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Two’s company, but
three’s no crowd

Evaluating exploratory web search
for individuals and teams
Chirag Shah and Chathra Hendahewa

Rutgers University, New Brunswick, New Jersey, USA, and
Roberto González-Ibáñez

Universidad de Santiago de Chile, Santiago, Chile

Abstract
Purpose – The purpose of this paper is to investigate when and how people working in collaboration
could be benefitted by an exploratory search task, specifically focussing on team size and its effect on
the outcomes of such a task.
Design/methodology/approach – The paper investigates the effects of team sizes on exploratory
search tasks using a lab study involving 68 participants – 12 individuals, ten dyads, and 12 triads.
In order to assess various factors during their exploratory search sessions, an evaluation framework is
synthesized using relevant literature. The framework consists of measures for five groups of quantities
relevant to exploratory search: information exposure, information relevancy, information search,
performance, and learning.
Findings – The analyses on the user study data using the proposed framework reveals that while
individuals working alone cover more information than those working in teams, the teams (dyads and
triads) are able to achieve better information coverage and search performance due to their
collaborative strategies. In many of the measures, the triads are found to be even better than the dyads,
demonstrating the value of adding a collaborator to a search process with multiple facets.
Originality/value – The findings shed light on not only how collaborative work could help in
achieving better results in exploratory search, but also how team sizes affect specific aspects –
information exposure, information relevancy, information search, performance, and learning – of
exploratory search. This has implications for system designers, information managers, and educators.
Keywords Evaluation, Group work, User study, Information seeking, Collaborative search,
Exploratory search
Paper type Research paper

1. Introduction
Collaboration is considered a useful trait in many situations (Denning, 2007; Denning
and Yaholkovsky, 2008). These situations often involve working with information.
Examples include patent searching (Hansen and Järvelin, 2005), knowledge work
(Morris, 2008), healthcare (Reddy and Jansen, 2008), and education (Hyldegård, 2006 ).
However, our knowledge about when and how people working in collaboration could
be benefitted in an exploratory search task is limited. Researchers have shown the
effectiveness of pairs of searchers working on an information retrieval (IR) task
(e.g. Pickens et al., 2008), but these works have two major limitations: they are either
employing traditional IR measures such as precision and recall to evaluate goodness of
collaborative search, or too limited in their scope. The latter includes the kind of tasks
and team sizes (typically two). Some have experimented with exploratory search tasks
(e.g. Shah and González-Ibáñez, 2011), but still staying focussed on the searching
aspects of exploratory search. Others have studied more than two people working
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together (e.g. Morris et al., 2006), but lacked comparative conditions to measure the
effects of group size in a collaborative search task. In the work reported here, these
limitations are addressed by considering an exploratory search task, and
experimenting with different group sizes: 1 (individuals), 2 (dyads), and 3 (triads).

Specifically, the current paper adopts a user-centric perspective to exploratory
search evaluation by investigating what different kinds of quantitative metrics
captured from the log data of users conducting exploratory search tasks could help
us in evaluation of search. Further, this paper evaluates not only individual users
but also users working collaboratively on the same exploratory search task. Thus, the
paper has two primary contributions: first, presenting a framework by synthesizing
and extending existing measures for evaluating exploratory Web search; and second,
applying this framework to evaluating searches performed by individuals, dyads,
and triads. The former portion is neither a unique contribution nor the focus of this
paper; it is based on previous works and necessary here for the experiments.
The latter portion is demonstrated by analyzing data collected through a lab study
with 68 participants.

The remainder of the paper is organized as follows. An overview of evaluation
measures in IR is presented in the next section, focussing specifically on exploratory
and collaborative searches. A framework for evaluating exploratory search using Web
search and related measures categorized into five groups of analysis is then presented
in the evaluation framework section. A user study is described in the section titled user
study, which includes a description of the exploratory search task, participants, and the
data logged. The results of this study, which are obtained using the synthesized
evaluation framework, are presented in the results section along with interpretations.
This is then followed by discussions and limitations in the discussion section.
The paper finishes in the conclusion section with the findings generated from this
approach and a discussion of what this work adds to the evaluation of exploratoryWeb
search in general and collaborative search in particular.

2. Background
This section provides a brief background on two areas: exploratory search and
collaborative search. In both cases, the concepts are introduced, followed by a discussion
regarding the forms of measurement used to evaluate the concept. Specifically, this
section will suggest the difficulties in evaluating exploratory Web search in general and
collaborative search in particular by listing some of the efforts for evaluation in the
literature and identifying their shortcomings.

2.1 Exploratory search
Exploratory search can be characterized by five major factors: uncertainty, ambiguity,
low level of specificity, and the need for discovery and learning from multiple sources
(Marchionini, 2006; Kules and Capra, 2009; Wildemuth and Freund, 2012). White and
Roth (2009) define exploratory search as “a type of information seeking and a type of
sense-making focused on the gathering and use of information to foster intellectual
development.” Unlike other types of search tasks such as fact-finding, exploratory
search is open-ended (Wildemuth and Freund, 2012). This is partially due to the
dynamic and evolving nature of this type of task. In addition, it is often acknowledged
that designing exploratory search tasks to conduct research can be especially
challenging (Kules and Capra, 2009; Wildemuth and Freund, 2012). Yet this type of task
is widely used in information-related studies.
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White and Roth (2009) introduced exploratory search as follows: “what if we want
to find something from a domain where we have a general interest but not specific
knowledge?” (p. 37). For instance, global warming is a recurrent topic that has grabbed
the attention of many, however, knowledge on this subject for lay people may be
limited to shallow aspects. Even when clear goals are specified (e.g. causes and
consequences), research on global warming would require exploration and evaluation
of multiple sources. Yet this may not be sufficient to expose searchers to the different
views on this matter. The complexity of exploratory search is particularly clear when
current technology mediates access to information. For example, how are information
needs translated into queries? To what extent do such queries lead to meaningful
information? When does the information gathered fulfill the original information need?
And finally, for researchers, evaluating exploratory search has always been a big
research question.

According to Broder (2002) as well as Rose and Levinson (2004), Web search
queries can be generally categorized in three major classed based on the searcher
goals and intents namely, informational, navigational, and resource or transactional.
In the context of exploratory search, the type of queries executed by searchers are
mostly informational in nature that enable searchers to address an information need.
Broder (2002) defines the intent behind informational queries as “to acquire some
information assumed to be present on one or more web pages in their static form and
static form means the target document is not created in response to the user query”
(p. 5). Unlike informational queries, navigational and transactional queries are
more specific in which the user’s goal is to find a Web site or to perform some
Web-mediated activity that is not highly visible in exploratory search. Jansen et al. (2008)
operationalized a taxonomy that can automatically categorize user search queries into
informational, navigational, or transactional types. With respect to their
three-level hierarchical taxonomy used to classify the existing user-intent-based
studies, they show that exploratory search would have a variety of informational type
queries ranging from quickies (quick fact queries for advice) to informational queries
that are used to gather, collect, and locate information. Their analysis showed that more
than 80 percent of Web queries are informational in nature thus, showing the
importance of analyzing informational queries that could be part of exploratory search
described in this paper. Part of the taxonomy for information queries consists of
question words, natural language terms, information terms, words beyond the first
query, query length greater than two which are also present in most of the queries
associated with exploratory search.

Evaluation is one of the core issues in IR. Numerous measurements have been
developed to evaluate various aspects of user and system search performance
(Saracevic, 1995). These include traditional measures such as precision, recall, mean
average precision (MAP), and normalized discounted cumulative gain (NDCG), as well
as less used measures such as novelty and mean reciprocal rank (MRR). The usage of
any of these measures is driven by the context and application. For instance, recall
is useful for patent finding and MRR is more relevant for homepage finding or
high-accuracy (Allan, 2004) tasks.

When it comes to exploratory Web search, it becomes less clear which measures
should be used. As the name implies, exploratory search is the type of searching that
involves the information seekers undergoing complex cognitive tasks that lead to
learning, exploration, and acquiring intellectual skills. Some of the main characteristics
of exploratory search that differentiate it from other types of searches are uncertainty,
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creativity (Bawden, 1986), innovation, knowledge discovery, serendipity (Foster and
Ford, 2003), learning, and investigation (White and Roth, 2009, p. 10; Marchionini, 2006;
Budd, 2004). White and Roth (2009) explained that due to the complexity and the
uniqueness of exploratory search, evaluating this process using traditional IR
measures based on retrieval accuracy, such as precision, recall, MRR, MAP, and NDCG,
may be inappropriate. Therefore, it is important to investigate measures and
frameworks that could ultimately capture the major characteristics integral to
exploratory search, focussing on user-interaction and user behavior.

Two possible ways to evaluate exploratory search are system-centric and
user-centric. Past research has mainly focussed on the development of new systems
and user interfaces that support exploratory search (White and Roth, 2009, p. 61). This
has led to the development of exploratory search evaluation metrics using a system-
centric approach. Some of the metrics identified as candidate measures in evaluating
the performance of exploratory search systems (White et al., 2006a) are engagement
and enjoyment, information novelty, task success, task time, learning, and cognition.

Taking an alternative perspective to evaluating exploratory search, one could
evaluate the search performance taking a user-centric view where characteristics of the
actions and behaviors of users conducting exploratory search tasks can be studied.
Few such attempts have been made to evaluate exploratory search performance by
applying the user-centered approach developed by Spink (2002) with the use of a new
search tool covering aspects of effectiveness and usability. The analysis was based on
relevance judgments, users’ pre and post search questionnaires, and search logs
(qualitative analysis of audio taped sessions). To the best of our knowledge, there have
not been extensive attempts to identify metrics to evaluate exploratory search
performance from a user-centric point of view, other than using qualitative measures
using surveys and interviews.

Whether exploratory search is performed individually or collaboratively,
evaluation is described as one of the major challenges (Kules and Capra, 2009;
Wildemuth and Freund, 2012). This includes specific subtopics such as the evaluation
of systems that support exploratory search (White et al., 2006a, b) and also the
evaluation of search performance (White et al., 2006a, b). In this regard, how should
exploratory search tasks be designed to perform empirical evaluations? In a
given exploratory search task, how can search products from different searchers
be compared and contrasted with each other? Are there implicit indicators that
indicate the satisfaction of searchers? In the context of collaborative exploratory
search, it is of interest to determine if the associated costs of solving this type of
search task collaboratively with others are compensated by the potential benefits.
To address this problem, evaluation frameworks involving traditional (e.g. precision
and recall) and non-traditional measures (e.g. likelihood of discovery (LD) and unique
coverage) have been proposed (Shah and González-Ibáñez, 2011). Yet in most cases,
studies have been limited to individual searchers and pairs. This paper advances the
previous efforts in evaluation frameworks by covering the constituent parts of
exploratory search using metrics calculated from a user-point of view and extending
these not only to individual searchers and pairs but, also to groups of three. The
approach proposed in this paper provides a general framework that facilitates the
evaluation of exploratory search for individual searchers and teams of searchers
working collaboratively. This framework highlights aspects such as information
search, information relevancy, information seeking, search performance, and learning
that are explained in detail in the next section.
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2.2 Collaborative search
For many years, IR has focussed on individual users searching for information (Foster,
2006). Algorithms have assumed that one person is reviewing the results and user
interfaces have supported the needs of individual searchers. Yet, social behaviors that
surround processes such as information seeking and searching have been recognized
as part of information behaviors. For instance, Wilson’s (1981) model of information
behavior describes information exchange as a collaborative conduct that derives from
information seeking. In this case, information exchange refers to the process whereby
people provide and/or obtain perceived-useful information to and from others. Allen’s
(1997) integrated “person-in-situation-behavior” model distinguishes individual and
collective information needs. Likewise, Sonnenwald (1999), Sonnenwald and Pierce
(2000), and Talja (2002) focussed on information needs of groups highlighting the
participation of social factors as part of information behaviors.

Collaborative search focusses on the notion that information seeking is not always
a solitary activity and that people working in collaboration in information seeking
tasks should be studied and supported. Collaborative search is also referred to as
collaborative exploratory search (Pickens and Golovchinsky, 2007), collaborative
information seeking (Shah and González-Ibáñez, 2011; Foster, 2006), and
collaborative IR (Fidel et al., 2004). Recently, there has been a surge of interest in
this topic from both industry and academia surrounding issues of awareness (Shah
and Marchionini, 2010), algorithmic mediation (Pickens et al., 2008), time/space
(González-Ibáñez et al., 2013), roles (Shah et al., 2010; Soulier et al., 2014), and other
collaborative aspects to develop, evaluate, and deploy software tools and algorithms
that support collaborative search[1].

While most research on exploratory search has focussed on individual searchers,
there are also studies that focus on collaborative practices around this type of search
task (Pickens and Golovchinsky, 2007). In such cases the information needs that trigger
exploratory search behaviors are common for two or more individuals who collaborate
in different temporal and spatial settings (Pickens and Golovchinsky, 2007;
González-Ibáñez et al., 2012). Due to the complexity of exploratory search tasks in
collaborative settings, a common behavior described in the literature is division of
labor, which depending on the topic and structure of the task, allows group members to
divide up the work (Morris, 2007, 2008).

Evaluating a collaborative search environment can be a huge challenge due to its
complex design that involves a set of users, integrated systems, and a variety of
interactions. One can evaluate a collaborative search system using typical measures of
IR. However, information seeking is not merely about retrieving information, and thus,
evaluating a collaborative search system by its retrieval effectiveness may not be
sufficient. While traditional IR evaluations can still be used to measure the retrieval
performance of a collaborative filtering system, just as Smyth et al. (2005) did, one
needs additional measures for collaborative search systems.

Baeza-Yates and Pino (1997) first presented some initial work on developing a
measure that can extend the evaluation of a single-user IR system for a collaborative
environment. While this was based on retrieval performance, Aneiros and Estivill-
Castro (2005) proposed to evaluate the goodness of a collaborative system by its
usability. In addition, Baeza-Yates and Pino (1997) treated the performance of a group
as the summation of the performances of individuals in the group. While this may
work for simple information seeking and retrieval tasks, one can imagine situations
in which this is not true. For instance, if two people working together can find twice
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as much information as either of them working independently, was that a good thing?
What about the amount of time they spent cumulatively? The participants may not be
able to find twice as many results, but what if they achieved a better understanding of
the problem or the information due to working collaboratively? Then there are other
factors, such as engagement, social interactions, and social capital, which may be
important depending upon the application, but are usually not looked at in non-
interactive or single-user IR evaluations.

Wilson and schraefel (2008) analyzed an evaluation framework for information
seeking interfaces in terms of its applicability to collaborative search software.
Extending Bates’ (1979) tactics model and Belkin et al.’s (1993) model of users, they
showed that the framework could be just as easily applied to collaborative search
interactions as individual information seeking software. But they also pointed out that
there are additional considerations about the individual’s involvement within a group
that must be maintained as the assessment is carried out.

To overcome the issues with existing measurements and frameworks for evaluating
individual and collaborative exploratory search, a new framework is proposed in the
following section. This framework is essentially a synthesis of relevant methods and
measurements for capturing different aspects of (individual) exploratory search.

3. Evaluation framework
It is clear from the literature that in an exploratory search session, an information
seeker starts with a vague notion of the topic and the information need and moves
toward a better understanding of both. In this paper, an attempt has been made to
incorporate different aspects of exploratory search that are considered to be relevant
in evaluating its open-ended, multi-faceted, dynamic nature. Two such aspects are
information coverage (refers to information exposure), and situational relevance
(refers to information relevance) as described by Saracevic (2007). Further, it is
described in White et al. (2006a, b) that “[…] users generally combine querying and
browsing strategies to foster learning and investigation” (p. 38). This claim shows
that analyzing the query execution and clicks on search engine results pages (SERP)
is essential in evaluating the search behavior of users conducting exploratory search
thus, that aspect is incorporated under the heading of information search. Another
important aspect to measure is the performance level of users in finding information
to satisfy the information need to evaluate whether the user is heading in the correct
direction in acquiring the information. Final aspect that is considered here is learning,
which is viewed to be a major constituent of differentiating other type of information
searches from exploratory search, that involves complex cognitive loads and adding
knowledge about the topic of interest over the search process (White and Roth, 2009;
Marchionini, 2006).

Therefore, this evaluation framework attempts to capture the variety of ways
users try to express the information need and rectify it as needed (information search)
and how much reasonable amount of information they are exposed to (information
exposure) while searching. As explained above, a successful completion of an
exploratory search task will also include exploring and collecting relevant
information (information relevancy) with high effectiveness and/or efficiency
(performance). Finally, as Marchionini (2006) and White and Roth (2009) have
pointed out, learning is an important aspect within exploratory search; and therefore,
it is incorporated to the framework to make the evaluation framework comprehensive
by spanning across five different aspects (mentioned above) of exploratory search
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that can be evaluated using log data analysis. Fortunately, there are some recent
works in the literature that could be used for synthesizing an evaluation framework
that would work here. And therefore, once again it is pointed out that many of the
measures presented here are based on Shah’s (2014b) recent article. Specifically, most
of the measurements for information exposure, information relevancy, information
seeking, and performance are either taken directly or in a modified form from the
aforementioned article. Most of the measures presented below have been previously
used (Shah and González-Ibáñez, 2011, 2012) for individuals and pairs of searchers,
but not for triads. Note that the measures described here are designed primarily for
evaluating exploratory search for individuals. However, the objective here is to apply
them to collaborative settings not only to show how they could be successfully
leveraged to measure collaborative IR, but also to compare individual and
collaborative IR in exploratory search tasks using the same measures. Also note that
throughout the paper, individual user or a team is denoted as t and all users or all
teams as T.

3.1 Information exposure
This refers to the amount of information one discovers through active searching or
passive browsing while working on an exploratory search task. In the case of the Web,
such information primarily refers to the visited Web pages. A typical IR measure for
evaluating information exposure or retrieval is recall, but one could also compute
coverage of information as given:

Coveraget ¼ wp1;wp2; . . .. . .::;wpn
� �

(1)

In (1), wpi denotes distinct Web pages visited by user/team t.
The universe of distinct Web pages and the universe of relevant pages visited by all

user/teams, 8tAT are defined as U and Ur, respectively:

U ¼ [t Coveraget (2)

Ur ¼ [t RelevantCoveraget (3)

In (3), RelevantCoveraget is the set of Web pages that user/team t visited and found as
relevant by collecting snippets from. This assumption, i.e., the union of relevant pages
visited by the participants is the whole universe of relevant pages, while not completely
supported, is a reasonable method to provide a quantifiable ways to measure quantities
such as recall and precision as shown by (Shah and González-Ibáñez, 2011, 2012;
González-Ibáñez et al., 2012). Another measure of coverage consists of all Web pages
within the coverage of a given user/team t that were visited only by t and not by any
other user/team in the set of users/teams T. This measure, referred to as
UniqueCoveraget, is expressed in the following equation:

UniqueCoveraget ¼ Coveraget =2[ti AT=2ftgCoverageti (4)

The traditional IR measure of recall in this context is computed as follows:

Recallt ¼
RelevantCoveragetj j

Urj j (5)
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In addition, it may be useful to understand how difficult it was to discover the
information that one did. Shah and González-Ibáñez (2011, 2012) referred to this as LD,
and it is defined in the following equation:

LDwpi ¼
�1 Unfwpig

Uj j (6)

LDwpi is the LD value for each Web page, wpi. n{wpi} refers to the frequency of Web
page wpi appearing in the entire collection of Web pages denoted by Coveraget in
Equation (1). Based on the above measure, LD value can be found for all Web pages
visited by each user/team t as defined below. This measure gives a lower value to Web
pages that were visited by many users/teams within the corpus while resulting in a
higher value to Web pages that were only visited by few users/teams. Thus, this
measure tries to capture how easy or difficult it was to find information under the
assumption that if many users/teams found that piece of information, then it was easy
to find whereas if only a few users found that particular information then it was more
difficult to discover.

Once LDwpi is calculated for each Web page, those measures are summed over the
set of Web pages visited by each user/team and divide by the number of coverage
corresponding to that specific user/team in arriving at the final LD score for each user/
team t, as denoted in the following equation:

LDt ¼
P Coveragetj j

i¼1 LDwpi

Coveragetj j (7)

3.2 Information relevancy
This refers to the relevance of information discovered to satisfying the information
need of the search task. In IR, this is typically measured by precision or an extension/
variation of it such as MAP that are considered to be not appropriate for exploratory
search evaluation. Therefore, an alternative approach is taken by looking at the
relevancy of the covered information by observing the snipping behavior where users
collected snippets from Web pages to be used in their final reports.

Measures based on the intersection of coverage, relevance, and uniqueness are
described in the following equations that are used to measure the information
relevancy criteria of each user/team, t:

RelevantCoveraget ¼ Coveraget \Ur (8)

UniqueRelevantCoveraget ¼ UniqueCoveraget \Ur (9)

NumSavedt ¼ [tSnippetsCollectedtj j (10)

The traditional IR measure of precision in this context is computed as in the following
equation:

Precisiont ¼
RelevantCoveragetj j

Coveragetj j (11)
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3.3 Information search
Information search refers to “the behavioral manifestation of humans engaged in
information seeking and also to describe actions taken by computers to match and
display information objects” (Marchionini, 1995, p. 5). Here, this refers to the way
information is sought and retrieved. In the case of Web search, the most common way
of searching for information is by submitting queries to Web search engines. Therefore,
measures that look at quality and quantity of queries should be considered for this
aspect of exploratory search.

The set of distinct queries issued by user/team t and the set of SERP clicked by each
user/team t were measured as shown in the following equations, respectively:

Qt ¼ DistinctQueriest (12)

SERPt ¼ SERPclickedt (13)

Levenshtein distance (based on string characters) between each pair of query strings,
Qa and Qb within the set of distinct queries executed by each user/team t are found and
averaged. Those distances shown in the following equation, measure the level of
difference/diversity between the queries each user/team issued:

QueryDiversityt ¼ mean LevenshteinDistance Qa;Qbf gf g;QaaQb4 Qa;Qbf gAQt (14)

In order to define the information content of each query string Qa the information
entropy measure can be used as defined:

EntropyQa
¼

XunigramsQaj j

u¼1

�pulog 2pu (15)

In Equation (15), pu is the frequency of counts of each unigram, u appearing in
each query string, Qa found in the entire data set. The information content for each
user/team t can be found as the mean of entropy values of each distinct query issued
by user/team t as shown in the following equation:

AvgInf oContentt ¼
PNQt

a¼1 EntropyQa

9Qt9
(16)

3.4 Performance
This refers to overall goodness of the search process. A typical measure in IR is F-score,
which combines recall (information exposure) and precision (information relevancy):

Ft ¼ 2UPrecisiontURecallt
PrecisiontþRecallt

(17)

To understand how quickly and effectively a user is finding useful information, a
measure relating to dwell time is employed. Specifically, the number of Web pages
where the dwell time (time spent on the Web page) is more than 30 seconds can be
considered as a useful Web page (Fox et al., 2005; White and Huang, 2010).

Using this measure of usefulness of a Web page, effectiveness and efficiency
(González-Ibáñez et al., 2012) for each user/team t can then be defined as shown in
the following equations, respectively. Here, effectiveness measures how much of the
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covered information landscape was useful, whereas efficiency measures the amount of
effectiveness achieved per search (query):

Ef f ectivenesst ¼
[tfwpiðDwellTimewpi X30secsÞg
�� ��

Coveragetj j (18)

Ef f iciencyt ¼
Ef f ectivenesst

9Qt9
(19)

3.5 Learning
An important aspect of exploratory search is the learning that takes place in the
searcher as he proceeds with the task. A common way to measure this is by using
pre-task and post-task questionnaires that reveal how much the searcher knows about
the topic before doing the task as well as the level of confidence gained in their findings
after performing the task. However, since the objective here is to evaluate different
quantities by analyzing log data, a different approach is needed that includes tracking
changes in other quantities over time.

To understand learning through analyzing log data, one needs to see how different
factors or behaviors about search change with time as the users are performing their
task. If, on the other hand, no learning took place, one can form the following null
hypotheses using the other four forms of measures described earlier:

H01. A user/team will continue finding information with equal difficulty to
discovery (information exposure).

H02. A user’s/team’s coverage of relevant information will not increase with time
(information relevancy).

H03. A user’s/team’s expression of information need will not vary with time
(information search).

H04. A user’s/team’s performance will remain unchanged with time (performance).

To test these hypotheses, relevant measures are needed for both individual user-level
and team-level data for every minute of the session to create a time-series. While a
measure for evaluating performance exists in the proposed framework (effectiveness),
it is not suitable for seeing how well a user/team t does with respect to time. This is
because the universe of information changes with time. It will eventually become
harder to find useful information or maintain the same level of effectiveness as
measured by Equation (18). A modified measure is therefore suggested that takes into
consideration the remaining universe of unexplored information at a given time. It is
called effectiveness of discovery (EoD), defined for each user/team t for each time point
k as shown in the following equation:

EoDt;k ¼
[t;kfwpiðDwellTimewpi X30secsÞgt;k
�� ��

U�Coveraget;k
�� �� (20)

Thus, the measures used to evaluate the effects of learning are avg. LD, relevant
coverage, query diversity, and EoD.
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4. User study
The synthesized evaluation framework from the previous section will now be applied to
measure and compare exploratory search performance among individuals, dyads, and
triads. The present section provides details of a user study conducted for this purpose.

4.1 Subjects
Participants in this study were students recruited from a major US university through
open calls that were spread through various e-mail-lists. Through an online form, the
participants signed up for one of the following three project conditions:

• C1: individually;
• C2: in pairs (dyads); and
• C3: in a group of three (triads).

This provided with three different experimental conditions, which was the primary
independent variable of this study. While signing up as a team, the participants were
required to pair up with either one or two people with whom they had previously
worked. This design decision was made in order to ensure that participants had
common ground and to make the collaborative task more realistic. Such requirements
have been reported in some of the earlier studies (Shah and González-Ibáñez, 2011;
González-Ibáñez et al., 2012; Su, 1992).

From the 68 participants (12 individuals, ten dyads, and 12 triads) that were recruited,
40 were female and 28 were male, with ages ranging between 18 and 24. Most of the
participants (60 percent) reported using the Windows operating system. Moreover, all of
the participants indicated having intermediate to advanced search skills.

The participants were compensated according to the project condition they
signed up for. Those who signed up individually received $10, those in pairs
received $12.50 per person, and those in a triad received $15 per person. In addition,
they were informed that the best performing individual or team would receive
$25 per person at the end of the study to encourage them to take the task more
seriously. It was also ensured that recruits participated only once irrespective of their
group membership.

4.2 Collaborative search system
A modified version of Coagmento (González-Ibáñez and Shah, 2011), an open source
plugin for the Firefox Web browser, was used to provide a set of tools for supporting
information seeking, sharing, synthesis, as well as communication for teams.

As depicted in Figure 1, the version of Coagmento used in this study consists of two
major components: toolbar and sidebar. The toolbar contains three buttons: first,
search, which provides access to Google search engine; second, snip for saving and
sharing portions of texts of a given Web page; and third, editor, which opens a
collaborative editor for writing the report required in the task (see description below).

The sidebar serves three primary functions: first, provides awareness of the
remaining time for the task; second, displays snippets collected; and third, provides
text-based communication channel.

4.3 Logging tools
Beyond the features for supporting collaboration among team members, Coagmento
also provides powerful logging functionality capable of recording users’ actions within
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the Firefox Web browser, which includes every Web page visited, queries run on
any Web search engine as well as within specialized sites such as Wikipedia, and
snippets collected by highlighting text on a Web page and pressing “Snip” button on
Coagmento toolbar.

All of this data were recorded with timestamps. In addition to recording the Web
browsing activity of users, Coagmento was also used to record the messages
exchanged during the collaboration process, and data from questionnaires that were
introduced as part of the system.

4.4 Study setup
The study was conducted in an interaction lab at a major US university that included a
participant’s room and an observer’s room. In the participant’s room (Plate 1), three
computers were organized in a triangle formation, allowing up to three participants to
work with each other. In the case of one or two participants, the same one or two
computers were used to keep identical spatial configurations within those conditions.

The audio and video were also recorded and streamed in real time to a screen in
the next room where a researcher was stationed as shown in Plate 2. This allowed
the researcher to monitor the study session without disturbing the participants.
In addition, the researcher and the participants were also able to communicate
when required (e.g. participants inquires and technical difficulties) via an external
text-chat system.

The participants were provided with mid-range desktop computers with 20' LCD
screens and running Windows 7. They were also required to use the Firefox Web
browser since the Coagmento plugin at the time was available for that particular
browser only. This also allowed keeping the experimental parameters consistent
among all the participants. In addition to the computing resources, the participants
were given a whiteboard with markers and an eraser. The temperature and humidity in
the study room were maintained at steady and comfortable levels throughout all
the sessions.

Toolbar

Sidebar

Remaining
time

Text-chat

Snippets

Figure 1.
A snapshot of the

experimental system
with parts of it

shown in details
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4.5 Session workflow
Coagmento was adapted to guide users through various stages in the session workflow
of this study from stage two up to stage six as shown in Table I. The researcher guided
stages 1 and 7.

Plate 1.
A session with a
triad in progress

Plate 2.
A researcher
monitoring the
participants’ room
from the observer’s
room using an
audio/video
monitoring system
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4.6 Task
The participants were asked to collect relevant information in an exploratory search
task designed to be a realistic work-task as described in Borlund and Ingwersen (1999).
The topic of “global warming” was selected for the task, which according to a few pilot
runs was found to be appropriate in terms of the amount of material available on this
topic and how engaging it was for the participants. The task description was presented
as follows:

A leading newspaper agency has hired your team to create a comprehensive report on the
causes, effects, and consequences of the climate change taking place due to global warming.
As a part of your contract, you are required to collect all the relevant information from any
available online sources that you can find.

To prepare this report, search and visit any Website that you want and look for specific
aspects as given in the guideline below. As you find useful information, highlight and save
relevant snippets. Later, you can use these snippets to compile your report, no longer than 200
lines, as instructed.

Your report on this topic should address the following: Description about global warming,
how it affects climate change, scientific evidence about global warming affecting climate
change, causes of global warming, consequences of global warming causing climate change,
measures that different countries around the globe has taken over the years to address this
issue and recent advancements in addressing this issue. Also describe different view points
people have about global warming (specify at least three different view points you find) and
relate those to the aspects controversies held by the public on this topic.

The tasks carried out within Coagmento do not require participants to engage in a
process of task initiation as described by Kuhlthau (1991) in her information search
process (ISP) model, during which the information seeker recognizes the need for new
information to complete an assignment, with its associated feelings of apprehension
and uncertainty. The seeker is also relieved of the responsibility to select a topic, the
ISP’s second stage, and the presentation of work is relatively perfunctory and
circumscribed. There remains, however, the requirement that participants locate relevant

Stage Description
Time
(min)

1 Participants were introduced to the study and asked to sign a consent form 4
2 Participants filled in a demographic questionnaire 1
3 Participants watched a brief tutorial in order to learn the basic functionalities

required during the task 3
4 Participants worked on a simple practice task to get accustomed to the system 3
5 Participants read the task description (presented above) 1
6 Participants individually filled out a set of pre-task questionnaires, which include

questions about task familiarity and perceived difficulty 1
7 Each user/team worked for approximately 35 minutes on the given task that

included searching and collecting relevant information, and using it to compose a
report (typically last 5 minutes) 35

8 Participants filled out post-task questionnaires, which include questions about
perceived difficulty and confidence in their response 2

9 Participants were interviewed briefly to get their views about the task, their
experience, and feedback 5

Total 55

Table I.
Summary of

session stages

649

Evaluating
exploratory
web search

D
ow

nl
oa

de
d 

by
 T

A
SH

K
E

N
T

 U
N

IV
E

R
SI

T
Y

 O
F 

IN
FO

R
M

A
T

IO
N

 T
E

C
H

N
O

L
O

G
IE

S 
A

t 2
1:

34
 0

7 
N

ov
em

be
r 

20
16

 (
PT

)



information – a process requiring evaluative judgments – and that the information
selected be integrated – synthesized – into a product measured against imposed criteria.
This design allows for a more focussed investigation of collaborative search and
synthesis processes performed in different spatial conditions. Of course, Kuhlthau’s is not
the only model that one could use to define or evaluate this task. Another relevant model
is that of Marchionini (1995). Based on his model, the participants in the study described
here covered all the sub-processes, except problem recognition, problem definition, and
system selection. This should not come as a surprise since these three sub-processes were
predetermined for the participants as a part of the study design.

5. Results
The analyses of the data collected from the user study were primarily divided in two
categories: individual user level and team level. This was required to understand the
differences among the users as well as projects in different conditions. While several
kinds of data were collected during the study, the analyses presented here focusses on
interpreting the log data. Also, for the purpose of these analyses, the report-writing
portion that occurred at the end of the session will be ignored since the focus here is
on the search episode. As mentioned in the previous section, the independent variable
of this study was group size: individuals, dyads, triads, leading to the three conditions:
C1, C2, and C3.

According to Q-Q plots, histograms, and Shapiro-Wilk test, data for each measure
within each condition was found to be non-normal. Results from Brown-Forsythe showed
that the assumption of homogeneity of variance was not violated. Therefore, the
Kruskall-Wallis test was used to perform comparisons across conditions. Post hoc tests
were performed with the Wilcoxon rank-sum test when the Kruskall-Wallis test result
was significant at po0.01. Note that since only medians are reported here, aggregated
values may not give the overall picture. Also, since the Kruskall-Wallis and Wilcoxon
tests were conducted using medians, means, or standard deviations are not reported.

The results of log data mining on user-level data are presented in Table II, with the
results of statistical tests summarized in Table IV. Given that a primary interest here is
to evaluate exploratory search done in collaboration, user-level measures alone may not
be appropriate. The results of log data analysis on team-level data are also presented
in Table III, with the results of statistical tests summarized in Table IV. The results are
organized according to the five measurement categories presented in the framework
described in evaluation framework section.

5.1 Information exposure
As evident from the user-level results (Tables II and IV), there were no differences
among the users of the three conditions for visited Web pages (coverage). Those in C1,
however, had higher values for recall, but it turns out that those in C2 had a higher
score for LD than C1 and those in C3 outperformed both C1 and C2 in this measure.
In other words, dyads were able to find more information that was hard to find and
triads were even better at this.

While at user level there were no differences for coverage and unique coverage,
those in C2 at the team level were exposed to more information than C1. Those in
C3 were exposed to more information than both C1 and C2 (Tables III and IV).
The user-level and team-level results for information exposure indicate that the teams
(C2 and C3) were able to divide up the work appropriately and individually explore
information without much overlap with their teammates.
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5.2 Information relevancy
Looking at the relevance of the information the participants were exposed to as shown
in Table II, it seems that while the individuals (C1) had better relevant coverage, there
were no differences in this measure that was unique for a given condition (unique
relevant coverage). Individually, C1 users were also able to collect more information
than those in other conditions.

However, looking at the team-level evaluations, as depicted in Table III, teams
outperform individuals in almost all the measures. Teams (C2 and C3) were not only able
to achieve more coverage that was deemed pertinent (relevant coverage), but were also
able to discover information that no other units in project conditions (individuals or dyads)
found. unique relevant coverage here is an example of how simply looking at the median
values (Table III) does not provide the correct sense of differences between conditions. For
reference, looking at the means, C1 had 2.42 (SD¼ 2.27), C2 had 2.7 (SD¼ 1.83), and C3
had 5.67 (SD¼ 2.46) for this measure. Using Kruskall-Wallis and Wilcoxon tests, it was
observed that there were more values in C2 that were above the median compared to C1.
Similarly, C3 had more values above the median compared to both C1 and C2.

5.3 Information search
No differences were found in individual user information search behaviors, as reflected
by various query-based features, across the three conditions, except for SERP, which
represents how many of the search engine results were visited. Once again, while C1

Measures C1 C2 C3

Information exposure
Coverage 17 11 13
Unique coverage 5 3.5 5
Avg. likelihood of discovery −0.01 −0.01 −0.01
Recall 0.05 0.03 0.03

Information relevancy
Relevant coverage 11 7 7
Unique relevant coverage 2 1 2
Num saved (snippets) 15 9 9
Precision 0.35 0.23 0.21

Information search
Num distinct queries 9 5.5 6
Query diversity 19.59 18.26 16.60
Avg query Info content 2.51 2.52 2.50
SERP 13 7 9.5

Performance
F-score 0.08 0.05 0.05
Effectiveness 0.43 0.42 0.50
Efficiency 0.05 0.07 0.08

Learning
Topic familiarity (pre-task) 4 3 3
Perceived challenge (pre-task) 3 3 3
Perceived difficulty (post-task) 4 5 4
Report confidence (post-task) 3 3 3

Table II.
Medians per
condition for

various measures
with user as the
unit of analysis
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had a higher score for this measure, C2 outperformed C1, and C3 outperformed both C1
and C2 at the project level. In other words, individuals (C1) accessed more SERPs per
person than those working in collaboration (C2 and C3), but at the project level, those in
collaborative conditions were able to get to more SERPs than those working
individually. This shows the effectiveness of division of labor in C2 and C3. While a
higher quantity in overall number of SERPs seen could show the effectiveness of an
ISP, the quality of this process is unclear. There is, however, a naive way to at least
think about it. Given that each unit was allotted the same amount of time to work on the
proposed task, those in C1 spent the least amount of time per SERP per person than
those in C2 and C3. In other words, participants in collaborative conditions spent more
time assessing the results per person (leading to possibly higher quality), while
achieving higher quantity of SERPs at the project level. The evidence of this quantity-
quality relationship with respect to individual user-level vs team-level activities could
be confirmed by looking at relevant coverage as described in Section 5.2.

5.4 Performance
Not surprisingly, at the user level, C1 achieved higher F-scores than C2 and C3, given
that C1 had higher recall than the other two conditions and there were no differences
for precision. However, both C2 and C3 outperformed C1 with regard to efficiency. Once
again, looking at project-level results, the teams were found to be performing better
than the individuals (i.e. C3WC2WC1).

Measures C1 C2 C3

Information exposure
Coverage 17 25 38
Unique coverage 5 10 17.50
Avg. likelihood of discovery −0.01 −0.01 −0.01
Recall 0.05 0.07 0.09

Information relevancy
Relevant coverage 11 15 21
Unique relevant coverage 2 2 5.50
Num saved (snippets) 15 17.50 26
Precision 0.35 0.21 0.19

Information search
Num distinct queries 9 15 16.50
Query diversity 19.59 22.54 23.46
Avg query info content 2.51 2.53 2.50
SERP 13 14 26.50

Performance
F-score 0.08 0.10 0.12
Effectiveness 0.43 0.43 0.47
Efficiency 0.05 0.03 0.02

Learning
Topic familiarity (pre-task) 4 3 3
Perceived challenge (pre-task) 3 3 3
Perceived difficulty (post-task) 4 5 4
Report confidence (post-task) 3 3 3

Table III.
Medians per
condition for
various measures
with team as the
unit of analysis
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5.5 Learning
By analyzing participants’ responses to pre-task and post-task questions, no differences
were found with regard to topic familiarity or perceived challenge at the moment of first
being exposed to the task description. In a similar way, at the end of the task, no
differences were found in terms of perceived difficulty or confidence in the report created
as part of the task. However, these questions do not necessarily provide a comprehensive
view of learning that took place during the session. Therefore, log data were used to test
four learning hypotheses using the measurements described in Section 3.5.

The results of applying these measures are depicted in Figure 2 (user level)
and Figure 3 (project level). Figures 2(a) and 3(a) show that in the beginning, the

Measures User level Team level

Information exposure
Coverage ¼ C2WC1

C3WC1,C2
Unique coverage ¼ C2WC1

C3WC1,C2
Avg. likelihood of discovery C2WC1

C3WC1,C2
¼

Recall C1WC2,C3
C2WC3

C2WC1
C3WC1,C2

Information relevancy
Relevant coverage C1WC2,C3

C2WC3
C2WC1

C3WC1,C2
Unique relevant coverage ¼ C2WC1

C3WC1,C2
Num saved (snippets) C1WC2,C3

C3WC2
C2WC1

C3WC1,C2
Precision ¼ C1WC2,C3

C2WC3

Information search
Num distinct queries ¼ C2WC1

C3WC1,C2
Query diversity ¼ ¼
Avg query info content ¼ ¼
SERP C1WC2,C3

C3WC2
C2WC1

C3WC1,C2

Performance
F-score C1WC2,C3

C3WC2
C2WC1

C3WC1,C2
Effectiveness ¼ ¼
Efficiency C2WC1,C3

C3WC1
¼

Learning
Topic familiarity (pre-task) ¼
Perceived challenge (pre-task) ¼
Perceived difficulty (post-task) ¼
Report confidence (post-task) ¼
Note: Differences at po0.01

Table IV.
Results of Kruskall-
Wallis and Wilcoxon

rank-sum test as
post hoc with

individual users
and teams as the
unit of analysis
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Time-series for
user-level measures
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users/teams discovered information that is easy to find (higher values for LD),
but with time, they started locating Web pages that were harder to discover.
Figures 2(b) and 3(b) show the increase in covering relevant information with time.
Similarly, Figures 2(c) and 3(c) indicate that with time the users/teams were trying
more diverse queries. Finally, Figures 2(d) and 3(d) provide evidence of users’/teams’
increased effectiveness in discovering information in a constantly shrinking universe
of information.

Not surprisingly, analyzing the relationship between the measures calculated over
time per condition by performing trend analysis using linear regression fitting with
intercept (where the dependent variable is the value of the respective measure at each
time point and the independent variable is the time in minutes) confirms significant
linear relationships across all of these measures. Tables V and VI summarize these
results, indicating percent of instances that showed significant relationships at
po0.05. While this is not a perfect measure for evaluating the learning that occurred,
these measures do provide evidence for the effect of learning, and therefore, reject all
the null hypotheses (H01-H04) presented earlier.

6. Discussion
It should be clear from the background, the evaluation framework, the results, and the
analyses of a user study that evaluating exploratory Web search is a challenging task,
whether such searching is done individually or collaboratively. In most cases, such
an evaluation must employ several measures and rely on analyses that go beyond
system-focussed computations of measures such as recall and precision, as well as
user-focussed calculations of usability. Having recognized these challenges, the present
paper attempted to provide a framework that uniquely combines various forms of log
data collected through a typical user study involving exploratory search. The work
reported here also expanded this evaluation to include collaborative search scenarios
that highlight additional challenges involved in comparing individual and collaborative
search projects.

Measures C1 (%) C2 (%) C3 (%)

Likelihood of discovery 66.67 50.00 66.67
Effectiveness of discovery 100.00 100.00 100.00
Query diversity 91.67 100.00 97.22
Relevant coverage 100.00 100.00 100.00
Note: po0.05

Table V.
Portion of instances
at user level that
showed significant
relationships in trend
analysis as a way to
indicate learning

Measures C1 (%) C2 (%) C3 (%)

Likelihood of discovery 66.67 50.00 91.67
Effectiveness of discovery 100.00 100.00 100.00
Query diversity 91.67 80.00 100.00
Relevant coverage 100.00 100.00 100.00
Note: po0.05

Table VI.
Portion of instances
at team level that
showed significant
relationships in trend
analysis as a way to
indicate learning
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This approach also reveals some of the limitations of the work reported here. First, the
evaluation framework assumes certain forms of data (log data from Web searches),
nature of the experiments (interactive IR study with users), and a bound on time
and available information. Second, the proposed evaluation framework is synthesized
using relevant literature on exploratory and collaborative exploratory search that
may omit other views and approaches. Third, the study reported here demonstrates
how the proposed evaluation framework could be used in a lab setting and exhibits
several constraints (time-bound task, artificial motivation, fixed configuration of tools
and space, to name a few) by design. A more realistic experiment, where the
participants have a strong connection or motivation for doing the task, may present a
different set of challenges and results. Fourth, the relatively small sample size (10-12
per units of analysis per condition) is acknowledged. This sample size, unsurprisingly,
was set due to practical limits imposed by resources (time and money) available.
However, given several clear patterns in the findings, a larger sample is likely to yield
similar results. Finally, several factors that may affect the recommendation and/or
evaluation of collaborative searching are not explicitly considered here. These include
communication, cost of collaboration, cognitive load (Fidel et al., 2004), and affective
load. However, if the number of queries used and the number of Web pages visited
indicate a level of physical effort at the user level, results show that users in dyads and
triads did not exert additional effort with these information-related measures.
This indicates that groups were able to successfully divide up the work in the
exploratory search task and take advantage of collaboration without incurring
additional costs. Participants’ responses to the questionnaire based on NASA’s task
load index instrument (Hart and Staveland, 1988), which elicits cognitive effort
experienced during a task, also revealed no significant differences among the
participants in different conditions.

Despite the limitations reported above, the work presented here provides
interesting insights into evaluating individual and collaborative exploratory Web
search. For instance, it was found that those working in collaboration are able to
locate some information that participants working alone could not discover. In fact,
the triads performed even better than dyads in this regard. Figure 4, inspired by the
work of Shah and González-Ibáñez (2011) and drawn to scale, depicts this insight.
Various forms of coverage for each condition are indicated using overlapping
rectangles within an encompassing area that represents overall coverage. As shown,
there is a large portion of the available information that C3 teams discovered that
C1 and C2 did not (unique coverage for C3). This has implications for general Web
search. It is often found that individuals do not go beyond the first few results
(usually the first SERP) when doing a Web search, thus missing out on some relevant
and/or novel information that may be available lower in the rank-list. Having two or
more people work together without requiring any additional changes to their search
behavior easily enabled them to split the task in such a way that they end up
discovering those areas of the information landscape that they might have otherwise
missed working by themselves.

7. Conclusion
To investigate exploratory search performances for individuals as well as teams of
two and three, a user study was conducted. Since there is no one or simple way to
evaluate exploratory search, an evaluation framework was synthesized using
relevant literature. Through the application of this framework on the user study data,
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it was observed that at the user level, users in teams and individual users did not
exhibit any significant difference among the measures calculated for information
exposure, information relevance, information search, and performance. In contrast,
when evaluated at the team level, dyads and triads (C2 and C3) outperformed
individuals (C1) in most measures in information exposure, information relevance,
information search, performance, and learning. For the aspect of learning, dyads and
triads were able to achieve improved results over time compared to individuals in
almost all measures, showing that as a team they were able to learn more about the
task and gather the required information at a faster pace.

These results support the following conclusions: evaluating exploratory search – for
individuals or collaborators – should incorporate measuring various forms of activities,
objects, and processes; to evaluate collaborative IR, one needs to apply these measures
at both the user level and the team level; and given an appropriate setup, collaborators
could outperform individuals in an exploratory search task through the synergic effect
(Shah and González-Ibáñez, 2011).

While it was found that two people are better than one and three collaborators are
better than two, it remains to be explored how many more collaborators one could add
to a team before reaching the point of diminishing returns. It seems that C3 teams were
able to perform well in terms of coverage and search effectiveness due to their ability to
successfully divide up the work in three parts while exploring subspaces of the
information landscape with minimal overlap. However, if the number of participants
were greater than the number of aspects/facets of the topic, a team may not be able to
apply this strategy, leading to saturation or even worsen their performance. This
hypothesis is worth testing for future work.

Note
1. See (Shah, 2014a) for a detailed review of the current literature.

Coverage
Overlap

Relevant Webpages
Overlap

Unique
Relevant

Webpages

C1: Single

Condition
CoverageRelevant

Webpages

Unique
Coverage

C2: Dyad C3: Triad

Source: Shah and Gonzalez-Ibanez (2011) (drawn to scale)´´ �

Figure 4.
Depiction of
coverage by
various conditions
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