divisible by 3, "Buzz” when divisible by s, and the number as a string otherwise. Hint: use a
binding pattern with guards.

2. List operations. Write a function fn sum_list(items: Array) -> Int that computes the sum
of an integer array using match with array destructuring and rest patterns. If the array is empty,
return o. If it has one element, return that element. If it has more, extract the first element
and recursively sum the rest.

3. Shape perimeter. Define an enum Shape with variants Circle(Float), Rectangle(Float,
Float), and Square(Float). Write a function fn perimeter(s: Shape) -> Float that uses pat-
tern matching to compute the perimeter. What happens if you forget to handle the square
variant?
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4. HTTP router. Define a struct Request with fields method: String and path: String. Write
a function fn route(req: Request) -> String that uses struct pattern matching to return
different responses for GET /, GET /about, POST /login, and a catch-all 404 response.

enum Expr {
Num(Int),
Add(any, any),

5. Expression evaluator. Define an enum for arithmetic expressions: Sl Gergr, &)

Write a function fn evaluate(e: Expr) -> Int that recursively evaluates an expression tree us-
ing pattern matching. For example, Expr: : Add(Expr: :Num(2), Expr::Num(3)) should evaluate
tos.

What’s Next Pattern matching gives us the tools to inspect data and branch on its structure.
But what happens when things go wrong—when a file is missing, a network request times out, or
a function receives unexpected input? In Chapter 10, we will explore Lattice’s approach to error
handling: the error() and is_error() functions, try/catch blocks, the ? propagation operator, defer
for cleanup, and how to design programs that fail gracefully.
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Chapter 10

Error Handling

Things go wrong. Files disappear between the time you check for them and the time you open them.
Network requests time out. Users type letters where numbers belong. A language that pretends
errors do not happen is a language that produces programs crashing at 3 a.m. with no explanation.

Lattice takes errors seriously without making them painful. It gives you multiple tools—each suited
to a different situation—and lets you choose the right one for the job. At the most basic level, the
error() function creates error values that you can test with is_error(). When you need structured
recovery, try/catch intercepts errors and hands you a detailed error map with a message, a line
number, and a stack trace. For code that uses Result maps, the ? operator unwraps successes and
propagates failures in a single character. And defer ensures that cleanup code runs no matter how a
scope exits—normally or through an error.
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Listing 10.1: A quick tour of error handling
fn safe_divide(a: Float, b: Float) -> Map {
if b == 0.0 {
return err(”"division by zero")

}
return ok(a / b)

let result = safe_divide(10.0, 0.0)

let message = match result {
{tag: "ok", value} => "Result: ${value}",
{tag: "err"”, value} => "Error: ${value}”

print(message) // Error: division by zero

This chapter builds from the ground up. We start with the simplest error tools, progress through
try/catch and the ? operator, explore defer for resource cleanup, revisit contracts from Chapter 6,
and finish with patterns for designing programs that fail gracefully.

10.1 ErrorValues: error() and is_error()

The simplest way to signal a problem in Lattice is to return an error value. The built-in error()
function takes a string message and produces a special value that looks like a string but carries an
error marker:

Listing 10.2: Creating and detecting error values

let bad = error(”something went wrong")

print(is_error(bad)) // true
print(is_error(”ok"”)) // false
print(is_error(42)) // false

Under the hood, error("msg”) returns a string prefixed with an internal marker (EVAL_ERROR: ). When
this marked string flows back to the runtime—for example, as a return value from a native function—
the VM recognizes the prefix and routes it through the exception handler system. The is_error()
function checks for this same prefix.
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Listing 10.3: Using error() in a function

fn parse_int(s: String) -> any {
let digits = "0123456789"
for i in 0..s.len() {
if l!digits.contains(s.char_at(i)) {
return error("invalid character: ${s.char_at(i)}")

}
// ... parsing logic ...
return 42 // simplified

let result = parse_int("12x4")
if is_error(result) {
print("Parse failed")
} else {
print("Got: ${result}")

3
// Parse failed

This approach works, but it has a limitation: the caller must remember to check is_error() on
every return value. If you forget, the error value silently masquerades as a string. For more robust
error handling, Lattice offers two better alternatives: the Result type (Section 10.2) and try/catch
(Section 10.3).

10.2 The Result Type

Lattice’s standard library (in 1ib/fn.lat) provides a convention for representing outcomes that
might succeed or fail: the Result type. A Result is a plain Map with two keys:

e "tag": either "ok” or "err"”
* "value”: the success value or the error message
Two helper functions create Result maps:
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Listing 10.4: Creating Result values

let success = ok(42)
let failure = err("file not found")

print(success) // {tag: ok, value: 42}
print(failure) // {tag: err, value: file not found}

Result Convention

A Result is a Map with a "tag” field set to "ok” or "err” and a "value” field carrying the pay-
load. The standard library functions ok(value) and err(message) construct Result maps. The
? operator and functions like is_ok(), is_err(), unwrap(), and unwrap_or() work with this
convention.

10.2.1 Working with Results

The standard library provides several functions for inspecting and transforming Results:

Listing 10.5: Result helper functions
let result = ok(100)

print(is_ok(result)) // true
print(is_err(result)) // false

// Extract the value (crashes if err!)
print(unwrap(result)) // 100

// Extract with a default fallback
let r2 = err("timeout")
print(unwrap_or(r2, 0)) // 0

unwrap() on Errors

”

Calling unwrap() on an err Result triggers an assertion failure: "unwrap() called on Err:
Use unwrap() only when you are certain the Result is ok, or prefer unwrap_or () for a safe fallback.

You can transform Results without unwrapping them using map_result() and flat_map_result():
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Listing 10.6: Transforming Results

let result = ok(5)

// Apply a function to the ok value
let doubled = map_result(result, |x| x * 2)
print(unwrap(doubled)) // 10

// Chain operations that return Results
let chained = flat_map_result(ok(10), |x| {
if x > 100 {
return err("too large")

3

return ok(x * x)

D)
print(unwrap(chained)) // 100

map_result() applies a function to the value inside an ok and rewraps the result; if the input s err, it
passes through unchanged. flat_map_result() does the same but expects the function to return a
Result itself, avoiding double-wrapping.

10.3 try/catch

When an operation might throw a runtime error—a type mismatch, a division by zero, an assertion
failure, or a contract violation—you can intercept it with try/catch:

Listing 10.7: Basic try/catch
let result = try {
let x =10/ 0
X
} catch e {
print("Caught: ${e.get("message”)}")
-1

print(result) // -1
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10.3.1 try/catch Is an Expression

Like if/else and match, try/catch is an expression. The value of the try block (if it succeeds) or the
catch block (if an error occurs) becomes the value of the entire expression:

Listing 10.8: try/catch produces a value

fn safe_get(items: Array, index: Int) -> any {
return try {
items[index]
} catch e {
nil

print(safe_get([10, 20, 301, 1)) // 20
print(safe_get([10, 20, 301, 99)) // nil

10.3.2 The Error Map

The variable after catch (always required—you cannot omit it) is bound to a structured error Map

with three fields:

Key Type Description

"message”  String  The error message

"line" Int Source line where the error occurred
"stack” Array  Stack trace (array of strings)

Listing 10.9: Inspecting the error map

try {
assert(false, "something broke")

} catch e {
print(e.get("message”)) // something broke
print(e.get("line")) // line number
print(e.get("stack")) // [<script> at line N]
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The stack trace is an array of strings, each in the format "function_name() at line N". For the top-
level script, it appears as "<script> at line N”. For closures without names, it appears as "<closure>
at line N".

Listing 10.10: Reading the stack trace

fn inner() -> any {
return error("deep error")

fn middle() -> any {
return inner()

}
try {
middle()
} catch e {
let trace = e.get("stack")
for entry in trace {
print(” ${entry}")
3
}

// Prints the call chain from inner() through middle() to <script>

10.3.3 What Can Be Caught?
The try/catch mechanism catches a wide range of runtime errors:

* Division by zero

Index out of bounds

* Type mismatches (parameter and return type checks)

Assertion failures (assert(), assert_eq(), etc.)

* Contract violations (require and ensure)

error() values routed through the runtime

Freeze and anneal contract failures

Missing module exports
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Under the hood, try compiles to OP_PUSH_EXCEPTION_HANDLER, which registers a handler with the
VM. The handler records the catch block’s instruction pointer, the current call frame index, and a
snapshot of the stack top. When an error fires (via the VM_ERROR macro or OP_THROW), the VM looks
for the nearest handler, unwinds the call stack to the handler’s frame, restores the stack, and jumps to
the catch block with the error map pushed on top. You can see this mechanism in src/stackvm. c.

Handler Limit

The VM supports up to 64 nested exception handlers (STACKVM_HANDLER_MAX). This is more
than enough for any reasonable program. If you exceed this limit, the VM throws its own error:
"too many nested exception handlers”.

10.4 The ? Operator

The ? operator is Lattice’s most concise error-handling tool. It works with Result maps (Section 10.2):
if the Result is ok, the ? extracts the inner value; if it is err, it immediately returns the error from the
current function.

Listing 10.11: The ? operator in action

fn read_config(path: String) -> Map {
// Imagine these return Results
let content = read_file(path)? // propagates err
let parsed = parse_json(content)? // propagates err
return ok(parsed)

Without ?, you would need to manually check each Result:
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Listing 10.12: Manual error checking (the verbose way)

fn read_config(path: String) -> Map {
let content_result = read_file(path)
if is_err(content_result) {
return content_result

3

let content = unwrap(content_result)

let parsed_result = parse_json(content)
if is_err(parsed_result) {
return parsed_result

3

return ok(unwrap(parsed_result))

The ? operator compresses each three-line check-and-unwrap into a single postfix character.

10.4.1 How ? Works

At compile time, expr? compiles to the expression followed by a single OP_TRY_UNWRAP opcode. At
runtime, this opcode inspects the top of the stack:

1. If the value is a Map with "tag” = "ok”: extract the "value” field and replace the stack top with
it. Execution continues normally.

2. If the value is a Map with "tag” = "err”: immediately return from the current function with
the error map as the return value. No exception handler is needed; the operator uses the normal
return path.

3. If the value is not a conforming Result map: throw a runtime error: "'?' operator requires
a result map with \{tag: \"ok\"€rr;value: ...}"|.

? Requires Result Maps

The ? operator only works with maps that follow the Result convention (ok()/err() maps).
Using ? on a plain integer, string, or non-conforming map will throw a runtime error. If you
are working with error() values instead of Result maps, use is_error() or try/catch instead.

10.4.2 Chaining?

Because ? unwraps the ok value in place, you can chain it with method calls and further operations:
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Listing 10.13: Chaining the ? operator

fn process_data(input: Map) -> Map {
let validated = validate(input)?
let transformed = transform(validated)?
let saved = save_to_db(transformed)?
return ok("Processed ${saved} records")

Each ? either continues with the unwrapped value or short-circuits the entire function, returning
the first error encountered. This creates a clean, linear flow of operations where errors are handled
implicitly.

10.5 panic()

When something goes so catastrophically wrong that recovery makes no sense, panic() signals a fatal
error:

Listing 10.14: Using panic() for unrecoverable errors

fn initialize(config: Map) -> any {
let db_url = config.get("database_url")
if db_url == nil {
panic("Cannot start without a database URL")

}

return db_url

panic() is semantically different from error(): it communicates that the program has reached a state
that should never happen—an invariant violation, a logic error, or a missing critical resource. Use
error() and Result types for expected failures (network timeouts, invalid user input); reserve panic()
for bugs and impossible situations.

When to panic()

Good uses of panic(): unreachable code branches, failed internal invariants, missing required
configuration at startup. Bad uses: user input validation, file-not-found errors, network
failures—these are expected and should be handled with Results or try/catch.

202



10.6. DEFER

10.6 defer

Resources need cleanup. Files should be closed, locks released, temporary directories removed. The
problem with manual cleanup is that errors can cause early exits, skipping the cleanup code. defer
solves this by guaranteeing that a block of code runs when the enclosing scope exits, no matter how it
exits:

Listing 10.15: defer ensures cleanup runs

fn process_file(path: String) -> any {
let handle = open_file(path)
defer {
close_file(handle)
print("File closed”)

// Even if this throws, the defer block runs
let data = read_all(handle)
return parse(data)

10.6.1 Execution Order: LIFO

When multiple defer blocks are registered in the same scope, they execute in last-in, first-out (LIFO)
order—the most recently deferred block runs first:

Listing 10.16: Defers run in reverse order

fn demo() -> any {
defer { print("First deferred, runs last”) }
defer { print(”Second deferred, runs first"”) }
print("Function body")
return nil

demo ()

// Function body

// Second deferred, runs first
// First deferred, runs last
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This LIFO ordering is intentional: resources acquired later typically depend on resources acquired
earlier, so they should be released first.

10.6.2 Scope-Aware Execution

Defers are tied to their enclosing scope. When a scope exits—whether it is a function body, a block,
or a loop iteration—only the defers registered in that scope run:

Listing 10.17: Defer and scope boundaries

fn outer() -> any {
defer { print("outer defer”) }

for i in 0..3 {
defer { print("loop defer ${i}") }
print("iteration ${i}")

print("after loop")
return nil

outer()

// iteration 0@
// loop defer 0
// iteration 1
// loop defer 1
// iteration 2
// loop defer 2
// after loop
// outer defer

Each loop iteration creates and destroys a scope, so the loop’s defer runs at the end of each iteration,
not at the end of the function.

10.6.3 Defer and Errors

Defers run even when an error causes an early exit. This is the whole point—cleanup that only runs
on the happy path is not reliable cleanup:
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Listing 10.18: Defer runs on error paths

fn risky() -> any {
defer { print("”cleanup always runs”) }

print("about to fail”)

assert(false, "intentional failure")
print("this never prints”)

return nil

try {
risky()
} catch e {
print("caught: ${e.get("message”)}")
}
// about to fail

// cleanup always runs
// caught: intentional failure

10.6.4 Defer and Return Values

An important detail: deferred blocks do not aftect the return value of the enclosing function. The
return value is determined before defers execute, and it is preserved across all defer block executions:

Listing 10.19: Defer does not alter return values

fn compute() -> Int {
defer { print(”"cleaning up") }
return 42

let result = compute()
// cleaning up
print(result) // 42

Under the hood, when 0P_DEFER_RUN executes, the VM saves the current top-of-stack value (the return
value), runs each defer body, then restores the saved value. Defer bodies share the parent frame’s
local variables, so they can read (and even modify) locals, but they cannot change what the function
returns.
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10.6.5 How Defer Compiles

The defer body is compiled inline in the function’s bytecode. An 0P_DEFER_PUSH instruction records
the body’s location and scope depth, then a jump skips past the body during normal execution.
When 0P_DEFER_RUN fires (at scope exit or function return), the VM creates a lightweight wrapper
and executes the body as a sub-frame.

At every return point in a compiled function, the compiler emits the sequence: (1) return type check,
(2) ensure postcondition checks, (3) OP_DEFER_RUN with scope depth o (run all defers), (4) OP_RETURN.
This guarantees defers run regardless of which return path the function takes.

10.7 Contracts Revisited

In Chapter 6 we introduced require and ensure contracts. Now that we understand error handling,
let us see how they fit into the bigger picture.

10.7.1 require: Preconditions

A require contract checks a condition at function entry. If the condition is false, it throws an error
that can be caught by try/catch:

Listing 10.20: require throws catchable errors

fn withdraw(balance: Float, amount: Float) -> Float
require amount > 0.0, "amount must be positive”
require amount <= balance, "insufficient funds”

return balance - amount

// Successful call
print(withdraw(100.0, 30.0)) // 70.0

// Failed precondition
try {
withdraw(100.0, -5.0)
} catch e {
print(e.get("message”))
// require failed in 'withdraw': amount must be positive
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The error message always includes the function name and the custom message (or "condition not
met” if no message was provided). Under the hood, the compiler emits the condition expression
followed by op_JuMP_IF_TRUE (skip if ok) or OP_THROW with the formatted message string.

10.7.2 ensure: Postconditions

An ensure contract checks the return value of a function. It takes a closure that receives the return
value and must return a truthy value:

Listing 10.21: ensure validates return values

fn half(n: Int) -> Int
ensure |result| { result * 2 == n }, "result must be half of input”

return n / 2

print(half(10)) // 5

// With an odd number, integer division truncates
try {
half(7)
} catch e {
print(e.get("message”))
// ensure failed in 'half': result must be half of input

The ensure check runs at every return point—both explicit return statements and the implicit trailing
expression. The compiler inserts the check before defers run, so the order at each return point is: type
check — ensure checks — defer execution — actual return.

10.7.3 Combining Contracts with try/catch

Because contract violations throw catchable errors, you can use try/catch to handle them gracefully:
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Listing 10.22: Catching contract violations

fn positive_sqrt(n: Float) -> Float
require n >= 0.0, "cannot take sqrt of negative number”

{
// Newton's method approximation
flux guess = n / 2.0
for _ in 0..20 {
guess = (guess + n / guess) / 2.0
}
return guess
}

let values = [4.0, -1.0, 9.0, -16.0]

for v in values {
let result = try {
positive_sqrt(v)
} catch e {
e.get("message")
}
print("sqrt(${v}) = ${result}")

// sqrt(4.0) = 2.0
// sqrt(-1.0) = require failed in 'positive_sqrt':
// sqrt(9.0) = 3.0

// sqrt(-16.0) = require failed in 'positive_sqrt':

10.8 Assertions

Lattice provides a family of assertion functions for testing invariants:
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Function Purpose

assert(cond) Fails if cond is falsy
assert(cond, msg) Fails with custom message
assert_eq(a, b) Failsifa != b
assert_ne(a, b) Failsifa ==
assert_true(val) Fails if val is not true
assert_false(val) Fails if val is not false
assert_nil(val) Fails if val is not nil

assert_contains(s, sub) Fails if s does not contain sub
assert_type(val, type)  Failsifval is not of type type
assert_throws(closure) Fails if closure does not throw

All assertion failures are catchable with try/catch. The assert_throws() function is particularly
useful in tests—it calls a closure and succeeds only if the closure throws:

Listing 10.23: Testing that code throws

test "division by zero throws” {
assert_throws(|| {
let x=1/20

b

test "require contracts throw on violation” {
fn positive(n: Int) -> Int
require n > @, "must be positive”

return n

assert_throws(|| { positive(-1) })

10.9 The try_fn Helper

The standard library provides try_fn(), which bridges the gap between try/catch exceptions and the
Result type. It runs a closure inside a try/catch and returns the outcome as a Result:
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Listing 10.24: try_fn converts exceptions to Results

let result = try_fn(|| {
let x =10/ 0
X

1))
print(is_err(result)) // true
print(result.get("value")) // error map with message, line, stack

This is useful when you want to call a function that might throw but you prefer to work with Result
maps rather than try/catch blocks:

Listing 10.25: Using try_fn with the ? operator

fn safe_pipeline(data: any) -> Map {
let stepl = try_fn(|| { validate(data) })?
let step2 = try_fn(|| { transform(stepl) })?
return ok(step2)

10.10 Designing for Graceful Failure

Now that we have seen all the error handling tools, let us discuss when to use each one.

10.10.1 Choosing the Right Tool

Situation Recommended Approach

Expected failures (parsing, Return Result maps with ok()/err()
I/0O, validation)

Calling code that throws Wrap in try/catch or try_fn()
Chaining fallible opera- Use ? operator with Results

tions

Bugs and impossible states  panic() or assert()

Function input validation  require contracts

Function output guaran- ensure contracts

tees

Resource cleanup defer
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10.10.2 The Error Boundary Pattern

A common architecture is to let errors propagate freely through the interior of your program and
catch them at well-defined boundaries—the top of a request handler, the main loop of a CLI tool,
the entry point of a worker:

Listing 10.26: The error boundary pattern

fn handle_request(req: any) -> String {

// Interior code uses ? and Results freely

let result = try {
let user = authenticate(req)?
let data = fetch_data(user)?
let response = format_response(data)?
unwrap (response)

} catch e {
// Boundary: convert any error to a user-friendly response
let msg = e.get("message")
print("Error handling request: ${msg}")
"500 Internal Server Error”

}

return result

Interior functions return Results and use ? to propagate errors upward. The boundary catches
everything, logs the details, and returns a safe response to the caller.

10.10.3 Fail Fast, Recover High

A principle that serves Lattice programs well: fail fast at the point of failure, recover at the point
where you have enough context to do something useful.

Do not catch errors deep inside helper functions just to re-throw them. Let them propagate. Catch
them where you can take meaningful action—retry, return a default, log and continue, or shut down
cleanly.
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Listing 10.27: Let errors propagate to where context exists

// Bad: catching too early
fn get_user_name(id: Int) -> String {
let result = try {
fetch_user(id)
} catch e {
// We don't know what to do here!
return "Unknown"

3

return result.get("name")

// Better: propagate and let the caller decide
fn get_user_name(id: Int) -> Map {

let user = fetch_user(id)?

return ok(user.get("name"))

// Caller has context to handle the error
fn display_profile(id: Int) -> String {
let name = match get_user_name(id) {
{tag: "ok"”, value} => value,
{tag: "err", value} => "Guest"

}

return "Welcome, ${name}!"”

10.11 Exercises

1. Safe division. Write a function fn safe_div(a: Float, b: Float) -> Map that returns ok(a
/ b) when b is not zero and err("division by zero") otherwise. Then write a function fn
chain_divide(values: Array) -> Map thatdivides the first element by each subsequent element
in sequence, using ? to propagate errors.

2. Resource manager. Write a function that simulates opening three resources (use print
statements to show “opened resource N”). Use three defer blocks to close them. Introduce an
error after opening the second resource and verify that all opened resources are still closed.

3. Retry logic. Write a function fn retry(attempts: Int, action: any) -> Map that calls the
action closure up to attempts times. If the action succeeds (returns without throwing), return
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ok(result). If all atctempts throw, return err(”all attempts failed”). Use try/catch inside
the retry loop.

4. Contract design. Write a function fn clamp(value: Int, low: Int, high: Int) -> Intwith
a require contract that ensures low <= high, and an ensure contract that verifies the result is
within the [1ow, high] range. Test it with values inside and outside the range, and verify that
the contracts catch violations.

5. Pipeline with errors. Build a data processing pipeline with three stages—validate, transform,
and format—each returning a Result. Write a fn pipeline(input: any) -> Map that chains
the three stages using ?. Test it with inputs that fail at each stage and verify that the correct
error is returned.

What’s Next  With control flow, functions, collections, strings, pattern matching, and error han-
dling in your toolkit, you are equipped to write substantial Lattice programs. But we have been
working with values that are either immutable by default or mutable by declaration without fully
understanding why. In Part III, we dive deep into the phase system—Lattice’s most distinctive feature.
Chapter 11 reveals how the fluid, crystal, and sublimated phases govern mutability, how freezing and
thawing work at the memory level, and why thinking of values as materials with physical states leads
to safer, more predictable programs.
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The Phase System






Chapter 11

Phases Explained

Every material in nature exists in a state. Water flows as liquid, hardens as ice, disperses as steam. The
state determines what you can do with the material—you can pour water but not ice, you can stack
ice but not steam. Lattice borrows this intuition and applies it to data: every value in the language
carries a phase that governs whether it can be changed, shared, or locked down permanently.

If you have been following along from ??, you already know the basics: flux for mutable, fix for
immutable, and let for “figure it out for me.” This chapter goes deeper. We will explore the full
philosophy behind the phase system, examine each phase keyword in detail, master the trio of freeze (),
thaw(), and clone(), learn when and why to freeze values, and understand the error messages the
phase checker produces when something goes wrong.

11.1 The Philosophy: Mutability as a Material Property

Most languages treat mutability as a declaration modifier. In Rust, you write let mut. In JavaScript,
you choose between let and const. In both cases, the declaration tells the bznding whether it can be
reassigned, but the underlying data may or may not follow suit.

Lattice takes a different stance. Mutability is not a property of the binding—it is a property of the
value itself. When you declare a variable with flux, the value stored inside is tagged as fIuzd: it lives
in the mutable heap, the garbage collector watches over it, and you can modify it freely. When you
declare with fix, the value is tagged as crystal: it is hardened, immutable, and may be stored in a
memory arena where it can never be altered.
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A phase is a runtime tag on every Lattice value that describes its mutability state. There are four

phase tags in the runtime:
* Fluid (VTAG_FLUID) — mutable, alive, in motion.
* Crystal (VTAG_CRYSTAL) — immutable, hardened, permanent.
* Unphased (VTAG_UNPHASED) — newly created, not yet committed to either side.
* Sublimated (VTAG_SUBLIMATED) — permanently immutable; cannot be thawed back.

This design has a profound consequence: you can take a fluid value and freeze it into a crystal. You
can take a crystal and zhaw it back into a fluid. You can clone a value to get an independent copy
without changing the original’s phase. The phase is the material property of the data itself, and
Lattice gives you the tools to change that material state deliberately.

Why does this matter? Consider a configuration object. While your application is starting up, the
configuration needs to be mutable—you are loading defaults, overriding with environment variables,
parsing command-line flags. But once startup is complete, the configuration should be frozen solid:
no accidental mutation, no race conditions, no surprises. In most languages, you enforce this with
discipline and documentation. In Lattice, you enforce it with a single call to freeze ().

Listing 11.1: Freezing a configuration after setup

flux config = Map: :new()
config.set("host”, "0.0.0.0")
config.set("port”, "8080")
config.set("debug”, "false")

// Startup complete. Lock it down.

fix app_config = freeze(config)
print(phase_of (app_config)) // "crystal”

After the freeze, app_config is crystal. Any attempt to call app_config.set("host”, "evil.com”) will
fail with a phase error at runtime. The data is safe—not because of a linting rule or a code review
comment, but because the material itself has hardened.

11.2 flux (Fluid) — Mutable, Alive, in Motion

The flux keyword declares a binding whose value is in the flxid phase. Fluid values can be reassigned,
mutated in place, grown, shrunk, and generally treated as living, changing data.
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Listing 11.2: Basic flux usage

flux counter = @
counter = counter + 1
counter += 1
print(counter) // 2

When you create a value with f1lux, the runtime tagsitas VTAG_FLUID. Under the hood (in include/value.h),
every LatValue struct carries a phase field of type PhaseTag. A fluid value’s phase tag is set to VTAG_FLUID,

and it lives on the Fluid Heap—the garbage-collected portion of memory managed by the mark-sweep
collector.

11.2.1 Fluid Collections

Fluid values are not limited to scalars. Arrays, maps, sets, and structs can all be fluid:

Listing 11.3: Fluid collections

flux temperatures = [18.5, 19.2, 20.1]
temperatures.push(21.0)

temperatures.push(22.3)

print(temperatures) // [18.5, 19.2, 20.1, 21.0, 22.3]

flux users = Map::new()
users.set("alice", 42)

users.set("bob"”, 37)
print(users.len()) // 2

When a compound value like an array is fluid, all of its elements inherit the fluid phase. You can
modify the array and its contents freely.

11.2.2 Fluid Reassignment

Because flux values are mutable bindings, you can reassign them entirely:
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Listing 11.4: Reassigning a flux binding

flux greeting = "hello”
print(phase_of (greeting)) // "fluid”

greeting = "bonjour”
print(greeting) // "bonjour”

// Even change the type entirely
greeting = 42
print(greeting) // 42

Lattice is dynamically typed, so a flux binding can hold any value. The phase stays fluid unless you
explicitly transition it.

Fluid Does Not Mean Unprotected

A fluid value is mutable, but it is still tracked by the runtime. The garbage collector manages its
memory, the phase checker watches for incorrect transitions, and in strict mode, the compiler
verifies that you do not accidentally pass a fluid value where a crystal is expected.

11.3 fix (Crystal) — Immutable, Hardened, Permanent

The fix keyword declares a binding whose value is in the crystal phase. Crystal values are immutable:
they cannot be reassigned, their internal state cannot be modified, and any attempt to mutate them
produces a runtime error.

Listing 11.5: Basic fix usage

fix pi = 3.14159
fix greeting = "Hello, Lattice!”
fix primes = freeze([2, 3, 5, 7, 11]1)

print(pi) // 3.14159

print(greeting) // Hello, Lattice!
print(primes) 70 2, 8, B, 7, 111
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Scalar values (integers, floats, booleans, strings) bound with fix are automatically crystal. You do
not need to call freeze() on them—the runtime handles the phase assignment. For compound
values like arrays, maps, and structs, you typically call freeze() explicitly to ensure the deep
crystallization (more on this in Section 11.5).

11.3.1 Why Crystal Is Not Just “const”

In many languages, const merely prevents rebinding—you cannot assign a new value to the variable,
but you can still modify the data it points to. JavaScript’s const is the canonical example:

Listing 11.6: The problem with shallow const (JavaScript-style)

// In JavaScript:
// const arr = [1, 2, 31;
// arr.push(4); // This works! const doesn't protect contents.

// In Lattice:
fix arr = freeze([1, 2, 31)
// arr.push(4) // Runtime error: cannot mutate crystal value

Lattice’s crystal phase is deep. When you freeze an array, every element becomes crystal. When you
freeze a struct, every field becomes crystal. When you freeze a map, every key-value pair becomes
crystal. The immutability propagates through the entire object graph.

Under the hood, the value_freeze() function in src/value. c calls set_phase_recursive(), which
walks the entire value tree and sets every nested value’s phase to VTAG_CRYSTAL:

Listing 11.7: Deep freeze in action

flux nested = [[1, 2], [3, 41, [5, 6]1]
fix frozen = freeze(nested)

print(phase_of (frozen)) // "crystal”

// Every inner array is also crystal---you cannot push
// into frozen[@] any more than you can push into frozen itself.
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11.3.2 Crystal Values and Memory

Crystal values may be relocated from the FluidHeap into a CrystalRegion—an arena-backed memory
area that provides cache locality and O(r) bulk deallocation. We explore this memory architecture in
detail in Chapter 12. For now, the key insight is that crystal values are not merely “values you are not
allowed to change.” They are values that the runtime treats differently at the memory level, storing
them in a region optimized for immutable data.

11.4 1let — Phase Inference

Not every binding needs an explicit phase declaration. The let keyword tells Lattice: “I do not care
about the phase right now—infer it from context.”

Listing 11.8: let bindings with inferred phase

let name = "Lattice”
let count = 42
let items = [1, 2, 3]

print(phase_of (name)) // "unphased”
print(phase_of (count)) // "unphased”
print(phase_of (items)) // "unphased”

When you use let, the value starts in the VTAG_UNPHASED state. Unphased values are not locked into
either fluid or crystal. They behave as fluid in practice—you can reassign and mutate them—but
they do not carry the explicit guarantee of either phase.

An unphased value (VTAG_UNPHASED) has no explicit phase commitment. It can be treated as
mutable and can transition to either fluid or crystal through explicit operations. In casual mode
(the default), 1et bindings are unphased. In strict mode, let is forbidden—you must choose
flux or fix explicitly.

The phase checker in src/phase_check. ¢ handles 1et differently depending on the execution mode.
In casual mode (MODE_CASUAL), the effective phase of a let binding is inferred from the initializer
expression:
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Listing 11.9: Phase inference with let

let frozen_data = freeze([1, 2, 31)
// frozen_data's effective phase is crystal (inferred from freeze())

let thawed_copy = thaw(frozen_data)
// thawed_copy's effective phase is fluid (inferred from thaw())

When to Use let

Use let for quick prototyping and REPL exploration. When writing production code, prefer
flux or fix to make your intent explicit. In strict mode, you are reguired to make this choice—
the compiler will refuse et bindings entirely.

11.4.1 The Relationship Between let and Strict Mode

In strict mode (#mode strict), the phase checker rejects let bindings with a clear error:

Listing 11.10: let rejected in strict mode

#mode strict

let name = "Lattice”
// Error: strict mode: use 'flux' or 'fix' instead of 'let'
// for binding 'name'’

This is by design. Strict mode exists for codebases where phase discipline matters—library code,
concurrent systems, safety-critical paths. We cover strict mode in full detail in Chapter 14.

11.5 freeze(), thaw(), clone() in Depth

These three built-in functions are the tools you use to change a value’s phase or create independent
copies. Think of them as the laboratory equipment for Lattice’s material science.

11.5.1 freeze() — Crystallization

freeze() takes a value and returns a crystal copy. The original fluid value is unaftected (though it may
be freed by garbage collection if no longer referenced), and the returned value is deeply immutable.
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Listing 1.1x: The freeze() function

flux temperatures = [20.1, 21.5, 19.8, 22.0]
fix snapshot = freeze(temperatures)

print(phase_of (temperatures)) // "fluid”
print(phase_of (snapshot)) // "crystal”

// The fluid value is still alive and mutable
temperatures.push(23.1)
print(temperatures) // [20.1, 21.5, 19.8, 22.0, 23.1]

// The crystal snapshot is frozen in time
print(snapshot) // [20.1, 21.5, 19.8, 22.0]

Under the hood, freeze() does two things:

1. Deep clones the value into a new CrystalRegion (arena-backed memory). This is performed
by value_deep_clone() in src/value. ¢, which recursively copies every nested value.

2. Sets the phase tag to VTAG_CRYSTAL on every value in the tree via the set_phase_recursive()
function.

The deep clone ensures that the crystal value has no pointers back into the FluidHeap. This is a
critical invariant: crystal values must be completely independent of the garbage-collected heap so
that the GC can skip them during mark-sweep cycles.

Freeze Is Not Free

freeze() performs a deep copy. For large nested structures, this has a real cost in both time
and memory. However, this cost buys you a powerful guarantee: the frozen value is truly
independent and will never be mutated, even if the original value continues to change.

Freezing with Contracts

freeze() can take an optional contract closure that validates the value before crystallization:
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Listing 1r.12: Freeze with contract validation

flux score = 85

// freeze with a validation contract

fix validated = freeze(score, |val: any| {
if val < @ { return "score must be non-negative” }
if val > 100 { return "score must not exceed 100" }
return nil

D

print(validated) // 85

If the contract returns a non-nil value, the freeze fails and the error message is propagated. This
pattern lets you enforce invariants at the moment of crystallization—the value only hardens if it
passes validation.

11.5.2 thaw() — Melting a Crystal

thaw() is the inverse of freeze(). It takes a crystal value and returns a zew fluid copy. The original
crystal value remains unchanged and immutable.

Listing 11.13: The thaw() function

fix frozen_list = freeze([10, 20, 301)
print(phase_of (frozen_list)) // "crystal”

flux thawed = thaw(frozen_list)
print(phase_of (thawed)) // "fluid”

// Now we can modify the thawed copy

thawed. push(40)

print(thawed) // [10, 20, 30, 40]
print(frozen_list) // [10, 20, 30] -- unchanged

The implementationin src/value. ¢ reveals an important detail: value_thaw() first calls value_deep_clone()
to create an independent copy, then calls set_phase_recursive() to set the phase to VTAG_FLUID. This
means thaw() always creates a new copy—it never modifies the original crystal value in place.
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Thaw Creates a Copy

A common misconception is that thaw() “unfreezes” the original value. It does not. thaw()
creates a brand-new fluid copy, leaving the original crystal intact. If you need to modify a frozen
value, thaw it, modify the copy, and optionally re-freeze it.

Thawing Refs

When thaw() operates on a Ref value (a reference-counted shared wrapper), it breaks the sharing.
The thawed result is a new Ref with a deep-cloned inner value, independent of any other references
to the original. This is documented in src/value. ¢ in the value_thaw() function:

Listing 11.14: Thawing a Ref breaks sharing

fix shared_ref = freeze(Ref(42))
flux independent = thaw(shared_ref)
// independent is a new Ref, no longer sharing data with shared_ref

11.5.3 clone() — Independent Copy

clone() creates a deep copy of a value without changing its phase. A fluid value cloned stays fluid. A
crystal value cloned stays crystal. The result is a structurally identical but completely independent

copy.

Listing 1r.15: The clone() function

flux original = [1, 2, 3]
flux copy = clone(original)

copy.push(4)
print(original) // [1, 2, 3] -- unaffected
print(copy) // [1, 2, 3, 4]

print(phase_of (original)) // "fluid”
print(phase_of (copy)) // "fluid" -- same phase as original

Clone is especially useful when you want to pass a value to a function that might modify it, but you
want to preserve the original:
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Listing 11.16: Cloning for safe function calls

fn process_data(data: any) {
// This function modifies its argument
data.push(@)
return data

3

flux sensor_readings = [45.2, 47.8, 46.1]
flux processed = process_data(clone(sensor_readings))

print(sensor_readings) // [45.2, 47.8, 46.1] -- safe
print(processed) // [45.2, 47.8, 46.1, 0]

‘When to Use Each

* Use freeze() when you want to lock a value down for safety, sharing, or performance.
* Use thaw() when you need to modify data that is currently frozen.
* Use clone() when you want an independent copy without changing the phase.

11.6 Advanced Phase Operations

Beyond the fundamental trio, Lattice offers several advanced phase operations for fine-grained control
over the crystallization lifecycle.

11.6.1 forge — Scoped Construction

A forge block lets you construct a complex crystal value through a series of mutable operations,
automatically freezing the result when the block completes. Think of it like a foundry: the material
is molten inside the forge, but what comes out is solid.
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Listing 11.17: Building a crystal value with forge

fix server_config = forge {
flux temp = Map::new()
temp.set("host”, "localhost")
temp.set("port”, "8080")

temp.set("max_connections”, "1000")
temp.set("timeout_ms"”, "30000")
freeze(temp)

print(phase_of (server_config)) // "crystal”
print(server_config.get("host”)) // "localhost”

The forge block is especially valuable when the construction process requires loops, conditionals, or
function calls:

Listing 11.18: Complex construction inside forge

fix lookup_table = forge {
flux table = Map: :new()
for i in 0..100 {
table.set(to_string(i), i * i)

}
freeze(table)

print(lookup_table.get("7")) // 49
print(lookup_table.get("12")) // 144

The phase checker knows that a forge block always produces a crystal result. This is reflected in
src/phase_check. c, where EXPR_FORGE returns PHASE_CRYSTAL.

11.6.2 anneal — Transform a Crystal

In metallurgy, annealing is the process of heating a metal, transforming it, and letting it cool back to
a hardened state. Lattice’s anneal does the same: it thaws a crystal value, applies a transformation
closure, and re-freezes the result.
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Listing 11.19: Annealing a crystal value

fix prices = freeze([9.99, 14.99, 19.99, 24.991)

// Apply a 10% discount without manually thawing/re-freezing
fix discounted = anneal(prices, |items: any| {
flux result = []
for price in items {
result.push(price * 0.9)

3
return result
1))
print(discounted) // [8.991, 13.491, 17.991, 22.491]

print(phase_of (discounted)) // "crystal”

anneal requires its first argument to be a crystal value. If you pass a fluid value, the runtime produces
an error. The transformation closure receives the thawed (fluid) copy, and whatever it returns is
automatically frozen.

11.6.3 crystallize and borrow — Scoped Phase Changes

Sometimes you want to temporarily change a value’s phase within a specific scope. crystallize
temporarily freezes a variable for the duration of a block, then restores its original phase:

Listing 11.20: Temporary crystallization

flux data = [1, 2, 3]

crystallize(data) {
// Inside this block, data is crystal
print(phase_of(data)) // "crystal”
// data.push(4) // This would error!

// Back to fluid outside
print(phase_of(data)) // "fluid”
data.push(4)

print(data) // [1, 2, 3, 4]
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borrow is the inverse: it temporarily thaws a crystal variable so you can modify it within a block, then
re-freezes it:

Listing 1r.21: Temporarily borrowing a crystal value

fix config = freeze(Map::new())

borrow(config) {
// Inside this block, config is fluid
config.set("debug”, "true")
config.set("verbose”, "true")

// config is crystal again outside the borrow block
print(phase_of (config)) // "crystal”

These scoped operations are compiled to a sequence of phase tag changes and are verified by the
phase checker (see src/stackcompiler.c). The key property: both crystallize and borrow restore
the original phase when the block ends, even if an error occurs during execution.

11.6.4 sublimate — The Point of No Return

In chemistry, sublimation is when a solid transforms directly into gas, skipping the liquid state
entirely. In Lattice, sublimate converts a value into the sublimated phase (VTAG_SUBLIMATED)—a
terminal, irreversible state of immutability.

Listing 11.22: Sublimating a value

flux secret_key = "my-api-key-12345"
sublimate(secret_key)

print(phase_of (secret_key)) // "sublimated”
// secret_key cannot be thawed, reassigned, or modified
// It is permanently locked

Unlike crystal values, sublimated values cannot be thawed. Calling thaw() on a sublimated value
produces an error. This makes sublimation ideal for security-sensitive data (API keys, passwords,
certificates) or constants that must never change under any circumstances.
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Sublimation Is Irreversible

Once a value is sublimated, there is no way to make it mutable again within the runtime. Use
sublimation deliberately for values that truly must be permanent.

11.7 When and Why to Freeze Values

Knowing how to freeze is only half the story. Knowing when to freeze is what separates a novice
Lattice programmer from an expert. Here are the primary scenarios where freezing pays dividends.

11.7.1 Sharing Data Between Threads

In Lattice’s structured concurrency model (covered in Chapter 19), spawned tasks should not share
mutable state. The strict mode phase checker enforces this: fluid bindings cannot cross a spawn
boundary. The solution is to freeze data before sharing:

Listing 11.23: Freezing data for safe sharing across tasks

flux results = [10, 20, 30, 40, 50]
fix shared = freeze(results)

scope {
spawn {
// Safe: shared is crystal, no data races
print("Task sees: " + to_string(shared))
}
spawn {
print("Other task sees: " + to_string(shared))
3
}

Crystal values are inherently safe to share because no one can modify them. This eliminates an entire
class of concurrency bugs—no locks needed, no synchronization overhead, no data races.

11.7.2 API Boundaries

When designing a function that returns data the caller should not modify, freeze it:
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Listing 11.24: Returning frozen data from a function

fn get_default_settings() {
flux defaults = Map::new()
defaults.set(”"theme”, "dark")
defaults.set("font_size"”, "14")
defaults.set("”language”, "en"
return freeze(defaults)

fix settings = get_default_settings()
// Callers get crystal data---they can read but not modify

11.7.3 Snapshot Semantics

When you need to capture the state of a value at a particular moment, freeze it:

Listing 11.25: Creating snapshots with freeze
flux log_entries = []
log_entries.push(”"Server started"”)
log_entries.push(”"Listening on port 8080")

fix startup_log = freeze(log_entries)

log_entries.push(”Connection from 192.168.1.1")
log_entries.push(”"Request: GET /api/status”)

fix runtime_log = freeze(log_entries)

print(startup_log.len()) // 2
print(runtime_log.len()) // 4

Each freeze() call captures the array at that point in time. The snapshots are independent and
immutable, while the original continues to grow.

232



1.8. PHASE ERRORS AND WHAT THEY TELL YOU

11.7.4 Performance Optimization

Crystal values stored in arena-backed CrystalR egions enjoy better cache locality than fluid values
scattered across the general heap. For read-heavy workloads with large data structures, freezing the
data can improve access performance. We explore the memory implications in Chapter 12.

11.7.5 Correctness Guarantees

Sometimes you freeze a value simply to catch bugs. If you know a value should not change after a
certain point, freezing it converts silent corruption into a loud runtime error:

Listing 11.26: Freezing for correctness

fn validate_and_seal(data: any) {
// ... validation logic ...
return freeze(data)

fix user_record = validate_and_seal(raw_input)
// Any code that accidentally tries to mutate user_record
// will get an immediate phase error instead of silent corruption

11.8 Phase Errors and What They Tell You

When you violate the phase system’s rules, Lattice produces clear error messages. Understanding
these errors is essential for working eftectively with phases.

11.8.1 Mutating a Crystal Value

The most common phase error: trying to modify something that is frozen.

Listing 11.27: Crystal mutation error

fix names = freeze(["Alice"”, "Bob"])
// names.push("Charlie")
// Error: cannot mutate crystal value

This error means you tried to call a mutating method (push, set, pop, etc.) on a crystal value. The fix
is to either thaw() the value first or restructure your code so the mutation happens before the freeze.
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11.8.2 Assigning to a Crystal Binding

Listing 11.2.8: Crystal assignment error

fix count = 42
// count = 43

// Error: cannot reassign fix binding 'count'

A fix binding cannot be reassigned. If you need a new value, create a new binding:

Listing 11.29: Working with crystal bindings
fix count = 42
fix new_count = count + 1
print(new_count) // 43

11.8.3 Strict Mode: 1et Not Allowed

Listing 11.30: Strict mode rejects let

#mode strict
// let x = 10
// Error: strict mode: use 'flux' or 'fix' instead of 'let'

// for binding 'x'

flux x = 1@ // Use this instead

In strict mode, every binding must have an explicit phase. This forces you to think about mutability
at every declaration point.
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11.8.4 Strict Mode: Phase Mismatch

Listing 11.31: Strict mode phase mismatch

#mode strict

fix frozen_val = freeze(42)
// flux reassigned = frozen_val
// Error: cannot bind crystal value with flux for 'reassigned'

In strict mode, the phase checker tracks the phase of every expression and ensures that bindings are
consistent. Binding a crystal expression with flux is an error because it would create a contradiction:

the value is crystal but the binding says it should be fluid.

11.8.5 Strict Mode: Freezing an Already Crystal Value

Listing 11.32: Double-freeze error in strict mode

#mode strict
fix data = freeze([1, 2, 31)

// fix again = freeze(data)
// Error: strict mode: cannot freeze an already crystal value

This error helps catch redundant operations. If a value is already crystal, freezing it again is pointless—
and in strict mode, Lattice tells you so.

11.8.6 Strict Mode: Thawing an Already Fluid Value

Listing 11.33: Thawing a fluid value in strict mode

#mode strict
flux data = [1, 2, 3]

// flux copy = thaw(data)
// Error: strict mode: cannot thaw an already fluid value
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Similarly, thawing a fluid value is redundant. If you want an independent copy of a fluid value, use
clone() instead.

11.8.7 Strict Mode: Fluid Values in spawn

Listing 11.34: Fluid value crossing spawn boundary

#mode strict

flux shared_counter = @

scope {
spawn {
// print(shared_counter)
// Error: strict mode: cannot use fluid binding
// 'shared_counter' across thread boundary in spawn
}
}

The phase checker in src/phase_check. ¢ includes a special pc_check_spawn_expr () function that
walks expressions inside spawn blocks and errors if any fluid binding is referenced. This is one of the
most valuable strict mode checks: it prevents data races at compile time.

11.8.8 Annotation Violations

Listing 11.35: Phase annotation violation

#mode strict

@crystal

flux temperature = 72.5

// Error: @crystal annotation violated: initializer for
// 'temperature' is fluid

Phase annotations (@fluid, @rystal) are assertions about what phase a value should have. If the ini-
tializer’s phase contradicts the annotation, the phase checker produces an error. We cover annotations
in detail in Chapter 14.
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Reading Phase Errors

Phase errors always tell you three things:

1. What went wrong: the specific phase violation.

2. Where it happened: the variable name or expression involved.

3. Why it matters: strict mode errors explain the rule being enforced.
When you see a phase error, ask yourself: “Should this value be mutable here, or should I have
frozen it earlier?” The answer usually reveals the right fix.

11.9 Querying Phase at Runtime
The built-in phase_of () function returns the current phase of any value as a string:

Listing 11.36: Using phase_of () for runtime inspection

flux counter = 0
fix pi = 3.14159
let name = "Lattice”

print(phase_of (counter)) // "fluid”
print(phase_of(pi)) // "crystal”
print(phase_of (name)) // "unphased”

The four possible return values are:
* "fluid” — the value is mutable (VTAG_FLUID).
* "crystal” — the value is immutable (VTAG_CRYSTAL).
* "unphased” — the value has no explicit phase (VTAG_UNPHASED).
* "sublimated” — the value is permanently immutable (VTAG_SUBLIMATED).

The phase_of () function is implemented as a native built-in registered in src/runtime. c. It inspects
the phase field of the LatValue struct directly, making it a zero-cost query.

phase_of () is particularly useful in library code that needs to handle values of any phase:
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Listing 11.37: Phase-aware library function
fn safe_append(collection: any, item: any) {
if phase_of(collection) == "crystal” {
// Can't modify crystal, return a new thawed copy
flux copy = thaw(collection)
copy.push(item)
return freeze(copy)

3

// Fluid: modify in place
collection.push(item)
return collection

flux items = [1, 2, 3]
safe_append(items, 4)
print(items) // [1, 2, 3, 4]
fix frozen = freeze([10, 20])

fix updated = safe_append(frozen, 30)
print(updated) // [10, 20, 30]

11.10 Summary: The Phase Lifecycle
Let us put it all together. A value’s phase lifecycle in Lattice looks like this:
1. A value is created via a constructor, literal, or expression. It begins as VTAG_UNPHASED.

2. When bound with flux, it transitions to VTAG_FLUID and lives on the FluidHeap under GC
management.

3. When bound with fix or passed through freeze(), it transitions to VTAG_CRYSTAL and may be
relocated to a CrystalRegion.

4. thaw() creates a zew fluid copy from a crystal value. clone() creates a copy at the same phase.
5. sublimate() converts to the VTAG_SUBLIMATED terminal state—no going back.

6. forge, anneal, crystallize, and borrow provide scoped and structured phase transitions.
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Unphased

flux fix
freeze()
\_/@
thaw()
sublimate()
sublimate( — \
‘ Sublimated

-

Figure 11.1: The phase transition diagram for Lattice values.

11.11 Exercises

1. Phase Explorer. Write a function describe_phase(val: any) that takes any value and prints
a message describing its phase. Include different messages for fluid, crystal, unphased, and
sublimated values. Test it with values of each phase.

2. Immutable Stack. Implement a stack data structure using frozen arrays. Your push operation
should return a zew frozen array with the element added, and your pop operation should
return a tuple of the top element and the remaining frozen array. The original stack should
never change.

3. Configuration Builder. Write a build_config() function that uses a forge block to construct
a configuration map. The function should accept an array of key-value tuples and build the
frozen map from them.

4. Phase-Safe Merge. Write a function merge_arrays(a: any, b: any) that concatenates two
arrays regardless of their phases. If either input is crystal, the function should thaw it before
merging. The result should always be frozen.

5. Error Collector. In strict mode, write a program that deliberately triggers each of the phase
errors described in Section 11.8 (one at a time). Comment out each error after confirming the
message, and write a brief comment explaining what the error means.

What’s Next. Now that we understand the phase system’s semantics, we are ready to peer beneath
the surface and ask: where do these values actually live? In Chapter 12, we explore the dual-heap
memory architecture that makes the phase system possible—the FluidHeap for mutable values,
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the CrystalRegion for frozen data, and the ephemeral BumpArena for short-lived temporaries.
Understanding this architecture will give you the intuition to write code that is not only correct but
efficient.
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Chapter 12

Memory and Arenas

In the previous chapter we learned what phases mean for your code. Now we ask: where does the data
actually go? When you freeze a value, what happens to the bytes? When the garbage collector runs,
how does it know to skip crystal values? Why does freezing sometimes make your program faster?

Lattice uses a dual-heap architecture that physically separates mutable and immutable data into
different regions of memory. This is not a coincidence or an optimization afterthought—it is a direct
consequence of the phase system’s design. Fluid values live in one world, crystal values in another,
and the boundary between them is enforced all the way down to the allocator.

12.1 The FluidHeap: Mark-Sweep GC for Mutable Values

Every mutable value in Lattice lives on the Fluid Heap—a garbage-collected heap that uses a mark-
sweep algorithm to reclaim memory.

When you write a flux declaration, the value’s internal data (strings, array bufters, map entries)
is allocated through the FluidHeap’s fluid_alloc() function. You can see the implementation in
src/memory.c:

Listing r12.1: Fluid values live on the GC-managed heap

flux names = ["Alice”, "Bob"”, "Charlie"]
// The array buffer and each string are allocated via fluid_alloc()
// The FluidHeap tracks every allocation in a linked list
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12.1.1 How the FluidHeap Works

The FluidHeap structure, defined in include/memory . h, maintains a linked list of every allocation it
has made:

* Each allocation is wrapped in a FluidAlloc node containing the pointer, its size, a marked flag,
and a link to the next allocation.

* The heap tracks total_bytes, alloc_count, and gc_threshold (initially t MB).
* When the total bytes exceed the GC threshold, a collection cycle is triggered.

The allocation path is straightforward: fluid_alloc() calls malloc(), wraps the result in a FluidAlloc
header, prepends it to the linked list, and updates the byte counters. Deallocation via fluid_dealloc()
walks the list, finds the matching pointer, unlinks the node, and frees the memory.

12.1.2 Mark-Sweep Collection

The GC uses a classic two-phase algorithm:

1. Mark phase. Starting from the roots (the VM stack, global environment, struct metadata,
open upvalues, call frame upvalues, and the module cache), the collector recursively traverses ev-
ery reachable value and marks its heap allocations. The gc_mark_value() function in src/gc.c
handles this traversal.

2. Sweep phase. The collector walks the entire FluidHeap allocation list. Any allocation not
marked in step 1 is unreachable—it gets freed. Marked allocations have their mark bit cleared
for the next cycle.

Listing 12.2: GC reclaims unreachable fluid values

fn create_temporary() {
flux temp = [1, 2, 3, 4, 5]
// temp is allocated on the FluidHeap
return temp.len()
// After return, temp is unreachable
// The next GC cycle will free its memory

flux length = create_temporary()
print(length) // 5
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Crystal Values Are Invisible to the GC

A critical optimization: gc_mark_value() in src/gc. ¢ checks the region_id field of every value.
If the region ID is anything other than REGION_NONE—meaning the value is arena-backed,
ephemeral, interned, or a constant—the marker returns immediately. Crystal values stored in
a CrystalRegion are never traversed during the mark phase. This means the GC’s pause time
scales with the number of fIuid values, not the total number of values. The more data you
freeze, the less work the GC has to do.

12.1.3 The GC Threshold and Adaptive Growth

The garbage collector does not run on every allocation. Instead, it triggers when the object count
exceeds the next_gc threshold. After each collection, the threshold adapts:

next_gc = surviving_objects x 2

This growth factor (defined as GC_GROWTH_FACTOR in src/gc. ¢) ensures that the GC runs more fre-
quently when there are many objects and less frequently when most objects survive. The minimum
threshold is 256 objects (GC_INITIAL_THRESHOLD), preventing thrashing on small programs.

Listing 12.3: Adaptive GC in action
flux items = []
for i in @..10000 {
items.push(to_string(i))
// The GC may trigger periodically as items grows
// Each cycle, the threshold adjusts based on survivors

}
print(items.len()) // 10000

12.2 The CrystalRegion: Arena-Backed Storage for Immutable Val-
ues

When you freeze a value, its data is deep-cloned into a CrystalRegion—an arena-based allocator that

provides two key benefits: cache locality and O(1) bulk deallocation.
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12.2.1 WhatIs an Arena?

An arena (also called a region allocator or bump allocator) is a memory management strategy where
you allocate objects by bumping a pointer forward within a pre-allocated block of memory called
a page. When you are done with the arena, you free all its memory at once by freeing the pages.
Individual objects are never freed independently.

Arena Allocation

An arena allocates memory by advancing a pointer within contiguous pages. Allocation is
O(1)—just bump the pointer. Deallocation is also O(x)—free all pages at once. The trade-off:
you cannot free individual objects; you free the entire arena or nothing.

This is a perfect fit for crystal values. Once frozen, they are immutable and their lifetimes are tied
together: when the last reference to a frozen value is dropped, the entire region can be reclaimed.

12.2.2 Region Structure
The crystalRegion struct, defined in include/memory . h, contains:
* An id (a monotonically increasing RegionId) that uniquely identifies this region.
* An epoch timestamp for generational tracking.
* A linked list of ArenaPage structures, each backed by a 4 KB data buffer (ARENA_PAGE_SIZE).
* A running total of bytes used across all pages.

Allocation within a region is handled by arena_alloc() in src/memory . c. It uses 8-byte alignment
and tries to fit the request in the current head page. If the page is full, a new page is allocated and
prepended to the list. Oversized requests get a dedicated page.

Listing 12.4: Freeze allocates into a CrystalRegion

flux large_dataset = []
for i in 0..1000 {
large_dataset.push(i * i)

// freeze() clones the data into a new CrystalRegion
fix snapshot = freeze(large_dataset)

// The 1000 integers and the array buffer are now packed
// into contiguous arena pages---great for cache performance
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12.2.3 How Freeze Moves Data

When freeze() is called, the runtime performs these steps:
1. A new CrystalRegion is created via region_create() on the RegionManager.
2. The global arena pointer (g_arena in src/value. c) is set to this new region.

3. value_deep_clone() is called. Because g_arenais now set, every internal allocation call (1at_alloc,
lat_strdup, etc.) is routed to arena_alloc() instead of the normal heap or FluidHeap.

4. The phase tag is set to VTAG_CRYSTAL recursively.
5. The arena pointer is cleared.
6. Each cloned value’s region_id is set to the region’s ID, marking it as arena-backed.

This is the key mechanism: the deep clone into an arena creates a completely independent copy
whose memory is managed by the region, not by the FluidHeap or the GC. The allocation routing
logic in src/value. c makes this transparent:

* lat_alloc() checksg_arenafirst. If set, it calls arena_alloc(). Otherwise, it tries the FluidHeap,
and as a last resort, raw malloc().

* lat_free() checks g_arena—if set, it is a no-op (arena memory is freed in bulk).

Region IDs and GC Coordination

Every value cloned into an arena carries the region’s ID in its region_id field. During GC, the
marker uses this field to skip arena-backed values. During region collection, the region manager
identifies which regions are still reachable (their IDs appear in the set of live region IDs) and
frees the rest. This coordination is implemented in region_collect() in src/memory . ¢, which
uses a sorted binary search for efficient reachability checks.

12.2.4 Region Collection

Crystal regions are freed by the region_collect() function on the RegionManager. During a GC cycle,
the runtime builds a set of reachable region IDs by scanning all live values’ region_id fields. Any
region whose ID does not appear in this set is unreachable—its pages are freed in bulk.

This is the beauty of arena allocation: freeing a CrystalRegion is a simple walk through its page list,
freeing each page. No per-object destructor calls, no pointer chasing through a complex object graph.
For a region containing thousands of frozen values, the cost is the same as freeing a handful of pages.
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Listing 12.5: Regions freed when no longer reachable

fn make_snapshot() {
flux data = [1, 2, 3, 4, 5]
return freeze(data)

flux snapshot = make_snapshot()
print(snapshot) // [1, 2, 3, 4, 5]

// If snapshot goes out of scope or is reassigned,

// the CrystalRegion backing it becomes unreachable
// and is freed during the next GC cycle

snapshot = nil // The region can now be collected

12.2.5 The RegionManager
The RegionManager in include/memory.h is the bookkeeper for all crystal regions. It maintains:
* A dynamic array of CrystalRegion pointers.
* A monotonically increasing next_id counter for assigning unique region IDs.
* An epoch counter for generational tracking.
* Statistics: total allocations, peak region count, cumulative data bytes.

New regions are created with region_create(), which allocates a fresh region with a single initial page
and assigns it the next available ID. The manager grows its array dynamically as regions accumulate.

12.3 The Ephemeral BumpArena: Short-Lived Temporaries

Not every allocation deserves the overhead of GC tracking or the permanence of an arena region.
For short-lived temporary values—intermediate computation results, format strings, temporary
buffers— Lattice provides the BumpArena.

The BumpArena is a lightweight bump allocator that can be reser without freeing its pages. This
means the same memory pages are reused across multiple reset cycles, avoiding the cost of repeated
page allocation.

12.3.1 How the BumpArena Works

The BumpArena struct in include/memory . h maintains:
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* A pages pointer to the current page.
* A first_page pointer to the head of the page chain (preserved across resets).
* A running total of bytes allocated since the last reset.
Allocation via bump_alloc() (in src/memory. c) works in three steps:
1. Try the current page. If there is room, bump the used pointer and return.

2. Try the next page in the chain (left over from a previous cycle). If there is room, advance to

that page.
3. Allocate a new page. Oversized requests get a dedicated page larger than the default 4 KB.

All allocations are 8-byte aligned via (size + 7) & ~7, ensuring proper alignment for any data type.

12.3.2 The Reset Cycle

The key feature of the BumpArena is bump_arena_reset (). Instead of freeing pages, it simply sets
each page’s used counter back to zero and resets the current page pointer to the first page. The page
chain remains intact, so subsequent allocations reuse existing memory without any system calls.

Listing 12.6: Ephemeral allocations for temporaries

// Inside the VM, each expression evaluation may allocate
// temporary strings for interpolation, display, or hashing.
// These temporaries live in the BumpArena and are cleared
// at safe points (e.g., between statements).

flux message = "Count: ${to_string(counter)}"”
// The interpolation creates temporary strings in the BumpArena
// They are freed in bulk at the next safe point

Values allocated in the BumpArena have their region_id set to REGION_EPHEMERAL (defined as (size_t)-2
in include/value.h). This sentinel value tells both the GC marker and the value destructor to skip
these allocations—they are managed by the arena lifecycle, not by normal heap operations.

Performance Benefit

The BumpArena is one of the reasons Lattice can handle string-heavy operations efhiciently.
String interpolation, formatting, and display operations generate many short-lived strings.
Rather than allocating and freeing each one individually (which would pressure the GC), they
are bump-allocated and cleared in bulk. This reduces GC pressure and improves throughput.
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12.4 How Freeze Moves a Value from Heap to Arena

Let us walk through the complete memory journey of a value as it transitions from fluid to crystal.
Understanding this flow gives you an intuition for the cost and benefit of freezing.

12.4.1 Step by Step

Consider this code:

Listing 12.7: A freeze in slow motion

flux temperatures = [20.1, 21.5, 19.8]
fix snapshot = freeze(temperatures)

Here is what happens in memory:

I.

8.

Initial state. temperatures is a fluid array. Its element buffer (elems) is allocated on the
FluidHeap. The three float values are stored inline in the buffer. The phase tag is VTAG_FLUID,
and region_id is REGION_NONE.

Region creation. freeze() calls region_create() on the RegionManager. A new Crystal-
Region is born with a fresh ID and a single 4 KB page.

Arena activation. The thread-local g_arena pointer is set to the new region. From this
point, all 1at_alloc() calls are routed to arena_alloc().

Deep clone. value_deep_clone() copies the array. The new element buffer is allocated in
the arena (not the FluidHeap). Each float value is copied into the new bufter. For compound
elements, the clone recurses.

Phase tagging. set_phase_recursive() walks the cloned value tree and sets every phase tag
to VTAG_CRYSTAL.

. Region ID assignment. The cloned value’s region_id is set to the region’s ID.

Arena deactivation. g_arena is set back to NULL. Subsequent allocations go through the
normal FluidHeap path.

Binding. The crystal value is stored in the fix binding snapshot.

After this process, temperatures still lives on the FluidHeap (and can still be modified), while snapshot
lives in its own CrystalRegion with all data packed into contiguous arena pages.
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Property FluidHeap CrystalRegion
Allocation style  Individual malloc() Arena bump allocation
Deallocation Per-object via GC sweep  Bulk page free
Cachelocality ~ Scattered Contiguous

GC interaction Mark & sweep Skipped during marking
Mutability Mutable Immutable

region_id REGION_NONE Region-specific ID

Table 12.1: Comparing FluidHeap and CrystalRegion memory characteristics.

12.4.2 Memory Layout Comparison
12.5 StringInterning and Why It Matters

Lattice interns certain strings—struct field names, map keys used internally, and explicitly interned
strings—into a global InternTable. Interning means that each unique string exists at most once in
memory, and all references to that string point to the same canonical copy.

12.5.1 How Interning Works

The intern table, implemented in src/intern. ¢, is a hash table using open addressing with linear

probing:
* The hash function is DJB2 (h = h % 33 + c), a fast string hash.
* The table starts at 256 entries and grows (doubles) when the load factor exceeds 50%.

* intern() looks up the string. If found, it returns the existing pointer. If not, it strdup()s the
string into the table and returns the new pointer.

The result: two interned strings with the same content are guaranteed to have the same pointer. This
means pointer comparison (==) replaces stremp() for interned strings, turning an O(n) comparison
into an O(1) operation.

12.5.2 What Gets Interned
In the Lattice runtime, the following strings are automatically interned:

* Struct field names. When astructis created (via value_struct() in src/value. c), each field
nameis passed through intern(). Thisis visible in the constructor: val.as.strct. field_names[i]

= (char *)intern(field_names[i]).
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* Explicitly interned strings. The value_string_interned() constructor creates a string
value whose region_id is set to REGION_INTERNED.

Interned strings are never freed during normal program execution (they are owned by the global
intern table) and are cleaned up only when intern_free() is called at program exit.

12.5.3 Why Interning Matters for Phase
String interning interacts with the phase system in several important ways:

1. GC safety. Interned strings have region_id = REGION_INTERNED. The GC marker skips them
(they are not on the FluidHeap), and the value destructor skips them (they are owned by the
intern table). This prevents double-frees and dangling pointers.

2. Efficient deep cloning. When value_deep_clone() encounters an interned string, it does
not copy the string data. Instead, it reuses the same pointer and copies the REGION_INTERNED
marker. This makes cloning structs (which have interned field names) cheaper.

3. Fast field lookup. Because field names are interned, struct field access can use pointer
comparison instead of string comparison, speeding up field lookups in hot paths.

Listing 12.8: Interning makes struct operations faster

struct Point {
x: Int,
y: Int

// The field names "x" and "y" are interned once.
// Every Point instance shares the same name pointers.
// Field lookup compares pointers, not strings.

flux p1 = Point { x: 10, y: 20 }
flux p2 = Point { x: 30, y: 40 }

// pl.as.strct.field_names[@] == p2.as.strct.field_names[@]
// (same pointer, thanks to interning)

12.6 The DualHeap: Putting It All Together

The DualHeap struct in include/memory . h ties the FluidHeap and RegionManager together:

* fluid — a pointer to the FluidHeap for GC-managed mutable allocations.
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* regions — a pointer to the RegionManager for arena-backed crystal storage.

At VM startup, dual_heap_new() creates both subsystems. At shutdown, dual_heap_free() tears
them down, freeing all remaining fluid allocations and all crystal regions.

The DualHeap s set as the active heap via value_set_heap() at the start of program execution. This
call installs the DualHeap into a thread-local global, so all subsequent lat_alloc() calls are routed

through it.

Listing 12.9: The DualHeap manages both worlds

// At program startup:

// DualHeap is created

//  -> FluidHeap for flux values

//  -> RegionManager for fix values

flux mutable_data = [1, 2, 3] // allocated via FluidHeap
fix frozen_data = freeze([4, 5]) // cloned into CrystalRegion

// At program shutdown:
// DualHeap frees everything

//  => FluidHeap frees all remaining fluid allocations
//  -> RegionManager frees all crystal regions and their pages

12.7 GCFlags: Tuning the Collector

Lattice provides command-line flags to control garbage collection behavior. These are useful for
debugging memory issues, benchmarking, and tuning performance.

12.7.1 -gc: Enable the Garbage Collector

By default, the GC is enabled in the bytecode VM. The --gc flag explicitly enables garbage collection:

Listing 12.10: Running with GC enabled

// Command line:
// lattice --gc my_program.lat

The GC state is managed by the GC struct in include/gc. h, which tracks:

* all_objects: linked list of all GC-tracked allocations.
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* object_count: current number of tracked objects.
* next_gc: threshold for the next collection.
* enabled: whether the GC is active.

* total_collected and total_cycles: lifetime statistics.

12.7.2 -gc-stress: Collect on Every Allocation

The --gc-stress flag enables stress mode, where the collector runs on every single allocation. This
is invaluable for catching GC-related bugs: use-after-free, missing root registrations, and incorrect
mark implementations.

Listing 12.11: Stress testing the GC

// Command line:
// lattice --gc-stress my_program.lat

// Every allocation triggers a full mark-sweep cycle.
// Extremely slow, but catches subtle memory bugs.

In stress mode, gc_maybe_collect() in src/gc. ¢ always triggers a collection:

if (gc->stress || gc->object_count >= gc->next_gc) { gc_collect(gc, vm_ptr);

b

Do Not Use Stress Mode in Production

GC stress mode runs a full mark-sweep cycle on every allocation, making it orders of magnitude
slower than normal execution. Use it only for debugging and testing.

12.7.3 -gc-incremental: Spread Work Across Safe Points

The --gc-incremental flag enables incremental collection, which spreads GC work across multiple
safe points to reduce pause times.

Instead of stopping the world for a full mark-sweep, the incremental collector operates as a state
machine with four phases, defined as GCPhase in include/gc. h:

1. Idle (Gc_PHASE_IDLE). No collection in progress. The collector checks if the threshold is
exceeded and, if so, transitions to marking.
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2. Mark roots (GC_PHASE_MARK_R00TS). ~ Scans all VM roots (stack, globals, upvalues, module
cache) and pushes compound values onto a gray worklist. Leaf types (strings, buffers) are

marked directly without being pushed.

3. Mark trace (GC_PHASE_MARK_TRACE). Pops values from the gray worklist and traces their
children, up to a configurable mark_budget per step (default: 64 values). When the worklist is
empty, the roots are re-scanned once (to catch mutations during marking), then the sweep

begins.

4. Sweep (GC_PHASE_SWEEP).  Walks the object list, freeing unmarked objects, up to a sweep_budget
per step (default: 128 objects). When the sweep completes, the cycle is done and the threshold
is updated.

Listing 12.12: Incremental GC for lower latency

// Command line:
// lattice --gc-incremental my_program.lat

// The GC spreads its work across VM safe points
// (typically at OP_RESET_EPHEMERAL boundaries),
// keeping individual pauses short.

No Write Barriers

Lattice’s incremental collector does not use write barriers. Instead, it compensates by re-scanning
roots after the initial mark trace completes (the roots_rescanned flag in the GC struct). This
conservative approach is correct but may do slightly more work than a write-barrier-based
collector. New objects allocated during an incremental cycle are born “black” (marked), so the
sweep phase will not prematurely free them.

12.7.4 GC Statistics
The GC struct tracks several statistics that are useful for performance analysis:

Similarly, the RegionManager tracks:

12.8 Special Region IDs

Every LatValue has a region_id field that indicates where its data lives. The runtime defines several
sentinel values (in include/value.h) that identify special allocation regions:
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Field Meaning

object_count Current number of GC-tracked objects
bytes_allocated Total bytes currently allocated under GC
total_collected Lifetime count of objects freed by the GC
total_cycles Number of GC cycles completed

next_gc Object count threshold for next collection

Table 12.2: GC statistics fields.

Field Meaning

count Number of live crystal regions
total_allocs Lifetime count of regions created
peak_count Maximum simultaneous live regions

cumulative_data_bytes Total bytes allocated across all regions

Table 12.3: RegionManager statistics fields.

Any region_id that is not one of these sentinels is a real CrystalRegion ID. The GC marker, the value
destructor, and the deep-clone function all check region_id to decide how to handle a value.

12.9 Memory Best Practices

Armed with knowledge of the dual-heap architecture, here are practical guidelines for memory-
efficient Lattice programs:
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Constant Value Meaning

REGION_NONE (size_t)-1  Normal heap (FluidHeap or malloc)
REGION_EPHEMERAL  (size_t)-2 BumpArena (temporary, reset-managed)
REGION_INTERNED  (size_t)-3 Intern table (never freed individually)
REGION_CONST (size_t)-4  Constant pool (borrowed, not freed)

Table 12.4: Special region ID sentinel values.

Memory Guidelines

* Freeze early, freeze often. Crystal values reduce GC pressure because the marker
skips them entirely. If data will not change after initialization, freeze it.

* Use forge blocks for complex construction. Buildinga value in a forge block localizes
the mutable temporaries and produces a single crystal result in one arena, maximizing
cache locality.

* Avoid unnecessary thaw-modify-freeze cycles. Each cycle involves a deep clone. If
you need to make multiple modifications, thaw once, apply all changes, and freeze once.

* Let large fluid values die quickly. The GC threshold adapts based on surviving
objects. If large temporary fluid values are kept alive unnecessarily, the GC threshold
grows and memory usage stays high. Drop references as soon as you are done.

* Use incremental GC for latency-sensitive applications. If your program handles
real-time events (web servers, game loops), --gc-incremental keeps pauses bounded.

12.10 Exercises

1. Freeze Cost. Write a program that creates a deeply nested array (arrays of arrays of arrays, at
least 3 levels deep with 100 elements at each level). Time how long it takes to freeze the entire
structure. Then time how long it takes to access elements of the frozen copy versus the original

fluid copy. What do you observe?

2. Snapshot Chain. Write a function that maintains a “history” of an evolving value by freezing
a snapshot after every modification. Store the snapshots in an array. How many distinct
CrystalRegions do you think are created?

3. GC Pressure Experiment. Write a program that creates many short-lived fluid values in a
loop (e.g., build and discard 10,000 arrays of 100 elements each). Run it with --gc and observe
the behavior. Then modify the program to freeze values that persist. Reason about how the

GC threshold changes in each case.
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4. Intern Detective. Create two structs of the same type with different field values. Use
phase_of () and type_of () to inspect them. Reason about which parts of the structs share
memory (interned field names) and which have independent allocations (field values).

What’s Next. We have seen how individual values transition between fluid and crystal, and where
they live in memory. But what about data structures where some fields should be mutable and
others should be frozen? In Chapter 13, we explore alloy structs—structures with per-field phase
declarations—and the reactive bond system that lets values respond automatically when their neigh-

bors change phase.
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Chapter 13

Alloys and Reactive Bonds

So far, the phase system has been all-or-nothing: a value is either entirely fluid or entirely crystal.
Freeze an array, and every element freezes. Freeze a struct, and every field hardens. But real-world
data is rarely so uniform.

Consider a user session object. The user’s ID and email should be immutable once established—
nobody should accidentally overwrite them. But the session’s last-active timestamp needs to update
on every request, and the permissions cache might need to refresh periodically. You need a struct
where some fields are crystal and others are fluid—a material with mixed properties.

In materials science, such a material is called an a/loy: a combination of elements with different
characteristics fused into a single structure. Lattice borrows this metaphor. An alloy struct has
per-field phase declarations, so each field can have its own mutability. And once you have mixed-
phase data, Lattice goes further with reactive bonds—automatic relationships between variables that
propagate phase changes—and seeds—validation contracts that guard the crystallization process.

13.1 Alloy Structs: Per-Field Phase Declarations

An alloy struct declares the phase of each field individually using flux and fix annotations in the
struct definition:
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Listing 13.1: Defining an alloy struct

struct Session {
fix user_id: String,
fix email: String,
flux last_active: String,
flux permissions: Array

When you create an instance of this struct, the runtime applies per-field phase enforcement. The fix
fields are automatically frozen, while the flux fields remain fluid:

Listing 13.2: Creating an alloy struct instance

flux session = Session {
user_id: "usr_42",
email: "alice@example.com”,
last_active: "2024-01-15T10:30:00Z",
permissions: ["read”, "write"]

}

// Crystal fields are locked

print(session.user_id) // "usr_42"

// session.user_id = "usr_99" // Error: cannot assign to frozen field 'user_id'

// Fluid fields can change

session.last_active = "2024-01-15T10:31:00Z"
session.permissions.push(”admin")
print(session.last_active) // "2024-01-15T10:31:00Z"

An alloy is a struct (or map) with per-field phase declarations. Individual fields carry their own
phase tag, independent of the overall struct’s phase. Crystal fields reject mutation; fluid fields
allow it. The struct itself can be fluid (allowing field reassignment for fluid fields) while its
crystal fields remain permanently locked.
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13.1.1 How Alloys Work Under the Hood

The per-field phase system is implemented through the field_phases array in the LatValue struct (see
include/value.h). When a struct has per-field phases, field_phases is a dynamically allocated array
of PhaseTag values—one for each field. If field_phases is NULL, all fields inherit the struct’s overall
phase.

During struct construction in the VM (src/stackvm. c), the runtime checks for a per-field phase
declaration stored in the global environment under the key __struct_phases_<StructName>. This is
an array of integer phase codes:

* 0 means PHASE_FLUID — the field stays mutable.

* 1 means PHASE_CRYSTAL — the field is automatically frozen at construction.

* Any other value means the field inherits the struct’s overall phase.

When field assignment is attempted (OP_SET_FIELD), the VM checks the field_phases array:

Listing 13.3: Field-level phase enforcement

// Internally, the VM checks:
// if (obj.as.strct.field_phases[i] == VTAG_CRYSTAL)
// ERROR: "cannot assign to frozen field 'user_id'"

This enforcement happens at the deepest level of the runtime—there is no way to bypass it through
clever coding. The field’s phase tag is a property of the value itself, checked on every write.

13.1.2 Partial Freeze with except

You can also create alloy-like behavior dynamically by freezing a struct with exceptions:
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Listing 13.4: Freezing a struct with exceptions

struct Config {
host: String,
port: Int,
debug: Bool,
log_level: String

flux config = Config {
host: "localhost”,
port: 8080,
debug: true,
log_level: "info"

// Freeze everything except debug and log_level
freeze(config, except: ["debug”, "log_level”])

// config.host = "evil.com” // Error: cannot assign to frozen field 'host'
// config.port = 9999 // Error: cannot assign to frozen field 'port'
config.debug = false // OK: debug was exempted

config.log_level = "debug” // OK: log_level was exempted

The except clause is compiled to the OP_FREEZE_EXCEPT opcode. Under the hood (in src/stackvm. c),
this opcode:

1. Allocates the field_phases array if it does not already exist.
2. Iterates through each field, freezing it unless it appears in the exception list.
3. Sets the exempted fields’ phases to VTAG_FLUID.

The same mechanism works for maps—each key can have its own phase via the key_phases map
stored alongside the map’s data.

13.2 Designing Data with Mixed Mutability

Alloy structs are a powerful design tool. Here are patterns that emerge naturally from per-field phases.

13.2.1 Identity + State Pattern

Separate immutable identity from mutable state:
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Listing 13.5: Identity + State pattern

struct Player {
fix id: Int,
fix name: String,
flux health: Int,
flux position_x: Float,
flux position_y: Float,
flux inventory: Array

}

flux hero = Player {
id: 1,
name: "Aria",
health: 100,

position_x: 0.0,
position_y: 0.0,
inventory: ["sword”, "shield"]

// Identity is locked forever
print(hero.name) // "Aria"

// State changes freely
hero.health = hero.health - 15
hero.position_x = 3.5
hero.inventory.push("potion”)

13.2.2 Configuration + Runtime Pattern

Lock configuration values while allowing runtime counters and caches to change:
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Listing 13.6: Configuration + Runtime pattern

struct Server {
fix host: String,
fix port: Int,
fix max_connections: Int,
flux active_connections: Int,
flux request_count: Int

flux server = Server {
host: "0.0.0.0",
port: 443,
max_connections: 10000,
active_connections: 0,
request_count: @

// Configuration is safe from accidental changes

// Runtime counters update freely
server.active_connections = server.active_connections + 1
server.request_count = server.request_count + 1

13.2.3 Append-Only Pattern

Use a crystal array field for historical records (by replacing it with a new frozen array), while keeping
a mutable accumulator:
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Listing 13.7: Append-only log pattern

struct AuditLog {
fix entries: Array,
flux pending: Array

fn add_entry(log: any, entry: any) {
log.pending.push(entry)
return log

fn flush_log(log: any) {
flux all = thaw(log.entries)
for item in log.pending {
all.push(item)
}
// Return new log with frozen entries and empty pending
return AuditlLog {
entries: freeze(all),
pending: []

Alloy Design Principle

When designing an alloy struct, ask: “Which fields define what this thing is (identity), and which
fields describe how it is right now (state)?” Identity fields should be fix. State fields should be
flux.

13.3 Reactive Bonds: bond(), unbond(), react(), unreact()

Lattice provides a reactive system that lets variables respond automatically when the phase of another
variable changes. The core primitives are:

* react(variable, callback) — register a callback that fires when a variable’s phase changes.
* unreact(variable) — remove all reaction callbacks for a variable.
* bond(target, dependency, strategy) — create a dependency relationship between variables.

* unbond(target, dependency) — remove a specific dependency.
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13.3.1 Reactions: Responding to Phase Changes

react() registers a callback closure that is invoked whenever a variable undergoes a phase transition
(freeze, thaw, or sublimate):

Listing 13.8: Setting up a phase reaction

flux temperature = 72.5

react(temperature, |phase: any| {
print("Temperature phase changed to:

n

+ phase)

D

freeze(temperature)
// Output: Temperature phase changed to: crystal

thaw(temperature)
// Output: 