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1 Intr oduction

TheBinderLibrary (BL in thesequel)s a C++templatéibrary, whichimplements



e aversatileargumentbindingmechanisnior functionobjects
e generictupletypes

Thelibrary containsobinarylibrary files, all templatedefinitionsarein asetof header
files. Thelibrary codeis standardC++.

1.1 ContactInformation

TheBinderLibrary homepageis http://wwwcs.utu.fi/BLIt is alsoavailableatthe C++
Boostsite: http://wwwboost.og.

1.2 Installing the library

The library consistsof a setof . hpp files. Placeall thesefiles into a subdirectory
namedbl . Thelibrary uses#i ncl ude <bl /fo0o0. hpp> to includethe internal
files. This meanghatthebl directory or asymboliclink to it, shouldbe locatedin a
directorywhichis searchedor includefiles while compiling.

Include<bl / bi nder . hpp> to usebindersand<bl / t upl e. hpp> to usetu-
ples. Therestof the headeffiles in the packagearefor internaluse. Note further that
<bl / bi nder . hpp> includes<bl / t upl e. hpp>.

All definitionsareplacedin thenamespaceoost . If you preferanothemamespace,
defineBL_LNAMESPACE with someothername. Define BL_LNO_NAMESPACE if
youwantthedefinitionsin theglobalnamespace.

1.3 Portability

TheBL iswrittenin standardC++, soit workswith any standaraconformingcompiler
However, thecurrentversionhasbeentestedonly with GCC2.95(thelibrary hassome
workaroundgor noncomplianfeaturesn GCC). The authorof the library is greatful
for any information concerningproblemsor successn usingthe library with other
compilers.

2 Tuples

2.1 Intr oduction

In general,a tuple (or n-tuple) is a fixed size collection of elements. Pairs, triples,
guadruplesetc. aretuples. In a programminganguagea tuple is a dataobjectcon-
taining other objectsas elements. Theseelementobjectsmay be of differenttypes.
Tuplesare convenientin mary circumstances.In particular tuplesmake it easyto
definefunctionsthatreturnmorethanonevalue.

SomeprogrammindanguagessuchasML, PythonandHaslell, have built-in tuple
constructs. UnfortunatelyC++ doesnot. To compensatehis, the BL implementsa
tuple constructwith templates.

2.2 Tuple types

A tupletypeis aninstantiationof thetupletemplate. Thetemplateparameterspecify
the typesof the tuple elements. The currentBL versionsupportstupleswith 0-10



elements.If necessarythe upperlimit canbe increasedip to, say a few dozensof
elementsTheelementanbeof any C++type,except:

¢ avolatile qualifiedtype (not supportedn the currentversionof the BL)
e atypethatcannotbecopied,i.e.:

— classesvhichdo not have a public copy constructor
— arrays

However, areferencdo suchatypeis avalid elementype.

For example the following definitionsarevalid tupleinstantiationsywhereA, B andC
aresomeuserdefinedclasses.

tuple<int>

tuple<double&, const double&, const double, double*, const double*>
tuple<A, int(*)(char, int), B(A::*)(C&), C>

tuple<std::string, std::pair<A, B> >

tuple<A*, tuple<const A*, const B&, C>, bool, void*>

Thefollowing shovs someinvalid tupleinstantiations:

class Y {
Y(const Y&);
public:
Y0):
b

tuple<Y> /I not allowed, objects of type Y can not be copied
tuple<char[10]> // not allowed: no array copy

Note haweverthattuple<Y&> andtuple<char(&)[10]> arevalid instantiations.

2.3 Constructing tuples

Thetuple constructortakesthe tuple elementsaasarguments.For an n-elementuple,
theconstructocanbeinvokedwith k£ argumentswhere0 < k < n. Defaultvaluesare
usedfor then — k lastunspecifiecarguments For example:

tuple<int, double>()
tuple<int, double>(1)
tuple<int, double>(1,3.14)

Notethatanargumentcanonly beleft unspecifiedif it hasa defaultinitialisation.

class X {
X();
public:
X(std::string);
tuple<X,X,X>() // error: no default constructor for X
tuple<X,X,X>(string(*Jaba”), string(“Daba”), string(“Duu”)) // ok



In particular referencdypesdo not have defaultinitialisation:

tuple<double&>() // error: a reference must be initialised explicitly
double d = 5; tuple<double&>(d) // ok

tuple<double&>(d+3.14) // error: can not initialise a reference
I/ with a temporary
tuple<const double&>(d+3.14) // ok, but dangerous: the element
/ may become a dangling reference

In sum, the tuple constructionis semanticallyjust a group of individual elementary
constructions.

2.3.1 make_tuple

Tuplescanalsobeconstructedisingthemake_tuple (cf. std::make_pair) helperfunc-
tions. This makesthe constructiormorecorvenient,sazing the programmeifrom ex-
plicitly specifyingtheelementypes:

tuple<int, int, double> add_multiply_divide(int a, int b) {
return make_tuple(a+b, a*b, double(a)/double(b));

}

By default,the elementypesarededucedo the plain nonreferencéypes.E.qg:
void foo(const A& a, B& b) {
make_tuple(a, b);

Themake_tuple invocationresultsin atupleof typetuple<A, B>.

Sometimeghe plain nonreferenceaype is not desired,e.g. if the type cannotbe
copied. The programmercancontrol the type deductionand statethat a referenceto
constor referenceto nonconsttype shouldbe used. This is accomplishedwith two
helpertemplatefunctions: ref and cref. Any argumentcan be wrappedwith these
functionsto getthedesiredtype. The mechanisndoesnot compromiseconstcorrect-
nesssinceanattemptto wrap a constobjectwith ref is rejected.For example:

Aa; Bb;constAca=a;

make_tuple(cref(a), b); // creates a tuple<const A&, B>
make_tuple(ref(a), b); // creates a tuple<A&, B>
make_tuple(ref(a), cref(b)); // creates a tuple<A&, const B&>
make_tuple(ref(ca)); // error, can’t wrap a const with ref

Arrays as make_tuple argumentsare deducedo referenceto consttypesby de-
fault, sothereis no needto wrapthemwith cref. For example:

make_tuple(“Donald”, “Daisy”);

createsinobjectof typetuple<const char (&)[5], const char (&)[6]>*. If anonconst
arraytypeis neededref muststill beused.

INotethatthetypeof astringliteral is anarrayof constcharacterspot const char*.



2.4 Accessinguple elements

Tupleelementsareaccessewvith theexpression:
t.get<N>()

or
get<N>(t)

wheret is atupleobjectandN is a constanintegral expressiorspecifyingtheindex of
theelemento beaccesseddependingonwhethert is constor not, get returnsthe Nth
elementasareferenceo constor nonconstype. Theindex of thefirst elementis 1. N
mustbe betweenl andk, wherek is the numberof elementdn thetuple. Violations
of theseconstrainsaredetectedat compiletime. Examples:

double d =2.7; A a;
tuple<int, double&, const A&> t(1, d, a);
const tuple<int, double&, const A&> ct = t;

inti=get<1>(t); i = t.get<1>(); // ok

intj = get<1>(ct); // ok

get<1>(t) =5; // ok

get<1>(ct) = 5; // error, can’t assign to const

double e = get<2>(t); // ok

get<2>(t) = 3.14; // ok

get<3>(t) = A(); // error, can’t assign to const
A aa = get<4>(t); // error: index out of bounds

++get<1>(t); // ok, can be used as any variable

2.5 Copy construction and tuple assignment

A tuple canbe copy constructedrom anothertuple, provided thatthe elementtypes
areelement-wisecopy constructible.Analogously a tuple canbe assignedo another
tuple,providedthatthe elementypesareelement-wiseassignableFor example:

class A;

class B : public A {};

struct C { C(); C(const B&); }
struct D { operator C() const; }
tuple<char, B*, B, D> t;

tuple<int, A*, C, C> a(t); // ok
a=t;// ok

In bothcasesthecorversiongerformedare: char—int, B*— A* (derivedclasspointer
to baseclasspointer),B—C (a userdefinedconversion)andD to C (a userdefined
corversion).

Note,thatassignmenis alsodefinedfrom std::pair types:

tuple<float, int> a = std::make_pair(1, 'a’);



2.5.1 Tiers

Tiers aretuples,whereall elementsare of nonconstreferencetypes. They are con-
structedwith a call to tie functiontemplate(cf. make_tuple):

inti; char c; double d;

tie(i, c, a);
Theabovetie functioncreatestupleof typetuple<int&, char&, double&> (thesame
resultcouldbeachievedwith the call make_tuple(ref(i), ref(c), ref(a))). A tuple,such

asthis, thatcontainsnonconsteferencesselementanbe usedto 'unpack’ another
tupleinto variablesE.g.:

int i; char c; double d;
tie(i, ¢, d) = make_tuple(1,a’, 5.5);
cout << i< "< e << d;

This codeprints1 a 5.5 to the standardutputstream.A tuple assignmenbperation
likethisis foundfor examplein ML andPyhton.It is corvenientwhencallingfunctions
whichreturntuples.

Thetying mechanisnworkswith std::pair templatesaaswell:

inti; char c; tie(i, ¢) = std::make_pair(1, 'a’);

2.6 Efficiency of tuples

Tuplesareefficient. All functionsaresmallinlined one-linersanda decentcompiler
will eliminateary extra cost. Particularly, thereis no performancalifferencebetween
this code:

class hand_made_tuple {
Aa;Bb;Cc;

public:

hand_made_tuple(const A& aa, const B& bb, const C& cc)

: a(aa), b(bb), c(cc) {};

A& getA() { return a; };

B& getB() { return b; };

C& getC() { returnc; };
b
hand_made_tuple hmt(A(), B(), C());
hmt.getA(); hmt.getB(); hmt.getC();

andthis code:

tuple<A, B, C> t(A(), B(), C());
t.get<1>(); t.get<2>(); t.get<3>();

Thetier mechanisnmayhave asmallperformanc@enaltycomparedo usingnonconst
referenceparametersas a mechanisnfor returningmultiple valuesfrom a function.
For example,supposehatthe following functionsfl andf2 have equivalentfunction-
alities:



void f1(int&, double&);
tuple<int, double> f2();

Then,thecall #1 maybe slightly fasterthan#2in the codebelow:
inti, double d;
f1(i,d); I #1
tie(i,d) =f2(); /I #2

In vast majority of casesthis differenceis of no significance. See[6, 7] for more
in-depthdiscussionaboutefficiency.

2.6.1 Effect on Compile Time

To compile tuplesquite mary templateinstantiationsmustbe performed. This may
increasecompile time. Dependingon the compiler and the tuple length, it may be
more than 15 times slower to compile a tuple construct,comparedto compiling an
equivalentexplicitly written class,suchasthe hand_made_tuple classin section2.6.
However, asa realistic programis likely to containa lot of codein additionto tuple
definitions, the differenceis probablyunnoticeable:Compile time increase®f 5 to
10 percentageweremeasuredor programswhich usedtuplesvery frequently With
the sametestprogramsmemoryconsumptiorof compilingincreasedetweer?2%to
27%. Se€[6, 7] for details.

3 Binders

3.1 Intr oduction

The StandardlemplateLibrary (STL) [2], now partof the C++ Standard.ibrary [3],
is agenericcontainerandalgorithmlibrary. Typically, STL algorithmsoperateon con-
tainerelementwia functionobjects.Thesefunctionobjectsarepassedsargumentgo
thealgorithms.

Any C++ constructwhich canbecalledwith thefunctioncall syntax,is afunction
object. The STL containgredefinedunctionobjectsfor somecommoncasegsuchas
plus, less andnegate). In addition,it containsadaptoisfor creatingfunctionobjects
from pointersto unary andbinary functions,aswell asfrom pointersto nullary and
unarymembeffunctions.lt alsocontainsindertemplatedor creatingaunaryfunction
objectfrom abinaryfunctionobjectby fixing oneof theargumentgo a constanvalue.
SomeSTL implementationgontainfunction compositionoperationsasextensionso
the standard4].

Despitethesetools, the possibilitiesto use memberand nonmembefunctionsas
function objectsin STL algorithmsarelimited. The binding mechanisnis restricted
aswell, allowing only one argumentof a binary function to be bound. Further the
useof adaptorshindersandfunctioncompositionoperationdogetherdeadsto lengthy
expressionswhich may be difficult to comprehend.The BL providesa solutionto
theseproblems:

e arbitraryargumentsof practicallyany C++ functioncanbebound
e syntaxis easyandintuitive

¢ functioncompositionis supportedvith the samebinding syntax



3.2 Bindersin the BL

Binding is an operationwhich createsa k-argumentfunction object,a binder object
from ann-argumentbindablefunctionobject suchthatk < n. Someof thearguments
of the original function object are boundto fixed values,the remainingk unbound
argumentsarecalledfree Thefree agumentsarespecifiedwith specialplaceholdes
freel andfree2.

To getthegeneraldea,considerthis example:

double gaussian(double x, double mean, double variance);
vector<double> y, z; double m, v;

transfo‘rﬁ%(y.begin(), y.end(), z.begin(), bind(gaussian, freel, m, v));

Let gaussian be a function computingvaluesfrom the Gaussiardistribution. The
bind expressioncreatesa unaryfunction objectwhich calls gaussian every time it
is invoked. Parametersnean andvariance areboundto m andv, whereasx is left
open. Obviously, the transform invocationcomputeghe value of Gaussiarfunction
with meanm andvariancev for eachpointin y andplacesheresultsin z.

3.3 Bind expression
Theform for abind expressioris:
bind(f, bind_args)

wheref is ann-argumentfunctionobject(targetfunctior), andbind_args is alist of n
arguments.In the currentversionof the BL, 0 < n < 10 musthold. bind_args must
be avalid agumentlist for f, exceptthatany agumentcanbereplacedwith freel or
free2 (or anotherbind expression seesection3.6). In addition,the BL definestwo
additionalplaceholdembjects: freel_ptr andfree2_ptr. Their usageis explainedin
section3.4.2.

Theresultof abind expressioris eitheranullary?, unaryor binaryfunctionobject.
The prototypeof this function objectis definedasfollows:

(i) Thereturntypeis thesameasthereturntype of thetargetfunction.
(ii) If bind_args containsno placeholdersthefunctionobjectthatresultsis nullary.

(iii) If bind_args containsfreel placeholdershut nofree2 placeholderstheresult-
ing functionobjectis unary Theargumenttypeis thetype of the kth parameter
of the target function, wherek is the index of the first occurenceof freel in
bind_args.

(iv) If bind_args containdreel andfree2 placeholdergheresultingfunctionobject
is binary. Thefirst agumenttypeis thetype of the k, th parameteof the target
function, wherek; is the first occurenceof freel in bind_args. The second
argumenttypeis the type of the koth parametenf thetargetfunction,wherek,
is thefirst occurencef free2 in bind_args.

(v) If bind_args containfree2 placeholdershut notfreel placeholderstheexpres-
sionleadsto a compiletime error.

2A zero-agumentfunction.



3.3.1 Binder objectsand the Standard Library

Binderobjectsconformto therequirement®f adaptabldunctionobjects;.e., they de-
fine appropriatemembertypedefs. This meanghatthey canbe usedasagumentso
standardadaptors.For example,. bind1st(bind(f, freel, 1, 2), 3) is a valid expres-
sion, thoughnot very reasonableA morerealisticexampleof thisis: not1(bind(f, 1,
freel)).

3.4 Targetfunction

Thetargetfunctioncanbe:
e apointerto anonmembeor a staticmemberfunction.
e apointerto aconstor nonconsimemberfunction.

e an STL adaptabldunction object: the classof the function objectmustdefine
thetypedefs:
— result_type
— argument_type (unaryfunctionobjectsonly)
— first.argument_type, second_argument_type (binary functionsobjects
only)

e aBL bindablefunction objet: the classof the function object mustdefinethe
typedefs:
— result_type
— argument_types (atupletype containingthe argumenttypes)

In the currentversionof the BL, the target function cannot be a pointerto volatile
qualifiedmemberfunction.

3.4.1 Argumenttypes

Internally, the aguments(excluding the target algument)of the bind expressionare
storedasatuple object. Consequentlythe sameconstrainsandrulesapplyto parame-
tersof targetfunctionswhich applyto tupleelementypesandconstructingupleswith
make_tuple (see2.3.1):

e \olatile qualifiedtypesarenot supportedn the currentversionof the BL.

e Reference$o nonconsibbjectsareallowed, but the correspondingctualargu-
mentsin the bind expressiormustbe wrappedwith ref.

e Referencedo constobjectsthat cannotbe copiedare allowed, but the corre-
spondingactualargumentdn the bind expressiommustbewrappedwith cref.

Hence by default, the boundargumentsarestoredin the binderobjectascopies.The
cref (or ref) wrapperstate thatinsteadof a copy a const(or nonconstyeferenceo the
argumentshouldbe stored.For example:



void foo(int& i); int i;
bind(foo, i); // error
bind(foo, ref(i)); // ok

class A { A(const A&); --- };

void bar(const A& a);

bind(bar, A()); // error: A can’t be copied
bind(bar, cref(A()); // ok

Notethatfree agumentanustnot be wrappedwith ref or cref.

3.4.2 Member functions astargets

If thetargetfunctionis amemberfunction,thefirst agumentof bind_args is special.
It is the object,whosememberfunctionis to be called. This objectargumentmay be
boundor free, like any otherargument.

A boundobjectargumentcanbe a referenceor pointerto the object,the BL sup-
portsbothcaseswith a uniforminterface:

bool A::foo(int); A a; vector<int> ints;

find_if(ints.begin(), ints.end(), bind(&A::foo, a, freel)): // reference is ok
find_if(ints.begin(), ints.end(), bind(&A::foo, &a, freel));// pointer is ok

Thefunctionalityis identicalin bothcases.
Similarly, if the objectargumentis free, the resultingbinderobjectcanbe called
bothvia a pointeror areference.

bool A::foo(int); list<A> refs; list<A*> pointers;

find_if(refs.befin(), refs.end(), bind(&A:, freel, 1));
find_if(pointers.begin(), pointers.end(), bind(&A::f, freel, 1));

Actually in bothcasesthededucedype of thefree argumentis areferenceatherthan
a pointer Theresultingbinding objectcan, however, be calledwith a pointer, which
is dereferencedvhenneeded.In somerare caseghis may not be the desiredeffect.
Thereforethe BL definestwo additionalplaceholdersfreel_ptr andfree2_ptr. They
canbe usedwithin objectargumentgo explicitly statethatthe free parameteshould
be deducedo theappropriatepointertype. For example:

¢ If the sameplaceholdeiis usedin placeof someotherargumentaswell, the
referencaype may notbe suitable.For example:

void A::foo(A);

void A::bar(A*);

Aa;

bind(&A::foo, freel, freel)(a);
bind(&A::foo, freel, freel)(&a);

bind(&A‘: ;bar, freel, freel)(&a); // error
bind(&A::bar, freel _ptr, freel)(&a);

bind(&A‘: ;foo, freel ptr, freel)(a); // error
bind(&A::foo, freel_ptr, freel)(&a); // error
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Thefirst two linesinvoke thefoo functionasa.foo(a). Thethird line is anerror,

asthelibrary triesto call a.bar(a). Thefourthline is againok: the _ptr variants
of the placeholdersstateexplicitely, that the free object variableis a pointer
insteadof areferefenceTheresultingcall is (&a)-¢ bar(&a). Thelasttwo lines
areerroneous.Thefirst of themfails sincea is nota pointer The secondfails,

sinceit triesto invoke (&a)-¢ foo(&a).

o If the bind expressionis usedas an argumentto somestandardadaptor(say
notl), thereferencaype maynot be suitable.For example:

bool A::foo(int) const; A a;

bind(&A::foo, free, 1)(a); // ok
notl(bind(&A::foo, freel, 1))(a); // ok

bind(&A::foo, free1, 1)(&a); // ok
notl(bind(&A::foo, freel, 1))(&a); // but this is an error
notl(bind(&A::foo, freel ptr, 1))(&a); // this is ok

3.4.3 Nonconstmemberfunctions astar gets

Thebindingmechanisnis safewith respecto constnesef memberfunctions,analo-
gouslyto constnes®f arguments.Thereis a small difference though. While bound
argumentsof type referenceto nonconsttype mustbe wrappedwith the ref function
(seesection3.4.1),thisis notnecessarwith theobjectargumeniof anonconstmember
function. For example:

void A::foo_const(int&) const;
void A::foo(int&);
A a; const A const_a = a; int i;

bind(&A::foo_const, const_a, ref(i)); // ok
bind(&A::foo_const, a, ref(i)); // ok
bind(&A::foo, const_a, ref(i)); // error: nonconst member
/I called with const object
bind(&A::foo, a, ref(i)); // ok: ref is not needed in the object argument

Note,however, thatcref muststill be usedif the objectargumentcannot be copied:

class B {
B(const B&);
public:
foo() const;
bar();
b
B b; const B& cb = b;

bind(&ll3-::.foo, cb); // error, B cannot be copied
bind(&B::foo, cref(ch)); // ok
bind(&B::bar, b); // ok

11



3.5 About placeholders

The placeholderdreel, free2, freel ptr andfree2_ptr arevariablesdefinedin un-
namednamespacén bl / bi nder. hpp. The BL doesnot supportary additional
placeholdergsuchasfree3, free4, .. .), sinceno STL algorithmsacceptfunction ob-
jectstakingmorethantwo parameters.

3.6 Function compositionwith binders

An argumentin thebind_args list of abind expressiorcanbeanothembind expression.
Thisresultsin a powerful functioncompositionrmechanism.
A nestecdbind expressioris of theform:

bind(f, args1, bind(g, args2), args3)

Thatis, any argumentin thebind_args list canbeabind expressionThis holdsrecur
sively: thelevel of nestingcanbearbitrary

Theinterpretatiorof a nestecbind expressionis akind of a deferredfunction call.
An argumentof the bind_args list is replacedwith a bind expressionwhich createsa
function object. Eachtime the valueof the argumentis neededthe function objectis
calledto provideit. In the above bind expressiongachinvocationof the binderobject
callsg andpassesheresultasa parameteto f.

Section3.3 statedthe requirement®f a valid argumentlist for a bind expression.
With nestedbind expressiongheserulesdo not have to hold for individual bind ex-
pressionsinstead a combinedargumentist is formedby collectingthe agumentsof
thefull bind expressionfrom left to right. In the exampleabore, the combinedargu-
mentlist is argsl, args2, args3. The combindedist mustfulfil the conditionsfor
bind_args statedn section3.3.

Hereis anotherexample.Theexpression

bind(f, freel, bind(g, a, bind(h, freel, free2))

createsa binary function object. The combinedbind_args list is (freel, a, freel,
free2). Whenthe binderobjectis invoked, say with parametrs andy, it makesthe
call:

f(x, g(a, h(x, y)))

wherethe substitutiondreel=x andfree2=y have beendone.

3.6.1 Examplesof function composition

Theexamplebelow convertsalist of strings(sl) containingintegralnumbergo avector
of integers(iv):

list<string> sl; vector<int> iv;

transfo}m(sl.begin(), sl.end(), iv.begin(),
bind(atoi, bind(&string::c_str, freel)));

As anotherexample,supposehatpoint is a functionfor draving pointson a canvas
usingsomecolour:

void canvas::point(double x, double y, colour c);
canvas* canv; vector<double> X, y;

12



To draw thepoints(in green)specifiedby the coordinatesn vectorsx andy, onecould
write:

for_each(x.begin(), x.end(), y.begin(),
bind(&canvas::point, canv, freel, free2, green));

Note,thatthistwo-sequencér_each algorithmis notpartof the C++ standardibrary,
it is however straightforvardto write [5, p. 532]. Now, to representhey-coordinatesn
logarithmicscale thestandardunctiondouble log(double) canbeboundasfollows:

for_each(x.begin(), x.end(), y.begin(),
bind(&canvas::point, canv, freel, bind(log, free2), green));

3.6.2 Binding nullary functions

For completenesspullary functionscan be boundaswell. This is corvenientwith
functioncomposition For instancethefollowing codecreatesa vectorof 100random
numberpairs:

vector<pair<int, int> > pvec;
generate_n(back_inserter(pvec), 100,
bind(&make_pair<int, int>, bind(rand), bind(rand)));

4 About usingthe library

4.1 Error messages

Oneproblemwith the BL is relatedto error messagesThe BL is type safe,meaning
thatthecompilerwill catchsucherrorsaswrongparametetypesetc. While compiling
BL bind expressionthe diagnosticmessagesgeportingerrorstendto be lengthyand
somavhatcryptic. The reasorfor this is thatthe error may be encountereanly after
several (recursve) templateinstantiationsteps.
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