
� If the current lexical scope doesn't have privi leged access to the type T of the quanti�edvariable, the
annotation is a cl ient of object v, so v i s automatical ly constrained to be coherent (and therefore legal
as wel l ). If the current lexical scope does have privi legedaccess to the type T, v i s merely constrained
to be legal .

� The scope of a quanti�edvariable extends up to the closing \]" of an assertion, or through the endof
the annotated statement in anaxiom. Thus quanti�edvariables may not appear within anassertion's
statement (ie: when the statement is translated into run-time code), but they may (and often do)
appear with anaxiom's statement.

6 Conclusion

� Optimization: The very existence of data encapsulation, essential to the object oriented paradigm,
uncouples cl ients fromobjects. Although \beauti ful" fromthe perspective of local ization, this makes
i t di�cult for objects to knowwhich cal l s require dynamic argument testing. A++identi�es, on a
cal l -by-cal l basi s, which exception tests are real ly necessary, removing the others.

� A More Natural Programming Style: Safe, exception-test laden code is often hard both to write and
to read. In most cases A++should al lowcode that i s at least as safe to be written in ways that do
not sacri�ce, andwi l l usual ly enhance readabi l i ty, clari ty, and reusabi l i ty.

� FutureWork: The \proof of concept" implementationwi l l translate A++syntax into an intermediate
form, insert exception tests everywhere an axiomor assertion directs, and translate the result back
into C++for compi lation. It i s hoped that the intermediate reference form(IRF) wi l l be a signi�cant
spino�, since the IRFcouldbe the basi s of anenti re suite of C++analysi s tools. Several extensions to
A++are alsobeingconsidered, includingthe handl ingof pointer al iasingandreference binding/l i fetime
issues, as wel l as al lowing behavioral compatibi l i ty to exist apart frominheri tance.
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5.4 Basic Annotat i on Forms

The basic formfor both axioms and assertions i s: [annotations]stmt where stmt i s a (possibly compound)
C++statement. The fol lowing are the al lowedannotations:

Named States: [State s] creates a state named s whichmay be referred to at a later point. This must
appear immediately after the opening \[". [State init] i s automatical ly created for al l function
axioms (but creating a named state in a function axiomoverrides this).

Quanti�ed Vari ables: [T v] creates a universal ly quanti�ed compi le time \variable" v of type T (as in
8v 2 T). Existential ly quanti�ed variables (9v 2T) are declared using the A++keyword \exists":
[exists T v]. Variables must be declared (quanti�ed) before used.

Puri ty: After execution of a pure function, cl i ents of a type can't detect any change of state. For example,
after pushing anything onto a stack and popping it o�again, cl i ents can't detect any change of state,
al though the element just beyond the top of the stack might have changed i f the implementation is
vector based.

Precondi ti ons: [require expr] expresses the preconditions of the annotated statement. In a function
axiom, the expr i s recordedas the function's precondition. Inanassertion(anannotation inexecutable
code), expr i s required to be true at the point i t appears. [require e1; require e2] i s equivalent to
[require e1 && e2]. If [State state] i s in scope, the exprmay contain \state.x" which is the value
of x at the moment that statewas declared.

Postcondi ti ons: [promise expr] expresses the postconditions of the annotated statement. In a function
axiom, expr i s recorded as the function's postcondition, andreturn maybe used to indicate promises
about the function's returnvalue. Inanassertion(anannotationinexecutable code), expr i s requiredto
be true at the endof the annotated statement. [promise e1; promise e2] i s equivalent to [promise
e1 && e2]. If [State state] i s in scope, the exprmay contain \state.x" which is the value of x at the
moment that statewas declared.

Invari ants: [across expr] i s equivalent to [require expr; promise expr].

Conti nuousl y Obeyed Invari ants: [always expr] i s equivalent to [across expr], with the addition
that [require expr] appears at each sequence point throughout the annotated statement.

5. 5 Some Det ai ls

Some of the more detai led semantics for these annotations are as fol lows:

� [pure] i s presentlyal lowedonly inclass axioms (inaclass declarationappl iedto amember or friend
function). However puri tycouldbe meaningful to top-level functions (e.g. cos() i s pure), anextension
which is under consideration.

� Aclass' s legal i ty constraint i s automatical ly includedas a precondition of everymember function and
friend. Furthermore objects must also be coherent before a publ ic member or a publ ic friend. Thus
the actual precondition for a publ ic member or friend i s the conjunction of i ts require, across and
always, legal andcoherent expressions. Postconditions are analogous, withpromise substi tuted for
require in the above.

� always may only appear in assertions (executable code) since i t distinguishes a granulari ty of imple-
mentation detai l which is too �ne for cl ients to discern (function cal l s are atomic, so [always expr]

and [across expr] are indistinguishable fromthe cl ient' s perspective). In concurrent environments,
however, an even stronger (recursive) version of this might be appropriate, which is the subject of
ongoing investigationby the authors.

� Aquanti�edvariable (ei ther [T v] or [exists T v]) i s oftenconstrained, accompl i shedbyappending
a constraint expression such as [int i fi � 0 && i < size()g]. This i s equivalent to including
the constraint expression as an antecedent in each place the quanti�ed variable i s used (usual ly in
require andpromise clauses).
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The most common axioms annotate a function (\function axioms"). However axioms can also handle
ordinary statements (\statement axioms"). For example, saying that fpush(x); pop();g i s pure indicates
that pushing anything onto a Stack thenpopping it o�againwon't change the Stack:

class Stack {

// . . .

axioms:

[T x; pure] { push(x); pop(); }

// . . .

};

Although presentedas a minor extension, this i s actual ly a signi�cant step inA++, as i t provides A++
behavioral speci�cations with the ful l power of Algebraic Speci�cation languages l ike OBJ [1] .

5. 2 As s er t i ons

Incontrast to Axioms, Assertions appear in the context of executable statements, suchas within a function
body. In this case, one can imagine that A++replaces the original assertion:

[require x > y; promise z > 0] z = x - y;

withassert() macros: 3

assert(x > y); // Assert the `requirements'

z = x - y;

assert(z > 0); // Assert the `promises'

Note that this example i s trivial , not demonstratingmuchof the power of A++. Furthermore A++does
most of i ts analysi s at compi le time whereas assert() has a non-zero run-time penalty.

Axioms and assertions are simi lar in many ways since the veri�er must prove the postconditions fol low
fromthe preconditions in both cases. However an axiom's statement only exists within the veri�er at
compi le time, so i t may (and often does) contain references to quanti�ed variables. Other than relatively
minor distinctives suchas this, an axiomis an assertionwhose statement is never compi led.

5. 3 Funct i on Axi oms

Functionaxioms (axioms when the statement is a simple function cal l ) canbe thought of as an extension of
the function's signature: they give informationabout howthe functionbehaves when it i s eventual ly cal led,
but don't general ly indicate howthe function is de�ned.

In function axioms, require indicates the requiredpreconditions of the function, as i f the functionwere
compi ledwithanexceptiontest at i ts head, andpromise analogouslyexpresses the function's postconditions.
Additional annotations such as \if p happens to be true at the beginning of f(), then q wil l be true
afterwards" can be accompl i shedby an impl ication:

[ promise !init.p || q ] f();

where init.p refers to the value of p at the beginning of f(). Note that a simple inl ine functioncouldmake
this look better:

//Uses: inline int implies(int p, int q) { return !p || q; }

[ promise implies(init.p, q) ] f();

3assert(x) is a prepr oces s or macr o whi ch could be de�ned to r ai s e an except i on s houl d x eval uat e t o fal s e (zer o) at r un-t i me.

9



array"might be performedwithinoperator[]. Unless operator[] i s expanded inl ine (andunless the C++
compi ler has an optimizer that can exploi t the resulting information), even accesses such as array[0] wil l
incur an unnecessary run-time penalty for the bounds test.

Vector operator+ (Vector& a, Vector& b)

{

if (a.size() != b.size()) error("sizes not same");

int sz = a.size();

Vector ans(sz);

for (int i = 0; i < sz; ++i)

ans[i] = a[i] + b[i];

return ans;

}

Figure 8: At present, e�ciency would dictate making this a friend. However i t i s not always possible for
cl ients to add newfriends, and evenwhen it i s, an excessive number of friends increases the e�ective size of
the publ ic interface, thus di luting local i ty.

Although the bounds tests wi l l provably never fai l in �gure 8, i i s sti l l checked three times every time
around the loop! Unfortunately this kind of thing is by no means unusual : Stroustrup describes i t as
\typical" andproposes ei ther an\uncheckedaccess" function or el se using the friend construct [4] . Neither
approach is ideal : the former breaks abstraction and the latter increases the number of functions which can
directlymanipulate instances.

However, the use of A++wil l remove the motivation for suchwork-arounds. We are careful ly exploring
implementation strategies that achieve this, whi le sti l l staying within the reaches of implementabi l i ty. Such
strategies include translation of annotations into \cal ler-rai ses" (rather than \cal lee-rai ses") exception con-
ventions, the use of multiple function entry points, and rel iance on classic back-endoptimization strategies
for removing dead code.

5 Annotat i on Syntax

The usual formfor formal assertions i s:

quantifiers { pre } stmt { post }

where \quanti�ers" refers to a l i st of 8x and 9y, \pre" and \post" are boolean expressions, and \stmt" is
the statement onwhich the axioms apply.

Since A++al lows arbitrarystatements to be annotated, including anenti re functionbody, i t i s pro�table
to avoid the physical separation betweenpreconditions and postconditions. This i s the reason behindA++
putting al l the annotations associatedwith stmt together:

[quantifiers; require pre; promise post] stmt

Whether or not the \stmt" is executable (a statement de�nition or a declaration) distinguishes between
two sl ightly di�erent cases: axioms and assertions.

5. 1 Axi oms

As has alreadybeenshown, axioms are anextensionto the signature declarationof a function: they indicate
what the function does, but they don't cal l i t. Top-level functions can also be annotated:

// A `top-level axiom' (for a top-level function):

int strlen(const char* s);

axioms [char* s; require s!=0; promise return>=0] strlen(s);

8



are inheri tedandare thus not repeated. Natural lyfull() andempty() are not implemented, havingalready
been speci�ed in Stack i tsel f.

class VStack : public Stack { // "Vector-based Stack"

protected:

Vector v; // A VStack USES-A Vector

int sp;

legal: sp >= 0 && sp <= v.size();

public:

VStack(int cap=10) : v(cap), sp(0) { }

~VStack() { }

void push(T x) { v[sp++] = x; }

T pop() { return v[--sp]; }

void clear() { sp = 0; }

int length() { return sp; }

int capacity() { return v.size(); }

};

Figure 7: AVStack is-a (conforms to the behavior of ) Stack.

This example represents a signi�cant improvement in clari ty over unadorned C++code. There i s no
need for expl ici t error checking (for example, there i s no emptiness test before pop) since these are part of
the behavior of anyStack.

As with Ei�el , member functions of derived classes are not al lowed to require stronger preconditions or
promise weaker postconditions than those in their base classes.

4 A++and Except i ons

While exceptionhandl ing features wi l l certainlybecome incorporatedintoC++inthe near future, thei r pre-
ci se formhas not yet beenestabl i shed. It i s clearly desi rable that annotations be integratedwithexceptions,
as they are in Ei�el and ANNA: Afai led precondition discovered at run-time should trigger an exception.
However, the mechanics of A++are not particularly dependent on the speci�c nature of C++exception
constructs. In fact, programmers using A++should require fewexpl ici t exception checks:

� Most exceptionhandl ing revolves aroundtrapping fai ledpreconditions. Since A++itsel f wi l l automat-
ical ly convert preconditions into exception tests (whatever their formmight be), programmers need
not make much contact with the underlying exception raising mechanisms.

� Relying onA++to automatical ly convert legal i tyexpressions into exceptiontraps simpl i�es code, and
also ensures that such checks are consistently and completely incorporated.

� When ful ly developed, A++wil l be able to statical ly remove exception tests that can be proven to
never be raised.

The fact that A++can serve as an \exception optimizer" is a very important consideration for C++
programmers. C++is often chosenas an implementation language on the basi s of i ts e�ciency. Generation
of code ful l of exceptionchecks caneasi lynul l i fythis advantage. For this reason, we see A++development as
a natural , evenvital , part of the evolutionof C++. If exception checking is seenbypracticing programmers
as adding time andspace overheadonly inthose cases where i t real lymatters, there i s a greater chance that
the resulting better design and implementation techniques wi l l gainwider acceptance.

Acase in point i s the common C++programming practice of declaring friend functions solely for
the purpose of al lowing a non-member function to access private data in a way that i s known to be safe,
thus evading publ ic interface functions that check val idi ty of access. For example, index testing in a \safe
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3. 2 Abs t r act Dat a Types

Aclass i s an implementation of a type, so \class" and \type" are often used synonymously. However an
abstract data type (ADT) is de�ned here to be \abstract" in the sense of lacking speci�c representation.
Thus anADTis a template to create newtypes, being declared inC++via anabstract base class. Abstract
base classes (ABCs) al lowvastly di�erent concrete implementations of anabstract concept to be alternately
instal led in cl ient code in a \plug compatible" manner.

Typical ly an ABCcontains mostly pure virtual members that de�ne the protocol , but not the imple-
mentation, of a set of subclasses. The ABCserves as the root of the resultant inheri tance graph. Presently,
however, subtypes are guaranteed to be conformant in only a syntactic, and not semantic, sense.

For example, consider the push pure virtual member function inanStackABC. Subtypes (publ ical ly de-
rivedsubclasses) of Stack are guaranteedto containa signature compatible member function cal led \push",
but no guarantee whatsoever i s made on this member function's behavior. Supplementing signature confor-
mance with behavior conformance strengthens the contract associatedwith abstract data types.

In the Stack ADTof �gure 6, al l the members are pure virtual except full() and empty() which are
de�nedinterms of virtual members length() andcapacity(). Note that ADTs (annotatedABCs) typical ly
have no legal i ty or coherence constraint since these annotate a particular concrete representation.

class Stack {

public:

virtual void push(T) = 0;

virtual T pop() = 0;

virtual int length() = 0;

virtual void clear() = 0;

virtual int capacity() = 0;

virtual ~Stack() { }

Stack() { }

int full() { return length() == capacity(); }

int empty() { return length() == 0; }

axioms:

[ require !full(); promise !empty(); T x ] push(x);

[ require !empty(); promise !full() ] pop();

[ promise return >= 0 ] length();

[ promise empty() ] clear();

[ promise return > 0 ] capacity();

[ promise empty() ] Stack();

};

Figure 6: Abstract data types (annotatedabstract base classes) canbe richin concept eventhough they are
starvedof implementationdetai l s.

3. 3 Inher i t ance

C++supports bothpubl ic andprivate subclasses. Private subclasses are usedeither for partial code reuse or
toexpress ahas - a relationship. Withprivate derivation, nomechanismis providedfor automatic inheri tance
ei ther byC++(inheri tance of the publ ic interface) or byA++(inheri tance of behavioral constraints).

Publ ic derivation express the i s - a or subtype relation: i f VStack i s publ ical ly derived fromStack, a
VStack i s - a Stack. The impl ication, lacking currently in C++, is that a VStack should behave l ike a
Stack. This i s accompl i shed in A++by providing VStack with al l the behavioral speci�cations of Stack.
Since the two types may use inheri ted protected members di�erently, the legal and coherent class-wide
speci�cations are not automatically inheri ted.

The implementation of VStack in �gure 7 has - a Vector and i s - a Stack. The behavioral speci�cations
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class Stack {

int sp; // stack pointer

// . . .

public:

int empty() { return sp == 0; }

int full() { return sp == capacity(); }

T pop();

void push(T x);

axioms:

[ require !empty(); promise !full() ] pop();

[ require !full(); promise !empty(); T x ] push(x);

// other Stack axioms . . .

};

Figure 4: Ahighly el ided example showing some \stack axioms" for a Stack of T. These are val id for any
\Stack of T" implementation, whereas the de�nitions of the various member functions are implementation
dependent.

al l of these concepts, with object-based and class-based languages supporting only a subset. The fol lowing
sections showthe role of A++with respect to each.

3. 1 Encaps ul at i on

Encapsulationis the strategyof causing the underlying implementationof a class to be hiddenfromits users,
whi le al so presenting a control led interface of i ts functional i ty. Objects are presented as complete enti ties
rather than just data or just code.

Figure 5 adds only sl ightly to the earl ier examples: the forminit.sz i s the ini tial value of parameter
sz; resize() promises size() wil l be what formal parameter sz was initial ly. In the axiomfor size(),
return i s an expression referring to the member's return value. Instances are legal i f thei r capacity, cap, i s
non-negative, and they are coherent i f the number of elements pointed to by data i s equal to cap.

class Vector {

int cap; // Capacity of the Vector

T* data; // Pointer to the actual data elements

legal: cap >= 0;

coherent: data.nelems == cap;

public:

int size() { return cap; }

T& operator[](int x) { return data[x]; }

void resize(int sz);

Vector(int sz=10) : data(new T[sz]), cap(sz) { }

~Vector() { delete [cap]data; }

axioms:

[ promise return >= 0 ] size();

[ int x; require x >= 0 && x < size() ] (*this)[x];

[ int sz; require sz>=0; promise size()==init.sz ] resize(sz);

[ int sz; require sz>=0; promise size()==init.sz ] Vector(sz);

};

Figure 5: Example of Data Encapsulation
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2. 2 Coher ent Object s

The coherent (sel f consi stent) states of an object forma subset of the legal states. Objects containing
redundant information usual ly become temporari ly inconsistent (violate coherence) whi le changing state.
For example, a l inked l i st might become temporari ly inconsistent betweenadding a node and incrementing
the node count. Al l publ ic member functions have the right to expect a coherent object, and have the
responsibi l i ty to restore coherence before �nishing.

As with legal i ty, the programmer simply describes coherence at the class level , as in �gure 3. A++
statical ly veri�es (again, to the extent possible) that al l constructors construct coherent objects, and that
objects remain coherent \across" (ie: at the beginning andend, but not necessari ly throughout) eachpubl ic
member function.

class Vector {

int cap; // Capacity of this Vector

T* data; // Actual data elements

coherent:

cap == data.nelems;

// data.nelems denotes number of `T's pointed to by `data'

public:

//...

};

Figure 3: Afragment of aVector of T. Coherence mayonlybe violatedduring the operationof a \privi leged"
function (a member or a friend).

As with the legal i ty constraint, A++may force certain constructor cal l s to dynamical ly check their
arguments, but the ideal overhead is smal l since A++wil l attempt to veri fy continuedconformance. Again,
constructors and destructors are treated special ly: instances aren't required to be coherent unti l after a
constructor, and are only required to be coherent before the destructor. And again, coherence is a contract
with the class maintainer, giving rich indication of internal design speci�cation.

2. 3 Behavi or al Speci �cat i ons

Legal i ty and coherence are invisible to cl ients of the class. If the class has been implemented correctly, a
cl ient can never see an object that i s i l l egal or even incoherent. Indeed an object wi l l never be i l l egal , and
wi l l only be incoherent within a privi leged function.

However there are numerous conditions which are visible to the cl ient. For example, a stack might be
\ful l ," a �le might be \readable," etc. Al l these are strict subsets of coherence (and hence of legal i ty). The
behavior of operations (member functions) i s annotatedas transi tions between these conceptual states. For
example, part of the behavior of any stack is that pop requires a stack that i sn't \empty" and promises to
leave the stack in a state that i sn't \ful l".

These behavioral \class axioms" appear inanaxioms section, as inthe \Stackaxioms" shownin�gure 4.
require indicates a conditionwhichmust be obeyedbefore the operationbegins, withpromise indicating a
conditionwhichwi l l holdafter the operation�nishes. T x inpush' s axiomis a universal lyquanti�edvariable
(\for al l T x . . . ").

Unl ike legal i tyandcoherence, behavioral axioms use only implementationindependent information(pub-
l ic member functions), thus corresponding to concepts rather thanrawdata values. Furthermore this behav-
ior i s inheri tedby subtypes (publ ical ly derivedsubclasses), thus capturing the essence of the i s - a hierarchy.

3 Encapsul at i on, ADTs and Inheri tance

Object orientedmethodology is oftenpresentedas consisting of three distinct concepts: data encapsulation,
abstract data types, and type inheri tance [5] . Object oriented languages are said to be those which support
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Figure 1: The \Universe" of possible values, with subsets cal ledLegal i ty, Coherence andvarious conceptual
conditions whichhelpde�ne a type's implementation independent Behavior.

read froma data �le. However A++minimizes further dynamic run-time checking in such cases, since i t
wi l l attempt to showthat instances remain legal once they are constructed.

Since objects are incomplete during constructors and destructors, instances aren't required to obey the
legal i ty constraint during the head of constructors or during the body of destructors.

Even apart fromformal veri�cation, legal i ty i s a valuable maintenance tool , since i t provides a concise
documentation of the class designer' s intentions. C++by itsel f does not provide a �ne enough granulari ty
of type qual i�ers to accompl i sh these goals, l eaving the class designer with comments in some less rigorous
language. Legal i ty i s therefore an arbitrari ly preci se \contract" between the class designer and the class
maintainer.

class Calendar {

int month, date;

int days_in_month(int mo) { /*...*/ }

legal:

month >= 1 && month <= 12;

date >= 1 && date <= days_in_month(month);

public:

Calendar() : month(1), date(31) { /*...*/ }

//...

};

Figure 2: The \legal i ty" constraint i s never violated throughout anobject' s l i fetime.
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� Semantic Information: Most programming languages are very l imited in their abi l i ty to express se-
mantic information. Indeed one reason descriptive comments, meaningful identi�ers and up-to-date
documentation are so valuable i s that the language proper has l i ttle to express the intent of the pro-
grammer. A++recti�es this by supporting behavioral speci�cations of objects.

� Integration: In the spiri t of ANNA, we viewannotation systems as extensions of native type systems.
Whenever possible, A++syntax was chosen to be consistent with that of the underlying C++type
system.

� MoreNatural ProgrammingStyle: Because A++supports the expressionof high-level constraint infor-
mation, C++programs usingA++mayrequire fewer expl ici t consi stency anderror checks, enhancing
both readabi l i ty and naturalness of programming.

� Inherently Object Oriented: Unl ike many systems (e.g. , ANNA[2]) which annotate what \code does
to data," A++annotates objects as a whole, thus avoiding the l ive-code dead-data notion common in
programveri�cation strategies, but anti thetical to the object-orientedprogramming paradigm.

� Support for C++idioms: Di�erent object orientedlanguages incorporate the basic ideas of inheri tance,
encapsulation, etc. , in di�erent ways. A++accommodates, and in some respects extends, C++-
speci�c constructs. Some mechanisms are essential ly identical to those in Ei�el (e.g. , the ways in
which annotations are inheri ted by publ ical ly derived subclasses). Others, supporting C++private
inheri tance, protection mechanisms, etc. , necessari ly di�er, leading to a systemwith a noticeably
di�erent emphasis and character thanEi�el .

2 Express i ve Power of A++

Whenprogrammers declare the datamembers of a C++class, they impl ici tly al lowinstances of that class to
enter states corresponding to al l possible bitwise combinations of these data. Of course, i t i s almost always
the case that some of these states are i l logical , unreachable, or undesi rable. Subsets of this \universe"
correspondto restrictedranges of values, or al ternativelyas constraints on instances of the type; see �gure 1.
Fromthe perspective of annotating the type as a whole, useful choices for these subsets/constraints must be
identi�ed.

Brie
y, constraints which instances must always obey identi fy \Legal" objects. \Coherent" objects cor-
respond to a subset of the legal states and are analogous to sel f consi stency: al l publ ic member functions
have the right to expect a coherent object, and they have the responsibi l i ty to restore coherence before
terminating. Of the coherent values, numerous conceptual conditions exist which help de�ne a type's im-
plementation independent \Behavior." For example, the fact that pop requires a \non-empty" stack and
promises a \non-ful l" stack is part of the behavioral description of a stack.

These concepts are detai led in the sections that fol low.

2. 1 Legal Obj ect s

Classes are typical ly designed to use only a portion of their possible set of values, giving ri se to the Legal i ty
constraint. This continual ly obeyedconstraint can be thought of as a subset of the \universe" (see �gure 1)
which instances never leave.

The expressiveness of A++'s legal i tyconstraint i s rich. It extends the semantic power of C++to include
subranges (by saying int month continual ly abides by the constraint month �1 && month � 12), as wel l as
manymore esoteric forms, suchas int odd always obeys (odd & 1) == 1. Evendynamic expressions canbe
used to del imit the set of legal values, suchas the stack constraint stackPtr �capacity.

The arbitrarypredicates whichdescribe the legal i ty subset thus give anextremely �ne granulari ty to the
base type system. Syntactical ly this i s accompl i shed by adding a legal section to the class declaration, as
in�gure 2. A++veri�es that al l constructors construct legal objects, then it veri�es, to the extent possible,
that objects remain legal throughout the operation of eachmember function.

Whenever i t i s not possible to statical ly determine that a constructor cal l wi l l result in a legal object,
A++generates code to dynamical ly test ini tial i zers. This i s necessary, for example, when an initial i zer i s
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Abstract

A++ (\ann ota t ed C++") is i n t ro d uce d a s a n a i d i n wr i t i n g c le a r e r , s a fe r a n d f a s t e r o bje c
pr o g r a ms i n C++. A++ s u p p o r t s t he s p e c i �c a t i o n o f s e ma n t i c i n f o r ma t i o n a s s o c i a t e
i n a ma n n e r wh i c h i s c o n s i s t e n t wi t h t h e o b j e c t o r i e n t e d p a r a d i g m. It e n h a n c e
f o r ma l v e r i � c a t i o n , ( 2) c o d e c l a r i t y , b y r e p l a c i n g e xp l i c i t d y n a mi c c o n s i s t e n c
l e v e l a n n o t a t i o n s , a n d ( 3) c o d e p e r f o r ma n c e , b y u s i n g t h e a n n o t a t i o n s a s a n a i d

A++ h a s t wo s i g n i � c a n t s i d e b e n e � t s : ( 1 ) i t e n c o u r a g e s a mo r e n a t u r a l o b j e c t o r
s t y l e t h a n o t h e r wi s e p o s s i b l e , a g a i n p r o mo t i n g s a f e r c o d e wi t h o u t e x e c u t i o n p e
t h e p o we r o f t h e C++ b a s e t y p e s y s t e m b y s u p p o r t i n g a r b i t r a r i l y p r e c i s e t y p e d e
e x t r e me l y � n e g r a i n e d t y p e qu a l i � e r s ( s u b r a n g e s , a r b i t r a r y s e t s , d y n a mi c c o n s t

I n l i g h t o f t h e c o mp l e x i t y o f f o r ma l v e r i � c a t i o n , t h e i mme d i a t e p r a c t i c a l c o
u s e a s a s p e c i � c a t i o n a i d , u s i n g a s y n t a x i n t e n d e d t o b e mo r e f a mi l i a r a n d n a t u r a
t h a n a r e mo s t s p e c i � c a t i o n s y s t e ms . I t i s c o mmo n l y h e l d t h a t t h e � r s t t a s k i n
s p e c i f y t h e p u b l i c i n t e r f a c e . A++ e x t e n d s t h i s \ c o n t r a c t " b y e mp o we r i n g t h e c l
n o t o n l y t h e s i g n a t u r e s o f t h e p u b l i c me mb e r f u n c t i o n s , b u t a l s o t h e i r s e ma n t i c

1 Introduct i on

1. 1 Bas i c Mot i vat i on

A++(\annotated C++") is both an annotation formal i smand a proposed C++programming tool sup-
porting object oriented annotations for C++. As a formal i sm, i t provides a means for designers to express
their intentions in a concise, high level fashion that i s consi stent with the object oriented paradigm. Code
clari ty i s enhanced by, among other things, replacing expl ici t exception tests with higher level \behavioral
constraints."

As a CASEtool , A++performs formal veri�cation on the annotations. By showing the consistency of
what was meant (the annotations) withwhat was said(the code), code safety is increased. Veri�ed l ibraries
of objects wi l l promote code reuse, one of the elusive trademarks of the object orientedparadigm.

The tool i s intended to be an integral part of the compi lation process. Posi tioned as a \front end" to
the normal C++compi ler, i t i s able to use the annotations to make a number of cri tical improvements to
the code. For example, many run-time consistency and exception tests are redundant. Formal veri�cation
shows this redundancy, andA++(as a front end to the compi ler) removes the extra tests. Thus exception
testing overhead is reducedwithout sacri�cing safety. In this sense, A++is an \exception optimizer."

A++enjoys the unusual status of improving both code safety and e�ciency. The tensionbetweenthese
forces i s wel l known, withmaintenance cost invariablypushingdesigntowardsafetyandclari tyat the sacri�ce
of speed. A++causes these normal ly opposing goals to be symbiotic, al lowing a simultaneous improvement
in each.

A++contains features inspired by ANNA[2] , Ei�el [3] , and other speci�cation systems, but with con-
structs speci�cal ly designed aroundC++.

1. 2 Des i gn goal s

� Small: A++attempts to remain in the spiri t of C++. In addition to being simple to use and terse,
the annotation language was kept fai rly smal l . One of the advantages of this deci sion is that A++
appears to be implementable using existing compi ler and programveri�cation technology.
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