Towards a Formalization for COM
Part I: The Primitive Calculus

Riccardo Pucella

Department of Computer Science
Cornell University
Ithaca, NY 14853

riccardo@cs.cornell.edu

ABSTRACT

We introduce in this paper a typed calculus intended to capture
the execution model of COM. The innovation of this calculus is to
model very low-level aspects of the COM framework, specifically
the notion of interface pointers. This is handled by specifying
an allocation semantics for the calculus, thereby modeling heap
allocation of interfaces explicitly. Having an explicit way of talking
about interface pointers allows us to model in a reasonable way the
notions of interface sharing and object identity. We introduce a
type system that can be used to disambiguate between specifica
tion and implementation of interfaces. The type system moreover
can capture a notion of COM conformance, that is, the legality
of COM components. We discuss extensions of the calculus to
handle subtyping of interfaces, dynamic interface negotiation and
aggregation.

Categories and Subject Descriptors

D.3.3 [Programming Language$: Language Constructs and Fea-
tures—Modules, packaged-.3.3 [Logics and Meanings of Pro-
grams]: Studies of Program Constructs; D.3R¥¢gramming Lan-
guage$: Language ClassificationsApplicative languages, Object-
oriented languages

General Terms
Design, Languages
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1. INTRODUCTION

The Component Object Mod¢éCOM), introduced by Microsoft
in 1995, is an architectural model intended to promote the safety,
interoperability, and distribution of largely-independent units of func-
tionality [4, 10]. The driving idea was to provide a simple model
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that could be used to build more advanced infrastructures for appli-
cation development. The work on COM emerged from an attempt
at isolating the core mechanisms of OLE, tBbject Linking and
Embeddingnfrastructure used by the Windows operating system
to manage document-centric abstractions [1].

The basis of the COM model is the notion ioterface One
can think of an interface as a view on a given “object”, namely the
instance of a component. For example, a spell-checking component
instance may have a dictionary view that allows it to be accessed
as a dictionary. Through this view, one can query the instance for
the words it knows. Another view of this component may be a
spell-checking view, that can perform the actual spell-checking of
a document. What makes the COM framework interesting is that
these interfaces are essentially independent of each other! Each
interface presents various functions that can be called, and different
interfaces for a given component instance need not even share state.
However, to maintain the illusion that these interfaces are views of
an underlying “object”, COM imposes requirements on interfaces,
such as the requirement that given any view of an “object”, we can
get at any of the others views, and so on.

Although one of the goal was to have a simple model, by forcing
as little structure as possible, it has proved surprisingly difficult
to formalize. Subtleties in the interpretation of the model have
recently arisen, pointing to the need for such a formalization. For
instance, recent results by Sullivan, Marchukov, and Socha [15]
highlight unexpected interactions between two core mechanisms
of COM, interface negotiation and aggregation. These interac-
tions invalidate a naive reading of the COM specification. One
must realize that these are not even the most complicated protocols
in COM, compared with issues such as security, licensing, mar-
shalling, remote objects and especially threading models. This is
compounded by the fact that the ideas underlying COM have been
adopted by other frameworks, such as the XP-COM framework
used in Mozilla, and are being carried over to the .NET framework
from Microsoft.

Why is it so hard to reason about COM? The COM specification
[4] describes the model in terms of how implementations should
behave, and does so by specifying rules that guarantee good be-
havior. One problem is that the required behavior is described as a
mix of specifications and a reference implementation in an object-
oriented language such as+Clt is not clear, for example, how
much the specifications and rules of usage rely on the reference
implementation. Moreover, the specification does not lend itself
well to the verification that the rules actually enforce good behav-
ior. As we mentioned, formalizations that have emerged since the
COM specification was “published” have already exhibited subtle
interactions between the rules [15].



In this paper, we introduce a framework to reason about the in- management. We will not be concerned with memory management
teraction between the rules and the effect of the rules on programs.issues in this paper.
This is achieved by capturing the execution model of COM via a  Interface negotiation through ti@@uerylnterfacdunction is the
primitive typed calculus)\““™, executing over an abstract machine only way in which one can use components. Recall that due to
that models the system at the level of interfaces, through explicit encapsulation, a component can only be accessed through one of
interface pointers. Essentially, we explicitly model allocation of its interfaces. This begs the question of how one gets a hand on
new interfaces in a “heap”. This allows us to express notions such an interface to a component. The answer is that one can query a
as interface identity, required to define the identity of components. component for an interface, throu@ueryinterface SinceQuery-
The key feature of our calculus is its type system, which stati- Interfaceis specified bylUnknown from which every interface
cally determines if a component and its set of interfaces is COM must inherit, every interface in every component must implement
conformant. Roughly speaking, a COM component is said to be Queryinterfaceln essence, if one has an interface to a component,
conformant (or legal) if it satisfies the COM rules of usage. Recent one can get another interface to a component. To understand query-
research by Sullivan and Marchukov [14] suggests that the notion ing, one must understand the naming scheme for interfaces. Until
of COM conformance cannot be fully captured statically, and one now, we have described interfaces using mnemonic names such as
goal of our project is to examine the exact implications of such IDictionary. In truth, every interface has an associaietgrface
research. identifier, or 1ID. This IID uniquely identifies the type of the inter-

Various approaches have attempted to formalize the COM frame- face. Any interface with a given IID must implement exactly the
work, including the aforementioned research [14, 15], as well as functions specified by the type associated with the [ID. Any new
calculi-based methods such as COMEL [2]. None of these ap- interface not corresponding to an existing interface identifier must
proaches capture the computational model accurately. The con-be assigned such an identifier by the creator of the interface, as part
cepts underlying COM appear intuitive, but turn out to be subtle. of the design of the interface. The IID carries some “semantic”
The aim of this project is to attempt to provide a semantic founda- meaning. For instance, there may be an IID reserved for interfaces
tion for the study of the component technology underlying COM, to dictionaries used by spell-checkers, with exactly the same type

from a programming language semantics point of view.

as provided by another IID reserved for interfaces to dictionaries

The rest of this paper is structured as follows. We give an overviewused by natural language processors. The IID is what one queries

of COM in Section 2, at the level required to understand our work.
In Section 3 we introduce our calculus;°™, and the type system
enforcing COM conformance. In Section 4, we present the opera-
tional semantics of the calculus. In Section 5, we point out natural
extensions of our work. We review related work in Section 6, and
then conclude with a discussion of our design decisions and future
work. The proof of our technical results have been relegated to the
full paper.

2. THE COMPONENT OBJECT MODEL

COM is an architectural model based on largely-independent
units of functionality calledcomponents COM components are
binary objects: machine code and data laid out in memory and
behaving according to the rules of COM. To provide access to
its functionality, a component implements one or miotterfaces
An interfaceis itself a binary structure, whose layout is specified
by the COM framework. Precisely, an interface is a pointer to
a table of pointers to functions of the component (thierface
table). Typically, the functions provided through an interface are
semantically related. For instance, they may implement a specific
service. The only way for client code to access the code of a
component is through one of those interfaces.

Consider the following classical example of a component, one

that performs spell-checking duties. Such a component may have

two interfacesi1Spell to perform spell-checking, arl®ictionary,

to access the underlying dictionary. THepell interface would
allow one to spell-check a piece of text, while tii¥ctionary in-
terface would contain functions to update the dictionary, such as
adding new words, or alternate spellings.

Thetypeof an interface is the list of operations it supports, and
their order (as implemented in the interface table), along with the
types of its operations. An interface carherit from another in-
terface, which simply says that it provides all the functions of that
other interface, and maybe additional ones as well. Every interface
is required to ultimately inherit frorlnknown which is a special
interface in COM. ThdUnknowninterface specifies three func-
tions: Querylnterface AddRef andRelease These functions are
the core COM mechanisms for interface negotiation and memory

for when callingQuerylnterface When one queries a component
for an interface with the given IID, either the call succeeds and one
gets a pointer to the requested interface (i.e., a pointer to a table
of function pointers), or the call fails with an indication that such
an interface is not available. Note two things: there need not be
a unique interface with a given IID implemented by a component;
the component is free to choose which interface pointer to return.
Second, to query a component for an interface, one needs to know
the interface IID one is interested in. COM does not provide any
mechanism through which one can ask a component about the in-
terfaces it provides. The intuition is that this information would
be useless to a client unless it was programmed to handle such
interfaces, in which case it can simply query for them.

In summary, to get an interface of a component, one needs to call
Querylinterfacethrough another interface of a component. How
does one get an initial interface to a component? When one creates
a component (on Win32 systems, this is done through a call to the
Win32 functionCoCreatelnstange one specifies the initial inter-
face one wants on the component. Note that every component is
required to implement at least one specific interface, namaty
known and thus one can always query for it at creation time. Re-
call thatlUnknownsimply provides &ueryinterfaceand memory
management functions. (COM imposes obligations with respect
to IlUnknownin two distinct ways: every interface must inherit
from IlUnknown and every component must support theknown
interface directly.)

The Queryinterfacemechanism is purely local: from a given
interface, one can query for other interfaces. To be usable, a com-
ponent must impose restrictions on the ways in wiieteryinter-
faceas implemented by the interfaces behaves. Qterylnterface
functions in a component must have the following properties:

1. Stability. If at some point, &uerylnterfaceon some inter-
face for an interface with II0 succeeds, then every subse-
quent call toQuerylnterfaceon that interface requesting an
interface with 1IDI must also succeed. Similarly, if at some
point, aQuerylnterfaceon some interface for an interface
with 11D I fails, then every subsequent call@uerylnterface
on that interface requesting an interface with fnust fail.



types T ou=int|m — e | [, ][

interface types ¢ = (L1w1,.. )¢ || pi(ar, ..., an).(b1,- .-y tn)

tags t o= 4|l

declarations d == z|{I|li=ei,... |l1—di,...)|reCz1=ds,... Ind
values v = i|AzT.e|{|component(l)

expressions e = z|i|AzTe|eriex|el| el | e

rec z1=ds,... in e | unroll, (e) |
(I|li=ex,... | 1+el,...)| component(e)
Figure 1: \“°™ syntax
2. Reflexivity. A Querylnterfacerom an interface with [1DI 3.1 The model

for an interface with 11DI always succeeds.

. Symmetry. If a Queryinterfacdrom an interface with 11DI
for an interface with 1IDI’ succeeds, then@ueryinterface
on the resulting interface for an interface with IIDmust
succeed.

. Transitivity. If a QuerylInterfacdrom an interface with [ID
I for an interface IIDI” succeeds, and Querylnterfaceon
the resulting interface for an interface with Il succeeds,
then aQuerylinterfacefrom the original interface for an in-
terface with 11D must also succeed.

These properties say nothing about whether the returned interfac

pointers are the same. In general, it need not be the case thag1

querying for a given interface from two different interfaces returns

€

The cursory look at COM in Section 2 illustrates the fact that
interfaces are the core elements of the COM infrastructure. Our
calculus is based on the following very general view of interfaces.
Interfaces, as we saw, can be understood as records, in that each
interface contains fields that contains values. Each interface is
associated an 11D, describing the fields it contains. Moreover, each
interface idinkedto other interfaces, where the link is labelled by
the 11D of the target interface. Intuitively, querying an interface
for an interface with 1IDI means returning the interface obtained
by following the link labelled!. Note that there is no sharing
of structure—each interface is its own record, distinct from other
interfaces (although of course they can be linked). Hence, we avoid
conflating issues of inheritance in the model. Another thing to
ote is that this approach encodes a particular “implementation” of
the QuerylInterfacanechanism. Querying for an interface is done

the same interface pointer. This flexibility allows components to by table lookup. One cannot, within the model, specify that the

optimize table layouts, and even to reduce network communication

in the case of distributed components.

The only case where the component is required to return the
same pointer to an interface is when an interface of the component

is queried folUnknown This leads to the following rule:

5. Unigueness. Querying any interface of a component for
IUnknownmust succeed and always return the same pointer.

This uniquelUnknownpointer can be used to define a notion of

component identity: two interfaces are interfaces of the same com-

ponent if querying them fatUnknownreturns the same pointer.

interface to be returned as a result of a particQaerylInterface
depends on runtime values. We will see later in this section where
this restriction comes in handy. In Section 7, we will revisit this
particular assumption.

It goes without saying that different interfaces can link to com-
mon interfaces, and that linking can lead to cycles among inter-
faces. To account for all these aspects, we introduce the notion
of a heap where interfaces are stored. Each stored interface gets
anaddressand accessing interfaces is done by going through their
address. Hence, the label of an interface can be understood as a
pointer to an interface. Interfaces in this model can be seen as a

Component composition, that is, creating new components from gjrected graph structure. The heap is simply a representation of

old, is handled in COM in one of two ways, namely containment

that graph. What is a component instance in such a setting? An

and aggregation. The only such way we address in this paper is con4nstance is @onnected compone(in the graph-theoretic sense) of

tainment. Containment is straightforward: a comporn@n{called
the outer component) is said¢ontaina componen€; (called the
inner component) ilC, usesCs in its implementation. In other
words, (1 is a client ofCs. The only requirement for containment

this graph structure. Given such a description, it is not particularly

relevant what an instance is: any interface in the connected com-
ponent can be seen as a “handle” to the component. Unfortunately,
this approach allows us to describe connected components that do

is that upon creation, the outer component should create the innernot pehave the way COM components should behave. Specifically,

component. We will not deal with aggregation in this paper, as it
introduces complexities of its own. We will discuss aggregation in
Section 5.

3. THE xeo» CALCULUS

In this section, we introduce th&®°°™ calculus, a statically-

the rules of behavior of Section 2 are not enforced by this model.
For example, querying any interface in a connected component for
an lUnknowninterface need not always yield the same interface
as a result, violating theJnknownproperty of COM components.
Therefore, we enforce statically the COM conformance of com-
ponents in our type system, by identifying a specific interface as

typed language that models COM at the level of the pointer-based the “official entry point” into the component. Not surprisingly, this

implementation of interfaces. The calculus is a functional calculus
based on the call-by-value simply-typgetalculus. After present-
ing the model of the calculus, we explain and motivate the main

constructs and typing rules, and discuss how we capture COM

conformance.

entry point will be the commonUnknowninterface required by
COM conformance!

3.2 The language

The calculus is an extension of the simply-typedalculus. The



full syntax is given in Figure 1. The types for the values in the create interfaces independently, and eventually to name a particular

calculus are given as follows: interface the entry point to a component. An interface is created via
. the expression! | li=e1, ... | [1+e},...), wherel is the IID of
T ou=int|mo— | (1] [ the interface being created, thés are labels of the fields to which
o= (T, .0 o pa(an, .o an) (b1, i) the values;'s are assigned, and tligs are the interfaces reachable

The typesr comprise the base type int, as well as functional types from the interface being created. The typing rule is straightforward:

71 — 72. The type[l,.] denotes the type of an interface. In- Vi ;T e i Vi ;0T el (1G]

terfaces are first-class, in that they can be passed to and returned 7, W;T I (T [ l1=e1, ... | [i<—el,...) : [I, (I1it1, - - -)¢]

from functions. As we noted above, an interface is essentially a N

record, and is moreover linked to other interfaces. The type for (under the condition tha(I) = {l1:7,...}, and the tag 7 L
interfaces reflects that structure. First, we need to assume a set IIDJS fresh). Note that the tag is assigned nondeterministically by the
of interface identifiers, and let;, I», ... range over elements of ~ System. _

[IDS. We also assume a functidrtaking an interface identifier and Given an interface, you can read a value from a field efoy
returning a recordy : 71, ...} of field names and corresponding s_electlon,e.l, just I|I_<e you Wou_ld a normal recorc_:l. To follow the
types. This means that we do not need to specify the field types in link to aconneclted .|nterface with [ID, the expresswa#[ retgrns

an interface type if we have the interface identifier corresponding the corresponding interface value. The corresponding typing rules
to the interface. This approach captures the fact that interfaces area'e as expected:

fixgd b.leID. The type[¢] repre;ents the typg ofa compone.nt, that T, 0T ke[, .

is, intuitively, the type of the interface that is the entry point of a 7o rel - TZWU)={lr...}

given component. As we will see shortly, this interface must have T
IID IUnknown and hence we don't need to specify this IID in the

;¥ T ke [I')(Iu,...)]

type.
An interface basically has tygd, (I1:1, . ..):], meaning it has LWk e#tl 2 (1]
an IID 1, and hence contains fields givenBy7), and is linked to We already noted that most often, interfaces have a cyclic struc-
interfaces with DIy, ..., I, of typec, ..., tn, respectively. The  tyre. To construct cycles in interfaces, we use@construct:
interface type is also tagged with a tago which we’'ll return in )
Section 3.3. (It is used to check an aspect of COM conformance.) reczi=dy,... ine

A tag is either an integer or the special thg We will omit the

tag when it is not relevant. As we alluded to above, the linking
between interfaces can lead to cyclic structures. For example, an
interfacei, of type [I1,¢1], that can be queried for an interface
with 1ID I of type s, which itself can be queried for an interface

of with IID I, of type +1. To type such cyclic structures, we

with the following interpretation: each declaratidnrepresents an
interface (i.e., it uses the interface construction form), and it can
refer to variable1, . . ., z,,. Intuitively, those variables will refer

to the other interfaces in the resulting constructed interfaces. We
impose the syntactic requirement that all references to variables on
the right-hand side of a variable binding inrec construct must

introdl_Jce the r(_acursive interface type(ay R an).(u,_. x aLn)-_ occur inside an interface constructot | ). Consider the cyclic
Technically, this construct takes the simultaneous fixed point of ; -
; > 3 example given earlier:
t1,...,Ln Over the variablesu, . .., a,, and gives back the fixed
point corresponding te;. Consider the recursive structure given rec
above. If we leta; be the interface type of;, andas be the x1 = (I1 |11 = 10| Iax2)
interface type corresponding to queryingfor 11D I, thena is x2 = (I2 |12 =20 | [i—x1)
(I2:c2)+, andag is (I1:a1)t,. Taking fixed points, the type af in
becomeq I, ui (a1, az).({I2:c2)+, , (I1:1)1,)], @and the type of z1

iz becomesls, s (ax, @2).((Ioiez)uy, {I1:01)1, )], @S expected. Since therec form constructs potentially cyclic interfaces, the in-
Expressions in the language are used to construct values of the

appropriate types. As the calculus is based onXfwalculus, it ;glrlfc{’:lv(\:/iens (i;e?;edn?lgt. a recursive interface type, as captured by the
has the standard constructs for functional abstractianr(e) and gtyping '

application ¢, e2), as well as integer constarktsType judgments Vj T;U; T, z:[IlUnknown o] *€1" - d; : [15, 1]
assign types to expressions. The basic typing judgment has the 7, U; ', z:[I;, i, ..., an) (1, - - 5 0)] SF " Fe T
form: Z;V; T Frecxi=ds, ..., xn=dpine: 7

v I'ke: T Note that the interface selectiegtI only works with interface

with an interface type of the formi/;:¢1,...), and will not work
on recursive interface types. Rather than extending the scope of the

whereZ is the IID assignment function referred to earli@r,is

the type of the heap, an assignment of types to locations of the - .
heap, and" is the type context for variables, which is a sequence 'f!te”‘ace seleptlon operfators, we use the observation that.a recur-
of typings of the formz : + for variablesz. The type rules for sive _typ_e and its unwinding are equalent. !nstead of aIIow!ng .th'S
the basic expression forms are straightforward, and can be foundunw'nd'ng to happen at arbitrary points during the type derivation,

in Appendix A. We focus in the discussion that follows on the W€ force an explicit transformation of the recursive type through

expressions aimed at handling interfaces. The model is to be able to?" unroll ‘operator. (In fact, an |nf|n|t_e famlly, as we index by
the rolled-up type.) The rule farnroll simply witnesses the type

! Actually, because abstraction requires a type, and because types equivalence:

for interfaces contain tags assigned by the system, we have a special

tag that means essentially “not specified’)( Interfaces appearing ;W e [Ipi(on, .. am) (b1, - tn)]

in the type of)\ abstractions are required to be tagged withAn Z;w; T Funroll, (e) : [, e [ (at, - yam).(e1y -5 tn) /]

interface type with such a tag will match any similar interface type

with some other tag. Again, we will return to this point Section 3.3.  (when: = (@i, ..., an).(t1,. .y tn)).




Note that since we never need to roll back an unrolled type, we
have noroll construct in our language.

3.3 Components and COM conformance

The expressions we described in the previous section allows for
a general handling of interfaces. We now focus on the problem of
putting interfaces together into components, in the sense of COM.
Roughly speaking, legal COM components should be sensible with
respect to going from interface to interface. Put it yet another way:

a component should implement a given set of interfaces. Now, there

may be different implementationgithin the same componenf

the same interface, and generally, the graph of interface implemen-

tation can be arbitrarily large. A legal COM component gives the
illusion of having a single implementation of each interface. More-
over, as we saw, querying an interface of the componenitfor
knownshould always give us back the same pointer (the same im-
plementation of theUnknowninterface), allowing théUnknown
pointer to be used to determine object identity; if two interfaces
give you back the same pointer when queried Ifdnknown the
two interfaces are implemented by the same component.

The idea is simply, given a set of connected interfaces, to isolate
a particular interface as being the “entry point” into the component.
This interface is required to be ddnknowninterface. When this
interface is isolated to form the component, moreover, it is stati-
cally checked to ensure that is satisfies the requirements for COM
conformance. (This check is conservative, in that it will reject

example, the following expression meets this requirement:

rec

xr1 = <11 | ll =10 | Il<—:171712<—.%‘2>
T2 = <IQ | l2 =20 | 11<—$1712<—x2>
in

T1

and so does the following:

rec
xr1 = <I1 | l1 = 30 | I1<—$1,]2<—.%‘3>
T = <12 | lQ = 50 | Il<—$4712<—$2>
xr3 = <12 | l2 =40 | Il<—1:1712<—x2>
T4 = <Il | ll = 60 | Il<—fl’1,]2<—$2>
in
1

The second judgment, of the fortk ¢« |} ¢, checks that the
given interface typeis such that anjunknowninterface reachable
from ¢ is tagged with the same tag Since whenever an interface
is created, its type gets a fresh tag, this ensures thtaknown
interfaces reachable are tsameinterface. Part of the difficulty
this introduces, as alluded to earlier, is that it doesn’t interact well
with functional abstraction. One way to explain this is simply as
an aliasing problem under a different guise. We solve the problem
by a rather crude approach: whenever an interface goes through a
functional abstraction as an argument, its tag is cleared (i.e., set to

components that are legal components, but that cannot be provedl).? This is not as restrictive as it appears, and most importantly,

so using the typing rules.) The constrecmponent(e) takes an
IUnknowninterfacee of interface type, and returns @omponent

of type[¢]. The corresponding typing rule contains judgments that
check for COM conformance, that we will describe shortly:

Z,U;T F e : [IlUnknown ]
FLD(IL...,]}C)

Foelt t#1

Z; ;T I component(e) : [¢]

Of course, since a component is just a particular interface, we have

a construct to view a component as that particular interface. Hence
if e is a component, thea# returns the correspondiriynknown
interface, with the obvious typing rule:

Z;U;T et [
Z;U;T F e# : [lUnknown (]

Intuitively, typing a component means typing the corresponding
interface, which must be BJnknowninterface, checking that the
interfaces reachable from thignknowninterface form a consistent

doesnot prevent us to use first-class interfaces. Since the only
place where tags are checked is at the time of component creation,
our restriction simply means that when an interface is passed to a
function, it cannot be used to construct a component within that
function.

4. COMPUTATIONAL SEMANTICS

The operational behavior 0f°°™ is heavily inspired by the
allocation semantics of [5, 6] which makes the allocation of data
in the heap explicit. The only pieces of data that we will model
as living in the heap are the interfaces. Intuitively, this is because
'we want to explicitly reason about interface sharing, and identify
pointer equality in some cases.

The operational semantics of our calculus (Figure 2) is given
by a deterministic rewriting systed/ — M’ mapping machine
states to new machine states. A machine state consists of a triple
(H,e, S) of aheapH, an expression being executed, and a stack
S. A heap is afinite mapping of locatior§ o interfaces, where an
interface is simply implemented as a block of memory, containing
the data and the location of the other interfaces accessible from
that interface. Typing judgments are introduced to assign a type

set (that is, makes all the same interfaces available irrespectively ofto heaps, as well as machine states. Those judgments are given in

how one got there), and checking that thinknownpointers all
agree. To achieve this, two new type judgments are introduced.
The typing rules corresponding to those judgments are given in
Appendix A.

The first judgment, of the forr\ + ¢ (I1,..., 1)), simply
checks that all the interfaces reachable from an interface with in-
terface typer all present interfaces with 1I0y,...,I;. Ais a
list of type variablesy > (I1,. .., I,») indicating the assumptions
on those type variables when type-checking a recursive type. In-
tuitively, this judgment captures the fact that all the interfaces of a
component must present the same interfaces. Note that there is n

Appendix A.

Let us spent some time on the basic infrastructure of the reduc-
tion rules. First, consider the management of the stack. Two rules
handle this. The first rule pushes a context on the stack:

(H, Fle],S) — (H,e, F :: S)

Intuitively, if the current expression is a conteiktwhose hole is
filled by expressiore, then the context” is pushed on the stack
while e is evaluated. Eventually; will evaluate down to an ex-

tended valuey, at which point the context on top of the stack is
Q

requirement that these interfaces be the same interfaces; they justThis is achieved in Appendix A using a judgmentr =, 7’

need to provide an interface of the appropriate interface type. For

wherer’ is restricted to only have: tags.



extended values v == 4| AzT.e|£|component({) |z

heaps H = {li— hi,...}
heap types U o= {li:7,...}
heap values h == {I|lh=vi,... | L1it,...)
stack frames F == [le|v[]|[]L]|[]#]|recz1 =[],...Ine]| -+ |
unroll, ([N [T |Li=]],... | i—e,...) | -+ |
Tlh=wut,... | —[],-.0] ]
component([]) | []#
stacks S u= nil|F:=:S
machine states M := (H,e,S)
(Hyu,F:8) — (H,Flu],S)
(H,Fle],S) — (H,e,F::S)
(H, (Az:T.€)u,S) — (H,elu/z],S)
(H,(I|li=wu1,... | h=ul,..),8) — (HO{—{I|l=mui,...|Lul,..)}£6S) if ¢ Dom(H)
(H,¢l,S) — (H,u,S) fHO={I|l=u,...|...)
(H,t#1,8) — (H,u,S) {#HE)=I]...|I<u,...)
(H,unroll, (u),S) — (H,u,S)
(H,reczy =ui,...ine,S) — ((H®{— wi})[li/x1,...],ells/z1,..],S) ifl,... ZDom(H)
(H,component(0)#,S) — (H,¢,5)

Figure 2: \°°™ operational semantics

popped, and filled with the value pointer/ is an interface ofC if ¢ ~-%; ¢. We can now formalize
. the properties implying COM conformance.
(H,u, F 2 ) — (H, Flul, 5). An IUnknowninterface pointer’® (representing a component
Notice that the stack is popped when an expression is reduced toC’) is COM conforman{with respect to a heaff) if the following
an extended valyenot simply a value. Essentially, an extended properties hold:
value is either a value or an unevaluated variable. Such unevalu- ¢ it ¢ if an interface ofC. thens is immediately reachable

ated variables occur during the interpretatiomeaf constructs: the from ¢,

bindings are evaluated without resolving the variables. When the

rec bindings are all evaluated, the variables are then resolved. e if ¢1 is anI interface ofC, then there exists ah interface
The terminal states of the reduction relation are states of the pointer/, immediately reachable fror,

form (H, v, nil), that is, yielding a value, with an empty stack
indicating that nothing remains to be done. The type system en-
sures that the evaluation of a well-typed expression never enters a
stuck state A state(H, e, S) is stuckif e is not a value and there

e if /1 is an Iy interface of C and ¢, is an I, interface of
C immediately reachable frorh,, then there exists aify
interface/s immediately reachable fromy, and

does not existH', e, S’) such that H, e, S) — (H',¢’,S’). The e if /1 is anl; interface ofC, /5 is anl, interface ofC im-
following theorem follows from Preservation and Progress lemmas, mediately reachable fromh,, and /s is an I5 interface of
a laWright and Felleisen [18]: C immediately reachable fromy, then there exists afs

. interface’, immediately reachable fromy.
THEOREM4.1 (TYPE SOUNDNESS. If Z F (H,e,nil) : 7 ) ) ) )
and(H, e, nil) —* (H',¢’,5") then(H', €', S') is not stuck. These rules capture the required properties described in Sec-

_ tion 2. Also, the above makes clear that not all the interfaces need
Type soundness is one property that we want from a type sys- be implemented by the same pointers. We can now prove that our
tem in general. Our type system, as we saw above, also seekgype system indeed enforces COM conformance of components.
to ensure that created components are conformant to the rules of .
COM. In order to address this issue, we need to formalize some of Cgaigﬁfihfmirzlf If.tﬁ r};s(lglétct%mponent(f), §) « 7 thenlis
the concepts we need. Given a hddpand given anl interface wi P )

pointer{ (that is, a pointef such thatd (¢) = (I | --- | ---)), we Intuitively, the typing rules guarantee tha{ #/, component(¢), S)
say that an/’ interface pointe¢’ is immediately reachablfrom ¢ type-checks, theaomponent(?) itself type-checks, and the typing
(written £ ~>p £)if H(() = (I | --- | I'<{,...). We sayl’ rule forcomponent(¢) involves judgments to ensure thiatas the

is reachablefrom ¢ if there exists a sequencg, . . ., £,, such that required properties. A variation on type soundness leads to the
Lnopg by ~op o~ by ~> g 0. Corresponding to a component  following corollary of Theorem 4.2, showing that it is essentially
C, we have itdUnknowninterface pointef“. We say an interface  sufficient for COM conformance thabmponent(e) type-checks:



COROLLARY 4.3. If Z + (H,component(e), nil) : 7 and component it knows nothing about, by querying it for interfaces.

(H,component(e), nil) —* (H’,component(¢), nil), then/ is Our type system only allows a client to query for a component

COM conformant with respect t&’. which is statically known to provide the interface. COM allows
for dynamic queries: querying for an interface returns an interface

5. EXTENSIONS only if such an interface is available; if it is not, no failure occurs,

but an indication is returned to the user. This allows processing
'to be tailored to the component at hand, a special case of this
'being “graceful fallback” behavior: if an old interfadeis updated

into a new better and fastds, an application can try to see if a

51 Subtyping of interfaces component implementing, implements/, (under the assumption

) ) ) that it would use that interface if available), and fall backlerif
One natural extension of°°™ is to allow subtyping. Although not

we can extend\““™ itself to a fully subtyped calculus, we can It is easy to extend our calculus to account for some kind of
restrict our attention to subtyping of interfaces, more precisely sub- imported component for which nothing is known initially. We thus
typing of the reachable interfaces of an interface. In other words, eed a construct to dynamically query for an interface. The con-
we would like to say, for instance, that an interface of type(/: structcasel € x (e; | e2) tests if the interface accessed through
.Llﬂ is a subtype of/, <I}3L17 I5:12)]. Why only look at subtyping . the variabler supports interfacé; if so, it evaluates;, otherwise

in terms of reachable interfaces? Presumably, depth and width;; evaluates:. This check is performed in some unspecified way
subtyping of the fields of an interface could be achieved by moving o, imported components. This construct can also be used (with
toa full subtyping calculus. I_—|0wever, the interf_aces of COM are e appropriate operational behavior) aoavncastingoperator in
immutable, and so not allowing subtyping on fields seems more ¢qnjunction with subtyping (cf. Section 5.1): if an application of
in spirit with th.e model. The aim is to be able to write functions up, (e) has “forgotten” some interfaces existingdnit is possible
that expect an interfacefrom which only such and such interfaces query back for them. We restrict the checking to a variable for

can be reached—for instance, only those interfaces used within theyechnical reasons that will become clear after we look at the typing
body of the functions. The type of the interface argument of these e

functions then captures the minimal requirements of the interfaces

Several natural extensions to the basic framework are possible
and deserve to be explored further. We outline the main ones here
relegating their development to future work.

To extend\“°™ in that way, we need to define a subtyping
relation over interface types. This turns out to be tricky because ;W T @ :llo, (Iiita, -« Initn, I(O)) ] Fex o 7
of the presence of type of the forpy (a1, ..., an).(¢1,. .., tn), Z;¥;T ke 1
which compute multiple fixed points for recursive types. As a Z;V;IFcasel €z (e1]ez) : 77

first approximation, and to capture the case of interest above, we i B ) ) d wh indi .
can restrict our attention to the case where the bound type is not(if D(@) = [lo, (L1301, e [TL‘L’.L”’ and wheres indicates envi-
recursive. Thus, we could define a new type judgnent < (1, : ronment update). The idea is simply that to typewe can assume
) - that the type ofr has been updated to reflect the fact that interface

I is indeed available. This explains the restriction to variables; we
need a place where we can attach the new information.
Fou, <, . / Again, the resulting calculus is easily seen to be sound. What
, 7.7 If{Ih...}g{Il,.“} -
(e, )<, ) about COM conformance? Unfortunately, we lose the ability to
check for conformance of components that use dynamic negotia-
tion. A problem, for instance, is to ensure that components are
stable in the sense of Section 2. One approach would be to define
a version of conformance that is dependent on the conformance of
To simplify our life, we require an explicit coercion when a imported components; this venue however remains to be explored.
supertype is needed. (The coercion would not change the runtime .
representation of the interface, which is after all simply a location 5.3 Aggregation

Foofpi(on...an).(t1, o yin)/oa,...] <t
Fuila,...,an).(t1,.oyin) <t

in the heap, only the type.) The functionp, (e), indexed by the Up to a point, we can encompass in our model both subtyping
target type, perform the necessary translation: of interfaces and dynamic interface negotiation. A harder aspect
of COM to model is aggregation, one of the ways of compos-

;U The:[I,u] Fu<uw ing components we saw in Section 2. (Qontainment, the othgr

T, W;TFup,, (e): [, 2] composition method, is in some sense trivial to implement, as it

is a question of locally allocating a component within the scope

It should be clear that such an extension\té’™ is still sound. of another component.) There are two main problems with mod-

COM conformance still holds, although under a weakened form; eling aggregation. First, it is not immediately clear how to ac-

the type system isolates a conformant subset of interfaces. Socount for aggregation at the time of component creation. The COM
the component itself may not be strictly speaking conformant, but framework requires a component to know when it is being created
what can effectively be reached according to the type system isin aggregated form. This permits the aggregated component to

conformant. implement a special version of iQuerylnterfaceoperation, to
. . account for the rules of aggregation (see [4] for a description of
5.2 Dynamlc interface negotiation those rules). The implementation of aggregation is heavily biased

The most noticeable discrepancy betweé&R™ and the general towards a single implementation Queryinterfaceshared across
COM model is that we require complete knowledge of the compo- all the interfaces of a component. In our model, where interfaces
nents under consideration. Thus, we can handle any component weare created in a sense separately from components, aggregation
create, as the construction will force the type to reveal the avail- requires modifying already allocated interfaces at aggregation time.
able interfaces. In contrast, COM allows the client to use a COM Accommodating such modifications in our framework seems to



require moving to a setting where interface allocation and initial- ming languages based on the COM model, with the hopes of a type
ization is dissociated, in the style of [12, 17]. We are currently system to statically guarantee conformance of the created compo-
exploring this approach. nents with the requirements of the component framework. (A ten-
Even if the basic model can be modified to handle aggregation, tative step in that particular direction is outlined in [7]; attempting
the problem of deciding COM conformance still remains. In the to getthe framework in that paper to work highlighted the need for
presence of dynamic negotiation, one of the results of [14] is that the formal work described in this paper.)
COM conformance in the presence of aggregation cannot be cap- Our approach makes a number of simplifying assumptions. The
tured statically. Roughly speaking, a component is COM confor- central design issue of our calculus, in fact, of any formal frame-
mant with respect to aggregation if it is correct with respect to all work intending to model COM, is the design of tueryinter-
“valid” sequences of operations on the component. (The definition face functionality. Recall that in COMQuerylnterfacds imple-
of a valid sequence of operation can be found in [14].) This seems mented by a method present in every interface. In our calculus, the
to force the check for COM conformance to be performed at run- functionality is implemented by what amounts to a lookup table—

time. clearly a simplification. Among other things, this means that given
an interface pointef, querying? for an interfacel will always
6. RELATED WORK return the same pointer. In contrast, in COM, the interface pointer

) ) returned can be different. (For the sake of an example, consider a

The most relevant work related to our work, in that it attempts to - Queryinterfaceémplementation that when queried for a particular
capture the COM framework at a linguistic level and tries to prove jnterface alternatively returns one of two interfaces pointers, maybe
properties of the framework in that setting, is that of Ibrahim and 5 reduce the load on whichever machine implements the actual
Szyperski [2, 3]. They define a language (the COM External Lan- jnterface in a distributed setting.) Presumably, our calculus can be
guage, or COMEL), a Modula-like language with primitive notions  mqogified to handle this, but this would make checking for confor-
of interfaces, containment and aggregation. They decide to work at mance more difficult. One possibility would be to allovQaery-

a higher level than we do, abstracting away many of the details of |nterfacefunction in each interface, expressed from withir™,
COM; for instance, they completely subsume Qeeryinterface  expecting an interface name and returning an interface pointer. To
mechanism at the language level. As a consequence, they cannogheck for COM conformance, we then need to be able to statically
reason about aspects of COM that rely on an explicit pointer repre- gpecify the interface names for which the function returns an inter-
sentation, such as the COM conformance of a set of interfaces.  t5ce pointer.

We have already mentioned the work of Sullivanal. [14, Another restriction, this time syntactic, concerns the handling of
15]. Their approach to formalizing COM is totally different. They  recyrsive interfaces. Recursive interfaces must be defined within a
express the properties of the framework in a formal language, the Z samerec block. Moreover, the fields in the interface cannot depend
notation [13], and derive properties and requirements of COM con- oy the interfaces being recursively defined. This restriction can be
formant components. They do not attempt to provide an execution somewhat weakened, but for the purposes of this paper, we can use
model for the framework. . the semantics and rules we set forth. It is also possible to move

Other approaches to formalization are not specific to COM, but 4 an even lower level operational semantics, that dissociates the
attempt to get at the essence of components. Many such approachegjiocation of space in the heap for interfaces from the initialization
are derived straight from object-oriented developments. For in- qf jts fields and reachable interfaces. This approach would lead to
stance, Seco and Caires [11] describe a calculus that captures whag calculus in the style of [12, 17], and seems required to deal with
are, in their view and others, the basic elements of component- aggregation.
based programming, namely explicit context dependency, dynamic ~one restriction that isotimposed by our system is the handling
binding, subtype polymorphism, dynamic composition, and object of Queryinterfacén a centralized way. In most COM implementa-
composition. Although some of those issues arise in COM, the tjgng, typically based on object-oriented languages such-asc
calculus as presented is at a much higher level of abstraction tharng faces are objects, and inherit from a base olj¢tknown The
A“OM. Moreover,\““* does not at the present time attempt to get |ynknown object implements th@ueryinterfacefunction. This
at the generalities of component-oriented programming, but rather ensyres COM conformance, as every interface automatically rec-
aims at capturing the key elements of the COM model, a different ognjzes the same interfaces as every other. We chose not to model
goal. It is hoped that ev_en_tually, higher level issues can be derived things that way for the sake of generality. Besides, even in the C
from the low level description ok“™. _ implementation, an object inheriting frofdnknownis allowed to

An interesting direction in recent work on component-oriented redefineQueryinterfaceand therefore throws one back to the full
programming is the development of type systems that capture thegenerality of the COM model.
notion of “contract” with a component [16]. Intuitively, using a In our calculus, we chose not to model components in any special
component correctly in a given context requires the context to fol- gy, |n fact, what we are calling components in Section 3.3 are
low a given protocol to interact with the component: maybe func- more accurately called component instances. Future work clearly
tions need to be called in some order, suchganbeforeread etc.  points to handling components as makers or constructors (maybe
Composing components requires reasoning about the interactionyia actual class factories). Again, this may be required to deal with
of those contracts. Work by Reussner and others [8, 9] attempts gggregation correctly.
to develop type systems in those directions. As we noted before, “There remains much work to be done to cover even the basic
this work is at a much higher level than ours, and in fact is not com model. The most important issues include modeling confor-

incompatible with our approach. mance in the presence of dynamic interface negotiation (cf. Sec-
tion 5.2), and modeling aggregation (cf. Section 5.3). Finally,
7. DISCUSSION another central aspect of the COM model not addressed in exist-

ing formal accounts is the issue of memory management: COM

We have described in this paper a first step in the direction of a . o . .
general calculus for reasoning about COM-style components angdives very explicit rules for allocating and deallocating component

: . ; L instances. In fact, thédUnknowninterface prescribes two other
interfaces. Such a calculus is a requirement for deriving program-



methods aside froiQueryinterfacenamelyAddRefandReleas¢o

perform reference-counting memory management for component

model. Technical Report 97-11, Department of Computer
Science, University of Virginia, 1997.

instances. It would be interesting to model this in our calculus via [15] K. J. Sullivan, M. Marchukov, and J. Socha. Analysis of a

explicit memory management [5], and attempt to formally prove
the appropriateness of the rules for COM memory management.
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APPENDIX
A. TYPING RULES

We assume a canonical ordering on the fields of an interface, and a compatible canonical ordering on both the list of interfaces reachable
from an interface, and the list of interfaces in an interface type.

We assume that the set IIDS of interface identifiers contains the special interface ideuitikieown and that any interface assignmént
is such thafZ (lUnknown) = {}.

The typing rules also need the following auxiliary functions. The functignreturns the tag of a particular interface:
tag((]lle, . >f) =t
tag(pi(at, ..., an).(t1,- .-, tn)) = tag(ti)

The functionF'T'V returns all the free type variables of a given interface type.
We assume that type equivalence is simply syntactic equality up to renaming of bound variables.

;¥ 'kFe: T

AR\ R el ;Ui int WARVAS NN A ifw(l) =7
Z;U:T, ot kFe: 7 ;W 'Fey:mm— 1 Z;V;'Fes:m Fm=17
;0T zre: 7 — 7 Z;U;'Feiez:m

Vi T; U; T, zlUnknown a;) “SY" - d; « (I, 05] ;U T, ae[L, palan, . . om) (b1, oy tn)] S5 " Fe: T
Z;W:T'kFrecxy =di,...,xn =dpine: 7

Vi ;0T e i V5 ;00 e (I, 0] . .
e — : if Z(I) = {ly:71,...} andt # L is fresh
T,UTF (Il =er,... [Li—ey, .. ) < (1, (I c e1, - 04 (D) = {lm, - 7

;¥ T Fe: 1,4
;v T'Fel: T

;0T ke [I'(T:e,...)]
;U T F el : 1,4

if Z(I) = {lr,...}

;W T Ee: [ pi(ar,...,an).(t1, ...y tn)] e
0T F unrol, () : (Lo [ (s oy ) (s aend o] e = #ilans ooy om)- (s im)

Z;U;T' Fe: [lUnknowne Foev(Ii,...,Ix) Foedt t#L
Z; ;T I component(e) : [¢]

Z;U;T e [
Z; ;T F e# : [IlUnknown ]

}—L1 =1 L2
Fint=, int Fr—mh=.7 — T L u] =1 [, ]
Fu=,4)
F (T, e =1 (T, .00 Fa=, o
Fu=1d ... Fuiu=11,
Fuilat,...;an).(t1,y .o optn) =10 pilar, .. cyam). (1, oo ytn)
;0T - Firm — oI
Z;V:T'kFe:n Z; W'k — 7
Z,v;TF[]e:(n—71)—m7;T ;¥ Tko[] i1 — ;T

;v T[]l [I,(] = ;T fZ()=A{l:7,...}



;0T F[J#L: [T, (I, )] — [1,¢;T

Z;v;T Funroll, ([]) :

Vj #1 Z;U; T, z[lUnknown o) “S1" - d; : [I;,05] T;0; T, w1, pa(a, - . .

[, — [I,ifpa(an, ... yan).(t1y -y in)/0a, . ..

Vi#1 ;0T ke Vi I, 9T F el [1, 0]

;U TH({I |l =[],la=ea,... | L1=e€l,...): 71 — [[,{l11,..)];T

Vi ;0T Fov i Vj#1 0T e [, 0)

If I(I) = {11:7’1,. . }

If I(I) = {1127’1,4 . }

U, T [l =wv1,... | L[], e, ...) : [I,u] — [I, {Ii:t1,.. )]; T

T if o= pi(ar,...,an).(t1,...

7L’ﬂ)

con) (1, )] e T

Z;V:T'recx; = H,LL'Q =da,... ine: [11,/11(041,...,Oén).(Tl,...,Tn)] — 7,0z, [IUnknownai]

;U TS m — 13T

’I;\Il;Fl—(e,S):T‘

’I;FP(H&,S):T‘

]Amp(h,...

7[k)‘

Z;¥; T component([]) : [IlUnknown (] — [:];T

Z; ;T F [J# : [t] — [lUnknown .]; T

Z;v:Tknil: 77— 7; T

;U TS =1 LU T EFim — 71
U, TFF:=S:m — 7317

;U TES:n — 11 ;0T Fe:n
Z;U;T + (e,5) : 12

Z:WkEh:7
IF{Ethh...}:\I’

ifq/:{ﬁltTh...}

IFH:V Z;U:TF(e,8): T
Z,T'+ (H,e,S) : 7

Ak (Ip(l),. .. ,Ip(k))

if pi i 1,...
Ao (T 1) if p is a permutation of1, ..., k}



A,O(D(I1,...,Ik)FO[D([l,...,Ik)

A}—Lib(fl,...,[k)
AF<I1:L1,...>[>(Il,...,[k)

A,Ozill>([17...,1k)7...,05imD(Ih...,.lk)FL»;D(IM...,I}C)
A}—ui(al,...,an).(bl,...,Ln)D([1,...,Ik)

If FTV(LZ) = {ail, - ,Oéim}

F (IUnknown: ¢,...) | ¢ if tag(e) =t

Fooifpr(oa,...,an).(t1, . o ytn)/a, .. ] L E
Fuilar,...;an).(t1,- o ytn) L T

Aaltralt

|_<I12L1,...>lt Vi Al‘LiU,t
A}‘(IliLl,...>ut

Fuilan,...;an) (b, oytn) Lt Vi Aoy, bt 0, bt bt

AF pi(ar,...,an). (b1, ytn) Lt it FTV (1) = {0y, i, }




