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Abstract: The paperpresentsthe basicconceptsof C+++, an extensionof C++ al-
lowing the programmerto definenew operatorsymbolswith user-definedpriorities
by specifyinga partial precedencerelationship.Furthermore,so-calledflexary oper-
atorsacceptingany numberof operandsandoperatorswith lazily evaluatedoperands
aresupported.The latter areparticularlyuseful to implementnew kinds of control
structures.

1 Intr oduction

ProgramminglanguagessuchasAda [Tu01] andC++ [St00] supportthe conceptof op-
erator overloading, i. e., the possibility to redefinethe meaningof built-in operatorsfor
user-definedtypes.Sincethebuilt-in operatorsof many languagesarealreadyoverloaded
to a certaindegreein the languageitself (e.g., arithmeticoperatorswhich canbeapplied
to integerandfloatingpoint numbers,or the plus operatorwhich is oftenusedfor string
concatenationaswell), it appearsrathernaturalandstraightforwardto extendthis possi-
bility to user-definedtypes(so that, e.g., plus canbe definedto addcomplex numbers,
vectors,matrices,etc.,too).

Other languages,e.g., Smalltalk [GR89], Prolog [CM94], and modernfunctional lan-
guagessuchasML [MTH90] andHaskell [Pe03],alsoallow theprogrammerto introduce
new operator symbolsin order to expressapplication-specificoperations(suchasdeter-
mining the numberof elementscontainedin a collectionc ) moredirectly andnaturally
(e.g.,as#c ) thanwith overloadedbuilt-in operators(e.g., *c in C++)or with methodsor
functions(e.g., c.size() or size(c) ).

The introductionof new operatorsymbols(especiallyif they denoteinfix operators)im-
mediatelyraisesthe questionabouttheir binding properties, i. e., their precedencewith
respectto built-in andotheruser-definedoperators,andtheir associativity. In the above
languages,theprogrammerintroducinganew operatorsymbolis forcedto assignit afixed
precedencelevel on a predefinedabsolutescale(e.g., an integral numberbetween1 and
10). Thisapproachis bothinflexible (for example,it is impossibleto defineanew operator
that bindsstrongerthanplus andminusbut weaker thanmult anddiv, if thereis no gap
betweentheseoperatorclassesin thepredefinedprecedencescale)andoverly prescriptive
(becausethe programmeris alwaysforcedto establishprecedencerelationshipsbetween



all operators,eventhoughsomeof themmight becompletelyunrelatedandneverappear
togetherin a singleexpression).

The approachdescribedin this paper(which is not restrictedto C++ conceptually)ad-
vancesexistingapproachesin thefollowing ways:

� The precedenceof new operatorsneednot be fixed on an absolutescale,but only
relative to otheroperators,i. e., the precedencerelationshipis not a complete,but
only a partial order on the set of operatorsymbols,which can be incrementally
extendedon demand.

� In additionto well-known unaryandbinaryoperators,flexary operatorsconnecting
any numberof operandsaresupported.

� Finally, operatorswhoseoperandsareonly evaluatedondemand(roughlycompara-
ble to lazyevaluationin functionallanguages)aresupportedin a languagesuchas
C++ whosebasicexecutionmodelis imperative.

Sec.2 describesthebasicfeaturesof C+++,anextensionof C++ supportingtheintroduc-
tion of new operatorsymbols.Secs.3, 4, and5 illustratethesewith anumberof examples,
demonstratingin particulartheadvancesmentionedbefore.Finally, Sec.6 concludesthe
paper. An accompanying TechnicalReport[He04]describestheimplementationof C+++
by meansof aprecompilerfor C++.

2 NewOperators in C+++

New operatorsymbolsin C+++ are introducedby operator declarations at global or
namespacescope(i. e.,outsideany functionor classdefinition)startingwith thekeyword
sequencenew operator . ThesearebothexistingC++keywordswhichcannotoccurin
juxtaposition,however, in theoriginal language[St00]. Therefore,thealreadylargesetof
C++keywordsneednotbeextendedto supportthis languageextension.Insideanoperator
declaration,however, numerous“local” or “context-dependent”keywordswhich will not
betreatedassuchelsewhere(e.g., unary , left , right , etc.) canbeusedto describe
propertiesof thenew operator.
New operatorsareeitheridentifiersasdefinedin thebaselanguageC++(i. e.,sequencesof
lettersanddigitsstartingwith a letter, wheretheunderscorecharacteris treatedasa letter)
or sequencesof oneor morespecialcharacters (all charactersexceptwhite space,letters,
digits, andquotationmarks). A new operatorsymbolof the latter kind becomesa token
of thelexical analysesassoonasit hasbeendeclared,i. e., it might influencetheparsing
processof theremaininginput. To giveanartificial example,asequenceof fiveplussigns
(without interveningwhitespaceor comments)is parsedasthreetokens++, ++, and+ in
original C++ (i. e., thelexical analyzeris “greedy”). If a new operator+++ is introduced,
the samesequencegetsparsedastwo tokens+++ and++ afterwards. (Of course,such
“operatorpuzzles”canbeavoidedby alwaysseparatingtokensby whitespace.)



In general,built-in operatorsin C++ canbeappliedprefix, infix, or postfix, andthereare
severaloperatorswhich canbeappliedbothprefix andinfix (+, - , * , &, and:: ) or both
prefix andpostfix(++ and-- ). In analogy, new operatorsarecategorizedaseitherunary
(meaningprefix andpostfixapplicable)or binary (meaningprefixandinfix applicable).

As in standardC++, the semanticsof operatorsaredefinedby operator functions, i. e.,
functionswhosenameconsistsof thekeywordoperator followedby anoperatorsym-
bol. Functionscorrespondingto prefixandinfix applicationsof anoperatortake oneresp.
two argumentsrepresentingtheoperator’s operand(s).To distinguishpostfix from prefix
applications,operatorfunctionscorrespondingto the former receive a dummyargument
of type int in additionto the argumentrepresentingthe operator’s operand.(Sincethe
sameoperatorcannotbeappliedboth infix andpostfix, it is alwayswell-definedwhether
a two argumentoperatorfunctioncorrespondsto aninfix or postfixapplication.)
To definegenericoperators,it is possibleto defineoperatorfunctionsas function tem-
plates.Unlike built-in operators,new operatorscannotbeimplementedby memberfunc-
tionsof a class,but only by ordinary(i. e.,globalor namespace-scope)functions.
To retainthe original C++ rule that the meaningof built-in operatorsappliedto built-in
typesmustnot bechanged,it is forbiddento defineanoperatorfunctionwhoseoperator
symbolandparametertypesareall built-in. In otherwords,only definitionswhereeither
theoperatorsymbolor oneof theparametertypes(or both)is user-defined,areallowed.

As in standardC++, postfixoperatorsareappliedleft to right andbind moretightly than
prefix operatorswhich areappliedright to left andbind moretightly thaninfix operators.
The latter areorganizedin an (irreflexive) partial precedenceorder (i. e., an irreflexive,
transitive,andasymmetricrelationshipstronger with aninverserelationshipweaker )
containingoperatorclasses(i. e.,setsof operatorswith equal precedence).Furthermore,
infix operatorsmaybedeclaredleft- or right-associativeto expressthatanoperatorappear-
ing earlierin anexpressionbindsstrongerresp.weakerthanoneof thesameoperatorclass
appearinglaterin theexpression.
After the applicationof postfix andprefix operators(which canbe identifiedsimply by
theirsyntacticposition)and,if appropriate,therecursiveevaluationof parenthesizedsubex-
pressions,the remainingexpressionconsistsof an alternatingsequenceof operandsand
infix operators.In orderto getsuccessfullyparsed,suchanexpressionmustcontaineither
no operatorat all or a uniqueweakestoperator, i. e.,exactly oneoperatorbindingweaker
thanall otheroperatorsof theexpression.Furthermore,thetwo subexpressionsresulting
from splitting theexpressionat this operatormustfulfill thesamerule recursively. Other-
wise,theexpressionis rejectedasbeingambiguous.In suchacase,theprogrammermight
eitheruseparenthesesfor explicit groupingor declareadditionalprecedencerelationships
to resolve theconflict.
Parsingsuchanexpressionandtestingit for ambiguitycanbedoneefficiently usingasim-
ple push-down automaton:Operandsandinfix operatorsareprocessedfrom left to right
andpushedontoa stack.Beforeanoperatoris pushed,it is checkedwhethertheprevious
operatoron thestack(if any) bindsstrongerthanthecurrentoperator;if so,it is replaced,
togetherwith its operands,by a new compoundoperand,andthe checkis repeated.If,
afterthesereductions,thepreviousoperatoron thestack(if any) andthecurrentoperator
areincomparable,theexpressionis ambiguous.



3 Unary and Binary Operators

Exponentiation. Thefollowing operatordeclarationintroducesa new binary, right-asso-
ciativeoperator̂ ˆ thatbindsstrongerthanthebuilt-in multiplicativeoperators:

new operator ˆˆ right stronger *;

Sincethe multiplicative operatorsbind in turn strongerthanthe built-in additive opera-
tors,andbecausetheprecedencerelationshipis transitive,thenew operatorbindsstronger
than,e.g., +, too. Therefore,an expressionsuchasa + b ˆˆ c ˆˆ d * e will be
interpretedasa + ((b ˆˆ (c ˆˆ d)) * e) , while x ˆˆ y ->* z (where->*
is a built-in operatorbindingstrongerthan* , too) is rejectedasambiguoussinceˆˆ and
->* areincomparable.On theotherhand,p ˆˆ q * r ->* s is successfullyparsed
as(p ˆˆ q) * (r ->* s) sinceˆˆ and->* bothbindstrongerthan* .
To definethemeaningof x ˆˆ y , acorrespondingoperatorfunctionoperatorˆˆ tak-
ing two argumentsis definedwhich computes,e.g., thevalueof x raisedto thepower of
y (usingthepredefinedlibrary functionpow):

double operatorˆˆ (double x, double y)
{ return pow(x, y); }

Becausea binary operatorcannotonly be appliedinfix, but alsoprefix, it is possibleto
definea separatemeaningfor thatcaseby defininganadditionaloperatorfunctiontaking
only oneargument.For example,the following function definesthe meaningof ˆˆx as
thevalueof � (thebaseof thenaturallogarithm)raisedto thepowerof x :

double operatorˆˆ (double x) { return exp(x); }

Container Operators. To introducea new unaryoperator#1 which convenientlyreturns
thesize(i. e.,numberof elements)of anarbitrarycontainerobjectx of theC++ standard
library (or in factany objectthatpossessesa parameterlesssize memberfunction), the
following declarationswill suffice:

new operator # unary;

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

By defining the operatorfunction operator# as a function template,the operatoris
basicallyapplicableto objectsx of any typeT.2 If T doesnot declarea memberfunction

1Since# denotesa specialsymbolfor theC++ preprocessorwhenusedat the beginning of a line or in the
replacementtext of a macrodefinition, this operatormustnot be usedat theseplaces.However, the “number
sign” # is suchafrequentlyusedsymbolto denotecardinalitiesthatthisrestrictionappearsacceptable,especially
sincetheusageof macrosis stronglydiscouragedin general.



size , however, thecorrespondingtemplateinstantiationwill berejectedby thecompiler.
By giving the function an optionalsecondparameterof type int , it canbe calledwith
eitheroneor two arguments,i. e., it simultaneouslydefinesthe meaningof # for prefix
(oneargument)andpostfixapplications(additionaldummyargumentof type int ).

Eventhoughit is possiblein principle to definecompletelydifferentmeaningsfor prefix
andpostfixapplicationsof thesameunaryoperator, careshouldbeexercisedin practiceto
avoid confusion.To give anexample,wheredifferent,but relatedmeaningsmake sense,
considerthe following operator@which returnsthefirst or lastelementof a containerx
whenappliedprefix (@x) or postfix(x@), respectively:3

new operator @ unary;

template <typename T>
typename T::value_type operator@ (const T& x)
{ 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 y)
{ return (x + y)/2; }

When applied to threevaluesx avg y avg z , however, the result is equivalent to
(x avg y) avg z (becausetheoperatoris declaredleft-associative)which is usually
differentfrom theoverallaveragevalueof x , y , andz . To avoid suchaccidentalmisinter-
pretations,it would bemorereasonableto definetheoperatornon-associativecausingthe
expressionx avg y avg z to berejecteddueto ambiguity.
Alternatively, avg couldbe interpretedasa flexary operator, i. e., an operatoraccepting
conceptuallyany numberof operandsconcatenatedby infix applicationsof the operator.

2Definingthetypeof x asconst T& insteadof just T is a commonC++ idiom expressingthatx is passed
by reference(symbol&) to avoid expensive copying of thewholecontainerwhile at thesametime not allowing
thefunctionto changeit (keyword const ).

3typename T::value type denotesthe type value type declaredinsidethe containertype T, i. e.,
thecontainer’s elementtype.



For thatpurpose,theaboveoperatorfunctionavg is replacedby thefollowing definitions
which do not directly computetheaveragevalueof their arguments,but rathercollectthe
necessaryinformation(numberof valuesandsumof all valuesprocessedso far) in an
auxiliarystructureof typeAvg :

struct Avg {
int num; double sum;
Avg (int n, double s) : num(n), sum(s) {}

};
Avg operator avg (double x, double y) {

return Avg(2, x + y);
}
Avg operator avg (Avg a, double z) {

return Avg(a.num + 1, a.sum + z);
}

Additionally, a pseudooperatorfunction operator... (where ... is not a meta-
symbol in the text denotingan omission,but rathera real C++ token) is definedwhich
convertsthis intermediateinformationto theactualaveragevalue:

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

This pseudooperatorfunction is calledautomaticallyfor every expressionor subexpres-
sioncontaininguser-definedoperators,whenever all operatorsof a particularprecedence
level have beenapplied,beforeoperatorsof the next lower precedencelevel will be ap-
plied. For example,if the operatoravg is definedasabove (i. e., left-associative with
precedencebetween+ and* ), theexpressiona*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 computesthesumof the averagevalueof a*b , c/d , ande%f (e modulof ) and
theaveragevalueof g andh.
Becausethecompileractuallydoesnotknow whetheraninfix operatorshallbeinterpreted
asanormalbinaryoperator(whichdoesneitherneednorwantthecall to operator... )
or asaflexaryoperator(whichneedsit), thecallsareactuallyalwaysinsertedasdescribed
above. Furthermore,thefunctionis predefinedastheidenticalfunction

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

for any argumenttypeT to makesurethatit hasactuallynoeffecton theevaluationof the
expression,unlessit hasbeenspecializedfor aparticulartypeT suchasAvg above.

Chainable Comparison Operators. Comparisonoperatorsareanothersourceof poten-
tial misinterpretations,at leastfor noviceprogrammers.While theC++expressiona < b



correspondsexactly to themathematicalterm ����� , themeaningof theexpressiona <
b < c is quitedifferentfrom its mathematicalcounterpart�����	��
 , thelattermeaning
���� and ���
 . The former is actually interpretedas (a < b) < c , which com-
paresthe Boolean-valuedresult of comparinga and b with c . In many programming
languages,thiswill leadto acompiletimeerrorsinceBooleanvaluesandnumberscannot
be comparedto eachother. In C++, however, the Booleanvaluestrue and false are
implicitly convertedto the integer values1 and0, respectively, whennecessarycausing
the expressiona < b < c to be actuallywell-defined,but probablynot producingthe
desiredresult.
Because“chained”comparisonssuchas ��������
 or ��������� areoccasionallyuseful
andmoreconvenientthantheir logical expansions(suchas ����� and ����� ), onemight
want to definecorrespondingoperatorsin a programminglanguage.Similar to the avg
operatorabove,suchoperatorsmustnot only returna Booleanvaluerepresentingthere-
sult of the currentcomparison,but alsothe valueof their right operandwhich might be
neededasthe left operandof the following operator, too. This canagainbeachievedby
introducinganappropriateauxiliarystructure:

template <typename T>
struct Cmp {

bool res; T val;
Cmp (bool r, T v) : res(r), val(v) {}

};
template <typename T>
bool operator... (Cmp<T> c) { return c.res; }

new operator .<. left stronger = weaker ||;

template <typename T>
Cmp<T> operator.<. (T x, T y) {

return Cmp<T>(x < y, y);
}
template <typename T>
Cmp<T> operator.<. (Cmp<T> c, T z) {

return Cmp<T>(c.res && c.val < z, z);
}
// Likewise for operators .<=. .>. .>=. .==. .!=.

Now, anexpressionsuchasa .<. b .<. c is indeedequivalentto a < b && b < c .

5 Operators with Lazily Evaluated Operands

Thebuilt-in operators&& and|| expressinglogical conjunctionanddisjunction,respec-
tively, are specialand different from all other built-in operators(except the even more



specialternary?: operator)in that their secondoperandis evaluatedconditionallyonly
whenthis is necessaryto determinethevalueof theresult. If these(or any other)opera-
torsareoverloaded,this specialandsometimesextremelyusefulpropertyis lost,because
an applicationof an overloadedoperatoris equivalentto thecall of an operatorfunction
whosearguments(i. e., operands)areunconditionallyevaluatedbeforethe function gets
called.
Therefore,it is currentlyimpossibleto define,e.g.,anew operator=> denotinglogical im-
plicationwhichevaluatesits secondoperandonly whennecessary, i. e.,x => y shouldbe
exactlyequivalentto !x || y . To supportsuchoperatordefinitions,theconceptof lazy
evaluationwell-known from functionallanguagesis introducedin a restrictedmanner:If
anoperatoris declaredlazy , its applicationsareequivalentto functioncallswhoseargu-
mentsdonot representtheevaluatedoperands,but rathertheirunevaluatedcodewrapped
in functionobjects(closures)whichmustbeexplicitly invokedinsidetheoperatorfunction
to causetheir evaluationon demand.Thetypeof sucha functionobjectis lazy<T> if T
is thetypeof theevaluatedoperand.
Usingthis feature,theoperator=> canindeedbedefinedandimplementedasfollows:

new operator => left equal || lazy;

bool operator=> (lazy<bool> x, lazy<bool> y) {
return !x() || y();

}

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

To keepthedeclarationof lazy operatorssimpleandgeneral,it is not possibleto mix ea-
gerly andlazily evaluatedoperands,i. e.,all operandsareeitherevaluatedeagerly(before
theoperatorfunction is called)or lazily (if theoperatoris declaredlazy ). However, by
invoking a function object representingan operandimmediatelyat the beginning of the
operatorfunction,thebehaviour of aneagerlyevaluatedoperandcanbeeasilyachieved.
Becauseanoperandfunctionobjectcanbe invokedmultiple times,operatorsresembling
iterationstatementscanbeimplemented,too,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 appearsomewhat strangein a basi-
cally imperative languagesuchasC++. However, C++ alreadyprovidesbuilt-in operators



correspondingto control structures,namely the binary commaoperatorexpressingse-
quentialexecutionof subexpressionssimilar to a statementsequenceandthe ternary?:
operatorexpressingconditionalexecutionsimilar to anif-then-elsestatement.Therefore,
introducingoperatorssimilar to iterationstatementsis just a straightforwardandlogical
consequence.To giveasimpleexampleof theirusage,thegreatestcommondivisorof two
numbersx andy canbecomputedin a singleexpressionusingthewell-known Euclidian
algorithm:

int gcd (int x, int y) {
return (x != y) ?* (x > y ? x -= y : y -= x), x;

}

Thepossibilityto expresscontrolstructureswith user-definedoperatorsmightappeareven
moreusefulwhencontrol flows areneededwhich cannotbe directly expressedwith the
built-in operatorsor statementsof the language. For example,operatorsunless and
until might be definedto expressconditionaland iterative executions,respectively,
wherethe condition is specifiedas the secondoperand. Using someC++ “acrobatics”
(i. e., definingoneoperatorto returnan auxiliary structurethat is usedasan operandof
anotheroperator),it is even possibleto defineoperatorcombinations(sometimescalled
distfix or mixfix operators)suchasfirst /all /count – from – where which canbe
usedasfollows to express“databasequeries”resemblingSQL [MS02]:

struct Person {
string name;
bool male;
......

};

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 equivalentexpressionswith C++standardlibrary algorithmssuchasfind if or
count if wouldrequireto write anauxiliaryfunctionfor everysearchpredicatebecause
thestandardbuilding blocksfor constructingfunctionobjects(suchaspredicates,binders,
andadapters,cf. [St00])arenot sufficient to constructthem.

6 Conclusion

The paperhaspresentedthe basicconceptsof C+++, an extensionof C++ allowing the
programmerto definenew operatorsymbolswith user-definedpriorities.Eventhoughthe



basicidea of this approachdatesback to at leastALGOL 68 [Wi75], it hasnot found
widespreaddisseminationin mainstreamimperative programminglanguages.Compared
with Prologandmodernfunctionallanguages,which supporttheconceptin principle,the
approachpresentedhereoffersamoreflexible wayto specifyprecedencerelationships,the
additionalconceptof flexary operators(which is ratherdispensablein theselanguagesas
theireffectcanbeachievedin asimilarly convenientmannerwith unaryoperatorsapplied
to list literals), and the conceptof lazily evaluatedoperandsin an imperative language
(which is of coursenothingspecialin functional languages).It 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-
eterpassingmechanism,theexamplesof Sec.5 shouldhave demonstratedthat thebasic
principle is usefulwhenappliedwith carebecauseit opensthe door to implementuser-
definedcontrolstructuresandthusmightbeconsideredasteptowardsgenerallyextensible
programminglanguages.
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