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Types

A type system allows a language to ensure the absence of certain
behaviors before a program is run

An expression has a type

A value has a class

Intuitively, there’s a connection between
the type of an expression and
the class of the expression’s value



Type != Class

Expr *e;
e->to _string() ;
The expression @ has type Expr*

When the program runs, the value of e can be
* an object whose class is BinaryOpExpr,
* an object whose class is LitExpr,

[ ]
ceey

* or the null pointer.

6-8



Type != Class

Expr *e;
(dynamic cast<BinaryOpExpr*>(e))->rhs->to_string();

The highlighted expression has type BinaryOpExpr¥*

When the program runs, the value of the expression can be
* an object whose class is BinaryOpExpr,

[ ]
seey

* or the null pointer.

9-11



Types and Values

A type is an abstraction of a value

* A type loses some information about the exact value

An expression of type int has a value that is some integer

* A type must reflect enough information to be useful

The type Expr* ensures a to string method

A type checker looks like an interpreter, but produces a type for each
expression instead of a value

12-15



MSDscript with Types

Expressions
(expr) = (opargo)
(opargs) = (oparge)
| (opargp:) {ops) (opargr)
(opargn) = (multicand)
| (opargn) ( (expr))
(multicand) (number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)
_letrec (variable) = (fun-expr) _in (expr)

_if (expr) _then (expr) _else (expr)

(fun-expr)

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values
(expr) = (opargy) (val) = (number)
(opargs) = (oparge) | _true | _false
| (oparge+) (opr) (oparge) | [function]
(opargn) = (multicand)
| (opargn) ( (expr))
(multicand) (number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)
_letrec (variable) = (fun-expr) _in (expr)

_if (expr) _then (expr) _else (expr)

(fun-expr)

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types
(expr) = (opargy) (val) = {(number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool
| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)
| (opargn) ( (expr) ) | ((type))
(multicand) (number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)
_letrec (variable) = (fun-expr) _in (expr)

_if (expr) _then (expr) _else (expr)

(fun-expr)

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types

(expry = (opargy {(val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> =g (type>
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable)

| _let (variable) = (expr) _in (expr) 1

| _letrec (variable) = (fun-expr) _in (expr)

| _if (expr) _then (expr) _else (expr) has type

| (fun-expr)

Num

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = {(number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable)

| _let (variable) = (expr) _in (expr) fal se

| _letrec (variable) = (fun-expr) _in (expr) —

| _if (expr) _then (expr) _else (expr) has t)lpe

| (fun-expr)

Bool

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types

(expry = (opargy {(val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> =g (type>
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable)

| _let (variable) = (expr) _in (expr) 2 + 3

| _letrec (variable) = (fun-expr) _in (expr)

| _if (expr) _then (expr) _else (expr) has type

| (fun-expr)

Num

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types

(expr) = (opargs) (val) = {(number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable)

| _let (variable) = (expr) _in (expr) 2 —_—— 3

| _letrec (variable) = (fun-expr) _in (expr)

| _if (expr) _then (expr) _else (expr) has t)lpe

| (fun-expr)

Bool

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = {(number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable)

| _let (variable) = (expr) _in (expr) 2 + fal se

| _letrec (variable) = (fun-expr) _in (expr) —

| _if (expr) _then (expr) _else (expr) has ho type

| (fun-expr)

(fun-expr) = _fun ( (variable) ) (expr)



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = (number) (type) = Num
(opargs) = (opargr) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable)

| _let (variable) = (expr) _in (expr) 2 + false

| _letrec (variable) = (fun-expr) _in (expr) —

| _if (expr) _then (expr) _else (expr) has ho type

| (fun-expr)
(fun-expr) = L£un | (variable) ), (expr) When an expression has no type, don’t try to interpret it

24



MSDscript with Types

Expressions Values Types
(expr) = (opargy) (val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool
| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)
| (opargn) ( (expr) ) | ((type))
(multicand) (number) | ( (expr)) | (variable) fun (x)
_let (variable) = (expr) _in (expr) -
_letrec (variable) = (fun-expr) _in (expr) X == 6

_if (expr) _then (expr) _else (expr)

(fun-expr) haS type
(fun-expr) = _fun ( (variable) ) (expr) Num _> BOOl



MSDscript with Types

Expressions Values Types

(expr) (opargo) (val) = (number) (type) = Num
(oparge1) | _true | _false | Bool

| <°Parg”+’> <OPP> <0PargP> | [function] | <type> _> <type>
(opargy) = (multicand)

| (opargy) ( (expr) ) | ( (type))

(oparge)

(multicand) (number) | ( {expr)) | (variable) fun (x - Num)
_let (variable) = (expr) _in (expr) -
_letrec (variable) = (fun-expr) _in (expr) X == 6

_if (expr) _then (expr) _else (expr)

(fun-expr) haS type
(fun-expr) = _fun ( (variable) ) (expr) Num -> BOOl

Need to update grammar to include type declarations



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( (expr)) | (variable) fun ( f * Num -—> Num)

| _let (variable) = (expr) _in (expr) -

| _letrec (variable) = (fun-expr) _in (expr) f ( 1 ) —— f ( 2 )

| _if (expr) _then (expr) _else (expr)

| (fun-expr) haS type

(fun-expr) = _fun ( (variable) ) (expr) (Num _> Num) _> BOOl



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ( (type) )
(multicand) = (number) | ( {expr)) | (variable) _fun (n . Num)

| _let (variable) = (expr) _in (expr) .

| _letrec (variable) = (fun-expr) _in (expr) _fun (m * Num)

| _if (expr) _then (expr) _else (expr) n ==

| (fun-expr)
(fun-expr) = _fun ( (variable) ) (expr) has type

Num -> (Num -> Bool)

28



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ( (type) )
(multicand) = (number) | ( {expr)) | (variable) _fun (n . Num)

| _let (variable) = (expr) _in (expr) .

| _letrec (variable) = (fun-expr) _in (expr) _fun (m * Num)

| _if (expr) _then (expr) _else (expr) n ==

| (fun-expr)
(fun-expr) = _fun ( (variable) ) (expr) has type

Num -> Num -> Bool

29



MSDscript with Types

Expressions Values Types

(expr) = (opargs) (val) = {(number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargn) ( (expr) ) | ((type))
(multicand) = (number) | ( {expr)) | (variable) 1et X = 2 + 3

| _let (variable) = (expr) _in (expr) .

| _letrec (variable) = (fun-expr) _in (expr) _ln X

| _if (expr) _then (expr) _else (expr)

| (fun-expr) haS type

(fun-expr) = _fun ( (variable) ) (expr) Num



(expr)

(oparge)

(opargy)

(multicand)

(fun-expr)

MSDscript with Types

Expressions

(opargo)

(oparge:1)
(oparge+/) {(ope) {oparge)

= (multicand)

(opargn) ( (expr) )

(number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)
_letrec (variable) = (fun-expr) _in (expr)
_if (expr) _then (expr) _else (expr)
(fun-expr)

_fun ( (variable) ) (expr)

Values Types
(val) = {(number) (type) = Num
| _true | _false | Bool

. o~ -

Type of 2 + 3 determines type for x s

let x =2 + 3
_in x

has type

Num

* (type)

31



MSDscript with Types

Expressions Values Types

(expr) = (opargy) (val) = {(number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool

| (opargp:) {ops) (opargr) | [function] | (type> = (type)
(opargn) = (multicand)

| (opargy) ( (expr) ) | ( (type) )
(multicand) = (number) | ( (expr)) | (variable) _letrec loop . Num _> Num

| _let (variable? = (expr) _in (expr.> - fun (x . Num)

| _letrec (variable) = (fun-expr) _in (expr) —

| _if (expr) _then (expr) _else (expr) lOOp (X)

| (fun-expr) .

in loop (0)

(fun-expr) = _fun ( (variable) ) (expr) -

has type
Num



MSDscript with Types

Expressions Values Types
(expr) = (opargo) (val) = (number) (type) = Num
(oparge) = (oparge) | _true | _false | Bool
| (opargp:) {ops) (opargr) >
. . e
oparg) = (multcand) Need type before checking RHS expression P
| (opargn) ( {expr)) ! U (LYDE), )
(multicand) = (number) | ( (expr)) | (variable) _letrec loop . Num _> Num
| _let (variable) = (expr) _in (expr) - fun (x . Num)
| _letrec (variable) = (fun-expr) _in (expr) — )
| _if (expr) _then (expr) _else (expr) lOOp (X)
| (fun-expr) .
in loop (0)
(fun-expr) = _fun ( (variable) ) (expr) -

has type
Num



(expr)

(oparge)

(opargy)

(multicand)

(fun-expr)

Expressions with Types

(opargo)

(opargps1)
(opargp+1) (opr) (Opargp)

(multicand)

(opargn) ( (expr) )

(number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)

_letrec (variable) : (type) = (fun-expr) _in (expr) i

_if (expr) _then (expr) _else (expr)

(fun-expr)

_fun ( (variable) : (type) ) (expr) i

34



(expr)

(oparge)

(opargn)

(multicand)

(fun-expr)

Expressions with Types

opar:

opargo) Parser can treat : (type) as
(opargp+/) optional, so untyped MSDscript
(opargp+1) (Opr) (Opargp) still parses

(multicand)

(opargn) ( (expr) )

(number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)

_letrec (variable) : (type) = (fun-expr) _in (expr) cois?®
_if (expr) _then (expr) _else (expr)

(fun-expr)

_fun ( (variable) : (type) ) (expr) i

35



Expressions with Types

(expr) = (opargo) class FunExpr : public Expr ({
PTR (Symbol) formal arg;
(opargp) = (oparge+) PTR (Type) arg_ type;
| (opargp+) (opr) (Opargp) PTR (Expr) body;
(opargn) = (multicand) };

| (opargn) ( (expr) )

(multicand) = (number) | ( (expr) ) | (variable)

_let (variable) = (expr) _in (expr)

_letrec (variable) : (type) = (fun-expr) _in (expr) i
_if (expr) _then (expr) _else (expr)

(fun-expr)

(fun-expr) = _fun ( (variable) : (type) ) (expr) s



(expr)

(oparge)

(opargy)

(multicand)

(fun-expr)

Expressions with Types

(opargo) class LetrecExpr : public LetishExpr ({
PTR (Type) rhs_ type;
(oparge+)

(opargp+i) (opr) (opargs) };

(multicand)

(opargn) ( (expr) )

(number) | ( (expr)) | (variable)

_let (variable) = (expr) _in (expr)

_letrec (variable) : (type) = (fun-expr) _in (expr) i
_if (expr) _then (expr) _else (expr)

(fun-expr)

_fun ( (variable) : (type) ) (expr) i

37



Representing Types

(type) = Num

| Bool
| (type) => (type)
| ((type))
Type
A
I I |
NumType BoolType FunType
arg type

result type

38-39



Representing Types

(type) = Num

| Bool
| (type) => (type)
| ((type))

Type

A
I I I I
NumType BoolType FunType UnknownType
arg type

result type

For parsing untyped
code, only

40



Typechecking

Expr

PTR(Val) interp(...)
PTR (Type) typecheck(...)

The Expr:interp () method gets an expression’s value

If something goes wrong, interp throws an exception

A new Expr: typecheck () method will get an expression’s type

If checking fails, typecheck will throw a “no type” exception

Goal #1: no typecheck exception = no interp exception

Goal #2: typecheck always finishes quickly, unlike interp

41-45



Typechecking

Expr

PTR(Val) interp(...)
PTR (Type) typecheck(...)

The Expr:interp () method gets an expression’s value

If something goes wrong, interp throws an exception

A new Expr: typecheck () method will get an expression’s type

If checking fails, typecheck will throw a “no type” exception

Don't call Goal #1: no typecheck exception = no interp exception

functions
Goal #2: typecheck always finishes quickly, unlike interp

46



Typechecking

(number)

Every (number) expression has type Num

PTR (Type) NumExpr: :typecheck () {

NumExpr

val

return NEW (NumType) () ;

47-49



Typechecking

_false | true

Every boolean expression has type Bool

PTR (Type) BoolExpr: :typecheck() {

BoolExpr

val

return NEW (BoolType) () ;

50-52



Typechecking

BoolExpr

_false | true

val

Every boolean expression has type Bool

LiteralExpr: :LiteralExpr (PTR(Val) val, PTR(Type) type) {
this->val = val;

this->type = type;

PTR (Type) LiteralExpr::typecheck () ({
return type;



Typechecking

AddExpr
(expr) + (expr) lhs
rhs

A + will produce a number, but only if each {(expr) is a number

So, type is Num if and only if the (expr)s have type Num

PTR (Type) AddExpr::typecheck () ({
if (!'lhs->typecheck () ->equals (NEW (NumType) () )
| | 'rhs->typecheck () ->equals (NEW (NumType) () )
throw runtime error("no type");
return NEW (NumType) () ;

}

54-57



Typechecking

AddExpr
(expr) + (expr) lhs
rhs

A + will produce a number, but only if each {(expr) is a number

PTR (Type) BinaryOpExpr::typecheck () {
return op->result type (lhs->typecheck(),
rhs->typecheck()) ;

PTR (Type) BinaryNumOp: :result type (PTR(Type) lhs type, PTR(Type) rhs type)
if (lhs_type->equals (NEW (NumType) ())
&& rhs type->equals (NEW(NumType) ()))
return NEW (NumType) () ;
throw std::runtime error("no type");

}
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Typechecking

IfExpr
test_part

_1f£ (expr) _then (expr) _else (expr) then part

else_part

First (expr) must produce a boolean

So, the first (expr) must have type Bool

PTR (Type) IfExpr::typecheck() {
if ('test part->typecheck () ->equals (NEW(BoolType) ()))
throw runtime error("no type");
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Typechecking

IfExpr
test part

_if (expr) _then (expr) _else (expr) then part

else_part

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

63



Typechecking

IfExpr
test part

_if (expr) _then (expr) _else (expr) then part

else_part

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

If the test (expr) produces false, the result is the _else (expr)

% type of whole _if must match _else (expr)’s type
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Typechecking

IfExpr
test part

_if (expr) _then (expr) _else (expr) then part

else part

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

If the test (expr) produces false, the result is the _else (expr)

% type of whole _if must match _else (expr)’s type

The type checker cannot interpret the test (expr)!
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Typechecking

IfExpr
} test part
_if (expr) _then (expr) else (expr) then pact
else part

_true

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

If the test (expr) produces false, the result is the _else (expr)

% type of whole _if must match _else (expr)’s type

The type checker cannot interpret the test (expr)!
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Typechecking

IfExpr
} test part
_if (expr) _then (expr) else (expr) then pact
0 == else part

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

If the test (expr) produces false, the result is the _else (expr)

% type of whole _if must match _else (expr)’s type

The type checker cannot interpret the test (expr)!
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Typechecking

IfExpr
test part

_if (expr) _then (expr) _else (expr) then part

else part

S ——

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

If the test (expr) produces false, the result is the _else (expr)

% type of whole _if must match _else (expr)’s type

The type checker cannot interpret the test (expr)!
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Typechecking

IfExpr
test part

_if (expr) _then (expr) _else (expr) then part

else part

£(10)

If the test (expr) produces _true, the result is the _then (expr)

% type of whole _if must match _then (expr)’s type

If the test (expr) produces false, the result is the _else (expr)

% type of whole _if must match _else (expr)’s type

The type checker cannot interpret the test (expr)!
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Typechecking

IfExpr
test part

_if (expr) _then (expr) _else (expr) then part

else part

The then (expr)and _else (expr) must have the same type

This program is rejected even though it would not raise an exception:

_if true then 1 else true

Fundamentally, a type system must reject some “good” programs
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Typechecking

IfExpr
test_part

_1f£ (expr) _then (expr) _else (expr) then part

else_part

The then (expr)and _else (expr) must have the same type

PTR (Type) IfExpr::typecheck() {

if (!test part->typecheck()->equals (NEW(BoolType) ()))
throw runtime error("no type");

PTR (type) then type = then part->typecheck();

PTR (type) else type = else part->typecheck();

if (!then_ type->equals(else_type))
throw runtime error("no type");

return then type;

73



Typechecking

VarExpr

(variable)
name

Result depends on a surrounding _let or _funor letrec

The typecheck method needs a type environment:

PTR(Val) Expr::interp (PTR(Env<Val>) env);
PTR (Type) Expr: :typecheck (PTR (Env<Type>) tenv);
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Typechecking

VarExpr

(variable)
name

Result depends on a surrounding _let or _funor letrec

The typecheck method needs a type environment: =~ Change Env to a template

PTR(Val) Expr::interp (PTR(Env<Val>) env);
PTR (Type) Expr: :typecheck (PTR (Env<Type>) tenv);



Typechecking

VarExpr

(variable)
name

Result depends on a surrounding _let or _funor letrec

The typecheck method needs a type environment:

PTR(Val) Expr::interp (PTR(Env<Val>) env);
PTR (Type) Expr: :typecheck (PTR (Env<Type>) tenv);

PTR (Type) VarExpr: :typecheck (PTR (Env<Type>) tenv) ({
return tenv->lookup (name) ;
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Typechecking

VarExpr

(variable)
name

Result depends on a surrounding _let or _funor letrec

The typecheck method needs a type environment:

PTR(Val) Expr::interp (PTR(Env<Val>) env);
PTR (Type) Expr: :typecheck (PTR (Env<Type>) tenv);

PTR (Type) VarExpr: :typecheck (PTR (Env<Type>) tenv) ({
return tenv->lookup (name) :

Free variables rejected by checker
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Typechecking

_let (variable) = (expr) _in (expr)

The _let expression produces whatever the _in (expr) produces

LetExpr

var
rhs
body

Type of = (expr) determines type of (variable)

Type of _in (expr) determines type of whole let

PTR (Type) LetExpr: :typecheck (PTR (Env<Type>) tenv) ({

PTR (Type) rhs_ type = rhs->typecheck (tenv) ;

return body->typecheck (NEW (ExtendedEnv<Type>) (var, rhs type, tenv));

}
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Typechecking

LetrecExpr

var

_letrec (variable) : (type) = (fun-expr) _in (expr) rhs_type
rhs

body

Like let, but (fun-expr) must match the declared (type)

PTR (Type) LetrecExpr::typecheck (PTR (Env<Type>) tenv) {
PTR (Env<Type>) new_env = NEW(ExtendedEnv<Type>) (var, rhs type, tenv);

if (!'rhs->typecheck (new _env)->equals(rhs_ type))
throw std::runtime error("no type");
return body->typecheck (new_env) ;

}
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Typechecking

FunExpr

formal arg

arg_type
body

_fun ( (variable) : (type) ) (expr)

Produces a function value

Type is a => with
* argument type as (type)
* result type as type of (expr)

PTR (Type) FunExpr: :typecheck (PTR (Env<Type>) tenv) ({
PTR (Env<Type>) new_env = NEW(ExtendedEnv<Type>) (formal arg, arg type, tenv);
PTR (Type) body type = body->typecheck (new_env) ;
return NEW(FunType) (arg type, body type):

}
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Typechecking

(expr) ( (expr) )

CallExpr

to_be called

actual_arg
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Typechecking

CallExpr

(expr) ( (expr) ) to be called
actual arg

Produces whatever the function returns, assuming that
* the first (expr) produces a function

* the function is happy with the argument (expr)’s value
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Typechecking

( (type) => (type) ) (type)
CallExpr
(expr) ( (expr) ) to be called
actual_arg

Produces whatever the function returns, assuming that
* the first (expr) produces a function

* the function is happy with the argument (expr)’s value

PTR (Type) CallExpr: :typecheck (PTR (Env<Type>) tenv) {
PTR (Type) to be called type = to be called->typecheck (tenv);
PTR (Type) actual arg type = actual arg->typecheck (tenv) ;
return to be called type->check call (actual arg type);

}



Typechecking

( (type) => (type) ) (type)
CallExpr
(expr) ( (expr) ) to be called
actual_arg

Produces whatever the function returns, assuming that
* the first (expr) produces a function

* the function is happy with the argument (expr)’s value

PTR (Type) Type::check call (PTR(Type) arg_ type) {
throw std::runtime error("no type");

}

PTR (Type) FunType::check call (PTR(Type) arg type) {
if (this->arg type->equals (arg type))
return result type;
throw std::runtime error("no type"):;

}
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Typecheck before Interpret

int main() {
PTR (Type) type = e->typecheck (Env<Type>: :empty) ;
e = e->optimize();

if (optimize mode)

std::cout << e->to_string() << "\n";
else if (step mode)

std: :cout << interp by steps(e)->to string() << "\n";
else

std: :cout << e->interp (Env<Val>::empty)->to string() << "\n";
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Typed Fibonacci

_letrec fib : Num -> Num
= fun (x : Num)

_if x ==

_then 1

_else if x ==

_then 1

_else fib(x + -1)

+ fib(x + -2)

_in fib(28)
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