
Chapter 1
Introduction

Search engines have become part of our daily lives. We use Google (Bing, Yandex,
Baidu, etc.) as the main gateway to find information on the Web. With a certain type
of content in mind, we may search directly on a particular site or service, e.g., on
Facebook or LinkedIn for people, organizations, and events; on Amazon or eBay
for products; or on YouTube or Spotify for music. Even on our smartphones, we are
increasingly reliant on search functionality to find contacts, email, notes, calendar
entries, apps, etc. We have grown accustomed to expect a search box somewhere
near the top of the screen, and we have also increased our expectations of the quality
and speed of the responses to our searches.

On the highest level of abstraction, the field of information retrieval (IR)
is concerned with developing technology for matching information needs with
information objects. What we put in the search box, i.e., the query, is an expression
of our information need. It may range from a few simple keywords (e.g., “Bond
girls”) to a proper natural language question (e.g., “What are good digital cameras
under $300?”). The search engine then responds with a ranked list of items, i.e.,
information objects. Traditionally, these items were documents. In fact, IR has been
seen as synonymous with document retrieval by many. The past decade, however,
has seen an enormous development in search technology. As regular users, we have
witnessed first-hand the transitioning of search engines into “answering engines.”
Today’s contemporary web search engines return rich search result pages, which
include direct displays of entities, facts, and other structured results instead of
merely a list of documents (“ten blue links”), as illustrated in Fig. 1.1. A primary
enabling component behind these advanced search services is the availability
of large-scale structured knowledge repositories (called knowledge bases), which
organize information around specific things or objects (which we will be referring
to as entities). The objective of this book is to give a detailed account of the
developments of a decade of IR research that have enabled us to search for “things,
not strings.”
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2 1 Introduction

Fig. 1.1 An example of a rich search result page from the Google search engine. The panel on the
right-hand side of the page is an example of an entity card

1.1 What Is an Entity?

Informally, an entity is a “thing” or “object” that can be referred to. Common
types of entities include, e.g., people, organizations, products, locations, and events.
Producing a precise definition, as we shall see, turns out to be quite challenging. A
commonly accepted definition of an entity is as follows:

An entity is an object or concept in the real world that can be distinctly identified.

However, this definition is not without complications. Let us take the entity
“Superman” as an example. Does it refer to the fictional comic book superhero,
to the comic book itself, or to the actor who is playing the character in the
movie adaptation? Entity identity is a hard question to tackle. Part of the issue
is related to defining “the” (real) world. Any attempt to resolve this is likely to
lead to a long philosophical debate about “existence.” Therefore, we will resort to
a more pragmatic and data-oriented approach. For that, we go all the way back
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to database management systems of the 1970s, where the importance of entities,
as meaningful units for organizing information, has been recognized. The entity-
relationship (ER) model proposed by Chen [11] in 1976 is a high-level conceptual
data model that “incorporates some of the important semantic information about
the real world” [11]. The ER model revolves around real-world entities and the
associations among them. Both entities and relationships are described by means of
their properties (attribute-value pairs). Further, an entity is an instance of a given
entity type (i.e., a semantic class). We capture these key facets of entities in the
following definition:

Definition 1.1 An entity is a uniquely identifiable object or thing, character-
ized by its name(s), type(s), attributes, and relationships to other entities.

We circumvent the “existential” questions by restricting our universe to some
particular registry of entities, which we will refer to as the entity catalog. Thus,
we consider that an entity “exists” if an only if it is an entry in the given entity
catalog.

Definition 1.2 An entity catalog is collection of entries, where each entry is
identified by a unique ID and contains the name(s) of the corresponding entity.

The entity catalog defines the universe of entities by providing entities with unique
identifiers. While this alone can turn out to be surprisingly useful, we typically have
more knowledge about entities (regarding their types, attributes, and relationships).
We will shortly come back to the question of how to represent this knowledge, in
Sect. 1.1.3.

1.1.1 Named Entities vs. Concepts

Entities are most commonly thought of as real-world objects represented by a proper
noun. There are, in fact, two main classes of entities that may be distinguished:

• Named entities are real-world objects that can be denoted by a proper noun.
Examples include specific persons, locations, organizations, products, events,
etc.

• Concepts are abstract objects, including, but not limited to, mathematical and
philosophical concepts (e.g., “distance,” “axiom,” “quantity”), physical concepts
and natural phenomena (e.g., “gravity,” “force,” “wind”), psychological concepts
(e.g., “emotion,” “thought,” “identity”), and social concepts (e.g., “authority,”
“human rights,” “peace”).
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These two classes generally correspond to the dichotomy between concrete and
abstract objects in philosophy. It is worth noting that the distinction between
concrete/abstract objects has a curious status in contemporary philosophy, with
many plausible ways of drawing the line between the two [34].

As far as our work is concerned, this distinction is mostly of a philosophical
nature. From a technical perspective, the exact same methods may be used for
named entities and/or concepts. Thus, unless stated otherwise, whenever we write
entity in this book, we mean both of them. Nevertheless, the focus of practical
application scenarios is, more commonly than not, restricted to named entities.

1.1.2 Properties of Entities

We shall collectively refer to all information associated with an entity (e.g., the
unique identifier, names, types, attributes, and relationships) as entity properties.
Let us now explore each of these properties in a bit more detail.

Unique identifier: Entities need to be uniquely identifiable. There must be a one-
to-one correspondence between each entity identifier (ID) and the (real-world
or fictional) object it represents (i.e., within a given entity catalog; the same
entity may exist under different identifiers in other catalogs). Examples of entity
identifiers from past IR benchmarking campaigns include email addresses for
people (within an organization), Wikipedia page IDs (within Wikipedia), and
unique resource identifiers (URIs, within Linked Data repositories).

Name(s): Entities are known and referred to by their name—usually, a proper
noun. Unlike IDs, names do not uniquely identify entities; multiple entities may
share the same name (e.g., “Michael Jordan”). Also, the same entity may be
known by more than a single name (e.g., “Barack Obama,” “President Obama,”
“Barack Hussein Obama II”). These alternative names are called surface forms
or aliases. Humans can easily resolve the ambiguity of entity references from
the context of the mention most of the time. For machines, automatically
disambiguating entity references presents many challenges.

Type(s): Entities may be categorized into multiple entity types (or types for
short). Types can also be thought of as containers (semantic categories) that
group together entities with similar properties. An analogy can bemade to object-
oriented programming, whereby an entity of a type is like an instance of a class.
The set of possible entity types are often organized in a hierarchical structure,
i.e., a type taxonomy. For example, the entity Albert Einstein is an instance of the
type “scientist,” which is a subtype of “person.”

Attributes: The characteristics or features of an entity are described by a set of
attributes. Different types of entities are typically characterized by different sets
of attributes. For example, the attributes of a person include the date and place of
birth, weight, height, parents, spouses, etc. The a Attributes of a populated place
include latitude, longitude, population, postal code(s), country, continent, etc.
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Notice that some of the items in these lists are entities themselves, e.g., locations
or persons. We do not treat those as attributes but consider them separately, as
relationships. Attributes always have literal values; optionally, they may also
be accompanied by data type information (such as number, date, geographic
coordinate, etc.).

Relationships: In the words of Booch [9]: “an object by itself is intensely
uninteresting.” Relationships describe how two entities are associated to each
other. From a linguistic perspective, entities may be thought of as proper
nouns and relationships between them as verbs. For example, “Homer wrote
the Odyssey” or “The General Theory of Relativity was discovered by Albert
Einstein.” Relationships may also be seen as “typed links” between entities.

1.1.3 Representing Properties of Entities

Information about entities can be represented and stored in semi-structured or in
structured form.

Definition 1.3 A knowledge repository (KR) is a catalog of entities that
contains entity type information, and (optionally) descriptions or properties
of entities, in a semi-structured or structured format.

Wikipedia is a classic example of a knowledge repository. Each article in Wikipedia
is an entry that describes a particular entity. Articles are also assigned to categories
(which can be seen as entity types) and contain hyperlinks to other articles (thereby
indicating the presence of a relationship between two entities, albeit not the type of
the relationship). Wikipedia articles also contain information about attributes and
relationships of entities, but not in a structured form.

To organize and store information about entities in a structured form, one
needs a knowledge representation model. The Resource Description Framework
(RDF), which we will discuss in detail in Sect. 2.3.1.2, is the prevalent standard for
describing entities (and, more generally, resources). An entity can be represented as
a set of RDF statements. These statements may be seen as facts or assertions about
that entity. A knowledge base is a structured knowledge repository for storing and
organizing statements about entities.

Definition 1.4 A knowledge base (KB) is a structured knowledge repository
that contains a set of facts (assertions) about entities.

According to our definition, all knowledge bases are also knowledge repositories,
but the reverse is not true.
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Fig. 1.2 Illustration of the relationship between entity catalog, knowledge repository, and knowl-
edge base, each complementing and extending the previous concept. The entity properties marked
with * are mandatory

<dbr:Kimi_Raikkonen >

<foaf :name > "Kimi Räikkönen "
<dbo:birthPlace > <dbr:Espoo >
<dbo:nationality > <dbr:Finland >
<dct:description > "Finnish race driver"
<dbo:birthDate > "1979 -10 -17"
<rdf:type > <dbo:RacingDriver >
<dct:subject > <dbc:Finnish_racing_drivers >
<dct:subject > <dbc:Ferrari_Formula_One_drivers >
<rdfs :comment > "Kimi -Matias Räikkönen [...] nicknamed "The Ice Man",

is a Finnish racing driver currently driving for
Ferrari in Formula One . [...]"

Listing 1.1 Excerpt from the DBpedia knowledge base entry of KIMI RÄIKKÖNEN

Conceptually, entities in a knowledge base may be seen as nodes of a graph, with
the relationships between them as (labeled) edges. Thus, especially when this graph
nature is emphasized, a knowledge base may also be referred to as a knowledge
graph (KG). Figure 1.2 shows the relationship between these concepts.

To give an idea of what a knowledge base entry of an entity looks like, we refer
to Listing 1.1. This particular example is from DBpedia knowledge base, showing
an excerpt from the entry of the entity KIMI RÄIKKÖNEN who is displayed on the
entity card in Fig. 1.1. We are going to cover knowledge bases and the RDF model
in greater detail in Chap. 2.

1.2 A Brief Historical Outlook

Before delving into the topic of entity-oriented search, it is important to put things
in historical context. Therefore, in this section, we present a broad perspective on
developments within multiple fields of computer science, in particular information
retrieval (IR), databases (DB), natural language processing (NLP), and the Semantic
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Web (SW). Even though they have developed largely independently of each other,
concentrated on separate problems, and operated on different types of data, they
seem to converge on a common theme: entities as units for capturing, storing,
organizing, and accessing information.

1.2.1 Information Retrieval

According to an early definition by Salton [35] from 1968, “Information retrieval
is a field concerned with the structure, analysis, organization, storage, searching,
and retrieval of information.” From its inception, IR has always kept a strong focus
on evaluating the effectiveness of systems: “determining the relevance of items,
retrieved by a search engine, relative to a user’s information need” [36]. The launch
of the Text REtrieval Conference (TREC) series in 1992, co-sponsored by the US
National Institute of Standards and Technology (NIST) and the US Department of
Defense, has had a profound impact on the field, by standardizing retrieval evalua-
tion through the creation of large test collections. TREC was followed by Asian and
European sister events, the NII Test Collection for IR Systems (NTCIR) in 1999, and
the Conference and Labs of the Evaluation Forum (CLEF, formerly Cross-Language
Evaluation Forum) in 2000. These benchmarking campaigns follow an annual cycle.
Each edition features a number of specific tasks, which are thematically organized
into different “tracks.” By looking at the development of these tracks, one can get a
good overview of how the focus of research in IR has shifted over the years.

Up to the mid-1990s, the field has primarily focused on documents as the unit
of retrieval. Driven by the motto “users want answers, not documents,” a new front
of IR research has emerged with the arrival of the TREC Question Answering track
in 1999. Question answering systems respond with a short, focused answer to a
question formulated in natural language, e.g., “Who invented the paper clip?” or
“How many calories are there in a Big Mac?” The expert finding task at TREC
Enterprise track (2005–2008) concentrated on answering a more specific type of
question: “Who are the experts on topic X?” Here, the input is a keyword query,
specifying the area of expertise (e.g., “XML schema”), and the system answers this
by returning a ranked list of people. The INEX Entity Ranking (2007–2009) and the
TREC Entity (2009–2011) tracks broadened the scope of answers (from people)
to arbitrary entity types, laying the groundwork for the area of entity retrieval.
With the transitioning from documents to entities as the units of retrieval also
came an increased reliance on structured data sources, known as knowledge bases.
The TREC Knowledge Base Acceleration track (2012–2014) aimed at developing
technology that can aid humans in maintaining and expanding information stored
about entities in knowledge bases.

In addition to research developments in academia, the search industry (and
especially major web search engines, like Google) has also played an prominent
role in shaping the field. Search has become a commodity, and users have grown
accustomed to expressing their information needs using short keyword queries, and
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Table 1.1 Comparison of database systems and information retrieval, based on [40]

Database systems Information retrieval

Data type Numbers, short strings Text

Foundation Algebraic/logic based Probabilistic/statistics based

Search paradigm Boolean retrieval Ranked retrieval

Queries Structured query languages Free text queries

Evaluation criteria Efficiency Effectiveness (user satisfaction)

User Programmer Nontechnical person

getting—most of the time—relevant results almost instantly. At the same time, the
massive volumes of usage data collected from users allows for improved methods,
by harnessing the “wisdom of the crowds.” As Liu [24] explains, “given the amount
of potential training data available, it has become possible to leverage machine
learning technologies to build effective ranking models.” Such models exploit a
large number of features by means of discriminative learning, known as “learning-
to-rank” [24].

1.2.2 Databases

“A database management system is a software system that enables the creation,
maintenance, and use of large amounts of data” [1]. This definition suggests that
database systems and information retrieval have a lot in common. This is indeed the
case, yet DB and IR emphasize very different aspects of information management.
Databases contain highly structured data, which is queried by expert users (i.e.,
programmers) using formal query languages, like SQL. The focus is on precise
query processing and efficiency. IR systems, on the other hand, “understand queries
as approximate, best-effort formulations of the user’s information needs” [40].
Search is an interactive process, which often involves multiple query reformulations
upon the inspection of results. Table 1.1 summarizes the traditional differences
between DB and IR systems. Given the complementary foci and techniques in DB
and IR, the two fields can benefit from each other’s developments. For instance, IR
can profit from efficient indexing structures, whereas DB can make use of natural
language search interfaces and probabilistic rankingmechanisms from IR.While the
traditional boundaries between these two fields still exist, they are getting blurred.
Entity retrieval is a cross-over application area between IR and DB that requires
flexible ranking on text, categorical, and numerical attributes. Additionally, the
search also needs to be able to cope with “no answers” and “too many answers.”
Searching online product catalogs is a good illustrative example, where users issue
keyword queries but also use various filters (e.g., via faceting) to narrow down the
scope of results. Many of these queries could be answered more or less exactly, but
many others will require probabilistic scoring and ranking.
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As we have already discussed in Sect. 1.1, it has been realized very early on in
the database field that entities offer a disciplined way of handling data. The entity-
relationship approach of Chen [11] was originally proposed as a semantic data
model, to provide a better representation of real-world entities. Entity-relationship
diagrams, which are built up of entities, relationships, and attributes, are now
normally used as a conceptual modeling technique [7]. The field of databases
recognized the need for an entity-centric view of web content about the same
time as IR did [13, 40]. The recent focus in databases—within our interest area—
has primarily been on developing indexing schemes that facilitate efficient query
processing [10, 12], and on interpreting queries with the help of structured data, i.e.,
translating keyword queries to structured queries [18, 31, 38, 41].

Additionally, the field of databases also deals with a range of data integration
and data quality problems, such as record linkage (a.k.a. entity resolution) [14, 16]
or schema mapping [33]. We consider these being outside the scope of this book.

1.2.3 Natural Language Processing

Most research in natural language processing (or computational linguistics) aims
to capture the meaning of text. One might divide NLP problems into (1) low-level
parsing and segmentation tasks, (2) linguistic annotations, and (3) end-user applica-
tions. Common text parsing and segmentation tasks include sentence breaking, word
segmentation, stemming, and lemmatization. Linguistic annotation tasks include
part-of-speech tagging, word sense disambiguation, named entity recognition and
disambiguation, coreference resolution, temporal tagging, semantic role labeling,
and dependency parsing. These annotations are meant to yield deeper representa-
tions that are closer to meaning and may be exploited in real-world applications.
End-user applications include, among others, information extraction, machine
translation, text summarization, sentiment analysis, and question-answering. For
us, the most relevant of these is information extraction (IE), which “refers to
the automatic extraction of structured information such as entities, relationships
between entities, and attributes describing entities from unstructured sources” [37].

There are two main modes in which an IE system may be deployed: one is to
annotate text with the identified mentions of structured information, another is to
populate a knowledge base with the extracted information. Information extraction is
narrower in scope than full text understanding—which is still beyond our capabil-
ities today. Nevertheless, identifying entities and relationships makes it possible to
capture, to a large extent, what a given piece of text is about. Furthermore, entities
can serve as a pivot for connecting unstructured text and structured knowledge
bases. While rooted in NLP, the problem area of extracting structured information
from unstructured sources now engages the IR, DB, machine learning, and Web
communities as well. Over time, the scope of IE systems was expanded to include
the extraction of not only atomic elements (entities and relations) but of higher-order
structures as well, such as tables and lists [15, 25, 29].
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Up until the late 1980s, most NLP systems employed rule-based approaches,
which relied heavily on linguistic theory. Then came the “statistical revolution,”
introducing machine learning algorithms for language processing that could learn
from manually annotated corpora [22]. The current state of the art “draws far more
heavily on statistics and machine learning than it does on linguistic theory” [22].
Today, a broad range of robust, efficient, and scalable techniques for shallow NLP
processing (as opposed to deep linguistic analysis) are available [30].

1.2.4 Semantic Web

The Semantic Web is a relatively young field, especially compared to the other
three (IR, DB, NLP). The term was coined by Tim Berners-Lee, referring to an
envisioned extension of the original Web. While the original Web is a medium of
documents for people (i.e., the Web of Documents), the Semantic Web is meant to
be a Web of “actionable information,” i.e., an environment that enables intelligent
agents to carry out sophisticated tasks for users. The Semantic Web is “a Web
of relations between resources denoting real world objects, i.e., objects such as
people, places and events” [19]. The challenge of the Semantic Web, as explained
in the 2001 Scientific American by Berners-Lee et al. [6], is “to provide a language
that expresses both data and rules for reasoning about the data.” Thus, from the
late 1990s and throughout the 2000s, a great deal of effort was expended toward
establishing standards for knowledge representation. Several important technologies
were introduced:

• The Universal Resource Identifier (URI), to be able to uniquely identify “things”
(i.e., entities, which are called resources);

• The eXtensible Markup Language (XML), to add structure to web pages;
• The Resource Description Framework (RDF), to encode meaning in a form of

(sets of) triples;
• Various serializations for storing and transmitting RDF data, e.g., Notation-3,

Turtle, N-Triples, RDFa, and RDF/JSON;
• The SPARQL query language, to retrieve and manipulate RDF data;
• A large palette of techniques to describe and define vocabularies, including the

RDF Schema (RDFS), the Simple Knowledge Organization System (SKOS), and
the Web Ontology Language (OWL).

These technologies together form a layered architecture, referred to as the Semantic
Web Stack.

In terms of large-scale, agent-based mediation with heterogeneous data, the
Semantic Web is a dream that has not (yet) come true. The Semantic Web move-
ment, nevertheless, has resulted in structured data on a previously unprecedented
scale. As a terminological distinction, Semantic Web is often used to refer to the
various standards and technologies, while the data that is being published using
Semantic Web standards is called Linked Data or theWeb of Data. Linked data may
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be exposed as semantic mark-up embeddedwithin HTML pages or as entire datasets
(i.e., knowledge bases) published as RDF (e.g., DBpedia or Wikidata). A key idea
is that resources that refer to the same real-world entity may be interlinked across
different sources.

Ontologies, for automated inference or for integrating heterogeneous data, have
seen little adoption in the search industry. Recent efforts are geared toward speaking
the same language using a shared vocabulary. Schema.org is a collaborative activity
by major search providers (including Google, Microsoft, Yahoo, and Yandex) in
order to define a standard for semantic markup. At the time of writing, over 10
million sites use Schema.org to mark up their web pages and email messages.

Regarding information access, it was realized that formal, structured query
languages, like SPARQL, are unsuitable for ordinary users, who would prefer simple
keyword search. Thus, the Semantic Web community has adopted IR-style ranking
models for retrieving specific entities [8, 17, 27].

1.3 Entity-Oriented Search

We use the term entity-oriented search to refer to a broad range of information
access tasks where entities are used as information objects, instead of or in addition
to documents.

Definition 1.5 Entity-oriented search is the search paradigm of organizing
and accessing information centered around entities, and their attributes and
relationships.

The significance of this information access paradigm is twofold:

• From a user perspective, entities are natural units for organizing information. We
care about and mostly think in terms of real-world things and their connections.
Allowing users to interact with specific entities offers a richer and more effective
user experience than what is provided by conventional document-based retrieval
systems.

• From a machine perspective, entities allow for a better understanding of search
queries, of document content, and even of users (e.g., their context and prefer-
ences). Entities enable search engines to be more intelligent.

1.3.1 A Bird’s-Eye View

Figure 1.3 shows a high-level overview of an entity-oriented search system. At first
glance, one might say that this looks a lot like any conventional (i.e., document-
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Fig. 1.3 Architecture of an entity-oriented search system

oriented) retrieval system. While that observation is indeed valid from this distance,
there is a single, yet important difference on the data end. The document collection
is complemented with a knowledge repository. The knowledge repository contains,
at the bare minimum, an entity catalog: a dictionary of entity names and unique
identifiers. Typically, the knowledge repository also contains the descriptions and
properties of entities in semi-structured (e.g., Wikipedia) or structured format
(e.g., Wikidata, DBpedia). Commonly, the knowledge repository also contains
ontological resources (e.g., a type taxonomy).

Next, we briefly look at the three main components depicted on Fig. 1.3, moving
from left to right.

1.3.1.1 Users and Information Needs

Users may articulate their information needs in many different ways. These are
sometimes referred to as search paradigms [4]. Traditionally, keyword, structured,
and natural language queries are distinguished [4]. We complement this list with
two additional categories.

Keyword queries Thanks to major web search engines, keyword queries have
become the “dominating lingua franca of information access” [2]. Keyword
queries are also known as free text queries: “a query in which the terms of
the query are typed freeform into the search interface, without any connecting
search operators (such as Boolean operators)” [26]. Keyword queries are easy to
formulate, but—by their very nature—are imprecise.

Structured queries Structured data sources (databases and knowledge bases) are
traditionally queried using formal query languages (such as SQL or SPARQL).
These queries are very precise. However, formulating them requires a “knowl-
edge of the underlying schema as well as that of the query language” [3].
Structured queries are primarily intended for expert users and well-defined,
precise information needs.
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Keyword++ queries We use the term keyword++ query (coined in [3]) to refer
to keyword queries that are complemented with additional structural elements.
For example, when users supply target categories or various filters via faceted
search interfaces, those extra pieces of input constitute the ++ part. With well-
designed user interfaces, supplying these does not induce a cognitive load on the
user. Keyword++ queries may be seen as “fielded” keyword queries.

Natural language queries Information needs can be formulated using natural
language, the same way as one human would express it to another in an everyday
conversation. Often, natural language queries take a question form. Also, such
queries are increasingly more spoken aloud with voice search, instead of being
typed [28].

Zero-query The traditional way of information access is reactive: the search
system responds to a user-initiated query. Proactive systems, on the other hand,
“anticipate and address the user’s information need, without requiring the user
to issue (type or speak) a query” [5]. The zero-query search paradigm can be
expressed with the slogan “the query is the user.” In practice, the context of the
user is used to infer information needs.

Sawant and Chakrabarti [39] refer to queries typically sent to search engines
as “telegraphic queries.” These are not well-formed grammatical sentences or
questions. Keywords could also be described as “shallow” natural language queries.
For example, most users would simply issue “birth date neil armstrong.” With voice
search being increasingly more prevalent, especially on mobile devices, alterna-
tively, the user could ask the question: “When was Neil Armstrong born?” Bast
et al. [4] point out that “keyword search and natural language search are less clearly
delineated than it may seem.” The distinction often depends on the processing
technique used rather than the query text itself. In this book, we will concentrate on
keyword (and keyword++) queries.We note that the same techniquesmay be applied
for natural language queries as well (but will likely yield suboptimal results).

1.3.1.2 Search Engine

At this high-level perspective, the search engine consists of two main parts: the
user interface and the retrieval system. The former takes care of the interaction
with the user, from the formulation of the information need to the presentation
of search results. The “single search box” paradigm became extremely popular
thanks to major web search engines. Recently, natural language interfaces have also
been receiving increased attention. These allow users to pose a (possibly complex)
question in natural language (instead of merely a list of keywords). The retrieval
system interprets the search request and compiles a response. Modern web search
engine result pages are composed of a ranked list of documents (web pages),
entity cards, direct answers, and other knowledge panels, along with further entity
recommendations and suggestions for query reformulations. In vertical search, the
result list comprises a ranked list of entities, possibly grouped by entity type. Our
main focus in this book will be on how to generate entity-oriented responses.
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1.3.1.3 Data

We distinguish between three main types of data.

Unstructured data can be found in vast quantities in a variety of forms: web
pages, spreadsheets, emails, blogs, tweets, medical records, etc. Without making
any assumptions about the format, all these may be treated as textual documents,
i.e., a sequence of words.

Semi-structured data is characterized by the lack of rigid, formal structure. Typ-
ically, it contains tags or other types of markup to separate textual content from
semantic elements. Semi-structured data is “self-describing,” i.e., “the schema is
contained within the data and is evolving together with the content” [3].

Structured data adheres to a predefined (fixed) schema and is typically orga-
nized in a tabular format—think of relational databases. The schema serves as
a blueprint of how the data is organized, describes how real-world entities are
modeled, and imposes constraints to ensure the consistency of the data.

In Fig. 1.3, the document collection is an unstructured or semi-structured data
source. The knowledge repository may be either in semi-structured (e.g., RDF) or
in structured format (e.g., a relational database). One of the challenges in entity-
oriented search is that information about a given entity has to be collected and
aggregated across noisy, heterogeneous, and potentially conflicting data sources,
both unstructured and structured.

1.3.2 Tasks and Challenges

Next, we identify a number of specific tasks, and related challenges, that we will
be concerned with in this book. These can be organized around three main thematic
areas. In fact, these themes largely correspond to the three parts of the book.

1.3.2.1 Entities as the Unit of Retrieval

According to various studies, 40–70% of queries in web search mention or target
specific entities [20, 23, 32]. These queries commonly seek a particular entity,
albeit often an ambiguous one (e.g., “harry potter”) or a list of entities (e.g.,
“doctors in barcelona”). Such queries are better answered by returning a ranked
list of entities, as opposed to a list of documents. We refer to this as the task
of entity retrieval. There are three main challenges involved here: (1) how to
represent information needs, (2) how to represent entities (using both unstructured
and structured datasets), and (3) how to match those representations. One of the
most exciting opportunities in entity retrieval is how to leverage the additional
structure associated with entities in the knowledge repository—attributes, types, and
relationships—to improve retrieval effectiveness.
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1.3.2.2 Entities for Knowledge Representation

Entities help to bridge the gap between the worlds of unstructured and structured
data: they can be used to semantically enrich unstructured text, while textual sources
may be utilized to populate structured knowledge bases.

Recognizing mentions of entities in text and associating these mentions with the
corresponding entries in a knowledge base is known as the task of entity linking.
Entities allow for a better understanding of the meaning of text, both for humans and
for machines. While humans can relatively easily resolve the ambiguity of entities,
based on the context in which they are mentioned, for machines this presents many
difficulties and challenges.

The knowledge base entry of an entity summarizes what we know about that
entity. As the world is constantly changing, so are new facts surfacing. Keeping up
with these changes requires a continuous effort from editors and content managers.
This is a demanding task at scale. By analyzing the contents of documents in
which entities are mentioned, this process—of finding new facts or facts that need
updating—may be supported, or even fully automated. We refer to this as the
problem of knowledge base population.

1.3.2.3 Entities for an Enhanced User Experience

Besides being meaningful retrieval and information organization units, entities can
improve the user experience throughout the entire search process. This starts with
query assistance services that can aid users in articulating their information needs.
Next, entities may be utilized for improved content understanding, by connecting
entities and facts to queries and documents. For example, they make it possible to
automatically direct requests to specific services or verticals (sites dedicated to a
specific segment of online content). When presenting retrieval results, knowledge
about entities may be used to complement the traditional document-oriented search
results (i.e., the “ten blue links”) with various information boxes and knowledge
panels (like it is shown in Fig. 1.1). Finally, entities may be harnessed for providing
contextual recommendations. See, e.g., the “People also search for” section on
Fig. 1.1.

1.3.3 Entity-Oriented vs. Semantic Search

Entity-oriented and semantic search are often mentioned in the same context, and
even treated as casual synonyms by many. The question inevitably arises: What is
the difference between the two (if any)?

There is no agreed definition of semantic search, in fact, the term itself is highly
contested. One of the first published references to the term appeared in a 2003 paper
by Guha et al. [19]: “Semantic Search attempts to augment and improve traditional
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search results (based on Information Retrieval technology) by using data from the
Semantic Web.” Since the Semantic Web is primarily organized around real-world
objects and their relationships, according to this definition, entity-oriented search
could indeed be seen as synonymous with semantic search. According to a more
recent definition attributed to John [21], “Semantic Search is defined as search for
information based on the intent of the searcher and contextual meaning of the search
terms, instead of depending on the dictionary meaning of the individual words in the
search query.”

We prefer to take a broader view on semantic search, which is as follows.

Definition 1.6 Semantic search encompasses a variety of methods and
approaches aimed at aiding users in their information access and consumption
activities, by understanding their context and intent.

This definition emphasizes the overall high-level objective, an improved user
experience, without restricting the techniques to explicit semantics. This definition
includes, among others, implicit semantics, such as term dependencies, topic
models, or latent space models. Furthermore, we do not limit semantic search to the
traditional keyword-based search paradigm. As such, proactive recommendations
also fall under the umbrella of semantic search. Simply put, semantic search is
broader than entity-oriented search. Entities, nonetheless, play a leading role in it.

Throughout this book, our notion of semantics will be the following: references
to meaningful, i.e., machine understandable (ontological or linguistic) structures.

1.3.4 Application Areas

Where can entity-oriented search technology be applied? Obviously, web search is
the most prominent application area, but it is certainly not the only one. Entities play
a major role in a wide range of information access scenarios, including enterprise
search, domain-specific and vertical search (e.g., e-commerce, automotive industry,
medical search, legal information, scholarly literature, job search, and travel), social
networking, and intelligence services. Unlike web search, most of these focus on a
single or at most a handful of entity types in a given domain. Furthermore, entities
have an important function in question answering systems and in personal digital
assistants.
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1.4 About the Book

The book aims to cover all facets of entity-oriented search—where “search” can
be interpreted in the broadest sense of information access—from a unified point of
view, and provide a coherent and comprehensive overview of the state of the art.
This work is the first synthesis of research in this broad and rapidly developing
area. Selected topics are discussed in depth, with the intention of establishing
foundational techniques and methods for future research and development. A range
of other topics are treated at a survey level, with numerous pointers to relevant
literature for those interested. We also identify open issues and challenges along
the way, and conclude with a roadmap for future research.

1.4.1 Focus

The book is firmly rooted in information retrieval, and it thus bears the characteris-
tics of the field. Developments are motivated and driven by specific use-cases, with
theory, evaluation, and application all being interconnected. A strong focus on data
is maintained throughout the book—after all, it is the data that dictates to a large
extent what can be done.

We deliberately refrain from reporting evaluation results from specific studies;
the absolute values of those evaluation scores may be largely influenced by, among
others, the various data (pre-)processing techniques, choice of tools, and parameter
settings. A direct comparison of results from different studies (performed by
different groups/individuals) may thus be misleading. Nevertheless, we indicate
overall performance ranges on standard benchmark suites. A great deal of attention
is given to evaluation methodology and to available resources, such as datasets,
software tools, and frameworks.

To remain focused, we shall follow a language agnostic approach and use
English as our working language (as, indeed, most test collections are in English).
Languageswith markedly different syntax, morphology, or compositional semantics
may need additional processing techniques. The discussion of those is outside the
scope of this book.

1.4.2 Audience and Prerequisites

The primary target audience of this book are researchers and graduate students. It is
our hope that readers with a theoretical inclination will find it as useful as will those
with a practical orientation.

An understanding of basic probability and statistics concepts is required for most
models and algorithms that are discussed in the book. A general background in
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information retrieval (i.e., familiarity with the main components of a search engine
and traditional document retrieval models, such as BM25 and language models, and
with basics of retrieval evaluation) is sufficient to follow the material. Further, a
basic understanding of machine learning concepts and algorithms for supervised
learning is assumed. It was our intention to make the book as self-contained as
possible. Therefore, standard retrieval models, learning-to-rank methods, and IR
evaluation measures will be briefly explained when we come across them for the
first time, in Chap. 3.

1.4.3 Organization

The book is divided into three main parts, sandwiched by introductory and
concluding chapters.

• The first two chapters, Introduction and Meet the Data, introduce the basic
concepts, provide an overview of entity-oriented search tasks, and present the
various types and sources of data that will be used throughout the book.

• Part I deals with the core task of entity ranking: given a textual query, possibly
enriched with additional elements or structural hints, return a ranked list of
entities. This core task is examined in a number of different flavors, using both
structured and unstructured data collections, and various query formulations. In
all these cases, the output is a ranked list of entities. The main questions guiding
this part are:

– How to represent entities and information needs, and how to match those
representations?

– How to exploit unique properties of entities, namely, types and relationships,
to improve retrieval performance?

Specifically, Chap. 3 introduces models purely for the text-based ranking of
entities. Chapter 4 presents advanced models capable of leveraging structured
information associated with entities, such as entity types and relationships. As
these two chapters build on each other, the reader is advised to read them
sequentially.

• Part II is devoted to the role of entities in bridging unstructured and structured
data. The following two questions are addressed:

– How to recognize and disambiguate entity mentions in text and link them to
structured knowledge repositories?

– How to leverage massive volumes of unstructured (and semi-structured) data
to populate knowledge bases with new information about entities?

Chapters 5 and 6 may be read largely independent of each other and of other
chapters of the book.
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• Part III explores how entities can enable search engines to understand the
concepts, meaning, and intent behind the query that the user enters into the
search box, and provide rich and focused responses (as opposed to merely a
list of documents)—a process known as semantic search. As we have discussed
earlier, semantic search is not a single method or approach, but rather a collection
of techniques. We present those techniques by dividing them into three broad
categories: understanding information needs (Chap. 7), leveraging entities in
document retrieval (Chap. 8), and utilizing entities for an enhanced search
experience (Chap. 9). Chapters 7–9 are relatively autonomous and can be read
independently of each other, but they build on concepts and tools from Parts I
and II.

• The final chapter, Conclusions and Future Directions, concludes the book by
discussing limitations of current approaches and suggests directions for future
research.

1.4.4 Terminology and Notation

This section provides a detailed description of the terminological and notational
conventions that will be used throughout the book.

Terminology Great care has been taken to use the following “reserved keywords”
only in their explicitly defined senses.

• Entity description: Textual (term-based) entity representation created with the
purpose of retrieval.

• Entity mention: Text span that is referring to a specific entity.
• Knowledge repository: A semi-structured or structured data collection that

contains a catalog of entities with unique identifiers, along with other information
about entities (such as entity descriptions, entity types, and links between
entities). Examples include Wikipedia, DBpedia, Freebase, etc.

• Knowledge base: A structured knowledge repository that contains facts (asser-
tions) about entities (including specific attributes and relationships). In this book,
these facts are represented as a set of subject-predicate-object (SPO) triples,
according to the RDF data model. For example, DBpedia is a knowledge base,
but Wikipedia is not.

• Knowledge graph: When viewed as a graph, we refer to a knowledge base as a
knowledge graph. This name is reserved for the contexts where the graph nature
of the data is utilized.

• Term: Atomic unit of text tokenization and indexing (i.e., a “word”).

Typography We adhere to certain typographical conventions.

• Whenever referring to a particular entity, the name of that entity is typeset in
small capitals, e.g., JOHN SMITH.
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• We typeset queries in italics, e.g., “example search query.” We include these
queries in verbatim, as they appear in the given dataset, i.e., without correcting
grammar or capitalization.

• When quoting data from a knowledge repository, it is typeset in typewriter

font.

Selected definitions, key concepts, and ideas are highlighted in gray boxes
throughout the book.

Mathematical Notation We adopt the following notational conventions.

• Sequences of elements of the same type (such as vectors, lists, etc.) are denoted
as 〈x1, . . . ,xn〉.

• Tuples, i.e., ordered collections of elements of different types, are denoted as
(x1, . . . ,xn).

• Set-like variables are denoted by capital calligraphic letters, e.g., D for docu-
ments, E for entities, T for the taxonomy of types, V for the vocabulary of terms,
etc. Graphs represent an exception with vertices and edges denoted as V and E,
respectively (as the calligraphic versions of those letters are already taken).

• Matrices are denoted by bold capital roman letters (e.g., A) and vectors are
denoted by bold small roman letters (e.g., w).

• We occasionally use the semicolon to group the input variables of a function,
to show which are specific to the given target (before semicolon) and which are
more contextual (after semicolon). For example, c(t,e;d) denotes the number of
times the term t and entity e co-occur in a particular document d . The semicolon
is not more than a reading aid, and there is no mathematical difference between
the comma and the semicolon.

• Some functions, like weight (w()), score (score()), or similarity (sim()), are
formulated differently in the various works that this book draws upon. However,
these functions are named similarly (though their arguments may vary) because
they play similar roles in their respective contexts.

• Performance measures are typeset in roman font, e.g., F1 or NDCG.
• The symbol × denotes multiplication, while · is reserved for the dot product.
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