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(ABSTRACT) 

This dissertation deals with the application of object-oriented database techniques to the 

problem of storage and access of information retrieval (IR) data, especially data that can 

be organized as a graph, such as a thesaurus encoded in semantic networks, or hypertext 

collections. Even traditional IR models can use graph representations of documents and 

concepts. 

This dissertation reports the development of an object-oriented model called the LEND 

(Large External object-oriented Network Database) model. This model contains not only 

features found in a typical object-oriented model but also those that specifically are designed 

for graph-structured data. A query language is provided facilitating the specification of 

graph-oriented queries. 

A prototype LEND system has been implemented to test the model on realistic graph- 

structured data. It adopts an open system architecture and design, and is easily extensible, 

like the LEND model itself. The research result of suitable data structures and algorithms 

(a class of minimal perfect hashing functions) for the efficient implementation of the LEND 

model is also reported. These data structures and algorithms enable retrieval of a node or 

a set of nodes in an optimal fashion. Placement of a large graph on a disk is studied as 

well. The method developed permits efficient traversal of graphs.
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Chapter 1 

Introduction 

This dissertation studies object-oriented database techniques for the storage and access 

of information retrieval (IR) data, especially data whose structure is a graph, such as a 

thesaurus encoded in semantic networks and hypertext built on top of documents. Even 

traditional IR models can use a graph representation of documents and concepts. The 

promise of adapting object-oriented database techniques includes: 

e fast prototyping; 

e integrated search environment; 

e efficient data access; 

e compact and shared data storage; and 

e easy extension with new data types. 

To build such a system, it is essential to develop an object-oriented model for the graph 

structured data and to prototype a system that supports the model. To show that the model 

can deliver performance close to that of specialized IR systems or their components that 

support the operations studied in the dissertation, it is necessary to identify data structures
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and algorithms suitable for the data involved. This dissertation has achieved all the above 

goals. 

This dissertation reports the development of an object-oriented model called the LEND 

model. Here LEND stands for Large External object-oriented Network Database. The 

model contains not only features found in a typical object-oriented model but also those 

that are specifically designed for graph data. A query language is available facilitating the 

specification of graph-oriented queries. 

This dissertation has put heavy emphasis on research regarding suitable data structures 

and algorithms for the efficient implementation of the LEND model. This is because the 

data (graphs) concerned are large. They must be placed on secondary storage units. These 

data structures and algorithms enable retrieval of a node or a set of nodes in an optimal 

fashion. Placement of a large graph on a disk is also studied. The method permits efficient 

traversal of graphs. 

1.1 Overview 

This chapter begins with a survey of typical IR search models and then points out many 

of the storage and access problems existing in typical research or commercial information 

retrieval systems. The main drawback lies in the fact that documents and related data are 

stored in a manner dependent on the search routines for different IR models. As a result, 

duplication of data is frequently seen and it is difficult to combine results of different IR 

models, in part because of complex interconnections of documents and the related data. 

The chapter also discusses the problem with storing externally thesauri encoded as seman- 

tic networks. There is great promise that thesauri can improve IR system effectiveness. 

However, a thesaurus directly encoded in a semantic network would take more space than 

that available in the main memory of a modern computer. It is necessary that an efficient 

external storage system helps solve the problem. A similar problem exists for hypertext 

data.
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1.2 IR Models 

A variety of models and systems have been developed to deal with the problem of finding 

documents that satisfy a given information need. As the following brief survey reveals, these 

models require different representations of documents, use different functions to compute 

the degree of match, and fit various types of information need. 

1.2.1 (Extended) Boolean Model 

The Boolean model is the simplest retrieval model and has been widely used in biblio- 

graphic retrieval systems. The model, using a document term list representation, permits 

the specification of terms linked by binary operators and, or and not in queries. 

The advantage of the model results from its ability to describe precisely the information 

need. This rigid specificity is useful in applications where exact matching in both content 

and structure of (part of) documents are desired. However, in applications where a partial 

matching that retrieves neither too many nor too few is asked for, the Boolean model 

behaves poorly because it is unable to rank the selected documents. The Boolean model 

also requires the document to be represented in a term set form which implies that semantic 

relations among the terms are not used in the model. 

Various strategies have been considered to extend the Boolean model. Among them are 

ones capable of answering proximity queries and ones capable of ranking output documents. 

For the later category, the most studied and effective one is the p-norm method [SFW83]. 

Given a set of terms Aj, Az, ..., An, suppose a document D is represented as 

D = (d4,,d4,,---,4A,) 

where da, stands for the weight of term A; in D. A query Q is partially represented as 

q = (41, 42,..., Gn) 

where a; stands for the weight of term A; in Q. Then the model generalizes the Boolean
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or-query Qor to 

Qor(p) = [(A1,41) or? (A2,a@2) or? ... or? (An, an)] 

and the Boolean and-query Qanq to 

Qand(p) = [(A1,@¢1;) and? (Ag, a2) and? ... and? (Any,an)]. 

The model computes the similarity for the document D and the query Q in a or-query 

as 

  

P 4p P 4p P \> a,d', + and’, +...$ ard) » 
sim(D, Qaor(p)) = ( @ + as + ot ah 

and that for the document D and the and-query as 

  

1 

ay(1 — da,)? + ah(1 — da)? +... t+ ah — da)? \? 
ajt+ant+...ta7 " 

Three nice properties are associated with the p-norm model. First, the standardized 

sim(D, Qand(p)) =1- ( 

Boolean operators and, or and not are available in the model and can be used as usual. 

This is particularly important for normal Boolean systems users because they do not have 

to learn a totally different query language. Second, term weights can be used to reflect 

the importance of terms in both the document and the query. This leads to a quantitative 

measurement for the degree of matching and to the production of ranked output. Last, 

by changing the value of p one may obtain the effects of the vector model, the standard 

Boolean model and more generally the extended Boolean retrieval model. Specifically, when 

p is set to 1 the model reduces to the vector model (explained in subsection 1.2.2) where 

the Boolean operators are not in effect, and as p approaches infinity, the model approaches 

a Boolean model where the Boolean operators have a strict interpretation. 

1.2.2 Vector Model 

The vector model [SWC75] was invented to make possible the measurement of degree of 

relevance of a document to a query represented in the same form. This is an advantage over
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the pure Boolean model because the document-query matching can be computed mathe- 

matically to yield a real-valued number associated with each match. To users, this means 

that retrieved documents can be ranked to reveal the relative importance of each document 

as judged by the system. Since representations and manipulation are entirely within the 

vector space, this model can be implemented easily, with freedom allowing the design of 

special data structures and use of concurrent computation. 

The vector model describes terms, documents and queries as vectors and puts these 

objects into a linear vector system called Euclidian space. In the space there exists a set 

of linearly independent vectors (called the basis) upon which every object can be uniquely 

represented as a linear combination of vectors in the basis. Scalar product of two vectors, 

normalization of nonzero vectors and projection of one vector onto another are important 

operations in such a space. 

In normal application of the vector space concept to IR, terms drawn from an indexing 

vocabulary are usually assumed pairwise orthogonal and serve as the basis, although this 

assumption has ignored term-term correlation and is restrictive [RW86]. Using the basis, a 

document D and a query Q can be formally written as: 

n 

D= S- a;t; 

i=1 

and 
Tm 

Q= So ati. 
t=1 

The a,’s and q;’s are the components of D and Q along the basis t;’s respectively, that 

can be estimated from frequency data. The similarity of D and Q can be computed as the 

scalar product of D and Q, written as 

nr n Tru 

D-Q=)_)_ aigitit; = So aig. 
t=1 t=1 j=1 

The above simple vector model has been further generalized in [WZRR87]. The gen- 

eralized model proposed strictly defines what a basis is for an IR application vector space
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and provides a theoretically sound and elegant solution to compute term-term correlation 

within that space. The experimental evaluation of the model shows that it performs better 

than the simple vector model in terms of recall and precision. 

1.2.3. Probabilistic Model 

The probability model ([RJ76] and [SM83]) uses an attribute list representation together 

with Bayesian inference to measure the degree of matching of a query Q to a document D. 

The basic idea of the model lies in the observation that when D has a partial matching of 

terms against Q, there is a probability of D being relevant, denoted by P(rel|D). 

Using Bayes’ theorem, P(rel|D) can be written as 

P(Drel)P(rel) _ P(D|rel) P(rel) 

P(D) ~ (P(D\rel)P(rel) + P(D|nrel)P(nrel)) 
  P(rel|D) = 

P(rel) and P(nrel) are a priori probabilities and usually are estimated in terms of 

the portion of relevant or nonrelevant documents against the total number of documents. 

P(D|rel) and P(D|nrel) are respectively the probabilities that a relevant or a nonrelevant 

document D is retrieved. If we assume that the relevance of D to Q is associated with the 

relevance of each term in D to Q and that all terms are independent, then P(D]rel) and 

P(D|nrel) can be calculated using the following formulas: 

P(Djrel) = II P(t;|rel); 
t;eD 

P(D|nrel) = I] P(t;|nrel). 
#:€D 

P(t;|rel) can be estimated by the ratio of the number of relevant documents containing 

t; to the total number of relevant documents. P(t;|nrel) can be estimated similarly. The 

basis for these estimates varies depending on the knowledge available from previous searches, 

feedback on the current search, or statistics about the collection in general.
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1.2.4 Inference Network Model 

The inference network model, proposed and verified by Turtle and Croft [Tur91, TC91], 

bases its work on Bayesian inference networks. An inference network in the model is com- 

posed of two components: a document network and a query network. In the first component, 

documents and their document content representations are encoded while in the second the 

information need existing in a user’s mind, the queries explicitly expressing the need and 

the query representation details are encoded. Figure 1.1 depicts such a network. All nodes 

in the network represent binary-valued events. An evaluation of the network computes the 

probability that the information need is met (event is true) given the event that the docu- 

ment d; is observed. Iterating over all documents, it is possible to rank the documents in 

the collection. 

  

Network 

  

information need node     
  

Figure 1.1: Basic Document Inference Network 

The key part of the model is to determine the function computing P(q|pi1,..., pn) for 

node q given probabilities at all parent nodes {p1,...,pn}. The function should fit the 

needs of information retrieval and be cost-effective to compute and store. The model has 

proposed five such functions: and, or, not, sum and weighted sum, shown below. 

Pind(q =true) = I] Di



CHAPTER 1. INTRODUCTION 

Pana(4 = false) = |- I] 2: 
i=1 

nr 

Por(q = true) = 1- ie — pi) 
i=1 

Po(q = false) = Ila — pi) 

Prot(d = true) = 1-p 

Prot(d = false) = p 

number of parent nodes denoting true event 
  P. =true) = sum (4 ) number of parent nodes 

Psum(q = false) = 1 -— Psum(q = true) 
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Pweightsum (4 = true) 

Pweightsum (q = false) = 1|- 

Pind, Por and Py o~¢ can be used to simulate Boolean and probabilistic operators, while 

Pweightsum Can be used to simulate within-document term frequency tf, inverse document 

frequency zdf and the well-known weighting scheme tf x idf. 

When stored in the canonical link matrix form, the space complexity of the first four 

functions listed above is O(1) and that of the last is O(n). The time complexity of the first 

function is O(1) and that of the rest is O(n). 

1.2.5 SNePS Supported Thesauri Storage/Access 

SNePS 

SNePS [Sha79, Sha89] is a knowledge representation and manipulation system. A SNePS 

semantic network is a directed graph in which nodes represent concepts and the arcs indicate
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nonconceptual binary relations between concepts. Nodes in SNePS are of two primary types: 

molecular nodes and base nodes. Molecular nodes can be further divided into asserted ones 

and dominated ones, where the former assert propositions believed by the system and the 

latter stand for propositions or structured objects as part of a proposition. Base nodes are 

either constants or variables. Predicate calculus can also be expressed in SNePS. 

Although SNePS is a loosely typed system, there are special requirements for a directed 

graph to be considered an acceptable SNePS network [Sha79, Mor85]. Thus, no more than 

one arc (and its inverse) can join a pair of nodes, and no node should be isolated. Constraints 

regarding structure updates are also important to prevent removing a relation to a concept 

(a node) on which another concept (another node) is defined. 

Using SNePS to Represent Lexicons 

It has been observed that a mismatch between the language used by authors and inquirers 

is a common problem in the information retrieval process. Automatically bridging differ- 

ent language usage seems necessary for effective on-line searches. Results of experiments 

on expanding queries by adding related words from different sources supported this point, 

showing improvement over the original queries. In particular, Fox [Fox80] shows related 

words derived manually based on lexical-semantic relations can achieve greater effective- 

ness measured by recall and precision. Since manual derivation of lexical relations is both 

expensive and problematical, Fox and Nutter [FN87] proposed building a large English 

lexicon in the form of a semantic net to eliminate this problem. 

Current implementations of SNePS are able to handle networks which fit in main mem- 

ory. But if the data collection is too large to be held internally, database support for 

effective access and efficient indexing are necessary. More importantly, since path-based in- 

ference is a useful mechanism for lexical relation studies, its database support issue should 

be addressed and given priority. Some ideas on this will be given in Chapter 3.
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1.2.6 Hypertext Models 

Flexible and random access to documents has recently become possible through powerful 

workstations, high-resolution graphics displays, increased network communications, and 

decreased cost for larger storage. This new access freedom is delivered especially well by 

hypertext systems that allow users to access documents either linearly or nonlinearly. This 

capability has long been demanded for documents with clear physical and logical separations 

and with complex structures such as dictionaries. Concurrent and coordinated access to 

documents at the user level is another necessity when the consumption of source documents 

requires well-defined steps and procedures. 

Hypergraph Model 

The hypergraph model, proposed in |Tom89] for page-oriented hypertext databases, applies 

standard database techniques to handle commonality in the structure, set-based access, 

and user-specific views for hypertext systems. The model, still based on directed graphs, is 

formalized using a 6-tuple D = (N, P,R,V,L,E), where N is the node set, P the page set, 

R the reader set, V the mapping from N to P, LE the label set and F the hyperedge set. 

The model separates the text content and connection of text spans into two sets (P and 

N respectively) and uses a function (V) to carry out the mapping (from N to P). The 

interpretation of the contents is done by readers in R. 

The hyperedge set F connects nodes in N. A hyperedge is defined as a set of arcs in 

a conventional graph that connect a common source node to a set of target nodes. The 

labels of the edges and target nodes are specified by a label subset in L and a node subset 

in N. The model relies on the notion of hyperedges to describe commonality among edges. 

In fact, the model proposes operators that use arcs with the same label (this set of arcs is 

a subset of a hyperedge) to achieve various goals. 

Another benefit that could be obtained from hyperedges is the designation of current 

nodes. A set of current nodes, derived from a hyperedge, sets a basis for traversal operations 

10
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in a hypertext database. The use of current nodes also makes possible concurrent access 

such as multiple window browsing in a hypertext database. 

To personalize a hypertext database, user-specific views are defined following the same 

formalization rule as for hypertext databases. A view is associated with a database by some 

additional view edges making connections over user-specific view nodes and database nodes. 

The operation set proposed by the model includes querying a state, creating a view and 

modifying a state. 

“Dexter Workshop” Model 

The “Dexter Workshop” model [Ore89, HS90] is an attempt to coordinate or standardize 

hypertext models. Its goal is to provide a descriptive language neutral to all systems, to 

construct a layered architecture for incremental function specification, and to encourage the 

standardization and interoperability of hypertext systems. 

Since relativity is the foundation, the model uses abstractions in its descriptions. Its 

constructs include “component” for either nodes or links, “specifier” for general functions 

that eventually return a component typed value, and “UID” (unique identifier) for the 

identification of components. Run time support is also included in the specification of 

components, but it is not part of the model. 

These constructs are further linked by functional mappings to form the data manipula- 

tion part of the model. The datatype function produces a composite node (a component) 

from a set of (more basic) component nodes. The resolver generates a UID from a speci- 

fier. The accessor returns a component from a UID. And finally a hypertext is defined as 

components + resolvers + accessors + datatypes. 

The data manipulation part of the model includes operations to create, delete and 

modify components, to get the source and target ends of a link, and to obtain all incoming 

and all outgoing links for a node. 

ll
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1.3 Research Summary 

1.3.1 Hypotheses 

This research concerns the following hypotheses. 

e The object-oriented database technique helps the sharing of IR data among different 

IR search models; 

e The object-oriented database technique helps the integration of IR search models; 

e Minimal perfect hash functions (MPHEF's) can be found efficiently and are useful to 

IR data search; 

e IR data whose structure is a graph can be searched efficiently using MPHFs. 

1.3.2 Research Contributions 

This research leads to a formal object-oriented database model. The model is composed 

of three components: the Base Component, the Graph Component and the IR Application 

Component. The base component contains set, tuple, list and other constructs that can 

be found in typical object-oriented database models. The graph component adds node, 

arc, path and graph constructs. Sets, tuples or lists of these constructs are also possible. 

The IR component demonstrates how IR applications can be modeled by features combined 

from the first and the second component. A formal specification of the model is also given, 

along with the semantics for methods. Lastly, the query language and query examples are 

described. 

The model has been prototyped on an object-oriented database system. The system has 

three layers corresponding to the storage subsystem and three components of the LEND 

model. The system follows the normal reference model and is organized into three layers: 

storage, object and application. Within each layer, class hierarchies are used to model 

various system components. The result is an open system to which new components such 

as data structures or algorithms can be easily added. 

12
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The design meets the needs of efficient storage and access of the graph structured data. 

This is illustrated by the page storage class, the LRU replacement policy, the node and 

arc classes and the graph class. A query language for graph structured data is described. 

With the help of the language, it is easy to form a query that specifies a subgraph. The 

processing of graph queries is also discussed. 

This research also makes contributions to the development of algorithms for finding good 

minimal perfect hash (MPHF) functions. These constructed functions require small space 

to specify them, and can produce a hash address with effort proportional to the length of 

the key presented. One reference to the hash table by using the hash address can definitely 

answer the question: Does a record with that key exist? The proposed algorithms are able 

to process very large key sets (e.g., over 3 million) with a practical amount of computation 

time. The application of MPHF to trie compaction is also demonstrated. It is shown 

that the method is capable of compacting tries with different pointer distributions. The 

degree of compaction is only related to the number of nodes in the trie. The quality of the 

compaction is an e-approximation where e = 2. Variations of the MPHF algorithms are 

studied, including order-preserving and bin hashing. These hash functions have been tested 

and proved effective in indexing data in the LEND system. 

This research also studies the physical organization of graph storage, i.e., how graphs, 

especially the large ones, are placed onto disk-type physical storage devices and how indices 

are established for such placed graphs. The assumption is that all graphs are subject to 

random path access, such as browsing a hypertext data set or performing a path-based 

inference in a semantic network. The organization allows efficient random retrieval access. 

1.4 Overview of the Dissertation 

Chapter 2 presents the the LEND model (LOM). Chapter 3 covers the prototype system 

implementing the LOM. Chapter 4 describes a set of algorithms developed for finding good 

minimal perfect hash (MPHF) functions for information retrieval applications. Chapter 5 
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describes the physical organization of graph storage. Chapter 6 discusses conclusions and 

future work. 

14



Chapter 2 

An Object Model for IR 

Applications 

This chapter describes an object-oriented database model, the LEND model, suitable for 

IR data sharing, IR search model integration and graph structured data access. In section 

2.1, conventional data models are surveyed. Section 2.2 describes one integration of IR 

models with the network database model, and one database model proposed for enhancing 

the modeling flexibility of document retrieval systems. The LEND model is fully discussed 

in section 2.3. 

2.1 Data Models Survey 

Relational 

The relational model [Cod70] is one of the most famous models for conventional database 

applications. The model is based on a simple notation involving relations or tables to 

record both entities and relationships. Each relation is a subset of the Cartesian product 

of the list of attribute domains. If an entity is represented, the domain’s values are used 

to characterize it. If a relationship among entities is represented, the domain of relation(s) 
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about the relationship are the key attribute values of those entities. Since any number of 

domains could be used, n-ary relationships are expressible. 

A rich set of operations is available in the model through the relational algebra or 

calculus. They are implementation-independent, non-procedural, expressive and easy to 

use. On the other hand, since there are potentially many ways to execute a non-procedural 

query, some of which require unnecessary work, optimizing the processing of a query by 

selecting a proper execution plan is necessary for good performance. 

Since the design of relations usually makes use of the theory of normalization, the 

model preserves functional dependency relationships in the tables but will ignore other 

relationships. These relationships, including their semantics and applicable operations, 

must be remembered by the users. As a direct consequence, the model is poor in its 

capability to directly represent as well as query complex entities. This large drawback of 

the model has led to the invention of various semantic models. Also, the recursive query 

can’t be expressed in the model. 

Network 

The network data model [TL82], proposed by CODASYL’s DBTG group, supports typed 

entities decomposed into a set of fields and binary relationships connecting these entities. 

Unlike in the relational model, each binary relation is restricted to be one-one or many-one 

to allow an economical multi-list implementation of the model. Since one-one and many-one 

are the only relationships representable, a many-many relation has to be decomposed into 

two many-one relations linked by an intermediate record type. 

Operations on a network defined in the DBTG report consist of those on records and 

those on arcs. fn particular, the latter reflects the underlying multi-list implementation and 

is fairly navigational. Since operations in the network model are record-based as opposed 

to set-based in the relational model, records can be searched through keys or reached by arc 

traversal. Arcs do not have the same role as records have in the multi-list implementation 

because they cannot be searched. | This makes the network representation more complex 
eed 
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�r�e�l�a�t�i�o�n�s�h�i�p�s� �a�r�e� �t�h�e� �t�w�o� �i�m�p�o�r�t�a�n�t� �t�y�p�e�s� �o�f� �c�o�n�s�t�r�u�c�t�s� �i�n� �t�h�e� �m�o�d�e�l�.� �H�e�r�e� �a�n� �e�n�t�i�t�y� �i�s� 

�f�o�r�m�e�d� �i�n� �a�n� �a�g�g�r�e�g�a�t�e�d� �w�a�y� �f�r�o�m� �a�t�t�r�i�b�u�t�e�s� �a�n�d� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �m�a�y� �i�n�v�o�l�v�e� �e�x�p�l�i�c�i�t� �o�n�e�-� 

�t�o�-�o�n�e�,� �o�n�e�-�t�o�-�m�a�n�y� �o�r� �m�a�n�y�-�t�o�-�m�a�n�y� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �d�e�p�e�n�d�e�n�t� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�c�a�n� �a�l�s�o� �b�e� �r�e�p�r�e�s�e�n�t�e�d�.� 

�O�b�j�e�c�t�-�O�r�i�e�n�t�e�d� �M�o�d�e�l� 

�O�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �m�e�t�h�o�d�o�l�o�g�y� �[�K�L�8�9�]� �h�a�s� �b�e�e�n� �h�e�a�v�i�l�y� �i�n�v�e�s�t�i�g�a�t�e�d� �f�o�r� �t�h�e� �s�t�u�d�y� �o�f� �p�r�o�-� 

�g�r�a�m�m�i�n�g� �l�a�n�g�u�a�g�e�s� �a�n�d� �s�o�f�t�w�a�r�e� �s�y�s�t�e�m�s� �w�h�e�r�e� �d�y�n�a�m�i�c� �a�n�d� �s�t�a�t�i�c� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �b�o�t�h� 

�i�m�p�o�r�t�a�n�t�.� �O�b�j�e�c�t�-�o�r�i�e�n�t�a�t�i�o�n� �e�x�p�l�o�i�t�s� �e�n�c�a�p�s�u�l�a�t�i�o�n� �t�o� �p�a�c�k�a�g�e� �t�h�e�s�e� �t�w�o� �t�y�p�e�s� �o�f� �p�r�o�p�e�r�-� 

�t�i�e�s� �i�n�t�o� �o�n�e� �f�r�a�m�e�w�o�r�k� �c�a�l�l�e�d� �o�b� �j�e�c�t�s�.� �A�b�s�t�r�a�c�t�i�o�n� �t�h�r�o�u�g�h� �i�n�s�t�a�n�t�i�a�t�i�o�n� �a�n�d� �i�n�h�e�r�i�t�a�n�c�e� 

�i�s� �u�s�e�d� �t�o� �a�c�h�i�e�v�e� �r�e�u�s�a�b�i�l�i�t�y� �f�o�r� �s�t�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �a�s� �w�e�l�l� �a�s� �d�y�n�a�m�i�c� �h�a�n�d�l�i�n�g�.� �S�i�n�c�e� 

�t�h�e� �t�e�c�h�n�i�q�u�e� �i�s� �t�h�e� �m�a�j�o�r� �s�u�b�j�e�c�t� �o�f� �s�t�u�d�y� �o�f� �t�h�i�s� �t�h�e�s�i�s�,� �w�e� �d�i�s�c�u�s�s� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �m�o�d�e�l�s� 

�a�n�d� �s�y�s�t�e�m�s� �i�n� �t�h�e� �l�a�t�e�r� �s�e�c�t�i�o�n�s� �a�n�d� �c�h�a�p�t�e�r�s�.� 

�2�.�2� �I�R� �D�a�t�a�b�a�s�e� �M�o�d�e�l�s� 

�I�t� �h�a�s� �b�e�e�n� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �d�a�t�a�b�a�s�e� �t�e�c�h�n�o�l�o�g�y� �c�a�n� �b�e� �b�e�n�e�f�i�c�i�a�l� �t�o� �I�R� �s�y�s�t�e�m�s� �b�y� �p�r�o�-� 

�m�o�t�i�n�g� �t�h�e� �m�o�d�e�l�i�n�g� �c�a�p�a�b�i�l�i�t�y�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �s�h�a�r�a�b�i�l�i�t�y� �o�f� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �a�n�d� �r�e�t�r�i�e�v�a�l� 

�m�e�t�h�o�d�s�,� �a�n�d� �o�b�t�a�i�n�i�n�g� �s�t�a�n�d�a�r�d�i�z�e�d� �f�e�a�t�u�r�e�s� �o�f� �c�o�n�c�u�r�r�e�n�c�y�,� �r�e�c�o�v�e�r�y� �a�n�d� �p�r�o�t�e�c�t�i�o�n�.� �T�h�i�s� 

�a�w�a�r�e�n�e�s�s� �s�t�e�m�s� �f�r�o�m� �c�o�n�c�e�r�n� �w�i�t�h� �t�h�e� �f�a�c�t� �t�h�a�t� �n�o�r�m�a�l� �I�R� �s�y�s�t�e�m�s� �p�r�i�m�a�r�i�l�y� �h�a�v�e� �b�e�e�n� 

�i�m�p�l�e�m�e�n�t�e�d� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �e�f�f�i�c�i�e�n�t� �s�t�o�r�a�g�e� �a�n�d� �r�e�t�r�i�e�v�a�l� �o�f� �d�o�c�u�m�e�n�t�s� �[�C�P�8�5�]�.� �I�n�t�e�-� 

�g�r�a�t�i�n�g� �t�h�e� �I�R� �s�y�s�t�e�m�s� �w�i�t�h� �t�h�e� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s� �w�o�u�l�d� �c�e�r�t�a�i�n�l�y� �a�c�h�i�e�v�e� �a� �g�o�o�d� �d�e�g�r�e�e� �o�f� 

�i�n�t�e�r�o�p�e�r�a�b�i�l�i�t�y� �a�m�o�n�g� �I�R� �s�y�s�t�e�m�s�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�,� �w�e� �r�e�v�i�e�w� �t�w�o� �s�u�c�h� �i�n�t�e�g�r�a�-� 

�t�i�o�n�s�.� 
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�2�.�2�.�1� �N�e�t�w�o�r�k� �S�t�r�u�c�t�u�r�e�d� �I�n�t�e�g�r�a�t�i�o�n� 

�T�h�i�s� �i�n�t�e�g�r�a�t�i�o�n� �[�C�P�8�5�]� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a� �C�O�D�A�S�Y�L� �s�y�s�t�e�m� �w�i�t�h� �t�h�e� �a�i�m� �o�f� �c�o�m�p�a�r�i�n�g� 

�a� �d�a�t�a�b�a�s�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �a�g�a�i�n�s�t� �a� �s�t�a�n�d�-�a�l�o�n�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� �T�h�e� �s�t�u�d�y� �f�o�c�u�s�e�d� �o�n� 

�t�h�e� �i�n�c�u�r�r�e�d� �c�o�s�t�,� �s�a�c�r�i�f�i�c�e� �o�f� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� �n�e�w� �s�e�a�r�c�h� �s�t�r�a�t�e�g�i�e�s� �w�h�e�n� �a� �d�a�t�a�b�a�s�e� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�s� �c�o�n�s�i�d�e�r�e�d�.� 

�T�w�o� �t�y�p�e�s� �o�f� �n�o�d�e�s� �a�n�d� �t�h�r�e�e� �t�y�p�e�s� �o�f� �l�i�n�k�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �T�h�e�y� �a�r�e� 

�t�h�e� �d�o�c�u�m�e�n�t� �a�n�d� �t�e�r�m� �n�o�d�e�s� �a�n�d� �t�h�e� �d�o�c�u�m�e�n�t�-�l�i�n�k�,� �t�e�r�m�-�t�e�r�m� �a�n�d� �d�o�c�u�m�e�n�t�-�d�o�c�u�m�e�n�t� 

�l�i�n�k�s�.� �D�u�r�i�n�g� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �t�h�e� �n�e�t�w�o�r�k�,� �s�p�e�c�i�a�l�l�y� �d�e�s�i�g�n�e�d� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �g�e�n�-� 

�e�r�a�t�i�o�n� �a�n�d� �p�h�y�s�i�c�a�l� �g�r�o�u�p�i�n�g� �a�l�g�o�r�i�t�h�m�s� �w�e�r�e� �u�s�e�d� �t�o� �s�t�o�r�e� �n�o�d�e�s� �p�o�t�e�n�t�i�a�l�l�y� �r�e�l�e�v�a�n�t� �t�o� 

�q�u�e�r�i�e�s� �t�o�g�e�t�h�e�r�.� �T�w�o� �c�u�t�-�o�f�f� �m�e�t�h�o�d�s� �w�e�r�e� �a�l�s�o� �i�n�t�r�o�d�u�c�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �t�i�m�e�.� 

�I�m�p�l�e�m�e�n�t�i�n�g� �s�u�c�h� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �o�n� �a� �C�O�D�A�S�Y�L� �s�y�s�t�e�m� �p�r�e�s�e�n�t�s� �q�u�i�t�e� �a�n� �e�f�f�i�c�i�e�n�c�y� 

�p�r�o�b�l�e�m� �b�e�c�a�u�s�e� �t�h�e� �d�o�c�-�t�e�r�m� �l�i�n�k�s� �a�r�e� �m�a�n�y� �t�o� �m�a�n�y�.� �T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �C�O�D�A�S�Y�L� �d�e�-� 

�c�o�m�p�o�s�i�t�i�o�n� �s�c�h�e�m�a� �f�o�r� �m�a�n�y�-�m�a�n�y� �r�e�l�a�t�i�o�n�s� �w�i�l�l� �c�a�u�s�e� �t�o�o� �m�a�n�y� �d�i�s�k� �a�c�c�e�s�s�e�s�.� �A� �r�e�v�i�s�e�d� 

�s�c�h�e�m�a� �i�s� �u�s�e�d� �t�o� �s�o�l�v�e� �t�h�e� �p�r�o�b�l�e�m�,� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �t�h�e� �r�e�d�u�n�d�a�n�t� �s�t�o�r�a�g�e� �o�f� �d�o�c�u�m�e�n�t� 

�a�n�d� �t�e�r�m� �i�d�e�n�t�i�f�i�e�r�s�.� 

�B�a�s�e�d� �o�n� �s�u�c�h� �a� �n�e�t�w�o�r�k�,� �t�w�o� �m�a�j�o�r� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �c�l�u�s�t�e�r� �s�e�a�r�c�h� �a�n�d� �e�s�t�i�m�a�t�e�d� �p�r�o�b�-� 

�a�b�i�l�i�t�y� �s�e�a�r�c�h� �s�t�r�a�t�e�g�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �n�e�t�w�o�r�k� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�s� �c�o�m�p�a�r�a�b�l�e� �t�o� �s�t�a�n�d�-�a�l�o�n�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �d�i�s�k� �a�c�c�e�s�s� 

�a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �s�i�m�i�l�a�r�i�t�y� �c�a�l�c�u�l�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �C�O�D�A�S�Y�L� �n�e�t�w�o�r�k� �i�m�p�l�e�m�e�n�-� 

�t�a�t�i�o�n� �d�o�e�s� �s�u�f�f�e�r� �f�r�o�m� �l�o�n�g� �p�r�o�c�e�s�s�i�n�g� �t�i�m�e� �d�u�e� �t�o� �r�e�p�e�a�t�e�d� �e�x�e�c�u�t�i�o�n� �o�f� �t�h�e� �u�n�c�o�m�p�i�l�e�d� 

�r�e�c�o�r�d� �a�c�c�e�s�s� �s�t�a�t�e�m�e�n�t�,� �a�n�d� �h�u�g�e� �e�x�t�r�a� �s�t�o�r�a�g�e� �o�v�e�r�h�e�a�d� �(�1�5�0�%� �o�f� �t�h�e� �a�c�t�u�a�l� �d�a�t�a�)�.� 

�2�.�2�.�2� �A�r�r�a�y� �M�o�d�e�l� 

�T�h�i�s� �m�o�d�e�l� �[�M�A�8�7�]� �i�s� �d�e�s�i�g�n�e�d� �w�i�t�h� �t�h�e� �a�i�m� �o�f� �e�n�h�a�n�c�i�n�g� �t�h�e� �m�o�d�e�l�i�n�g� �f�l�e�x�i�b�i�l�i�t�y� �o�f� �d�o�c�u�-� 

�m�e�n�t� �r�e�t�r�i�e�v�a�l� �s�y�s�t�e�m�s�.� �T�h�e� �p�r�o�m�i�s�e� �l�i�e�s� �i�n� �t�h�e� �u�s�e� �o�f� �t�h�e� �a�r�r�a�y� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �t�h�a�t� �f�a�c�i�l�i�t�a�t�e�s� 

�c�o�n�c�e�p�t�u�a�l� �l�e�v�e�l� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �o�b�j�e�c�t�s�.� �B�a�s�i�c�a�l�l�y�,� �a�n� �a�r�r�a�y� �i�n� �t�h�e� �m�o�d�e�l� �c�o�n�t�a�i�n�s� �a� �s�e�t� �o�f� 

�n�o�n�h�o�m�o�g�e�n�e�o�u�s� �e�l�e�m�e�n�t�s�,� �e�v�e�n� �a�r�r�a�y�s�.� �T�h�i�s� �s�i�m�p�l�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �a�r�r�a�y�s� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�d�e�s�c�r�i�b�e� �a� �r�e�a�l� �w�o�r�l�d� �o�b�j�e�c�t� �s�u�c�h� �a�s� �a� �d�o�c�u�m�e�n�t� �t�h�r�o�u�g�h� �a�n� �a�r�r�a�y�,� �w�i�t�h� �s�u�f�f�i�c�i�e�n�t� �c�a�p�a�b�i�l�i�t�y� 

�t�o� �c�a�p�t�u�r�e� �t�h�e� �h�i�e�r�a�r�c�h�i�c�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �o�b�j�e�c�t�.� 

�O�t�h�e�r� �m�o�d�e�l�i�n�g� �p�o�w�e�r� �o�f� �t�h�e� �a�r�r�a�y� �m�o�d�e�l� �i�n�c�l�u�d�e�s� �t�h�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �v�a�r�i�o�u�s� �a�b�s�t�r�a�c�t�i�o�n� 

�m�e�c�h�a�n�i�s�m�s� �s�u�c�h� �a�s� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�,� �g�e�n�e�r�a�l�i�z�a�t�i�o�n�,� �a�n�d� �a�g�g�r�e�g�a�t�i�o�n�.� 

�S�i�n�c�e� �t�h�e� �p�a�p�e�r� �o�n�l�y� �d�e�a�l�s� �w�i�t�h� �t�h�e� �m�o�d�e�l� �i�t�s�e�l�f�,� �c�o�n�s�i�d�e�r�a�t�i�o�n� �o�f� �e�f�f�i�c�i�e�n�t� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� 

�h�a�s� �n�o�t� �b�e�e�n� �c�o�v�e�r�e�d�.� 

�2�.�3� �L�E�N�D� �O�b�j�e�c�t� �M�o�d�e�l� 

�T�h�i�s� �s�e�c�t�i�o�n� �i�n�f�o�r�m�a�l�l�y� �d�e�s�c�r�i�b�e�s� �a�n� �o�b�j�e�c�t� �d�a�t�a� �m�o�d�e�l� �f�o�r� �t�h�e� �s�t�o�r�a�g�e� �a�n�d� �a�c�c�e�s�s� �o�f� �I�R� 

�m�o�d�e�l�,� �S�N�e�P�S� �n�e�t�w�o�r�k�s� �a�n�d� �h�y�p�e�r�t�e�x�t� �a�p�p�l�i�c�a�t�i�o�n�s�.� �A� �f�o�r�m�a�l� �d�e�s�c�i�p�t�i�o�n� �w�i�l�l� �b�e� �g�i�v�e�n� 

�i�n� �s�e�c�t�i�o�n� �2�.�4�.� �T�h�e� �m�o�d�e�l� �i�s� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s�:� �a� �b�a�s�e� �c�o�m�p�o�n�e�n�t�,� �a� �g�r�a�p�h� 

�c�o�m�p�o�n�e�n�t� �a�n�d� �a�n� �I�R� �c�o�m�p�o�n�e�n�t�.� �S�e�e� �F�i�g�u�r�e� �2�.�1� �f�o�r� �a�n� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �c�l�a�s�s� �h�i�e�r�a�r�c�h�y� 

�f�o�r� �t�h�e� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �b�a�s�e� �p�a�r�t� �p�r�o�v�i�d�e�s� �c�l�a�s�s�e�s� �f�o�r� �p�r�i�m�i�t�i�v�e� �a�n�d� �c�o�m�p�o�s�i�t�e� 

�o�b� �j�e�c�t�s�.� �T�h�e� �g�r�a�p�h� �p�a�r�t� �u�s�e�s� �t�h�e� �b�a�s�e� �m�o�d�e�l� �t�o� �d�e�v�e�l�o�p� �a� �g�r�a�p�h� �t�y�p�e� �o�f� �u�n�i�v�e�r�s�e�.� �T�h�e� 

�g�r�a�p�h� �n�o�t�a�t�i�o�n� �h�e�l�p�s� �m�o�d�e�l�i�n�g� �o�f� �h�y�p�e�r�t�e�x�t� �a�n�d� �s�e�m�a�n�t�i�c� �n�e�t�w�o�r�k� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e� �L�E�N�D� 

�I�R� �p�a�r�t� �c�o�n�s�t�r�u�c�t�s� �I�R� �r�e�t�r�i�e�v�a�l� �m�o�d�e�l�s� �b�y� �u�s�i�n�g� �t�h�e� �f�i�r�s�t� �t�w�o� �c�o�m�p�o�n�e�n�t�s�.� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�2�.�3�.�1� �B�a�s�e� �C�o�m�p�o�n�e�n�t� 

�O�b� �j�e�c�t�s� �i�n� �t�h�i�s� �p�a�r�t� �i�n�c�l�u�d�e� �r�o�o�t� �o�b�j�e�c�t�s�,� �p�r�i�m�i�t�i�v�e� �o�b�j�e�c�t�s� �a�n�d� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�s�.� �T�o� �h�e�l�p� 

�d�i�s�c�u�s�s�i�o�n�,� �w�e� �c�o�n�c�e�n�t�r�a�t�e� �o�n� �t�h�e� �c�l�a�s�s�e�s� �b�y� �w�h�i�c�h� �t�h�e�s�e� �o�b�j�e�c�t�s� �a�r�e� �d�e�f�i�n�e�d�.� 

�R�o�o�t� �C�l�a�s�s� 

�T�h�e� �r�o�o�t� �c�l�a�s�s� �s�e�r�v�e�s� �a�s� �t�h�e� �b�a�s�e� �f�o�r� �a�l�l� �L�E�N�D� �c�l�a�s�s�e�s�.� �I�t� �a�l�l�o�w�s� �a� �L�E�N�D� �o�b�j�e�c�t� �t�o� �c�o�n�t�a�i�n� �a� 

�L�E�N�D� �o� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r� �a�n�d� �t�o� �o�w�n� �a� �s�e�t� �o�f� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s�,� �w�h�i�c�h� �o�t�h�e�r� �L�E�N�D� �c�l�a�s�s�e�s� �c�a�n� 

�o�v�e�r�r�i�d�e� �o�r� �r�e�d�e�f�i�n�e�.� �T�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �i�n�c�l�u�d�e� �t�o�_�s�t�r�i�n�g�,� �f�r�o�m�_�s�t�r�i�n�g� 

�a�n�d� �z�d�_� �E�Q�,�  ��v�a�l�u�e�_�L�E� �a�n�d�:� �v�a�l�u�e�-�E�Q�.� �T�h�e� �f�i�r�s�t� �t�w�o� �c�o�n�v�e�r�t� �a�n� �o�b�j�e�c�t� �t�o� �o�r� �f�r�o�m� �i�t�s� �s�t�r�i�n�g� 

�f�o�r�m�a�t�.� �T�h�e� �s�t�r�i�n�g� �c�o�u�l�d� �b�e� �i�n� �e�i�t�h�e�r� �A�S�C�I�I� �f�o�r�m� �o�r� �b�i�n�a�r�y� �f�o�r�m�,� �s�p�e�c�i�f�i�e�d� �b�y� �a�n� �a�d�d�i�t�i�o�n�a�l� 

�a�r�g�u�m�e�n�t� �t�o� �t�h�e�s�e� �t�w�o� �f�u�n�c�t�i�o�n�s�.� �T�h�e� �b�i�n�a�r�y� �f�o�r�m� �i�s� �u�s�e�d� �b�y� �t�h�e� �s�t�o�r�a�g�e� �s�y�s�t�e�m� �o�f� �t�h�e� 

�L�E�N�D� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m� �f�o�r� �d�i�s�k� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �p�u�r�p�o�s�e�.� �T�h�e� �A�S�C�I�I� �f�o�r�m� �h�e�l�p�s� �i�m�p�o�r�t� �a�n�d� 

�e�x�p�o�r�t� �L�E�N�D� �o�b�j�e�c�t�s� �t�o� �t�h�e� �o�u�t�s�i�d�e� �w�o�r�l�d�.� �T�h�e� �7�d�_�E�Q� �f�u�n�c�t�i�o�n� �c�o�m�p�a�r�e�s� �t�w�o� �o�b�j�e�c�t�s �� 

�i�d�e�n�t�i�f�i�e�r�s�,� �w�h�i�l�e� �v�a�l�u�e�_�L�E� �a�n�d� �v�a�l�u�e�-�E�Q� �c�o�m�p�a�r�e� �t�h�e�i�r� �v�a�l�u�e�s�.� �T�h�e�y� �a�r�e� �u�s�e�d� �b�y� �t�h�e� 

�L�E�N�D� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m� �f�o�r� �o�b�j�e�c�t� �s�t�o�r�a�g�e�,� �i�n�d�e�x�i�n�g� �a�n�d� �a�c�c�e�s�s�.� �S�i�n�c�e� �t�h�e� �s�i�x� �f�u�n�c�t�i�o�n�s� 

�h�a�v�e� �d�i�s�t�i�n�c�t� �m�e�a�n�i�n�g�s� �f�o�r� �d�i�f�f�e�r�e�n�t� �c�l�a�s�s�e�s�,� �t�h�e� �d�e�t�a�i�l�s� �(�t�h�e�i�r� �s�e�m�a�n�t�i�c�s�)� �w�i�l�l� �b�e� �g�i�v�e�n� �i�n� 

�s�e�c�t�i�o�n� �2�.�4�.� �N�e�w� �c�l�a�s�s�e�s� �c�a�n� �b�e� �a�c�c�e�p�t�e�d� �b�y� �t�h�e� �L�E�N�D� �s�y�s�t�e�m� �a�s� �l�o�n�g� �a�s� �t�h�e�y� �p�r�o�p�e�r�l�y� 

�d�e�f�i�n�e� �t�h�e�s�e� �f�u�n�c�t�i�o�n�s�.� �T�w�o� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� �p�a�r�e�n�t�_�c�l�a�s�s�e�s� �a�n�d� �t�h�i�s�_�c�l�a�s�s� �a�r�e� �a�l�s�o� 

�d�e�f�i�n�e�d�.� �T�h�e� �f�i�r�s�t� �r�e�t�u�r�n�s� �a� �s�e�t� �o�f� �t�h�e� �n�a�m�e�s� �o�f� �t�h�e� �p�a�r�e�n�t� �a�n�d� �a�l�l� �a�n�c�e�s�t�o�r� �c�l�a�s�s�e�s� �a�s� �A�S�C�I�I� 

�s�t�r�i�n�g�s�,� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �r�e�t�u�r�n�s� �t�h�e� �n�a�m�e� �o�f� �t�h�i�s� �c�l�a�s�s�.� 

�P�r�i�m�i�t�i�v�e� �C�l�a�s�s�e�s� 

�T�h�e� �p�r�i�m�i�t�i�v�e� �c�l�a�s�s�e�s� �i�n�c�l�u�d�e� �i�n�t�e�g�e�r�,� �r�e�a�l�,� �a�n�d� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g�.� �T�h�e� �i�n�t�e�g�e�r� �c�l�a�s�s� �e�n�c�o�d�e�s� 

�a�n� �i�n�t�e�g�e�r�,� �t�h�e� �r�e�a�l� �c�l�a�s�s� �e�n�c�o�d�e�s� �a� �r�e�a�l� �n�u�m�b�e�r� �a�n�d� �t�h�e� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g� �c�l�a�s�s� �e�n�c�o�d�e�s� �a� 

�c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g�.� �S�i�n�c�e� �o�p�e�r�a�t�i�o�n�s� �t�o� �t�h�e�m� �a�r�e� �w�e�l�l�-�k�n�o�w�n�,� �t�h�e�y� �a�r�e� �n�o�t� �d�i�s�c�u�s�s�e�d� �h�e�r�e�.� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�C�o�m�p�o�s�i�t�e� �C�l�a�s�s�e�s� 

�T�h�e� �c�o�m�p�o�s�i�t�e�:� �c�l�a�s�s�e�s� �i�n�c�l�u�d�e� �s�e�t�,� �l�i�s�t� �a�n�d� �t�u�p�l�e� �c�l�a�s�s�e�s�.� �T�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �s�e�t�s�,� �l�i�s�t�s� �o�r� 

�t�u�p�l�e�s� �c�a�n� �b�e� �o�b�j�e�c�t� �|� �i�d�e�n�t�i�f�i�e�r�s� �o�r� �o�b�j�e�c�t�s� �t�h�e�m�s�e�l�v�e�s�.� �T�h�r�e�e� �f�u�n�c�t�i�o�n�s� �f�o�r� �i�t�e�r�a�t�i�n�g� �o�v�e�r� 

�c�o�m�p�o�n�e�n�t�s� �o�f� �a� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t� �a�r�e� �d�e�f�i�n�e�d�.� �T�h�e�y� �a�r�e� �f�i�r�s�t�,� �g�e�t�_�c�o�m�p�o�n�e�n�t� �a�n�d� �n�e�c�t�.� 

�T�h�e� �f�u�n�c�t�i�o�n� �c�o�u�n�t� �r�e�t�u�r�n�s� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�m�p�o�n�e�n�t�s�.� 

�2�.�3�.�2� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t� 

�G�r�a�p�h� �R�o�o�t� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �s�e�r�v�e�s� �a�s� �t�l� �t�h�e� �r�o�o�t� �f�o�r� �C�l�a�s�s�e�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t�.� �O�n�l�y� �o�b�j�e�c�t�s� 

�o�f� �s�u�b�c�l�a�s�s�e�s� �t�o� �t�h�e� �g�r�a�p�h� �r�o�o�t� �c�l�a�s�s� �c�a�n� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �g�r�a�p�h� �r�e�l�a�t�e�d� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�r� 

�m�a�n�i�p�u�l�a�t�i�o�n�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �I�R� �a�p�p�l�i�c�a�t�i�o�n�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �u�s�i�n�g� �g�r�a�p�h�s�.� 

�N�o�d�e� �C�l�a�s�s� 

�T�h�e� �n�o�d�e� �c�l�a�s�s� �e�n�c�o�d�e�s� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n� �s�i�g�n�a�t�u�r�e�s� �f�o�r� �o�b�j�e�c�t�s� �t�o� �b�e� �u�s�e�d� �a�s� �n�o�d�e�s�.� �O�n�l�y� 

�o�b�j�e�c�t�s� �b�e�l�o�n�g�i�n�g� �t�o� �s�u�b�c�l�a�s�s�e�s� �o�f� �t�h�e� �n�o�d�e� �c�l�a�s�s� �c�a�n� �b�e� �c�o�n�n�e�c�t�e�d� �u�s�i�n�g� �d�i�r�e�c�t�e�d� �a�r�c� �o�b�j�e�c�t�s�.� 

�D�i�r�e�c�t�e�d� �A�r�c� �C�l�a�s�s� 

�T�h�e� �d�i�r�e�c�t�e�d� �a�r�c� �c�l�a�s�s� �e�n�c�o�d�e�s� �b�i�n�a�r�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �n�o�d�e� �o�b�j�e�c�t�s�.� �A� �d�i�r�e�c�t�e�d� �a�r�c� 

�i�s� �r�e�p�r�e�s�e�n�t�e�d� �a�s� �a� �t�r�i�p�l�e� �c�o�m�p�o�s�e�d� �o�f� �t�h�e� �s�o�u�r�c�e� �n�o�d�e� �i�d�e�n�t�i�f�i�e�r�,� �t�h�e� �l�a�b�e�l� �o�b� �j�e�c�t� �i�d�e�n�t�i�f�i�e�r� 

�a�n�d� �t�h�e� �s�i�n�k� �n�o�d�e� �i�d�e�n�t�i�f�i�e�r�.� �A� �d�i�r�e�c�t�e�d� �a�r�c� �o�b�j�e�c�t� �m�a�y� �c�o�n�t�a�i�n� �a�d�d�i�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n� 

�q�u�a�n�t�i�f�y�i�n�g� �o�r� �s�p�e�c�i�f�y�i�n�g� �t�h�e� �c�o�n�n�e�c�t�i�o�n�s�.� �A�n� �u�n�d�i�r�e�c�t�e�d� �a�r�c� �c�a�n� �b�e� �m�o�d�e�l�e�d� �a�s� �t�w�o� �d�i�r�e�c�t�e�d� 

�a�r�c�s�.� 

�P�a�t�h� �C�l�a�s�s� 

�T�h�e� �p�a�t�h� �c�l�a�s�s� �e�n�c�o�d�e�s� �p�a�t�h�s� �i�n� �a�g�r�a�p�h�.� �A� �t�y�p�i�c�a�l� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �a� �p�a�t�h� �i�n� �t�h�e� �L�E�N�D� �o�b�-� 

�j�e�c�t� �m�o�d�e�l� �(�L�O�M�)� �i� �i�s� �a� �s�e�q�u�e�n�c�e� �o�f� �n�o�d�e� �i�d�e�n�t�i�f�i�e�r�s� �a�n�d� �l�a�b�e�l� �i�d�e�n�t�i�f�i�e�r�s�.� �A�n�o�t�h�e�r� �a�l�t�e�r�n�a�t�i�v�e� 

�c�a�n� �b�e� �a� �s�e�q�u�e�n�c�e� �o�f� �d�i�r�e�c�t�e�d� �a�r�c� �i�d�e�n�t�i�f�i�e�r�s�.� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�2�.�3�.�3� �I�R� �C�o�m�p�o�n�e�n�t� 

�T�h�i�s� �s�e�c�t�i�o�n� �d�e�s�c�r�i�b�e�s� �I�R� �o�b�j�e�c�t�s�.� �T�h�e� �a�b�s�t�r�a�c�t� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �I�R� �e�n�t�i�t�i�e�s� �a�s� �o�b�j�e�c�t�s� �a�l�l�o�w�s� 

�c�o�m�p�a�c�t� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �a�n�d� �s�h�a�r�i�n�g� �o�f� �I�R� �e�n�t�i�t�i�e�s� �a�m�o�n�g� �d�i�f�f�e�r�e�n�t� �I�R� �m�o�d�e�l�s�.� �F�i�g�u�r�e� �2�.�2� 

�i�l�l�u�s�t�r�a�t�e�s� �a� �s�a�m�p�l�e� �c�o�n�c�e�p�t�u�a�l� �I�R� �g�r�a�p�h�.� �I�n� �t�h�e� �f�i�g�u�r�e�,� �t�h�e�r�e� �a�r�e� �f�o�u�r� �t�y�p�e�s� �o�f� �n�o�d�e� �c�l�a�s�s�e�s� 

�a�n�d� �t�e�n� �t�y�p�e�s� �o�f� �a�r�c� �c�l�a�s�s�e�s�.�  ��S�t�r�u�c�t�u�r�a�l �� �o�r�  ��c�i�t�a�t�i�o�n�a�l �� �r�e�l�a�t�i�o�n�s�h�i�p�s� �c�a�n� �e�x�i�s�t� �a�m�o�n�g� 

�d�o�c�u�m�e�n�t�s�.� �T�h�e�  ��C�o�n�c�e�p�t �� �c�l�a�s�s� �h�a�s� �c�o�n�t�e�n�t� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�s� �(�c�o�n�c�e�p�t�s�)� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� 

�c�o�n�t�e�n�t� �o�f� �d�o�c�u�m�e�n�t�s�.� �H�e�n�c�e�,� �w�e� �h�a�v�e� �t�h�e� �a�r�c� �c�l�a�s�s�  ��R�e�p�r�e�s�e�n�t�i�n�g ��.� �S�e�m�a�n�t�i�c� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�a�m�o�n�g� �t�h�e�s�e� �c�o�n�c�e�p�t�s� �e�x�i�s�t�.� �T�h�e�  ��A�n�c�h�o�r �� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�s� �s�o�m�e� �a�r�b�i�t�r�a�r�y� �c�o�m�p�o�n�e�n�t�s� 

�w�i�t�h�i�n� �d�o�c�u�m�e�n�t�s�.�  ��H�y�p�e�r�t�e�x�t �� �a�r�c�s� �c�o�n�n�e�c�t� �a�n�c�h�o�r�s� �t�o�g�e�t�h�e�r� �t�o� �f�o�r�m� �h�y�p�e�r�t�e�x�t�.� �T�h�e� 

 ��q�u�e�r�y �� �c�l�a�s�s� �i�s� �a�b�o�u�t� �q�u�e�r�i�e�s� �i�s�s�u�e�d� �a�g�a�i�n�s�t� �n�o�d�e� �a�n�d� �a�r�c� �o�b�j�e�c�t�s�,� �s�u�c�h� �a�s�  ��C�o�n�c�e�p�t ��,� 

 ��D�o�c�u�m�e�n�t �� �a�n�d�  ��A�n�c�h�o�r �� �s�h�o�w�n� �i�n� �t�h�e� �f�i�g�u�r�e�.� 

�D�o�c�u�m�e�n�t� �C�l�a�s�s� 

�D�o�c�u�m�e�n�t� �o�b�j�e�c�t�s� �g�e�n�e�r�a�l�i�z�e� �t�h�e� �n�o�t�i�o�n� �o�f� �d�o�c�u�m�e�n�t�s�.� �D�o�c�u�m�e�n�t� �o�b�j�e�c�t�s� �c�o�n�t�a�i�n� �i�n�f�o�r�m�a�-� 

�t�i�o�n� �t�h�a�t� �a� �u�s�e�r� �i�s� �i�n�t�e�r�e�s�t�e�d� �i�n�.� �A�n� �I�R� �m�o�d�e�l� �h�e�l�p�s� �t�h�e� �u�s�e�r� �r�e�t�r�i�e�v�e� �d�o�c�u�m�e�n�t�s� �t�h�a�t� �a�r�e� 

�l�i�k�e�l�y� �t�o� �b�e� �r�e�l�e�v�a�n�t�.� �A�s� �d�o�c�u�m�e�n�t�s� �m�a�y� �v�a�r�y� �i�n� �t�e�r�m�s� �o�f� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �m�e�d�i�a� �(�t�e�x�t�,� �a�u�d�i�o�,� 

�v�i�d�e�o�)�,� �f�u�n�c�t�i�o�n� �(�j�o�u�r�n�a�l�,� �m�e�m�o�,� �b�o�o�k�)�,� �i�n�t�e�r�n�a�l� �s�t�r�u�c�t�u�r�e� �(�b�i�b�l�i�o�g�r�a�p�h�i�c�a�l� �r�e�c�o�r�d�s�,� �m�e�m�o�)� 

�o�r� �w�r�i�t�t�e�n� �s�t�y�l�e�,� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �m�a�y� �b�e� �e�m�p�l�o�y�e�d�.� �W�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �I�R� �m�o�d�e�l�s� �c�o�n�s�i�d�e�r�e�d�,� 

�a� �d�o�c�u�m�e�n�t� �o�b�j�e�c�t� �i�s� �v�i�e�w�e�d� �a�s� �a�n� �e�n�t�i�t�y� �a�n�d� �b�e�a�r�s� �a�n� �i�d�e�n�t�i�f�i�e�r�.� �I�t�s� �c�o�n�t�e�n�t� �i�s� �r�e�p�r�e�s�e�n�t�e�d� 

�b�y� �c�o�n�c�e�p�t� �n�o�d�e�s�,� �a�n�d� �t�h�e� �e�x�a�c�t� �m�e�d�i�a� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �c�a�n� �b�e� �s�t�o�r�e�d� �a�p�p�r�o�p�r�i�a�t�e�l�y� �w�i�t�h�i�n� 

�t�h�e� �d�o�c�u�m�e�n�t� �o�b�j�e�c�t� �b�o�u�n�d�a�r�y�.� 

�C�o�n�c�e�p�t� �C�l�a�s�s� 

�C�o�n�c�e�p�t� �o�b�j�e�c�t�s� �a�r�e� �u�s�e�d� �t�o� �e�m�b�o�d�y� �t�h�e� �c�o�n�t�e�n�t�s� �o�f� �d�o�c�u�m�e�n�t�s�.� �A�u�t�o�m�a�t�i�c� �k�e�y� �e�x�t�r�a�c�t�i�o�n�,� 

�a�u�t�o�m�a�t�i�c� �p�h�r�a�s�e� �e�x�t�r�a�c�t�i�o�n�,� �m�a�n�u�a�l� �a�s�s�i�g�n�m�e�n�t� �a�n�d� �n�a�t�u�r�a�l� �l�a�n�g�u�a�g�e� �p�r�o�c�e�s�s�i�n�g� �a�r�e� �t�h�e� 

�c�o�m�m�o�n� �m�e�a�n�s� �t�o� �o�b�t�a�i�n� �c�o�n�c�e�p�t� �o�b�j�e�c�t�s�.� �T�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �c�a�n� �g�e�n�e�r�a�t�e� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�p�t� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �s�t�r�i�n�g�s�.� 
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�a�.� �Z�z� 

�[� �D�o�c�u�m�e�n�t� �]� �[� �C�o�n�c�e�p�t� �}�[� �A�n�c�h�o�r� �]� �V�i�e�w� 

�H�y�p�e�r�t�e�x�t� �|� �I�R� �M�o�d�e�l�s� �|� �(� �S�e�m�a�n�t�i�c� �N�e�t� �]� 

�(� �B�o�o�l�e�a�n� �|� �{� �V�e�c�t�o�r� �|� �{�I�n�f�e�r�e�n�c�e� �N�e�t� �}� 

� � 

� � � � 

� � 

�I�R� �C�o�m�p�o�n�e�n�t� � � � � � � � � 

�F�i�g�u�r�e� �2�.�1�:� �T�h�r�e�e� �C�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �L�E�N�D� �M�o�d�e�l� 

� � 

� � � � � � � � 

�F�i�g�u�r�e� �2�.�2�:� �A� �S�a�m�p�l�e� �C�o�n�c�e�p�t�u�a�l� �I�R� �G�r�a�p�h� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�S�i�m�i�l�a�r� �t�o� �t�h�e� �d�o�c�u�m�e�n�t� �o�b�j�e�c�t�s�,� �e�a�c�h� �c�o�n�c�e�p�t� �o�b�j�e�c�t� �h�a�s� �a�n� �i�d�e�n�t�i�f�i�e�r�.� �T�h�e� �s�t�r�i�n�g� �p�a�r�t� �o�f� 

�c�o�n�c�e�p�t�s� �h�o�w�e�v�e�r� �c�a�n� �b�e� �s�u�c�c�i�n�c�t�l�y� �s�t�o�r�e�d�.� �T�h�i�s� �i�s� �d�o�n�e� �b�y� �i�n�t�r�o�d�u�c�i�n�g� �a� �l�e�v�e�l� �o�f� �i�n�d�i�r�e�c�t�i�o�n� 

�w�h�e�r�e� �i�d�e�n�t�i�c�a�l� �t�e�x�t� �s�t�r�i�n�g�s� �a�r�e� �r�e�p�l�a�c�e�d� �b�y� �t�h�e�i�r� �i�d�e�n�t�i�f�i�e�r�s�.� 

�A�n�c�h�o�r� �C�l�a�s�s� 

�A�n�c�h�o�r� �o�b�j�e�c�t�s� �s�e�r�v�e�s� �a�s�  ��a�n�c�h�o�r�s �� �w�h�i�c�h� �e�x�p�l�i�c�i�t�l�y� �i�d�e�n�t�i�f�y� �a� �p�o�r�t�i�o�n� �o�f� �a� �d�o�c�u�m�e�n�t� �o�b�j�e�c�t�.� 

 ��A�n�c�h�o�r�s �� �c�o�n�n�e�c�t� �d�i�f�f�e�r�e�n�t� �p�o�r�t�i�o�n�s� �o�f� �d�o�c�u�m�e�n�t�s� �t�o�g�e�t�h�e�r� �t�h�r�o�u�g�h� �h�y�p�e�r�t�e�x�t� �l�i�n�k�s� �i�n� �a� 

�m�e�a�n�i�n�g�f�u�l� �w�a�y�.�  ��A�n�c�h�o�r�s �� �a�r�e� �u�s�e�d� �f�o�r� �b�r�o�w�s�i�n�g�.� 

�Q�u�e�r�y� �C�l�a�s�s� 

�Q�u�e�r�y� �o�b�j�e�c�t�s� �a�r�e� �i�n�t�r�o�d�u�c�e�d� �t�o� �e�n�c�a�p�s�u�l�a�t�e� �t�h�e� �d�e�t�a�i�l�s� �o�f� �h�e�t�e�r�o�g�e�n�o�u�s� �q�u�e�r�i�e�s� �u�s�e�d� �b�y� 

�d�i�s�t�i�n�c�t� �I�R� �m�o�d�e�l�s�.� �I�R� �m�o�d�e�l� �q�u�e�r�i�e�s� �t�y�p�i�c�a�l�l�y� �i�d�e�n�t�i�f�y� �a� �s�u�b�s�e�t� �o�f� �r�e�l�e�v�a�n�t� �d�o�c�u�m�e�n�t� 

�o�b�j�e�c�t�s�.� �H�y�p�e�r�t�e�x�t� �q�u�e�r�i�e�s� �l�o�c�a�t�e� �a� �s�e�t� �o�f�  ��a�n�c�h�o�r�s �� �a�n�d� �f�i�n�a�l�l�y� �a� �d�o�c�u�m�e�n�t� �s�u�b�s�e�t�.� 

�I�R� �A�r�c� �C�l�a�s�s� 

�I�R� �a�r�c� �o�b�j�e�c�t�s� �e�n�c�o�d�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �d�o�c�u�m�e�n�t�s� �a�n�d� �c�o�n�c�e�p�t�s�,� �b�e�t�w�e�e�n� �d�o�c�u�-� 
�~�~�,� 

�m�e�n�t�s�,� �b�e�t�w�e�e�n� �a�n�c�h�o�r�s�,� �a�n�d� �b�e�t�w�e�e�n� �a�n�c�h�o�r�s� �a�n�d� �d�o�c�u�m�e�n�t�s�.� �S�e�m�a�n�t�i�c� �r�e�l�a�t�i�o�n�s�h�i�p�s� �e�x�i�s�t� 

�a�m�o�n�g� �t�h�e�s�e� �n�o�d�e� �o�b�j�e�c�t�s�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�.� 

�T�h�e� �r�e�a�s�o�n� �t�h�a�t� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�r�e� �e�n�c�o�d�e�d� �u�s�i�n�g� �l�i�n�k�s� �i�n�s�t�e�a�d� �o�f� �b�e�i�n�g� �d�e�f�i�n�e�d� �a�s� �c�o�n�-� 

�s�t�i�t�u�e�n�t�s� �o�f� �n�o�d�e� �o�b�j�e�c�t�s� �s�u�c�h� �a�s� �d�o�c�u�m�e�n�t� �o�r� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�b�j�e�c�t�s� �i�s� �t�h�a�t� �t�h�e� �f�o�r�m�e�r� 

�a�p�p�r�o�a�c�h� �f�a�c�i�l�i�t�a�t�e�s� �s�h�a�r�i�n�g� �a� �s�e�t� �o�f� �d�o�c�u�m�e�n�t�s� �a�n�d� �c�o�n�c�e�p�t�s� �a�m�o�n�g� �m�u�l�t�i�p�l�e� �I�R� �m�o�d�e�l�s�.� 

�N�o�t�e� �t�h�a�t� �s�u�b�c�l�a�s�s�i�n�g� �d�o�c�u�m�e�n�t� �a�n�d� �c�o�n�c�e�p�t� �c�l�a�s�s�e�s� �d�o�e�s� �n�o�t� �w�o�r�k� �e�i�t�h�e�r� �a�s� �i�t� �n�e�e�d�l�e�s�s�l�y� 

�d�u�p�l�i�c�a�t�e�s� �t�h�e�i�r� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s�.� 

�B�o�o�l�e�a�n� �R�e�t�r�i�e�v�a�l� �M�o�d�e�l� �C�l�a�s�s� 

�T�h�e� �B�o�o�l�e�a�n� �m�o�d�e�l� �i�s� �e�a�s�i�l�y� �r�e�p�r�e�s�e�n�t�e�d� �u�s�i�n�g� �a� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h� �G�B�o�o�l�e�a�n� �W�h�e�r�e� �d�o�c�u�m�e�n�t� 

�o�b�j�e�c�t� �n�o�d�e�s� �a�r�e� �o�n� �o�n�e� �s�i�d�e� �a�n�d� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �n�o�d�e�s� �a�r�e� �o�n� �t�h�e� �o�t�h�e�r�,� �a�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�3�.� �T�h�e� �r�e�l�a�t�i�o�n� �t�h�a�t� �a� �t�e�r�m� �(�a� �c�o�n�c�e�p�t�)� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �n�o�d�e� �r�e�p�;� �o�c�c�u�r�s� �i�n� �a� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�d�o�c�u�m�e�n�t� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �d�o�c�;� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� �j�o�i�n�i�n�g� �n�o�d�e� �r�e�p�;� �a�n�d� �n�o�d�e� �d�o�c�;� �t�h�r�o�u�g�h� 

�a�n� �a�r�c�.� �S�u�p�p�o�s�e� �t�h�e� �q�u�e�r�y� �i�n� �t�h�e� �m�o�d�e�l� �i�s� �i�n� �d�i�s�j�u�n�c�t�i�v�e� �n�o�r�m�a�l� �f�o�r�m�.� �W�e� �a�s�s�o�c�i�a�t�e� �w�i�t�h� 

�e�a�c�h� �c�o�n�j�u�n�c�t� �i�n� �t�h�e� �q�u�e�r�y� �a� �s�e�t� �o�f� �t�e�r�m� �n�o�d�e�s� �r�e�p�;� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �c�o�n�j�u�n�c�t�.� �F�i�n�d�i�n�g� �t�h�e� 

�a�n�s�w�e�r� �t�o� �t�h�e� �c�o�n�j�u�n�c�t� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �i�d�e�n�t�i�f�y�i�n�g� �a� �m�a�x�i�m�a�l� �b�i�p�a�r�t�i�t�e� �s�u�b�g�r�a�p�h� �G�,�y�p� �i�n� 

�G� �B�o�o�l�e�a�n� �i�n� �w�h�i�c�h� �e�a�c�h� �d�o�c�u�m�e�n�t� �n�o�d�e� �i�n� �G�,�,�,� �c�o�n�n�e�c�t�s� �t�o� �a�l�l� �t�e�r�m� �n�o�d�e�s� �i�n� �t�h�e� �c�o�n�j�u�n�c�t�.� 

�V�e�c�t�o�r� �R�e�t�r�i�e�v�a�l� �M�o�d�e�l� �C�l�a�s�s� 

�S�i�m�i�l�a�r� �t�o� �t�h�e� �B�o�o�l�e�a�n� �m�o�d�e�l�,� �a� �v�e�c�t�o�r� �m�o�d�e�l� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h� �f�o�r�m�,� 

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�.� �T�h�e� �g�r�a�p�h� �G�y�e�c�t�o�r� �h�a�s� �a�d�d�i�t�i�o�n�a�l� �r�e�l�a�t�i�o�n� �a�r�c�s� �c�o�n�n�e�c�t�i�n�g� �d�o�c�u�m�e�n�t� 

�n�o�d�e� �d�o�c�;� �a�n�d� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �n�o�d�e� �r�e�p�;�.� �T�h�e� �w�e�i�g�h�t�s� �a�r�e� �e�n�c�o�d�e�d� �i�n� �t�h�e� �a�r�c�s�,� �w�h�i�c�h� �d�e�s�c�r�i�b�e� 

�t�h�e� �d�e�g�r�e�e� �o�f� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �t�e�r�m� �i�n� �t�h�e� �d�o�c�u�m�e�n�t�.� �A� �q�u�e�r�y� �i�n� �t�h�e� �m�o�d�e�l� �i�s� �d�e�s�c�r�i�b�e�d� 

�a�s� �a� �n�o�d�e� �a�d�j�a�c�e�n�t� �t�o� �n�o�d�e�s� �o�f� �t�e�r�m�s� �a�p�p�e�a�r�i�n�g� �i�n� �t�h�e� �q�u�e�r�y�.� �E�a�c�h� �e�d�g�e� �f�r�o�m� �a� �q�u�e�r�y� �n�o�d�e� 

�t�o� �a� �t�e�r�m� �n�o�d�e� �b�e�a�r�s� �a� �q�u�e�r�y� �w�e�i�g�h�t� �d�e�n�o�t�i�n�g� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �t�e�r�m� �i�n� �t�h�e� �q�u�e�r�y�.� 

�C�o�m�p�u�t�a�t�i�o�n� �o�f� �t�h�e� �r�a�n�k� �o�f� �t�h�e� �m�a�t�c�h�e�d� �d�o�c�u�m�e�n�t�s� �i�s� �c�a�r�r�i�e�d� �o�u�t� �t�h�r�o�u�g�h� �m�u�l�t�i�p�l�i�c�a�t�i�o�n� 

�o�f� �e�a�c�h� �q�u�e�r�y� �t�e�r�m� �w�e�i�g�h�t� �w�i�t�h� �t�h�e� �d�o�c�u�m�e�n�t�-�t�e�r�m� �w�e�i�g�h�t�.� 

�2�.�4� �S�p�e�c�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �L�E�N�D� �M�o�d�e�l� 

�T�h�i�s� �s�e�c�t�i�o�n� �g�i�v�e�s� �a� �f�o�r�m�a�l� �s�p�e�c�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �L�E�N�D� �m�o�d�e�l�.� �T�h�e� �s�t�y�l�e� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� 

�o�f� �S�t�r�a�u�b�e� �a�n�d� �O�z�s�u� �i�n� �[�S�O�9�0�]� �a�n�d� �t�o� �t�h�a�t� �o�f� �L�é�c�l�u�s�e�,� �R�i�c�h�a�r�d� �a�n�d� �V�e�l�e�z� �i�n� �[�L�R�V�9�0�]�.� �T�h�e� 

�s�p�e�c�i�f�i�c�a�t�i�o�n� �f�i�r�s�t� �i�n�t�r�o�d�u�c�e�s� �t�h�e� �p�r�i�m�i�t�i�v�e� �s�e�t�s�.� �T�h�e�n� �i�t� �s�h�o�w�s� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �o�b�j�e�c�t�s� 

�i�n� �t�h�e� �L�E�N�D� �m�o�d�e�l�.� �F�i�n�a�l�l�y� �i�t� �g�i�v�e�s� �t�h�e� �s�e�m�a�n�t�i�c�s� �o�f� �i�m�p�o�r�t�a�n�t� �m�e�t�h�o�d�s� �b�a�s�e�d� �o�n� �t�h�e� 

�o�b�j�e�c�t� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s�.� 

�2�.�4�.�1� �P�r�i�m�i�t�i�v�e� �S�e�t�s� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �s�e�t�s� �f�o�r�m� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n�.� 

�D�o�m�a�i�n� �S�e�t�:� �D� �i�s� �a� �f�i�n�i�t�e� �s�e�t� �c�o�n�t�a�i�n�i�n�g� �n� �d�o�m�a�i�n�s� �D�;�,� �D� �=� �U�i�_�,� �{�D�i�}�.� �S�a�m�p�l�e� �d�o�m�a�i�n�s� 

�i�n�c�l�u�d�e� �i�n�t�e�g�e�r�,� �r�e�a�l� �n�u�m�b�e�r�,� �a�n�d� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g�.� 
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� � 

�b�)� �G�s�,� �f�o�r� �e�a�c�h� �c�o�n�j�u�n�c�t� 

� � 

� � 

�=�a� �=� �r�e�p�r�e�s�e�n�t� �a�r�c� 
�=� �=� �-�>�>� �q�u�e�r�y� �a�r�c� 

� � � � � � �4�)� �G�a�o�o�l�e�a�n� � � � � � � 

�F�i�g�u�r�e� �2�.�3�:� �A� �B�o�o�l�e�a�n� �R�e�t�r�i�e�v�a�l� �G�r�a�p�h� �R�e�p�r�e�s�e�n�t�a�t�i�o�n� 

� � 

� � � � 
� � 

�T�P�Q� �T�S� �T�P� �I� �r�e�p�?� �a�t�t�e�p�;� �a�r� �T�e�P�4� �t�e�r�m� 
�S�e�e�s� �4� �?� 

�~� �.� �a� �o� �o� 

�.� �4�4�°�  � ��=� �r�e�p�r�e�s�e�n�t� �a�r�c� 

� � � � �c�s� �q�u�e�r�y� �=� �=� �o�q�u�e�r�y� �a�r�c� 
� � � � � � � � 

�F�i�g�u�r�e� �2�.�4�:� �A� �V�e�c�t�o�r� �R�e�t�r�i�e�v�a�l� �G�r�a�p�h� �R�e�p�r�e�s�e�n�t�a�t�i�o�n� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�A�t�t�r�i�b�u�t�e� �S�e�t�:� �A�t�t�r�i�b�u�t�e� �s�e�t� �A� �i�s� �a� �c�o�u�n�t�a�b�l�y� �i�n�f�i�n�i�t�e� �s�e�t� �o�f� �s�y�m�b�o�l�s�.� �A�t�t�r�i�b�u�t�e�s� �a�r�e� �u�s�e�d� 

�t�o� �r�e�p�r�e�s�e�n�t� �p�r�o�p�e�r�t�i�e�s� �o�f� �o�b�j�e�c�t�s� �[�W�a�n�8�9�]�.� 

�I�d�e�n�t�i�f�i�e�r� �S�e�t�:� �/�D� �i�s� �t�h�e� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r� �s�e�t�.� �A�n� �i�d�e�n�t�i�f�i�e�r� �i�d�  ¬� �I�D� �i�s� �a� �p�a�i�r� �<� �c�,�?� �>�,� 

�w�h�e�r�e� �b�o�t�h� �c� �a�n�d� �2� �a�r�e� �i�n� �t�h�e� �i�n�t�e�g�e�r� �s�e�t� �Z�.� �c�i�s� �c�a�l�l�e�d� �t�h�e� �c�l�a�s�s� �c�o�d�e� �a�n�d� �7� �t�h�e� �i�n�s�t�a�n�c�e� 

�c�o�d�e�.� �T�w�o� �f�u�n�c�t�i�o�n�s� �c�l�s�_�c�o�d�e�(�)� �a�n�d� �i�n�s�.�c�o�d�e� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�d�:� �i�d�.�c�l�s�_�c�o�d�e�(�)� �=� �c� 

�a�n�d� �i�d�.�i�n�s�_�c�o�d�e�(�)� �=� �1�.� 

�T�y�p�e� �N�a�m�e� �S�e�t�:� �T�y�p�e� �n�a�m�e� �s�e�t� �7�'�N� �i�s� �a� �c�o�u�n�t�a�b�l�y� �i�n�f�i�n�i�t�e� �s�e�t� �o�f� �s�y�m�b�o�l�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� 

�e�a�c�h� �d�o�m�a�i�n� �D�;� �h�a�s� �a� �t�y�p�e� �n�a�m�e� �d�;�,� �d�;� �E� �T�N�.� 

�C�l�a�s�s� �N�a�m�e� �S�e�t�:� �C�'�N� �i�s� �t�h�e� �c�o�u�n�t�a�b�l�y� �i�n�f�i�n�i�t�e� �s�e�t� �o�f� �c�l�a�s�s� �n�a�m�e�s�.� 

�M�e�t�h�o�d� �N�a�m�e� �S�e�t�:� �M�N� �i�s� �t�h�e� �c�o�u�n�t�a�b�l�y� �i�n�f�i�n�i�t�e� �s�e�t� �o�f� �m�e�t�h�o�d� �n�a�m�e�s�.� 

�N�o�t�e� �t�h�a�t� �a�l�l� �s�e�t�s� �a�r�e� �d�i�s�j�o�i�n�t�.� 

�2�.�4�.�2� �V�a�l�u�e�s� 

�T�h�e�r�e� �a�r�e� �f�i�v�e� �t�y�p�e�s� �o�f� �v�a�l�u�e�s�.� �T�h�e� �e�n�t�i�r�e� �s�e�t� �o�f� �v�a�l�u�e�s� �i�s� �d�e�n�o�t�e�d� �b�y� �V�.� 

�A�t�o�m�i�c� �V�a�l�u�e�:� �A� �v�a�l�u�e� �v�  ¬� �D�;� �i�s� �a�n� �a�t�o�m�i�c� �v�a�l�u�e�.� 

�I�d�e�n�t�i�f�i�e�r� �V�a�l�u�e�:� �A� �v�a�l�u�e� �i�d�  ¬� �I�D� �i�s� �a�n� �i�d�e�n�t�i�f�i�e�r� �v�a�l�u�e�.� 

�L�i�s�t� �V�a�l�u�e�:� �A� �v�a�l�u�e� �o�f� �t�h�e� �f�o�r�m� �[�v� �1�,� �v�2�,�.�.�.�,�U�n�]�,� �w�h�e�r�e� �v�;�  ¬� �V�,� �i�s� �c�a�l�l�e�d� �a� �l�i�s�t� �v�a�l�u�e�.� 

�S�e�t� �V�a�l�u�e�:� �A� �v�a�l�u�e� �o�f� �t�h�e� �f�o�r�m� �{�v�,� �v�2�,�.�.�.�,�0�n�}�,� �w�h�e�r�e� �v�;�  ¬� �V�,� �i�s� �c�a�l�l�e�d� �a� �s�e�t� �v�a�l�u�e�.� 

�T�u�p�l�e� �V�a�l�u�e�:� �A� �t�u�p�l�e� �o�f� �t�h�e� �f�o�r�m� �<� �a� �:� �v�1�,� �a�2�:� �v�2�,�.�.�.�,�a�%� �:� �v�e� �>�,� �w�h�e�r�e� �a�;�  ¬� �A�a�n�d� �v�;�  ¬� �V�,� 

�i�s� �c�a�l�l�e�d� �a� �t�u�p�l�e� �v�a�l�u�e�.� 
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�2�.�4�.�3� �O�b�j�e�c�t�s� 

�A� �L�E�N�D� �o�b�j�e�c�t�:� �o� �i�s� �a� �p�a�i�r� �(�t�d�,�v�)�,� �w�h�e�r�e� �i�d�  ¬� �I�D� �a�n�d� �v�  ¬� �V�.� �T�o� �h�e�l�p� �d�i�s�c�u�s�s�i�o�n�,� �w�e� 

�d�e�f�i�n�e� �t�h�r�e�e� �f�u�n�c�t�i�o�n�s� �o�n� �o�:� �o�.�t�d�e�n�(�)� �=� �i�d�,� �o�.�v�a�l�u�e�(�)� �=� �v�,� �0�.� �r�e�f�(�)� �=� �=� �a�l�l� �i�d�e�n�t�i�f�i�e�r�s� �f�o�u�n�d� �i�n� 

�O�.� �v�a�l�u�e�(�)�.� �L�e�t� �©� �d�e�n�o�t�e� �a� �s�e�t� �o�f� �L�E�N�D� �o�b�j�e�c�t�s�.� �F�u�n�c�t�i�o�n� �o�b�j�s�(�)� �t�e�t�u�r�n�s� �n�o�r�m�a�l� �o�b�j�e�c�t�s� �i�n� 

�©�.� �A� �s�e�t� �o�f� �L�E�N�D� �o�b�j�e�c�t�s� �©� �i�s� �c�o�n�s�i�s�t�e�n�t� �i�f�f�:� 

�e� �v� �d�i�s�t�i�n�c�t� �o�b�j�e�c�t�s� �o� �a�n�d� �o ��  ¬� �O�,� �i�f� �o�.� �i�d�e�n�(�)�.� �c�l�s�_�c�o�d�e�(�)� �=� �o�'� �.�i�d�e�n�(�)�.�c�l�s�_�c�o�d�e�(�)�,� �t�h�e�n� 

�0�.� �i�d�e�n�(�)�.� �i�n�s� �-�c�o�d�e�(�)� �Z�%� �o�!� �i�d�e�n�(�)�.� �i�n�s� �c�o�d�e�(�)�.� �T�h�i�s� �c�o�n�d�i�t�i�o�n� �a�s�s�u�r�e�s� �t�h�e� �u�n�i�q�u�e�n�e�s�s� �o�f� 

�i�n�s�t�a�n�c�e� �c�o�d�e�s� �o�f� �a� �c�l�a�s�s�.� 

�e� �v�o�  ¬� �Q�O�,� �r�e�f�(�o�)� �C� �U�s� �1�c� �0� �.�i�d�e�n�(�)�.� �T�h�i�s� �c�o�n�d�i�t�i�o�n� �s�t�a�t�e�s� �t�h�a�t� �a�l�l� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s� 

�m�u�s�t� �h�a�v�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �o�b� �j�e�c�t�s�.� 

�2�.�4�.�4� �C�l�a�s�s�e�s� 

�A� �c�l�a�s�s� �c�a�p�t�u�r�e�s� �t�h�e� �c�o�m�m�o�n� �f�e�a�t�u�r�e�s� �o�f� �a� �s�e�t� �o�f� �o�b�j�e�c�t�s�.� �I�t� �d�e�f�i�n�e�s� �t�h�e� �v�a�l�u�e� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �f�o�r� �t�h�e�s�e� �o�b�j�e�c�t�s�.� �B�o�t�h� �p�r�i�v�a�t�e� �a�n�d� �i�n�h�e�r�i�t�a�b�l�e� �v�a�l�u�e�s� �c�a�n� �b�e� �d�e�f�i�n�e�d�,� �b�y� �|� 

�u�s�i�n�g� �t�h�e� �b�a�s�i�c�,� �i�d�e�n�t�i�f�i�e�r�,� �s�e�t�,� �l�i�s�t� �a�n�d� �t�u�p�l�e� �v�a�l�u�e�s�.� 

�A� �m�e�t�h�o�d� �i�s� �c�o�m�p�o�s�e�d� �o�f� �a� �s�i�g�n�a�t�u�r�e� �p�a�r�t� �a�n�d� �a�n� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �p�a�r�t�.� �T�h�e� �f�o�r�m�e�r� 

�h�a�s� �a� �f�u�n�c�t�i�o�n� �n�a�m�e�,� �a� �s�e�t� �o�f� �a�r�g�u�m�e�n�t�s� �a�n�d� �a� �r�e�s�u�l�t�,� �w�h�i�l�e� �t�h�e� �l�a�t�t�e�r� �r�e�a�l�i�z�e�s� �t�h�e� �m�a�p�p�i�n�g� 

�f�r�o�m� �a�r�g�u�m�e�n�t�s� �t�o� �t�h�e� �r�e�s�u�l�t� �t�h�r�o�u�g�h� �c�o�m�p�u�t�a�t�i�o�n�,� �l�o�o�k�u�p� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �b�o�t�h�.� �A� 

�m�e�t�h�o�d� �m� �d�e�f�i�n�e�d� �b�y� �c�l�a�s�s� �c�i�s� �d�e�f�i�n�e�d� �a�s� �m� �=� �(�n�,� �f�,�6�)�,� �w�h�e�r�e� �n� �i�s� �t�h�e� �m�e�t�h�o�d� �n�a�m�e�  ¬� �M�N�,� 

�f�:�5 ��T� �t�h�e� �m�a�p�p�i�n�g� �f�r�o�m� �d�o�m�a�i�n� �S� �t�o� �r�a�n�g�e� �T�,� �a�n�d� �b� �i�s� �t�h�e� �b�e�h�a�v�i�o�r� �(�s�e�m�a�n�t�i�c�s�)� �o�f� �/�f�.� 

�T�h�e� �p�a�i�r� �(�n�,� �f�)� �i�s� �c�a�l�l�e�d� �t�h�e� �s�i�g�n�a�t�u�r�e� �o�f� �m�.� �T�h�e� �s�e�t� �o�f� �m�e�t�h�o�d�s� �d�e�f�i�n�e�d� �b�y� �c� �i�s� �d�e�n�o�t�e�d� �M�T�.� 

�T�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �f� �w�i�l�l� �b�e� �g�i�v�e�n� �a�f�t�e�r� �w�e� �e�x�p�l�a�i�n� �t�h�e� �i�n�h�e�r�i�t�a�n�c�e� �a�n�d� �o�b�j�e�c�t�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�C�.� 

�A� �c�h�i�l�d� �c�l�a�s�s� �c�a�n� �b�e� �c�o�n�s�t�r�u�c�t�e�d� �b�y� �i�n�h�e�r�i�t�i�n�g� �f�e�a�t�u�r�e�s� �f�r�o�m� �a� �p�a�r�e�n�t� �c�l�a�s�s� �p�.� �W�e� �u�s�e� 

�s�u�b�e�(�p�)� �t�o� �d�e�n�o�t�e� �t�h�e� �s�e�t� �o�f� �a�l�l� �c�h�i�l�d� �c�l�a�s�s�e�s� �o�f� �D�p�.� �F�o�r� �P� �a�n�d� �o�n�e� �o�f� �i�t�s� �c�h�i�l�d� �c�l�a�s�s�e�s� �c�,� �i�f� �t�h�e� 

�v�a�l�u�e� �p� �p�o�r�t�i�o�n� �o�f� �p�i�s� �i�n� �c�,� �c� �i�n�h�e�r�i�t�s� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�;� �i�f� �a� �m�e�t�h�o�d� �s�i�g�n�a�t�u�r�e� �o�f� �p� �c�a�n� �b�e� �u�s�e�d� 

�b�y� �c�,� �c� �i�n�h�e�r�i�t�s� �t�h�e� �m�e�t�h�o�d�.� �R�e�p�r�e�s�e�n�t�a�t�i�o�n� �a�n�d� �m�e�t�h�o�d� �i�n�h�e�r�i�t�a�n�c�e� �a�r�e� �a�l�l�o�w�e�d� �i�n� �L�O�M� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�f�o�r� �m�o�d�e�l�i�n�g� �f�l�e�x�i�b�i�l�i�t�y�.� �A�l�t�h�o�u�g�h� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �i�n�h�e�r�i�t�a�n�c�e� �v�i�o�l�a�t�e�s� �t�h�e� �e�n�c�a�p�s�u�l�a�t�i�o�n� �o�f� �p� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �s�u�b�c�(�p�)�,� �i�t� �p�r�e�s�e�n�t�s� �n�o� �m�a�j�o�r� �p�r�o�b�l�e�m�s� �t�o� �t�h�e� �I�R� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �i�n�t�e�r�e�s�t�,� �a�s� 

�t�h�e� �d�e�p�t�h� �o�f� �a� �r�e�l�a�t�i�v�e�l�y� �s�t�a�t�i�c� �c�l�a�s�s� �h�i�e�r�a�r�c�h�y� �i�n� �t�h�e�s�e� �a�p�p�l�i�c�a�t�i�o�n�s� �m�a�y� �n�o�t� �b�e� �v�e�r�y� �d�e�e�p�.� 

�L�O�M� �a�l�l�o�w�s� �t�h�e� �m�e�t�h�o�d� �i�n�h�e�r�i�t�a�n�c�e� �t�o� �b�e� �m�u�l�t�i�p�l�e� �i�n�h�e�r�i�t�a�n�c�e�.� �T�h�e� �p�a�r�e�n�t�_�c�l�a�s�s�e�s� �f�u�n�c�t�i�o�n� 

�r�e�t�u�r�n�s� �o�n�l�y� �n�a�m�e�s� �o�f� �t�h�e� �p�a�r�e�n�t� �c�l�a�s�s�e�s� �f�r�o�m� �w�h�i�c�h� �m�e�t�h�o�d� �s�i�g�n�a�t�u�r�e�s� �a�r�e� �i�n�h�e�r�i�t�e�d�.� 

�A� �c�l�a�s�s� �¢� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �s�e�t� �o�f� �o�b�j�e�c�t�s�,� �e�a�c�h� �o�f� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �a� �v�a�l�u�e� �d�e�f�i�n�e�d� �b�y� 

�t�h�e� �v�a�l�u�e� �t�y�p�e� �a�n�d� �i�s� �m�a�n�i�p�u�l�a�t�e�d� �o�n�l�y� �b�y� �t�h�e� �s�e�t� �o�f� �m�e�t�h�o�d�s� �o�w�n�e�d� �b�y� �c�.� �F�o�l�l�o�w�i�n�g� �[�S�0�9�0�]�,� 

�w�e� �d�e�n�o�t�e� �a�s� �e�z�t�(�c�)� �t�h�e� �s�e�t� �o�f� �a�l�l� �o�b�j�e�c�t�s� �o�f� �c�,� �a�n�d� �a�s� �e�r�t�*�(�c�)� �a�l�l� �i�n�s�t�a�n�c�e�s� �o�f� �c� �a�n�d� �s�u�b�c�(�c�)�.� 

�I�n� �s�e�t� �n�o�t�a�t�i�o�n�,� �t�h�e� �l�a�t�t�e�r� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �e�x�t�*�(�c�)� �=� �e�x�t�(�c�)� �U� �{�U�v�e�s�u�b�e�(�c�)� �e�r�t�(�c ��)�}�-� 

�G�i�v�e�n� �c�l�a�s�s� �c� �a�n�d� �i�t�s� �t�w�o� �a�s�s�o�c�i�a�t�e�d� �o�b�j�e�c�t� �s�e�t�s� �e�x�t�(�c�)� �a�n�d� �e�x�t�*�(�c�)�,� �S� �a�n�d� �T� �i�n� �s�i�g�n�a�t�u�r�e� 

�p�a�r�t� �f�:� �S�  �� �T� �o�f� �m�e�t�h�o�d� �m� �o�f� �c� �c�a�n� �b�e� �d�e�f�i�n�e�d�.� �S� �i�s� �t�h�e� �c�a�r�t�e�s�i�a�n� �p�r�o�d�u�c�t�:� 

�S� �=� �$�,�x� �S�y�x�.�.�.�X� �S�p�,� 

�w�h�e�r�e� �5�;� �i�s� �e�x�t�(�c�)�,� �a�n�d� �5�2�,� �5�3�,� �.�.�.�,� �S�n�,� �T� �C�O�U�V�.� �S�e�,� �S�3�,� �.�.�.�,� �S�y�,� �a�r�e� �t�h�e� �a�r�g�u�m�e�n�t�s� �t�o� 

�t�h�e� �m�e�t�h�o�d�,� �a�n�d� �T� �i�s� �t�h�e� �r�e�t�u�r�n� �v�a�l�u�e� �o�f� �m�.� 

�N�o�w�,� �w�e� �c�a�n� �d�e�f�i�n�e� �L�E�N�D� �c�l�a�s�s� �c�.� �c� �i�s� �a� �t�u�p�l�e� �c� �=� �(�n�m�,� �P�,� �v�t�p�,� �v�t�y�,� �M�T�,�,� �M�T�;�)�,� �w�h�e�r�e� 

�n�m� �i�s� �t�h�e� �c�l�a�s�s� �n�a�m�e�,� �P� �i�s� �t�h�e� �p�a�r�e�n�t� �c�l�a�s�s� �n�a�m�e�,� �v�t�,� �i�s� �t�h�e� �p�r�i�v�a�t�e� �v�a�l�u�e� �t�y�p�e�,� �v�t�,� �i�s� �t�h�e� 

�i�n�h�e�r�i�t�e�d� �v�a�l�u�e� �t�y�p�e�,� �M�T�,� �i�s� �t�h�e� �i�n�h�e�r�i�t�e�d� �m�e�t�h�o�d� �s�e�t�,� �a�n�d� �M�T�,� �i�s� �t�h�e� �m�e�t�h�o�d� �s�e�t� �d�e�f�i�n�e�d� 

�b�y� �¢� �(�i�n�c�l�u�d�i�n�g� �t�h�o�s�e� �u�s�e�d� �t�o� �o�v�e�r�r�i�d�e� �t�h�e� �i�n�h�e�r�i�t�e�d� �m�e�t�h�o�d�e�s�)�.� �M�T� �=� �M�T�,�U�M�T�;�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �a� �s�e�t� �o�f� �L�E�N�D� �c�l�a�s�s�e�s� �s�h�o�u�l�d� �b�e� �m�a�i�n�t�a�i�n�e�d� �i�n� �a� �c�o�n�s�i�s�t�e�n�t� �s�t�a�t�e�.� �A� �c�l�a�s�s� �s�e�t� �i�s� 

�c�o�n�s�i�s�t�e�n�t� �i�f�f� �a�l�l� �c�l�a�s�s� �n�a�m�e�s� �a�r�e� �d�i�s�t�i�n�c�t� �a�n�d� �a�l�l� �m�e�t�h�o�d� �n�a�m�e�s� �d�e�f�i�n�e�d� �o�n� �e�a�c�h� �c�l�a�s�s� �a�r�e� 

�d�i�s�t�i�n�c�t�.� 

�2�.�4�.�5� �D�a�t�a�b�a�s�e� 

�A� �L�E�N�D� �d�a�t�a�b�a�s�e� �i�s� �a� �s�e�t� �o�f� �c�o�n�s�i�s�t�e�n�t� �c�l�a�s�s�e�s� �f�o�r�m�i�n�g� �a� �s�i�n�g�l�e� �h�i�e�r�a�r�c�h�y� �r�o�o�t�e�d� �a�t� �t�h�e� �L�E�N�D� 

�r�o�o�t� �c�l�a�s�s� �a�n�d� �a� �s�e�t� �o�f� �c�o�n�s�i�s�t�e�n�t� �o�b�j�e�c�t�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e�s�e� �c�l�a�s�s�e�s�.� �T�h�e� �o�p�e�r�a�t�i�o�n�s� �o�n� 

�t�h�e� �o�b�j�e�c�t�s� �a�r�e� �m�e�t�h�o�d�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �c�l�a�s�s�e�s�.� 
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�2�.�4�.�6� �M�e�t�h�o�d�s� �f�o�r� �I�m�p�o�r�t�a�n�t� �L�E�N�D� �C�l�a�s�s�e�s� 

�I�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �w�e� �d�e�s�c�r�i�b�e� �t�h�e� �v�a�l�u�e�s�,� �m�e�t�h�o�d� �s�i�g�n�a�t�u�r�e�s� �a�n�d� �b�e�h�a�v�i�o�r�s� �(�s�e�m�a�n�t�i�c�s�)� �f�o�r� 

�i�m�p�o�r�t�a�n�t� �L�E�N�D� �c�l�a�s�s�e�s�.� 

�R�o�o�t� �C�l�a�s�s� 

�T�h�e� �m�e�t�h�o�d� �s�e�t� �f�o�r� �t�h�e� �r�o�o�t� �c�l�a�s�s� �R�o�o�t� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�1�.� �M�e�t�h�o�d� �t�h�i�s�_�c�l�a�s�s� �r�e�t�u�r�n�s� �a� 

�s�t�r�i�n�g� �f�o�r�m� �o�f� �t�h�e� �c�l�a�s�s� �n�a�m�e�.� �M�e�t�h�o�d�s� �c�l�s�_�c�o�d�e� �a�n�d� �i�n�s�_�c�o�d�e� �r�e�t�u�r�n� �t�h�e� �c�l�a�s�s� �a�n�d� �i�n�s�t�a�n�c�e� 

�c�o�d�e� �o�f� �a� �r�o�o�t� �o�b�j�e�c�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� �t�w�o� �f�u�n�c�t�i�o�n�s� �w�i�l�l� �b�e� �i�n�h�e�r�i�t�e�d� �b�y� �a�l�l� �c�l�a�s�s�e�s� 

�C� �s�u�b�c�(�R�o�o�t�)�.� �p�a�r�e�n�t�_�c�l�a�s�s�e�s� �r�e�t�u�r�n�s� �a� �s�e�t� �c�o�n�t�a�i�n�i�n�g� �a�l�l� �p�a�r�e�n�t� �c�l�a�s�s� �n�a�m�e�s�.� �I�n� �t�h�e� �c�a�s�e� 

�o�f� �R�o�o�t�,� �t�h�i�s� �s�e�t� �i�s� �e�m�p�t�y�.� �M�e�t�h�o�d� �i�d�_�E�Q� �c�h�e�c�k�s� �f�o�r� �e�q�u�a�l�i�t�y� �o�f� �t�h�e� �i�d�e�n�t�i�f�i�e�r�s� �o�f� �t�w�o� �o�b�j�e�c�t�s�.� 

�v�a�l�u�e�_�L�E� �a�n�d� �v�a�l�u�e�_�E�Q� �m�a�k�e� �l�e�s�s� �t�h�a�n� �a�n�d� �e�q�u�a�l� �(�<�)� �a�n�d� �e�q�u�a�l� �(�=�)� �c�o�m�p�a�r�i�s�o�n�s� �o�f� �t�w�o� 

�o�b�j�e�c�t�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e�i�r� �v�a�l�u�e�s�.� �T�h�e� �s�e�m�a�n�t�i�c�s� �o�f� �v�a�l�u�e� �c�o�m�p�a�r�i�s�o�n� �o�p�e�r�a�t�i�o�n�s� �d�e�p�e�n�d�s� 

�o�n� �e�a�c�h� �s�p�e�c�i�f�i�c� �c�l�a�s�s�.� �M�e�t�h�o�d�s� �t�o�_�s�t�r�i�n�g� �a�n�d� �f�r�o�m�_�s�t�r�i�n�g� �c�o�n�v�e�r�t� �t�h�e� �L�E�N�D� �o�b�j�e�c�t� �t�o� �a�n�d� 

�f�r�o�m� �s�t�r�i�n�g�s�.� �A� �p�a�r�a�m�e�t�e�r� �f�r�o�m� �t�h�e� �s�e�t� �{�A�S�C�I�I�,� �B�I�N�A�R�Y�}� �c�o�n�t�r�o�l�s� �t�h�e� �k�i�n�d� �o�f� �s�t�r�i�n�g� 

�c�o�n�v�e�r�t�e�d�.� 

�T�h�e� �v�a�l�u�e� �a�n�d� �b�e�h�a�v�i�o�r� �o�f� �R�o�o�t� �i�s� �s�h�o�w�n� �b�e�l�o�w�.� �A�r�g�u�m�e�n�t� �o� �a�p�p�e�a�r�i�n�g� �i�n� �i�d�_�E�Q�,� 

�v�a�l�u�e�_�L�E� �a�n�d� �v�a�l�u�e�_�E�Q� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �m�u�s�t� �b�e� �a� �L�E�N�D� �o�b�j�e�c�t�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i�>� 

�B�e�h�a�v�i�o�r�:� 

�c�l�s�.�c�o�d�e�(�)� �=� �c� 

�i�n�s�_�c�o�d�e�(�)� �=� �2� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�R�o�o�t�}� 

�T�R�U�E� �i�f�e�=�=�o�0�.�c� �A�N�D�i� �=�=�0�.� 
�t�i�d�_�E�Q�(�o�)� �=� 

�F�A�L�S�E� �o�t�h�e�r�w�i�s�e� 

�v�a�l�u�e�.�L�E�(�o�)� �=� �F�A�L�S�E� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�v�a�l�u�e� �_�E�Q�(�o�)� �=� �F�A�L�S�E� 

�C�o�n�s�t�r�a�i�n�t�:� �N�o� �v�a�l�u�e� �p�a�r�t� 

�C�o�m�p�o�s�i�t�e� �C�l�a�s�s� � � 

�T�h�i�s� �c�l�a�s�s� �m�o�d�i�f�i�e�s� �a�l�l� �m�e�t�h�o�d�s� �o�f� �t�h�e� �R�o�o�t� �c�l�a�s�s� �e�x�c�e�p�t� �c�i�s�_�c�o�d�e� �a�n�d� �i�n�s�_�c�o�d�e�.� �N�e�w� �m�e�t�h�o�d�s� 

�f�i�r�s�t�,� �g�e�t�-�c�o�m�p�o�n�e�n�t� �a�n�d� �n�e�z�t� �a�l�l�o�w� �i�t�e�r�a�t�i�o�n� �o�v�e�r� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �c�o�m�p�o�s�i�t�e�.� �T�a�b�l�e� 

�2�.�1� �s�h�o�w�s� �t�h�e� �s�i�g�n�a�t�u�r�e�s� �o�f� �t�h�e�s�e� �m�e�t�h�o�d�s�.� �N�o�t�e� �t�h�a�t� �t�h�e� �m�e�t�h�o�d� �g�e�t�_�c�o�m�p�o�n�e�n�t� �r�e�t�u�r�n�s� 

�a�n� �o�b�j�e�c�t� �a�s� �o�p�p�o�s�e�d� �t�o� �a� �v�a�l�u�e�.� �T�h�e� �r�e�t�u�r�n�i�n�g� �v�a�l�u�e� �a�p�p�r�o�a�c�h� �i�s� �a�d�o�p�t�e�d� �i�n� �O�2 ��s� �R�e�l�o�o�p� 

�q�u�e�r�y� �l�a�n�g�u�a�g�e� �[�C�D�L�R�9�0�]�.� �W�e� �a�r�g�u�e� �h�e�r�e� �t�h�a�t� �o�u�r� �a�p�p�r�o�a�c�h� �i�s� �t�h�e� �r�i�g�h�t� �w�a�y� �t�o� �p�r�o�m�o�t�e� 

�e�n�c�a�p�s�u�l�a�t�i�o�n� �e�v�e�n� �a�t� �t�h�e� �c�o�m�p�o�n�e�n�t� �l�e�v�e�l� �a�n�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �d�a�t�a� �t�y�p�e� �(�d�e�f�i�n�i�n�g� �n�e�w� �c�l�a�s�s�)� 

�e�x�t�e�n�s�i�o�n�.� �M�e�t�h�o�d�s� �i�n�s�e�r�t� �a�n�d� �d�e�l�e�t�e� �u�p�d�a�t�e� �t�h�e� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�.� �T�h�e� �m�e�t�h�o�d� �c�o�u�n�t� 

�r�e�t�u�r�n�s� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�.� �S�i�n�c�e� �t�h�i�s� �c�l�a�s�s� �s�e�r�v�e�s� �a�s� �t�h�e� 

�b�a�s�e� �c�l�a�s�s� �f�o�r� �o�t�h�e�r� �c�o�m�p�o�s�i�t�e� �c�l�a�s�s�e�s�,� �i�t�s� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �a�r�e� �n�e�v�e�r� �c�a�l�l�e�d�.� �H�e�n�c�e�,� �w�e� �d�o� 

�n�o�t� �d�e�s�c�r�i�b�e� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �i�t�e�r�a�t�i�o�n� �a�n�d� �c�o�u�n�t� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i�>� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�}� 

�t�h�i�s�.�c�l�a�s�s�(�)� �=� �{�C�o�m�p�o�s�i�t�e�}� 

�C�o�n�s�t�r�a�i�n�t�:� �e�x�t�(�C�o�m�p�o�s�i�t�e�)� �=� �{�}� 

�T�u�p�l�e� �C�l�a�s�s� 

�T�h�e� �t�u�p�l�e� �c�l�a�s�s� �c�o�n�t�a�i�n�s� �a� �t�u�p�l�e� �v�a�l�u�e�.� �T�h�i�s� �c�l�a�s�s� �m�o�d�i�f�i�e�s� �a�l�l� �m�e�t�h�o�d�s� �o�f� �t�h�e� �R�o�o�t� �a�n�d� 

�C�o�m�p�o�s�i�t�e� �c�l�a�s�s�e�s� �e�x�c�e�p�t� �c�l�s�.�c�o�d�e� �a�n�d� �i�n�s�_�c�o�d�e�.� �T�h�e� �n�e�w� �m�e�t�h�o�d� �a�t�t�r�_�t�o�_�n�u�m� �(�s�h�o�w�n� �i�n� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�T�a�b�l�e� �2�.�1�)� �r�e�t�u�r�n�s� �t�h�e� �n�u�m�e�r�i�c�a�l� �i�n�d�e�x� �o�f� �a� �c�o�m�p�o�n�e�n�t� �t�h�a�t� �c�a�n� �b�e� �i�n�d�e�x�e�d� �b�y� �i�t�s� �a�t�t�r�i�b�u�t�e� 

�n�a�m�e� �(�t�y�p�e� �S�t�r�i�n�g�)�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �o�j�a�q� �i�s� �u�s�e�d� �t�o� �d�e�n�o�t�e� �a�n� �o�b�j�e�c�t� �u�s�e�d� �t�o� �i�n�d�i�c�a�t�e� 

�m�e�t�h�o�d� �e�x�e�c�u�t�i�o�n� �e�r�r�o�r�.� �F�u�n�c�t�i�o�n� �t�o�_�o�b�j�e�c�t� �c�o�n�v�e�r�t�s� �a� �v�a�l�u�e� �t�o� �a� �v�a�l�u�e� �o�b�j�e�c�t�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� 

�i�t� �c�o�n�v�e�r�t�s� �a� �n�o�r�m�a�l� �i�d�e�n�t�i�f�i�e�r� �t�o� �a�n� �i�d�e�n�t�i�f�i�e�r� �o�b�j�e�c�t� �i�d�_�o�b�j�e�c�t�,� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �o�n�l�y� �a�n� 

�i�d�e�n�t�i�f�i�e�r� �v�a�l�u�e�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�2� �>�,� �a�n�d� �a� �t�u�p�l�e� �v�a�l�u�e� �v� �=�<� �a�,� �:� �0�1�,�4�2�:� �U�2�,�.�.�-�,�@�n� �2� �U�n� �>� 

�B�e�h�a�v�i�o�r�:� 

�{�R�o�o�t�,� �C�o�m�p�o�s�i�t�e�}� �p�a�r�e�n�t�_�c�l�a�s�s�e�s�(� �)� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�T�u�p�l�e�}� 

�f�i�r�s�t�)� �=� �1� 

�v�;� �i�f�i�  ¬�[�1�.�.�.�n�]� �a�n�d� �v�;� �i�s� �a�n� �o�b�j�e�c�t� 

�g�e�t�_�c�o�m�p�o�n�e�n�t�(�t�)� �=� �t�o�_�o�b�j�e�c�t�(�v�;�)� �i�f�i�e ¬�[�1�.�.�.�n�]� �a�n�d� �v�;� �i�s� �a� �v�a�l�u�e� 

�O�b�a�d� �o�t�h�e�r�w�i�s�e� 

�;� �w�+�1� �i�f�i�<�n� 
�n�e�r�t�(�t�)� �=� 

�0� �o�t�h�e�r�w�i�s�e� 

�c�o�u�n�t�(�)� �=� �n� 

�t� �i�f� �n�a�m�e� �=�=� �a�;� 
�a�t�t�_�t�o�.�n�u�m�(�n�a�m�e�)� �=� 

�0� �o�t�h�e�r�w�i�s�e� 

�C�o�n�s�t�r�a�i�n�t�:� 

�v�1�,�  ¬� �O�U�V�,� �W�i�e� �[�1�.�.�.�n�]� 

�n�>�0� 

�S�e�t� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �m�o�d�i�f�i�e�s� �a�l�l� �m�e�t�h�o�d�s� �o�f� �t�h�e� �R�o�o�t� �a�n�d� �C�o�m�p�o�s�i�t�e� �c�l�a�s�s�e�s� �e�x�c�e�p�t� �c�l�s�_�c�o�d�e� �a�n�d� 

�i�.� �c�o�d�e�.� �W�e�l�l�-�k�n�o�w�n� �o�p�e�r�a�t�i�o�n�s� �i�n�t�e�r�s�e�c�t�,� �u�n�i�o�n� �a�n�d� �d�i�f� �f�e�r�e�n�c�e� �a�r�e� �i�n�c�l�u�d�e�d�.� �A�l�l� �t�h�r�e�e� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�f�u�n�c�t�i�o�n�s� �t�a�k�e� �a�n� �e�x�t�r�a� �p�a�r�a�m�e�t�e�r� �d�e�t�e�r�m�i�n�i�n�g� �w�h�e�t�h�e�r� �t�h�e� �v�a�l�u�e� �o�r� �o�b�j�e�c�t� �c�o�m�p�a�r�i�s�o�n� 

�o�p�e�r�a�t�i�o�n� �s�h�o�u�l�d� �b�e� �a�p�p�l�i�e�d�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i�>�,� �a�n�d� �a� �s�e�t� �v�a�l�u�e� �v� �=� �{�1�,� �v�2�,�.�.�-�,� �U�n�}� 

�B�e�h�a�v�i�o�r�:� 

�R�o�o�t�,� �C�o�m�p�o�s�i�t�e� �{�R�o�o�t�,� �C�o�m�p� �}� �p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�S�e�t�}� 

�f�i�r�s�t�)� �=� �1� 

�v�j� �i�f�2�e ¬�[�1�.�.�.�n�]� �a�n�d� �»�v�;� �i�s� �a�n� �o�b�j�e�c�t� 
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�C�o�n�s�t�r�a�i�n�t�:� 

�v�,�  ¬� �O�U�V�,� �V�i�  ¬� �[�L�.�.�.�n�]� 

�n�>�0� 

�L�i�s�t� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �m�o�d�i�f�i�e�s� �a�l�l� �m�e�t�h�o�d�s� �o�f� �t�h�e� �R�o�o�t� �a�n�d� �C�o�m�p�o�s�i�t�e� �c�l�a�s�s� �e�x�c�e�p�t� �c�l�s�.�c�o�d�e� �a�n�d� �i�n�s�_� 

�c�o�d�e�.� �A� �n�e�w� �m�e�t�h�o�d� �c�o�m�p�o�s�e� �c�o�m�b�i�n�e�s� �t�w�o� �l�i�s�t�s� �i�n�t�o� �o�n�e�.� �M�e�t�h�o�d�s� �i�n�s�e�r�t� �a�n�d� �d�e�l�e�t�e� 

�u�p�d�a�t�e� �t�h�e� �l�i�s�t�s�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �/� �d�e�n�o�t�e�s� �t�h�e� �a�r�g�u�m�e�n�t� �l�i�s�t� �o�b�j�e�c�t� �t�o� �t�h�e� �c�o�m�p�o�s�e� �f�u�n�c�t�i�o�n�.� 

�I�t�s� �v�a�l�u�e� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �v�'� �=� �[�v�!�,� �v�}�,�.�.�.�,� �v�4�]�.� �T�h�e� �c�o�m�p�o�s�e� �m�e�t�h�o�d� �i�s� �u�s�e�f�u�l� �t�o� �j�o�i�n� �t�o�g�e�t�h�e�r� 

�t�w�o� �p�a�t�h�s� �i�n� �a� �h�y�p�e�r�t�e�x�t� �g�r�a�p�h� �w�h�e�r�e� �t�h�e� �l�a�s�t� �p�a�r�t� �o�f� �t�h�e� �o�n�e� �m�a�t�c�h�e�s� �t�h�e� �f�i�r�s�t� �p�a�r�t� �o�f� �t�h�e� 

�o�t�h�e�r�.� 
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�B�e�h�a�v�i�o�r�:� 
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�c�o�m�p�o�s�e�(�l�)� 

�C�o�n�s�t�r�a�i�n�t�:� 
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�o�t�h�e�r�w�i�s�e� 

�v�o�,�  ¬� �O�U�V�,� �W�i�e� �[�1�.�.�-�n�]� 

�n�>�0� 

�T�h�i�s� �c�l�a�s�s� �f�o�r�m�s� �t�h�e� �r�o�o�t� �f�o�r� �a�l�l� �c�l�a�s�s�e�s� �u�s�e�d� �i�n� �t�h�e� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t�.� �I�t� �i�n�h�e�r�i�t�s� �t�h�e� 

�i�d�e�n�t�i�f�i�e�r� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �a�n�d� �a�l�l� �m�e�t�h�o�d�s� �f�r�o�m� �R�o�o�t�.� 

�V�a�l�u�e�:� �S�a�m�e� �a�s� �t�h�e� �R�o�o�t� �c�l�a�s�s� 
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�i�d�_�E�Q� �R�o�o�t� �x� �R�o�o�t�  �� �B�o�o�l�e�a�n� 
�v�a�l�u�e�_�L�E� �R�o�o�t� �x� �R�o�o�t�  �� �B�o�o�l�e�a�n� 
�v�a�l�u�e�_�E�Q� �R�o�o�t� �x� �R�o�o�t�  �� �B�o�o�l�e�a�n� 
�t�o�_�s�t�r�i�n�g� �R�o�o�t� �x� �{�A�S�C�I�T�,� �B�I�N�A�R�Y�}�  �� �S�t�r�i�n�g� 
�f�r�o�m�-�_�s�t�r�i�n�g� �R�o�o�t� �x� �S�t�r�i�n�g� �x� �{�A�S�C�I�I�,� �B�I�N� �A�R�Y�}�  �� �B�o�o�l�e�a�n� 
�p�a�r�e�n�t�_�c�l�a�s�s�e�s� �|� �R�o�o�t�  �� �S�t�r�i�n�g� �L�i�s�t� 
�t�h�i�s�_�c�l�a�s�s� �R�o�o�t�  �� �S�t�r�i�n�g� 

�C�o�m�p�o�s�i�t�e� �|� �f�i�r�s�t� �C�o�m�p�o�s�i�t�e� �-� �N�u�m� 
�g�e�t�_�c�o�m�p�o�n�e�n�t� �|� �C�o�m�p�o�s�i�t�e� �x� �N�u�m�  �� �R�o�o�t� 
�n�e�x�t� �C�o�m�p�o�s�i�t�e� �x� �N�u�m�  �� �N�u�m� 
�i�n�s�e�r�t� �C�o�m�p�o�s�i�t�e� �x� �R�o�o�t�  �� �C�o�m�p�o�s�i�t�e� 
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�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�}� �.� 

�t�h�i�s�.�c�l�a�s�s�(�)� �=� �{�G�r�a�p�h�-�R�o�o�t�}� 

�C�o�n�s�t�r�a�i�n�t�:� �e�x�t�(�G�r�a�p�h�_�R�o�o�t�)� �=� �{�}� 

�N�o�d�e� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �s�e�r�v�e�s� �a�s� �t�h�e� �n�o�d�e� �c�l�a�s�s�.� �I�t� �i�n�h�e�r�i�t�s� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �a�n�d� �a�l�l� �m�e�t�h�o�d�s� �f�r�o�m� �G�r�a�p�h�_�R�o�o�t�.� 

�V�a�l�u�e�:� �S�a�m�e� �a�s� �R�o�o�t� �c�l�a�s�s�.� 

�B�e�h�a�v�i�o�r�:� 
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�s�i�n�k�s�(�n�a�m�e�)� �=� �a� �s�e�t� �o�f� �N�o�d�e� �o�b�j�e�c�t�s� �(�N�-�S�e�t�)� �c�o�n�n�e�c�t�e�d� �t�o� 

�t�h�i�s� �N�o�d�e� �o�b�j�e�c�t� �t�h�r�o�u�g�h� �l�a�b�e�l� �n�a�m�e� 

�C�o�n�s�t�r�a�i�n�t�:� �e�x�t�(�N�o�d�e�)� �=� �{�}� 

�L�a�b�e�l� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �s�e�r�v�e�s� �a�s� �t�h�e� �l�a�b�e�l� �c�l�a�s�s�.� �I�t� �i�n�h�e�r�i�t�s� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �a�n�d� �a�l�l� �m�e�t�h�o�d�s� �f�r�o�m� �S�t�r�i�n�g� 

�(�a�s� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�)�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i� �>� �a�n�d� �a� �s�t�r�i�n�g� �s� �f�r�o�m� �t�h�e� �s�t�r�i�n�g� �d�o�m�a�i�n�.� 
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�g�e�t�l�a�b�e�l�(�)� �=� �s� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,�G�r�a�p�h� �R�o�o�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�L�a�b�e�l�}� 

�C�o�n�s�t�r�a�i�n�t�:� �T�h�e� �s�t�r�i�n�g�s� �c�a�n�n�o�t� �b�e� �e�m�p�t�y�.� 

�D�i�r�e�c�t�e�d� �A�r�c� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �i�s� �t�h�e� �d�i�r�e�c�t�e�d� �a�r�c� �s�u�b�c�l�a�s�s� �o�f� �G�r�a�p�h�_�R�o�o�t�.� �I�t� �m�o�d�i�f�i�e�s� �a�l�l� �m�e�t�h�o�d�s� �o�f� �t�h�e� 

�G�r�a�p�h� �R�o�o�t� �c�l�a�s�s� �e�x�c�e�p�t� �c�l�s�_�c�o�d�e� �a�n�d� �i�n�s�_�c�o�d�e�.� �A� �t�u�p�l�e� �v�a�l�u�e� �s�e�r�v�e�s� �a�s� �t�h�e� �r�e�p�r�e�s�e�n�t�a�-� 

�t�i�o�n�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i� �>�,� �a�n�d� �a� �t�u�p�l�e� �v�a�l�u�e� �v� �=�<� �S�O�U�R�C�E�:� �n�,�,� �L�A�B�E�L�:� �n�2�,�S�I�N�K� �:�n�3� �>� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,�G�r�a�p�h�_�R�o�o�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�A�r�c�}� 

�f�i�r�s�t�)� �=� �1� 

�;� �n�N�;� �i�f�i�e� �(�1�,� �2�,�3�]� 
�g�e�t�_�c�o�m�p�o�n�e�n�t�(�t�)� �=� 

�O�b�a�d� �o�t�h�e�r�w�i�s�e� 

�i�+�1� �i�f�i�e�f�i�,�2� 
�n�e�r�t�(�t�)� �=� �[�1�,�2�]� 

�0� �o�t�h�e�r�w�i�s�e� 

�c�o�u�n�t�(�)� �=� �3� 

�C�o�n�s�t�r�a�i�n�t�:� 

�n�,� �a�n�d� �n�g�  ¬� �e�r�t�*�(� �N�o�d�e�)� 
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�n�2�  ¬� �e�x�t�*�(� �L�a�b�e�l�)� 

�P�a�t�h� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �i�s� �t�h�e� �s�u�b�c�l�a�s�s� �o�f� �G�r�a�p�h� �R�o�o�t� �a�n�d� �c�o�n�t�a�i�n�s� �a� �L�i�s�t� �v�a�l�u�e�.� �T�h�e� �m�e�t�h�o�d� �s�e�t� �o�f� �t�h�e� 

�p�a�t�h� �c�l�a�s�s� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�2�.� �T�h�i�s� �c�l�a�s�s� �m�o�d�i�f�i�e�s� �a�l�l� �m�e�t�h�o�d�s� �o�f� �t�h�e� �G�r�a�p�h� �R�o�o�t� �c�l�a�s�s� 

�e�x�c�e�p�t� �c�l�s�_�c�o�d�e� �a�n�d� �i�n�s�.�c�o�d�e�.� �M�o�d�i�f�i�e�d� �m�e�t�h�o�d�s� �g�e�t�_�s�o�u�r�c�e�_�n�o�d�e� �a�n�d� �g�e�t�_�s�i�n�k�_�n�o�d�e� �r�e�t�u�r�n� 

�t�h�e� �s�o�u�r�c�e� �a�n�d� �s�i�n�k� �n�o�d�e� �o�b�j�e�c�t� �o�f� �t�h�e� �p�a�t�h�.� �M�e�t�h�o�d� �a�p�p�e�n�d� �a�p�p�e�n�d�s� �t�w�o� �p�a�t�h�s� �t�o�g�e�t�h�e�r�;� 

�p�a�s�s�_�n�o�d�e� �a�n�d� �p�a�s�s�_�l�a�b�e�l� �t�e�s�t� �w�h�e�t�h�e�r� �a� �n�o�d�e� �o�b�j�e�c�t� �o�r� �a� �l�a�b�e�l� �o�b�j�e�c�t� �e�x�i�s�t�s� �o�n� �t�h�e� �p�a�t�h�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i�>�,� �a�n�d� �a� �l�i�s�t� �v�a�l�u�e� �v� �=� �[�n�1�,� �m�a�,� �n�z�,� !"�M�4�,�.�-�-�,� �M�a�n�,� �N�2�n�4�1�]� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�.�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,�G�r�a�p�h� �R�o�o�t� �}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�P�a�t�h�}� 

�f�i�r�s�t�(�)� �=� 

�n�;� �i�f� �i�e� �{�1�,�3�,�.�.�.�,�2�n�4�1�}� 
�g�e�t�_�c�o�m�p�o�n�e�n�t�(�t�)� �=� �m�,� �i�f�t�e� �{�2�,�4�,�.�.�.�,�2�n�}� 

�O�b�a�d� �O�t�h�e�r�w�i�s�e� 

�(�3�)� �t�+�1� �i�f�t�e�[�l�,�n�r�-�1�]� 
�n�e�a�t�(�t�)� �=� 

�0� �o�t�h�e�r�w�i�s�e� 

�p�a�s�s�.�n�o�d�e�(�o�)� �=� 
�F�A�L�S�E� �o�t�h�e�r�w�i�s�e� 

�T�R�U�E� �|� �i�f� �o�i�d�_�E�Q�(�m�,�)� �a�n�d�i�  ¬� �{�2�,�4�,�.�.�.�,�2�n�}� 

�F�A�L�S�E� �o�t�h�e�r�w�i�s�e� 
�p�a�s�s�_�l�a�b�e�l�(�o�)� �=� 

�1� 

�|� �T�R�U�E�  �� �i�f� �o�i�d�_�E�Q�(�n�;�)� �a�n�d�i�  ¬� �{�1�,�3�,�.�.�.�,�2�n�+� �1�}� 

�[�m�1�,�.�-�+�,�M�a�n�g�i�,�m�3�,�.�.�.�,�3�,�4�,�]� �i�f� �n�e�n�4�1�-�t�d�_�E�Q�(�n�?�)� 
�c�o�m�p�o�s�e�(�p�2�)� �=� 

�O�b�a�d� �o�t�h�e�r�w�i�s�e� 

�c�o�u�n�t�(�)� �=� �2�n�+�1� 

�3�9



�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�n�o�d�e�_�c�o�u�n�t�(�)� �=� �n� 

�l�a�b�e�l�_�c�o�u�n�t�(�)� �=� �n�-�1� 

�C�o�n�s�t�r�a�i�n�t�:� 

�n�>�0� 

�n�;�  ¬� �e�x�t�*�(�N�o�d�e�)�,� �V�i�  ¬� �{�1�,�3�,�5�,�.�.�.�,�2�n�+� �1�}� 

�m�,�  ¬� �e�x�t�*�(�L�a�b�e�l�)�,� �V�i�  ¬� �{�2�,�4�,�.�.�.�,�2�n�}� 

�N�o�d�e� �S�e�t� �C�l�a�s�s� 

�T�h�e� �m�e�t�h�o�d� �s�e�t� �f�o�r� �t�h�e� �n�o�d�e� �s�e�t� �c�l�a�s�s� �(�c�a�l�l�e�d� �N�_�S�e�t�)� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�2�.� �O�n�e� �n�e�w� �m�e�t�h�o�d� 

�s�i�n�k�s�(� �L�a�b�e�l�)� �i�s� �i�n�t�r�o�d�u�c�e�d�.� �I�t� �r�e�t�u�r�n�s� �a� �n�e�w� �n�o�d�e� �s�e�t� �c�o�n�t�a�i�n�i�n�g� �a�l�l� �n�o�d�e�s� �c�o�n�n�e�c�t�e�d� �t�h�r�o�u�g�h� 

�L�a�b�e�l�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i� �>�,� �a�n�d� �a� �s�e�t� �v�a�l�u�e� �v� �=� �{�n�1�,� �7�2�,�.�.�.�,� �M�n�}� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,� �C�o�m�p�o�s�i�t�e�,� �S�e�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�N�o�d�e�S�e�t�}� 
�n� 

�s�i�n�k�s�(�n�a�m�e�)� �=� �|�_�)� �{�n�i�.�s�i�n�k�s�(�n�a�m�e�)�}� 
�t�=�1� 

�C�o�n�s�t�r�a�i�n�t�:� 

�n�;�  ¬� �e�x�t�*�(�N�o�d�e�)� �W�i�e� �[�1�.�.�.�n�]� 

�4�0



�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�T�a�b�l�e� �2�.�2�:� �M�e�t�h�o�d� �S�i�g�n�a�t�u�r�e�s� �f�o�r� �C�l�a�s�s�e�s� �i�n� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t� 
� � 

�|� �C�l�a�s�s� �|� �N�a�m�e� �|� �M�e�t�h�o�d� �S�i�g�n�a�t�u�r�e�s� 
� � 

� � 

�|�|� �N�o�d�e� �|� �s�i�n�k�s� �|� �N�o�d�e� �x� �S�t�r�i�n�g�  �� �N�_�S�e�t� 
� � 

�|� �L�a�b�e�l� �|� �g�e�t�l�a�b�e�l� �|� �L�a�b�e�l�  �� �S�t�r�i�n�g� 
� � 

� � �t�L
� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

�|�|� �A�r�c� �|� �c�r�e�a�t�e� �|� �N�o�d�e� �x� �L�a�b�e�l� �x� �N�o�d�e�  �� �A�r�c� 

�P�a�t�h� �c�r�e�a�t�e� �A�r�c�  �� �P�a�t�h� 

�p�a�s�s�.�n�o�d�e� �|� �P�a�t�h� �x� �N�o�d�e�  �� �B�o�o�l�e�a�n� 
�p�a�s�s�_�t�l�a�b�e�l� �|� �P�a�t�h� �x� �L�a�b�e�l�  �� �B�o�o�l�e�a�n� 
�c�o�m�p�o�s�e� �P�a�t�h� �x� �P�a�t�h�  �� �P�a�t�h� 
�n�o�d�e�_�c�o�u�n�t� �|� �P�a�t�h� �~� �N�u�m� 

�l�a�b�e�l�_�c�o�u�n�t� �|� �P�a�t�h�  �� �N�u�m� 

�|�|� �N�-�S�e�t� �|� �s�i�n�k�s� �|� �N� �S�e�t� �x� �L�a�b�e�l� �>� �N�_�S�e�t� �|�|� 

�A�r�c�_�S�e�t� �|� �c�r�e�a�t�e� �N�_�S�e�t� �x� �L�a�b�e�l� �x� �N�_�S�e�t�  �� �N�_�S�e�t� 

�s�o�u�r�c�e�s� �A�r�c�_�S�e�t�  �� �N�_�S�e�t� 

�s�i�n�k�s� �A�r�c�_�S�e�t�  ��~� �N�_�S�e�t� 

�P�_�S�e�t� �c�r�e�a�t�e� �A�r�c�_�S�e�t�  �� �P�_�S�e�t� 

�f�o�r�w�a�r�d� �P�_�S�e�t�x� �N�u�m�  ��-� �N�_�S�e�t� 

�b�a�c�k�w�a�r�d� �P�_�S�e�t� �x� �N�u�m�  �� �N�_�S�e�t� 

�i�t�e�r�a�t�e� �P�_�S�e�t� �x� �N�_�S�e�t� �x� �N�_�S�e�t� �x� �N�u�m� �x� �N�u�m�  �� �P�_�S�e�t� 

�c�l�o�s�u�r�e� �P�_�S�e�t� �x� �N�_�S�e�t� �x� �N�_�S�e�t�  �� �P�_�S�e�t� 

�c�o�m�p�o�s�e� �P�_�S�e�t� �x� �P�_�S�e�t�  �� �P�_�S�e�t� � � � � � � � � � � � � � � 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�D�i�r�e�c�t�e�d� �A�r�c� �S�e�t� �C�l�a�s�s� 

�T�h�e� �d�i�r�e�c�t�e�d� �a�r�c� �s�e�t� �c�l�a�s�s� �(�c�a�l�l�e�d� �A�r�c�_�S�e�t�)� �i�s� �t�h�e� �d�i�r�e�c�t� �s�u�b�c�l�a�s�s� �o�f� �s�e�t� �S�e�t�.� �T�h�e� �m�e�t�h�o�d� 

�s�e�t� �f�o�r� �t�h�e� �c�l�a�s�s� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�2�.� �M�e�t�h�o�d�s� �s�o�u�r�c�e�s� �a�n�d� �s�i�n�k�s� �r�e�t�u�r�n� �s�o�u�r�c�e� �o�r� �s�i�n�k� 

�n�o�d�e�s� �f�o�r� �a�l�l� �a�r�c�s� �i�n� �t�h�e� �a�r�c� �s�e�t�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i� �>�,� �a�n�d� �a� �s�e�t� �v�a�l�u�e� �v� �=� �{�a�1�,� �d�2�,�.�.�.�,� �a�n�}� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,� �C�o�m�p�o�s�i�t�e�,� �S�e�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�A�r�c�_�S�e�t�}� 

�s�o�u�r�c�e�s�(�)� �=� �|�)� �{�a�;�.�g�e�t�-�c�o�m�p�o�n�e�n�t�(�1�)�}� 
�1�=�1� 

�n� 

�s�i�n�k�s�(�)� �=� �_�)� �{�a�:�.�g�e�t�_�c�o�m�p�o�n�e�n�t�(�3�)�}� 
�i�=�1� 

�C�o�n�s�t�r�a�i�n�t�:� 

�a�;�  ¬� �e�x�t�*�(�A�r�c�)�,� �W�i�e� �[�1�.�.�.�n�|� 

�P�a�t�h� �S�e�t� �C�l�a�s�s� 

�T�h�e� �m�e�t�h�o�d� �s�e�t� �f�o�r� �t�h�e� �p�a�t�h� �s�e�t� �c�l�a�s�s� �(�d�e�n�o�t�e�d� �a�s� �P�_�S�e�t�)� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�2�.� �N�e�w� �m�e�t�h�o�d� 

�i�t�e�r�a�t�e� �p�r�o�d�u�c�e�s� �a� �n�e�w� �p�a�t�h� �s�e�t� �w�h�o�s�e� �e�l�e�m�e�n�t�s� �a�r�e� �p�a�t�h�s� �r�e�c�u�r�s�i�v�e�l�y� �c�o�n�c�a�t�e�n�a�t�e�d� �b�y� �p�a�t�h�s� 

�i�n� �t�h�e� �a�r�g�u�m�e�n�t� �p�a�t�h� �s�e�t�.� �T�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �n�o�d�e� �s�e�t�s� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� 

�s�o�u�r�c�e� �a�n�d� �s�i�n�k� �n�o�d�e�s� �o�f� �t�h�e� �f�i�n�a�l� �p�a�t�h�s�.� �T�h�e� �l�a�s�t� �t�w�o� �N�u�m� �p�a�r�a�m�e�t�e�r�s� �s�e�t� �t�h�e� �l�o�w�e�r� �a�n�d� 

�t�h�e� �u�p�p�e�r� �i�t�e�r�a�t�i�o�n� �b�o�u�n�d�s�.� �M�e�t�h�o�d� �c�o�m�p�o�s�e� �f�i�n�d�s� �a�l�l� �p�o�s�s�i�b�l�e� �p�a�t�h�s� �t�h�a�t� �c�a�n� �b�e� �a�p�p�e�n�d�e�d� 

�t�o�g�e�t�h�e�r� �f�r�o�m� �a�n�y� �t�w�o� �p�a�t�h�s� �i�n� �t�h�e� �t�w�o� �p�a�r�a�m�e�t�e�r� �p�a�t�h� �s�e�t�s�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i�>�,� �a�n�d� �a� �s�e�t� �v�a�l�u�e� �v� �=� �{�p�1�,� �p�2�,�.�.�-�,� �P�n�}� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� 

�t�h�i�s�_�c�l�a�s�s�(�)� 

�f�o�r�w�a�r�d�(�t�)� 

�b�a�c�k�w�a�r�d�(�t�)� 

�i�t�e�r�a�t�e�(�n�1�,� �2�,� �t�y�,� �%�2�)� 

�c�o�m�p�o�s�e�(�p�_�s�e�t�y� �)� 

�C�o�n�s�t�r�a�i�n�t�:� �N�o�n�e� 

�S�N�e�P�S� �R�e�l�a�t�e�d� �C�l�a�s�s�e�s� 

�S�N�e�P�S� �c�l�a�s�s�e�s� �m�o�d�e�l� �a� �r�e�s�t�r�i�c�t�e�d� �s�e�t� �o�f� �S�N�e�P�S� �p�a�t�h� �c�o�n�s�t�r�u�c�t�s�.� �I�n� �L�O�M�,� �a� �S�N�e�P�S� �p�a�t�h� 

�i�s� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �s�e�q�u�e�n�c�e� �o�f� �l�a�b�e�l�s�.� �T�h�e� �p�a�t�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �s�e�t� �o�f� �p�a�t�h�s� �d�e�f�i�n�e�d� �i�n� 

�t�h�e� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t�,� �w�h�e�r�e� �e�a�c�h� �o�f� �t�h�e�m� �b�e�a�r�s� �t�h�e� �l�a�b�e�l�s� �s�h�o�w�n� �i�n� �t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e�.� 

�A� �S�N�e�P�S� �p�a�t�h� �o� �i�s� �m�o�d�e�l�e�d� �i�n� �L�E�N�D� �a�s� �a�n� �o�b�j�e�c�t� �h�a�v�i�n�g� �a� �t�u�p�l�e� �v�a�l�u�e� �c�o�n�t�a�i�n�i�n�g� �t�w�o� 

�a�t�t�r�i�b�u�t�e�s�:� �<� �P�A�T�H� �:� �2�,�S�E�T� �:� �y� �>�,� �w�h�e�r�e� �z� �i�s� �t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e� �(�l�i�s�t�)� �a�n�d� �y� �i�s� �t�h�e� 

�p�h�y�s�i�c�a�l� �p�a�t�h� �s�e�t�.� 

�C�o�n�s�i�d�e�r� �F�i�g�u�r�e� �2�.�5� �(�t�a�k�e�n� �f�r�o�m� �[�F�N�A�t�8�8�]� �b�u�t� �w�i�t�h� �a�n� �a�d�d�i�t�i�o�n�a�l� �a�r�c� �T�A�X� �c�o�n�n�e�c�t�i�n�g� 

�g�o�a�t� �t�o� �a�n�i�m�a�l�)�,� �w�h�i�c�h� �s�h�o�w�s� �a� �s�i�m�p�l�i�f�i�e�d� �S�N�e�P�S� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �l�e�x�i�c�a�l� �r�e�l�a�t�i�o�n�s� �i�n�-� 

�v�o�l�v�i�n�g� �t�h�e� �w�o�r�d� �S�h�e�e�p�.� �F�o�r� �t�h�e� �S�N�e�P�S� �p�a�t�h� �(�T�A�X�,� �P�A�R�T�,� �T�A�X�)�,� �w�e� �o�b�t�a�i�n� �t�w�o� �p�h�y�s�i�c�a�l� 

�{�R�o�o�t�,� �C�o�m�p�o�s�i�t�e�,� �S�e�t�}� 

�{�P�a�t�h�_�S�e�t�}� 
�T�r� 

�U�J� �{�p�;�.�g�e�t�_�c�o�m�p�o�n�e�n�t�(�t�)�}� 
�i�=�l� 

�n� 

�U� �{�p�;�.�g�e�t�-�c�o�m�p�o�n�e�n�t�(�p�;�.�c�o�u�n�t�(�)�  �� �i�)�}� 
�i�=�l� 

�a� �p�a�t�h� �s�e�t� �p�_�s�e�t� �w�h�e�r�e� 

�p�-�s�e�t�.� �f�o�r�w�a�r�d�(�1�)�.�i�d�_�E�Q�(�n�1�)� �=�=� �T�R�U�E� �A�N�D� 

�p�-�s�e�t�.�b�a�c�k�w�a�r�d�(�1�)�.�i�d�_�E�Q�(�n�2�)� �=�=� �T�R�U�E� �A�N�D� 

�p�-�s�e�t�.�v� �=� �{�q�x� �|� �q�@�z� �i�s� �f�o�r�m�e�d� �b�y� �a�p�p�e�n�d�i�n�g� 

�a�t� �l�e�a�s�t� �7�;� �a�n�d� �a�t� �m�o�s�t� �?�2� �p�a�t�h�s� �f�r�o�m� �v�}� 

�a� �p�a�t�h� �s�e�t� �p�_�s�e�t� �w�h�e�r�e� 

�p�-�s�e�t�.�v� �=� �{�q�r� �|� �q�x� �=� �p�i�-�a�p�p�e�n�d�(�p�,�;�)�,� 

�t ¬�{�1�l�.�.�.�n�}�,� �p�;�  ¬� �p�-�s�e�t�y�}�.� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�i�n�s�t�a�n�c�e�s� 

�v�1� �(�h�a�i�r�,� �T�A�X�,� �w�o�o�l�,� �P�A�R�T�,� �s�h�e�e�p�,� �T�A�X�,� �a�n�i�m�a�l�)� 

�D�2� �(�h�a�i�r�,� �T�A�X�,� �w�o�o�l�,� �P�A�R�T�,� �g�o�a�t�,� �T�A�X�,� �a�n�i�m�a�l�)� 

�T�h�u�s�,� �t�h�e� �S�N�e�P�S� �p�a�t�h� �(�T�A�X�,� �P�A�R�T�,� �T�A�X�)� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �t�u�p�l�e� �<� �P�A�T�H� �:�2�,�S�E�T�:�y� �>�,� 

�w�h�e�r�e� �«� �=� �[�T�A�X�,� �P�A�R�T�,� �T�A�X�]�,� �a�n�d� �y� �=� �{�p�1�,� �p�o�}�.� 

�S�i�x� �c�l�a�s�s�e�s� �a�r�e� �p�r�o�v�i�d�e�d� �f�o�r� �t�h�e� �s�t�o�r�a�g�e� �a�n�d� �a�c�c�e�s�s� �o�f� �S�N�e�P�S� �p�a�t�h�-�b�a�s�e�d� �o�p�e�r�a�t�i�o�n�s�.� 

�T�h�e�s�e� �s�i�x� �c�l�a�s�s�e�s� �a�r�e� �S�N�e�P�S� �l�a�b�e�l� �(�S�N�-�L�a�b�e�l�)�,� �S�N�e�P�S� �n�o�d�e� �(�S�N�_�N�o�d�e�)�,� �S�N�e�P�S� �a�r�c� �(�S�N�_�A�r�c�)�,� 

�S�N�e�P�S� �p�a�t�h� �(�S�N�P�a�t�h�)�,� �S�N�e�P�S� �p�a�t�h� �l�i�s�t� �(�S�N�-�L�i�s�t�)�,� �a�n�d� �S�N�e�P�S� �p�a�t�h� �s�e�t� �(�S�N�-�S�e�t�)�.� �T�h�e� 

�m�e�t�h�o�d� �s�i�g�n�a�t�u�r�e�s� �o�f� �t�h�r�e�e� �n�o�n�t�r�i�v�i�a�l� �c�l�a�s�s�e�s� �(�S�N�_�P�a�t�h�,� �S�N�-�L�i�s�t�,� �a�n�d� �S�N�_�S�e�t�)� �a�r�e� �s�h�o�w�n� 

�i�n� �T�a�b�l�e� �2�.�3�.� �T�h�e� �a�c�t�u�a�l� �s�e�m�a�n�t�i�c�s� �o�f� �t�h�e�s�e� �m�e�t�h�o�d�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �i�d�e�n�t�i�c�a�l�l�y� 

�n�a�m�e�d� �f�u�n�c�t�i�o�n�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �S�N�e�P�S ��s� �u�s�e�r� �m�a�n�u�a�l� �[�S�h�a�8�9�]�.� �T�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�e� 

�S�N�e�P�S�_�P�a�t�h� �c�l�a�s�s� �i�s� �l�i�s�t�e�d� �b�e�l�o�w�.� �T�o� �h�e�l�p� �w�i�t�h� �e�x�p�l�a�n�a�t�i�o�n�,� �w�e� �d�e�n�o�t�e� �a�s� �r�e�v�e�r�s�e�(�p�)� �t�h�e� 

�r�e�v�e�r�s�e� �o�f� �a� �L�E�N�D� �p�a�t�h� �p�;� �a�s� �f�o�r�w�a�r�d�(�1�)� �t�h�e� �f�i�r�s�t� �n�o�d�e� �i�n� �t�h�e� �p�a�t�h� �p�;� �a�n�d� �b�a�c�k�w�a�r�d�(�1�)� 

�t�h�e� �l�a�s�t� �n�o�d�e� �i�n� �p�.� 

�V�a�l�u�e�:� �[�1�D� �=�<� �c�,�1�>�,� �a�n�d� �a� �t�u�p�l�e� �v�a�l�u�e� �v� �=�<� �P�A�T�H� �:�2�,�S�E�T�:�y�>� �w�h�e�r�e� 

�x� �i�s� �t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e� �[�/�,�,�/�2�.�.�.�,�/�,�]� �a�n�d� 

�y� �i�s� �t�h�e� �p�h�y�s�i�c�a�l� �p�a�t�h� �s�e�t� �{�p�,�,�p�2�.�.�.�,�D�m�}� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,�G�r�a�p�h� �R�o�o�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�S�N�e�P�S�_�P�a�t�h�}� 

�c�o�n�v�e�r�s�e�(�)� �=� �q� �w�h�e�r�e� �¢�.�z� �=� �[�m�y�,�.�.�.�,�m�2�,�m�]� �a�n�d� �g�.�y� �=� �U�;�2�,� �r�e�v�e�r�s�e�(�p�;�)� 

�q�w�h�e�r�e� �g�.�c� �=� �[�K� �S�T�A�R�]� 

�k�s�t�a�r�(�)� �=� �q�.�y� �=� �{�p�a�t�h�s� �t�h�a�t� �a�r�e� �i�t�e�r�a�t�i�o�n�s� 

�o�f� �r�  ¬� �o�.�y� �z�e�r�o� �o�r� �m�o�r�e� �t�i�m�e�s�}� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�q�w�h�e�r�e� �g�.�c� �=� �(�K� �P�L�U�S�]� 

�k�p�l�u�s�(�)� �=� �,� �q�.�y� �=� �{�p�a�t�h�s� �t�h�a�t� �a�r�e� �i�t�e�r�a�t�i�o�n�s� 

�o�f� �r�  ¬� �o�.�y� �o�n�e� �o�r� �m�o�r�e� �t�i�m�e�s�}� 

�[� �q�w�h�e�r�e� �g�.�2� �=� �[�[�R�R�E�F�L�E�X�I�V�E�]� 
�q�-�y� �=� �s�u�b�s�e�t� �o�f� �p�.�y� �s�u�c�h� �t�h�a�t� 

�q�.�y�.�p�i�.�f�o�r�w�a�r�d�(�1�)�.�1�d�_�E�Q�(�q�.�y�.�p�;�.�b�a�c�k�w�a�r�d�(�1�)�)� 

�=�=� �F�A�L�S�E� 

�i�r�r�e�f�l�e�r�i�v�e�(�)� �=� � � 
�i�t�s�e�l�f� �i�f� �g�i�s� �f�r�o�m� �n�y� �t�o�n� 

�d�_�r�e�s�t�r�i�c�t�(�n�,�q�)� �=� 
�O�h�a�d� �O�t�h�e�r�w�i�s�e� 

�i�t�s�e�l�f� �i�f� �g� �i�s� �f�r�o�m� �n�o�n�4�1� �t�o�n� 
�r�_�r�e�s�t�r�i�c�t�(�n�,�q�)� �=� 

�O�b�a�d� �O�t�h�e�r�w�i�s�e� 

�C�o�n�s�t�r�a�i�n�t�:� 

�l�,�  ¬� �e�x�t�(�S�N�_�L�a�b�e�l�)� �V�i�e� �[�1�.�.�.�n�]� 

�T�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�e� �c�o�m�p�o�s�e� �m�e�t�h�o�d� �o�f� �S�N�e�P�S� �p�a�t�h� �l�i�s�t� �S�N�_�L�i�s�t� �i�s� �l�i�s�t�e�d� �b�e�l�o�w�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i� �>�,� �a�n�d� �a� �l�i�s�t� �v�a�l�u�e� �v� �=� �[�0�1�,� �0�9�,�.�.�.�,� �0�7�]� �w�h�e�r�e� �0�;� �i�s� �a� �S�N�e�P�S� �p�a�t�h�,� �V�i� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,� �C�o�m�p�o�s�i�t�e�,� �L�i�s�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�S�N�_�L�i�s�t�}� 

�q�w�h�e�r�e� �¢�g�.�c� �=�[�C�O�M�P�O�S�E�]� �a�n�d� 

�q�.�y� �=� �{�p�a�t�h� �a�p�p�e�n�d�e�d� �b�y� 
�c�o�m�p�o�s�e�(�)� �=� 

�p�a�t�h�s� �0�;�.�y�.�p�;� 

�V�i�  ¬� �[�1�.�.�.�n�J�a�n�d� �3�7�  ¬� �[�1�,�.�.�.�,� �|�o�;�-�y�|�]�}� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�C�o�n�s�t�r�a�i�n�t�:� 

�o�;�  ¬� �e�x�t�(�S�N�_�P�a�t�h�)� �V�i�e� �[�1�.�.�.�n�]� 

�T�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�e� �a�n�d� �a�n�d� �o�r� �m�e�t�h�o�d� �o�f� �S�N�e�P�S� �p�a�t�h� �s�e�t� �S�N�_�s�e�t� �i�s� �l�i�s�t�e�d� �b�e�l�o�w�.� 

�V�a�l�u�e�:� �i�d� �=�<� �c�,�i�>�,� �a�n�d� �a� �s�e�t� �v�a�l�u�e� �v� �=� �{�0�1�,�0�2�,�.�.�.�,�0�n�}� 

�B�e�h�a�v�i�o�r�:� 

�p�a�r�e�n�t�_�c�l�a�s�s�e�s�(�)� �=� �{�R�o�o�t�,� �C�o�m�p�o�s�i�t�e�,� �S�e�t�}� 

�t�h�i�s�_�c�l�a�s�s�(�)� �=� �{�S�N�_�S�e�t�}� 

�q� �w�h�e�r�e� �g�.�c� �=� �|�A�N�D�]� �a�n�d� 

�a�n�d�)� �=� �¢� �q�.�y� �=� �{�p�a�t�h� �=� �[�u�,� �v�]�,� �u�  ¬� �i�L�,� �0�:�-�¢�.�f�o�r�w�a�r�d�(�1�)� 

�a�n�d� �v� �i�n� �(�j�i�,� �0�;�.�¢�.�b�a�c�k�w�a�r�d�(�1�)�}� 

�q�g� �w�h�e�r�e� �q�.�c� �=�[�O�R�]� �a�n�d� 

�o�r�(�)� �=� �q�.�y� �=� �{�p�a�t�h� �=� �[�u�,�v�]�,� �u�  ¬� �U�L�,� �0�1�.�q�.�f�o�r�w�a�r�d�(�1�)� 

�a�n�d� �v� �i�n� �U�j�i�,� �0�;�.�¢�.�b�a�c�k�w�a�r�d�(�1�)�}� � � 
�C�o�n�s�t�r�a�i�n�t�:� 

�o�,�  ¬� �e�x�t�(�S�N�_�P�a�t�h�)� �W�i�e� �[�1�.�.�.�n�]� 

�H�y�p�e�r�t�e�x�t� �C�l�a�s�s� 
� � 

�T�h�e� �H�y�p�e�r�t�e�x�t� �c�l�a�s�s� �c�a�p�t�u�r�e�s� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �d�o�c�u�m�e�n�t�s�,� �a�n�c�h�o�r�s� �a�n�d� 

�q�u�e�r�i�e�s�.� �T�h�e� �s�i�g�n�a�t�u�r�e�s� �o�f� �t�h�e�s�e� �t�r�a�n�s�i�t�i�o�n� �m�e�t�h�o�d�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�3�,� �w�h�e�r�e� �A�c�h�_�S�e�t� 

�s�t�a�n�d�s� �f�o�r� �a�n� �a�n�c�h�o�r� �s�e�t�,� �A�A�_�S�e�t� �f�o�r� �t�h�e� �a�n�c�h�o�r� �t�o� �a�n�c�h�o�r� �h�y�p�e�r�t�e�x�t� �l�i�n�k� �s�e�t�,� �a�n�d� �D�A�_�S�e�t� 

�f�o�r� �t�h�e� �d�o�c�u�m�e�n�t�-�a�n�c�h�o�r� �l�i�n�k� �s�e�t�.� �Q�u�e�r�y� �i�s� �t�h�e� �q�u�e�r�y� �o�b�j�e�c�t� �u�s�e�d� �t�o� �i�d�e�n�t�i�f�y� �a� �s�e�t� �o�f� �i�n�i�t�i�a�l� 

�a�n�c�h�o�r�s� �a�s� �i�n� �t�h�e� �m�e�t�h�o�d� �j�u�m�p� �o�r� �t�o� �s�e�l�e�c�t� �a� �n�e�w� �s�e�t� �o�f� �a�n�c�h�o�r�s� �a�s� �i�n� �t�h�e� �m�e�t�h�o�d� �t�r�a�v�e�r�s�e�.� 

�T�h�e� �d�i�s�p�l�a�y� �c�o�n�s�t�r�u�c�t� �o�f� �a� �h�y�p�e�r�t�e�x�t� �s�y�s�t�e�m� �i�s� �n�o�t� �m�o�d�e�l�e�d�,� �a�s� �i�t� �i�s� �n�o�t� �a� �d�a�t�a� �s�t�o�r�a�g�e� �i�s�s�u�e�.� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�I�R� �M�o�d�e�l� �C�l�a�s�s� 

�T�h�e� �m�e�t�h�o�d� �r�e�t�r�i�e�v�e� �i�d�e�n�t�i�f�i�e�s� �a�l�l� �d�o�c�u�m�e�n�t� �o�b�j�e�c�t�s� �s�a�t�i�s�f�y�i�n�g� �t�h�e� �q�u�e�r�y� �Q�u�e�r�y� �a�n�d� �r�e�-� 

�t�u�r�n�s� �t�h�e�m� �i�n� �t�h�e� �l�i�s�t� �D�o�c�_�L�i�s�t�.� �T�h�e� �m�e�t�h�o�d� �f�e�e�d�b�a�c�k� �p�r�o�d�u�c�e�s� �a� �n�e�w� �q�u�e�r�y� �b�y� �t�a�k�i�n�g� �t�h�e� 

�o�r�i�g�i�n�a�l� �q�u�e�r�y�,� �t�h�e� �d�o�c�u�m�e�n�t� �l�i�s�t� �r�e�t�r�i�e�v�e�d� �a�n�d� �t�h�e� �n�u�m�e�r�i�c�a�l� �j�u�d�g�e�m�e�n�t� �l�i�s�t�.� �B�o�t�h� �m�e�t�h�o�d�s� 

�a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�3�.� 

�B�o�o�l�e�a�n� �M�o�d�e�l� �C�l�a�s�s� 

�A� �n�e�w� �m�e�t�h�o�d� �f�o�r� �t�h�e� �B�o�o�l�e�a�n� �m�o�d�e�l� �c�l�a�s�s� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�3�.� �M�e�t�h�o�d� �c�r�e�a�t�e� �c�o�n�s�t�r�u�c�t�s� 

�a� �B�o�o�l�e�a�n� �m�o�d�e�l� �o�b�j�e�c�t� �f�r�o�m� �a� �d�o�c�u�m�e�n�t� �n�o�d�e� �s�e�t� �D�o�c�_�S�e�t�,� �a� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �n�o�d�e� �s�e�t� 

�R�e�p�_�S ��e�t� �a�n�d� �a� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �t�o� �d�o�c�u�m�e�n�t� �l�i�n�k� �s�e�t� �D�R�_�L�_�S�e�t�.� 

�V�e�c�t�o�r� �M�o�d�e�l� �C�l�a�s�s� 

�T�h�e� �v�e�c�t�o�r� �m�o�d�e�l� �c�l�a�s�s� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �B�o�o�l�e�a�n� �m�o�d�e�l� �c�l�a�s�s�,� �e�x�c�e�p�t� �t�h�a�t� �i�t�s� �c�r�e�a�t�e� �m�e�t�h�o�d� 

�t�a�k�e�s� �a� �s�p�e�c�i�a�l� �l�i�n�k� �s�e�t� �D�R�_�L�_�S�e�t� �w�h�o�s�e� �l�i�n�k� �e�l�e�m�e�n�t�s� �e�n�c�o�d�e� �t�h�e� �w�e�i�g�h�t� �i�n�f�o�r�m�a�t�i�o�n�.� 

�2�.�4�.�7� �S�u�m�m�a�r�y� 

�I�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �w�e� �f�o�r�m�a�l�l�y� �p�r�e�s�e�n�t� �t�h�e� �L�E�N�D� �m�o�d�e�l�.� �T�h�e� �m�o�d�e�l� �i�n�c�l�u�d�e�s� �t�h�r�e�e� �p�a�r�t�s�:� 

�t�h�e� �B�a�s�e� �C�o�m�p�o�n�e�n�t�,� �t�h�e� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t�,� �a�n�d� �t�h�e� �I�R� �C�o�m�p�o�n�e�n�t�.� �T�h�e� �c�o�n�s�t�r�u�c�t�s� 

�i�n� �t�h�e� �B�a�s�e� �C�o�m�p�o�n�e�n�t� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �t�y�p�i�c�a�l� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s�.� �T�h�e� 

�c�o�n�s�t�r�u�c�t�s� �i�n� �t�h�e� �G�r�a�p�h� �a�n�d� �I�R� �C�o�m�p�o�n�e�n�t�s� �a�r�e� �u�n�i�q�u�e� �t�o� �L�E�N�D�.� �T�h�e� �m�o�d�e�l� �p�r�o�v�i�d�e�s� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �i�m�p�o�r�t�a�n�t� �f�e�a�t�u�r�e�s�:� �u�n�i�q�u�e� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s�,� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�s� �(�t�u�p�l�e�s�,� �s�e�t�s�,� �o�r� 

�l�i�s�t�s�)�,� �c�l�a�s�s� �h�i�e�r�a�r�c�h�y�,� �o�b�j�e�c�t� �e�n�c�a�p�s�u�l�a�t�i�o�n�,� �m�e�t�h�o�d� �a�t�t�a�c�h�m�e�n�t� �t�o� �o�b�j�e�c�t�s�,� �n�o�d�e� �o�b�j�e�c�t�s� �t�o� 

�l�a�y� �a� �f�o�u�n�d�a�t�i�o�n� �f�o�r� �a�r�b�i�t�r�a�r�y� �r�e�f�e�r�e�n�c�e�s�,� �a�n�d� �a�r�c�s� �a�n�d� �p�a�t�h�s� �t�o� �r�e�a�l�i�z�e� �a�r�b�i�t�r�a�r�y� �r�e�f�e�r�e�n�c�e�s�.� 

�T�h�e� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s� �m�a�k�e� �d�a�t�a� �s�h�a�r�i�n�g� �p�o�s�s�i�b�l�e�.� �C�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�s� �h�e�l�p� �w�i�t�h� �m�o�d�e�l�i�n�g� 

�o�f� �c�o�m�p�l�i�c�a�t�e�d� �d�o�c�u�m�e�n�t� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e� �c�l�a�s�s� �h�i�e�r�a�r�c�h�y� �e�n�a�b�l�e�s� �t�h�e� �r�e�u�s�e� �o�f� �e�x�i�s�t�i�n�g� �c�l�a�s�s�e�s� 

�f�o�r� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �n�e�w� �c�l�a�s�s�e�s�.� �M�e�t�h�o�d� �a�t�t�a�c�h�m�e�n�t� �f�a�c�i�l�i�t�a�t�e�s� �c�o�m�p�u�t�a�t�i�o�n� �m�o�d�e�l�i�n�g� �(�i�.�e�.�,� 

�s�i�m�i�l�a�r�i�t�y� �c�o�m�p�u�t�a�t�i�o�n� �i�n� �t�h�e� �v�e�c�t�o�r� �m�o�d�e�l�)�.� �N�o�d�e�,� �a�r�c� �a�n�d� �p�a�t�h� �c�o�n�s�t�r�u�c�t�s� �s�u�p�p�o�r�t� �S�N�e�P�S� 
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�F�i�g�u�r�e� �2�.�5�:� �S�N�e�P�S� �R�e�p�r�e�s�e�n�t�a�t�i�o�n� �E�x�a�m�p�l�e� 

�T�a�b�l�e� �2�.�3�:� �M�e�t�h�o�d� �S�i�g�n�a�t�u�r�e�s� �f�o�r� �C�l�a�s�s�e�s� �i�n� �I�R� �C�o�m�p�o�n�e�n�t� 
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� � � � � � � � � � 

�|� �C�l�a�s�s� �|� �N�a�m�e� �|� �M�e�t�h�o�d� �S�i�g�n�a�t�u�r�e�s� 

�S�N�_�P�a�t�h� �c�r�e�a�t�e� �S�N�_�A�r�c�e� �~� �S�N�_�P�a�t�h� 
�c�o�n�v�e�r�s�e� �S�N�_�P�a�t�h� �+� �S�N�_�P�a�t�h� 
�k�s�t�a�r� �S�N�_�P�a�t�h� �+� �S�N�_�P�a�t�h� 
�k�p�l�u�s� �S�N�_�P�a�t�h�  ��~� �S�N�_�P�a�t�h� 
�i�r�r�e�f�l�e�x�i�v�e� �S�N�_�P�a�t�h�  �� �S�N�_�P�a�t�h� 
�d�_�r�e�s�t�r�i�c�t� �S�N�_�P�a�t�h� �x� �S�N�.�N�_�S�e�t� �x� �S�N�_�P�a�t�h�  �� �S�N�_�P�a�t�h� 
�r�_�r�e�s�t�r�i�c�t� �S�N�.�P�a�t�h� �x� �S�N�_�N�_�S�e�t� �x� �S�N�_�P�a�t�h�  �� �S�N�_�P�a�t�h� 

�S�N�_�L�i�s�t� �c�o�m�p�o�s�e� �S�N�_�P�_�L�i�s�t�  �� �S�N�_�P�a�t�h� 
�S�N�_�S�e�t� �a�n�d� �S�N�_�P�_�S�e�t� �+� �S�N�_�P�a�t�h� 

�o�r� �S�N�_�P�_�S�e�t�  �� �S�N�_�P�a�t�h� 

�H�y�p�e�r�T�e�x�t� �|� �c�r�e�a�t�e� �D�o�c�.�S�e�t� �x� �A�c�h�.�S�e�t� �x� �A�A�_�S�e�t� �x� �D�A�_�S�e�t�  �� �H�y�p�e�r�T�e�c�t� 
�j�u�m�p� �H�y�p�e�r�T�e�r�t� �x� �Q�u�e�r�y�  �� �A�c�h�_�S�e�t� 
�t�r�a�v�e�r�s�e� �H�y�p�e�r�T�e�z�x�t� �x� �A�c�h�_�S�e�t� �x� �A�A�_�S�e�t� �x� �Q�u�e�r�y�  �� �A�c�h�_�S�e�t� 
�s�c�r�u�t�i�n�i�z�e� �H�y�p�e�r�T�e�z�t� �x� �A�c�h�_�S�e�t� �x� �D�A�_�S�e�t�  �� �D�o�c�_�S�e�t� 
�b�a�c�k�.�t�o�_�a�n�c�h�o�r� �|� �H�y�p�e�r�T�e�x�t� �x� �D�o�c�_�S�e�t� �x� �D�A�_�S�e�t�  �� �A�c�h�_�S�e�t� 

�I�R�_�M�o�d�e�l� �|� �r�e�t�r�i�e�v�e� �I�R�_�M�o�d�e�l� �x� �Q�u�e�r�y�  �� �D�o�c�_�L�i�s�t� 
�f�e�e�d�b�a�c�k� �I�R�_�M�o�d�e�l� �x� �Q�u�e�r�y� �x� �D�o�c�_�L�i�s�t� �x� �N�u�m�_�L�i�s�t� �+� �Q�u�e�r�y� 

�B�_�M�o�d�e�l� �c�r�e�a�t�e� �D�o�c�_�S�e�t� �x� �D�R�_�L�_�S�e�t� �x� �R�e�p�_�S�e�t�  �� �B�_�M�o�d�e�l� 
�V�_�M�o�d�e�l� �c�r�e�a�t�e� �D�o�c�_�S�e�t� �x� �D�R�.�L�_�S�e�t� �x� �R�e�p�_�S�e�t� �- �� �V�_�M�o�d�e�l� 
� � 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�a�n�d� �H�y�p�e�r�t�e�x�t� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�2�.�5� �S�p�e�c�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �Q�u�e�r�y� �L�a�n�g�u�a�g�e� 

�2�.�5�.�1� �T�h�e� �Q�u�e�r�y� �L�a�n�g�u�a�g�e� 

�T�a�b�l�e� �2�.�4� �l�i�s�t�s� �t�h�e� �p�a�r�t�i�a�l� �B�N�F� �s�y�n�t�a�x� �f�o�r� �t�h�e� �l�a�n�g�u�a�g�e�.� �A�s�s�u�m�e� �G� �i�s� �a� �d�i�r�e�c�t�e�d� �I�R� �g�r�a�p�h� 

�w�i�t�h� �n�o�d�e� �s�e�t� �V�(�G�)� �a�n�d� �a�r�c� �s�e�t� �E�(�G�)�.� �A� �q�u�e�r�y� �Q� �w�r�i�t�t�e�n� �i�n� �t�h�e� �q�u�e�r�y� �l�a�n�g�u�a�g�e� �d�e�s�c�r�i�b�e�s� 

�a� �s�u�b�g�r�a�p�h� �o�f� �G� �t�h�a�t� �i�s� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �p�r�o�c�e�s�s�i�n�g� �o�f� �@� �e�i�t�h�e�r� �r�e�t�r�i�e�v�e�s� �t�h�e� �s�u�b�g�r�a�p�h� �o�r� 

�r�e�t�u�r�n�s� �a�n� �e�m�p�t�y� �g�r�a�p�h�,� �i�f� �n�o� �s�u�c�h� �s�u�b�g�r�a�p�h� �e�x�i�s�t�s�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�a�r�a�g�r�a�p�h�s�,� �w�e� �d�e�s�c�r�i�b�e� 

�t�h�e� �m�e�a�n�i�n�g� �o�f� �v�a�r�i�o�u�s� �c�o�n�s�t�r�u�c�t�s� �i�n� �t�h�e� �l�a�n�g�u�a�g�e�.� 

�T�h�e�  ��P�a�t�h�s �� �c�o�m�p�o�n�e�n�t� �r�e�p�r�e�s�e�n�t�s� �a� �s�e�t� �o�f� �p�a�t�h�s�,� �e�a�c�h� �b�e�i�n�g� �a� �s�e�q�u�e�n�c�e� �o�f� �a�l�t�e�r�n�a�t�i�n�g� 

�n�o�d�e�s� �a�n�d� �l�a�b�e�l�s�.� �T�h�e� �v�i�r�t�u�a�l� �P�a�t�h�s� �o�p�e�r�a�t�o�r� �j�u�s�t� �s�p�e�c�i�f�i�e�s� �p�a�t�h�s� �u�s�i�n�g� �a� �s�e�q�u�e�n�c�e� �o�f� �n�o�d�e�s� 

�a�n�d� �l�a�b�e�l�s�.� �T�h�r�e�e� �m�e�t�h�o�d�s� �c�o�m�p�o�s�e�,� �i�t�e�r�a�t�e� �a�n�d� �c�l�o�s�u�r�e� �d�e�f�i�n�e�d� �o�n� �t�h�e� �p�a�t�h� �s�e�t� �P�_�S�e�t� �a�r�e� 

�a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �l�a�n�g�u�a�g�e�.� �T�h�e�y� �h�a�v�e� �s�e�m�a�n�t�i�c�s� �a�s� �d�e�f�i�n�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�4�.� 

�T�h�e�  ��N�o�d�e�s �� �c�o�m�p�o�n�e�n�t� �r�e�p�r�e�s�e�n�t�s� �a� �s�e�t� �o�f� �p�o�s�s�i�b�l�e� �n�o�d�e�s� �i�n� �G�.� �B�a�s�i�c�a�l�l�y�,� �t�h�e�r�e� �a�r�e� 

�t�h�r�e�e� �m�e�t�h�o�d�s� �o�f� �c�o�n�s�t�r�u�c�t�i�n�g� �s�u�c�h� �a� �n�o�d�e� �s�e�t�.� �T�h�e� �f�i�r�s�t� �i�s� �t�o� �m�e�n�t�i�o�n� �t�h�e� �n�o�d�e� �s�e�t� �d�i�r�e�c�t�l�y� 

�b�y� �i�t�s� �n�a�m�e�.� �I�n� �t�h�e� �c�a�s�e� �t�h�a�t� �t�h�e� �s�e�t� �i�s� �a�l�s�o� �t�h�e� �e�n�t�i�r�e� �i�n�s�t�a�n�c�e� �s�e�t� �o�f� �a� �c�l�a�s�s�,� �t�h�e� �c�l�a�s�s� �n�a�m�e� 

�c�a�n� �b�e� �u�s�e�d�.� �T�h�e� �s�e�c�o�n�d� �i�s� �t�o� �u�s�e� �t�h�e� �c�o�n�s�t�r�u�c�t� �X�.�s�i�n�k�s�(�L�)�.� �T�h�e� �d�e�f�i�n�e�d� �n�o�d�e� �s�e�t� �c�o�n�t�a�i�n�s� 

�a�l�l� �n�o�d�e�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �n�e�i�g�h�b�o�r� �n�o�d�e�s� �i�n� �X� �t�h�r�o�u�g�h� �a�r�c�s� �l�a�b�e�l�e�d� �L�Z�.� �T�h�e� �t�h�i�r�d� �m�e�t�h�o�d� 

�i�s� �t�h�r�o�u�g�h� �s�e�l�e�c�t�i�o�n�.� �T�h�e� �s�e�l�e�c�t� �e�x�p�r�e�s�s�i�o�n� �S�e�l�_�E�x�p� �q�u�a�l�i�f�i�e�s� �n�o�d�e�s� �t�o� �b�e� �r�e�t�u�r�n�e�d�.� 

�A� �S�e�l�_�E�x�p� �e�x�p�r�e�s�s�i�o�n� �e�v�a�l�u�a�t�e�s� �c�o�m�p�o�n�e�n�t�s� �o�f� �n�o�d�e�s� �w�i�t�h�i�n� �N�o�d�e�s�.� �T�h�e� �e�x�p�r�e�s�s�i�o�n� 

�i�s� �m�a�d�e� �u�p� �o�f� �c�o�m�p�o�n�e�n�t� �t�e�r�m�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �C�o�m�p�o�n�e�n�t� �O�P� �V�a�l�u�e�.� �T�h�e� �C�o�m�p�o�n�e�n�t� 

�c�o�n�s�t�r�u�c�t� �s�p�e�c�i�f�i�e�s� �t�h�e� �c�o�m�p�o�n�e�n�t�.� �I�n� �t�h�e� �l�a�n�g�u�a�g�e�,� �a�t�t�r�i�b�u�t�e�s� �o�f� �t�u�p�l�e�s� �a�n�d� �e�l�e�m�e�n�t�s� �o�f� �l�i�s�t�s� 

�n�e�s�t�e�d� �a�r�b�i�t�r�a�r�i�l�y� �d�e�e�p� �c�a�n� �b�e� �t�h�e� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �w�a�y� �i�n� �w�h�i�c�h� �a�n� �a�t�t�r�i�b�u�t�e� �c�o�m�p�o�n�e�n�t� 

�i�n� �a�n� �o�b�j�e�c�t� �i�s� �s�e�l�e�c�t�e�d� �c�a�n� �a�l�s�o� �b�e� �f�o�u�n�d� �i�n� �[�C�D�L�R�9�0�]� �a�n�d� �[�S�K�9�1�]�.� �I�n� �[�S�K�9�1�]�,� �i�t� �i�s� �c�a�l�l�e�d� 

�a� �p�a�t�h� �e�x�p�r�e�s�s�i�o�n�.� �T�h�e� �l�i�s�t� �n�o�t�a�t�i�o�n� �f�o�r�w�a�r�d�(�)� �a�n�d� �b�a�c�k�w�a�r�d�(�)� �i�s� �n�e�w� �i�n� �L�E�N�D�.� �T�h�e� �O�P� 

�i�s� �t�h�e� �l�e�g�a�l� �c�o�m�p�a�r�i�s�o�n� �o�p�e�r�a�t�o�r� �a�p�p�l�i�c�a�b�l�e� �t�o� �t�h�e� �c�o�m�p�o�n�e�n�t�.� �V�a�l�u�e�_�O�b�j�e�c�t� �i�s� �t�h�e� �v�a�l�u�e� 

�p�a�r�t�i�c�i�p�a�t�i�n�g� �i�n� �t�h�e� �c�o�m�p�a�r�i�s�o�n�.� 
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�T�a�b�l�e� �2�.�4�:� �P�a�r�t�i�a�l� �B�N�F� �S�y�n�t�a�x� �f�o�r� �t�h�e� �P�a�t�t�e�r�n� �L�a�n�g�u�a�g�e� 
� � 

�P�a�t�h�s� 

�N�o�d�e�s� 

�L�a�b�e�l� 

�T�a�i�l�_�E�x�p� 

�S�e�l�e�c�t�_�E�x�p� 

�C�o�m�p�o�n�e�n�t� � � � � �O�P� 

�P�a�t�h�_�N�a�m�e� �|� 
�v�i�r�t�u�a�l�P�a�t�h�s�(�N�o�d�e�s�,� �L�a�b�e�l�,� �N�o�d�e�s� �[�T�a�i�l� �_�E�x�p�]�)� �|� 
�P�a�t�h�s�.�c�o�m�p�o�s�e�(�P�a�t�h�s�)� �|� 
�P�a�t�h�s�.�i�t�e�r�a�t�e�(�N�o�d�e�s�,� �N�o�d�e�s�,� �N�u�m�,� �N�u�m�)� �|� 
�P�a�t�h�s�.�c�l�o�s�u�r�e�(�N�o�d�e�s�,� �N�o�d�e�s�)� 

�N�o�d�e�s�_�N�a�m�e� �|� 
�N�o�d�e�s�.�s�i�n�k�s�(�L�a�b�e�1�)� �|� 
�N�o�d�e�s�.�s�e�l�e�c�t�(�S�e�l�e�c�t�_�E�x�p�)� �|� 
�P�a�t�h�s�.�f�o�r�w�a�r�d�(�N�u�m�)� �|� 
�P�a�t�h�s�.� �b�a�c�k�w�a�r�d�(�N�u�m�)� 

�L�a�b�e�l�_�N�a�m�e� 

�,� �L�a�b�e�l�,� �N�o�d�e�s� �[�T�a�i�l�_�E�x�p�]� 

�S�e�l�e�c�t�_�E�x�p� �A�N�D� �S�e�l�e�c�t�_�E�x�p� �|� 
�S�e�l�e�c�t�_�E�x�p� �O�R� �S�e�l�e�c�t�_�E�x�p� �|� 
�N�O�T� �S�e�l�e�c�t�_�E�x�p� �|� 
�(�S�e�l�e�c�t�_�E�x�p�)� �|� 
�C�o�m�p�o�n�e�n�t� �O�P� �V�a�l�u�e�_�O�b�j�e�c�t� 

�a�t�t�r�i�b�u�t�e�_�n�a�m�e� �|� 
�f�o�r�w�a�r�d�(�N�u�m�)� �|� �b�a�c�k�w�a�r�d�(�N�u�m�)� �|� 
�[�.�C�o�m�p�o�n�e�n�t�]�|� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�T�h�e�  ��L�a�b�e�l �� �c�o�m�p�o�n�e�n�t� �i�s� �r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e�.� �A� �l�a�b�e�l� �c�a�n� �b�e� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �a� �l�a�b�e�l� 

�n�a�m�e�.� 

�T�h�e� �a�r�c� �s�e�t� �c�o�n�s�t�r�u�c�:� �o�t� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �l�a�n�g�u�a�g�e� �a�s� �i�t�s� �r�o�l�e� �c�a�n� �b�e� �f�u�l�f�i�l�l�e�d� �b�y� �a� �n�o�d�e� 

�s�e�t ��s� �s�i�n�k�s�(� �L�a�b�e�l�)� �o�p�e�r�a�t�o�r� �a�n�d� �t�h�e� �p�a�t�h� �s�e�t� �c�o�n�s�t�r�u�c�t�.� �W�e�l�l�-�k�n�o�w�n� �o�p�e�r�a�t�i�o�n�s� �i�n�t�e�r�s�e�c�t�,� 

�u�n�i�o�n� �a�n�d� �d�i�f� �f�e�r�e�n�c�e� �f�o�r�  ��P�a�t�h�s �� �a�n�d�  ��N�o�d�e�s ��,� �o�p�e�r�a�t�i�n�g� �o�n� �t�w�o� �s�e�t� �v�a�l�u�e�d� �c�o�m�p�o�n�e�n�t�s�,� 

�a�r�e� �i�n� �t�h�e� �l�a�n�g�u�a�g�e� �b�u�t� �a�r�e� �n�o�t� �s�h�o�w�n�.� �A�l�s�o�,� �o�b�j�e�c�t�s� �c�a�n� �b�e� �c�r�e�a�t�e�d� �i�n� �t�h�e� �l�a�n�g�u�a�g�e� �a�n�d� 

�a�s�s�i�g�n�e�d� �t�o� �o�b�j�e�c�t� �v�a�r�i�a�b�l�e�s�.� �I�n�v�o�c�a�t�i�o�n� �o�f� �m�e�t�h�o�d�s� �o�n� �e�i�t�h�e�r� �t�h�e� �o�b�j�e�c�t�s� �o�r� �t�h�e� �o�b�j�e�c�t� 

�v�a�r�i�a�b�l�e�s� �i�s� �p�e�r�m�i�t�t�e�d�.� 

�2�.�5�.�2� �Q�u�e�r�y� �E�x�a�m�p�l�e�s� 

�T�h�i�s� �s�e�c�t�i�o�n� �l�i�s�t�s� �s�e�v�e�r�a�l� �q�u�e�r�i�e�s� �f�o�r�m�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �p�a�t�t�e�r�n� �l�a�n�g�u�a�g�e�.� 

�Q�,� �F�i�n�d� �a�l�l� �d�o�c�u�m�e�n�t�s� �t�h�a�t� �a�r�e� �c�i�t�e�d� �b�y� �c�h�a�p�t�e�r�s� �o�f� �d�o�c�u�m�e�n�t�s� �i�n� �d�o�c�u�m�e�n�t� �s�e�t� �X�.� �A�s�s�u�m�e� 

�t�h�e�r�e� �a�r�e� �t�w�o� �n�o�d�e� �s�e�t�s� �d�o�c�s� �a�n�d� �c�h�a�p�t�e�r�s�,� �a�n�d� �t�w�o� �a�r�c� �s�e�t�s� �d�o�c�_�c�h�a�p�t�e�r� �a�n�d� �c�i�t�e�.� 

�d�o�c�.�c�h�a�p�t�e�r� �c�o�n�n�e�c�t�s� �d�o�c�s� �t�o� �c�h�a�p�t�e�r�s�,� �a�n�d� �c�i�t�e� �r�e�p�r�e�s�e�n�t�i�n�g� �c�i�t�a�t�i�o�n�s� �c�o�n�n�e�c�t�s� �f�r�o�m� 

�c�h�a�p�t�e�r�s� �t�o� �d�o�c�s�.� �L�e�t� �X� �C� �d�o�c�s�.� 

�Q�u�e�r�y� �X�.�s�i�n�k�s�( ��d�o�c�_�c�h�a�p�t�e�r �� �)�.�s�i�n�k�s�( ��c�i�t�e ��)�.� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �u�s�i�n�g� �t�w�o� �j�o�i�n�s� �i�n� �a� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e�.� 

�Q�@�2� �F�i�n�d� �a�l�l� �d�o�c�u�m�e�n�t�s� �u�s�i�n�g� �c�o�n�c�e�p�t�s� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �c�h�a�p�t�e�r� �t�i�t�l�e�s� �b�y� �u�s�i�n�g� �v�e�c�t�o�r� �s�e�a�r�c�h�-� 

�i�n�g�.� �T�h�e� �v�e�c�t�o�r� �m�o�d�e�l� �q�u�e�r�y� �i�s� �Q�.� �A�s�s�u�m�e� �c�h�a�p�t�e�r�s� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�i�t�l�e�s� �t�h�r�o�u�g�h� 

�h�a�s�_�t�i�t�l�e� �a�n�d� �t�i�t�l�e�s� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �c�o�n�c�e�p�t�s� �t�h�r�o�u�g�h� �h�a�s�_�c�o�n�c�e�p�t�s�.� �T�h�e� �w�e�i�g�h�t�e�d� �a�r�c� 

�s�e�t� �i�s� �w�e�i�g�h�t�s�.� 

�Q�u�e�r�y� 

�p�a�t�h�s� �p� �=� �v�i�r�t�u�a�l�P�a�t�h�s�( ��d�o�c�s ��,�  ��h�a�s�_�c�h�a�p�t�e�r ��,�  ��c�h�a�p�t�e�r�s ��,�  ��h�a�s�_�t�i�t�l�e ��,�  ��t�i�t�l�e�s ��,� 

 ��h�a�s�_�c�o�n�c�e�p�t ��,�  ��c�o�n�c�e�p�t�s �� �)�;� 

�n�o�d�e�s� �c�o�n�c�e�p�t�_�s�u�b�s�e�t� �=� �p�.�b�a�c�k�w�a�r�d�(�1�)�;� 
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�V�_�M�o�d�e�l� �v�e�c�t�o�r�_�-�m�o�d�e�l� �=� �n�e�w�V�e�c�t�o�r�(�  ��d�o�c�s ��,�  ��w�e�i�g�h�t�s ��,� �c�o�n�c�e�p�t�_�s�u�b�s�e�t�)�;� 

�v�e�c�t�o�r�_�m�o�d�e�l�.�r�e�t�r�i�e�v�e�(�@�Q�)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n ��t� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �a� �t�r�a�d�i�t�i�o�n�a�l� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e�,� �a�s� �c�o�m�p�u�-� 

�t�a�t�i�o�n� �(�b�y� �i�n�v�o�k�i�n�g� �m�e�t�h�o�d� �r�e�t�r�i�e�v�e�)� �i�s� �n�e�e�d�e�d�.� 

�Q�3� �L�i�s�t� �c�o�n�c�e�p�t�s� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �t�i�t�l�e�s� �a�n�d� �t�e�x�t� �b�o�d�i�e�s� �o�f� �d�o�c�u�m�e�n�t�s� �i�n� �d�o�c�u�m�e�n�t� �s�e�t� 

�X� �t�h�a�t� �a�r�e� �a�l�s�o� �i�n� �c�o�n�c�e�p�t� �s�e�t� �Y�.� �A�s�s�u�m�e� �a�n�o�t�h�e�r� �n�o�d�e� �s�e�t� �t�e�x�t�_�b�o�d�i�e�s� �w�h�i�c�h� �i�s� 

�c�o�n�n�e�c�t�e�d� �t�o� �c�h�a�p�t�e�r�s� �t�h�r�o�u�g�h� �h�a�s�_�b�o�d�y�.� �t�e�r�t�_�b�o�d�i�e�s� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �c�o�n�c�e�p�t�s� �t�h�r�o�u�g�h� 

�h�a�s�_�c�o�n�c�e�p�t�s� �a�r�c�s�.� 

�Q�u�e�r�y� 

�c�h�a�p�t�e�r� �c�h�a�p�t�e�r�_�s�u�b�s�e�t�s� �=� �X�.�s�i�n�k�s�( ��h�a�s�_�c�h�a�p�t�e�r �� �)�;� 

�p�a�t�h�s� �p�l� �=� �v�i�r�t�u�a�l�P�a�t�h�s�(�c�h�a�p�t�e�r�_�s�u�b�s�e�t�s�,�  ��h�a�s�_�c�o�n�c�e�p�t�s ��,�  ��c�o�n�c�e�p�t�s �� �)�;� 

�p�a�t�h�s� �p�2� �=� �v�i�r�t�u�a�l�P�a�t�h�s�(�c�h�a�p�t�e�r�_�s�u�b�s�e�t�s�,�  ��h�a�s�_�b�o�d�y ��,� 

 ��t�e�x�t�_�b�o�d�y ��,�  ��h�a�s�_�c�o�n�c�e�p�t�s ��,�  ��c�o�n�c�e�p�t�s �� �)�)�;� 

�p�l�.�s�i�n�k�s�(�)�.�i�n�t�e�r�s�e�c�t�(�p�2�.�s�i�n�k�s�(�)�.�i�n�t�e�r�s�e�c�t�(�Y�)�)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s� �u�s�i�n�g� �j�o�i�n�,� �s�e�l�e�c�t�,� 

�a�n�d� �i�n�t�e�r�s�e�c�t�i�o�n� �o�p�e�r�a�t�i�o�n�s�.� 

�@�a� �F�i�n�d� �a�l�l� �s�y�n�o�n�y�m�s� �o�f� �w�o�r�d� �z� �t�h�a�t� �c�a�n� �b�e� �r�e�a�c�h�e�d� �i�n� �a�t� �m�o�s�t� �4� �s�t�e�p�s� �f�r�o�m� �x�.� �A�s�s�u�m�e� 

�a�r�c� �s�e�t� �s�y�n�o�n�y�m� �c�o�n�n�e�c�t�s� �n�o�d�e� �s�e�t� �w�o�r�d�s� �t�o� �i�t�s�e�l�f�.� 

�Q�u�e�r�y� 

�p�a�t�h�s� �p� �=� �v�i�r�t�u�a�l�P�a�t�h�s�(�  ��w�o�r�d�s ��,�  ��s�y�n�o�n�y�m ��,�  ��w�o�r�d�s �� �)�;� 

�p�.�i�t�e�r�a�t�e�(�{�x�}�,�  ��w�o�r�d�s ��,� �1�,� �4�)�.�s�i�n�k�s�(�)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n� �b�e� �c�l�u�m�s�i�l�y� �e�x�p�r�e�s�s�e�d� �i�n� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s� �u�s�i�n�g� �3� 

�j�o�i�n� �o�p�e�r�a�t�i�o�n�s�.� �S�o�m�e� �p�r�o�j�e�c�t� �a�n�d� �s�e�l�e�c�t� �o�p�e�r�a�t�i�o�n�s� �a�r�e� �n�e�e�d�e�d� �a�l�s�o�.� 

�@�s� �F�i�n�d� �a�l�l� �w�o�r�d�s� �t�h�a�t� �c�i�t�e� �w�o�r�d� �x� �a�s� �t�h�e�i�r� �s�y�n�o�n�y�m�s�.� �A�s�s�u�m�e� �w�o�r�d�s� �i�n� �t�h�e� �d�i�c�t�i�o�n�a�r�y� 

�a�r�e� �s�t�o�r�e�d� �i�n� �t�h�e� �n�o�d�e� �s�e�t� �w�o�r�d�s� �a�n�d� �t�h�e� �i�n�v�e�r�s�e� �r�e�l�a�t�i�o�n� �o�f� �s�y�n�o�n�y�m� �i�s� �d�e�n�o�t�e�d� �a�s� 

�5�2



�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�s�y�n�o�n�y�m ��.� �E�a�c�h� �w�o�r�d� �i�n� �w�o�r�d�s� �h�a�s� �a� �t�u�p�l�e� �v�a�l�u�e� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �a�t�t�r�i�b�u�t�e� �<� �w�o�r�d�:� 

�S�t�r�i�n�g� �>�.� 

�Q�u�e�r�y� 

�w�o�r�d�s�.�s�e�l�e�c�t�(�w�o�r�d� �=�=�  ��x ��)�.�s�i�n�k�s�( ��s�y�n�o�n�y�m�- �� �)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s� �u�s�i�n�g� �j�o�i�n�,� �s�e�l�e�c�t�,� 

�a�n�d� �p�r�o�j�e�c�t� �o�p�e�r�a�t�i�o�n�s�.� 

�Q�e� �F�i�n�d� �a�l�l� �p�a�t�h�s� �o�f� �l�e�n�g�t�h� �a�t� �m�o�s�t� �1�0� �b�e�t�w�e�e�n� �w�o�r�d� �z� �a�n�d� �y�.� �T�h�e� �l�a�b�e�l�s� �o�n� �t�h�e� �p�a�t�h�s� 

�s�h�o�u�l�d� �b�e�  ��s�y�n�o�n�y�m ��.� 

�Q�u�e�r�y� 

�p�a�t�h�s� �p� �=� �v�i�r�t�u�a�l�P�a�t�h�s�( ��w�o�r�d�s ��,�  ��s�y�n�o�n�y�m ��,�  ��w�o�r�d�s �� �)�;� 

�p�.�i�t�e�r�a�t�e�(�  ��w�o�r�d�s �� �.�s�e�l�e�c�t�(�w�o�r�d� �=�=�  ��x ��)�,�  ��w�o�r�d�s �� �.�s�e�l�e�c�t�(�w�o�r�d� �=�=�  ��y ��)�,� �1�,� �1�0�)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n� �b�e� �c�l�u�m�s�i�l�y� �e�x�p�r�e�s�s�e�d� �i�n� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s�,� �u�s�i�n�g� �9� 

�j�o�i�n�s�.� 

�Q�7� �F�i�n�d� �a�l�l� �e�n�t�r�y� �t�e�r�m�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �w�o�r�d� �z� �i�n� �t�h�e� �c�o�n�t�r�o�l�l�e�d� �v�o�c�a�b�u�l�a�r�y�.� �A�s�s�u�m�e� �a�l�l� 

�e�n�t�r�y� �t�e�r�m�s� �a�r�e� �i�n� �t�h�e� �n�o�d�e� �s�e�t� �e�n�t�r�y�,� �a�l�l� �c�o�n�t�r�o�l�l�e�d� �w�o�r�d�s� �a�r�e� �i�n� �t�h�e� �c�o�n�t�r�o�l�l�e�d� �n�o�d�e� 

�s�e�t�,� �a�n�d� �t�h�e� �t�w�o� �s�e�t�s� �a�r�e� �c�o�n�n�e�c�t�e�d� �b�y� �t�h�e� �a�r�c� �s�e�t� �h�a�s�_�e�n�t�r�y�.� 

�Q�u�e�r�y� 

�w�o�r�d�s�.�s�e�l�e�c�t�(�w�o�r�d� �=�=�  ��x ��)�.�s�i�n�k�s�( ��h�a�s�_�e�n�t�r�y �� �)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s� �u�s�i�n�g� �j�o�i�n�,� �s�e�l�e�c�t�,� 

�a�n�d� �p�r�o�j�e�c�t� �o�p�e�r�a�t�i�o�n�s�.� 

�Q�s� �F�i�n�d� �a�l�l� �c�o�n�t�r�o�l�l�e�d� �w�o�r�d�s� �h�a�v�i�n�g� �a� �n�a�r�r�o�w�e�r� �s�e�n�s�e� �t�h�a�n� �e�n�t�r�y� �t�e�r�m� �z�.� �A�s�s�u�m�e� �t�h�e� �a�r�c� 

�s�e�t� �s�u�b�_�s�u�p�e�r� �c�o�n�n�e�c�t�s� �t�h�e� �c�o�n�t�r�o�l�l�e�d� �w�o�r�d� �s�e�t� �c�o�n�t�r�o�l�l�e�d�.� �W�e� �n�e�e�d� �t�o� �f�i�n�d� �f�i�r�s�t� �t�h�e� 

�c�o�n�t�r�o�l�l�e�d� �w�o�r�d�s� �r�e�l�a�t�i�v�e� �t�o� �z�.� �T�h�e�n� �w�e� �s�e�a�r�c�h� �d�o�w�n�w�a�r�d� �i�n� �a� �h�i�e�r�a�r�c�h�y� �f�r�o�m� �t�h�e�s�e� 

�c�o�n�t�r�o�l�l�e�d� �w�o�r�d�s�.� 
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�C�H�A�P�T�E�R� �2�.� �A�N� �O�B�J�E�C�T� �M�O�D�E�L� �F�O�R� �I�R� �A�P�P�L�I�C�A�T�I�O�N�S� 

�Q�u�e�r�y� 

�N�o�d�e�s� �n� �=� �w�o�r�d�s�.�s�e�l�e�c�t�(�w�o�r�d� �=�=�  ��x ��)�.�s�i�n�k�s�( ��h�a�s�_�e�n�t�r�y �� �)�;� 

�p�a�t�h�s� �=� �v�i�r�t�u�a�l�P�a�t�h�(�n�,�  ��s�u�b�_�s�u�p�e�r ��,�  ��c�o�n�t�r�o�l�l�e�d �� �)�;� 

�p�a�t�h�s�.�i�t�e�r�a�t�e�(�n�,�  ��c�o�n�t�r�o�l�l�e�d �� �)�.�s�i�n�k�s�(�)�;� 

�N�o�t�e� �T�h�i�s� �q�u�e�r�y� �c�a�n ��t� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �r�e�l�a�t�i�o�n�a�l� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s�,� �a�s� �t�r�a�n�s�i�t�i�v�e� 

�c�l�o�s�u�r�e� �c�o�m�p�u�t�a�t�i�o�n� �i�s� �r�e�q�u�i�r�e�d�.� 

�2�.�6� �S�u�m�m�a�r�y� 

�I�n� �t�h�i�s� �c�h�a�p�t�e�r�,� �s�e�v�e�r�a�l� �i�m�p�o�r�t�a�n�t� �I�R� �m�o�d�e�l�s� �a�r�e� �r�e�v�i�e�w�e�d�.� �V�a�r�i�o�u�s� �p�r�o�b�l�e�m�s� �w�i�t�h� �c�u�r�r�e�n�t� 

�I�R� �s�y�s�t�e�m�s� �a�r�e� �p�o�i�n�t�e�d� �o�u�t�.� �A�n� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �m�o�d�e�l� �i�s� �c�o�n�s�t�r�u�c�t�e�d� �t�h�a�t� �a�l�l�o�w�s� �i�n�t�e�g�r�a�t�e�d� 

�s�t�o�r�a�g�e� �a�n�d� �a�c�c�e�s�s� �f�o�r� �a�l�l� �o�f� �t�h�e�s�e� �i�m�p�o�r�t�a�n�t� �I�R� �m�o�d�e�l�s�.� �A� �f�o�r�m�a�l� �s�p�e�c�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �m�o�d�e�l� 

�a�n�d� �i�m�p�o�r�t�a�n�t� �m�e�t�h�o�d� �s�i�g�n�a�t�u�r�e�s� �a�n�d� �b�e�h�a�v�i�o�r�s� �a�r�e� �g�i�v�e�n�.� 

�T�h�e� �L�E�N�D� �m�o�d�e�l� �c�a�p�t�u�r�e�s� �t�w�o� �e�s�s�e�n�t�i�a�l� �a�s�p�e�c�t�s� �o�f� �I�R� �a�p�p�l�i�c�a�t�i�o�n�s�:� �b�e�i�n�g� �a�g�g�r�e�g�a�t�e�d� 

�a�n�d� �b�e�i�n�g� �c�o�n�n�e�c�t�e�d�.� �T�h�e� �f�i�r�s�t� �a�s�p�e�c�t� �i�s� �t�y�p�i�c�a�l� �i�n� �p�e�r�c�e�i�v�i�n�g� �t�h�i�n�g�s� �a�s� �s�e�t�s� �o�r� �l�i�s�t�s� �o�f� 

�p�r�i�m�i�t�i�v�e� �o�r� �c�o�m�p�o�u�n�d� �i�t�e�m�s�.� �T�h�e� �s�e�c�o�n�d� �a�s�p�e�c�t� �i�s� �t�y�p�i�c�a�l� �w�h�e�n� �t�h�i�n�k�i�n�g� �o�f� �a�r�b�i�t�r�a�r�y� 

�r�e�f�e�r�e�n�c�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �t�h�o�s�e� �i�t�e�m�s�.� �T�h�e� �I�R� �c�o�m�p�o�n�e�n�t� �m�a�k�e�s� �u�s�e� �o�f� �t�h�e� �b�a�s�e� �a�n�d� 

�t�h�e� �g�r�a�p�h� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �b�a�s�e� �c�o�m�p�o�n�e�n�t� �h�e�l�p�s� �t�o� �e�x�p�r�e�s�s� �t�h�e� �r�e�t�r�i�e�v�a�l� �r�e�s�u�l�t�s� �a�n�d� �t�h�e� 

�g�r�a�p�h� �c�o�m�p�o�n�e�n�t� �h�e�l�p�s� �t�o� �s�h�a�r�e� �d�o�c�u�m�e�n�t�,� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �a�n�d� �o�t�h�e�r� �o�b�j�e�c�t�s� �a�m�o�n�g� �d�i�f�f�e�r�e�n�t� 

�I�R� �m�o�d�e�l�s�.� �T�h�e� �c�o�m�p�u�t�a�t�i�o�n� �i�n�v�o�l�v�e�d� �i�n� �r�e�t�r�i�e�v�a�l� �i�s� �c�a�p�t�u�r�e�d� �a�t� �t�h�e� �m�e�t�h�o�d� �l�e�v�e�l�.� 

�A� �p�a�t�t�e�r�n� �l�a�n�g�u�a�g�e� �d�e�s�i�g�n�e�d� �f�o�r� �G�r�a�p�h� �C�o�m�p�o�n�e�n�t� �a�c�c�e�s�s� �i�s� �p�r�e�s�e�n�t�e�d�.� �I�t� �i�s� �s�e�t� �b�a�s�e�d� 

�b�u�t� �i�n�c�l�u�d�e�s� �m�a�n�y� �f�e�a�t�u�r�e�s� �t�h�a�t� �a�r�e� �g�r�a�p�h�-�o�r�i�e�n�t�e�d�.� �Q�u�e�r�i�e�s� �i�n�v�o�l�v�i�n�g� �p�a�t�h�s� �c�a�n� �b�e� �e�x�-� 

�p�r�e�s�s�e�d� �b�y� �t�h�e� �l�a�n�g�u�a�g�e�.� �S�e�v�e�r�a�l� �q�u�e�r�i�e�s� �a�r�e� �s�h�o�w�n� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �t�h�e� �l�a�n�g�u�a�g�e� �i�s� 

�u�s�e�f�u�l� �f�o�r� �I�R� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�T�h�e� �L�E�N�D� �m�o�d�e�l� �i�s� �a�l�s�o� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d�.� �T�h�i�s� �a�l�l�o�w�s� �f�u�n�c�t�i�o�n�s� �t�o� �b�e� �t�i�g�h�t�l�y� �b�u�n�d�l�e�d� 

�w�i�t�h� �t�h�e� �d�a�t�a�.� �R�e�p�r�e�s�e�n�t�a�t�i�o�n� �a�n�d� �m�e�t�h�o�d� �i�n�h�e�r�i�t�a�n�c�e� �m�a�k�e�s� �i�t� �e�a�s�y� �t�o� �r�e�u�s�e� �e�x�i�s�t�i�n�g� 

�c�l�a�s�s�e�s� �a�n�d� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �n�e�w� �c�l�a�s�s�e�s�.� 
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�C�h�a�p�t�e�r� �3� 

�L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�e�s�c�r�i�b�e�s� �t�h�e� �L�E�N�D� �s�y�s�t�e�m�,� �a�n� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m� �p�r�o�t�o�t�y�p�i�n�g� 

�t�h�e� �L�E�N�D� �m�o�d�e�l�,� �f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �v�i�e�w� �o�f� �s�y�s�t�e�m� �d�e�s�i�g�n� �a�n�d� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� �L�E�N�D� 

�h�a�s� �t�h�r�e�e� �l�a�y�e�r�s�:� �t�h�e� �l�o�w�e�s�t� �o�r� �s�t�o�r�a�g�e� �l�a�y�e�r�,� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �o�b�j�e�c�t� �l�a�y�e�r�,� �a�n�d� �t�h�e� �t�o�p�m�o�s�t� 

�a�p�p�l�i�c�a�t�i�o�n� �l�a�y�e�r�.� �S�i�m�i�l�a�r� �t�o� �e�x�i�s�t�i�n�g� �r�e�f�e�r�e�n�c�e� �m�o�d�e�l�s�,� �l�o�w�e�r� �l�a�y�e�r�s� �p�r�o�v�i�d�e� �f�u�n�c�t�i�o�n�s� �n�e�e�d�e�d� 

�b�y� �u�p�p�e�r� �l�a�y�e�r�s�.� �T�h�e� �t�h�r�e�e� �l�a�y�e�r�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n�s� �3�.�1�,� �3�.�2� �a�n�d� �3�.�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �l�a�y�e�r�s� �a�r�e� �i�m�p�l�e�m�e�n�t�e�d� �i�n� �C�+�+� �[�S�t�r�8�6�]�.� �T�o� �h�e�l�p� �w�i�t�h� �t�h�e� �e�x�p�l�a�n�a�t�i�o�n�,� �s�o�m�e� �i�m�p�o�r�t�a�n�t� 

�c�l�a�s�s� �p�r�o�f�i�l�e�s� �a�r�e� �a�b�b�r�e�v�i�a�t�e�d� �a�n�d� �i�n�c�l�u�d�e�d�.� 

�3�.�1� �S�t�o�r�a�g�e� �L�a�y�e�r� 

�T�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �p�r�o�v�i�d�e�s� �s�t�o�r�a�g�e� �a�n�d� �a�c�c�e�s�s� �f�a�c�i�l�i�t�i�e�s� �t�o� �L�E�N�D� �b�i�n�a�r�y� �s�t�r�i�n�g� �o�b�j�e�c�t�s� �o�n� �a� 

�s�t�o�r�a�g�e� �o�b�j�e�c�t�.� �S�t�o�r�a�g�e� �o�b�j�e�c�t�s� �a�r�e� �i�m�p�l�e�m�e�n�t�e�d� �o�n� �U�N�I�X� �f�i�l�e�s�,� �m�a�i�n� �m�e�m�o�r�y�,� �o�r� �p�a�r�t�i�-� 

�t�i�o�n�s� �o�f� �a� �d�e�v�i�c�e� �t�h�a�t� �s�u�p�p�o�r�t�s� �p�a�g�e�d� �a�c�c�e�s�s�.� �T�h�e� �m�a�j�o�r� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�i�s� �l�a�y�e�r� �a�r�e� �t�o� �d�e�l�i�v�e�r� 

�b�i�n�a�r�y� �s�t�r�i�n�g� �o�b�j�e�c�t�s� �t�o� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �l�e�v�e�l� �l�a�y�e�r� �(�o�b�j�e�c�t� �l�a�y�e�r�)� �u�p�o�n� �a� �r�e�a�d�S�t�r�i�n�g�(�)� 

�r�e�q�u�e�s�t� �a�n�d� �t�o� �s�a�v�e� �b�i�n�a�r�y� �s�t�r�i�n�g� �o�b�j�e�c�t�s� �i�n� �t�h�e� �s�t�o�r�e� �u�p�o�n� �r�e�c�e�i�v�i�n�g� �a� �w�r�i�t�e�S�t�r�i�n�g�(�)� �o�r� 

�a�p�p�e�n�d�S�t�r�i�n�g�(�)� �r�e�q�u�e�s�t�.� �B�a�s�e�d� �o�n� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �s�t�o�r�a�g�e� �m�e�d�i�a�,� �a�d�d�i�t�i�o�n�a�l� �f�u�n�c�t�i�o�n�s� 

�c�a�n� �b�e� �a�d�d�e�d�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �[�Z�M�9�0�]� �(�C�h�a�p�t�e�r� �4�,� �p�p�.� �2�3�7�-�2�4�1�)�,� �t�h�e�r�e� �a�r�e� �f�o�u�r� �m�a�j�o�r� �i�s�s�u�e�s� �i�n� �d�e�s�i�g�n�-� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�i�n�g� �a� �s�t�o�r�a�g�e� �c�o�m�p�o�n�e�n�t� �f�o�r� �a�n� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�:� �t�h�e� �d�e�g�r�e�e� �o�f� �e�x�p�o�s�u�r�e� 

�o�f� �s�e�m�a�n�t�i�c�s� �o�f� �o�b�j�e�c�t�s� �t�o� �t�h�e� �s�t�o�r�a�g�e� �c�o�m�p�o�n�e�n�t�,� �t�h�e� �p�h�y�s�i�c�a�l� �p�l�a�c�e�m�e�n�t� �o�f� �o�b�j�e�c�t�s�,� �t�h�e� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s�,� �a�n�d� �o�b�j�e�c�t�s �� �d�i�s�k� �a�n�d� �m�e�m�o�r�y� �f�o�r�m�a�t�.� 

�3�.�1�.�1� �T�h�e� �D�e�g�r�e�e� �o�f� �E�x�p�o�s�u�r�e� 

�T�h�e� �f�i�r�s�t� �i�s�s�u�e� �c�o�n�c�e�r�n�s� �h�o�w� �m�u�c�h� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �s�h�o�u�l�d� �k�n�o�w� �a�b�o�u�t� �o�b�j�e�c�t�s�,� �s�p�e�c�i�f�i�c�a�l�l�y� 

�t�h�e� �i�d�e�n�t�i�f�i�e�r�s� �e�m�b�e�d�d�e�d� �i�n� �t�h�e� �o�b�j�e�c�t�s�.� �A�c�q�u�a�i�n�t�a�n�c�e� �w�i�t�h� �o�b�j�e�c�t� �s�e�m�a�n�t�i�c�s� �h�e�l�p�s� �g�a�r�b�a�g�e� 

�c�o�l�l�e�c�t�i�o�n�,� �o�b�j�e�c�t� �p�r�e�f�e�t�c�h�i�n�g� �a�n�d� �c�o�n�s�t�r�a�i�n�t� �m�a�i�n�t�e�n�a�n�c�e�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �v�i�e�w�i�n�g� 

�o�b�j�e�c�t�s� �a�s� �b�i�n�a�r�y� �s�t�r�i�n�g�s� �c�a�n� �k�e�e�p� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �i�m�m�u�n�e� �f�r�o�m� �o�b�j�e�c�t� �m�o�d�e�l� �e�v�o�l�u�t�i�o�n� 

�a�n�d� �h�e�l�p� �w�i�t�h� �s�i�m�p�l�i�f�y�i�n�g� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� �T�h�u�s�,� �t�h�e� �L�E�N�D� �s�t�o�r�a�g�e� �l�a�y�e�r� �t�a�k�e�s� �t�h�e� 

�l�a�t�t�e�r� �a�p�p�r�o�a�c�h�,� �a�s� �g�a�r�b�a�g�e� �c�o�l�l�e�c�t�i�o�n� �a�n�d� �d�y�n�a�m�i�c� �c�o�n�s�t�r�a�i�n�t� �m�a�i�n�t�e�n�a�n�c�e� �a�r�e� �n�o�t� �n�e�c�e�s�s�a�r�y� 

�f�o�r� �r�e�l�a�t�i�v�e�l�y� �s�t�a�t�i�c� �I�R� �d�a�t�a�.� �T�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �r�e�s�u�l�t�s� �g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� �p�a�t�t�e�r�n� �l�a�n�g�u�a�g�e� 

�q�u�e�r�y� �p�r�o�c�e�s�s�i�n�g� �w�i�l�l� �b�e� �r�e�m�e�m�b�e�r�e�d� �a�s� �o�b�j�e�c�t�s� �a�n�d� �f�i�n�a�l�l�y� �r�e�m�o�v�e�d�.� �O�b�j�e�c�t� �p�r�e�f�e�t�c�h�i�n�g� �i�s� 

�d�i�r�e�c�t�l�y� �h�a�n�d�l�e�d� �t�h�r�o�u�g�h� �a� �g�r�a�p�h� �p�a�r�t�i�t�i�o�n�i�n�g� �a�l�g�o�r�i�t�h�m�.� �A�l�t�h�o�u�g�h� �t�h�e� �s�e�m�a�n�t�i�c�s� �o�f� �o�b�j�e�c�t�s� 

�i�s� �i�g�n�o�r�e�d�,� �t�h�e� �l�a�y�e�r� �a�l�w�a�y�s� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r� �i�s� �s�t�o�r�e�d� �i�n� �t�h�e� �f�i�r�s�t� �f�e�w� �b�y�t�e�s� 

�o�f� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g�.� �F�u�r�t�h�e�r�,� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g� �i�s� �n�o�t� �r�e�c�o�r�d�e�d� �i�f� �i�t� �c�a�n� �b�e� 

�i�n�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �c�l�a�s�s� �i�d�e�n�t�i�f�i�e�d� �b�y� �t�h�e� �i�d�e�n�t�i�f�i�e�r�.� 

�S�i�n�c�e� �o�b�j�e�c�t�s� �a�r�e� �v�i�e�w�e�d� �a�s� �b�i�n�a�r�y� �s�t�r�i�n�g�s�,� �t�h�e� �f�u�n�c�t�i�o�n�a�l�i�t�y� �o�f� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �c�a�n� �b�e� 

�s�i�m�p�l�i�f�i�e�d� �i�n�t�o� �s�e�v�e�r�a�l� �f�u�n�c�t�i�o�n� �c�a�l�l�s�.� �T�h�e� �b�a�s�i�c� �c�a�l�l�s� �a�r�e� �r�e�a�d�S�t�r�i�n�g�(�)�,� �w�r�i�t�e�S�t�r�i�n�g�(�)� 

�a�n�d� �a�p�p�e�n�d�S�t�r�i�n�g�(�)�.� �A�l�l� �a�r�e� �d�e�f�i�n�e�d� �o�n� �t�h�e� �s�t�o�r�a�g�e� �c�l�a�s�s� �a�n�d� �u�s�e� �a� �p�s�e�u�d�o� �i�n�d�e�x� �o�b�j�e�c�t� 

�(�a�b�b�r�e�v�i�a�t�e�d� �a�s� �P�i�x�)� �t�o� �r�e�m�e�m�b�e�r� �p�o�s�i�t�i�o�n� �i�n�f�o�r�m�a�t�i�o�n�.� �A� �P�i�x� �i�s� �a�l�s�o� �a� �c�l�a�s�s� �a�n�d� �c�a�n� �b�e� 

�e�x�p�a�n�d�e�d� �f�o�r� �s�p�e�c�i�f�i�c� �s�t�o�r�a�g�e� �d�e�v�i�c�e�s�.� �A� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �c�a�n� �c�o�n�t�a�i�n� �a�n� �a�r�r�a�y� �o�f� �p�o�i�n�t�e�r�s� 

�p�o�i�n�t�i�n�g� �a�t� �d�e�v�i�c�e� �m�a�n�a�g�e�m�e�n�t� �p�o�l�i�c�y� �r�o�u�t�i�n�e�s�,� �s�u�c�h� �a�s� �h�o�w� �t�o� �p�e�r�f�o�r�m� �c�a�c�h�i�n�g� �a�n�d� �b�u�f�f�e�r�-� 

�i�n�g�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �m�a�n�a�g�e�m�e�n�t� �p�o�l�i�c�y� �c�a�n� �b�e� �o�r�g�a�n�i�z�e�d� �i�n�t�o� �a� �h�i�e�r�a�r�c�h�y� �a�n�d� �p�r�o�p�e�r� �p�o�l�i�c�y� 

�i�n�s�t�a�n�c�e�s� �c�a�n� �b�e� �i�n�v�o�k�e�d� �u�s�i�n�g� �C�+�+ ��s� �d�y�n�a�m�i�c� �b�i�n�d�i�n�g� �f�e�a�t�u�r�e�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�3�.�1�.�2� �O�b�j�e�c�t� �P�l�a�c�e�m�e�n�t� 

�T�h�e� �s�e�c�o�n�d� �i�s�s�u�e� �r�e�g�a�r�d�s� �t�h�e� �p�l�a�c�e�m�e�n�t� �o�f� �o�b�j�e�c�t�s� �o�n� �d�i�s�k�.� �P�h�y�s�i�c�a�l�l�y�,� �o�b�j�e�c�t�s� �c�a�n� �b�e� 

�r�e�p�r�e�s�e�n�t�e�d� �w�i�t�h� �o�r� �w�i�t�h�o�u�t� �c�o�m�p�o�s�i�t�i�o�n�.� �C�o�m�p�o�s�i�t�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �m�e�a�n�s� �c�o�n�s�t�i�t�u�e�n�t�s� 

�a�r�e� �t�i�e�d� �t�o� �t�h�e�i�r� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�,� �w�h�i�l�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�u�t�s� �s�i�m�i�l�a�r�l�y� �t�y�p�e�d� �c�o�n�s�t�i�t�u�e�n�t�s� 

�t�o�g�e�t�h�e�r�.� �O�b�j�e�c�t� �p�l�a�c�e�m�e�n�t� �w�i�l�l� �s�a�v�e� �t�h�e�s�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �o�n� �d�i�s�k� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �n�u�m�b�e�r� 

�o�f� �I�/�O� �a�c�c�e�s�s�e�s�.� �A�s� �g�r�a�p�h� �s�t�r�u�c�t�u�r�e�d� �d�a�t�a� �i�s� �t�h�e� �p�r�i�m�a�r�y� �c�o�n�c�e�r�n�,� �t�h�i�s� �l�a�y�e�r� �m�a�k�e�s� �u�s�e� �o�f� �a� 

�c�l�u�s�t�e�r�i�n�g� �a�l�g�o�r�i�t�h�m�.� �T�h�e� �p�l�a�c�e�m�e�n�t� �d�e�c�i�s�i�o�n� �m�a�d�e� �b�y� �t�h�e� �a�l�g�o�r�i�t�h�m� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �e�n�t�i�r�e� 

�s�t�r�u�c�t�u�r�e� �o�f� �a� �g�r�a�p�h�.� 

�3�.�1�.�3�.� �O�b�j�e�c�t� �I�d�e�n�t�i�f�i�e�r� �I�m�p�l�e�m�e�n�t�a�t�i�o�n� 

�T�h�e� �t�h�i�r�d� �i�s�s�u�e� �i�s� �a�b�o�u�t� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s�.� �A�n� �i�d�e�n�t�i�f�i�e�r� �c�a�n� �b�e� �c�o�d�e�d� 

�a�s� �t�h�e� �p�h�y�s�i�c�a�l� �l�o�c�a�t�i�o�n�,� �a�s� �t�h�e� �r�e�l�a�t�i�v�e� �p�h�y�s�i�c�a�l� �l�o�c�a�t�i�o�n� �o�f� �a�n� �o�b�j�e�c�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �a� �p�a�g�e� 

�o�r� �a� �s�e�g�m�e�n�t�,� �o�r� �a�s� �a� �l�o�g�i�c�a�l� �s�y�m�b�o�l� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �p�h�y�s�i�c�a�l� �s�t�o�r�a�g�e�.� �T�h�e� �p�h�y�s�i�c�a�l� �a�d�d�r�e�s�s� 

�a�p�p�r�o�a�c�h� �m�a�k�e�s� �i�t� �i�m�p�o�s�s�i�b�l�e� �f�o�r� �t�h�e� �o�b�j�e�c�t� �t�o� �m�o�v�e�,� �b�u�t� �a�l�l�o�w�s� �d�i�r�e�c�t� �o�b�j�e�c�t� �r�e�f�e�r�e�n�c�e�.� 

�T�h�e� �l�o�g�i�c�a�l� �a�d�d�r�e�s�s� �m�e�t�h�o�d� �a�c�h�i�e�v�e�s� �j�u�s�t� �t�h�e� �o�p�p�o�s�i�t�e� �e�f�f�e�c�t�.� �T�h�e� �c�u�r�r�e�n�t� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� 

�u�s�e�s� �l�o�g�i�c�a�l� �i�d�e�n�t�i�f�i�e�r�s� �(�i�.�e�.�,� �t�h�e� �c�l�a�s�s� �c�o�d�e� �a�n�d� �i�n�s�t�a�n�c�e� �c�o�d�e� �p�a�i�r�)�.� �A�n� �i�d�e�n�t�i�f�i�e�r� �h�i�e�r�a�r�c�h�y� 

�c�a�n� �b�e� �u�t�i�l�i�z�e�d� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �o�t�h�e�r� �p�o�s�s�i�b�i�l�i�t�i�e�s�.� 

�3�.�1�.�4� �O�b�j�e�c�t� �F�o�r�m�a�t� 

�T�h�e� �l�a�s�t� �d�e�s�i�g�n� �i�s�s�u�e� �i�s� �i�n� �c�o�n�n�e�c�t�i�o�n� �w�i�t�h� �o�b�j�e�c�t�s �� �d�i�s�k� �a�n�d� �m�e�m�o�r�y� �f�o�r�m�a�t�.� �I�f� �t�h�e�y� �d�i�f�f�e�r�,� 

�s�o�m�e� �t�r�a�n�s�l�a�t�i�o�n� �i�s� �n�e�c�e�s�s�a�r�y�.� �T�h�e� �p�r�o�c�e�s�s� �c�a�n� �b�e� �i�n�i�t�i�a�t�e�d� �w�h�e�n� �t�h�e� �o�b�j�e�c�t� �i�s� �f�e�t�c�h�e�d� �o�r� 

�r�e�f�e�r�e�n�c�e�d�.� �P�a�r�t�i�a�l� �t�r�a�n�s�l�a�t�i�o�n� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �f�o�r� �o�n�l�y� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �o�b�j�e�c�t� �r�e�f�e�r�-� 

�e�n�c�e�d�.� �T�r�a�n�s�l�a�t�i�o�n� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� �i�s�o�l�a�t�e� �d�e�s�i�r�e�d� �o�b�j�e�c�t�s� �f�r�o�m� �p�a�g�e�s� �t�h�a�t� �o�t�h�e�r� �o�b�j�e�c�t�s� 

�r�e�s�i�d�e� �o�n�.� �T�h�u�s�,� �a�n� �o�b�j�e�c�t� �c�a�c�h�e� �c�a�n� �b�e� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �a� �p�a�g�e� �c�a�c�h�e�.� �T�h�e� �t�r�a�n�s�l�a�t�i�o�n� �o�v�e�r�-� 

�h�e�a�d� �i�s� �t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �a�p�p�r�o�a�c�h�.� �T�h�e� �m�o�n�o�-�f�o�r�m�a�t� �a�p�p�r�o�a�c�h� �a�v�o�i�d�s� �t�h�e� �o�v�e�r�h�e�a�d� 

�b�u�t� �m�a�k�e�s� �t�h�e� �o�b�j�e�c�t�s� �f�e�t�c�h�e�d� �m�o�r�e� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�a�g�e� �c�a�c�h�e�.� �E�a�r�l�i�e�r� �v�e�r�s�i�o�n�s� �o�f� 

�o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s� �(�e�.�g�.�,� �G�E�M�S�T�O�N�E� �[�B�O�S�9�1�]�)� �u�s�e� �d�u�a�l� �f�o�r�m�a�t�s�.� �T�h�e�r�e� �i�s� 

�O�o �



�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�a� �t�r�e�n�d� �t�o�w�a�r�d� �u�s�e� �o�f� �m�o�n�o�-�f�o�r�m�a�t�.� �T�h�e� �c�u�r�r�e�n�t� �L�E�N�D� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �t�a�k�e�s� �t�h�e� �d�u�a�l� 

�f�o�r�m�a�t� �a�p�p�r�o�a�c�h�.� �O�b�j�e�c�t�s� �a�r�e� �i�n�i�t�i�a�l�i�z�e�d� �w�h�e�n� �t�h�e�y� �a�r�e� �f�i�r�s�t� �f�e�t�c�h�e�d�.� 

�3�.�1�.�5� �A�d�d�i�t�i�o�n�a�l� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n�s� 

�I�n� �d�e�s�i�g�n�i�n�g� �t�h�e� �l�a�y�e�r�,� �t�h�r�e�e� �a�d�d�i�t�i�o�n�a�l� �g�o�a�l�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d�:� �e�x�t�e�n�s�i�b�i�l�i�t�y�,� �l�o�w�-�o�v�e�r�h�e�a�d� �a�n�d� 

�r�e�a�s�o�n�a�b�l�e� �p�e�r�f�o�r�m�a�n�c�e�.� 

�T�h�e� �f�i�r�s�t� �g�o�a�l� �c�o�n�c�e�r�n�s� �a�d�d�i�n�g� �n�e�w� �s�t�o�r�a�g�e� �d�e�v�i�c�e�s� �t�o� �t�h�e� �l�a�y�e�r�.� �S�i�n�c�e� �C�+�+� �a�l�l�o�w�s� �c�l�a�s�s� 

�d�e�r�i�v�a�t�i�o�n�,� �t�h�i�s� �p�r�i�n�c�i�p�l�e� �i�s� �e�a�s�y� �t�o� �r�e�a�l�i�z�e�.� �W�h�e�n� �a� �n�e�w� �d�e�v�i�c�e� �i�s� �a�d�d�e�d�,� �a� �n�e�w� �C�+�+� �c�l�a�s�s� 

�a�n�d� �r�e�l�a�t�e�d� �m�a�n�a�g�e�m�e�n�t� �p�o�l�i�c�y� �r�o�u�t�i�n�e�s� �s�h�o�u�l�d� �b�e� �e�n�c�o�d�e�d�.� 

�T�h�e� �s�e�c�o�n�d� �g�o�a�l� �d�e�a�l�s� �w�i�t�h� �r�e�d�u�c�t�i�o�n� �o�f� �a�n�y� �u�n�n�e�c�e�s�s�a�r�y� �o�v�e�r�h�e�a�d� �i�n� �s�t�o�r�i�n�g� �a�n�d� �a�c�-� 

�c�e�s�s�i�n�g� �b�i�n�a�r�y� �s�t�r�i�n�g�s�.� �C�o�p�y�i�n�g� �(�l�o�n�g�)� �b�i�n�a�r�y� �s�t�r�i�n�g�s� �i�s� �o�n�e� �e�x�a�m�p�l�e� �t�h�a�t� �w�o�u�l�d� �s�e�v�e�r�e�l�y� 

�i�m�p�a�i�r� �o�b�j�e�c�t� �d�e�l�i�v�e�r�y� �s�p�e�e�d�.� �A�n�o�t�h�e�r� �c�a�s�e� �i�s� �w�h�e�n� �a� �b�i�n�a�r�y� �s�t�r�i�n�g� �i�s� �v�e�r�y� �l�o�n�g� �a�n�d� �t�h�e� �c�o�r�-� 

�r�e�s�p�o�n�d�i�n�g� �l�a�r�g�e� �o�b�j�e�c�t� �d�o�e�s� �n�o�t� �n�e�e�d� �t�o� �b�e� �i�n�s�t�a�n�t�i�a�t�e�d� �c�o�m�p�l�e�t�e�l�y�.� �I�n� �t�h�i�s� �c�i�r�c�u�m�s�t�a�n�c�e�,� 

�a� �s�e�q�u�e�n�c�e� �o�f� �r�e�a�d�s� �o�f� �s�h�o�r�t�e�r� �b�i�n�a�r�y� �s�t�r�i�n�g�s� �i�s� �t�h�e� �p�r�o�p�e�r� �s�o�l�u�t�i�o�n�.� �I�n� �g�e�n�e�r�a�l�,� �o�v�e�r�h�e�a�d� 

�p�r�e�s�e�n�t�s� �i�t�s�e�l�f� �i�n� �d�i�f�f�e�r�e�n�t� �f�o�r�m�s� �w�i�t�h�i�n� �d�i�f�f�e�r�e�n�t� �s�t�o�r�a�g�e� �c�l�a�s�s�e�s�.� �N�o� �s�o�l�u�t�i�o�n� �i�s� �i�d�e�a�l� �f�o�r� 

�a�l�l� �c�a�s�e�s�.� �W�i�t�h� �t�h�e� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�,� �d�e�s�i�g�n�e�r�s� �o�f� �e�a�c�h� �c�l�a�s�s� �c�a�n� �f�o�c�u�s� �o�n� 

�s�i�t�u�a�t�i�o�n�s� �l�e�a�d�i�n�g� �t�o� �t�h�e� �w�o�r�s�t� �o�v�e�r�h�e�a�d� �p�r�o�b�l�e�m�s� �a�n�d� �p�r�o�v�i�d�e� �w�a�y�s� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e�m�.� 

�T�h�e� �l�a�s�t� �g�o�a�l� �i�s� �a�b�o�u�t� �m�a�i�n�t�a�i�n�i�n�g� �r�e�a�s�o�n�a�b�l�e� �p�e�r�f�o�r�m�a�n�c�e� �f�o�r� �a�c�c�e�s�s� �t�o� �b�i�n�a�r�y� �s�t�r�i�n�g� 

�o�b�j�e�c�t�s�.� �A�s� �c�u�r�r�e�n�t� �e�x�t�e�r�n�a�l� �s�t�o�r�a�g�e� �d�e�v�i�c�e�s� �a�r�e� �b�e�s�t� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �l�i�n�e�a�r�,� �a�n�d� �p�r�e�f�e�r� 

�l�o�c�a�l�i�z�e�d� �a�c�c�e�s�s�,� �i�n�d�e�x�i�n�g� �a�n�d� �c�l�u�s�t�e�r�i�n�g� �a�r�e� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �s�o�l�u�t�i�o�n�s�.� �L�E�N�D� �p�r�o�v�i�d�e�s� 

�a� �s�e�t� �o�f� �i�n�d�e�x�i�n�g� �d�a�t�a� �s�t�r�u�c�t�u�r�e�s� �a�n�d� �a�l�g�o�r�i�t�h�m�s� �i�d�e�a�l� �f�o�r� �d�a�t�a� �t�h�a�t� �a�r�e� �r�e�l�a�t�i�v�e�l�y� �s�t�a�t�i�c� 

�a�n�d� �l�a�r�g�e� �i�n� �q�u�a�n�t�i�t�y�.� �T�h�e�y� �a�r�e� �b�a�s�i�c�a�l�l�y� �h�a�s�h� �m�e�t�h�o�d�s� �w�i�t�h� �v�e�r�y� �l�o�w� �s�t�o�r�a�g�e� �c�o�s�t� �a�n�d� 

�s�u�p�e�r�i�o�r� �p�e�r�f�o�r�m�a�n�c�e�.� �O�n�e� �d�i�s�k� �a�c�c�e�s�s� �i�s� �a�l�w�a�y�s� �g�u�a�r�a�n�t�e�e�d� �w�h�e�n� �t�h�i�s� �s�c�h�e�m�e� �i�s� �a�p�p�l�i�e�d� �t�o� 

�d�i�s�k� �s�t�o�r�a�g�e� �o�b�j�e�c�t�s�.� �T�h�e� �m�e�m�o�r�y� �s�t�o�r�a�g�e� �u�s�e�s� �A�V�L� �t�r�e�e�s�.� �T�h�e� �c�l�u�s�t�e�r�i�n�g� �i�t�s�e�l�f� �f�a�l�l�s� �i�n�t�o� 

�a�n�o�t�h�e�r� �s�e�t� �o�f� �c�l�a�s�s�e�s�.� �G�r�a�p�h� �b�i�s�e�c�t�i�o�n� �a�l�g�o�r�i�t�h�m�s� �a�r�e� �u�s�e�d� �f�o�r� �t�h�e�s�a�u�r�i� �t�h�a�t� �a�r�e� �e�n�c�o�d�e�d� 

�i�n� �s�e�m�a�n�t�i�c� �n�e�t�w�o�r�k�s�.� 

�F�i�g�u�r�e� �3�.�1� �d�e�p�i�c�t�s� �t�h�e� �m�a�j�o�r� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r�.� �T�h�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �m�a�n�-� 

�a�g�e�r� �m�a�n�a�g�e�s� �t�h�r�e�e� �t�y�p�e�s� �o�f� �s�t�o�r�a�g�e� �o�b�j�e�c�t�:� �U�N�I�X� �f�i�l�e� �s�t�o�r�a�g�e�,� �p�a�g�e� �s�t�o�r�a�g�e� �a�n�d� �m�e�m�o�r�y� 
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�F�i�g�u�r�e� �3�.�1�:� �S�t�o�r�a�g�e� �L�a�y�e�r� �C�o�m�p�o�n�e�n�t�s� 

�s�t�o�r�a�g�e�.� �U�N�I�X� �f�i�l�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t�s� �a�r�e� �o�r�d�i�n�a�r�y� �U�N�I�X� �f�i�l�e�s�.� �P�a�g�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t�s� �g�u�a�r�a�n�t�e�e� 

�t�h�a�t� �t�h�e� �p�a�g�e� �i�s� �t�h�e� �u�n�i�t� �o�f� �I�/�O� �t�r�a�n�s�f�e�r�.� �M�e�m�o�r�y� �s�t�o�r�a�g�e� �o�b�j�e�c�t�s� �h�o�l�d� �a�l�l� �o�b�j�e�c�t�s� �i�n� �t�h�e� 

�h�e�a�p� �s�p�a�c�e� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �C�+�+� �r�u�n� �t�i�m�e� �s�y�s�t�e�m�.� 

�T�h�e� �m�a�j�o�r� �r�e�q�u�e�s�t� �t�o� �t�h�e� �m�a�n�a�g�e�r� �i�s� �t�o� �c�r�e�a�t�e� �a� �n�e�w� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �o�r� �t�o� �l�o�o�k�-�u�p� �a�n� 

�e�x�i�s�t�i�n�g� �s�t�o�r�a�g�e� �o�b�j�e�c�t�,� �a�n�d� �t�o� �r�e�t�u�r�n� �i�t� �t�o� �t�h�e� �u�p�p�e�r� �l�a�y�e�r� �(�i�n� �a� �f�o�r�m� �o�f� �o�b�j�e�c�t� �r�e�f�e�r�e�n�c�e�)�.� 

�U�p�o�n� �a� �s�u�c�c�e�s�s�f�u�l� �c�r�e�a�t�i�o�n� �o�r� �l�o�o�k�-�u�p�,� �t�h�e� �m�a�n�a�g�e�r� �r�e�t�u�r�n�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �t�o� �t�h�e� �s�t�o�r�a�g�e� 

�o�b�j�e�c�t� �t�o� �t�h�e� �c�a�l�l�e�r�.� �T�h�e� �r�e�s�t� �o�f� �I�/�O� �r�e�q�u�e�s�t�s� �o�f� �t�h�e� �c�a�l�l�e�r� �w�i�l�l� �b�e� �d�i�r�e�c�t�l�y� �a�g�a�i�n�s�t� �t�h�e� 

�s�t�o�r�a�g�e� �o�b�j�e�c�t�.� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�,� �e�x�i�s�t�i�n�g� �c�l�a�s�s�e�s� �i�n� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �w�i�l�l� �b�e� �d�e�s�c�r�i�b�e�d�.� �F�o�c�u�s� 

�w�i�l�l� �b�e� �g�i�v�e�n� �t�o� �t�h�e� �p�u�b�l�i�c� �i�n�t�e�r�f�a�c�e� �d�e�s�i�g�n� �a�n�d� �t�h�e� �m�o�t�i�v�a�t�i�o�n� �b�e�h�i�n�d� �c�h�o�o�s�i�n�g� �t�h�e� �c�u�r�r�e�n�t� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�v�e�r� �o�t�h�e�r� �c�a�n�d�i�d�a�t�e�s�.� 

�3�.�1�.�6� �L�R�U� �C�l�a�s�s� 

�A� �L�R�U� �(�l�e�a�s�t� �r�e�c�e�n�t�l�y� �u�s�e�d�)� �r�e�p�l�a�c�e�m�e�n�t� �p�o�l�i�c�y� �f�o�r� �a� �g�r�o�u�p� �o�f� �i�t�e�m�s� �i�s� �e�n�f�o�r�c�e�d� �b�a�s�e�d� �o�n� 

�t�h�e� �r�e�f�e�r�e�n�c�e� �h�i�s�t�o�r�y� �o�f� �t�h�e� �i�t�e�m�s�.� �T�h�e� �c�l�a�s�s� �m�a�n�a�g�e�s� �a� �f�i�x�e�d� �s�i�z�e� �s�e�t� �o�f� �a�c�t�i�v�e�l�y� �a�c�c�e�s�s�e�d� 

�i�t�e�m�s� �(�c�a�l�l�e�d� �a� �w�i�n�d�o�w�)� �a�n�d� �a� �s�e�t� �o�f� �i�n�a�c�t�i�v�e�l�y� �a�c�c�e�s�s�e�d� �i�t�e�m�s� �t�h�a�t� �c�a�n� �b�e� �a�r�b�i�t�r�a�r�i�l�y� �l�a�r�g�e�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 
� � 

�c�l�a�s�s� �l�r�u�:� �p�u�b�l�i�c� �r�e�p�l�a�c�e�_�p�o�l�i�c�y� �{� 

�p�u�b�l�i�c�:� 
�I�r�u�(�l�r�u�*�&� �r�_�f�r�o�n�t�,� �l�r�u�*�&� �r�_�b�a�c�k�)�;� 
�~�l�r�u�Q�;� 

�/�f� �p�r�o�m�o�t�e�(�)� �m�o�v�e�s� �t�h�e� �c�e�l�l� �i�t�s�e�l�f� �t�o� �t�h�e� �f�r�o�n�t� �o�f� �t�h�e� �w�i�n�d�o�w� 
�l�r�u�*� �p�r�o�m�o�t�e�(�i�r�u�*� �&� �w�_�f�r�o�n�t�,� �l�r�u�*�&� �w�_�b�a�c�k�,� 

�l�r�u�*�&� �r�e�s�t�_�f�r�o�n�t�,� �l�r�u�*�&� �r�e�s�t�_�b�a�c�k�,� 

�i�n�t�&� �w�i�n�d�o�w�_�s�z�,� �i�n�t� �m�a�x�_�w�d�_�s�z�)�;� 

�h�;� 

�c�l�a�s�s� �l�u�_�h�a�n�d�l�e�r� �/�/� �t�r�u� �c�o�l�l�e�c�t�i�o�n� �h�a�n�d�l�e�r�.� �I�t� �m�a�n�a�g�e�s� 
�{� �i�/� �t�h�e� �w�i�n�d�o�w�(�a�c�t�i�v�e�)� �a�n�d� �t�h�e� �i�n�a�c�t�i�v�e� �l�i�s�t�s�.� 

�p�u�b�l�i�c�:� 
�l�r�u�*� �w�i�n�d�o�w�_�f�r�o�n�t� �=� �0�;� �/�/� �w�i�n�d�o�w� �f�r�o�n�t� �a�n�d� �b�a�c�k� �p�o�i�n�t�e�r� 

�l�r�u�*� �w�i�n�d�o�w�_�b�a�c�k� �=� �0�;� 

�I�r�u�*� �r�e�s�t�_�f�r�o�n�t� �=� �0�,� �/�{� �a�c�t�i�v�e� �l�i�s�t� �f�r�o�n�t� �a�n�d� �b�a�c�k� �p�o�i�n�t�e�r� 
�l�r�u�*� �r�e�s�t�_�b�a�c�k� �=� �0�;� 

�i�n�t� �w�i�n�d�o�w�_�s�z� �=� �0�;� �/�/� �c�u�r�r�e�n�t� �w�i�n�d�o�w� �s�i�z�e� 
�i�n�t� �m�a�x�_�w�i�n�d�o�w�_�s�z� �=� �0�;� �/�/� �m�a�x� �w�i�n�d�o�w� �s�i�z�e� 

�l�r�u�_�h�a�n�d�l�e�r�(�i�n�t� �i�n�i�t�_�m�a�x�_�w�i�n�d�o�w�_�s�z�)� �;� 
�~�l�r�u�_�h�a�n�d�l�e�r�(�)� �{� �}�;� � � � � � � 

�F�i�g�u�r�e� �3�.�2�:� �L�R�U� �P�o�l�i�c�y� �C�l�a�s�s� �P�r�o�f�i�l�e� 

�A� �n�e�w�l�y� �r�e�f�e�r�e�n�c�e�d� �i�t�e�m� �w�i�l�l� �b�e� �a�d�d�e�d� �t�o� �t�h�e� �a�c�t�i�v�e� �s�e�t� �a�n�d� �h�a�s� �h�i�g�h�e�s�t� �p�r�i�o�r�i�t�y� �n�o�t� �t�o� �b�e� 

�m�o�v�e�d� �a�w�a�y�.� �I�f� �t�h�e� �a�c�t�i�v�e� �s�e�t� �i�s� �f�u�l�l� �a�t� �t�h�e� �t�i�m�e� �o�f� �i�n�s�e�r�t�i�o�n�,� �t�h�e� �l�e�a�s�t� �r�e�c�e�n�t�l�y� �a�c�c�e�s�s�e�d� 

�i�t�e�m� �w�i�l�l� �b�e� �p�u�r�g�e�d�.� �T�h�e� �i�t�e�m� �i�s� �s�t�o�r�e�d� �b�a�c�k� �i�n� �t�h�e� �i�n�a�c�t�i�v�e� �s�e�t�.� �S�o�m�e�t�i�m�e�,� �i�t� �i�s� �u�s�e�f�u�l� �t�o� 

�r�e�m�e�m�b�e�r� �t�h�o�s�e� �p�u�r�g�e�d� �(�o�r� �i�n�a�c�t�i�v�e�)� �i�t�e�m�s�,� �a�s� �t�h�e�y� �c�a�n� �b�e� �r�e�i�n�t�r�o�d�u�c�e�d� �t�o� �t�h�e� �w�i�n�d�o�w� �a�s� 

�t�h�e�y� �a�r�e� �r�e�f�e�r�e�n�c�e�d�.� 

�T�h�e� �L�R�U� �p�o�l�i�c�y� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �u�s�i�n�g� �a� �d�o�u�b�l�y� �l�i�n�k�e�d� �l�i�s�t� �d�a�t�a� �s�t�r�u�c�t�u�r�e� �t�o� �a�l�l�o�w� �c�o�n�-� 

�s�t�a�n�t� �m�a�n�i�p�u�l�a�t�i�o�n� �t�i�m�e�.� �O�n�e� �l�i�s�t� �i�s� �u�s�e�d� �f�o�r� �t�h�e� �a�c�t�i�v�e� �i�t�e�m�s� �a�n�d� �a�n�o�t�h�e�r� �f�o�r� �t�h�e� �i�n�a�c�t�i�v�e� 

�i�t�e�m�s�.� �T�h�e� �c�l�a�s�s� �p�r�o�f�i�l�e� �o�f� �t�h�e� �i�t�e�m�s� �a�n�d� �t�h�e� �p�o�l�i�c�y� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�2�.� �N�o�t�e� �t�h�a�t� �t�h�e� 

�L�R�U� �c�l�a�s�s� �o�n�l�y� �d�e�f�i�n�e�s� �t�h�e� �c�e�l�l�s� �o�f� �t�h�e� �d�o�u�b�l�y�-�l�i�n�k�e�d� �l�i�s�t�s�.� �A�c�t�u�a�l� �i�t�e�m�s� �a�r�e� �b�o�u�n�d� �t�o� �t�h�e� 

�c�e�l�l�s� �u�s�i�n�g� �c�l�a�s�s� �d�e�r�i�v�a�t�i�o�n�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�3�.�1�.�7� �B�u�f�f�e�r� �C�l�a�s�s� 

�B�u�f�f�e�r�s� �i�n� �L�E�N�D� �h�o�l�d� �b�i�n�a�r�y� �s�t�r�i�n�g�s�.� �T�h�e� �c�l�a�s�s� �p�r�o�f�i�l�e� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�3�.� �C�o�m�-� 

�p�a�r�e�d� �w�i�t�h� �t�h�e� �s�t�r�e�a�m�b�u�f� �c�l�a�s�s� �d�e�f�i�n�e�d� �b�y� �S�t�r�o�u�s�t�r�u�p� �i�n� �[�S�t�r�8�6�]�,� �t�h�e� �L�E�N�D� �b�u�f�f�e�r� �c�l�a�s�s� 

�e�n�c�a�p�s�u�l�a�t�e�s� �a�l�l� �f�e�n�c�e� �p�o�i�n�t�e�r�s�:� �t�h�e� �b�a�s�e� �o�r� �l�e�f�t� �p�o�i�n�t�e�r� �b�a�s�e�,� �t�h�e� �r�i�g�h�t� �p�o�i�n�t�e�r� �e�p�t�r� �a�n�d� 

�t�h�e� �c�o�n�t�e�n�t� �s�t�a�r�t� �p�o�i�n�t�e�r� �a�p�t�r�.� �T�h�e� �b�a�s�e� �p�o�i�n�t�e�r� �i�n�d�i�c�a�t�e�s� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �a�l�l�o�c�a�t�e�d� �b�u�f�f�e�r� 

�a�r�e�a�;� �t�h�e� �l�e�f�t� �p�o�i�n�t�e�r� �i�n�d�i�c�a�t�e�s� �t�h�e� �l�e�f�t� �b�o�u�n�d�a�r�y� �o�f� �t�h�e� �c�o�n�t�e�n�t� �i�n� �t�h�e� �b�u�f�f�e�r�;� �a�n�d� �t�h�e� �r�i�g�h�t� 

�p�o�i�n�t�e�r� �i�n�d�i�c�a�t�e�s� �t�h�e� �r�i�g�h�t� �b�o�u�n�d�a�r�y�.� �A� �n�u�m�b�e�r� �o�f� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �(�g�e�t�(�)� �a�n�d� �p�u�t�(�)�)� 

�a�r�e� �p�r�o�v�i�d�e�d� �t�o� �w�r�i�t�e� �o�r� �r�e�a�d� �t�h�e� �b�u�f�f�e�r� �f�o�r� �i�n�s�t�a�n�c�e�s� �o�f� �d�i�f�f�e�r�e�n�t� �C�+�+� �p�r�i�m�i�t�i�v�e� �t�y�p�e�s�.� 

�A�n� �o�p�t�i�o�n� �p�a�r�a�m�e�t�e�r� �s�p�e�c�i�f�i�e�s� �t�h�e� �f�o�r�m�a�t� �(�b�i�n�a�r�y� �o�r� �A�S�C�I�I�)� �o�f� �b�i�n�a�r�y� �s�t�r�i�n�g�s�.� �T�h�e� �p�o�l�y�-� 

�m�o�r�p�h�i�c� �p�u�t� �a�n�d� �g�e�t� �f�u�n�c�t�i�o�n�s� �p�r�o�m�o�t�e� �s�a�f�e� �i�n�p�u�t� �a�n�d� �o�u�t�p�u�t�,� �a�s� �C�+�+� �s�e�l�e�c�t�s� �t�h�e� �r�i�g�h�t� 

�c�o�p�y� �o�f� �e�a�c�h� �f�u�n�c�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �t�y�p�e� �o�f� �t�h�e� �a�r�g�u�m�e�n�t�.� �T�h�e�s�e� �f�u�n�c�t�i�o�n�s� �a�r�e� �d�e�f�i�n�e�d� 

�i�n�l�i�n�e� �w�h�e�n�e�v�e�r� �p�o�s�s�i�b�l�e� �t�o� �a�s�s�u�r�e� �g�o�o�d� �p�e�r�f�o�r�m�a�n�c�e�.� �A�l�s�o�,� �t�h�e�y� �d�i�r�e�c�t�l�y� �r�e�t�u�r�n� �u�n�d�e�r�f�l�o�w� 

�o�r� �o�v�e�r�f�l�o�w� �s�t�a�t�u�s� �v�a�l�u�e�s� �a�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�i�m�p�l�i�c�i�t�y�.� �T�h�e� �u�n�d�e�r�f�l�o�w�(�)� �a�n�d� �o�v�e�r�f�l�o�w�(�)� 

�f�u�n�c�t�i�o�n�s� �d�e�f�i�n�e�d� �i�n� �[�S�t�r�8�6�]� �c�a�n� �b�e� �a�d�d�e�d� �w�h�e�n� �m�o�r�e� �f�l�e�x�i�b�l�e� �e�r�r�o�r� �h�a�n�d�l�i�n�g� �i�s� �d�e�s�i�r�e�d�.� 

�3�.�1�.�8� �P�a�g�e� �C�l�a�s�s� 

�T�h�e� �p�a�g�e� �c�l�a�s�s� �(�s�e�e� �F�i�g�u�r�e� �3�.�4�)� �d�e�f�i�n�e�s� �a� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� �t�h�e� �b�u�f�f�e�r� �c�l�a�s�s�.� �A� �p�a�g�e� �o�b�j�e�c�t� �i�s� 

�a� �f�i�x�e�d� �s�i�z�e� �m�e�m�o�r�y� �c�h�u�n�k� �t�h�a�t� �s�t�o�r�e�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �i�t�e�m�s�:� �a� �c�o�u�n�t�,� �a� �s�t�r�i�n�g� �p�o�i�n�t�e�r� �a�r�r�a�y� 

�a�n�d� �a� �s�e�t� �o�f� �b�i�n�a�r�y� �s�t�r�i�n�g�s�.� �T�h�e� �c�o�u�n�t� �i�n�d�i�c�a�t�e�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�t�r�i�n�g�s� �i�n� �t�h�e� �p�a�g�e�;� �e�a�c�h� 

�p�o�i�n�t�e�r� �i�n� �t�h�e� �a�r�r�a�y� �p�o�i�n�t�s� �t�o� �a� �s�t�r�i�n�g�.� �T�h�e� �c�o�u�n�t� �t�a�k�e�s� �t�h�e� �f�i�r�s�t� �f�e�w� �b�y�t�e�s� �o�f� �t�h�e� �c�h�u�n�k�;� 

�t�h�e� �p�o�i�n�t�e�r� �a�r�r�a�y� �f�o�l�l�o�w�s�.� �B�i�n�a�r�y� �s�t�r�i�n�g�s� �a�r�e� �s�t�o�r�e�d� �a�t� �t�h�e� �o�t�h�e�r� �e�n�d� �o�f� �t�h�e� �c�h�u�n�k� �a�n�d� �g�r�o�w� 

�t�o�w�a�r�d� �t�h�e� �p�o�i�n�t�e�r� �a�r�r�a�y�.� �T�o� �r�e�f�e�r� �t�o� �a� �s�t�r�i�n�g�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �p�r�e�s�e�n�t� �t�h�e� �p�a�g�e� �n�u�m�b�e�r� 

�a�n�d� �t�h�e� �i�n�d�e�x� �o�f� �t�h�e� �p�o�i�n�t�e�r� �w�i�t�h�i�n� �t�h�e� �p�o�i�n�t�e�r� �a�r�r�a�y�.� �A� �p�a�g�e� �o�b�j�e�c�t� �i�s� �u�s�e�f�u�l� �t�o� �a�c�c�e�s�s� �a� 

�s�e�t� �o�f� �b�i�n�a�r�y� �o�b�j�e�c�t�s� �w�h�e�r�e� �t�h�e� �r�e�f�e�r�e�n�c�e� �l�o�c�a�l�i�t�y� �p�r�o�p�e�r�t�y� �i�s� �l�i�k�e�l�y� �t�o� �h�o�l�d�,� �s�i�n�c�e� �a� �p�a�g�e� �i�s� 

�f�e�t�c�h�e�d� �a�s� �a�n� �e�n�t�i�t�y� �f�r�o�m� �t�h�e� �d�i�s�k�.� 

�F�i�g�u�r�e� �3�.�4� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�s� �a� �d�e�r�i�v�e�d� �p�a�g�e� �c�l�a�s�s� �t�h�a�t� �i�s� �c�o�m�b�i�n�e�d� �w�i�t�h� �a�n� �L�R�U� �c�l�a�s�s�.� 

�T�h�e� �c�o�m�b�i�n�e�d� �c�l�a�s�s� �d�e�f�i�n�e�s� �a� �p�a�g�e� �f�r�a�m�e�.� �A� �s�e�t� �o�f� �s�u�c�h� �f�r�a�m�e�s� �w�i�l�l� �b�e� �m�a�n�a�g�e�d� �b�y� �t�h�e� �L�R�U� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

� � 

�e�n�u�m� �b�u�f�_�o�p�t�i�o�n� �{� �B�I�N�A�R�Y�,� �A�S�C�T�I� �}�;� 

�c�l�a�s�s� �b�u�f�f�e�r� �[� 

�p�r�o�t�e�c�t�e�d�:� 
�i�n�t� �b�u�f�s�z�=�0�;� �=� �/�/� �a�l�l�o�c�a�t�e�d� �c�h�u�n�k� �s�i�z�e� 
�c�h�a�r� �*�b�a�s�e� �=�0�;� �/�/� �b�a�s�e� �a�d�d�r�e�s�s� �o�f� �t�h�e� �c�h�u�n�k� 
�c�h�a�r� �*�e�p�t�r�=�0�;� �/�/� �e�n�d� �o�f� �t�h�e� �b�u�f� �c�o�n�t�e�n�t� 
�c�h�a�r� �*�a�p�t�r�=�0�;� �/�/� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �b�u�f� �c�o�n�t�e�n�t� 

�p�u�b�l�i�c�:� 
�b�u�f�f�e�r�(�i�n�t� �=� �L�B�U�F�S�I�Z�)�;� 
�~�b�u�f�f�e�r�(�)�;� 

�/�{� �b�u�f�f�e�r� �m�a�n�a�g�e�m�e�n�t� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �v�o�i�d� �r�e�s�e�t�(�)� �{� �e�p�t�r� �=� �a�p�t�r� �=� �b�a�s�e�;� �}�;� �/�/� �r�e�s�e�t� �t�h�e� �b�u�f�f�e�r� �t�o� �e�m�p�t�y� 

�i�n�t� �e�x�p�a�n�d�(�i�n�t�)�;� �/�{� �e�x�p�a�n�d� �b�u�f�f�e�r� �c�h�u�n�k� 

�/�{� �b�u�f�f�e�r� �s�t�a�t�u�s� �f�u�n�c�t�i�o�n�s� 

�i�n�t� �b�u�f�_�s�z�Q� �c�o�n�s�t� �{� �r�e�t�u�r�n� �b�u�f�s�z�;� �}�;� �/�f� �m�e�m�o�r�y� �c�h�u�n�k� �l�e�n�g�t�h� 
�i�n�t� �c�o�n�t�e�n�t�_�s�z�(�)� �c�o�n�s�t� �[� �r�e�t�u�r�n� �e�p�t�r� �-� �b�a�s�e�;� �}�;� �/�/� �c�o�n�t�e�n�t� �l�e�n�g�t�h� 

�/�/� �g�e�t� �f�u�n�c�t�i�o�n�s� 
�i�n�t� �g�e�t�(�c�h�a�r�é�&� �y�)�;� �/�/� �g�e�t� �a�c�h�a�r� 

�i�n�t� �g�e�t�(�u�n�s�i�g�n�e�d� �s�h�o�r�t�&� �y�,� �b�u�f�_�o�p�t�i�o�n� �=� �B�I�N�A�R�Y�)�;� �/�/� �g�e�t� �a� �s�h�o�r�t� 

�i�n�t� �g�e�t�(�u�n�s�i�g�n�e�d� �i�n�t�&� �y�,� �b�u�f�_�o�p�t�i�o�n�=� �B�I�N�A�R�Y�)�;� �_ ��/�/� �g�e�t� �a�n� �i�n�t� 
�i�n�t� �g�e�t�(�c�h�a�r�*�,� �i�n�t�)� �;� �i�f� �g�e�t� �a� �s�t�r�i�n�g� 

�/�/� �p�u�t� �f�u�n�c�t�i�o�n�s� 
�i�n�t� �p�u�t�(�c�h�a�r�)� �;� �/�{� �p�u�t� �a�c�h�a�r� 
�i�n�t� �p�u�t�(�u�n�s�i�g�n�e�d� �s�h�o�r�t�,� �b�u�f�_�o�p�t�i�o�n� �=� �B�I�N�A�R�Y�)�;� �/�/� �p�u�t� �a� �s�h�o�r�t� 
�i�n�t� �p�u�t�(�u�n�s�i�g�n�e�d� �i�n�t�,� �b�u�f�_�o�p�t�i�o�n�=� �B�I�N�A�R�Y�)�;� �=� �/�/� �p�u�t� �a�n� �m�t� 
�i�n�t� �p�u�t�(�c�h�a�r�*�,� �i�n�t�)� �;� �/�/� �p�u�t� �a� �s�t�r�i�n�g� 

�/�/� �s�h�o�w� �t�h�e� �b�u�f�f�e�r� 

�f�r�i�e�n�d� �o�s�t�r�e�a�m�é�&� �o�p�e�r�a�t�o�r� �<�<�(�o�s�t�r�e�a�m�&�,� �b�u�f�f�e�r�&�)�;� 

�h� � � � � � � 

�F�i�g�u�r�e� �3�.�3�:� �B�u�f�f�e�r� �C�l�a�s�s� �P�r�o�f�i�l�e� 
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� � 

� � 

�e�n�u�m� �p�a�g�e�_�s�t�a�t�u�s�_�t� �{� �C�L�E�A�N�,� �W�R�I�T�T�E�N� �}�;� 

�c�l�a�s�s� �p�a�g�e� �:� �p�r�i�v�a�t�e� �b�u�f�f�e�r� 
�{� 
�p�r�o�t�e�c�t�e�d�:� 

�i�n�t� �p�a�g�e�_�n�u�m�=�-�1�l�;� �/�/� �p�a�g�e� �n�u�m�b�e�r� 
�p�a�g�e�_�s�t�a�t�u�s�_�t� �s�t�a�t�u�s� �=� �C�L�E�A�N�;� 

�p�u�b�l�i�c�:� 
�p�a�g�e�(�i�n�t� �b�u�f�_�s�z� �=� �P�A�G�S�I�Z�)�;� 

�v�i�r�t�u�a�l� �~�p�a�g�e�(�)� �;� 
�/�/� �g�e�t� �a�n�d� �p�u�t� �f�u�n�c�t�i�o�n�s� 

�i�n�t� �g�e�t�(� �P�i�x� �i�,� �b�u�f�f�e�r�&� �b�u�f�)� �c�o�n�s�t�;� �/�/� �g�e�t� �i�t�h� �b�y�t�e� �s�t�r�i�n�g� �f�r�o�m� �p�a�g�e� �a�n�d� �s�a�v�e� �i�t� �i�n� �b�u�f�.� 
�P�i�x� �p�u�t�(� �b�u�f�f�e�r�&� �b�u�f� �)�;� �/�/� �p�u�t� �s�t�r�i�n�g� �i�n� �t�h�e� �b�u�f� �i�n�t�o� �t�h�e� �p�a�g�e�.� �T�h�e� �i�n�d�e�x� �o�f� 

�/�/� �t�h�e� �s�t�r�i�n�g� �p�o�i�n�t�e�r� �i�s� �r�e�t�u�m�e�d�.� 

�i�n�t� �c�o�u�n�t�(�)� �c�o�n�s�t�;� �_�/�/� �r�e�t�u�r�n� �n�u�m�b�e�r� �o�f� �o�b�j�e�c�t�s� �o�n� �t�h�e� �p�a�g�e� 

�i�n�t� �p�a�g�e�_�n�u�m�(�)�;� �/�/� �r�e�t�u�m� �t�h�e� �p�a�g�e� �n�u�m�b�e�r� 

�/�/� �i�t�e�r�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� 
�P�i�x� �f�i�r�s�t�)� �c�o�n�s�t�;�  ��_�/�/� �g�o� �o�v�e�r� �a�l�l� �b�i�n�a�r�y� �s�t�r�i�n�g�s� �o�n� �t�h�e� �p�a�g�e� 
�v�o�i�d� �n�e�x�t�(�P�i�x�&�)� �c�o�n�s�t�:� 

�/�/�1�O� �f�u�n�c�t�i�o�n� �a�n�d� �f�r�i�e�n�d� �c�l�a�s�s� 
�f�r�i�e�n�d� �o�s�t�r�e�a�m�&� �o�p�e�r�a�t�o�r�<�<�(�o�s�t�r�e�a�m�&�,� �p�a�g�e�d�)�;� 

�}�;� 

�c�l�a�s�s� �l�r�u�_�p�a�g�e� �:� �p�r�i�v�a�t�e� �I�r�u�,� �p�u�b�l�i�c� �p�a�g�e� 
�{� 
�p�u�b�l�i�c�:� 

�l�r�u�_�p�a�g�e�(�i�n�t� �b�u�f�_�s�z� �=� �P�A�G�S�I�Z�)�;� 

�v�i�r�t�u�a�l� �~�l�r�u�_�p�a�g�e�(�)� �;� 

�)� 
� � 

�p�o�l�i�c�y�.� 

�F�i�g�u�r�e� �3�.�4�:� �P�a�g�e� �C�l�a�s�s� �P�r�o�f�i�l�e� 

�3�.�1�.�9� �A�b�s�t�r�a�c�t� �S�t�o�r�a�g�e� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �d�e�f�i�n�e�s� �a� �b�u�f�f�e�r� �a�n�d� �a� �s�e�t� �o�f� �c�o�m�m�o�n� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n� �s�i�g�n�a�t�u�r�e�s� �f�o�r� �t�h�e� �U�N�I�X� 

�f�i�l�e�,� �p�a�g�e� �s�e�t� �a�n�d� �m�e�m�o�r�y� �s�t�o�r�a�g�e� �s�u�b�c�l�a�s�s�e�s� �t�o� �i�n�h�e�r�i�t�.� �T�h�e� �p�r�o�f�i�l�e� �o�f� �t�h�e� �c�l�a�s�s� �i�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �3�.�5�.� �N�o�t�e� �r�e�a�d�S�t�r�i�n�g�(�)�,� �w�r�i�t�e�S�t�r�i�n�g�(�)� �a�n�d� �a�p�p�e�n�d�S�t�r�i�n�g�(�)� �a�r�e� �v�i�r�t�u�a�l� �a�n�d� 

�a�b�s�t�r�a�c�t�.� �T�h�e�y� �s�h�o�u�l�d� �b�e� �d�e�f�i�n�e�d� �f�o�r� �e�a�c�h� �s�u�b�c�l�a�s�s�.� 

�t�w�o� �v�e�r�s�i�o�n�s�:� �o�n�e� �t�h�a�t� �u�s�e�s� �t�h�e� �a�b�s�_�s�t�o�r�a�g�e� �c�l�a�s�s �� �i�n�t�e�r�n�a�l� �b�u�f�f�e�r� �a�n�d� �t�h�e� �o�t�h�e�r� �t�h�a�t� �u�s�e�s� 

�a� �b�u�f�f�e�r� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �c�a�l�l�e�r�.� �T�h�e� �s�e�c�o�n�d� �v�e�r�s�i�o�n� �a�l�l�o�w�s� �c�a�l�l�e�r�s� �t�o� �u�s�e� �t�h�e�i�r� �o�w�n� �b�u�f�f�e�r�s�.� 

�S�p�r�e�a�d�i�n�g� �b�u�f�f�e�r�s� �a�m�o�n�g� �c�a�l�l�e�r�s� �i�s� �u�s�e�f�u�l� �w�h�e�n� �t�h�e�s�e� �c�a�l�l�e�r�s� �p�e�r�f�o�r�m� �c�o�n�c�u�r�r�e�n�t� �a�c�t�i�v�i�t�y�.� 

�6�3� 
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� � 

�c�l�a�s�s� �a�b�s�_�s�t�o�r�a�g�e� �{� 

�p�r�o�t�e�c�t�e�d�:� 
�i�n�t� �_� �s�t�a�t�u�s�;� �/�/� �s�t�a�t�u�s� �o�f� �t�h�e� �s�t�o�r�a�g�e�.� 
�b�u�f�f�e�r� �b�u�f�;� �/�/� �b�u�f�f�e�r� �u�s�e�d� �b�y� �t�h�e� �s�t�o�r�a�g�e�.� 

�p�u�b�l�i�c�:� 
�a�b�s�_�s�t�o�r�a�g�e�(�i�n�t� �i�n�i�t�_�b�u�f�_�s�z� �=� �L�B�U�F�S�I�Z�)�;� �/�/� �c�o�n�s�t�r�u�c�t�o�r�.� �b�u�f�f�e�r� �s�i�z�e� �s�h�o�u�l�d� �b�e� �p�r�o�v�i�d�e�d�.� 

�v�i�r�t�u�a�l� �~�a�b�s�_�s�t�o�r�a�g�e�(�)� �;� �/�{� �d�e�s�t�r�u�c�t�o�r�.� 

�/�/� �1�0� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �i�n�t� �r�e�a�d�S�t�r�i�n�g� �(�P�i�x�&� �l�o�c�,� �b�u�f�f�e�r�*�&�,� �i�n�t� �l�e�n�)� �=� �0�;� �/�/� �r�e�a�d� �u�s�i�n�g� �s�t�o�r�a�g�e� �b�u�f�f�e�r�.� 
�v�i�r�t�u�a�l� �i�n�t� �r�e�a�d�S�t�r�i�n�g� �(�P�i�x�&� �l�o�c�,� �b�u�f�f�e�r�&�,� �i�n�t� �l�e�n�)� �=� �0�;� �/�/� �r�e�a�d� �u�s�i�n�g� �c�a�l�l�e�r ��s� �b�u�f�f�e�r�.� 
�v�i�r�t�u�a�l� �i�n�t� �w�r�i�t�e�S�t�r�i�n�g�(�P�i�x�&� �l�o�c�,� �b�u�f�f�e�r�d�&�)� �=� �0�;� �/�{� �w�r�i�t�e�.� 
�v�i�r�t�u�a�l� �i�n�t� �a�p�p�e�n�d�S�t�r�i�n�g�(�b�u�f�f�e�r�&�)� �=� �0�;� �i�f� �a�p�p�e�n�d�.� 

�/�{� �b�u�f�f�e�r� �r�e�q�u�e�s�t� 
�b�u�f�f�e�r�&� �g�e�t�_�b�u�f�(�i�n�t� �i�)� �;� �/�/� �g�e�t� �s�t�o�r�a�g�e ��s� �b�u�f�f�e�r�.� 

�v�o�i�d� �r�e�s�e�t�(�)� �;� �/�/� �c�l�e�a�r� �s�t�o�r�a�g�e� �b�u�f�f�e�r�.� 

�/�{� �s�t�a�t�u�s� �f�u�n�c�t�i�o�n�s� 
�i�n�t� �O�K�Q� �c�o�n�s�t� �;� �/�/� �s�t�o�r�a�g�e� �s�t�a�t�u�s� �c�h�e�c�k�.� 
�v�i�r�t�u�a�l� �i�n�t� �b�y�t�e�s�(�)� �=� �0�;� �/�/� �t�o�t�a�l� �b�y�t�e�s� �i�n� �t�h�e� �s�t�o�r�a�g�e�.� 
�v�i�r�t�u�a�l� �c�o�n�s�t� �c�h�a�r�*� �m�y�N�i�c�k�N�a�m�e�(�)� �=� �0�;� �/�/� �n�a�m�e� �o�f� �t�h�e� �s�t�o�r�a�g�e�.� 

�}�;� � � � � � � 

�F�i�g�u�r�e� �3�.�5�:� �A�b�s�t�r�a�c�t� �S�t�o�r�a�g�e� �C�l�a�s�s� �P�r�o�f�i�l�e� 

�D�i�r�e�c�t� �c�o�n�t�r�o�l� �o�v�e�r� �b�u�f�f�e�r�i�n�g� �i�s� �o�f� �p�a�r�t�i�c�u�l�a�r� �i�m�p�o�r�t�a�n�c�e� �i�n� �c�o�n�n�e�c�t�i�o�n� �w�i�t�h� �l�a�r�g�e� �o�b�j�e�c�t�s�,� 

�s�u�c�h� �a�s� �f�o�r� �m�u�l�t�i�m�e�d�i�a� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�g�e�t�_�b�u�f�f�e�r�(�)� �e�x�p�o�r�t�s� �t�h�e� �s�t�o�r�a�g�e� �b�u�f�f�e�r� �a�n�d� �e�x�p�a�n�d�s� �t�h�e� �m�e�m�o�r�y� �c�h�u�n�k� �w�h�e�n� �n�e�c�e�s�-� 

�s�a�r�y�.� �O�t�h�e�r� �o�b�j�e�c�t�s� �c�a�n� �f�i�l�l� �t�h�e� �b�u�f�f�e�r� �a�n�d� �r�e�t�u�r�n� �i�t� �f�o�r� �a�c�t�u�a�l� �I�/�O� �o�p�e�r�a�t�i�o�n�s�.� �T�h�e� �s�t�o�r�a�g�e� 

�b�u�f�f�e�r� �i�s� �n�e�v�e�r� �d�e�l�e�t�e�d� �a�n�d� �o�n�l�y� �u�n�d�e�r�g�o�e�s� �e�x�p�a�n�s�i�o�n� �b�y� �c�o�p�y�i�n�g� �w�h�e�n� �a� �l�a�r�g�e�r� �b�u�f�f�e�r� �a�r�e�a� 

�i�s� �r�e�q�u�i�r�e�d�.� 

�3�.�1�.�1�0� �U�N�I�X� �F�i�l�e� �S�t�o�r�a�g�e� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �m�a�n�a�g�e�s� �s�t�o�r�a�g�e� �o�b�j�e�c�t�s� �t�h�a�t� �c�a�n� �b�e� �a�c�c�e�s�s�e�d� �a�s� �o�r�d�i�n�a�r�y� �U�N�I�X� �f�i�l�e�s�.� �I�n� �d�e�s�i�g�n�i�n�g� 

�t�h�i�s� �c�l�a�s�s�,� �t�w�o� �s�i�t�u�a�t�i�o�n�s� �t�h�a�t� �m�a�y� �c�a�u�s�e� �e�x�t�r�a� �o�v�e�r�h�e�a�d� �a�r�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�e� �f�i�r�s�t� �i�s� �t�h�a�t� 

�t�h�e� �U�N�I�X� �s�y�s�t�e�m� �i�m�p�o�s�e�s� �a�n� �u�p�p�e�r� �b�o�u�n�d� �o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �f�i�l�e�s� �t�h�a�t� �c�a�n� �b�e� �o�p�e�n�e�d� �a�t� 

�t�h�e� �s�a�m�e� �t�i�m�e� �b�y� �a� �p�r�o�c�e�s�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �u�n�d�e�r� �U�l�t�r�i�x� �4�.�1� �o�n� �a� �D�E�C�s�t�a�t�i�o�n� �m�o�d�e�l� �3�1�0�0�,� 

�n� �=� �6�0�,� �a�n�d� �o�n� �a� �N�e�X�T�s�t�a�t�i�o�n�,� �n� �=� �2�5�2�.� �S�i�n�c�e� �f�i�l�e� �o�p�e�n�i�n�g� �i�s� �c�o�s�t�l�y� �c�o�m�p�a�r�e�d� �t�o� �r�e�a�d�i�n�g�s� 

�a�n�d� �w�r�i�t�i�n�g�s�,� �U�N�I�X� �f�i�l�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t�s� �a�r�e� �m�a�n�a�g�e�d� �u�n�d�e�r� �a� �L�R�U� �p�o�l�i�c�y�.� �T�h�e� �v�a�l�u�e� �o�f� �n� �i�s� 

�6�4



�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�u�s�e�d� �a�s� �t�h�e� �a�c�t�i�v�e� �s�e�t� �s�i�z�e�.� �F�i�l�e�s� �r�e�c�e�n�t�l�y� �a�c�c�e�s�s�e�d� �a�r�e� �k�e�p�t� �o�p�e�n� �w�h�i�l�e� �t�h�o�s�e� �l�e�a�s�t� �r�e�f�e�r�e�n�c�e�d� 

�a�r�e� �m�o�r�e� �l�i�k�e�l�y� �t�o� �b�e� �c�l�o�s�e�d�.� 

�T�h�e� �s�e�c�o�n�d� �s�i�t�u�a�t�i�o�n� �c�o�n�c�e�r�n�s� �w�h�e�t�h�e�r� �t�h�e� �b�u�f�f�e�r� �a�r�e�a� �s�h�o�u�l�d� �b�e� �d�i�r�e�c�t�l�y� �e�x�p�o�s�e�d� �t�o� 

�t�h�e� �o�b�j�e�c�t� �l�a�y�e�r�.� �B�o�t�h� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s� �e�x�i�s�t�.� �I�n� �g�e�n�e�r�a�l�,� �e�x�p�o�r�t�i�n�g� �b�u�f�f�e�r�s� 

�e�l�i�m�i�n�a�t�e�s� �b�u�f�f�e�r� �c�o�p�y� �b�u�t� �w�e�a�k�e�n�s� �t�h�e� �b�u�f�f�e�r� �p�r�o�t�e�c�t�i�o�n�,� �w�h�i�l�e� �h�i�d�i�n�g� �b�u�f�f�e�r�s� �a�c�h�i�e�v�e�s� �t�h�e� 

�o�p�p�o�s�i�t�e� �e�f�f�e�c�t�s�.� �L�E�N�D� �a�d�o�p�t�s� �a� �s�o�l�u�t�i�o�n� �f�a�v�o�r�i�n�g� �b�u�f�f�e�r� �e�x�p�o�r�t�a�t�i�o�n� �w�h�i�l�e� �a�t� �t�h�e� �s�a�m�e� 

�t�i�m�e� �p�r�o�v�i�d�i�n�g� �a� �r�e�a�s�o�n�a�b�l�e� �d�e�g�r�e�e� �o�f� �b�u�f�f�e�r� �p�r�o�t�e�c�t�i�o�n�.� 

�3�.�1�.�1�1� �P�a�g�e� �S�e�t� �S�t�o�r�a�g�e� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �m�a�n�a�g�e�s� �a� �s�e�t� �o�f� �p�a�g�e�s� �s�t�o�r�e�d� �o�n� �d�i�s�k�.� �T�h�e� �s�t�o�r�a�g�e� �c�o�n�t�a�i�n�s� �a� �s�e�t� �o�f� �p�a�g�e� �f�r�a�m�e�s� 

�i�n� �w�h�i�c�h� �p�a�g�e�s� �c�a�n� �b�e� �c�a�c�h�e�d�.� �C�u�r�r�e�n�t�l�y�,� �c�a�c�h�e�d� �p�a�g�e�s� �a�r�e� �m�a�n�a�g�e�d� �u�s�i�n�g� �t�h�e� �L�R�U� �p�o�l�i�c�y�.� 

�O�t�h�e�r� �m�a�n�a�g�e�m�e�n�t� �p�o�l�i�c�i�e�s� �a�r�e� �p�o�s�s�i�b�l�e�.� �T�o� �a�c�c�e�s�s� �a� �b�i�n�a�r�y� �s�t�r�i�n�g� �t�h�r�o�u�g�h� �r�e�a�d�S�t�r�i�n�g� 

�a�n�d� �w�r�i�t�e�S�t�r�i�n�g�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �k�n�o�w� �i�t�s� �p�a�g�e� �n�u�m�b�e�r� �a�n�d� �t�h�e� �p�o�i�n�t�e�r� �i�n�d�e�x� �w�i�t�h�i�n� �t�h�e� 

�p�a�g�e�.� �T�h�e�s�e� �t�w�o� �q�u�a�n�t�i�t�i�e�s� �a�r�e� �p�a�c�k�e�d� �i�n� �t�h�e� �l�o�c�a�t�i�o�n� �a�r�g�u�m�e�n�t� �l�o�c� �o�f� �t�h�e� �t�h�r�e�e� �f�u�n�c�t�i�o�n�s�.� 

�A� �U�N�I�X� �f�i�l�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �i�s� �u�s�e�d� �t�o� �p�h�y�s�i�c�a�l�l�y� �h�o�l�d� �a�l�l� �p�a�g�e�s� �i�n� �t�h�e� �s�e�t�.� �T�h�e� �U�N�I�X� �f�i�l�e� �i�s� 

�e�x�p�a�n�d�e�d� �i�f� �m�o�r�e� �p�a�g�e�s� �a�r�e� �r�e�q�u�e�s�t�e�d�.� 

�P�a�g�e� �s�t�o�r�a�g�e� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� �i�m�p�l�e�m�e�n�t� �a� �c�l�i�e�n�t�/�s�e�r�v�e�r� �a�r�c�h�i�t�e�c�t�u�r�e� �w�h�e�r�e� �p�a�g�e�s� �a�r�e� 

�t�h�e� �u�n�i�t�s� �o�f� �t�r�a�n�s�f�e�r�,� �s�u�c�h� �a�s� �t�h�a�t� �i�n� �t�h�e� �O�2� �s�y�s�t�e�m� �[�D�e�u�9�1�]�.� �S�u�c�h� �a�n� �a�r�c�h�i�t�e�c�t�u�r�e� �m�i�n�i�m�i�z�e�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �I�/�O�s� �w�h�e�n� �t�h�e� �c�o�n�t�e�n�t� �o�f� �a� �p�a�g�e� �i�s� �u�s�e�f�u�l�,� �l�i�k�e� �a� �p�a�g�e� �o�f� �t�e�x�t�.� 

�3�.�1�.�1�2� �T�e�c�h�n�i�c�a�l� �C�o�m�p�a�r�i�s�o�n� 

�K�o�t�t�e�m�a�n�,� �G�o�r�d�a�n� �a�n�d� �S�t�o�t�t� �i�n� �[�K�G�S�9�1�]� �d�e�s�c�r�i�b�e� �a� �s�t�o�r�a�g�e� �a�n�d� �a�c�c�e�s�s� �m�a�n�a�g�e�r� �(�c�a�l�l�e�d� 

�J�a�m�e�s�)� �f�o�r� �i�l�l�-�s�t�r�u�c�t�u�r�e�d� �d�a�t�a� �s�u�c�h� �a�s� �s�e�m�a�n�t�i�c� �n�e�t�w�o�r�k�s�,� �p�r�o�d�u�c�t�i�o�n� �r�u�l�e�s� �a�n�d� �f�r�a�m�e�s�,� �w�i�t�h� 

�k�e�y� �o�b�j�e�c�t�i�v�e�s�  ��t�o� �m�a�x�i�m�i�z�e� �t�h�e� �f�l�e�x�i�b�i�l�i�t�y �� �a�n�d�  ��t�o� �s�i�m�p�l�i�f�y� �a�n�d� �t�o� �u�n�i�f�y� �n�a�v�i�g�a�t�i�o�n ��.� 

�T�h�e� �J�a�m�e�s� �m�o�d�e�l� �p�r�o�v�i�d�e�s� �t�o�k�e�n�s� �a�n�d� �g�r�o�u�p�s� �o�f� �t�o�k�e�n�s�.� �A� �t�o�k�e�n� �s�t�o�r�e�s� �a� �d�a�t�a� �e�n�t�r�y�,� 

�w�h�i�l�e� �a� �t�o�k�e�n� �g�r�o�u�p� �b�u�n�d�l�e�s� �a� �s�e�t� �o�f� �t�o�k�e�n�s� �t�o�g�e�t�h�e�r�.� �A�d�d�i�t�i�o�n�a�l� �l�i�n�k�i�n�g� �m�e�c�h�a�n�i�s�m�s� �a�r�e� 

�a�v�a�i�l�a�b�l�e� �t�o� �c�o�n�n�e�c�t� �t�o�k�e�n�s� �s�t�o�r�i�n�g� �i�d�e�n�t�i�c�a�l� �d�a�t�a� �e�n�t�r�i�e�s� �t�o�g�e�t�h�e�r�.� �T�o� �i�m�p�l�e�m�e�n�t� �s�u�c�h� �a� 

�c�o�n�c�e�p�t�u�a�l� �m�o�d�e�l�,� �J�a�m�e�s� �m�a�i�n�t�a�i�n�s� �a� �s�e�t� �o�f� �t�o�k�e�n� �d�e�c�l�a�r�a�t�i�o�n� �e�n�t�r�i�e�s�,� �e�a�c�h� �s�t�o�r�i�n�g� �a� �p�o�i�n�t�e�r� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�t�o� �a� �t�o�k�e�n� �(�a� �v�a�r�i�a�b�l�e� �l�e�n�g�t�h� �s�t�r�i�n�g�)�.� �T�o�k�e�n� �g�r�o�u�p�s� �a�r�e� �m�o�d�e�l�e�d� �b�y� �c�o�n�s�e�c�u�t�i�v�e�l�y� �s�t�o�r�e�d� 

�t�o�k�e�n� �d�e�c�l�a�r�a�t�i�v�e� �e�n�t�r�i�e�s� �t�o� �f�a�c�i�l�i�t�a�t�e� �r�a�p�i�d� �a�c�c�e�s�s�.� �T�h�e� �l�i�n�k�i�n�g� �m�e�c�h�a�n�i�s�m� �i�s� �i�m�p�l�e�m�e�n�t�e�d� 

�b�y� �a� �d�o�u�b�l�y� �l�i�n�k�e�d� �l�i�s�t�.� �T�h�u�s�,� �e�a�c�h� �t�o�k�e�n� �d�e�c�l�a�r�a�t�i�o�n� �e�n�t�r�y� �o�w�n�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �t�w�o� �p�o�i�n�t�e�r�s� 

�f�o�r� �t�h�e� �d�o�u�b�l�y� �l�i�n�k�e�d� �l�i�s�t�.� �T�h�e� �v�a�r�i�a�b�l�e� �l�e�n�g�t�h� �s�t�r�i�n�g�s� �a�r�e� �k�e�p�t� �o�n� �a� �h�e�a�p� �s�p�a�c�e�.� �A� �B�*� 

�t�r�e�e� �i�s� �u�s�e�d� �t�o� �i�n�d�e�x� �a�l�l� �v�a�r�i�a�b�l�e� �l�e�n�g�t�h� �s�t�r�i�n�g�s�.� �T�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �m�o�d�e�l� �l�i�e�s� �i�n� �i�t�s� 

�s�i�m�p�l�i�c�i�t�y�.� �T�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �c�o�m�e�s� �f�r�o�m� �t�h�e� �h�e�a�v�y� �u�s�e� �o�f� �p�o�i�n�t�e�r�s� �(�3� �p�o�i�n�t�e�r�s� �p�e�r� �t�o�k�e�n�)�.� 

�A�l�s�o�,� �t�h�e� �m�o�d�e�l� �l�i�m�i�t�s� �t�h�e� �c�l�u�s�t�e�r�i�n�g� �o�f� �t�o�k�e�n�s� �t�o� �t�h�e� �g�r�o�u�p� �l�e�v�e�l� �a�n�d� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� 

�i�n�d�e�x�i�n�g� �s�u�p�p�o�r�t� �w�i�t�h�i�n� �t�o�k�e�n� �g�r�o�u�p�s�.� �|� 

�C�o�m�p�a�r�e�d� �w�i�t�h� �J�a�m�e�s�,� �L�E�N�D ��s� �s�t�o�r�a�g�e� �l�a�y�e�r� �p�r�o�v�i�d�e�s� �m�u�c�h� �m�o�r�e� �f�u�n�c�t�i�o�n�a�l�i�t�y� �a�n�d� 

�f�l�e�x�i�b�i�l�i�t�y�.� �M�o�r�e� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�s� �g�i�v�e�n� �t�o� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �L�E�N�D ��s� �s�t�o�r�a�g�e� �l�a�y�e�r�.� �F�o�r� �e�x�a�m�-� 

�p�l�e�,� �t�h�e� �p�a�g�e� �s�t�o�r�a�g�e� �a�l�l�o�w�s� �a� �s�e�m�a�n�t�i�c� �n�e�t�w�o�r�k� �t�o� �b�e� �e�m�b�e�d�d�e�d� �o�n�t�o� �a� �s�e�t� �o�f� �p�a�g�e�s�.� �W�i�t�h� 

�p�r�o�p�e�r� �c�l�u�s�t�e�r�i�n�g�,� �a� �p�a�g�e� �c�o�n�t�a�i�n�s� �a� �n�o�d�e� �o�b�j�e�c�t� �a�s� �w�e�l�l� �a�s� �l�i�k�e�l�y� �t�h�e� �s�u�r�r�o�u�n�d�e�r�i�n�g� �n�e�i�g�h�-� 

�b�o�r�s�.� �L�E�N�D� �i�s� �a�l�s�o� �d�e�s�i�g�n�e�d� �w�i�t�h� �t�h�e� �g�o�a�l� �o�f� �e�f�f�i�c�i�e�n�t� �s�p�a�c�e� �u�s�a�g�e� �i�n� �m�i�n�d�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�a�r�c�s� �w�i�t�h� �t�h�e� �s�a�m�e� �n�a�m�e�s� �c�a�n� �b�e� �a�b�s�t�r�a�c�t�e�d� �i�n�t�o� �a�n� �a�r�c� �c�l�a�s�s� �s�o� �t�h�a�t� �t�h�e� �a�r�c� �n�a�m�e� �c�a�n� �b�e� 

�r�e�m�e�m�b�e�r�e�d� �b�y� �t�h�e� �c�l�a�s�s� �a�n�d� �n�o�t� �p�h�y�s�i�c�a�l�l�y� �s�t�o�r�e�d�.� 

�T�h�e� �i�n�d�e�x�i�n�g� �s�t�r�u�c�t�u�r�e� �o�f� �L�E�N�D� �i�s� �a�l�s�o� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�a�t� �o�f� �J�a�m�e�s�.� �W�h�i�l�e� �J�a�m�e�s� 

�p�r�i�m�a�r�i�l�y� �r�e�l�i�e�s� �o�n� �a� �f�i�x�e�d� �s�e�t� �o�f� �d�a�t�a� �s�t�r�u�c�t�u�r�e�s� �(�t�o�k�e�n� �d�e�c�l�a�r�a�t�i�o�n�s�,� �B�*� �t�r�e�e�s� �a�n�d� �d�o�u�b�l�y� 

�l�i�n�k�e�d� �l�i�s�t�s�)�,� �L�E�N�D� �p�r�o�v�i�d�e�s� �i�n�d�e�x�i�n�g� �h�i�e�r�a�r�c�h�i�e�s� �a�n�d� �a� �s�e�t� �o�f� �h�a�s�h�i�n�g� �f�u�n�c�t�i�o�n�s�.� �W�i�t�h� �t�h�e� 

�f�o�r�m�e�r�,� �a� �B�*� �t�r�e�e� �c�a�n� �b�e� �e�a�s�i�l�y� �a�d�d�e�d�,� �a�n�d� �w�i�t�h� �t�h�e� �l�a�t�t�e�r� �o�p�t�i�m�a�l� �a�c�c�e�s�s� �p�e�r�f�o�r�m�a�n�c�e� �i�s� 

�g�u�a�r�a�n�t�e�e�d�.� 

�M�o�s�s� �i�n� �[�M�o�s�9�0�]� �r�e�p�o�r�t�s� �a� �M�n�e�m�e� �s�t�o�r�e� �m�o�d�e�l� �d�e�s�i�g�n�e�d� �f�o�r� �c�o�o�p�e�r�a�t�i�v�e�,� �i�n�f�o�r�m�a�t�i�o�n�-� 

�i�n�t�e�n�s�i�v�e� �t�a�s�k�s� �c�o�m�m�o�n�l�y� �o�b�s�e�r�v�e�d� �i�n� �C�A�D�,� �C�A�S�E� �a�n�d� �o�f�f�i�c�e� �a�u�t�o�m�a�t�i�o�n� �e�n�v�i�r�o�n�m�e�n�t�.� �I�t�s� 

�d�e�s�i�g�n� �c�o�n�c�e�p�t�s� �i�n�c�l�u�d�e� �o�b�j�e�c�t�s�,� �f�i�l�e�s�,� �p�o�o�l�s�,� �a�n�d� �s�t�r�a�t�e�g�i�e�s�.� 

�A� �M�n�e�m�e� �o�b�j�e�c�t� �i�s� �a� �b�y�t�e� �s�t�r�i�n�g�,� �i�n�c�l�u�d�i�n�g� �a�n� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r� �(�o�i�d�)�,� �s�e�v�e�r�a�l� �t�a�g�g�i�n�g� 

�b�i�t�s� �a�n�d� �a� �s�i�z�e� �c�o�u�n�t�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �e�m�b�e�d�d�e�d� �o�i�d� �l�i�s�t� �w�i�t�h�i�n� �t�h�e� �o�b�j�e�c�t� �i�s� �e�n�u�m�e�r�-� 

�a�b�l�e� �b�y� �t�h�e� �s�t�o�r�e�.� �M�n�e�m�e� �f�i�l�e�s� �s�u�p�p�o�r�t� �a� �m�o�d�u�l�a�r�i�z�e�d� �o�b�j�e�c�t� �s�p�a�c�e� �a�n�d� �a�r�e� �t�h�e� �u�n�i�t�s� �o�f� 

�b�a�c�k�u�p�,� �r�e�c�o�v�e�r�y�,� �g�a�r�b�a�g�e� �c�o�l�l�e�c�t�i�o�n� �a�n�d� �t�r�a�n�s�f�e�r�.� �O�b�j�e�c�t�s� �r�e�s�i�d�e� �i�n� �f�i�l�e�s� �a�n�d� �t�h�e�i�r� �o�i�d�s� 

�a�r�e� �l�o�c�a�l�i�z�e�d� �t�o� �t�h�e�s�e� �f�i�l�e�s�.� �C�r�o�s�s�-�f�i�l�e� �r�e�f�e�r�e�n�c�e� �t�h�r�o�u�g�h� �o�i�d� �i�n�v�o�l�v�e�s� �f�o�r�w�a�r�d�i�n�g� �p�r�o�t�o�c�o�l� 

�6�6



�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�r�o�u�t�i�n�e�s�.� �M�n�e�m�e� �h�a�n�d�l�e�r�s� �a�r�e� �t�h�e� �m�e�a�n�s� �o�f� �i�n�d�i�r�e�c�t� �r�e�f�e�r�e�n�c�e� �t�o� �o�b�j�e�c�t�s�.� �T�h�e�y� �r�e�s�i�d�e� �i�n� 

�m�e�m�o�r�y�.� �O�n�c�e� �e�s�t�a�b�l�i�s�h�e�d�,� �a� �h�a�n�d�l�e�r� �c�o�n�t�a�i�n�s� �t�h�e� �o�i�d�,� �t�h�e� �o�b�j�e�c�t� �s�i�z�e� �a�n�d� �a� �p�o�i�n�t�e�r� �t�o� �t�h�e� 

�d�a�t�a�.� �L�a�s�t�l�y�,� �M�n�e�m�e� �p�o�o�l�s� �a�r�e� �l�o�g�i�c�a�l� �p�a�r�t�i�t�i�o�n�s� �o�f� �o�b�j�e�c�t�s� �i�n� �a� �M�n�e�m�e� �f�i�l�e� �f�o�r� �m�a�n�a�g�e�m�e�n�t� 

�c�o�n�v�e�n�i�e�n�c�e�.� �M�n�e�m�e� �s�t�r�a�t�e�g�i�e�s� �a�r�e� �e�n�f�o�r�c�e�d� �b�y� �m�a�n�a�g�e�m�e�n�t� �r�o�u�t�i�n�e�s� �h�a�n�d�l�i�n�g� �t�a�s�k�s� �s�u�c�h� 

�a�s� �o�b�j�e�c�t� �c�l�u�s�t�e�r�i�n�g�,� �p�r�e�f�e�t�c�h�,� �b�u�f�f�e�r�i�n�g�,� �c�a�c�h�i�n�g� �a�n�d� �s�t�o�r�a�g�e� �a�l�l�o�c�a�t�i�o�n�.� �T�h�e�s�e� �r�o�u�t�i�n�e�s� �a�r�e� 

�i�n�v�o�k�e�d� �t�h�r�o�u�g�h� �s�t�r�a�t�e�g�y� �n�u�m�b�e�r�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�o�o�l�s�.� 

�M�n�e�m�e� �i�s� �i�n�t�e�n�d�e�d� �t�o� �s�u�p�p�o�r�t� �p�e�r�s�i�s�t�e�n�t� �p�r�o�g�r�a�m�m�i�n�g� �a�c�t�i�v�i�t�i�e�s�;� �L�E�N�D ��s� �s�t�o�r�a�g�e� �l�a�y�e�r� 

�i�s� �d�e�s�i�g�n�e�d� �f�o�r� �i�n�f�o�r�m�a�t�i�o�n� �r�e�t�r�i�e�v�a�l� �a�p�p�l�i�c�a�t�i�o�n�s�.� �A�l�t�h�o�u�g�h� �b�o�t�h� �a�r�e� �o�r�g�a�n�i�z�e�d� �a�s� �l�i�b�r�a�r�i�e�s�,� 

�L�E�N�D� �t�a�k�e�s� �a�d�v�a�n�t�a�g�e� �o�f� �C�+�+� �t�o� �a�l�l�o�w� �m�o�r�e� �s�u�c�c�i�n�c�t� �m�o�d�e�l�i�n�g� �o�f� �s�t�o�r�a�g�e� �l�a�y�e�r� �e�n�t�i�t�i�e�s�.� 

�L�E�N�D� �h�a�s� �t�h�e� �s�t�o�r�a�g�e� �h�i�e�r�a�r�c�h�y� �n�o�t�i�o�n�.� �W�i�t�h� �c�a�r�e�f�u�l� �s�u�b�c�l�a�s�s�i�n�g�,� �n�o�r�m�a�l� �f�i�l�e�s� �o�n� �d�i�f�-� 

�f�e�r�e�n�t� �o�p�e�r�a�t�i�n�g� �s�y�s�t�e�m�s� �c�a�n� �b�e�c�o�m�e� �s�u�b�c�l�a�s�s�e�s� �i�n� �t�h�e� �h�i�e�r�a�r�c�h�y� �a�n�d� �c�a�n� �b�e� �u�s�e�d� �t�o� �s�t�o�r�e� 

�L�E�N�D� �o�b�j�e�c�t�s�.� �M�n�e�m�e ��s� �s�t�r�a�t�e�g�y� �r�o�u�t�i�n�e�s� �c�o�m�b�i�n�e�d� �w�i�t�h� �i�t�s� �p�o�o�l� �c�o�n�c�e�p�t� �a�r�e� �e�q�u�i�v�a�l�e�n�t� 

�t�o� �L�E�N�D ��s� �n�o�t�i�o�n� �o�f� �p�a�g�e� �f�r�a�m�e�s� �m�a�n�a�g�e�d� �u�n�d�e�r� �c�e�r�t�a�i�n� �p�o�l�i�c�i�e�s� �(�s�a�y�,� �L�R�U�)�.� �T�h�e�s�e� �p�o�l�i�c�i�e�s� 

�c�a�n� �c�o�n�c�e�p�t�u�a�l�l�y� �f�o�r�m� �h�i�e�r�a�r�c�h�i�e�s� �t�h�e�m�s�e�l�v�e�s�,� �s�u�c�h� �a�s� �t�h�e� �p�a�g�e� �r�e�p�l�a�c�e�m�e�n�t� �p�o�l�i�c�y� �h�i�e�r�-� 

�a�r�c�h�y�,� �o�r� �p�a�g�e� �p�r�e�f�e�t�c�h� �p�o�l�i�c�y� �h�i�e�r�a�r�c�h�y�.� �L�E�N�D� �t�r�e�a�t�s� �s�t�a�t�i�c� �g�r�a�p�h� �c�l�u�s�t�e�r�i�n�g� �m�o�r�e� �a�s� �a� 

�c�o�m�p�u�t�a�t�i�o�n�a�l� �i�s�s�u�e�,� �d�e�t�a�i�l�e�d� �i�n� �C�h�a�p�t�e�r� �5�.� 

�L�E�N�D� �a�l�s�o� �d�i�f�f�e�r�s� �f�r�o�m� �M�n�e�m�e� �i�n� �t�h�e� �f�o�r�m�a�t� �o�f� �o�b�j�e�c�t�s� �s�t�o�r�e�d�.� �F�i�r�s�t�,� �i�n� �t�h�e� �s�t�o�r�a�g�e� 

�l�a�y�e�r�,� �o�b�j�e�c�t�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �a�s� �b�y�t�e� �s�t�r�i�n�g�s�.� �T�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �n�e�i�t�h�e�r� �i�m�p�o�s�e�s� �t�a�g�s� �n�o�r� 

�p�r�e�f�i�x�e�s� �a�t�t�r�i�b�u�t�e�s� �t�o� �t�h�e� �s�t�r�i�n�g�.� �T�h�e� �o�i�d� �o�f� �a� �n�o�r�m�a�l� �L�E�N�D� �o�b�j�e�c�t� �w�i�l�l� �o�c�c�u�p�y� �t�h�e� �f�i�r�s�t� �f�e�w� 

�b�y�t�e�s� �o�f� �t�h�e� �s�t�r�i�n�g�.� �V�a�l�u�e� �i�d�e�n�t�i�f�i�e�r�s� �a�r�e� �n�e�v�e�r� �e�x�t�e�r�n�a�l�l�y� �s�t�o�r�e�d� �b�e�c�a�u�s�e� �r�e�f�e�r�e�n�c�e� �t�h�r�o�u�g�h� 

�t�h�e� �v�a�l�u�e� �i�d�e�n�t�i�f�i�e�r� �i�s� �n�o�t� �r�e�q�u�i�r�e�d�.� �S�e�c�o�n�d�,� �t�h�e� �s�i�z�e� �c�o�u�n�t� �i�s� �n�o�t� �s�t�o�r�e�d� �i�f� �t�h�e� �s�i�z�e� �c�a�n� �b�e� 

�i�n�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �t�y�p�e� �o�f� �t�h�e� �o�b�j�e�c�t� �w�h�i�l�e� �r�e�a�d�i�n�g�.� �T�h�e� �c�h�o�i�c�e� �i�s� �m�a�d�e� �w�h�e�n� �t�h�e� �o�b�j�e�c�t� �c�l�a�s�s� 

�i�s� �w�r�i�t�t�e�n�.� �T�h�i�r�d�,� �o�i�d� �l�i�s�t�s� �e�n�c�o�d�i�n�g� �r�e�f�e�r�e�n�c�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�r�e� �n�o�t� �e�m�b�e�d�d�e�d� �i�n� �a� �n�o�d�e� 

�o�b�j�e�c�t� �i�n� �L�E�N�D�.� �R�a�t�h�e�r�,� �r�e�l�a�t�i�o�n�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �b�y� �a�r�c� �c�l�a�s�s�e�s�,� �t�h�o�u�g�h� �t�h�e� �a�r�c� �o�b�j�e�c�t�s� �c�a�n� 

�b�e� �s�t�o�r�e�d� �c�l�o�s�e� �t�o� �t�h�e� �n�o�d�e� �o�b�j�e�c�t�s�,� �a�n�d� �t�h�e� �c�l�u�s�t�e�r�i�n�g� �a�l�g�o�r�i�t�h�m� �(�d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �5�)� 

�m�a�x�i�m�i�z�e�s� �s�u�c�h� �c�a�s�e�s�.� �S�t�o�r�i�n�g� �a�r�c�s� �s�e�p�a�r�a�t�e�l�y� �f�r�o�m� �n�o�d�e�s� �p�r�o�v�i�d�e�s� �t�h�e� �f�l�e�x�i�b�i�l�i�t�y� �o�f� �a�d�d�i�n�g� 

�m�o�r�e� �t�y�p�e�s� �o�f� �a�r�c�s� �t�o� �t�h�e� �o�b�j�e�c�t� �g�r�a�p�h� �w�i�t�h�o�u�t� �a�d�j�u�s�t�i�n�g� �t�h�e� �c�l�a�s�s� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �n�o�d�e� 

�o�b�j�e�c�t�s�.� �I�n� �i�n�f�o�r�m�a�t�i�o�n� �r�e�t�r�i�e�v�a�l�,� �t�h�i�s� �i�s� �c�r�u�c�i�a�l� �t�o� �a�d�d� �a� �n�e�w� �r�e�t�r�i�e�v�a�l� �m�o�d�e�l� �t�o� �t�h�e� �e�x�i�s�t�i�n�g� 
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�n�o�d�e� �o�b�j�e�c�t�s�,� �s�u�c�h� �a�s� �d�o�c�u�m�e�n�t� �a�n�d� �c�o�n�c�e�p�t� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �n�o�d�e�s�.� 

�3�.�2�.� �O�b�j�e�c�t� �L�a�y�e�r� 

�T�h�i�s� �l�a�y�e�r� �i�s� �c�o�m�p�o�s�e�d� �o�f� �c�l�a�s�s�e�s� �t�h�a�t� �c�a�n� �b�e� �u�s�e�d� �a�s� �p�r�i�m�i�t�i�v�e� �c�l�a�s�s�e�s� �f�o�r� �d�i�r�e�c�t� �a�p�p�l�i�c�a�t�i�o�n� 

�m�o�d�e�l�i�n�g�,� �o�r� �a�s� �b�a�s�e� �c�l�a�s�s�e�s� �f�o�r� �d�e�r�i�v�i�n�g� �s�u�b�c�l�a�s�s�e�s� �w�h�e�n� �s�p�e�c�i�f�i�c� �m�o�d�e�l�i�n�g� �n�e�e�d�s� �a�r�i�s�e�.� �A�t� 

�r�u�n� �t�i�m�e�,� �t�h�i�s� �l�a�y�e�r� �a�c�c�e�p�t�s� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s� �o�r� �k�e�y� �o�b�j�e�c�t�s� �(�i�.�e�.�,� �o�b�j�e�c�t�s� �w�i�t�h� �i�n�t�e�r�n�a�l� �s�t�a�t�e� 

�s�e�r�v�i�n�g� �a�s� �k�e�y�s�)�,� �t�r�a�n�s�f�o�r�m�s� �t�h�e�m� �t�o� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e� �d�e�s�i�r�e�d� �b�i�n�a�r�y� �s�t�r�i�n�g�s�,� �i�s�s�u�e�s� �r�e�q�u�e�s�t�s� 

�t�o� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r� �f�o�r� �r�e�a�d�i�n�g� �i�n� �b�i�n�a�r�y� �s�t�r�i�n�g�s�,� �i�n�i�t�i�a�l�i�z�e�s� �o�b�j�e�c�t�s� �f�r�o�m� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g�s� 

�(�i�.�e�.�,� �r�e�s�t�o�r�e�s� �t�h�e� �o�b�j�e�c�t ��s� �i�n�t�e�r�n�a�l� �v�a�l�u�e� �a�n�d� �a�s�s�o�c�i�a�t�e�s� �t�h�e� �v�a�l�u�e� �w�i�t�h� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s�)�,� 

�a�n�d� �f�i�n�a�l�l�y� �d�e�l�i�v�e�r�s� �o�b�j�e�c�t�s� �t�o� �t�h�e� �u�p�p�e�r� �l�a�y�e�r�.� �T�h�e� �k�e�y� �t�a�s�k� �i�s� �t�o� �a�c�t�i�v�a�t�e� �o�b�j�e�c�t�s� �f�r�o�m� 

�t�h�e�i�r� �b�i�n�a�r�y� �s�t�r�i�n�g� �f�o�r�m�a�t�s�.� �I�n� �a� �t�y�p�i�c�a�l� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�,� �t�h�i�s� �m�a�y� �i�n�c�l�u�d�e� 

�f�o�r�m�a�t� �c�o�n�v�e�r�s�i�o�n�,� �e�n�f�o�r�c�e�m�e�n�t� �o�f� �e�n�c�a�p�s�u�l�a�t�i�o�n� �a�n�d� �a�s�s�o�c�i�a�t�i�o�n� �o�f� �m�e�t�h�o�d�s�.� �T�h�i�s� �l�a�y�e�r� 

�a�l�s�o� �c�a�c�h�e�s� �i�n�i�t�i�a�l�i�z�e�d� �o�b�j�e�c�t�s�.� 

�T�h�e� �i�n�c�r�e�a�s�i�n�g�l�y� �p�o�p�u�l�a�r� �C�+�+� �i�s� �c�h�o�s�e�n� �a�s� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �l�a�n�g�u�a�g�e� �a�n�d� �a�l�s�o� �t�h�e� 

�l�a�n�g�u�a�g�e� �i�n� �w�h�i�c�h� �c�l�a�s�s�e�s� �a�r�e� �d�e�f�i�n�e�d� �o�r� �d�e�r�i�v�e�d�.� �A�s� �a�n� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �l�a�n�g�u�a�g�e�,� �C�+�+� 

�b�r�i�n�g�s� �t�h�e� �b�e�n�e�f�i�t� �o�f� �e�a�s�e� �o�f� �l�e�a�r�n�i�n�g� �o�f� �L�E�N�D�,� �f�i�n�e� �i�n�t�e�r�l�e�a�v�i�n�g� �o�f� �a�p�p�l�i�c�a�t�i�o�n�s� �(�i�n� �C� �o�r� �C�+�+�)� 

�w�i�t�h� �d�a�t�a�b�a�s�e� �c�a�l�l�s�,� �c�o�m�p�u�t�a�t�i�o�n�a�l� �p�o�w�e�r� �(�s�e�e� �[�L�L�O�W�9�1�]�)� �a�n�d� �a�n� �o�p�e�n� �s�y�s�t�e�m� �a�r�c�h�i�t�e�c�t�u�r�e�.� 

�A�s� �a� �c�l�a�s�s� �d�e�f�i�n�i�t�i�o�n� �l�a�n�g�u�a�g�e�,� �C�+�+� �m�a�k�e�s� �i�t� �e�a�s�y� �t�o� �r�e�a�l�i�z�e� �t�h�e� �c�o�n�s�t�r�u�c�t�s� �o�f� �t�h�e� �L�E�N�D� 

�m�o�d�e�l�,� �i�n�c�l�u�d�i�n�g� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s�,� �a�t�t�r�i�b�u�t�e�s�,� �e�n�c�a�p�s�u�l�a�t�i�o�n�,� �m�e�t�h�o�d�s�,� �c�l�a�s�s�e�s� �a�n�d� �t�h�e� �c�l�a�s�s� 

�h�i�e�r�a�r�c�h�y�.� 

�S�e�c�t�i�o�n� �3�.�2�.�1� �d�e�s�c�r�i�b�e�s� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �a� �t�y�p�i�c�a�l� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �a�n�d� �t�h�e� �a�r�c�h�i�t�e�c�t�u�r�e� 

�o�f� �t�h�e� �o�v�e�r�a�l�l� �o�b�j�e�c�t� �l�a�y�e�r�.� �S�e�c�t�i�o�n� �3�.�2�.�2� �e�x�p�l�a�i�n�s� �t�h�e� �d�e�s�i�g�n� �a�n�d� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �s�o�m�e� 

�i�m�p�o�r�t�a�n�t� �c�l�a�s�s�e�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �b�a�s�e� �a�n�d� �g�r�a�p�h� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �L�E�N�D� �m�o�d�e�l�.� �T�o� 

�f�a�c�i�l�i�t�a�t�e� �d�i�s�c�u�s�s�i�o�n�,� �G� �i�s� �u�s�e�d� �t�o� �d�e�n�o�t�e� �a� �d�i�r�e�c�t�e�d� �g�r�a�p�h� �i�n� �w�h�i�c�h� �a�n� �I�R� �e�n�t�i�t�y� �i�s� �e�n�c�o�d�e�d�.� 

�T�h�e� �n�o�d�e� �s�e�t� �o�f� �G� �i�s� �N�(�G�)� �a�n�d� �t�h�e� �a�r�c� �(�e�d�g�e�)� �s�e�t� �o�f� �G� �i�s� �E�(�G�)�.� 
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�C�l�a�s�s� �R�e�p�r�e�s�e�n�t�a�t�i�v�e� � � � � 
� � 

� � 

� � � � � � � � 
� � 

�B�i�n�a�r�y� �S�t�r�i�n�g� 
�b�u�f�f�e�r�.� 

�=� �D�a�t�a� �F�l�o�w� 

�S�t�o�r�a�g�e� �O�b�j�e�c�t� �=� �>� �C�o�n�t�r�o�l� �F�l�o�w� � � � � � � � � � � � � 
�F�i�g�u�r�e� �3�.�6�:� �O�b�j�e�c�t� �M�a�n�a�g�e�r� �C�o�m�p�o�n�e�n�t�s� 

�3�.�2�.�1� �O�b�j�e�c�t� �M�a�n�a�g�e�r� �a�n�d� �O�b�j�e�c�t� �L�a�y�e�r� �A�r�c�h�i�t�e�c�t�u�r�e� 

�F�i�g�u�r�e� �3�.�6� �s�h�o�w�s� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �a�n� �o�b�j�e�c�t� �m�a�n�a�g�e�r�.� �A�n� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �m�a�n�a�g�e�s� �a�l�l� �o�b�j�e�c�t� 

�i�n�s�t�a�n�c�e�s� �o�f� �a� �c�l�a�s�s� �(�w�h�o�l�e� �s�e�t�)� �o�r� �a� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t� �i�n� �L�E�N�D�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �i�t� �i�s� �r�e�s�p�o�n�s�i�b�l�e� 

�f�o�r� �r�e�s�t�o�r�i�n�g� �o�b�j�e�c�t�s� �f�r�o�m� �b�i�n�a�r�y� �s�t�r�i�n�g�s�,� �c�a�c�h�i�n�g� �t�h�e� �r�e�s�t�o�r�e�d� �o�b�j�e�c�t�s�,� �a�n�d� �l�o�o�k�i�n�g� �u�p� �c�a�c�h�e�d� 

�o�b�j�e�c�t�s�.� �T�h�e� �m�a�n�a�g�e�r� �c�o�n�t�a�i�n�s� �a� �s�t�o�r�a�g�e� �o�b�j�e�c�t�,� �a� �s�e�t� �o�f� �i�n�d�e�x� �o�b�j�e�c�t�s�,� �a� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�a�n�d� �a�n� �o�b�j�e�c�t� �c�a�c�h�e�.� 

�T�h�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �m�a�n�a�g�e�r� �s�t�o�r�e�s� �o�b�j�e�c�t�s� �i�n� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g� 

�f�o�r�m�a�t�.� �A�l�l� �o�b�j�e�c�t�s� �m�a�n�a�g�e�d� �b�y� �t�h�e� �m�a�n�a�g�e�r� �a�r�e� �s�t�o�r�e�d� �i�n� �t�h�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t�.� �T�h�e� �s�t�o�r�a�g�e� 

�o�b�j�e�c�t� �a�l�s�o� �p�r�o�v�i�d�e�s� �I�/�O� �s�e�r�v�i�c�e�s� �f�o�r� �b�i�n�a�r�y� �s�t�r�i�n�g�s� �w�h�i�c�h� �m�a�y� �r�e�s�i�d�e� �i�n� �t�h�e� �m�a�i�n� �m�e�m�o�r�y� 

�o�r� �o�n� �t�h�e� �d�i�s�k�.� �T�h�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �i�s� �a�c�q�u�i�r�e�d� �b�y� �c�a�l�l�i�n�g� �t�h�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �i�n� 

�L�E�N�D ��s� �l�o�w�e�r� �l�a�y�e�r�.� �N�o�t�e� �t�h�a�t� �t�h�e� �s�a�m�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �m�a�y� �b�e� �s�h�a�r�e�d� �b�y� �s�e�v�e�r�a�l� �o�b�j�e�c�t� 
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�m�a�n�a�g�e�r�s�.� �T�h�i�s� �a�l�l�o�w�s� �o�b�j�e�c�t�s� �o�f� �d�i�f�f�e�r�e�n�t� �c�l�a�s�s�e�s� �t�o� �b�e� �c�l�u�s�t�e�r�e�d�.� 

�T�h�e� �i�n�d�e�x� �o�b�j�e�c�t�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �h�e�l�p� �i�t� �q�u�i�c�k�l�y� �l�o�c�a�t�e� �t�h�e� �b�i�n�a�r�y� 

�s�t�r�i�n�g�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �i�n�d�e�x� �o�b�j�e�c�t� �t�r�a�n�s�f�o�r�m�s� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s� �t�o� �l�o�c�a�t�i�o�n�s�.� �I�f� �t�h�e� 

�o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r� �i�t�s�e�l�f� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �a�s� �a� �p�h�y�s�i�c�a�l� �a�d�d�r�e�s�s�,� �a�n� �i�d�e�n�t�i�t�y� �m�a�p�p�i�n�g� �i�n�d�e�x� �o�b�j�e�c�t� 

�c�a�n� �b�e� �e�m�p�l�o�y�e�d�.� �T�o� �a�l�l�o�w� �f�a�s�t� �a�c�c�e�s�s� �t�o� �a�n� �i�n�d�e�x� �o�b�j�e�c�t�,� �t�h�e� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �a�r�r�a�n�g�e�s� �a�l�l� 

�i�n�d�e�x� �o�b�j�e�c�t�s� �i�n� �a�n� �i�n�d�e�x�e�d� �a�r�r�a�y�.� �T�h�e� �n�u�m�e�r�i�c�a�l� �i�n�d�e�x� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �i�n�d�e�x� �o�b�j�e�c�t� �d�e�p�e�n�d�s� 

�o�n� �t�h�e� �c�l�a�s�s� �o�f� �o�b�j�e�c�t�s� �t�h�e� �m�a�n�a�g�e�r� �m�a�n�a�g�e�s�.� 

�T�h�e� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �i�s� �a� �n�o�r�m�a�l� �o�b�j�e�c�t� �b�e�l�o�n�g�i�n�g� �t�o� �a� �p�a�r�t�i�c�u�l�a�r� �c�l�a�s�s�.� �I�t�s� �r�e�s�p�o�n�s�i�-� 

�b�i�l�i�t�y� �i�s� �t�o� �r�e�s�t�o�r�e� �o�t�h�e�r� �o�b�j�e�c�t�s� �i�n� �t�h�e� �c�l�a�s�s� �f�r�o�m� �b�i�n�a�r�y� �s�t�r�i�n�g�s�,� �b�y� �u�s�i�n�g� �t�w�o� �s�t�a�n�d�a�r�d� �m�e�t�h�-� 

�o�d�s� �f�r�o�m�_�s�t�r�i�n�g� �a�n�d� �c�o�p�y� �o�f� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�.� �T�h�e� �s�e�m�a�n�t�i�c�s� �o�f� �t�h�e� �m�e�t�h�o�d� �f�r�o�m�_�s�t�r�i�n�g� 

�i�s� �t�o� �r�e�s�t�o�r�e� �t�h�e� �o�b�j�e�c�t� �i�t�s�e�l�f�,� �u�s�i�n�g� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g� �p�a�r�a�m�e�t�e�r�.� �T�h�e� �s�e�m�a�n�t�i�c�s� �o�f� �t�h�e� �c�o�p�y� 

�m�e�t�h�o�d� �i�s� �t�o� �m�a�k�e� �a� �c�o�p�y� �o�f� �i�t�s�e�l�f�.� �T�h�e� �p�r�o�c�e�s�s� �o�f� �i�n�i�t�i�a�l�i�z�a�t�i�o�n� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �a�s� �f�o�l�l�o�w�s�.� 

�F�i�r�s�t�,� �t�h�e� �f�r�o�m�.�s�t�r�i�n�g� �m�e�t�h�o�d� �o�f� �t�h�e� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �i�s� �c�a�l�l�e�d� �t�o� �i�n�i�t�i�a�l�i�z�e� �t�h�e� �r�e�p�r�e�-� 

�s�e�n�t�a�t�i�v�e�.� �N�e�x�t� �t�h�e� �c�o�p�y� �m�e�t�h�o�d� �i�s� �c�a�l�l�e�d� �t�o� �d�u�p�l�i�c�a�t�e� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�.� �T�h�i�s� �d�u�p�l�i�c�a�t�e�d� 

�c�o�p�y� �i�s� �t�h�e� �o�b�j�e�c�t� �d�e�s�i�r�e�d� �b�y� �t�h�e� �u�p�p�e�r� �l�a�y�e�r�.� 

�T�h�e� �a�c�t�i�v�a�t�i�o�n� �m�e�t�h�o�d� �i�s� �s�i�m�p�l�e�,� �s�a�f�e� �a�n�d� �e�x�t�e�n�s�i�b�l�e�.� �A�s�s�u�m�i�n�g� �t�h�e� �c�o�p�y� �a�n�d� �f�r�o�m� 

�-�S�t�r�i�n�g� �m�e�t�h�o�d�s� �a�r�e� �w�e�l�l� �w�r�i�t�t�e�n� �f�o�r� �t�h�e� �c�l�a�s�s�,� �t�h�e� �r�e�s�t�o�r�e�d� �o�b�j�e�c�t� �c�o�n�t�a�i�n�s� �s�t�a�t�e� �t�h�a�t� �w�a�s� 

�c�o�n�v�e�r�t�e�d� �t�o� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g�.� �A�l�s�o�,� �m�e�t�h�o�d� �a�t�t�a�c�h�m�e�n�t� �a�n�d� �e�n�c�a�p�s�u�l�a�t�i�o�n� �e�n�f�o�r�c�e�m�e�n�t� 

�a�r�e� �a�u�t�o�m�a�t�i�c�a�l�l�y� �a�c�h�i�e�v�e�d� �b�y� �C�+�+�.� �W�h�e�n�e�v�e�r� �a� �n�e�w� �c�l�a�s�s� �i�s� �a�d�d�e�d�,� �a�s� �l�o�n�g� �a�s� �t�h�o�s�e� �t�w�o� 

�m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �a�r�e� �d�e�f�i�n�e�d�,� �c�o�d�e� �i�n� �t�h�e� �o�b�j�e�c�t� �l�a�y�e�r� �d�o�e�s� �n�o�t� �n�e�e�d� �t�o� �c�h�a�n�g�e�.� �A�n�o�t�h�e�r� 

�a�d�v�a�n�t�a�g�e� �o�f� �t�h�i�s� �a�p�p�r�o�a�c�h� �i�s� �t�h�a�t� �t�h�e� �s�i�z�e� �i�n�f�o�r�m�a�t�i�o�n� �c�a�n� �b�e� �p�r�o�c�e�d�u�r�a�l�l�y� �r�e�m�e�m�b�e�r�e�d� �b�y� 

�t�h�e� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�,� �i�f� �t�h�e� �s�i�z�e� �o�f� �a�l�l� �o�b�j�e�c�t�s� �o�f� �t�h�e� �c�l�a�s�s� �i�s� �e�q�u�a�l�.� �I�n� �s�u�c�h� �a� �c�a�s�e�,� �t�h�e� 

�s�i�z�e� �c�o�u�n�t� �i�s� �n�o�t� �r�e�q�u�i�r�e�d� �t�o� �b�e� �p�h�y�s�i�c�a�l�l�y� �s�t�o�r�e�d�.� 

�H�a�v�i�n�g� �d�e�s�c�r�i�b�e�d� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �a�n� �o�b�j�e�c�t� �m�a�n�a�g�e�r�,� �w�e� �n�e�x�t� �d�i�s�c�u�s�s� �t�h�e� �o�v�e�r�a�l�l� �a�r�c�h�i�-� 

�t�e�c�t�u�r�e� �o�f� �t�h�e� �o�b�j�e�c�t� �l�a�y�e�r�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�7�.� �T�h�e� �o�b�j�e�c�t� �l�a�y�e�r� �m�a�i�n�t�a�i�n�s� �a� �v�e�c�t�o�r� �o�f� 

�o�b�j�e�c�t� �m�a�n�a�g�e�r�s� �f�o�r� �a�l�l� �c�l�a�s�s�e�s� �a�n�d� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�s� �e�x�i�s�t�i�n�g� �i�n� �t�h�e� �d�a�t�a�b�a�s�e�.� �E�a�c�h� �o�b�j�e�c�t� 

�m�a�n�a�g�e�r� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �i�n�i�t�i�a�l�i�z�i�n�g� �o�b�j�e�c�t�s� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �c�l�a�s�s� �o�r� �a� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�.� 

�T�o� �l�o�c�a�t�e� �a�n� �o�b�j�e�c�t� �m�a�n�a�g�e�r�,� �a�n� �I�N�D�E�X� �i�s� �u�s�e�d� �a�s� �s�h�o�w�n� �i�n� �t�h�e� �u�p�p�e�r� �p�a�r�t� �o�f� �t�h�e� �f�i�g�u�r�e�.� 
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�G�e�t� �O�b�j�e�c�t� �O�b�j�e�c�t� 
�R�e�q�u�e�s�t� �R�e�q�u�e�s�t�e�d� 

�I�N�D�E�X� �f�o�r� �S�e�l�e�c�t�i�n�g� 
�a�n� �O�b�j�e�c�t� �M�a�n�a�g�e�r� 

�O�O�O�O� �O�O�O� �=� 
�Z�.� 

�M�P�H�F� �M�P�H�F� �f�o�r� �S�e�l�e�c�t�i�n�g� 
 � �� �a� �C�l�a�s�s� �R�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�c�o�n�i�t�f�e�n�t�c�h�o�o�m� �o�e�m� �V�e�c�t�o�r� 

�F�i�g�u�r�e� �3�.�7�:� �O�b�j�e�c�t� �L�a�y�e�r� �A�r�c�h�i�t�e�c�t�u�r�e� 

�I�N�D�E�X� 

� � 

� � � � � � � � � � 
� � � � � � � � 

� � 
� � � � 

� � � � � � � � 
� � 

�T�h�i�s� �I�N�D�E�X� �m�a�p�s� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �o�f� �t�h�e� �c�l�a�s�s� �o�r� �t�h�e� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t� �t�o� �t�h�e� �d�e�s�i�r�e�d� �o�b�j�e�c�t� 

�m�a�n�a�g�e�r�.� �T�h�i�s� �I�N�D�E�X� �s�h�o�u�l�d� �b�e� �a�b�l�e� �t�o� �h�a�n�d�l�e� �i�n�s�e�r�t�i�o�n� �a�n�d� �d�e�l�e�t�i�o�n� �o�f� �o�b�j�e�c�t� �m�a�n�a�g�e�r�s�.� 

�M�o�r�e� �t�h�a�n� �o�n�e� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �c�a�n� �u�s�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�s� �b�e�l�o�n�g�i�n�g� �t�o� �o�n�e� �c�l�a�s�s�.� �T�o� �r�e�-� 

�d�u�c�e� �d�u�p�l�i�c�a�t�i�o�n�,� �s�i�m�i�l�a�r� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�s� �c�a�n� �b�e� �a�b�s�t�r�a�c�t�e�d� �o�u�t� �o�f� �t�h�e� �m�a�n�a�g�e�r�s�.� �A�n� 

�o�b�j�e�c�t� �v�e�c�t�o�r� �i�s� �i�n�t�r�o�d�u�c�e�d� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�.� �T�h�e� �v�e�c�t�o�r� �s�t�o�r�e�s� �a� �u�n�i�q�u�e� �c�o�p�y� �o�f� �t�h�e� �c�l�a�s�s� 

�r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�o�r� �a� �c�l�a�s�s�.� �A� �M�P�H�F� �(�s�e�e� �C�h�a�p�t�e�r� �4�)� �i�s� �u�t�i�l�i�z�e�d� �t�o� �q�u�i�c�k�l�y� �l�o�c�a�t�e� �t�h�e� �c�l�a�s�s� 

�r�e�p�r�e�s�e�n�t�a�t�i�v�e�,� �g�i�v�e�n� �i�t�s� �c�l�a�s�s� �i�d�e�n�t�i�f�i�e�r�.� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �w�e� �i�l�l�u�s�t�r�a�t�e� �h�o�w� �t�h�e� �o�b�j�e�c�t� �l�a�y�e�r� �f�u�n�c�t�i�o�n�s�.� �A�s�s�u�m�e� �t�h�a�t� �t�h�e�r�e� �a�r�e� 

�t�h�r�e�e� �c�l�a�s�s�e�s� �c�u�r�r�e�n�t�l�y� �i�n� �L�E�N�D�:� �a� �t�u�p�l�e� �c�l�a�s�s� �T�,� �a� �s�e�t� �c�l�a�s�s� �S� �a�n�d� �a�n� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r� �c�l�a�s�s� 

�O�I�D�.� �A�n� �O�I�D� �o�b�j�e�c�t� �c�o�n�t�a�i�n�s� �a�n� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�.� �C�l�a�s�s� �T� �h�a�s� �3� �m�e�m�b�e�r�s�:� �1�1�,� �t�g� �a�n�d� �¢�3�.� 

�C�l�a�s�s� �S� �h�a�s� �t�w�o� �m�e�m�b�e�r�s�:� �s�,�,� �a�n�d� �s�2�.� �T�h�e� �c�o�n�t�e�n�t� �o�f� �s�;� �i�s� �{�t�,�-�o�i�d�,� �t�2�_�0�i�d�}�,� �w�h�e�r�e� �t�,�_�o�7�d� �i�s� 

�a�n� �o�b�j�e�c�t� �o�f� �c�l�a�s�s� �O�J� �D�,� �a�n�d� �c�o�n�t�a�i�n�s� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �o�f� �t�;�,� �1� �=� �1�,�2�.� �T�h�e�r�e� �a�r�e� �t�h�r�e�e� �o�b�j�e�c�t� 

�m�a�n�a�g�e�r�s�:� �O�M�r�,� �O�M�s�g� �a�n�d� �O�M�o�y�z�p�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �c�l�a�s�s� �T�,� �S� �a�n�d� �O�J�D� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�T�h�e�r�e� �a�l�s�o� �a�r�e� �t�h�r�e�e� �c�l�a�s�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�s�:� �C�R�r�,� �C�R�s� �a�n�d� �C�R�o�y�p� �f�o�r� �t�h�e� �t�h�r�e�e� �c�l�a�s�s�e�s�.� 

�S�u�p�p�o�s�e� �t�h�e� �f�i�r�s�t� �r�e�q�u�e�s�t� �i�s� �t�o� �r�e�t�r�i�e�v�e� �t�2�_�o�1�d� �f�r�o�m� �s�e�t� �s�,�,� �a�n�d� �t�h�e� �s�e�c�o�n�d� �i�s� �t�o� �f�e�t�c�h� �t�g� �u�s�i�n�g� 

�t�o�_�o�t�d�.� 

�T�o� �a�c�c�o�m�p�l�i�s�h� �t�h�e� �f�i�r�s�t� �t�a�s�k�,� �w�e� �i�d�e�n�t�i�f�y� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �O�M�s� �b�e�c�a�u�s�e� �i�t� �i�s� �c�a�p�a�b�l�e� �o�f� 

�l�o�c�a�t�i�n�g� �s�,�,� �e�i�t�h�e�r� �f�r�o�m� �t�h�e� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �o�r� �f�r�o�m� �i�t�s� �o�b�j�e�c�t� �c�a�c�h�e�.� �S�u�p�p�o�s�e� �s�;� �i�s� �n�o�t� �i�n� 

�t�h�e� �c�a�c�h�e�.� �T�h�e�n� �w�e� �f�e�t�c�h� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g� �e�n�c�o�d�i�n�g� �s�;� �f�r�o�m� �t�h�e� �o�b�j�e�c�t� �s�t�o�r�a�g�e�.� �C�R�g� �i�s� 

�t�h�e�n� �i�n�i�t�i�a�l�i�z�e�d� �u�s�i�n�g� �t�h�e� �s�t�r�i�n�g�.� �L�a�t�e�r�,� �C�R�s� �c�o�p�i�e�s� �i�t�s�e�l�f� �t�o� �r�e�s�t�o�r�e� �t�h�e� �s�,� �o�b�j�e�c�t�.� �s�,� �w�i�l�l� 

�b�e� �c�a�c�h�e�d� �i�n� �O�M�s ��s� �o�b�j�e�c�t� �c�a�c�h�e�.� �A�n� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �t�h�e�n� �w�i�l�l� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �s�;�,� �a�s� �5�;� 

�i�s� �a� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�.� 

�T�o� �r�e�t�r�i�e�v�e� �t�2�_�o�i�d� �f�r�o�m� �s�,�,� �w�e� �p�r�e�s�e�n�t� �t�o�_�o�i�d� �a�s� �a� �q�u�e�r�y� �o�b�j�e�c�t� �t�o� �s�,�;�.� �5�s�,� �w�i�l�l� �u�s�e� �s�o�m�e� 

�i�n�d�e�x� �t�o� �l�o�c�a�t�e� �t�g�_�o�1�d�,� �a�n�d� �f�e�t�c�h� �t�h�e� �b�i�n�a�r�y� �s�t�r�i�n�g� �f�r�o�m� �t�h�e� �l�o�c�a�t�i�o�n�.� �C� �R�o�z�p� �w�i�l�l� �b�e� �a�c�t�i�v�a�t�e�d� 

�t�o� �g�e�n�e�r�a�t�e� �a�n� �O�I�D� �o�b�j�e�c�t�,� �s�a�y� �z�.� �W�e� �t�h�e�n� �c�o�m�p�a�r�e� �z� �w�i�t�h� �t�2�-�o�t�d�.� �S�u�p�p�o�s�e� �t�h�e�y� �a�r�e� 

�i�d�e�n�t�i�c�a�l�.� �W�e� �t�h�e�n� �p�r�o�c�e�e�d� �t�o� �c�a�c�h�e� �z� �i�n� �s�, ��s� �o�b�j�e�c�t� �c�a�c�h�e�.� 

�T�h�e� �f�i�n�a�l� �t�a�s�k� �i�s� �t�o� �a�c�c�e�s�s� �o�b�j�e�c�t� �t�2�.� �T�h�i�s� �i�s� �e�a�s�y� �b�e�c�a�u�s�e� �w�e� �c�a�n� �p�r�e�s�e�n�t� �t�o�_�o�i�d� �a�s� �a� 

�q�u�e�r�y� �o�b�j�e�c�t� �t�o� �O�M�y�.� �O�M�r� �w�i�l�l� �u�s�e� �s�o�m�e� �i�n�d�e�x� �t�o� �l�o�c�a�t�e� �a� �b�i�n�a�r�y� �s�t�r�i�n�g� �e�n�c�o�d�i�n�g� �v�a�l�u�e� 

�o�f� �t�2�.� �C�R�r� �w�i�l�l� �b�e� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �t�h�e� �e�x�a�c�t� �c�o�p�y� �o�f� �t�2�,� �a�n�d� �¢�2� �f�i�n�a�l�l�y� �w�i�l�l� �b�e� �r�e�t�u�r�n�e�d�.� 

�3�.�2�.�2� �I�m�p�o�r�t�a�n�t� �C�l�a�s�s�e�s� 

�R�o�o�t� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �s�e�r�v�e�s� �a�s� �t�h�e� �b�a�s�e� �c�l�a�s�s� �f�o�r� �a�l�l� �o�t�h�e�r� �L�E�N�D� �c�l�a�s�s�e�s�.� �I�t� �d�e�f�i�n�e�s� �t�h�e� �L�E�N�D� �o�b�j�e�c�t� 

�i�d�e�n�t�i�f�i�e�r� �o�i�d� �a�n�d� �a� �s�e�t� �o�f� �p�u�b�l�i�c� �m�e�t�h�o�d� �s�i�g�n�a�t�u�r�e�s� �t�h�a�t� �o�t�h�e�r� �L�E�N�D� �c�l�a�s�s�e�s� �m�a�k�e� �u�s�e� �o�f�.� 

�T�h�e� �o�i�d� �e�n�c�o�d�e�s� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �w�h�e�t�h�e�r� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �i�s� �p�h�y�s�i�c�a�l� �o�r� �l�o�g�i�c�a�l�.� �A� �p�h�y�s�i�c�a�l� 

�i�d�e�n�t�i�f�i�e�r� �i�s� �o�n�e� �t�h�a�t� �g�i�v�e�s� �t�h�e� �p�h�y�s�i�c�a�l� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �o�b�j�e�c�t�,� �w�h�i�l�e� �a� �l�o�g�i�c�a�l� �i�d�e�n�t�i�f�i�e�r� �i�s� 

�a� �s�y�m�b�o�l�i�c� �l�o�c�a�t�i�o�n�.� �F�r�e�q�u�e�n�t�l�y�,� �a�n� �i�n�d�e�x� �c�o�n�v�e�r�t�s� �t�h�e� �l�o�g�i�c�a�l� �i�d�e�n�t�i�f�i�e�r� �t�o� �t�h�e� �p�h�y�s�i�c�a�l� 

�i�d�e�n�t�i�f�i�e�r�.� �T�h�e� �v�a�l�u�e� �p�a�r�t� �v�a�l�u�e� �s�t�o�r�e�s� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �o�b�j�e�c�t� �o�r� �t�h�e� �m�i�n�i�m�a�l� �i�n�f�o�r�m�a�t�i�o�n� 

�n�e�c�e�s�s�a�r�y� �t�o� �o�b�t�a�i�n� �t�h�e� �c�o�m�p�l�e�t�e� �v�a�l�u�e�.� �T�h�e� �l�o�c�a�t�i�o�n� �o�f� �a�n� �o�b�j�e�c�t� �i�s� �a�l�s�o� �s�a�v�e�d� �i�n� �t�h�e� �o�i�d� 

�p�o�r�t�i�o�n�.� �T�h�e� �s�t�a�t�u�s�_�t�a�g� �e�n�c�o�d�e�s� �v�a�r�i�o�u�s� �s�t�a�t�u�s� �i�n�f�o�r�m�a�t�i�o�n�,� �s�u�c�h� �a�s� �t�h�e� �s�t�a�t�u�s� �o�f� �t�h�e



�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 
� � 

� � 

�c�l�a�s�s� �r�o�o�t� 

�{� 
�p�r�o�t�e�c�t�e�d�:� 

�o�i�d�_�t� �o�i�d�;� �/�f� �i�d� �o�f� �t�h�e� �r�o�o�t� 
�v�a�l�u�e�_�t� �v�a�l�u�e�;� �/�/� �v�a�l�u�e� �o�f� �t�h�e� �r�o�o�t� 
�s�t�a�t�u�s�_�t� �s�t�a�t�u�s�_�t�a�g� �/�/� �t�a�g� �f�o�r� �t�h�e� �r�o�o�t� 

�p�u�b�l�i�c�:� 
�r�o�o�t�(�i�n�t� �i�n�i�t�_�o�p�t�i�o�n�=� �0�)�;� 
�r�o�o�t�(�a�b�j�e�c�t�&�)� �;� 
�v�i�r�t�u�a�l� �~�r�o�o�t�Q�;� 

�/�/� �i�d� �a�n�d� �v�a�l�u�e� �c�o�m�p�a�r�i�s�o�n� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �B�o�o�l�e�a�n� �i�d�_�E�Q�(�r�o�o�t�&�)� �c�o�n�s�t�;� 
�v�i�r�t�u�a�l� �B�o�o�l�e�a�n� �v�a�l�u�e�_�L�E�(�r�o�o�t�&�)� �c�o�n�s�t�;� 
�v�i�r�t�u�a�l� �B�o�o�l�e�a�n� �v�a�l�u�e�_�E�Q�(�r�o�o�t�é�&�)� �c�o�n�s�t�;� 

�/�/� �i�m�p�o�r�t� �a�n�d� �e�x�p�o�r�t� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �i�n�t� �t�o�S�t�r�i�n�g�(�b�u�f�f�e�r�&�,� �b�u�f�_�o�p�t�i�o�n� �=� �B�I�N�A�R�Y�)�;� � �/�/�f�r�o�m� �b�u�f�f�e�r� 
�v�i�r�t�u�a�l� �i�n�t� �f�r�o�m�S�t�r�i�n�g�(�b�u�f�f�e�r�&�,� �b�u�f�_�o�p�t�i�o�n� �=� �B�I�N�A�R�Y�)�;� �/�/�t�o� �b�u�f�f�e�r� 

�/�/� �c�o�p�y� �f�u�n�c�t�i�o�n� 
�v�i�r�t�u�a�l� �r�o�o�t�&� �c�o�p�y�(�)� �c�o�n�s�t�;� 
�v�i�r�t�u�a�l� �r�o�o�t�&� �r�e�f�e�r�e�n�c�e�O� �c�o�n�s�t�;� 

�/�/� �s�t�a�t�u�s� �i�n�q�u�i�r�y� �f�u�n�c�t�i�o�n�s� 
�B�o�o�l�e�a�n� �v�a�l�u�e�O�b�j�e�c�t�Q� �c�o�n�s�t� �;� �/�/� �v�a�l�u�e� �o�b�j�e�c�t�?� 
�v�i�r�t�u�a�]� �B�o�o�l�e�a�n� �O�K�O� �c�o�n�s�t� �;� �/�/� �i�n� �g�o�o�d� �s�h�a�p�e� �?� 
�v�i�r�t�u�a�l� �c�o�n�s�t� �c�h�a�r�*� �m�y�C�l�a�s�s�N�a�m�e�(�Q� �c�o�n�s�t�;� �/�/� �c�l�a�s�s� �n�a�m�e� 
�v�i�r�t�u�a�l� �c�o�n�s�t� �c�h�a�r�*�*� �m�y�P�a�r�e�n�t�C�l�a�s�s�N�a�m�e�s�(�)� �c�o�n�s�t�;�  ��/�/� �p�a�r�e�n�t� �c�l�a�s�s� �n�a�m�e�s� 
�v�i�r�t�u�a�l� �c�o�n�s�t� �c�l�a�s�s�_�c�o�d�e�_�t� �c�l�a�s�s�_�c�o�d�e�Q�)� �c�o�n�s�t�;� �/�/� �c�l�a�s�s� �c�o�d�e� �o�f� �t�h�e� �o�b�j�e�c�t� 
�v�i�r�t�u�a�l� �c�o�n�s�t� �i�n�s�t�a�n�c�e�_�c�o�d�e�_�t� �i�n�s�t�a�n�c�e�_�c�o�d�e�(�)� �c�o�n�s�t�;� �/�/� �i�n�s�t�a�n�c�e� �c�o�d�e� �o�f� �t�h�e� �o�b�j�e�c�t� 

�}�;� � � 
� � 

�F�i�g�u�r�e� �3�.�8�:� �R�o�o�t� �C�l�a�s�s� �P�r�o�f�i�l�e� 

�o�b�j�e�c�t� �a�n�d� �w�h�e�t�h�e�r� �t�h�e� �o�b�j�e�c�t� �i�s� �a� �r�e�f�e�r�e�n�c�e� �c�o�p�y� �o�f� �a�n�o�t�h�e�r� �o�b�j�e�c�t� 

�c�l�a�s�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�8�.� 

�.� �T�h�e� �p�r�o�f�i�l�e� �o�f� �t�h�e� �r�o�o�t� 

�I�n� �t�h�e� �c�u�r�r�e�n�t� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�,� �t�h�e� �o�i�d� �p�a�r�t� �c�o�n�s�i�s�t�s� �o�f� �a�n� �u�n�s�i�g�n�e�d� �s�h�o�r�t� �t�y�p�e�d� �i�n�-� 

�s�t�a�n�c�e� �c�o�d�e� �a�n�d� �a� �p�o�i�n�t�e�r� �t�o� �t�h�e� �c�l�a�s�s� �d�e�s�c�r�i�p�t�i�o�n�.� �T�h�e� �d�e�s�c�r�i�p�t�i�o�n�,� �c�o�n�t�a�i�n�i�n�g� �a�n� �i�n�t� �t�y�p�e�d� 

�c�l�a�s�s� �c�o�d�e�,� �t�h�e� �c�l�a�s�s� �n�a�m�e� �a�n�d� �t�h�e� �n�e�x�t� �a�v�a�i�l�a�b�l�e� �i�n�s�t�a�n�c�e� �c�o�d�e�,� �i�s� �s�h�a�r�e�d� �b�y� �a�l�l� �o�b�j�e�c�t�s� �i�n� 

�t�h�e� �c�l�a�s�s�.� �O�n� �m�o�s�t� �U�N�I�X� �m�a�c�h�i�n�e�s�,� �t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �g�i�v�e�s� �r�i�s�e� �t�o� �a� �1�6� �b�i�t� �l�o�n�g� �c�l�a�s�s� �c�o�d�e� 

�a�n�d� �a� �3�2� �b�i�t� �l�o�n�g� �i�n�s�t�a�n�c�e� �c�o�d�e�.� �T�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �c�l�a�s�s�e�s� �i�s� �2�'�©� �(�=�6�5�,�5�3�6�)� �a�n�d� �e�a�c�h� 

�c�l�a�s�s� �c�a�n� �a�l�l�o�w� �2�9�%�  �� �1� �(�=� �4�2�9�4�9�6�7�2�9�5�)� �i�n�s�t�a�n�c�e�s�.� �T�h�e� �o�b�j�e�c�t� �a�d�d�r�e�s�s� �i�s� �o�f� �P�i�x� �t�y�p�e�.� �P�i�x� �i�s� 

�a� �c�l�a�s�s� �g�e�n�e�r�a�l�i�z�i�n�g� �t�h�e� �p�h�y�s�i�c�a�l� �l�o�c�a�t�i�o�n� �n�o�t�i�o�n�.� 

�T�h�e�  ��n�e�x�t� �a�v�a�i�l�a�b�l�e� �i�n�s�t�a�n�c�e� �c�o�d�e �� �f�i�e�l�d� �r�e�c�o�r�d�s� �t�h�e� �n�e�x�t� �a�v�a�i�l�a�b�l�e� �i�n�s�t�a�n�c�e� �c�o�d�e�.� �S�i�n�c�e� 

�a� �c�l�a�s�s� �d�e�s�c�r�i�p�t�i�o�n� �i�s� �s�h�a�r�e�d� �b�y� �a�l�l� �o�b�j�e�c�t�s� �b�e�l�o�n�g�i�n�g� �t�o� �a� �c�l�a�s�s�,� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �t�h�i�s� �v�a�r�i�a�b�l�e� 

�7�3



�C�H�A�P�T�E�R� �3�,� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�i�s� �e�a�s�y�.� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�a�r�a�g�r�a�p�h�s�,� �w�e� �d�i�s�c�u�s�s� �t�h�e� �p�u�b�l�i�c� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s�.� 

�C�o�n�s�t�r�u�c�t�o�r� �a�n�d� �D�e�s�t�r�u�c�t�o�r�:� �T�h�i�s� �g�r�o�u�p� �i�n�c�l�u�d�e�s� �t�w�o� �c�o�n�s�t�r�u�c�t�o�r�s� �a�n�d� �a� �d�e�s�t�r�u�c�t�o�r�.� 

�T�h�e� �f�i�r�s�t� �c�o�n�s�t�r�u�c�t�o�r� �t�a�k�e�s� �a�n� �o�p�t�i�o�n�a�l� �i�n�i�t�i�a�l�i�z�a�t�i�o�n� �a�r�g�u�m�e�n�t� �t�o� �s�i�g�n�i�f�y� �w�h�e�t�h�e�r� �t�h�e� 

�o�b�j�e�c�t� �i�s� �b�o�r�n� �n�o�r�m�a�l�l�y� �o�r� �i�s� �a� �v�a�l�u�e�.� �A� �v�a�l�u�e� �o�b�j�e�c�t� �h�a�s� �s�i�m�i�l�a�r� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �(�v�a�l�u�e� 

�p�a�r�t�)� �a�n�d� �b�e�h�a�v�i�o�r� �a�s� �a�n� �o�r�d�i�n�a�r�y� �o�b�j�e�c�t�,� �e�x�c�e�p�t� �t�h�a�t� �t�h�e� �u�n�i�q�u�e�n�e�s�s� �o�f� �i�t�s� �i�n�s�t�a�n�c�e� 

�c�o�d�e� �i�s� �n�o�t� �e�n�f�o�r�c�e�d� �a�m�o�n�g� �a�l�l� �v�a�l�u�e� �o�b�j�e�c�t�s� �o�f� �t�h�e� �s�a�m�e� �c�l�a�s�s�.� �V�a�l�u�e� �o�b�j�e�c�t�s� �c�a�n� �b�e� 

�u�s�e�d� �a�s� �v�a�l�u�e�s�,� �s�u�c�h� �a�s� �t�o� �f�o�r�m� �n�o�n�-�s�h�a�r�a�b�l�e�,� �e�n�c�a�p�s�u�l�a�t�e�d� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �c�o�m�p�o�s�i�t�e� 

�o�b�j�e�c�t�s�.� �T�h�e� �d�e�f�a�u�l�t� �v�a�l�u�e� �(�0�)� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a� �v�a�l�u�e� �o�b�j�e�c�t� �i�s� �d�e�s�i�r�e�d�.� 

�C�o�m�p�a�r�i�s�o�n�:� �T�h�i�s� �g�r�o�u�p� �c�o�n�t�a�i�n�s� �f�o�u�r� �c�o�m�p�a�r�i�s�o�n� �f�u�n�c�t�i�o�n�s�:� �o�n�e� �f�o�r� �i�d�e�n�t�i�f�i�e�r� �c�o�m�p�a�r�i�s�o�n� 

�(�i�d�_�E�Q�)� �a�n�d� �t�w�o� �f�o�r� �v�a�l�u�e� �c�o�m�p�a�r�i�s�o�n� �(�v�a�l�u�e�_�L�E� �a�n�d� �v�a�l�u�e�_�E�Q�)�.� �T�h�e� �s�e�m�a�n�t�i�c�s� �o�f� 

�t�h�e�s�e� �f�u�n�c�t�i�o�n�s� �h�a�s� �b�e�e�n� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �2�.� 

�E�x�p�o�r�t� �a�n�d� �I�m�p�o�r�t�:� �T�h�i�s� �g�r�o�u�p� �i�n�v�o�l�v�e�s� �t�w�o� �f�u�n�c�t�i�o�n�s� �t�o�_�s�t�r�i�n�g�(�)� �a�n�d� �f�r�o�m�_�s�t�r�i�n�g�(�)�.� 

�T�h�e� �f�i�r�s�t� �w�r�i�t�e�s� �t�h�e� �o�b�j�e�c�t� �i�n�t�o� �a� �b�i�n�a�r�y� �s�t�r�i�n�g� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �i�n�i�t�i�a�l�i�z�e�s� �t�h�e� �o�b�j�e�c�t� 

�f�r�o�m� �a� �b�i�n�a�r�y� �s�t�r�i�n�g�.� �I�n� �b�o�t�h� �c�a�s�e�s�,� �a� �b�u�f�f�e�r� �o�b�j�e�c�t� �i�s� �u�t�i�l�i�z�e�d� �t�o� �h�o�l�d� �t�h�e� �b�i�n�a�r�y� 

�s�t�r�i�n�g�.� 

�C�o�p�y� �a�n�d� �R�e�f�e�r�e�n�c�e�:� �T�h�i�s� �g�r�o�u�p� �e�n�a�b�l�e�s� �a�n� �o�b�j�e�c�t� �t�o� �b�e� �d�u�p�l�i�c�a�t�e�d� �o�r� �s�h�a�r�e�d� �t�h�r�o�u�g�h� 

�t�h�e� �u�s�e� �o�f� �f�u�n�c�t�i�o�n�s� �c�o�p�y�(�)� �o�r� �r�e�f�e�r�e�n�c�e�(�)�.� �T�h�e� �f�i�r�s�t� �f�u�n�c�t�i�o�n� �m�a�k�e�s� �a� �c�o�p�y� �o�f� 

�t�h�e� �o�b�j�e�c�t�,� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �r�e�t�u�r�n�s� �a� �r�e�f�e�r�e�n�c�e� �t�o� �t�h�e� �o�b�j�e�c�t�.� �T�h�e�s�e� �f�u�n�c�t�i�o�n�s� �a�r�e� 

�u�s�e�f�u�l� �i�n� �w�r�i�t�i�n�g� �g�e�n�e�r�i�c� �c�o�d�e� �f�o�r� �i�n�d�e�x� �a�n�d� �s�e�t� �c�l�a�s�s�e�s�.� �I�n� �u�s�i�n�g� �t�h�e� �t�w�o� �f�u�n�c�t�i�o�n�s�,� 

�i�t� �s�h�o�u�l�d� �b�e� �k�e�p�t� �i�n� �m�i�n�d� �t�h�a�t� �c�o�s�t�l�y� �c�o�p�y�(�)� �d�u�p�l�i�c�a�t�e�s� �t�h�e� �o�b�j�e�c�t�,� �w�h�i�l�e� �i�n�e�x�p�e�n�s�i�v�e� 

�r�e�f�e�r�e�n�c�e�(�)� �r�e�t�u�r�n�s� �a� �r�e�f�e�r�e�n�c�e� �t�o� �t�h�e� �o�b�j�e�c�t�.� �T�h�e� �d�e�l�e�t�e� �o�p�e�r�a�t�i�o�n� �c�a�n� �b�e� �a�p�p�l�i�e�d� 

�t�o� �t�h�e� �r�e�f�e�r�e�n�c�e� �o�b�j�e�c�t�.� �T�h�e� �v�a�l�u�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �o�b�j�e�c�t� �i�s� �n�o�t� �r�e�m�o�v�e�d�.� 

�O�b�j�e�c�t� �S�t�a�t�u�s�:� �F�u�n�c�t�i�o�n�s� �i�n� �t�h�i�s� �g�r�o�u�p� �a�r�e� �u�s�e�d� �t�o� �r�e�v�e�a�l� �t�h�e� �s�t�a�t�u�s� �o�f� �t�h�e� �o�b�j�e�c�t�.� �C�o�m�-� 

�m�o�n� �f�u�n�c�t�i�o�n�s� �i�n�c�l�u�d�e� �0�K�(�)�,� �m�y�C�l�a�s�s�N�a�m�e�(�)�,� �m�y�P�a�r�e�n�t�C�l�a�s�s�N�a�m�e�s�(�)�,� �c�_�c�o�d�e�(�)� �a�n�d� 

�i�_�c�o�d�e�(�)�.� �T�h�e� �f�i�r�s�t�,� �w�h�e�n� �r�e�t�u�r�n�i�n�g� �a� �B�o�o�l�e�a�n� �T�R�U�E�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �o�b�j�e�c�t� �i�s� �f�i�n�e� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�a�n�d� �c�a�n� �t�a�k�e� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n� �c�a�l�l�s�.� �T�h�e� �s�e�c�o�n�d� �r�e�t�u�r�n�s� �t�h�e� �c�l�a�s�s� �n�a�m�e� �w�h�i�l�e� �t�h�e� 

�t�h�i�r�d� �r�e�t�u�r�n�s� �a� �s�e�t� �o�f� �p�a�r�e�n�t� �c�l�a�s�s� �n�a�m�e�s�.� �T�h�e� �l�a�s�t� �t�w�o� �r�e�t�u�r�n� �t�h�e� �c�l�a�s�s� �a�n�d� �i�n�s�t�a�n�c�e� 

�c�o�d�e�s� �o�f� �t�h�e� �o�b�j�e�c�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�C�l�a�s�s�-�s�p�e�c�i�f�i�c� �F�u�n�c�t�i�o�n�s�:� �T�h�i�s� �g�r�o�u�p� �c�o�n�t�a�i�n�s� �a�l�l� �f�u�n�c�t�i�o�n�s� �t�h�a�t� �a�r�e� �s�p�e�c�i�f�i�c� �t�o� �t�h�e� 

�c�l�a�s�s�.� �S�i�n�c�e� �t�h�e�y� �a�r�e� �n�o�t� �p�a�r�t� �o�f� �t�h�e� �v�i�r�t�u�a�l� �f�u�n�c�t�i�o�n�s� �u�s�e�d� �b�y� �t�h�e� �s�y�s�t�e�m�,� �t�h�e�y� �c�a�n� 

�t�a�k�e� �a�n�y� �f�o�r�m�.� �T�h�e�i�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �d�e�p�e�n�d�s� �e�n�t�i�r�e�l�y� �o�n� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �c�l�a�s�s�.� 

�P�r�i�m�i�t�i�v�e� �C�l�a�s�s� 

�P�r�i�m�i�t�i�v�e� �c�l�a�s�s�e�s� �i�n�c�l�u�d�e� �i�n�t�e�g�e�r�,� �r�e�a�l� �a�n�d� �s�t�r�i�n�g�.� �P�r�i�m�i�t�i�v�e� �o�b�j�e�c�t�s� �s�e�r�v�e� �a�s� �t�h�e� �c�o�m�p�o�-� 

�n�e�n�t�s� �o�f� �o�t�h�e�r� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�s� �o�r� �d�i�r�e�c�t�l�y� �a�s� �t�h�e� �v�a�l�u�e� �p�a�r�t� �o�f� �n�o�d�e�s� �i�n� �N�(�G�)�.� �I�n�t�e�r�n�a�l�l�y�,� 

�t�h�e�s�e� �o�b�j�e�c�t�s� �d�o� �n�o�t� �c�o�n�t�a�i�n� �a�n�y� �l�o�g�i�c�a�l� �o�r� �p�h�y�s�i�c�a�l� �p�o�i�n�t�e�r�s� �t�o� �e�n�c�o�d�e� �a�r�c�s� �i�n� �E�(�G�)�.� 

�T�h�e�r�e� �a�r�e� �t�w�o� �r�e�a�s�o�n�s� �b�e�h�i�n�d� �i�n�c�l�u�d�i�n�g� �p�r�i�m�i�t�i�v�e� �t�y�p�e�s� �i�n� �t�h�e� �L�E�N�D� �h�i�e�r�a�r�c�h�y�.� �T�h�e� 

�f�i�r�s�t� �i�s� �t�h�a�t� �C�+�+� �t�r�e�a�t�s� �i�n�t�,� �f�l�o�a�t� �a�n�d� �c�h�a�r� �s�t�r�i�n�g� �a�s� �b�u�i�l�t�-�i�n� �p�r�i�m�i�t�i�v�e� �t�y�p�e�s�.� �T�h�e�y� �d�o� 

�n�o�t� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �a�n�y� �c�l�a�s�s� �h�i�e�r�a�r�c�h�y�.� �T�h�e� �s�e�c�o�n�d� �i�s� �t�h�a�t� �t�h�e� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �a�n�d� �i�n�d�e�x� 

�c�l�a�s�s� �c�o�n�t�a�i�n� �g�e�n�e�r�i�c� �c�o�d�e� �w�o�r�k�i�n�g� �o�n�l�y� �f�o�r� �o�b�j�e�c�t�s� �b�e�l�o�n�g�i�n�g� �t�o� �t�h�e� �L�E�N�D� �c�l�a�s�s� �h�i�e�r�a�r�c�h�y�.� 

�G�e�n�e�r�i�c� �c�o�d�e� �i�s� �c�o�m�p�a�c�t� �i�n� �s�i�z�e� �a�n�d� �e�a�s�y� �t�o� �m�a�i�n�t�a�i�n�.� 

�C�o�m�p�o�s�i�t�e� �C�l�a�s�s� � � 

�T�h�e� �p�r�o�f�i�l�e� �o�f� �t�h�e� �c�l�a�s�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�9�.� �S�i�n�c�e� �t�h�e�r�e� �s�h�o�u�l�d� �b�e� �n�o� �i�n�s�t�a�n�c�e�s� �a�s�s�o�c�i�a�t�e�d� 

�w�i�t�h� �t�h�e� �c�l�a�s�s�,� �t�h�i�s� �c�l�a�s�s� �i�s� �a�n� �a�b�s�t�r�a�c�t� �c�l�a�s�s�.� �N�o�t�e� �t�h�a�t� �t�h�e� �i�t�e�r�a�t�i�o�n� �c�o�n�t�r�o�l� �v�a�r�i�a�b�l�e� �i�s� 

�d�e�f�i�n�e�d� �u�s�i�n�g� �t�h�e� �P�i�x� �c�l�a�s�s� �r�a�t�h�e�r� �t�h�a�n� �a�s� �a�n� �i�n�t�e�g�e�r�.� �T�h�e� �a�r�g�u�m�e�n�t� �o�p�t�i�o�n� �d�e�t�e�r�m�i�n�e�s� 

�w�h�e�t�h�e�r� �a� �c�o�p�y� �o�r� �a� �r�e�f�e�r�e�n�c�e� �t�o� �a� �c�o�m�p�o�n�e�n�t� �i�s� �r�e�t�u�r�n�e�d�.� 

�S�e�t� �C�l�a�s�s� 

�T�h�e� �s�e�t� �c�l�a�s�s� �f�o�r�m�s� �t�h�e� �b�a�s�i�s� �f�o�r� �o�b�j�e�c�t� �g�r�o�u�p�i�n�g� �a�n�d� �p�e�r�m�i�t�s� �s�e�t�-�o�r�i�e�n�t�e�d� �q�u�e�r�y�i�n�g�.� �T�h�e� 

�p�r�o�f�i�l�e� �o�f� �t�h�e� �c�l�a�s�s� �i�s� �l�i�s�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�1�0�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

� � 

� � 

�e�n�u�m� �g�e�t�_�c�o�m�p�o�n�e�n�t�_�o�p�t�i�o�n�_�t� �{� �C�O�P�Y�,� �R�E�F�E�R�E�N�C�E� �]�}�;� 

�c�l�a�s�s� �c�o�m�p�o�s�i�t�e�:� �p�u�b�l�i�c� �r�o�o�t� 

�{� 

�p�u�b�l�i�c�:� 
�c�o�m�p�o�s�i�t�e�(�i�n�t� �i�n�i�t�_�o�p�t�i�o�n� �=� �0�)� �;� 
�v�i�r�t�u�a�l� �~�c�o�m�p�o�s�i�t�e�{�)� �;� 

�v�i�r�t�u�a�l� �P�i�x� �f�i�r�s�t�(�)� �=� �0�;� 

�v�i�r�t�u�a�l� �r�o�o�t�&� �g�e�t�_�c�o�m�p�o�n�e�n�t�(�P�i�x�,� �g�e�t�_�c�o�m�p�o�n�e�n�t�_�o�p�t�i�o�n�_�t� �=� �R�E�F�E�R�E�N�C�E�)� �=�0�;� 
�v�i�r�t�u�a�l� �v�o�i�d� �n�e�x�t�(�P�i�x�&�)� �=� �0�;� 

�v�i�r�t�u�a�l� �i�n�t� �c�o�u�n�t�(�)� �=� �0�;� 

�}�;� 

� � 

�F�i�g�u�r�e� �3�.�9�:� �C�o�m�p�o�s�i�t�e� �C�l�a�s�s� �P�r�o�f�i�l�e� 

� � 

� � 

�e�n�u�m� �r�e�s�i�d�e�n�c�y�_�o�p�t�i�o�n�_�t� �{� �M�E�M�O�R�Y�,� �D�I�S�K� �}�;� 
�e�n�u�m� �t�r�a�n�s�i�e�n�c�y�_�o�p�t�i�o�n�_�t� �{� �T�R�A�N�S�I�E�N�T�,� �P�E�R�S�I�S�T�E�N�T� �}�;� 

�c�l�a�s�s� �s�e�t� �:� �p�u�b�l�i�c� �c�o�m�p�o�s�i�t�e� 

�{� 

�p�u�b�l�i�c�:� 
�s�e�t�(�r�e�s�i�d�e�n�c�y�_�o�p�t�i�o�n�_�t� �=� �M�E�M�O�R�Y�,� 

�t�r�a�n�s�i�e�n�c�y�_�o�p�t�i�o�n�_�t� �=� �T�R�A�N�S�I�E�N�T�,� 
�r�o�o�t�&� �b�o�u�n�d�_�o�b�j�e�c�t�)�;� 

�~�s�e�t�(�)�;� 

�/�/� �r�e�t�r�i�e�v�a�l� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �P�i�x�A�V�L�S�e�t�&� �g�e�t�_�p�i�x�e�s�(�i�n�t� �i�n�d�e�x�_�p�o�s�i�t�i�o�n�,� �r�o�o�t�&� �q�u�e�r�y�_�o�b�j�e�c�t�)� �;� 

�/�/� �u�p�d�a�t�e� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �P�i�x� �i�n�s�e�r�t�(�r�o�o�t�&�)� �;� 
�v�i�r�t�u�a�l� �i�n�t� �d�e�l�e�t�e�(�P�i�x�)� �;� 

�/�{� �i�t�e�r�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l� �P�i�x� �f�i�r�s�t�Q�)� �;� 
�v�i�r�t�u�a�l� �c�o�n�s�t� �r�o�o�t�&� �g�e�t�_�c�o�m�p�o�n�e�n�t�(�P�i�x�,� �g�e�t�_�c�o�m�p�o�n�e�n�t�_�t� �=� �R�E�F�E�R�E�N�C�E�)� �;� 
�v�i�r�t�u�a�l� �v�o�i�d� �n�e�x�t�(�P�i�x�&�)� �;� 

�/�/� �s�t�a�t�u�s� �i�n�q�u�i�r�y� �f�u�n�c�t�i�o�n�s� 
�v�i�r�t�u�a�l�]� �i�n�t� �c�o�u�n�t�(�)� �c�o�n�s�t� �;� 

�/�/� �s�t�a�t�u�s� �c�h�a�n�g�e� �f�u�n�c�t�i�o�n�s� 
�v�o�i�d� �t�o�_�p�e�r�s�i�s�t�e�n�t�(�)�;� 
�v�o�i�d� �t�o�_�t�r�a�n�s�i�e�n�t�(�)�;� 

�/�/� �V�O� �f�u�n�c�t�i�o�n� 
�f�r�i�e�n�d� �o�s�t�r�e�a�m�&� �o�p�e�r�a�t�o�r� �<�<�(�o�s�t�r�e�a�m�&� �s�,� �a�b�s�_�s�e�t�&�)� �;� 

�}� 

� � 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�U�p�o�n� �a� �s�u�c�c�e�s�s�f�u�l� �i�n�i�t�i�a�l�i�z�a�t�i�o�n�,� �t�h�e� �s�e�t� �c�a�n� �b�e� �s�u�b�j�e�c�t�e�d� �t�o� �b�o�t�h� �i�t�e�r�a�t�i�o�n� �a�n�d� �s�e�t� 

�q�u�e�r�i�e�s�.� �T�h�e� �i�t�e�r�a�t�i�o�n� �c�a�n� �b�e� �p�e�r�f�o�r�m�e�d� �b�y� �u�s�i�n�g� �t�h�e� �f�i�r�s�t�,� �g�e�t�_�c�o�m�p�o�n�e�n�t� �a�n�d� �n�e�x�t� 

�o�p�e�r�a�t�i�o�n�s�.� �S�e�t� �q�u�e�r�i�e�s� �c�a�n� �b�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �t�w�o� �s�t�e�p�s�.� �F�i�r�s�t�,� �u�s�e� �t�h�e� �g�e�t�_�p�i�x�e�s�(�)� �f�u�n�c�t�i�o�n� 

�t�o� �o�b�t�a�i�n� �a� �s�e�t� �o�f� �P�i�x�e�s�.� �T�h�e� �f�u�n�c�t�i�o�n� �t�a�k�e�s� �t�w�o� �a�r�g�u�m�e�n�t�s�.� �T�h�e� �f�i�r�s�t� �i�s� �a�n� �i�n�t�e�g�e�r� �k� 

�i�n�d�i�c�a�t�i�n�g� �w�h�i�c�h� �i�n�d�e�x� �o�b�j�e�c�t� �i�n� �t�h�e� �i�n�d�e�x� �a�r�r�a�y� �o�f� �t�h�e� �s�e�t� �e�l�e�m�e�n�t� �o�b�j�e�c�t� �m�a�n�a�g�e�r� �s�h�o�u�l�d� 

�b�e� �u�s�e�d�.� �T�h�e� �s�e�c�o�n�d� �i�s� �t�h�e� �q�u�e�r�y� �o�b�j�e�c�t� �c�o�n�t�a�i�n�i�n�g� �a� �q�u�e�r�y� �v�a�l�u�e�.� �T�h�e� �r�e�t�u�r�n�e�d� �P�i�x�e�s� 

�c�o�n�t�a�i�n� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �o�b�j�e�c�t�s� �t�h�a�t� �m�a�t�c�h� �w�i�t�h� �t�h�e� �q�u�e�r�y� �o�b�j�e�c�t�.� �T�h�e� �n�e�x�t� �s�t�e�p� �i�s� �t�o� �u�s�e� 

�g�e�t�_�c�o�m�p�o�n�e�n�t� �t�o� �f�e�t�c�h� �i�n�d�i�v�i�d�u�a�l� �m�a�t�c�h�i�n�g� �o�b�j�e�c�t�s� �b�y� �s�c�a�n�n�i�n�g� �o�v�e�r� �t�h�e� �P�i�x� �s�e�t�.� 

�T�u�p�l�e� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �p�r�o�v�i�d�e�s� �a� �g�e�n�e�r�a�l� �w�a�y� �t�o� �d�e�s�c�r�i�b�e� �c�o�m�p�o�s�i�t�e� �o�b�j�e�c�t�s� �t�h�a�t� �h�a�v�e� �a� �f�i�x�e�d� �n�u�m�b�e�r� �o�f� 

�c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �t�u�p�l�e� �v�a�l�u�e� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�w�o� �a�r�r�a�y�s�:� �t�h�e� �n�a�m�e� �a�r�r�a�y� �a�n�d� �t�h�e� �r�o�o�t� 

�o�b�j�e�c�t� �p�o�i�n�t�e�r� �a�r�r�a�y�.� �T�h�e� �f�o�r�m�e�r� �i�s� �u�s�e�d� �t�o� �r�e�m�e�m�b�e�r� �t�h�e� �a�t�t�r�i�b�u�t�e� �n�a�m�e�s� �w�h�i�l�e� �t�h�e� �l�a�t�t�e�r� 

�i�s� �u�s�e�d� �t�o� �r�e�m�e�m�b�e�r� �a�t�t�r�i�b�u�t�e� �v�a�l�u�e�s�.� �T�h�e� �p�o�i�n�t�e�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �f�o�r� �t�u�p�l�e� �v�a�l�u�e�s� �m�a�k�e�s� 

�i�t� �p�o�s�s�i�b�l�e� �t�o� �a�c�c�e�p�t� �n�o�r�m�a�l� �a�s� �w�e�l�l� �a�s� �v�a�l�u�e� �o�b�j�e�c�t�s� �a�s� �a�t�t�r�i�b�u�t�e� �v�a�l�u�e�s�.� 

�L�i�s�t� �C�l�a�s�s� 

�T�h�i�s� �c�l�a�s�s� �i�m�p�l�e�m�e�n�t�s� �l�i�s�t�s�.� �A�n� �e�a�s�y� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �e�x�i�s�t�s� �w�h�i�c�h� �m�a�k�e�s� �u�s�e� �o�f� �t�h�e� �s�e�t� �c�l�a�s�s�.� 

�T�h�e� �i�t�h� �e�l�e�m�e�n�t� �e� �o�f� �t�h�e� �l�i�s�t� �c�a�n� �b�e� �e�n�c�o�d�e�d� �b�y� �t�h�e� �t�u�p�l�e� �<� �i�n�d�e�z� �:� �1�,� �l�i�s�t�_�e�l�e�m�e�n�t� �:�e� �>�.� 

�D�a�t�a� �A�c�c�e�s�s� �C�l�a�s�s�e�s� � � 

�D�a�t�a� �a�c�c�e�s�s� �c�l�a�s�s�e�s� �c�o�n�t�a�i�n�s� �o�b�j�e�c�t�s� �t�o� �q�u�i�c�k�l�y� �l�o�c�a�t�e� �o�b�j�e�c�t�.� �T�h�e�s�e� �o�b�j�e�c�t�s� �f�a�l�l� �i�n�t�o� �t�h�r�e�e� 

�c�a�t�e�g�o�r�i�e�s�:� �h�a�s�h� �f�u�n�c�t�i�o�n�,� �h�a�s�h�i�n�g� �d�i�s�k� �i�n�d�e�x�i�n�g� �a�n�d� �A�V�L� �m�e�m�o�r�y� �i�n�d�e�x�i�n�g�.� �C�o�n�t�r�a�r�y� 

�t�o� �t�y�p�i�c�a�l� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �s�y�s�t�e�m�s�,� �t�h�e� �d�a�t�a� �a�c�c�e�s�s� �c�o�m�p�o�n�e�n�t� �i�n� �L�E�N�D� �i�s� �m�o�r�e� 

�c�l�o�s�e�d� �t�o� �t�h�e� �o�b�j�e�c�t� �l�a�y�e�r� �t�h�a�n� �t�o� �t�h�e� �s�t�o�r�a�g�e� �l�a�y�e�r�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �m�o�s�t� �i�n�d�e�x� �c�l�a�s�s�e�s� 

�c�o�n�t�a�i�n� �g�e�n�e�r�i�c� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s�.� �T�h�e�y� �t�a�k�e� �L�E�N�D� �o�b�j�e�c�t�s� �a�s� �k�e�y�s�.� �G�e�n�e�r�i�c� �i�n�d�e�x� �c�o�d�e� 

�i�s� �c�o�m�p�a�c�t� �a�n�d� �e�a�s�y� �t�o� �m�a�i�n�t�a�i�n�.� 

�T�i



�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�T�h�e� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �a�r�e� �o�r�g�a�n�i�z�e�d� �i�n�t�o� �a� �h�i�e�r�a�r�c�h�y� �f�o�r� �d�i�f�f�e�r�e�n�t� �h�a�s�h� �f�u�n�c�t�i�o�n�s�.� �M�P�H�F�,� 

�O�P�M�P�H�F�E� �a�n�d� �P�B�H� �a�r�e� �a�l�l� �i�n�c�l�u�d�e�d�.� �T�h�e� �m�a�j�o�r� �f�u�n�c�t�i�o�n� �o�f� �a� �h�a�s�h� �o�b�j�e�c�t� �i�s� �t�o� �m�a�p� �a� 

�k�e�y� �t�o� �a�n� �i�n�t�e�g�e�r�.� �T�o� �s�a�v�e� �s�p�a�c�e�,� �k�e�y� �s�e�t�s� �a�r�e� �n�o�t� �r�e�m�e�m�b�e�r�e�d� �i�n� �t�h�e� �h�a�s�h� �o�b�j�e�c�t�s�.� �F�a�l�s�e� 

�d�r�o�p�s� �w�i�l�l� �h�a�p�p�e�n� �w�h�e�n� �a� �k�e�y� �n�o�t� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �k�e�y� �s�e�t� �i�s� �p�r�e�s�e�n�t�e�d� �t�o� �t�h�e� �h�a�s�h� �f�u�n�c�t�i�o�n�.� 

�V�a�l�i�d�a�t�i�o�n� �s�h�o�u�l�d� �b�e� �p�e�r�f�o�r�m�e�d� �b�y� �r�e�a�d�i�n�g� �t�h�e� �a�c�t�u�a�l� �o�b�j�e�c�t�s�.� 

�T�h�e� �i�n�d�e�x� �o�b�j�e�c�t�s� �m�a�p� �a� �k�e�y� �t�o� �a� �s�e�t� �o�f� �l�o�c�a�t�i�o�n�s�,� �w�h�e�r�e� �o�b�j�e�c�t�s� �c�a�n� �b�e� �r�e�a�d�.� �I�n�d�e�x� 

�o�b�j�e�c�t�s� �c�a�n� �b�e� �m�e�m�o�r�y� �b�a�s�e�d� �a�n�d� �d�i�s�k� �b�a�s�e�d�.� �T�h�e� �c�u�r�r�e�n�t� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�n�c�l�u�d�e�s� �t�h�r�e�e� 

�h�a�s�h� �f�u�n�c�t�i�o�n� �d�a�t�a� �s�t�r�u�c�t�u�r�e�s�:� �M�P�H�F�,� �O�P�M�P�H�F�,� �P�B�H�F� �(�t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e�s�e� �d�a�t�a� �s�t�r�u�c�-� 

�t�u�r�e�s� �w�i�l�l� �b�e� �c�o�v�e�r�e�d� �i�n� �C�h�a�p�t�e�r� �4�)�.� �T�h�e�s�e� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �m�a�p� �k�e�y�s� �i�n�t�o� �i�n�t�e�g�e�r�s�.� �A� �d�a�t�a� 

�s�t�r�u�c�t�u�r�e� �r�e�a�l�i�z�i�n�g� �i�n�t�e�g�e�r� �t�o� �l�o�c�a�t�i�o�n� �s�e�t� �m�a�p�p�i�n�g� �i�s� �t�h�e�n� �u�t�i�l�i�z�e�d�.� 

�T�h�e� �A�V�L� �i�n�d�e�x� �c�l�a�s�s� �u�s�e�s� �a�n� �A�V�L� �t�r�e�e� �t�o� �i�n�d�e�x� �m�e�m�o�r�y� �r�e�s�i�d�e�n�t� �o�b�j�e�c�t�s�.� �T�h�e� �t�r�e�e� 

�a�l�w�a�y�s� �s�t�a�y�s� �i�n� �m�e�m�o�r�y�.� �O�r�d�i�n�a�r�y� �A�V�L� �t�r�e�e�s� �k�e�e�p� �k�e�y�s� �i�n�s�i�d�e� �t�r�e�e� �n�o�d�e�s�.� �T�o� �L�E�N�D�,� 

�t�h�i�s� �m�e�a�n�s� �t�h�a�t� �t�h�e� �d�e�g�r�e�e� �o�f� �e�n�c�a�p�s�u�l�a�t�i�o�n� �o�f� �o�b�j�e�c�t�s� �i�n�d�e�x�e�d� �w�i�l�l� �s�u�f�f�e�r�,� �a�s� �k�e�y�s� �w�i�l�l� �b�e� 

�e�x�p�o�r�t�e�d�.� �A�n�o�t�h�e�r� �t�w�o� �d�i�s�a�d�v�a�n�t�a�g�e�s� �a�r�e� �t�h�a�t� �k�e�y�s� �w�i�l�l� �b�e� �d�u�p�l�i�c�a�t�e�d� �i�n� �A�V�L� �t�r�e�e�s�,� �a�n�d� 

�d�i�f�f�e�r�e�n�t� �A�V�L� �t�r�e�e�s� �h�a�n�d�l�i�n�g� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �k�e�y�s� �m�a�y� �h�a�v�e� �t�o� �b�e� �p�r�o�v�i�d�e�d�.� �T�h�e� �p�r�o�b�l�e�m� 

�h�a�s� �a� �n�i�c�e� �s�o�l�u�t�i�o�n� �b�y� �u�s�i�n�g� �C�+�+ ��s� �d�y�n�a�m�i�c� �b�i�n�d�i�n�g� �c�a�p�a�b�i�l�i�t�y�,� �w�h�i�c�h� �c�a�n� �s�e�l�e�c�t� �t�h�e� �r�i�g�h�t� 

�c�o�p�y� �o�f� �a� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n� �t�o� �i�n�v�o�k�e� �a�t� �r�u�n� �t�i�m�e�.� 

�B�a�s�e�d� �o�n� �t�h�i�s�,� �L�E�N�D� �s�t�o�r�e�s� �o�b�j�e�c�t� �p�o�i�n�t�e�r�s� �i�n�s�t�e�a�d� �o�f� �k�e�y�s� �i�n�s�i�d�e� �t�h�e� �A�V�L� �t�r�e�e�s�.� �W�h�e�n� 

�t�h�e� �A�V�L� �t�r�e�e� �m�a�k�e�s� �c�o�m�p�a�r�i�s�o�n�s�,� �i�t� �f�o�l�l�o�w�s� �t�h�e� �p�o�i�n�t�e�r�s� �a�n�d�,� �w�i�t�h� �t�h�e� �h�e�l�p� �o�f� �d�y�n�a�m�i�c� 

�b�i�n�d�i�n�g�,� �c�h�o�o�s�e�s� �t�h�e� �r�i�g�h�t� �c�o�p�i�e�s� �o�f� �c�o�m�p�a�r�i�s�o�n� �f�u�n�c�t�i�o�n�s�.� �T�h�e� �a�p�p�r�o�a�c�h� �p�r�e�s�e�r�v�e�s� �t�h�e� 

�e�n�c�a�p�s�u�l�a�t�i�o�n� �f�o�r� �t�h�e� �o�b�j�e�c�t�s� �i�n�d�e�x�e�d�,� �e�l�i�m�i�n�a�t�e�s� �k�e�y� �d�u�p�l�i�c�a�t�i�o�n�,� �a�n�d� �r�e�q�u�i�r�e�s� �o�n�l�y� �o�n�e� �A�V�L� 

�t�r�e�e� �c�l�a�s�s�.� �S�i�n�c�e� �b�o�t�h� �t�h�e� �A�V�L� �t�r�e�e� �a�n�d� �o�b�j�e�c�t�s� �i�n�d�e�x�e�d� �r�e�s�i�d�e� �i�n� �m�e�m�o�r�y�,� �t�h�i�s� �a�p�p�r�o�a�c�h� �w�i�l�l� 

�n�o�t� �i�m�p�a�i�r� �m�u�c�h� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�r�e�e� �l�o�o�k�u�p�,� �a�s� �o�n�l�y� �o�n�e� �a�d�d�i�t�i�o�n�a�l� �m�e�m�o�r�y� �r�e�s�i�d�e�n�t� 

�p�o�i�n�t�e�r� �i�s� �c�h�a�s�e�d� �f�o�r� �e�a�c�h� �c�o�m�p�a�r�i�s�o�n�.� 

�T�h�e� �t�e�c�h�n�i�q�u�e� �i�s� �n�o�t� �s�u�i�t�a�b�l�e� �f�o�r� �d�i�s�k� �b�a�s�e�d� �s�e�a�r�c�h� �t�r�e�e�s�,� �a�s� �a�n� �e�x�t�r�a� �I�/�O� �i�s� �r�e�q�u�i�r�e�d� �t�o� 

�r�e�a�d� �i�n� �t�h�e� �k�e�y� �i�n� �e�a�c�h� �s�e�a�r�c�h� �s�t�e�p�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�D�i�r�e�c�t�e�d� �A�r�c� �C�l�a�s�s� � � 

�T�h�i�s� �c�l�a�s�s� �p�r�o�v�i�d�e�s� �d�i�r�e�c�t�e�d� �a�r�c� �o�b�j�e�c�t�s� �u�s�e�f�u�l� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �a�s�s�o�c�i�a�t�i�o�n� �o�r� �c�o�n�n�e�c�t�i�o�n�.� 

�T�h�e� �b�a�s�i�c� �m�e�m�o�r�y� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �a�n� �a�r�c� �i�s� �c�o�m�p�o�s�e�d� �o�f� �t�h�r�e�e� �o�b�j�e�c�t� �i�d�e�n�t�i�f�i�e�r�s�:� �f�o�r� �t�h�e� 

�a�r�c� �o�b�j�e�c�t� �i�t�s�e�l�f�,� �f�o�r� �t�h�e� �s�o�u�r�c�e� �o�b�j�e�c�t�,� �a�n�d� �f�o�r� �t�h�e� �d�e�s�t�i�n�a�t�i�o�n�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �o�n�e� �c�a�n� �b�e� 

�a�d�d�e�d� �f�o�r� �t�h�e� �l�a�b�e�l�.� 

�A� �d�i�r�e�c�t�e�d� �a�r�c� �h�a�s� �t�w�o� �d�i�s�k� �f�o�r�m�a�t�s�:� �s�t�o�r�e�d� �a�s� �a� �s�i�n�g�l�e� �a�r�c� �o�b�j�e�c�t� �(�f�o�r�m�a�t�,�)�;� �o�r� �s�t�o�r�e�d� 

�a�s� �t�w�o� �p�o�i�n�t�e�r�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �s�o�u�r�c�e� �a�n�d� �t�h�e� �s�i�n�k� �n�o�d�e� �o�b�j�e�c�t�s� �(�f�o�r�m�a�t�,�)�.� �T�h�e� �f�o�r�m�e�r� 

�f�a�c�i�l�i�t�a�t�e�s� �t�h�e� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p� �i�n�t�e�g�r�i�t�y� �w�h�i�l�e� �t�h�e� �l�a�t�t�e�r� �a�l�l�o�w�s� �e�f�f�i�c�i�e�n�t� �g�r�a�p�h� 

�t�r�a�v�e�r�s�a�l�s�.� 

�W�h�e�n� �s�t�o�r�e�d� �i�n� �f�o�r�m�a�t�,� �a�n�d� �w�h�e�n� �t�h�e� �p�a�g�e� �s�e�t� �s�t�o�r�a�g�e� �o�b�j�e�c�t� �i�s� �u�s�e�d�,� �a�n� �a�r�c� �o�b�j�e�c�t� 

�c�o�n�t�a�i�n�s� �t�h�e� �p�a�g�e� �n�u�m�b�e�r� �o�f� �b�o�t�h� �t�h�e� �s�o�u�r�c�e� �a�n�d� �d�e�s�t�i�n�a�t�i�o�n� �n�o�d�e� �o�b�j�e�c�t�s�,� �a�n�d� �t�w�o� �m�a�r�k�s� 

�i�n�d�i�c�a�t�i�n�g� �w�h�e�t�h�e�r� �a�l�l� �s�i�m�i�l�a�r�l�y� �t�y�p�e�d� �a�r�c�s� �r�e�s�i�d�e� �o�n� �t�h�e� �s�a�m�e� �p�a�g�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �s�i�n�k� 

�a�n�d� �t�h�e� �s�i�n�k� �n�o�d�e�.� �C�h�a�p�t�e�r� �5� �d�e�t�a�i�l�s� �t�h�e� �u�s�a�g�e� �o�f� �t�h�e� �p�a�g�e� �n�u�m�b�e�r�s� �a�n�d� �m�a�r�k�s�.� 

�I�f� �s�t�o�r�e�d� �i�n� �f�o�r�m�a�t�2�,� �t�h�e� �p�a�g�e� �n�u�m�b�e�r�s� �o�f� �t�h�e� �a�d�j�a�c�e�n�t� �n�o�d�e� �o�b�j�e�c�t�s� �a�r�e� �k�e�p�t� �w�i�t�h� �t�h�e� 

�t�w�o� �p�o�i�n�t�e�r�s�.� �I�f� �a�l�l� �p�o�i�n�t�e�r�s� �o�f� �a� �n�o�d�e� �o�b�j�e�c�t� �c�a�n ��t� �f�i�t� �i�n�t�o� �a� �p�a�g�e�,� �t�h�e�y� �a�r�e� �s�e�p�a�r�a�t�e�d� �o�n�t�o� 

�s�e�v�e�r�a�l� �p�a�g�e�s�.� �T�h�e� �e�x�a�c�t� �e�n�c�o�d�i�n�g� �i�s� �m�a�i�n�t�a�i�n�e�d� �b�y� �a� �p�o�i�n�t�e�r� �l�i�s�t� �o�b�j�e�c�t�.� 

�3�.�3�.� �A�p�p�l�i�c�a�t�i�o�n� �L�a�y�e�r� 

�T�h�e� �l�a�y�e�r� �p�r�o�v�i�d�e�s� �i�n�t�e�r�f�a�c�e�s� �w�i�t�h� �a�p�p�l�i�c�a�t�i�o�n�s�.� �F�o�u�r� �i�n�t�e�n�d�e�d� �a�p�p�l�i�c�a�t�i�o�n�s� �a�r�e� �t�h�e� �L�E�N�D� 

�q�u�e�r�y� �l�a�n�g�u�a�g�e�,� �t�h�e� �F�°�L� �h�i�g�h�-�l�e�v�e�l� �p�r�o�c�e�s�s� �c�o�m�m�u�n�i�c�a�t�i�o�n� �l�a�n�g�u�a�g�e�,� �S�N�e�P�S �� �a�c�c�e�s�s� �r�e�q�u�e�s�t� 

�f�o�r� �s�e�m�a�n�t�i�c� �n�e�t�w�o�r�k�s� �r�e�s�i�d�e�n�t� �o�n� �d�i�s�k�,� �a�n�d� �C�+�+� �p�r�o�g�r�a�m�s�.� �T�h�e� �L�E�N�D� �q�u�e�r�y� �l�a�n�g�u�a�g�e� 

�(�s�p�e�c�i�f�i�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�5�)� �a�l�l�o�w�s� �i�n�q�u�i�r�i�e�s� �o�n� �n�o�d�e� �o�b�j�e�c�t�s� �a�s� �w�e�l�l� �a�s� �c�o�n�n�e�c�t�i�o�n�s� �a�m�o�n�g� �n�o�d�e� 

�o�b�j�e�c�t�s�.� �T�h�e� �C�+�+� �i�n�t�e�r�f�a�c�e� �i�s� �t�h�e� �s�i�m�p�l�e�s�t� �a�s� �L�E�N�D� �s�y�s�t�e�m� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �d�a�t�a�b�a�s�e� 

�l�i�b�r�a�r�y�.� �T�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�i�s� �s�e�c�t�i�o�n� �i�s� �d�e�v�o�t�e�d� �t�o� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �o�f� �S�N�e�P�S �� �d�a�t�a� �r�e�q�u�e�s�t�s� 

�a�n�d� �t�h�e� �L�E�N�D� �q�u�e�r�y� �l�a�n�g�u�a�g�e�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�3�.�3�.�1� �S�N�e�P�S� �O�p�e�r�a�t�o�r� �P�r�o�c�e�s�s� 

�T�h�i�s� �s�e�c�t�i�o�n� �d�i�s�c�u�s�s�e�s� �t�h�e� �p�o�s�s�i�b�l�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �s�o�m�e� �i�m�p�o�r�t�a�n�t� �S�N�e�P�S� �o�p�e�r�a�t�o�r�s� �b�y� 

�u�s�i�n�g� �s�e�r�v�i�c�e�s� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �t�h�e� �o�b�j�e�c�t� �l�a�y�e�r�.� �P�a�t�h�-�b�a�s�e�d� �i�n�f�e�r�e�n�c�e� �o�p�e�r�a�t�o�r�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� 

�2�.�3� �a�r�e� �o�f� �i�n�t�e�r�e�s�t�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �w�e� �g�o� �o�v�e�r� �e�a�c�h� �o�p�e�r�a�t�o�r�.� �T�h�e� �f�o�c�u�s� �i�s� �o�n� �t�h�e� �d�a�t�a� 

�s�t�r�u�c�t�u�r�e� �a�n�d� �r�e�l�a�t�e�d� �a�l�g�o�r�i�t�h�m�s�.� �R�e�c�a�l�l� �t�h�a�t� �a� �S�N�e�P�S� �p�a�t�h� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �t�u�p�l�e� �w�i�t�h� �t�w�o� 

�a�t�t�r�i�b�u�t�e�s�.� �T�h�e� �f�i�r�s�t� �i�s� �t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e� �(�a� �l�i�s�t�)� �a�n�d� �t�h�e� �s�e�c�o�n�d� �i�s� �t�h�e� �s�e�t� �o�f� �L�E�N�D� �p�a�t�h�s�.� 

�E�a�c�h� �p�a�t�h� �i�n� �t�h�e� �s�e�t� �b�e�a�r�s� �t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e�.� �L�e�t� �s�p� �b�e� �a� �S�N�e�P�S� �p�a�t�h�.� �W�e� �d�e�n�o�t�e� �s�p�.�z� �a�s� 

�t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e�,� �s�p�.�y� �a�s� �t�h�e� �L�E�N�D� �p�a�t�h� �s�e�t�.� �T�h�e� �n�u�m�b�e�r� �o�f� �l�a�b�e�l�s� �i�n� �t�h�e� �l�a�b�e�l� �s�e�q�u�e�n�c�e� 

�i�s� �|�s�p�.�z�|� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �L�E�N�D� �p�a�t�h�s� �i�n� �s�p�.�y� �i�s� �|�s�p�.�y�|� 

�C�o�n�v�e�r�s�e� �O�p�e�r�a�t�o�r� 

�T�h�e� �c�o�n�v�e�r�s�e� �o�p�e�r�a�t�o�r� �i�s� �d�e�f�i�n�e�d� �f�o�r� �b�o�t�h� �S�N�e�P�S� �a�r�c�s� �a�n�d� �S�N�e�P�S� �p�a�t�h�s�.� �W�e� �d�i�s�c�u�s�s� �t�h�e� 

�a�r�c� �v�e�r�s�i�o�n� �f�i�r�s�t�.� 

�I�n� �S�N�e�P�S�,� �a�n� �a�r�c� �c�o�e�x�i�s�t�s� �w�i�t�h� �i�t�s� �c�o�n�v�e�r�s�e� �(�i�.�e�.�,� �i�t�s� �t�w�i�n�)�.� �T�h�e� �c�o�n�v�e�r�s�e� �o�p�e�r�a�t�i�o�n� 

�m�a�p�s� �a�n� �a�r�c� �t�o� �i�t�s� �t�w�i�n�.� �T�o� �s�a�v�e� �s�p�a�c�e�,� �t�h�e� �t�w�i�n� �c�a�n� �b�e� �p�h�y�s�i�c�a�l�l�y� �s�t�o�r�e�d� �o�n�c�e�.� �L�e�t� �p�h�y�_�a�r�c� 

�b�e� �t�h�e� �a�r�c� �a�c�t�u�a�l�l�y� �s�t�o�r�e�d�.� �T�h�e�n� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �S�N�e�P�S� �t�w�i�n� �a�r�c�s� �o�n�l�y� �n�e�e�d� 

�c�o�n�t�a�i�n� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �o�f� �p�h�y�.�a�r�c� �a�n�d� �t�h�e� �d�i�r�e�c�t�i�o�n� �i�n�f�o�r�m�a�t�i�o�n�.� �A�n�o�t�h�e�r� �u�s�e�f�u�l� �t�r�i�c�k� �a�b�o�u�t� 

�t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �d�e�a�l�s� �w�i�t�h� �t�h�e� �S�N�e�P�S� �a�r�c� �i�d�e�n�t�i�f�i�e�r�.� �S�i�n�c�e� �c�o�n�v�e�r�s�e� �y�i�e�l�d�s� �a�n� �a�r�c� �t�h�a�t� 

�a�l�r�e�a�d�y� �e�x�i�s�t�s�,� �i�t� �i�s� �a�d�v�a�n�t�a�g�e�o�u�s� �t�o� �k�n�o�w� �t�h�e� �i�d�e�n�t�i�f�i�e�r� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� �a�r�c� �w�i�t�h�o�u�t� �m�a�k�i�n�g� 

�a� �d�a�t�a�b�a�s�e� �l�o�o�k�u�p�.� �T�h�i�s� �c�a�n� �b�e� �e�a�s�i�l�y� �a�c�h�i�e�v�e�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �i�n�s�t�a�n�c�e� �c�o�d�e� �s�p�a�c�e� �o�f� �t�h�e� 

�S�N�e�P�S� �a�r�c� �c�l�a�s�s� �i�n�t�o� �t�w�o� �p�a�r�t�s�,� �a�n�d� �u�s�i�n�g� �a� �b�i�t� �i�n� �t�h�e� �c�o�d�e� �t�o� �r�e�c�o�r�d� �t�h�e� �s�u�b�s�p�a�c�e� �o�f� �t�h�e� 

�a�r�c�.� �B�y� �s�e�t�t�i�n�g� �o�r� �r�e�s�e�t�t�i�n�g� �t�h�e� �b�i�t�,� �t�h�e� �c�o�n�v�e�r�s�e� �o�p�e�r�a�t�o�r� �c�a�n� �b�e� �e�x�e�c�u�t�e�d� �i�n� �O�(�1�)� �t�i�m�e�.� 

�T�h�e� �p�a�t�h� �v�e�r�s�i�o�n� �o�f� �t�h�e� �c�o�n�v�e�r�s�e� �o�p�e�r�a�t�o�r� �i�s� �a� �l�i�t�t�l�e� �b�i�t� �c�o�m�p�l�i�c�a�t�e�d�.� �T�h�e�r�e� �a�r�e� �t�w�o� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �c�h�o�i�c�e�s�:� �e�i�t�h�e�r� �t�o� �m�a�t�e�r�i�a�l�i�z�e� �(�m�a�t�e�r�i�a�l�i�z�a�t�i�o�n� �a�p�p�r�o�a�c�h�)� �t�h�e� �r�e�s�u�l�t�i�n�g� �p�a�t�h� 

�s�e�t� �o�r� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �s�e�t� �v�i�r�t�u�a�l�l�y� �(�v�i�e�w� �a�p�p�r�o�a�c�h�)�.� �T�h�e� �f�o�r�m�e�r� �m�a�k�e�s� �a� �n�e�w�,� �s�e�p�a�r�a�t�e�d� 

�p�a�t�h� �s�e�t� �w�h�i�l�e� �t�h�e� �l�a�t�t�e�r� �m�a�i�n�t�a�i�n�s� �a� �p�o�i�n�t�e�r� �t�o� �t�h�e� �s�i�b�l�i�n�g� �p�a�t�h� �s�e�t�.� �I�f� �t�h�e� �p�a�t�h� �s�e�t� �i�s� 

�v�i�r�t�u�a�l�l�y� �s�t�o�r�e�d�,� �d�e�l�e�t�i�o�n� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �p�a�t�h� �s�e�t� �a�f�f�e�c�t�s� �t�h�e� �v�i�r�t�u�a�l� �o�n�e�.� �T�o� �a�v�o�i�d� �d�a�n�g�l�i�n�g� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�o�f� �t�h�e� �v�i�r�t�u�a�l� �p�a�t�h� �s�e�t�,� �t�h�e� �d�e�l�e�t�i�o�n� �o�p�e�r�a�t�i�o�n� �s�h�o�u�l�d� �i�n�c�l�u�d�e� �a� �s�i�b�l�i�n�g� �p�a�t�h� �s�e�t� �c�h�e�c�k�i�n�g� 

�p�r�o�c�e�d�u�r�e�.� �S�i�m�i�l�a�r� �t�o� �w�h�a�t� �w�a�s� �d�i�s�c�u�s�s�e�d� �f�o�r� �S�N�e�P�S� �a�r�c�s�,� �b�i�t� �t�a�g�g�i�n�g� �c�a�n� �b�e� �u�s�e�d� �t�o� �o�b�t�a�i�n� 

�a� �r�e�s�u�l�t�i�n�g� �p�a�t�h ��s� �i�d�e�n�t�i�f�i�e�r� �q�u�i�c�k�l�y�.� 

�I�f� �t�h�e� �p�a�t�h� �s�e�t� �i�s� �m�a�n�a�g�e�d� �v�i�r�t�u�a�l�l�y�,� �f�i�n�d�i�n�g� �t�h�e� �c�o�n�v�e�r�s�e� �o�f� �a� �S�N�e�P�S� �p�a�t�h� �t�a�k�e�s� �O�(�1�)� 

�t�i�m�e� �f�o�r� �b�o�o�k�-�k�e�e�p�i�n�g�.� 

�K�s�t�a�r� �O�p�e�r�a�t�o�r� 

�L�e�t� �s�p� �b�e� �a�S�N�e�P�S� �p�a�t�h�.� �T�h�e� �A� �s�t�a�r� �o�n� �s�p� �g�e�n�e�r�a�t�e�s� �a� �s�e�t� �o�f� �p�a�t�h�s�,� �e�a�c�h� �t�h�e� �c�o�n�c�a�t�e�n�a�t�i�o�n� 

�o�f� �z�e�r�o� �o�r� �m�o�r�e� �L�E�N�D� �p�a�t�h�s� �o�w�n�e�d� �b�y� �s�p�.� �T�h�e� �p�r�o�b�l�e�m� �i�s� �t�h�e� �w�e�l�l�-�k�n�o�w�n� �t�r�a�n�s�i�t�i�v�e� 

�c�l�o�s�u�r�e� �p�r�o�b�l�e�m�.� �I�n� �g�r�a�p�h� �t�h�e�o�r�e�t�i�c� �t�e�r�m�s�,� �t�h�e� �p�r�o�b�l�e�m� �c�a�l�l�s� �f�o�r� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n� �o�f� �a�l�l� 

�r�e�a�c�h�a�b�l�e� �n�o�d�e�s� �f�r�o�m� �a� �s�e�t� �o�f� �n�o�d�e�s� �i�n� �a� �d�i�r�e�c�t�e�d� �g�r�a�p�h� �G�.� �G�r�a�p�h�-�b�a�s�e�d� �a�l�g�o�r�i�t�h�m�s� �e�x�i�s�t� 

�f�o�r� �t�h�e� �p�r�o�b�l�e�m�.� �T�h�e� �c�o�m�p�u�t�a�t�i�o�n� �i�n�v�o�l�v�e�s� �f�i�r�s�t� �c�o�a�l�e�s�c�i�n�g� �n�o�d�e�s� �i�n� �s�t�r�o�n�g�l�y� �c�o�n�n�e�c�t�e�d� 

�c�o�m�p�o�n�e�n�t�s�,� �t�h�e�n� �t�o�p�o�l�o�g�i�c�a�l�l�y� �s�o�r�t�i�n�g� �t�h�e� �c�o�n�d�e�n�s�e�d� �a�c�y�c�l�i�c� �g�r�a�p�h�,� �a�n�d� �f�i�n�a�l�l�y� �a�d�d�i�n�g� �t�o� 

�a� �n�o�d�e� �t�h�e� �s�u�c�c�e�s�s�o�r� �s�e�t�s� �o�f� �i�t�s� �i�m�m�e�d�i�a�t�e� �s�u�c�c�e�s�s�o�r�s�,� �i�n� �r�e�v�e�r�s�e� �s�o�r�t�i�n�g� �o�r�d�e�r�.� �S�e�e� �[�A�J�9�0�]�.� 

�T�h�e� �t�i�m�e� �c�o�m�p�l�e�x�i�t�y� �i�s� �O�(�|�N�(�G�)�|�|�E�(�G�)�|�)�.� 

�S�i�n�c�e� �t�h�e� �g�r�a�p�h� �i�s� �s�t�o�r�e�d� �o�n� �d�i�s�k�,� �i�t� �i�s� �c�r�i�t�i�c�a�l� �t�o� �k�n�o�w� �t�h�o�s�e� �n�o�d�e�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �v�i�s�i�t�e�d� 

�i�n� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�.� �T�h�e� �o�p�t�i�m�a�l� �c�a�s�e� �i�s� �t�o� �k�e�e�p� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �r�e�s�i�d�e�n�t� �i�n� �m�e�m�o�r�y�.� �A� 

�h�a�s�h� �t�a�b�l�e� �i�n�d�e�x�e�d� �b�y� �a� �M�P�H�F� �i�s� �u�s�e�f�u�l� �i�n� �a�c�h�i�e�v�i�n�g� �t�h�e� �g�o�a�l�.� �W�i�t�h�i�n� �s�u�c�h� �a� �h�a�s�h� �t�a�b�l�e�,� 

�a�n� �e�n�t�r�y� �c�o�n�t�a�i�n�s� �a� �b�i�t� �r�e�l�a�t�e�d� �t�o� �a� �n�o�d�e� �i�n� �t�h�e� �g�r�a�p�h�.� �T�h�e� �t�w�o� �s�t�a�t�e�s� �o�f� �t�h�e� �b�i�t� �r�e�c�o�r�d� �t�h�e� 

�v�i�s�i�t�i�n�g� �s�t�a�t�u�s� �o�f� �t�h�e� �n�o�d�e�.� �A�s�s�u�m�e� �t�h�e� �f�a�s�t�e�r� �M�P�H�F� �a�l�g�o�r�i�t�h�m� �(�s�e�e� �s�e�c�t�i�o�n� �4�.�3�)� �i�s� �u�s�e�d� 

�a�n�d� �i�t� �p�r�o�d�u�c�e�s� �a� �3� �b�i�t�/�k�e�y� �M�P�H�F�,� �t�h�e�n� �a� �t�o�t�a�l� �o�f� �4� �b�i�t�s� �s�u�f�f�i�c�e�s� �t�o� �e�n�c�o�d�e� �a� �n�o�d�e�.� �F�o�r� �a� 

�1�0� �m�i�l�l�i�o�n� �n�o�d�e� �g�r�a�p�h�,� �t�h�e� �s�p�a�c�e� �u�s�a�g�e� �i�s� �a�b�o�u�t� �4�.�7� �M�B�,� �w�h�i�c�h� �c�a�n� �f�i�t� �i�n� �t�h�e� �m�a�i�n� �m�e�m�o�r�y� 

�o�f� �a� �m�o�d�e�r�n� �w�o�r�k�s�t�a�t�i�o�n�.� 

�K�p�l�u�s� �O�p�e�r�a�t�o�r� 

�L�e�t� �s�p� �b�e�a� �p�a�t�h�.� �T�h�e� �A �� �s�t�a�r� �o�n� �s�p� �g�e�n�e�r�a�t�e�s� �a� �s�e�t� �o�f� �p�a�t�h�s� �e�a�c�h� �o�f� �w�h�i�c�h� �i�s� �t�h�e� �c�o�n�c�a�t�e�n�a�t�i�o�n� 

�o�f� �o�n�e� �o�r� �m�o�r�e� �i�n�s�t�a�n�c�e�s� �o�f� �s�p�.� �K� �p�l�u�s� �i�s� �a� �v�a�r�i�a�n�t� �t�o� �t�h�e� �A ��s�t�a�r� �o�p�e�r�a�t�o�r�.� �L�e�t� �A�(�z�)� �b�e� �t�h�e� 

�a�n�s�w�e�r� �t�o� �o�p�e�r�a�t�o�r� �x�.� �T�h�e�n� �t�h�e� �a�n�s�w�e�r� �t�o� �K�p�l�u�s� �i�s� �t�h�e� �s�e�t� �d�i�f�f�e�r�e�n�c�e�:� �A�(� �A� �s�t�a�r�)� �-� �S�.� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�A�N�D� �O�p�e�r�a�t�o�r� 

�T�h�i�s� �o�p�e�r�a�t�o�r� �t�a�k�e�s� �a� �s�e�t� �S� �o�f� �S�N�e�P�S� �p�a�t�h�s� �a�n�d� �r�e�t�u�r�n�s� �a� �n�e�w� �S�N�e�P�S� �p�a�t�h� �s�p�.� �A� �L�E�N�D� 

�p�a�t�h� �p� �t�h�a�t� �c�o�n�n�e�c�t�s� �n�o�d�e� �u�w� �t�o� �v� �i�s� �i�n� �s�p�.�y� �i�f�f� �a�l�l� �S�N�e�P�S� �p�a�t�h�s� �i�n� �S� �c�o�n�n�e�c�t� �u� �t�o� �v�.� 

�A�n�a�l�o�g�o�u�s� �t�o� �C�o�m�p�o�s�e�,� �t�h�i�s� �o�p�e�r�a�t�o�r� �c�a�n� �b�e� �i�m�p�l�e�m�e�n�t�e�d� �i�n� �t�w�o� �w�a�y�s�.� �T�h�e� �m�a�t�e�r�i�a�l�-� 

�i�z�a�t�i�o�n� �a�p�p�r�o�a�c�h� �i�n�v�o�l�v�e�s� �m�u�l�t�i�p�l�e� �s�e�t� �i�n�t�e�r�s�e�c�t�i�o�n�s�,� �w�h�e�r�e� �e�a�c�h� �s�e�t� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �S�N�e�P�S� 

�p�a�t�h�,� �a�n�d� �c�o�n�t�a�i�n�s� �p�a�i�r�s� �o�f� �s�o�u�r�c�e� �a�n�d� �s�i�n�k� �n�o�d�e�s� �t�h�a�t� �t�h�e� �S�N�e�P�S� �p�a�t�h� �c�o�n�n�e�c�t�s�.� 

�T�h�e� �v�i�e�w� �a�p�p�r�o�a�c�h� �t�a�k�e�s� �O�(�|�S�|�)� �f�o�r� �b�o�o�k�-�k�e�e�p�i�n�g� �w�o�r�k�.� 

�O�R� �O�p�e�r�a�t�o�r� 

�T�h�i�s� �o�p�e�r�a�t�o�r� �t�a�k�e�s� �a� �s�e�t� �S� �o�f� �S�N�e�P�S� �p�a�t�h�s� �a�n�d� �r�e�t�u�r�n�s� �a� �n�e�w� �S�N�e�P�S� �p�a�t�h� �s�p�.� �A� �L�E�N�D� 

�p�a�t�h� �p� �t�h�a�t� �c�o�n�n�e�c�t�s� �n�o�d�e� �u� �t�o� �v� �i�s� �i�n� �s�p�.�y� �i�f�f� �s�o�m�e� �S�N�e�P�S� �p�a�t�h� �i�n� �S� �c�o�n�n�e�c�t�s� �u� �t�o� �v�.� 

�A�n�a�l�o�g�o�u�s� �t�o� �C�o�m�p�o�s�e�,� �t�h�i�s� �o�p�e�r�a�t�o�r� �c�a�n� �b�e� �i�m�p�l�e�m�e�n�t�e�d� �i�n� �t�w�o� �w�a�y�s�.� �T�h�e� �m�a�t�e�r�i�a�l�i�z�a�-� 

�t�i�o�n� �a�p�p�r�o�a�c�h� �i�n�v�o�l�v�e�s� �m�u�l�t�i�p�l�e� �s�e�t� �u�n�i�o�n�s�,� �w�h�e�r�e� �e�a�c�h� �s�e�t� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �S�N�e�P�S� �p�a�t�h� 

�c�o�n�t�a�i�n�s� �p�a�i�r�s� �o�f� �s�o�u�r�c�e� �a�n�d� �s�i�n�k� �n�o�d�e�s� �t�h�a�t� �t�h�e� �S�N�e�P�S� �p�a�t�h� �c�o�n�n�e�c�t�s�.� 

�T�h�e� �v�i�e�w� �a�p�p�r�o�a�c�h� �t�a�k�e�s� �O�(�|�5�|�)� �f�o�r� �b�o�o�k�-�k�e�e�p�i�n�g� �w�o�r�k�.� 

�3�.�3�.�2� �Q�u�e�r�y� �L�a�n�g�u�a�g�e� �P�r�o�c�e�s�s� 

�A�s� �t�h�e� �q�u�e�r�y� �l�a�n�g�u�a�g�e� �i�s� �e�x�p�e�c�t�e�d� �t�o� �b�e� �u�s�e�d� �f�o�r� �b�r�o�w�s�i�n�g� �t�h�r�o�u�g�h� �G�,� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�h�a�t� 

�a�n� �i�n�t�e�r�p�r�e�t�e�r� �i�s� �c�a�p�a�b�l�e� �o�f� �p�r�o�c�e�s�s�i�n�g� �t�h�e� �l�a�n�g�u�a�g�e� �i�n� �a� �t�i�m�e�l�y� �f�a�s�h�i�o�n�.� �T�h�e� �c�h�o�i�c�e� �o�f� �a�n� 

�i�n�t�e�r�p�r�e�t�e�r� �d�o�e�s� �n�o�t� �m�e�a�n� �t�o� �s�a�c�r�i�f�i�c�e� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e�.� �I�n�s�t�e�a�d�,� �i�t� �i�s� �f�e�l�t� �t�h�a�t� �e�s�t�a�b�l�i�s�h�m�e�n�t� 

�o�f� �s�u�i�t�a�b�l�e� �i�n�d�e�x�e�s�,� �a�n�d� �p�r�o�p�e�r� �c�l�u�s�t�e�r�i�n�g� �o�f� �s�t�o�r�a�g�e� �f�o�r� �G�,� �w�i�l�l� �m�a�k�e� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �e�a�s�y� 

�a�n�d� �f�a�s�t�.� �A� �c�o�m�p�i�l�e�r� �v�e�r�s�i�o�n� �c�a�n� �b�e� �a�d�d�e�d� �l�a�t�e�r�.� 

�C�o�m�p�a�r�e�d� �w�i�t�h� �r�e�l�a�t�i�o�n�a�l� �a�n�d� �o�t�h�e�r� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e� �q�u�e�r�i�e�s�,� �t�h�e� �L�E�N�D� �q�u�e�r�y� 

�l�a�n�g�u�a�g�e� �h�a�s� �t�h�r�e�e� �d�i�s�t�i�n�c�t� �f�e�a�t�u�r�e�s� �w�h�i�c�h� �a�f�f�e�c�t� �i�t�s� �p�r�o�c�e�s�s�i�n�g�.� �F�i�r�s�t�,� �i�t� �u�s�e�s� �g�r�a�p�h� �c�o�n�c�e�p�t�s�.� 

�C�o�m�p�o�n�e�n�t�s� �o�f� �a� �g�r�a�p�h� �s�u�c�h� �a�s� �p�a�t�h�s� �a�n�d� �a�r�c�s� �a�r�e� �e�x�p�l�i�c�i�t�l�y� �e�x�p�r�e�s�s�i�b�l�e� �u�s�i�n�g� �t�h�e� �l�a�n�g�u�a�g�e�.� 

�A�r�c�s� �a�r�e� �s�t�o�r�e�d� �i�n� �t�h�e� �d�a�t�a�b�a�s�e� �a�n�d� �p�a�t�h�s� �m�a�y� �b�e� �m�a�t�e�r�i�a�l�i�z�e�d� �a�s� �w�e�l�l�.� �I�n� �e�i�t�h�e�r� �c�a�s�e�,� 

�i�n�d�e�x�e�s� �c�a�n� �b�e� �e�s�t�a�b�l�i�s�h�e�d�.� �A�s� �s�u�c�h�,� �f�i�n�d�i�n�g� �a� �b�e�s�t� �s�t�r�a�t�e�g�y� �t�o� �a�s�s�u�r�e� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �a� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�p�a�t�h� �w�i�t�h� �a� �c�e�r�t�a�i�n� �p�r�o�p�e�r�t�y� �c�a�n� �b�e� �r�e�d�u�c�e�d� �t�o� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �a� �p�r�o�p�e�r� �i�n�d�e�x�,� �s�i�m�i�l�a�r� 

�t�o� �t�h�e� �s�t�r�a�t�e�g�y� �u�s�e�d� �i�n� �t�h�e� �O�b�j�e�c�t�S�t�o�r�e� �s�y�s�t�e�m� �[�L�L�O�W�9�1�]�,� �a�s� �o�p�p�o�s�e�d� �t�o� �t�h�e� �e�x�p�e�n�s�i�v�e� 

�o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �f�o�r� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �j�o�i�n� �p�r�o�b�l�e�m� �f�o�u�n�d� �i�n� �a� �r�e�l�a�t�i�o�n�a�l� �q�u�e�r�y�.� 

�S�e�c�o�n�d�,� �i�n� �c�o�n�t�r�a�s�t� �t�o� �t�y�p�i�c�a�l� �o�b�j�e�c�t�-�o�r�i�e�n�t�e�d� �d�a�t�a�b�a�s�e�s� �w�h�e�r�e� �o�b�j�e�c�t�s� �a�r�e� �e�m�b�e�d�d�e�d� 

�w�i�t�h�i�n� �e�a�c�h� �o�t�h�e�r� �[�L�L�O�W�9�1�,� �K�i�m�9�0�]�,� �L�E�N�D� �e�x�p�r�e�s�s�e�s� �t�h�e� �e�m�b�e�d�d�i�n�g� �r�e�l�a�t�i�o�n�s�h�i�p�s� �t�h�r�o�u�g�h� 

�e�x�p�l�i�c�i�t� �s�e�m�a�n�t�i�c� �a�r�c�s�.�  ��N�o�d�e�s �� �a�n�d�  ��a�r�c�s �� �i�n� �t�h�e� �q�u�e�r�y� �l�a�n�g�u�a�g�e� �h�a�v�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �n�o�d�e� 

�o�b�j�e�c�t�s� �a�n�d� �a�r�c� �o�b�j�e�c�t�s� �i�n� �t�h�e� �d�a�t�a�b�a�s�e�.� �T�h�e�y� �c�a�n� �b�e� �p�h�y�s�i�c�a�l�l�y� �s�t�o�r�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �e�i�t�h�e�r� 

�g�r�a�p�h� �t�r�a�v�e�r�s�a�l� �a�c�c�e�s�s� �o�r� �s�e�l�e�c�t�i�o�n�s� �o�n� �n�o�d�e� �o�r� �a�r�c� �s�e�t�s�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �f�o�r� �t�h�e� �i�n�t�e�r�p�r�e�t�e�r� 

�t�o� �k�n�o�w� �d�i�f�f�e�r�e�n�t� �s�t�o�r�a�g�e� �s�t�r�u�c�t�u�r�e�s� �a�n�d� �t�o� �t�a�k�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e�i�r� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �s�t�a�t�i�s�t�i�c�s�.� 

�T�h�e� �s�t�o�r�a�g�e� �s�t�r�u�c�t�u�r�e� �i�n�f�o�r�m�a�t�i�o�n� �c�a�n� �b�e� �e�a�s�i�l�y� �o�b�t�a�i�n�e�d� �f�r�o�m� �s�e�t� �o�b�j�e�c�t�s� �t�h�r�o�u�g�h� �m�e�m�b�e�r� 

�f�u�n�c�t�i�o�n�s� �c�a�l�l�s�.� �G�i�v�e�n� �t�h�a�t� �i�n�f�o�r�m�a�t�i�o�n�,� �i�t� �i�s� �t�h�e� �i�n�t�e�r�p�r�e�t�e�r ��s� �j�o�b� �t�o� �f�i�g�u�r�e� �o�u�t� �t�h�e� �s�e�t� �o�f� 

�p�a�g�e�s� �t�o� �b�e� �f�e�t�c�h�e�d� �a�n�d� �i�n� �w�h�a�t� �o�r�d�e�r�.� �I�f� �b�u�f�f�e�r� �s�p�a�c�e� �i�s� �l�i�m�i�t�e�d�,� �t�h�e� �i�n�t�e�r�p�r�e�t�e�r� �s�h�o�u�l�d� 

�c�o�n�s�i�d�e�r� �c�h�o�i�c�e� �o�f� �t�h�e� �p�a�g�e� �r�e�p�l�a�c�e�m�e�n�t� �p�o�l�i�c�y�.� �T�h�e� �p�r�o�p�o�s�e�d� �w�o�r�k� �o�f� �L�a�v�i�n�u�s� �[�L�a�v�9�1�]� �t�i�e�s� 

�i�n� �w�i�t�h� �t�h�i�s� �s�e�a�r�c�h� �s�t�r�a�t�e�g�y� �s�e�l�e�c�t�i�o�n� �p�r�o�b�l�e�m�.� 

�L�a�s�t�l�y�,� �t�h�e� �q�u�e�r�y� �l�a�n�g�u�a�g�e� �a�l�l�o�w�s� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �v�a�r�i�a�b�l�e�s� �w�h�i�c�h� �m�a�y� �h�o�l�d� �t�e�m�p�o�r�a�r�y� 

�q�u�e�r�y� �r�e�s�u�l�t�s�,� �a�n�d� �p�e�r�m�i�t�s� �t�h�e�i�r� �u�s�e� �t�o� �f�o�r�m�u�l�a�t�e� �o�t�h�e�r� �q�u�e�r�i�e�s�.� �T�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �v�a�r�i�a�b�l�e�s� 

�i�s� �n�e�c�e�s�s�a�r�y� �a�s� �t�h�e�y� �a�l�l�o�w� �a� �c�o�m�p�l�i�c�a�t�e�d� �q�u�e�r�y� �t�o� �b�e� �f�o�r�m�e�d� �i�n�c�r�e�m�e�n�t�a�l�l�y�,� �w�h�i�c�h� �w�i�l�l� 

�i�n�c�r�e�a�s�e� �t�h�e� �f�l�e�x�i�b�i�l�i�t�y� �o�f� �t�h�e� �q�u�e�r�y� �l�a�n�g�u�a�g�e�.� �T�o� �t�h�e� �i�n�t�e�r�p�r�e�t�e�r�,� �t�h�e�s�e� �v�a�r�i�a�b�l�e�s� �a�d�d� �a� 

�c�e�r�t�a�i�n� �a�m�o�u�n�t� �o�f� �b�u�r�d�e�n� �s�i�n�c�e� �a�n�s�w�e�r�s� �a�r�e� �n�e�e�d�e�d� �f�o�r� �q�u�e�s�t�i�o�n�s� �s�u�c�h� �a�s�:� �w�h�e�r�e� �t�o� �s�a�v�e� 

�t�e�m�p�o�r�a�r�y� �r�e�s�u�l�t�s� �a�n�d� �w�h�e�t�h�e�r� �i�n�d�e�x�e�s� �s�h�o�u�l�d� �b�e� �s�e�t� �u�p�.� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �w�e� �d�e�s�c�r�i�b�e� �t�h�e� �i�n�i�t�i�a�l� �q�u�e�r�y� �p�r�o�c�e�s�s�i�n�g� �w�o�r�k�.� �T�h�e� �q�u�e�r�y� �i�n�t�e�r�p�r�e�t�e�r� 

�i�s� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s�:� �t�h�e� �l�e�x�i�c�a�l� �p�a�r�s�e�r�,� �t�h�e� �s�y�n�t�a�x� �p�a�r�s�e�r� �a�n�d� �t�h�e� �e�x�e�c�u�t�o�r�.� 

�T�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�i�r�s�t� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �g�e�n�e�r�a�t�e�s� �a� �p�a�r�s�e� �t�r�e�e�.� �P�a�r�s�e� �t�r�e�e� �n�o�d�e�s� �a�r�e� 

�C�+�+� �c�o�n�s�t�r�u�c�t�s� �a�l�l�o�w�i�n�g� �i�n�i�t�i�a�l�l�y� �r�a�p�i�d� �p�r�o�t�o�t�y�p�i�n�g� �a�n�d� �l�a�t�e�r� �e�x�t�e�n�s�i�o�n� �t�o� �o�t�h�e�r� �l�a�n�g�u�a�g�e� 

�c�o�n�s�t�r�u�c�t�s�.� �E�a�c�h� �q�u�e�r�y� �c�o�n�s�t�r�u�c�t� �c�a�t�e�g�o�r�y� �s�u�c�h� �a�s� �p�a�t�h� �a�n�d� �n�o�d�e�s� �h�a�s� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�t�r�e�e� �n�o�d�e� �c�l�a�s�s�.� �E�a�c�h� �t�r�e�e� �n�o�d�e� �o�f� �t�h�e�s�e� �c�l�a�s�s�e�s� �o�w�n�s� �a� �p�o�i�n�t�e�r� �t�o� �t�h�e� �v�a�l�u�e� �i�t� �s�t�a�n�d�s� �f�o�r� 

�a�n�d� �a� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n� �e�x�e�c�(�)�.� �T�h�e� �e�x�e�c�u�t�o�r� �e�x�a�m�i�n�e�s� �a�n�d� �r�e�s�h�a�p�e�s� �t�h�e� �p�a�r�s�e� �t�r�e�e� �f�o�r� �t�h�e� 

�p�u�r�p�o�s�e� �o�f� �e�f�f�i�c�i�e�n�t� �e�x�e�c�u�t�i�o�n�.� �F�i�n�a�l�l�y�,� �t�h�e� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n� �e�x�e�c�(�)� �o�f� �t�h�e� �r�o�o�t� �n�o�d�e� �o�f� �t�h�e� 
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�C�H�A�P�T�E�R� �3�.� �L�E�N�D� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

�t�r�e�e� �i�s� �i�n�v�o�k�e�d�.� �I�t� �r�e�c�u�r�s�i�v�e�l�y� �c�a�l�l�s� �t�h�e� �o�v�e�r�l�o�a�d�e�d� �e�x�e�c�(�)� �m�e�m�b�e�r� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �c�h�i�l�d� 

�n�o�d�e�s� �t�o� �f�i�n�i�s�h� �t�h�e� �e�x�e�c�u�t�i�o�n� �j�o�b�.� 

�3�.�4� �S�u�m�m�a�r�y� 

�I�n� �t�h�i�s� �c�h�a�p�t�e�r�,� �t�h�e� �a�r�c�h�i�t�e�c�t�u�r�e� �a�n�d� �v�a�r�i�o�u�s� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �L�E�N�D� �s�y�s�t�e�m� �a�r�e� �d�e�s�c�r�i�b�e�d�.� 

�T�h�e� �L�E�N�D� �s�y�s�t�e�m� �f�o�l�l�o�w�s� �t�h�e� �n�o�r�m�a�l� �d�a�t�a�b�a�s�e� �r�e�f�e�r�e�n�c�e� �m�o�d�e�l� �a�n�d� �i�s� �o�r�g�a�n�i�z�e�d� �i�n�t�o� �t�h�r�e�e� 

�l�a�y�e�r�s�:� �s�t�o�r�a�g�e�,� �o�b�j�e�c�t� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n�.� �W�i�t�h�i�n� �e�a�c�h� �l�a�y�e�r�,� �c�l�a�s�s� �h�i�e�r�a�r�c�h�i�e�s� �a�r�e� �u�s�e�d� �t�o� 

�m�o�d�e�l� �v�a�r�i�o�u�s� �s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �r�e�s�u�l�t� �i�s� �a�n� �o�p�e�n� �s�y�s�t�e�m� �w�h�e�r�e� �n�e�w� �c�o�m�p�o�n�e�n�t�s� 

�s�u�c�h� �a�s� �d�a�t�a� �s�t�r�u�c�t�u�r�e�s� �o�r� �a�l�g�o�r�i�t�h�m�s� �c�a�n� �b�e� �e�a�s�i�l�y� �a�d�d�e�d�.� 

�T�h�e� �d�e�s�i�g�n� �m�e�e�t�s� �t�h�e� �n�e�e�d�s� �o�f� �e�f�f�i�c�i�e�n�t� �s�t�o�r�a�g�e� �a�n�d� �a�c�c�e�s�s� �o�f� �g�r�a�p�h� �s�t�r�u�c�t�u�r�e�d� �d�a�t�a�.� 

�T�h�i�s� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �t�h�e� �p�a�g�e� �s�t�o�r�a�g�e� �c�l�a�s�s�,� �t�h�e� �L�R�U� �r�e�p�l�a�c�e�m�e�n�t� �p�o�l�i�c�y� �a�n�d� �t�h�e� �n�o�d�e� �a�n�d� 

�a�r�c� �c�l�a�s�s�e�s�.� �T�h�e� �p�r�o�c�e�s�s�i�n�g� �o�f� �S�N�e�P�S� �o�p�e�r�a�t�o�r�s� �a�n�d� �t�h�e� �p�a�t�t�e�r�n� �l�a�n�g�u�a�g�e� �i�s� �a�l�s�o� �d�i�s�c�u�s�s�e�d�.� 
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�C�h�a�p�t�e�r� �4� 

�H�A�S�H�I�N�G� �M�E�T�H�O�D�S� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�e�s�c�r�i�b�e�s� �a� �s�e�t� �o�f� �a�l�g�o�r�i�t�h�m�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �f�i�n�d�i�n�g� �g�o�o�d� �m�i�n�i�m�a�l� �p�e�r�f�e�c�t� �h�a�s�h� 

�(�M�P�H�F�)� �f�u�n�c�t�i�o�n�s� �f�o�r� �i�n�f�o�r�m�a�t�i�o�n� �r�e�t�r�i�e�v�a�l� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e�s�e� �c�o�n�s�t�r�u�c�t�e�d� �f�u�n�c�t�i�o�n�s� �r�e�-� 

�q�u�i�r�e� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �s�p�a�c�e� �f�o�r� �t�h�e�i�r� �s�p�e�c�i�f�i�c�a�t�i�o�n� �a�n�d� �c�a�n� �p�r�o�d�u�c�e� �a� �h�a�s�h� �a�d�d�r�e�s�s� �w�i�t�h� 

�e�f�f�o�r�t� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �k�e�y� �p�r�e�s�e�n�t�e�d�.� �O�n�e� �r�e�f�e�r�e�n�c�e� �t�o� �t�h�e� �h�a�s�h� �t�a�b�l�e� �b�y� 

�u�s�i�n�g� �t�h�e� �h�a�s�h� �a�d�d�r�e�s�s� �c�a�n� �d�e�f�i�n�i�t�e�l�y� �a�n�s�w�e�r� �t�h�e� �q�u�e�s�t�i�o�n�:� �d�o�e�s� �t�h�e� �r�e�c�o�r�d� �w�i�t�h� �t�h�a�t� �k�e�y� 

�e�x�i�s�t�?� �T�h�e� �p�r�o�p�o�s�e�d� �a�l�g�o�r�i�t�h�m�s� �a�r�e� �a�b�l�e� �t�o� �p�r�o�c�e�s�s� �v�e�r�y� �l�a�r�g�e� �k�e�y� �s�e�t�s� �(�e�.�g�.�,� �o�v�e�r� �3� �m�i�l�l�i�o�n�)� 

�w�i�t�h� �a� �p�r�a�c�t�i�c�a�l� �a�m�o�u�n�t� �o�f� �c�o�m�p�u�t�a�t�i�o�n� �t�i�m�e�.� �T�h�e� �M�P�H�F�s� �p�r�o�d�u�c�e�d� �c�a�n� �b�e� �u�s�e�d� �a�s� �d�a�t�a� 

�i�n�d�e�x�i�n�g� �a�i�d�s�.� 

�T�h�e� �c�h�a�p�t�e�r� �b�e�g�i�n�s� �w�i�t�h� �a� �r�e�v�i�e�w� �i�n� �s�e�c�t�i�o�n� �4�.�1� �o�f� �s�t�a�t�e�-�o�f�-�t�h�e�-�a�r�t� �a�p�p�r�o�a�c�h�e�s� �t�o� �f�i�n�d�i�n�g� 

�m�i�n�i�m�a�l� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�c�n�t�i�o�n�s�.� �I�t� �t�h�e�n� �p�o�i�n�t�s� �o�u�t� �t�h�a�t� �t�h�e� �k�e�y� �e�l�e�m�e�n�t�s� �i�n� �s�u�c�c�e�s�s�f�u�l�l�y� 

�i�d�e�n�t�i�f�y�i�n�g� �M�P�H�F�s� �a�r�e� �t�h�e� �s�e�a�r�c�h� �s�p�a�c�e� �a�n�d� �t�i�m�e� �t�r�a�d�e�o�f�f�.� 

�S�e�c�t�i�o�n� �4�.�2� �d�e�s�c�r�i�b�e�s� �a� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h� �M�P�H�F� �f�i�n�d�i�n�g� �a�l�g�o�r�i�t�h�m�.� �T�h�e� �m�a�p�p�i�n�g�,� �o�r�d�e�r�i�n�g� 

�a�n�d� �s�e�a�r�c�h�i�n�g� �f�r�a�m�e�w�o�r�k� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �d�e�t�a�i�l�,� �w�h�i�c�h� �s�e�r�v�e�s� �a�s� �t�h�e� �b�a�s�i�s� �f�o�r� �o�t�h�e�r� �a�l�g�o�r�i�t�h�m�s� 

�c�o�v�e�r�e�d� �i�n� �t�h�e� �c�h�a�p�t�e�r�.� �S�e�c�t�i�o�n� �4�.�3� �r�e�p�o�r�t�s� �o�n� �a� �n�e�w� �M�P�H�F� �f�i�n�d�i�n�g� �a�l�g�o�r�i�t�h�m�.� �I�t� �s�h�o�w�s� 

�t�h�a�t� �a� �s�l�i�g�h�t�l�y� �c�h�a�n�g�e�d� �m�a�p�p�i�n�g� �s�t�e�p� �c�a�n� �y�i�e�l�d� �s�m�a�l�l�e�r� �M�P�H�F�s� �w�h�i�l�e� �s�t�i�l�l� �u�s�i�n�g� �a� �s�i�m�i�l�a�r� 

�a�m�o�u�n�t� �o�f� �s�e�a�r�c�h�i�n�g� �e�f�f�o�r�t�.� �T�h�e� �t�i�m�e� �c�a�n� �a�l�s�o� �b�e� �c�u�t� �d�o�w�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�f� �p�a�t�t�e�r�n� �m�a�t�c�h�i�n�g� 

�h�e�u�r�i�s�t�i�c�s� �a�r�e� �u�s�e�d�.� �S�e�c�t�i�o�n� �4�.�4� �e�x�p�l�a�i�n�s� �t�h�e� �u�s�e� �o�f� �M�P�H�F� �m�e�t�h�o�d�s� �f�o�r� �t�r�i�e� �d�a�t�a� �s�t�r�u�c�t�u�r�e� 
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�c�o�m�p�a�c�t�i�o�n�.� �T�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �c�o�m�p�a�c�t�i�o�n� �i�s� �a�n� �e�-�a�p�p�r�o�x�i�m�a�t�i�o�n� �{�H�S�7�8�]� �w�h�e�r�e� �e� �=� �2�.� 

�S�e�c�t�i�o�n� �4�.�5� �r�e�v�e�a�l�s� �t�h�e� �e�x�t�e�n�s�i�o�n� �o�f� �n�o�r�m�a�l� �M�P�H�F� �a�l�g�o�r�i�t�h�m�s� �f�o�r� �f�i�n�d�i�n�g� �o�r�d�e�r� �p�r�e�s�e�r�v�i�n�g� 

�M�P�H�F�s� �(�O�P�M�P�H�F�s�)�.� �O�P�M�P�H�F�s� �a�r�e� �i�d�e�a�l� �f�o�r� �s�e�a�r�c�h�e�s� �w�h�e�r�e� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �m�a�i�n�t�a�i�n� 

�t�h�e� �o�r�d�e�r� �o�f� �k�e�y�s�.� �A� �g�e�n�e�r�a�l� �s�p�a�c�e� �l�o�w�e�r� �b�o�u�n�d� �i�s� �d�e�r�i�v�e�d� �f�o�r� �t�h�i�s� �k�i�n�d� �o�f� �f�u�n�c�t�i�o�n�.� �T�h�e� 

�r�e�s�t� �o�f� �t�h�e� �s�e�c�t�i�o�n� �d�e�t�a�i�l�s� �a�n� �O�P�M�P�H�F� �f�i�n�d�i�n�g� �a�l�g�o�r�i�t�h�m� �e�x�t�e�n�d�i�n�g� �t�h�e� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h� 

�a�l�g�o�r�i�t�h�m�.� �S�o�m�e� �a�n�a�l�y�t�i�c� �r�e�s�u�l�t�s� �a�r�e� �i�n�c�l�u�d�e�d� �t�o� �j�u�s�t�i�f�y� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �t�h�e� �s�e�a�r�c�h�i�n�g� �s�p�a�c�e�.� 

�T�h�e� �l�a�s�t� �s�e�c�t�i�o�n� �i�n� �t�h�e� �c�h�a�p�t�e�r� �(�i�.�e�.�,� �s�e�c�t�i�o�n� �4�.�6�)� �r�e�p�o�r�t�s� �a�n�o�t�h�e�r� �e�x�t�e�n�s�i�o�n� �o�f� �M�P�H�F� 

�a�l�g�o�r�i�t�h�m�s� �f�o�r� �f�i�n�d�i�n�g� �p�e�r�f�e�c�t� �b�i�n� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �(�P�B�H�E�s�)�,� �w�h�e�r�e� �a� �b�i�n� �m�a�y� �h�o�l�d� �m�o�r�e� �t�h�a�n� 

�o�n�e� �k�e�y�.� �P�B�H�F�'�s� �a�r�e� �u�s�e�f�u�l� �f�o�r� �p�a�g�e� �o�r� �b�l�o�c�k� �o�r�i�e�n�t�e�d� �a�c�c�e�s�s�.� 
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�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�4�.�1�.�1� �H�a�s�h�i�n�g� 

�L�e�t� �S� �b�e� �a� �c�o�l�l�e�c�t�i�o�n� �o�f� �r�e�c�o�r�d�s� �e�a�c�h� �o�f� �w�h�i�c�h� �h�a�s� �a� �(�u�n�i�q�u�e�)� �a�s�s�o�c�i�a�t�e�d� �k�e�y�,� �s�a�y� �k�,� �s�e�l�e�c�t�e�d� 

�f�r�o�m� �U�,� �a� �(�u�s�u�a�l�l�y� �f�i�n�i�t�e�)� �u�n�i�v�e�r�s�e� �o�f� �k�e�y�s�.� �T�h�e� �c�a�r�d�i�n�a�l�i�t�y� �o�f� �U� �i�s� �N� �=� �|�U�|�.� �W�h�i�l�e� �s�o�m�e� 

�r�e�s�e�a�r�c�h�e�r�s� �a�s�s�u�m�e� �t�h�a�t� �U� �i�s� �t�h�e� �s�e�t� �o�f� �i�n�t�e�g�e�r�s� 

�U�=�{�1�.�.�.�N�}�,� 

�U� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� �c�o�n�s�i�d�e�r�e�d� �m�o�r�e� �r�e�a�l�i�s�t�i�c�a�l�l�y� �t�o� �b�e� �t�h�e� �s�e�t� �o�f� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g�s� �h�a�v�i�n�g� 

�s�o�m�e� �f�i�n�i�t�e� �m�a�x�i�m�u�m� �l�e�n�g�t�h�.� �C�l�e�a�r�l�y� �t�h�i�s� �i�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �k�e�y�s� �t�h�a�t� �a�r�e� �w�o�r�d�s� �o�r� �n�a�m�e�s� 

�i�n� �a�n�y� �n�a�t�u�r�a�l� �o�r� �a�r�t�i�f�i�c�i�a�l� �l�a�n�g�u�a�g�e�,� �o�r� �t�h�a�t� �a�r�e� �e�l�e�m�e�n�t�s� �o�f� �s�o�m�e� �d�e�s�c�r�i�p�t�o�r� �o�r� �i�d�e�n�t�i�f�i�e�r� 

�s�e�t�,� �p�o�s�s�i�b�l�y� �i�n�v�o�l�v�i�n�g� �p�h�r�a�s�e�s� �a�s� �w�e�l�l�,� �o�r� �A�S�C�I�I� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �o�f� �o�b�j�e�c�t�s� �o�f� �v�a�r�i�o�u�s� �d�a�t�a� 

�t�y�p�e�s�.� 

�T�h�e� �a�c�t�u�a�l� �s�e�t� �o�f� �k�e�y�s� �u�s�e�d� �i�n� �a� �p�a�r�t�i�c�u�l�a�r� �d�a�t�a�b�a�s�e� �a�t� �a� �f�i�x�e�d� �p�o�i�n�t� �i�n� �t�i�m�e� �i�s� �S� �C�c� �U� 

�w�h�e�r�e� �t�y�p�i�c�a�l�l�y� �|�S�|� �<� �|�U�|�.� �T�h�e� �c�a�r�d�i�n�a�l�i�t�y� �o�f� �S� �i�s� �n� �=� �|�S�|�.� �R�e�c�o�r�d�s� �a�r�e� �s�t�o�r�e�d� �i�n� �a� �h�a�s�h� 

�t�a�b�l�e� �T� �h�a�v�i�n�g� �m� �>� �n� �l�o�c�a�t�i�o�n�s� �(�o�r� �s�l�o�t�s�)�,� �i�n�d�e�x�e�d� �b�y� �e�l�e�m�e�n�t�s� �o�f� �Z�,�,� �=� �{�0�,�1�,�.�.�.�,�m �� �1�}�.� 

�T�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �s�p�a�c�e� �i�n� �T� �i�s� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �l�o�a�d� �f�a�c�t�o�r�,� �a� �=� �n�/�m�.� �D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n�,� �T �� �m�a�y� �b�e� �i�n� �p�r�i�m�a�r�y� �m�e�m�o�r�y�,� �m�a�g�n�e�t�i�c� �d�i�s�k�,� �o�p�t�i�c�a�l� �d�i�s�c�,� �o�r� �r�e�c�o�r�d�e�d� �o�n� �s�o�m�e� 

�o�t�h�e�r� �d�e�v�i�c�e�;� �i�n� �a�l�l� �c�a�s�e�s� �i�t� �i�s� �d�e�s�i�r�a�b�l�e� �f�o�r� �T� �t�o� �b�e� �a�s� �s�m�a�l�l� �a�s� �p�o�s�s�i�b�l�e� �a�n�d� �f�o�r� �u�s� �t�o� �b�e� �a�b�l�e� 

�t�o� �q�u�i�c�k�l�y� �f�i�n�d� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�l�o�t� �i�n� �T� �f�o�r� �a�n�y� �g�i�v�e�n� �k�e�y� �k�.� 

�T�h�e� �r�e�t�r�i�e�v�a�l� �p�r�o�b�l�e�m� �i�s� �t�o� �l�o�c�a�t�e� �t�h�e� �r�e�c�o�r�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �k�e�y� �k�  ¬� �U� �o�r� �t�o� �r�e�p�o�r�t� 

�t�h�a�t� �n�o� �s�u�c�h� �r�e�c�o�r�d� �e�x�i�s�t�s�.� �T�h�i�s� �i�s� �d�o�n�e� �b�y� �h�a�s�h�i�n�g�,� �i�.�e�.�,� �a�p�p�l�y�i�n�g� �a� �h�a�s�h� �f�u�n�c�t�i�o�n� �h� �t�h�a�t� 

�i�s� �c�o�m�p�u�t�a�b�l�e� �i�n� �t�i�m�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �k�e�y� �k�,� �a�n�d� �e�x�a�m�i�n�i�n�g� �t�h�e� �s�l�o�t� �i�n� �T� 

�w�i�t�h� �a�d�d�r�e�s�s� �A�(�k�)�.� �I�f� �t�h�e�r�e� �a�r�e� �t�w�o� �k�e�y�s� �k�1�,�k�2�  ¬� �S� �s�u�c�h� �t�h�a�t� �h�(�k�,�)� �=� �h�(�k�2�)�,� �t�h�e�n� �t�h�e�r�e� �i�s� 

�a� �c�o�l�l�i�s�i�o�n� �o�f� �k�y� �a�n�d� �k�z�.� �M�u�c�h� �e�f�f�o�r�t� �i�s� �e�x�p�e�n�d�e�d� �i�n� �t�r�a�d�i�t�i�o�n�a�l� �w�o�r�k� �[�A�H�U�8�5�]� �o�n� �h�a�s�h�i�n�g� 

�i�n� �r�e�s�o�l�v�i�n�g� �c�o�l�l�i�s�i�o�n�s�.� �C�o�l�l�i�s�i�o�n�s� �f�o�r�c�e� �m�o�r�e� �t�h�a�n� �o�n�e� �p�r�o�b�e� �(�r�e�a�d�i�n�g� �a� �s�l�o�t�)� �o�f� �T� �t�o� �a�c�c�e�s�s� 

�s�o�m�e� �k�e�y�s�.� �I�f� �h� �i�s� �a� �1�-�1� �f�u�n�c�t�i�o�n� �w�h�e�n� �r�e�s�t�r�i�c�t�e�d� �t�o� �S�,� �A� �i�s� �c�a�l�l�e�d� �a� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n� 

�(�P�H�F�)� �s�i�n�c�e� �t�h�e�r�e� �i�s� �n�o� �n�e�e�d� �t�o� �w�a�s�t�e� �t�i�m�e� �r�e�s�o�l�v�i�n�g� �c�o�l�l�i�s�i�o�n�s�.� �A� �P�H�F� �h� �a�l�l�o�w�s� �r�e�t�r�i�e�v�a�l� 
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�o�f� �r�e�c�o�r�d�s� �(�o�b�j�e�c�t�s�)� �k�e�y�e�d� �f�r�o�m� �S� �i�n� �o�n�e� �a�c�c�e�s�s�,� �w�h�i�c�h� �i�s� �c�l�e�a�r�l�y� �o�p�t�i�m�a�l� �i�n� �t�e�r�m�s� �o�f� �t�i�m�e�.� 

�F�o�r� �a�n�y� �f�o�r�m� �o�f� �h�a�s�h�i�n�g�,� �o�p�t�i�m�a�l� �s�p�a�c�e� �i�s� �a�t�t�a�i�n�e�d� �w�h�e�n� �t�h�e� �h�a�s�h� �t�a�b�l�e� �i�s� �f�u�l�l�y� �l�o�a�d�e�d�,� �i�.�e�.�,� 

�w�h�e�n� �a� �=� �1�;� �t�h�i�s� �i�s� �c�a�l�l�e�d� �a� �m�i�n�i�m�a�l� �h�a�s�h� �f�u�n�c�t�i�o�n�.� �T�h�e� �b�e�s�t� �s�i�t�u�a�t�i�o�n�,� �t�h�e�n�,� �i�s� �t�o� �h�a�v�e� �a� 

�m�i�n�i�m�a�l� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n� �(�M�P�H�F�)� �w�h�e�r�e� �a� �=� �1� �a�n�d� �t�h�e�r�e� �a�r�e� �n�o� �c�o�l�l�i�s�i�o�n�s�,� �s�o� �A� �i�s� �a� 

�1�-�1� �o�n�t�o� �m�a�p�p�i�n�g� �w�h�e�n� �r�e�s�t�r�i�c�t�e�d� �t�o� �S�.� 

�H�a�s�h�i�n�g� �h�a�s� �b�e�e�n� �a� �t�o�p�i�c� �o�f� �s�t�u�d�y� �f�o�r� �m�a�n�y� �y�e�a�r�s�,� �b�o�t�h� �i�n� �r�e�g�a�r�d� �t�o� �p�r�a�c�t�i�c�a�l� �m�e�t�h�o�d�s� 

�a�n�d� �a�n�a�l�y�t�i�c�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �[�K�n�u�7�3�a�]�.� �R�e�c�e�n�t�l�y� �t�h�e�r�e� �h�a�s� �b�e�e�n� �r�e�n�e�w�e�d� �i�n�t�e�r�e�s�t� �i�n� �h�a�s�h�-� 

�i�n�g� �d�u�e� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�e�c�h�n�i�q�u�e�s� �s�u�i�t�a�b�l�e� �f�o�r� �d�y�n�a�m�i�c� �c�o�l�l�e�c�t�i�o�n�s� �[�E�D�8�8�]�.� �A� �l�e�s�s� 

�e�x�t�e�n�s�i�v�e� �l�i�t�e�r�a�t�u�r�e� �h�a�s� �g�r�o�w�n� �u�p�,� �m�o�s�t�l�y� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �d�e�c�a�d�e�,� �d�e�a�l�i�n�g� �w�i�t�h� �p�e�r�f�e�c�t� �h�a�s�h� 

�f�u�n�c�t�i�o�n�s�;� �t�h�a�t� �s�u�b�a�r�e�a� �i�s� �s�t�u�d�i�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� 

�4�.�1�.�2� �M�a�p�p�i�n�g� �t�o� �I�n�t�e�g�e�r�s� 

�G�i�v�e�n� �a� �k�e�y� �k� �f�r�o�m� �a� �s�t�a�t�i�c� �k�e�y� �s�e�t� �S� �o�f� �c�a�r�d�i�n�a�l�i�t�y� �n�,� �s�e�l�e�c�t�e�d� �f�r�o�m� �a� �u�n�i�v�e�r�s�e� �o�f� �k�e�y�s� 

�U� �w�i�t�h� �c�a�r�d�i�n�a�l�i�t�y� �N�,� �t�h�e� �o�b�j�e�c�t�i�v�e� �i�s� �t�o� �f�i�n�d� �a� �f�u�n�c�t�i�o�n� �h� �t�h�a�t� �m�a�p�s� �e�a�c�h� �k� �t�o� �a� �d�i�s�t�i�n�c�t� 

�e�n�t�r�y� �i�n� �t�h�e� �h�a�s�h� �t�a�b�l�e� �7� �c�o�n�t�a�i�n�i�n�g� �m� �s�l�o�t�s�.� �C�e�r�t�a�i�n�l�y� �f�u�n�c�t�i�o�n� �h� �m�u�s�t� �m�a�p� �e�a�c�h� �k�e�y� �k� 

�t�o� �a�n� �i�n�t�e�g�e�r�.� �I�n� �t�h�e� �s�i�m�p�l�e�s�t� �c�a�s�e�s�,� �k�e�y�s� �a�r�e� �p�o�s�i�t�i�v�e� �i�n�t�e�g�e�r�s� �b�o�u�n�d�e�d� �a�b�o�v�e� �b�y� �N�.� �T�h�i�s� 

�s�i�t�u�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d�,� �f�o�r� �e�x�a�m�p�l�e�,� �b�y� �S�p�r�u�g�n�o�l�i� �[�S�p�r�7�8�]�,� �J�a�e�s�c�h�k�e� �[�J�a�e�8�1�]�,� �a�n�d� �F�r�e�d�m�a�n�,� 

�K�o�m�l�é�s�,� �a�n�d� �S�z�e�m�e�r�é�d�i� �[�F�K�S�8�4�]�.� 

�T�h�e� �m�o�r�e� �g�e�n�e�r�a�l� �c�a�s�e� �w�h�e�r�e� �k�e�y�s� �a�r�e� �s�t�r�i�n�g�s� �(�s�i�n�c�e� �c�l�e�a�r�l�y� �i�n�t�e�g�e�r�s� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� 

�a�s� �s�t�r�i�n�g�s� �o�f� �d�i�g�i�t�s� �o�r� �s�t�r�i�n�g�s� �o�f� �b�y�t�e�s�,� �f�o�r� �e�x�a�m�p�l�e�)� �i�s� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �T�h�e� 

�u�s�u�a�l� �a�p�p�r�o�a�c�h� �w�h�e�r�e� �k�e�y�s� �a�r�e� �s�t�r�i�n�g�s� �i�s� �t�o� �a�s�s�o�c�i�a�t�e� �i�n�t�e�g�e�r� �v�a�l�u�e�s� �w�i�t�h� �a�l�l� �o�r� �s�o�m�e� �o�f� �t�h�e� 

�c�h�a�r�a�c�t�e�r�s� �i�n� �t�h�e� �s�t�r�i�n�g�,� �a�n�d� �t�h�e�n� �t�o� �c�o�m�b�i�n�e� �t�h�o�s�e� �v�a�l�u�e�s� �i�n�t�o� �a� �s�i�n�g�l�e� �n�u�m�b�e�r�.� �C�h�a�n�g� 

�{�C�h�a�8�4�]� �u�s�e�s� �f�o�u�r� �t�a�b�l�e�s� �b�a�s�e�d� �o�n� �t�h�e� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �l�e�t�t�e�r�s� �o�f� �t�h�e� �k�e�y�.� �C�i�c�h�e�l�l�i� �[�C�i�c�8�0�]� 

�u�s�e�s� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �k�e�y� �a�n�d� �t�a�b�l�e�s� �b�a�s�e�d� �o�n� �t�h�e� �f�i�r�s�t� �a�n�d� �l�a�s�t� �l�e�t�t�e�r�s� �o�f� �t�h�e� �k�e�y�.� �N�o�t�e�,� 

�h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �l�e�n�g�t�h� �o�f� �a� �k�e�y�,� �i�t�s� �f�i�r�s�t� �l�e�t�t�e�r�,� �a�n�d� �i�t�s� �l�a�s�t� �l�e�t�t�e�r� �a�r�e� �s�o�m�e�t�i�m�e�s� �i�n�s�u�f�f�i�c�i�e�n�t� 

�t�o� �a�v�o�i�d� �c�o�l�l�i�s�i�o�n�s�;� �c�o�n�s�i�d�e�r� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �w�o�r�d�s�  ��w�o�m�a�n �� �a�n�d�  ��w�o�m�e�n �� �i�n� �C�i�c�h�e�l�l�i ��s� �m�e�t�h�o�d�.� 

�C�e�r�c�o�n�e� �e�t� �a�l�.� �[�C�K�B�8�3�]� �e�n�h�a�n�c�e� �t�h�e� �d�i�s�c�r�i�m�i�n�a�t�i�n�g� �p�o�w�e�r� �o�f� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �f�r�o�m� 

�s�t�r�i�n�g�s� �t�o� �i�n�t�e�g�e�r�s� �b�y� �g�e�n�e�r�a�t�i�n�g� �a� �n�u�m�b�e�r� �o�f� �l�e�t�t�e�r� �t�o� �n�u�m�b�e�r� �t�a�b�l�e�s�,� �o�n�e� �f�o�r� �e�a�c�h� �l�e�t�-� 

�8�8



�C�H�A�P�T�E�R� �4�.� �H�A�S�H�I�N�G� �M�E�T�H�O�D�S� 

�t�e�r� �p�o�s�i�t�i�o�n�.� �C�l�e�a�r�l�y�,� �i�f� �t�h�e� �o�r�i�g�i�n�a�l� �k�e�y�s� �a�r�e� �d�i�s�t�i�n�c�t�,� �n�u�m�b�e�r�s� �f�o�r�m�e�d� �b�y� �c�o�n�c�a�t�e�n�a�t�i�n�g� 

�f�i�x�e�d� �l�e�n�g�t�h� �i�n�t�e�g�e�r�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e�s�e� �c�o�n�v�e�r�s�i�o�n� �t�a�b�l�e�s� �w�i�l�l� �b�e� �u�n�i�q�u�e�.� �I�n� �p�r�a�c�t�i�c�e�,� �i�t� 

�o�f�t�e�n� �s�u�f�f�i�c�e�s� �t�o� �s�i�m�p�l�y� �f�o�r�m� �t�h�e� �s�u�m� �o�r� �p�r�o�d�u�c�t� �o�f� �t�h�e� �s�e�q�u�e�n�c�e� �o�f� �i�n�t�e�g�e�r�s�.� 

�W�h�i�l�e� �i�n� �s�o�m�e� �s�c�h�e�m�e�s� �(�e�.�g�.�,� �[�C�i�c�8�0�]�)� �t�h�e� �r�e�s�u�l�t�i�n�g� �i�n�t�e�g�e�r� �i�s� �a�c�t�u�a�l�l�y� �t�h�e� �h�a�s�h� �a�d�d�r�e�s�s� 

�d�e�s�i�r�e�d�,� �i�n� �m�o�s�t� �a�l�g�o�r�i�t�h�m�s�,� �t�h�e� �A� �f�u�n�c�t�i�o�n� �m�u�s�t� �f�u�r�t�h�e�r� �m�a�p� �f�r�o�m� �t�h�e� �f�i�r�s�t� �i�n�t�e�g�e�r� �v�a�l�u�e�(�s�)� 

�p�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �h�a�s�h� �t�a�b�l�e�.� 

�4�.�1�.�3�.� �E�x�i�s�t�e�n�c�e� �P�r�o�o�f�s� 

�O�n�e� �m�i�g�h�t� �a�s�k� �i�f� �a� �M�P�H�F� �h� �f�o�r� �a� �g�i�v�e�n� �k�e�y� �s�e�t� �e�x�i�s�t�s�.� �J�a�e�s�c�h�k�e� �[�J�a�e�8�1�]� �p�r�o�v�e�s� �t�h�i�s� �a�n�d� 

�i�n�d�e�e�d� �p�r�e�s�e�n�t�s� �a� �s�c�h�e�m�e� �g�u�a�r�a�n�t�e�e�d� �t�o� �f�i�n�d� �s�u�c�h� �a� �f�u�n�c�t�i�o�n� �(�t�h�o�u�g�h� �h�i�s� �m�e�t�h�o�d� �r�e�q�u�i�r�e�s� 

�e�x�p�o�n�e�n�t�i�a�l� �t�i�m�e� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �i�d�e�n�t�i�f�i�e�r�s�)�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �t�a�s�k� �i�s� �t�o� �m�a�p� �a� �s�e�t� �o�f� 

�d�i�s�t�i�n�c�t� �p�o�s�i�t�i�v�e� �i�n�t�e�g�e�r�s� �{�k�,�,�k�2�,�.�.�.�,�k�,�}� �b�o�u�n�d�e�d� �a�b�o�v�e� �b�y� �N� �w�i�t�h�o�u�t� �c�o�l�l�i�s�i�o�n�s� �i�n�t�o� �t�h�e� 

�s�e�t� �o�f� �m� �i�n�d�i�c�e�s� �o�f� �T�,� �t�h�e�n� �a�n� �a�r�r�a�y� �o�f� �N� �e�n�t�r�i�e�s� �s�u�f�f�i�c�e�s�,� �a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �[�F�C�H�D�8�9�]�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �l�o�a�d� �f�a�c�t�o�r� �i�s� �l�o�w� �s�i�n�c�e� �u�s�u�a�l�l�y� �N� �>� �n�.� 

�A�n�o�t�h�e�r� �w�a�y� �t�o� �v�i�e�w� �t�h�i�s� �s�i�t�u�a�t�i�o�n� �i�s� �t�o� �r�e�a�l�i�z�e� �t�h�a�t� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �a�r�e� �r�a�r�e� �i�n� 

�t�h�e� �s�e�t� �o�f� �a�l�l� �f�u�n�c�t�i�o�n�s�.� �K�n�u�t�h� �[�K�n�u�7�3�a�]� �o�b�s�e�r�v�e�s� �t�h�a�t� �o�n�l�y� �o�n�e� �i�n� �1�0� �m�i�l�l�i�o�n� �f�u�n�c�t�i�o�n�s� 

�i�s� �a� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n� �f�o�r� �m�a�p�p�i�n�g� �t�h�e� �3�1� �m�o�s�t� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �E�n�g�l�i�s�h� �w�o�r�d�s� �i�n�t�o� 

�4�1� �a�d�d�r�e�s�s�e�s�.� �T�h�e� �t�a�s�k� �t�h�e�n� �c�a�n� �b�e� �v�i�e�w�e�d� �a�s� �o�n�e� �o�f� �s�e�a�r�c�h�i�n�g� �f�o�r� �r�a�r�e� �f�u�n�c�t�i�o�n�s�,� �a�n�d� �o�f� 

�s�p�e�c�i�f�y�i�n�g� �t�h�e�m� �i�n� �a� �r�e�a�s�o�n�a�b�l�e� �a�m�o�u�n�t� �o�f� �s�p�a�c�e�.� 

�4�.�1�.�4� �S�p�a�c�e� �t�o� �S�t�o�r�e� �P�H�F� 

�U�s�i�n�g� �a�n� �a�r�g�u�m�e�n�t� �d�u�e� �t�o� �M�e�h�l�h�o�r�n� �[�M�e�h�8�2�]� �(�s�e�e� �a�l�s�o� �[�M�a�i�8�3�]�)�,� �i�t� �i�s� �s�h�o�w�n� �i�n� �[�F�C�H�D�8�9�]� 

�t�h�a�t� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �l�o�w�e�r� �b�o�u�n�d� �o�f� �=� �1�.�4�4�2�7� �b�i�t�s� �p�e�r� �k�e�y� �i�s� �n�e�e�d�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �a�n� �a�r�b�i�t�r�a�r�y� 

�M�P�H�F�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �r�e�a�l�i�z�e� �t�h�a�t� �f�o�r� �a�r�b�i�t�r�a�r�y� �k�e�y� �s�e�t�s� �t�h�i�s� �c�o�s�t� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �o�n�e�-�p�r�o�b�e� 

�a�c�c�e�s�s�,� �n�o� �m�a�t�t�e�r� �w�h�a�t� �s�c�h�e�m�e� �i�s� �e�m�p�l�o�y�e�d�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �l�o�w�e�r� �b�o�u�n�d�,� �M�e�h�l�h�o�r�n� �a�l�s�o� 

�g�i�v�e�s� �a� �m�e�t�h�o�d� �o�f� �c�o�n�s�t�r�u�c�t�i�n�g� �M�P�H�F�s� �o�f� �s�i�z�e� �O�(�n�)� �b�i�t�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �r�e�q�u�i�r�e�s� 

�e�x�p�o�n�e�n�t�i�a�l� �t�i�m�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �i�s� �n�o�t� �p�r�a�c�t�i�c�a�l�.� 

�I�t� �i�s� �t�y�p�i�c�a�l� �t�o� �s�t�a�t�e� �t�h�e� �s�i�z�e� �o�f� �P�H�F�s� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�m�p�u�t�e�r� �w�o�r�d�s� �u�s�e�d�,� 
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�C�H�A�P�T�E�R� �4�.� �H�A�S�H�I�N�G� �M�E�T�H�O�D�S� 

�e�a�c�h� �o�f� �l�o�g�,�n� �b�i�t�s�.� �T�h�e�n� �M�e�h�l�h�o�r�n ��s� �l�o�w�e�r� �b�o�u�n�d� �i�s� �Q�(�n�/� �l�o�g�,� �n�)� �c�o�m�p�u�t�e�r� �w�o�r�d�s�,� �a�n�d� 

�h�i�s� �p�r�a�c�t�i�c�a�l� �u�p�p�e�r� �b�o�u�n�d� �i�s� �O�(�n� �l�o�g�,� �n�/� �l�o�g�,� �n�)� �=� �O�(�n�)� �c�o�m�p�u�t�e�r� �w�o�r�d�s�.� �T�h�e� �i�n�i�t�i�a�l� �a�l�g�o�-� 

�r�i�t�h�m� �(�s�e�c�t�i�o�n� �4�.�2�)� �a�c�h�i�e�v�e�s� �M�P�H�F� �s�i�z�e� �o�f� �l�e�s�s� �t�h�a�n� �O�(�n�)� �c�o�m�p�u�t�e�r� �w�o�r�d�s�,� �a�n�d� �t�h�e� �n�e�w�e�s�t� 

�a�l�g�o�r�i�t�h�m� �(�s�e�c�t�i�o�n� �4�.�3�)� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �l�o�w�e�r� �b�o�u�n�d�.� 

�4�.�1�.�5� �C�l�a�s�s�e�s� �o�f� �F�u�n�c�t�i�o�n�s� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �g�e�n�e�r�a�l� �s�t�r�a�t�e�g�i�e�s� �f�o�r� �f�i�n�d�i�n�g� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n�s�.� �T�h�e� �s�i�m�p�l�e�s�t� �o�n�e� �i�s� 

�t�o� �s�e�l�e�c�t� �a� �c�l�a�s�s� �o�f� �f�u�n�c�t�i�o�n�s� �t�h�a�t� �i�s� �l�i�k�e�l�y� �t�o� �i�n�c�l�u�d�e� �a� �n�u�m�b�e�r� �o�f� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n�s�,� 

�a�n�d� �t�h�e�n� �t�o� �s�e�a�r�c�h� �f�o�r� �a� �M�P�H�F� �i�n� �t�h�a�t� �c�l�a�s�s� �b�y� �a�s�s�i�g�n�i�n�g� �d�i�f�f�e�r�e�n�t� �v�a�l�u�e�s� �t�o� �e�a�c�h� �o�f� �t�h�e� 

�p�a�r�a�m�e�t�e�r�s� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �t�h�e� �c�l�a�s�s�.� 

�C�a�r�t�e�r� �a�n�d� �W�e�g�m�a�n� �[�C�W�7�9�]� �i�n�t�r�o�d�u�c�e�d� �t�h�e� �i�d�e�a� �o�f� �a� �c�l�a�s�s� �H� �o�f� �f�u�n�c�t�i�o�n�s� �t�h�a�t� �a�r�e� 

�u�n�i�v�e�r�s�a�l�z�,� �i�.�e�.�,� �w�h�e�r�e� �n�o� �p�a�i�r� �o�f� �d�i�s�t�i�n�c�t� �k�e�y�s� �c�o�l�l�i�d�e� �v�e�r�y� �o�f�t�e�n�.� �B�y� �r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n� 

�f�r�o�m� �H�,� �o�n�e� �c�a�n� �s�e�l�e�c�t� �c�a�n�d�i�d�a�t�e� �f�u�n�c�t�i�o�n�s� �a�n�d� �e�x�p�e�c�t� �t�h�a�t� �a� �h�a�s�h� �f�u�n�c�t�i�o�n� �h�a�v�i�n�g� �a� �s�m�a�l�l� 

�n�u�m�b�e�r� �o�f� �c�o�l�l�i�s�i�o�n�s� �c�a�n� �b�e� �f�o�u�n�d� �q�u�i�c�k�l�y�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �h�a�s� �a�l�s�o� �b�e�e�n� �a�p�p�l�i�e�d� �t�o� �d�y�n�a�m�i�c� 

�h�a�s�h�i�n�g� �b�y� �R�a�m�a�k�r�i�s�h�n�a� �a�n�d� �L�a�r�s�o�n� �(�R�L�8�9�]�.� 

�S�p�r�u�g�n�o�l�i� �[�S�p�r�7�8�|� �p�r�o�p�o�s�e�s� �t�w�o� �c�l�a�s�s�e�s� �o�f� �f�u�n�c�t�i�o�n�s�,� �o�n�e� �w�i�t�h� �t�w�o� �a�n�d� �t�h�e� �o�t�h�e�r� �w�i�t�h� 

�f�o�u�r� �p�a�r�a�m�e�t�e�r�s�,� �t�h�a�t� �e�a�c�h� �m�a�y� �y�i�e�l�d� �a� �M�P�H�F�;� �s�e�a�r�c�h�i�n�g� �t�h�e� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �o�f� �e�i�t�h�e�r� 

�c�l�a�s�s� �i�s� �f�e�a�s�i�b�l�e� �o�n�l�y� �f�o�r� �v�e�r�y� �s�m�a�l�l� �k�e�y� �s�e�t�s�.� �J�a�e�s�c�h�k�e� �[�J�a�e�8�1�]� �s�u�g�g�e�s�t�s� �a� �r�e�c�i�p�r�o�c�a�l� �h�a�s�h�i�n�g� 

�s�c�h�e�m�e� �w�i�t�h� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r�s� �t�h�a�t� �i�s� �g�u�a�r�a�n�t�e�e�d� �t�o� �f�i�n�d� �a� �M�P�H�F�,� �b�u�t� �i�t� �i�s� �o�n�l�y� �p�r�a�c�t�i�c�a�l� 

�w�h�e�n� �n� �<� �2�0�.� �C�h�a�n�g� �[�C�h�a�8�6�]� �p�r�o�p�o�s�e�s� �a� �m�e�t�h�o�d� �w�i�t�h� �o�n�l�y� �o�n�e� �p�a�r�a�m�e�t�e�r�,� �t�h�o�u�g�h� �i�t�s� �v�a�l�u�e� 

�i�s� �l�i�k�e�l�y� �t�o� �b�e� �v�e�r�y� �l�a�r�g�e�,� �a�n�d� �r�e�q�u�i�r�e�s� �a� �f�u�n�c�t�i�o�n� �t�h�a�t� �a�s�s�i�g�n�s� �a� �d�i�s�t�i�n�c�t� �p�r�i�m�e� �t�o� �e�a�c�h� 

�k�e�y�;� �h�o�w�e�v�e�r�,� �h�e� �g�i�v�e�s� �n�o� �a�l�g�o�r�i�t�h�m� �f�o�r� �t�h�a�t� �f�u�n�c�t�i�o�n�,� �s�o� �t�h�e� �m�e�t�h�o�d� �i�s� �o�n�l�y� �o�f� �t�h�e�o�r�e�t�i�c�a�l� 

�i�n�t�e�r�e�s�t�.� �A� �p�r�a�c�t�i�c�a�l� �a�l�g�o�r�i�t�h�m� �f�i�n�d�i�n�g� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �f�o�r� �f�a�i�r�l�y� �l�a�r�g�e� �k�e�y� �s�e�t�s� �i�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �[�C�H�K�8�5�]�.� �T�h�e�y� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �t�r�a�d�e�o�f�f�s� �b�e�t�w�e�e�n� �t�i�m�e� �a�n�d� �s�i�z�e� �o�f� �t�h�e� �h�a�s�h� 

�f�u�n�c�t�i�o�n�,� �b�u�t� �d�o� �n�o�t� �g�i�v�e� �t�i�g�h�t� �b�o�u�n�d�s� �o�n� �t�o�t�a�l� �t�i�m�e� �t�o� �f�i�n�d� �P�H�F� �o�r� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�t�a�i�l�s� 

�f�o�r� �v�e�r�y� �l�a�r�g�e� �k�e�y� �s�e�t�s�.� 

�T�h�e� �a�b�o�v�e�-�m�e�n�t�i�o�n�e�d�  ��s�e�a�r�c�h�-�o�n�l�y �� �m�e�t�h�o�d�s� �m�a�y� �(�i�f� �g�e�n�e�r�a�l� �e�n�o�u�g�h�,� �a�n�d� �i�f� �e�n�o�u�g�h� �t�i�m�e� 

�i�s� �a�l�l�o�t�t�e�d�)� �d�i�r�e�c�t�l�y� �y�i�e�l�d� �a� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n� �w�h�e�n� �t�h�e� �r�i�g�h�t� �a�s�s�i�g�n�m�e�n�t� �o�f� �p�a�r�a�m�e�t�e�r�s� 
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�|� �M�A�P�P�I�N�G�  �� �O�R�D�E�R�I�N�G� �>� �S�E�A�R�C�H�I�N�G�|� 
� � 

�F�i�g�u�r�e� �4�.�1�:� �M�e�t�h�o�d� �t�o� �F�i�n�d� �P�e�r�f�e�c�t� �H�a�s�h� �F�u�n�c�t�i�o�n�s� 

�i�s� �i�d�e�n�t�i�f�i�e�d�.� �H�o�w�e�v�e�r�,� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �l�o�w�e�r� �b�o�u�n�d�s� �o�n� �t�h�e� �s�i�z�e� �o�f� �a� �s�u�i�t�a�b�l�e� �M�P�H�F� �s�u�g�g�e�s�t�s� 

�t�h�a�t� �i�f� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �a�r�e� �n�o�t� �t�o� �b�e� �v�i�r�t�u�a�l�l�y� �u�n�b�o�u�n�d�e�d�,� �t�h�e�n� �t�h�e�r�e� �m�u�s�t� �b�e� �a� �m�o�d�e�r�a�t�e� 

�n�u�m�b�e�r� �o�f� �p�a�r�a�m�e�t�e�r�s� �t�o� �a�s�s�i�g�n�.� �H�o�w�e�v�e�r�,� �i�n� �t�h�e� �a�l�g�o�r�i�t�h�m�s� �o�f� �C�i�c�h�e�l�l�i� �[�C�i�c�8�0�]� �a�n�d� �o�f� 

�C�e�r�c�o�n�e� �e�t� �a�l�.� �[�C�K�B�8�3�]� �t�w�o� �i�m�p�o�r�t�a�n�t� �i�d�e�a�s� �c�a�n� �b�e� �d�i�s�c�o�v�e�r�e�d�:� �u�s�i�n�g� �t�a�b�l�e�s� �o�f� �v�a�l�u�e�s� �a�s� 

�t�h�e� �p�a�r�a�m�e�t�e�r�s�,� �a�n�d� �u�s�i�n�g� �a� �m�a�p�p�i�n�g�,� �o�r�d�e�r�i�n�g�,� �a�n�d� �s�e�a�r�c�h�i�n�g� �(�M�O�S�)� �a�p�p�r�o�a�c�h� �(�s�e�e� �F�i�g�u�r�e� 

�4�.�1�)�.� �W�h�i�l�e� �t�h�e�i�r� �t�a�b�l�e�s� �s�e�e�m� �t�o� �b�e� �t�o�o� �s�m�a�l�l� �t�o� �h�a�n�d�l�e� �v�e�r�y� �l�a�r�g�e� �k�e�y� �s�e�t�s�,� �i�n� �t�h�e� �g�e�n�e�r�a�l� 

�c�a�s�e�,� �t�a�b�l�e�s� �a�r�e� �u�s�e�f�u�l� �a�n�d� �t�h�e� �M�O�S� �a�p�p�r�o�a�c�h� �i�s� �a�l�s�o� �a�n� �i�m�p�o�r�t�a�n�t� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �f�i�e�l�d� 

�o�f� �p�e�r�f�e�c�t� �h�a�s�h�i�n�g�.� 

�I�n� �t�h�e� �M�O�S� �a�p�p�r�o�a�c�h�,� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �a� �M�P�H�F� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �i�n� �t�h�r�e�e� �s�t�e�p�s�.� 

�F�i�r�s�t�,� �t�h�e� �M�a�p�p�i�n�g� �s�t�e�p� �t�r�a�n�s�f�o�r�m�s� �t�h�e� �k�e�y� �s�e�t� �f�r�o�m� �t�h�e� �o�r�i�g�i�n�a�l� �u�n�i�v�e�r�s�e� �t�o� �a� �n�e�w� �u�n�i�v�e�r�s�e�.� 

�S�e�c�o�n�d�,� �t�h�e� �O�r�d�e�r�i�n�g� �s�t�e�p� �p�l�a�c�e�s� �t�h�e� �k�e�y�s� �i�n� �a� �s�e�q�u�e�n�t�i�a�l� �o�r�d�e�r� �t�h�a�t� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �o�r�d�e�r� 

�i�n� �w�h�i�c�h� �h�a�s�h� �v�a�l�u�e�s� �a�r�e� �a�s�s�i�g�n�e�d� �t�o� �k�e�y�s�.� �T�h�e� �O�r�d�e�r�i�n�g� �s�t�e�p� �m�a�y� �p�a�r�t�i�t�i�o�n� �t�h�e� �k�e�y� �s�e�t�,� 

�y�i�e�l�d�i�n�g� �a�n� �o�r�d�e�r�i�n�g� �o�f� �s�u�b�s�e�t�s� �o�f� �c�o�n�s�e�c�u�t�i�v�e� �k�e�y�s�.� �E�a�c�h� �s�u�b�s�e�t� �i�s� �c�a�l�l�e�d� �a� �l�e�v�e�l�,� �a�n�d� �t�h�e� �k�e�y�s� 

�o�f� �e�a�c�h� �l�e�v�e�l� �m�u�s�t� �b�e� �a�s�s�i�g�n�e�d� �t�h�e�i�r� �h�a�s�h� �v�a�l�u�e�s� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e�.� �T�h�i�r�d�,� �t�h�e� �S�e�a�r�c�h�i�n�g� 

�s�t�e�p� �a�t�t�e�m�p�t�s� �t�o� �a�s�s�i�g�n� �h�a�s�h� �v�a�l�u�e�s� �t�o� �t�h�e� �k�e�y�s� �o�f� �e�a�c�h� �l�e�v�e�l�.� �I�f� �t�h�e� �S�e�a�r�c�h�i�n�g� �s�t�e�p� �e�n�c�o�u�n�t�e�r�s� 

�a� �l�e�v�e�l� �t�h�a�t� �i�t� �i�s� �u�n�a�b�l�e� �t�o� �a�c�c�o�m�m�o�d�a�t�e�,� �i�t� �b�a�c�k�t�r�a�c�k�s�,� �s�o�m�e�t�i�m�e�s� �j�u�s�t� �t�o� �a�n� �e�a�r�l�i�e�r� �l�e�v�e�l�,� 

�a�s�s�i�g�n�s� �n�e�w� �h�a�s�h� �v�a�l�u�e�s� �t�o� �t�h�e� �k�e�y�s� �o�f� �t�h�a�t� �l�e�v�e�l�,� �a�n�d� �t�r�i�e�s� �a�g�a�i�n� �t�o� �a�s�s�i�g�n� �h�a�s�h� �v�a�l�u�e�s� �t�o� 

�l�a�t�e�r� �l�e�v�e�l�s�.� �S�a�g�e�r ��s� �m�e�t�h�o�d� �i�s� �a� �g�o�o�d� �e�x�a�m�p�l�e� �o�f� �t�h�e� �M�O�S� �a�p�p�r�o�a�c�h�.� 

�4�.�1�.�6� �S�a�g�e�r ��s� �M�e�t�h�o�d� �a�n�d� �I�m�p�r�o�v�e�m�e�n�t� 

�S�a�g�e�r� �i�n� �[�S�a�g�8�4�,� �S�a�g�8�5�]� �p�r�o�p�o�s�e�s� �a� �f�o�r�m�a�l�i�z�a�t�i�o�n� �a�n�d� �e�x�t�e�n�s�i�o�n� �o�f� �C�i�c�h�e�l�l�i ��s� �a�p�p�r�o�a�c�h�.� �L�i�k�e� 

�C�i�c�h�e�l�l�i�,� �h�e� �a�s�s�u�m�e�s� �t�h�a�t� �a� �k�e�y� �i�s� �a� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g�.� �I�n� �t�h�e� �M�a�p�p�i�n�g� �s�t�e�p�,� �t�h�r�e�e� �a�u�x�i�l�i�a�r�y� 

�h�a�s�h� �f�u�n�c�t�i�o�n�s� �a�r�e� �d�e�f�i�n�e�d� �o�n� �t�h�e� �o�r�i�g�i�n�a�l� �u�n�i�v�e�r�s�e� �o�f� �k�e�y�s� �U� 

�h�o�:� �U� �>� �{�0�,�.�.�.�,�m�- �� �1�}� 
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� � 

�h�y� 

�h� 
�n�T� �r�+�!� �+�2�4�3� �2� �2�-�1� � � � � � � 

�F�i�g�u�r�e� �4�.�2�:� �D�e�p�e�n�d�e�n�c�y� �G�r�a�p�h� 

�h�y�:� �U ��{�0�,�.�.�.�,�r�- ��1�}� 

�h�o�:� �U�  �� �{�r�,�.�.�.�,�2�r ��1�}� 

�w�h�e�r�e� �r� �i�s� �a� �p�a�r�a�m�e�t�e�r� �(�t�y�p�i�c�a�l�l�y� �<� �m�/�2�)� �t�h�a�t� �u�l�t�i�m�a�t�e�l�y� �d�e�t�e�r�m�i�n�e�s� �h�o�w� �m�u�c�h� �s�p�a�c�e� �i�t� 

�t�a�k�e�s� �t�o� �s�t�o�r�e� �t�h�e� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n� �(�i�.�e�.�,� �|�h�|� �=� �2�7�)�.� �T�h�e�s�e� �a�u�x�i�l�i�a�r�y� �f�u�n�c�t�i�o�n�s� �c�o�m�p�r�e�s�s� 

�e�a�c�h� �k�e�y� �&� �i�n�t�o� �a� �u�n�i�q�u�e� �i�d�e�n�t�i�f�i�e�r� 

�(�h�o�(�k�)�,� �A�i�(�k�)�,� �h�a�(�k�)�)� 

�w�h�i�c�h� �i�s� �a� �t�r�i�p�l�e� �o�f� �i�n�t�e�g�e�r�s� �i�n� �a� �n�e�w� �u�n�i�v�e�r�s�e� �o�f� �s�i�z�e� �m�r�*�.� �T�h�e� �c�l�a�s�s� �o�f� �f�u�n�c�t�i�o�n�s� �s�e�a�r�c�h�e�d� �i�s� 

�h�(�k�)� �=� �(�h�o�(�k�)� �+� �g�(�h�i�(�k�)�)� �+� �g�(�h�2�(�k�)�)�)� �(�m�o�d� �m�)� 

�w�h�e�r�e� �g� �i�s� �t�h�e� �f�u�n�c�t�i�o�n� �w�h�o�s�e� �v�a�l�u�e�s� �a�r�e� �s�e�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �s�e�a�r�c�h�.� 

�S�a�g�e�r� �s�t�u�d�i�e�s� �a� �g�r�a�p�h� �t�h�a�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �c�o�n�s�t�r�a�i�n�t�s� �a�m�o�n�g� �k�e�y�s�.� �I�n�d�e�e�d�,� �t�h�e� �M�a�p�p�i�n�g� 

�s�t�e�p� �g�o�e�s� �f�r�o�m� �k�e�y�s� �t�o� �t�r�i�p�l�e�s� �t�o� �a� �s�p�e�c�i�a�l� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h�,� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �g�r�a�p�h�,� �w�h�o�s�e� 

�v�e�r�t�i�c�e�s� �a�r�e� �t�h�e� �h�1�(�)� �a�n�d� �h�2�(�)� �v�a�l�u�e�s� �a�n�d� �w�h�o�s�e� �e�d�g�e�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �w�o�r�d�s�.� �T�h�e� �t�w�o� �p�a�r�t�s� 

�o�f� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �g�r�a�p�h� �a�r�e� �t�h�e� �v�e�r�t�e�x� �s�e�t� �{�0�,�.�.�.�,�7 ��1�}� �a�n�d� �t�h�e� �v�e�r�t�e�x� �s�e�t� �{�r�,�.�.�.�,�2�r ��1�}�.� 

�F�o�r� �e�a�c�h� �k�e�y� �k�,� �t�h�e�r�e� �i�s� �a�n� �e�d�g�e� �c�o�n�n�e�c�t�i�n�g� �h�,�(�k�)� �a�n�d� �h�2�(�k�)�;� �t�h�a�t� �e�d�g�e� �c�a�r�r�i�e�s� �t�h�e� �l�a�b�e�l� �k�.� 

�S�e�e� �F�i�g�u�r�e� �4�.�2�.� 

�I�n� �t�h�e� �O�r�d�e�r�i�n�g� �s�t�e�p�,� �S�a�g�e�r� �e�m�p�l�o�y�s� �a�n� �o�r�d�e�r�i�n�g� �h�e�u�r�i�s�t�i�c� �b�a�s�e�d� �o�n� �f�i�n�d�i�n�g� �s�h�o�r�t� �c�y�c�l�e�s� 

�i�n� �t�h�e� �g�r�a�p�h�.� �T�h�i�s� �h�e�u�r�i�s�t�i�c� �i�s� �c�a�l�l�e�d� �m�i�n�c�y�c�l�e�.� �A�t� �e�a�c�h� �i�t�e�r�a�t�i�o�n� �o�f� �t�h�e� �O�r�d�e�r�i�n�g� �s�t�e�p�,� �t�h�e� 

�m�i�n�c�y�c�l�e� �h�e�u�r�i�s�t�i�c� �f�i�n�d�s� �a� �s�e�t� �o�f� �u�n�s�e�l�e�c�t�e�d� �e�d�g�e�s� �i�n� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �g�r�a�p�h� �t�h�a�t� �o�c�c�u�r� �i�n� �a�s� 

�9�2



�C�H�A�P�T�E�R� �4�.� �H�A�S�H�I�N�G� �M�E�T�H�O�D�S� 

�m�a�n�y� �s�m�a�l�l� �c�y�c�l�e�s� �a�s� �p�o�s�s�i�b�l�e�.� �T�h�e� �s�e�t� �o�f� �k�e�y�s� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �s�e�t� �o�f� �e�d�g�e�s� �c�o�n�s�t�i�t�u�t�e�s� 

�t�h�e� �n�e�x�t� �l�e�v�e�l� �i�n� �t�h�e� �o�r�d�e�r�i�n�g�.� 

�T�h�e�r�e� �i�s� �n�o� �p�r�o�o�f� �g�i�v�e�n� �t�h�a�t� �a� �m�i�n�i�m�u�m� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n� �c�a�n� �b�e� �f�o�u�n�d�,� �b�u�t� �m�i�n�c�y�c�l�e� 

�i�s� �v�e�r�y� �s�u�c�c�e�s�s�f�u�l� �o�n� �s�e�t�s� �o�f� �a� �f�e�w� �h�u�n�d�r�e�d� �k�e�y�s�.� �M�i�n�c�y�c�l�e� �t�a�k�e�s� �O�(�m�*�)� �t�i�m�e� �a�n�d� �O�(�m�?�)� 

�s�p�a�c�e�,� �w�h�i�l�e� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �S�e�a�r�c�h�i�n�g� �s�t�e�p� �u�s�u�a�l�l�y� �t�a�k�e�s� �o�n�l�y� �O�(�m�)� �t�i�m�e�.� �T�h�e� �t�i�m�e� �a�n�d� 

�s�p�a�c�e� �r�e�q�u�i�r�e�d� �t�o� �i�m�p�l�e�m�e�n�t� �m�i�n�c�y�c�l�e� �a�r�e� �t�h�e� �p�r�i�m�a�r�y� �b�a�r�r�i�e�r�s� �t�o� �u�s�i�n�g� �S�a�g�e�r ��s� �a�p�p�r�o�a�c�h� 

�o�n� �l�a�r�g�e�r� �s�e�t�s�.� 

�S�a�g�e�r� �c�h�o�o�s�e�s� �v�a�l�u�e�s� �f�o�r� �r� �t�h�a�t� �a�r�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �m�.� �A� �t�y�p�i�c�a�l� �v�a�l�u�e� �i�s� �r� �=� �m�/�2�.� �I�n� �t�h�e� 

�c�a�s�e� �o�f� �m�i�n�i�m�a�l� �p�e�r�f�e�c�t� �h�a�s�h�i�n�g� �(�m� �=� �n�)�,� �i�t� �r�e�q�u�i�r�e�s� �2�r� �=� �n� �c�o�m�p�u�t�e�r� �w�o�r�d�s� �o�f� �l�o�g�,� �n� �b�i�t�s� 

�e�a�c�h� �t�o� �r�e�p�r�e�s�e�n�t� �g�.� �T�h�i�s� �i�s� �s�o�m�e�w�h�a�t� �m�o�r�e� �t�h�a�n� �M�e�h�l�h�o�r�n ��s� �l�o�w�e�r� �b�o�u�n�d� �o�f� �1�.�4�4�2�7�n�/� �l�o�g�,� �n� 

�c�o�m�p�u�t�e�r� �w�o�r�d�s�.� �T�h�e� �r�a�t�i�o� �(�2�r�/�n�)� �m�u�s�t� �b�e� �r�e�d�u�c�e�d� �a�s� �l�o�w� �a�s� �p�o�s�s�i�b�l�e�,� �c�e�r�t�a�i�n�l�y� �b�e�l�o�w� �1�.� 

�A�f�t�e�r� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a� �m�o�d�i�f�i�e�d� �O�(�m�?�)� �a�l�g�o�r�i�t�h�m� �[�F�C�H�D�8�9�]� �w�a�s� �d�e�v�e�l�o�p�e�d�.� �W�i�t�h� 

�t�h�i�s� �a�l�g�o�r�i�t�h�m� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �f�i�n�d� �M�P�H�F ��s� �f�o�r� �s�e�t�s� �o�f� �o�v�e�r� �a� �t�h�o�u�s�a�n�d� �w�o�r�d�s�.� 

�4�.�1�.�7� �S�u�m�m�a�r�y� �o�f� �R�e�l�a�t�e�d� �W�o�r�k� 

�H�a�s�h�i�n�g� �h�a�s� �b�e�e�n� �u�s�e�d� �i�n� �m�a�n�y� �a�p�p�l�i�c�a�t�i�o�n�s� �a�n�d�,� �w�i�t�h� �r�e�c�e�n�t� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �d�y�n�a�m�i�c� 

�h�a�s�h�i�n�g� �t�e�c�h�n�i�q�u�e�s�,� �h�a�s� �w�i�t�n�e�s�s�e�d� �a� �r�e�s�u�r�g�e�n�c�e� �o�f� �i�n�t�e�r�e�s�t� �[�E�D�8�8�]�.� �H�o�w�e�v�e�r�,� �m�o�s�t� �d�y�n�a�m�i�c� 

�h�a�s�h�i�n�g� �i�n�v�o�l�v�e�s� �l�o�w� �l�o�a�d� �v�a�l�u�e�s�,� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �0�.�6� �t�o� �0�.�9�,� �a�n�d� �r�e�q�u�i�r�e�s� �r�e�s�o�l�u�t�i�o�n� �o�f� 

�c�o�l�l�i�s�i�o�n�s�.� �I�n� �m�o�s�t� �d�y�n�a�m�i�c� �h�a�s�h�i�n�g� �s�c�h�e�m�e�s�,� �h�a�s�h� �a�d�d�r�e�s�s�e�s� �i�d�e�n�t�i�f�y� �b�u�c�k�e�t�s� �o�r� �b�i�n�s� �w�h�e�r�e�i�n� 

�a� �n�u�m�b�e�r� �o�f� �r�e�c�o�r�d�s� �c�a�n� �b�e� �s�t�o�r�e�d�,� �a�n�d� �w�h�i�c�h� �a�r�e� �u�s�u�a�l�l�y� �o�n�l�y� �p�a�r�t�i�a�l�l�y� �f�u�l�l�.� �T�h�e� �w�o�r�k� �o�f� 

�G�o�n�n�e�t� �a�n�d� �L�a�r�s�o�n� �d�o�e�s� �i�m�p�r�o�v�e� �u�p�o�n� �t�h�e� �t�y�p�i�c�a�l� �a�p�p�r�o�a�c�h�,� �h�o�w�e�v�e�r�,� �a�l�l�o�w�i�n�g� �h�i�g�h� �l�o�a�d� 

�f�a�c�t�o�r�s�,� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �e�x�t�r�a� �s�t�o�r�a�g�e� �u�s�e�d� �i�n� �b�u�c�k�e�t�s� �[�G�L�8�8�]�.� 

�A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �p�r�e�v�i�o�u�s� �s�c�h�e�m�e�s� �f�o�r� �p�e�r�f�e�c�t� �h�a�s�h�i�n�g� �s�h�o�w�s� �t�h�a�t� �m�a�n�y� �a�r�e� �g�e�n�e�r�a�l�l�y� 

�o�n�l�y� �a�p�p�l�i�c�a�b�l�e� �t�o� �s�m�a�l�l� �s�e�t�s�,� �o�r� �r�e�q�u�i�r�e� �a� �p�r�o�h�i�b�i�t�i�v�e� �a�m�o�u�n�t� �o�f� �s�p�a�c�e� �t�o� �s�t�o�r�e�.� �S�o�m�e� 

�a�p�p�r�o�a�c�h�e�s� �r�e�q�u�i�r�e� �i�n�p�u�t� �k�e�y�s� �t�o� �a�l�r�e�a�d�y� �b�e� �i�n�t�e�g�e�r�s� �i�n� �s�o�m�e� �r�e�s�t�r�i�c�t�e�d� �r�a�n�g�e�,� �w�h�i�l�e� �o�t�h�e�r�s� 

�a�r�e� �r�e�a�l�l�y� �t�w�o� �l�e�v�e�l� �s�e�a�r�c�h�e�s� �w�h�e�r�e� �e�x�t�r�a� �s�t�o�r�a�g�e� �i�n� �e�a�c�h� �b�u�c�k�e�t� �s�u�p�p�o�r�t�s� �t�h�e� �s�e�c�o�n�d� �l�e�v�e�l� 

�o�f� �s�e�a�r�c�h�.� �A�n� �e�x�a�m�p�l�e� �i�s� �t�h�e� �w�o�r�k� �o�f� �B�r�a�i�n� �a�n�d� �T�h�a�r�p�,� �w�h�i�c�h� �e�x�t�e�n�d�s� �C�i�c�h�e�l�l�i ��s� �a�p�p�r�o�a�c�h� 

�b�u�t� �s�t�i�l�l� �c�a�n�n�o�t� �h�a�n�d�l�e� �v�e�r�y� �l�a�r�g�e� �k�e�y� �s�e�t�s� �[�B�T�9�0�]�.� 
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�T�h�e� �m�o�s�t� �c�o�m�p�e�t�i�t�i�v�e� �a�l�t�e�r�n�a�t�i�v�e� �a�p�p�r�o�a�c�h� �c�o�m�e�s� �f�r�o�m� �t�h�e� �w�o�r�k� �o�f� �F�r�e�d�m�a�n�,� �K�o�m�l�é�d�s�,� 

�a�n�d� �S�z�e�m�é�r�d�i� �[�F�K�S�8�4�]� �a�n�d� �o�t�h�e�r�s� �w�h�o� �h�a�v�e� �b�u�i�l�t� �o�n� �t�h�e�i�r� �w�o�r�k� �(�e�.�g�.�,� �[�S�S�8�9�]�)�.� �T�h�e�s�e� �m�e�t�h�o�d�s� 

�a�s�s�u�m�e� �a� �u�n�i�v�e�r�s�e� �t�h�a�t� �i�s� �t�h�e� �s�e�t� �o�f� �i�n�t�e�g�e�r�s� �{�1�,�.�.�.�,� �N�}�i�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �k�e�y�s� 

�t�h�a�t� �a�r�e� �a�r�b�i�t�r�a�r�y� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g�s�.� �M�e�m�b�e�r�s�h�i�p� �q�u�e�r�i�e�s� �a�r�e� �a�c�c�o�m�m�o�d�a�t�e�d� �i�n� �c�o�n�s�t�a�n�t� 

�t�i�m�e�,� �a�n�d� �t�h�e� �h�a�s�h� �f�u�n�c�t�i�o�n� �r�e�q�u�i�r�e�s� �n� �+� �o�(�n�)� �s�p�a�c�e�.� �C�o�n�s�t�r�u�c�t�i�o�n� �h�a�s� �r�a�n�d�o�m� �e�x�p�e�c�t�e�d� 

�t�i�m�e� �O�(�n�)�.� �T�h�e� �a�l�g�o�r�i�t�h�m�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �t�w�o� �s�u�b�s�e�c�t�i�o�n�s� �h�a�v�e� �t�i�g�h�t�e�r� �b�o�u�n�d�s�,� 

�a�n�d� �a�r�e� �a�b�l�e� �t�o� �w�o�r�k� �o�n� �v�e�r�y� �l�a�r�g�e� �k�e�y� �s�e�t�s�.� 
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�4�.�2� �B�i�p�a�r�t�i�t�e� �G�r�a�p�h� �M�P�H�F� �F�i�n�d�i�n�g� �A�l�g�o�r�i�t�h�m� 

�T�h�i�s� �s�e�c�t�i�o�n� �r�e�p�o�r�t�s� �t�h�e� �f�i�r�s�t� �M�P�H�F� �f�i�n�d�i�n�g� �a�l�g�o�r�i�t�h�m� �u�s�i�n�g� �a� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h� �a�s� �w�o�r�k�i�n�g� 

�d�o�m�a�i�n�.� �T�h�e� �w�o�r�k� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �[�F�H�C�D�9�2�]� �a�n�d� �[�F�C�H�D�9�0�]�.� 

�4�.�2�.�1� �K�e�y� �C�o�n�c�e�p�t�s� �o�f� �t�h�e� �A�l�g�o�r�i�t�h�m� 

�T�h�e�r�e� �a�r�e� �t�h�r�e�e� �i�n�s�i�g�h�t�s� �d�u�e� �t�o� �L�e�n�w�o�o�d� �H�e�a�t�h� �[�F�C�H�D�9�0�]� �a�l�l�o�w�i�n�g� �t�h�e� �n�e�w� �a�l�g�o�r�i�t�h�m� �t�o� 

�r�u�n� �i�n� �l�i�n�e�a�r� �e�x�p�e�c�t�e�d� �t�i�m�e�.� 

�1�.� �R�a�n�d�o�m�n�e�s�s� �s�h�o�u�l�d� �b�e� �e�x�p�l�o�i�t�e�d� �w�h�e�n�e�v�e�r� �p�o�s�s�i�b�l�e�.� �A� �s�m�a�l�l� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �f�a�i�l�u�r�e� �i�s� 

�t�r�a�d�e�d� �f�o�r� �a�n� �o�u�t�s�t�a�n�d�i�n�g� �a�v�e�r�a�g�e� �c�a�s�e� �p�e�r�f�o�r�m�a�n�c�e�.� 

�2�.� �T�h�e� �v�e�r�t�e�x� �d�e�g�r�e�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �h�i�g�h�l�y� �s�k�e�w�e�d�;� �t�h�i�s� �c�a�n� �b�e� �e�x�p�l�o�i�t�e�d� �t�o� �c�a�r�r�y� �o�u�t� �t�h�e� 

�O�r�d�e�r�i�n�g� �s�t�e�p� �i�n� �a� �m�u�c�h� �m�o�r�e� �e�f�f�i�c�i�e�n�t� �m�a�n�n�e�r�.� 

�3�.� �A�s�s�i�g�n�i�n�g� �g� �v�a�l�u�e�s� �t�o� �a� �s�e�t� �o�f� �r�e�l�a�t�e�d� �w�o�r�d�s� �c�a�n� �b�e� �v�i�e�w�e�d� �a�s� �t�r�y�i�n�g� �t�o� �f�i�t� �a� �p�a�t�t�e�r�n� 

�i�n�t�o� �a� �p�a�r�t�i�a�l�l�y� �f�i�l�l�e�d� �d�i�s�k�,� �w�h�e�r�e� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �e�n�t�e�r� �l�a�r�g�e� �p�a�t�t�e�r�n�s� �w�h�i�l�e� �t�h�e� �d�i�s�k� 

�i�s� �o�n�l�y� �p�a�r�t�i�a�l�l�y� �f�u�l�l�.� 

�S�i�n�c�e� �M�a�p�p�i�n�g� �a�n�d� �S�e�a�r�c�h�i�n�g� �h�a�v�e� �e�x�p�e�c�t�e�d� �t�i�m�e� �O�(�n�)�,� �t�h�e� �t�i�m�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �o�u�r� 

�m�e�t�h�o�d� �i�s� �O�(�n�)� �i�n� �t�h�e� �e�x�p�e�c�t�e�d� �s�e�n�s�e�.� �B�e�c�a�u�s�e� �m�i�n�i�m�a�l� �p�e�r�f�e�c�t� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �a�r�e� �t�h�e� 

�p�r�i�m�a�r�y� �c�o�n�c�e�r�n�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �m� �=� �n�,� �a�n�d� �s�o� �n� �a�l�o�n�e� �i�s� �u�s�e�d�.� �A�l�l� �r�e�s�u�l�t�s� �e�a�s�i�l�y� 

�g�e�n�e�r�a�l�i�z�e� �t�o� �t�h�e� �c�a�s�e� �m� �>� �n�.� 

�R�a�n�d�o�m�n�e�s�s� 

�T�h�e� �f�i�r�s�t� �u�s�e� �o�f� �r�a�n�d�o�m�n�e�s�s� �i�s� �i�n� �t�h�e� �M�a�p�p�i�n�g� �s�t�e�p� �w�h�e�r�e� �a� �g�o�o�d� �s�e�t� �o�f� �t�r�i�p�l�e�s� �i�s� �o�b�t�a�i�n�e�d� 

�t�o� �s�e�r�v�e� �a�s� �i�d�e�n�t�i�f�i�e�r�s� �f�o�r� �t�h�e� �o�r�i�g�i�n�a�l� �w�o�r�d� �s�t�r�i�n�g�s�.� �T�o� �a�s�s�u�r�e� �t�h�e� �d�i�s�t�i�n�c�t�n�e�s�s� �o�f� �t�r�i�p�l�e�s�,� �a� 

�r�a�n�d�o�m� �n�u�m�b�e�r� �f�o�r� �e�a�c�h� �k�e�y� �(�m�o�d� �n�)� �i�s� �o�b�t�a�i�n�e�d� �b�y� �m�a�k�i�n�g� �u�s�e� �o�f� �a�l�l� �o�f� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �i�n� 

�t�h�e� �k�e�y� �t�o� �g�i�v�e� �m�a�x�i�m�u�m� �d�i�s�c�r�i�m�i�n�a�t�i�o�n�.� �T�h�e� �p�s�e�u�d�o�-�r�a�n�d�o�m� �n�u�m�b�e�r� �g�e�n�e�r�a�t�o�r� �s�e�l�e�c�t�e�d�,� 

�t�o� �a�l�l�o�w� �m�a�c�h�i�n�e� �i�n�d�e�p�e�n�d�e�n�c�e� �a�n�d� �t�o� �e�n�s�u�r�e� �g�o�o�d� �b�e�h�a�v�i�o�r�,� �i�s� �d�u�e� �t�o� �P�a�r�k� �a�n�d� �M�i�l�l�e�r� 
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�[�P�M�8�8�a�]�.� �T�h�e� �r�a�n�d�o�m� �i�n�t�e�g�e�r�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e�i�r� �r�a�n�d�o�m� �n�u�m�b�e�r� �g�e�n�e�r�a�t�o�r� �a�r�e� �b�e�t�w�e�e�n� 

�0� �a�n�d� �2�°�!�  �� �2�.� �N�o�w� �c�o�n�s�i�d�e�r� �t�h�e� �u�s�e� �o�f� �t�h�e�s�e� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �t�o� �o�b�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �t�r�i�p�l�e�s�.� 

�F�i�r�s�t�,� �t�h�r�e�e� �t�a�b�l�e�s� �(�t�a�b�l�e�o�,� �t�a�b�l�e�,�,� �t�a�b�l�e�2�)� �o�f� �r�a�n�d�o�m� �n�u�m�b�e�r�s� �a�r�e� �c�o�n�s�t�r�u�c�t�e�d�,� �o�n�e� �f�o�r� �e�a�c�h� 

�o�f� �t�h�e� �f�u�n�c�t�i�o�n�s� �h�g�,�h�,�,� �a�n�d� �h�z�.� �E�a�c�h� �t�a�b�l�e� �c�o�n�t�a�i�n�s� �o�n�e� �r�a�n�d�o�m� �n�u�m�b�e�r� �f�o�r� �e�a�c�h� �p�o�s�s�i�b�l�e� 

�c�h�a�r�a�c�t�e�r� �a�t� �e�a�c�h� �p�o�s�i�t�i�o�n� �7� �i�n� �t�h�e� �k�e�y�.� �L�e�t� �a� �k�e�y� �b�e� �t�h�e� �c�h�a�r�a�c�t�e�r� �s�t�r�i�n�g� �k� �=� �k�,�k�2�.�.�.�k�y�.� 

�T�h�e�n� �t�h�e� �t�r�i�p�l�e� �i�s� �c�o�m�p�u�t�e�d� �u�s�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�s�:� 

�h�o�(�k�)� �=� �(�>�:� �t�a�b�l�e�g�;� �(�)�]� �m�o�d� �n� 

�h�y�(�k�)� �=� �(�s�2� �t�a�b�l�e�y�;� �)�)� �m�o�d� �r� 

�h�o�(�k�)� �=� �(�>�:� �t�a�b�l�e�;� �(�6�)� �m�o�d�r� �+�r�.� 

�A�s�s�u�m�i�n�g� �t�h�e� �t�r�i�p�l�e�s� �(�h�o�(�k�)�,� �h�i�(�k�)�,� �h�o�(�k�)�)�,�&�  ¬� �S�,� �a�r�e� �r�a�n�d�o�m�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �d�e�r�i�v�e� �t�h�e� 

�p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �t�h�e� �t�r�i�p�l�e�s� �a�r�e� �d�i�s�t�i�n�c�t�.� �L�e�t� �t� �=� �n�r�?� �b�e� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �u�n�i�v�e�r�s�e� �o�f� �t�r�i�p�l�e�s�.� 

�T�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �d�i�s�t�i�n�c�t�n�e�s�s� �f�o�r� �n� �t�r�i�p�l�e�s� �c�h�o�s�e�n� �u�n�i�f�o�r�m�l�y� �a�t� �r�a�n�d�o�m� �f�r�o�m� �¢� �t�r�i�p�l�e�s� �i�s� 

�(�t ��1�)�-�-�-�(�t�-�n�+�1�)� �_� �(�t�)�n� 
�t �� �t�r� 

� � 

�t� 
�p�(�n�,�t�)� �=� 

�B�y� �a�n� �a�s�y�m�p�t�o�t�i�c� �e�s�t�i�m�a�t�e� �f�r�o�m� �P�a�l�m�e�r� �[�P�a�l�8�5�]�,� 

�(�t�)�n� �n�e� �7�3� �t�)�=� �~� �~ ��  �� 
�p�(�n�,� �t�)� �=�  ��~�~� �e�x�P� �)�  �� �5�  �� �S�e� 

�a�n�d� �f�o�r� �t�y�p�i�c�a�l� �v�a�l�u�e�s� �o�f� �r� �=� �c�n�/� �l�o�g�.� �n�,� �w�h�e�r�e� �c� �i�s� �a� �c�o�n�s�t�a�n�t�,� 

�2� �2� �2� �,� 

�p�(�n�,� �t�)� �&� �e�x�p� �{� �c�e�a�}� �=� �e�x�p� �{�S�e� �n�)� �~�1�-� �(�l�o�g�,� �n�)� 
�2�n�(�e�n�)�?� �2�c�?�n� �2�c�?�n� 

� � 

�s�o� �t�h�a�t� �p�(�n�,� �t�)� �g�o�e�s� �t�o� �1� �q�u�i�t�e� �r�a�p�i�d�l�y� �w�i�t�h� �n�.� �A� �s�u�i�t�a�b�l�e� �s�e�t� �o�f� �t�r�i�p�l�e�s� �c�a�n� �b�e� �f�o�u�n�d� �a�l�m�o�s�t� 

�a�l�w�a�y�s� �t�h�e� �f�i�r�s�t� �t�i�m�e�,� �a�n�d� �e�v�e�n� �w�i�t�h� �v�e�r�y� �g�o�o�d� �l�i�k�e�h�o�o�d� �o�f� �s�u�c�c�e�s�s� �w�h�e�n� �h�o�,� �h�i�,� �a�n�d� �h�e� �a�r�e� 

�a�l�l� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �p�e�r�m�u�t�a�t�i�o�n�s� �(�d�i�f�f�e�r�e�n�t� �v�i�e�w�s�)� �o�f� �o�n�e� �r�a�n�d�o�m� �t�a�b�l�e�.� 

�V�e�r�t�e�x� �D�e�g�r�e�e� �D�i�s�t�r�i�b�u�t�i�o�n� 

�T�h�e� �s�e�c�o�n�d� �k�e�y� �c�o�n�c�e�p�t� �i�s� �t�h�a�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �d�e�g�r�e�e�s� �o�f� �v�e�r�t�i�c�e�s� �i�n� �t�h�e� �d�e�p�e�n�d�e�n�c�y� 

�g�r�a�p�h� �i�s� �d�e�c�i�d�e�d�l�y� �s�k�e�w�e�d�,� �a�n�d� �i�n�d�e�e�d� �h�a�s� �a� �n�u�m�b�e�r� �o�f� �i�n�t�e�r�e�s�t�i�n�g� �p�r�o�p�e�r�t�i�e�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� 
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�i�t� �c�a�n� �b�e� �s�h�o�w�n� �t�h�a�t� �i�n� �a� �r�a�n�d�o�m� �d�e�p�e�n�d�e�n�c�y� �g�r�a�p�h� �m�o�s�t� �v�e�r�t�i�c�e�s� �h�a�v�e� �l�o�w� �d�e�g�r�e�e�,� �w�h�i�c�h� 

�l�e�a�d�s� �t�o� �s�m�a�l�l� �l�e�v�e�l�s� �i�n� �t�h�e� �o�r�d�e�r�i�n�g�.� �F�o�r� �a� �p�a�r�t�i�c�u�l�a�r� �v�e�r�t�e�x� �v� �a�n�d� �t�h�e� �e�d�g�e�s� �i�n�c�i�d�e�n�t� �o�n� 

�i�t�,� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �a� �p�a�r�t�i�c�u�l�a�r� �e�d�g�e� �f�r�o�m� �e�d�g�e� �s�e�t� �F� �i�s� �i�n�c�i�d�e�n�t� �o�n� �v� �i�s� �p� �=� �1�/�r�.� �L�e�t� 

�X� �b�e� �t�h�e� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e� �t�h�a�t� �e�q�u�a�l�s� �t�h�e� �d�e�g�r�e�e� �o�f� �v�.� �T�h�e�n� �(�s�e�e� �[�F�e�l�6�8�]�)� �X� �i�s� �b�i�n�o�m�i�a�l�l�y� 

�d�i�s�t�r�i�b�u�t�e�d� �w�i�t�h� �p�a�r�a�m�e�t�e�r�s� �n� �a�n�d� �p�.� �S�i�n�c�e� �t�h�e� �c�a�s�e� �o�f� �l�a�r�g�e� �n� �i�s� �o�f� �i�n�t�e�r�e�s�t�,� �t�h�e� �P�o�i�s�s�o�n� 

�a�p�p�r�o�x�i�m�a�t�i�o�n� �t�o� �t�h�e� �b�i�n�o�m�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �a�p�p�l�i�e�s�:� 

�e�7�>�\�4� 
�P�r�(�X� �=� �d�)� �x� �7� 

�w�h�e�r�e� �A� �=� �n�p� �=� �n�/�r�.� �F�r�o�m� �t�h�e� �P�o�i�s�s�o�n� �a�p�p�r�o�x�i�m�a�t�i�o�n�,� �t�h�e� �e�x�p�e�c�t�e�d� �n�u�m�b�e�r� �o�f� �v�e�r�t�i�c�e�s� �o�f� 

�d�e�g�r�e�e� �d� �i�s� �g�i�v�e�n� �b�y� 

�O�r�e�l� �r�(�B�)�?� 
�2�r�P�r�(�X� �=� �d�)� �x�  ��a� 

�W�h�e�n� �r� �=� �n�/�2� �(�A� �=� �2�)�,� �t�h�e� �e�x�p�e�c�t�e�d� �n�u�m�b�e�r� �o�f� �v�e�r�t�i�c�e�s� �o�f� �d�e�g�r�e�e� �0�,� �1�,� �2�,� �3�,� �a�n�d� �4� �a�r�e� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�7�r�,� �0�.�5�4�r�,� �0�.�5�4�r�,� �0�.�3�6�r�,� �a�n�d� �0�.�1�8�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�k�e�w�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� 

�o�f� �v�e�r�t�e�x� �d�e�g�r�e�e�s� �p�r�o�v�i�d�e�s� �t�h�e� �i�n�s�p�i�r�a�t�i�o�n� �f�o�r� �a� �n�e�w� �O�r�d�e�r�i�n�g� �h�e�u�r�i�s�t�i�c�.� �I�n�s�t�e�a�d� �o�f� �o�r�d�e�r�i�n�g� 

�t�h�e� �e�d�g�e�s� �(�k�e�y�s�)� �o�f� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �g�r�a�p�h� �a�s� �m�i�n�c�y�c�l�e� �d�o�e�s�,� �t�h�e� �n�e�w� �h�e�u�r�i�s�t�i�c� �o�r�d�e�r�s� �t�h�e� 

�v�e�r�t�i�c�e�s�.� �L�e�t� �v�1�,� �0�2�,�.�.�-�,� �V�a�r� �b�e� �a�n�y� �o�r�d�e�r�i�n�g� �o�f� �t�h�e� �v�e�r�t�i�c�e�s� �o�f� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �g�r�a�p�h�.� �F�o�r� 

�e�a�c�h� �v�;�,� �t�h�e�r�e� �i�s� �a� �s�e�t� �o�f� �e�d�g�e�s� �K�(�v�;�)� �t�h�a�t� �g�o� �f�r�o�m� �v�;� �t�o� �v�e�r�t�i�c�e�s� �e�a�r�l�i�e�r� �i�n� �t�h�e� �o�r�d�e�r�i�n�g� 

�K�(�2�;�)� �=� �{�(�;�,� �¥�;�)� �E�E�l�j�<� �i�}�.� 

�T�h�i�s� �s�e�t� �o�f� �e�d�g�e�s� �i�s� �a�l�s�o� �a� �s�e�t� �o�f� �k�e�y�s�,� �a�n�d� �e�v�e�r�y� �k�e�y� �o�c�c�u�r�s� �i�n� �e�x�a�c�t�l�y� �o�n�e� �K�(�v�;�)�.� �A� �(�v�j�)� �m�a�y� 

�b�e� �e�m�p�t�y�,� �b�u�t� �c�a�n�n�o�t� �b�e� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �d�e�g�r�e�e� �o�f� �v�;� �(�i�t� �i�s� �o�f�t�e�n� �s�m�a�l�l�e�r�)�.� �T�h�e� �o�r�d�e�r�i�n�g� �o�f� 

�t�h�e� �s�e�t� �o�f� �k�e�y�s� �i�n�t�o� �l�e�v�e�l�s� �i�s� �j�u�s�t� �t�h�e� �o�r�d�e�r�i�n�g� �o�f� �t�h�e� �n�o�n�e�m�p�t�y� �K ��(�1�j�;�)�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�,� �i�t� �i�s� �d�e�s�i�r�a�b�l�e� �t�o� �h�a�v�e� �l�e�v�e�l�s� �t�h�a�t� �a�r�e� �a�s� �s�m�a�l�l� �a�s� �p�o�s�s�i�b�l�e� 

�a�n�d� �t�o� �h�a�v�e� �a�l�l� �l�a�r�g�e� �l�e�v�e�l�s� �e�a�r�l�y� �i�n� �t�h�e� �o�r�d�e�r�i�n�g�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �a� �v�e�r�t�e�x� �o�f� �l�a�r�g�e�r� �d�e�g�r�e�e� 

�s�h�o�u�l�d� �b�e� �p�r�o�c�e�s�s�e�d� �e�a�r�l�i�e�r� �t�h�a�n� �a� �v�e�r�t�e�x� �o�f� �s�m�a�l�l�e�r� �d�e�g�r�e�e�.� �T�h�i�s� �a�l�s�o� �s�u�g�g�e�s�t�s� �t�h�a�t� �a� �v�e�r�t�e�x� 

�w�h�o�s�e� �K� �s�e�t� �i�s� �(�c�u�r�r�e�n�t�l�y�)� �l�a�r�g�e�r� �s�h�o�u�l�d� �b�e� �c�h�o�s�e�n� �n�e�x�t� �i�n� �t�h�e� �o�r�d�e�r�i�n�g� �o�v�e�r� �a� �v�e�r�t�e�x� �w�h�o�s�e� 

�K� �s�e�t� �i�s� �(�c�u�r�r�e�n�t�l�y�)� �s�m�a�l�l�e�r�.� �F�i�n�a�l�l�y�,� �i�t� �i�s� �i�m�p�e�r�a�t�i�v�e� �t�h�a�t� �t�h�e� �O�r�d�e�r�i�n�g� �h�e�u�r�i�s�t�i�c� �b�e� �a�b�l�e� 
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�t�o� �c�h�o�o�s�e� �t�h�e� �n�e�x�t� �v�e�r�t�e�x� �i�n� �t�h�e� �o�r�d�e�r�i�n�g� �q�u�i�c�k�l�y� �a�n�d� �s�i�m�p�l�y�.� �T�h�e� �n�e�w� �O�r�d�e�r�i�n�g� �h�e�u�r�i�s�t�i�c� 

�e�v�o�l�v�e�d� �f�r�o�m� �t�h�e�s�e� �i�n�s�i�g�h�t�s� �g�a�i�n�e�d� �b�y� �e�x�a�m�i�n�i�n�g� �t�h�e� �s�k�e�w�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �v�e�r�t�e�x� �d�e�g�r�e�e�s� 

�a�n�d� �f�r�o�m� �t�h�e� �i�m�p�e�r�a�t�i�v�e� �o�f� �c�h�o�o�s�i�n�g� �t�h�e� �n�e�x�t� �v�e�r�t�e�x� �q�u�i�c�k�l�y�.� 

�F�i�t�t�i�n�g� �i�n�t�o� �a� �D�i�s�k� 

�A�t� �e�a�c�h� �i�t�e�r�a�t�i�o�n� �o�f� �t�h�e� �S�e�a�r�c�h�i�n�g� �s�t�e�p�,� �o�n�e� �l�e�v�e�l� �o�f� �t�h�e� �o�r�d�e�r�i�n�g� �i�s� �t�o� �b�e� �p�l�a�c�e�d� �i�n� �t�h�e� 

�h�a�s�h� �t�a�b�l�e�.� �E�a�c�h� �l�e�v�e�l� �i�s� �t�h�e� �k�e�y� �s�e�t� �K�(�v�;�)� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �v�e�r�t�e�x� �v�;�.� �F�o�r� �p�u�r�p�o�s�e�s� �o�f� 

�i�l�l�u�s�t�r�a�t�i�o�n�,� �a�s�s�u�m�e� �t�h�a�t� �v�;�  ¬� �{�r�,�.�.�.�,�2�7�  �� �1�}�.� �E�a�c�h� �k�e�y� �k�  ¬� �K�(�v�;�)� �h�a�s� �t�h�e� �s�a�m�e� �h�o� �v�a�l�u�e� 

�h�o�(�k�)� �=� �v�;� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �w�i�l�l� �h�a�v�e� �t�h�e� �s�a�m�e� �g�o� �h�y� �v�a�l�u�e� �g� �(�h�2�(�k�)�)� �=� �g�(�v�;�)�.� �B�y� �a�s�s�u�m�p�t�i�o�n�,� 

�t�h�e� �g�o� �h�y� �v�a�l�u�e� �o�f� �k� �i�s� �a�l�r�e�a�d�y� �s�e�l�e�c�t�e�d�.� �S�i�n�c�e� �a�l�l� �A�o� �v�a�l�u�e�s� �a�r�e� �a�l�r�e�a�d�y� �d�e�f�i�n�e�d�,� �h�(�k�)� �i�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �g�(�v�;�)�.� �C�o�n�s�i�d�e�r� �t�h�e� �s�u�m� �o�f� �t�h�e� �t�w�o� �v�a�l�u�e�s� �a�l�r�e�a�d�y� �k�n�o�w�n� �f�o�r� 

�k�.� �L�e�t� 

�b�(�k�)� �=� �h�o�(�k�)� �+� �g�(�h�i�(�k�)�)�.� 

�T�h�e�n� 

�h�(�k�)� �=� �(�6�(�k�)� �+�9�(�v�;�)�)� �(�m�o�d� �n�)�.� 
�T�h�e� �b�(�k�)� �v�a�l�u�e�s� �f�o�r� �a�l�l� �k�e�y�s� �k�  ¬� �K�(�v�;�)� �y�i�e�l�d� �o�f�f�s�e�t�s� �f�r�o�m� �g�(�v�;�)� �(�m�o�d� �7�)� �t�o� �t�h�e� �h�a�s�h� �v�a�l�u�e�s� 

�o�f� �t�h�e� �k�e�y�s�.� 

�T�h�e� �s�e�t� �o�f� �b�(�k�)� �v�a�l�u�e�s� �c�o�n�s�t�i�t�u�t�e�s� �a� �p�a�t�t�e�r�n� �(�m�o�d� �n�)�.� �T�h�e� �p�a�t�t�e�r�n� �m�a�y� �b�e� �v�i�e�w�e�d� �a�s� 

�b�e�i�n�g� �i�n� �a� �c�i�r�c�l�e� �o�f� �n� �s�l�o�t�s� �a�n�d� �s�u�b�j�e�c�t� �t�o� �r�o�t�a�t�i�o�n� �b�y� �t�h�e� �a�m�o�u�n�t� �g�(�v�;�)�.� �T�h�e� �h�a�s�h� �t�a�b�l�e� �i�s� 

�v�i�e�w�e�d� �a�s� �a� �d�i�s�k� �w�i�t�h� �n� �s�l�o�t�s�,� �s�o�m�e� �o�f� �w�h�i�c�h� �m�a�y� �a�l�r�e�a�d�y� �b�e� �f�i�l�l�e�d�.� �T�o� �s�u�c�c�e�s�s�f�u�l�l�y� �a�s�s�i�g�n� 

�h�a�s�h� �v�a�l�u�e�s� �t�o� �t�h�e� �k�e�y�s� �i�n� �K�(�v�;�)�,� �t�h�e� �S�e�a�r�c�h�i�n�g� �s�t�e�p� �m�u�s�t� �d�e�t�e�r�m�i�n�e� �a�n� �o�f�f�s�e�t� �v�a�l�u�e� �g�(�v�;�)� 

�t�h�a�t� �p�u�t�s� �a�l�l� �t�h�e� �b�(�k�)� �+� �g�(�v�;�)� �v�a�l�u�e�s� �i�n� �e�m�p�t�y� �s�l�o�t�s� �o�f� �t�h�e� �h�a�s�h� �t�a�b�l�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� �T�h�i�s� 

�p�r�o�c�e�s�s� �w�e� �r�e�f�e�r� �t�o� �a�s� �f�i�t�t�i�n�g� �a� �p�a�t�t�e�r�n� �i�n�t�o� �a� �d�i�s�k�.� 

�F�i�n�d�i�n�g� �h�a�s�h� �v�a�l�u�e�s� �f�o�r� �a� �s�e�t� �o�f� �7� �r�e�l�a�t�e�d� �w�o�r�d�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �f�i�n�d�i�n�g� �s�u�i�t�a�b�l�e� �g� �v�a�l�u�e�s� 

�s�o� �t�h�a�t� �t�h�e� �p�a�t�t�e�r�n� �o�f� �s�i�z�e� �7� �c�a�n� �b�e� �p�l�a�c�e�d� �i�n�t�o� �t�h�e� �d�i�s�k�,� �w�i�t�h� �e�a�c�h� �o�f� �t�h�e� �7� �w�o�r�d�s� �f�i�t�t�i�n�g� 

�i�n�t�o� �a�n� �e�m�p�t�y� �s�l�o�t�.� �C�l�e�a�r�l�y�,� �w�h�e�n� �7� �=� �1� �t�h�i�s� �i�s� �p�o�s�s�i�b�l�e� �a�s� �l�o�n�g� �a�s� �t�h�e�r�e� �i�s� �a�n� �e�m�p�t�y� �s�l�o�t�.� 
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�C�H�A�P�T�E�R� �4�.� �H�A�S�H�I�N�G� �M�E�T�H�O�D�S� 

�F�u�r�t�h�e�r�,� �r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �s�i�z�e� �o�f� �7�,� �i�t� �i�s� �a�l�w�a�y�s� �p�o�s�s�i�b�l�e� �t�o� �f�i�t� �a� �p�a�t�t�e�r�n� �i�n�t�o� �a�n� �e�m�p�t�y� �t�a�b�l�e�.� 

�W�e� �w�o�u�l�d� �e�x�p�e�c�t�,� �t�h�e�r�e�f�o�r�e�,� �t�o� �b�e� �a�b�l�e� �t�o� �f�i�n�d� �a� �h�a�s�h� �f�u�n�c�t�i�o�n� �i�f� �v�e�r�t�i�c�e�s� �o�f� �l�a�r�g�e� �d�e�g�r�e�e� 

�a�r�e� �h�a�n�d�l�e�d� �w�h�e�n� �t�h�e� �d�i�s�k� �i�s� �m�o�s�t�l�y� �e�m�p�t�y�,� �a�n�d� �i�f� �w�h�e�n� �t�h�e� �t�a�b�l�e� �i�s� �s�t�a�r�t�i�n�g� �t�o� �g�e�t� �f�u�l�l�,� 

�r�e�m�a�i�n�i�n�g� �v�e�r�t�i�c�e�s� �a�r�e� �o�f� �l�o�w� �d�e�g�r�e�e�,� �p�r�e�f�e�r�a�b�l�y� �d�e�g�r�e�e� �1�.� �I�n� �[�F�C�H�D�8�9�]� �i�t� �i�s� �d�e�r�i�v�e�d� �t�h�a�t� 

�t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �f�i�t�t�i�n�g� �a� �p�a�t�t�e�r�n� �o�f� �s�i�z�e� �7� �i�n�t�o� �a� �m� �s�l�o�t�s� �d�i�s�k� �w�i�t�h� �f� �s�l�o�t�s� �o�c�c�u�p�i�e�d� �a�l�r�e�a�d�y� 

�i�s�:� 

�P�r�(�f�i�t�)� �=� �l�- ��e!"�#� 

�w�h�e�r�e� 

�b�=� �(�1� �-� �D�N� �m� �i�)� �|� 
�N�o�t�e� �t�h�a�t� �i�f� �f� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �m� �s�u�c�h� �t�h�a�t� �f� �<� �(�1�  ��  ¬�)�m�,� �f�o�r� �s�o�m�e� �c�o�n�s�t�a�n�t�  ¬� �>� �0�,� �t�h�e�n� 

�j�s�  �� �c�o� �a�n�d� �P�r�(�f�i�t�)�  �� �1�.� �F�o�r� �o�u�r� �p�u�r�p�o�s�e�s�,� �t�h�i�s� �m�e�a�n�s� �t�h�a�t� �t�h�e� �d�i�s�k� �m�u�s�t� �b�e� �s�l�i�g�h�t�l�y� �l�e�s�s� 

�t�h�a�n� �f�u�l�l� �(�f� �<� �(�1�  ��  ¬�)�m�)� �w�h�e�n� �t�h�e� �l�a�s�t� �p�a�t�t�e�r�n� �o�f� �s�i�z�e� �7� �>� �1� �i�s� �p�l�a�c�e�d�.� 

�4�.�2�.�2� �A�l�g�o�r�i�t�h�m� 

�T�h�e� �b�i�p�a�r�t�i�t�e� �g�r�a�p�h� �a�l�g�o�r�i�t�h�m� �i�s� �a�n� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�e� �w�o�r�k� �b�y� �S�a�g�e�r� �[�S�a�g�8�5�]� �a�n�d� �b�u�i�l�d�s� �o�n� �t�h�e� 

�n�e�w� �i�n�s�i�g�h�t�s� �d�e�s�c�r�i�b�e�d� �i�n� �e�a�r�l�i�e�r� �s�e�c�t�i�o�n�s�.� �T�o� �a�i�d� �i�n� �s�u�b�s�e�q�u�e�n�t� �d�i�s�c�u�s�s�i�o�n�,� �t�h�e� �t�e�r�m�i�n�o�l�o�g�y� 

�i�n�t�r�o�d�u�c�e�d� �b�y� �S�a�g�e�r� �a�n�d� �l�a�t�e�r� �e�x�t�e�n�d�e�d� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�1�.� 

�T�h�e� �a�l�g�o�r�i�t�h�m� �f�o�r� �s�e�l�e�c�t�i�n�g� �h� �h�a�s� �t�h�r�e�e� �s�t�e�p�s�:� �M�a�p�p�i�n�g�,� �O�r�d�e�r�i�n�g�,� �a�n�d� �S�e�a�r�c�h�i�n�g�.� 

�T�h�e� �M�a�p�p�i�n�g� �S�t�e�p� 

�T�h�e� �M�a�p�p�i�n�g� �s�t�e�p� �t�a�k�e�s� �a� �s�e�t� �o�f� �n� �k�e�y�s� �a�n�d� �p�r�o�d�u�c�e�s� �t�h�e� �t�h�r�e�e� �a�u�x�i�l�i�a�r�y� �h�a�s�h� �f�u�n�c�t�i�o�n�s� �h�o�,� 

�h�y�,� �a�n�d� �h�g� �(�s�e�e� �s�e�c�t�i�o�n� �4�.�2�.�1�)�.� �T�h�e�s�e� �t�h�r�e�e� �f�u�n�c�t�i�o�n�s� �m�a�p� �e�a�c�h� �k�e�y� �k� �i�n�t�o� �a� �t�r�i�p�l�e� 

�(�A�o�(�k�)�,� �h�i�(�k�)�,� �h�o�l� �k�)�)�.� 

�B�e�c�a�u�s�e� �t�h�e� �u�l�t�i�m�a�t�e� �M�P�H�F� �m�u�s�t� �d�i�s�t�i�n�g�u�i�s�h� �a�n�y� �t�w�o� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �k�e�y�s�,� �i�t� �i�s� �e�s�s�e�n�t�i�a�l� 

�t�h�a�t� �t�h�e�s�e� �n� �t�r�i�p�l�e�s� �b�e� �d�i�s�t�i�n�c�t�.� �A�s� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�1�,� �i�f� �h�o�,� �h�y�,� �a�n�d� �h�g� �a�r�e� �r�a�n�d�o�m� 
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