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for s in shapes:
s.to_svg()

1
2
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» fil: circle ™5, svg_circle = E5
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class svg_circle(circle):
def to_svg(self, ...): ...
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Features of object-oriented languages (review)

@ Polymorphism (the same code can take multiple types of
data at runtime)
» a single variable or an expression can be different types at
runtime (e.g. s below)

1
2

for s in shapes:
s.to_svg()

e Inheritance (a class can reuse existing classes)

» extend an existing class to create another
» ex. derive svg_circle from circle

1
2

class svg_circle(circle):
def to_svg(self, ...): ...

5/93



4 H D MR H

SMIME S MR E, FHRBIA T 2 FONIEKR U ZRETIEAR

W (Python)

ZHME - R EFRINRBIM T 22 IR LD & L TWD 5RE
» C++, Java, Eiffel, OCaml, ...

ZOREULKHFT2DIEE 2L DHEL W

AL EA RS EERAMED MNIEEEIE OZEIRZN, T > Tk

WG & (LR TH TR I3IE. T %

T5.

(]

6/93



Objectives of this chapter

@ neither polymorphism nor inheritance cause any problem
without static type checks (Python)

e many languages have both polymorphism/inheritance and
static type checks

» C++, Java, Eiffel, OCaml, ...
@ it’s not easy to design them correctly

@ design details are up to the designer’s taste, but there are
“things you ought not to (designs that make it unsafe).” the
goal is to understand them.
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Static type systems (review)

e the basic goal: guarantee, prior to execution, that type errors
do not happen (type safety) during execution

e central issue: for a method call expression (E.m(...)),
guarantee, prior to execution, that all data that become the
value of E have method m

e ex: guarantee s below never has data that does not have
to_svg

1 | for s in shapes:
2 s.to_svg()

e note: there are similar issues around field accesses (E. f) or
builtin operations (E+E, E[E], etc.), of course, but issues
are similar
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Static type systems (review)

@ basics:
» give each expression or variable an attribute called “static
type” and calculate it prior to execution
» determine the validity of expressions and statements based
on static types
e expressions’ validity are checked by their static types
» in F.m, E’s static type must indicate it has method m
e static types are checked wherever data flow (assignments in a
broad sense)
» function application: f(a)
» assignment: x :=a
» data update: z->f :=a
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Type safety of simple (monomorphic) static type
systems

e forget about polymorphism — type safety is easy to achieve
e cach variable or expression can have values of only a single
type at runtime
e — static type ~ dynamic type
» assignment x := a is allowed only when z and a have an
identical static type
» function applications are allowed in a similar condition (the
static type of an input parameter = the static type of the
argument expression)
e the following will be rejected (what could the static types of
s or shapes be?)

1 | shapes.append(svg_rect(...))
2 | shapes.append(svg_circle(...))
3 | for s in shapes:

4 s.to_svg()
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shapes.append(svg_rect(...))
shapes.append(svg_circle(...))
for s in shapes:

s.to_svg()
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shapes.append(svg_rect(...))
shapes.append(circle(...))
for s in shapes:

s.to_svg()
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Polymorphism and static type systems

e goals:
» polymorphism (= a single expression or a variable can take,
at runtime, values of different types)
» guarantee a (type correct or statically typed) program never
raises a type error at runtime (reject programs that could)

@ wish to allow this:

shapes = [ svg_rect(...), svg_circle(...) ]
2 | for s in shapes:
3 s.to_svg()

e should not allow this (circle does not have to_svg method)

shapes = [ svg_rect(...), circle(...) ]
2 | for s in shapes:
3 s.to_svg()
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Static (compile-time) types and dynamic
(runtime) types

e it’s important to understand they are similar but different

e a static type of an expression is meant to be ~ the “union” of

types of all values that the expression could take at runtime
® ex:

1 | shapes.append(svg_rect(...))
2 | shapes.append(svg_circle(...))
3 | for s in shapes:

4 s.to_svg()

» the runtime type of s at a particular evaluation of it is either
circle or rect (not both at the same time)
» the static type of expression s is, for example,
* an abstract type that might be called svg_shape?
* “circle or rect”?
* “object having to_svg method”?
* ete. (details depending on the type system you design)
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svg_shape := svgrect?
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B svg_shape — float := [H# svg rect — float
B int — svg_shape := B int — svg rect

CH++1E? Java lx?
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The central question

e when do we allow an assignment: “a (static) type <— another
(static) type”?

rect := svgrect?
svg shape := svgrect?
list of svg_shape := list of svg.rect ?
array of svg_shape := array of svg rect ?
function svg_shape — float := function svg rect — floz:
function int — svg_shape := function int — svg rect

C++7? Java?
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Important concept : subtype

e when is it OK to allow z:=a, in the presence of
polymorphism?

e it will be, given x’s static type is T, and a’s static type 7",
when:

» all operations applicable to T are also applicable to T”
» in more intuitive terms: “I” can be seen as T”

@ such a relationship between T and T is called T" is a subtype
of T and written 77 < T

e the central question in the rest of today is:
between which types is there a relation T" < T'?

e with this established,
r:=a 1s allowed <= a’s static type < x’s static type
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Static type systems of object-oriented languages:
additional goals

e the basic goal is being “type safe,” but there are others too
e Goal 1 (flexibility): allow inheritance to derive classes flexibly

» in addition to “adding” methods and fields in a child class,
there are occasions when we want to “modify” types of
existing methods or fields

e Goal 2 (efficiency): we wish to execute the program efficiently
utilizing static types

» = compile field reference and method search into &~ “memory
access with a pointer + a constant offset”
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Goal 1: flexible inheritance

@ inheritance &~ a mechanism to create a class by modifying
existing classes

@ possible ways to modify classes:
@ add fields or methods
* virtually all languages support this
© redefine (overwrite) fields or methods

* should we allow fields or methods (parameters and return
values) to change their types in a child class?
* perhaps we should first discuss why we ever want to to this
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node * left; node * right;
node * get_left();

void set_left(node *); }; ‘// l l \\\
HEE 2 40K (W depth % SET)

1 | struct ex_node : node {
2 int depth; };

U W N

~
~

struct ex_node {
int val;
node * left; node * right;
node * get_left();
void set_left(node *);
int depth; };
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Wish to modify types when inheriting a class

binary tree—extended binary tree

e an ordinary binary tree: ﬂ

1 | struct node {

> |~ ins vals

3 node * left; node * right;

4 node * get_left(); i ‘ i ‘ e
5 void set_left(node *); };

an extended tree (e.g., add depth)

1 | struct ex_node : node {
2 int depth; };
~
1 | struct ex_node {
2 int val;
3 node * left; node * right;
4 node * get_left();
5 void set_left(node *);
6 int depth; 1};




2 ROBIDFEEE (1)

o XV Mo/~ L node DK% exnode DAIZHLIE

@ node — node &\ D ﬁﬁﬁ (left, right & £) 1%, ex node —
ex node &\ D S IUTAEH N E

o TNV I ONTEEMNRBREZRAY Y NOFIHPIRY fHE
Hd

1 | struct ex_node {

2 int val;

3 node—* ex node * left; mede— ex_node * right;
4 node—*+ exmnode * get_left();

5 void set_left (mede—* ex_ node *);

6 int depth; };
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Analyzing the extended tree example (1)

DGR W N =

goal: extend tree of node to tree of ex node

references node — node (left, right, etc.) need to become
references ex_ node — ex_node

some method arguments and return types need to be
accordingly modified too

struct ex_node {
int val;
node—* ex node * left; mede— ex_node * right;
node—*+ exmnode * get_left();
void set_left(nede—* ex node *);
int depth; };
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struct node {

int val;

node * left; node * right;
node * get_left();

void set_left(node *);

};
@, node *i¥, node *B LV ZETNZIFRLZE D] WD &
DI, THOBEEEELUZ 7 A1 &0 HBRERIZEN

o [AREDMIEMNET BMMDH|%HE X THhL
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Analyzing the extended tree example (2)

@ in other words, node * in:

1 | struct node {

2 int val;

3 node * left; node * right;
4 node * get_left();

5 void set_left(node *);

6 | };

intends to be “the class being defined itself,” rather than
“node * and its derived types”

e can you find other examples?
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Goal 2: efficient implementation of field reference
and method search

°eg.,

1 | for a in A:
2 ... a.x+ay+az...

e guaranteeing type safety merely requires A to hold only
objects having fields x, y, z (and their values can be added
with +)

@ but it’s not sufficient for efficient implementation
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Efficient implementation of field reference and
method search

e efficient implementation ~ field reference is compiled into
dereferencing a pointer with constant offset

@ i.e., all objects assigned to a should not only have fields x,
y, z but also share “a common layout”

e many statically typed object-oriented languages have this in
mind when determining subtype relations (thus legitimacy of
function applications and assignments)

ESE HENELE 7
X a a a
X Yy X X X
y y y y
\'4 4 Z VA
Z
Z
X
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A common approach to designing subtypes in
statically typed object-oriented languages

e T"<T ~T'is T or a subclass of it
» in rough terms, “inheritance ~ subtype”

» note that it is not necessary

@ also note that this rule only determines the subtype relation
among classes; it must be defined among all types
» arrays (array of 77 < array of T'?7)
» lists (list of 77 < list of T'?)
» functions (77 — int < 7T — int, int - 7’ < int — T7)

> ...

o different languages have different rules
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Summary, so far

e many languages, due to its implementation advantages, have
a rule along the line of: 7" < T <= T’ is T or a child class
of it

e a child class wants to modify types that appeared in the
parent class (the class you inherit from)

e things every language must specify

» how to define subtype relations (— which assignments or
function applications are allowed) for types other than classes

» which modification to fields or methods are allowed upon
inheritance

o we'll see design pitfalls through examples

41/93



Q 7Y/ MEMODOEE/ Object Orientatation: Review

© HHITH T XA TV 2 MRS O E R Goals of
Statically-Typed Object-Oriented Languages

@ 2 < AOHNDHARDIEAFE J#/ A Common Approach to
Designing Subtypes

@ il / Case Studies

e Java
o C++
o Kiffel

Q@ % IEL <HEfi#d 5 / Understanding valid subtypes

42/93



HARH - Java

o TR ARIDAIHI:
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class B extends A { ... };
A a =new BO; // &k

1
2

» A T < T — T OFEH| < T DOFEH
1 [A[] a = new B[10]; // &k
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1 [ArrayList<A> a = new ArrayList<B>(); // NG
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A case study : Java

e subtype rule:
» among classes: T” extends T — T' < T

1
2

class B extends A { ... };
A a = new B(); // allowed

» among arrays: 1’ < T — array of 7" < array of T

1 [A[] a = new B[10]; // allowed

» among generic types (other than arrays):
T < TACKT'>< C<T>

1 [ArrayList<A> a = new ArrayList<B>(); // NG

» inconsistent. which one makes more sense?
e type modifications upon inheritance
» of fields: not allowed
» of method return values: not allowed
» of method parameters: not allowed (new methods have

distinct methods, not subject to dynamic bindings) .



T OiiF) .= T' (< T) Ol

@ BAAZMALTVD LT D

o Java Tl&, TA DELF = B OELH ] M RAE 28 5
o EMLUATZFEITTZHLILT —II8D

e 617H T ArrayStoreException

1 | static void check_array() {

2 A a =new AQ); // A=A

3 B b = new B(); // B =B

4 B[] ab = new B[1]; // B[] = B[]

5 A[]l aa = ab; // A[l = B[]

6 aal0] = a; // A=A (Ff7IK: B = R)
7 B bb = ab[0]; // B =B (J7H: B = A)
8 System.out.println(bb.y);

9 |}
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array of T' := array T" (< T))

suppose B extends A

in Java, an assignment “array of A := array of B” passes
static type checks (by the compiler)

it still results in type errors when executed!

@ ArrayStoreException happens at line 6

© 00 N O U s W N

static void check_array() {

A a = new AQ; // A
B b = new B(); // B
B[] ab = new B[1]; // B[]
A[]l aa = ab; // All
aa[0] = a; // A =
B bb = ab[0]; // B =

System.out.println(bb.y);

I o=

A
B

B[]
B[]
(at runtime:
(at runtime:

B
B

)
A)
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Java (D ArrayStoreException
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ArrayStoreException in Java

@ it happens upon an array update ali] = x, when z’s actual
type (the type revealed at runtime) is not ali]’s actual type
or a subtype of it

e (presumably) the static type system was meant to catch all
type errors prior to execution, but it did not

@ it resorted to detect this error at runtime
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Where did we go wrong?

o the rule: B< A — B[] < A[] “looks” reasonable
» “rectangle” is a kind of “shape” = “array of rectangles” is a
kind of “array of shapes”
» this intuitive reasoning (a type ~ a set) wasn’t accurate
enough and needs to take a closer look
e to be more accurate, ask: “is any operation legitimate on A[]
also legitimate on B[]?7”
» element reference A[i]: looks OK
» element update :
* A[] can update its element with an object of A
* B[] cannot update element with an object of A
e what if they don’t have support update? yes, B[] < A[] s
safe
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static void check_list() {
A a = new AQ;
B b = new BO;
ArrayList<B> 1b
ArrayList<A> la
la.add(a);
B bb = 1b.get(0);
System.out.println(bb.y);

new ArrayList<B>();
1b; // BRI S —
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[t should not be only about arrays

e other “containers” (lists, hash tables, trees, etc.) should have
similar issues

@ ex : ArrayList<T>

@ you can make exactly the same pattern, which is “correctly”
rejected

static void check_list() {
A a = new AQ);
B b = new BO);
ArrayList<B> 1b
ArrayList<A> la
la.add(a);
B bb = 1b.get(0);
System.out.println(bb.y);

=W N =

new ArrayList<B>();
1b; // a compile-time error

© 0 N O w
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static void check_list() {
A a = new AQ);
B b = new BO);
ArrayList<B> 1b
ArrayList<A> la
la.add(a);
B bb = 1b.get(0);
System.out.println(bb.y);

new ArrayList<B>();
1b; // BRI S —

© 0 N O U W N
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[t should not be only about arrays

e other “containers” (lists, hash tables, trees, etc.) should have
similar issues

@ ex : ArrayList<T>

@ you can make exactly the same pattern, which is “correctly”
rejected

static void check_list() {
A a = new AQ);
B b = new BO);
ArrayList<B> 1b
ArrayList<A> la
la.add(a);
B bb = 1b.get(0);
System.out.println(bb.y);

=W N =

new ArrayList<B>();
1b; // a compile-time error

© 0 N O w
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itk AR IRF 0D R 25 B

FHE EARAHE
o FETHUKRIDT7 1 —IVR, AVY RZEHRLLZL, LFH
¥ (ZH)IZRZ DT TIRAD
o 74 —J)VR: ZHEIMHEU TEHY HILDOE &)
o AV W R : BIEDMEE - BAES EDIFHIDAY W R
» ENDIEIEND N, FEOTH URED 51 E D EL & Fi i) 2 BT IR

EJY
o BIBDMER - RIS UL DA 13X
1 | class A {
2 A x;
3 AgetO) { ...}
4 void set(A a) { ... }
5 [ };
6 | class B extends A {
7 B x; // EDx & Tl 74—V R
8 BgetO) { ...} // Ai:get() % LFEX
9 void set(B b) ... // set(A a)&IX[HldD] AV Y R
10 | };
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Java on changing types upon inheritance

practically, not allowed at all

o if a child class defines a field or a method of the same name,
it won’t overwrite (change) the one in the parent

e field : different fields under the same name (source of
confusion, at best)

e method : different methods if arity or parameter types are
different

» which one gets called is determined by the number of
arguments and their static types of a method call expression
e overwritten only when the arity and parameter types match

1 | class A {

2 A x;

3 AgetO { ...}

4 void set(A a) { ... }

5 | };

6 | class B extends A {

7 B x; // another x, different from x in A

8 BgetO) { ... } // overurites A::get()

9 void set(B b) ... // another method, different from A::set(A a) 56 /94




2 53 RDH

@ 2 ARD ) — RZEMKLT LR 275 ARKD /) — K] ZF>T
Y, RRI N ) — RET ] OREEEIIRGE X a0
class node {

node left;

node right; };

class ex_node extends node {
int depth; };

o MLV HERLTEZNINDT =)L RTH->T, fHIED
LA RELOE &
class ex_node extends node {

ex_node left; // node left XD T7 14— R

ex_node right; // node right &IFHIDT ¢ —IL R
int depth; };

o —MLIENET MY Y
2 0AR) THRER 2 DR) OMGISETWERI—R2ESD
(A

gl W N

=W N
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Binary search tree example

e cxtending the node class to the “extended node” won’t make

G W N =

=W N

“a tree of (only) extended nodes”

class node {
node left;
node right; I;

class ex_node extends node {
int depth; };

even if you add them, they are different fields wasting space
and at best the source of confusion

class ex_node extends node {
ex_node left; // another field distinct from node left
ex_node right; // another field distinct from node right
int depth; };

e you’d better make it from scratch

e it’s difficult to write a code that works both on binary trees

and extended binary trees
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BARGI . C4++

o JavaD Al ~ CH+4D A* #l
o JavaD AV YW R =~ CH+4+Dvirtual E5 I N/ AV Y R
LA AL, C++¥ Java REITHE25, EnbdHd
o HArHID A
» T ANDIRA Y RDEATL: T 3T %A L TN,
T's < Tx

class B : public A { ... };
A *x a = new BO; // &k

1
2

» BB TV < T — T's < Tx TIEARWD

1 [A **x a = new Bx[10]; // NG

» BMRELE X (T T V=) TV < T — C<T'>*< C<T>*T
(=@

1 [Vector<A*> * a = new vector<B*>(10); // NG

o MAKKFDI MDA Java L BTV S (FEHERE)
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A case study: C++

o class type A in Java ~ A* in C++
e method in Java ~ virtual method in C++
With this, C++ is similar to Java
e subtyping rule
» subtyping between pointer-to-class types: T’ extends T' =
T+ < Tx

class B : public A { ... };
A * a = new B(); // allowed

1
2

» arrays: T < TAT'x < Tx

1 [A ** a = new Bx[10]; // NG

» pseudo generic types or, templates
T <T 4 C<T'>x< O<T>x

1 [vector<A*> * a = new vector<B*>(10); // NG

e rules about changes to types upon inheritance: similar to
Java (omit details) 60/93



Eiffel (1)

o 74 —J)UR, AV ROBDEE% 9 M (redefine) % £

e 74 —J)VR, AVY RDFIH, BIVEDENE, HI T AL
BN/ %2 T DM RUANEIMR DL 2HFT

o FAIUAHIDAY Y R, 74—V RIFEIZOLDUNER (Y
DETD X D ZH CH++, Java l£F S TIEARW)

o Eiffel TD 24K/ — REH

class NODE
feature
left, right : NODE

gLoA W N

end
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Eiffel (1)

e has a mechanism (redefine) that allows changes to
field/method types

e allows field /parameter/return types to change into their
subtypes

e allows only a single field or method of the same name (seems
natural but is not the case in C++ and Java)

@ binary tree node in Fiffel

class NODE
feature
left, right : NODE

Ol W N

end
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Eiffel (2)

o MAEKT20NKR/)—REHIET D

1 | class EX_NODE

2 | inherit NODE

3 redefine left, right, ... end
4 | feature

5 left, right : EX_NODE

6 depth : INTEGER

7 ..

8 | end

>
Dz

L&D

o HL LLIIRMMNSE THA&HEURA
class NODE
feature

left, right : like Current

G W N =

end

o ERDLHIZHENIERTED
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Eiffel (2)

e extend the binary tree node by inheritance

class EX_NODE
inherit NODE

redefine left, right, ... end
feature

left, right : EX_NODE

depth : INTEGER

W 1 3 Ok W

end

or you can write from the beginning that a field has “the
same type with itself”

class NODE
feature
left, right : like Current

G W N =

end

e the actual type automatically changes when extended
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Eiffel (3)

o ¥ BLDHLH:
» VAT BT A LT T ABLIE, T'<T
» BlFl: T < T 7561, ARRAY[T'] < ARRAYT]
» ML T < T, C B & &, C[T'] < O[T
o —HRELWI—IVEN,
» 20F Java FIBk, FESTWD (ETRKORIT I —2HV1ED)
» 3BME>TWS (ELFID &S 38 % BF % FAWTIEND)
» 13, BIOBERENHDENTTHES>TVWD IRDAT A R)
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Eiffel (3)

e subtyping rules
» classes: 7" inherits T — T' < T
» arrays: 7/ <T — ARRAY[T'] < ARRAY[T]
» generics: 77 < T and C'is a generic type — C[T"] < C[T]
e they look elegant, but
» #2 is making the same mistake as Java (it may cause
runtime type errors)
» #3 is also wrong (we can make an array-like type using
generic types)
» #1 is also wrong, due to redefinition of types upon
inheritance (next slide)
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D HEERVES Zet

0 BB T ITADT 4 —IL R AV Y RDOEIZ | HkKEZ HEH] R
WCEEUEL, [ FO AL B IR IZRBEEFELS VD
=]

1 [class A { int x; };

%

1 [class B extends A { String x; };

WLUTRETVDIXEMA

e TZTEiffel iX, »2M% [HHMAN] BHEHGTEHILEDA%RF
LTWaBEMN, TNTE FI7I73 A< FIV T A LIFBRLRWD
BEDD D

67 /93



Type safety violated by type redefinition

e if you allow types to be redefined arbitrarily in a child class,
then, obviously, “child class < parent class” won’t hold.
Extending

1 [class A { int x; };

into

1 [class B extends A { String x; };

won’t make B < A, obviously.

o Eiffel thus only allows a type to be redefined to its subtype,
but there are still cases where “child class < parent class”
won’t hold
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D HEERVES Zet

o B AXRT X D7~ Java JED XIETEHAH
e BK<ALTD
o Hl7U T A RefA:

class RefA {

Ax; /) 74—)R

AgetO) {3} // EVME
void set(A y) { } // 31
};

o 27 ARefB (A% BIZEH)

class RefB : RefA {
redefine x, get, set; // HEH (TXDLKETHS)
Bx; // 74—J)R
Bget) {3} // &VME
void set(B y) { } // 51
void get2() { 1} // iEfN
};

o RefBOHERIFLT, A2BADTIIA)IILEZED
o AT, RefB % RefA DI HL L AL L TRV

TR W N

N O U W N
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Type safety broken by type redefinition

e explain with Java-like syntax (for your familiarity)
@ assume B< A
e define a parent class RefA:

class RefA {

A x; // field

A get() { } // return value

void set(A y) { } // input parameter
};

TR W N

e its child class RefB (change A — B)

class RefB : RefA {
redefine x, get, set; // redefinition (assume it possible)
B x; // field
B get() { } // return value
void set(B y) { } // input parameter
void get2() { } // a new method
};

NG NV VI

e type redefinitions in RefB all change A to B (a child class of A)
e Q: can we say RefB is a subtype of RefA 777
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FITRR TS —%2 & 294

1 |A a=new AQ;

2 | RefB bb = new RefB();

3 | RefA aa = bb; // RefB = RefA

4 |aa.set(a); // RefB::set(B y)IZA ZJEL TS (B = A)
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This program causes a runtime error

1 |A a=new AQ;

2 | RefB bb = new RefB();

3 | RefA aa = bb; // RefB = RefA

4 | aa.set(a); // passing A to RefB::set(B y) (i.e., B = A)
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ELWEZ

RefB % RefA O ELIE AR UTEHWM? <« RefA 2T R 5
YEIL T R T RefB 1247 2 % 7?7
o RefA IZ17 2 % #:1E:
» get ()
» set(A a)
» x DS
» xANDADRKA
o RefB 27> T LW H?
» get() :
» set(A a) :
» x DEIE -

» xNDADKRA
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ELWEZ

RefB % RefA O ELIE AR UTEHWM? <« RefA 2T R 5
YEIZ T X T RefB 1217 2 2 0°?
o RefA IZ17 2 % #:1E:
» get ()
» set(A a)
» x DS
» xANDADRKA
o RefB 27> T LW H?
» get (O : OK
» set(A a) :
» x DEE

» xNDADKRA
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ELWEZ

RefB % RefA O ELIE AR UTEHWM? <« RefA 2T R 5
YEIL T R T RefB 1247 2 % 7?7
o RefA IZ17 2 % #:1E:
» get ()
» set(A a)
» x DS
» xANDADRKA
o RefB 27> T LW H?
» get (O : OK
» set(A a) : NG (BD set (& B UDSZIFHINZR )
» x DEIE -

» xNDADKRA
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ELWEZ

RefB % RefA OE I E AR U THWN? <= RefA IZf7ZX 5
YEIL T R T RefB 1247 2 % 7?7
o RefA 1217 2 2 #/E:
» get ()
» set(A a)
» x DS
» xANDADRKA
o RefB 247> T kW hn?
» get (O : OK
» set(A a) : NG (BD set (& B UDSZIFHINZR )
» x D OK
» xNDADKRA
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ELWEZ

RefB % RefA OEFG I E AR U THWN? <= RefA IZI7Z 5
YEIL T R T RefB 1247 2 % 7?7
o RefA 217 2 2 #8/E:
» get )
» set(A a)
» x DS
» x AND ADKA
o RefB 247> T kW hn?
» get (O : OK
» set(A a) : NG (BD set (B UDZIFHINZR L)
» x D OK
» xNDADRA: NG BDxIEB UNMRATEARW)
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The correct thinking

Is RefB a subtype of RefA? <= are all operations applicable to
RefA also applicable to RefB?
e applicable to RefA:
» get )
» set(A a)
» reference x
» set A to x
e are they applicable to RefB?
» get() :
» set(A a) :
» reference x :
» set Atox:
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The correct thinking

Is RefB a subtype of RefA? <= are all operations applicable to
RefA also applicable to RefB?
e applicable to RefA:
» get )
» set(A a)
» reference x
» set A to x
e are they applicable to RefB?
» get (O : OK
» set(A a) : NG (set of B only take B (or its subtype))
» reference x : OK
» set A to x : NG (x in B only takes B (or its subtype))
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Q 7Y xU MERDEHE/ Object Orientatation: Review

© HHITH T XA TV 2 MRS O E R Goals of
Statically-Typed Object-Oriented Languages

©Q 2 <ASNLMHBLDOEEARGLGE %t/ A Common Approach to
Designing Subtypes

Q@ 4l / Case Studies
e Java
o C++
o Hiffel

@ B fl%E EL <HfET S / Understanding valid subtypes
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EOMEE U HNBRNY

o k] LTTXAEDIE AT L WD DIFEWI &4

o FLTRY I ALSMDBITITMAL K20 (TNTE [HH
B OMRIEH D)

o fiI% TEHI] XARLTLVON IELL | BT L
DI

o HEARIFTWOEELU:

T'<T <= TITHEMHATREREIED T R T TUI5E H v HE
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Became a paranoid?

“inheritance is not subtyping”

it’s simply wrong to think a child class (made by inheritance)
is necessarily a subtype of the parent

non-class types do not have inheritance (but still have
subtype relationships)

it is important to firmly understand when a type is a subtype
of another

the principle is always this:

T' <T <= any operation applicable to T is applicable to T"
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RO T (1) RTS8 o 7= R 4> 1

Q B ZF 721 mutable 2R IZEHT 5 [EEW
(%) o < a= DR < aDEiF|

all aa = new a'[1]1; // o OELF] <- o ORELF
aal[0] = new a; /! a<- «a

1

2

Q HIED narrowing (29 % [ElE W (Eiffel)
o <o
(%) = class A’ { void take(a/ : x) {...}}
< class A { void take(a: ) {...}}

1 |A a=newA’; // A <- A’
2 |a.take(new A); // A <- A

Q@ Lid%Z 4 L AR AhEN
(%) <a == d—=pB<a—p
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Summary of issues (1) wrong subtypes

@ errors around arrays or mutable fields

(%) o' < a = array of o’ < array of o

1 | all aa = new o/[1]; // array of a @ <- array of o'
2 | aal0] = new o; /] o <- «

@ crrors around narrowing of arguments (Eiffel)
o <«
(%) = class A’ { void take(a’ : x) {...}}
< class A { void take(a : x) {...}}

1 |A a=new A’; // A <- A’
2 |a.take(new A); // A <- A

@ the root of the above errors is the following
misunderstanding:

(%) <a = d—=pB<a—=p
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[P 0D L (2) bk A g 0D Sk P 0D e X

o MARFIZAY Y R T4 — )V RORIZHEHRL <KD
o It MR HIRKR T — XS
» VAN, K, 797, ...
» Bl ) — Rz TEA] %238
» IR — R, 7/ — R, B/ — R, etc. DRZEHFLZ<23
1 | class list_node { list_node next; }

2 | class tree_node { treenode left, right; }
3 | class graph_node { graph node[] neighbors; }

o < DEFETIXHMIZ, THRZ W]
o K - WM IZZ /7203 EEIX, T2 TCTHMEX
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Summary of issues (2) inflexible inheritance

e we wish to redefine method or field types upon inheritance

e the most typical situation: recursive data types
» lists, trees, graphs, ...
» ex: add a “weight” to nodes
» wish to change types of next node, child nodes, neighbor
nodes, etc.

1 | class list_node { list_node next; }
2 | class tree_node { treenode left, right; }
3 | class graph_node { graph node[] neighbors; }

e many languages simply don’t allow this

e languages sticking to the misconception: “inheritance —
subtyping” tend to make a flawed type system here too
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AT % HA N D BR S B
o B DERNEL: Z Z 2 IFL KHEfET 2 L HEED 0%

s st/ <s—=t = s>sandt' <t
o LO— RDERHE: ik
{ap : o, a1 : 81, ...}

T, 74—V Ray 2R TDMMNs), 74—V Ra 2FHT
DR s, .. EWVWIEER (A TV M, LOA—RARY) %
S A SR
{bo : to,b1 : t1,...} <{ao:sp,a1:51,...}
<~ {bo,bl, .. } D {ao,al, .. }

AN Vi, jai=by =t <s
A Vi,ja;=b; anda; (bj)is mutable = ¢; =s;
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Understanding subtypes from the fundamentals

e subtypes between function types: if you understand this,
you are 80% done

s st <s—=t < s>sandt' <t

e subtypes between record types: let
{ap : s, a1 : 81, ...}

represent a structural type (a class or a record) having field
ag of type sg, a; of type s1, and so on.
then,

{boito,bl Itl,...}é {aoiSo,alisl,...}
<~ {bo,bh...} D) {ag,al,...}
AN Vi,ja;=bj —1t; <s;
A Vi,ja;=b; and a; (b;) is mutable — t; = s;
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H£22 (covariant) & X2 (contravariant)

o MaZzBRIZIELTHRHD LT D (eg., BBIITFI DL,
BOEDO Z2 G0, IFISERORZ 5L, ...)
o LLFDHWNZ/NY EEZHND K DILED I L AHE:
a TP/ \TESHA 2 SITTEILHHT
(=T{ar— '}) & T OEIELN?
o EF: THallHLT
28 (covariant): o <a—=T{a—d}<T
2% (contravariant): o <o —T < T{a+ o'}
A% (invariant): HETEXETEHERD
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Covariant and contravariant

e say type T has another type a as a component (e.g., a
function type has an input type and an output type; an array
type has its element type, ...)

e it’s quite useful if we are able to answer the following
question quickly:
if we replace o with its subtype o/, is the resulting type 1"
(= T{a + a'}) a subtype of T
o definition: T is, with respect to «,
covariant : o <a—-T{a—d} <T
contravariant : o < a =T < T{a~ o'}
invariant : neither covariant nor contravariant
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FI LD ZEHY

SETE I,
0 MO (o — B) 13,

» TORYEDE (8) IZB U T coavariant,
» TDOHI () IZEAL T contravariant

Q@ LI— R,
» immutable 72 7 « — )L RDHRLIZEH U Tl covariant,
» mutable &7 ¢ —)L ROTIZEH U Tl invariant

EIFZDZHOX ZHMBTNIXIFIFLETHEM TS S,
o A7V M= (AVY R)E T4 —IVRIZFFDL O—R
o fits ~ EHRDSIA (get), ZH (set) & AV W RIZKDOAT
D78 N
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Summary of the insights

in short terms:
@ a function type (a — () is
» coavariant in its output type (53)

» contravariant in its input type («)

© record type is
» covariant in immutable fields
» invariant in mutable fields

everything follows from the two principles
@ objectsa records having functions (methods) as fields

e arrays~ objects having get and set methods (or records
whose fields are all mutable)
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LoZwWige. ..
o BT

o <a
= class A’ { void take(a/: z) {...}}
< class A { void take(a : x) {...}}

MY SED I D THAD
o A7V MIVI—RDEIBRED

A~ {take : a — void}, A’ ~ {take : @/ — void}
o HIAZ 1 ROFHIZENHT &,

AN <A = {take:d — void} < {take:a — void}
= o — void < a — void
= a<d
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To reiterate . ..

e let’s ask again whether the following holds
o <a
= class A’ { void take(a/: z) {...}}
< class A { void take(a: x) {...}}
@ objects are like records
A~ {take: a — void}, A" =~ {take: o' — void}
@ recall the rules in the last slide

AN <A = {take:d — void} < {take: o — void}
= o — void < a — void
= a<d
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o]
o T

o <o
= o/ DS < aDHLF
WEE D LD DS THAD
o a DEFNILAFDOL I—RDEDHRED

{get : int — a, put : int — o — void}
o put DMZHTELILED bbOhd. TEIZELSL,
o DECH < aDRELS

= {get:int — o/, put: int — o/ — void}
< {get : int — a, put: int — o — void}
int = o/ — void < int — a — void

o — void < a — void

a<ao

iy
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Arrays

@ let’s ask again the following holds

o < a
= array of o/ < array of «

e array of « is like the following record type

{get : int — a, put : int — a — void}

e we’ll immediately see it does not hold by looking at the type
of put. in fact,

=

R

array of o/ < array of a

{get : int — o/, put : int — o/ — void}
< {get : int — a, put: int - o — void}
int = o = void < int — a — void

o — void < a — void

a<ao
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FLH (BOOLNETT)

A7V MEA ~ AR (L) C’c]iégﬂ‘ﬁc‘:%%?(
T'<T ~TIATADEEIT I T | %" 2
T %ZMA LU CHNR~ZY AT W, T O3 @\E)}: R 5
RN (kA £ ER )
T'<TTH,CT]<CT) EIFR S

» TV BLT —

» T B<T =8

» array of 7" £ array of T
FEIZ LRl 2 ME A TREINAZSFENDH S (Java, Eiffel)
D EFED I ZE R THAT (Scala?, F#7 Julia?)
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Summary (finally!)

@ object-oriented ~ subtype (<) polymorphism and inheritance
e allow z := a when a’s type < x’s type
o T" < T ~ operations applicable to T" are all applicable to T”
too
e class T” derived from T is not necessarily a subtype of T’
(inheritance # subtyping)
e 1" < T does not imply C[T"] < C[T]
» 7" B LT —
» T pB<T =8
» array of 7" £ array of T
e real languages fell into these traps (Java, Eiffel, etc.)

e take a look at the spec of other languages (Scala?, F#7
Julia?)

93/93



	オブジェクト指向の復習/ Object Orientatation: Review
	静的に型付けされたオブジェクト指向言語の目標/ Goals of Statically-Typed Object-Oriented Languages
	多く見られる部分型の基本設計方針/ A Common Approach to Designing Subtypes
	実例 / Case Studies
	Java
	C++
	Eiffel

	部分型を正しく理解する / Understanding valid subtypes

