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A Functional Language with Languages as First-ClassSLE ’18, November 5–6, 2018, Boston, MA, USA Cimini

1 let listsLang = {!

2 Type T ::= int | (list T),

3 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

4 Value v ::= zero | (succ v) | emptyList | (consList v v),

5 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

6 Gamma |- zero : int ,

7 Gamma |- (succ e) : int <== Gamma |- e : int ,

8 Gamma |- emptyList : (list T),

9 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

10 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

11 !}

12
13 let listsLang = {!

14 Type T ::= int | (list T),

15 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

16 Value v ::= zero | (succ v) | emptyList | (consList v v),

17 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

18 Environment Gamma ::= [x : T],

19 Gamma |- x : T <== x : T in Gamma ,

20 Gamma |- zero : int ,

21 Gamma |- (succ e) : int <== Gamma |- e : int ,

22 Gamma |- emptyList : (list T),

23 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

24 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

25 !}

26
27
28 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

29
30 (elementAt zero (consList V1 V2)) -- > V1,

31 (elementAt (succ V) (consList V1 V2)) --> (elementAt V V2)

32
33 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

34 - {! Expression e ::= myError !} =

35 remove (( elementAt (succ V) (consList V1 V2)) -- > (elementAt V V2)) from mylan

36 U {!

37 Expression e ::= myError ,

38 Error er ::= myError ,

39 (elementAt (succ V) (consList V1 V2)) --> (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

40 (elementAt E emptyList) --> myError

41 !}

42
43 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

44 Value v ::= (abs @x e),

45 Context C ::= (app C e),

46 Environment Gamma ::= [x : T],

47 Relation ::= Gamma |- e : T | e --> e,

48 StartingCall ::= empty |- e : T | e -- > e.

49 (app (abs @x e) vh) --> e[vh/x],

50 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

51 !}

52
53 let getRightLanguage safety : bool mayDiverge : bool =

54 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

55 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

56 else if mayDiverge then (lambda ee) U lists

57 else (lambda vv) U {! Context C ::= (app v C) !} U lists

58
59 (getRightLanguage false false)> (elementAt (succ zero) (consList zero (consList zero (consList zero emptyList))))

60 (* Within bounds , returns Value = zero *)

61
62 (getRightLanguage true false)> (elementAt (succ (succ (succ (succ (succ zero))))) (consList zero emptyList))

63 (* Out of bounds , returns Error = myError *)

64
65 (getRightLanguage false false)> (elementAt (succ (succ (succ (succ (succ zero))))) (consList zero emptyList))

66 (* Out of bounds , returns Stuck at (elementAt (succ (succ (succ (succ zero)))) emptyList) *)

67
68 (* omega = (app (abs @x (app x x)) (abs @x (app x x))) *)

69
70 (getRightLanguage false true)> (elementAt (app (abs @x zero) omega) (consList zero (consList zero emptyList)))

71 (getRightLanguage true true)> (elementAt (app (abs @x zero) omega) (consList zero (consList zero emptyList)))

72 (* Both return Value = zero *)

73
74 (getRightLanguage false false)> (elementAt (app (abs @x zero) omega) (consList zero (consList zero emptyList)))

75 (* Diverge , no result *)

Figure 1. Example of ����������� program.

Intuitively: elementAt 3 [0 ; 1 ; 2 ; 3] —> 3
Reduction semantics? In a second.

Matteo Cimini.  Languages as First-Class Citizens (Vision Paper).  SLE 2018.
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38 Error er ::= myError ,

39 (elementAt (succ V) (consList V1 V2)) --> (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

40 (elementAt E emptyList) --> myError

41 !}
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43 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

44 Value v ::= (abs @x e),

45 Context C ::= (app C e),

46 Environment Gamma ::= [x : T],

47 Relation ::= Gamma |- e : T | e --> e,

48 StartingCall ::= empty |- e : T | e -- > e.

49 (app (abs @x e) vh) --> e[vh/x],

50 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

51 !}

52
53 let getRightLanguage safety : bool mayDiverge : bool =
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58
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67
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69
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73
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75 (* Diverge , no result *)

Figure 1. Example of ����������� program.

Intuitively: elementAt 3 [0 ; 1 ; 2 ; 3] —> 3

1. no bounds check, unsafe but more efficient

2. bounds check, safe, but less efficient

(Java-style access)

Reduction semantics? Two options:



function that takes a language 
as input and returns a language

language execution: language> program  
executes program according to the operational semantics in language
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11 !}

12
13 (addCstyleAccess listsLang)> (elementAt

14 2

15 (langWithRange > (range 5 0))

16 )

17
18
19 let listsLang = {!

20 Type T ::= int | (list T),

21 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

22 Value v ::= zero | (succ v) | emptyList | (consList v v),

23 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),
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28 Gamma |- emptyList : (list T),

29 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

30 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

31 !}

32
33
34 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

35
36 let addEfficientAccess mylan =

37 mylan U {!

38 (elementAt zero (consList v1 v2)) --> v1,

39 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

40 !}

41
42 let addJavaStyleAccess mylan =

43 mylan U boolLan U natFunctions U {!

44 Expression e ::= outOfBounds ,

45 Error er ::= outOfBounds ,

46 (elementAt zero (consList v1 v2)) --> v1,

47 (elementAt (succ v) (consList v1 v2)) -->

48 (if-then-else (greater (succ v) (length (consList v1 v2)))

49 outOfBounds

50 (elementAt v v2)),

51 (elementAt e emptyList) -- > outOfBounds

52 !}

53
54 let execWithRightLanguage isSafeCode =

55 if isSafeCode then (addEfficientAccess listsLang)> prg

56 else (addJavaStyleAccess listsLang)> prg

57
58
59 let addCstyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

60 Expression e ::= elementAt !} =

61 mylan U {!

62 (elementAt zero (consList v1 v2)) -- > v1,

63 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

64 !}

65
66 let addJavaStyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

67 Expression e ::= elementAt !} =

68 mylan U {!

69 Expression e ::= outOfBoundsError ,

70 Error er ::= outOfBoundsError ,

71 (elementAt (succ v) (consList v1 v2)) -->

72 (if (greater (succ v) (length (consList v1 v2))) outOfBoundsError (elementAt v v2)),

73 (elementAt E emptyList) --> outOfBoundsError

74 !}

75
76 (addJavaStyleAccess listsLang)> (elementAt

77 (math true positive > -2)

78 [1 ; 2 ; 3 ; 4]

79 )

80
81
82 (elementAt (succ v) (consList v1 v2)) -->

83 (if (greater (succ v) (length (consList v1 v2))) outOfBounds (elementAt v v2)),

84
85 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

86 - {! Expression e ::= myError !} =

87 remove (( elementAt (succ V) (consList V1 V2)) -- > (elementAt V V2)) from mylan

88 U {!

89 Expression e ::= myError ,

90 Error er ::= myError ,

91 (elementAt (succ V) (consList V1 V2)) --> (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

92 (elementAt E emptyList) --> myError

93 !}

94
95
96 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

97 Value v ::= (abs @x e),

98 Context C ::= (app C e),

99 Environment Gamma ::= [x : T],

100 Relation ::= Gamma |- e : T | e --> e,

101 StartingCall ::= empty |- e : T | e --> e.

102 (app (abs @x e) vh) -- > e[vh/x],

103 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

104 !}

105
106 let getRightLanguage safety : bool mayDiverge : bool =

107 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

108 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

109 else if mayDiverge then (lambda ee) U lists

110 else (lambda vv) U {! Context C ::= (app v C) !} U lists

111
112 let addCstyleAccess mylan =

Figure 1. Example of ����������� program.
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Figure 1. Example of ����������� program.

Functions on Languages
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1 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

2
3 let lists = {!

4 Type T ::= int | (list T),

5 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

6 Value v ::= zero | (succ v) | emptyList | (consList v v),

7 Context C ::= (consList C e) | (consList v C) | (elementAt C e) | (elementAt v C),

8 Environment Gamma ::= [x : T],

9 Relation ::= Gamma |- e : T | e -- > e,

10 StartingCall ::= empty |- e : T | e --> e.

11 Gamma |- x : T <== x : T in Gamma ,

12 Gamma |- zero : int ,

13 Gamma |- (succ e) : int <== Gamma |- e : int ,

14 Gamma |- emptyList : (list T),

15 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

16 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T),

17 (elementAt zero (consList V1 V2)) --> V1,

18 (elementAt (succ V) (consList V1 V2)) --> (elementAt V V2)

19 !}

20
21 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

22 - {! Expression e ::= myError !} =

23 remove (( elementAt (succ V) (consList V1 V2)) -- > (elementAt V V2)) from mylan

24 U {!

25 Expression e ::= myError ,

26 Error er ::= myError ,

27 (elementAt (succ V) (consList V1 V2)) -- > (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

28 (elementAt E emptyList) --> myError

29 !}

30
31 let lambda (vh : strategy) = {! Context E ::= (app E e)

32 (app (abs @x e) vh) --> e[vh/x] !}

33 if mayDiverge then (lambda ee)

34 else (lambda vv) U {! Context E ::= (app v E) !}

35
36 let getRightLanguage safety : bool mayDiverge : bool =

37 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

38 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

39 else if mayDiverge then (lambda ee) U lists

40 else (lambda vv) U {! Context C ::= (app v C) !} U lists

41
42 (getRightLanguage false false)> (elementAt (succ zero) (consList zero (consList zero (consList zero emptyList))))

43 (* Within bounds , returns Value = zero *)

44
45 (getRightLanguage true false)> (elementAt (succ (succ (succ (succ (succ zero))))) (consList zero emptyList))

46 (* Out of bounds , returns Error = myError *)

47
48 (getRightLanguage false false)> (elementAt (succ (succ (succ (succ (succ zero))))) (consList zero emptyList))

49 (* Out of bounds , returns Stuck at (elementAt (succ (succ (succ (succ zero)))) emptyList) *)

50
51 (* omega = (app (abs @x (app x x)) (abs @x (app x x))) *)

52
53 (getRightLanguage false true)> (elementAt (app (abs @x zero) omega) (consList zero (consList zero emptyList)))

54 (getRightLanguage true true)> (elementAt (app (abs @x zero) omega) (consList zero (consList zero emptyList)))

55 (* Both return Value = zero *)

56
57 (getRightLanguage false false)> (elementAt (app (abs @x zero) omega) (consList zero (consList zero emptyList)))

58 (* Diverge , no result *)

Figure 1. Example of ����������� program.

letrec, and import. Also, language de�nitions are expres-
sions. ����������� o�ers some features that are speci�c to
language de�nitions, which we shall see with an example.
Figure 1 shows a ����������� program. Let us consider

lines 3-19. We use an ML-style let expression to bind a lan-
guage de�nition to the variable lists. Languages are de-
�ned within {! . . . !} with a domain-speci�c language that
is rather intuitive to those familiar with the way languages
are shared within the research community [19]. In particular,
language de�nitions describe a BNF grammar and a collec-
tion of inference rules of the form conclusion <== premise_1,

. . ., premise_n. Inference rules describe a type system and an
operational semantics. Language lists includes integers as
a base type and lists. For the sake of this example, lists has
only the operation elementAt, which takes a number = and
returns the =-th element of the list. The syntactic categories
Relation and StartingCall are not standard. The former de-
clares the relations being used in de�ning the language. The
latter informs ����������� on how to check that programs
of lists are well-typed. (At line 10, empty represents the
empty type environment).

Another Feature: Passing Evaluation Strategies at Runtime

Another Feature: Bounded Polymorphism a’ la System F

SLE ’18, November 5–6, 2018, Boston, MA, USA Cimini

1 let listsLang = {!

2 Type T ::= int | (list T),

3 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

4 Value v ::= zero | (succ v) | emptyList | (consList v v),

5 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

6 Gamma |- zero : int ,

7 Gamma |- (succ e) : int <== Gamma |- e : int ,

8 Gamma |- emptyList : (list T),

9 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

10 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

11 !}

12
13 (addCstyleAccess listsLang)> (elementAt

14 2

15 (langWithRange > (range 5 0))

16 )

17
18
19 let listsLang = {!

20 Type T ::= int | (list T),

21 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

22 Value v ::= zero | (succ v) | emptyList | (consList v v),

23 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

24 Environment Gamma ::= [x : T],

25 Gamma |- x : T <== x : T in Gamma ,

26 Gamma |- zero : int ,

27 Gamma |- (succ e) : int <== Gamma |- e : int ,

28 Gamma |- emptyList : (list T),

29 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

30 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

31 !}

32
33
34 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

35
36 let addEfficientAccess mylan =

37 mylan U {!

38 (elementAt zero (consList v1 v2)) --> v1,

39 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

40 !}

41
42 let addJavaStyleAccess mylan =

43 mylan U boolLan U natFunctions U {!

44 Expression e ::= outOfBounds ,

45 Error er ::= outOfBounds ,

46 (elementAt zero (consList v1 v2)) --> v1,

47 (elementAt (succ v) (consList v1 v2)) -->

48 (if-then-else (greater (succ v) (length (consList v1 v2)))

49 outOfBounds

50 (elementAt v v2)),

51 (elementAt e emptyList) --> outOfBounds

52 !}

53
54 let execWithRightLanguage isSafeCode =

55 if isSafeCode then (addEfficientAccess listsLang)> prg

56 else (addJavaStyleAccess listsLang)> prg

57
58
59 let addCstyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

60 Expression e ::= elementAt !} =

61 mylan U {!

62 (elementAt zero (consList v1 v2)) --> v1,

63 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

64 !}

65
66 let addJavaStyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

67 Expression e ::= elementAt !} =

68 mylan U {!

69 Expression e ::= outOfBoundsError ,

70 Error er ::= outOfBoundsError ,

71 (elementAt (succ v) (consList v1 v2)) -->

72 (if (greater (succ v) (length (consList v1 v2))) outOfBoundsError (elementAt v v2)),

73 (elementAt E emptyList) --> outOfBoundsError

74 !}

75
76 (addJavaStyleAccess listsLang)> (elementAt

77 (math true positive > -2)

78 [1 ; 2 ; 3 ; 4]

79 )

80
81
82 (elementAt (succ v) (consList v1 v2)) -->

83 (if (greater (succ v) (length (consList v1 v2))) outOfBounds (elementAt v v2)),

84
85 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

86 - {! Expression e ::= myError !} =

87 remove (( elementAt (succ V) (consList V1 V2)) -- > (elementAt V V2)) from mylan

88 U {!

89 Expression e ::= myError ,

90 Error er ::= myError ,

91 (elementAt (succ V) (consList V1 V2)) --> (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

92 (elementAt E emptyList) --> myError

93 !}

94
95
96 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

97 Value v ::= (abs @x e),

98 Context C ::= (app C e),

99 Environment Gamma ::= [x : T],

100 Relation ::= Gamma |- e : T | e --> e,

101 StartingCall ::= empty |- e : T | e --> e.

102 (app (abs @x e) vh) --> e[vh/x],

103 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

104 !}

105
106 let getRightLanguage safety : bool mayDiverge : bool =

107 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

108 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

109 else if mayDiverge then (lambda ee) U lists

110 else (lambda vv) U {! Context C ::= (app v C) !} U lists

111
112 let addCstyleAccess mylan =

Figure 1. Example of ����������� program.
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1 let listsLang = {!

2 Type T ::= int | (list T),

3 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

4 Value v ::= zero | (succ v) | emptyList | (consList v v),

5 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

6 Gamma |- zero : int ,

7 Gamma |- (succ e) : int <== Gamma |- e : int ,

8 Gamma |- emptyList : (list T),

9 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

10 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

11 !}

12
13 (addCstyleAccess listsLang)> (elementAt

14 2

15 (langWithRange > (range 5 0))

16 )

17
18
19 let listsLang = {!

20 Type T ::= int | (list T),

21 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

22 Value v ::= zero | (succ v) | emptyList | (consList v v),

23 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

24 Environment Gamma ::= [x : T],

25 Gamma |- x : T <== x : T in Gamma ,

26 Gamma |- zero : int ,

27 Gamma |- (succ e) : int <== Gamma |- e : int ,

28 Gamma |- emptyList : (list T),

29 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

30 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

31 !}

32
33
34 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

35
36 let addEfficientAccess mylan =

37 mylan U {!

38 (elementAt zero (consList v1 v2)) --> v1,

39 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

40 !}

41
42 let addJavaStyleAccess mylan =

43 mylan U boolLan U natFunctions U {!

44 Expression e ::= outOfBounds ,

45 Error er ::= outOfBounds ,

46 (elementAt zero (consList v1 v2)) --> v1,

47 (elementAt (succ v) (consList v1 v2)) -->

48 (if-then-else (greater (succ v) (length (consList v1 v2)))

49 outOfBounds

50 (elementAt v v2)),

51 (elementAt e emptyList) --> outOfBounds

52 !}

53
54 let execWithRightLanguage isSafeCode =

55 if isSafeCode then (addEfficientAccess listsLang)> prg

56 else (addJavaStyleAccess listsLang)> prg

57
58
59 let addCstyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

60 Expression e ::= elementAt !} =

61 mylan U {!

62 (elementAt zero (consList v1 v2)) --> v1,

63 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

64 !}

65
66 let addJavaStyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

67 Expression e ::= elementAt !} =

68 mylan U {!

69 Expression e ::= outOfBoundsError ,

70 Error er ::= outOfBoundsError ,

71 (elementAt (succ v) (consList v1 v2)) -->

72 (if (greater (succ v) (length (consList v1 v2))) outOfBoundsError (elementAt v v2)),

73 (elementAt E emptyList) --> outOfBoundsError

74 !}

75
76 (addJavaStyleAccess listsLang)> (elementAt

77 (math true positive > -2)

78 [1 ; 2 ; 3 ; 4]

79 )

80
81
82 (elementAt (succ v) (consList v1 v2)) -->

83 (if (greater (succ v) (length (consList v1 v2))) outOfBounds (elementAt v v2)),

84
85 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

86 - {! Expression e ::= myError !} =

87 remove (( elementAt (succ V) (consList V1 V2)) -- > (elementAt V V2)) from mylan

88 U {!

89 Expression e ::= myError ,

90 Error er ::= myError ,

91 (elementAt (succ V) (consList V1 V2)) --> (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

92 (elementAt E emptyList) --> myError

93 !}

94
95
96 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

97 Value v ::= (abs @x e),

98 Context C ::= (app C e),

99 Environment Gamma ::= [x : T],

100 Relation ::= Gamma |- e : T | e --> e,

101 StartingCall ::= empty |- e : T | e -- > e.

102 (app (abs @x e) vh) --> e[vh/x],

103 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

104 !}

105
106 let getRightLanguage safety : bool mayDiverge : bool =

107 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

108 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

109 else if mayDiverge then (lambda ee) U lists

110 else (lambda vv) U {! Context C ::= (app v C) !} U lists

111
112 let addCstyleAccess mylan =

Figure 1. Example of ����������� program.
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1 let listsLang = {!

2 Type T ::= int | (list T),

3 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

4 Value v ::= zero | (succ v) | emptyList | (consList v v),

5 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

6 Gamma |- zero : int ,

7 Gamma |- (succ e) : int <== Gamma |- e : int ,

8 Gamma |- emptyList : (list T),

9 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

10 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

11 !}

12
13 (addCstyleAccess listsLang)> (elementAt

14 2

15 (langWithRange > (range 5 0))

16 )

17
18
19 let math = {!

20 Type T ::= int | float | ...

21 ... rest of grammar and inference rules

22 !}

23
24
25 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

26
27 let addEfficientAccess mylan =

28 mylan U {!

29 (elementAt zero (consList v1 v2)) --> v1 ,

30 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

31 !}

32
33 let addJavaStyleAccess mylan =

34 mylan U boolLan U natFunctions {!

35 Expression e ::= outOfBounds ,

36 Error er ::= outOfBounds ,

37 (elementAt zero (consList v1 v2)) --> v1 ,

38 (elementAt (succ v) (consList v1 v2)) -->

39 (if-then-else (greater (succ v) (length (consList v1 v2)))

40 outOfBoundsError

41 (elementAt v v2)),

42 (elementAt e emptyList) --> outOfBounds

43 !}

44
45 let execWithRightLanguage isSafeCode =

46 if isSafeCode then (addEfficientAccess listsLang)> prg

47 else (addJavaStyleAccess listsLang)> prg

48
49
50 let addCstyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

51 Expression e ::= elementAt !} =

52 mylan U {!

53 (elementAt zero (consList v1 v2)) -- > v1,

54 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

55 !}

56
57 let addJavaStyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

58 Expression e ::= elementAt !} =

59 mylan U {!

60 Expression e ::= outOfBoundsError ,

61 Error er ::= outOfBoundsError ,

62 (elementAt (succ v) (consList v1 v2)) -->

63 (if (greater (succ v) (length (consList v1 v2))) outOfBoundsError (elementAt v v2)),

64 (elementAt E emptyList) --> outOfBoundsError

65 !}

66
67 (addJavaStyleAccess listsLang)> (elementAt

68 (math true positive > -2)

69 [1 ; 2 ; 3 ; 4]

70 )

71
72
73 (elementAt (succ v) (consList v1 v2)) -->

74 (if (greater (succ v) (length (consList v1 v2))) outOfBounds (elementAt v v2)),

75
76 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

77 - {! Expression e ::= myError !} =

78 remove (( elementAt (succ V) (consList V1 V2)) -- > (elementAt V V2)) from mylan

79 U {!

80 Expression e ::= myError ,

81 Error er ::= myError ,

82 (elementAt (succ V) (consList V1 V2)) -- > (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

83 (elementAt E emptyList) --> myError

84 !}

85
86
87 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

88 Value v ::= (abs @x e),

89 Context C ::= (app C e),

90 Environment Gamma ::= [x : T],

91 Relation ::= Gamma |- e : T | e -- > e,

92 StartingCall ::= empty |- e : T | e --> e.

93 (app (abs @x e) vh) --> e[vh/x],

94 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

95 !}

96
97 let getRightLanguage safety : bool mayDiverge : bool =

98 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

99 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

100 else if mayDiverge then (lambda ee) U lists

101 else (lambda vv) U {! Context C ::= (app v C) !} U lists

102
103 let addCstyleAccess mylan =

Figure 2. Example of ����������� program.
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1 let listsLang = {!

2 Type T ::= int | (list T),

3 Expression e ::= zero | (succ e) | emptylist | (consList e e) | (elementAt e e),

4 Value v ::= zero | (succ v) | emptyList | (consList v v),

5 Context E ::= (consList E e) | (consList v E) | (elementAt E e) | (elementAt v E),

6 Gamma |- zero : int ,

7 Gamma |- (succ e) : int <== Gamma |- e : int ,

8 Gamma |- emptyList : (list T),

9 Gamma |- (consList e1 e2) : (list T) <== Gamma |- e1 : T /\ Gamma |- e2 : (list T),

10 Gamma |- (elementAt e1 e2) : T <== Gamma |- e1 : int /\ Gamma |- e2 : (list T)

11 !}

12
13 (addCstyleAccess listsLang)> (elementAt

14 2

15 (langWithRange > (range 5 0))

16 )

17
18 (addJavaStyleAccess listsLang)> (elementAt

19 (math noCheck positive?> (square 2))

20 [0 ; 1 ; 2 ; 3 ; 4]

21 )

22
23
24 let math = {!

25 Type T ::= int | float | ...

26 ... rest of grammar and inference rules

27 !}

28
29
30 import length , greater , iif (* �if� is a keyword , therefore the if-then-else operator and its library are renamed �iif� *)

31
32 let addEfficientAccess mylan =

33 mylan U {!

34 (elementAt zero (consList v1 v2)) --> v1,

35 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

36 !}

37
38 let addJavaStyleAccess mylan =

39 mylan U boolLan U natFunctions {!

40 Expression e ::= outOfBounds ,

41 Error er ::= outOfBounds ,

42 (elementAt zero (consList v1 v2)) --> v1,

43 (elementAt (succ v) (consList v1 v2)) -->

44 (if-then-else (greater (succ v) (length (consList v1 v2)))

45 outOfBoundsError

46 (elementAt v v2)),

47 (elementAt e emptyList) --> outOfBounds

48 !}

49
50 let execWithRightLanguage isSafeCode =

51 if isSafeCode then (addEfficientAccess listsLang)> prg

52 else (addJavaStyleAccess listsLang)> prg

53
54
55 let addCstyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

56 Expression e ::= elementAt !} =

57 mylan U {!

58 (elementAt zero (consList v1 v2)) -- > v1,

59 (elementAt (succ v) (consList v1 v2)) --> (elementAt v v2)

60 !}

61
62 let addJavaStyleAccess �lan mylan : �lan U {! Types T ::= int | (list T),

63 Expression e ::= elementAt !} =

64 mylan U {!

65 Expression e ::= outOfBoundsError ,

66 Error er ::= outOfBoundsError ,

67 (elementAt (succ v) (consList v1 v2)) -->

68 (if (greater (succ v) (length (consList v1 v2))) outOfBoundsError (elementAt v v2)),

69 (elementAt E emptyList) --> outOfBoundsError

70 !}

71
72 (addJavaStyleAccess listsLang)> (elementAt

73 (math true positive > -2)

74 [1 ; 2 ; 3 ; 4]

75 )

76
77
78 (elementAt (succ v) (consList v1 v2)) -->

79 (if (greater (succ v) (length (consList v1 v2))) outOfBounds (elementAt v v2)),

80
81 let addBoundsChecks �lan mylan : �lan U {! Types T ::= int | (list T), Expression e ::= elementAt | iif | length | greater !}

82 - {! Expression e ::= myError !} =

83 remove (( elementAt (succ V) (consList V1 V2)) --> (elementAt V V2)) from mylan

84 U {!

85 Expression e ::= myError ,

86 Error er ::= myError ,

87 (elementAt (succ V) (consList V1 V2)) --> (iif (greater (succ V) (length (consList V1 V2))) myError (elementAt V V2)),

88 (elementAt E emptyList) --> myError

89 !}

90
91
92 let lambda vh : strategy = {! Expression e ::= (abs @x e) | (app e e),

93 Value v ::= (abs @x e),

94 Context C ::= (app C e),

95 Environment Gamma ::= [x : T],

96 Relation ::= Gamma |- e : T | e --> e,

97 StartingCall ::= empty |- e : T | e -- > e.

98 (app (abs @x e) vh) --> e[vh/x],

99 Gamma |- e : T (* this rule models �untyped � as �every (parsed) program is well-typed � *)

100 !}

101
102 let getRightLanguage safety : bool mayDiverge : bool =

103 if safety then if mayDiverge then (addBoundsChecks (( lambda ee) U lists U iif U greater U length))

104 else (addBoundsChecks (( lambda vv) U {! Context C ::= (app v C) !} U lists U iif U greater U length))

105 else if mayDiverge then (lambda ee) U lists

106 else (lambda vv) U {! Context C ::= (app v C) !} U lists

107
108 let addCstyleAccess mylan =

Figure 2. Example of ����������� program.
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Abstract. We present �L, a statically typed lambda-calculus with lan-
guages as first-class citizens. In �L, not only languages can be defined and
used to execute programs, they also can be bound to variables, passed
to functions, and returned by functions, among other operations. More-
over, code of di↵erent languages can safely interact thanks to pre- and
post-conditions that are checked at run-time.
We provide a type system and an operational semantics for �L. We
observe that Milner’s type safety is too strong a property in this context,
as programmers may intentionally execute unsafe languages. We then
identify a type safety theorem that is specific to the domain of multi-
language programming, and we prove that �L satisfies this theorem.

1 Introduction

Di↵erent parts of a programming solution should be written with di↵erent pro-
gramming languages. Accordingly, software has been increasingly written com-
bining multiple programming languages, and a number of systems have been
created to support multi-language programming, which fall under the umbrella
name of language workbenches [12]. These are sophisticated software tools that
empower programmers to define their own languages, and assist them in most
aspect of language development and composition.

One of the major questions that arise when designing a language workbench
is: What is the status that languages have within the system? In most language
workbenches, languages have an ad-hoc treatment, programmers define them in
a separate part of the system and they are composed with specific directives in
another part of the system [2, 14, 13]. Racket [10], SugarJ [8] and SugarHaskell
[9], instead, make an attempt to a seamless integration of languages into a host
programming language. In this approach languages are macro-expanded into a
plain functional programming language in Racket, into plain Java in SugarJ, and
into plain Haskell in SugarHaskell.

Cimini has presented a vision paper that proposes an approach based on
languages as first-class citizens, implemented in the lang-n-play programming
language [5]. In this approach, language definitions (operational semantics de-
scriptions) are part of a general-purpose programming language with the same
status as any other expressions. Languages are elevated to be run-time values
and can be bound to variables, passed to functions, returned by functions, in-
serted in lists, and so on. These are features that are not available in Racket,

* excerpt of the calculus, omitted: polymorphism, etc.
Matteo Cimini.  A Calculus for Multi-language Operational Semantics.  VSTTE 2021. 
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2.2 Syntax for Programs

The syntax of �L programs is defined as follows. (Below, X 2 {T,U})

Type ⌧ ::= L | ⌧ ! ⌧ | ↵ | 8(↵ <: L).⌧ | ⇧
Expression e ::= x | �x : ⌧.e | e e
(languages) | L | (e pre post)> prg | e union e
(embedded results) | Val prg in L
Expression e ::= x | �x : ⌧.e | e e
(languages) | L | (e pre post)> t̂ | e union e
(embedded results) | Val t̂ in L
Expression e ::= x | �x : ⌧.e | e e
(languages) | L | (e pn1 pn2)> t̂ | (e pn1 pn2)> t̂ | e union e
(language pol.) | ⇤(↵ <: L).e | e [L]
(embedded results) | Val t in L
Value v ::= L | �x : ⌧.e | ⇤(↵ <: L).e | Val t in L
Error err ::= InteropErrorPre | InteropErrorPost
Executable Term t̂ ::= X | (opname t̂1 · · · t̂n) | (X)t̂ | (e pn1 pn2)> t̂

�L includes variables, functions and applications. Languages L (from the gram-
mar in Section 2.1) are also expressions as any others. Notice that languages L
are also types. In �L, the type of a language L is L itself. This is because, as
we shall see below, we need to access the type checker defined in L at compile-
time. As languages can be built via unions and functions, a language may not be
syntactically explicit, and the type checker needs to keep track of the intended
language with a type.

Program Executions The expressions (e pn1 pn2)> t̂ and (e pn1 pn2)> t̂ are
program executions, e is a language, pn1 and pn2 are predicate names for pre-
and post-conditions, respectively, and t̂ is the program to be executed (which
we will explain shortly). The program execution tagged with T type checks t̂
at compile-time using the type checker defined in the language e. The program
execution tagged with U does not. We use the distinction T vs U to realize the
scenario that when a programmer gives a program t̂ to be executed then it is
type checked only at the beginning, and it is not type checked after each step
that it takes afterwards. After the first step, a program execution always becomes
U-tagged. t̂ is an executable term, which can be a term t without substitution
notation1, and which can contain other program executions intermixed (which
are calls to invoke other languages).

To make an example, let us consider the following program execution:
(lambda true true)> (app (abs (x)x) zero).
At compile-time, �L extracts the type checker defined in lambda (the in-

ference rules in Section 2.1), and uses it to type check (app (abs (x)x) zero)
successfully. If we had (lambda true true)> (app zero zero) the type checker
of lambda would fail, and so �L would reject the �L program.

1
Substitution operations such as e[v/x] are used in reduction rules and not in the

plain programs that programmers write.
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Context E ::= E e | v E | (E pn1 pn2)> t̂ | E union e | v union E | E [L] X 2 {T,U}

e �! e

(r-beta)

�x : ⌧.e v �! e[v/x]

(r-lang-pass)

⇤(↵ <: L1).e [L2] �! e[L2/↵]

(r-pre-success)

JLKlp |= (pn1 t̂)

(L pn1 pn2)> t̂ �! (L pn1 pn2)> t̂

(r-pre-error)

JLKlp 6|= (pn1 t̂)

(L pn1 pn2)> t̂ �! InteropErrorPre

(r-exec)

JLKlp |= (t̂ �! t̂0)

(L pre post)> t̂ �! (L pre post)> t̂0

(r-exec)

JLKlp |= (prg �! prg0)

(L pre post)> prg �! (L pre post)> prg0

(r-exec-success)

grammar(L) = G v )⇤
G t̂ JLKlp |= (post t̂)

(L pre post)> t̂ �! Val t̂ in L
X 2 {T,U}

(r-exec-post-error)

grammar(L) = G v )⇤
G t JLKlp 6|= (pn2 t̂)

(L pn1 pn2)> t̂ �! InteropErrorPost
X 2 {T,U}

(r-switch)

JLKlp |= t̂1 = E[(e pn3 pn4)> t̂01] (e pn3 pn4)> (conf t̂01 t2 . . . tn) �! e0

config-split(e0) = (t001 , t
0
2 . . . t0n)

(L pn1 pn2)> (conf t̂1 t2 . . . tn) �! (L pn1 pn2)> (conf E[t001 ] t
0
2 . . . t0n)

X 2 {T,U}

(r-switch-error)

JLKlp |= t̂1 = E[(e pn3 pn4)> t̂01]

(e pn3 pn4)> (conf t̂01 t2 . . . tn) �! err

(L pn1 pn2)> (conf t̂1 t2 . . . tn) �! err
X 2 {T,U}

(r-union)

L1 union L2 �! L1 [snx L2

(ctx)

e �! e0

E[e] �! E[e0]

(ctx-err)

E[er] �! er

Fig. 2. Reduction Semantics of �L
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Context E ::= E e | v E | (E pn 1 pn 2 )> öt | E union e | v union E | E [L ] X ! {T , U }

e "# e

(r-beta)

! x : " .e v "# e[v/ x]

(r-lang-pass)

! (# < : L 1 ) .e [L 2 ] "# e[L 2 / # ]

(r-pre-success)
! L "lp |= (pn 1 öt)

( L pn 1 pn 2 )> öt "# ( L pn 1 pn 2 )> öt

(r-pre-error)
! L "lp $|= (pn 1 öt)

( L pn 1 pn 2 )> öt "# InteropErrorPre

(r-exec)
! L "lp |= (öt !" öt ! )

( L pre post )> öt "# ( L pre post )> öt !

(r-exec)
! L "lp |= (prg !" prg ! )

( L pre post )> prg "# ( L pre post )> prg !

(r-exec-success)
grammar(L ) = G v % !

G prg !L "lp |= (post prg)

( L pre post )> prg "# Val prg in L

(r-exec-success)
grammar(L ) = G v % !

G öt ! L "lp |= (post öt)

( L pre post )> öt "# Val öt in L

(r-exec-post-error)
grammar(L ) = G v % !

G t ! L "lp $|= (pn 2 öt)

( L pn 1 pn 2 )> öt "# InteropErrorPost
X ! {T , U }

(r-switch)
! L "lp |= öt 1 = E[ ( e pn 3 pn 4 )> öt !

1 ] ( e pn 3 pn 4 )> (conf öt !
1 t 2 . . . t n ) "# e!

config-split (e!
) = (t !!

1 , t !
2 . . . t !

n )

( L pn 1 pn 2 )> (conf öt 1 t 2 . . . t n ) "# ( L pn 1 pn 2 )> (conf E[ t !!
1 ] t !

2 . . . t !
n )

X ! {T , U }

(r-switch-error)
! L "lp |= öt 1 = E[ ( e pn 3 pn 4 )> öt !

1 ]
( e pn 3 pn 4 )> (conf öt !

1 t 2 . . . t n ) "# err

( L pn 1 pn 2 )> (conf öt 1 t 2 . . . t n ) "# err
X ! {T , U }

(r-union)

L 1 union L 2 "# L 1 &snx L 2

(ctx)
e "# e!

E[e] "# E[e!
]

(ctx-err)

E[er] "# er

Fig. 2. Reduction Semantics of ! L
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Abstract. We present �L, a statically typed lambda-calculus with lan-
guages as first-class citizens. In �L, not only languages can be defined and
used to execute programs, they also can be bound to variables, passed
to functions, and returned by functions, among other operations. More-
over, code of di↵erent languages can safely interact thanks to pre- and
post-conditions that are checked at run-time.
We provide a type system and an operational semantics for �L. We
observe that Milner’s type safety is too strong a property in this context,
as programmers may intentionally execute unsafe languages. We then
identify a type safety theorem that is specific to the domain of multi-
language programming, and we prove that �L satisfies this theorem.

1 Introduction

Di↵erent parts of a programming solution should be written with di↵erent pro-
gramming languages. Accordingly, software has been increasingly written com-
bining multiple programming languages, and a number of systems have been
created to support multi-language programming, which fall under the umbrella
name of language workbenches [12]. These are sophisticated software tools that
empower programmers to define their own languages, and assist them in most
aspect of language development and composition.

One of the major questions that arise when designing a language workbench
is: What is the status that languages have within the system? In most language
workbenches, languages have an ad-hoc treatment, programmers define them in
a separate part of the system and they are composed with specific directives in
another part of the system [2, 14, 13]. Racket [10], SugarJ [8] and SugarHaskell
[9], instead, make an attempt to a seamless integration of languages into a host
programming language. In this approach languages are macro-expanded into a
plain functional programming language in Racket, into plain Java in SugarJ, and
into plain Haskell in SugarHaskell.

Cimini has presented a vision paper that proposes an approach based on
languages as first-class citizens, implemented in the lang-n-play programming
language [5]. In this approach, language definitions (operational semantics de-
scriptions) are part of a general-purpose programming language with the same
status as any other expressions. Languages are elevated to be run-time values
and can be bound to variables, passed to functions, returned by functions, in-
serted in lists, and so on. These are features that are not available in Racket,

Problem: Milner’s safety is too strong:  Can programs go wrong? YES   

STUCK!

Well-typed multi-language programs can only go wrong 
on programmer-defined languages

Refined Safety Theorem:

Language designers may intentionally use an unsafe language

(addEfficientAccess listsLang)> elementAt 5 [0 ; 1]

Matteo Cimini.  A Calculus for Multi-language Operational Semantics.  VSTTE 2021. 
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context and cannot take a step. Hence, the use ofE[( L pn 1 pn 2)> U öt ] in the
theorem.

Theorem 2 (Subject Reduction). if ! ! e : ! and e "# e! then ! ! e! : !

Theorem 3 (Type Safety). if ! ! e : ! and e "# ! e! then

Ð e! = v, for some valuev, or
Ð e! = err, for some error err, or
Ð e! "# e!! , or
Ð e! = E[( L pn 1 pn 2)> U öt ] and ( L pn 1 pn 2)> U öt $"# .

The proofs of Theorem 1, 2 and 3 can be found in the appendix [7].

5 Limitations and Future Work

! L programs can deÞne languages through operational semantics, which is an
e! ective approach to the semantics of languages.! L comes with some restric-
tions, however. The shape of typing relations must be such to have one output
of type kind. Some languages with e! ects or typestate, however, have typing
relations that return multiple outputs. Also, ! L imposes conÞgurations to be
formed with one expression that is evaluated and a state which cannot be eval-
uated. Depending on the language at hand, this may represent an inconvenience
for language designers. In the future, we plan to relax these restrictions.

Our type system does not prevent language designers from writing unsafe
languages. In the future, we plan to integrate approaches to language analysis
such as [22, 19], which aim at statically determining whether a language deÞni-
tion is sound. Similarly, programmers are responsible to write meaningful pre-
and post-conditions. The wrong checks may have programs get stuck anyway.

We would like to develop a type system for! L that guarantees the interop-
erability safety of di ! erent code. Work in that direction such as . However, such
work targets the interoperability , and it seems a to generalize such techniques
to any language deÞnable by programmers.

The union of languages is merely syntactical, and programmers are respon-
sible for making sure that two sets of rules work well when merged. As! L is
meant to be a simple calculus, we have formalized a raw union operation. In
the future, we would like to explore more sophisticated union mechanisms that
also work for languages with di! erent shape of typing relations, or that adopt
di! erent variable handling styles such as substitution vs environment.

! L handles a simple form of variable binding that is unary binding [4]. In
future, we would like to extend ! L with more sophisticated binding speciÞcation
tools such as scopes as types [1] or nominal techniques.
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4 Meta-Theory

MilnerÕs type safety is too strong a property in the context of! L because it does
not take into account that programmer-deÞned languages can be unsafe, either
by mistake or by design. For example, a language designer may intentionally
omit run-time checking on out-of-bounds accesses on arrays, so to run code more
e! ciently. Providing a bad array index, then, causes the program to simply not
Þnd any reduction rule to apply. The program is then stuck in the middle of a
computation, and is not a value, hence type safety is jeopardized.

Therefore, MilnerÕs type safety simply does not hold for! L and we cannot
use it to test whether ! L is well-designed. We therefore prove a weaker type
safety theorem that says that:

Multi-language programs can only go wrong on programmer-deÞned languages.

We have proved that ! L satisÞes this theorem using the standard syntactic
approach of Wright and Felleisen. This approach is based on the progress theorem
(all behavior is speciÞed), and the subject reduction theorem (all reductions are
type preserving).

Theorem 1 (Progress Theorem). if ! ! e : ! then

Ð e = v, for some valuev, or
Ð e "# e! Ð or
Ð e! = E[( L pre post )> prg ] and ( L pre post )> prg $"#

, with X %{ T , U }

Since we have a small-step semantics formulation, the expression may be
stuck because there is a nested subexpression that is in the focus of the evaluation
context and cannot take a step. Hence, the use ofE[( L pn 1 pn 2)> öt ] in the
theorem.

Theorem 2 (Subject Reduction). if ! ! e : ! and e "# e! then ! ! e! : !

Theorem 3 (Type Safety). if ! ! e : ! and e "# ! e! then

Ð e! = v, for some valuev, or
Ð e! "# e!! , or
Ð e = E[( L pn 1 pn 2)> öt ] and ( L pn 1 pn 2)> öt $"#

The proofs of Theorem 1, 2 and 3 can be found in the appendix [?].

5 Limitations and Future Work

! L programs can deÞne languages through operational semantics, which is an
e" ective approach to the semantics of languages.! L comes with some restric-
tions, however. The shape of typing relations must be such to have one output
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3 typeOf nil ( l ist T) ;
4 typeOf ( cons E1 E2) ( l ist T) : - typeOf E1 T,
5 typeOf E2 ( l ist T) ;
6 typeOf ( elementAt E1 E2) T :- typeOf E1 int ,
7 typeOf E2 ( l ist T) ;
8 step ( elementAt zero ( cons V1 V2)) V1 :- value V1 ,
9 value V2 ;

10 step ( elementAt ( succ V) ( cons V1 V2)) ( elementAt V V2)
11 :- value V1 , value V2 ;
12 value nil ;
13 value (cons V1 V2) :- value V1 , value V2 ;
14 step ( elementAt E1 E2) ( elementAt E1 Õ E2) :- step E1 E1 Õ ;
15 step ( elementAt V1 E2) ( elementAt V1 E2 Õ) :- step E2 E2 Õ ;
16 ... the rest of contextual reduction rules ...
17 ]

This is our run-time representation for languages. Notice that since we need
only the reduction rules to execute programs we compile inference rules only
(not grammar), with the exception of values and evaluation contexts, which are
turned into rules.

We shall refer to the list of elements at lines 3-16 aslistsInLP .

5 Operations on Languages

lang-n-play provides a handful of operations on language deÞnitions. Below
we discuss the following operations: let-binding, union of languages, functions
on languages, and removal of rules.

Let-Binding lang-n-play can bind a language deÞnition to a variable in typical
ML-style, as in

let l ists = {!
... listLines ...

!} in l ists

Therefore, our interpreter includes a let-operation and its reduction seman-
tics.

type letLO expLO -> ( expLO -> expLO ) -> expLO .
stepLO ( letLO V R) (R V) :- valueLO V.

The code above is then compiled to

letLO ( language [ listsInLP ]) ( l ists \ l ists )

which reduces to(language [ listsInLP ]) in one step. (This example
also shows that languages can be the result of computations.)

4 M. Cimini

type app expression -> expression -> expression .

step (app (abs R) V) (R V) :- value V.

The argument ofabs is an abstraction from an expression to an expression. To
model the identity function we write ( abs x\ x), where the highlighted part of
this term points out the syntax used by ! Prolog for writing HOAS abstractions.
In the beta-reduction rule above we have thatR is an abstraction and therefore
we can use it with a HOAS application (R V) to produce a term. ! Prolog takes
care of performing the substitution for us.

Hypothetical Reasoning! Prolog also extends Prolog with hypothetical reasoning
[24] (i.e. deriving implicative goals [15]). To appreciate this feature consider the
following logic program.

flyTo london nyc .
f lyTo chicago port land .
connected X X.
connected X Z :- f lyTo X Y, connected Y Z.

The city london and portland are not connected. However, in! Prolog we can
write the formula:

connected nyc chicago => connected london port land

This formula asks: ÒWerenyc connected to chicago , would london be con-
nected to portland ?Ó. At run-time the query connected london portland is inter-
rogated in the logic program in which the fact connected nyc chicago is added.

3 Basic Overview of Lang-n-Play

lang-n-play is a functional language-oriented programming language [7]. Pro-
grammers can deÞne their own languages and use them to execute programs.
lang-n-play is implemented partly in OCaml and partly in ! Prolog. Precisely,
the following is the architecture of lang-n-play .

Programs are parsed and type checked in OCaml. These two aspects are not
discussed in the paper because they do not play a role in our message about the
e! ectiveness of higher-order logic programming.

Next, lang-n-play programs are compiled into ! Prolog. The interpreter
of lang-n-play programs is a ! Prolog logic program. Our OCaml compila-
tion produces the ! Prolog term that represents the lang-n-play program, and

?

Languages are translated into HOLP

Then, simply ask:

Implementation aspects

�<

�>
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This program reduces theletLO operation in one step and we obtain

( appLO
( absLO mylan \ unionLO mylan

( language [
step ( elementAt ( succ V) nil ) myError : - value V

])
( language [... listsInLP ...]) ) )

In turn, this program reduces in one step to

unionLO
( language [... listsInLP ...]) ) )
( language [

step ( elementAt ( succ V) nil ) myError : - value V
])

which produces the expected language in one step.

6 Executing Programs and Language Switch

Of course, languages can be used to execute programs. The code below shows
the lang-n-play expression to do so. (For readability, we use standard notation
for numbers and lists rather than sequences ofsucc and cons).

{! ... listsLines ... !}> elementAt 1 [1 ,2 ,3]

We call this type of expressionprogram execution and is of the form lan-
guage>program. The program above returns a value together with the language
with which it has been computed:

Value = 2 in { ! listsLines ! } .
Our interpreter includes the operation for executing programs and its reduc-

tion semantics.

type execLO expLO -> program -> expLO .

stepLO ( execLO ( language Language ) Prg )
( execLO ( language Language ) Prg Õ)
:- ( Language => (step Prg Prg Õ)) .

In the declaration at the top, program is the kind for programs. Intuitively,
elements ofprogram are S-expressions, i.e. a top-level operator followed by a
series of arguments, which, too, can be programs. Notice that the language ar-
gument of execLO(Þrst argument) is an expression. Although above we have
explicitly written the language to be used, that component can be an expression
that evaluates to a language, for example as in

lists > elementAt 1 [1 ,2 ,3] , or
( addSafeAccess lists )> elementAt 1 [1 ,2 ,3]

The reduction rule for execLO deserves some words. The key idea is that
we use hypothetical reasoning. In Section?? we have seen that we can use this



Implicational Queries in HOLP

connected nyc seattle.

connected chicago atlanta.

connected atlanta denver.


:- connected nyc chicago => connected nyc denver.


connected nyc seattle.

connected chicago atlanta.

connected atlanta denver.

connected nyc chicago.


:- connected nyc denver.

becomes



step (elementAt zero (cons V1 V2)) V1 :- value V1.  

step (elementAt (succ V ) (cons V1 V2)) (elementAt V V2) :-        

                                                     value V, value V1, value V2.


:-                                         => step Prg Prg’.


step (elementAt zero (cons V1 V2)) V1 :- value V1.  

step (elementAt (succ V ) (cons V1 V2)) (elementAt V V2) :-        

                                                     value V, value V1, value V2.

step (if true E1 E2) E1.  

step (if false E1 E2) E2.  

:- step Prg Prg’.

step (if true E1 E2) E1.  

step (if false E1 E2) E2.  


becomes
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LANG-n-PLAY: 

A Functional Language with 

Languages as First-Class Citizens
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