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Abstract A language module is the collection of language constructs whose concepts and
operations are closely related. This paper demonstrates how to use action semantics to define and
extend language modules. We first define a language module for an expression language core, and then
language modules for bindings, block structures, parameters, and higher-order expressions. Finally, we
show that the language modules can be combined, if there is no violation of uniformity and

orthogonality, to become a more complex language module.
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module: ExpCore/Action Semantics.

includes: ExpCore/Abstract Syntax,
ExpCore/Semantic Functions,
ExpCore/Semantic Entities.

endmodule: ExpCore/Action Semantics.
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module: ExpCore/Abstract Syntax.

grammar:
(*) Expr = Num
| [ Expr "+" Expr 1]
| [T Expr "=" Expr ]]
| {[ "not" Expr 1]
| [[ "if* Expr “then" Expr "else" Expr ]]
| L0 "C" Expr )" 1]
(*) Num = [[ digit+ 1].
endgrammar.

endmodule: ExpCore/Abstract Syntax.
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module: ExpCore/Semantic Functions.
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needs: ExpCore/Abstract Syntax,
ExpCore/Semantic Entities.
introduces: evaluate _.
variables: N:Num; E,E1,E2,E3:Expr;
(*) evaluate _ 1. Expr -> action{giving a value].
[1:] evaluate N = give decimal string-of-characters N.
[2:] evaluate [[ E1 "+" E2 ]] =
(evaluate E1 and evaluate E2)
then give the sum of (the given number#1,
the given number#2).
{3:] evaluate [[ E1 "="E2 ]] =
(evaluate E1 and evaluate E2)
then give (the given number#1 is
the given number#2).
[4:] evaluate [[ "not" E ]] =
evaluate E then
give not the given truth-value.
[5:] evaluate [[ "if* E1 "then" E2 "else" E3 ]] =
evaluate E1 then
( (check the given truth-value
and then evaluate E2)
or
(check not the given truth-value
and then evaluate E3) ).
[6:] evaluate [[ "(" E ")" }] = evaluate E.
endmodule: ExpCore/Semantic Functions.
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module: ExpCore/Semantic Entities.
includes: Data Notation.
introduces: value.
(*) value = number | truth-value.
(*) number =< integer.
endmodule: ExpCore/Semantic Entities.
9] ®EJA includes: Data NotationS Peter
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FA3 939 wzd 72 T £3HA gv
Rzl s Z2age B 0)5S B4 £+ AU
[11]. &, ExpCore2] T2 %1Q] Expro]] &3 B2
EE o]E& RAY & gtk To| ok TR 0§
S Roshs BA4L vl (binding)olgkx 39, Higl
%’ 3t 87 AAYA Evh Rod ol FF

o &3 A & Atk BEL w9 FHFE
RE¢l ExpBind= ofefle} o] AHojHct uidd FEL
A ?_'](declaratlon)Ol 2l e AEE FE =99¢  Dedl

| 2ol FETh lene ©]FE WEIE MEE TE
EDﬂ‘ﬂOlD}.
module: ExpBind/Abstract Syntax.
grammar:
(*) Decl = [[ "val" Iden "=" Expr 1]

| [[ Dect"," Decl }1].
(*) Expr = Iden.
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(*) Iden = [[ letter (letter | digit)* 1]
endgrammar.

endmodule: ExpBind/Abstract Syntax.

o B orlE XN dal Brik=vel ©
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2l ¥IY: eager binding), I °l&& &% Fo
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£ et 2ol oY # AUk

module: ExpBindEager/Semantic Functions.

needs: ExpBind/Abstract Syntax,
ExpBindEager/Semantic Entities.

introduces: elaborate

variables: l:lden; E:Expr; D1,D2:Deci;

(*) elaborate _

[7:] elaborate [[ "val' | "=" E ]] =

evaluate E then bind 1 to the given number.
[8:] elaborate {[ D1 "" D2 ]] =

elaborate D1 and elaborate D2.

_, evaluate _

:: Decl -> action[producing bindings].

(*) evaluate _ :: Expr -> action[giving a value]
[using current bindings].

[9:] evaluate | = give the number bound to I.

endmodule: ExpBindEager/Semantic Functions.
olu] 3} elaborater= Declol] ¢ =28 Eg& 1}
AEe YAt deoz dgITh ujy (7]
H 34 HiRIgY EAE olEel uiI¥HI A
Brhdoh (HF2Q W), oY Ryt S #$e
bindableo]z}1 3] ma FE3IEH, otde] uldE
El 55 ExpBindEagero]|A]¥ number %o} bindables #
oHo] Yk F, truthvaluex o|FL Y F give
wom A1 1819) AT anaoh Y ol8<)
= }‘d%‘e How 44Y ¥ Agd
dg s usE £ AW B A8
Bzl 3 olgd] Bl=d @
ujolE]E] REA token¥} bindable

o

module: ExpBindEager/Semantic Entities.
includes: Data Notation, ExpCore/Semantic Entities.
introduces; bindable, token.
(*) bindable = number.
(*) token = string.

endmodule: ExpBindEager/Semantic Entities.
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module: ExpBindLazy/Semantic Functions.

needs: ExpBind/Abstract Syntax,
ExpBindLazy/Semantic Entities.

introduces: elaborate _, evaluate _.

variables: l:lden; E:Expr; D1,D2:Decl;

(*) elaborate _ :: Decl -> action[producing bindings].

[10:] elaborate [[ "val" | "=" E ]] =

bind | to the abstraction of evaluate E.
[11:] elaborate [[ D1 "" D2 ]] =
elaborate D1 and elaborate D2.
(*) evaluate _ :: Expr -> action{giving a value]
[using current bindings].

[12:] evaluate | = enact the abstraction bound to |

endmodule: ExpBindlLazy/Semantic Functions.

AE dAolgt & W, AE=} abstraction of AL A
& &35 49 (abstraction) & AHE3FITE FA4)
& 2= = YHL enact WA 2J3le] B35}
Holop Hig A Rt o4 (1007 [12:]9) &5hd,
294 Ex HriERA g2 A e o) 1o ul
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ExpBindLazyol| 4} bindable Zk-S abstraction© 2 A @t}

module: ExpBindLazy/Semantic Entities.

includes: Data Notation, ExpCore/Semantic Entities.
introduces: bindable, token.
(*) bindable = abstraction.
(*) token = string.
endmodule: ExpBindlazy/Semantic Entities.
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module: ExpBlock/Abstract Syntax.

grammar;
(*) Expr = [[ "let" Decl "in" Expr "end" }].
(*) Decl

endgrammar.
endmodule: ExpBlock/Abstract Syntax.
module: ExpBlock/Semantic Functions.
needs: ExpBlock/Abstract Syntax,
(ExpBindEager|ExpBindLazy)/Semantic Entities.
introduces: evaluate _.
variables: D:Decl; E:Expr;
(*) evaluate _ :: Expr -> action[giving a value]
[using current bindings].
[13:] evaluate [[ "let" D "in" E "end" ]] =
furthermore elaborate D hence evaluate E.
endmodule: ExpBlock/Semantic Functions.
2w d) [13:]o)| A furthermore elaborate D= & ujQl
J& elaborate D7} AHT uRRIger Yo ALtk
hence AR 2 Hol HAA uvlRIYE evaluate EE
@it ol dwER]l B8 3z ovlet AT o
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. oojd JFAANHE HEY AJYAE et BF9
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A7 Aok 9w (1003 (1205 AFERE, &2}
the abstraction of evaluate Ev= evaluate E9FE ¥ &3}
FENes A3, vAEE F A TFHAIIA
etk g7y, #dsistke 44
bound to 1§ T A= ulAFE AF3A e} w
gA, FHolEA FHoEA HFEATAHE FHE3)
AaA =l e AFSFE closure YV AtER7L gl
% (4714 Y= AEAE Jebd. cosure YE Y9
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enact the abstraction
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module: ExpBindLazyScopeStatic/Semantic Functions.
needs: ExpBind/Abstract Syntax,
ExpBindLazy/Semantic Entities.
introduces: elaborate _, evaluate _
variables: l:lden; E:Expr;
(*) elaborate _

[14:] elaborate [{ "val' | "=" E 1] =

.. Decl -> action[producing bindings].

bind | to the closure abstraction of evaluate E.
[15:] elaborate [[ D1 """ D2 ]] =
elaborate D1 and elaborate D2.
(*) evaluate _ . Expr -> action[giving a value]
[using current bindings].
[16:] evaluate | = enact the abstraction bound to I.
endmodule: ExpBindLazyScopeStatic/Semantic Functions.
omal [14:]9]4] A+EA the closure abstraction of
evaluate EX U4 evaluate E9} I A9 uilde X
ke FAAEE &3 AW (169 enact the
abstraction bound to 1 AL 1o wii= @ FIPEE
gaslsled, o o FREHE Qe FYHEd &
Qe HEe AFTverh F, gL AT BA9
uIg g AHE-gich
4.2 SHAYAYZAHY 90|
FH9924 Py AHEshe 253U 284 b
3g Aste g BEL 5T o] Fojdrt
module: ExpBindLazyScopeDynamic/Semantic Functions.
needs: ExpBind/Abstract Syntax,
ExpBindLazy/Semantic Entities.
introduces: elaborate _, evaluate _
variables: l:lden; E:Expr;
(*) elaborate
[17:] elaborate [[ "val' | "=" E ]] =
bind | to the abstraction of evaluate E.
[18:) etaborate {[ D1 "" D2 ]] =
elaborate D1 and elaborate D2.

_ = Dect -> action[producing bindings].

(*) evaluate _ :: Expr -> action{giving a value]
[using current bindings].
[19:] evaluate | =
enact the closure abstraction bound to |.
endmodule: ExpBindLazyScopeDynamic/
Semantic Functions.
v (1714 BE, o BRl=sE #430ede 2
FA 9 Hge EFAFNA geth 2uld [19]4dA
2+& 2} the closure abstraction bound to I19]|A] 19 ®IQI=

B Fgelt 2 YA uRIge TP, 84
B9e ZgE NS Jbn A4e SU0T %
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module: ExpParam/Abstract Syntax.

grammar:
(*) Decl = [[ "fun" Iden "(" Iden ")" "=" Expr ]].

(*) Expr = [[ Iden "(" Expr ")" 1]
| Iden.
endgrammar.

endmodule: ExpParam/Abstract Syntax.

geulelg 3 52¢ s A A e
FE AA Fris=ke] wheta «l“ 17t getd 4+ 3
. o] AHAME F3Z(call-by-value)dt olEEZ
(call-by-name) te AP ofu|Fzxd i)
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module: ExpParamCBV/Semantic Functions.
needs: ExpParam/Abstract Syntax,
ExpBindEager/Semantic Entities.
introduces: elaborate _, evaluate _.
variables: |,11,12:1den; E:Expr;
(*) elaborate _ :: Decl -> action[producing bindings].
[20:] elaborate [{ "fun" 11 "(" 12 ") "="E ]] =
bind I1 to the closure abstraction of
(furthermore bind i2 to the given number
hence evaluate E).
(*) evaluate _ :: Expr -> action[giving a value]
[using current bindings].
[21:] evaluate [[ | "(" E )" 1] =
{(give the abstraction bound to |
and

evaluate E)



908 ARARI =R AZEY
then

enact the application of the given abstraction#1

to the given number#2.

[22:] evaluate | = give the number bound to I.

endmodule: ExpParamCBV/Semantic Functions.

oul2) oo oJahd, "Foid 8 FAveY i
o mel=stn, 1 uRIgE we ulge] Holxe
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(201 BE AFHF9dy 73] A4S ¢ + A
T}. ExpBindEager®] 9JV|QlE]E] R Eo] IiE AR
RAe BA, A54 vig#d gig gy 28 W4
o] grido g FARItH: AMIE & 4 Utk

5.2 0|83& ma2io|e Mgt

o185E detue HAG PN 52F EAA
AHE wi7kA QFe Wyl dArigch F, HrbEA|
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7t €R<14 FxE deic B gugs REe
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module: ExpParamCBN/Semantic Functions.

needs: ExpParam/Abstract Syntax,
ExpBindLazy/Semantic Entities.

introduces: elaborate _, evaluate _.

variables: |,11,12:\den; E:Expr;
(*) elaborate _ :: Decl -> action[producing bindings].
[23:] elaborate [[ "fun" I1 "(" 12 "' "="E ]] =
bind I1 to the closure abstraction of
(furthermore
bind 12 to the given abstraction
hence evaluate E).
(*) evaluate _ :: Expr -> action[giving a value]
[using current bindings].
[24:] evaluate [[ 1 "("E ")" 1] =
enact the application
of the abstraction bound to |
to the closure abstraction of evaluate E.
[25.] evaluate | = enact the abstraction bound to 1.
endmodule: ExpParamCBN/Semantic Functions.
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module: ExpParamCBVRec/Semantic Functions.
needs: ExpParam/Abstract Syntax,
ExpBindEager/Semantic Entities.
introduces: elaborate _, evaluate _.
variables: 1,11,12:lden; E:Expr;
(*) elaborate _ :: Decl -> action[producing bindings].
[26:] elaborate [[ “fun" I1 "(" 12 ") "="E ]] =
recursively bind [1 to
the closure abstraction of
(furthermore bind i2 to the given number
hence evaluate E).
(*) evaluate _ :: Expr -> action[giving a value]
[using current bindings].
[27:] evaluate [[ | "("E ")" ]] =
(give the abstraction bound to |
and
evaluate E)
then
enact the application of the given abstraction#1
to the given number#2.
[28:] evaluate | = give the number bound to .

endmodule: ExpParamCBVRec/Semantic Functions,
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module: FirstOrderEagerFunctional/Action Semantics.
includes: ExpCore/Action Semantics,
ExpBind/Abstract Syntax,
ExpBlock/Abstract Syntax,
ExpParam/Abstract Syntax,
ExpBindEager/Semantic Function,
ExpBlock/Semantic Function,
ExpParamCBVRec/Semantic Function,
ExpBindEager/Semantic Entities.
endmodule: FirstOrderEagerFunctional/Action Semantics.
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module: FirstOrderLazyFunctional/Action Semantics.
includes: ExpCore/Abstract Syntax,
ExpBind/Abstract Syntax,
ExpBlock/Abstract Syntax,
ExpParam/Abstract Syntax,
ExpCore/Semantic Function,
ExpBindLazyScopeStatic/Semantic Function,
ExpBlock/Semantic Function,
ExpParamCBN/Semantic Function,
ExpBindLazy/Semantic Entities.
endmodule: FirstOrderLazyFunctional/Action Semantics.
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module: BadFunctional/Action Semantics.
includes: ExpCore/Action Semantics,

ExpBind/Abstract Syntax,
ExpBlock/Abstract Syntax,
ExpParam/Abstract Syntax,
ExpBindEager/Semantic Function,
ExpBlock/Semantic Function,
ExpParamCBN/Semantic Function,
ExpBindEager/Semantic Entities,
ExpBindLazy/Semantic Entities.

endmodule: BadFunctional/Action Semantics.
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[9:] evaluate | = give the number bound to I.

[25:] evaluate | = enact the abstraction bound to

of £ A& @3 tas] WEd o ¥ 4% o &
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evaluate | = give the number bound to I.

or
enact the abstraction bound to I.
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module: LambdaCalculus/Abstract Syntax.

value)Eg

grammar:

(*) Expr = [[ "lam" "(" Iden ")* "=>" Expr 1]
| [[ Expr Expr 1]
| Iden.
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(*) Iden = [{ lefter (letter | digit)* 1]
endgrammar.
endmodule: LambdaCalculus/Abstract Syntax.
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module: LambdaCalculusCBN/Semantic Functions.
needs: LambdaCalculus/Abstract Syntax.
LambdaCalculusCBN/Semantic Entities.
introduces: evaluate _.
variables: l:lden; E,E1,E2:Expr;
(*) evaluate _ :: Expr -> action[giving a value].
[29:] evaluate [[ "lam" "(" | ") "=>"E ]] =
give the closure abstraction of
(furthermore bind | to the given bindable
hence evaluate E).
[30:]} evaluate [[ E1 E2 ]] =
evaluate E1 then
enact the application of the given abstraction
to the closure abstraction of evaluate E2.
[31:] evaluate | =‘enact the bindable bound to I.
endmodule: LambdaCalculusCBN/Semantic Functions.
guly [2g]9X B 4 IRl P9 ujE QMR
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module: LambdaCalculusCBN/Semantic Entities.
includes: Data Notation,
ExpBindLazy/Semantic Entities.
introduces: value.
(*) value = ... | abstraction.
endmodule: LambdaCalculusCBN/Semantic Entities.
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module: LambdaCalculusCBV/Semantic Functions.
needs: LambdaCalculus/Abstract Syntax.
LambdaCalculusCBV/Semantic Entities.
introduces: evaluate _
variables: I:lden; E,E1,E2:Expr;

(*) evaluate _ :: Expr -> action[giving a value].

| AZE] = 28 A 27 A A 8 (20008

[32:] evaluate [[ "lam" "(" 1 ") "=>"E ]] =
give the closure abstraction of
(furthermore bind | to the given bindable
hence evaluate E).
[33:] evaluate [[ E1 E2 ]] =
(evaluate E1 and evaluate E2) then
enact the application of the given abstraction#1
to the given bindable#2.
[34:] evaluate | = give the bindable bound to I.
endmodule: LambdaCalculusCBV/Semantic Functions.
AA SEeEe @4 3F2A ALEZ] wEe)
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module: LambdaCalculusCBV/Semantic Entities.
includes: Data Notation,
ExpBindEager/Semantic Entities.
infroduces: value, bindable.
(*) value = ... | abstraction.
(*) bindable = ...
endmodule: LambdaCalculusCBV/Semantic Entities.
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module: HigherOrderEagerFunctional/Action Semantics.

| abstraction.

includes: FirstOrderEagerFunctional/Action Semantics,
LambdaCalculus/Abstract Syntax,
L.ambdaCalculusCBV/Semantic Function,
LambdaCalculusCBV/Semantic Entities.
endmodule: HigherOrderEagerFunctional/Action Semantics.
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[9:] evaluate | = give the number bound to .

el hoox kg

[28:] evaluate | = give the number bound to I.

[34:] evaluate | = give the bindable bound to .
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module: LazyFunctional/Action Semantics.
includes: FirstOrderLazyFunctional/Action Semantics,
LambdaCalculus/Abstract Syntax,
LambdaCalculusCBN/Semantic Function,
LambdaCalculusCBN/Semantic Entities.

endmodule: LazyFunctional/Action Semantics.
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