o If the current lexical scope doesn’t have privileged access to the type T of the quantified variable, the
anmotation is a client of object v, sov is atomatically constrained to be coherent (and therefore legal
as well). If the current lexical scope does have privileged access to the type T, v is rarely constrained
to be legal .

o The scope of a quartified vari able extends up to the closing “1” of an assertion, or through the end of
the ammotated statenart in an axiom Ths quartified variables may not appear wthin an assertion’s
statepant (ie: vhen the statemant is tramslated into runtim code), but they my (and often do)
appear wth an axiomis staterart.

6 Conclusion

o Optimization: The very existence of data encapsul ation, essential to the object oriented paracd gm
uncouples clients fromohjects. Although “beantiful” fromthe perspective of localization, this makes
it difficdt for objects to knowvhich calls require dynammc arguarnt testing. At++identifies, on a
call-by-call basis, which exception tests are really necessary, remwing the others.

o A More Ndaurd Programng Style: Safe, exception-test laden code is often hard both to wite and
to read. Inmost cases AHshould allowcode that 1s at least as safe to be witten in ways that do
mot sacrifice, and wll wually enhance readability, clarity, and rewsahility.

o [utue Wak: The “proof of concept” inplemartation wll tramslate AHsyntaxirto aninternadi ate
form 1mert exception tests everywhere an axiomor assertion directs, and tramslate the result back
into CHfor comilation Tt is hoped that the interradiate reference form(IRF) will be a si gpi ficant
spinoff, since the IR coul d be the basis of an entire suite of GH-anal ysis tools. Several extersiomns to
Attare al so being comsi dered, incl udi ng the handling of pointer aliasing and reference binding/lifetine
isswes, as vell as allowng behavioral compatibility to exist apart frominheritance.
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5.4 Basic Annotati on Forms

The besic formfor both axiom and assertions is: [awdaios] strh vhere strbis a (possibly conpound)
GHrstaterart. The followng are the alloved ammotatiors:

Named States: [State s] creates a state namad s vhich my be referred to at alater point. Tis rmst
appear itmadiately after the opening “[”. [State init] is automatically created for all function
axiomm (but creating a nanad state in a function axiomoverri des this).

Quantified Vari ables: [T v] creates a wniversally quantified compile tim “variable” v of type T (as in
Vv € T). Wistertially quantified variables (Jv € T) are declared wing the AH-keyvord “exists™
[exists T'v]. Vriables nst be declared (quantified) before used.

Purity: Ater executionof apure function, clients of atype can’'t detect any change of state. Tor exanple,
after pushi ng anything onto a stack and popping 1t off again, clients can’t detect any change of state,
al though the elerant just beyond the top of the stack mght have changed if the irplemantation is
vector based.

Preconditions: [require erpl expresses the preconditiors of the amnotated statenant. In a function
axiom the epris recorded as the function’s precondition. In an assertion (ananmotation inexecutabl e
codk), epris required to be true at the point it appears. [require ef; require e2] isequivalert to
[require ef && €. If [State sidel is inscope, the eprmy contain “stadte®” vhichis the value
of zat the mumnt that stae vas decl ared.

Postcondi tions: [promise epr] expresses the postconditions of the anmotated statemant. In a function
axiom empris recorded as the function’s posteondition, and return may be wed to indicate promses
about the function’s returnval ve. Tnanassertion (anamotationinexecutable code), egris requiredto
be true at the end of the amctated staterant. [promise ef; promise €] is equvalert to [promise
el 8& ¢J. If [State stale is inscope, the eprmy contain “stafe. s’ vhichis the valwe of zat the
rorart, that state vas declared.

Invariants: [across epd is equvalent to [require epr; promise eprl.

Continuousl y Obeyed Invariants: [always epl is eqivalent to [across epd, with the addition
that [require epr] appears at each sequence point throughout the annotated statenant.

5.5 Sone Detaills

Somm of the nore detailed semantics for these amotations are as follovs:

e [pure] is presentlyallovedonlyinclass axiom (inaclass decl aration applied to a manker or friend
function). Tovever purity coul d be maaningful to top-level functions (e.g. cos() is pure), anextension
vhichis under corsideration.

o Aclass’s legality comstraint is automatically included as a precondi tion of every mrher function and
friend. Rrtherrore objects mst also be coherent before a public manher or apublic friend. s
the actual preconditionfor a pulic marher or friend is the comunction of 1ts require, across and
always, legal and coherent expressions. Rstconditions are anal ogous, wth promise substituted for
require inthe above.

e always may only appear in assertioms (executable code) since it distinguishes a gramdlarity of irple-
mantation detail vhichis too fine for clierts to discern (function calls are atonic, so [always eyl
and [across epd are indistinguishable fromthe client’s perspective). In concurrent envirommrts,
hovever, an even stronger (recursive) wersion of this right be appropriate, whichis the subject of
ongol ng, 11vesti gation by the authors.

o Aquantifiedvariable (either [7" v] or [exists T v])is oftencomstrained, acconplished by appending
a costraint expression swh as [int i {i > 0 && i < size()}]. Tis is equivdlent to including
the comstraint expression as an amtecedert in each place the quantified variable is wed (wually in
require and promise clases).
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The rost comon axiom amotate a function (“function axiors”). Hovever axiom can also handle
ordinary staterants (“statenant axiors”). Rr exanple, saying that {push(x); pop();} is pure indicates
that pushing anything onto a Stack then popping 1t off again von't change the Stack:

class Stack {
!/l .
axioms:
[T x; pure]l] { push(x); popQ); 2}
!/l .
};

Athough presented as a mnor extemsion, this is actually a significant step in AH: as 1t provides AH
behavi oral specifications with the full pover of Agebraic Specification languages like (B [1].

5.2 Assertlons

In cotrast to Aiom, Asertions appear in the context of executable statemarts, such as wthin a function
body. Inthis case, one canimagine that AHrepl aces the original assertion:

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

wthassert () mcros: 3
assert(x > y); // Assert the ‘requirements’
Z=XxX-7;
assert(z > 0); // Assert the ‘promises’

Mote that this exarple is trivial, not demorstrating mch of the pover of AH: Krtherrore AtH-does
mst of 1ts anal ysis at conpile tim whereas assert() has a non-zero run-tim penal ty:

Aiom and assertions are sirmlar in nary vays since the verifer st prowe the postconditions follow
fromthe preconditions in both cases. Hwever an axiomis statemant only exists wthin the verifer at
corpile time, so it may (and often does) comtain references to quantified variables. Qher than relatively
mnor distincti ves such as this, an axiomis an assertion vhose statemant is never cormiled.

5.3 TFunction Axl ons

Rmetion axiom (axi ors wen the staterant is asinple function call) can be thought of as an extension of
the function’s sigmature: they give information about howthe function behaves vhen i1t 1s evertual ly called,
but don’t gererally indicate howthe functionis defined.

In function axiom, require indicates the requred preconditioms of the function, as if the function vere
corp | ed v th an exception test at 1ts head, and promise anal ogowsly expresses the function’s postcond tions.
Additional amotations such as “if p happers to be true at the begiming of £(), then ¢ wll be true
af tervards” can be accorplished by an 11pli cati on:

[ promise !init.p ||l q 1 £QO);

vhere init. p refers to the valve of p at the beginming of £(). MNte that asinple inline function coul d make
this ook better:

//Uses: inline int implies(int p, int q) { return 'p || q; }
[ promise implies(init.p, q) 1 £();

3assert(x) is a preprocessor macro which could be defined to raise an exceptionshoul dz eval uate tofalse (zero) at run-tine.



array’ rght be performd wthin operator[]. Unless operator[] is expandedinline (and unless the CH
corpil er has an optimnzer that can exploit the resulting information), even accesses such as array[0] wll
incur an umecessary run-tim penal ty 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 1 = 0; i < sz; ++1i)
ans[i] = al[il + blil;
return ans;

FHgure 8 A present, effiiency would dictate making this a friend. Hwvewer it is not al vays possible for
clients to add newfriends, and even vhen it is, an excessive mmher of friends increases the efective size of
the piblic interface, this dil uting locality.

Athough the bounds tests wll provably never fail in figwe 8 1 1s still checked three timas every tim
around the loop! UWfortumately this kind of thing is by mo mars umswl: Strostrup describes it as
“typical” and proposes ei ther an “unchecked access” function or el se wing the friend corstruct [4]. Nither
approachis ideal: the formar breaks abstraction and the latter increases the mmher of functions vhich can
directl y nani pul ate 1mstances.

Fovever, the we of AHwll renowe the mativation for such vork-aromds. Ware carefully expl oring
inpl enantation strategies that achieve this, vhile still staying wthin the reaches of irplerantability. Such
strategies include tramslation of anmotations into “cal ler-raises” (rather than “callee-raises”) exception con
wvertiors, the wse of miltiple function entry points, and reliance on classic back end optimzation strategi es
for rerwving dead code.

5 Annotation Syntax
The wual formfor formal assertions is:
quantifiers { pre } stmt { post }

vhere “quantifiers” refers to a list of Vo and dy, ‘pre” and “post” are boolean expressions, and “strh” is
the statemant on vhi ch the axiom apply.

Since AHallow arhitrary staterants to be aimotated, 1ncluding anertire function body, 1t 1s profitable
to avor d the physical separation betveen preconditions and postconditions. This is the reason behind AH
putting all the anmotatiors associ ated wth st together:

[quantifiers; require pre; promise post] stmt
Wether or not the “strh” is executable (a statenant definition or a declaration) distinguishes betveen
tvoslightly diferent cases: axioms and assertions.

5.1 Axions

A has already been shown, axiors are an extersion to the sigmature declaration of afunction: theyindicate
vhat the function does, but they don’t call 1t. Pp-lewel functions can also be annotated:

// A ‘top-level axiom’ (for a top-level functiomn):
int strlen(const char* s);
axioms [char* s; require s!=0; promise return>=0] strlen(s);



are inherited and are this ot repeated. Mturally full () and empty () are mot 1mpl emanted, having al ready
been specified in Stack itself.

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) { vIsp++] = x; }

T pop() { return v[--spl; }

void clear() { sp = 0; 1

int length() { return sp; }

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

Fguwe 7. AVStack 1s-a (conforma to the behavior of ) Stack.

This exarpl e represerts a significant improverant in clarity over unadorned GH-code. There i1s 10
reed for explicit error checking (for exanple, there is no enptiness test before pop) since these are part of
the behavior of @y Stack.

& wth KBl marber functions of derived classes are not alloved to require stronger preconditions or
promse veaker postcondi tions than those in their base cl asses.

4 At++and Exceptions

Wi le exception handling features wll certainly becom incorporated into GH-inthe near future, their pre-
cise formhas not yet been established It is clearly desirable that armotations be integrated wth exceptions,
as they are in Fifel and ANNX Afailed precondition discovered at run-time should trigger an exception
Hvever, the machani cs of AHare mot particularly dependent on the specific nature of GH-exception
corstructs. Infact, programars wing AHshould require fewexplicit exception checks:

o Mst exception handl i ng revol ves around trapping failed preconditions. Since A tself wll autorat-
ically convert preconditions into exception tests (vhatever their formmght be), programars need
ot make much contact wth the under] yi ng exception raisi ng machani sm.

o Rlying on AHto automatically convert legal ity expressioms 1nto exception traps siplifes code, and
al so ensures that such checks are corsistently and corpl etel y 1 ncorpor ated.

e Wen fully developed, AH-wll be able to statically remwe exception tests that can be proven to
rever be raised

The fact that AH-can serve as an “exception optimmzer” i1s a very important comsideration for GH
programars. GHHs often chosen as an 1 mpl evant ati on 1 anguage on the basis of its efliiency. (ereration
of code full of exception checks caneasily mullifythis advantage. For this reason, ve see AHdevel opmrt as
anatural, evenvital | part of the evolution of GH If exception checkingis seen by practicing prograrmars
as adding tim and space overhead onl y inthose cases vhere it really mtters, there is a greater chance that
the resul ting better design and 11pl erentation techm ques wll gain wder acceptance.

Acase in pont is the comon GH prograrmang practice of declaring friend functiomns solely for
the prpose of allowng a non-marher function to access private data in a vay that 1s know to be safe,
this evading public interface functiomns that check validity of access. kr exanple, index testing in a “safe



3.2 Abstract Data Types

Aclass 1s an inplemrtation of a type, so “class” and “type” are often wed synonynmsly. Hovever an
abstract data type (ADI) is defined here to be “abstract” in the serse of lacking specific representation.
This an AMis aterpl ate to create newtypes, being declared in GHvia an abstract base class. Astract
base cl asses (ABR) allowvestly di fErent concrete implerantatiors of an akstract concept to be al ternatel y
imstalledin client code ina “plug compatible” mamrer.

Tpically an ABC contairs mstly pure virtual manhers that define the protocol, but not the imple-
mrtation, of aset of subclasses. The ABCserves as the root of the resultant inheritance graph. Resertly,
hovever, subtypes are guaranteed to be conformart in only a syntactic, and not semartic, serse.

Ror exanple, consider the push pure virtual manher functioninan Stack ABT Subtypes (publically de-
rived subcl asses) of Stack are guararteed to contain a signature conpatible ranber function called ‘push”,
but 1o guarantee vhatsoever is made on this marher function’s behavior. Suppl enanting si gnature confor-
mance wWth behavior conforrance strengthers the contract associated wth akstract data types.

In the Stack AXof figure 6, all the marhers are pure virtwal except full() and empty() vhich are
definedinterrn of virtual rarhers length() and capacity(). Nte that A (anmotated ABS) typically
have 1o legality or coherence comstraint since these ammotate 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() 1 popQ);
[ promise return >= 0 1 length();
[ promise empty() ] clear();
[ promise return > 0 1 capacity();
[ promise empty() ] Stack();
s

B gure 6: Astract datatypes (annotated abstract base classes) can be richin concept even though they are
starved of 11plemantation details.

3.3 Inheritance

GHsupports both public and private subcl asses. Rivate subcl asses are wed el ther for partial code rewse or
toexpress aHAS - A rel ationship. WEh private deri vation, no machanisms provi ded for autonati ¢ 1 nheri tance
either by CH-(inberitance of the public interface) or by AH-(inheritance of behavioral constraints).

Rblic derivation express the 15- A or subtype relation: if VStack is publically derived fromStack, a
VStack 15-A Stack. Te irmplication, lacking currently in GH; is that a VStack should behave like a
Stack. Thus is accomplished in AHby providing VStack wth all the behavioral specifications of Stack.

Since the tvo types my wse inherited protected mrhers diferently, the legal and coherent class-wde
specificatioms are not adomdicd lyinherited.

The 1mplerantation of VStack infigwe 7 HAS- A Vector and I s- A Stack. Te behavioral specificatiors



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() 1 popQ);

[ require !'full(); promise 'empty(); T x ] push(x);
// other Stack axioms

};

Fgure 4 Ahighly elided exarple showng som “stack axiors” for a Stack of T. These are valid for ay
“Stack of T” inplemartation, vhereas the defmtions of the variows marber functions are impl emartation
dependent.

all of these concepts, wth object-based and cl ass-based | anguages supporting only a subset. The followng
sectioms showthe role of AH-wth respect to each.

3.1 Encapsul ation

Hicapsul ationis the strategy of casing the inderl ying il erantationof aclass to be hi dden fromits wsers,
vhile also preserting a cortrolled interface of its functionality. yects are presented as corpl ete entities
rather than jwst data or just code.

Fguare 5 adds only slightly to the earlier exaples: the forminit.sz is the imtial value of paramter
sz; resize() promses size() wll be vhat formal paramater sz was initially. Inthe axiomfor size(),
return is an expression referring to the mnher’s return valve. Instances are legal if their capacity, cap, is
ron-regati ve, and they are coherent if the muher of elerants pointed to by data is 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 datalx]; }

void resize(int sz);
Vector(int sz=10) : data(new T[sz]), cap(sz) { }
“Vector() { delete [capldata; }

axioms:
[ promise return >= 0 1 size();
[ int x; require x >= 0 && x < size() 1 (*this) [x];

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

};

Fgure 5 Fample of Dita Facapsul ation



2.2 Coherent Objects

The coherent (self comsistent) states of an object forma sulset of the legal states. Qjects containing
redundant informtion wsually becom terporarily incomsistent (violate coherence) while changing state.

For example, alinked list mght becom terporarily incomsistent betveen adding a node and increranting

the mode comt. Al public marher functioms have the right to expect a coherert object, and have the
resporsihility to restore coherence before fin shing.

A& with legality, the programar simply describes coherence at the class level, as in figwe 3. AH
statically verifies (again, to the extent possible) that all cormstructors comstruct coberent objects, and that
objects remain coberent “across” (ie: at the beginning and end, but 1ot necessarily throughout) each public
marher 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:

/...
s

H gure 3: Afragnart of a ¥ctor of T. (bherence may only be viol ated diring the operation of a “privileged’
function (a ranher or a friend).

& wth the legaity costraint, AHmay force certain comstructor calls to dynarmcally check their
argurants, bt the 1deal overheadis small since AHwll attenpt to verify contimed conformance. Again,
comstructors and destructors are treated specially: imstances aren’t required to be coherent wtil after a
corstructor, and are only requred to be coherent before the destructor. And again, coherence is a cortract
wththe class maintainer, giving richindi cation of internal design specification

2.3 Behavioral Specifications

Iegality and coherence are invisible to clients of the class. If the class has been implemarted correctly, a
cliert can never see an object that is illegal or evenincoherent. Indeed an object wll neverbe 1llegal, and
wll only be incoherent wthin a privileged function.

Fovever there are muarous conditiors wich are visibe to the client. Fr example, a stack mght be
“ull,” afile mght be “readable,” etc. Al these are strict subsets of coherence (and hence of legality). Te
behavi or of operations (ranher functions) is anmotated as tramsitions betveen these conceptual states. Tor
exarql e, part of the behavior of any stack is that pop requires a stack that isw't “erpty” and promses to
leave the stack in a state that isn't “full”.

These behavioral “cl ass axiors” appear in anaxioms section, asinthe “Stack axi ore” showmin figure 4.
require indi cates a condition vhi ch st be obeyed before the operation begits, wth promise indicating a
conditionwhi chwll hol d after the operation frishes. T x inpush’s axioms aun versally quarti fied vari able
(forall Ta...”).

Uilike legality and coherence, behavioral axiors wse onl y impl erantation i ndependent i nformati on (pub-
lic manher functions), thus corresponding to concepts rather than rawdata values. Frtherrore this behav-
ior is inherited by subtypes (publically derived subclasses), this capturing the essence of the 15- A hierarchy.

3 Encapsul ation, ADTs and Inheritance

Oy ect oriented mthodol ogy is often presented as comsisting of three distinct concepts: data encapsul ation,
abstract data types, and type inheritance [5]. yect oriented | anguages are said to be those whi ch support



Fgare 1. The “Uuverse” of possible values, wth subsets called Tegality, (Wherence and vari os conceptual
condi tions v ch hel p define a type’s 1npl enantation 1 ndependent Behavi or.

read froma data fle. Fovever AHrmmimzes further dynarme run-tina checking in such cases; since 1t
wll atterpt to showthat irstances reminlegal once they are comstructed

Since objects are incorpl ete during corstructors and destructors, 1mstances aren’t required to obey the
legality comstraint during the head of comstructors or during the body of destructors.

Bren apart fromformal verification, legality is a val uabl e mai ntenance tool, simce it provides a concise
docurantation of the class desigrer’s intertioms. GHby itself does mot provide a fine enough gramil ari ty
of type qualifiers to acconplish these goals, leaving the class desigrer wth commarts in som less rigoros
language. legality is therefore an arhitrarily precise “contract” betveen the class designer and the class
ral nbai rer.

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) { /*...%/ }
/7. ..
};

Fgure 22 The “Degality’ costraint is never viol ated throughout an object’s lifetim.



o Smutic Informtion Mst prograrming | anguages are very limnted in their ability to express se-
martic information. Indeed one reason descriptive cormants, maaningful 1dentifiers and up-to-date
documrtation are so valuable 1s that the 1anguage proper has little to express the e of the pro-
grammar. Atrectifies this by supporting behavi oral specifications of objects.

o Iitegration Inthe spirit of ANNA we viewamnotation systern as extersions of native type system.
Werever possible, AH-syntax vas chosen to be comsistent wth that of the underl ying GH-type
system

o Me Mud Roraming Syle: Bcase AHsupports the expression of high-level costraint infor-
mation, GHprograra wsing Aty require fever explicit cosistency and error checks, enhancing
both readability and natural ness of prograrmng.

o Tiherently Bjet Qiented Wlike nany systerm (e.g, ANA[Z]) vhich amotate whiat “code does
to data,” AHtamotates objects as a wole, this aviding the 1ive-code dead-data notion comon in
programveri fication strategies, but antithetical to the object-oriented programmng parac gm

o Syt for GHdions: Dffrent obyect oriented ] anguages 1 ncorporate the basic i deas of 1nheri tance,
encapsul ation, etc., in diffrent ways. AH accormndates, and 1n som respects extends, GH-
specific constructs. Som machanisma are essentially identical to those in BfEl (e.g, the wys in
vhich ammotatiors are inherited by publically derived subclasses). Qhers, supporting GH-private
inheritarce, protection machamsm, etc., necessarily difer, leading to a systemwth a noticeably
di ferent enphasis and character than Kkl .

2 Expressive Power of At

Wenprogrammars decl are the data marhers of a GH<lass, theyimplicitly allowi rstances of that class to

enter states corresponding to all possible hitwise cohinatioms of these data.  course, it is almst al vays
the case that som of these states are 1llogical, uweachable, or undesirable. Susets of this “um verse”
correspond to restri cted ranges of values, or al ternativel y as constraints onimstances of the type; see figure 1.
Romthe perspective of annotating the type as avhole, weful choices for these subsets/corstraints st be
identi fied.

Biefly, comtraints vhich imstances mst al vays obey 1dentify “Tegal” ohjects. ‘(oherent” objects cor-
respond to a subset of the legal states and are amal ogois to self corsistency: all public mnher functions
have the right to expect a colerert ohject, and they have the resporsihility to restore coherence before
termnating, @ the coherent values, nuarows conceptual conditions exist which help defie a type’s im
Hermmntation independent “Behavior.” Fr exarple, the fact that pop requires a “non-erpty” stack and
promses a “non-full” stack is part of the behavioral description of a stack.

These concepts are detailed in the sectioms that foll ow

2.1 Legal Objects

(T asses are typically designed to wse only a portion of their possible set of values, giving rise tothe legality
costraint. This contimually obeyed corstraint can be thought of as asubset of the “universe” (see figure 1)
vhi ch i mstances never leave.

The expressiveness of AH's legality comstraint is rich It extends the serantic pover of GHto include
subranges (hy saying int month contimually abides by the corstraint month >1 &% month < 12), as vell as
many mare esoteric form, such as int odd al vays obeys (odd & 1) == 1. Ben dynamnc expressions can be
wed to delimnt the set of legal values, such as the stack comstraint stackPtr <capacity.

The arbitrary predicates vhich describe the legality subset this give an extremal y fine gramil arity to the
base type system Syntactically this is accomplished by adding a 1egal section to the class declaration, as
infigwe 2. AHverifies that all comstructors corstruct legal objects, thenit verifies, to the extent possibe,
that objects remainlegal throughout the operation of each marher function.

Werever 1t 1s mot possible to statically determre that a comstructor call wll result in alegal object,
Attgenerates code to dynammcally test initializers. Tis 1s necessary, for exarple, vhen an initializer is
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Abstract

A—l——l—(“annotatedC—l——l—”)isintroduced as anaidinwritingclearer,safer and faster obje
programs in C+4+. A4+ supports the specification of semanticinformationassociat
in a manner which is consistent with the object oriented paradigm. It enhance
formal verification, (2) code clarity, byreplacing explicit dynamic consisten
level annotations, and (3) code performance, by using the annotations as an aid

A4+ has t wo significant side beneﬁts:(l)itencourages amore natural object o
style thanotherwise possible, againpromoting safer code without execution pe
the power of the C++ base type systemby supporting arbitrarily precise type d
extremely fine grained t ype qualifiers (subranges, arbitrarysets, dynamic cons

Inlight of the complexity of formal verification, the i mmedi ate practical co
use as a specificationaid, using asyntaxintendedtobe more fam liar andnatur:
than are most specificationsystems. It is commonly held that the first task in
specify the publicinterface. A++extends this “contract” by empowering the c|
not only the signatures of the public member functions, but also their semantic

1 Introduction

1.1 Basic Motivation

At (“ammotated GH?) is both an amnotation formalismand a proposed GH-prograrmimg tool sup-
porting object oriented amotatiors for GH: & aformalism it provides a mars for desigrers to express
their intentions in a concise, high level fashion that 1s comsistent wth the olyect oriented paradigm C(ode
clarity is enhanced by, amng other things, replacing explicit exception tests wth higher level “behavioral
corstrairts.”

A& a Etool, AHperforma formal verification on the amotatioms. B showng the consistency of
vhat ves maat (the anmotations) wth vhat ves said(the code), code safety is increased. Verified libraries
of ohjects wll promte code rewse, ore of the elwsive traderarks of the object oriented paradi gm

The tool 1s intended to be an integral part of the compilation process. Rsitiored as a “front end” to
the normal GH-compiler, 1t 1s able to wse the amotations to make a mmher of critical inprowemarts to
the code. Ior exarple, many run-tine comsistency and exception tests are redmdant. Frmal verification
show this redmdancy, and AH(as a front end to the corpiler) remwes the extra tests. Tuws exception
testing overhead is reduced wthout sacrificing safety. Inthis serse;, AHis an “exception optimzer.”

Atterjoys the umsual statws of 1mproving both code safety and effii ency. The ternsion betveen these
forces is vell known, wthnai ntenance cost 1mvari abl y pushi ng desi gn tovardsafety and cl ari ty at the sacri fice
of speed At-causes these normally opposing goals to be symhiotic, allowng a siml taneows 1mproverant
in each.

At-contains features imspired by ANNA[2], FfEl [3], and other specification systers, but wth con-
structs specifically desi gred around GH-

1.2 Design goals

o Sull: AHtatterpts to reminin the spirit of GH In addition to being simple to we and terse,
the amotation | anguage vas kept fairly small. Qe of the advantages of this decision is that AH
appears to be 1mpl emartabl e wsing existing compiler and programverificati on technol ogy.
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