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S tatic types: review
N eed to  statically eli m inate  "unsafe" operations

(undecidable in  general  case; use conserva tive 

approx imation)

" U nsafe" : relat ive to defin it ion o f language

In  OO languages: genera lly "unsafe" = sending 

m essage to object that has  no method for it

" m essage  not  understo o d "  exception

static  type sys tem guarantees no "message not 

understood" exceptions



Typing OO  programs
Ass ign type to every express ion

1 For  every  message send:  make sure  type of rece iver 

conta ins method for m e s sage send (nam e and 

argu m e n t types)

2 For  every  method body, ensure it re turns correct type 

(assuming types of args  &  rece iver)

3 Every c lass m u s t implem ent types it  declares

4 Every c lass m u s t be com patib le  extension of its 

superclass



Terminology
class: unit o f implementa t ion

instruc ts  co m p i ler  how to generate code

m ostly  concerns dynamic  semantics

type: unit of interface

instruc ts  type checker and program m er  how an 

express ion m a y  be used

m ostly  concerns stat ic  se m a n tics



O bject type syntax
object types are like record types: a map from 

n a m e s  to types

C ould  use M L type syntax:

{ f ie ldName1:type1,

  ...,

  fie ldN am eN: typeN,

  method N a m e 1 :argType1 ->  re turnType1,

  ...

  method N a m e M : a r gTypeM ->  re turnTypeM }



O bject type syntax (2)
Instead, we' ll  use more fami liar Java-like syntax:

s ignature  S  {

  type1 fie ldN a m e 1 ;

  ...

  typeN f ie ldNameN;

  re turnType1 method N a m e1(argType , ..., argType);

  ...

  re turnTypeM  method N a m eM (argType , ..., argType);

}



O bject type exam p le
signature Point  {

    Integer x;

    Integer y;

    P oint m o v e(Integer dx, In teger dy);

}

Ignore  access protection for now - --  all pub lic

R eca ll types  descr ibe only in terface ---  no bod ies

W ill som etimes  om it s ignature name (Po in t)

C an permute  m e m b e rs at wi ll (o rder  does not matter)



Fields =  methods
R e ad-only field is equivalen t to method:

signature { Foo  x; }
is equ ivalent to

signature { Foo  x(); }

R e ad -write field is equivalent to two  methods:

signature {  mutable Foo x; }
is equ ivalent to

signature { Foo  x();  void setFoo(Foo  x); }

W ill m ostly ignore fields  in discussion  that follo w s

R u les for fields  can be derived stra ightforwardly f rom 

rules for m ethods .



S ubtyping
S u b t yping is essence of  OO types

T1 subtypes T2 if  instances of  T1 can be 

subs titu ted for  instances of  T2

i.e.,  T1 understands  all m e ssages of  T2,  and 

a lways returns type-compat ible results

"Subst i tutability princ iple"

N otat ion:  "T1 sub types  T2" written T1 <:  T2



R e flexive, transitive
A ll types sub type  th e m s elves:

T <:  T (reflexivity)

S u b t yping is transitive:

T1  <:  T3 a n d T3  <:  T2

impl ies

T1  <:  T2



Width subtyping
If T1  has exactly  the sa m e  m e m b e rs as T2, plus 

some extra  ones, then  T1  <:  T2
signature Point {

Integer x();

Integer y();

Point move(Integer dx, Integer dy);

}

signature ColoredPoint { 

Integer x();

Integer y();

Color color();

Point move(Integer dx, Integer dy);

}

Can derive ColoredPoint <: Point



D e pth subtyping
If T1  is  exactly like T2, except  tha t one of  T1's 

m eth o d s  sub types  o n e  of T2's  meth o d s ,

   then  T1  <:  T2.
signature Rec tang le {

Point topLef t();
Point bot tomRight();

}
signature Co lo redRectang le  {

C o loredPo int topLe ft();
C o loredPo int botto m Righ t();

}
C o loredRec tang le  substi tutable for Rec tang le --- resu l t of 
topLe ft() always  subs t itutable



M e thod subtyping
B ut hold on - --  depth  subtyping asks  whether 

m eth o d s  sub type each other

M ust def ine m e thod  subtyping relation. ..

( trickier than it seem s)



Fruits, plants, flies
signature Frui t  { S tring  name();  }

s ignature Apple  {  Str ing nam e ( );  Stem  ste m ( );  }

s ignature  Banana {

Str ing name( ) ;  void s l ipOnPeel(); }

s ignature Frui tPlant  { Frui t  pro d u c e();  }

s ignature  ApplePlant  { Apple  pro d u c e();  }

s ignature Frui tFly  { void eat(Frui t  f);  }

s ignature AppleFly {  void eat(A p p l e a); }



Fruit subtyping
s ignature  Frui t   { Str ing name( ) ; }  

s ignature  A pp le   { Str ing nam e();  Stem s tem (); }

s ignature  B anana {

Str ing nam e(); void sl ipO n P eel(); }

Seems clear that

Apple  <:  Fruit

B a n a na <:  Fruit

Indeed, width subtyping gives us this resu lt



R eturn  subtyping
s ignature  Frui tP lant { Fruit p roduce() ; } 

s ignature  A pp lePlant { Apple produce(); }

S eem s O K  to conclude tha t

ApplePlant  <: Frui tPlant

R e s ult of produce() a lw a ys substitu table :

ApplePlant ap = ...;

F ru itPlant fp = ap;

F ru it f = fp.produce();

Str ing s = f.nam e();

R eturn types are covariant (go with  sub typing 

re lationship of  method as a whole)



Argu m e nt subtyping
s ignature  Frui tFly {  void  eat(Frui t  f); } 

s ignature  A pp leFly { void  eat(App le  a); }

C a n w e  conclu d e  that

AppleFly  <:  FruitFly  ?

C o n sider fo llowing code:

AppleFly af = ...; // 1

F ru itFly ff = a f; // 2

F ru it  aFruit  = ...; // 3

ff.eat(aFru it); // 4

W hat if the AppleFly  implem e n t or calls stem () 

on i ts arg u m e n t ?



"Natural" subtyping
C ovariant arg u m e n t  sub typing is  broken!

M ust use o p p o s ite rule  ---  called contravariant  rule -

---  fo r  a rguments.

S u m m ary:

For  M 1 to  subtype  M2,  M1 m u s t return  a type at 

least as specific as  M 2.

For  M 1 to  subtype  M2,  M1 m u s t accept  

a r g u m ent  types  that  are  at least  as  general 

as  M2 's.



O ther rules ...
Java uses invariant  a rgu m ent and  return:

M 1 subtypes  M 2  only if M 1  and M2 have  s a m e  a rgum e nt 
and return types .

C + + uses  invariant  a rgu m ent and  covar iant  return:
M 1 subtypes  M 2  only if M 1  and M2 have  s a m e  a rgum e nt 
types ,  and M1's return type is at least as speci f ic  as  M2's

Eiffel uses covariant argu m ent and  return types
M 1 subtypes  M 2  only if M 1 's argu m ent and return types  
a re  at least  as spec i fic as M 2 's.
B roken !  (Fix using dynamic  checks:  raise runt ime error)



Imple m entations
class C1

  subclasses C2

  implem ents S 1, S2, ...  SN

{

  retu rnType1 meth o d N a m e1(argType, ... arg T y pe)

{ b o d y 1 }

  ...

  retu rnTypeN  m e t h o d N am e M ( argType , ... arg T y pe)

{ b o d y M  }

}



C o mpleteness
C o m p l e t eness of  implem e n t ation rule:

A class  C  must have a method ---  either def ined in  

C , or inheri ted from C 's  superc lass(es)  ---  to  hand le  

every  message in  its types.

class MauvaisePomme
    subclasses Object
    implements Apple {
    String name()  { return "BadApple"; }
}

MauvaisePom me mp = ...; // 1
Apple a =  mp; // 2
Stem s = a.stem() ; // 3



A b stract classes
M ost languages a llow abstract meth o d s

C lasses  that do not im p l e m e n t a ll  methods in  their  

types, or that do not overr ide abs tract  methods wi th 

non-abs tract ones , are abstract classes

C o n c rete  instantiation restriction:

Only non-abs tract  c lasses can be instantia ted.

N ote this re laxes com ple teness  o f i m plem entation rule -

--  incom ple te  classes exist, but may not be 

instantiated



C o m p a tible extens ion
class BonFruit subclasses O b ject im ple m ents Fruit {

    String  na m e() { return "s o m e kind  of fruit"; } }

s ignature B o gus { In teger nam e(); }

c lass Papaya  subc lasses B o nFruit im ple m ents B o g us  {

    In teger  na m e() { return 456;  } }

Prob lem:  most languages requ ire  that subclasses  a lso 

be super types

In  such languages,  methods  must overr ide only  wi th a  

m ethod that subtypes overr idden method



Miscellaneous issues
A ccess protectio n

Structural  vs. nomina l  subtyp ing

Pr incipa l typing of  classes

Overloading vs. overrid ing

S u b t yping of  mutable  objects



A c cess protection
To add access protect ion (publ ic,  pr ivate , 

protected) :
Add vis ib ility  mod ifiers to fields and m ethods
C h ange  typechecking of sends, c lasses, inheritance

W on't discuss details in this class

R eca ll that in  ML we use  module system  to 

accompl ish  m uch the same th ing ---  arguab ly  a  m ore 

or thogonal des ign (does not conflate data type wi th 

m odule)



B y -nam e  subtyping
O u r  presentation has used struc tural sub typin g

M ost real-wor ld  languages  use by-nam e  (n o m i na l) 

subtyp ing:
T1 subtypes T2 if T1 's structure subtypes T2,

and

T1 declares that  it subtypes  T2

e.g., following do not  have subtype relation in Java:
interface I1 { void foo(); }
interface I2 { void foo(); vo id  bar(); }

M ust  add:

interface I2  extends I1  {  void foo(); void bar() ;  }



P rincipal class types
In Java, type  checker impl ic itly declares a  type  for  

every class:

c lass Poin t {

Integer x()  { ... }

Integer y()  { ... }

}

P oint  p  = new Point (  ... );

Each c lass has  principal type

("best type for that class")



O verloading
c lass Poin t extends  Ob ject {

    Integer x() { ... }

    Integer y() { ... }

    P oint  move(In teger  dx, Integer dy) { ... }

    P oint  move(F loat dx, Float dy) { ... }

}

P oint  move(In teger , Integer)  and

P oint  move(F loat, F loat)

do not not have an overr iding relationship --- they are 

d if ferent functions  wi th  the sam e nam e



O verloading ct'd
Over load ing resolves statically , based on  static  type  

o f  a rguments , wi th surpr ising resu lts:
c lass Shape  extends O b ject {

   boolean  over laps(Shape other) { ... }

}

c lass Rectangle ex tends  Shape {

   boolean  over laps(Shape other)     { ... }

   boolean  over laps (Rectangle other) { ... }

}

R ectangle r = new R e c tangle(...);

Shape  s = n e w  Rectangle(...);

boo lean b = r.over laps(s);



S u btyping and  mutatio n

signature Frui t R ef {

    Frui t  fruit ();

    void setFruit(Frui t  f);

}

s ignature  AppleRef  {

    Apple  f ruit();

    void setFruit(Apple  a );

}

A n y  sub type re lation?



S ame wi th  mutable fie lds...

s ignature Frui t R ef {

    m u t able Fruit  fruit;

}

s ignature  AppleRef  {

    m u t able  Apple fruit ;

}

Sub typing  &  mutat ion (2)



c lass Banana Implem e ntor
    ex tends  Object
    im p lements Banana {
    Str ing n a m e() { ... }
    vo id s l ipOnPeel() { ... }
}

App leRef ar = new App leRefIm p lementor(); // 1
F ruitRef  fr = ar; // 2
fr.fruit = BananaIm p lementor(); // 3
App le anApple = ar.fruit; // 4
S te m  s = anApple .ste m (); // 5

Subtyping  &  mutat ion (3)


