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Abstract: The paperpresentghe basicconceptsf C+++, an extensionof C++ al-
lowing the programmetto definenew operatorsymbolswith userdefinedpriorities
by specifyinga partial precedenceelationship. Furthermore so-calledflexary oper
atorsacceptingary numberof operandsind operatorswith lazily evaluatedoperands
are supported. The latter are particularly useful to implementnew kinds of control
structures.

1 Intr oduction

ProgrammindanguagesuchasAda [Tu01] and C++ [St00] supportthe conceptof op-

erator overloading i. e., the possibility to redefinethe meaningof built-in operatorsfor

userdefinedypes.Sincethebuilt-in operatorof mary languagesrealreadyoverloaded
to a certaindegreein thelanguagstself (e.g., arithmeticoperatoravhich canbe applied
to integerandfloating point numbersor the plus operatorwhich is often usedfor string

concatenatiomswell), it appeargathernaturalandstraightforvardto extendthis possi-
bility to userdefinedtypes(so that, e.g., plus canbe definedto add complex numbers,
vectorsmatricesgtc.,too).

Otherlanguagesege.g., Smalltalk [GR89], Prolog [CM94], and modernfunctional lan-
guagesuchasML [MTH90] andHaslell [Pe03],alsoallow the programmeto introduce
new operator symbolsin orderto expressapplication-specifioperationgsuchasdeter
mining the numberof elementscontainedin a collectionc) moredirectly and naturally
(e.g.,as#c) thanwith overloadedouilt-in operatorge.g.,*c in C++)or with methodsor
functions(e.g.,c.size()  orsize(c) ).

The introductionof new operatorsymbols(especiallyif they denoteinfix operatorsjm-
mediatelyraisesthe questionabouttheir binding properties i. e., their precedencevith
respecto built-in andotheruserdefinedoperatorsandtheir associativity In the above
languagesthe programmeintroducinga new operatorsymbolis forcedto assignt afixed
precedencéevel on a predefinedabsolutescale(e.g., anintegral numberbetweenl and
10). Thisapproachs bothinflexible (for example,it is impossibleto defineanew operator
that binds strongerthanplus and minus but wealer thanmult anddiv, if thereis no gap
betweertheseoperatorclassesn the predefinegrecedencecale)andoverly prescriptive
(becausehe programmeiis alwaysforcedto establishprecedenceelationshipshetween



all operatorsgventhoughsomeof themmight be completelyunrelatedandnever appear
togethetin a singleexpression).

The approachdescribedn this paper(which is not restrictedto C++ conceptually)ad-
vancesxisting approache thefollowing ways:

e The precedencef new operatorseednot be fixed on an absolutescale,but only
relativeto otheroperatorsj. e., the precedenceelationshipis not a complete but
only a partial order on the setof operatorsymbols,which canbe incrementally
extendedon demand.

¢ In additionto well-known unaryandbinary operatorsflexary operatorconnecting
ary numberof operandsaresupported.

¢ Finally, operatorsvhoseoperandsreonly evaluatedon demandroughlycompara-
ble to lazy evaluationin functionallanguagesaresupportedn alanguagesuchas
C++whosebasicexecutionmodelis imperatie.

Sec.2 describeshebasicfeaturesof C+++, anextensionof C++ supportingheintroduc-
tion of new operatoisymbols.Secs.3, 4, and5 illustratethesewith anumberof examples,
demonstratingn particularthe advancesnentionedefore.Finally, Sec.6 concludeghe
paper An accompaming TechnicalReport[He04] describesheimplementatiorof C+++
by meansof aprecompilerfor C++.

2 NewOperatorsin C+++

New operatorsymbolsin C+++ are introducedby operator declatations at global or

namespacscope(i. e., outsideary functionor classdefinition) startingwith the keyword

sequenceew operator . Thesearebothexisting C++keywordswhichcannotoccurin

juxtaposition however, in the original languaggSt00]. Thereforethealreadylarge setof

C++keywordsneednotbeextendedo supportthislanguagextension.Insideanoperator
declarationhowever, numerousiocal” or “context-dependentkeywordswhich will not

betreatedassuchelsevhere(e.g., unary , left ,right , etc.) canbeusedto describe
propertiesf the new operator

New operatorsareeitheridentifiersasdefinedn thebasdanguageC++ (i. e.,sequencesf

lettersanddigits startingwith aletter, wheretheunderscoreharacteis treatedasaletter)
or sequencesf oneor morespecialcharacters (all charactergxceptwhite spaceletters,
digits, and quotationmarks). A new operatorsymbolof the latter kind becomesa token
of thelexical analysesassoonasit hasbeendeclaredj. e.,it mightinfluencethe parsing
procesf theremaininginput. To give anartificial example,a sequencef five plussigns
(withoutinterveningwhite spaceor comments)s parsedasthreetokens++, ++, and+ in

original C++ (i. e., thelexical analyzeiis “greedy”). If anew operator+++ is introduced,
the samesequencgetsparsedastwo tokens+++ and++ afterwards. (Of course,such
“operatorpuzzles”’canbe avoidedby alwaysseparatingokensby white space.)



In general built-in operatordn C++ canbe appliedprefix infix, or postfix andthereare
several operatoravhich canbe appliedboth prefix andinfix (+, -, *, & and:: ) or both
prefix andpostfix (++ and-- ). In analogy new operatorsaarecateyorizedaseitherunary
(meaningprefix andpostfixapplicable)or binary (meaningprefix andinfix applicable).

As in standardC++, the semanticsof operatorsare definedby opermator functions i. e.,
functionswhosenameconsistf the keyword operator ~ followedby anoperatorsym-
bol. Functionscorrespondingo prefix andinfix applicationsof anoperatortake oneresp.
two argumentsepresentinghe operators operand(s).To distinguishpostfix from prefix
applications,operatorfunctionscorrespondingdo the former receve a dummyargument
of typeint in additionto the agumentrepresentinghe operators operand.(Sincethe
sameoperatorcannotbe appliedbothinfix andpostfix, it is alwayswell-definedwhether
atwo argumentoperatorfunction correspondso aninfix or postfixapplication.)

To definegenericoperatorsit is possibleto define operatorfunctionsas function tem-
plates.Unlike built-in operatorsnew operatorscannotbe implementedoy memberfunc-
tionsof a classbut only by ordinary(i. e.,global or namespace-scopgjnctions.

To retainthe original C++ rule that the meaningof built-in operatorsappliedto built-in
typesmustnot be changedit is forbiddento definean operatorfunction whoseoperator
symbolandparametetypesareall built-in. In otherwords,only definitionswhereeither
theoperatorsymbolor oneof the parametetypes(or both)is userdefined,areallowed.

As in standardC++, postfix operatorsareappliedleft to right andbind moretightly than
prefix operatoravhich areappliedright to left andbind moretightly thaninfix operators.
The latter are organizedin an (irreflexive) partial precedencerder (i. e., anirreflexive,
transitve,andasymmetriaelationshipstronger  with aninverserelationshipveaker )
containingopefator classegi. e.,setsof operatorsvith equal precedence)-urthermore,
infix operatorsnaybedeclaredeft- or right-associatieto expresshatanoperatorappear
ing earlierin anexpressiorbindsstrongerresp.wealerthanoneof thesameoperatorclass
appearindaterin the expression.

After the applicationof postfix and prefix operatorgwhich can be identified simply by
theirsyntactigposition)and,if appropriatetherecursveevaluationof parenthesizesube-
pressionsthe remainingexpressionconsistsof an alternatingsequencef operandsand
infix operatorsin orderto getsuccessfullyparsedsuchanexpressiormustcontaineither
no operatorat all or a uniquewealestopetrator, i. e., exactly oneoperatomindingwealer
thanall otheroperatorof the expression.Furthermorethe two subepressiongesulting
from splitting the expressiorat this operatomustfulfill the samerule recursvely. Other
wise,theexpressioris rejectedasbeingambiguousin suchacasethe programmemight
eitheruseparenthesefor explicit groupingor declareadditionalprecedenceelationships
to resohe the conflict.

Parsingsuchanexpressiorandtestingit for ambiguitycanbedoneefficiently usingasim-
ple push-dovn automaton:Operandsandinfix operatorsareprocessedrom left to right
andpushedontoa stack.Beforeanoperatoris pushedit is checledwhetherthe previous
operatoron the stack(if arny) bindsstrongerthanthe currentoperator;f so,it is replaced,
togetherwith its operandshy a new compoundoperand,andthe checkis repeated.If,
afterthesereductionsthe previous operatoron the stack(if any) andthe currentoperator
areincomparablethe expressioris ambiguous.



3 Unary and Binary Operators

Exponentiation. Thefollowing operatordeclaratiorintroducesa new binary, right-asso-
ciative operator” thatbindsstrongerthanthebuilt-in multiplicative operators:

new operator right  stronger  *;

Sincethe multiplicative operatorsbind in turn strongerthanthe built-in additive opera-
tors,andbecausehe precedenceelationships transitive, the new operatobindsstronger
than,e.g., +, too. Therefore,anexpressiorsuchasa + b ™ ¢ ™ d * e will be
interpretechsa + (b ™~ (¢ ~ d)) * e),whilex ™ y ->* z (where->*

is a built-in operatorbinding strongerthan* , too) is rejectedasambiguoussince™ and
->* areincomparableOntheotherhandp ™ q * r ->* s issuccessfullyparsed
as(p ~ q) * (r ->* s) since™ and->* bothbindstrongerthan*.

To definethemeaningof x ™y, acorrespondingperatorfunctionoperator™  tak-
ing two argumentds definedwhich computese.g., the valueof x raisedto the power of
y (usingthe predefinedibrary functionpow):

double operator™ (double x, double vy)
{ return pow(x, Vy); }

Becausea binary operatorcannotonly be appliedinfix, but alsoprefix, it is possibleto
definea separateneaningfor thatcaseby definingan additionaloperatorfunctiontaking
only oneargument. For example,the following function definesthe meaningof “x as
thevalueof e (the baseof the naturallogarithm)raisedto the power of x:

double operator™ (double x) { return exp(x); }

Container Operators. To introducea new unaryoperator#* which corvenientlyreturns
thesize(i. e., numberof elementspf anarbitrarycontainerobjectx of the C++ standard
library (or in factary objectthatpossessea parameterlessize memberfunction), the

following declarationswvill sufiice:

new operator # unary;

template  <typename T>
int operator# (const T& X, int postfix = 0)
{ return x.size(); }

By defining the operatorfunction operator#  asa function template,the operatoris
basicallyapplicableto objectsx of ary type T.2 If T doesnot declarea memberfunction

1Since# denotesa specialsymbolfor the C++ preprocessowhen usedat the beginning of aline or in the
replacementext of a macrodefinition, this operatormustnot be usedat theseplaces. However, the “number
sign”# is suchafrequentlyusedsymbolto denotecardinalitieghatthis restrictionappearscceptablegspecially
sincethe usageof macrosis stronglydiscouragedn general.



size , however, thecorrespondingemplateinstantiatiorwill berejectedby thecompilet
By giving the function an optional secondparameteof typeint , it canbe called with
eitheroneor two argumentsi. e., it simultaneouslydefinesthe meaningof # for prefix
(oneargument)andpostfixapplicationgadditionaldummyargumentof typeint ).

Eventhoughit is possiblein principle to definecompletelydifferentmeaningdor prefix
andpostfixapplicationf the sameunaryoperatorcareshouldbe exercisedn practiceto
avoid confusion. To give an example,wheredifferent,but relatedmeaninganake sense,
considerthe following operator@which returnsthe first or lastelementof a containerx
whenappliedprefix (@3 or postfix (x@), respectiely:

new operator @ unary;

template <typename T>
typename T:value_type operator@ (const T& Xx)
{ return  x.front(); }

template  <typename T>
typename T:.value_type operator@ (const T& X, int post)
{ return  x.back(); }

4 Flexary Operators

Average Values. The following operatoravg computesthe averageof two double
valuesx andy:

new operator avg left stronger + weaker *;

double operator avg (double x, double )
{ return (x + y)/2; }

When appliedto threevaluesx avg y avg z, however, the resultis equivalentto
(x avg y) avg z (becauseheoperatoris declaredeft-associatie) whichis usually
differentfrom the overall averagevalueof x, y, andz. To avoid suchaccidentamisinter
pretationsjt would be morereasonabl¢o definethe operatomon-associatie causingthe
expressiorx avg y avg z toberejecteddueto ambiguity

Alternatively, avg could beinterpretedasa flexary opemator, i. e., an operatoraccepting
conceptuallyany numberof operandsoncatenatedly infix applicationsof the operator

2Definingthetypeof x asconst T&insteadof just T is acommonC++ idiom expressinghatx is passed
by referencgsymbol&) to avoid expensve copying of thewhole containemwhile atthe sametime not allowing
thefunctionto changet (keyword const ).

Stypename T:value _type denoteshetypevalue _type declarednsidethe containertypeT,i.e.,
thecontainers elementype.



For thatpurposetheabove operatorfunctionavg is replacedy thefollowing definitions
which do not directly computethe averagevalueof their argumentshut rathercollectthe
necessarynformation (numberof valuesand sumof all valuesprocessedo far) in an
auxiliary structureof type Avg:

struct  Avg {
int num; double sum;
Avg (int n, double s) : num(n), sum(s) {}
%
Avg operator avg (double x, double vy) {
return  Avg(2, Xx +vy);
}

Avg operator avg (Avg a, double 2z) {
return  Avg(a.num + 1, a.sum + z);
}

Additionally, a pseudooperatorfunction operator... (where... is nota meta-
symbolin the text denotingan omission,but rathera real C++ token) is definedwhich
corvertsthis intermediaténformationto the actualaveragevalue:

double operator... (Avg a) { return a.sum / a.num; }

This pseudooperatorfunctionis calledautomaticallyfor every expressionor subexpres-
sion containinguserdefinedoperatorswhenever all operatorof a particularprecedence
level have beenapplied,beforeoperatorof the next lower precedencéevel will be ap-
plied. For example,if the operatoravg is definedasabove (i. e., left-associatie with
precedencbetween+ and* ), theexpressiora*b avg c/d avg e%f + g avg h
(with doublevaluesa to h) is equivalentto

operator...(operator avg(operator avg(a*b, c/d), e%f))
+ operator...(operator avg(g, h))

i. e.,it computeghe sumof the averagevalueof a*b , c/d , ande%f (e modulof ) and
theaveragevalueof g andh.

Becausghecompileractuallydoesnotknow whetheraninfix operatorshallbeinterpreted
asanormalbinaryoperato(which doesneithemeednorwantthecall to operator... )
or asaflexary operato(which needst), thecallsareactuallyalwaysinsertedasdescribed
above. Furthermorethefunctionis predefinedastheidenticalfunction

template  <typename T>
inline T operator... (T x) { return x; }

for any argumenttype T to make surethatit hasactuallyno effect on the evaluationof the
expressionunlessit hasbeenspecializedor aparticulartype T suchasAvg above.

Chainable Comparison Operators. Comparisoroperatorsareanothersourceof poten-
tial misinterpretationsatleastfor novice programmersWhile theC++expressiora < b



correspondgxactly to the mathematicaterma < b, the meaningof the expressiora <

b < c isquitedifferentfrom its mathematicatounterpart < b < ¢, thelattermeaning
a < bandb < c¢. Theformeris actuallyinterpretedas(a < b) < c, which com-
paresthe Boolean-aluedresult of comparinga andb with c. In mary programming
languagesthiswill leadto acompiletime errorsinceBooleanvaluesandnumberscannot
be comparedo eachother In C++, however, the Booleanvaluestrue andfalse are
implicitly corvertedto the integervaluesl andO, respectiely, whennecessargausing
theexpressiola < b < c to beactuallywell-defined,but probablynot producingthe
desiredresult.

Becauséchained”comparisonsuchasa < b < cor0 < i < n areoccasionallyuseful
andmorecornvenientthantheir logical expansiongsuchas0 < i andi < n), onemight
wantto definecorrespondingpperatordn a programminganguage.Similar to the avg

operatorabove, suchoperatoranustnot only returna Booleanvaluerepresentinghe re-
sult of the currentcomparisonjput alsothe value of their right operandwhich might be
neededasthe left operandof the following operatoytoo. This canagainbe achieved by
introducinganappropriateauxiliary structure:

template  <typename T>
struct  Cmp {
bool res; T val;
Cmp (bool r, T v) : res(r), valv) {}

h

template  <typename T>

bool operator... (Cmp<T> c) { return c.res; }
new operator .<. left stronger = weaker ||;

template  <typename T>
Cmp<T> operator.<. (T x Ty {
return  Cmp<T>(x <y, VY);

}
template  <typename T>
Cmp<T> operator.<. (Cmp<T>¢c, T2 {
return  Cmp<T>(c.res && cwval < z, 2z);
}
/I Likewise for operators <=. >, S>=, == =

Now, anexpressiorsuchasa .<. b .<. cisindeedequivalenttoa < b && b < c.

5 Operators with Lazily Evaluated Operands

The built-in operator&& and|| expressingogical conjunctionanddisjunction,respec-
tively, are specialand differentfrom all other built-in operators(exceptthe even more



specialternary?: operator)in thattheir secondoperands evaluatedconditionally only
whenthis is necessaryo determinethe value of theresult. If these(or ary other)opera-
torsareoverloadedthis specialandsometimesxtremelyusefulpropertyis lost, because
an applicationof an overloadedoperatoris equivalentto the call of an operatorfunction
whosearguments(i. e., operandspre unconditionallyevaluatedbeforethe function gets
called.

Thereforejt is currentlyimpossibleto define e.g.,anew operator=> denotinglogicalim-
plicationwhich evaluatests seconperandnly whennecessary. e.,x => y shouldbe
exactlyequialentto!x || y. To supportsuchoperatordefinitions,the conceptof lazy
evaluationwell-known from functionallanguagess introducedin arestrictedmanner:|f
anoperatotlis declaredazy , its applicationsareequivalentto function callswhoseargu-
mentsdo not representhe evaluatedoperandsbhut rathertheir unevaluatedcodewrapped
in functionobjects(closureswhich mustbeexplicitly invokedinsidetheoperatofunction
to causeheir evaluationon demand.Thetype of suchafunctionobjectis lazy<T> if T
is thetype of theevaluatedoperand.

Usingthis feature the operator=> canindeedbe definedandimplementedasfollows:

new operator => left equal || lazy;

bool operator=> (lazy<bool> X, lazy<bool> y) {
return  IX(O |l y0;
}

Becausethe secondoperandof the built-in operator|| is evaluatedconditionally the
invocationy() of thesecondoperandy of => is executedonly if theinvocationx() of
thefirst operandk returnstrue .

To keepthe declaratiorof lazy operatorsimpleandgeneraljt is not possibleto mix ea-
gerly andlazily evaluatedoperandsi. e.,all operandsireeitherevaluatedeagerly(before
the operatorfunctionis called)or lazily (if the operatoris declaredazy ). However, by
invoking a function objectrepresentingan operandimmediatelyat the beginning of the
operatorfunction,the behaiour of aneagerlyevaluatedoperanccanbe easilyachieved.
Becausen operandunction objectcanbeinvoked multiple times, operatorgesembling
iterationstatementsanbeimplementedtoo, e.g.:

new operator ?* left weaker = stronger , lazy;

template  <typename T>

T operator?* (lazy<bool> cond, lazy<T> body) {
T res = T();
while  (cond()) res = body();
return  res;

}

Using operatorsto expresscontrol structuresmight appearsomevhat strangein a basi-
cally imperative languagesuchasC++. However, C++ alreadyprovidesbuilt-in operators



correspondingo control structures,namelythe binary commaoperatorexpressingse-
guentialexecutionof subexpressionsimilar to a statemensequencendthe ternary?:
operatorexpressingconditionalexecutionsimilar to anif-then-elsestatementTherefore,
introducingoperatorssimilar to iteration statementss just a straightforvard andlogical
consequencelo give asimpleexampleof their usagethegreatestommondivisor of two
numbersx andy canbe computedn a singleexpressiorusingthe well-known Euclidian
algorithm:

int gcd (int  x, int y) {
return (X = y) ?* (X >y ? X =Yy Yy -=X), X
}

Thepossibilityto expresscontrolstructuresith userdefinedoperatorgnightappeaeven
more usefulwhen control flows are neededwvhich cannotbe directly expressedwith the
built-in operatorsor statement®f the language. For example, operatorsunless and
until  might be definedto expressconditionaland iterative executions,respectiely,
wherethe conditionis specifiedas the secondoperand. Using someC++ “acrobatics”
(i. e., definingone operatorto returnan auxiliary structurethatis usedasan operandof
anotheroperator),it is even possibleto defineoperatorcombinationgsometimesalled
distfix or mixfix operatorskuchasfirst /all /count —from —where whichcanbe
usedasfollows to express‘databasejueries’resemblingSQL [MS02]:

struct  Person {
string  name;

bool male;
T
set<Person> db; // Or some other standard container.
Person p;
Person ch = first p from db where p.name == "Heinlein";

set<Person> men = all p from db where p.male;
int abcd = count p from db where "A" .<=. p.name <. "E"

Writing equivalentexpressionsvith C++ standardibrary algorithmssuchasfind _if or
count _if wouldrequiretowrite anauxiliary functionfor everysearclpredicatebecause
thestandarduilding blocksfor constructingunctionobjects(suchaspredicatesbinders,
andadapterscf. [St00]) arenot sufficientto constructhem.

6 Conclusion

The paperhaspresentedhe basicconceptsf C+++, an extensionof C++ allowing the
programmeto definenew operatorsymbolswith userdefinedpriorities. Eventhoughthe



basicidea of this approachdatesbackto at leastALGOL 68 [Wi75], it hasnot found

widespreadlisseminationin mainstreanmimperative programminganguagesCompared
with Prologandmodernfunctionallanguageswhich supportthe conceptin principle,the

approactpresentedhereoffersamoreflexible wayto specifyprecedenceelationshipsthe

additionalconceptof flexary operatorgwhich is ratherdispensablén theselanguagess
their effect canbe achievzedin a similarly convenientmannemwith unaryoperatorsapplied
to list literals), and the conceptof lazily evaluatedoperandsn animperatve language
(which is of coursenothing specialin functionallanguages).lt might be interestingto

note that this latter concepthasalreadybeenpresentin ALGOL 60 [Na63], known as
the (in)famous‘call by name’ While this is indeednot well-suitedasa generalparam-
eterpassingmechanismthe examplesof Sec.5 shouldhave demonstratethatthe basic
principle is usefulwhenappliedwith carebecausét opensthe doorto implementuser

definedcontrolstructuresandthusmightbeconsidered steptowardsgenerallyextensible
programmindanguages.
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