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DEIE=e|d

(Modular programming)
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=2IMo 2 0|}
BEHE e[ HE K 7X| 25 0]
DE THAHE:

2011-01-10 ROSAEC Center Workshop @ £¢Y 3



2011-01-10 ROSAEC Center Workshop @ £ 4



T2 27 YL OtA| A SFH =l L|LCF.

2011-01-10 ROSAEC Center Workshop @ £¢Y 5



ZEAREHL .
A| 2= o 7| 7HR| YL},




— |
T2 8 o10] XHA0A K| L

M| X|et mf2{Ct
DE A2HE

2011-01-10 ROSAEC Center Workshop @ £

|

N
T

i

=2

o



D =0|2k?

(What is a module?)

A E 21 (Structures or modules)

Al 4N (Sighatures)

T EFR (Abstract types)

=M™ 2= (Nested modules)

H

= 2t== (functors)
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(What is a recursive module?)

SA0| &= x5t MELHE 25

refers to

i\

refers to

[[t= AL (Separate compilation)

2011-01-10 ROSAEC Center Workshop @ £¢Y 9



2011-01-10 ROSAEC Center Workshop @ £¢Y 10



A5
(Motivation)

2011-01-10 ROSAEC Center Workshop @ £¢Y 11



A5
(Motivation)

2011-01-10 ROSAEC Center Workshop @ £¢Y 12



HAS

Y
-
0
)
(O
2
afd
O
=

~

Al =

=
=

ol

jold
<K

13

ROSAEC Center Workshop @ £Y

2011-01-10



Folel 58

(Our goals)
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(Tree-Forest recursive modules)

module rec Tree : sig and Forest : sig
typet type t
val max : t-> int val max : t -> int
val mk_tree : Forest.t -> t val combine : Tree.t -> Tree.t -> Tree.t
end = struct end = struct
type t = Leaf of int type t = Tree.t list
| Node of int * Forest.t let rec max x = match x with
let max x = match x with | []1->0
| Leaf i -> i | hd :: tl ->
| Node (i, f) -> let i = Tree.max hd in
let j = Forest.max f in let j = max tl in
if i > jtheni else j if i > jtheni else j
let mk_tree x = let combine x y = Tree.mk_tree [X; Y]
let i = Forest.max x in Node(i, x) end
end

2011-01-10 ROSAEC Center Workshop @ £¢Y 17
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(Double vision problem)

module rec Tree : sig
type t
val max : t -> int
val mk_tree : Forest.t -> t
end = struct
type t = Leaf of int
| Node of int * Forest.t
let max x = match x with
| Leaf i -> i
| Node (i, f) ->
let j = Forest.max f in
if i > jtheni else j
let mk_tree x =
let i = Forest.max x in Node(i, x)

end

2011-01-10 ROSAEC Center Workshop @ £

and Forest : sig
type t
val max : t -> int
val combine : Tree.t -> Tree.t -> Tree.t
end = struct
type t = Tree.t list
let rec max x = match x with
| [1->0
Lhd :: tl->
let:i = Tree.max hd in
let j ="max tl in
if i > jtheni else j
let combine x y = Tree.mk_tree [x; V]
end

18



SA| = H|

(Double vision problem)

module rec Tree : sig and Forest : sig
typet type t
val max : t-> int val max : t -> int
val mk_tree : Forest.t -> t val combine : Tree.t -> Tree.t -> Tree.t
end = struct end = struct
type t = Leaf of int type t = Tree.t list
| Node of int * Forest.t let rec max x = match x with
let max x = match x with | []->0
| Leaf i -> i | hd :: tl ->
| Node (i, f) -> let i = Tree.max hd in
let j = Forest.max f in let j = max tl in
if i > jtheni else j if i > jtheni else j
let mk_tree x = let combine x y = Tree.mk_tree [x; V]
let i = Forest.max x in Node(i, x) end
end
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(Double vision problem)

module rec Tree : sig
typet
val max : t -> int
val mk_tree : Forest.t -> t
end = struct
type t = Leaf of int
| Node of int * Forest.t
let max x = match x with
| Leaf i -> i
| Node (i, f) ->
let j = Forest.max f in
if i > jtheni else j
let mk_tree x =
let i = Forest.max x in Node(i, x)

end

2011-01-10 ROSAEC Center Workshop @ £

and Forest : sig
type t
valmax : t -> int
val combine : Tree.t -> Tree.t -> Tree.t
end = struct
type t = Tree.t list
let rec max x = match x with
| [1->0
Lhd :: tl->
let:i = Tree.max hd in
let j ="max tl in
if i > jtheni else j
let combine x y = Tree.mk_tree [x; y]
end

20
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(Our solution to double vision)
o A CEA| 227

QIEO|A A= 0lF — LHEONAM A= O|F
Forest.t —» t
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(Our solution to double vision)

module type S = rec(X)sig rec(X : S)struct
module Tree : ST module Tree = (rec(Y : ST with
module Forest : SF type t = Leaf of int
end | Node of int * X.Forest.t)struct
typet = ...
module type ST = rec(Y)sig let max x = ... T y
type t let mk_tree x = ... e
val max : Y.t -> int end : ST)
val mk_tree : X.Forest.t -> Y.t module Forest = (recSZ : SF with
end type t = X.Tree.t list)struct
typet = ...
module type SF = rec(Z)sig let rec max x = ...
type t let combine xy = X.Forest — Z
val max : Z.t -> int X.Tree.mk_tree [Xx; y]
val combine : end : SF) R
C)I(.Tree.t -> X.Tree.t -> X.Tree.t end X.Forest.t -> X.Tree.t
en
Z.t-> X.Tree.t

X.Tree.t list -> X.Tree.t

2011-01-10 ROSAEC Center Workshop @ £¢Y 22
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(Cyclic type definitions, contrived)

module rec M : sig

type t
es .
e;g]y = struct module rem

type t = N.t type ‘a stream = ‘a * ‘a X.stream
type s = Aof N.s end = struct
NN - < type ‘a stream = ‘a * ‘a X.stream
and N : sig end
type t
type s
end = struct
type t = A of M.t
type s = M.s
en

2011-01-10 ROSAEC Center Workshop @ £¢Y 24
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(Cyclic type definitions, contrived)

module rec M : sig

type t
es .
eﬁy = struct module rem

type t = N.t type ‘a stream = ‘a * ‘a X.stream
type s = Aof N.s end = struct

gﬂd N : sig type ‘a stream = 2" X="=2am
type t ens
type s

end = struct
type t = A of M.t
type s = M.s

en
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3.4  Typin
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i Operational semantics
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(Future work)
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(Double vision problem, in short)

An external name of a type (e.g., Forest.t)
IS considered as different from the internal
Implementation of the same type (e.g.,
Tree.t list) inside the module that defines
the type.

2011-01-10 ROSAEC Center Workshop @ £¢Y 31



‘ Module paths

p.g.r = X recursion variable
| p.M
Moaule expressions
m n= rec(X : S)struct d; ... d,, end recursive structure
 (m:S5) opaque sealing
| p module path
Definitions
d 2= module M =m module definition
| datatypet=c of T datatype definition
| typet =T type abbreviation
vall =e value definition
Signatures
S = rec(X)sig Dy ... D, end recursive signature
Specifications
D »= module M : S module specification
| datatypet =c of T datatype specification
| typet=T manifest type specification
| typet abstract type specification
| vall:T value specification
Programs
P = (rec(X : S)struct d; ... d, end,e)
Core types T = 1| —=m|m+sn|pt
Core expressions e == x| ()| Az :7.e| ey ea]| (e1,€2) | mi(e)|p.celcaseeof p.cx=¢|p.l
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(Typing rules, excerpted)

Module contexts r == |ILX:S
Path rewritings A = - |Ap— X
Core typing contexts Y == | X, x:T
Module expressions ApEmMm: S

'=swf I'X: bA-X}—d D; (1<i<n) ItT'A;ptrec(X)sigDy ... D,end =5

iA:p b rec(X @ S)struct dy ... d,, end:rec(X)sig Dy ... D, end 1-5TR
Definitions ApEd: D
I A m S TADEF I' =7 wf T-TypE
[;A;p = module M =m : module M:S T:A;phHtypet=7:typet =7
Core expressions NAYEe:r
rrey v T '-+rwf I'AX.o:7ke:T CTL
CAYFa:T AL-VaR LAY E():1 TR CAY A riTe:7— 7 AN

DAY eyt —7 INAJYFeyim

DAY Feres: T CT-App
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(Labeled transition system)

A type equivalence relation as the largest
weak bisimulation relation on the labeled
transition system of types

Labeled transition rules

1 ar; prd;
TAFLI—=0 TAFT — 7 X | AN e S R

I'Ep>stypet p—qgé A I'Fp>datatypet=cof 7 p—qgé¢ A

- EQ-ABs - EQ-Data
D.T 7.
AR pt 20 AR pt 2o
Silent transition rules
I'Ep=3typet = n.t is an abstract type or a datatype 1 c A
b= P . EQ-TYPE p= e k 2bf P g EQ-PATH

[CAEpt—T AR pt— gt
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(Labeled transition system)

A type equivalence relation as the largest
weak bisimulation relation on the labeled
transition system of types

Labeled transition rules

ar;
AR — 1 =7 I

I' - p > datat
EQ-ABs b L J-DATA

A F

['Fp>Stypet=rT1 EQ-TvPE p.t is an abstract type or a datatype p+— g e A
VAR pt— 71 i A Fpt—q.t

EQ-PATH
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U7

bisimulations)

For a binary relation &, we write 7187 to mean (71, 2) € S.

Definition 3.1. A binary relation § over types is a weak bisimulation under context (I, A) if and only
if, whenever I'; A = 787,
i) if A 71 — 71, then there exists 75 such that T A F m —* 7 and Iy A B 7{S79;

A I . s
ii) if I AF 7y — 71, then there exists 75 such that A F 7 —* 75 and I A F 7{S79;

i)
iii) if A F 7 — 75, then there exists 7] such that T; A+ 7 —* 7 and I'; A + 7{879;
)

. . l . [

iv) if A F 7 — 75, then there exists 71 such that I A F 7 —* 7f and I A F 7{S75.

We say that 71 and 75 are weakly bisimilar under (I', A), written I'; A F 71 &~ 7, if there exists a weak
bisimulation & such that I'; A F 7 S7s.

typet=s*s,types=t*t|-t=s
S={(t,s),(s*s, t*t), (s, t), (t*t, s *s)}is aweak
bisimulation.

t - g *g lefright g 5 t * { leftright ¢

S — t*t leftright t _, g * g leftright g
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(Operational semantics)

A light-weight small-step call-by-value operational
semantics using evaluation contexts
The evaluation of a program (m, e) begins by reducing

the given expression e with respect to the top-level
recursive structure m.

Values v O Az :1e| (vi,v2) | pcw

{} | relve]| (ke)l| (v,r) | m(k)| pecr|caserof pcax=e

FEvaluation contexts k

(Az.T:e)v —g [z v]e
mi(vi,v2)  —a v
case p.cvof gcwx=e —3 [r—0]e
mkEp>svall=e €] —3 €2 mb e —ex K#F{} o

R-PEXP R-BETA — —— R-CTX
mtpl—e m e — e m b r{er} — r{ea}
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