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ABSTRA CT

DGrid is a genericC++ library that addressesquerying of spatially clustered

point data. The library is basedon the Templated Composite designpattern,

which is a novel adaptation of the Composite pattern. DGrid usestemplate

metaprogrammingtechniquesto improveperformanceand 
exibilit y, and to allow

static typechecking. The library providessupport for querieson distributed data.

Usecasesare provided as evidencefor the library's practical merit.
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CHAPTER 1

In tro duction and Background

1.1 Motiv ation

This thesis presents DGrid, a library of data structures designedfor very

large-scalesetsof point data. The library wasdesignedand implemented accord-

ing to the following requirements:

� 
exibilit y for trade-o�s betweenquery time and construction time { Many

data structures are optimized for static data, sothat inserting and deleting

items is relatively expensive. An important goal for the DGrid library was

to provide a rangeof trade-o�s betweenthe cost of updatesand the cost of

queries,making the library suitable for highly dynamic data.

� genericdesign{ The DGrid library is designedto be minimally dependent

on a speci�c data structure. Academic work frequently focuseson imple-

menting a speci�c data structure (e.g. the Approximate NearestNeighbor

library [4]). DGrid allowsany two data structuresto becombined, provided

they have compatible operations.

� scalability up to very large dynamic datasets { DGrid usesthe Message

PassingInterface (MPI) library to allow data structures to be distributed

acrossmultiple concurrent processors.

Theserequirements are basedon a speci�c type of biology simulation [8]

that involves hosts (static entities) and vectors (dynamic entities that tend to

cluster around hosts). A typical example of this involves 
o wers as the hosts

and beesas the vectors. Another applicable type of problem is within transport

systems,such as air tra�c control (where airplanescluster around airports).

1
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1.2 Outline

The remainderof this chapter introducesthe theoretical and technical con-

cepts usedthroughout the paper. Chapter 2 o�ers a high-level overview of the

library. Section 2.1 describes the designpattern that underlies most of the li-

brary. Section2.2 provides the public interface of the library, while section 2.3

details several classesthat are usedinternally.

Chapter 3 discussesthe library's implementation. Section3.1 provides ad-

ditional details for the data structuresimplemented by the DGrid library. Section

3.2 goesinto detail about the techniquesusedto implement several speci�c fea-

tures. Chapter 4 presents our resultsand discussespossiblefuture work. Finally,

the Appendix provides an additional exampleprogram that usesthe DGrid li-

brary.

1.3 Spatial Data Structures

The term spatial data structure applies to any data structure that is de-

signedto hold points, lines, rectangles,etc. Spatial data structures can be opti-

mized for a variety of search operations, for example:

� rangequery { Find all points within a given rectangle.

� nearestneighbor query { For someset of points, �nd the nearestneighbor

to each.

� intersectionquery { Given a set of lines or shapes,�nd all `collisions.'

Typical trade-o�s for spatial data structuresarebetweenquery complexity, inser-

tion and deletion complexity, and memory requirements. Samet[11, 10] provides

an overview of the most commonspatial data structures.

1.3.1 Recursiv e Decomp osition

Many spatial data structures are basedon the idea of dividing the space

into smallerareas.Search operationscan then be limited to the relevant `bucket'
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Figure 1.1: A point quadtree with corresp onding spatial represen ta-
tion.
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only, making this method slightly more e�cien t than searching the entire space.

Bucketing can alsosave memory if we only instantiate the buckets that actually

have items in them. This is called tiling . The trade-o� is that insertion and

deletion will be slightly more complex|the data structure needsto compute the

correct bucket every time.

If we further divide each bucket into smaller`sub-buckets,' the result will be

a tree structure of increasingly�ne-grained subdivisions. This is called recursive

decomposition. The DGrid library is designedaround this principle.

1.3.2 Quadtrees

The quadtree [11] is a good exampleof a data structure that is basedon

recursive decomposition. It is a two dimensionaltree-baseddata structure that

is similar to a binary search tree. Each node has four children: NE, SE, SW,

and NW. There are several typesof quadtreethat are appropriate for point data.

This sectiondiscussestwo of these: the point quadtree and the matrix quadtree.

Figure 1.1 shows a point quadtree after the following insertions: A (7; 8);

B (8; 15); C (11; 4); D (3; 13); E (1; 14); F (2; 10). Each node represents a data

point, and points are added by a top-down search. This meansthat the shape

of a point quadtree depends on the insertion order of its points, and that the

tree may need balancing. Balancing and deletion are complicated by the fact
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Figure 1.2: An MX quadtree with corresp onding spatial represen ta-
tion.
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that data is stored in the internal nodes of the tree. These issuesare similar

to the onesfound in binary search trees, but the implementation is much more

complicated.

There are several other typesof quadtree. The implementation in DGrid is

a matrix (MX) quadtree. Figure 1.2 shows an 8� 8 MX quadtreefor the following

points: A (1; 7); B (3; 7); C (3; 6); D (2; 3); E (5; 3). In an MX quadtree, the

data points are stored in leaf nodesonly. Each intermediate node simply splits

the spaceinto four equally sizedquadrants. As a result, the shape of the tree

doesnot dependon the order in which items are inserted,and no balancingneeds

to be done.

The MX quadtreehassomelimitations comparedto the point quadtree. A

point quadtreecan have any arbitrary size,sincethe nodeshold the coordinates

that they represent. An MX quadtree must know its size in advance, and the

sizeis limited to powersof two (i.e. 2n � 2n ). Also, becausedata is stored in the

leaves, search operations require �( h) node traversals,where h is the height of

the tree, which is dependent on the sizeof the space. For point quadtrees,the

height of the tree dependson the number of items only.

The main advantage of the MX quadtreethat its shape is predictable|the

sameleafnodealways represents the samecoordinate. The quadtreeimplementa-

tion in DGrid usesthis property to ensuree�cien t insertion and deletion. Section

3.1.2describesthis implementation in more detail.
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1.4 C++ Template Techniques

C++ templates are a powerful and complex languagefeature. Templates

are Turing complete[15], which meansthat they can be usedas a (crude) func-

tional programming languagethat is executedat compile time. In the following

sections,we will outline the conceptsthat are most relevant to the DGrid library.

Vandevoorde and Josuttis [14] give a more completeexplanation.

1.4.1 Generic Programming

The primary reasontemplates were introduced into C++ was to support

generic programming. Consideran object oriented languagewithout templates.

A simple List data structure might have the following methods:

� void add( Object item ) { Adds an item to the list.

� Object get ( int index ) { Retrievesan item from the list.

Supposea List contains objects of type Item . The following code retrieves

the �fth element from the list:

Li s t myLi s t ;
/ / Omi t t ed : i nser t i t ems
I t em myI t em = ( I t em) myLi s t . get ( 4) ;

Sinceget () returns an Object , it is necessaryto downcast the return value to an

Item . A downcastmight throw an exceptionif we accidentally inserteda di�erent

type of object into myList . The problem is that this is a runtime error; inserting

the `wrong' type of object will not yield any compilation errors.

If List were implemented using templates, the compiler would be able to

catch this type of error. The code would look like this:

Li st <I t em> myLi s t ;
/ / Omi t t ed : i nser t i t ems
I t em myI t em = myLi s t . get ( 4) ;

Becausea List <Item > can only contain instancesof Item , there is no need to

downcast the return value of myList .get (4) ; it is already an Item . Adding some
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Listing 1.1: Generic programming example: max()
#i nc l ude <i os t r eam>

t empl at e <t ypename I t emType>
const I t emType & max ( const I t emType & a, const I t emType & b) {

r et ur n ( a < b) ? b : a;
}

i nt mai n( i nt ar gc , char * * ar gv ) {
i nt a = max ( 6 , 5) ;
doubl e b = max ( 5. 0 , 5. 1) ;

st d : : cout << a << st d : : endl
<< b << st d : : endl ;

}

non-Item object to myList is simply not possible,becauseit would result in a

compiletime error. The only way to achievethis without templatesis by manually

coding every specialization of the List class(e.g. ObjectList , ItemList , etc.),

which is typically not feasible.

Generic programming applies to algorithms as well. It attempts to make

algorithms minimally dependent on their data. Listing 1.1 demonstratesthis

principle. The templated max function returns the maximum of two items for

any type that has the lessthan (<) operator de�ned, including any user de�ned

classes.In a strictly object oriented language,userde�ned classeswould have to

implement a commonbaseclassor interface (e.g. Comparable).

Musser[6] o�ers a morecompletedescriptionof genericprogramming. Sev-

eral well known libraries make extensive useof generics.This includesthe C++

Standard Template Library (STL) [5, 7, 12] and the Boost libraries [3].

1.4.2 Template Metaprogramming

C++ templates can be used to perform computations at compile time.

Listing 1.2demonstratesthis by usingtemplatesto calculatefactorials. The fact

template is evaluated recursively, so that fact <5>:: value = 5 * fact <4>:: value
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= 5 * 4 * fact <3>:: value , etc. This meansthat fact <5>:: value is equivalent to

writing 120 asa literal. The value member is a static const sothat the compiler

can ensurethat there is a constant, compile time, value for every fact <N>.

The use of templates for computation is generally referred to as compile

time programmingor templatemetaprogramming. Listing 1.2 is a trivial example

of template metaprogramming,sinceit could easilybe replacedby regular C++

without templates. In theory, this is true of any code that usestemplates. For

example,instead of a templated List <Item> class(as described in the preceding

section),we could implement a separateListItem classfor every type of Item . It

should be clear, however, that using templateswould take much lesstime.

For morecomplicatedusesof templates, it becomesinfeasibleto hand-code

the equivalent non-templated classes.A good exampleis Veldhuizen's Blitz++

library [16], which usestemplate techniquesto provide very e�cien t array data

structures.

Listing 1.2: Recursiv e template example: Factorials
#i nc l ude <i os t r eam>

/ / def aul t t empl at e ( i nduc t i ve case)
t empl at e <i nt N>
st r uc t f ac t {

s t at i c const i nt val ue = N * f act <N - 1>: : val ue;
} ;

/ / spec i al i zat i on ( base case)
t empl at e < >
st r uc t f act <1> {

s t at i c const i nt val ue = 1;
} ;

i nt mai n( i nt ar gc , char * * ar gv ) {
st d : : cout << f act <5>: : val ue << st d : : endl ; / / r esul t : 120
r et ur n EXI T_SUCCESS;

}
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1.4.3 Using Templates to Impro ve E�ciency

Templatesare frequently usedto improve the runtime e�ciency of the re-

sulting machine code. Becausetemplate parametersare evaluated at compile

time, the compiler may be able to inline function calls. This eliminates the cost

of the actual function call in the resulting code, at the cost of increasingthe size

of the code (becausethe method body is duplicated in the calling code). This

may be a good trade-o� when the inlined code is executedfrequently.

Object oriented programmingencouragesthe useof polymorphismthrough

inheritance. In terms of performance,this compoundsseveral issues:

� Methodswill frequently bevirtual to ensurethat the correct function call is

performedat run time. Virtual function calls typically cannot be analyzed

at compile time, which meansthey cannot be inlined.

� Virtual function calls are more expensive at run time than regular function

calls [1]. Virtual calls are typically handledthrough a virtual method table

(vtable). When a virtual function is called, the C++ runtime performs a

lookup to determine the correct function. This lookup adds to the cost of

the function call.

This means that high performanceapplications should avoid frequent virtual

calls to short functions. One way to achieve this is to use templates instead of

virtual functions. For example,the calls to max() and the call to operator <() in

listing 1.1 could all be inlined. A strictly object oriented implementation (using

a Comparable baseclass)would not allow the calls to operator <() to be inlined.

1.5 The MPI Library

DGrid usesthe MPI library to allow it to run on multiple concurrent pro-

cessors.MPI is a low-level library for C/C++ and Fortran that centers around

basicsend and receive operations. The MPI library assignsa uniquerank to each

process,which is usedexplicitly whensendingand receivingmessages.Programs
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that useMPI can run on a variety of architectures, ranging from parallel (super)

computers to distributed networks of commodity PCs. Pacheco [9] provides a

good introduction to MPI.



CHAPTER 2

Library Design and Public In terface

We implemented DGrid in C++ using template techniquesto improve both per-

formanceand usability. This chapter focuseson the designdecisionsthat led to

the library's current form, while Chapter 3 discussesthe implementation in more

detail.

2.1 The Templated Comp osite Pattern

The designof the DGrid library is an adaptation of the Composite design

pattern. The Composite pattern is a structural pattern described by Gamma et

alia [2]. Figure 2.1 shows a UML diagram. The Composite pattern allows the

client to treat a tree structure of Component objects asa singleentit y. Such a tree

structure is built by nesting instancesof Composite.

This design has some important consequences.All Leaf and Composite

classesmust implement the operationsspeci�ed in the Component interface. These

operations must `make sense'when applied to a tree structure of objects. If the

client is allowed to add children to a Composite, then the Componentinterface

*

Leaf

+ some_operation()

Client Component

+ some_operation()

- set<Component>: children_

+ some_operation()
+ ...

Composite

Figure 2.1: The Comp osite design pattern

10
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needsto have someadd_component() method. This meansthat Leaf will also

needto implement add_component() , even though it doesnot have children.

The DGrid library usestemplated code insteadof inheritance,sothe Compo-

nent interfaceis implicit. Each data structure actsasa Composite, taking another

data structure as a template parameter. The leaf classis location , which only

takesan item type as a template parameter.

Each data structure managesits own children, but the user speci�es the

children's data type. This is done using tag classes. Each tag class(e.g. full -

_grid _tag ) represents a speci�c data structure, and tags can be nestedto repre-

sent nesteddata structures. Section 3.2.1 shows how tags work (and why they

are usedin the DGrid library).

A typical instantiation might look as follows:

us i ng namespace dgr i d : : t ags ;
t ypedef dgr i d : : dgr i d <i t em, par t i al _gr i d_t ag <

f ul l _gr i d_t ag < > > > bucket ;

bucket a( 0 , 0 , 127 , 127 , t i l es ( 64 , 64) <<
t i l es ( 1 , 1) ) ;

This createsa tiled data structure of two levels. The top level simply divides the

spaceinto areasof size64� 64. Each areais instantiated only whenneeded(and

only needsto be searched if instantiated). The areasthemselves are handled

by full_grid , which instantiates 642 locations upon construction. This is an

exampleof a simple `bucketing scheme' that usestiling, as described in section

1.3.1.

An important consequenceof the TemplatedCompositepattern is that each

nesteddata structure is a type, which meansit must be known at compile time.

This meansthe user cannot build more levels at runtime, for example. On the

other hand, this setup may allow the compiler to optimize the code extensively.

It also allows for thorough type checking of the parameter list (as described in

section3.2.2).
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2.2 Public In terface

The interface of the dgrid classdependson which data structure handles

the top level. For example,using the MPI data structure adds several methods

that do not exist when using the other data structures. There is, however, a

central set of methods that every data structure accepts.They are as follows:

� dgrid ( int x0, int y0, int x1, int y1, Argument args ) { The construc-

tor instantiates the data structure described by the template parameters.

The coordinatesare inclusive, and it is required that x0 < x1 and y0 < y1.

The args parameter is a list of parametersfor each of the data structures,

separatedby stream operators (<<). The following arguments currently

exist:

{ dgrid ::tiles ( int width , int height ) { This speci�es the tile size

for the current data structure's immediatechildren. The tile sizemust

divide the spaceexactly. The last argument in the list will typically

be tiles (1,1) (for individual locations). This argument is valid for

data structures described by full_grid_tag , partial_grid_tag , and

quadtree_tag .

{ dgrid ::mpi_tiles ( int width , int height ) { This speci�es the tile

sizefor the MPI data structure (mpi_grid_tag ). Each tile is assigned

to a separateprocess.

{ mpi_mapping( int * processes ) { This is an optional argument to the

MPI data structure. It must be speci�ed after the mpi_tiles argu-

ment, separatedby a dot (. ). The parameter is a list of processranks

that should be used to handle individual tiles. For example, if the

MPI data structure is used for a 128� 128 space,using tiles of size

64� 64, then processes should be an array of four integers. The tiles

are consideredin row-major order.

� int x0() const { int y1() const { Thesemethods return the boundsof the

current data structure.
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� long count () const { Returns the number of items currently held by the

data structure.

� int tile_width () const , int tile_height () const { These methods re-

turn the tile width and height for the data structure. Note that theseare

the valuesfor the top level data structure only. There is no way to obtain

this data for the inner data structures.

� void get ( const int x, const int y, ContainerType & container ) const

{ The get () method retrievesall items for a speci�c location, and addsthem

to the container . The container must provide a push_back() method,

as is the casefor e.g. std ::list and std:: vector . If item is the type

of data held by the data structure, then the container must be of type

container <item *>.

� void get_range ( const int x0, const int y0, const int x1, const int y1,

ContainerType & container ) const { The get_range () method retrievesall

items in the rangespeci�ed by the coordinate pair (which is inclusive). The

container must provide push_back() . If item is the type of data held by the

data structure, then the container must be of type container <item *>.

The get_range () method can take one or two predicate functions to limit

the search results. Predicatesare userde�ned functions that return a bool .

Considerthe following example:

bool even_x_pr ed( i nt x , i nt y ) {
r et ur n x % 2 == 0;

}
bool even_i t em_pr ed( l ong & n) {

r et ur n n % 2 == 0;
}
/ / Omi t t ed : i ns t ant i at e dat a s t r uc t ur e and add i t ems

st d : : l i st <l ong * > even_x_l i s t ;
s t d : : l i st <l ong * > even_i d_l i s t ;
s t d : : l i st <l ong * > even_bot h_l i s t ;
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a. get _r ange <even_x_pr ed > ( 0, 0 , 5 , 5 , even_x_l i s t ) ;
a. get _r ange <even_i t em_pr ed >( 0, 0 , 5 , 5 , even_i d_l i s t ) ;
a. get _r ange <even_x_pr ed , even_i t em_pr ed >

( 0, 0 , 5 , 5 , even_bot h_l i s t ) ;

The useof predicateswith the MPI data structure requiresextra steps;this

is described below.

� void insert ( const int x, const int y, ItemType & item ) { Insert item

at (x; y). Duplicate insertionsare ignored silently.

� void remove( const int x, const int y, ItemType & item ) { Remove item

at (x; y). Returns without errors if the item doesnot exist at that location.

Dynamically allocated items will not be freedautomatically.

Someof the methods listed above will work di�erently for the MPI data

structure; section3.1.1discussesthesedi�erences in detail. The MPI data struc-

ture (represented by mpi_grid_tag ) also has several additional methods. These

are necessarybecausethe MPI data structure will perform di�erent activities on

di�erent processors(i.e. acceptingrequestsvs. handling them).

� is_active () { This method returns true for processesthat will be respond-

ing to userrequests.Theseprocessesshouldcall start () , allowing the data

structure to start receivingmessages.

� start () { Starts the event loop. This method blocks until some other

processcalls shutdown() .

� register_predicate < >() { This method `registers'a predicatefunction for

future use. It must be called in all processes,in the sameorder for each

process.Section3.1.1 demonstrateshow to usethis feature, while section

3.2.3explainshow it works.
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2.3 Priv ate Classes

The interfacedescriptionin the preceedingsectionappliesto the data struc-

ture classesbasic_grid_impl , basic_mpi_grid_impl , and quadtree_linear _map-

_impl . Their interface is exposedthrough the dgrid class(section 3.2.1). This

sectiondescribesseveral additional classesthat DGrid usesinternally:

� dgrid_stream { This classhandlesserialization of data for the MPI data

structure. It declaresa largenumber of overloadedstreamoperator methods

so it can handle objects and primitiv e types uniformly. User code should

always usethe stream operators.

The classcurrently usesa �xed bu�er size,de�ned asDGRID MPI DATA

MSG LENGTH in dgrid stream.h. The bu�er itself is an array of char .

By default, the classcreatesits own bu�er. Alternativ ely, a bu�er can be

provided to the constructor (e.g. to deserializean existing bu�er). If the

classis usedwith its own bu�er, then data can be sent using the following

methods:

{ void send( int procid , int tag , SourceType & data ) { Serializeand

senddata to processwith rank procid , using the provided tag.

{ void receive ( int procid , int tag, TargetType & data ) { Receive

serializeddat from the processwith rank procid using the provided

tag. Deserializethe bu�er into data .

SourceTypeand TargetType aretemplatesfor their respective methodsonly,

sothat the samedgrid_stream instancecanbeusedto senddata of di�erent

types.

When the stream classis used with an external bu�er, the bu�er can be

sent and received without using the stream'smethods. This feature is used

by the MPI data structure, becauseit usesdi�erent tag numbers to denote

di�erent typesof requests.
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� morton_table { This is a lookup table for Morton numbers. It is used

internally by the quadtreedata structure (section3.1.2),and is not exposed

to the client. The lookup table is expanding;it grows to match the largest

request. The constructor takesan unsigned int , which is the requestedsize

of the table. Internally, the lookup table is static , so all instancesof the

classsharethe samedata. The only other public method is unsigned long

operator ()( unsigned int x, unsigned int y) , which retrievesthe Morton

number for that coordinate.

The Morton table performsbit operations (shifts) to interleave coordinate

bits. This meansthe code dependson the endiannessof the machine. The

correspondingdefine sareBIG ENDIAN and LITTLE ENDIAN, the latter

being the default.



CHAPTER 3

Library Implemen tation

3.1 Data Structures

The DGrid library currently implements four data structures, de�ned by

the following tag classes:

� full_grid_tag and partial_grid_tag { These data structures are imple-

mented by basic_grid_impl , and usea two-dimensionalarray to storedata

structures. The `partial' variant instantiates and freesits slots asneededto

minimize memory overhead. The full grid instantiates all of its slots when

it is constructed.

� quadtree_tag { This is a bottom-up MX quadtree,described in moredetail

in section3.1.2.

� mpi_grid_tag { This distributed data structure is designedfor applications

that usethe MPI library. It is described in the following section.

3.1.1 Top-lev el MPI data structure

The MPI data structure has essentially the same interface as the other

data structures in DGrid. However, it is not designedto `hide' the fact that the

program is using MPI. This hasseveral consequences:

� The user is responsiblefor setting up MPI beforeusing an MPI-dependent

data structure. This includes calling MPI_Init () and MPI_Finalize () at

the appropriate times, for example.

� Usersarerequiredto `register'any predicatefunctions they wish to use(see

section3.2.3). This must happen in the sameorder on all processes.

17
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� Unlike the other data structures, the MPI data structure is not `ready for

use'after construction. The useris required to call start () in each process

that will be handling requests. An is_active () method is provided; it

returns true for all processesthat should call start () .

� The MPI data structure must be shut down (using shutdown() ) beforethe

program can terminate. A shutdown() requestis broadcastto all processes

that called start () previously. From the user'spoint of view, the start ()

method blocks until shutdown() is called in someother process.

� Becausethe data is distributed, data items can no longer be compared

by reference. This meansthat the user has to provide the library with a

method of comparing two data items. Also, sinceitems needto be copied

betweenprocesses,the data has to be serializable.

Listing 3.1contains a simpleexampleof how the MPI data structure canbe

used. The item classusesa uniqueidenti�er (id_ ) to allow comparison(line 9). It

alsospeci�es serialize () and deserialize () , both of which take a dgrid_stream

parameter. Thesemethodsarerequired, in addition to a default constructor (line

13). The streammethodsarecalledwhenever an object needsto be transferredto

another process.The syntax is as shown (lines 17 and 20)|mem bers are added

to the stream using the << operator. The retrieval (using >>) should occur in

the sameorder. This serialization scheme is designedfor simple `data holding'

classes.It is not suited for graphsof objects that referenceeach other.

The data structure typedef (lines 30{32) de�nes an MPI data structure

in which each processcontrols a single quadtree. In this case, the innermost

location object is speci�ed explicitly, using the id_location tag. This is neces-

sary becausethe default location_tag comparesreferencesto determineequality.

The id_location tag takes a comparator as a template parameter. This com-

parator is a classwith operator () de�ned. The dgrid ::id_less template class

that is usedhere looks like this:



19

Listing 3.1: Example: Using MPI
#i nc l ude <mpi . h>
#i nc l ude <i os t r eam>
#i nc l ude " dgr i d . hpp"
#i nc l ude " dgr i d_bas i c_mpi _gr i d . hpp"
#i nc l ude " dgr i d_quadt r ee. hpp"

c l ass i t em {
pr i vat e :

i nt i d_ ;
10i nt some_ot her _var _;

publ i c :
i t em( i nt i d ) : i d_( i d) , some_ot her _var _ ( 5) { }
i t em( ) { }
i nt i d ( ) { r et ur n i d_ ; }

voi d ser i al i ze ( dgr i d_s t r eam & st r eam) {
s t r eam << i d_ << some_ot her _var _;

}
voi d deser i al i ze ( dgr i d_s t r eam & st r eam) {

20st r eam >> i d_ >> some_ot her _var _;
}

} ;

i nt mai n( i nt ar gc , char * * ar gv ) {
i nt my_r ank ;
MPI _I ni t ( &ar gc , &ar gv ) ;
MPI _Comm_r ank ( MPI _COMM_WORLD , &my_r ank ) ;

us i ng namespace dgr i d : : t ags ;
30t ypedef dgr i d : : dgr i d <i t em, mpi _gr i d_t ag <

quadt r ee_t ag <
i d_l ocat i on <dgr i d : : i d_l ess <i t em * > > > > > gr i d ;

i nt pr ocesses [ 4] = { 1 , 2 , 3 , 4} ;
gr i d a( 0 , 0 , 31 , 31 , dgr i d : : mpi _t i l es ( 16 , 16) . mpi _mappi ng ( pr ocesses )

<< dgr i d : : t i l es ( 1 , 1) ) ;

i f ( a. i s_act i ve ( ) ) {
a. s t ar t ( ) ;

40}

i f ( my_r ank == 0) {
f or ( i nt i = 4; i < 8; ++i ) {

i t em t emp( i ) ;
a. i nser t ( i , i , t emp) ;

}
l i s t <i t em * > r esul t s ;
a. get _r ange ( 0 , 0 , 6 , 6 , r esul t s ) ;

50f or ( l i s t <i t em * >: : i t er at or i t r = r esul t s . begi n ( ) ;
i t r ! = r esul t s . end ( ) ; i t r ++) {

st d : : cout << ( * i t r ) - >i d ( ) << " \ t " ;
del et e ( * i t r ) ;

}

a. shut down ( ) ;
}
MPI _Fi nal i ze( ) ;
r et ur n EXI T_SUCCESS;

60}
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t empl at e <t ypename I t emType>
c l ass i d_l ess {
publ i c :

bool oper at or ( ) ( const I t emType & a, const I t emType & b) {
r et ur n a- >i d( ) < b- >i d( ) ;

}
} ;

The constructor parameters(line 35) de�ne a spaceof 32 � 32 locations,

split acrossfour processesin tiles of 16 � 16. The processes array is used to

map each tile to an MPI processrank. The tiles are consideredin row-major

order, so that the top left quadrant [(0; 0) : (15; 15)] is assignedto process1,

[(16; 0) : (31; 15)] to process2, etc. The default values(if mpi_mappinghad been

left out) would be 0{4. Note that the number of entries in processes must match

the number of tiles.

The code discussedso far will run on all processes.This changesat line

38; is_active () will return true for processes1 through 4, and false for any

other processes.Processes1{4 will then call start () . Thoseprocesseswill handle

requestsin a messageloop (until shutdown() is called from someother process).

The other processeswill be freeto do `userwork.' In this case,only process

0 is used(line 42). The operationsand querieswork exactly the sameway as for

the other data structures in the library. All method calls (e.g. a.insert () , line

45) will block until the operation is complete. This meansthat requestsfrom a

single processare always executedin order. However, if more than one process

will be usedto issuerequests,then it is up to the user'scode to synchronizethese

requestsasneeded.

The last section of listing 3.1 prints the search results (6 5 4). Line 53

shows an important detail for working with the MPI data structure: the search

resultsmust be freedusingdelete . This is the casebecausethe search resultsare

copiesof the items that were actually `found' on other processes.The MPI data

structure only freesup those copiesthat it made as part of insert operations

(this is donein the destructor).
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Figure 3.1: Morton Num bering
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3.1.2 Bottom-up MX Quadtree

The MX quadtree in DGrid is specialized for clustered data. Typical

quadtreeimplementations are top-down; insertion and deletion are performedby

doing a top-down search for an item's location. This meansthat if n is the num-

ber of nodesin a balancedquadtree,then any operation starts with a �( log4(n))

search (Samet [11] hasa more thorough analysisof various quadtreetypes).

To improve performancefor dynamic data, the bottom-up MX quadtree

provides constant-time accessto its leaf nodes. This meansthat the initial top-

down search is no longernecessaryfor the insertion and deletion of items. Access

to the leaf nodes is provided using a look-up table of Morton numbers. This is

demonstratedin �gure 3.1 for a 4 � 4 area. The Morton number for a particular

coordinate can be obtained by interleaving the binary valuesfor that coordinate.

For example,the Morton number for (10; 10) (row, column) is r 1 c1 r2 c2 = 1100.

This number corresponds to a traversal of the 4 � 4 MX quadtree shown

on the left-hand side of �gure 3.1. If each edgeis numbered (00 { 11), then the

Morton number for a leaf can be obtained by concatenatingthe edgenumbers.

For this example,the leaf that corresponds to Morton number 1100is obtained

by following path 11{00 from the root node.

The Morton number for any coordinate is independent of the size of the

space. This is not the casefor other numbering schemes,such as row-major or
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column-major order. An important consequenceof this property is that only a

single lookup table is needed(as long as it is large enoughto accommodate the

largest quadtree).

The DGrid implementation usesan STL mapto store leaf nodesby Morton

number. When an item is inserted, it is addedto the map. The cost for this op-

eration dependson the std :: mapimplementation. After the item is inserted into

the map, the tree may needto be modi�ed. The internal nodesare represented

by a vector <bool > of size
P n� 1

k=0 4k , wheren is the height of the tree. The nodes

are represented level by level, with nodes[0] as the root. The parent for a node

nodes[ c] is nodes[p] , wherep is c=4 (or (c=4) � 1 when 4 divides c).

In the worst case,the new point was inserted in a completelyempty quad-

rant of the space. In that case,a traversal all the way to the root is neededto

`enable'the parent nodesof the new item. If the new item already hasa sibling,

on the other hand, no traversal is needed. If the items are clustered, then that

increasesthe likelihood that a new item will sharea `recent common ancestor'

with an existing item.

For a rangequery, this quadtreeimplementation providesthe samebene�ts

as a top-down MX quadtree. For example, if a search range overlaps with two

completelyempty quadrants, then thoseareascanbe ruled out immediately. The

bottom-up implementation is more e�cien t for frequent insertionsand deletions,

however, becausethe height of the tree is traversed only once. Additionally ,

the traversalcan frequently be stopped beforethe root is reached, especially for

clustereddata.

3.2 C++ Template Techniques

This section describes someof the lesscommon template techniques that

were usedin DGrid to implement speci�c features. Thesetechniqueswere used

primarily to improve the usability and performanceof the library.
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Listing 3.2: Using tag classes to de�ne a typ e
/ / ( a) Def i ni t i on us i ng t he i mpl ement at i on t ypes
us i ng namespace dgr i d ;
t ypedef bas i c_gr i d_i mpl <i t em,

bas i c_gr i d_i mpl <i t em,
quadt r ee_l i near _map_i mpl <i t em,

l ocat i on <i t em> >, t r ue >, t r ue > nest ed_qt ;

/ / ( b) Equi val ent def i ni t i on us i ng t ag c l asses
us i ng namespace dgr i d : : t ags ;
t ypedef dgr i d : : dgr i d <i t em, f ul l _gr i d_t ag <

f ul l _gr i d_t ag <
quadt r ee_t ag < > > > > nest ed_qt 2 ;

3.2.1 Tag Classes using a Template T yp edef

Each data structure in the DGrid library hasseveral template parameters.

Theseinclude ItemType and Structure . It is desirableto allow data structures

to have additional template parameters.For example,basic_grid_impl takesan

additional template parameterFullGrid that speci�es whether the data structure

should be fully populated or sparse.However, such additional parametersmake

it complicatedfor the user to correctly specify a data structure.

Listing 3.2 (a) shows the description of a data structure. The typedefde-

scribestwo levelsof fully populated arrays that contain quadtrees,which in turn

contain location objects. The last two (boolean) template parametersinstruct

basic_grid_impl that it should fully populate (rather than creating data struc-

tures `on demand'). The last two (boolean) template parametersactually belong

to basic_grid_impl .

There are several ways to make this construction more readable:

� Eliminate the repeated item parameter. This is possible,sinceeach data

structure can obtain the item type from the innermost data structure. Do-

ing this would force the user to de�ne the entire data structure explicitly,

including the location type.

� Move the booleanparameter(and any other `extra' parameters)beforethe

longerStructure parameter,so that it appearscloserto the data structure

it belongs to. Doing this would make it impossible to specify defaults
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Listing 3.3: A Tag Class
t empl at e <c l ass SubTags = l ocat i on_t ag >
c l ass par t i al _gr i d_t ag {
publ i c :

t empl at e <t ypename I t emType >
c l ass gr i dt ype {
publ i c :

/ / Omi t t ed: compi l er - spec i f i c ver s i ons of t he f ol l owi ng l i nes
t ypedef bas i c_gr i d_i mpl <I t emType , t ypename SubTags : : t empl at e

gr i dt ype <I t emType >: : t het ype , f al se > t het ype ;

t ypedef t ypename SubTags : : t empl at e gr i dt ype <I t emType >: : t het ype subt ype ;
} ;

} ;

for these template parameters, though, forcing the user to specify every

parameterexplicitly.

DGrid relieson tag classesto simplify the de�nition of nestedtypes. List-

ing 3.2 (b) shows the equivalent type de�nition using tags. The repeated item

parameteris eliminated, and the booleanparameterto basic_grid_impl is taken

careof by two separatetags (full_grid_tag and partial_grid_tag ).

Listing 3.3 shows the partial_grid_tag template class.The tag classitself

is templated only on the `sub-tags.' The inner gridtype classis templated on

ItemType so that the inner typedefsthetype and subtype can useboth template

parameters.The useronly speci�es the SubTagsparameter,while the library code

(in the dgrid class)setsthe ItemType parameter. This technique is referredto as

a `template typedef.' This feature is currently under considerationfor addition

to the C++ standard [13].

The dgrid template classtakes a set of tags as a template parameter. It

subclassesthe appropriate data structure by using the tag classes.Aside from

the constructor, the classis completely empty. It looks as follows:

/ / Omi t t ed : compi l er - spec i f i c code
t empl at e <c l ass I t emType , t ypename Tags >
c l ass dgr i d : publ i c Tags : : t empl at e

gr i dt ype<I t emType >: : t empl at e t het ype {
/ / . . .
} ;
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The constructor delegatesto the superclass. It adds an argument_dummyto the

parameter list, so the user is not required to do this every time.

The tag classesseparatethe library interface from its implementation. At

present, the dgrid class simply inherits from the appropriate data structure.

This meansthat data structures that provide non-standardoperations (such as

basic_mpi_grid_impl ) can be de�ned in the sameway as other data structures.

3.2.2 T yp e-safe Constructor Parameters

The data structures in the DGrid library are designedto be nested. An

important consequenceis that the constructor needsto accepta variable number

of parameters|the data structure's own parametersplus the parametersfor any

number of nesteddata structures. It is important that each nesteddata structure

receivesthe correct parameters.

C++ doesnot permit variable-length parameter lists basedon templates.

Instead,we are forcedto usea singleparameterthat is a composite. An intuitiv e

solution would be to use an array or list of parameters. If the parametersare

derived from a commonbaseclass,this would look as follows:

c l ass Dat aSt r uc t ur e {
/ / Omi t t ed : c l ass skel et on
publ i c :

Dat aSt r uc t ur e( st d : : l i st <Par amet er * > par amet er s ) ;
} ;

This solution works, and it is type-safein the sensethat only Parameter instances

can be addedto the parameter list. However, there is no compile-time checking

to seeif each item is the correct subclassof Parameter, or even if the list sizeis

correct.

DGrid usesrecursive tuples to enable full compile-time checking of the

parameters.To the user, the syntax looks as follows:

/ / Omi t t ed : namespace det ai l s
gr i d a( 0, 0 , WI DTH- 1, HEI GHT- 1, mpi _t i l es( TI LE_W, TI LE_H) .

mpi _mappi ng( mappi ng) <<
t i l es ( 32 , 32) <<



26

t i l es ( 1 , 1) ) ;

The last constructor parameter is a list of parameters,separatedby the stream

operator (<<). For data structures that take more than one parameter, the dot

operator is used. In this example,the grid type is de�ned as follows:

/ / Omi t t ed : namespace det ai l s
t ypedef dgr i d : : dgr i d <l ong , mpi _gr i d_t ag <

f ul l _gr i d_t ag <
f ul l _gr i d_t ag < > > > > gr i d;

If we wereto changethe tag list (e.g. by taking out the inner full_grid_tag < >),

then the parameter list would need to be adjusted accordingly for the code to

compile. Both the list sizeand the types contained in the list must match the

de�nition of the data structure.

The parameter list structure is based on recursive pairs. Each call to

operator << appendsa new item to the the list, which meansthat the `�rst' item

is always in the right innermost tuple. Listing 3.4 demonstratesthe retrieval of

an item from a list of four recursive pairs. Both the duo struct and the item class

de�ne operator <<() . In both casesthis is a templated function, sothat any class

can be appendedto a list.

The << operator is left-associative, which means that a << b << c << d

on line 57 associates as follows: (((a << b) << c) << d) . The return type for

item :: operator <<() is duo<OtherType, item > (line 48). The innermost (a << b)

evaluatesto a duo<item , item > (with a asthe second element). The operator <<()

for duo has return type duo<OtherType, duo<A, B> >, so that ((a << b) << c)

evaluatesto a struct of type duo<item , duo<item , item > >. Subsequent calls to

operator <<() will add additional pairs.

The get_item < >:: value () method returns the Nth item from the back of

the list. SinceN is a template parameter, its value needsto be known at compile

time. The data structures in the DGrid library simply use their depth for this

index. This way, the top-level data structure gets the innermost element of the

list (which corresponds to the element that was inserted �rst).
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Listing 3.4: Recursiv e templated tuples
#i nc l ude <i os t r eam>

t empl at e <t ypename A, t ypename B>
st r uc t duo {

t ypedef A Fi r s t Type ;
t ypedef B SecondType ;

A f i r s t ;
B second ;

10
duo ( ) { }
duo( A a, B b) : f i r s t ( a) , second ( b) { }

t empl at e <t ypename Ot her Type >
duo <Ot her Type , duo <A, B> > oper at or <<( Ot her Type next _i t em) {

r et ur n duo <Ot her Type , duo <A, B> >( next _i t em, duo <A, B>( f i r st , second ) ) ;
}

} ;

20t empl at e <i nt N, t ypename I t emType >
st r uc t get _i t em {

t empl at e <t ypename Li s t Type >
st at i c I t emType & val ue ( Li s t Type & l i s t ) {

r et ur n get _i t em<N - 1, I t emType >: : val ue( l i s t . second ) ;
}

} ;

t empl at e <t ypename I t emType >
st r uc t get _i t em<1, I t emType > {

30t empl at e <t ypename Li s t Type >
st at i c I t emType & val ue( Li s t Type & l i s t ) {

r et ur n l i s t . f i r s t ;
}
s t at i c I t emType & val ue( I t emType & l i s t ) {

r et ur n l i s t ;
}

} ;

c l ass i t em {
40pr i vat e :

s t at i c i nt i d ;
publ i c :

i nt t he_i d ;
i t em( ) {

t he_i d = i t em: : i d ++;
}
t empl at e <t ypename Ot her Type >
duo <Ot her Type , i t em> oper at or <<( Ot her Type next _i t em) {

r et ur n duo <Ot her Type , i t em> ( next _i t em, * t hi s ) ;
50}

} ;

i nt i t em: : i d = 0;

i nt mai n( i nt ar gc , i nt ar gv ) {
i t em a; i t em b; i t em c ; i t em d;
duo <i t em, duo <i t em, duo <i t em, i t em> > > myLi s t = a << b << c << d;

st d : : cout << get _i t em<4, i t em>: : val ue( myLi s t ) . t he_i d << st d : : endl ;
60r et ur n EXI T_SUCCESS;

}



28

The method get_item ::value () is evaluated recursively. The base case

get_item <1, ItemType>:: value () returns duo::first of the current tuple. The

innermost element is treated as a special case(line 34). That special caseis ac-

tually usedin this particular example,sinceget_item <4, item >::value (myList )

(line 59) retrieves the innermost element of the list. The output of the code in

listing 3.4 is `0.'

The mechanismdescribed hererequiresthat each data structure have a way

to �nd the type of the parameterstakenby its inner data structures. This is done

through recursion. Togetherwith the resulting constructor de�nition it looks as

follows:

/ / Omi t t ed : c l ass skel et on

t ypedef St r uc t ur e subt ype ;

t ypedef t ypename subt ype : : t empl at e
TheAr gument <t i l es >: : Type Ar gument ;

t empl at e<t ypename Super Type >
st r uc t TheAr gument {

t ypedef t ypename subt ype : : t empl at e
TheAr gument <Duo<t i l es , Super Type > >: : Type Type;

} ;

bas i c_gr i d_i mpl ( i nt x0 , i nt y0 ,
i nt x1 , i nt y1 , Ar gument ar gs ) ;

In this sample,Structure is the template parameter that de�nes the data struc-

ture that is contained within the current data structure. The typedefto subtype

is there to make this type information publicly available through typename Data-

Structure :: subtype (this is not possibleusing template names).

The secondtypedef de�nes Argument, the type that is actually used by

the constructor. Argument is a shorthand for subtype 's TheArgument< >:: Type.

The Type member is evaluated recursively from the top-level data structure down.

Each data structure usesthe SuperType template parameterto denotethe param-

eter list `thus far,' sothat the inner data structurescanadd their parametertype
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to the list. This recursionendswith the dgrid ::location class,which appends

argument_dummy(an empty class)to the list of requestedargument types.

When the constructor is called for any data structure, it removes the in-

nermost argument from a copy of the args list. The `tail' of the list then serves

as the argument for any new substructure s. The data structure has to take its

own argument out of the list, sincethe substructure will not acceptit otherwise

(i.e. the code would not compile).

The only issuethat remains is how to passmore than one argument to a

singlenesteddata structure. At present, the only data structure that takesmore

than oneparameteris dgrid :: basic_mpi_impl , which takesmpi_tiles ( int , int )

and mpi_mapping( int * mapping) (seesection3.1.1for details). Sincempi_tiles

is a mandatory parameter, mpi_mapping is simply de�ned as a method of the

mpi_tiles class:

mpi _t i l es mpi _mappi ng( i nt * pr ocesses ) {
i f ( ! use_pr ocesses_) {

pr ocesses_ = pr ocesses;
use_pr ocesses_ = t r ue;

}

r et ur n * t hi s ;
}

This way of handling multiple arguments doesnot scaleto largenumbersof

arguments, wheresomearguments might be optional. The Boost Graph Library

solves this problem in the implementation of its `named parameters' feature,

using inheritance [3]. The solution shown here is simpler to implement for a

small number of arguments, however.

3.2.3 E�cien t Callbac ks through MPI

The DGrid library allows the use of predicate functions to limit search

results. The get_range query operation can take a function as a template pa-

rameter. This function should return true for those elements that should be

addedto the search results. Becausethe function is a template parameter,it can
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be inlined. This eliminates the overheadof repeatedly calling the function.

The basic_mpi_grid_impl data structure allows the library to be used in

MPI applications. This complicatesthe useof predicates,sinceit is not possibleto

`send'a template parameterfrom oneprocessto another. We solve this problem

by requiring that users`register' their predicate functions. The predicatesare

registeredin the sameorder in each process,and each receivesa unique identi�er

which can be sent from oneprocessto another.

The registration is handled by several methods and classesin the MPI

implementation class. The relevant code from basic_mpi_grid_impl is shown in

listing 3.5. The client code might look as follows:

bool even_x_pr ed( i nt x , i nt y ) {
r et ur n x % 2 == 0;

}
/ / Omi t t ed : i ns t ant i at e a dat a s t r uc t ur e myGr i d
myGr i d. r egi s t er _pr edi cat e <even_x_pr ed >( ) ;

The register_predicate method (line 49) instantiates an object of type coord -

_predicate < >. The constructor for that class(line 18) simply setsan identi�er,

using the counter in its baseclass(predicate_base , line 8). Template function

parametersarematchedbasedon the function name,sothat a separateclass(with

its own static variables) is generatedfor each uniquecall to register_predicate .

The baseclassallows these template classesto sharea single counter (ID, line

10).

The preceedingstepsgeneratea unique identi�er for each registeredpred-

icate. The next step adds a pointer to get_range (line 30) to the predicates_

map. The static get_range method is a placeholder for the Structure 's own

do_get_range method. This way, the pointer is a regular function pointer, which

works more reliably than a pointer to member. The pointer to function is added

to predicates_ in line 52.

At this point, the MPI processessharethe sameunique identi�er for that

particular function. This identi�er can be sent between processesas part of a

search request. The recipient would call the appropriate function like this:
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Listing 3.5: Predicate inlining across pro cesses
/ / Omi t t ed:
/ / - bas i c_mpi _gr i d_i mpl c l ass body
/ / - subc l asses of pr edi cat e_base ( onl y coor d_pr edi cat e i s shown)
/ / - var i ous sani t y checks
/ / - i ni t i al i ze s t at i c member s ( e. g. pr edi cat e_base: : I D)

pr i vat e :
c l ass pr edi cat e_base {
pr ot ec t ed :

10st at i c i nt I D;
} ;

t empl at e <bool T_f unct i on ( i nt , i nt ) >
c l ass coor d_pr edi cat e : publ i c pr edi cat e_base {
pr i vat e :

s t at i c i nt t he_i d_ ;
publ i c :

coor d_pr edi cat e ( ) {
coor d_pr edi cat e : : t he_i d_ = ++ pr edi cat e_base: : I D;

20}
s t at i c i nt t he_i d ( ) {

r et ur n t he_i d_ ;
}

} ;

t empl at e <bool T_f unct i on ( i nt , i nt ) , bool T_f unct i on2 ( I t emType & i t em) ,
bool USE_COORD_PRED , bool USE_I TEM_PRED, t ypename St r uc t ur e_Type >

c l ass get _r ange_hol der {
publ i c :

30st at i c voi d get _r ange ( const i nt x0 , const i nt y0 ,
const i nt x1 , const i nt y1 ,
l i s t <I t emType * > & i t ems , St r uc t ur e_Type * s t r uc t ur e ) {

s t r uc t ur e - >do_get _r ange <T_f unct i on , T_f unct i on2 ,
USE_COORD_PRED , USE_I TEM_PRED, l i s t <I t emType * > >
( x0 , y0 , x1 , y1 , i t ems ) ;

}
} ;

40/ / map pr edi cat e I Ds t o f unc t i on poi nt er s
t ypedef voi d ( * get _r ange_pt r ) ( const i nt , const i nt ,

const i nt , const i nt ,
l i s t <I t emType * > &, St r uc t ur e * ) ;

map <i nt , get _r ange_pt r > pr edi cat es_ ;

publ i c :
t empl at e <bool T_f unct i on ( i nt , i nt ) >
voi d r egi s t er _pr edi cat e ( ) {

50coor d_pr edi cat e <T_f unct i on > cp;

pr edi cat es_ [ coor d_pr edi cat e <T_f unct i on >: : t he_i d ( ) ] =
&get _r ange_hol der <T_f unct i on , i t em_pr ed , t r ue , f al se , St r uc t ur e >: : get _r ange ;

}
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( * ( pr edi cat es_[ i t em_pr ed_i d] ) )
( x0 , y0 , x1 , y1 , sear ch_r esul t , t hei t ems_) ;

The items stored in search_result would then be sent back to the requesting

process.



CHAPTER 4

Results and Future Work

The current implementation of the DGrid library is successfulin several areas.

Informal testing has shown the serial data structures in the library to use sig-

ni�can tly lessmemory than a na•�ve array-basedimplementation, while o�ering

better performance.The library alsoprovidesa good proof-of-conceptfor the use

of templatesas an alternative for the Composite designpattern. The other uses

of templates, e.g. for parameter list passing,signi�cantly improve the library's

easeof use. Appendix A shows a full-length examplethat illustrates basic inser-

tion, deletion, and querying operations; section3.1.1hasa similar examplethat

usesthe MPI data structure.

Future work on the library could focuson the following features:

� additional querytypes{ The library o�ers only orthogonal(i.e. rectangular)

range queries. Other query types, such as nearest neighbor search, also

have many applications. The design of the library does not preclude it

from implementing other typesof queriesas well.

� more genericdesign{ At present, search operations take a data structure

that is used to `deliver' the results to the client code. A more 
exible

approach would useinput iterators instead,sothat the library is minimally

dependent on external classes.Stroustrup [12] describesiterator types.

Another potential improvement would be to further separatethe interface

from the implementation. Currently the main dgrid classsimply inherits

from the appropriate data structure. Instead, each implementation class

could provide separate`public' interface to the user.

� load balancing{ The MPI data structure currently divides the spaceevenly

according to a �xed tile size. For clustered data, it is probable that one

33
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tile is completelyempty, while another hasa large cluster of items. If each

processhandlesa single tile, this results in an uneven distribution of the

workload. Consequently, it would be bene�cial to adjust the distribution

basedon the `density' of the data. Additionally , many distributed systems

are heterogeneous;the processorshave di�erent characteristics, and the

bandwidth that is available betweenprocessorsmay not be uniform. This

would have to be consideredas well.

� additional data structures { The only non-standarddata structure that is

currently supported by the library is the MX quadtree,which is optimized

for highly dynamic, clustereddata. Adding additional data structurescould

provide more diverse trade-o�s between memory usage,query time, and

construction time. The library could be made to support data in higher

dimensionsaswell.
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APPENDIX A

An example program

The following is a full-length exampleof a program that usesthe DGrid library

to perform somebasic operations. The preceedingchapters contain extensive

examplesthat explain variousfeatures. Listing 3.1is a full-length exampleof how

to use the MPI data structure; the following exampleusesother (non-parallel)

data structures.

Listing A.1: Example: Using DGrid
#i nc l ude <i os t r eam>
#i nc l ude <l i st >
#i nc l ude " dgr i d . hpp"
#i nc l ude " dgr i d_bas i c_gr i d. hpp"
#i nc l ude " dgr i d_quadt r ee. hpp"

t empl at e <t ypename SequenceType >
voi d di spl ay_sequence( SequenceType & seq ) {

t ypedef t ypename SequenceType: : i t er at or i t er at or ;
10

st d : : cout << " [ " ;
f or ( i t er at or i = seq. begi n ( ) ; i ! = seq. end ( ) ; ++i ) {

st d : : cout << * * i << "  " ;
}
st d : : cout << " ] " << st d : : endl ;

}

i nt mai n ( i nt ar gc , char * * ar gs ) {
us i ng namespace dgr i d : : t ags ;

20t ypedef dgr i d : : dgr i d <i nt , f ul l _gr i d_t ag <
quadt r ee_t ag < > > > gr i d ;

/ / 3x3 quadt r ees of s i ze 1024 x1024 each
gr i d myGr i d ( 0 , 0 , 3071 , 3071 , dgr i d : : t i l es ( 1024 , 1024) << dgr i d : : t i l es ( 1 , 1) ) ;

i nt b = 5;
i nt c = 7;

myGr i d . i nser t ( 10 , 10 , b) ;
30myGr i d . i nser t ( 11 , 10 , c ) ;

st d : : l i s t <i nt * > sear ch_r esul t s ;

myGr i d . get _r ange ( 0 , 0 , 100 , 100 , sear ch_r esul t s ) ;
di spl ay_sequence( sear ch_r esul t s ) ; / / expect { b, c }

sear ch_r esul t s . c l ear ( ) ;
myGr i d . get _r ange ( 0 , 0 , 10 , 10 , sear ch_r esul t s ) ;
di spl ay_sequence( sear ch_r esul t s ) ; / / expect { b}

40
myGr i d . r emove ( 10 , 10 , b) ;
myGr i d . r emove ( 11 , 10 , c ) ;
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sear ch_r esul t s . c l ear ( ) ;
myGr i d . get _r ange ( 0 , 0 , 100 , 100 , sear ch_r esul t s ) ;
di spl ay_sequence( sear ch_r esul t s ) ; / / expect { }

r et ur n EXI T_SUCCESS;
}


