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Abstract

@WIt was a simple choice, really, on an | BM 3

PL/ 1, COBOL, and Simul ad67. SiNoma tomdrgtiorcobstrong ¢
typing, garbage collection, and proper string processing. Separate compilation (prefix

classes) and coroutines wer e ni ce bonuses. And then ther
well, nothing is perfect. Hot topics in those days were the freshly invented denotational
semantics (which Simuladi dndot have), formal type syste

and abstract data types (which seemed to have confusingly little to do with classes).
Still, Simula was the obvious choice to get something done comfortably because, after
all, it was an improved Algol. It even supported the functional programming feature of
call-by-name. So, it became my first favorite language, for every reason other than it
being object -oriented.

The story | am going to tell is the very, very slow realization that Simula was the
embodiment of a radically different philosophy of programming, and the gradual and
difficult efforts to reconcile that philosophy with the formal methods that were being
developed for procedural and functional programming. Along the way, domain theory
helped rather unexpectedly, at least for a while. Type theory had to be recast for the

task at hand. L a n d lambdasreductionism had to be partially abandoned. Always, there
seemed to be a deep fundamental mismatch between objects and procedures, well
described by Reynolds, that made any unification impossibly complicated. But in the end,
both object -oriented and procedural programming have benefited from the clash of
cultures. And the story is far from over yet, as witnessed by the still blooming area of
program verification for both procedural and object -oriented languages.



Outline

GO | am under no pressure to present new results
0 (I understand.)

) Hence, a personal perspective:
0 How did I get here?
0 How did Ole-Johan Dahl and Kristen Nygaard influence my work?

) Only two things really marked me as an undergraduate:

0 A-calculus
0 Simula 67



|: Functions



Things | Learned in Pisa

(G Functional Programming

AT Niudies in Dhata Prisoes ny
Na. ¥

d A-calculus, Scheme, abstract machines, program transformations

STRUCTURED
’ PROGRAMMING
denotation semantics, etc. etc.

WoStructured Pr ogr a mikstra gHoard] 97R) mz—-..:
0 Dijkstra : 0OStructured Programmingo ( "R
0 Hoare: oData structuringo (data @

0 Dahl& Hoar e: 0 Hi '

OHi erarchi calSmBla6d)yr a

CQOA procedure which is capable of gi
survive its call will be known as a c/ass, and the instances will be known
asobfects of t hat classo ... OAny vari al

to the class body are called attributes of t hat «c¢l| asso.

G Co n c at esobelassimm]is ah operation defined between two
classes A and B, or a class A and a block C, and results in the formation
of a new class or block. Concatenation consists ina merging of the

attributes of both components, and the composition or their actions 0
Not ghis6oi s used in examples but nevi



Things | Used Iin Pisa

Revised Report
on the Algorithmic Language

Algol 68

Wl wanted to use Al gol 668!
0 State of the art (way overdesigned) algorithmic language.
0 But luckily, as it turned out, it was not available on IBM machines.

WBut Simulad67 was available (on e, 7
o0 Other languages | tried: Fortran, APL, Lisp 1.5, PL/1.  Yucc! gross! 2
0 So, | did most of my programming in  Simula 67,

mostly because of garbage collection and strong typing and strings !

0 But I did not buy the 0 -0 propaganda; | just exploited it:
() to obtain heap -allocated, garbage collected, data structures ._ _
QI for separate compilation (via a rather weird mode of class prefixing) ' "B '
8 NO (reasonable) CHOICE BUT SIMULA (et and Kriston Nygaard, 1082,

Courtesy of Rune Myhre, Dagbladet.

G Conversely, John Reynolds:

0 Wanted to use Simula but it was too expensive,
and had to use Algol!

In the late sixties and the early seventies there were four main implementations of Simula:
UNIVAC 1100 by NCC

System/360 and System/370 by Swedish Research Institute for National Defence (FOA)
CDC 3000 by University of Oslo's Joint Computer Installation at Kjeller

TOPS-10 by ENEA AB

[Wikipedia]
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The Goals of the Times

(O To categorize all program constructions
0 And translate them to 2A-calculus [Landin]
0 or give them denotational semantics [Scott  -Strachey]
d or something (which turned out later to be Operational Semantics [Plotkin]).

() My Master Thesis
d On denotational semantics of programming languages
OTried to capture o0all é program concepts i

o0 Mildly influenced by Simula:
() Had a section on classes and subtyping by explicit injections.
G But | realized there was a lot more to it.



Things | Learned in Edinburgh

Lecture Notes in

@ POlymorphism Computer Science
00A function that belongs to ma

G ML
d Finally, a nice programming language!
0 No objects, and not even records (just binary products).
0 /nteractive (i n a way moriceemtodgd @ ctt han

G Pascal
o0 Finally, a nice implementation language! (To implement ML!)
0 No objects, but nice records and enumeration types.
0 So began a slippery slope away from functional languages.

(O From Gordon Plotkin:
0 Contravariance from Category Theory
0 Product/sum duality (records/variants) from Category Theory
0 Operational semantics (on a slippery slope away from denotational)

G From Robin Milner (and David Park):
0 Calculus of Communicating Systems (how not to be a slave of A-calculus)
o0 Bisimulation (later, unlikely, useful for recursive types)



But Still Bugged by Simula

() ML extensions Recozd
0 Added records and variants to ML. Cecnacd : g, 1AgD) @ @A,
0 Tried to add record subtyping by type b i Qe ;D > A
inference, but gave up. R
. . . S Bl bk D
(This later became a little industry.) S e L

Vﬁtlnnf‘
@) Galileo, with Albano and Orsini

_ ) ) ﬂt=q.]| 8 Hl‘i & A‘.B <= a:A Adx. A=A,
(and Ghelli as a student) back in Pisa.

8 A DataBase programming language ot
(with records and variants) [T

d With ML -inspired typing and aggregation/bulk Wil wilfors b0 . F
constructs (mapf/filter).

d With Simula -inspired subtyping (for OODB).

0 Ghelli later made important contributions to
the theory of subtyping, providing the first
example of undecidability of F<:.

B Contemporary

slides



A Gaping Gap Iin the Literature

(O Where was the Theory of Object -Oriented Languages ?!?
Logic languages: -- > Predicate logic

Database languages: -- > Relational calculus

Functional languages: -- >\-calculus

Imperative languages: --> Hoare Logic / Weakest Preconditions
Modular languages: -- > Algebraic semantics

o Ox Ox Ox Ox

0 Object -oriented languages: --> ???

@ Instead, a clash of cultures:
0 OEverythingisanobject 6 ( Smal |l t al k)
d CEverything is a function 6 A-¢alculus)
0 The latter had plenty of mathematical justification.



What Simula did not Have (or Need?)

) No denotational semantics

0 Not necessarily useful in itself
but, e.g. useful to check that the type rules are correct.

G No formal type system

d Simula was believed to be a safe language, like ML (and unlike
Pascal), but (a subset of) ML had a formal type system and a
proof of type safety via denotational semantics.

() No abstract data types, or modules
0 Are classes the same as abstract data types [ Liskov]?
0 Are classes the same as modules [ Parnas|?

0 The Norwegian Computing Center approach to software
architecture was widely misunderstood.

@ ... not to mention Smalltalk
d Which did not even have a syrnifax, let alone a semantics!!

0 Buthad Superi nheri tance i nslonergiddicating S
the need of a whole framework in which to study inheritance.

Algust 1981



ButO-O t oo 1| s -@rHd e

() Closer to functional programming than to imperative programming:
0 Need first -class function spaces (to model methods)
0 Need recursive types (to model self)
0 Need higher -order logics (to model class invariants)

G My Simula vs ML experience: O -0 i s a |heavywhaightée 0

0 Lots of work to set up simple inductive data types
@ A dummy virtual superclass with lots of subclasses that never inherit.

0 Lots of work to set up simple first  -class functions
WoAnonymous del egatesd in C#.

() But is any of that essential or incidental?
d Can we do functional programming in 0 -0?
d Can we do oo in functional programming?

() So many guaskconnections
d Are polymorphism for objects and for functions related?

0 The Reynolds duality: extending code by adding functions or by adding objects.

rhée r



What 6s ol mpor t aQ?Pt o

(O To build a theory you have to start simple Wt

S teackoids st ¥ Tof (O
8 What are the simplest features that are unique to 0 “-_o? ﬁ A A
e Wi TR
(G Simula had lots of interesting features. My plck was:
d #1 subtyping (as a foundation for class hierarchies)
& #2 this/self (as a foundation for inheritance) = %
G Hence, question #1 (at the time): What is subtyplng’> . |
0 Mathematicians, oddly believe that: o) Sl odecsbor | Malc[«[ui\ ; 1 S é
@ A function space is a subset of a cartesian product _ % “g E‘*;
(Uh? functions subtypes of receyg-dsy we; doho
8 Conversely mathematicians, oddly, believe that: =+ 4 _g- s REW ¢
(W The set of 3 -tuples is not a subset of the set of 2 -tuples.
(Uh? but we want that!) A slide from a much later time
& Dahl & Hoare clearly stated that (apparently edited by Kim Bruce)

WoAny object of a subclass also belongs to t
d So, what is subtyping?
@ <silence>

@ In the mist of that confusion, | moved to Bell Labs...

(— 7

h



ll: Records



Things | Learned at Bell Labs

G Systems programming (Unix group)
O ML not good oO0as sucho for syst
WQPointer arithmetic? Whatdés that?
d Using C (yucc! gross! but at least you can see the metal)
() Had a pretty careful definition
0 But never C++ (mostly out of induced disgust with C)

G N.B.: Bjorne just down the corridor. Systems Programming in C

G The rumor was that he was trying to turn C into Simula.

(0 The MacQueen-Sethi -Plotkin Ideal Model

dln early denotational model s, types wer e

universal value set, which did not support subtyping.

0 The Ideal Model was designed as a semantics for polymorphism,
whi ch was modeled as a oObig intersectd.i

0 So, it accidentally provided a subset -based denotational semantics
of subtyping (via non -empty intersections between domains)
0 Therefore enabling:
Qrecords as functions (well -known lisp hack)
Qrecord types as domains (label -dependent function types)
G record subtyping as set inclusion of function spaces



Semantics of Subtyping

WOA Semantics of Multip

0
0

Subtyping for Record, Variant, Function types

| t |1 nt r objectcas kcurSive records 6 t
model self/this.

The contravariance rule was introduced here.

The (later named) subsumption rule was a
theorem in the system. ( Ait -Kaci used that

term in a different context.) Any value of a
subtype also belongs to the supertype .

@) Historical Footnotes

0 0l nheritanced here means 0Subty
Ol nheritance is not subtypingé6

0 It was a oO0Osemanticsédé, but it al
rules, which were the real focus of the paper.

0 A gquestion by Pavel Curtis about this paper led to bounded
guantification.
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Contravariance Becomes (Un)Popular

) At my first OOPSLA Hipher Ondar Sclpbrpes

o | was looking at an exhibition booth about a new
French o-o programming language. A rather
animated guy looked at my badge and said
something like: USRI
OLuca Car @oattavariance !A fedad your
paper. | know | have a problem, but | promise
you, ol fix 1t, 1ol

o0 | had no idea what he was talking about, but |
wrote his name on a piece of paper: Bertrand
Meyer .

d | am still waiting to hear back from him.

In
U T

() Contravariance is a fact about functions T =S
0 But not necessarily about objects/methods

d Some languages were unsound because they
failed to adopt it

.9, But there are many different ways to deploy it
_.. Inatype system

10



Extending Subtyping to Quantifiers (SOL c)

WAfter that, | had a omi s SCPke hendled gqunifiss:
. . . vig o, Hlexble ober daces
0 To boldly go and investigate subtyping for  a// |
type constructors. modsles
yp . . . . kpgrded wbiv: L o v _},{’l‘-‘g"%w bagudled @mck
d E.g.to mix ML (polymorphism) with Simula pareabee, A W, \;g;_*;;;f_sw-
(subtyping).
8 Next in line after records, variants, and Ry VPR -
. pelvcwbnm e by -
functions were... \ s whesttosss | 7F
L uban: o i ~
""Pk;‘m?ﬁlii-
G Type quantifiers . b, T—
& Universal quantifiers captured polymorphism ot ,.} s
[ReynOIdS] > ’ “"’lf I:nh:l_l’”_
0 Existential quantifiers just shown to capture " ;
. ; ; Xkt & fck oy de
data abstraction [Mitchell -Plotkin] L
. vuu‘uvtl
0 Both together give you modules [ MacQueen] "
0 Bounded Quantification was born (0 On TR
understanding Types, Data Abstraction, and
Pol y mor with Petem\Wegner). . | A
. . ) 1/ An nforens cvibess o inclscor, . Eg
“d*N. B. this was a osurveyo a :
: : & st ¢ < F Fst’
_ type rules added at the last minute, with a . :_ —————

restricted bounded quantification rule.

S aEs 1= l— i’
paper TP PR




Things | Learned at DEC

G @l Bl Dq[aunn(nhf‘_rrf-{’ Sychers

(O Distributed O -O Programming
6 Network ObJeCtS ‘i,t*rx+A/v+L»~ F‘h.rt rv ;bm.\,\

Moo e il el | s iz i qitetes

casier b analize br Lt mbeepuehl

sudacedfects con bt laceliad -l-,cr%.x.c#hh_
() Seriously studying Type Theory -~

o Denotational semantics was a start *r M s o s

0 Type theory was the real theory of types
Q) Martin -Loef (dependent types) N [

Bas preseces daselability

: haplae te amaly
fen. ot vnn bypr el

Q) Girard (second -order A-calculus) it e s
G Reynolds (polymorphism and data abstraction) T

s ShiaiBin: asod. Eo i pest
[rrm o | }-,, cenpbations | @i«

0 Proper contravariant rule for quantifiers oo e S b e

1.~ esbv

beltar coda reeil

be amalbyac
frichid af 10 308} | comn: laawdie oosmnt

@ Around this time
dl invented the (ASCIId6!) sub . .. SR

prns et fenel® e bl brees penr sepparhs o dedgs

6 N ame d SUleem pﬁDné ru I e . - boabsoppert —oodlos all J:‘[' ‘;L;i‘,ﬁr i’n“-‘{ e

b sbdd puoboably s weeast v il 8
eusbenbals for ahiboach bypts omd
Binigy predicativt wwabonbals for

The subtyping rule Higher-order Subtypes P .1

P :.-4; t o E'li.!r. o v feseslo,
Fe - o
SkaA SF A< SFA'<A Sk B<B' Bt o

SFA=B <t A'>B'

SFa:B

. . S Sl 55N AlatAl
Then myCar sCar lmphes myCar . Object . S I_ All(sl)Al <: All(su)Au




On A Long - Term Quest

() Quest ( Quantifiers & subt ypes)

0 Setting out to design a language that would unify functional and object -
oriented programming through subtyping.

S‘-rg}igmg}‘ian
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System F <: (Pure Bounded Quantification)

WOWhil e | was omoving to higher kind
0 POPL paper on Power Types

Q) Pierre -Louis Curien and Giorgio Ghelli
were simplifying SOL <

S Y tem F <L (L.Cardelli,].C Mitchell, 5.Martini, A.Scedrov) (P.-L.Curien, G.Ghell

. Syntax
0 Wanted a simpler system to study: F <: ) :
. . F= ypes
o0 No records: just functions. X typevariable
Top ’ thesqpertypeofalltypes
0 They thought they were loosing power by VO ot

cutting it down.

APure Calculus of Subtyping

Luca Cardelli
Lytton Avenue, Palo Alto CA 94301
Iuca@src.dec.com

Joint workwith
Simane Martini, John C. Mitchell, Andre Scedrov



System F <: was Enough

i F<: Bncoding
(D But nothing was lost! <: Emcodings

d | showed how to encode record typing and Products

SUbtyp|ng in pure F<.. Using thestandard encoding of pairsinsystem F:
dThat established F<: AxB & V(C)(A—>B—C)—>C

stu dy Su btyp in g. weobtain the expected inclusionasaderived rule:
d Much work followed on that basis [Cook, EFA<:A’ EFB<B’

Mitchell et. al.: F -bounded quantification] Eranl =l 'sf

[Pierce] Etc.
Tuple(A,B, Top) <: Tuple(A, Top)
since A <: A, BxTop <: Top, and x is monotonic.

Arecord typeis encoded as a tuple type where the components are

mapped to the tuple slot determined by the index of the label. The

APure Calculus of Subtyping missing slots are padded with Top. Record values are similarly
Smmm'Mnr.‘fni,]r.:ll;’:gia.(/lklfﬂlz'll,/‘mdrﬂS(Tdmy RCd(IU:A; II :B; Izl-cl; IS:D! Tﬂp) THPIE(AI B‘p C‘f D‘f Top)
<. Tuple(A, Top,C, Top) = Rcd(10:A,12:C, Top)




Finally: Subtyping Recursive Types

WBack to the oOoOmissiono:
0 They should be necessary (?!?) to model Self.
0 Hence what are their subtyping rules?

) The Amber Rule

0 At Bell Labs, coding up the typechecker for
Amber (a first -order language with subtyping) |
arrived at the case for subtyping recursive
types, andolwent:nowhwhat

0 | made up a rule that seemed to work. It was
inspired by a proof rule for bisimulation in CCS.

XY =p f}’ f‘ ‘!"_l.s-.“. .,.»7;,.-;'- )

T g ——

ree XA < vec ¥ IR op to wngolding
G Now, with Amadio, we finally proved its
soundness and completeness
0 Later several people [ Palsberg] studied its
typechecking efficiency.

0 And still later it was set on proper  coinductive
grounds [Pierce], in the original bisimulation
spirit.
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