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Abstract

ɷIt was a simple choice, really, on an IBM 370 in the 70õs, between APL, Fortran, Lisp 1.5, 
PL/1, COBOL, and Simulaõ67. Nothing could come close to Simulaõscombination of strong 
typing, garbage collection, and proper string processing. Separate compilation (prefix 
classes) and coroutines were nice bonuses. And then there were these ... òobjectsó but, 
well, nothing is perfect. Hot topics in those days were the freshly invented denotational
semantics (which Simula didnõt have), formal type systems (which objects didnõt have), 
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.

ɷ The story I 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. Landinõslambda-reductionism 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.
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Outline

ɷI am under no pressure to present new results
ð(I understand.)

ɷHence, a personal perspective:
ðHow did I get here?

ðHow did O le-Johan Dahl and Kristen Nygaard influence my work?

ɷOnly two things really marked me as an undergraduate:
ð -calculus

ðSimula 67
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I: Functions
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Things I Learned in Pisa

ɷFunctional Programming
ð -calculus, Scheme, abstract machines, program transformations, 

denotation semantics, etc. etc.

ɷòStructured Programmingó book [Dahl, Dijkstra , Hoare] (1972)

ðDijkstra : òStructured Programmingó (nested program structures)

ðHoare: òData structuringó (data types and type constructors)

ðDahl & Hoare: òHierarchical Program Structuresó (Simula 67 ):

ɷòA procedure which is capable of giving rise to block instances which 
survive its call will be known as a class, and the instances will be known 
as objects of that classó ... òAny variables or procedures declared local 
to the class body are called attributes of that classó.

ɷòConcatenation [subclassing] is an 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 in a merging of the 
attributes of both components, and the composition or their actions .ó
Note: òthis ó is used in examples but never discussed.
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Things I Used in Pisa

ɷI wanted to use Algolõ68!
ðState of the art (way overdesigned) algorithmic language.

ðBut luckily, as it turned out, it was not available on IBM machines.

ɷBut Simulaõ67 was available (on IBM 370)
ðOther languages I tried: Fortran, APL, Lisp 1.5, PL/1. Yucc! gross!

ðSo, I did most of my programming in Simula 67 , 
mostly because of garbage collection and strong typing and strings !

ðBut I did not buy the o -o propaganda; I just exploited it:
ɷto obtain heap -allocated, garbage collected, data structures

ɷfor separate compilation (via a rather weird mode of class prefixing)

ðNO (reasonable) CHOICE BUT SIMULA

ɷConversely, John Reynolds: 
ðWanted to use Simula but it was too expensive, 

and had to use Algol!

2007-08-02

SIMULA Always First! Ole-Johan Dahl 

(left) and Kristen Nygaard, 1982. 

Courtesy of Rune Myhre, Dagbladet.

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]

http://en.wikipedia.org/wiki/Image:Algol68RevisedReportCover.jpg
http://en.wikipedia.org/wiki/UNIVAC
http://en.wikipedia.org/wiki/Norwegian_Computing_Center
http://en.wikipedia.org/wiki/System/360
http://en.wikipedia.org/wiki/System/370
http://en.wikipedia.org/wiki/CDC_3000
http://en.wikipedia.org/wiki/University_of_Oslo
http://en.wikipedia.org/wiki/TOPS-10
http://en.wikipedia.org/wiki/TOPS-10
http://en.wikipedia.org/wiki/TOPS-10
http://en.wikipedia.org/wiki/ENEA_AB
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The Goals of the Times

ɷTo categorize all program constructions
ðAnd translate them to -calculus [Landin]

ðor give them denotational semantics [Scott -Strachey]

ðor something (which turned out later to be Operational Semantics [Plotkin]).

ɷMy Master Thesis
ðOn denotational semantics of programming languages

ðTried to capture òalló program concepts in a single language

ðMildly influenced by Simula:
ɷHad a section on classes and subtyping by explicit injections. 

ɷBut I realized there was a lot more to it.

2007-08-02 7
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Things I Learned in Edinburgh

ɷPolymorphism
ðòA function that belongs to many typesó.  Hmm... familiar??

ɷML 
ðFinally, a nice programming language!

ðNo objects, and not even records (just binary products).

ðInteractive (in a way more òobject-orientedó than batch Simula).

ɷPascal
ðFinally, a nice implementation language! (To implement ML!)

ðNo objects, but nice records and enumeration types.

ðSo began a slippery slope away from functional languages.

ɷFrom Gordon Plotkin:
ðContravariance from Category Theory

ðProduct/sum duality (records/variants) from Category Theory

ðOperational semantics (on a slippery slope away from denotational)

ɷFrom Robin Milner (and David Park):
ðCalculus of Communicating Systems (how not to be a slave of -calculus)

ðBisimulation (later, unlikely, useful for recursive types)
2007-08-02 8
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But Still Bugged by Simula

ɷML extensions 
ðAdded records and variants to ML.

ðTried to add record subtyping by type 
inference, but gave up. 
(This later became a little industry.)

ɷGalileo, with Albano and Orsini
(and Ghelli as a student) back in Pisa.
ðA DataBase programming language 

(with records and variants)

ðWith ML -inspired typing and aggregation/bulk 
constructs (map/filter).

ðWith Simula -inspired subtyping (for OODB).

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

2007-08-02 9
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A Gaping Gap in the Literature

ɷWhere was the Theory of Object -Oriented Languages ?!?
ðLogic languages: -- > Predicate logic

ðDatabase languages: -- > Relational calculus

ðFunctional languages: -- > -calculus

ðImperative languages: -- > Hoare Logic / Weakest Preconditions

ðModular languages: -- > Algebraic semantics

ðObject -oriented languages: -- > ???

ɷInstead, a clash of cultures:
ðòEverything is an object ó (Smalltalk)

ðòEverything is a function ó (-calculus)

ðThe latter had plenty of mathematical justification.

2007-08-02 10
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What Simula did not Have (or Need?)

ɷNo denotational semantics
ðNot necessarily useful in itself 

but, e.g. useful to check that the type rules are correct.

ɷNo formal type system
ðSimula 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.

ɷNo abstract data types, or modules
ðAre classes the same as abstract data types [ Liskov]?

ðAre classes the same as modules [ Parnas]?

ðThe Norwegian Computing Center approach to software 
architecture was widely misunderstood.

ɷ... not to mention Smalltalk
ðWhich did not even have a syntax , let alone a semantics!!

ðBut had Super inheritance instead of Simulaõs Inner , indicating 
the need of a whole framework in which to study inheritance.

2007-08-02 11
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But O - O too is òHigher- Orderó

ɷCloser to functional programming than to imperative programming:
ðNeed first -class function spaces (to model methods)

ðNeed recursive types (to model self)

ðNeed higher -order logics (to model class invariants)

ɷMy Simula vs ML experience: O -o is a lot more òheavywheightó 
ðLots of work to set up simple inductive data types 
ɷA dummy virtual superclass with lots of subclasses that never inherit.

ðLots of work to set up simple first -class functions 
ɷòAnonymous delegatesó in C#.

ɷBut is any of that essential or incidental?
ðCan we do functional programming in o -o?

ðCan we do o-o in functional programming?

ɷSo many quasi-connections
ðAre polymorphism for objects and for functions related?

ðThe Reynolds duality: extending code by adding functions or by adding objects.

2007-08-02 12
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A slide from a much later time 
(apparently edited by Kim Bruce) 

Whatõs òImportantó about O- O?

ɷTo build a theory you have to start simple
ðWhat are the simplest features that are unique to o -o?

ɷSimula had lots of interesting features. My pick was:
ð#1 subtyping (as a foundation for class hierarchies)

ð#2 this/self (as a foundation for inheritance)

ɷHence, question #1 (at the time): What is subtyping?
ðMathematicians, oddly believe that:
ɷA function space is a subset of a cartesian product
(Uh? functions subtypes of records? we donõt want that!)

ðConversely mathematicians, oddly, believe that:
ɷThe set of 3 -tuples is not a subset of the set of 2 -tuples.

(Uh? but we want that!) 

ðDahl & Hoare clearly stated that
ɷòAny object of a subclass also belongs to the prefix classó

ðSo, what is subtyping? 
ɷ<silence>

ɷIn the mist of that confusion, I moved to Bell Labs...
2007-08-02 13
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II: Records
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Things I Learned at Bell Labs

ɷSystems programming (Unix group)
ðML not good òas suchó for systems programming
ɷPointer arithmetic? Whatõs that??

ðUsing C (yucc! gross! but at least you can see the metal)
ɷHad a pretty careful definition

ðBut never C++ (mostly out of induced disgust with C)
ɷN.B.: Bjorne just down the corridor.

ɷThe rumor was that he was trying to turn C into Simula.

ɷThe MacQueen-Sethi -Plotkin Ideal Model
ðIn early denotational models, types were òretractsó of the 

universal value set, which did not support subtyping.

ðThe Ideal Model was designed as a semantics for polymorphism, 
which was modeled as a òbig intersectionó of domains.

ðSo, it accidentally provided a subset -based denotational semantics 
of subtyping (via non -empty intersections between domains)

ðTherefore enabling:
ɷrecords as functions (well -known lisp hack)

ɷrecord types as domains (label -dependent function types)

ɷrecord subtyping as set inclusion of function spaces

2007-08-02 15
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Semantics of Subtyping

ɷòA Semantics of Multiple Inheritanceó paper
ðSubtyping for Record, Variant, Function types

ðIt introduced òobjects as recursive records ó to 
model self/this.

ðThe contravariance rule was introduced here.

ðThe (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 .

ɷHistorical Footnotes
ð òInheritanceó here means òSubtypingó: the famous paper 
òInheritance is not subtypingó was written much later!

ð It was a òsemanticsó, but it allowed me to justify the type 
rules, which were the real focus of the paper.

ð A question by Pavel Curtis about this paper led to bounded 
quantification.

2007-08-02 16
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ɷAt my first OOPSLA
ðI 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: 
òLuca Cardelli: Ah! Contravariance ! I read your 
paper. I know I have a problem, but I promise 
you, Iõll fix it, Iõll fix itó

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

ðI am still waiting to hear back from him.

ɷContravariance is a fact about functions
ðBut not necessarily about objects/methods

ðSome languages were unsound because they 
failed to adopt it

ðBut there are many different ways to deploy it 
in a type system

Contravariance Becomes (Un)Popular

2007-08-02 17
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Extending Subtyping to Quantifiers (SOL )

ɷAfter that, I had a òmissionó
ðTo boldly go and investigate subtyping for all

type constructors.

ðE.g. to mix ML (polymorphism) with Simula 
(subtyping).

ðNext in line after records, variants, and 
functions were...

ɷType quantifiers
ðUniversal quantifiers captured polymorphism 

[Reynolds]

ðExistential quantifiers just shown to capture 
data abstraction [Mitchell -Plotkin]

ðBoth together give you modules [ MacQueen]

ðBounded Quantification was born (òOn 
understanding Types, Data Abstraction, and 
Polymorphismówith Peter Wegner).

ðN.B. this was a òsurveyó article. Appendix with 
type rules added at the last minute, with a 
restricted bounded quantification rule.

2007-08-02 18
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ɷDistributed O -O Programming
ðNetwork Objects

ɷSeriously studying Type Theory 
ðDenotational semantics was a start

ðType theory was the real theory of types
ɷMartin -Loef (dependent types)

ɷGirard (second -order -calculus)

ɷReynolds (polymorphism and data abstraction)

ðProper contravariant rule for quantifiers

ɷAround this time
ðI invented the (ASCII!!) subtyping symbol  ò<:ó

ðNamed the òsubsumptionó rule.

Things I Learned at DEC

2007-08-02 19
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On A Long - Term Quest

ɷQuest ( Quantifiers & subt ypes)
ðSetting out to design a language that would unify functional and object -

oriented programming through subtyping.

2007-08-02 20
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System F <: (Pure Bounded Quantification)

ɷWhile I was òmoving to higher kindsó
ðPOPL paper on  Power Types

ɷPierre -Louis Curien and Giorgio Ghelli 
were simplifying SOL
ðWanted a simpler system to study: F <:

ðNo records: just functions.

ðThey thought they were loosing power by 
cutting it down.

2007-08-02 21
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System F <: was Enough

ɷBut nothing was lost!
ðI showed how to encode record typing and 

subtyping in pure F<:.

ðThat established F<: as a òcore systemó to 
study subtyping.

ðMuch work followed on that basis [Cook, 
Mitchell et. al.: F -bounded quantification] 
[Pierce] Etc.

2007-08-02 22
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Finally: Subtyping Recursive Types

ɷBack to the òmissionó: Recursive Types 
ðThey should be necessary (?!?) to model Self.

ðHence what are their subtyping rules? 

ɷThe Amber Rule
ðAt Bell Labs, coding up the typechecker for 

Amber (a first -order language with subtyping) I 
arrived at the case for subtyping recursive 
types, and went: òuh-oh... now what?ó. 

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

ɷNow, with Amadio, we finally proved its 
soundness and completeness
ðLater several people [ Palsberg] studied its 

typechecking efficiency.

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