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Advanced TypeScript
Course 4 - Chapter 1 - Advanced Conditional Types

%

Course 2 introduced conditional types as a ternary at the type level. This chapter goes further into
how the type checker actually evaluates them: chained conditions, the surprising "distributive"
behavior over unions, deeper infer patterns, and how to build genuinely reusable type guards on top
of all of it.

Quick Recap

A conditional type picks between two branches based on an extends check, evaluated entirely at

compile time:

type IsString<T> = T extends string ? true : false;

type A = IsString<"hi">;

type B = IsString<42>;
Nested Conditional Types

Conditional types chain the same way if/else if/else does — each : can itself be another

conditional:

type TypeName<T> =
T extends string ? "string" :
T extends number ? "number" :
T extends boolean ? "boolean" :
T extends undefined ? "undefined" :
T extends Function ? "function" :
"object";

type A = TypeName<"hi">;

type B = TypeName<() => void>;
type C = TypeName<{ x: 1 }>;

This is exactly how TypeScript's own built-in Parameters<T>, ReturnType<T>, and similar utility types

are implemented under the hood — a chain of conditions, each narrowing what T could be.
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The single most surprising rule in this chapter: a conditional type distributes over a union when
the checked type is a "naked" type parameter — it runs the check separately for each union

member and unions the results back together:

type ToArray<T> = T extends any ? T[] : never;

type Result = ToArray<string | number>;

Distributive vs Non-Distributive

Distributive (naked type parameter)

type Filter<T> = T extends string ? T : never;

type R = Filter<string | number | boolean>;

Non-Distributive (wrapped in a tuple)

type FilterWhole<T> = [T] extends [string] ? T : never;

type R = FilterWhole<string | number | boolean>;

This is exactly how Exclude<T, U>is implemented — it relies on distribution to filter a union

member-by-member:



type Exclude<T, U> = T extends U ? never : T;




&

infer can appear more than once, and in more places than a simple function return type:

type ElementType<T> = T extends (infer E)[] ? E : T;
type A = ElementType<string[]>;

type Awaited2<T> = T extends Promise<infer U> ? Awaited2<U> : T;

type B = Awaited2<Promise<Promise<number>>>;

type Params<T> = T extends (...args: infer A) => any ? A : never;

type C = Params<(a: string, b: number) => void>;

Recursive Conditional Types

Awaited2 calls itself in its own true-branch — the type checker recurses just like a function

would, unwrapping nested Promise<Promise<T>> layers.

infer in a Tuple Position

infer Ain (...args: infer A) captures the entire parameter list as one tuple type, not each

parameter separately.

Complex Type Guards Built From Conditionals

Some checks that feel like they should be simple turn out to need real conditional-type trickery —

the classic example is detecting any, which behaves unlike every other type:



IsAny<T>: Detecting the One Type That Breaks the Rules

ype IsAny<T> = 0 extends (1 & T) ? true : false;

ype A = IsAny<any>;

ype B = IsAny<string>;

ype C = IsAny<unknown>;

This is an intentionally deep-cut example — most real code will never need 1sAny<T> directly, but
understanding why it works is a good test of whether the distributivity and inference rules above

actually clicked.



B Coding Challenges

Challenge 1: Build a Nested Conditional

Write a Flatten<T> type that: returns T's array element type if T is an array, returns T's Promise-

resolved type if T is a Promise, and returns T unchanged otherwise.
Goal: Practice chaining multiple extends checks in sequence, each with its own infer.

— Solution

Challenge 2: Exploit Distribution

Write a type NonFunctionKeys<T> that, given an object type, produces a union of only the keys
whose values are not functions.

Goal: Practice combining a mapped type with a distributive conditional to filter keys based on

their value's type.

— Solution

Challenge 3: Write DeepAwaited

Write a recursive conditional type DeepAwaited<T> that fully unwraps any level of nested

Promise<Promise<...Promise<T>...>> down to the innermost non-Promise type.
Goal: Practice a conditional type that recurses on itself until a base case is reached.

— Solution



file:///C:/Users/lessons/solutions/exercises/ts4-1_challenge1.txt
file:///C:/Users/lessons/solutions/exercises/ts4-1_challenge2.txt
file:///C:/Users/lessons/solutions/exercises/ts4-1_challenge3.txt

A, Gotcha: Accidental Distribution

Distribution happens automatically whenever the checked type is a bare, unwrapped type
parameter — which means it can happen when you didn't want it, silently turning MyType<A |
B> into Result<A> | Result<B> instead of one combined result. If a conditional type is
behaving strangely on a union input, wrap both sides in a single-element tuple ([T] extends
[u]) to force a non-distributive, whole-union comparison, then decide deliberately whether

distribution is actually what you want.




@ What's Next

Conditional types can check a shape — the next chapter tackles shapes that reference themselves:
Recursive Types & Tree Structures, representing trees and graphs at the type level, with

depth-aware constraints to keep the compiler from recursing forever.
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Chapter 1's DeepAwaited recursed on a conditional type to peel off one wrapper at a time. This chapter
recurses on data shapes instead — types that reference themselves to describe trees, graphs, and
arbitrarily nested JSON — plus the depth-limiting trick that keeps the compiler from giving up on a
genuinely infinite structure.

The Classic Example: JSON Value

JSON is recursive by definition — a value can contain values, which can contain more values.

TypeScript can model that exactly:

type JsonValue =
| string
| number
| boolean
| null
| JsonValue[]

| { [key: string]: JsonValue };

const config: JsonValue = {
name: "widget",

tags: [naw’ ”b"],

nested: { deep: { deeper: [1, 2, { ok: true }] } },

N

JsonValue refers to itself twice in its own definition — in the array branch and the object branch —

and TypeScript resolves that self-reference without any special syntax.

11
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A generic tree node follows the same self-referencing pattern, parameterized over the data each

node carries:

interface TreeNode<T> {
value: T;
children: TreeNode<T>[];
I3

const tree: TreeNode<string> = {

value: "root",

children: [

{ value: "child-a", children: [] },
{ value: "child-b", children: [

{ value: "grandchild", children: [] },

]}7

Interfaces Recurse Naturally

An interface can reference itself directly by name — no special "recursive type" syntax is

needed.

Type Aliases Recurse Too

JsonValue above is a type, not an interface — both forms support self-reference identically.

Recursive Mapped Types: DeepReadonly<T>

Course 2's mapped types (Partial<T>, Readonly<T>) only go one level deep. Making them recurse

into nested objects combines a mapped type with a conditional type check:

12



A Genuinely Deep Readonly

ype DeepReadonly<T> = T extends object
? { readonly [K in keyof T]: DeepReadonly<T[K]> }
2T,

interface Config {
apiUrl: string;
limits: { maxRetries: number; timeoutMs: number };

i

ype ReadonlyConfig = DeepReadonly<Config>;

const config: ReadonlyConfig = { apiUrl: "x", limits: { maxRetries: 3, timeoutMs: 5000 } };

\V

Every branch of the mapped type recurses into beepReadonly<T[K]> — if T[K] is itself an object, the
recursion applies readonly there too; if it's a primitive, the T extends object check fails and the

base case returns it unchanged.

13



Some recursive types genuinely never terminate — TypeScript enforces a recursion depth limit and
errors with "Type instantiation is excessively deep and possibly infinite" rather than

hanging forever:

Unbounded vs Depth-Limited Recursion

Unbounded (risks the depth error)

type Repeat<T> = [T, ...Repeat<T>];

\'\

Depth-Limited (a counting tuple)

type Repeat<T, N extends number, Acc extends unknown[] = []> =
Acc["length"] extends N ? Acc : Repeat<T, N, [...Acc, T]>;

type ThreeStrings = Repeat<string, 3>;

Tuple-as-Counter

Acc["length"] reads a tuple's length as a numeric literal type — appending one element per

recursive call increments it, giving recursion a way to "count.”

14



Explicit Base Case

Acc["length"] extends N isthe stopping condition — without it, the same "excessively deep"

error from the unbounded version would return.
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B Coding Challenges

Challenge 1: Write a Recursive Flatten Type

Write a type FlattenArray<T> that, given a deeply nested array type like number[1[1[], produces
the fully flattened element type (number), recursing until it finds a non-array.

Goal: Practice a recursive conditional type over a self-referencing structure (nested arrays).

— Solution

Challenge 2: Write DeepPartial<T>

Following the DeepReadonly<T> pattern from this chapter, write Deeppartial<T> that makes every
property optional at every level of nesting, not just the top level.

Goal: Practice combining a recursive mapped type with the optional modifier instead of

readonly.

— Solution

Challenge 3: Count Tree Depth

Using the TreeNode<T> type from this chapter and the counting-tuple trick, write a type
TreeDepth<T> that computes how many levels deep a specific tree value (not just the type) is
nested — or, as a simpler variant, write a depth-limited Repeat<T, N> for a value of your

choosing.
Goal: Practice using a tuple accumulator to give a recursive type a numeric stopping point.

— Solution

16


file:///C:/Users/lessons/solutions/exercises/ts4-2_challenge1.txt
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A, Gotcha: "Excessively Deep and Possibly Infinite"

This error isn't always about a truly infinite type — it also fires on recursive types applied to
very large but finite inputs, because TypeScript caps recursion depth for performance
reasons. If you hit it on a type that should terminate, check for a missing or unreachable base
case first; if the type is fundamentally correct but just deep, a depth-limiting accumulator
(like the counting tuple above) is the standard escape hatch.

17




@ What's Next

Trees recurse through nested objects — the next chapter recurses through nested function
signatures instead: Tuple & Variadic Generics, spreading types in and out of tuples to build

things like type-safe curry and compose functions.
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¥

Chapter 2's counting tuple used [ ...Acc, T] almost in passing. This chapter makes tuple spreading
the main event: prepending and appending types, variadic generics that adapt to however many
arguments a function actually receives, and the two functions every advanced-TypeScript tour

eventually builds — a type-safe curry and a type-safe pipe.
Spreading Types Into Tuples

The ... spread syntax works inside a tuple type, not just inside array values — it splices one tuple's

elements into another at the type level:

type Prepend<T, Tup extends unknown[]> = [T, ...Tup];

type Append<Tup extends unknown[], T> = [...Tup, T];

type A = Prepend<string, [number, boolean]>;

type B = Append<[number, boolean], string>;

This is exactly the mechanism behind Chapter 2's Repeat<T, N, Acc> — every recursive call was

really just Append in disguise.

19
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A generic parameter constrained to unknown[ ] can represent any number of elements — variadic

generics use this to describe functions whose argument count isn't fixed in advance:

function concat<T extends unknown[], U extends unknown[]>(a: T, b: U): [...T, ...U] {
return [...a, ...b] as [...T, ...U];

n
s

non

const result = concat([1, "a"] as [number, string], [true]);

Spread in the Return Type

[...T, ...U]in afunction's return position joins two generic tuples exactly the way spreading
joins them in a value.

Named Tuple Elements

[first: string, second: number] attaches labels for readability in tooltips — purely cosmetic,

but makes long tuple types self-documenting.

Building a Type-Safe curry

Curry needs to peel one parameter off a function's parameter tuple at a time and recurse on what's
left — the same tuple-recursion pattern from Chapter 2, applied to parameter lists instead of tree
depth:

20



A Recursive, Fully-Typed Curry

ype Curried<Args extends unknown[], Return> =
Args extends [infer First, ...infer Rest]

? (arg: First) => Curried<Rest, Return>

: Return;

function curry<Args extends unknown[], Return>(
fn: (...args: Args) => Return
): Curried<Args, Return> {
return ((...args: any[]) =>
args.length >= fn.length
? fn(...(args as Args))

: curry(fn.bind(null, ...args) as any)

) as Curried<Args, Return>;

i

function add3(a: number, b: number, ¢: number): number {
returna + b + ¢;

}

const curriedAdds = curry(adds);
curriedAdd3(1)(2)(3); // &

Curried<Args, Return> recurses on the parameter tuple exactly like FlattenArray recursed on
nested array types in Chapter 2 — one element consumed per recursive step, base case when the

tuple is empty.

21



4 pipe

pipe needs the opposite shape: instead of one function's parameters, it chains many functions

where each one's output must match the next one's input:

function pipe<A, B>(fn1: (a: A) => B): (a: A) => B;
function pipe<A, B, C>(fn1: (a: A) => B, fn2: (b: B) => C): (a: A) => C;
function pipe<A, B, C, D>(fn1: (a: A) => B, fn2: (b: B) => C, fn3: (c: C) => D): (a: A) => D;
function pipe(...fns: Function[]) {
return (input: unknown) => fns.reduce((acc, fn) => fn(acc), input);

B

const process = pipe(

(n: number) =>n * 2,

(n: number) => n.toString(),
(s: string) => "Result: ${s}"
05

process(5);

Overloads Without Writing Overloads

The pipe example above needed a separate overload signature for every chain length — exactly the

pain variadic tuples exist to remove:
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Manual Overloads vs One Variadic Signature

Manual Overloads

function pipe<A, B>(f1: (a: A) => B): (a: A) => B;
function pipe<A, B, C>(f1: (a: A) => B, f2: (b: B) => C): (a: A) => C;

One Variadic Signature

type Func = (arg: any) => any;

function pipe<Fns extends [Func, ...Func[]]>(
...fns: Fns

): (arg: Parameters<Fns[0]>[0]> => unknown {

return (input) => fns.reduce((acc, fn) => fn(acc), input) as unknown;

i
s

This is the same trade-off libraries like Promise.all and Function.prototype.bind's type definitions
navigate internally — a handful of hand-written overloads for the common, small cases, falling

back to a looser variadic signature for everything else.
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B Coding Challenges

Challenge 1: Write Head and Tail

Write two tuple utility types: Head<T> (the first element's type) and Tail<T> (a tuple of every
element except the first), each using tuple destructuring in the type position.

Goal: Practice the [infer First, ...infer Rest] pattern used inside Curried in this chapter.

— Solution

Challenge 2: Write a Type-Safe zip

Write a zip<T extends unknown[], U extends unknown[]>(a: T, b: U) function whose return
type pairs up each element by position — e.g. zip([1, 2], ["a", "b"]) should type as [number,
string][].

Goal: Practice combining two generic tuples element-by-element rather than just

concatenating them.

— Solution

Challenge 3: Extend curried for Multi-Arg Currying

The curry example only ever peels off one argument at a time. Extend the type so calling with

multiple arguments at once (e.g. curriedAdd3(1, 2)(3)) is also valid and correctly typed.

Goal: Practice recursing on a tuple by removing a variable-length prefix rather than always

exactly one element.

— Solution

24
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A, Gotcha: Arrays Widen, Tuples Don't (Without Help)

const arr = [1, "a"] infers as (string | number)[] — a flexible array, not the tuple [number,
string] you probably wanted for something like the concat example. Add as const ([1, "a"]
as const) to force a literal, fixed-length tuple type, or annotate the parameter explicitly with
a tuple type as the chapter's examples do. Forgetting this is the single most common reason a

"type-safe" tuple function silently falls back to loose array typing.

25




@ What's Next

With tuples fully under control, the next chapter turns to a different kind of reusability: Type
Predicates & Type Guards at Scale — building narrowing utilities that stay useful across an

entire codebase instead of being written fresh for every discriminated union.
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Advanced TypeScript
Course 4 - Chapter 4 - Type Predicates & Type Guards at Scale

® Type Predicates & Type Guards at Scale

Course 2's isDog(pet): pet is Dog works fine for one union in one file. This chapter is about what
happens when a codebase has dozens of unions to narrow — reusable guard factories, guards that
combine with and/or, and assertion functions, so narrowing logic stops being copy-pasted
everywhere it's needed.

Recap: The Three Kinds of Guard

typeof / instanceof

Built into the language, work automatically — no is syntax needed for primitives and class
instances.

Custom value is Type

A function you write for shapes the built-ins can't check — the pattern Course 2 introduced for
Dog VS Cat.

The gap this chapter fills: writing one narrow guard per union, per file, does not scale to a
codebase with fifty discriminated unions.

27
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Instead of a bespoke guard for every object shape, a generic factory can check "does this object

have property k" once, and be reused everywhere:

function hasProperty<K extends PropertyKey>(

obj: unknown,

key: K
): obj is Record<K, unknown> {

return typeof obj === "object" && obj !== null && key in obj;
i

function handle(value: unknown) {

if (hasProperty(value, "email")) {

console.log(value.email); // &

¥

IS
S

This one function replaces a whole family of one-off "does this have an email field" / "does this

have a total field" checks that would otherwise be duplicated per union.
Combining Guards With and / or

Real checks are often several conditions at once — combinators let you build a compound guard

out of smaller, reusable ones instead of writing a new function every time:

28



Generic Guard Combinators

function and<A, B extends A>(
guardA: (value: A) => value is B,
guardB: (value: B) => boolean

D {

return (value: A): value is B => guardA(value) && guardB(value as B);
L
s

function or<A, B, C>(

guardA: (value: A) => value is B,

guardB: (value: A) => value is C
D {

return (value: A): value is B | C => guardA(value) || guardB(value);
i

function isString(v: unknown): v is string {

return typeof v === "string";

}

const isNonEmptyString = and(isString, (v) => v.length > 0);

isNonEmptyString("hi");
isNonEmptyString("");

and

Both guards must pass — narrows to the more specific of the two, useful for "is a string AND
non-empty" style checks.

or

Either guard passing is enough — narrows to the union B | ¢, useful for "is a Dog OR a Cat"
style checks without a discriminant.

29




A Guard Factory for Discriminated Unions

Chapter 3's discriminated unions (ApiResponse<T>, ClientMessage) all follow the same shape — a

factory can generate their guards instead of hand-writing a switch for each one:

function isVariant<T extends { type: string }, K extends T["type"]>(
value: T,
type: K

): value is Extract<T, { type: K }> {
return value.type === type;

b

type ClientMessage =
| { type: "move"; x: number; y: number }

| { type: "chat"; text: string };

function handleMessage(message: ClientMessage) {

if (isVariant(message, "move")) {

console.log(message.x, message.y); &

h

b

Extract<T, U>is a built-in conditional type (implemented with the same distributive trick from

Chapter 1) — isvariant reuses it instead of writing a bespoke narrowing type per union.

30
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A type guard returns a boolean you branch on. An assertion function throws if the check fails,

narrowing everything after the call instead of inside an if block:

function assertIsString(value: unknown): asserts value is string {
if (typeof value !== "string") {
throw new Error("Expected a string");

¥

’

function processInput(value: unknown) {

assertIsString(value);

console.log(value.toUpperCase()); &

b

function assertDefined<T>(value: T, message = "Value was null or undefined"): asserts value is NonNullable<T>

{

if (value === null || value === undefined) {
throw new Error(message);
}
I3

asserts value is T

Narrows value to T for every line after the call — no if wrapper required, at the cost of throwing

instead of returning false.

asserts condition

A simpler form with no specific type — just tells the compiler "if we got past this line, some

earlier possibility is now ruled out" (e.g. narrowing away undefined).

31



B Coding Challenges

Challenge 1: Build a Generic hasProperties

Generalize the chapter's hasProperty to hasProperties<k extends PropertyKey>(obj: unknown,
...keys: K[1]), checking that all given keys exist on the object.

Goal: Practice extending a single-key guard to a variadic, multi-key one using the tuple/rest
patterns from Chapter 3.

— Solution

Challenge 2: Write an isoneof Guard

Write a generic isOne0f<T extends readonly unknown[]>(value: unknown, options: T): value

is T[number] that checks whether value matches any element of a fixed array of allowed values.

Goal: Practice a reusable guard for "is this one of these specific literal values" — the enum-like
check pattern used constantly for validating string literals.

— Solution

Challenge 3: Write an Assertion Function

Write assertIsRecord(value: unknown): asserts value is Record<string, unknown>,then use it
at the top of a function to avoid repeating null/type checks on every subsequent property

access.
Goal: Practice the asserts value is T pattern as an alternative to an if-wrapped type guard.

— Solution
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A, Gotcha: A Guard That Lies

function isString(v: unknown): v is string { return true; } compiles perfectly and will
happily narrow anything to string — TypeScript trusts a type predicate's return type
completely and performs zero runtime verification of its own. A type guard is only as safe as
the check actually inside its body; a guard reused across dozens of call sites that's subtly
wrong (or, worse, a stub left over from early development) is a much bigger blast radius than

a single hand-written check that was wrong in one place.
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@ What's Next

Guards prove what a value is at runtime — the next chapter covers proving what a value means,
even when two values share the exact same runtime representation: Branded Types &
Phantom Types, encoding domain constraints (like "this string was validated" or "this number is

a Userld, not an OrderId") directly into the type system.
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UserId and orderId are both just string at runtime — nothing stops you from passing one where the
other belongs. This chapter covers the technique that fixes that: attaching a compile-time-only
"brand" to a type so two values with identical runtime shape are still treated as genuinely different

types, plus phantom type parameters that track state without appearing in the value at all.
The Problem: Structurally Identical, Semantically Different

TypeScript's structural typing (the same feature that makes duck typing work) has a downside here
— any string satisfies any other type that's just string:

type Userld = string;

type OrderId = string;

function getUser(id: Userld) {

const orderId: OrderId = "order-123";
getUser(orderId);

35
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A brand adds a compile-time-only tag to a type via an intersection — the tag never exists at
runtime, but it makes two otherwise-identical types incompatible with each other:
type Brand<T, TBrand extends string> = T & { readonly __brand: TBrand };

type Userld = Brand<string, "UserId">;
type OrderId = Brand<string, "OrderId">;

function getUser(id: Userld) {

const orderId = "order-123" as OrderId;

p

Zero Runtime Cost

__brand never actually exists on the value — it's purely a type-checker fiction, so branded values

are identical strings/numbers at runtime.

Nominal, Not Structural

Brands are how TypeScript approximates the nominal typing that languages like Java/C# have
natively — "same shape" is no longer "same type."

Smart Constructors: The Only Legitimate Way In

A brand is only meaningful if creating one requires passing a real check — the same "prove it, don't

just assert it" principle from Chapter 4's guards and Course 3's zod validation:
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A Validated Email Brand

import { z } from "zod";

ype Email = Brand<string, "Email">;
const EmailSchema = z.string().email();
function createEmail(input: string): Email {

return EmailSchema.parse(input) as Email;

}

function sendWelcomeEmail(to: Email) {

const email = createEmail("jane@example.com");

sendWelcomeEmail(email); // 8

Once createEmail is the only function allowed to produce an Email, receiving a value typed Email

anywhere else in the codebase is a guarantee it was validated — not just a hope.
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A phantom type parameter never appears in the value at all — it exists purely so the type system
can track a state or unit that the runtime value doesn't carry:

interface Query<State extends "unvalidated" | "validated"> {

sql: string;

function buildQuery(sql: string): Query<"unvalidated"> {
return { sql };

i
function validateQuery(query: Query<'"unvalidated">): Query<"validated"> {

return query as Query<"validated">;

b

function execute(query: Query<"validated">) {

const raw = buildQuery("SELECT * FROM users");

%

execute(validateQuery(raw)); &

Units of Measure

Distance<"meters"> Vs Distance<"feet"> — the number is identical at runtime; the phantom

parameter stops you from adding meters to feet by accident.

Workflow States

Query<"unvalidated"> VS Query<"validated"> — the compiler enforces a step happened, without

the value itself needing to record that it happened.
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B Coding Challenges

Challenge 1: Brand Two ID Types

Define User1id and ProductId as branded string types, plus two smart constructors
toUserId/toProductId that validate a non-empty string, then write a function that only accepts a

UserId and demonstrate that a ProductId can't be passed to it.
Goal: Practice the brand + smart constructor pattern for preventing ID mix-ups.

— Solution

Challenge 2: Brand a Validated Password

Define a strongPassword branded type and a toStrongPassword(input: string): StrongPassword

smart constructor that throws unless the input is at least 12 characters and contains a digit.

Goal: Practice using a brand to enforce a validation rule has already run, similar to Chapter 4's

Email example but with custom logic instead of zod.

— Solution

Challenge 3: Phantom-Type a Units System

Write a Distance<Unit extends "meters" | "feet"> type wrapping a plain number, plus
meters(n: number)/feet(n: number) constructors and an addbistance function that only accepts

two Distance values of the same unit.

Goal: Practice a phantom type parameter that exists purely to prevent mixing incompatible

units, with no runtime representation of the unit itself.

— Solution
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A, Gotcha: A Brand Is Only As Strong As Its Constructor

Branding adds zero runtime safety by itself — "anything" as UserId compiles without
complaint anywhere in the codebase, silently defeating the entire point. The safety comes
entirely from discipline: only ever producing a branded value through its one smart
constructor, and treating a bare as Brand cast outside that constructor as a code-review red

flag, exactly like the "guard that lies" warning from Chapter 4.
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@ What's Next

Branding stamps a single compile-time tag onto a value — the next chapter goes further, using
types to actually compute: Type-Level Programming, where the type system itself becomes a

small functional language for building type-safe builders and DSL-like patterns.
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&

Every earlier chapter in this course — conditionals, recursion, tuples, guards, brands — was really
building toward one idea: the type system is a small, pure, functional language that runs entirely at
compile time. This chapter puts it all to work: string manipulation with template literal types, a
builder whose .build() only compiles once every required field is set, and a taste of encoding a tiny

DSL directly in types.
Template Literal Types: String Computation

Template literal types apply string interpolation to types, not just values — combined with a union,
they generate every combination automatically:
type EventName<T extends string> = ‘on${Capitalize<T>}";

type A = EventName<"click">;

type B = EventName<"hover">;

type Field = "name" | "email" | "age";

type Setter = “set${Capitalize<Field>};

Built-in String Types

Uppercase<T>, Lowercase<T>, Capitalize<T>, Uncapitalize<T> — compile-time equivalents of the

runtime string methods.

Distributes Over Unions

Just like conditional types (Chapter 1), a template literal type applied to a union type produces

a union of every combination.

Pulling a String Type Apart With infer

infer works inside a template literal pattern too — this is how you go from "a route string" to "the

parameters it contains," entirely at the type level:

42



Extracting Route Params From a Path String

ype ExtractParams<Path extends string> =
Path extends " ${string}:${infer Param}/${infer Rest}"
? { [Kin Param | keyof ExtractParams<Rest>]: string }
: Path extends " ${string}: ${infer Param}"
? { [Kin Param]: string }

34l

ype Params = ExtractParams<"/users/:userld/posts/:postld">;

function buildUrl<Path extends string>(path: Path, params: ExtractParams<Path>): string {

let url: string = path;

for (const [key, value] of Object.entries(params)) {
url = url.replace(":${key} ", value as string);

b

return url;

i

uildUrl("/users/:userld/posts/:postld", { userld: "42", postld: "7" });
&

Each recursive step of ExtractParams peels off one :paramName/ segment using infer Param and
infer Rest, recurses on Rest, and merges the results — the same tuple/string recursion pattern

from Chapters 2 and 3, just walking a template literal instead of a tuple.

43



I

A fluent builder normally lets you call .build() before every required field is set — the mistake is
only caught at runtime. Tracking "which fields have been set" as a type parameter moves that
check to compile time:

type RequestBuilderState = { url?: string; method?: string };

class RequestBuilder<State extends RequestBuilderState = {}> {
private state: State;

constructor(state: State) { this.state = state; }

url(value: string): RequestBuilder<State & { url: string }> {
return new RequestBuilder({ ...this.state, url: value });

¥

method(value: string): RequestBuilder<State & { method: string }> {
return new RequestBuilder({ ...this.state, method: value });

¥

build(this: RequestBuilder<Required<RequestBuilderState>>): { url: string; method: string } {
return this.state as { url: string; method: string };

1

J

b

const request = new RequestBuilder({})
url("/users")
.method("GET")
JbuildQ; &

\’\‘

Polymorphic this Parameter

build(this: RequestBuilder<Required<...>>) restricts which specific instantiation of the
builder .build() is even callable on.
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State Accumulates via Intersection

Each setter method returns state & { newfField: ... } — the same accumulator pattern as

Chapter 2's counting tuple, just intersecting object shapes instead of appending tuple elements.

Runtime-Checked vs Compile-Time-Tracked Builder

Runtime-Checked

A missing field is caught only when .build() actually runs — often deep in a test suite, or

worse, in production.

Compile-Time-Tracked

Calling .build() before every setter has run is a red squiggly line the moment it's typed —

the error never survives to be run at all.
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B Coding Challenges

Challenge 1: Build a Query-String Type

Write a template literal type QueryString<T extends Record<string, string>>thatisn't required
to reconstruct a literal string exactly, but instead write a type Join<Words extends string[], Sep
extends string> that joins a tuple of string literals with a separator (e.g. Join<["a", "b", "c"1,

"-"> — "a-b-c").
Goal: Practice recursive template literal types that consume a tuple one element at a time.

— Solution

Challenge 2: Extend ExtractParams

The chapter's ExtractParams only handles path params written as :name. Extend it (or write a
variant) that also recognizes a trailing wildcard segment, e.g. "/files/*", producing a params

object with awildcard: string field.

Goal: Practice adding an additional template-literal pattern branch to a recursive extraction
type.

— Solution

Challenge 3: Add a Third Required Field to the Builder

Extend RequestBuilder with a third setter, headers(value: Record<string, string>), make it
required for .build(), and confirm that omitting any one of the three setters makes .build()
uncallable.

Goal: Practice extending the compile-time-tracked builder pattern to more required fields.

— Solution
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A, Gotcha: Type-Level Code Still Has a Cost

Every recursive conditional type, every template literal expansion over a large union, is work
the compiler has to redo on every keystroke in an editor and every build in CI. A type-level
"program" that's clever but slow can make an entire team's editor lag on every file that
imports it. Reach for these techniques where they prevent a real class of bugs (the route-
param extractor, the tracked builder) — not as a default way to write ordinary types, where a

plain interface would be faster to type-check and easier for the next person to read.
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@ What's Next

Type-level programming so far has stayed inside code you control. The next chapter looks
outward: Module Augmentation & Global Types — extending third-party library types you

don't own, declaration merging, and safely adding to the global namespace.
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Every type built so far in this course lived in code you own. Sometimes the type that needs changing
belongs to a library — Express's Request, the global window, even Array.prototype itself. This chapter
covers the mechanism that makes that safe: declaration merging, module augmentation, and where a

type-safe polyfill's type declaration ends and its actual implementation must begin.
The Foundational Mechanic: Declaration Merging

Two interface declarations with the same name don't conflict — they merge into one interface with

every member from both. This is the one rule everything else in this chapter builds on:

interface User {
id: string;

B

interface User {

email: string;

}

non

const user: User = {id: "1", email: "a@b.com" }; // &

type aliases are single, fixed declarations — only interface (and namespace) support this merging
behavior, which is why library type definitions almost always use interface for anything meant to

be extensible.
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The most common real-world use: adding req.user to Express's Request type after an
authentication middleware attaches it — a gap left open by the Authentication & Session Security
and Express courses' JWT middleware pattern:

Augmenting Express's Request

interface AuthUser {
id: string;
role: "admin" | "member";

i

declare module "express" {

interface Request {

user?: AuthUser;
b

}
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Before vs After Augmentation

Without Augmentation

app.get("/profile", (req, res) => {

console.log(req.user);

With Augmentation

app.get("/profile", (req, res) => {
console.log(req.user?.role);

import "express";

Required at the top of the augmentation file — without a real import/export, TypeScript treats

the file as a global script, not a module augmentation.

Merges Into Every Import

Once declared, Request's extra field is visible anywhere Express's types are imported — no per-

file re-declaration needed.
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Augmenting Your Own Modules Across Files

The same merging mechanic works for your own large interfaces — useful for splitting a plugin

system's config across files without one giant file:

export interface PluginConfig {
name: string;

)

import { PluginConfig } from "./core";

declare module "./core" {

interface PluginConfig {

analyticsEnabled?: boolean;
¥
i
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Extending the global scope itself (Window in a browser, globalThis in Node) uses declare global

instead of declare module:

export {};

declare global {
interface Window {
myAppVersion: string;
¥
i

console.log(window.myAppVersion); // &

Type-Safe Polyfills

Declaring a method exists on Array.prototype only tells the compiler about it — it does not make
the method actually exist at runtime. The type declaration and the real implementation are two

separate, equally necessary steps:

declare global {
interface Array<T> {
groupBy<K extends PropertyKey>(keyFn: (item: T) => K): Record<K, T[]>;
¥
i

if (!Array.prototype.groupBy) {
Array.prototype.groupBy = function(keyFn) {
const result = {} as any;
for (const item of this) {
const key = keyFn(item);
(result[key] ??= []).push(item);
b
return result;
¥
i

[1, 2, 3, 4].groupBy((n) => (n % 2 === 0 ? "even" : "0odd"));
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B Coding Challenges

Challenge 1: Merge Two Interfaces

Declare an interface Configin one code block with a port: number field, then declare a second
interface Config addinga host: string field. Show that a single object literal must satisfy both

fields at once.
Goal: Practice the core declaration-merging mechanic before applying it to a real module.

— Solution

Challenge 2: Augment Express's Request

Write a declare module "express" augmentation adding a requestId: string field to Request
(simulating a correlation-ID middleware from the Logging & Observability chapter), then write

a route handler that reads req.request1id without a type error.
Goal: Practice the real-world module augmentation pattern end-to-end.

— Solution

Challenge 3: Type and Implement a Polyfill

Add a type declaration for Array.prototype.last(): T | undefined via declare global, then

write the actual runtime implementation that makes it work, and call it on a real array.

Goal: Practice keeping the type declaration and runtime implementation in sync, as this
chapter's gotcha warns is easy to forget.

— Solution
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A, Gotcha: A Type Declaration Is Not an Implementation

Writing declare global { interface Array<T> { groupBy... } } and stopping there compiles
cleanly and then crashes at runtime with "array.groupBy is not a function" — the
declaration only tells the compiler what to expect, it does nothing to make the method exist.
Also watch the build config: an augmentation ".d.ts" file that isn't included by your
tsconfig.json's include pattern (or isn't imported/referenced from anywhere) is silently

ignored — the augmentation simply never applies, with no error to point at why.
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@ What's Next

With the type system extended safely to code outside your control, the next chapter turns inward:
Performance & Type Checker Optimization — understanding why some of the patterns from

this course can make tsc itself slow, and how to keep type inference fast on a large codebase.
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® Performance & Type Checker Optimization

Course 3's performance chapter was about the running program. This one is about a different
program entirely: tsc itself. A project can compile to perfectly fast JavaScript while taking 45 seconds
to type-check, or make an editor's language server freeze on every keystroke — and the very
techniques this course just spent seven chapters teaching are exactly what can cause it.

Why Type Inference Gets Expensive

Every advanced technique in this course has a cost proportional to how much work the compiler

does to resolve it — and that cost compounds:

Union/Intersection Explosion

Chapter 6's template literal types distribute over unions — a template applied to two unions of
20 members each can produce a union of 400 combinations, all of which the checker must
track.

Recursion Depth

Chapters 1 and 2's recursive conditional types are re-evaluated at every use site — deep,
frequently-used recursive types multiply that cost across the whole project.

Generic Instantiation

Every call to a generic function creates a fresh instantiation for the checker to resolve —
Chapter 3's curried<Args, Return> is cheap once, expensive called thousands of times across a
codebase.
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Structural Comparison

Checking whether one object type is assignable to another compares every property — the

bigger and more deeply nested the shape, the more comparisons per check.
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A Real Cliff: Combinatorial Template Literals

Explodes Combinatorially

type Resource = "user" | "order" | "product” |

type Action = "create" | "read" | "update" | "delete" |

type Permission = " ${Resource}: ${Action} *;

Bounded

type Permission = Brand<string, "Permission">;

Deeply Nested Conditionals

A conditional type chain ten levels deep, used across hundreds of files, means ten evaluations

at every single use — not once.
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Large Literal Unions From as const

A mapped type iterating over a 500-entry as const array's keys is doing real, non-trivial work

five hundred times.
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The most effective performance fix often has nothing to do with simplifying any individual type —

it's making the compiler avoid re-checking work it already did:

Incremental Compilation & Project References

{
"compilerOptions": {
"incremental": true,

"tsBuildInfoFile": "./.tsbuildinfo"

"references": [

{"path": "./packages/core" },

{"path": "./packages/api" },

{"path": "./packages/web" }
1
i

.tsbuildinfo

A cache file recording what was already type-checked — tsc --incremental skips unchanged

files entirely on the next run.
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Project References

Splits a large codebase into independently-checked units — the CI equivalent of this idea is
exactly why Course 3's tsc --noEmit pipeline step matters: catching type errors fast, before the

slower steps run.

Diagnosing Slowness Instead of Guessing

TypeScript ships its own profiling tools — the same "measure, don't guess" discipline from Course

3's runtime performance chapter applies to the type checker too:

tsc --noEmit --extendedDiagnostics

tsc --generateTrace ./trace-output
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B Coding Challenges

Challenge 1: Identify the Cliff

Given a type type AllCombos<A extends string, B extends string, C extends string> =
\"${A}-${B}-${C}\" applied to three 15-member unions, explain (in a comment, no code
needed) roughly how many total string literal members the resulting type has, and why that's a

performance concern if reused across many files.
Goal: Practice recognizing combinatorial growth before it becomes a real project's slow build.

— Solution

Challenge 2: Set Up an Incremental Build

Write a tsconfig.json with "incremental”: true and a custom tsBuildInfoFile path, then

explain in a comment what changes about a second tsc run compared to the first.

Goal: Practice the configuration that gives the single biggest, easiest performance win for most

projects.

— Solution

Challenge 3: Simplify a Recursive Type

Take Chapter 2's unbounded Repeat<T> (the one that causes "excessively deep and possibly
infinite") and rewrite it as the depth-limited version, then explain why the depth-limited

version is cheaper for the type checker, not just "more correct."

Goal: Practice connecting a correctness fix from Chapter 2 to its performance benefit, not just

its "it no longer errors" benefit.

— Solution
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A, Gotcha: Optimizing Types Nobody Measured

It's tempting to preemptively simplify every clever type this course covered "just in case" it's
slow — that's the type-checker equivalent of Course 3's runtime optimization gotcha. Most
projects never come close to a real performance cliff; the ones that do usually have one or
two identifiable offenders (a giant template-literal union, a recursive type on a hot path)
findable with --extendedDiagnostics, not a vague sense that "advanced types are slow."

Measure first, simplify the specific thing the trace points at.
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@ What's Next

Every technique from this course — conditionals, recursion, tuples, guards, brands, type-level
programming, augmentation, and now performance awareness — comes together in the final
chapter: Advanced Patterns in Practice, combining them into a small, genuinely type-safe

framework.
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fi Advanced Patterns in Practice

Eight chapters built individual tools: conditional types, recursion, tuple manipulation, reusable
guards, brands, template-literal computation, module augmentation, and an eye for the type
checker's own performance. This final chapter combines several of them into one working example —
a small, genuinely type-safe router — to show what "advanced TypeScript" actually looks like

assembled into something real.

What Each Chapter Contributes

Ch.1 & Ch.6 — Template Literals + Conditionals

Extracting typed params directly from a route string, the way ExtractParams did for

"/users/:id".

Ch.2 & Ch.3 — Recursion + Tuples

Accumulating a growing map of registered routes across chained .get() calls, the same

accumulator pattern as Repeat and Curried.

Ch.4 — Type Guards

Validating an incoming request body against a route's expected shape before a handler ever

runs.
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Ch.5 — Branded Types

A validatedRequest brand marking that validation genuinely happened, not just that a type says
it did.
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The goal: router.get("/users/:id", handler) should give handler a params object typed as { id:

string } automatically — derived from the path string itself, not hand-written:

type ExtractParams<Path extends string> =
Path extends " ${string}:${infer Param}/${infer Rest}"
? { [Kin Param | keyof ExtractParams<Rest>]: string }
: Path extends " ${string}:${infer Param}"
? {[Kin Param]: string }

2 g

type Handler<Path extends string> = (req: {

params: ExtractParams<Path>;

}) => void;

The router itself accumulates every registered route as a type parameter — one more application of

the accumulator pattern from Chapter 2's counting tuple and Chapter 6's tracked builder:
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The Router Builder

ype Routes = Record<string, Handler<any>>;

class Router<R extends Routes = {}> {
private routes: R;
constructor(routes: R) { this.routes = routes; }

get<Path extends string>(
path: Path,
handler: Handler<Path>

): Router<R & Record<Path, Handler<Path>>> {
return new Router({ ...this.routes, [path]: handler });

}

dispatch<Path extends keyof R & string>(path: Path, params: ExtractParams<Path>) {
this.routes[path]({ params });

b

i

const router = new Router({})
.get("/users/:id", (req) => {

console.log( " Fetching user ${req.params.id} "); I 4

»
.get("/posts/:postld/comments/:commentId", (req) => {

console.log(req.params.postld, req.params.commentId); &

router.dispatch("/users/:id", {id: "42" }); &

\

A

Adding Body Validation With a Brand

Chapter 4's guards and Chapter 5's brands combine directly: a handler only ever receives a

ValidatedBody, never a raw unknown request body:
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type Brand<T, B extends string> = T & { readonly __brand: B };
type ValidatedBody<T> = Brand<T, "Validated">;

function validate<T>(body: unknown, guard: (v: unknown) => v is T): ValidatedBody<T> {
if (!guard(body)) throw new Error("Invalid request body");
return body as ValidatedBody<T>;

ks

function createUser(body: ValidatedBody<{ name: string }>) {

console.log( " Creating ${body.name} "); &

n
s

70



B Coding Challenges

Challenge 1: Add .post() With a Typed Body

Extend Router with a .post<Path, Body>(path, handler) method where handler receives both
params (from the path) and a typed body parameter.

Goal: Practice extending an accumulator-based builder with a second, independently-typed
dimension.

— Solution

Challenge 2: Add Route Groups

Write a .group(prefix, callback) method that registers every route inside callback with prefix
prepended to its path (e.g. a group with prefix "/api” turns "/users/:id" into

"/api/users/:id"), using a template literal type to compute the combined path.
Goal: Practice combining template literal types with the router's existing accumulator pattern.

— Solution

Challenge 3: Build a Tiny Type-Safe State Machine

Define a state machine type Transition<State, Event> mapping (currentState, event) pairs to
allowed next states (e.g. "idle" + "start" — "running"), and a transition function that only

compiles for valid (state, event) combinations.

Goal: Practice encoding a small DSL (valid state transitions) directly in the type system,

combining conditional types and template literal keys.

— Solution
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A, Gotcha: Building a Framework Nobody Asked For

Everything in this chapter is real, useful TypeScript — and also exactly the kind of thing
libraries like tRPC, Zod, and Express's own typed routers already solve, tested against
thousands of real projects and edge cases a bespoke version won't have hit yet. Building a
small type-level DSL is a genuinely valuable skill (and sometimes the right call for something
truly project-specific), but before shipping a hand-rolled type-safe router to production, ask
whether an existing, battle-tested library already does it — the same "is this worth the cost"

judgment Chapter 8 asked about performance applies here to maintenance burden instead.

72




®

1

That closes Advanced TypeScript. The thread running through all nine chapters: the type
system is not just a linter for your JavaScript — it's a small, pure, functional language in its own
right, one that can compute, recurse, validate, and even refuse to compile incomplete code on
purpose. Conditional types and recursion (Ch.1—2) gave that language control flow; tuples and
template literals (Ch.3, Ch.6) gave it data structures and string manipulation; guards and brands
(Ch.4-5) gave it a way to make runtime truths visible at compile time; module augmentation
(Ch.7) extended it past your own code; and Chapter 8's performance awareness kept all of it honest
about its real cost. Course 5 (Building a Production TypeScript Application) is sketched and ready
whenever you want to put the full stack — Courses 1 through 4 — to work on one real, substantial

project.
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