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Introduction

Presenting Boost.Intrusive

Boost.Intrusive is a library presenting some intrusive containers to the world of C++. Intrusive containers are special containers
that offer better performance and exception safety guarantees than non-intrusive containers (like STL containers).

The performance benefits of intrusive containers makes them ideal as a building block to efficiently construct complex containers
like multi-index containers or to design high performance code like memory allocation algorithms.

While intrusive containers were and are widely used in C, they became more and more forgotten in C++ due to the presence of the
standard containerswhich don't support intrusive techniques.Boost.I ntr usive wantsto push intrusive containers usage encapsul ating
the implementation in STL-like interfaces. Hence anyone familiar with standard containers can easily use Boost.Intrusive.

Building Boost.Intrusive

Thereisno need to compile anything to use Boost.I ntrusive, sinceit'saheader only library. Just include your Boost header directory
inyour compiler include path.
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Intrusive and non-intrusive containers

Differences between intrusive and non-intrusive containers

The main difference between intrusive containers and non-intrusive containersis that in C++ non-intrusive containers store copies
of values passed by the user. Containers usethe Al | ocat or template parameter to allocate the stored values:

#i nclude <list>
#i ncl ude <assert. h>

int main()

{
std::list<Myd ass> nyclass_list;

M/Cl ass nyclass(...);
mycl ass_list. push_back(mycl ass);

/1 The stored object is different fromthe original object
assert (&nyclass ! = &yclass_list.front());
return O;

To store the newly allocated copy of nmycl ass, the container needs additional data: st d: : | i st usually allocates nodes that contain
pointers to the next and previous node and the value itself. Something similar to:

/1 A possible inplenentation of a std::list<MC ass> node
class |ist_node
{

list_node *next;
i st_node *previous;
Myd ass val ue;

On the other hand, an intrusive container does not store copies of passed objects, but it stores the objects themselves. The additional
data needed to insert the object in the container must be provided by the object itself. For example, toinsert Myd ass in an intrusive
container that implements alinked list, MyCl ass must contain the needed next and previous pointers:

cl ass MWyd ass

{

MyCl ass *next;
MyCl ass *previous;
/1 & her menbers. ..

}

int main()

{

acne_intrusive_list<MyC ass> |list;

Myd ass nycl ass;
I'ist.push_back(myclass);

/1" mycl ass" object is stored in the |ist
assert (&nyclass == &ist.front());
return O;

Aswe can see, knowing which additional data the class should contain is not an easy task. Boost.I ntrusive offers several intrusive
containers and an easy way to make user classes compatible with those containers.
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Properties of Boost.Intrusive containers

Semantically, aBoost.Intrusive container is similar to a STL container holding pointers to objects. That is, if you have an intrusive
list holding objects of type T, then st d: : | i st <T*> would alow you to do quite the same operations (maintaining and navigating
aset of objects of type T and types derived from it).

A non-intrusive container has some limitations:

» Anobject can only belong to one container: If you want to share an object between two containers, you either haveto store multiple

copies of those objects or you need to use containers of pointers: st d: : | i st <Obj ect *>.

» The use of dynamic allocation to create copies of passed values can be a performance and size bottleneck in some applications.

Normally, dynamic allocation imposes a size overhead for each all ocation to store bookkeeping information and a synchronization
to protected concurrent allocation from different threads.

» Only copies of objects are stored in non-intrusive containers. Hence copy or move constructors and copy or move assignment

operators are required. Non-copyable and non-movable objects can't be stored in hon-intrusive containers.

* It'snot possibleto store a derived object in a STL-container while retaining its original type.

Intrusive containers have some important advantages:

» Operating with intrusive containers doesn't invoke any memory management at all. The time and size overhead associated with

dynamic memory can be minimized.

* Iterating an Intrusive container needs less memory accesses than the semantically equivalent container of pointers: iteration is

faster.

* Intrusive containers offer better exception guarantees than non-intrusive containers. In some situations intrusive containers offer

ano-throw guarantee that can't be achieved with non-intrusive containers.

» The computation of an iterator to an element from a pointer or reference to that element is a constant time operation (computing

the position of T* inast d: : | i st <T*> haslinear complexity).

* Intrusive containers offer predictability when inserting and erasing objects since no memory management is done with intrusive

containers. Memory management usually is not a predictable operation so complexity guarantees from non-intrusive containers
are looser than the guarantees offered by intrusive containers.

Intrusive containers have also downsides:

» Eachtype stored in an intrusive container needs additional memory holding the maintenance information needed by the container.

Hence, whenever acertain typewill be stored in an intrusive container you have to changethedefinition of that type appropriately.
Although thistask is easy with Boost.I ntrusive, touching the definition of atypeis sometimes acrucial issue.

* Inintrusive containers you don't store a copy of an object, but rather the original object is linked with other objectsin the

container. Objects don't need copy-constructors or assignment operators to be stored in intrusive containers. But you have to take
care of possible side effects, whenever you change the contents of an object (thisisespecially important for associative containers).

» The user hasto manage thelifetime of inserted objects independently from the containers.

» Againyou haveto becareful: in contrast to STL containersit'seasy to render an iterator invalid without touching the intrusive

container directly, because the object can be disposed before is erased from the container.

» Boost.Intrusive containers are non-copyable and non-assignable. Since intrusive containers don't have allocation capabilities,

these operations make no sense. However, swapping can be used to implement move capabilities. To ease the implementation of
copy constructors and assignment operators of classes storing Boost.I ntrusive containers, Boost.I ntrusive offers special cloning
functions. See Cloning Boost.Intrusive containers section for more information.

» Anayzing the thread safety of a program that uses containers is harder with intrusive containers, because the container might be

modified indirectly without an explicit call to a container member.
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Table 1. Summary of intrusive container s advantages and disadvantages

I ssue Intrusive Non-intrusive

Memory management External Internal through allocator
Insertion/Erasure time Faster Slower

Memory locality Better Worse

Can hold non-copyableand non-movable  Yes No

objects by value

Exception guarantees Better Worse

Computation of iterator from value Constant Non-constant
Insertion/erasure predictability High Low

Memory use Minimal More than minimal

Insert objects by value retaining poly- Yes No (dicing)

morphic behavior

User must modify the definition of the Yes No

valuesto insert

Containers are copyable No Yes

Inserted object's lifetime managed by User (more complex) Container (less complex)
Container invariants can be broken Easier Harder (only with containers of pointers)

without using the container

Thread-safety analysis Harder Easier

For a performance comparison between Intrusive and Non-intrusive containers see Performance section.
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How to use Boost.Intrusive

If you plan to insert a class in an intrusive container, you have to make some decisions influencing the class definition itself. Each
classthat will be used in an intrusive container needs some appropriate data members storing the information needed by the container.
We will take a simple intrusive container, the intrusive list (boost: :i ntrusive::|list), for the following examples, but all
Boost.I ntrusive containers are very similar. To compile the example using boost : : i ntrusi ve: : 1i st justinclude:

#i ncl ude <boost/intrusive/list.hpp>

Every class to be inserted in an intrusive container, needs to contain a hook that will offer the necessary data and resources to be
insertable in the container. With Boost.I ntrusive you just choose the hook to be a public base class or a public member of the class
to beinserted. Boost.I ntrusive also offers more flexible hooks for advanced users, as explained in the chapter Using function hooks,
but usually base or member hooks are good enough for most users.

Using base hooks

For | i st, you can publicly derivefrom1 i st _base_hook.

tenpl ate <class ... Options>
class |ist_base_hook;

The class can take several options. Boost.| ntrusive classes receive arguments in the form opt i on_nanme<opt i on_val ue>. You
can specify the following options:

» tag<cl ass Tag>:thisargument servesasatag, soyou can derivefrom morethanonel i st _base_hook and hence put an object
in multipleintrusive lists at the same time. An incompl ete type can serve asatag. |f you specify two base hooks, you must specify
adifferent tag for each one. Example: | i st _base_hook< tag<tagl> >.If notagisspecified adefault onewill be used (more
on default tags later).

* |ink_node<link_node_t ype Li nkMbde>: The second template argument controlsthelinking policy. Boost.I ntrusive currently
supports 3 modes: nor mal _I i nk, safe_l i nk and aut o_unl i nk. By default, saf e_| i nk mode is used. More about these in
sections Safe hooks and Auto-unlink hooks. Example: | i st _base_hook< | i nk_node<aut o_unl i nk> >

» voi d_poi nter<cl ass Voi dPoi nt er >: this option is the pointer type to be used internally in the hook. The default value is
voi d *, which means that raw pointers will be used in the hook. More about this in the section titled Using smart pointers with
Boost.Intrusive containers. Example: | i st _base_hook< voi d_poi nter< ny_smart_ptr<voi d> >

For the following examples, let's forget the options and use the default values:

#i ncl ude <boost/intrusive/list.hpp>
usi ng nanespace boost::intrusive;
cl ass Foo
/I Base hook with default tag, raw pointers and safe_link node

: public list_base_hook<>
{ /**/ }’

After that, we can define the intrusive list:

tenplate <class T, class ... Options>
class list;

|'i st receivesthetypeto beinserted in the container (T) asthefirst parameter and optionally, the user can specify options. We have
3 option types:
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* base_hook<cl ass Hook>/nmenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: All these options specify the relationship between the type T to be inserted in the list and the hook (since we can
have several hooks in the same T type). nenber _hook will be explained abit later and val ue_t rai t s will be explained in the
Containers with custom ValueTraits section. If no option is specified, the container will be configured to use the base hook
with the default tag. Some options configured for the hook (the type of the pointers, link mode, etc.) will be propagated to the
container.

e constant _time_si ze<bool Enabl ed>: Specifiesif aconstanttimesi ze() functionisdemanded for the container. Thiswill
instruct theintrusive container to store an additional member to keep track of the current size of the container. By default, constant-
time sizeis activated.

* size_type<cl ass SizeType>: Specifies an unsigned type that can hold the size of the container. This type will be the type
returned by | i st . si ze() and thetype stored in theintrusive container if const ant _ti me_si ze<t r ue> isrequested. The user
normally will not need to change thistype, but some containers can haveasi ze_t ype that might bedifferent fromst d: : si ze_t
(for example, STL-like containersusethesi ze_t ype defined by their allocator). Boost.I ntrusive can be used to implement such
containers specifying the the type of the size. By default the typeisst d: : si ze_t.

Example of a constant-time size intrusive list that will store Foo objects, using the base hook with the defaullt tag:

t ypedef |ist<Foo> Fooli st;

Example of an intrusive list with non constant-time size that will store Foo objects:

typedef |ist<Foo, constant_tine_size<fal se> > Fooli st;

Remember that the user must specify the base hook in the container declaration if the base hook has no default tag, because that
usually means that the type has more than one base hook, and a container shall know which hook will be using:

#i ncl ude <boost/intrusive/list.hpp>
usi ng namespace boost: :intrusive;

struct ny_tagl;
struct ny_tag2;

typedef |ist_base_hook< tag<ny_tag> > BaseHook;
typedef |ist_base_hook< tag<ny_tag2> > BaseHook2;
cl ass Foo © public BaseHook, public BaseHook?2
{ /**/ }’

typedef |ist< Foo, base_hook<BaseHook> > FoolLi st;
typedef |ist< Foo, base_hook<BaseHook2> > Fooli st 2;

Oncethelist is defined, we can useit:

//An object to be inserted in the |ist
Foo foo_object;

FooLi st |ist;

I'ist.push_back(object);

assert(&ist.front() == & oo_object);

10
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Using member hooks

Sometimes an 'is-a relationship between list hooks and the list value types is not desirable. In this case, using a member hook as a
datamember instead of ‘disturbing' the hierarchy might be theright way: you can add apublic datamember | i st _nenber _hook<. . . >
to your class. This class can be configured with the same optionsas| i st _base_hook except the optiont ag:

tenpl ate <class ... Options>
class |ist_menber_hook;

Example:

#i ncl ude <boost/intrusive/list.hpp>

cl ass Foo

{
public:
i st_menber _hook<> hook_;
/...

}

When member hooks are used, the nenber _hook option is used to configure the list:

/1 This option will configure "list" to use the nenber hook
t ypedef nenber_hook<Foo, |ist_nenber_hook<>, &Foo::hook_> Menber HookOpti on

/1 This list will use the nenmber hook
t ypedef |ist<Foo, Menber HookOpti on> Fooli st

Now we can use the container:

//An object to be inserted in the |ist
Foo foo_object;
FooLi st 1ist;

I'ist.push_back(object);

assert(&ist.front() == & oo_object)

However, member hooks have some implementation limitations: If thereisavirtual inheritance relationship between the parent and
the member hook, then the distance between the parent and the hook is not a compile-time fixed value so obtaining the address of
the parent from the member hook is not possible without reverse engineering compiler produced RTTI. Apart from this, the non-
standard pointer to member implementation for classes with complex inheritance relationshipsin MSVC ABI compatible-compilers
is not supported by member hooks since it also depends on compiler-produced RTTI information.

Using both hooks

You can insert the same object in several intrusive containers at the same time, using one hook per container. Thisis afull example
using base and member hooks:

11
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#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <vector>

usi ng nanmespace boost::intrusive;

class My ass : public |ist_base_hook<>

{
int int_
public:
|'i st_menber _hook<> nenber _hook_;
My ass(int i) : int_(i) {}
}

//Define a list that will store MyCl ass using the base hook
typedef |ist<Myd ass> Baseli st;

//Define a list that will store My ass using the nenber hook
t ypedef nenber_hook

< Myd ass, list_nenber_hook<> &Wd ass:: nenber_hook_> Menber Opti on;
typedef |ist<Myd ass, Menber Qpti on> MenberLi st;

int main()
{

typedef std::vector<MyC ass>::iterator Vectlt;

/Il Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

BaselLi st baseli st;
Menber Li st nmenberli st;

/I Now i nsert themin the reverse order in the base hook |ist
for(Vectlt it(values.begin()), itend(values.end())
it '=itend ; ++it){
basel i st. push_front(*it);

}

/I Now i nsert themin the sane order as in vector in the nenber hook |ist
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it)
nmenber | i st. push_back(*it);

/I Now test |ists

{
Baselist::reverse_iterator rbit(baselist.rbegin());
Menmber List::iterator mt(nmenberlist.begin());
Vectlt it(values.begin()), itend(values.end());

/1 Test the objects inserted in the base hook Ii st
for(; it I=itend; ++it, ++rbit)
if(&rbit '= &it) return 1;

/1 Test the objects inserted in the nenber hook Iist

for(it = values.begin(); it !=itend;, ++it, ++mit)
if(&mt I'= &it) return 1;
}

return O;

12
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Object lifetime

Evenif theinterfaceof | i st issimilartostd: : |i st, itsusageisabit different: You aways have to keep in mind that you directly
store objects in intrusive containers, not copies. The lifetime of a stored object is not bound to or managed by the container:

» When the container gets destroyed before the object, the object is not destroyed, so you have to be careful to avoid resource leaks.

» When the object is destroyed before the container, your program is likely to crash, because the container contains a pointer to an
non-existing object.

13
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When to use?

Intrusive containers can be used for highly optimized algorithms, where speed is a crucial issue and:

* additional memory management should be avoided.

* the programmer needs to efficiently track the construction and destruction of objects.

» exception safety, especially the no-throw guarantee, is needed.

« the computation of an iterator to an element from a pointer or reference to that element should be a constant time operation.
* it'simportant to achieve a well-known worst-time system response.

* localization of data (e.g. for cache hit optimization) leads to measurable effects.

The last point is important if you have a lot of containers over a set of elements. E.g. if you have a vector of objects (say,
st d: : vect or <Obj ect >), and you also have alist storing a subset of those objects (st d: : | i st <Obj ect *>), then operating on an
Object from the list iterator (st d: : 1 i st <Cbj ect *>: : i t er at or ) requires two steps:

» Access from theiterator (usually on the stack) to the list node storing a pointer to Qoj ect .
 Access from the pointer to Obj ect to the Object stored in the vector.

While the objects themselves are tightly packed in the memory of the vector (a vector's memory is guaranteed to be contiguous),
and form something like a data block, list nodes may be dispersed in the heap memory. Hence depending on your system you might
get alot of cache misses. The samedoesn't hold for anintrusive list. Indeed, dereferencing an iterator from anintrusivelist isperformed
in the same two steps as described above. But the list node is already embedded in the Object, so the memory is directly tracked
from the iterator to the Object.

It's also possible to use intrusive containers when the objects to be stored can have different or unknown size. This allows storing
base and derived objects in the same container, as shown in the following example:

14
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#i ncl ude <boost/intrusive/list.hpp>
usi ng nanmespace boost::intrusive;

/1 An abstract class that can be inserted in an intrusive |ist
class Wndow : public |ist_base_hook<>

{
public:
/1 This is a container those value is an abstract class: you can't do this with std::list.
typedef |ist<Wndow> win_list;
/A static intrusive list declaration
static win_list all_w ndows;
[/ Constructor. Includes this windowin the |ist
W ndow( ) { all _wi ndows. push_back(*this); }
/I Destructor. Renpves this node fromthe |ist
virtual ~W ndow() { all_windows.erase(win_list::s_iterator_to(*this)); }
/[l Pure virtual function to be inplenmented by derived cl asses
virtual void Paint() = 0;
}s

// The static intrusive |ist declaration
W ndow. : wi n_|ist Wndow :all_w ndows;

/1 Some W ndow derived cl asses
cl ass FrameW ndow : public W ndow
{ wvoid Paint(){/**/} };

class Edi t Wndow : public Wndow
{ wvoid Paint(){/**/} };

cl ass CanvasW ndow : public W ndow
{ wvoid Paint(){/**/} };

/1A function that prints all wi ndows stored in the intrusive |ist
voi d paint_all_w ndows()

{
for(Wndow. :win_list::iterator i (Wndow :all_w ndows. begin())
, e(Wndow :all_w ndows. end())
= e+
i ->Paint();
}
/...
/I A class derived from W ndow
cl ass Mai nW ndow : public Wndow
{
FranmeWndow frame_; //these are derived from W ndow t oo

Edi t W ndow edit_;
CanvasW ndow canvas_;

public:
void Paint(){/**/}
/...

}s

/1 Main function

int main()

{
/1 When a Wndow class is created, is automatically registered in the global Iist
Mai nW ndow wi ndow,
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//Paint all the wi ndows, sub-w ndows and so on
pai nt _al |l _wi ndows() ;

/1A'l the windows are autonmatically unregistered in their destructors.
return O;

Due to certain properties of intrusive containers they are often more difficult to use than their STL-counterparts. That's why you

should avoid them in public interfaces of libraries. Classes to be stored in intrusive containers must change their implementation to
store the hook and thisis not always possible or desirable.

16

render

httpo://www.renderx.com/


http://www.renderx.com/
http://www.renderx.com/reference.html
http://www.renderx.com/tools/
http://www.renderx.com/

render

Boost.Intrusive

Concept summary

Hereisasmall summary of the basic concepts that will be used in the following chapters:

Brief Concepts Summary

Node Algorithms

Node Traits

Hook

Intrusive Container

Semi-Intrusive Container

Vaue Traits

A class containing typedefs and static functionsthat define basic operationsthat can be applied
to agroup of nodes. It'sindependent from the node definition and configured using a Node-
Traits template parameter that describes the node.

A classthat stores basic information and operations to insert a node into a group of nodes.

A classthat a user must add as a base class or as a member to make the user class compatible
with intrusive containers. A Hook encapsulates anode

A class that stores user classes that have the needed hooks. It takes a ValueTraits template
parameter as configuration information.

Similar to an intrusive container but a semi-intrusive container needs additional memory (e.g.
an auxiliary array) to work.

A class containing typedefs and operations to obtain the node to be used by Node Algorithms
from the user class and the inverse.

17
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Presenting Boost.Intrusive containers

Boost.I ntrusive offers awide range of intrusive containers:

dlist: Anintrusive singly linked list. The size overhead is very small for user classes (usually the size of one pointer) but many
operations have linear time complexity, so the user must be careful if he wants to avoid performance problems.

list: A'std::list likeintrusive linked list. The size overhead is quite small for user classes (usually the size of two pointers).
Many operations have constant time complexity.

set/multiset/rbtree: st d: : set/ st d: : nul ti set likeintrusive associative containers based on red-black trees. The size overhead
ismoderate for user classes (usually the size of three pointers). Many operations have logarithmic time complexity.

avl_set/avl_multiset/avitree: A std: : set/std:: mul tiset likeintrusive associative containers based on AVL trees. The size
overhead is moderate for user classes (usually the size of three pointers). Many operations have logarithmic time complexity.

splay_set/splay_multiset/splaytree: st d: : set/std:: mul tiset likeintrusive associative containers based on splay trees. Splay
trees have no constant operations, but they have someinteresting caching properties. The size overhead is moderate for user classes
(usualy the size of three pointers). Many operations have logarithmic time complexity.

sg_set/sg_multiset/sgtree: A std::set/std::multiset like intrusive associative containers based on scapegoat trees.
Scapegoat can be configured with the desired balance factor to achieve the desired rebal ancing frequency/search time compromise.
The size overhead is moderate for user classes (usually the size of three pointers). Many operations have logarithmic time com-
plexity.

Boost.I ntrusive also offers semi-intrusive containers:

unordered_set/unordered multiset:std: :tr1::unordered_set/std::tr1::unordered_nultiset likeintrusiveunordered
associative containers. The size overhead is moderate for user classes (an average of two pointers per element). Many operations
have amortized constant time compl exity.

Most of these intrusive containers can be configured with constant or linear time size:

Linear time size: The intrusive container doesn't hold a size member that is updated with every insertion/erasure. Thisimplies
that thesi ze()) function doesn't have constant time complexity. On the other hand, the container is smaller, and some operations,
likespl i ce() taking arange of iteratorsin linked lists, have constant time complexity instead of linear complexity.

Constant time size: The intrusive container holds a size member that is updated with every insertion/erasure. This implies that
the si ze() function has constant time complexity. On the other hand, increases the size of the container, and some operations,
likespl i ce() taking arange of iterators, have linear time complexity in linked lists.

To make user classes compatible with these intrusive containers Boost.| ntrusive offers two types of hooks for each container type:

Base hook: The hook is stored as a public base class of the user class.

Member hook: The hook is stored as a public member of the user class.

Apart from that, Boost.I ntrusive offers additional features:

Safe mode hooks: Hook constructor initializes the internal node to a well-known safe state and intrusive containers check that
state before inserting avalue in the container using that hook. When erasing an element from the container, the container puts the
node of the hook in the safe state again. This allows a safer use mode and it can be used to detect programming errors. It implies
adlight performance overhead in some operations and can convert some constant time operations to linear time operations.

Auto-unlink hooks: The hook destructor removes the object from the container automatically and the user can safely unlink the
object from the container without referring to the container.

Non-raw pointers: If the user wants to use smart pointers instead of raw pointers, Boost.I ntrusive hooks can be configured to
use any type of pointer. This configuration information is also transmitted to the containers, so all the internal pointers used by
intrusive containers configured with these hooks will be smart pointers. As an example, Boost.Interprocess defines a smart
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pointer compatible with shared memory, called of f set _pt r . Boost.I ntr usive can be configured to use this smart pointer to allow
shared memory intrusive containers.
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Safe hooks

Features of the safe mode

Boost.I ntrusive hooks can be configured to operate in safe-link mode. The safe mode is activated by default, but it can be also ex-
plicitly activated:

/'l Configuring the safe node explicitly
class Foo : public list_base_hook< |ink_node<safe_link> >

i

With the safe mode the user can detect if the object is actually inserted in a container without any external reference. Let's review
the basic features of the safe mode:

» Hook's constructor puts the hook in awell-known default state.
» Hook's destructor checksif the hook isin the well-known default state. If not, an assertion is raised.

» Every time an object is inserted in the intrusive container, the container checks if the hook isin the well-known default state. If
not, an assertion is raised.

» Every time an object is being erased from the intrusive container, the container puts the erased object in the well-known default
state.

With these features, without any external reference the user can know if the object has been inserted in a container by calling the
i s_l i nked() member function. If the object isnot actually inserted in acontainer, the hook isin the default state, and if it isinserted
in acontainer, the hook is not in the default state.

Configuring safe-mode assertions

By default, all safe-mode assertions raised by Boost-Intrusive hooks and containers in are implemented using BOOST_ASSERT,
which can be configured by the user. See http://www.boost.org/libs/utility/assert.html for more information about BOOST_ASSERT.

BOOST_ASSERT is globally configured, so the user might want to redefine intrusive safe-mode assertions without modifying the
global BOOST_ASSERT. This can be achieved redefining the following macros:

* BOOST_| NTRUSI VE_SAFE_HOOK _DEFAULT_ASSERT: Thisassertionwill be usedininsertion functions of theintrusive containers
to check that the hook of the value to be inserted is default constructed.

e BOOST_| NTRUSI VE_SAFE_HOOK_DESTRUCTOR_ASSERT: Thisassertion will be used in hooks' destructorsto check that the hook
isin adefault state.

If any of these macrosis not redefined, the assertion will default to BOOST _ASSERT. If BOOST_| NTRUSI VE_SAFE_HOOK_DEFAULT_AS-
SERT or BOOST_| NTRUSI VE_SAFE_HOOK_DESTRUCTOR_ASSERT is defined and the programmer needsto include afileto configure
that assertion, it can define BOOST_I NTRUSI VE_SAFE HOOK DESTRUCTOR ASSERT | NCLUDE or BOOST_I NTRUS-
| VE_SAFE_HOOK_DEFAULT_ASSERT_| NCLUDE with the name of thefile to include:

#def i ne BOOST_| NTRUSI VE_SAFE_HOOK_DESTRUCTOR_ASSERT MYASSERT
#def i ne BOOST_| NTRUSI VE_SAFE_HOOK_DESTRUCTOR_ASSERT | NCLUDE <nyassert . h>
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Auto-unlink hooks

What's an auto-unlink hook?

Boost.Intrusive offers additional hooks with unique features:

* When the destructor of the hook is called, the hook checksif the nodeisinserted in a container. If so, the hook removes the node
from the container.

» The hook has a member function called unl i nk() that can be used to unlink the node from the container at any time, without
having any reference to the container, if the user wants to do so.

These hooks have exactly the same size overhead astheir analog non auto-unlinking hooks, but they have arestriction: they can only
be used with non-constant time containers. There is areason for this:

» Auto-unlink hooks don't store any reference to the container where they are inserted.
» Only containers with non constant-timesi ze() allow removing an object from the container without referring to the container.
This auto-unlink feature is useful in certain applications but it must be used very carefully:

« |If several threads are using the same container the destructor of the auto-unlink hook will be called without any thread synchron-
ization so removing the object is thread-unsafe.

» Container contents change silently without modifying the container directly. This can lead to surprising effects.
These auto-unlink hooks have also safe-mode properties:
» Hooks' constructors put the hook in awell-known default state.

» Every time an object is inserted in the intrusive container, the container checks if the hook isin the well-known default state. If
not, an assertion is raised.

» Every time an object is erased from an intrusive container, the container puts the erased object in the well-known default state.

Auto-unlink hook example

Let's see an example of an auto-unlink hook:
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#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <cassert>

usi ng nanmespace boost::intrusive;
typedef |ist_base_hook<link_npode<auto_unlink> > auto_unlink_hook;

class Myd ass : public auto_unlink_hook
/1 This hook renpves the node in the destructor

{ . .

int int_

public:

Myd ass(int i = 0) coant (i) {}

int get_int() { returnint_; }

voi d unlink() { auto_unlink_hook::unlink(); }

bool is_linked() { return auto_unlink_hook::is_linked(); }
s

/I Define a list that will store values using the base hook
/1 The list can't have constant-tine size!
typedef list< MyClass, constant _tine_size<fal se> > List;

int main()
{
//Create the |ist
List |;
{
/'l Create nmyclass and check it's |inked
M/ d ass nycl ass;
assert(myclass.is_linked() == fal se);

/llnsert the object
| . push_back(mycl ass);

/' Check that we have inserted the object
assert(l.empty() == fal se);

assert (& .front() == &mycl ass);
assert(myclass.is_linked() == true);

/1 Now mycl ass' destructor will unlink it
//automatically

}

/| Check aut o-unlink has been executed
assert(l.empty() == true);

{

/1 Now test the unlink() function

/'l Create nmyclass and check it's |inked
M/ d ass nycl ass;
assert(myclass.is_linked() == fal se);

/1l nsert the object
| . push_back(mycl ass);

/' Check that we have inserted the object

assert(l.empty() == false);
assert (& .front() == &mycl ass);
assert(myclass.is_linked() == true);

// Now unlink the node
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nycl ass. unlink();

/| Check aut o-unlink has been executed
assert(l.enpty() == true);
}

return O;

Auto-unlink hooks and containers with constant-time sizeq

As explained, Boost.I ntrusive auto-unlink hooks are incompatible with containers that have constant-time si ze() , so if youtry to
define such container with an auto-unlink hook's value_traits, you will get a static assertion:

#i ncl ude <boost/intrusive/list.hpp>
usi ng boost: :intrusive;
struct MyTag;

class MyCO ass : public list_base_hook< |ink_node<auto_unlink> >
{/ ~k~k/ } ’

list <MyCl ass, constant_time_size<true> > bad_list;

int main()

{
bad list list;
return O;

}

leads to an error similar to:

error : use of undefined type 'boost:: STATI C_ASSERTI ON_FAI LURE<f al se>"

Pointing to code like this:

/1 Constant-tinme size is inconpatible with auto-unlink hooks!
BOOST_STATI C ASSERT(! (constant _tine_size & ((int)value_traits::link _nmode == (int)auto_unlink)));

Thisway, there is no way to compile a program if you try to use auto-unlink hooks in constant-time size containers.
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Intrusive singly linked list: slist

sl i st isthe simplest intrusive container of Boost.Intrusive: asingly linked list. The memory overhead it imposesis 1 pointer per
node. The size of an empty, non constant-time size sl i st isthe size of 1 pointer. This lightweight memory overhead comes with
drawbacks, though: many operations have linear time complexity, even some that usually are constant time, like swap. sl i st only
provides forward iterators.

For most cases, adoubly linked list is preferable because it offers more constant-time functions with aslightly bigger size overhead.
However, for some applications like constructing more elaborate containers, singly linked lists are essential because of their low
size overhead.

slist hooks

Liketherest of Boost.Intrusive containers, sl i st hastwo hook types:

tenpl ate <class ...Options>
cl ass slist_base_hook;

* slist_base_hook: the user class derives publicly fromsl i st _base_hook to makeit sl i st -compatible.

tenpl ate <class ...Options>
class slist_nenber_hook;

* slist_nenber _hook: the user class containsapublic sl i st _menber _hook to makeit sl i st -compatible.
sl i st_base_hook and sl i st _menber _hook receive the same options explained in the section How to use Boost.Intrusive:

* tag<cl ass Tag> (for base hooksonly): Thisargument serves asatag, so you can derive from more than one slist hook. Defaullt:
t ag<def aul t _t ag>.

* |ink_node<link_node_type Li nkMbde>: Thelinking policy. Default: | i nk_node<saf e_| i nk>.

* voi d_poi nter<cl ass Voi dPoi nt er >: The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.

slist container

tenplate <class T, class ...Options>
class slist;

sl i st receivesthe options explained in the section How to use Boost.Intrusive;

* base_hook<cl ass Hook>/menber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

e constant _time_size<bool Enabl ed>: To activate the constant-time size() operation. Default: con-
stant _tine_size<true>

e size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>.

sl i st can receive additional options:

* |inear<bool Enabl e>:thesingly linked listisimplemented asanull-terminated list instead of acircular list. ThisallowsQ( 1)
swap, but losses some operations like cont ai ner _from end_i t er at or.
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e cache_| ast <bool Enabl e>: sl i st also stores apointer to the last element of the singly linked list. Thisallows Q( 1) swap,
splice_after(iterator, slist & and makesthe list offer new functions like push_back(r ef erence) and back().
Logically, the size an empty list isincreased in si zeof (voi d_poi nt er) and the cached last node pointer must be updated in
every operation, and that might incur in a dlight performance impact.

aut o_unl i nk hooks are not usable if | i near <t r ue> and/or cache_| ast <t r ue> options are used. If aut o_unl i nk hooks are
used and those options are specified, a static assertion will be raised.

Example

Now let's see a small example using both hooks:

#i ncl ude <boost/intrusive/slist. hpp>
#i ncl ude <vector>

usi ng nanespace boost::intrusive;

/1 This is a base hook
class MyO ass : public slist_base_hook<>

{
int int_
public:
/1 This is a nenber hook
sl i st _menber _hook<> nmenber _hook_;
Myd ass(int i)
int_(i)
{}
}

/I Define an slist that will store MyO ass using the public base hook
typedef slist<MyCd ass> Baseli st;

//Define an slist that will store Myd ass using the public nenber hook
t ypedef nenber_hook<Myd ass, slist_nenber _hook<> &Wd ass: : nenber _hook_> Menber Opti on;
typedef slist<MyC ass, Menber Opti on> Menber Li st ;

int main()
{
typedef std::vector<MyC ass>::iterator Vectlt;
typedef std::vector<MyCd ass>::reverse_iterator VectRit;

/I Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

BaselLi st baseli st;
Menber Li st nmenberli st;

/I Now insert themin the reverse order in the base hook |ist
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it)
basel i st. push_front(*it);

/I Now insert themin the same order as in vector in the nenber hook I|i st
for(BaseList::iterator it(baselist.begin()), itend(baselist.end())
it '=itend;, ++it){
nmenber | ist. push _front(*it);
}

// Now test lists
{
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Baselist::iterator bit(baselist.begin());
Menmber List::iterator mt(nmenberlist.begin());

VectRit rit(values.rbegin()), ritend(values.rend());

Vectlt it(values.begin()), itend(values.end());

/1 Test the objects inserted in the base hook Ii st

for(; rit !'=ritend;, ++rit, ++bit)
if(&bit I'= &rit) return 1;
/1 Test the objects inserted in the nenber hook I|ist
for(; it !=itend; ++it, ++mt)
if(&mt I'= &it) return 1;
}
return O;
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Intrusive doubly linked list: list

l'i st isadoubly linked list. The memory overhead it imposesis 2 pointers per node. An empty, non constant-time sizel i st also
has the size of 2 pointers. | i st has many more constant-time operations than sl i st and provides a bidirectiona iterator. It is re-
commendedto usel i st instead of sl i st if the size overhead is acceptable:

list hooks

Like therest of Boost.I ntrusive containers, | i st has two hook types:

tenpl ate <class ... Options>
class |ist_base_hook;

* |ist_base_hook: the user class derives publicly from | i st _base_hook to makeit| i st -compatible.

tenpl ate <class ... Options>
class |ist_nenber hook;

e |ist_menber_hook: the user class containsapublicl i st _nenber hook to makeit| i st -compatible.
li st_base_hook and|i st _menber _hook receive the same options explained in the section How to use Boost.Intrusive:

» tag<cl ass Tag> (for base hooks only): Thisargument serves as atag, so you can derive from more than one list hook. Defaullt:
t ag<def aul t _t ag>.

e i nk_node<l i nk_node_t ype Li nkMode>: Thelinking policy. Default: | i nk_node<safe_| i nk>.

» voi d_poi nter<cl ass Voi dPoi nt er > The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.

list container

template <class T, class ... Options>
class list;

l'i st receivesthe same options explained in the section How to use Boost.Intrusive:

* base_hook<cl ass Hook>/nmenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

e constant _time_si ze<bool Enabl ed>: To activate the constant-time size() operation. Default: con-
stant _tinme_size<true>

* size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>

Example

Now let's see a small example using both hooks:
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#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <vector>

usi ng nanmespace boost::intrusive;

class My ass : public list_base_hook<> //This is a derivation hook

{
int int_
public:
/1 This is a menber hook
i st_menber _hook<> nenber _hook_;
Myd ass(int i)
int_(i)
{}
}

//Define a list that will store Myd ass using the public base hook
typedef |ist<Myd ass> Baseli st ;

//Define a list that will store MyCl ass using the public nenber hook
typedef list< Myd ass
nenber _hook< MyC ass, |ist_nenber_hook<> &Wd ass:: nenber_hook_>
> Menber Li st ;

int main()

{

typedef std::vector<MyC ass>::iterator Vectlt;

/Il Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

BaselLi st baseli st;
Menber Li st nmenberli st;

/I Now i nsert themin the reverse order in the base hook |ist
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it)
basel i st. push_front(*it);

/I Now i nsert themin the sane order as in vector in the nenber hook |ist
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it)
nmenber | i st. push_back(*it);

/I Now test |ists

{
Baselist::reverse_iterator rbit(baselist.rbegin());
Menmber List::iterator mt(nmenberlist.begin());
Vectlt it(values.begin()), itend(values.end());

/1 Test the objects inserted in the base hook Ii st
for(; it I=itend; ++it, ++rbit)
if(&rbit '= &it) return 1;

/1 Test the objects inserted in the nenber hook i st
for(it = values.begin(); it !=itend;, ++it, ++mit)
if(&mt I'= &it) return 1;
}

return O;
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Intrusive associative containers: set, multiset, rbtree

Boost.I ntrusive also offers associative containers that can be very useful when creating more complex associative containers, like
containers maintaining one or more indices with different sorting semantics. Boost.| ntrusive associative containers, like most STL
associative container implementations are based on red-black trees.

The memory overhead of these containersisusually 3 pointersand abit (with alignment i ssues, this means 3 pointersand an integer).
This size can be reduced to 3 pointersif pointers have even alignment (which is usually true in most systems).

An empty, non constant-timesizeset , mul ti set orr bt r ee hasasothesize of 3 pointersand an integer (3 pointers when optimized
for size). These containers have logarithmic complexity in many operations like searches, insertions, erasures, etc. set and
mul ti set aretheintrusive equivalentsof standard st d: : set andstd: : nul ti set containers.

rbtreeisasuperset of set andnul ti set containersthat offers functions to insert unique and multiple keys.

set, multiset and rbtree hooks

set, nul tiset and rbtree share the same hooks. This is an advantage, because the same user type can be inserted first in a
mul ti set and after that in set without changing the definition of the user class.

tenpl ate <class ... Options>
cl ass set_base_hook;

» set _base_hook: the user class derives publicly from set _base_hook to makeit set /mul t i set -compatible.

tenpl ate <class ... Options>
cl ass set _nenber _hook;

* set _nmenber _hook: the user class contains apublic set _nmenber _hook to makeit set /mul ti set -compatible.

set _base_hook andset _menber _hook receive the same options explained in the section How to use Boost.Intrusive plus a size
optimization option:

* tag<cl ass Tag> (for base hooksonly): Thisargument serves asatag, so you can derive from more than one base hook. Defaullt:
t ag<def aul t _t ag>.

e i nk_node<l i nk_node_t ype Li nkMode>: Thelinking policy. Default: | i nk_node<saf e_| i nk>.

» voi d_poi nter<cl ass Voi dPoi nt er > The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.

* optinize_si ze<bool Enabl e>: The hook will be optimized for size instead of speed. The hook will embed the color bit of
the red-black tree node in the parent pointer if pointer alignment is even. In some platforms, optimizing the size might reduce
speed performance a bit since masking operations will be needed to access parent pointer and color attributes, in other platforms
this option improves performance due to improved memory locality. Default: opt i mi ze_si ze<f al se>.

set, multiset and rbtree containers

tenplate <class T, class ...Options>
cl ass set;
tenplate <class T, class ...Options>

class nultiset;

tenplate <class T, class ...Options>
class rbtree;
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These containers receive the same options explained in the section How to use Boost.Intrusive:

* base_hook<cl ass Hook>/nmenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

e constant _time_size<bool Enabl ed>: To activate the constant-time size() operation. Default: con-
stant _time_size<true>

e size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>

And they also can receive an additional option:

» conpar e<cl ass Conpar e>: Comparison function for the objectsto beinserted in containers. The comparison functor must induce
astrict weak ordering. Default: conpar e< std: : | ess<T> >

Example

Now let's see a small example using both hooks and both containers:

#i ncl ude <boost/intrusive/set. hpp>
#i ncl ude <vector>

#i ncl ude <al gorithne

#i ncl ude <cassert>

usi ng nanespace boost: :intrusive;

/1 This is a base hook optimzed for size
class My ass : public set_base_hook<optini ze_size<true> >

{ . .
int int_
public:
/1 This is a nmenber hook
set _menber _hook<> nmenber _hook_;
M/C ass(int i)
coint_(i)
{}
friend bool operator< (const MyCl ass &, const MyCl ass &b)
{ return aint_ <b.int_; }
friend bool operator> (const MyCl ass &, const MyC ass &b)
{ returnaint_ >b.int_; }
friend bool operator== (const Myd ass &a, const Myd ass &b)
{ return aint_ == b.int_; }
b
// Define a set using the base hook that will store values in reverse order
typedef set< Myd ass, conpare<std::greater<MdC ass> > > BaseSet ;

/I Define an mnul tiset using the nenber hook
t ypedef nenber_hook<Myd ass, set_nenber_hook<>, &M/ ass:: nenber_hook_> Menber Opti on;
typedef nultiset< MyCl ass, Menber Option> Mermber MUl ti set ;

int main()

{

typedef std::vector<MyC ass>::iterator Vectlt;

/'l Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
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for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

BaseSet baseset;
Menmber Mul ti set nenbernul tiset;

/1 Check that size optim zation is activated in the base hook

assert (si zeof (set _base_hook<optim ze_si ze<true> >) == 3*sij zeof (void*));
/1 Check that size optimzation is deactivated in the nmenber hook
assert (si zeof (set _nmenber _hook<>) > 3*sizeof (void*));

/I Now insert themin the reverse order in the base hook set

for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it){
baseset.insert(*it);
menbernul tiset.insert(*it);

}
/I Now test sets
{
BaseSet: :reverse_iterator rbit(baseset.rbegin());
Member Mul tiset::iterator mit(menbernultiset.begin());
Vectlt it(values.begin()), itend(values.end());
/1 Test the objects inserted in the base hook set
for(; it !'=itend; ++it, ++rbit)
if(&rbit '= &it) return 1;
/1 Test the objects inserted in the nenber hook set
for(it = values.begin(); it !=itend;, ++it, ++mit)
if(&mt I'= &it) return 1;
}
return O;
}
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Semi-Intrusive unordered associative containers: un-
ordered_set, unordered_multiset

Boost.I ntrusive also offers hashed containers that can be very useful to implement fast-lookup containers. These containers (un-
ordered_set andunor dered_nul ti set ) are semi-intrusive containers: they need additional memory apart from the hook stored
intheval ue_t ype. Thisadditional memory must be passed in the constructor of the container.

Unlike C++ TR1 unordered associative containers (which are al so hashed containers), the contents of these semi-intrusive containers
are not rehashed to maintain aload factor: that would require memory management and intrusive containers don't implement any
memory management at all. However, the user can regquest an explicit rehashing passing a new bucket array. This aso offers an ad-
ditional guarantee over TR1 unordered associative containers: iterators are not invalidated when inserting an element in the
container.

As with TR1 unordered associative containers, rehashing invalidates iterators, changes ordering between elements and changes
which buckets elements appear in, but does not invalidate pointers or references to elements.

Apart from expected hash and equality function objects, Boost.I ntrusive unordered associative containers' constructors take an ar-
gument specifying an auxiliary bucket vector to be used by the container.

unordered_set and unordered_multiset performance notes

The size overhead for a hashed container is moderate: 1 pointer per value plus a bucket array per container. The size of an element
of the bucket array is usually one pointer. To obtain a good performance hashed container, the bucket length is usually the same as
the number of elements that the container contains, so a well-balanced hashed container (bucket _count () isequal to si ze() )
will have an equivalent overhead of two pointers per element.

An empty, non constant-time size unor der ed_set or unor der ed_nul ti set hasaso thesize of bucket _count () pointers.

Insertions, erasures, and searches, have amortized constant-time complexity in hashed containers. However, some worst-case guar-
antees are linear. See unor der ed_set or unor dered_nul ti set for complexity guarantees of each operation.

Be careful with non constant-time size hashed containers. some operations, like enpt y() , have linear complexity, unlike other
Boost.I ntrusive containers.

unordered_set and unordered_multiset hooks

unor der ed_set andunor der ed_mul ti set sharethe samehooks. Thisisan advantage, because the same user type can beinserted
firstinaunordered_mul ti set and after that in unor der ed_set without changing the definition of the user class.

tenpl ate <class ... Options>
cl ass unordered_set _base_hook;

« unordered_set base_hook: theuser classderivespublicly fromunor der ed_set _base_hook tomakeitunor der ed_set /un-
ordered_nul ti set -compatible.

tenpl ate <class ... Options>
cl ass unordered_set _nenber _hook;

» unor der ed_set _nmenber _hook: theuser classcontainsapublicunor der ed_set _nenber _hook tomakeit unor der ed_set /un-
ordered_nul ti set-compatible.

unor der ed_set _base_hook and unor der ed_set _nenber _hook receive the same options explained in the section How to use
Boost.Intrusive:
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e tag<cl ass Tag> (for base hooksonly): Thisargument serves as atag, so you can derive from more than one base hook. Defaullt:
tag<defaul t _tag>.

* |ink_node<link_node_type Li nkMbde>: Thelinking policy. Default: | i nk_node<saf e_| i nk>.

» voi d_poi nter<cl ass Voi dPoi nt er >: The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.

Apart from them, these hooks offer additional options:;

» store_hash<bool Enabl ed>: This option reserves additional space in the hook to store the hash value of the object once it's
introduced in the container. When this option is used, the unordered container will store the cal culated hash value in the hook and
rehashing operations won't need to recalculate the hash of the value. This option will improve the performance of unordered
containers when rehashing is frequent or hashing the value is a slow operation. Default: st or e_hash<f al se>.

* optimze_miltikey<bool Enabl ed>: Thisoption reservesadditiona spaceinthehook that will be used to group equal e ements
in unordered multisets, improving significantly the performance when many equal values areinserted in these containers. Default:
optim ze_mnul tikey<fal se>.

unordered_set and unordered_multiset containers

tenpl ate<class T, class ...Options>
cl ass unordered_set;

tenpl ate<class T, class ...Options>
cl ass unordered_nultiset;

As mentioned, unordered containers need an auxiliary array to work. Boost.I ntrusive unordered containers receive this auxiliary
array packed inatypecalled bucket _t rai t s (which can be also customized by acontainer option). All unordered containersreceive
abucket _traits objectintheir constructors. Thedefault bucket _traits classisinitialized with a pointer to an array of buckets
anditssize:

#i ncl ude <boost/intrusive/ unordered_set. hpp>
usi ng namespace boost: :intrusive;

struct MyClass : public unordered_set_base_hook<>

{};

t ypedef unordered_set <MyCl ass>: : bucket _type bucket _t ype;

t ypedef unordered_set <MyCl ass>:: bucket _traits bucket _traits;
int main()

{

bucket _type buckets[ 100];
unor der ed_set <MyCl ass> uset (bucket _traits(buckets, 100));
return O;

Each hashed container needs its own bucket traits, that is, its own bucket vector. Two hashed containers can't share the same
bucket _t ype elements. The bucket array must be destroyed after the container using it isdestroyed, otherwise, the result is undefined.

unor der ed_set andunordered_nul ti set receive the same options explained in the section How to use Boost.Intrusive;

* base_hook<cl ass Hook>/menber _hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)
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e constant _time_size<bool Enabl ed>: To activate the constant-time size() operation. Default: con-
stant _time_size<true>

* size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>

And they also can receive additional options:

» equal <cl ass Equal >: Equality function for the objects to be inserted in containers. Default: equal < std: : equal _t o<T>
>

* hash<cl ass Hash>: Hash function to be used in the container. Default: hash< boost: : hash<T> >

* bucket _traits<class Bucket Traits>: A typethat wraps the bucket vector to be used by the unordered container. Default:
atypeinitialized by the address and size of a bucket array and stores both variablesinternally.

e power_2 bucket s<bool Enabl ed>: The user guarantees that only bucket arrays with power of two length will be used. The
container will then use masks instead of modulo operations to obtain the bucket number from the hash value. Masks are faster
than modul o operations and for some applications modul o operations can impose a considerabl e overhead. In debug mode an as-
sertion will be raised if the user provides a bucket length that is not power of two. Default; power _2_bucket s<f al se>.

» cache_begi n<bool Enabl ed>: Note: thisoption isnot compatible with aut o_unl i nk hooks. Duetoitsinterna structure,
finding thefirst element of an unordered container (begi n() operation) isamortized constant-time. It's possibleto speed up begi n()
and other operationsrelated to it (likecl ear () ) if the container caches internally the position of the first element. Thisimposes
the overhead of one pointer to the size of the container. Default: cache_begi n<f al se>.

» conpar e_hash<bool Enabl ed>: Note: thisoption requiresst or e_hash<t r ue> option in the hook. When the comparison
function is expensive, (e.g. strings with along common predicate) sometimes (specially when the load factor is high or we have
many equivalent elementsin an unor dered_nul ti set and no opti mi ze_nul ti key<> is activated in the hook) the equality
functionisaperformance problem. Two equal values must have equal hashes, so comparing the hash values of two elementsbefore
using the comparison functor can speed up some implementations.

e increnental <bool Enabl ed>: Activates incremental hashing (also known as Linear Hashing). This option implies

power _2_ bucket s<t r ue> and the container will require power of two buckets. For more information on incremental hashing,
seelLi near hash onWikipedia Default: i ncr enent al <f al se>

Example

Now let's see a small example using both hooks and both containers:
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#i ncl ude <boost/intrusive/ unordered_set. hpp>
#i ncl ude <vector>

#i ncl ude <al gorithne

#i ncl ude <boost/functional / hash. hpp>

usi ng nanmespace boost::intrusive;

class Myd ass : public unordered_set_base_hook<>
{ /1 This is a derivation hook
int int_

public:
unor der ed_set _nmenber _hook<> nenber_hook_; //This is a nenber hook

Myd ass(int i)
int_(i)
{}

friend bool operator== (const Myd ass &a, const Myd ass &b)
{ returna.int_==b.int_; }

friend std::size_t hash_val ue(const MyCd ass &val ue)
{ return std::size_t(value.int_); }

}

/1 Define an unordered_set that will store MyCl ass objects using the base hook
t ypedef unordered_set <MyCl ass> BaseSet ;

/1 Define an unordered_nultiset that will store MyCl ass using the nenber hook

t ypedef nenber_hook<Myd ass, unordered_set _nenber _hook<>, &Wd ass:: nenber_hook_>
Menber Opt i on;

t ypedef unordered_multiset< Myd ass, Menber Opti on> Menber Ml ti Set;

int main()
{

typedef std::vector<MyC ass>::iterator Vectlt;

//Create a vector with 100 different Myd ass objects
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

/Il Create a copy of the vector
std::vector<Myd ass> val ues2(val ues);

/I Create a bucket array for base_set
BaseSet : : bucket _type base_bucket s[ 100] ;

/Il Create a bucket array for nenber_nulti_set
Menmber Mul ti Set : : bucket _type nenber _bucket s[ 200] ;

/I Create unordered containers taking buckets as argunents
BaseSet base_set (BaseSet: : bucket _traits(base_buckets, 100));
Menmber Mul ti Set menber _nulti _set

(Menmber Mul ti Set: : bucket _traits(nenber_buckets, 200));

/1 Now i nsert values's elenents in the unordered_set
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it)
base_set.insert(*it);

/1 Now i nsert values's and values2's elenments in the unordered_nultiset
for(Vectlt it(values.begin()), itend(values.end()), it2(values2. begin())
it '=itend;, ++it, ++it2){
nmenber _nulti_set.insert(*it);
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menber _nulti_set.insert(*it2);

}
/1 Now find every el enent
{
Vectlt it(values.begin()), itend(values.end());
for(; it !'=itend; ++it){
/I base_set should contain one elenment for each key
i f(base_set.count(*it) !'= 1) return 1;
[/ menber_multi_set should contain two el enents for each key
i f(menmber_multi_set.count(*it) !'= 2) return 1;
}
}
return O;

Custom bucket traits

Instead of using the default bucket _trai t s classto store the bucket array, auser can define his own class to store the bucket array
using the bucket_traits<> option. A user-defined bucket-traits must fulfill the following interface:

cl ass ny_bucket traits

{
bucket _ptr bucket _begin();
const _bucket _ptr bucket _begin() const;
std::size_t bucket count() const;

b

Thefollowing bucket traits just stores a pointer to the bucket array but the size is a compile-time constant. Note the use of the auxil-
iary unor der ed_bucket and unor der ed_bucket _pt r utilities to obtain the type of the bucket and its pointer before defining
the unordered container:
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#i ncl ude <boost/intrusive/ unordered_set. hpp>
#i ncl ude <boost/functional / hash. hpp>
#i ncl ude <vector>

usi ng nanespace boost::intrusive;

/1A class to be inserted in an unordered_set
class Myd ass : public unordered_set_base_hook<>

{
int int_;
public:
Mydass(int i =0) : int_(i)
{}
friend bool operator==(const MyCass & , const MyCl ass &r)
{ returnl.int_ ==r.int_; }
friend std::size_t hash_val ue(const Myd ass &v)
{ return boost::hash_value(v.int_); }
}
/I Define the base hook option
t ypedef base_hook< unordered_set_base_hook<> > BaseHookOpt i on;

// otain the types of the bucket and the bucket pointer
t ypedef unordered_bucket <BaseHookOpti on>: :type Bucket Type;
t ypedef unordered_bucket ptr<BaseHookOption>::type BucketPtr;

/1 The custom bucket traits.
cl ass custom bucket _traits

{
public:
static const int NunBuckets = 100;
cust om bucket _traits(BucketPtr buckets)

buckets_(buckets)

{}
[/ Functions to be inplenented by custom bucket traits
Bucket Ptr bucket _begin() const { return buckets_; }
std::size_t bucket_count() const { return NunBuckets;}
private:
Bucket Ptr buckets_;

}

/1 Define the container using the custom bucket traits
t ypedef unordered_set <MyCl ass, bucket _traits<custom bucket traits> > Bucket TraitsUset;

int main()

{
typedef std::vector<MyC ass>::iterator Vectlt;
std::vector<Myd ass> val ues;

[TFill val ues
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

/I Now create the bucket array and the custom bucket traits object
Bucket Type buckets|[ custom bucket traits:: NunBuckets];
custom bucket _traits btraits(buckets);

// Now create the unordered set
Bucket Trai t sUset uset(btraits);
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/llnsert the values in the unordered set
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it)
uset.insert(*it);

return O;
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Intrusive avl tree based associative containers: avl_set,
avl _multiset and avltree

Similar to red-black trees, AVL trees are balanced binary trees. AVL trees are often compared with red-black trees because they
support the same set of operations and because both take O(log n) time for basic operations. AVL trees are more rigidly balanced
than Red-Black trees, leading to slower insertion and removal but faster retrieval, so AVL trees perform better than red-black trees
for lookup-intensive applications.

Boost.I ntrusive offers 3 containers based on avl trees: avl _set, avl _nul ti set and avl t r ee. Thefirst two are similar to set
ornul ti set and the latter is ageneralization that offers functions both to insert unique and multiple keys.

The memory overhead of these containers with Boost.Intrusive hooks is usually 3 pointers and 2 bits (due to alignment, this usually
means 3 pointers plus an integer). This size can be reduced to 3 pointersif pointers have 4 byte alignment (which is usually truein
32 hit systems).

An empty, non constant-time size avl _set, avl _nul tiset or avl tree aso has asize of 3 pointers and an integer (3 pointers
when optimized for size).

avl_set, avl multiset and avltree hooks

avl _set,avl _multiset andavl t r ee sharethe same hooks.

tenpl ate <class ...Options>
cl ass avl _set _base_hook;

* avl _set _base_hook: the user class derives publicly from this class to make it compatible with avl tree based containers.

tenpl ate <class ...Options>
cl ass avl _set _menber _hook;

» set_menber _hook: the user class contains a public member of this class to make it compatible with avl tree based containers.

avl _set _base_hook and avl _set _nenber _hook receive the same options explained in the section How to use Boost.Intrusive
plus an option to optimize the size of the node:

* tag<cl ass Tag> (for base hooksonly): Thisargument serves asatag, so you can derive from more than one base hook. Defaullt:
t ag<def aul t _t ag>.

* |ink_node<link_node_type Li nkMbde>: Thelinking policy. Default: | i nk_node<saf e_| i nk>.

» voi d_poi nter<cl ass Voi dPoi nt er > The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.

* optin ze_si ze<bool Enabl e>: The hook will be optimized for size instead of speed. The hook will embed the balance bits
of theAVL tree nodein the parent pointer if pointer alignment is multiple of 4. In some platforms, optimizing the size might reduce
speed performance a bit since masking operations will be needed to access parent pointer and balance factor attributes, in other
platforms this option improves performance due to improved memory locality. Default: opti i ze_si ze<f al se>.
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avl_set, avl _multiset and avltree containers

tenplate <class T, class ...Options>
cl ass avl _set;

tenplate <class T, class ...Options>
class avl _nultiset;

tenplate <class T, class ...Options>
class avltree;

These containers receive the same options explained in the section How to use Boost.Intrusive:

* base_hook<cl ass Hook>/nmenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass

Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

e constant _time_size<bool Enabl ed>: To activate the constant-time size() operation. Default: con-

stant _tine_size<true>

* size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:

size_type<std::size_t>

And they also can receive an additional option:

» conpar e<cl ass Conpar e>: Comparison function for the objectsto beinserted in containers. The comparison functor must induce

astrict weak ordering. Default: conpar e< std: : | ess<T> >

Example

Now let's see a small example using both hooksand avl _set/avl _nul ti set containers:
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#i ncl ude <boost/intrusive/avl _set. hpp>
#i ncl ude <vector>

#i ncl ude <al gorithne

#i ncl ude <cassert>

usi ng nanmespace boost::intrusive;

/1 This is a base hook optimzed for size
class Myd ass : public avl_set_base_hook<optim ze_si ze<true> >

{ . .
int int_;
public:
/1 This is a menber hook
avl _set _menber _hook<> nenber _hook_;
M/C ass(int i)
Coint_(i)
{}
friend bool operator< (const MyClass &, const MyC ass &b)
{ returna.int_<b.int_; }
friend bool operator> (const MyCl ass &, const MyC ass &b)
{ returna.int_>b.int_; }
friend bool operator== (const Myd ass &a, const Myd ass &b)
{ returna.int_ == b.int_; }
}s

/1 Define an avl _set using the base hook that will store values in reverse order
typedef avl_set< Myd ass, conpare<std::greater<MC ass> > > BaseSet ;

/1 Define an nmultiset using the nenber hook
t ypedef nenber_hook<Myd ass, avl _set_nenber_hook<> &WJd ass:: nenber_hook_> Menber Opti on;
typedef avl_nultiset< MyCl ass, Menber Option> Menmber Mul ti set ;

int main()

{

typedef std::vector<MyC ass>::iterator Vectlt;

/Il Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

BaseSet baseset;
Menmber Mul ti set nenbernul tiset;

/1 Check that size optim zation is activated in the base hook

assert (si zeof (avl _set _base_hook<optim ze_si ze<true> >) == 3*si zeof (void*));
/1 Check that size optimzation is deactivated in the nmenber hook

assert (sizeof (avl _set _nmenber _hook<>) > 3*si zeof (void*));

/I Now insert themin the sets

for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it){
baseset.insert(*it);
menbernul tiset.insert(*it);

}

/1 Now test avl_sets

{

BaseSet: :reverse_iterator rbit(baseset.rbegin());
Member Mul tiset::iterator mit(menbernultiset.begin());
Vectlt it(values.begin()), itend(values.end());

/1 Test the objects inserted in the base hook avl _set
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for(; it !=itend; ++it, ++rbit)
if(&rbit '= &it) return 1;

/1 Test the objects inserted in the nenber hook avl _set
for(it = values.begin(); it !=itend;, ++it, ++mit)
if(&mt !'= &it) return 1;
}

return O,
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Intrusive splay tree based associative containers:
splay set, splay_multiset and , splay_tree

C++ associative containers are usually based on red-black tree implementations (e.g.: STL, Boost.Intrusive associative containers).
However, there are other interesting data structures that offer some advantages (and al so disadvantages).

Splay trees are self-adjusting binary search trees used typically in caches, memory allocators and other applications, because splay
trees have a "caching effect”: recently accessed elements have better access times than elements accessed |ess frequently. For more
information on splay trees see the corresponding Wikipedia entry.

Boost.I ntrusive offers 3 containers based on splay trees: spl ay_set, spl ay_mul ti set andspl ayt r ee. Thefirst two are similar
toset ormul ti set andthelatter isageneralization that offers functions both to insert unique and multiple keys.

The memory overhead of these containers with Boost.Intrusive hooks is usually 3 pointers. An empty, non constant-time size splay
container has also asize of 3 pointers.

Advantages and disadvantages of splay tree based containers

Splay tree based intrusive containers have logarithmic complexity in many operations like searches, insertions, erasures, etc., but if
some elements are more frequently accessed than others, splay trees perform faster searches than equivalent balanced binary trees
(such as red-black trees).

The caching effect offered by splay trees comes with a cost: the tree must be rebalanced when an element is searched. To maintain
const-correctness and thread-safety guarantees, this caching effect isnot updated when const versions of search functionslikef i nd() ,
| ower _bound(), upper _bound(), equal _range(), count () ... are called. This means that using splay-tree based associative
containers as drop-in replacements of set / nul ti set, specially for const search functions, might not result in desired performance
improvements.

If element searches are randomized, the tree will be continuously srebalanced without taking advantage of the cache effect, so splay
trees can offer worse performance than other balanced trees for several search patterns.

Boost.I ntrusive splay associative containers don't use their own hook types but plain Binary search tree hooks. See Binary search
tree hooks: bs_set_base hook and bs_set_ member_hook section for more information about these hooks.

splay_set, splay_multiset and splaytree containers

tenplate <class T, class ... Options>
cl ass splay_set;

tenplate <class T, class ... Options>
class splay_nultiset;

tenplate <class T, class ... Options>
cl ass spl aytree;

These containers receive the same options explained in the section How to use Boost.Intrusive:

* base_hook<cl ass Hook>/nmenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

e constant _time_si ze<bool Enabl ed>: To activate the constant-time size() operation. Default: con-
stant _tinme_size<true>

* size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>
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And they also can receive an additional option:

» conpar e<cl ass Conpar e>: Comparison function for the objectsto beinserted in containers. The comparison functor must induce
adtrict weak ordering. Default: conpar e< std: : | ess<T> >

Example

Now let's see asmall example using spl ay_set / spl ay_mul ti set containers:

#i ncl ude <boost/intrusive/splay_set. hpp>
#i ncl ude <vector>

#i ncl ude <al gorithne

usi ng nanespace boost::intrusive;

cl ass nytag;

class MWyd ass
public bs_set _base_hook<>

{ . .
int int_
public:
/1 This is a menber hook
bs_set _nenber _hook<> nenber _hook_;
M/C ass(int i)
coint_(i)
{}
friend bool operator< (const MyClass &, const MyCl ass &b)
{ returna.int_<b.int_; }
friend bool operator> (const MyClass &, const MyCl ass &b)
{ returna.int_>b.int_; }
friend bool operator== (const Myd ass &a, const Myd ass &b)
{ returna.int_ == bh.int_; }
}

/1 Define a set using the base hook that will store values in reverse order
typedef splay_set< Myd ass, conpare<std::greater<M/d ass> > > BaseSpl aySet ;

//Define an nmultiset using the nenber hook
t ypedef nenber_hook<Myd ass, bs_set nenber _hook<>, &Wd ass:: nmenber _hook_> Menber Opti on;
typedef splay_multiset< Myd ass, Menber Opti on> Menber Spl ayMul ti set ;

int main()
{

typedef std::vector<MyC ass>::iterator Vectlt;

/I Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Md ass(i));

BaseSpl aySet baseset ;
Menber Spl ayMul ti set nmenbernmul ti set;

/l1nsert values in the container

for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it){
baseset.insert(*it);
nmenbernul tiset.insert(*it);
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// Now test sets

{
BaseSpl aySet: :reverse_iterator rbit(baseset.rbegin());
Menmber Spl ayMul tiset::iterator mt(nmenbernultiset.begin())
Vectlt it(values.begin()), itend(values.end())
/1 Test the objects inserted in the base hook set
for(; it !'=itend; ++it, ++rbit){
if(&rbit '= &it) return 1
}
/I Test the objects inserted in nenber and binary search hook sets
for(it = values.begin(); it !=itend; ++it, ++mit){
if(&mt I'= &it) return 1
}
}
return O;
}
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Intrusive scapegoat tree based associative containers:
sg_set, sg_multiset and sgtree

A scapegoat treeisaself-balancing binary search tree, that provides worst-case O(log n) lookup time, and O(log n) amortized insertion
and deletion time. Unlike other self-balancing binary search treesthat provide worst case O(log n) lookup time, scapegoat trees have
no additional per-node overhead compared to aregular binary search tree.

A binary search treeis said to be weight balanced if half the nodes are on the left of theroot, and half on theright. An a-height-balanced
tree is defined with defined with the following equation:

height(tree) <= logl/a(tree.size())

« a==1:Atreeforming alinked list is considered balanced.

» a==0.5: Only aperfectly balanced binary is considered balanced.
Scapegoat trees are loosely a-height-balanced so:

height(tree) <= logl/a(tree.size()) + 1

Scapegoat trees support any a between 0.5 and 1. If ais higher, the tree is rebalanced less often, obtaining quicker insertions but
dower searches. Lower a values improve search times. Scapegoat-trees implemented in Boost.I ntrusive offer the possibility of
changing aat run-timetaking advantage of theflexibility of scapegoat trees. For moreinformation on scapegoat trees see Wikipedia
entry.

Scapegoat trees also have downsides:

» They need additional storage of data on the root (the size of the tree, for example) to achieve logarithmic complexity operations
soit's not possible to offer aut o_unl i nk hooks. The size of an empty scapegoat tree is also considerably increased.

» The operations needed to determine if the tree is unbalanced require floating-point operations like logl/a. If the system has no
floating point operations (like some embedded systems), scapegoat tree operations might become slow.

Boost.I ntrusive offers 3 containers based on scapegoat trees: sg_set, sg_mul ti set andsgt r ee. Thefirst two are similar to set
ornul ti set and the latter is a generalization that offers functions both to insert unique and multiple keys.

The memory overhead of these containers with Boost.Intrusive hooks is 3 pointers.

Anempty, sg_set,sg_nul tiset orsgtree hasalsothe size of 3 pointers, two integers and two floating point values (equivalent
to the size of 7 pointers on most systems).

Boost.I ntrusive scapegoat associative containers don't use their own hook types but plain Binary search tree hooks. See Binary
search tree hooks: bs_set _base hook and bs_set_ member_hook section for more information about these hooks.

sg_set, sg_multiset and sgtree containers

tenplate <class T, class ...Options>
cl ass sg_set;

tenplate <class T, class ... Options>
class sg_nultiset;

tenplate <class T, class ...Options>
cl ass sgtree;

These containers receive the same options explained in the section How to use Boost.Intrusive:
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* base_hook<cl ass Hook>/nmenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

* size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>

And they also can receive additional options:

e conpar e<cl ass Conpar e>: Comparison function for the objectsto beinserted in containers. The comparison functor must induce
astrict weak ordering. Default: conpar e< std: : | ess<T> >

» floating_point <bool Enabl e>: When this option is deactivated, the scapegoat tree loses the ability to change the balance
factor aat run-time, but the size of an empty container isreduced and no floating point operations are performed, normally increasing
container performance. The fixed a factor that is used when this option is activated is 1/sgrt(2) ~ 0,70711. Default: f | oat -
i Nng_poi nt <true>

Example

Now let's see a small example using binary search tree hooksand sg_set / sg_mnul ti set containers:

#i ncl ude <boost/intrusive/sg_set. hpp>
#i ncl ude <vector>

#i ncl ude <al gorithne

#i ncl ude <cassert>

usi ng nanespace boost::intrusive;

class Myd ass : public bs_set base_hook<>

{ . .
int int_
public:
/1 This is a nenber hook
bs_set _nenber _hook<> nenber _hook_;
M/C ass(int i)
coint_(i)
{}
friend bool operator< (const MyClass &, const MyC ass &b)
{ returna.int_<b.int_; }
friend bool operator> (const MyClass &, const MyC ass &b)
{ returna.int_>b.int_; }
friend bool operator== (const Myd ass &a, const Myd ass &b)
{ returna.int_ == bhb.int_; }
}

/1 Define an sg_set using the base hook that will store values in reverse order
//and won't execute floating point operations.
typedef sg_set

< MyC ass, conpare<std::greater<MyC ass> >, floating_point<fal se> > BaseSet ;

/1 Define an nmultiset using the nenber hook
t ypedef nenber_hook<Myd ass, bs_set nenber _hook<>, &Wd ass:: nmenber_hook_ > Menber Opti on;
typedef sg _nultiset< MyCl ass, Menber Option> Member Mul ti set ;

int main()
{

typedef std::vector<MyC ass>::iterator Vectlt;

/I Create several MyCl ass objects, each one with a different val ue
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std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values. push_back(Md ass(i))

BaseSet baseset;
Menmber Mul ti set nenbernul tiset;

/I Now insert themin the reverse order in the base hook sg_set
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it){
baseset.insert(*it);
nmenbernul tiset.insert(*it);

}

/I Change bal ance factor
menbermul ti set. bal ance_factor (0. 9f);

// Now test sg_sets

{
BaseSet: :reverse_iterator rbit(baseset.rbegin())
Member Mul tiset::iterator mit(menbernultiset.begin());
Vectlt it(values.begin()), itend(values.end())

/1 Test the objects inserted in the base hook sg_set
for(; it !'=itend; ++it, ++rbit)
if(&rbit '= &it) return 1

/1 Test the objects inserted in the nenber hook sg_set
for(it = values.begin(); it !=itend; ++it, ++mit)
if(&mt I'= &it) return 1
}

return O,
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Intrusive treap based associative containers: treap_set,
treap_multiset and treap

The name treap is a mixture of tree and heap indicating that Treaps exhibit the properties of both binary search trees and heaps. A
treap is a binary search tree that orders the nodes by a key but also by a priority attribute. The nodes are ordered so that the keys
form abinary search tree and the priorities obey the max heap order property.

 If visaleft descendant of u, then key[v] < key[u];
 If visaright descendant of u, then key[v] > key[u];
 If visachild of u, then priority[v] <= priority[u];

If priorities are non-random, the tree will usually be unbalanced; this worse theoretical average-case behavior may be outweighed
by better expected-case behavior, asthe most important itemswill be near the root. This means most important objectswill beretrieved
faster than lessimportant items and for items keys with equal keys most important objects will be found first. These properties are
important for some applications.

The priority comparison will be provided just like the key comparison, via afunction object that will be stored in the intrusive con-
tainer. This means that the priority can be stored in the value to be introduced in the treap or computed on flight (via hashing or
similar).

Boost.I ntrusive offers 3 containers based on treaps: t reap_set, treap_nul ti set andtreap. Thefirst two are similar to set
or mul ti set and thelatter is a generalization that offers functions both to insert unique and multiple keys.

The memory overhead of these containers with Boost.Intrusive hooks is 3 pointers.

Anempty,treap_set,treap_nul ti set ortreap hasalsothesizeof 3 pointersand aninteger (supposing empty function objects
for key and priority comparison and constant-time size).

Boost.I ntrusive treap associative containers don't use their own hook types but plain Binary search tree hooks. See Binary search
tree hooks: bs_set_base hook and bs_set_member_hook section for more information about these hooks.

treap_set, treap_multiset and treap containers

tenplate <class T, class ... Options>
cl ass treap_set;

tenplate <class T, class ... Options>
class treap_nultiset;

tenplate <class T, class ... Options>
cl ass treap;

These containers receive the same options explained in the section How to use Boost.Intrusive:

* base_hook<cl ass Hook>/nenber hook<cl ass T, class Hook, Hook T::* PtrToMenber>/val ue_traits<cl ass
Val ueTr ai t s>: To specify the hook type or value traits used to configure the container. (To learn about value traits go to the
section Containers with custom ValueTraits.)

e constant _time_size<bool Enabl ed>: To activate the constant-time size() operation. Default: con-
stant _tinme_size<true>

* size_type<bool Enabled>: To specify the type that will be used to store the size of the container. Default:
size_type<std::size_t>

And they also can receive additional options:
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e conpar e<cl ass Conpar e>: Comparison function for the objectsto beinserted in containers. The comparison functor must induce
astrict weak ordering. Default: conpar e< std: : | ess<T> >

e priority<class PriorityConpare>: Priority Comparison function for the objects to be inserted in containers. The compar-
ison functor must induce a strict weak ordering. Default: priority< priority_conpare<T> >

The default pri ority_conpar e<T> object function will call an unqualified function pri ority_or der passing two constant T
references as arguments and should return true if the first argument has higher priority (it will be searched faster), inducing strict
weak ordering. The function will be found using ADL lookup so that the user just needsto defineapri ority_order functionin
the same namespace as his class:

struct MyType

{
friend bool priority_order(const MyType &, const MyType &b)
{...}

b

or

namespace nytype {
struct MyType{ ... };

bool priority_order(const MyType &, const MyType &b)
{...}

} I/ nanespace mytype {

Exception safety of treap-based intrusive containers

In general, intrusive containers offer strong safety guarantees, but treap containers must deal with two possibly throwing functors
(onefor value ordering, another for priority ordering). Moreover, treap erasure operations require rotations based on the priority order
function and this issue degrades usual er ase(const _i t erat or) no-throw guarantee. However, intrusive offers the strongest
possible behaviour in these situations. In summary:

« If thepriority order functor does not throw, treap-based containers, offer exactly the same guarantees as other tree-based containers.

« If the priority order functor throws, treap-based containers offer strong guarantee.

Example

Now let's see a small example using binary search tree hooksandt r eap_set/treap_nul ti set containers:
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#i ncl ude <boost/intrusive/treap_set. hpp>
#i ncl ude <vector>

#i ncl ude <al gorithne

#i ncl ude <cassert>

usi ng nanmespace boost::intrusive;

class MyO ass : public bs_set_base_hook<> //This is a base hook

{
int int_;
unsigned int prio_;
public:
/1 This is a menber hook
bs_set _menber _hook<> nenber _hook_;
MyClass(int i, unsigned int prio) : int_(i), prio_(prio)
{}
unsigned int get_priority() const
{ return this->prio_; }
/lLess and greater operators
friend bool operator< (const MyClass &, const MyC ass &b)
{ returna.int_<b.int_; }
friend bool operator> (const MyClass &, const MyC ass &b)
{ returna.int_>b.int_; }
/Il Default priority conpare
friend bool priority_order (const MO ass &a, const Myd ass &b)
{ return a.prio_ < b.prio_; } [//Lower value neans higher priority
/1l nverse priority conpare
friend bool priority_inverse order (const MyClass &, const MyCl ass &b)
{ return a.prio_ > b.prio_; } [//Hi gher value neans higher priority
}
struct inverse_priority
{
bool operator()(const MyCl ass &, const Myd ass &b) const
{ return priority_inverse_order(a, b); }
}

/1 Define an treap_set using the base hook that will store values in reverse order
typedef treap_set< Myd ass, conpare<std::greater<M/d ass> > > BaseSet ;

/1 Define an nmultiset using the nmenber hook that will store
t ypedef nenber_hook<Myd ass, bs_set nenber _hook<>, &Wd ass:: menber _hook_> Menber Opti on;
typedef treap_nultiset

< MyC ass, MenberOption, priority<inverse_priority> > MenberMiltiset;

int main()
{

typedef std::vector<MyC ass>::iterator Vectlt;

/Il Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i) values.push_back(Mydass(i, (i %10)));

BaseSet baseset;
Menmber Mul ti set nenbernul tiset;

/I Now insert themin the sets
for(Vectlt it(values.begin()), itend(values.end()); it !=itend; ++it){
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baseset.insert(*it);
nmenbernul tiset.insert(*it);

}
[/ Now test treap_sets
{
BaseSet::reverse_iterator rbit(baseset.rbegin())
Member Mul tiset::iterator mit(menbernultiset.begin());
Vectlt it(values.begin()), itend(values.end())
/1 Test the objects inserted in the base hook treap_set
for(; it !'=itend; ++it, ++rbit)
if(&rbit '= &it) return 1
/1 Test the objects inserted in the nenber hook treap_set
for(it = values.begin(); it !=itend;, ++it, ++mit)
if(&mt I'= &it) return 1
/1 Test priority order
for(int i = 0; i < 100; ++i){
i f(baseset.top()->get_priority() != static_cast<unsigned int>(i/10))
return 1;
i f(menmbernultiset.top()->get_priority() != 9u - static_cast<unsigned int>(i/10))
return 1;
baseset . erase(baseset.top());
menbernul tiset. erase(nenbernultiset.top());
}
}
return O;
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Binary search tree hooks: bs_set base hook and
bs set_ member hook

Binary search tree hooks can be used with several tree-like containers that don't need any additional metadata for rebalancing oper-
ations. This has many advantages since binary search tree hooks can also be used to insert valuesin plain binary search tree, splay
tree, scapegoat tree, and treap containers.

tenpl ate <class ... Options>
cl ass bs_set _base_hook;

* bs_set _base_hook: theuser classderives publicly from this classto make it compatible with the mentioned tree based containers.

tenpl ate <class ... Options>
cl ass bs_set _nenber_hook;

* bs_set _menber _hook: the user class containsapublic member of this classto make it compatible with the mentioned tree based
containers.

bs_set _base_hook and bs_set _nmenber _hook receive the same options explained in the section How to use Boost.Intrusive:

* tag<cl ass Tag> (for base hooksonly): Thisargument servesasatag, so you can derive from more than one base hook. Default:
tag<def aul t _tag>.

e |link_node<link_node_type Li nkMbde>: Thelinking policy. Default: | i nk_node<safe_| i nk>.

» voi d_poi nter<cl ass Voi dPoi nt er >: The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.
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Advanced lookup and insertion functions for associat-
Ive containers

Advanced lookups

Boost.I ntrusive associative containers offer the same interface as STL associative containers. However, STL and TR1 ordered and
unordered simple associative containers (std: :set, std::multiset, std::trl::unordered_set and std::trl::un-
or der ed_nul ti set ) have some inefficiencies caused by the interface: the user can only operate with val ue_t ype objects. When
using these containers we must usei t er at or fi nd(const val ue_type &val ue) to find avalue. The same happensin other
functionslike equal _r ange, | ower _bound, upper _bound, etc

However, sometimes the object to be searched is quite expensive to construct:

#i ncl ude <boost/intrusive/set. hpp>
#i ncl ude <boost/intrusive/ unordered_set. hpp>
#i ncl ude <cstring>

usi ng namespace boost: :intrusive;

/1 Hash function for strings
struct StrHasher

{
std::size_t operator()(const char *str) const
{
std::size t seed = O;
for(; *str; ++str) boost : : hash_conbi ne(seed, *str);
return seed;
}
}

cl ass Expensive : public set_base_hook<>, public unordered_set_base_hook<>
{

std::string key_;

/1 O her nenbers...

public:
Expensi ve(const char *key)

key_(key)
{} [/lother expensive initializations...

const std::string & get_key() const
{ return key_; }

friend bool operator < (const Expensive &, const Expensive &b)
{ return a.key_ < b.key_; }

friend bool operator == (const Expensive &a, const Expensive &b)
{ return a.key_ == b.key_; }

friend std::size_t hash_val ue(const Expensive &object)
{ return StrHasher()(object.get_key().c_str()); }
s

/1 A set and unordered_set that store Expensive objects
t ypedef set <Expensive> Set ;
t ypedef unordered_set <Expensi ve> Unor der edSet ;

/'l Search functions
Expensi ve *get _from set (const char* key, Set &set_object)
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{
Set::iterator it = set_object.find(Expensive(key));
if( it == set_object.end() ) return O;
return &it;
}
Expensi ve *get _from uset (const char* key, UnorderedSet &uset_object)
{
UnorderedSet::iterator it = uset_object.find(Expensive (key));
if( it == uset_object.end() ) return O;
return &it;
}

Expensi ve is an expensive object to construct. If "key" c-string is quite long Expensi ve hasto construct ast d: : st ri ng using
heap memory. Like Expensi ve, many times the only member taking part in ordering issuesisjust asmall part of the class. For ex-
ample, with Expensi ve, only theinternal st d: : st ri ng is needed to compare the object.

In both containers, if wecall get _from set/ get _from unordered_set inaloop, we might get aperformance penalty, because
we are forced to create awhole Expensi ve object to be able to find an equivalent one.

Sometimes this interface limitation is severe, because we might not have enough information to construct the object but we
might have enough infor mation to find the object. In this case, a name is enough to search Expensi ve in the container but con-
structing an Expensi ve might require more information that the user might not have.

To solve this, set /mul ti set offer aternative functions, which take any type comparable with the value and a functor that should
be compatible with the ordering function of the associative container. unor der ed_set /unor der ed_nul ti set offers functions
that take any key type and compatible hash and equality functions. Now, let's see the optimized search function:

/'l These conpare Expensive and a c-string
struct StrExpConp

{
bool operator()(const char *str, const Expensive &c) const
{ return std::strcnp(str, c.get_key().c_str()) < 0; }
bool operator()(const Expensive &c, const char *str) const
{ return std::strcnp(c.get_key().c_str(), str) < 0; }

b

struct StrExpEqual

{
bool operator()(const char *str, const Expensive &c) const
{ return std::strcnp(str, c.get_key().c_str()) == 0; }
bool operator()(const Expensive &c, const char *str) const
{ return std::strcnp(c.get_key().c_str(), str) == 0; }

b

/1 Optimzed search functions
Expensi ve *get_from set_optim zed(const char* key, Set &set_object)

{
Set::iterator it = set_object.find(key, StrExpConp());
if( it == set_object.end() ) return O;
return &it;
}
Expensi ve *get _from uset _optim zed(const char* key, UnorderedSet &uset_object)
{
UnorderedSet::iterator it = uset_object.find(key, StrHasher(), StrExpEqual ());
if( it == uset_object.end() ) return O;
return &it;
}
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This new arbitrary key overload is also available for other functions taking values as arguments:
» equal_range

* lower_bound

 upper_bound

* count

e find

* erase

Check set, mul ti set,unordered_set,unordered_nul tiset referencesto know more about those functions.

Advanced insertions

A similar issue happens with insertions in simple ordered and unordered associative containers with unique keys (st d: : set and
std::tr1::unordered_set).Inthesecontainers, if avalueisalready present, the valueto beinserted is discarded. With expensive
values, if the value is already present, we can suffer efficiency problems.

set and unor der ed_set have insertion functions to check efficiently, without constructing the value, if avalue is present or not
and if it'snot present, afunction to insert it immediately without any further lookup. For example, using the same Expensi ve class,
this function can be inefficient:

/1 Insertion functions
bool insert_to_set(const char* key, Set &set_object)

{
Expensi ve *pobj ect = new Expensive(key);
bool success = set_object.insert(*pobject).second;
i f(!success) del et e pobj ect;
return success;
}
bool insert_to_uset(const char* key, UnorderedSet &uset_object)
{
Expensi ve *pobj ect = new Expensive(key);
bool success = uset_object.insert(*pobject).second,
i f(!success) del et e pobj ect;
return success;
}

If the object is already present, we are constructing an Expensi ve that will be discarded, and thisis a waste of resources. Instead
of that, let'susei nsert _check andi nsert_commi t functions:
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/1 Optimzed insertion functions
bool insert_to_set_optim zed(const char* key, Set &set_object)

{
Set::insert_commit_data insert_data,;
bool success = set_object.insert_check(key, StrExpConp(), insert_data).second;
i f(success) set_object.insert_commt(*new Expensi ve(key), insert_data);
return success;
}

bool insert_to_uset_optim zed(const char* key, UnorderedSet &uset_object)

{

UnorderedSet::insert_comit_data insert_data;
bool success = uset_object.insert_check
(key, StrHasher(), StrExpEqual (), insert_data).second;
i f(success) uset_object.insert_commit(*new Expensive(key), insert_data);
return success;

i nsert_check issimilar toanormal i nsert but:
* insert_check can be used with arbitrary keys

« if theinsertion is possible (there is no equivalent value) i nsert _check collects al the needed informationinani nsert _com
m t _dat a structure, sothati nsert _conmmi t:

« doesnot execute further comparisons
 can be executed with constant-time complexity
* has no-throw guar antee.

These functions must be used with care, since no other insertion or erasure must be executed between ani nsert _check and an
i nsert_conm t pair. Otherwise, thebehaviour isundefined.i nsert _check andi nsert _commi t will comeinhandy for developers
programming efficient non-intrusive associative containers. See set and unor der ed_set reference for more information about
insert_check andi nsert_conmit.

With multiple ordered and unordered associative containers (nul ti set and unor der ed_nul ti set ) thereisno need for these ad-
vanced insertion functions, since insertions are always successful.

Positional insertions

Some ordered associative containers offer low-level functions to bypass ordering checks and insert nodes directly in desired tree
positions. These functions are provided for performance reasons when valuesto be inserted in the container are known to fulfill order
(sets and multisets) and uniqueness (sets) invariants. A typical usage of these functions is when intrusive associative containers are
used to build non-intrusive containers and the programmer wants to speed up assignments from other associative containers: if the
ordering and unigqueness properties are the same, there is no need to waste time checking the position of each source value, because
values are already ordered: back insertions will be much more efficient.

Note: These functions don't check preconditions so they must used with care. These are functions are low-level operations will
break container invariantsif ordering and uniqueness preconditions are not assured by the caller.

Let's see an example:
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#i ncl ude
#i ncl ude
#i ncl ude
#i ncl ude

<boost /i ntrusive/set. hpp>
<vect or >

<al gorit hm

<cassert>

usi ng nanmespace boost::intrusive;

/1A sinple class with a set
class MWd ass :

{

};

i nt

{

hook
public set_base_hook<>

public:

int int_;

Myd ass(int i) int_(i) {}

friend bool operator< (const MyClass &, const MyC ass &b)
{ returna.int_<b.int_; }

friend bool operator> (const MyClass &, const MyC ass &b)
{ returna.int_>b.int_; }

mai n()

/1 Create sone ORDERED el enents
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i)

val ues. push_back(M/d ass(i));

{ [//Data is naturally ordered in the vector with the sane criteria

/las multiset's conparison predicate,

/lall elenents,
nmul ti set <MyCl ass> nset;
for(int i =0; i < 100; ++i)

/1 Now check orderd invariant

nmul ti set <MyCl ass>: : const _iterator

for(int i =0; i < 99; ++i, ++it,

{ //Now the correct order for the set
el ement s
conpare< std::greater<Myd ass> > > nset;
nset. push_front (val ues[i]);

//so let's push front all
nmul ti set <Myd ass,
for(int i =0; i < 100; ++i)
/I Now check orderd invariant
nmul ti set <Myd ass,
const _iterator
for(int i =0; i < 99; ++i, ++it,
{ //Now push the first and the | ast
/I before the |ast
nmul ti set <MyCl ass> nset;
nset.insert_before(nset. begin(),
nmul ti set <MyCl ass>: : const _iterator
nset.insert_before(nmset.end(),
for(int i =1; i < 99; ++i)

/I Now check orderd invariant
nmul ti set <MyCl ass>: : const _iterator
for(int i =0; i < 99; ++i, ++it,

}

return O;

which is nore efficient than nornal

nset .

so we can just push back
insertion

nset . push_back(val ues[i]);

next (nset.cbhegin()), it(next++);
++next) assert(*it < *next);

is the reverse order

conpare< std::greater<MyC ass> > >::
next (nset . chegin()),

it(next++);
++next) assert(*it > *next);

and insert the rest

position using "insert_before"

val ues[ 0]);

pos =
val ues[99]);

i nsert_before(pos, values[i]);

next (nset.chegin()), it(next++);
++next) assert(*it < *next);
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For moreinformation about advanced lookup and insertion functions see associative containers documentation (e.g. set , nul ti set,
unor dered_set andunordered_nul ti set references).
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Erasing and disposing values from Boost.Intrusive
containers

One of the most tedi oustasks when using intrusive contai nersis the management of the erased elements. When using STL containers,
the container itself unlinks and destroys the contained elements, but with intrusive containers, the user must explicitly destroy the
object after erasing an element from the container. This makes STL-like functions erasing multiple objects unhelpful: the user can't
destroy every erased element. For example, let's take the functionr enove_i f from|li st :

t enpl at e<cl ass Pred>
void renove_if(Pred pred);

How can the user destroy the elements(say, usingoper at or del et e) that will be erased according to the predicate? Boost.I ntrusive
containers offer additional functionsthat take afunction object that will be called after the element has been erased from the container.
For example, | i st offers:

t enpl at e<cl ass Pred, class Disposer>
voi d renove_and_di spose_i f(Pred pred, D sposer disposer)

With thisfunction the user can efficiently remove and destroy elementsif the disposer function destroysan object: r enove_and_di s-
pose_i f will call the"disposer" function object for every removed element. | i st offers more functions taking a disposer function
object as argument, likeer ase_and_di spose, cl ear _and_di spose, renove_and_di spose, €tc.

Notethat the disposing function does not need to just destroy the object. It can implement any other operation likeinserting the remove
object in another container. Let's see a small example:
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#i ncl ude <boost/intrusive/list.hpp>
usi ng nanmespace boost::intrusive

/1A class that can be inserted in an intrusive |ist
class ny_class : public |Iist_base_hook<>

{ public:
nmy_class(int i)
int_(i)
{}
int int_
/...
}s

//Definition of the intrusive |ist
typedef list<my_class> ny_class_list;

/1 The predicate function

struct is_even

{
bool operator()(const my_class &) const
{ return O == (c.int_ %2); }

s

/1 The di sposer object function
struct del ete_di sposer

{
voi d operator()(my_class *delete_this)
{ delete delete_this; }
s
int main()
{
const int MaxEl em = 100
[IFill all the nodes and insert themin the |ist
my_class_list list;
try{
/'l nsert new objects in the container
for(int i =0; i < MaxElem ++i) list.push_back(*new my_class(i))
/1 Now use renove_and_di spose_if to erase and del ete the objects
list.renbve_and_di spose_if(is_even(), delete_disposer())
}
catch(...){
/11f sonething throws, nmake sure that all the nenory is freed
list.clear_and_di spose(del ete_di sposer());
t hr ow,
}
/1 Di spose renmai ning el enents
list.erase_and_di spose(list.begin(), list.end(), delete_disposer())
return O;
}

All Boost.Intrusive containers offer these "erase + dispose" additional members for all functions that erase an element from the
container.
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Cloning Boost.Intrusive containers

As previously mentioned, Boost.I ntr usive containers are non-copyable and non-assignable, because intrusive containers don't al-
locate memory at all. To implement a copy-constructor or assignment operator, the user must clone one by one al the elements of
the container and insert them in another intrusive container. However, cloning by hand is usually more inefficient than a member
cloning function and a specialized cloning function can offer more guarantees than the manual cloning (better exception safety
guarantees, for example).

To ease the implementation of copy constructors and assignment operators of classes containing Boost.I ntrusive containers, all
Boost.I ntrusive containers offer a special cloning function called cl one_from

Apart from the container to be cloned, cl one_f r omtakestwo function objects as arguments. For example, consider thecl one_f rom
member function of | i st :

tenpl ate <class C oner, class Disposer>
void clone_fromconst |list &rc, Coner cloner, D sposer disposer);

This function will make*t hi s aclone of sr c. Let's explain the arguments:
e Thefirst parameter isthelist to be cloned.

» Thesecond parameter isafunction object that will cloneval ue_t ype objectsand return apointer to the clone. It must implement
the following function: poi nt er operator () (const val ue_type &).

» The second parameter is a function object that will dispose val ue_t ype objects. It's used first to empty the container before
cloning and to dispose the elementsif an exception is thrown.

The cloning function works as follows:
* Firstit clears and disposes al the elements from *this using the disposer function object.
» After that it starts cloning all the elements of the source container using the cloner function object.

« If any operation in the cloning function (for example, the cloner function object) throws, all the constructed elements are disposed
using the disposer function object.

Hereisan example of cl one_f rom
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#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <i ostreanr
#i ncl ude <vector>

usi ng nanmespace boost::intrusive;

/1A class that can be inserted in an intrusive |ist
class ny_class : public |Iist_base_hook<>

{
public:
friend bool operator==(const ny_class &, const ny_class &b)
{ return a.int_ == b.int_; }
int int_;
/...
}

//Definition of the intrusive |ist
typedef list<my_class> ny_class_list;

/1 d oner object function

struct new_cl oner

{
nmy_cl ass *operator()(const ny_class &clone_this)
{ return new ny_class(clone_this); }

}

/1 The di sposer object function
struct del ete_di sposer

{
voi d operator()(my_class *delete_this)
{ delete delete_this; }
}s
int main()
{
const int MaxEl em = 100;
std::vector<ny_class> nodes(MaxEl em ;
[IFill all the nodes and insert themin the |ist
my_class_list list;
for(int i =0; i < MaxElem ++i) nodes[i].int_ =1i;
list.insert(list.end(), nodes.begin(), nodes.end());
/1 Now clone "list" using "new' and "del ete" object functions
my_class_list cloned_list;
cloned_list.clone_fromlist, new cloner(), delete_disposer());
/1 Test that both are equal
if(cloned_list !'=1list)
std::cout << "Both lists are different" << std::endl;
el se
std::cout << "Both lists are equal" << std::endl;
//Don"t forget to free the nmenory fromthe second |i st
cloned_list.clear_and_di spose(del ete_disposer());
return O;
}
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Using function hooks

A programmer might find that base or member hooks are not flexible enough in some situations. In some applications it would be
optimal to put a hook deep inside a member of a class or just outside the class. Boost.I ntrusive has an easy option to alow such
cases: f uncti on_hook.

This option is similar to menber _hook or base_hook, but the programmer can specify a function object that tells the container
how to obtain a hook from a value and vice versa. The programmer just needs to define the following function object:

/1 This functor converts between val ue_type and a hook_type
struct Functor

{
/1 Required types
typedef /*inpl-defined*/ hook_t ype;
typedef /*inpl-defined*/ hook_ptr;
typedef /*inpl-defined*/ const _hook_ptr;
typedef /*inpl-defined*/ val ue_type;
typedef /*inpl-defined*/ poi nter;
typedef /*inpl-defined*/ const _poi nter;
/'l Required static functions
static hook_ptr to_hook_ptr (val ue_type &val ue);
static const_hook_ptr to_hook_ptr(const val ue_type &val ue);
static pointer to_value_ptr(hook_ptr n);
static const_pointer to_val ue_ptr(const_hook_ptr n);
b

Converting from values to hooks is generally easy, since most hooks are in practice members or base classes of class data members.
Theinverse operation isabit more complicated, but Boost.I ntrusive offersabit of help with thefunctionget _par ent _f r om nmenber ,
which allows easy conversions from the address of a data member to the address of the parent holding that member. Let's see alittle
example of f uncti on_hook:
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#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <boost/intrusive/parent_from nmenber. hpp>

usi ng nanespace boost::intrusive;

struct Myd ass
{
int dumy;
/1 This internal type has a nmenber hook
struct | nnerNode
{
int dumy;
i st _menber _hook<> hook;
} inner;

}

/1 This functor converts between MyC ass and | nnerNode's nenber hook
struct Functor
{

/1 Required types

typedef I|ist_nenber _hook<> hook_t ype;

typedef hook_type* hook_ptr;

typedef const hook_type* const _hook_ptr;

typedef Myd ass val ue_type;

typedef val ue_type* poi nter;

typedef const val ue_type* const _pointer;

/'l Required static functions
static hook_ptr to_hook_ptr (val ue_type &val ue)
{ return &val ue.inner. hook; }
static const_hook _ptr to_hook_ptr(const val ue_type &val ue)
{ return &val ue.inner. hook; }
static pointer to_value_ptr(hook_ptr n)
{
return get_parent _from nmenber<Myd ass>
(get _parent _from nenber <Myd ass: : | nner Node>(n, &WUC ass: : | nner Node: : hook)
, &y d ass: ;i nner
)
}
static const_pointer to_val ue_ptr(const_hook_ptr n)
{
return get_parent _from nmenber<Myd ass>
(get _parent _from nenber <Myd ass: : | nner Node>(n, &WUC ass: : | nner Node: : hook)
, &My d ass: ;i nner

}

//Define a list that will use the hook accessed through the function object
typedef list< MyCass, function_hook< Functor> > List;

int main()
{
Myd ass n;
List |;
/llnsert the node in both lists
| .insert(l.begin(), n);
assert (l.size() == 1);
return O;
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Recursive Boost.Intrusive containers

Boost.I ntrusive containers can be used to define recursive structures very easily, alowing complex data structures with very low
overhead. Let's see an example:

#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <cassert>

usi ng nanespace boost::intrusive;
typedef |ist_base_hook<> BaseHook;

/1A recursive class
cl ass Recursive : public BaseHook

{
private:
Recur si ve(const Recursiveg&);
Recursi ve & operator=(const Recursive&);
public:
Recursive() : BaseHook(), children(){}
|ist< Recursive, base_hook<BaseHook> > chil dren;
}
int main()
{
Recursive f, f2;
/1A recursive list of Recursive
|l ist< Recursive, base_hook<BaseHook> > |;
/llnsert a node in parent |ist
| .insert(l.begin(), f);
/l1nsert a node in child Iist
| .begin()->children.insert(l.begin()->children.begin(), f2);
/1 bj ects properly inserted
assert(l.size() == 1.begin()->children.size());
assert (l.size() == 1);
//Clear both lists
| . begin()->children.clear();
|.clear();
return O;
}

Recursive data structures using Boost.I ntr usive containers must avoid using hook deduction to avoid early type instantiation:
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/1 This leads to conpilation error (Recursive is instantiated by
/1"list'" to deduce hook properties (pointer type, tag, safe-node...)
cl ass Recursive

{ 11...

list< Recursive > |;
/...
I

/1 Ok, progranmer nust specify the hook type to avoid early Recursive instantiation
cl ass Recursive
{ 1.

|l ist< Recursive, base_hook<BaseHook> > |;

/...

I
Member hooks are not suitable for recursive structures:

cl ass Recursive

{

private:

Recur si ve(const Recursive&);

Recursi ve & operator=(const Recursive&);

public:

i st_menmber hook<> nmemhook;

|ist< Recursive, nenber_hook<Recursive, |ist_nenmber hook<> &Recursive::nenhook> > children;
s

Specifying &Recur si ve: : menhook (that is, the offset between memhook and Recursive) provokes an early instantiation of Recur s-
i ve. To define recursive structures using member hooks, a programmer should use f unct i on_hook:

67

httpo://www.renderx.com/


http://www.renderx.com/
http://www.renderx.com/reference.html
http://www.renderx.com/tools/
http://www.renderx.com/

Boost.Intrusive

#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <boost/intrusive/parent_from nmenber. hpp>

usi ng nanespace boost::intrusive;
cl ass Recursive;
/1 Declaration of the functor that converts betwen the Recursive

//class and the hook
struct Functor

{
/1 Required types
typedef I|ist_nenber _hook<> hook_t ype;
typedef hook_type* hook_ptr;
typedef const hook_type* const _hook_ptr;
typedef Recursive val ue_type;
typedef val ue_type* poi nter;
typedef const val ue_type* const _pointer;
/'l Required static functions
static hook_ptr to_hook_ptr (value_type &val ue);
static const_hook_ptr to_hook_ptr(const val ue_type &val ue);
static pointer to_value_ptr(hook_ptr n);
static const_pointer to_value_ptr(const_hook_ptr n);
s

// Define the recursive class
cl ass Recursive

{ .

private:

Recursi ve(const Recursiveg&);

Recursi ve & operator=(const Recursive&);

public:

Recursive() : hook(), children() {}

|'i st_menber _hook<> hook;

list< Recursive, function_hook< Functor> > children;
s

/I Definition of Functor functions
i nline Functor::hook_ptr Functor::to_hook _ptr (Functor::value_type &val ue)
{ return &val ue. hook; }
i nline Functor::const_hook _ptr Functor::to_hook ptr(const Functor::value_type &val ue)
{ return &val ue. hook; }
inline Functor::pointer Functor::to_value_ptr(Functor::hook _ptr n)
{ return get_parent _from nenber<Recursive>(n, &Recursive::hook); 1}
inline Functor::const_pointer Functor::to_val ue_ptr(Functor::const_hook_ptr n)
{ return get_parent _from nenber<Recursive>(n, &Recursive::hook); }

int main()
{
Recursive f, f2;
/1A recursive |ist of Recursive
list< Recursive, function_hook< Functor> > |;

//lnsert a node in parent |ist
| .insert(l.begin(), f);

/l1nsert a node in child Iist
| . begin()->children.insert(l.begin()->children.begin(), f2);

/| bj ects properly inserted
assert(l.size() == 1.begin()->children.size());
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assert (l.size() == 1);

/1 Clear both lists

| . begin()->children.clear();

| .clear();
return O;
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Using smart pointers with Boost.Intrusive containers

Boost.I ntrusive hooks can be configured to use other pointers than raw pointers. When a Boost.I ntrusive hook is configured with
asmart pointer asan argument, this pointer configuration is passed to the containers. For example, if thefollowing hook is configured
with asmart pointer (for example, an offset pointer from Boost.I nter process):

#i ncl ude <boost/intrusive/list.hpp>
#i ncl ude <boost/interprocess/offset_ptr. hpp>

usi ng nanespace boost::intrusive;
nanespace i p = boost::interprocess;

cl ass shared_nenory_data
/I Declare the hook with an of fset_ptr from Boost.|nterprocess
//to make this class conpatible with shared nenory
public Iist_base_hook< void_pointer< ip::offset_ptr<void> > >

{
int data_id_;
public:
int get() const { return data_id_; }
void set(int id) { data_id_=id; }
}

Any intrusive list constructed using this hook will be ready for shared memory, because the intrusive list will also use offset pointers
internally. For example, we can create an intrusive list in shared memory combining Boost.I nter process and Boost.I ntrusive:
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#i ncl ude <boost/i nterprocess/ nanaged_shar ed_nenory. hpp>
#i ncl ude <boost/i nterprocess/containers/vector. hpp>

#i ncl ude <boost/interprocess/containers/list.hpp>

#i ncl ude <boost/interprocess/allocators/allocator. hpp>

//Definition of the shared nenory friendly intrusive |ist
typedef |ist<shared_nmenory_data> intrusive_list_t;

int main()
{
/I Now create an intrusive list in shared nenory:
/I nodes and the container itself nust be created in shared nenory
const int MaxEl em 100;
const int ShnSize 50000;
const char *ShnmNane get _shared_nenory_nane();

{
/1 Erase all old shared nmenory
i p: : shared_nmenory_obj ect: : renove( ShnNane) ;
i p: : managed_shared_nenory shn{ip::create_only, ShnmNane, ShnSize);
//Create all nodes in shared nenory using a shared nenory vector
/1 See Boost. | nterprocess docunentation for nore information on this
typedef ip::allocator
< shared_nenory_data, ip::mnaged_shared_nenory::segnent _nmanager >
shm al |l ocator _t;
typedef ip::vector<shared_nenory_data, shmallocator_t> shmvector _t;
shm al l ocator _t shm al |l oc(shm get _segnent _nmanager ());
shm vector_t *pshmvect =
shm construct <shm vector _t>(i p::anonynous_i nstance) (shm all oc);
pshm vect - >r esi ze( MaxEl em ;
/llnitialize all the nodes
for(int i =0; i < MaxElem ++i) (*pshmuvect)[i].set(i);
/I Now create the shared nmenory intrusive |ist
intrusive_list_t *plist = shmconstruct<intrusive_list_t>(ip::anonynous_instance)();
/llnsert objects stored in shared nenory vector in the intrusive I|ist
plist->insert(plist->end(), pshmvect->begin(), pshmyvect->end());
/I Check all the inserted nodes
int checker = 0;
for( intrusive_list_t::const_iterator it = plist->begin(), itend(plist->end())
it '=itend; ++it, ++checker){
if(it->get() != checker) return fal se;
}
/I Now del ete the list and after that, the nodes
shm destroy_ptr(plist);
shm destroy_ptr(pshmvect);
}
i p: : shared_nenory_obj ect: : renove( ShnNane) ;
return O;

Requirements for smart pointers compatible with Boost.Intrusive

Not every smart pointer is compatible with Boost.I ntrusive:

It must be compatiblewith C++11 st d: : poi nt er _trai t s requirements. Boost.I ntrusive usesitsown poi nter _trai ts class
to implement those featuresin both C++11 and C++03 compilers.
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e It must have the same ownership semantics as a raw pointer. This means that resource management smart pointers (like
boost : : shared_ptr) can't be used.

The conversion from the smart pointer to araw pointer will be implemented asarecursive call to oper at or - >() until the function
returns araw pointer.

72

render

httpo://www.renderx.com/


http://www.renderx.com/
http://www.renderx.com/reference.html
http://www.renderx.com/tools/
http://www.renderx.com/

render

Boost.Intrusive

Obtaining iterators from values

Boost.I ntrusive offers another useful feature that's not present in STL containers: it's possible to obtain an iterator to a value from
the valueitself. This feature isimplemented in Boost.I ntrusive containers by afunction calledi t er at or _t o:

iterator iterator_to(reference value);
const _iterator iterator_to(const_reference val ue);

For Boost.| ntrusive containers that have local iterators, like unordered associative containers, we can also obtain local iterators:

local _iterator local _iterator_to(reference val ue);
const _local _iterator local _iterator_to(const_reference value) const;

For most Boost.Intrusive containers (1i st, sli st,set, nul ti set)wehavean alternative statics_i t er at or _t o function.

For unordered associative containers (unor der ed_set , nul ti set),i t erat or _t o has no static alternative function. On the other
hand, | ocal _i t erator_t o functions havetheirs_| ocal _i t er at or _t o static aternatives.

Alternative static functions are available under certain circumstances explained in the Stateful value traits section; if the programmer
uses hooks provided by Boost.I ntrusive, those functions will be available.

Let's see asmall function that showstheuseof iterator _toandl ocal _iterator_to:
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#i ncl ude
#i ncl ude
#i ncl ude
#i ncl ude

<boost/intrusive/list. hpp>
<boost /i ntrusive/ unordered_set
<boost/functi onal / hash. hpp>
<vect or >

usi ng nanmespace boost::intrusive

class intrusive_data
{
int data_id_;
public:
void set(int id) { data_id_=id;

- hpp>

}

/1 This class can be inserted in an intrusive |ist
|'ist_menber _hook<> list_hook_;

/1 This class can be inserted in an intrusive unordered_set

unor der ed_set _nmenber _hook<>

/| Conpari son operators
friend bool operator==(const intrusive_data &, const

unor der ed_set _hook_;

}

}

{ return a.data_id_ == b.data_id_;

friend bool operator!=(const intrusive_data &, const
{ return a.data_id_!= b.data_id_;

[/ The hash function

friend std::size_t hash_val ue(const
{ return boost::hash<int>()(i.data_id_); }

};

//Definition of the intrusive list that wll
t ypedef nenber _hook<i ntrusive_data

t ypedef

//Definition of the intrusive unordered_set that wll

& ntrusive_data::list_hook_ >
i st<intrusive_data, MenberlList

t ypedef nenber_hook
ntrusi ve_data, unordered_set _nenber _hook<>
, & ntrusive_data::unordered_set_hook_> Menber Uset Opti on;

t ypedef boost::intrusive::unordered_set
< intrusive_data, MenberUset Option>

<

int main()

{

/1 Create MaxEl em obj ects

const

int MaxEl em = 100

intrusive_data &)

Menber Li st Opti on
Option> list_t;

unor dered_set _t;

std::vector<intrusive_data> nodes( MaxEl em

/| Dec
list_t

are the intrusive containers
list;

unordered_set _t:: bucket _type buckets[ MaxEl en;
unordered_set _t unordered_set
(unordered_set _t::bucket_traits(buckets, MaxEl em)

/11nit

ialize all the nodes

for(int i =0; i < MaxElem ++i) nodes[i].set(i)

//Now insert themin both intrusive containers
nsert(list.end(), nodes. begin(), nodes.end())
unor dered_set . i nsert(nodes. begin(),

list.i

nodes. end()) ;

i ntrusive_data &b)

i ntrusive_data &b)

hol d intrusive_data
i st_menber _hook<>

hol d intrusive_data
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/1 Now check the iterator_to function
list _ t::iterator list_it(list.begin());

for(int i =0; i < MaxElem ++i, ++list_it)
if(list.iterator_to(nodes[i]) = list_it ||
list t::s_iterator_to(nodes[i]) !=1list_it)
return 1;

/1 Now check unordered_set::s_iterator_to (which is a nmenber function)
/1and unordered_set::s_local _iterator_to (which is an static nenber function)
unordered_set _t::iterator unordered_set _it(unordered_set.begin())

for(int i =0; i < MaxElem ++i){
unordered_set it = unordered_set.find(nodes[i])
i f(unordered_set.iterator_to(nodes[i]) != unordered_set _it)
return 1;

i f(*unordered_set.local _iterator_to(nodes[i]) !
*unordered_set _t::s_local _iterator_to(nodes[i])
return 1;

*unordered_set it |
*unordered_set it )

}

return O;
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Any Hooks: A single hook for any Intrusive container

Sometimes, a class programmer wants to place a classin several intrusive containers but no at the same time. In this case, the pro-
grammer might decide to insert two hooks in the same class.

class MWyd ass
. public list_base_hook<> public slist_base_hook<> //...
{h

However, there is a more size-efficient aternative in Boost.Intrusive: "any" hooks (any_base_hook and any_menber _hook).
These hooks can be used to store atype in several containers offered by Boost.I ntrusive minimizing the size of the class.

These hooks support these options:

* tag<cl ass Tag> (for base hooksonly): Thisargument serves asatag, so you can derive from more than one slist hook. Defaullt:
tag<def aul t _t ag>.

* |link_node<link_node_type LinkMde>: The linking policy. |ink_node<aut o_unlink> is not supported and
I i nk_node<saf e_node> might offer weaker error detection in any hooksthanin other hooks. Default: | i nk_node<saf e_l i nk>.

» voi d_poi nter<cl ass Voi dPoi nt er >: The pointer type to be used internally in the hook and propagated to the container.
Default: voi d_poi nt er <voi d*>.

aut o_unl i nk can't be supported because the hook does not know in which type of container might be currently inserted. Additionally,
these hooks don't support unl i nk() and swap_nodes() operationsfor the same reason.

Here is an example that creates a class with two any hooks, and uses oneto insert the classinasl i st and the other oneinal i st .
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#i ncl ude <vector>

#i ncl ude <boost/i ntrusive/ any_hook. hpp>
#i ncl ude <boost/intrusive/slist. hpp>

#i ncl ude <boost/intrusive/list.hpp>

usi ng nanmespace boost::intrusive;

class Myd ass : public any_base_hook<> //Base hook

{
int int_
public:
any_nenber _hook<> nmenber _hook_; //Menber hook
My ass(int i =0) : int_(i)
{}
s
int main()
{
/1 Define a base hook option that converts any_base_hook to a slist hook
typedef any_to_slist_hook < base_hook< any_base_hook<> > > BaseSl i st Opti on;
typedef slist<MyCl ass, BaseSlistOption> BaseSLi st ;

/1 Define a nenber hook option that converts any_nenber_hook to a |ist hook
typedef any_to_list_hook< nermber_hook

< Myd ass, any_nenber _hook<> &Wd ass:: nmenber _hook_> > MenberListOption;
typedef |ist<Myd ass, MenberListOption> Member Li st ;

/'l Create several MyCl ass objects, each one with a different val ue
std::vector<Myd ass> val ues;
for(int i = 0; i < 100; ++i){ values.push_back(M O ass(i)); }

BaseSLi st base_sli st; Menber Li st nenber _I|ist;

/I Now insert themin reverse order in the slist and in order in the |ist
for(std::vector<MyCl ass>::iterator it(values.begin()), itend(values.end()); it !=itend; ++it)
base_slist.push_front(*it), nenber_list.push_back(*it);

/I Now test |ists

BaseSList::iterator bit(base_slist.begin());

Menber List::reverse_iterator nrit(menber_list.rbegin());

std::vector<MyC ass>::reverse_iterator rit(values.rbegin()), ritend(values.rend());

/] Test the objects inserted in the base hook Iist
for(; rit !'=ritend; ++rit, ++bit, ++nrit)

if(&bit '=&rit || &mit !'= &rit) return 1
return O;
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Concepts explained

This section will expand the explanation of previously presented basic concepts before explaining the customization options of
Boost.Intrusive.

* NodeAlgorithms: A set of static functionsthat implement basic operations on agroup of nodes: initialize anode, link_mode type
anode to agroup of nodes, unlink a node from another group of nodes, etc. For example, acircular singly linked list is a group
of nodes, where each node has a pointer to the next node. Node Algorithms just require a NodeTr aits template parameter and
they can work with any NodeTr aits classthat fulfillsthe needed interface. As an example, hereisaclassthat implements operations
to manage a group of nodes forming a circular singly linked list:

t enpl at e<cl ass NodeTrai ts>
struct ny_slist_algorithns

{
typedef typenane NodeTraits::node_ptr node_ptr;
typedef typenanme NodeTraits::const_node_ptr const_node_ptr;
/1 Get the previous node of "this_node"
static node_ptr get_prev_node(node_ptr this_node)
{
node_ptr p = this_node;
while (this_node != NodeTraits::get_next(p))
p = NodeTraits::get_next(p);
return p;
}
/1 nunmber of elements in the group of nodes containing "this_node"
static std::size_t count(const_node_ptr this_node)
{
std::size_t result = 0;
const _node_ptr p = this_node;
do{
p = NodeTraits::get_next(p);
++resul t;
} while (p != this_node);
return result;
}
/1 Nore operations
/1
}s

* Node Traits: A class that encapsulates the basic information and operations on a node within a group of nodes: the type of the
node, afunction to obtain the pointer to the next node, etc. Node Traits specify the configuration information Node Algorithms
need. Each type of Node Algorithm expects an interface that compatible Node Traits classes must implement. As an example,
thisisthe definition of aNode Traits class that is compatible with the previously presented my_sl i st _al gori t hns:
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struct nmy_slist_node_traits

{
/1 The type of the node
struct node
{
node *next_;
1
typedef node * node_ptr;
typedef const node * const_node_ptr
/1A function to obtain a pointer to the next node
static node_ptr get_next(const_node_ptr n)
{ return n->next_; }
/1A function to set the pointer to the next node
static void set_next(node_ptr n, node_ptr next)
{ n->next_ = next; }
b

» Hook: A classthat the user must add as a base class or as a member to his own class to make that class insertable in an intrusive
container. Usually the hook contains a node object that will be used to form the group of nodes: For example, the following class
isaHook that the user can add as a base class, to make the user class compatible with asingly linked list container:

class ny_slist_base_hook
//This hook contains a node, that will be used
//to link the user object in the group of nodes
private nmy_slist_node_traits::node

typedef ny_slist_node_traits::node_ptr node_ptr
typedef ny_slist_node_traits::const_node_ptr const_node_ptr;

/1 Converts the generic node to the hook
static nmy_slist_base_hook *to_hook_ptr(node_ptr p)
{ return static_cast<nmy_slist_base_hook*>(p); }

/1 Returns the generic node stored by this hook
node_ptr to_node_ptr()
{ return static_cast<node *const>(this); }

/'l Nore operations
11

}

/1 To make MyCl ass conpatible with an intrusive singly linked Iist
/lderive our class fromthe hook
cl ass MWyd ass

public ny_slist_base_hook

{
void set(int value);
int get() const;
private:
int value_;

b

» Intrusive Container: A container that offersa STL-like interface to store user objects. An intrusive container can be templatized
to store different value types that use different hooks. An intrusive container is also more elaborate than a group of nodes: it can
store the number of elements to achieve constant-time size information, it can offer debugging facilities, etc. For example, an
sl i st container (intrusive singly linked list) should be able to hold Myl ass objects that might have decided to store the hook
as a base class or as amember. Internaly, the container will use Node Algorithmsto implement its operations, and an intrusive
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container is configured using a template parameter called ValueTraits. ValueTraits will contain the information to convert user
classes in nodes compatible with Node Algorithms. For example, thisapossible sl i st implementation:

tenpl at e<cl ass Val ueTraits, ...>
class slist

{
public:
typedef typename Val ueTraits::value_type val ue_type;

/I More typedefs and functions
/1

//lnsert the value as the first elenent of the list
voi d push_front (reference val ue)

{

node_ptr to_insert(ValueTraits::to_node_ptr(value));
circular_list_algorithms::link_after(to_insert, get_root_node());

/1 Nore operations
/1

» Semi-Intrusive Container: A semi-intrusive container issimilar to an intrusive container, but apart from the values to be inserted
in the container, it needs additional memory (for example, auxiliary arrays or indexes).

» Value Traits: Aswe can see, to make our classes intrusive-friendly we add a simple hook as a member or base class. The hook
contains ageneric node that will beinserted in agroup of nodes. Node Algorithmsjust work with nodes and don't know anything
about user classes. On the other hand, an intrusive container needs to know how to obtain a node from a user class, and also the
inverse operation. So we can define ValueTr aits as the glue between user classes and nodes required by Node Algorithms. Let's
see a possible implementation of avalue traits class that glues MyClass and the node stored in the hook:

struct my_slist_derivation_value_traits

{
public:
typedef slist_node_traits node_traits;
typedef Myd ass val ue_type;
typedef node_traits::node_ptr node_ptr;
typedef val ue_type* poi nter;
/...
/1 Converts user's value to a generic node
static node_ptr to_node_ptr(reference val ue)
{ return static_cast<slist_base_hook &>(value).to_node_ptr(); }
/1 Converts a generic node into user's value
static value_type *to_val ue_ptr(node_traits::node *n)
{ static_cast<value_type*>(slist_base_hook::to_hook_ptr(n)); }
/1 Nore operations
11
b
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Node algorithms with custom NodeTraits

Asexplained in the Concepts section, Boost.I ntr usive containers areimplemented using node algorithms that work on generic nodes.

Sometimes, the use of intrusive containers is expensive for some environments and the programmer might want to avoid al the
template instantiations related to Boost.I ntrusive containers. However, the user can still benefit from Boost.I ntrusive using the
node algorithms, because some of those algorithms, like red-black tree algorithms, are not trivial to write.

All node algorithm classes are templatized by a NodeTr ai t s class. This class encapsulates the needed internal type declarations
and operations to make a node compatible with node algorithms. Each type of node a gorithms has its own requirements:

Intrusive singly linked list algorithms

These algorithms are static members of theci rcul ar _sl i st _al gori t hns class:

t enpl at e<cl ass NodeTraits>
struct circular_slist_algorithns;

An empty list is formed by a node whose pointer to the next node points to i