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4 M. Cimini

Warning: We did not intend to evaluate underneath �, i.e., �x : T.E is an oversight.

Type T ::= Int | Float | T ! T | Ref T
Expression e ::= n | f | x | �x : T.e | e e | l | ref e | !e | e := e | error e
Value v ::= n | f | �x : T.e | l
EvalCtx E ::= E v | v E | ref E | !E | �x : T.E | E := e | v := E | error E
Error er ::= error v
TypeEnv � ::= ; | �, x : T
Heap µ ::= ; | µ, (l 7! v)
LocEnv ⌃ ::= ; | ⌃, (l 7! T )

Fig. 1. Grammar of fpl

variable _.) Table grammar stores, for each category, its name in category and
its grammar productions, one production per row, in term. Fig. 2 shows a part
of these tables for fpl. Notice that our approach has primitive maps declared
with, for example, map l v (a map from labels to values), and operations such
as lookup, as well as others.

category meta-var obj-var

Type T _

Expression e x

Value v _

EvalCtx E _

Error er _

grammar-info
category term

Type int

Type arrow T T

. . . . . .

Expression abs T (x)e

Expression app e e

. . . . . .

EvalCtx app E e

. . . . . .

grammar

Fig. 2. Table grammar-info and grammar of fpl (some rows)

Fig. 3 shows the inference rules of fpl. These rules define the typing, subtyp-
ing, and reduction relation of fpl. Table rule stores inference rules. Each row
of rule contains the name of the rule in rulename, a formula in predname and
args (which we explain shortly), and whether the formula is a premise (PREM)
or the conclusion (CONCL) in the attribute role. A formula has a predicate name
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Warning: References should be invariant, and error should be typed at any type.

⌃ | � ` n : Int ⌃ | � ` f : Float ⌃ | �, x : T `x : T
lookup(⌃, l) = T

⌃ | � ` l : T

⌃ | � ` e : T

⌃ | � ` ref e : Ref T

⌃ | � ` e1 : T1 ! T2

⌃ | � ` e2 : T3 T3 <: T1

⌃ | � ` e1 e2 : T2

⌃ | � ` e : T

⌃ | � ` error e : T

⌃ | � ` e : T

⌃ | � ` ref e : Ref T

⌃ | � ` e : Ref T

⌃ | � ` !e : T

⌃ | � ` e1 : Ref T
⌃ | � ` e2 : T

⌃ | � ` e1 := e2 : T

(s-base)
Int <: Int

Float <: Float
Int <: Float

(s-arrow)
T 0
1 <: T1 T2 <: T 0

2

T1 ! T2 <: T 0
1 ! T 0

2

(s-ref)

T <: T 0

Ref T <: Ref T 0

(�x : T.e) v;µ �! e[v/x];µ (beta)
!l;µ �! µ(l);µ (r-deref)

l := v;µ �! v;µ, (l 7! v)

newLabel(µ) = l

ref v;µ �! l;µ, (l 7! v)

e;µ �! e0;µ0

E[e] �! E[e0];µ0 E[er ];µ �! er ;µ

Fig. 3. Typing, subtyping, and reduction rules of fpl

rulename predname args role

(t-app) ` [⌃;� ; e1;T1 ! T2] PREM

(t-app) ` [⌃;� ; e2;T1] PREM

(t-app) ` [⌃;� ; app e1 e2;T2] CONCL

(beta) �! [app (abs T (x)e) v;µ; e[v/x];µ] CONCL

(r-deref) lookup [µ; l; v] PREM

(r-deref) �! [deref l;µ; v;µ] CONCL

. . . . . . . . . . . .

rule

Fig. 4. Table rule of fpl (some rows)
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Warning: References should be invariant, and error should be typed at any type.

! | " ! n : Int ! | " ! f : Float ! | " , x : T ! x : T
lookup(! , l ) = T

! | " ! l : T

! | " ! e : T

! | " ! ref e : Ref T

! | " ! e1 : T1 " T2

! | " ! e2 : T3 T3 < : T1

! | " ! e1 e2 : T2

! | " ! e : T

! | " ! error e : T

! | " ! e : T

! | " ! ref e : Ref T

! | " ! e : Ref T

! | " ! !e : T

! | " ! e1 : Ref T
! | " ! e2 : T

! | " ! e1 := e2 : T

Int < : Int
Float < : Float
Int < : Float T !

1 < : T1 T2 < : T !
2

T1 " T2 < : T !
1 " T !

2

T < : T !

Ref T < : Ref T !

(#x : T.e) v; µ #" e[v/x ]; µ (beta)
!l ; µ #" µ(l ); µ (r-deref)

l := v; µ #" v; µ, (l $" v)

newLabel(µ) = l

ref v; µ #" l ; µ, (l $" v)
e; µ #" e! ; µ!

E [e] #" E [e! ]; µ! E [er ]; µ #" er ; µ

Fig. 3. Typing, subtyping, and reduction rules of fpl

rulename predname args role

(t-app) ! [! ; " ; e1; T1 " T2] PREM

(t-app) ! [! ; " ; e2; T1] PREM

(t-app) ! [! ; " ; app e1 e2; T2] CONCL

(beta) #" [app (abs T (x)e) v; µ; e[v/x ]; µ] CONCL

(r-deref) lookup [µ; l ; v] PREM

(r-deref) #" [deref l ; µ; v; µ] CONCL

. . . . . . . . . . . .

rule

Fig. 4. Table rule of fpl (some rows)
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Fig. 4. Table rule of fpl (some rows)

  The error must be typed at any type
      !(ref (error 0)) Ñ>  !(error 0)
      well-typed              ill-typed

  typically: |- error : TÕ   for a fresh TÕ �j
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  references must be invariant
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We did not intend to evaluate underneath a \lambda. 
This is an oversight.
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args (which we explain shortly), and whether the formula is a premise (PREM)
or the conclusion (CONCL) in the attribute role. A formula has a predicate name
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Warning: References should be invariant, and error should be typed at any type.

⌃ | � ` n : Int ⌃ | � ` f : Float ⌃ | �, x : T `x : T
lookup(⌃, l) = T

⌃ | � ` l : T

⌃ | � ` e : T

⌃ | � ` ref e : Ref T

⌃ | � ` e1 : T1 ! T2

⌃ | � ` e2 : T3 T3 <: T1

⌃ | � ` e1 e2 : T2

⌃ | � ` e : T

⌃ | � ` error e : T

⌃ | � ` e : T

⌃ | � ` ref e : Ref T

⌃ | � ` e : Ref T

⌃ | � ` !e : T

⌃ | � ` e1 : Ref T
⌃ | � ` e2 : T

⌃ | � ` e1 := e2 : T

(s-base)
Int <: Int

Float <: Float
Int <: Float

(s-arrow)
T 0
1 <: T1 T2 <: T 0

2

T1 ! T2 <: T 0
1 ! T 0

2

(s-ref)

T <: T 0

Ref T <: Ref T 0

(�x : T.e) v;µ �! e[v/x];µ (beta)
!l;µ �! µ(l);µ (r-deref)

l := v;µ �! v;µ, (l 7! v)

newLabel(µ) = l

ref v;µ �! l;µ, (l 7! v)

e;µ �! e0;µ0

E[e] �! E[e0];µ0 E[er ];µ �! er ;µ

Fig. 3. Typing, subtyping, and reduction rules of fpl

rulename predname args role

(t-app) ` [⌃;� ; e1;T1 ! T2] PREM

(t-app) ` [⌃;� ; e2;T1] PREM
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(r-deref) lookup [µ; l; v] PREM

(r-deref) �! [deref l;µ; v;µ] CONCL

. . . . . . . . . . . .

rule

Fig. 4. Table rule of fpl (some rows)
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(t-app) ! [! ; " ; e2; T1] PREM
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(r-deref) lookup [µ; l ; v] PREM
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. . . . . . . . . . . .

rule

Fig. 4. Table rule of fpl (some rows)

Our question: 
Can we quickly interrogate languages to check this type of issues?

�j
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Type T ::= Bool | T ! T | List T
Expressione ::= | x | ! x : T.e | e e

| nil | cons e e | head e
| let x = e in e
| error

Value v ::= true | false | ! x : T.e | nil | cons v v
Error er ::= error
EvalCtx E ::= ! | if E then e else e

| E e | v E
| cons E e | cons v E | head E
| let x = E in e

TypeEnv " ::= " | " , x : T

Type System " # e : T

" , x : T # x : T " # true : Bool " # false : Bool

" # e1 : Bool " # e2 : T " # e3 : T
" # if e1 then e2 else e3 : T

" , x : T1 # e : T2

" # ! x : T1.e : T1 ! T2

" # e1 : T1 ! T2 " # e2 : T1

" # e1 e2 : T2

" # nil : List T
" # e1 : T " # e2 : List T

" # cons e1 e2 : List T

" # e : List T
" # head e : T

" # e1 : T1 " , x : T1 # e2 : T2

" # let x = e1 in e2 : T2

" # error : T

Reduction Semantics e $! e

if true then e1 else e2 $! e1

if false then e1 else e2 $! e2

(! x : T.e) v $! e[v/x ] (# rule )

head nil $! error

head (cons v1 v2) $! v1

let x = v in e $! e[v/x ]

e $! e!

E [e] $! E [e! ]
(ctx) E [er ] $! er (err-ctx)

Fig. 1. Language deÞnition of ! b,[]
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Language 
Analysis

type sound?
data-race free?
is bisim a congruence?

big questions



Language Validation
what are the canonical forms?
what synt. categories are bound by types? 
what are the binders?
É

smaller questions

helpful for debugging

Language 
Definition

Language 
Analysis

canonical forms

A Query Language for Language Analysis 11

3 FROMrule WHEREpredname = ! ANDrole = CONCL)
4 GROUPBY opname

Lines 2 and 3 select all the conclusions of the typing rules, focus on the
expression to which they apply (this expression is atLAST(args , 1)), and save
its operator name with GET-OPNAME. The SELECTstatement at Line 1 acts on the
table produced by lines 2 and 3.GROUP BYbelongs toSELECTof Line 1, and makes
groups based on the sameopname. SELECTcalls COUNT() to compute the number
of rows in each group, that is, the number of typing rules for a constructor.

When we apply this query to ! b,[] we obtain a table with a record for each
expression constructor, and each record has the columncount set to 1.

Example 2 (What Are the Canonical Forms of the Language?).The canonical
forms of a language tell, for each type, the shape that values of that type can
have. Determining the canonical forms is essential to prove type soundness. The
following query computes the canonical forms.

canonicalForms !
SELECTGET- OPNAME(term) AS val,

GET- OPNAME( LAST(args, 0)) AS type
FROMValue, rule
WHEREpredname = ! ANDrole = CONCL
ANDGET- OPNAME(term) = GET- OPNAME( LAST(args, 1))

canonicalForms selects terms in the grammarValue, and selects the conclu-
sions of the typing rules that assign a type to such terms (last line). This query
returns records with the constructor name of a value and the constructor name
of the type that the typing rule assigns to it ( LAST(args , 0)). For ! b,[] , we obtain
the following table. (Rows continue on the left).

val type

true bool

false bool

abs arrow

nil list

cons list

value type

true bool

false bool

function arrow

[a1, . . . , an ] list

Example 3 (What Are the Elimination Forms of the Language?). Elimination
forms of a type are operations that handle values of that type. In! b,[] , if is an
elimination form of bool, app is an elimination form of arrow , and head is an
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canonicalForms !
SELECTGET- OPNAME(term) AS value,

GET- OPNAME( EXPRESSION(args)) AS type
FROMValue, rule
WHEREpredname = type_check ANDrole = CONCL
ANDGET- OPNAME(term) = GET- OPNAME( OUTPUT- TYPE(args)))

canonicalForms selects terms in the grammarValue, and selects the conclu-
sions of the typing rules that assign a type to such terms (last line). This query
returns records with the constructor name of a value and the constructor name
of the type that the typing rule assigns to it ( LAST(args , 0)). For ! b,[] , we obtain
the following table. (Rows continue on the left).
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Example 3 (What Are the Elimination Forms of the Language?). Elimination
forms of a type are operations that handle values of that type. In! b,[] , if is an
elimination form of bool, app is an elimination form of arrow , and head is an

12 M. Cimini

value type

true bool

false bool

fun arrow

[. . .] list

Example 3 (What Are the Elimination Forms of the Language?). Elimination
forms of a type are operations that handle values of that type. In! b,[] , if is an
elimination form of bool, app is an elimination form of arrow , and head is an
elimination form of list . The reduction rules of elimination forms have one of
the arguments of the operator, sometimes calledprincipal argument [17], that
pattern-matches against a value. The following queries compute the elimination
forms of the language. We assume that the principal argument is the Þrst.

sourceOpWithArgs !
SELECTGET- OPNAME( NTH(args,0)) AS opname,

GET- ARGS( NTH(args,0)) AS ROWSarg
FROMrule WHEREpredname = !" ANDrole = CONCL

eliminationForms !
SELECTDISTINCTopname FROMsourceOpWithArgs
WHEREarg- number = 0 GROUPBY opname
HAVINGALL ( arg IS CONSTRUCTEDANDarg IS DERIVEDBY Value)

sourceOpWithArgs selects each reduction rule and then records the top-level
operator of the source of the step (NTH(args , 0)). The arguments that are applied
to this operator are also recorded (one for each row). For example, the" rule
makes the rowsapp, (abs(x)e), 0 and app, v, 1. eliminationForms selects the rows
of the principal arguments (arg-number = 0 ) from sourceOpWithArgs. It makes
groups of rows with the sameopname. After this, for example, we have two rows
for head, one with nil and one with (cons v1 v2). HAVING ALLkeeps the groups
where all the rows have the argument, which is a principal argument, such that it
makes use of a value constructor and is derived with the grammarValue. For our
example, we obtain a table with if , app, and head as rows of columnopname.

opname

if

app

head

A Languages-as-Databases Approach
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Warning: We did not intend to evaluate underneath ! , i.e., ! x : T.E is an oversight.

Type T ::= Int | Float | T ! T | Ref T
Expressione ::= n | f | x | ! x : T.e | e e | l | ref e | !e | e := e | error e
Value v ::= n | f | x : T.e | l
EvalCtx E ::= ! | E e | v E | ! x : T.E | ref E | !E | E := e | v := E | error E
Error er ::= error v
TypeEnv " ::= " | " , x : T
Heap µ ::= " | µ, (l #! v)
LocEnv # ::= " | # , (l #! T )

Fig. 1. Grammar of fpl

variable _.) Table grammarstores, for each category, its name incategory and
its grammar productions, one production per row, in term. Fig. 2 shows a part
of these tables forfpl . Notice that our approach has primitive maps declared
with, for example, map l v (a map from labels to values), and operations such
as lookup, as well as others.

category meta- var obj - var

Type T _

Expression e x

Value v _

EvalCtx E _

Error er _

grammar- info category term

Type int

Type arrow T T

. . . . . .

Expression abs T (x)e

Expression app e e

. . . . . .

Heap map l v

grammar

Fig. 2. Table grammar- info and grammarof fpl (some rows)

Fig. 3 shows the inference rules offpl . These rules deÞne the typing, subtyp-
ing, and reduction relation of fpl . Table rule stores inference rules. Each row
of rule contains the name of the rule inrulename, a formula in prednameand
args (which we explain shortly), and whether the formula is a premise (PREM)
or the conclusion (CONCL) in the attribute role . A formula has a predicate name
in predname, and the list of its arguments in args . Fig. 4 shows a part of the
table rule for fpl .
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Warning: We did not intend to evaluate underneath �, i.e., �x : T.E is an oversight.
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Fig. 2. Table grammar-info and grammar of fpl (some rows)

Fig. 3 shows the inference rules of fpl. These rules define the typing, subtyp-
ing, and reduction relation of fpl. Table rule stores inference rules. Each row
of rule contains the name of the rule in rulename, a formula in predname and
args (which we explain shortly), and whether the formula is a premise (PREM)
or the conclusion (CONCL) in the attribute role. A formula has a predicate name



6 M. Cimini

relation rel - args

! [TypeEnv; Expression; Type]

"# [Expression; Expression]

declaration rel

rulename predname args role

(t-app) ! [! ; e1; T1 # T2] PREM

(t-app) ! [! ; e2; T1] PREM

(t-app) ! [! ; app e1 e2; T2] CONCL

(t-cons) ! [! ; e1; T ] PREM

(t-cons) ! [! ; e2; list T ] PREM

(t-cons) ! [! ; cons e1 e2; list T ] CONCL

(r-if-true) "# [if true e1 e2; e1] CONCL
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. . . . . . . . . . . .
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. . . . . .

declaration op

Fig. 2. Table declaration rel (top), Þrst rows of rule (center), our ER diagram of
declaration op (bottom-left), and the Þrst rows of its table (bottom-right)
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Warning: References should be invariant, and error should be typed at any type.

⌃ | � ` n : Int ⌃ | � ` f : Float ⌃ | �, x : T `x : T
lookup(⌃, l) = T

⌃ | � ` l : T

⌃ | � ` e : T

⌃ | � ` ref e : Ref T
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⌃ | � ` e : Ref T

⌃ | � ` !e : T
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⌃ | � ` e1 := e2 : T

(s-base)
Int <: Int

Float <: Float
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T 0
1 <: T1 T2 <: T 0

2

T1 ! T2 <: T 0
1 ! T 0

2
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!l;µ �! µ(l);µ (r-deref)
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Fig. 3. Typing, subtyping, and reduction rules of fpl

rulename predname args role
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. . . . . . . . . . . .

rule

Fig. 4. Table rule of fpl (some rows)
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. . . . . . . . . . . .
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category info meta- var obj - var

Type T _

Expression e x

Value v _

. . . . . . . . .

grammar- info

column1 column2 . . .

a11 a12 . . .

a21 a22 . . .

a31 a32 . . .

. . . . . . . . .

grammar- info

An inference rule system deÞnes the relations of the language.! b,[] deÞnes a
typing relation " ! e : T, where " is a type environment that maps variables to
types. It also has a reduction relatione "# e that models a small-step evaluation.
An inference rule system deÞnes these relations withrules. Fig. 1 shows the rules
for the typing and reduction relation of our running example. These rules are
standard, including (ctx) for evaluating within evaluation contexts, and (err-
ctx) for detecting an error and failing the overall evaluation.

Each rule has a series ofpremisesand a conclusion. These are formulae that
are built with a predicate name pname$ Predicate that is applied to a Þnite
sequence of terms, wherePredicate is a set of predicates such as! and "# .
We also assume a set of names of rulesRuleName ranged over byrname.

We model inference rules with two entity sets:declaration rel , and rule .
Entity set declaration rel has two attributes: relation contains the name of
the predicate (pname), and rel - args contains a list of category names (cname)
that determines the sort of the arguments. Entity set rule records the name of
a rule, a formula, and whether the formula is a premise or the conclusion. A
formula, in turn, is represented with its predicate name, and its list of terms.
Therefore, rule has four attributes: rulename contains a rname $ RuleName ,
prednamecontains a pname, args contains a list of terms, and role contains
either the constant PREMor the constant CONCL. Below is our ER diagram.

declaration rel

relation (PK)
rel - args

rule

rulename
predname
args
role

An entity of declaration rel is uniquely identiÞed by relation . As many
premises and conclusions may be formulae about this relation, there is a one-to-
many relationship between the two entity sets through declaration rel (linked
with predname). Fig. 2 shows the Þrst rows ofdeclaration rel and rule for
our running example. It also shows the entity setdeclaration op, which declares
constructors with constructor (an opname) and constr - args (a list of terms).

output table

LANG-SQL (or LANG-n-QUERY)

(A query language for querying languages)
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term

abs[T ; (x)E ]

app [E ; e]

app [v; E ]

. . .

EvalCtx
opname arg

abs T

abs (x)E

app E

app e

. . . . . .

SELECTat Line 3-5

opname arg

abs (x)E

whereEvalUnderBinders

Fig. 6. Tables ofTest (a)

only the second row of the table computed at Line 3-5. Fig. 6 shows the table
produced by whereEvalUnderBinders. As we do not intend to evaluate under-
neath binders, the test at Line 7 checks whether this table is empty. This test
fails for fpl , so the language designer is warned about this issue. Furthermore,
Lang-Sql displays whereEvalUnderBindersso that the language designer have
a chance to debug the language deÞnition.

Test (b): Errors Should Be Typed at Any Type. A typical way to ensure that
errors can be typed at any type is to have their typing rules assign a fresh
variable as output type. We address this test in two parts. The Þrst test checks
that errors are typed with a variable. The second test checks that the variable
does not come from the premises. The following is the Þrst test.

1 errOutputVars !
2 SELECTGET- OPNAME(term) AS err , rulename AS rname,
3 typeOutput AS var
4 FROMError , rule
5 WHEREpredname = ! ANDrole = CONCL
6 ANDGET- OPNAME(term) = GET- OPNAME(typeExp)
7

8 TESTerrOutputVars = SELECT* FROMerrOutputVars WHEREvar IS VAR

Line 4-6 seek the conclusion of typing rules whose expression being typed
(GET- OPNAME(typeExp)) is an error (GET- OPNAME(term) of Error ). errOutputVars
produces a table that records an error constructor, the name of a typing rule,
and the output type of such rule (typeOutput ). As fpl has only one error,
errOutputVars produces the table on the left in Fig. 7.

Our test at Line 8 keeps the rows oferrOutputVars whose output type,
recorded in the attribute var, is a variable. If they are all variables then this
latter table is equal to errOutputVars . When this test fails, Lang-Sql displays
errOutputVars for debugging.

The following test addresses the second part.
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and subtyping formulae, as well as for labeled steps of the formP !" l P !, which
we encounter in Section 5.

We deÞne the following macros. (The notationádenotes Þnite sequences.)

stepSource ! subtypeLeft ! lstepSource ! NTH(args , 0)
stepTarget ! subtypeRight ! typeExp ! lstepLabel ! NTH(args , 1)
typeOutput ! lstepTarget ! NTH(args , 2)

premises ! SELECT# FROM rule WHERE role= PREM
conclusions ! SELECT# FROM rule WHERE role= CONCL
ROWattr = e ! SELECTe ASattr

The preÞx step denotes a macro for a reduction formulae !" e!. The
preÞx lstep is for labeled step formulae. The preÞxsubtype denotes a macro
for subtyping formulae T < : T !, and the preÞx type is for typing formulae
! $ e : T. We use premises and conclusions to retrieve all the conclusions
and all the premises of rules. The last line also provides a linguistically more
intuitive way to produce a table with one row: For example, ROWattr = value
rather than SELECTvalue ASattr .

4 Examples of Language Tests

We provide a series of tests that showcase the testing features of languages-as-
databases.Test (a), (b), and(c), address the issues offpl that we have identiÞed
in Section 2. We also show an additional example,Test (d), that makes sure that
types do not bind expressions (as in dependent types).

Test (a): Evaluation in the Context of Binders. Let us consider the following
query and test.

1 whereEvalUnderBinders!
2 SELECT* FROM
3 ( SELECTGET- OPNAME(term) AS opname,
4 GET- ARGS(term) AS ROWS! arg
5 FROMEvalCtx)
6 WHEREarg IS BOUNDANDGET- BOUND- TERM( arg) = E
7

8 TESTwhereEvalUnderBinders IS EMPTY

Recall that EvalCtx refers to a table with the grammar production of that
syntactic category, depicted in Fig. 6 for fpl . SELECTat Line 3-5 creates a table
where, for each grammar production ofEvalCtx, the top-level constructor of this
term (obtained with GET- OPNAME(term)) has a row with each of its arguments,
expanded with AS ROWS! . This query produces the table in Fig. 6 in the middle.

SELECTat Line 2 then selects those rows where the argument inarg has a
bound term and where the metavariable E of evaluation contexts is under a
binder (Line 6). In our example, whereEvalUnderBindersproduces a table with
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term

abs[T ; (x)E ]

app [E ; e]

app [v; E ]

. . .

EvalCtx
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abs T
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app E

app e
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abs (x)E
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Fig. 6. Tables ofTest (a)

only the second row of the table computed at Line 3-5. Fig. 6 shows the table
produced by whereEvalUnderBinders. As we do not intend to evaluate under-
neath binders, the test at Line 7 checks whether this table is empty. This test
fails for fpl , so the language designer is warned about this issue. Furthermore,
Lang-Sql displays whereEvalUnderBindersso that the language designer have
a chance to debug the language deÞnition.

Test (b): Errors Should Be Typed at Any Type. A typical way to ensure that
errors can be typed at any type is to have their typing rules assign a fresh
variable as output type. We address this test in two parts. The Þrst test checks
that errors are typed with a variable. The second test checks that the variable
does not come from the premises. The following is the Þrst test.

1 errOutputVars !
2 SELECTGET- OPNAME(term) AS err , rulename AS rname,
3 typeOutput AS var
4 FROMError , rule
5 WHEREpredname = ! ANDrole = CONCL
6 ANDGET- OPNAME(term) = GET- OPNAME(typeExp)
7

8 TESTerrOutputVars = SELECT* FROMerrOutputVars WHEREvar IS VAR

Line 4-6 seek the conclusion of typing rules whose expression being typed
(GET- OPNAME(typeExp)) is an error (GET- OPNAME(term) of Error ). errOutputVars
produces a table that records an error constructor, the name of a typing rule,
and the output type of such rule (typeOutput ). As fpl has only one error,
errOutputVars produces the table on the left in Fig. 7.

Our test at Line 8 keeps the rows oferrOutputVars whose output type,
recorded in the attribute var, is a variable. If they are all variables then this
latter table is equal to errOutputVars . When this test fails, Lang-Sql displays
errOutputVars for debugging.

The following test addresses the second part.
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and subtyping formulae, as well as for labeled steps of the formP !" l P !, which
we encounter in Section 5.
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4 Examples of Language Tests

We provide a series of tests that showcase the testing features of languages-as-
databases.Test (a), (b), and(c), address the issues offpl that we have identiÞed
in Section 2. We also show an additional example,Test (d), that makes sure that
types do not bind expressions (as in dependent types).

Test (a): Evaluation in the Context of Binders. Let us consider the following
query and test.

1 whereEvalUnderBinders!
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3 ( SELECTGET- OPNAME(term) AS opname,
4 GET- ARGS(term) AS ROWS! arg
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Recall that EvalCtx refers to a table with the grammar production of that
syntactic category, depicted in Fig. 6 for fpl . SELECTat Line 3-5 creates a table
where, for each grammar production ofEvalCtx, the top-level constructor of this
term (obtained with GET- OPNAME(term)) has a row with each of its arguments,
expanded with AS ROWS! . This query produces the table in Fig. 6 in the middle.

SELECTat Line 2 then selects those rows where the argument inarg has a
bound term and where the metavariable E of evaluation contexts is under a
binder (Line 6). In our example, whereEvalUnderBindersproduces a table with
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only the second row of the table computed at Line 3-5. Fig. 6 shows the table
produced by whereEvalUnderBinders. As we do not intend to evaluate under-
neath binders, the test at Line 7 checks whether this table is empty. This test
fails for fpl , so the language designer is warned about this issue. Furthermore,
Lang-Sql displays whereEvalUnderBindersso that the language designer have
a chance to debug the language deÞnition.

Test (b): Errors Should Be Typed at Any Type. A typical way to ensure that
errors can be typed at any type is to have their typing rules assign a fresh
variable as output type. We address this test in two parts. The Þrst test checks
that errors are typed with a variable. The second test checks that the variable
does not come from the premises. The following is the Þrst test.

1 errOutputVars !
2 SELECTGET- OPNAME(term) AS err , rulename AS rname,
3 typeOutput AS var
4 FROMError , rule
5 WHEREpredname = ! ANDrole = CONCL
6 ANDGET- OPNAME(term) = GET- OPNAME(typeExp)
7

8 TESTerrOutputVars = SELECT* FROMerrOutputVars WHEREvar IS VAR

Line 4-6 seek the conclusion of typing rules whose expression being typed
(GET- OPNAME(typeExp)) is an error (GET- OPNAME(term) of Error ). errOutputVars
produces a table that records an error constructor, the name of a typing rule,
and the output type of such rule (typeOutput ). As fpl has only one error,
errOutputVars produces the table on the left in Fig. 7.

Our test at Line 8 keeps the rows oferrOutputVars whose output type,
recorded in the attribute var, is a variable. If they are all variables then this
latter table is equal to errOutputVars . When this test fails, Lang-Sql displays
errOutputVars for debugging.

The following test addresses the second part.
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errors can be typed at any type is to have their typing rules assign a fresh
variable as output type. We address this test in two parts. The Þrst test checks
that errors are typed with a variable. The second test checks that the variable
does not come from the premises. The following is the Þrst test.

1 errOutputVars !
2 SELECTGET- OPNAME(term) AS err , rulename AS rname,
3 typeOutput AS var
4 FROMError , rule
5 WHEREpredname = ! ANDrole = CONCL
6 ANDGET- OPNAME(term) = GET- OPNAME(typeExp)
7

8 TESTerrOutputVars = SELECT* FROMerrOutputVars WHEREvar IS VAR

Line 4-6 seek the conclusion of typing rules whose expression being typed
(GET- OPNAME(typeExp)) is an error (GET- OPNAME(term) of Error ). errOutputVars
produces a table that records an error constructor, the name of a typing rule,
and the output type of such rule (typeOutput ). As fpl has only one error,
errOutputVars produces the table on the left in Fig. 7.

Our test at Line 8 keeps the rows oferrOutputVars whose output type,
recorded in the attribute var, is a variable. If they are all variables then this
latter table is equal to errOutputVars . When this test fails, Lang-Sql displays
errOutputVars for debugging.

The following test addresses the second part.
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and subtyping formulae, as well as for labeled steps of the formP !" l P !, which
we encounter in Section 5.

We deÞne the following macros. (The notationádenotes Þnite sequences.)

stepSource ! subtypeLeft ! lstepSource ! NTH(args , 0)
stepTarget ! subtypeRight ! typeExp ! lstepLabel ! NTH(args , 1)
typeOutput ! lstepTarget ! NTH(args , 2)

premises ! SELECT# FROM rule WHERE role= PREM
conclusions ! SELECT# FROM rule WHERE role= CONCL
ROWattr = e ! SELECTe ASattr

The preÞx step denotes a macro for a reduction formulae !" e!. The
preÞx lstep is for labeled step formulae. The preÞxsubtype denotes a macro
for subtyping formulae T < : T !, and the preÞx type is for typing formulae
! $ e : T. We use premises and conclusions to retrieve all the conclusions
and all the premises of rules. The last line also provides a linguistically more
intuitive way to produce a table with one row: For example, ROWattr = value
rather than SELECTvalue ASattr .

4 Examples of Language Tests

We provide a series of tests that showcase the testing features of languages-as-
databases.Test (a), (b), and(c), address the issues offpl that we have identiÞed
in Section 2. We also show an additional example,Test (d), that makes sure that
types do not bind expressions (as in dependent types).

Test (a): Evaluation in the Context of Binders. Let us consider the following
query and test.

1 whereEvalUnderBinders!
2 SELECT* FROM
3 ( SELECTGET- OPNAME(term) AS opname,
4 GET- ARGS(term) AS ROWS! arg
5 FROMEvalCtx)
6 WHEREarg IS BOUNDANDGET- BOUND- TERM( arg) = E
7

8 TESTwhereEvalUnderBinders IS EMPTY

Recall that EvalCtx refers to a table with the grammar production of that
syntactic category, depicted in Fig. 6 for fpl . SELECTat Line 3-5 creates a table
where, for each grammar production ofEvalCtx, the top-level constructor of this
term (obtained with GET- OPNAME(term)) has a row with each of its arguments,
expanded with AS ROWS! . This query produces the table in Fig. 6 in the middle.

SELECTat Line 2 then selects those rows where the argument inarg has a
bound term and where the metavariable E of evaluation contexts is under a
binder (Line 6). In our example, whereEvalUnderBindersproduces a table with
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Recall that EvalCtx refers to a table with the grammar production of that
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• Check that reduction does not occur underneath binders
• Check that references are invariant
• Check that errors are typed at any type 
• Check that types do not bind expressions (as dependent types)
• Retrieve canonical forms, elimination forms, count typing rules
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