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It is proposed to implement a set of immutable data
structures in an object-oriented language. Two differ-
ent benefits are explained: the conceptual simplicity
of referential transparency and the possibility for cor-
rectness proofs and consistency checks with varying
degrees of formality.

1 Context

A mutable data structure is one, that can be changed
with update operations. An immutable data struc-
ture is one that can’t be changed: every modifying
operation will return a new instance, both instance
can then be used independently from each other. (The
implementation may allow the two instances to share
memory, but this fact is completely hidden from the
programmer who can always reason as if all the in-
stances are completely independent.) In fact, the the-
ory of Abstract Data Types, which is based on alge-
braic specification, does only treat immutable data
structures. Mutable DS’ on the other hand use de-
structive update: changing an instance destroys the
old instance. An instance of an immutable data types
corresponds to one mathematical object (like an inte-
ger), while a mutable data type is rather like a vari-
able (that as a value which is a mathematical object).
Thus we could call the immutable data types “value
types” or “mathematical data types”. They are also
more fundamental than the “variable types” which
build up on them.

Object-oriented programming languages have ma-
de the implementation of reusable data structures
particularly easy: one can program a data structure

once as a class and then create as many instances
as needed. The programmer need only think of one
instance at a time and the run-time system (with
garbage collection) will care for the rest. An impor-
tant consequence of the OO way to data structures
are the controlled side effects and aliasing: a data
structure can be shared between several parts of the
program; if one part updates the data structure, the
other part will see the update, too. The side-effects
are controlled because the shared data structure can
ensure some form of consistency (expressed in its class
invariant). Updates can only happen via the client
interface of the data structure. Aliasing does make
formal reasoning about programs very hard, but it is
needed to keep programs reasonably short and effi-
cient. Furthermore it enforces the view-point (advo-
cated by Bertrand Meyer) that objects are a model
of the real world!.

2 The two Benefits

2.1 The best from two worlds

Experience shows that aliasing and mutable data
structures are a necessary evil to built complex soft-
ware. Immutable data structures, on the other hand,
are much more easy to use: one never needs to think
about state, one can use any kind of algebraic laws
and program transformations, programming becomes
rather declarative.

Hoare[2] first proposed an imperative programming
language with immutable data structures, but he dis-
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couraged an implementation of that language for sev-
eral reasons especially efficiency. Rather he proposed
to use the language for program development only,
transforming programs to an efficiently executable
subset of the language. Nowadays there seem to be
several reasons, why the complete language should be
implemented:

e It can be used for prototyping (where efficiency
doesn’t matter as much).

e Experience shows that the real efficiency bottle
necks of programs can’t usually be estimated in
advance, but must be found through profiling.
Consequently a prototype can be made efficient
by refining only critical parts of it and leaving
the rest in a simpler, more abstract form.

e The immutable data structures can be used in
the assertion layer of a language, that is, for
development and debugging purposes (can be
switched off for production runs).

e Immutable structures allow more typeful pro-
gramming. Consider the higher-order function
map that applies a function to every element of
a sequence. Applied to a mutable list it will re-
place every element with the function’s value,
and applied to the immutable sequence it will - of
course - return a new sequence with the function
results. In the first case the return values must
be of the same type as the original values (since
they are stored in the same structure). The im-
mutable structure doesn’t have that restriction,
since a new sequence is created anyway.

Hoare’s argument, that inefficient abstract data
structures should be mostly used for program devel-
opment instead of final programs, is still valid. How-
ever, as Bertrand Meyer observes, it is the goal of
tools and languages to help people do things right,
not to prevent them from doing things wrong[6]. In
this sense a good mixture of immutable and muta-
ble data structures will certainly enhance the expres-
sive capability of a programming language — espe-
cially since immutable data structures are concep-
tually much simpler than many other programming

language features and they don’t interfere with any
other feature!

2.2 Practical Proofs of Class Correct-
ness

I had the idea for this proposal after thinking about
an article in progress by Bertrand Meyer with the ti-
tle of this section[7]. His proof principles are on the
one hand proof techniques for programs with point-
ers, which I won’t discuss here; and on the other
hand model-based specification: a data structure is
assigned a mathematical value and each update op-
eration replaces that mathematical value. The in-
formal idea for this is already found in [4]. Meyer
does his class proofs by introducing model variables
to his classes. The specification is then expressed us-
ing those variables as we know it from methods such
as VDM, Z, or B.

A critical point for the formalisation of such proofs
is that one needs formalisations of those “model data
types”. Experience with functional programming
and algebraic specification shows, that such formal-
isations are often already executable programs. A
very good example are HASKELL’s algebraic data
types and the accompanying functions, which serve
at the same time as specifications, implementations
and lemmas for proofs. It is the lemmas that are also
needed in proofs of class correctness. Even if those
lemmas don’t coincide with an imperative/object-
oriented implementation of the mathematical data
type, an implementation can be very useful. First,
it provides a frame in the OO language to which al-
gebraic axioms and lemmas can be added, and sec-
ondly, it can also be used for debugging instead of
proof: like loop invariants can be checked as runtime
assertions, model-conformance can be checked, too.

With the point from the last section, that the
more abstract, immutable implementation is like a
prototype, the proposed kind of assertion check-
ing means that the more efficient implementation is
tested against its prototype. Thus the same assertions
are used for formal proof and for automatic tests.



3 Goal

It is the goal of the proposed thesis work to design
and implemented an object-oriented library of im-
mutable data structures. It must include the simple
base structures Sequences, Tupels and Sets. In a ref-
erential transparent context stacks and other types of
queues are only special cases of sequences. Relations
and Finite Maps should also be included. But they
don’t have a straight forward algebraic specification
and thus require some creative work.

Tupels and Sequences should be strongly compa-
rable to standard functional implementations like in,
e.g., the HASKELL Prelude. EIFFELs tupels are taken
into account, perhaps they’re already what’s needed.
For further inspiration the student should refer to:

e the earliest formalisation of data structures in
history[2, part II], which is still very good

e data structures in model-based specification,
e.g., the B notation[1]

e libraries of functional data structures,
EDISON[8]

e.g.,

The fact that immutable objects can be seen as the
current values of mutable objects should be exploited
by implementing conversion functions from mutable
to immutable data:

e Initialize mutable objects with immutable values
e Set the value of a mutable object

e Retrieve the value of a mutable object as an im-
mutable object

Those routines can be used to reason formally
about class correctness and to mix mutable and im-
mutable data structures in one program, making it
potentially much simpler to construct and under-
stand on the one hand, and more efficient on the
other hand. The mutable data structures of the Eir-
FELBASE library[5] would offer a good starting point
for this.

The retrieve routine (which could also be called
“value” or “model” (as Meyer does)) of mutable data
structures will be used to express the “representation

relation” (as in [4]) formally in the module (or class)
invariant, thus the post condition of mutating opera-
tions can be entirely expressed with executable func-
tions, which makes them runtime-testable assertions.
Furthermore the correctness (relating to the abstract
implementation) can be proved without further over-
head.

4 Mutable Objects
in Immutable Structures

The documentation of the JAVA standard library’s
HashMap contains the caveat (coresponding) “If the
value of the equals-function of contained objects
changes, the behaviour of the data structure is un-
defined”. This points to a rather profound conflict
between the theory of data structures which supposes
that the objects in a structure (e.g., a set) have value
semantics, whereas objects do have their own “techni-
cal” identity and changing values. (“Technical iden-
tity” means that the object-identity of the program-
ming language (reference-based) is usually not what
we need as equality in the data structure?.)

This is an open question per se and I already have
some ideas how EIFFEL’s “expanded types” and mul-
tiple inheritance can be used to solve that problem.
(Note: expanded types have value-semantics as op-
posed to the usual reference semantics of object-
oriented programming. Just using expanded types
everywhere is, however, not a solution, since im-
mutable data structure work perfectly well together
with references and aliasing, because no side-effects
can happen. HASKELL uses references, too...)

5 Further Research

I only propose simple implementations of standard
data types. As a follow-up it would, however, be in-
teresting to port more advanced algorithms|8] to the
object-oriented world. Especially the fact, that sev-
eral different and independent instances of one data
structure can share memory makes those persisten
immutable data-structures generally useful.
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