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ABSTRA CT

DGrid is a genericC++ library that addressegjuerying of spatially clustered
point data. The library is basedon the Templated Composite design pattern,
which is a novel adaptation of the Composite pattern. DGrid usestemplate
metaprogrammingtechniquesto improve performanceand exibilit y, andto allow
static type cheking. The library providessupport for querieson distributed data.

Usecasesare provided as evidencefor the library's practical merit.
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CHAPTER 1
Intro duction and Background

1.1 Motiv ation

This thesis presetis DGrid, a library of data structures designedfor very
large-scalesetsof point data. The library wasdesignedand implemened accord-

ing to the following requiremens:

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

gueries,making the library suitable for highly dynamic data.

genericdesign{ The DGrid library is designedto be minimally dependen
on a speci ¢ data structure. Academicwork frequerily focuseson imple-
merting a speci ¢ data structure (e.g. the Approximate NearestNeighbor
library [4]). DGrid allows any two data structuresto be combined, 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 concurrert processors.

Theserequiremens are basedon a speci c type of biology simulation [8]
that involves hosts (static ertities) and vectors (dynamic ertities that tend to
cluster around hosts). A typical example of this involves o wers as the hosts
and beesasthe vectors. Another applicabletype of problem is within transport

systems,sudh asair trac corrol (where airplanescluster around airports).



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 describesthe design pattern that underlies most of the li-
brary. Section2.2 provides the public interface of the library, while section2.3
details seeral classeghat are usedinternally.

Chapter 3 discusseshe library's implemertation. Section3.1 provides ad-
ditional detailsfor the data structuresimplemerted by the DGrid library. Section
3.2 goesinto detail about the techniqguesusedto implemert seeral speci c fea-
tures. Chapter 4 preseits our results and discussegossiblefuture work. Finally,
the Appendix provides an additional example program that usesthe DGrid li-
brary.

1.3 Spatial Data Structures

The term spatial data structure appliesto any data structure that is de-
signedto hold points, lines, rectangles,etc. Spatial data structures can be opti-

mized for a variety of seart operations, for example:

rangequery { Find all points within a given rectangle.

nearestneighbor query { For someset of points, nd the nearestneighbor
to ead.

intersectionquery { Given a set of lines or shapes, nd all “collisions.’

Typical trade-o s for spatial data structures are betweenquery complexity, inser-
tion and deletion complexity, and memoryrequiremens. 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. Seard operations canthen be limited to the relevant "budet'



Figure 1.1: A point quadtree with corresp onding spatial representa-
tion.

(0;15)

(0;0) (15;0)

only, making this method slightly more e cien t than searting the ertire space.
Bucketing can also save memory if we only instantiate the bucdkets 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 budket every time.

If we further divide eat bucket into smaller sub-budets,’ 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 decompsition. It is a two dimensionaltree-baseddata structure that
is similar to a binary seard tree. Each node has four children: NE, SE, SW,
and NW. There are se\eral typesof quadtreethat are appropriate for point data.
This sectiondiscussegwo of these: the point quadtiee and the matrix quadtree.

Figure 1.1 shaws a point quadtre after the following insertions: A (7;8);
B (8;15); C (11;4); D (3;13); E (1;14); F (2;10). Each node represelts a data
point, and points are added by a top-down searti. 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



Figure 1.2: An MX quadtree with corresp onding spatial representa-
tion.

(0;8)

(0:0) (8:0)

that data is stored in the internal nodes of the tree. Theseissuesare similar
to the onesfound in binary seart trees, but the implemertation is much more
complicated.

There are se\eral other typesof quadtree. The implemertation in DGrid is
a matrix (MX) quadtree. Figure 1.2shovsan 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. Eac intermediate node simply splits
the spaceinto four equally sizedquadrarts. As a result, the shape of the tree
doesnot depend on the orderin which items areinserted,and no balancingneeds
to be done.

The MX quadtreehassomelimitations comparedto the point quadtree. A
point quadtree can have any arbitrary size,sincethe nodeshold the coordinates
that they represen  An MX quadtree must know its sizein advance, and the
sizeis limited to powersof two (i.e. 2" 2"). Also, becausedata is storedin the
leaves, seart operations require ( h) node traversals,where h is the heigh of
the tree, which is dependen on the size of 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
sameleaf node always represets the samecoordinate. The quadtreeimplemerta-
tion in DGrid usesthis property to ensuree cien t insertion and deletion. Section

3.1.2describesthis implemenation in more detail.



1.4 C++ Template Techniques

C++ templates are a powerful and complex languagefeature. Templates
are Turing complete[15], which meansthat they can be usedasa (crude) func-
tional programming languagethat is executedat compiletime. In the following
sections,we will outline the conceptsthat are mostrelevant to the DGrid library.

Vandeworde and Josuttis [14] give a more complete explanation.

1.4.1 Generic Programming
The primary reasontemplates were introducedinto C++ wasto 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 cortains objects of type Item. The following code retrieves
the fth elemen from the list:

Li st myLi st ;
/[l Omtted: insert itens
Item nmyltem = (Item) myLi st. get (4);

Sinceget () returns an Object, it is necessaryto downcastthe return valueto an
Item. A downcastmight throw an exceptionif we acciderally inserteda di erent
type of object into myList. The problemis that this is a runtime error; inserting
the “wrong' type of object will not yield any compilation errors.

If List wereimplemened using templates, the compiler would be able to

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

Li st <ltem> nylLi st ;
// Omtted: insert itens
Item myltem = nyLi st. get (4);

Becausea List <ltem> can only cortain instancesof Item, there is no needto

downcastthe return value of myList .get (4) ; it is already an Item. Adding some



Listing 1.1: Generic programming example: max()
#incl ude <iostream>

tenpl ate <typenanme |tenlype>
const lteniType& max(const Itenlype& a, const Iltemlype& b) {
return (a <b) ? b: a;

}

int main(int argc, char ** argv) {
int a = max(6, 5);
double b = max(5.0, 5.1);

std::cout << a << std:: endl
<< b << std::endl;

non-tem object to myList is simply not possible,becauseit would result in a
compiletime error. The only way to achieve this without templatesis by manually
coding ewery specialization of the List class(e.g. ObjectList , ItemList , etc.),
which is typically not feasible.

Generic programming appliesto algorithms as well. It attempts to make
algorithms minimally dependen on their data. Listing 1.1 demonstratesthis
principle. The templated maxfunction returns the maximum of two items for
any type that hasthe lessthan (<) operator de ned, including any userde ned
classes.n a strictly object oriented language,userde ned classesvould have to
implemert a commonbaseclassor interface (e.g. Comparable).

Musser[6] o ers a more completedescription of genericprogramming. Sev-
eral well known libraries make extensiwe use of 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 usedto perform computations at compile time.
Listing 1.2 demonstratesthis by usingtemplatesto calculatefactorials. The fact

template is evaluated recursiwely, sothat fact <5>:: value = 5 * fact <4>:: value



=5 * 4 * fact <3>:: value, etc. This meansthat fact <5>:: value is equivalert to
writing 120 asaliteral. The value menberisastatic const sothat the compiler
can ensurethat there is a constart, compile time, value for every fact <N-.

The use of templates for computation is generally referred to as compile
time programmingor templatemetaprogramming. Listing 1.2is a trivial example
of template metaprogramming,sinceit could easily be replacedby regular C++
without templates. In theory, this is true of any code that usestemplates. For
example,instead of a templated List <ltem> class(as described in the preceding
section), we could implemert a separateListitem classfor every type of ltem. It
should be clear, howeer, that using templateswould take much lesstime.

For more complicatedusesof templates, it becomesnfeasibleto hand-cade
the equivalent non-templated classes.A good exampleis Veldhuizen's Blitz++
library [16], which usestemplate techniquesto provide very e cient array data
structures.

Listing 1.2: Recursiv e template example: Factorials
#i ncl ude <i ostream>

/1 default tenplate (inductive case)
tenplate <int N>
struct fact {
static const int value = N * fact <N - 1>::val ue;

i

/1l specialization (base case)
tenmplate < >
struct fact <1> {

static const int value = 1;

i

int main(int argc, char ** argv) {
std:: cout << fact <6>::value << std::endl; // result: 120
return EXI T_SUCCESS;

}




1.4.3 Using Templates to Impro ve E ciency

Templatesare frequertly usedto improve the runtime e ciency of the re-
sulting madine code. Becausetemplate parametersare evaluated at compile
time, the compiler may be able to inline function calls. This eliminatesthe 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 whenthe inlined code is executedfrequertly.

Object oriented programmingencourageshe useof polymorphismthrough

inheritance. In terms of performance,this compounds se\eral issues:

Methodswill frequertly bevirtual to ensurethat the correctfunction callis
performedat run time. Virtual function calls typically cannot be analyzed
at compile time, which meansthey cannot be inlined.

Virtual function calls are more expensiwe at run time than regular function
calls[1]. Virtual callsare typically handledthrough a virtual method table
(vtable). When a virtual function is called, the C++ runtime performsa
lookup to determinethe correct function. This lookup addsto the cost of

the function call.

This meansthat high performance applications should avoid frequert virtual
calls to short functions. One way to adiewe this is to usetemplates instead of
virtual functions. For example,the callsto max) and the call to operator <() in
listing 1.1 could all be inlined. A strictly object oriented implemertation (using

a Comparable baseclass)would not allow the callsto operator <() to beinlined.

1.5 The MPI Library

DGrid usesthe MPI library to allow it to run on multiple concurrernt pro-
cessors.MPI is a low-lewel library for C/C++ and Fortran that certers around
basicsend andreceive operations. The MPI library assignsa uniquerank to eat

processwhich is usedexplicitly whensendingand receivingmessagesPrograms



that useMPI canrun on a variety of architectures, ranging from parallel (super)
computersto distributed networks of commality PCs. Padieco[9] provides a

good introduction to MPI.



CHAPTER 2
Library Design and Public Interface

We implemerted DGrid in C++ usingtemplate techniquesto improve both per-
formanceand usability. This chapter focuseson the designdecisionsthat led to
the library's currernt form, while Chapter 3 discusseshe implemenation 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 shavs a UML diagram. The Composite pattern allows the
client to treat a tree structure of Corponent objects asa singleertity. Sud atree
structure is built by nesting instancesof Composite.

This design has someimportant consequences.All Leaf and Composite
classesnust implemernt the operationsspeci ed in the Corponent 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

Client Component

+ some_operation(|

Leaf Composite

+ some_operation(| - set<Component>: children_ 49—

+ some_operation()
+ ..

Figure 2.1: The Comp osite design pattern

10
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needsto have someadd componenf) method. This meansthat Leaf will also
needto implemert add _componenf) , even though it doesnot have children.

The DGrid library usestemplated code instead of inheritance, sothe Corpo-
nent interfaceis implicit. Eacd 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.

Ead 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) represets a speci ¢ data structure, and tags can be nestedto repre-
sernt nesteddata structures. Section 3.2.1 shavs how tags work (and why they
are usedin the DGrid library).

A typical instantiation might look as follows:

usi ng nanmespace dgrid::tags;
typedef dgrid::dgrid<item, partial _grid tag<
full _grid tag< > > > bucket;

bucket a(0,0, 127, 127, tiles(64,64) <<
tiles(1,1));

This createsa tiled data structure of two levels. The top level simply divides the
spaceinto areasof size64 64. Eac areais instantiated only when needed(and
only needsto be searted if instantiated). The areasthemseles are handled
by full_grid , which instantiates 64 locations upon construction. This is an
exampleof a simple "budketing scheme'that usestiling, as described in section
1.3.1.

An important consequencef the Templated Composite pattern is that ead
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 extensiely.
It also allows for thorough type cheding of the parameterlist (as described in
section3.2.2).
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2.2 Public Interface

The interface of the dgrid classdependson which data structure handles
the top level. For example,using the MPI data structure adds seweral methods
that do not exist when using the other data structures. There is, howewer, a

certral set of methods that every data structure accepts. They are asfollows:

dgrid (int x0, int y0, int x1, int y1, Argument args) { The construc-
tor instantiates the data structure descriked by the template parameters.
The coordinatesare inclusive, and it is requiredthat x0 < x1 andy0< y1.
The args parameteris a list of parametersfor ead of the data structures,
separatedby stream operators (<<). The following argumeris currertly

exist:

{ dgrid :tiles (int width, int height ) { This species the tile size
for the current data structure's immediate children. The tile sizemust
divide the spaceexactly. The last argumert in the list will typically
be tiles (1,1) (for individual locations). This argumert is valid for
data structures descriked by full grid tag , partial grid tag , and
quadtree_tag .

{ dgrid ::mpi_tiles (int width, int height ) { This species the tile
sizefor the MPI data structure (mpi_grid_tag ). Ead tile is assigned

to a separateprocess.

{ mpi_mappingint * processes) { This is an optional argumern to the
MPI data structure. It must be speci ed after the mpi _tiles argu-
mert, separatedby a dot (.). The parameteris a list of processranks
that should be usedto handle individual tiles. For example,if the
MPI data structure is usedfor a 128 128 space,using tiles of size
64 64,then processes shouldbe an array of four integers. The tiles

are consideredin row-major order.

int x0() const{int y1() const { Thesemethodsreturn the boundsof the

current data structure.
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long count() const { Returns the number of items currerntly 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 itemsfor a speci ¢ location, and addsthem
to the container . The corntainer 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 cortainer must be of type

container <item *>,.

void get _range (const int xO, const int yO,const int x1, const int yl,
ContainerType & container ) const { The get range () method retrievesall
itemsin the rangespeci ed by the coordinate pair (which is inclusive). The
cortainer must provide push_back() . If item is the type of data held by the

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

The get_range () method can take one or two predicate functions to limit
the seart results. Predicatesare userde ned functions that return a bool .
Considerthe following example:

bool even_x_pred(int x, int y) {
return x %2 == 0;

}

bool even_item pred(long & n) {
return n %2 == 0;

}

// Omtted: instantiate data structure and add itens

std::list<long *> even_x_Iist;
std::list<long *> even_id_list;
std::list<long *> even_both_|ist;
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a. get _range <even_x_pred> (0,0,5,5, even_ x_list);
a. get _range <even_itempred>(0,0,5,5, even_id list);
a. get _range <even_x_pred, even_itempred>

(0,0,5,5, even_both list);

The useof predicateswith the MPI data structure requiresextra steps;this

is descriled below.

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

at (x;y). Duplicate insertions are ignored silertly.

void removeg const int x, const int vy, ItemType & item) { Removeitem
at (x;y). Returnswithout errorsif the item doesnot exist at that location.

Dynamically allocated items will not be freed automatically.

Someof the methods listed above will work di erently for the MPI data
structure; section3.1.1discusseshesedi erencesin detail. The MPI data struc-
ture (represemed by mpi_grid tag ) also has seeral additional methods. These
are necessarypecausehe MPI data structure will perform di erent activities on

di erent processorgi.e. acceptingrequestsvs. handling them).

is_active () { This method returnstrue for processeshat will be respond-
ing to userrequests.Theseprocesseshouldcall start () , allowing the data

structure to start receiving messages.

start () { Starts the evert 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 processesin the sameorder for eah
process. Section 3.1.1 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

sectiondescribes seweral additional classeghat DGrid usesinternally:

dgrid_stream { This classhandlesserialization of data for the MPI data
structure. It declaresalargenumber of overloadedstreamoperator methods
soit can handle objects and primitiv e types uniformly. User code should
always usethe stream operators.

The classcurrerntly 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 sert 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) { Receie
serializeddat from the processwith rank procid using the provided
tag. Deserializethe bu er into data.

SourceTypeand TargetType aretemplatesfor their respective methods only,

sothat the samedgrid_stream instancecanbe usedto senddata of di erent
types.

When the stream classis usedwith an external bu er, the buer can be
sert and received without usingthe stream’'smethods. This featureis used
by the MPI data structure, becauseat usesdi erent tag numbersto 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 growsto match the largest
request. The constructortakesan unsigned int , which is the requestedsize
of the table. Internally, the lookup table is static , soall instancesof the
classsharethe samedata. The only other public method is unsigned long

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

number for that coordinate.

The Morton table performsbit operations (shifts) to interleave coordinate
bits. This meansthe code dependson the endiannesf the madine. The
correspnding define sareBIG_ENDIAN and LITTLE _ENDIAN, the latter
being the default.



CHAPTER 3
Library Implemen tation

3.1 Data Structures

The DGrid library currertly implemerts four data structures, de ned by

the following tag classes:

full_grid tag  and partial grid tag ~ { Thesedata structures are imple-
merted by basic_grid_impl , and usea two-dimensionalarray to store data
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 more detalil
in section3.1.2.

mpi_grid_tag { This distributed data structure is designedfor applications
that usethe MPI library. It is descriled in the following section.

3.1.1 Top-level MPI data structure
The MPI data structure has essetially the sameinterface as the other
data structures in DGrid. Howewer, it is not designedto "hide' the fact that the

program is using MPI. This has se\eral consequences:

The useris responsiblefor setting up MPI beforeusing an MPI-dependert
data structure. This includes calling MPI_Init () and MPI_Finalize () at
the appropriate times, for example.

Usersarerequiredto ‘register'any predicatefunctions they wishto use(see
section 3.2.3). 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 requiredto call start () in ead process
that will be handling requests. An is_active () method is provided; it

returns true for all processeshat should call start () .

The MPI data structure must be shut down (using shutdown() ) beforethe
program canterminate. A shutdown() requestis broadcastto all processes
that calledstart () previously From the user'spoint of view, the start ()
method blocks until shutdown() is calledin someother process.

Becausethe data is distributed, data items can no longer be compared
by reference. This meansthat the userhasto provide the library with a
method of comparingtwo data items. Also, sinceitems needto be copied

betweenprocessesthe data hasto be serializable.

Listing 3.1 cortains a simpleexampleof how the MPI data structure canbe
used. The item classusesa uniqueidenti er (id_) to allow comparison(line 9). It
alsospeci es serialize () anddeserialize () , both of which take a dgrid_stream
parameter. Thesemethods arerequired, in addition to a default constructor (line
13). The streammethods are calledwheneer an object needsto betransferredto
another process.The syntax is as shavn (lines 17 and 20)|mem bers are added
to the stream using the << operator. The retrieval (using >>) should occur in
the sameorder. This serialization schemeis designedfor simple “data holding'
classeslt is not suited for graphsof objects that referenceead other.

The data structure typedef (lines 30{32) de nes an MPI data structure
in which ead processcortrols a single quadtree. In this case,the innermost
location object is speci ed explicitly, usingthe id_location tag. This is neces-
sary becausdhe default location_tag compareseferencedo determineequality.
The id_location tag takesa comparator as a template parameter. This com-
parator is a classwith operator () de ned. The dgrid ::id less template class
that is usedherelookslike this:
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#i ncl ude <npi . h>

#i ncl ude <i ostream>

#include "dgrid. hpp"

#include "dgrid_basic_npi_grid. hpp"
#i nclude "dgrid_quadtree. hpp"

class item{

private:
int id_;
int some_other_var_;
public:
item(int id) : id_(id), some_other_var_(5) { }
item() { }

int id() { return id_; }

void serialize(dgrid_stream & stream) ({
stream << id_ << sone_other_var_;

voi d deserialize(dgrid_stream & stream) {
stream >> id_ >> sone_ot her_var_;
}

I%

int muin(int argc, char ** argv) {
int my_rank;
MPI I nit (&argc, &argv);
MPI _Comm r ank( MPI _COVM WORLD, &ny_rank);

usi ng namespace dgrid::tags;
typedef dgrid::dgrid<item, npi_grid_tag<
quadtree_tag<
id_location<dgrid::id_less<item*> > > > > grid;

int processes[4] ={ 1, 2, 3, 4};
grid a(0, 0, 31, 31, dgrid::npi_tiles(16, 16) . npi_nappi ng(processes)
<< dgrid::tiles(1, 1));

if(a.is_active()) {

a.start ();
if (ny_rank == 0) {
for (int i =4; i <8 ++i) {
itemtenmp(i);
a.insert (i, i, tenp);
}

list<item *> results;
a.get_range (0,0, 6, 6, results);

for(list<item*>::iterator itr = results.begin();
itr !'=results.end(); itr ++) {
std::cout << (*itr)->id() << "\t";
delete (*itr);
}

a. shut down () ;
}
MPI _Finalize();
return EXI T_SUCCESS,;
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tenpl ate <typenane |tenlype>
class id |less {
public:
bool operator ()(const Itemlype & a, const |temlype & b) {
return a->id() < b->id();
}
1

The constructor parameters(line 35) de ne a spaceof 32 32 locations,
split acrossfour processesn tiles of 16 16. The processes array is usedto
map ead tile to an MPI processrank. The tiles are consideredin row-major
order, so that the top left quadrart [(0;0) : (15;15)] is assignedto processl,
[(16;0) : (31; 15)] to process2, etc. The default values(if mpi_mapping had been
left out) would be 0{4. Note that the number of ertries 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 processesdl through 4, and false for any
other processesProcessed{4 will then call start () . Thoseprocessesvill handle
requestsin a messagdoop (until shutdown() is called from someother process).

The other processesvill 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. Howewer, if more than one process
will be usedto issuerequeststhen it is up to the user'scode to syndironizethese
requestsas needed.

The last section of listing 3.1 prints the seard results (6 5 4). Line 53
showns an important detail for working with the MPI data structure: the seart
resultsmust be freedusingdelete . This is the casebecauseahe seart resultsare
copiesof the items that were actually “found' on other processesThe 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
guadtreeimplemertations are top-down; insertion and deletion are performedby
doing a top-down seard for an item's location. This meansthat if n is the num-
ber of nodesin a balancedquadtree,then any operation starts with a ( logy(n))
searh (Samet[11] hasa more thorough analysisof various quadtreetypes).

To improve performancefor dynamic data, the bottom-up MX quadtree
provides constart-time accesdo its leaf nodes. This meansthat the initial top-
down seart is no longernecessaryor the insertion and deletion of items. Access
to the leaf nodesis provided using a look-up table of Morton numbers. This is
demonstratedin gure 3.1for a4 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)isry ¢; r, ¢, = 1100.

This number correspndsto a traversal of the 4 4 MX quadtree shovn
on the left-hand side of gure 3.1. If ead edgeis numbered (00 { 11), then the
Morton number for a leaf can be obtained by concatenatingthe edgenumbers.
For this example,the leaf that correspndsto Morton number 1100is obtained
by following path 11{00 from the root node.

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

space. This is not the casefor other numbering shemes,sud as row-major or
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column-mgor order. An important consequencef this property is that only a
singlelookup table is needed(as long asit is large enoughto accommalate the
largest quadtree).

The DGrid implemertation 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 :: mapimplemertation. After the item is insertedinto
the map, the tree may needto be modi ed. The internal nodesare represeted
by a vector <bool > of sizeP n L4, wheren is the heiglt of the tree. The nodes
are represeted level by level, with nodes/0] asthe root. The parert for a node
nodeg| c] is nodeg[p] , wherepis c=4 (or (c4) 1when4 dividesc).

In the worst case,the new point wasinsertedin a completely empty quad-
rant of the space. In that case,a traversalall the way to the root is neededto
“enable'the parert nodesof the newitem. If the newitem already hasa sibling,
on the other hand, no traversalis needed. If the items are clustered, then that
increasesthe likelihood that a new item will sharea ‘recet common ancestor’
with an existing item.

For arangequery, this quadtreeimplemertation providesthe samebene ts
as a top-down MX quadtree. For example,if a seart range overlaps with two
completelyempty quadrarts, then thoseareascanbe ruled out immediately. The
bottom-up implemertation is moree cient for frequert insertionsand deletions,
howewer, becausethe height of the tree is traversedonly once. Additionally,
the traversal can frequertly be stopped beforethe root is readed, especially for

clustereddata.

3.2 C++ Template Techniques

This section descrites someof the lesscommontemplate techniquesthat
were usedin DGrid to implemert speci c features. Thesetechniqueswere used

primarily to improve the usability and performanceof the library.
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Listing 3.2: Using tag classesto dene atype

/1 (a) Definition using the inplenmentation types
usi ng nanespace dgrid;
typedef basic_grid_inpl <item,
basic_grid_i npl <item,
quadtree_linear_map_i npl <item,
| ocation<item> >, true>, true> nested _qt;

/1 (b) Equivalent definition using tag classes
usi ng nanespace dgrid::tags;
typedef dgrid::dgrid<item, full_grid_tag<
full _grid_tag<
gquadtree_tag< > > > > nested_qt2;

3.2.1 Tag Classes using a Template Typ edef

Ead data structure in the DGrid library hasseeral template parameters.
Theseinclude ltemType 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 whetherthe data structure
should be fully populated or sparse. Howewer, sud additional parametersmake
it complicatedfor the userto correctly specify a data structure.

Listing 3.2 (a) shaws the description of a data structure. The typedefde-
scribestwo levels of fully populated arrays that cortain quadtrees,which in turn
cortain location objects. The last two (boolean) template parametersinstruct
basic_grid_impl that it should fully populate (rather than creating data struc-
tures ‘'ondemand’). The last two (boolean)template parametersactually belong
to basic_grid_impl

There are se\eral ways to make this construction more readable:

Eliminate the repeateditem parameter. This is possible,since ead data
structure can obtain the item type from the innermost data structure. Do-
ing this would force the userto de ne the ertire data structure explicitly,

including the location type.

Move the booleanparameter(and any other “extra' parameters)beforethe
longer Structure  parameter,sothat it appearscloserto the data structure

it belongsto. Doing this would make it impossibleto specify defaults
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Listing 3.3: A Tag Class

tenpl ate <class SubTags = location_tag>
class partial _grid_tag {
public:

tenpl ate <typenane |tenilype>
class gridtype {
public:
/1l Omtted: conpiler-specific versions of the follow ng lines
typedef basic_grid_inpl <ltemlype, typenane SubTags::tenplate
gridtype<ltenType>::thetype, false> thetype;

typedef typename SubTags::tenplate gridtype<ltenmlype>::thetype subtype;
Ik
IE

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

parameterexplicitly.

DGrid relieson tag classego simplify the de nition of nestedtypes. List-
ing 3.2 (b) shows the equivalert type de nition using tags. The repeated item
parameteris eliminated, and the booleanparameterto basic_grid_impl is taken
care of by two separatetags (full_grid tag  and partial_grid tag ).

Listing 3.3showsthe partial grid tag  template class. The tag classitself
is templated only on the “sub-tags.' The inner gridtype classis templated on
ltemType sothat the inner typedefsthetype and subtype canuseboth template
parameters. The useronly speci es the SubTagsparameter,while the library code
(in the dgrid class)setsthe ItemType parameter. This techniqueis 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
subclassegshe appropriate data structure by using the tag classes.Aside from
the constructor, the classis completely empty. It looks as follows:

/1 Omtted: conpiler-specific code

tenplate <class |ltemlype, typename Tags>

class dgrid : public Tags::tenplate
gridtype<itenilype>::tenplate thetype {

/...
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The constructor delegatesto the superclass. It adds an argument_dummyo the
parameterlist, sothe useris not requiredto do this ewery time.

The tag classesseparatethe library interface from its implemenation. At
presen, the dgrid classsimply inherits from the appropriate data structure.
This meansthat data structures that provide non-standard operations (such as
basic_mpi_grid_impl ) canbe de ned in the sameway as other data structures.

3.2.2 Type-safe Constructor Parameters

The data structures in the DGrid library are designedto be nested. An
important consequencés that the constructor needsto accepta variable number
of parameters|the data structure's own parametersplus the parametersfor any
number of nesteddata structures. It isimportant that ead 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:

class DataStructure {
[/ Omtted: class skeleton
public:
Dat aStructure(std:: |ist<Paraneter *> paraneters);

i

This solution works, and it is type-safein the sensehat only Parameter instances
can be addedto the parameterlist. Howewer, there is no compile-time cheding
to seeif ead item is the correct subclassof Parameter, or evenif the list sizeis
correct.

DGrid usesrecursiwe tuples to enable full compile-time chedking of the

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

/1 Omtted: nanmespace details

grid a(0,0, WDTH-1, HEIGHT-1, npi _tiles(TILEW TILE H).
npi _mappi ng( mappi ng) <<
tiles(32,32) <<
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tiles(1,1));

The last constructor parameteris 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 asfollows:

/1 Omtted: nanmespace details
typedef dgrid::dgrid<long, npi_grid tag<
full _grid tag<
full _grid tag< > > > > grid;

If we wereto changethe tag list (e.g. by taking out the inner full_grid tag < >),
then the parameter list would needto be adjusted accordingly for the code to
compile. Both the list size and the types corntained in the list must match the
de nition of the data structure.

The parameter list structure is based on recursiwe pairs. Ead call to
operator << appendsa new item to the the list, which meansthat the " rst' item
is always in the right innermosttuple. Listing 3.4 demonstratesthe retrieval of
anitem from alist of four recursiwe pairs. Both the duo struct and the item class
de ne operator <<() . In both caseghis is a templated function, sothat any class
can be appendedto a list.

The << operator is left-assaiative, which meansthat a << b << ¢ << d
on line 57 assiates as follows: (((a << b) << c¢) << d). The return type for
item :: operator <<() is duo<OtherType, item > (line 48). The innermost(a << b)
evaluatesto aduo<item, item > (with a asthe second elemem). The operator <<()
for duo has return type duo<OtherType, duo<A, B> >, sothat ((a << bh) << c)
ewvaluatesto a struct of type duo<item, duo<tem, item> > Subsequen callsto
operator <<() will add additional pairs.

The get_item < >:: value () method returns the Nth item from the bad of
the list. SinceNis a template parameter,its value needsto be known at compile
time. The data structures in the DGrid library simply usetheir depth for this
index. This way, the top-level data structure getsthe innermost elemen of the

list (which correspndsto the elemen that wasinserted rst).
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#i ncl ude <iostream>

tenpl at e<typename A, typenane B>
struct duo {

typedef A FirstType;

typedef B SecondType;

A first;
B second;

duo() { }
duo(A a, B b) : first(a), second(b) { }

tenmpl ate<typenane O her Type>
duo<Ct her Type, duo<A, B> > operator <<( Ot her Type next_item) {

}
I%

return duo<Qt her Type, duo<A, B> >(next_item, duo<A, B>(first,

tenplate <int N, typenanme |tenilype>
struct get_item {
tenpl at e<typenanme List Type>
static ltenlype & value(ListType & list) {
return get_item<N - 1, Itemlype>::value(list.second);
}
IE

tenpl ate <typename |tenilype>
struct get_item<l, Iltenilype> {
tenmpl at e<typenane ListType>
static Itemlype & value(ListType & list) {
return list.first;
}

static Itemlype & value(ltenlype & list) {
return |ist;
}

IX

class item{
private:

static int id;
public:

int the_id;

item() {

the_id = item:id ++;
}
tenpl at e<typename O her Type>
duo<Ct her Type, item> operator <<( Ot her Type next_item) ({
return duo<QtherType, item> (next_item, *this);
}
IE
int item:id = 0;

int main(int argc, int argv) {
itema; itemb; itemc; itemd;

10

second));

20

30

40

50

duo<item, duo<item, duo<item, item> > > nyList = a << b << ¢ << d;

std::cout << get_item<4, item>::value(nyList).the_ id << std::endl;

return EXI T_SUCCESS;

60
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The method get_item ::value () is ewvaluated recursively. The basecase
get_item <1, ItemType>:: value () returns duo:first  of the currernt tuple. The
innermost elemen 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) retrievesthe innermost elemen of the list. The output of the code in
listing 3.4is 0.’

The medanismdescrited hererequiresthat ead data structure have a way
to nd the type of the parameterstaken by its inner data structures. This is done
through recursion. Togetherwith the resulting constructor de nition it looks as

follows:

/1 Omtted: class skel eton
typedef Structure subtype;

t ypedef typenane subtype::tenplate
TheArgunment <til es>:: Type Argunent;

t enpl at e<t ypenanme Super Type>
struct TheArgunent {
typedef typenane subtype::tenplate
TheAr gunment <Duo<til es, Super Type> >:: Type Type;
1

basic grid_inpl(int x0, int yoO,
int x1, int yl, Argunent args);

In this sample,Structure is the template parameterthat de nes the data struc-
ture that is cortained 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 TheArgumeng >:: Type.
The Type menber is evaluated recursively from the top-level data structure down.
Ead data structure usesthe SuperTypetemplate parameterto denotethe param-

eter list “thusfar,’ sothat the inner data structures canadd their parametertype
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to the list. This recursionendswith the dgrid ::location  class,which appends
argument_dummyan empty class)to the list of requestedargumert types.

When the constructor is called for any data structure, it removes the in-
nermostargumen from a copy of the args list. The “tail' of the list then senes
asthe argumert for any new substructure s. The data structure hasto take its
own argumert out of the list, sincethe substructure  will not acceptit otherwise
(i.e. the code would not compile).

The only issuethat remainsis how to passmore than one argumer to a
singlenesteddata structure. At preser, the only data structure that takesmore
than oneparameteris dgrid :: basic_mpi_impl , which takesmpi_tiles (int , int )
and mpi_mappind 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:

npi _tiles mpi_mapping(int * processes) {
if (!use_processes ) {
processes_ = processes;
use_processes_ = true;

}

return *this;

This way of handling multiple argumeris doesnot scaleto large numbers of
argumerns, wheresomeargumerts might be optional. The Boost Graph Library
solwes this problem in the implemenation of its ‘named parameters' feature,
using inheritance [3]. The solution shovn here is simpler to implemert for a

small number of argumerts, howewer.

3.2.3 Ecien t Callbac ks through MPI

The DGrid library allows the use of predicate functions to limit sear®
results. The get range query operation can take a function as a template pa-
rameter. This function should return true for those elemens that should be

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

The basic_mpi_grid_impl data structure allows the library to be usedin
MPI applications. This complicatesthe useof predicates,sinceit is not possibleto
“send'a template parameterfrom one processto another. We solwe this problem
by requiring that users register' their predicate functions. The predicatesare
registeredin the sameorder in eat processand eat receivesa uniqueidenti er
which can be sert from one processto another.

The registration is handled by seweral methods and classesin the MPI
implemenation class. The relevant code from basic_mpi_grid_impl is shavn in

listing 3.5. The client code might look as follows:

bool even x pred(int x, int vy) {
return x % 2 == 0;
}
// Omtted: instantiate a data structure nyGid
myGid. register_predi cate<even_x_pred>();

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 courter in its baseclass(predicate_base , line 8). Template function
parametersare matched basedon the function name,sothat a separateclass(with
its own static variables)is generatedfor ead unique call to register_predicate
The baseclassallows these template classeso sharea single courter (ID, line
10).

The preceedingstepsgeneratea unique iderti er for ead registeredpred-
icate. The next step adds a pointer to get range (line 30) to the predicates
map. The static get range method is a placeholderfor the Structure 's own
do_get range method. This way, the pointer is a regular function pointer, which
works morereliably than a pointer to menber. The pointer to function is added
to predicates_ in line 52.

At this point, the MPI processesharethe sameunique identi er for that
particular function. This identi er can be sert between processesas part of a

seard request. The recipiert would call the appropriate function like this:
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Listing 3.5: Predicate inlining across pro cesses

/] Omtted:

/1 - basic_npi_grid_inmpl class body

/1 - subclasses of predicate_base (only coord_predicate is shown)
/1 - various sanity checks

/1l - initialize static nmenbers (e.g. predicate_base::|D)

private:
cl ass predicate_base {
protected:
static int |D; 10

Ik

tenpl ate<bool T_function(int, int)>
class coord_predicate : public predicate_base {
private:
static int the id_;
public:
coord_predicate() {
coord predicate::the_ id_ = ++ predicate_base::ID;
} 20
static int the_id() {
return the_id_;
}
Ik

tenpl ate<bool T_function(int, int), bool T_function2(ltenflType & item,
bool USE_COORD PRED, bool USE_|ITEM PRED, typenanme Structure_Type>
cl ass get_range_hol der {
public:
static void get _range(const int xO, const int yO, 30
const int x1, const int yl,
list<ltemlype *> & itenms, Structure_Type * structure) {

structure->do_get _range<T_function, T_function2,
USE_COORD PRED, USE | TEM PRED, |ist<Itenlype *> >
(x0, yO0, x1, yl1, itens);

e

/1 map predicate IDs to function pointers 40
typedef void (*get_range_ptr)(const int, const int,

const int, const int,

list<ltenType *> &, Structure *);

map<int, get_range_ptr > predicates_;

public:
tenpl ate<bool T_function(int, int)>
void register_predicate() {
coord_predi cate <T_function> cp; 50

predi cates_[ coord_predicate<T function>::the_id()] =
&get _range_hol der <T_function, itempred, true, false, Structure>::get_range;
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(*(predicates [itempred_id]))
(x0, yO0, x1, yl1, search result, theitens_ );

The items stored in search_result would then be sert bad to the requesting
process.



CHAPTER 4
Results and Future Work

The current implemertation of the DGrid library is successfuin seweral areas.
Informal testing has showvn the serial data structures in the library to use sig-
ni cantly lessmemory than a nave array-basedimplemertation, while o ering

better performance. The library alsoprovidesa good proof-of-conceptfor the use
of templates as an alternative for the Composite designpattern. The other uses
of templates, e.g. for parameterlist passing,signi cantly improve the library's

easeof use. Appendix A shows a full-length examplethat illustrates basicinser-
tion, deletion, and querying operations; section3.1.1 hasa similar examplethat

usesthe MPI data structure.

Future work on the library could focus on the following features:

additional querytypes{ The library o ers only orthogonal(i.e. rectangular)
range queries. Other query types, sud as nearestneighbor seart, also
have many applications. The design of the library does not preclude it

from implemerting other typesof queriesas well.

more genericdesign{ At presem, seart operationstake a data structure
that is usedto ‘deliver' the results to the client code. A more exible
approad would useinput iterators instead, sothat the library is minimally
dependert on external classes.Stroustrup [12] descrikesiterator types.

Another potential improvemert would be to further separatethe interface
from the implemertation. Currently the main dgrid classsimply inherits
from the appropriate data structure. Instead, ead implemenation class

could provide separate public' interfaceto the user.

load balancing{ The MPI data structure currertly dividesthe spaceewenly

accordingto a xed tile size. For clustered data, it is probable that one

33
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tile is completely empty, while another has a large cluster of items. If eat
processhandlesa singletile, this results in an unewen distribution of the
workload. Consequetly, it would be bene cial to adjust the distribution

basedon the "densiy' of the data. Additionally, many distributed systems
are heterogeneousthe processorshave di erent characteristics, and the
bandwidth that is available between processoramay not be uniform. This

would have to be consideredas well.

additional data structures{ The only non-standarddata structure that is
currertly supported by the library is the MX quadtree,which is optimized
for highly dynamic, clustereddata. Adding additional data structurescould
provide more diversetrade-o s between memory usage,query time, and
construction time. The library could be made to support data in higher
dimensionsas well.
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APPENDIX A
An example program

The following is a full-length exampleof a program that usesthe DGrid library
to perform some basic operations. The preceedingchapters contain extensiwe
examplesthat explainvariousfeatures. Listing 3.1is a full-length exampleof how
to usethe MPI data structure; the following example usesother (non-parallel)
data structures.

Listing A.1: Example: Using DGrid

#incl ude <iostream>

#include <list>

#i nclude "dgrid. hpp"

#include "dgrid_basic_grid. hpp"
#i ncl ude "dgrid_quadtree. hpp"

tenpl ate <typenane SequenceType >
voi d display_sequence( SequenceType & seq) {
t ypedef typename SequenceType::iterator iterator;

std::cout << "[" ;

for (iterator i = seq.begin(); i != seq.end(); ++i) {
std::cout << **j << " "

}

std::cout << "]" << std::endl;

}

int main (int argc, char ** args) {
usi ng nanmespace dgrid::tags;
typedef dgrid::dgrid<int, full _grid_tag<
quadtree_tag< > > > grid,;

/'l 3x3 quadtrees of size 1024x1024 each
grid nyGid(0,0, 3071, 3071, dgrid::tiles(1024, 1024) << dgrid::tiles(1,1));

int b
int c

5;
7;

myGid.insert (10, 10, b);
nyGid.insert (11, 10, c);

std::list<int*> search_results;

myGrid. get_range(0,0, 100,100, search_results);
di spl ay_sequence(search_results); // expect {b,c}

search_results.clear ();
nmyGid. get_range(0,0, 10, 10, search_results);
di spl ay_sequence(search_results); // expect {b}

myGid. renove(10, 10, b);
nmyGid. renove(11, 10, c);
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search_results.clear ();

nyGrid. get_range(0,O0,

100,

100,

search_results);

di spl ay_sequence(search_results); // expect {}

return EXI T_SUCCESS,;
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