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From Language Design to Language Implementation

Spoofax Language Workbench

- Language designer provides high-level language definition
- Declarative: abstracts from operational implementation details
- Automatically generate implementation from language definition

Meta-languages

- Syntax definition in SDF3

- Static semantics in Statix

- Transformation in Stratego

- Dynamic Semantics in DynSem



Type System Specification in Statix

Features

- Constraint-based language with declarative semantics
» Understand type system without algorithmic reasoning

- Name binding using scope graphs

- Implementation: interpret specification as type checker

» Sound wrt declarative semantics

» Scheduling of constraint resolution based on language independent
principles (critical edges)

Publication: Scopes as Types

- Van Antwerpen, Bach Poulsen, Rouvoet, Visser
- PACMPL 2 (OOPSLA), 2018



Scope Graphs




Example

module A {
import B
def z:int
def x:int

h

module B {
import A
def y:int




Representing Bindings with Scope Graphs
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module B {

import A
def y:int
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Statix By Example

]
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Arithmetic Expressions: Concrete and Abstract Syntax

> 1+ 2 * 3 |:{>

Program(
LExp(

Add(Int("1"), Mul(Int("2"), Int("3")))

)]

context-free syntax // arithmetic

Exp.Int = <<INT>>

Exp.Add = <<Exp> + <Exp>> {left}
Exp.Sub = <<Exp> - <Exp>> {left}
Exp.Mul = <<Exp> * <Exp>> {left}
Exp.Eqg = <<Exp> == <Exp>> {non-assoc}

SDF3

IN

constructors // arithmetic

Int . INT -> EXxp

Add . Exp * Exp -> Exp

Sub . Exp * Exp -> Exp

Mul . Exp * Exp -> Exp

Eg . Exp * Exp -> Exp
Statix




Arithmetic Expressions: Abstract Syntax

> 1 + 2 * 3

constructors // arithmetic

Int . INT -> Exp

Add . Exp * Exp -> Exp
Sub . Exp * Exp -> Exp
Mul . Exp * Exp -> Exp

Eq . Exp * Exp -> Exp




Arithmetic Expressions: Type Predicate

> 1 + 2 * 3

constructors // arithmetic

Int . INT -> Exp

Add . Exp * Exp -> Exp
Sub . Exp * Exp -> Exp
Mul . Exp * Exp -> Exp
Eq . Exp * Exp -> Exp

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE

rules // expressions
typeOfExp : scope * Exp -> TYPE
typeOfExp(s, Int(1)) = INTQ).
typeOfExp(s, Add(el, e2)) = INT(Q) :-

typeOfExp(s, el) == INT(),
typeOfExp(s, e2) == INT().

typeOfExp(s, Eqgq(el, e2)) = BOOL() :- {T}
typeOfExp(s, el) == T,
typeOfExp(s, e2) == T.
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Overloaded Operators: Predicates on Types

> "foo" + 1 + "3"

constructors // arithmetic

Int . INT -> EXxp

Add . Exp * Exp -> Exp
Sub . Exp * Exp -> Exp
Mul . Exp * Exp -> Exp
Eq . Exp * Exp -> Exp

sorts TYPE constructors
INT . TYPE
BOOL . TYPE
STRING : TYPE
FUN . TYPE * TYPE -> TYPE

rules // strings
typeOfExp(s, Str(_)) = STRING(Q).

typeOfExp(s, Add(el, e2)) = T3 :- {T1 T2}
typeOfExp(s, el) == T1,
typeOfExp(s, e2) == T2,
add(T1l, T2) == T3.

rules
add : TYPE * TYPE -> TYPE
add(INT(), INT(O)) = INT(Q).

add(_, STRING(C)) = STRING().
add(STRING(), _) = STRING(Q).




Variable Definitions

def a = 0

def b = a + ¢
def b =1 + d
def ¢ = 0

def e = 1 + true
> ad+ b + C
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Variable Definitions

sorts Program constructors
Program : list(Decl) -> Program

sorts Decl constructors

Def : Bind -> Decl

Exp . Exp -> Decl
sorts Bind constructors

B1ind . ID * Exp -> B1ind
relations

typeOfDecl : occurrence -> TYPE
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Variable Definitions

def a = 0 rules
def b = a + ¢
def b =1+ d programOK : Program
def c = 0
def e = 1 + true programOK(Program(decls)) :- {s}
> ad+ b + C new s,
declsOk(s, decls).
sorts Program constructors rules // declarations
Program : list(Decl) -> Program
declOk : scope * Decl
sorts Decl constructors declsOk maps declOk(*, list(*))
Def . Bind -> Decl
EXPp : Exp -> Decl decl0k(s, Def(bind)) :-
bindOk(s, s, bind).
sorts Bind constructors
B1ind . ID * Exp -> Bind decl0k(s, Exp(e)) :- {T}
typeOfExp(s, e) == T.
relations

typeOfDecl : occurrence -> TYPE




Variable Definitions: Declarations

def a = 0 rules // bindings
def b =a + ¢
def b =1 + d bindOk : scope * scope * Bind
def ¢ = 0
def e = 1 + true bindsOk maps bindOk(*, *, list(*))
>a+ b + cC
bindOk(s_bnd, s_ctx, Bind(x, e)) :- {T}
typeOfExp(s_ctx, e) == T,
sorts Program constructors s_bnd -> Var{x@x} with typeOfDecl T.
Program : list(Decl) -> Program

sorts Decl constructors

Def : Bind -> Decl

Exp . Exp -> Decl
sorts Bind constructors

B1ind . ID * Exp -> Bind
relations

typeOfDecl : occurrence -> TYPE




Variable Definitions: Name Resolution

def a = 0 rules // variables
def b = a + ¢
def b =1 + d typeOfExp(s, Var(x)) =T :- {p d}
def c = 0 typeOfDecl of Var{x@x} in s |-> [(p, (d, T))].
def e = 1 + true
>ad+ b+ C

sorts Program constructors rules // bindings

Program : list(Decl) -> Program

bindOk : scope * scope * Bind
sorts Decl constructors

Def . Bind -> Decl bindsOk maps bindOk(*, *, List(*))
Exp . Exp -> Decl
bindOk(s_bnd, s_ctx, Bind(x, e)) :- {T}
sorts Bind constructors typeOfExp(s_ctx, e) == T,
B1ind . ID * Exp -> B1ind s_bnd -> Var{x@x} with typeOfDecl T.
relations

typeOfDecl : occurrence -> TYPE




Lexical Scope: Functions

def 1 = 3
def i1nc = fun(x) { x + 1 }

> 1nC 1

constructors // functions
Fun : ID * Exp -> Exp
App : Exp * Exp -> Exp

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE

rules // functions

typeOfExp(s, FunUT(x, e)) = FUN(T, S) :- {s_fun}
new s_fun,
s_fun -P-> s,
s_fun -> Var{x@x} with typeOfDecl T,
typeOfExp(s_fun, e) == S.

typeOfExp(s, App(el, e2)) =T :- {S}
typeOfExp(s, el) == FUN(S, T),
typeOfExp(s, e2) == S.
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def a
def b
def cC

> let

b + C

Lexical Scope: Sequential Let

rules // let bindings

typeOfExp(s, Let(binds, e)) = T :- {s_let}
new s_let,
sbindsOk(s, s_let, binds),
typeOfExp(s_let, e) == T.

rules // bindings
sbindsOk : scope * scope * list(Bind)

sbindsOk(s, s_fin, []) :-
s_fin -P-> s.

sbindsOk(s, s_fin, [bind | binds]) :- {s_mid}
new s_mid, s_mid -P-> s,
bindOk(s_mid, s, bind),
sbindsOk(s_mid, s_fin, binds).
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def a
def b
def c

Lexical Scope: Parallel Let

rules // let bindings

typeOfExp(s, LetPar(binds, e)) =T :- {s_let}
new s_let, s_let -P-> s,
bindsOk(s_let, s, binds),
typeOfExp(s_let, e) == T.

bindOk : scope * scope * Bind
bindsOk maps bindOk(*, *, List(*))

bindOk(s_bnd, s_ctx, Bind(x, e)) :- {T}
typeOfExp(s_ctx, e) == T,
s_bnd -> Var{x@x} with typeOfDecl T.
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Lexical Scope: Recursive Let

> letrec

odd = fun(x) {

s

1f X == @ then false
else even(x - 1)

even = fun(x) {

| }
1N
even(3)

1f X == 0 then true
else odd(x - 1)

rules // let bindings

typeOfExp(s, LetRec(binds, e)) =T :- {s_let}
new s_let, s_let -P-> s,
bindsOk(s_let, s_let, binds),
typeOfExp(s_let, e) == T.

bindOk : scope * scope * Bind
bindsOk maps bindOk(*, *, List(*))

bindOk(s_bnd, s_ctx, Bind(x, e)) :- {T}
typeOfExp(s_ctx, e) == T,
s_bnd -> Var{x@x} with typeOfDecl T.
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Records

record Point {
X : Int
y : Int

}

def p : Point
= new Point { x =1, vy

> p.X + p.y

def z = 3

> with p do X +y + z

2}
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Record Type Declaration: Scopes as Types

record Point {
X : Int
y : Int

}

def p : Point
= new Point { x =1, y = 2}

> p.X + p.y

def z = 3

> with p do X + y + z

rules // record type

declOk(s, Record(x, fdecls)) :- {s_rec}
new s_rec,
fdeclsOk(s_rec, s, fdecls),

s -> Var{x@x} with typeOfDecl REC(s_rec).

fdeclOk : scope * scope * FDecl
fdeclsOk maps fdeclOk(*, *, List(*))

fdeclOk(s_bnd, s_ctx, FDecl(x, t)) :- {T}
typeOfType(s_ctx, t) == T,
s_bnd -> Var{x@x} with typeOfDecl T.

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE
REC : scope -> TYPE
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Record Literals

record Point { rules // records construction
X : Int
y : Int typeOfExp(s, New(x, fbinds)) = REC(s_rec) :- {p d}
1 typeOfDecl of Var{x@x} in s |-> [(p, (d, REC(s_rec)))],

fbindsOk(s, s_rec, fbinds).
def p : Point
= new Point { x =1, y = 2} fbindOk : scope * scope * FBind

fbindsOk maps fbindOk(*, *, 1list(*))
> p.X + p.y
fbindOk(s, s_rec, FBind(x, e)) :- {p d T}

def z = 3 typeOfExp(s, e) == T,

typeOfDecl of Var{x@x} in s_rec |-> [(p, (d, T))].

> with p do X + y + z

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE
REC : scope -> TYPE




record Point {
X : Int
y : Int

¥

def p : Point
= new Point { x =1, y = 2}

> p.X + p.y

def z = 3

> with p do X + y + z

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE
REC : scope -> TYPE

Record Projection

typeOfExp(s, e) == S,
proj(S, x) == T.

rules // record projection

typeOfExp(s, Proj(e, x)) =T :- {p d s_rec S}

proj : TYPE * ID -> TYPE

proj(REC(s_rec), x) =T :- {p d}
typeOfDecl of Var{x@x} in s_rec |-> [(p, (d, T))].
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With Record

record Point {
X : Int
y : Int

}

def p : Point
= new Point { x =1, y = 2}

> p.X + p.y

def z = 3

> with p do X + y + z

rules // with record value

typeOfExp(s, With(el, e2)) =T :- {s_with s_rec}
typeOfExp(s, el) == REC(s_rec),
new s_with,
s_with -P-> s, s_with -R-> s_rec,
typeOfExp(s_with, e2) == T.

name-resolution
labels P I R

resolve Var filter pathMatch[P* (R* | I*)]
min pathLt[$ < I, $ <P, I <P, R < P]

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE
REC : scope -> TYPE
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Modules: Scopes as Types

module A {
import B
def a = 4
def c =b + 4
}
module B {
import A
def b = a + 3
}

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE
MOD : scope -> TYPE
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Modules: Scopes as Types

module A {
import B
def a = 4
def c=b + 4
}
module B {
import A
def b = a + 3
}

rules // modules
declOk(s, Module(m, decls)) :- {s_mod}
new s_mod, s_mod -P-> s,
s -> Mod{m@m} with typeOfDecl MOD(s_mod),
declsOk(s_mod, decls).

declOk(s, Import(m)) :- {p d s_mod}
typeOfDecl of Mod{m@m} in s [-> [(p, (d, MOD(s_mod)))],
s -I-> s_mod.

sorts TYPE constructors
INT : TYPE
BOOL : TYPE
FUN : TYPE * TYPE -> TYPE
MOD : scope -> TYPE

name-resolution
labels P I R

resolve Var filter pathMatch[P* (R* | I*)]
min pathLt[$ < I, $ <P, I <P, R < P]

resolve Mod filter pathMatch[P P* I*]
min pathLt[$ < I, $ <P, I <P, R < P]
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Type References

record Point {
X : Int
y : Int

}

def translate : Point -> Point -> Point
= fun(p: Point){ fun(d: Point) {
new Point{
X =p.X + d.X,
y =p.y +d.y}
Pk

def p : Point = new Point { x =1, y =

> translate(p)(p)

2}

rules // types
typeOfType : scope * Type -> TYPE
typeOfType(s, IntT()) = INT(Q).
typeOfType(s, BoolT()) = BOOL().

typeOfType(s, FunT(tl, t2)) =

FUNCtypeOfType(s, tl1), typeOfType(s, t2)).

typeOfType(s, RecT(x)) = REC(s_rec) :- {p d}

typeOfDecl of Var{x@x}

tns |-> [(p, (d, REC(s_rec)))].
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Scheduling Constraint
Resolution

]
TUDelft



Scheduling in Type Checkers

Type checker constructs scope graph
- Module, variable declarations

- Module imports

- Scopes

Type checker queries scope graph
- Type of variable reference

Scope graph construction depends on queries
- Imports require name resolution of module name

When is it safe to query the scope graph?
- In what order should type checker perform construction, querying?

30



A Single Stage Type Checker (Falils)

module A {
import B
def z:int
def x:int
J
module B {
import A
def y:int
J

31



A Two Stage Type Checker: Stage 1 (Build Module Table)
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module A {
import B
def z:int
def x:int

|
W

)
module B {

import A
def y:int = z % 2
J




A Two Stage Type Checker: Stage 2 (Check Modules)
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are resolved before
variable references
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module A {
import B
def z:int
def x:int

3
module B {

import A
def y:int = z % 2
J
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Dynamic

s

When do we have

sufficient information
to answer a query?

(3)

module A {
import B
def z:int
def x:int = vy + zZ

I
W

J
module B {

import A
def y:int = z % 2




Critical Edges
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(a) Intermediate scope graph
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(b) Intermediate scope graph
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(c) Final scope graph

module A {

import B

def z:int = 3

def x:int = vy + zZ
J
module B {

import A

def y:int = z % 2
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(Weakly) Critical Edges

Flg 11. (Weakly) critical edges for the

query s; =5 D, assuming t € D
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Statix Specification

P : . %17
Vs’ s" 2»s s—ax;:MOD(s") Vi.(s"F def, ox) query s —», DECL(x;)as {x; : T}
Mod
(Mod) s F module x; {def } OK (Var) skExj: T
query s —-»y DECL(X;) as {x; : MOD(s")} s —> s’ ste: T s—ax;:T
(Imp) : (Det)
S F import x; OK Skdef x;: T = eOK
module A {
A : MOD(1) I—r@—:—l B : MOD(2) import B
£ def z:int = 3
K P/' V\P e -
Z : INT jm—. ly/ \ ef x:int =y + z
) )5 }
1 2 . Y : INT
AN— | | module B {
X :INT " |~ 7 pE— .
! S~ T import A
Ly ! def y:int = z % 2
- )
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Automatically Scheduling Constraint Resolution

Scope graph represents context information
- lype checker constructs scope graph

- lype checker queries scope graph

- Scope graph construction depends on queries

When is it safe to query the scope graph?
- When there are no more critical edges for this query
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