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a  b  s  t  r  a  c  t

With  the  ever-increasing  scientific  literature,  improving  the  efficiency  of searching  biblio-
graphic  data  has  become  an  important  issue.  With  a lack  of support  of current  bibliographic
information  retrieval  systems  in  expressing  complicated  information  needs,  getting  rel-
evant bibliographic  data is  a demanding  task.  In  this  paper,  we propose  a visual  graph
query  interface  for bibliographic  information  retrieval.  Through  this  interface,  users  can
formulate  bibliographic  queries  by  interacting  with  a graph.  Visual  graph  queries  use  a set
of  nodes  with  constraints  and  links  among  nodes  to represent  explicit  and  precise  bib-
liographic  information  needs.  The  proposed  visual  graph  query  interface  allows  users  to
formulate  several  complex  bibliographic  queries  (e.g.,  bibliographic  coupling)  that  are  not
attainable  in  current  major  bibliographic  information  retrieval  systems.  In  addition,  the
proposed  interface  requires  less  number  of queries  in completing  everyday  bibliographic
search  tasks.

© 2016  Elsevier  Ltd.  All rights  reserved.

1. Introduction

Graph data are prevalent in the real world as data from a variety of domains (e.g., physics, chemistry, biology, sociology,
and computer science) can be represented by graph data models (Aggarwal & Wang, 2010). Graph data models can represent
relational information and enable a number of applications by supporting efficient searching and mining (Cook & Holder,
2006). Because of this, a few studies have investigated ways of generating graphs from arbitrary data (e.g., Baeza-Yates,
Brisaboa, & Larriba-Pey, 2010). Bibliographic data are graph data in nature because they can be represented in the form of
interconnected papers, authors, terms, sources, and organizations. Recent bibliometric studies, including searching biblio-
graphic data (Zhu, Yan, & Song, 2016), measuring scholarly impact (Yan & Ding, 2009), and mining bibliographic networks
(Sun, Barber, Gupta, Aggarwal, & Han, 2011) have taken the advantage of the graphical representation of bibliographic data.
Regardless of the physical representations (e.g., relational databases) of graph data, efficient searching of graph data is one of
primary tasks for the information retrieval community (e.g., Kacholia et al., 2005; Jiang, Wang, Yu, & Zhou, 2007; Yuan, Wang,
Chen, & Wang, 2013). User interface is an integral part of searching (Hearst, 2009), and a variety of user interfaces have been

proposed to support searching graph data, including regular expression- (Giugno & Shasha, 2002), keyword- (Tran, Wang,
Rudolph, & Cimiano, 2009), and natural language-based (Pradel, 2012) interfaces. A recent movement towards efficient
graph data searching is to adopt graph queries (e.g., Zhang, Zhang, Tang, Rao, & Tang, 2010; Han, Finin, & Joshi, 2012). Graph
queries are a way of searching graph data by taking a graph pattern with a few constraints over nodes and edges as input,
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hich is a natural fit to graph data (He and Singh, 2008). Graph queries are known to convey richer information than other
orms of queries and thus improve search performance (e.g., Zhou, Wang, Xiong, Wang, & Yu, 2008). Traditionally, systems
ith a graph query interface relied on textually represented graph queries (i.e., graph query languages). For example, He and

ingh (2008) proposed a graph algebra-based query language to explore graph data, and, likewise, Leser (2005) proposed
 pathway query language for biological networks. Even though textually represented graph queries are an effective way
f searching graph data, writing these queries requires substantial efforts and causes a hindrance to users (Jayaram, Khan,
i, Yan, & Elmasri, 2015). As an alternative, a few studies proposed searching graph data using visually represented graph
ueries (e.g. Ceri, Comai, Damiani, & Fraternali, 1999). These visual graph queries are seen as more user-friendly because
sers do not need to remember the syntax of textual graph queries (Ykhlef & Alqahtani, 2011).

Despite the improved performance of graph queries, searching bibliographic data still faces a critical challenge-the pro-
iferation of data has made it increasingly burdensome to retrieve relevant literature. Major bibliographic search systems
rovide forms, keywords, and Boolean queries as the main interfaces for searching bibliographic data. A typical search sce-
ario is that users need to go through multiple refining processes after sending the first query; even so, they usually end
p in getting too many search results than can be absorbed. Therefore, it is imperative to enable queries to covey more
xplicit information and represent more complicated information needs to only return the most pertinent search results.
forementioned search user interfaces have limitations in representing such precise information needs. For example, they
annot directly represent queries such as “papers on information retrieval, which were cited by John’s papers that had been
resented in SIGIR”. This type of queries, on the other hand, can be easily represented by visual graph queries with a set
f nodes with constraints and links. Visual graph query interfaces are thus seen as a reliable solution for users to express
recise and explicit information needs and receive more relevant search results. With this motivation in mind, this study
ims to propose a visual graph query interface for bibliographic information retrieval. Specifically, this study aims to address
he following research questions:

How to design and implement a visual graph query interface to search bibliographic data?
What features does a visual graph query interface need to have in order to improve bibliographic data retrieval? And
How to integrate a visual graph query interface with back-end databases to build a streamlined system?

The work is built on our previous work (Zhu et al., 2016), in which, we proposed a framework for graph-based bibliographic
nformation retrieval. In the present work, we focus on visual graph query formulation and processing while using the same
raph schema proposed in our previous work.

. Literature review

Earlier studies on visual graph queries were carried out by taking a specific data structure—XML-in mind (e.g., Ceri et al.,
999; Erwig, 2003; Ni & Ling, 2003; Ykhlef & Alqahtani, 2009). These studies proposed visual graph queries for querying
nd restructuring XML  data. As XML  data are quite complex with multiple nested structures, visual graph queries are seen
s an efficient solution. Because the main goal of these studies was to build efficient languages of visual graph queries by
nvestigating the structural aspects of XML  documents, they are intended to be used by other systems but not the end users.

Recent studies (Hogenboom et al., 2010Hogenboom, Milea, Frasincar, & Kaymak, 2010; Schweiger, Trajanoski, & Pabinger,
014) proposed visual graph query interfaces for users to query graph data. However, these visual graph queries were
esigned only to search for data that are stored as Resource Description Framework (RDF) triples, which is a standard data
ormat of Semantic Web. Because SPARQL is the de facto standard RDF query language, those visual graph queries were
esigned to be translated into SPARQL, which limits their applicability. The proposed visual graph query interface in this
tudy, however, does not stick to a specific database, and is more flexible (e.g., relational databases, graph databases).

Besides the abovementioned differences, a clear distinction between our study and the earlier studies is that we focus on
 specific domain—bibliographic information retrieval. By focusing on this domain, we are able to deliver more customized
olutions that can be used in real-world cases. To the best of our knowledge, the only one that is the most relevant to our
tudy is the study by Gómez-Villamor et al. (2008). They proposed a bibliographic exploration tool based on a graph query
ngine. The tool employed visual graphs, while the actual queries are formulated by clicking one of three predefined queries
ther than a graph. But the work is largely different from our study in that we  propose visual graph queries for bibliographic
nformation retrieval, in which users visually draw graph queries to search bibliographic data.

. Bibliographic graph queries

Bibliographic data are by nature a directed graph with nodes and links. For example, a link named “WRITES” is a directed
ink, in which the source is an “Author” and the target is a “Paper”. There are a variety of ways to model bibliographic data

sing graphs. The one shown in Fig. 1 shows a typical schema of bibliographic data with five bibliographic entities. In the
chema, “Source” denotes a journal or a conference in which authors publish or present papers. “Term” denotes a keyword,

 topic; or a concept that describes a paper. In the rest of this paper; we  will use this typical schema to explain the visual
raph query interface.
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Fig. 1. A graph schema of bibliographic data.
Source: Zhu et al., (2016).

It is possible to model bibliographic data using different schemas. For instance, one can model it as a multigraph, in
which there are multiple relations between two  bibliographic entities. One possible scenario is that paper A cites paper B,
and paper A is also co-cited with paper B. In this scenario, there are two types of relations between paper A and paper B:
citation and co-citation. However, this scenario can be well represented with the current schema by introducing another
paper—paper C, i.e., paper C cites both paper A and paper B. In this case, the co-citation relation between paper A and
paper B is indirectly represented through paper C. When creating the schema, we  explicitly modeled the schema as simple
as possible. There are two reasons for this: first, users need to formulate queries after learning the schema, and a simple
schema would expedite the learning process; second, a simple schema does not hurt users’ imaginative power, and allows
more variants of representations.

Bibliographic graph queries can be formulated on the basis of this schema with the following additional information:

3.1. Node type

Every node in a graph query needs to be specified with a type (e.g., Paper). Node type is essential for creating links among
nodes because links are created by considering the relations of the types of two nodes. For instance, a node with the type of
“Organization” is not linked with a node with the type of “Term”, while it can be linked with a node with the type of “Author”.

3.2. Answer node

An answer node is the node that answers a visual graph query. For instance, in a visual graph query “papers on information
retrieval that were written by Salton”,  the answer node is “paper”, because the query is asking for returning papers as the
final search result. A visual graph query should have at least one answer node. This means that we  can retrieve bibliographic
entities with more than one type by formulating proper visual graph queries.

3.3. Constraint node

A constraint node denotes a node that constrains a visual graph query. In the above example query, a node with the name
“Salton” is a constraint node that restricts the query to retrieve only papers written by “Salton”. A visual graph query includes
one or more constraint nodes.

3.4. Node name

Unlike answer nodes, constraint nodes should have names in addition to types. Node names are only assigned to constraint
nodes because regular nodes do not need names to constrain the query.

Fig. 2 shows four example bibliographic graph queries with varying lengths (i.e., the number of nodes and links), in which
the answer nodes are in black and constraints nodes are in red. Regular nodes that connect answer nodes and constraint
nodes are in blue. Directions of the links are based on the schema shown in Fig. 1.

As shown in Fig. 2, bibliographic graph queries are visually represented, and the proposed visual graph query interface
is intended to process these visual bibliographic queries drawn by users.

4. Methods
In this section, we discuss the methods of processing visual graph queries. First, we  present the designed system archi-
tecture and show the process flow and interconnected components. Then, we introduce and discuss with example queries
the components of visual graph queries.
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Fig. 2. Four example visual graph queries.

.1. System architecture

The processing of visual graph queries begins with a verification stage because users can create erroneous queries. The
erification stage includes both syntax checking and semantics checking. Syntax checking examines whether a visual graph
uery includes all necessary constructs (i.e., node type, answer node, constraint node, and node name). A syntactically correct
raph query is not necessarily a meaningful query, and requires semantics checking. Semantics checking examines whether

 visual graph query is answerable by checking the structure of the visual graph query. In this stage, incorrect queries are
orrected and ambiguous queries are identified. Possible interpretations of ambiguous queries are sent back to users for
heir confirmation. Last, a verified visual graph query is translated into a database query to search in a database. Fig. 3 shows
he architecture of a visual graph query-based bibliographic information retrieval system.

In the following sections, we discuss in detail the methods involved in the verification of visual graph queries, the
eneration of candidate graph queries, and the interpretation of graph queries.

.2. The verification of visual graph queries

To satisfy syntax checking requirements, 1) a visual graph query should be a single graph with every single node having
t least one relation with other nodes, 2) every node should have a node type, 3) the visual graph query should have at least
ne answer node, 4) the visual graph query should have at least one constraint node, and 5) all constraint nodes should have
ames.

In regards to semantic checking, every semantically incorrect link can be divided into three categories (i.e., shortest path
quals to zero, shortest path equals to one, and shortest path greater than one) based on the length of the shortest path
etween the source and the target of the link. Shortest paths are obtained from the data schema of bibliographic data (Fig. 1).
e apply the following algorithm (Fig. 4) to a visual graph query for semantics checking. We  perform query correction and

uery disambiguation for syntactically incorrect queries. We check every link of a visual graph query and perform query
orrection and disambiguation on the basis of links.

As shown in Fig. 4, every link of a visual graph query is checked for the length of shortest path between the source and the
arget. Any link that does not conform to the schema is then updated. Query correction is performed when the direction of
 link is incorrect (e.g., from a paper node to an author node) or two nodes are connected when they are not directly related
n the schema (e.g., a link from a paper node to an organization node). While query correction is achieved for two of three
ategories (i.e., shortest path equals to one and shortest path greater than one); query disambiguation is accomplished for
ll three categories to generate all possible candidate graph queries.
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Fig. 3. The architecture of a visual graph query-based bibliographic information retrieval system.

Fig. 4. An algorithm for query semantics checking.
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Fig. 5. Examples of query correction and disambiguation.

Fig. 5 shows three examples of semantically incorrect links as well as how they are corrected and disambiguated. Letters
nside the nodes denotes node types (i.e., A for author, P for paper, T for term, S for source, and O for organization). Names
f constraint nodes (red nodes) are shown under the table.

If the source and the target of a link are the same, we treat the shortest path between the source and the target as zero.
n the first example, both the source and the target is Author.  This is semantically incorrect because there is no link between
he two author nodes based on the schema. Even though the first example is incorrect in semantics, it could be formulated
y users with a specific meaning, i.e., authors cited by John, which should be authors who wrote papers that were cited by
apers written by John. Thus, for a link with shortest path equals to zero, we disambiguate the link by treating the link as a
itation relation and adding two additional Paper nodes as shown in the last column of the first example. Two  Paper nodes
re connected with the source and target respectively by finding their shortest paths from the source node and to the target
ode. Finally, two paper nodes are connected with a link that has the same direction as the original link because the direction
f the original link is considered as the direction of the citation relation. For the second example, the direction of the link is
pposite to that of the schema: in the schema, the link between a Paper and an Author is from an Author to a Paper with the
ink label of WRITES.  Thus, we correct the link by changing the direction of the link. It is also possible that the user may  mean
apers cited John (i.e., papers cited papers that were written by John). Thus, query disambiguation is performed by creating a
ew graph query with the above meaning. Similarly, the third example can either mean authors that presented papers in SIGIR
r authors who  wrote papers that cite papers that were presented in SIGIR. Query correction and disambiguation are performed,
nd two new paths are created. In this way, query correction and disambiguation helps users formulate correct visual graph
ueries.

.3. The generation of candidate graph queries

Candidate graph queries are the enriched version of visual graph queries, in which links are added with labels. Candidate
raph queries are generated as the results of the verification of visual graph queries. If a user formulates a syntactically and
emantically correct visual graph query, there would be only one candidate graph query. Otherwise, there would be more
han one candidate graph query. As shown in Fig. 5, a semantically incorrect link resulted in one or two paths/links through
he process of semantics checking. Because a visual graph query comprises one or more links, if a visual graph query includes
wo semantically incorrect links, there would be up to four possible interpretations. If a query includes n incorrect links, the

aximum number of candidate graph queries would be 2n. Given a visual graph query, we generate all possible candidate
raph queries and return them back to the user who  formulated the visual graph query. The user then selects one that best
epresents his/her information needs to proceed. Fig. 6 shows a visual graph query with two  semantically incorrect links
dotted links) and candidate graph queries generated from the visual graph query.

As shown in Fig. 6, each semantically incorrect link resulted in two  possible interpretations by ways of query correction
nd disambiguation. We  combined all possible interpretations and generated four candidate graph queries. The user can
elect one to proceed. The next step is to translate the selected graph query into a database query.

.4. The interpretation of graph queries
A graph query needs to be translated into a database query to retrieve data in a database as shown in Fig. 3. We  choose
wo types of popular databases (i.e., a relational database and a graph database) for bibliographic data management, and
iscuss how a graph query is translated into SQL (for relational databases) and Cypher (for graph databases). Relational
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Fig. 6. An example of generating candidate graph queries.

databases are the most popular databases for information retrieval systems (Vicknair et al., 2010) while graph databases
support graph data model for managing bibliographic data and have better performance in retrieving those data (Zhu et al.,
2016).

4.4.1. The translation of graph queries into SQL commands
We discuss how graph queries are translated into SQL commands to query a database that is implemented based on the

ER model (Fig. A1 in Appendix A). We  show how three constructs (i.e., SELECT,  FROM,  and WHERE) of SQL are created from
graph queries. Fig. 7 shows four example graph queries and their translations into SQL commands.

A SELECT clause defines the data that we want to retrieve. It is straightforward as shown in Fig. 7. The name(s) of the
answer node(s) are the data that we want to retrieve, thus forming a SELECT clause. We  specify tables from which to retrieve
the data in a FROM clause. A FROM clause includes more tables than nodes in a graph query because of foreign keys. Non-
intermediate tables (i.e., tables for bibliographic entities) included in a FROM clause are tables for answers node(s) and
constraint node(s). Thus, the number of non-intermediate tables in a FROM clause is the same as the number of answer
node(s) and constraint node(s) as shown in Fig. 7. Intermediate tables are necessary to make connections among tables
for answer node(s) and tables for constraint node(s). Finally, in a WHERE clause, we explicitly make connections for tables
in the FROM clause and set values (i.e., names of constraint nodes) to retrieve appropriate records in tables. The number
of connections we need to make is one less than the number of tables in the FROM clause. Connections are made through
sharing attributes (e.g., author id between AuthorInfo and OrganizationInfo). Names of the constraint node(s) in a graph query
is set to name attributes (e.g., paper name for the Paper table) of non-intermediate tables.

4.4.2. The translation of graph queries into Cypher commands
We show how graph queries can be translated into Cypher commands that can query data stored in Neo4j (a graph

database), which is implemented based on the property graph model shown in Fig. 1. Unlike SQL in relational databases,
there are many query languages available in graph databases. Even though these query languages use different syntaxes,
they share the same components and can be translated into each other easily. Fig. 8 shows the same four example graph
queries shown in Fig. 7 and their translations into Cypher commands. The translation of graph queries to Cypher commands
is simple, because Cypher is itself a query language based on graph patterns. Other graph database query languages such
as SPARQL and Gremlin have similar syntaxes with Cypher, and the general constructs are primarily the same. Readers can
refer to Holzschuher and Peinl’s work (2013) for a comparison of different graph query languages.

The three main constructs of Cypher are MATCH, WHERE, and RETURN. We  specify graph patterns in a MATCH clause and
set constraints to nodes in a WHERE clause. A RETURN clause is for the data that we want to retrieve. A RETURN clause in
Cypher corresponds to a SELECT clause in SQL, and both are for specifying data need to be returned by the database. The

WHERE clause in Cypher is much simpler than the one in SQL. We  only need to set values to the bibliographic entities that
are designated as constraint nodes when a user formulating a graph query. Constructing a MATCH clause is straightforward,
which is a textual representation of a graph query, with the same nodes and relations with the same directions. The only
thing we need to do is to set an arbitrary and unique instance name for each node. Instance names can be simply strings
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Fig. 7. Examples of translating visual graph queries into SQL.

Fig. 8. Examples of translating visual graph queries into Cypher.
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Fig. 9. The visual graph query interface of the system.

with/without numbers that can differentiate nodes from each other. An instance name of a node (e.g., cited p) is accompanied
by the node type (e.g., Paper), which guides the traversal of the graph.

As previously shown, graph queries can be translated into relational and graph database queries as long as a data schema is
available. Thus, existing bibliographic retrieval systems that use relational databases can adopt a visual graph query interface
and new systems can adopt graph databases for easy system implementation and better performance in terms of retrieval
speed.

5. Results

5.1. The designed system

We  implemented a web-based bibliographic information retrieval system with a visual graph interface. The system is
based on the Spring Framework and the interface (i.e., front end) is implemented using JavaScript libraries (jQuery and
D3.js). We  used Neo4 j (a graph database) to build the database layer. The example dataset used in the system is provided by
Tang et al. (2008), which contains 629,814 papers, 595,775 authors, 12,609 sources, 291,109 terms, and 1000 organizations.
Detailed descriptions on the transformation of the original dataset can be found in our previous work (Zhu et al., 2016).
In the following paragraphs, we show the implemented system with example queries. Fig. 9 shows the visual graph query
interface of the system.

The visual graph query interface is composed of two  panels: the configuration panel (left) and the graph query panel
(right). The configuration panel has three sections: a node configuration section, a schema section, and an instructions
section. As shown in the instructions section, users can create a node, drag between nodes to add a link, and change the
direction of the link by pressing the Z key. Deleting a node or a relation can be done by pressing the Delete key after selecting
a node or a relation. The visual graph query shown in Fig. 9 has five nodes and each node has an id from zero to four. Attributes
are shown next to the nodes; for example, node 1 has a string value of “Type: Author | ANSWER: Y | CONSTRAINT: N | Name:
N/A”. It means that the type of node 1 is Author,  and it is an answer node. In addition, the node is not a constraint node and
does not have a name. Users can select a node (e.g., node 4) to set and change attributes of the node. Node 4 is a constraint
node and it has the name of “Communications of the ACM”. The visual graph query shown in Fig. 9 denotes “authors of papers
that were cited by papers that were written by Gerard Salton and published in Communications of the ACM”. By clicking the
search button, candidate graph queries are shown (Fig. 10(a)).
Only one candidate graph query is shown because the formulated graph query is syntactically and semantically correct.
As shown in Fig. 10, all links are added with labels and each node is filled with appropriate colors (i.e., black for the answer
node, red for constraint nodes, and blue for regular nodes). Search results of the candidate graph query is shown in Fig. 10(b).
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Fig. 10. Candidate graph queries and search results.

q
t

T

Fig. 11. A semantically incorrect visual graph query.

Next, we show how a semantically incorrect visual graph query is corrected and disambiguated. Fig. 11 shows an example

uery, in which the link from node 0 to node 2 is incorrect. The direction of the link is opposite to the schema, and thus needs
o be further analyzed to identify all possible interpretations.

As shown in Fig. 12, two candidate graph queries are formulated from the above visual graph query for users to select.
he visual graph query can be interpreted as either “authors of papers that were written by Peter Hancock and published in
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Fig. 12. Two  candidate graph queries and search of the query in Fig. 11.

IEEE Intelligent Systems” (for finding co-authors of Peter Hancock) or “authors of papers that were published in IEEE Intelligent
Systems and cited papers that were written by Peter Hancock”. The two candidate graph queries resulted in different search
results.

5.2. Comparison of the designed system with current bibliographic IR systems

In this section, we evaluate the visual graph query interface by comparing the designed system with current bibliographic
IR systems in terms of functionality and expressive power. Functionality denotes any functional features of bibliographic
information retrieval systems that facilitate the retrieval of bibliographic information. It is measured by investigating any
functional strengths of our system against the existing systems. Expressive power is operationalized as a system’s ability of
representing bibliographic information needs with bibliographic queries and answering those queries. It is measured by the
ratio of directly representable queries in each system.

5.2.1. The support of entity types
Current bibliographic IR systems typically only provide papers as the final search results. This means we cannot get

other entity types (e.g., authors) in search results without using additional add-on features (e.g., “Analyze Results” in Web
of Science). The designed system supports search for multiple entity types including papers, authors, terms, sources, and
organizations. For example, the example query shown in Fig. 9 is formulated to retrieve authors. This allows the retrieval of
search results within a single step and reduces the cost of going through multiple post-search refining steps.

Another strength of our system is that it supports retrieving multiple types of entities in one search. Fig. 13 shows an
example query that has two answer nodes (node 1 and node 2).

The natural language representation of the query is “authors and sources of papers that were cited by papers written by
Thomas Heinis”. As shown in Fig. B1, the search results included two types of bibliographic entities Author and Source.  This
function reduces the number of queries required to complete a given search task that might need multiple queries to satisfy
the information need.

5.2.2. The representability of real-world bibliographic queries
Due to the lack of readily available complied resources, twenty test queries were handcrafted by the authors. The twenty

test queries were constructed and divided into four groups based on the number of bibliographic nodes (i.e., from two  to
five) in a query. Because creating queries is an open problem, we were not able to apply standard measures such as inter-
coder reliability, but performed several rounds of discussions to exclude subjectivity as much as possible. As a follow-up
examination, we consulted three researchers to review the test queries. Researchers were asked to rank those queries that

best match their everyday bibliographic information needs, and recommend additional queries that were not included in
the original test queries. We  selected top 10 queries ranked by the researchers (referred to as regular queries in Table 1).
In addition, we included five advanced queries of common bibliometric tasks such as bibliographic coupling, paper co-
citation, author co-citation, co-author, and co-word. The final 15 test queries are shown in Appendix C. We  benchmarked
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Fig. 13. An example query with two answer nodes.

Table 1
The ratio of directly representable queries in each system.

Test queries Web  of Science Scopus Google Scholar Our system

Regular queries 7/10 7/10 3/10 10/10
(unanswerable queries) (No. 4, 5, & 10) (No. 4, 5, & 10) (No. 3, 4, 5,7,8, 9, and 10) (None)
Advanced queries Bibliographic coupling N N N Y

Paper co-citation N N N Y

o
W
a
m
T

d
t
W
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p
s
d
a
q
g
t
q
b

6

p

Author co-citation N N N Y
Co-author Y Y Y Y
Co-word Y Y N Y

ur system’s representability of these queries in relation to three major bibliographic information retrieval systems (i.e.,
eb of Science, Scopus, and Google Scholar). We  measure the extent to which these queries are representable in one query

nd directly answerable without initiating other search tasks. For fair comparisons, we  included the add-on features of the
ajor systems (e.g., “Analyze Results” of Web  of Science) and treated them as integrated components of the search tasks.

able 1 shows the ratio of queries that can be represented in each system with unanswerable queries listed in parentheses.
As shown in Table 1, existing systems have limitations in directly representing the information included in the test queries,

espite the fact that we  took their additional add-on features into consideration. Google Scholar did not fulfill majority of
he tasks because it is not designed to retrieve entity types other than papers and does not explicitly manage metadata.

eb of Science and Scopus performed better than Google Scholar, but were not able to represent a few test queries directly
i.e., bibliographic coupling, paper co-citation, and author co-citation). We  were able to retrieve entity types other than
apers by using their add-on features (e.g., “Analyze Results”) in Web  of Science and Scopus, but the two systems do not
upport a feature where users can conduct a follow-up search through the add-on options. For example, items (e.g., authors)
isplayed in the “Analyze Results” feature are only used to refine the previous search results. Using the fourth test query as
n example (“Papers of authors who wrote Term-weighting Approaches in Automatic Text Retrieval”), a general solution to this
uery involves getting author names of the paper and retrieving papers written by those papers. Web  of Science supports
etting author names by providing the title of the paper; however, it does not support the retrieval of papers written by
hose papers (though one can manually record the author names and initiate another round of search). For the advanced
ueries, the strength of our system is more evident. Our system was  able to represent all the queries that are common for
ibliometric tasks.
. Discussion

While the proposed visual graph query interface is not specifically designed for a certain group of users, as shown in the
revious section, it will be beneficial to bibliometricians and researchers who  have complex bibliographic information needs.
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Fig. A1. An entity-relationship model for bibliographic data. Tables for five bibliographic entities, five intermediate tables (i.e., ReferenceInfo, SourceInfo,
TermInfo, AuthorInfo, and OrganizationInfo), and relations with appropriate cardinalities are shown. For example, one author can write zero, one, or many

papers, and one paper can have only one source (i.e., one journal or one conference).

Simple bibliographic queries might be easily formulated in the form-based systems. For instance, common bibliometric tasks
such as bibliographic coupling and author co-citation can be succinctly accomplished by the proposed interface while simple
queries such as “papers written by Gerard Salton”  are readily answerable by form-based systems. In this regard, the proposed
interface is complementary to form-based systems and is tailored more towards intermediate or advanced users. Thus,
there may  be a trade-off between the expressive power and usability. Advanced users who have the knowledge of directly
constructing database query languages (e.g., SQL and SPARQL) can benefit from the interface by formulating graph queries.
Due to the scope of the study, ways of presenting search results were not studied in detail. This might include issues of
sorting search results and presenting multiple types bibliographic entities in a single search result. Future work is planned
to study these problems and provide appropriate solutions.

Our schema (Fig. 1) does not include all constraints (or properties) of bibliographic entities, which might limit its appli-
cation. As a future work, we plan to consider additional constrains to enable the formulation of a variety of bibliometric
queries. Because of the scarcity of research in visual graph queries, we were unable to compare the results of our methods
with a baseline. In addition, due to different computational environment (e.g., server capacity) of our system and the existing
bibliographic information retrieval systems, quantitative evaluation (e.g., query processing time) is not applicable. There-
fore, the evaluations of the visual graph query interfaces were largely focused on its functionality and expressive power.

As a future work, we plan to perform user-centric evaluations to understand the usability aspect of the visual graph query
interfaces.
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Fig. B1. Search results of the query shown in Fig. 13. The search results include both authors and sources.

. Conclusion

In this paper, we proposed a visual graph query interface for bibliographic information retrieval. We first introduced a
isual graph query interface, through which, users can formulate bibliographic queries by drawing nodes and links. We  intro-
uced methods of interpreting and translating graph queries into relational and graph database queries and implemented

 web-based bibliographic information retrieval system with a visual graph query interface. We  designed and achieved
everal novel procedures such as query correction, query disambiguation, and candidate graph query selection and they
xhibited value in real-world use cases. Based on a comparison with an existing bibliographic information retrieval sys-

em, we examined the strength of the visual graph query interface in representing complex queries. The visual graph query
nterface outperformed the compared system in the aspect of representable queries. While the major systems failed to rep-
esent certain queries, the visual graph query interface was able to represent all test queries of varying lengths. In addition,
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the visual graph query showed two advanced features that are not attainable in the benchmarked systems: the support of
multiple entity types as the final search results and the support of more than one entity type in each search.

In the big data era, we have witnessed the dramatic growth of bibliographic data. In order to get more relevant search
results, the representation of more precise information needs is vital. Queries representing explicit information needs can
dramatically reduce the size of search results and minimize refining operations. The visual graph query interface designed in
this study reduces multiple searching and refining steps. In this regard, visual graph query interfaces are a practical solution
for searching and retrieving bibliographic data.
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Appendix A. : Database schemas: An ER model and a property graph model

Appendix B. : Experimental results

Appendix C. : Twenty queries tested in the experiment

1.) Regular queries
2.) Papers written by Gerard Salton
3.) Papers on the topic of Human-Computer Interaction
4.) Papers that were cited by “Introduction to Modern Information Retrieval”
5.) Papers of authors who wrote “Term-weighting Approaches in Automatic Text Retrieval”
6.) Papers on the topics of “The Hadoop distributed file system”
7.) Papers that were written by Christopher D Manning and published by Association for Computational Linguistics
8.) Authors at CMU, who presented papers in SIGCHI
9.) Authors who wrote papers on the topic of information seeking behavior, which were presented in SIGIR

10.) Topics of papers that were presented in SIGKDD
11.) Conferences that presented papers on the topics discussed in “MapReduce: simplified data processing on large clusters”

Advanced queries

1.) Bibliographic coupling (papers that were cited by “MapReduce: simplified data processing on large clusters” and “The
Hadoop distributed file system”)

2.) Paper co-citation (papers that cited both MapReduce: simplified data processing on large clusters” and “The Hadoop
distributed file system”)

3.) Author co-citation (papers that cited both Gerard Salton and James Allan)
4.) Co-author (authors who co-authored with Gerard Salton)
5.) Co-word (keywords that co-occurred with big data)
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