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1 Abstract

We present Scythe, a dependently typed programming
language written in Rust.

2 Introduction

The primary goal of this programming language is first
and foremost simplicity. This programming language is
to be simple enough that the average developer using it
should understand every aspect of it. Often, languages
are designed by pooling many features that may not nec-
essarily work well together, and by tacking on features as
needed later on. This often leads to unneeded complex-
ity, and developers not understanding what makes code
performant.

The second goal of this language is type-safety. We
often want to provide developers the ability to guarantee
as few errors as possible at runtime. We will go in-depth
about this in “Motivation: Propositions as Types”.

Our last goal is performance. While we won’t harp on
performance too much in this project, we want to guar-
antee that every program executes as much as possible
before runtime. For example, if this language had a reg-
ular expression library, and you wanted to initialize a
regular expression regex(“.*?”), all of the initialisation
of this function should execute at compile-time. This
means that compilation is undecidable, so we relax our
goal from the average compiler’s decidability to pseudo-
decidability: compilation should only be undecidable in
“obvious cases”.

2.1 Motivation: Dependent Functions

Suppose we wanted to write a function of the form
(b : Bool) ⇒ if b then 5 else “hi!”. In what languages can
we do this?

Well, in a more statically-typed language, this pro-
gram would be rejected. The type-checker sees that one
branch yields something of type Nat, and the other yields
something of type Str, and these types don’t agree, so a
type-error is thrown.

In a dynamically-typed language, this program is ac-
cepted, but only because every term carries its type
around with it. Because of this, the invariant that this
function returns things of different types isn’t kept track

of particularly well. Users of this function may become
annoyed that they expected a Str but got a Nat, and
there’s no type-system to yell at them for using a thing
that “might be a Str” where a Nat is supposed to go.

What we want is for the output type of this func-
tion to be different depending on its input. We want the
function to have type [b : Bool] → (if b then Nat else Str).
Again, we have a type that changes depending on a value.
The dependently-typed language sees this function and
says “these branches do agree on a type, and that type is
if b then Nat else Str!”

2.2 Motivation: Propositions as Types

Suppose for the sake of argument that you wanted to cre-
ate a function f that takes in a natural number x where
x < 5. How might we do this in existing languages?

One way is to check that x < 5 inside of the function,
and to throw an error otherwise. This is how most mod-
ern developers would go about this problem. The benefit
of this approach is that it does maintain the condition at
runtime. However, this approach is quite inefficient.

For one, if we wanted to run f(4) 100 times, we would
be checking whether 4 < 5 100 times. Maybe this can be
optimized away if f is pure, or if the compiler is smart
enough, but neither is guaranteed if f has some side-
effect. Another thing is that either the error is caught, or
we check that x < 5 outside of f . The former is known to
be inefficient as it involves tracing the stack, and the lat-
ter involves checking that x < 5 twice: once outside of f ,
once inside. A third issue is that this error only ever oc-
curs in the instance of code where f is called on x ≥ 5. If
there is a spot where the programmer forgets to test this
condition, or the condition is difficult to test, this buggy
code may slip into production and cause real-world harm.

Another way is to assume that x < 5. While this is
efficient, it is generally ill-advised to assume that the user
of f understands that x > 5. What if this invariant is not
obvious based on what f does? What if calling f on 6
does something really bad? We may gain performance,
but we lose safety.

What we want is to have f ’s input be a refinement
type. That is, a type with a predicate. We essentially
want the signature [x : Nat,Less(x, 5)] → Unit, where p
is a proof that x < 5. Here, Less(x, 5) is a type, and it is
a different type for every possible x : Nat.
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This is the idea behind what is known as the Curry-
Howard correspondence[4][9], or “propositions as types”.
Think of some type P as a proposition. For example, P
could be “x ≤ 5”, or “11 is prime”. Then, We say that
P is true if we can construct an element p : P. Here are
some implications of this:

• The tuple type P×Q is the proposition P∧Q, and
some (p, q) : P×Q is a proof of this proposition.

• The function type P → Q is the proposition “if P
then Q”, because if we have a function g : P → Q,
and an element p : P, then g(p) is a proof of Q.

So for this type Less(x, 5) to work as ex-
pected, we need the ability to construct elements of
Less(0, 5), . . . ,Less(4, 5), and no way of constructing ele-
ments of types Less(5, 5),Less(6, 5), . . ..

3 Design Overview

All of the main constructs of the language can be found
in table 1. Some of the built-in types include Nat, Str,
and Bool, which work as expected. We also have Void,
the trivially false type which “has no element”, and Unit,
the trivially true type inhabited by ().

Types Nat,Str,Bool, . . . : Type
Binary Tuples (a, b) : A× B

Function (x ⇒ y) : X → Y
Implicit Function (?x ⇒ y) : ?X → Y

Void Void
Empty Tuples () : Unit

Booleans true, false : Bool
Strings “hello”, “world”, . . . : Str

Natural Numbers 0, 1, 2, . . . : Nat
Addition a+ b

Subtraction a− b
Multiplication a ⋆ b

Division a / b
Modulo a% b

Let let x := y; z
Rec rec x := y; z

Match match x on {p1 ⇒ b1, p2 ⇒ b2, . . .}
If-Then-Else if a then b else c

Newtype A newtype B
Constructors @T ?a b

Table 1: Basic language constructs

3.1 Let vs. Rec

We can introduce new binding via “let”, and “rec”. A
“let” statement shadows previous identifiers with new
ones. Take for example

1. let x := 1;
2. let x := x+ 1;
3. let x := x · 2.

In each let statement, the new x is only bound after the
right-hand side is evaluated. The above is equivalent to
the following:

1. let x1 := 1;
2. let x2 := x1 + 1;
3. let x3 := x2 · 2.
A “rec” binding works differently. It first binds its

left-hand side to a temporary value, then evaluating the
right-hand side with that temp value, then assigns the
right-hand to the left-hand, and then substitutes the tem-
porary value with itself whenever it is run.

1. rec f : (Bool×Nat) → Nat :=
(b, n) ⇒ if b then f(false, n+ 1) else n+ 5.

If mutual recursion of functions is desired, all they
need to do is use a tuple and bind to a tuple pattern as
follows:

1. rec (f, g) := ((x : Nat) ⇒ g(x), (x : Nat) ⇒ f(x)).

3.2 First-Class Types

One of the main features of dependent types is first-
class types: types that you can pass around, as-
sign to values, and which you can pass into/get from
functions. Each of these types have the type Type.
This results in Type: Type, which leads to Girard’s
paradox[1][girard-paradox]. For our purposes, this is
fine. Our goal isn’t complete mathematical soundness,
but rather practicality. We will show how a type of types
is useful later.

3.3 Dependent Functions

A dependent function type is a function type of the form
[a : A] → B(a). The way to read this is that B(a) is
evaluated, and may evaluate differently depending on the
function’s input a.

As mentioned in the introduction, we can
have a dependent function of type [b : Bool] →
(if b then Nat else Str), and an example of that function
would be (b : Bool) ⇒ if b then 5 else “hi”. The output
type evaluates differently depending on the input.

We can also have generic functions this way. For ex-
ample, functions of the type [T: Type] → T → T is the
type of generic unary functions, and this type is inhabited
by the generic identity function (T: Type) ⇒ (x : T) ⇒ x.

3.4 Dependent Tuples

A dependent tuple type is a tuple type of the form
[a : A] × B(a). Similar to dependent functions, a depen-
dent tuple is one whose right-element’s type is determined
by its left-element’s value.

Also similar to the above, we can have a type
[b : Bool] × (if b then Nat else Str). Two inhabitants of
this type would be (true, 5) and (false, “hi”). Unlike the
dependent boolean function above, this works much like
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a tagged union type (i.e. a sum type), only the tag of the
union is a first-class object with which we can refer to.

We may also use dependent tuples to get dynamic
types. We can define the type [T: Type] × T, which is
inhabited by (Nat, 5), (Str, “hi”), and (Bool, true). Just
like the sum-type example, this construction of a dynamic
type has the actual type as a first-class value that we can
manipulate if we so please.

3.5 Inferred Arguments

A function may have its argument be inferred. For exam-
ple, we may write the above generic identity function as
?(T: Type) ⇒ (x : T) ⇒ x, and then this function may
be called as id(5) instead of id(Nat)(5), as the T argu-
ment would be inferred by the provided 5. This inference
doesn’t have to be just types though. If we had a type-
family Arr(T)(n) (T-arrays of length n), then we could
write a function (n : Nat) => (arr : Arr(T)(n) => · · · .

Inferred arguments can be specified explicitly, by writ-
ing id(?T).

3.6 Type Introduction

The mechanism which we use to introduce new types
into the type-system is the “newtype” keyword. For the
most basic example, if we wanted to make a wrapper type
around natural numbers, we would write

1. let Wrapper := newtype Nat;
2. // or, equivalently,
3. let Wrapper := Unit newtype Nat;
4. let w := @Wrapped(5);
5. let @Wrapped(inner) := w

This “@Wrapper” syntax constructs a new element of
wrapper. It can be used in patterns as well to unwrap
the contained data.

Next, say we wanted to create a family of two types
which wrap Nat. Then we could write

1. let T := Bool newtype Nat;
2. let t := @T(?true)(2);
3. let f := @T(?false)(4);

The way to think about this is that distinct elements of
the left-hand-side’s type create different types. So T(true)
and T(false) are distinct types. And these types are con-
structed via the constructors @T(?true) and @T(?false).

Now say that we wanted to make the equivalent of the
option type. Then we’d need something that looks more
like generics. Here, we introduce the dependent newtype:

1. let Option := [T: Type] newtype [b : Bool] ×
(if b then T else Unit);

2. let some5 := @Option(true, 5);
3. let none := @Option(?Nat)(false, ())

4 Implementation

Our implementation is a subset of the language specifi-
cation, which includes Nat (and related operators), Str,
Unit, dependent functions and tuples, and let statements.
Figure 1 shows the compilation pipeline, from parsing to
code-gen. In this section, we explain compilation up to
type-checking, which we have implemented up to.

File Tokens CST

ASTABTABT

Bytecode

Lexing Concrete Parsing

Abstract Parsing

Binding

Type Checking

Code-Gen

Figure 1: The compilation pipeline

4.1 Lexing/Parsing

For lexing we use the Logos[3] library. Every number is a
natural number literal, Everything surrounded by double
quotes is a string literal, every sequence of alphanumeric
symbols which doesn’t start with a number is an identi-
fier, every “if” is an if and every “else” is an else. Lexing
is the step that breaks everything in the language up into
tokens.

The parsing algorithm we implemented for this lan-
guage is a simple Pratt Parser[5]. Everything is consid-
ered an operator, and every operator has an optional left
slot and an optional right slot. Every slot has a prece-
dence, and conflicts.

To get an intuition for how this algorithm works, con-
sider the following example of the expression a + b · c.
Figure 2 shows the Pratt Parsing algorithm one step at a
time, but by the rules of BEDMAS this expression should
be parsed as a+(b ·c), because the · operator takes prece-
dence over the + operator. In our Pratt Parser, every-
thing is put into a tree structure via precedence in this
way. The only difference is that the left and the right
slots of each operator may have different precedence. We
can also imagine the + and · operator fight over 2 like a
tug-of-war, and the · wins because its left precedence is
higher than the right precedence of +. For a list of all
operators and their precedence, see Figure 2.

An operator conflicts are errors that occurs when two
slots that shouldn’t be compared are being compared.
For example, suppose we wanted to add a boolean and
(∧) and a boolean or (∨) to our language. Maybe we
think that it’s unintuitive that ∧ takes precedence over
∨. We can make these operators conflict. Then, if we
write a ∧ b ∨ c, we will get an error, and we’ll have to
write either (a ∧ b) ∨ c or a ∧ (b ∨ c).
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⟨root⟩ a + b · c ⟨root⟩

parse()

⟨root⟩ a +

b · c ⟨root⟩

wait()

⟨root⟩ parse()

+

a

b ·

c ⟨root⟩

wait()

⟨root⟩ wait()

+

a

parse()

·

b

c ⟨root⟩

parse()

⟨root⟩ parse()

+

a

·

b c

⟨root⟩

parse()

⟨root⟩ +

a ·

b c

⟨root⟩

⟨root⟩

⟨root⟩

+

a ·

b c

Figure 2: The steps for Pratt Parsing the expression
a · b+ c. At every step, there is a function parse() which
has a left operator, a right operator, and an optional mid-
dle item in which they are fighting over. Who wins this
tug of war is determined by precedence.

Say that · has left/right precedence 1, while + has
left/right precedence 0.

A list of all operators and their precedences can be
seen in Figure 2.

Open Parenthesis ( 1

Closed Parenthesis 1 )
Open Bracket [ 1

Closed Bracket 1 ]
Open Brace { 1

Closed Brace 1 }
Semicolon 3 ; 2

Tuple 5 , 4

Let let 6

Assign 7 := 7

Match match 8

On 9 on 9

If if 9

Then 10 then 10

Else 11 else 11

Annotate 12 : 12

Optional ? 13

Function 14 ⇒ 13

Newtype 16 newtype 15

Function Type 18 → 17

Tuple Type 18 ⋆⋆ 17

Addition 19 + α

Subtraction 19 − α

Multiplication 20 ⋆ 20

Division 20 / 20

Modulo 20 % 20

Apposition (Function Call) 22 . 21 or 22 21

Table 2: All operators and their precedences. The α-
precedence is 19 (addition precedence) if the operator is
parsed with a left child, and 20 (multiplication prece-
dence) if the operator has no left child. Unary + and
− needs multiplication precedence, otherwise − ⋆
parses as −( ⋆ ).

The result of the Pratt Parser is a binary tree which
we call a CST: a concrete syntax tree. The abstract pars-
ing step converts this into an abstract syntax tree which,
rather than being a binary tree of syntax, has a node
for each underlying language structure. An example of
this—the if-then-else case—can be seen in Figure 3.

if

⟨none⟩ then

a else

b c

if then else

a b c

Figure 3: An if-then-else CST mapping to an if-then-else
AST in the abstract parsing step

4.2 Bidirectional Type-Checking

Bidirectional type-checking[8][2] is a way of implement-
ing type checking—the process of checking that a given
term is of some type—and type inference—the process
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of figuring out the type of a term given context—by mak-
ing these two mutually-recursive functions. For example,
if we have a term 5, we should infer its type to be Nat! If
we want to check that 5, is of type Nat, we can infer the
type of 5 and check that that type is equal to Nat.

Another example is inferring the term (5: Nat). First,
we check that Nat is of type Type (which it is). Then,
we check that 5 is of type Nat, which it is. If these two
things are true, then (5: Nat) is inferred to be Nat. What
type annotations do is turn inference into checking!

For a more complicated example, suppose we
wanted to check that (true, 5) is of type [b : Bool] ×
(if b then Nat else Str). Well, first, we check whether
true is of type Bool—which it is—and then we bind true
to b in a new environment, evaluate the right-hand-side
of the tuple-type to be Nat, and check whether 5 is
of type Nat, which it is. Thus, this term type-checks!
One thing to note is that the type which (true, 5) is in-
ferred to be is Bool×Nat, which is a different type than
[b : Bool] × (if b then Nat else Str). So the checking rule
for tuples is more complex than “infer, and then check if
equal”, although this strategy works for most things.

We will not elaborate on every type-checking rule, but
do check out the implementation[6] if you’re curious.

4.3 Tests

Figure 4: Tests—our implementation[6] has over 100
tests.

Figure 5: Tests for type inferrence. The first checks that
an empty tuple is inferred to be of type unit, and the sec-
ond checks that the tuple ((), 0) is inferred to be of type
Unit×Nat.

Figure 6: Operator precedence tests. The first tests that
lambda arrows are right-associative. The second tests
that . ⇒ conflict. The third tests that ⇒ .

parses to ⇒ ( . ).

4.4 Examples

Figure 7: The generic identity function

Figure 8: An example of basic arithmetic; returns 18
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Figure 9: An example of a program which doesn’t type-
check, because Nat ̸= Str

5 Future Work

Within the realm of implementing the entirety of this
specification, more work would need to go into the code
generation aspect of compilation. As of right now, a com-
piled program gives an interpretable format, but generat-
ing a more concise bytecode is the final goal. In particu-
lar, the way that type-erasure would work in this language
is unknown. One idea is to do as much compile-time cal-
culation as possible, and throw an error from there, but
an issue arises. In the case of sum-types from depen-
dent tuples, i.e. [b : Bool] × (if b then Nat else Str), how
do we represent this? Do we special-case situations like
this? Another issue is that dependent tuples/dependent
functions may not have sizes in memory that are easily
calculated. Sure, the above example has a known size,
but what about [n : Nat] × Array(Nat)(n)? How can we
represent these types most efficiently?

Beyond this specification, there are many things this
language is missing for real-world use. This language has
no record types, or imports/modules. This language is
also missing any form of fractional numbers. Most lan-
guages use floating point numbers, despite having issues
with commutativity and associativity, and indeterminism
on different machines. Because our language relies heav-
ily on compile-time execution being equivalent to runtime
execution, an alternative like fixed-point[7] may fit this
language much better.
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