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Representation 
- Standardized representation for <aspect> of programs

- Independent of specific object language


Specification Formalism 
- Language-specific declarative rules

- Abstract from implementation concerns


Language-Independent Interpretation 
- Formalism interpreted by language-independent algorithm

- Multiple interpretations for different purposes

- Reuse between implementations of different languages

Separation of Concerns



Representation: (Abstract Syntax) Trees 
- Standardized representation for structure of programs

- Basis for syntactic and semantic operations


Formalism: Syntax Definition 
- Productions + Constructors + Templates + Disambiguation

- Language-specific rules: structure of each language construct


Language-Independent Interpretation 
- Well-formedness of abstract syntax trees

‣ provides declarative correctness criterion for parsing


- Parsing algorithm

‣ No need to understand parsing algorithm

‣ Debugging in terms of representation


- Formatting based on layout hints in grammar

- Syntactic completion 

Separation of Concerns in Syntax Definition

A meta-
language for 
talking about 

syntax}



Representation 
- To conduct and represent the results of name resolution 


Declarative Rules 
- To define name binding rules of a language


Language-Independent Tooling 
- Name resolution

- Code completion 

- Refactoring

- …

Separation of Concerns in Name Binding



NaBL: Name Binding 
Language

Konat, Kats, Wachsmuth, Visser. Declarative Name 
Binding and Scope Rules. SLE 2012



Interaction with Type System (1)

FieldAccess(e, f): 
  refers to Field f in c
  where e has type ClassType(c)

class C {
  int i;
}

class D {
  C c;
  int i;
  void init() {
    i = c.i;
  }
}
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Theory: Scope Graphs

Néron, Tolmach, Visser, Wachsmuth. A 
Theory of Name Resolution. ESOP 2015



Representation 
- ?


Declarative Rules 
- To define name binding rules of a language


Language-Independent Tooling 
- Name resolution

- Code completion 

- Refactoring

- …

Separation of Concerns in Name Binding

Scope Graphs



let function fact(n : int) : int = 
      if n < 1 then 
        1 
      else 
        n * fact(n - 1)
 in 
    fact(10)
end

fact S1 fact

S2n

n

fact

nn

Scope GraphProgram

Name Resolution



A Calculus for Name Resolution

S R1 R2 SR

SRS I(R1)

S’S

S’S P

Sx

Sx R

xS

xS D

I(_).p’ < P.p

D < I(_).p’

D < P.p

s.p < s.p’
p < p’

Visibility

Well formed path:  R.P*.I(_)*.D

Reachability



Visibility Policies

Lexical scope
L := {P} E := P

⇤
D < P

Non-transitive imports

L := {P, I} E := P

⇤ · I

?
D < P, D < I, I < P

Transitive imports

L := {P,TI} E := P

⇤ · TI

⇤
D < P, D < TI, TI < P

Transitive Includes
L := {P, Inc} E := P

⇤ · Inc

⇤
D < P, Inc < P

Transitive includes and imports, and non-transitive imports
L := {P, Inc,TI, I} E := P

⇤ · (Inc | TI)⇤ · I

?

D < P, D < TI, TI < P, Inc < P, D < I, I < P,

Figure 10. Example reachability and visibility policies by instan-
tiation of path well-formedness and visibility.

3.4 Parameterization

In order to model the name binding features and resolution poli-
cies from different programming languages, the scope graph and
resolution calculus are parameterized with a set of labels L, a reg-
ular expression E that defines the scope reachability policy, and an
order < on the L (extended with the built-in D label) that defines
the scope visibility policy. Fig. 9 defines generic predicates derived
from these parameters and used in the calculus. The regular expres-
sion E entails a well-formedness predicate WF on paths obtained
by projecting the sequence of labels from the path and testing it for
membership in the language of E . The ordering relation on labels
entails an ordering relation on paths using the lexicographic order
on the projected label sequences.

Fig. 10 presents several example instantiations for these param-
eters, encoding different policies. The first policy defines lexical
scope in which scopes are transitively linked through parent edges
(P) and local declarations shadow declarations in parents. The next
policy extends lexical scope with non-transitive imports (I). The
well-formedness predicate allows an optional import at the end of
a lexical scope chain, ruling out access to the parents of an im-
ported scope. Further, the policy states that imported declarations
shadow declarations in the lexical context. The transitive imports
policy extends this by allowing paths with a chain of imports (TI).
The transitive includes policy is a variation in which local decla-
rations do not shadow included (Inc) declarations. The final policy
combines three import policies, not providing rules to disambiguate
between paths through different kinds of import edges. Thus, a ref-
erence that can be resolved through an import and an include edge
is ambiguous and can be flagged as an error.

4. Resolution Algorithm

In this section, we describe an algorithm for solving constraints in
the sense of Section 3.2, i.e. finding � and  that satisfy (⇧). Our
algorithm works only for a restricted class of generated constraints:
all constraints in CG

p

must be ground, except that scope variables &
can appear as targets in direct edge constraints (e.g. S l

&). This
restriction is met by the constraints generated by the LMR collec-
tion algorithm in Section 2. Broader classes of constraints might be
useful for other languages; we defer exploration of algorithms that
could handle these to future work.

4.1 Variables in Scope Graph Constraints

The basic approach of the algorithm is to interpret the scope graph
constraints as a scope graph G and then use it to resolve resolu-
tion and typing constraints using a conventional unification-based

R[I](xR) := let (r, s) = EnvE [{xR} [ I, ;](Sc(xR))} in
(
U if r = P and {xD|xD 2 s} = ;
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Figure 11. Name Resolution Algorithm

algorithm. However, since scope graph constraints can contain vari-
ables, we cannot fully define the scope graph before starting con-
straint resolution, because we do not fully know �. Thus, our algo-
rithm builds � (and  ) incrementally. The key idea is that we can
solve some resolution and typing constraints even when � is not
yet fully defined, in such a way that the solution remains valid as it
becomes more defined.

4.2 Name Resolution Algorithm

In order to solve resolution constraints (e.g. xR 7! �) or to com-
pute the set of visible elements from a scope (V(S)) we need an
algorithm that computes the name resolution relation (xR

i

7�! x

D
j

)
specified by the calculus presented in Section 3.3. We introduced
such an algorithm in our prior work [14], but it was specific to a
particular set of labels, visibility order, and well-formedness predi-
cate. In this section, we present a generic version of the algorithm
that is parameterized by L, E and < as described in Section 3.4.

Incomplete Scope Graphs A further new requirement on the
algorithm is that it can operate on an incomplete scope graph,
specified by a set of constraints that may still contains variables
as the targets of direct edges. The non-strictly positive premise
of the (V) rule of the resolution calculus makes the derivation of
a resolution relation from a graph non-monotonic with respect to
additions to the graph. For example, suppose that in some graph
G a reference x

R in a scope S resolves to declaration x

D
i

in the
parent scope S

0. In a bigger graph G0 that also has a declaration
x

D
i

0 in S itself, xR will resolve to x

D
i

0 , and the old resolution to x

D
i

will be shadowed. Thus we cannot simply restrict resolution to the
complete part of the graph, and expect the results to remain valid
as the graph becomes more completely known. Instead, we modify
the original algorithm to signal when a result is preliminary.

The Algorithm Fig. 11 defines a resolution algorithm that works
on such incomplete scope graphs.The function for resolving a sin-
gle reference, R[I](xR), returns either a set of declarations or U
(unknown) if the reference cannot be resolved in the current graph.
Similarly, the environment functions Env _

re

[I, S](S) return a pair
consisting of:

• a result flag, T (total) if all declarations visible from S can
be computed or P (partial) if there are still possible additional
resolutions (some scope variables are accessible)

56
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Language-Independent Tooling 
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Representation 
- ?


Declarative Rules 
- ?


Language-Independent Tooling 
- Name resolution

- Code completion 

- Refactoring

- …

Separation of Concerns in Name Binding

Scope (& Type) Constraint Rules

Scope Graphs



Theory: Constraints

Van Antwerpen, Néron, Tolmach, Visser, Wachsmuth. 
A constraint language for static semantic analysis 

based on scope graphs. PEPM 2016



NaBL2
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Scope Graph Constraints

new s          // new scope

s1 -L-> s2     // labeled edge from scope s1 to scope s2

N{x} <- s      // x is a declaration in scope s for namespace N

N{x} -> s      // x is a reference in scope s for namespace N

N{x} |-> d     // x resolves to declaration d

[[ e ^ (s) ]]  // constraints for expression e in scope s



let
  var x : int := x + 1
 in 
   x + 1
end

s

s_bodyx

x

Let(
  [VarDec(
    "x"
    , Tid("int")
    , Plus(Var("x"), Int("1"))
     )]
 , [Plus(Var("x"), Int("1"))]
)

[[ Let([VarDec(x, t, e)], [e_body]) ^ (s) ]] :=
   new s_body,              // new scope
   s_body -P-> s,           // parent edge to enclosing scope
   Var{x} <- s_body,        // x is a declaration in s_body
   [[ e ^ (s) ]],           // init expression
   [[ e_body ^ (s_body) ]]. // body expression

[[ Var(x) ^ (s') ]] :=
   Var{x} -> s', // x is a reference in s'
   Var{x} |-> d, // check that x resolves to a declaration

s’

x
?

P



Type Constraints

d : ty             // declaration has type

t1 == ty2          // type equality 

ty1 <! ty2         // declare sub-type 

ty1 <? ty2         // query sub-type

ty_gen genOf ty    // generalization 

ty_gen instOf ty   // instantiation

. . .              // extensions

[[ e ^ (s) : ty ]] // type of expression in scope



s

s_bodyx

x

[[ Let([VarDec(x, t, e)], [e_body]) ^ (s) : ty' ]] :=
   new s_body,              // new scope
   s_body -P-> s,           // parent edge to enclosing scope
   Var{x} <- s_body,        // x is a declaration in s_body
   Var{x} : ty,             // associate type
   [[ t ^ (s) : ty ]],      // type of type
   [[ e ^ (s) : ty ]],      // type of expression
   [[ e_body ^ (s_body) : ty' ]]. // constraints for body

[[ Var(x) ^ (s') : ty ]] :=
   Var{x} -> s', // x is a reference in s'
   Var{x} |-> d, // check that x resolves to a declaration
   d : ty.       // type of declaration is type of reference

s’

x

let
  var x : int := x + 1
 in 
   x + 1
end

Let(
  [VarDec(
    "x"
    , Tid("int")
    , Plus(Var("x"), Int("1"))
     )]
 , [Plus(Var("x"), Int("1"))]
)

INT



let 
  type point = {x : int, y : int}
  var origin : point := …
 in origin.x
end 

S2

S3

x

x

point

[[ FieldVar(e, f) ^ (s) : ty ]] :=
   [[ e ^ (s) : ty_e ]], 
   new s_use, 
   Field{f} -> s_use, 
   s_use -I-> s_rec,
   ty_e == RECORD(s_rec),
   Field{f} |-> d,
   d : ty.

[[ RecordTy(fields) ^ (s) : ty ]] := 
   ty == RECORD(s_rec),
   new s_rec,
   Map2[[ fields ^ (s_rec, s) ]].

[[ Field(x, t) ^ (s_rec, s_outer) ]] :=
   Field{x} <- s_rec,
   Field{x} : ty !,
   [[ t ^ (s_outer) : ty ]].

S1 point

s_rec

y

RECORD

INT

origin

origin

s_use

s_recty_e

Type Dependent Name Resolution



Polymorphic Types

rules // numbers

 Stat[[ Bind(x, e) ^ (s, s_tmp) ]] := 
    s_tmp == s_nxt,
    new s_nxt, s_nxt ---> s,
    {x} <- s_nxt, {x} : ty_gen,
    ty_gen genOf ty,
    [[ e ^ (s) : ty ]].
     
  [[ App(e1, e2) ^ (s) : ty_res ]] := 
     [[ e1 ^ (s) : ty_fun ]], 
     [[ e2 ^ (s) : ty_arg ]],
     FunT(ty_arg, ty_res) instOf ty_fun.



Name Constraints

// Name constraints

e1 subseteq/proj e2 // inclusion

distinct e          // names occur at most once

// Set expressions

0            // empty set

R(s)/NS      // references in scope s

D(s)/NS      // declarations in scope s

V(s)/NS      // visible names in scope s 

(e1 union e2)  

(e1 isect e2) 

(e1 minus e2)



Name Constraints in Definition of Records (1)

rules // record type

  [[ RecordTy(fields) ^ (s) : ty ]] := 
     new s_rec,
     ty == RECORD(s_rec),
     NIL() <! ty,
     distinct/name D(s_rec)/Field | error $[Duplicate declaration of field [NAME]] @ NAMES,
     Map2[[ fields ^ (s_rec, s) ]].
     
  [[ Field(x, t) ^ (s_rec, s_outer) ]] :=
     Field{x} <- s_rec,
     Field{x} : ty !,
     [[ t ^ (s_outer) : ty ]].



Name Constraints in Definition of Records (2)

rules // record creation   
   
  [[ r@Record(t, inits) ^ (s) : ty ]] :=
     [[ t ^ (s) : ty ]],
     ty == RECORD(s_rec) | error $[record type expected],
     new s_use, 
     s_use -I-> s_rec,
     D(s_rec)/Field subseteq/name R(s_use)/Field | error $[Field [NAME] not initialized] @r,
     distinct/name R(s_use)/Field | error $[Duplicate initialization of field [NAME]] @NAMES,
     Map2[[ inits ^ (s_use, s) ]].
         
  [[ InitField(x, e) ^ (s_use, s) ]] :=
     Field{x} -> s_use,
     Field{x} |-> d,
     d : ty1,
     [[ e ^ (s) : ty2 ]],
     ty2 <? ty1 | error $[type mismatch got [ty2] where [ty1] expected].



Tiger Names & Types: Composition

module statics/tiger

imports statics/arrays
imports statics/base
imports statics/bindings
imports statics/control-flow
imports statics/functions
imports statics/nabl-lib
imports statics/numbers
imports statics/records
imports statics/strings
imports statics/types
imports statics/variables

rules // top-level module

  [[ Mod(e) ^ (s) : ty ]] :=
     [[ e ^ (s) : ty ]].



Tiger Names & Types: Composition
module statics/functions

imports signatures/Functions-sig
imports statics/nabl-lib
imports statics/base

rules // function declarations
        
  Dec[[ FunDecs(fdecs) ^ (s, s_outer) ]] :=
     Map2[[ fdecs ^ (s, s_outer) ]].
           
  [[ FunDec(f, args, t, e) ^ (s, s_outer) ]] :=
     new s_fun,      
     s_fun -P-> s,   
     distinct/name D(s_fun) | error $[duplicate argument] @ NAMES, 
     MapTs2[[ args ^ (s_fun, s_outer) : tys ]],
     [[ t ^ (s_outer) : ty ]],
     Var{f} <- s, 
     Var{f} : FUN(tys, ty) !, 
     [[ e ^ (s_fun) : ty_body ]],
     ty == ty_body| error $[return type does not match body] @ t.
     
  [[ FArg(x, t) ^ (s_fun, s_outer) : ty ]] :=
     Var{x} <- s_fun, 
     Var{x} : ty !,
     [[ t ^ (s_outer) : ty ]].
     
rules // function calls
    
  [[ Call(f, exps) ^ (s) : ty ]] :=
     Var{f} -> s,  
     Var{f} |-> d | error $[Function [f] not declared], 
     d : FUN(tys, ty) | error $[Function expected] ,
     MapSTs[[ exps ^ (s) : tys ]].



Tiger Names & Types: Composition

module statics/bindings

imports signatures/Bindings-sig
imports statics/nabl-lib
imports statics/base
imports statics/control-flow
imports statics/variables

rules // let
    
  [[ Let(blocks, exps) ^ (s) : ty ]] :=
     new s_body,
     Decs[[ blocks ^ (s, s_body) ]],
     Seq[[ exps ^ (s_body) : ty ]],
     distinct D(s_body).
     
  Decs[[ [] ^ (s_outer, s_body) ]] :=
    s_body -P-> s_outer.
    
  Decs[[ [block] ^ (s_outer, s_body) ]] :=
    s_body -P-> s_outer,
    Dec[[ block ^ (s_body, s_outer) ]].
    
  Decs[[ [block | blocks@[_|_]] ^ (s_outer, s_body) ]] :=
    new s_dec, 
    s_dec -P-> s_outer,
    Dec[[ block ^ (s_dec, s_outer) ]],
    Decs[[ blocks ^ (s_dec, s_body) ]],
    distinct/name D(s_dec) | error $[duplicate declaration] @NAMES.
    

  // Nested scopes: The scope of a variable or parameter includes the
  // bodies of any function definitions in that scope. That is, access
  // to variables in outer scopes is permitted, as in Pascal and Algol
  
  /* Local redeclarations: A variable or function declaration may be 
    hidden by the redeclaration of the same name (as a variable or
    function) in a smaller scope; for example, this function prints
     "6 7 6 8 6" when applied to 5:
     
    let 
      function f(v : int) =
        let var v := 6
         in print(v);
            let  var v := 7 in print(v) end;
            print(v);
            let var v := 8 in print(v) end;
            print(v)
        end
     in f(4)
    end
  */
    



Tiger Names & Types: Variables
module statics/variables

imports signatures/Variables-sig
imports statics/nabl-lib
imports statics/base

rules // variable declarations
              
  Dec[[ VarDec(x, t, e) ^ (s, s_outer) ]] :=
     [[ t ^ (s_outer) : ty1 ]],
     [[ e ^ (s_outer) : ty2 ]],
     ty2 <? ty1 | error $[type mismatch got [ty2] where [ty1] expected] @ e,
     Var{x} <- s, 
     Var{x} : ty1 !.
     
  Dec[[ VarDecNoType(x, e) ^ (s, s_outer) ]] :=
     [[ e ^ (s_outer) : ty ]],
     ty != NIL() | error $[explicit type expected for variable initialized with nil],
     Var{x} <- s, 
     Var{x} : ty !.
         
rules // variable references
  
  [[ Var(x) ^ (s) : ty ]] :=
     Var{x} -> s,  // declare x as variable reference
     Var{x} |-> d, // check that x resolves to a declaration
     d : ty.       // type of declaration is type of reference
 
rules // statements

  [[ Assign(e1, e2) ^ (s) : UNIT() ]] :=
     [[ e1 ^ (s) : ty1 ]], 
     [[ e2 ^ (s) : ty2 ]],
     ty2 <? ty1 | error $[type mismatch got [ty2] where [ty1] expected] @ e2.  
     



Tiger Names & Types: Records (1)

module statics/records

imports signatures/Records-sig
imports statics/nabl-lib
imports statics/base

rules // record type

  [[ RecordTy(fields) ^ (s) : ty ]] := 
     new s_rec,
     ty == RECORD(s_rec),
     NIL() <! ty,
     distinct/name D(s_rec)/Field | error $[Duplicate declaration of field [NAME]] @ NAMES,
     Map2[[ fields ^ (s_rec, s) ]].
     
  [[ Field(x, t) ^ (s_rec, s_outer) ]] :=
     Field{x} <- s_rec,
     Field{x} : ty !,
     [[ t ^ (s_outer) : ty ]].



Tiger Names & Types: Records (2)
module statics/records

…

rules // record creation   
   
  [[ r@Record(t, inits) ^ (s) : ty ]] :=
     [[ t ^ (s) : ty ]],
     ty == RECORD(s_rec) | error $[record type expected],
     new s_use, s_use -I-> s_rec,
     D(s_rec)/Field subseteq/name R(s_use)/Field | error $[Field [NAME] not initialized] @r,
     distinct/name R(s_use)/Field | error $[Duplicate initialization of field [NAME]] @NAMES,
     Map2[[ inits ^ (s_use, s) ]].
         
  [[ InitField(x, e) ^ (s_use, s) ]] :=
     Field{x} -> s_use,
     Field{x} |-> d,
     d : ty1,
     [[ e ^ (s) : ty2 ]],
     ty2 <? ty1 | error $[type mismatch got [ty2] where [ty1] expected].
      
rules // record field access
     
  [[ FieldVar(e, f) ^ (s) : ty ]] :=
     [[ e ^ (s) : ty_e ]], 
     ty_e == RECORD(s_rec),
     new s_use, 
     s_use -I-> s_rec, 
     Field{f} -> s_use,
     Field{f} |-> d,
     d : ty.
     



Tiger Names & Types: Records (2)

module statics/arrays
  
imports signatures/Arrays-sig
imports statics/nabl-lib
imports statics/base

rules // array type
     
  [[ ArrayTy(t) ^ (s) : ARRAY(ty, s')]] := 
     new s', // unique token to distinghuish the array type
     [[ t ^ (s) : ty ]].

rules // array creation
     
  [[ Array(t, e1, e2) ^ (s) : ty ]] :=
     [[ t ^ (s) : ty ]],
     ty == ARRAY(ty_elem, s_arr) | error $[array type expected],
     ty_elem2 <? ty_elem | error $[type mismatch [ty_indic] expected] @ e2,
     [[ e1 ^ (s) : INT() ]], // length
     [[ e2 ^ (s) : ty_elem2 ]]. // initial value
     
rules // array indexing
     
  [[ Subscript(e1, e2) ^ (s) : ty ]] :=
     [[ e1 ^ (s) : ty_arr ]],
     ty_arr == ARRAY(ty, s_arr),
     [[ e2 ^ (s) : INT() ]].



Tiger Names & Types: Numbers

module statics/numbers

imports signatures/Numbers-sig
imports statics/nabl-lib
imports statics/base

rules // literals    

  [[ Int(i) ^ (s) : INT() ]].  
  
rules // operators
     
  [[ Uminus(e) ^ (s) : INT() ]] :=
     [[ e ^ (s) : INT() ]].
          
  [[ Divide(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : INT() ]], [[ e2 ^ (s): INT() ]].
     
  [[ Times(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : INT() ]], [[ e2 ^ (s): INT() ]].
     
  [[ Minus(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : INT() ]], [[ e2 ^ (s): INT() ]].
     
  [[ Plus(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : INT() ]], [[ e2 ^ (s): INT() ]].
        
  [[ Eq(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],  
     ty1 == ty2.

  [[ Neq(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.
        
  [[ Gt(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.
        
  [[ Lt(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.
        
  [[ Geq(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.
        
  [[ Leq(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.
        
  [[ Or(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.
        
  [[ And(e1, e2) ^ (s) : INT() ]] :=
     [[ e1 ^ (s) : ty1 ]], [[ e2 ^ (s): ty2 ]],
     ty1 == ty2.



Tiger Names & Types: Numbers
module statics/control-flow

imports signatures/Control-Flow-sig
imports statics/nabl-lib
imports statics/base

rules // sequence

  Seq[[ [] ^ (s) : UNIT() ]].  
   
  Seq[[ [e] ^ (s) : ty ]] :=
    [[ e ^ (s) : ty ]].
    
  Seq[[ [ e | es@[_|_] ] ^ (s) : ty ]] := 
    [[ e ^ (s) : ty' ]], Seq[[ es ^ (s) : ty ]].
       
  [[ Seq(es) ^ (s) : ty ]] :=
     Seq[[ es ^ (s) : ty ]].
     
  [[ If(e1, e2, e3) ^ (s) : ty2 ]] := 
     [[ e1 ^ (s) : INT() ]], 
     [[ e2 ^ (s) : ty2 ]], 
     [[ e3 ^ (s) : ty3 ]],
     ty2 == ty3 | error $[branches should have same type].
     
  [[ IfThen(e1, e2) ^ (s) : UNIT() ]] := 
     [[ e1 ^ (s) : INT() ]], 
     [[ e2 ^ (s) : UNIT() ]].
     
  [[ While(e1, e2) ^ (s) : UNIT() ]] := 
     new s', s' -P-> s,
     Loop{""} <- s',
     [[ e1 ^ (s) : INT() ]], 
     [[ e2 ^ (s') : UNIT() ]].

  [[ stm@For(Var(x), e1, e2, e3) ^ (s) : UNIT() ]] := 
     new s_for, 
     s_for -P-> s,
     Var{x} <- s_for,
     Var{x} : INT(),
     Loop{Break()@stm} <- s_for,
     [[ e1 ^ (s) : INT() ]], // x not bound in loop bounds
     [[ e2 ^ (s) : INT() ]], 
     [[ e3 ^ (s_for) : UNIT() ]]. // x bound in body
     
  [[ stm@Break() ^ (s) : UNIT() ]] := 
     Loop{Break()@stm} -> s,
     Loop{Break()@stm} |-> d.



Representation 
- ?


Declarative Rules 
- ?


Language-Independent Tooling 
- Name resolution

- Code completion 

- Refactoring

- …

Separation of Concerns in Name Binding

Scope Graphs

Scope & Type Constraint Rules

A language 
for talking 

about name 
binding}



NaBL2 in Spoofax Language Workbench

http://spoofax.org

http://spoofax.org


Domain-Specific Languages 
- Ice	Dust2 [ECOOP17]

- Green-Marl (Oracle)


Education 
- Mini-Java, Tiger, Calc


Programming languages 
- Pascal, TypeScript,  F#, Go, Rust  

- (student projects in progress)


Bootstrapping language workbench 
- NaBL2, …

Applications



Scopes Describe Frames [ECOOP16]

S
x

y

l’l

: T

: T

S’ S’’

xx

S

y

l l’

x

S’
x

S’’

A Uniform Model for Memory Layout 
in Dynamic Semantics



Theory  
- Resolution calculus

- Name binding and type constraints

- Resolution algorithm sound wrt calculus

- Mapping to run-time memory layout


Declarative specification 
- NaBL2: generation of name and type constraints


Tooling 
- Solver (second version)

- Integrated in Spoofax Language Workbench

‣ editors with name and type checking

‣ navigation

Scope Graphs for Name Binding: Status



A domain-specific (= restricted) model 
- cannot describe all name resolution algorithms 

implemented in Turing complete languages 


Normative model 
- ‘this is name binding’


Claim/hypothesis 
- Describes all sane models of name binding

Scope Graphs for Name Binding: Limitations



Theory 
- Scopes = structural types?

‣ operations for scope / type comparison


- Generics

‣ DOT-style?


- Type soundness of interpreters — automatically


Tooling 
- Tune name binding language (notation)

- Incremental analysis (in progress)

- Code completion

- Refactoring (renaming)

Scope Graphs for Name Binding: Future Work



Generics

class List[T] {
  def hd : T
  def tl : List[T]
}
val l = new List[Int]
l.hd

S2

S3

T

hd

List

S1 List s_class

hd

CLASS

l

l

s_use

s_inst T INTCLASS



A common (cross-language) 
understanding of name 
binding 

A foundation for formalization 
and implementation of 
programming languages

Scope Graphs for Name Binding: The Future
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Tiger Syntax



Tiger Syntax: Composition

module Tiger

imports Whitespace
imports Types
imports Identifiers
imports Bindings
imports Variables
imports Functions
imports Numbers
imports Strings
imports Records
imports Arrays
imports Control-Flow

context-free start-symbols Module

context-free syntax

  Module.Mod = Exp
  
context-free priorities

  Exp.Or > Exp.Array > Exp.Assign ,
  
  {Exp.Uminus LValue.FieldVar LValue.Subscript} 
  > {left : Exp.Times Exp.Divide} 



Tiger Syntax: Lexical Syntax

module Identifiers

lexical syntax

  Id = [a-zA-Z] [a-zA-Z0-9\_]* 

lexical restrictions

  Id -/- [a-zA-Z0-9\_]

lexical syntax

  Id = "nil" {reject}
  Id = "let" {reject}
  Id = … {reject}

module Strings

sorts StrConst

lexical syntax 

  StrConst = "\"" StrChar* "\"" 
  StrChar = ~[\\\"\n] 
  StrChar = [\\] [n] 
  StrChar = [\\] [t] 
  StrChar = [\\] [\^] [A-Z] 
  StrChar = [\\] [0-9] [0-9] [0-9] 
  StrChar = [\\] [\"] 
  StrChar = [\\] [\\]  
  StrChar = [\\] [\ \t\n]+ [\\] 
  
context-free syntax // records
  
  Exp.String = StrConst 



Tiger Syntax: Whitespace
module Whitespace

lexical syntax

  LAYOUT         = [\ \t\n\r] 
  CommentChar    = [\*] 
  LAYOUT         = "/*" InsideComment* "*/" 
  InsideComment  = ~[\*] 
  InsideComment  = CommentChar 
  LAYOUT         = SingleLineComment
  SingleLineComment = "//" ~[\n\r]* NewLineEOF 
  NewLineEOF     = [\n\r] 
  NewLineEOF     = EOF 
  EOF            = 
  
lexical restrictions

  // Ensure greedy matching for lexicals
  
  CommentChar   -/- [\/]
  EOF -/- ~[]
  
context-free restrictions

  // Ensure greedy matching for comments
  
  LAYOUT? -/- [\ \t\n\r]
  LAYOUT? -/- [\/].[\/]
  LAYOUT? -/- [\/].[\*]



Tiger Syntax: Variables and Functions

module Bindings

imports Control-Flow
imports Identifiers
imports Types
imports Functions
imports Variables

sorts Declarations

context-free syntax

  Exp.Let = <
    let 
      <{Dec "\n"}*> 
     in 
      <{Exp ";\n"}*> 
    end
  >  
  
  Declarations.Declarations = <
    declarations <{Dec "\n"}*>
  > 

module Variables

imports Identifiers
imports Types

sorts Var

context-free syntax
  
  Dec.VarDec = <var <Id> : <Type> := <Exp>> 
  

  Dec.VarDecNoType = <var <Id> := <Exp>> 
  Var.Var = Id 
  
  LValue = Var 
  
  Exp = LValue   

  Exp.Assign = <<LValue> := <Exp>> 

module Functions

imports Identifiers
imports Types

context-free syntax

  Dec.FunDecs = <<{FunDec "\n"}+>> {longest-match}
  
  FunDec.ProcDec = <
    function <Id>(<{FArg ", "}*>) = 
      <Exp>
  >
  
  FunDec.FunDec = <
    function <Id>(<{FArg ", "}*>) : <Type> = 
      <Exp>
  >
  
  FArg.FArg = <<Id> : <Type>>
  
  Exp.Call = <<Id>(<{Exp ", "}*>)> 



Tiger Syntax: Numbers
module Numbers

lexical syntax

  IntConst = [0-9]+ 
  
lexical syntax

  RealConst.RealConstNoExp = IntConst "." IntConst 
  RealConst.RealConst = IntConst "." IntConst "e" Sign IntConst 
  Sign = "+" 
  Sign = "-" 
  
context-free syntax

  Exp.Int     = IntConst  

  Exp.Uminus  = [- [Exp]] 
  Exp.Times   = [[Exp] * [Exp]]   {left}
  Exp.Divide  = [[Exp] / [Exp]]   {left}
  Exp.Plus    = [[Exp] + [Exp]]   {left}
  Exp.Minus   = [[Exp] - [Exp]]   {left}
  
  Exp.Eq      = [[Exp] = [Exp]]   {non-assoc}
  Exp.Neq     = [[Exp] <> [Exp]]  {non-assoc}
  Exp.Gt      = [[Exp] > [Exp]]   {non-assoc}
  Exp.Lt      = [[Exp] < [Exp]]   {non-assoc}
  Exp.Geq     = [[Exp] >= [Exp]]  {non-assoc}
  Exp.Leq     = [[Exp] <= [Exp]]  {non-assoc}
  
  Exp.And     = [[Exp] & [Exp]]   {left}
  Exp.Or      = [[Exp] | [Exp]]   {left}

context-free priorities

  {Exp.Uminus} 
  > {left :
    Exp.Times
    Exp.Divide} 
  > {left :
    Exp.Plus
    Exp.Minus} 
  > {non-assoc :
    Exp.Eq
    Exp.Neq
    Exp.Gt
    Exp.Lt
    Exp.Geq
    Exp.Leq} 
  > Exp.And 
  > Exp.Or 



Tiger Syntax: Records, Arrays, Types
module Records
imports Base
imports Identifiers
imports Types
context-free syntax // records

  Type.RecordTy = <
    { 
       <{Field ", \n"}*> 
    }
  > 
  
  Field.Field = <<Id> : <TypeId>> 
   
  Exp.NilExp = <nil> 
  
  Exp.Record = <<TypeId>{ <{InitField ", "}*> }> 
  
  InitField.InitField = <<Id> = <Exp>> 
  
  LValue.FieldVar = <<LValue>.<Id>> 

module Arrays
imports Types
context-free syntax // arrays

  Type.ArrayTy = <array of <TypeId>> 
  
  Exp.Array = <<TypeId>[<Exp>] of <Exp>> 
  
  LValue.Subscript = <<LValue>[<Index>]> 
  
  Index = Exp

module Types

imports Identifiers
imports Bindings

sorts Type 

context-free syntax // type declarations
   
  Dec.TypeDecs = <<{TypeDec "\n"}+>> {longest-match}
  
  TypeDec.TypeDec = <type <Id> = <Type>> 
  
context-free syntax // type expressions

  Type = TypeId 
  TypeId.Tid  = Id 
  
sorts Ty
context-free syntax // semantic types

  Ty.INT      = <INT> 
  Ty.STRING   = <STRING> 
  Ty.NIL      = <NIL> 
  Ty.UNIT     = <UNIT> 
  Ty.NAME     = <NAME <Id>> 
  Ty.RECORD   = <RECORD <Id>>
  Ty.ARRAY    = <ARRAY <Ty> <Id>> 
  Ty.FUN      = <FUN ( <{Ty ","}*> ) <Ty>> 


