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Abstract Exploratory search starts with ill-defined goals and involves browsing, learning, and formulating
new targets for search. To fluidly support such dynamic search behaviours, we focus on devising interactive
visual facets (IVF), visualising information facets to support user comprehension and control of the
information space. We reviewed existing faceted search interfaces and derived two design requirements
(DR) that have not been fully addressed to support fluid interactions in exploratory search. We then
exemplified the requirements through devising an IVF tool, which coordinates a linear and a categorical
facet representing the distribution and summarisation of items, respectively, and providing context for
faceted exploration (DR1). To support rapid transitions between search criteria (DR2), the tool introduces a
novel design concept of using facets to select items without filtering the item space. Particularly, we propose
a filter-swipe technique that enables users to drag a categorical facet value sequentially over linear facet bars
to view the items in the intersection of the two facets along with the categorical facet dynamically sum-
marising the items in the intersection. Three applications with various datasets demonstrate how the features
support information discovery with ease. A comparison with a baseline system provided evidence that the
task performance of the IVF tool was comparable to the typical query search interface. Another study of 11
participants with realistic email search tasks shows that dynamic suggestions through the timeline navi-
gation can help discover useful suggestions for search; the novel design concept was favoured over using
facet values as filters. Based on these practices, we derive IVF design implications for fluid, exploratory
searches.
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1 Introduction

Information search is an essential activity that we carry out on a daily basis. Modern browsers have,
therefore, seamlessly integrated search functionalities by enabling users to simply input search queries in the
top address bar and retrieve a ranked list of relevant links. However, unlike simple lookup searches, users
often search with ambiguous information needs or uncertain goals (Athukorala et al. 2016). For instance,
when looking for related literature, researchers often start with vague, general queries; when searching for
an email, users typically do not have enough memory clues to do a simple lookup search. In such situations,
users dynamically modify their search directions as they gain further knowledge of the search space (White
and Roth 2009; Wildemuth and Freund 2012). Prior work termed this type of search as exploratory search
(Marchionini 2006; Ruotsalo et al. 2018) to indicate its learning, investigative nature.

With exploratory search, a query box plus a ranked list of results provide limited support to users’
evolving information needs. Advanced visual interfaces are required to support the iterative and incremental
process fluidly. Wildemuth and Freund (2012) identified a set of characteristics of exploratory search tasks
based on a literature review. Exploratory search tasks focus on learning and investigative search goals; they
are open-ended, dynamic, and motivated by ill-defined problems (White and Roth 2009; Wildemuth and
Freund 2012), which implies the dynamism of user search behaviours. How to design visual interfaces to
fluidly support exploratory search is our main research question.

Facets, composed of orthogonal sets of categories (Hearst et al. 2002), can organise information into
meaningful groups (White and Roth 2009; Wildemuth and Freund 2012). Studies on search interfaces with
information facets show that users use facets more frequently for exploratory search tasks (Niu et al. 2019;
Niu and Hemminger 2015); information facets are essential to support both the expansion and refinement of
search queries (White and Roth 2009; Wildemuth and Freund 2012). Recent work on faceted search put
more effort into algorithm development and user evaluation (Niu et al. 2019). For instance, techniques have
been developed to generate nested facets from ontologies (Zhang et al. 2020) and to predict facets of interest
based on user interactions (Chantamunee et al. 2020). However, interactive visualisation design is also
essential in supporting faceted exploration (Mahdi et al. 2020).

From a human-computer interaction point of view, there are many benefits of using facets to support
fluid exploratory searches. First, facets can serve as entry points for search, which is particularly beneficial
when users start with no specific queries in mind (Niu and Hemminger 2015). Second, facets can provide an
overview of the search space, which avoids users getting lost in the search process (Niu and Hemminger
2015; Manioudakis and Tzitzikas 2020). Third, facets can guide the next relevant directions to explore and
prevent zero-hit queries (Manioudakis and Tzitzikas 2020). Ruotsalo et al. (2020) found that faceted query
suggestion increases engagement and supports recall.

Therefore, our goal is to use information facets to address the challenge of supporting fluid interactions
in exploratory search. To do this, we first reviewed prior research on faceted search interfaces, identifying
their shortcomings in supporting fluid search behaviours. To address these shortcomings, we devised a
faceted search interface, which was evaluated through three use cases and two user studies. This article
extends an earlier publication (He et al. 2021) by 1) implementing two use cases from different fields,
including serendipitous tweets discovery and oncogene occurrence analysis, to demonstrate the generalis-
ability of the tool and 2) conducting a study with a baseline system to investigate the task performance of the
tool.

The contribution of this research is three-fold. First, we distill from related work the concept of inter-
active visual facets (IVF) and two design requirements (DRs) to support fluid exploratory search, i.e.
providing contextual information for faceted exploration and using facets to support rapid transitions
between search criteria. Second, we exemplify the two DRs by devising an IVF tool. The tool coordinates a
linear and a categorical facet and introduces a novel design concept — using facet values to select and inspect
items without filtering the item space — to support flexible and dynamic search attempts without losing the
exploration context. Particularly, users can drag a categorical facet value sequentially over linear facet bars
to view the items in the intersection of the two facet values; meanwhile, the categorical facet changes
dynamically to summarise the items in the intersection. Third, to demonstrate the fluidity and usefulness of
the features in supporting exploratory search, we present three use cases and two user studies. The three
cases illustrate how the tool implements the requirements in three different applications. A comparative
study with a baseline system evidenced the task performance of the IVF tool is comparable to a typical
query search interface. A second study with realistic email search tasks shows that the feature of using facets
to select items without filtering the item space was favoured over using facets as filters. We discuss design
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implications based on our practices to guide how to effectively design IVF for fluid exploratory searches in
the future.

2 Related work

One of the earliest faceted search interfaces, Flamenco (Hearst et al. 2002), listed hierarchically faceted
metadata to guide users toward possible choices. Subsequent faceted search interfaces extended on it from
two aspects by (1) visualising facets to aid user comprehension of the information space (e.g. Dork et al.
2008, 2010; Seifert et al. 2014; Yalcin et al. 2017) and (2) taking facets as user-manipulable objects to
support information exploration (e.g. Wilson et al. 2006; Seifert et al. 2014; Zhao et al. 2013; Klouche et al.
2015; Dork et al. 2012b). We review related work from the two aspects.

Apart from listing faceted keywords for exploration, facets are frequently visualised in coordinated
views. Each view depicts one type of facet, such as chronological and geographical views of the search
space; e.g. see Dork et al. (2008, 2010); Seifert et al. (2014); Yalcin et al. (2017); Rauch et al. (2015); Qu
et al. (2020). Brushing and linking techniques are often used in these cases to support exploration of item
distribution in various views. For instance, VisGets (Dork et al. 2008) coordinates temporal, spatial, and
topical views of items to enable users to visually formulate queries from the three aspects in parallel.
Likewise, Keshif visualises data properties in coordinated views and uses linked brushing and cross-filtering
for exploration (Yalcin et al. 2017).

On the other hand, individual items can be directly drawn upon a facet layer using zooming and panning
for item inspection; e.g. see Dork et al. (2012a); Grierson et al. (2015); Viégas et al. (2006); Mauro et al.
(2020). In this case, only 1-2 facets are visualised at one time. Themail (Viégas et al. 2006) displays word
lists along a timeline to show the evolution of user conversation with an individual. Faceted selection and
filtering are supported for detailed inspection. Likewise, Mauro et al. (2020) arrange items categorised by
colour on a map. Items could be filtered by facets using checkboxes, treemaps, or sunburst views.

The above two techniques could also be integrated to facilitate exploration, enabling item filtering
through coordinated views and showing filtered items over existing or additional facets (Rauch et al. 2015;
Wang et al. 2019; Zeng et al. 2021). Allowing item filtering from multiple categorical facets, such as
authors and keywords, VIStory (Zeng et al. 2021) depicts filtered items on a timeline colour-coded by user-
selected facet groups.

To facilitate user exploration, existing visualisations generally support Boolean queries (e.g. Seifert et al.
2014; Zhao et al. 2013; Yalcin et al. 2017; Mauro et al. 2020; Zeng et al. 2021) or weight adjustment of
facet values (e.g. Klouche et al. 2015; Chang et al. 2019; di Sciascio et al. 2016, 2018; Klouche et al.
2017). For Boolean queries, intra-facet selections filter items through a logical OR operation, whereas inter-
facet selections create a logical AND operation for filtering. For instance, PivotSlice (Zhao et al. 2013)
enables data slices in a matrix view through dragging and dropping numeric or categorical facet values to
two perpendicular axes. The two query axes support flexible Boolean combinations of queries, which results
in a logical OR operation on values in the same facet panel of an axis and a logical AND operation over the
corresponding panels of the two axes.

Rather than simply using facets to filter results, SearchLens (Chang et al. 2019) allows users to per-
sonalise search results by adjusting the importance of facet values. In uRank, users can reorder search results
according to their relevancy to weighted keywords (di Sciascio et al. 2016, 2017, 2020b). An improved
version of uRank incorporated social aspects where users weigh a hybrid model to rank results (di Sciascio
et al. 2018, 2020a).

However, the selection or weight adjustment of facet values often results in drastic layout changes of the
item space, inhibiting rapid transitions between search criteria. For instance, PivotPaths visualises facet
values in nodes and allows pivot operations to transform node layouts to support, such as single-facet
querying and double-facet comparison (Dork et al. 2012b). Similarly, Fluid Views uses dual layers to
position items on a context map, such as a timeline or a topic overview (Dork et al. 2012a). Semantic
zooming allows transitions between item overview and details for inspections.

To better support rapid transitions between search criteria, query previews (Plaisant et al. 1999; Qvar-
fordt et al. 2013) are used to put users in the current search context and avoid dramatic layout changes
before users are certain of their next search steps. Existing faceted search interfaces have incorporated query
previews in two ways by showing the number of results related to individual facet values (Hearst et al. 2002;
Seifert et al. 2014; Kreutz et al. 2018; Rauch et al. 2015; Zeng et al. 2021) or by highlighting relevant facet
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values and result items to an attempted query (Dork et al. 2008, 2010; Yalcin et al. 2017). For instance,
FacetScape enables users to view the changes in the number of results before selecting or deselecting facet
values (Seifert et al. 2014). MSpace (Wilson et al. 2006) allows users to arrange facets hierarchically in
columns, from left to right, and provides item previews when hovering over facet values to assist in choice-
making. This low-cost technique of using mouse-over interactions to trigger query previews has also been
widely used in coordinated views. As an example, mousing over a data attribute in Keshif highlights the
distribution of the data items in other views (Yalcin et al. 2017).

The low discontinuity between displayed information invoked by query previews facilitates low-cost,
rapid transitions between different queries. However, more preview techniques could be devised to leverage
the advantage better.

3 Definition and DRs

As elaborated in Sect. 2, existing faceted search interfaces expanded on information facets in two directions,
incorporating visualisation and interaction techniques. Thus, we propose to name information facets as
interactive visual facets (IVF) for the purpose of devising faceted interfaces to assist searches. We define
IVF in exploratory search as visualising information facets to support user comprehension and control of the
information space. This research aims to devise IVF to support fluid exploratory searches.

Elmgqvist et al. (2011) characterised fluidity in information visualisation as smooth interaction,
responsive graphics, and conscientious user experience. To support fluid exploratory search, Klouche et al.
(2018) proposed to use entity affordances to devise interaction techniques. Entities can yield other relevant
entities to facilitate exploration; entities can be organised to support pattern recognition; entities can be
shared to assist in collaboration (e.g. Andolina et al. 2018). Kules and Shneiderman (2008) proposed a set of
design guidelines for using categorised facets for exploratory search. Shneiderman et al. (1997) proposed a
four-phase framework for text searches that focused on the iterations of query refinement. However,
exploratory searches usually go beyond search queries and involve other types of interactions, such as
navigation and browsing. The Flamenco project suggested integrating a direct search method and browsing
to enable smooth transitions from one search direction to the next, without users feeling lost or stuck (Hearst
et al. 2002).

To summarise, fluidity in exploratory search concerns the beginning, middle, and end of a search. As
discussed in Sect. 1, facets can easily address the search entry points issue and avoid dead ends. Thus, we
attempted to devise IVF during the search to provide users with a fluid experience. To this end, we derived
two DRs that have not been fully addressed according to the analysis in Sect. 2 to drive the design of a fluid,
exploratory search interface:

e DRI: Provide contextual information for faceted exploration Contextual information can avoid users

feeling disconnected from or lost in their search experience (Hearst et al. 2002; Dork et al. 2012b).
Context conveys the time and space of users’ exploration. Time-related context informs users of the
exploration process. For instance, which items have/have not been retrieved as results. As Jankun-Kelly
et al. (2007) stated, a visualisation that does not communicate the states of user visits could be inefficient
in assisting data exploration. A review of prior work in Sect. 2 suggests that this time aspect of the
requirement was often neglected.
Space-related context informs users about the current search space. As stated in Sect. 1, visualising
facets is beneficial in providing an overview of the search space. For example, to guide publication
exploration, the facets of related authors and keywords shown in PivotPath depict context of current
search queries (Dork et al. 2012b). Interactions between facets, such as brushing and linking among
facet views, can reveal additional relationships in the search space. This requirement emphasises that
incorporate both aspects of context (time and space) is necessary to provide a fluid exploration
experience.

e DR2: Use facets to support rapid transitions between search criteria During an exploratory search, users
would modify information needs with the accumulation of knowledge (Wildemuth and Freund 2012);
thus, user search actions can be tentative. A fluid interface should provide easy transitions between user
search attempts with low cognitive or mechanical costs. Query previews can serve this purpose, but
existing applications are limited to previewing the number of relevant results to facets or highlighting
relevant facet values under hover (Sect. 2). Advanced query preview techniques could be devised to
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address this requirement better. Next, we present a case study devising IVF to address these two
requirements.

4 The IVF tool

We present a design of IVF addressing the two DRs to support fluid, exploratory search. Figure 1 shows an
overview of the tool implemented with email data. The interface comprises an item snippet view, a facet
space, and a query field. This spatial separation provides multiple entry points for search, including item
detail exploration, faceted navigation, and query searches. The item snippet view shows snippets of selected
items as a stack — newly selected items replace older ones to support skimming (Kules and Shneiderman
2008). In the case of emails, the snippet view contains the sender, title, the beginning of the email, and the
date. Each row has a coloured dot that represents its freshness through saturation. More saturated colours
indicate more recently selected items, which corresponds to the colour of the dots in the linear facet
(Fig. 2b). Clicking on a snippet item opens a new window that shows its details.

The facet space coordinates a linear facet (time in this case) and a categorical facet, such as contact and
keyword suggestions. The linear facet area shows the distribution of items over time. A queue of dots in
each bar represents a list of items in a specified time period. The range of time for each bar is adjusted
automatically according to the number of items over that period, avoiding item overflow. The linear facet
view is scalable to display varied numbers of items from the cohort, as it arranges linear spans into pages
once it cannot hold all items on one page.

The categorical facet, in the case of emails, consists of keyword and contact suggestions. We extract
keywords within the body and subject fields of emails by computing the term frequency-inverse document
frequency (TF-IDF) (Ramos 2003) and selecting the highest scoring keywords. The keywords are generated
by combining words within the same noun phrases detected using dependency parsing (The Stanford Natural
Language Processing Group 2014). Contacts are extracted from the sender, recipient, and carbon-copy field.

stephanie.miller @ Out of Office AutoReply: Nat Gas Customer Lis | will be out of the office until Wednesday. January 2, 2002. Please call Kim Ward at 713-853-0685 if you need immediate assistance. 19 Dec 2001
leslie.ferron-jone @= ~ draft agreement pertaining to GTN capacity ~Here's the draft that we discussed on Friday morning. Please take  look at it and let me know what you think (Jim is on vacation in New York this 18 Dec 2001
ed.mcmichael @=  Contract Review ‘Thanks to each of you who help in the review process yesterday. As many of you know, we found that several of the contracts that we reviewed did 13 Dec 2001
stephanie.miller @ Contractual Obligations Associated with Long  Greetings Steve: We have had many inquiries regarding our transportation agreements, specifically PGT, Kern River and EI Paso. Most pressingis 13 Dec 2001
jim.schoene &= See you please left a message for either one of you to call. | need to see you today. Early as possible. Shouldn't take any more than 10 minutes. PG&E National 04 Dec 2001
ryan.o'rourke e= West NatGas Prices 1127 Let me know if the link that | just sent for trv website doesn't work for you. That is how | will start to publish this sheet. -Ryan 5-3874. ryan.ofrourke 28 Nov 2001
stephanie.miller AEC They were not hopeful - making the call this am. stephanie.miller says: AEC - To : barry.tycholiz 28 Nov 2001 u‘g“
stephanie.miller PGT 2003 Expansion Filing Greetings Becky Wanted to make sure we protested the filng based on fuel treatment - page 10 description. You and | have talked about their 26Nov2001 _ g g
stephanie.miller @ FW: Reciprocal Confidentiality Agreement Original Message-—- From: "Gross, Stephen” @ENRON [mailto:IMCEANOTES- 30 Aug 2001811[1"'{2%
ericle = Calpine - How'd you like to market services for My dear friends (yes | want something): | have a proposal in front of Colin for the provision of services and wondered if you might get it back in the 30 Aug 2001 a
mara.bronstein @=  FW: Powerpoint file Attached is the powerpoint slide that Barry would like everyone to use for their Denver presentations. This way everything will be standardized, 29 Aug 2001
stephanie.miller @ RE: Reciprocal Confidentiality Agreement Attached is the revised CA allowing for jurisdiction in New York. Thanks, Stephanie ——Original Message-— From: "Gross, Stephen” @ENRON 28 Aug 2001

Filter-swipe g s :
supports tentative s BB .

search actions > m— : : n
(DR2).

inear facet G

dave.fuller tyrell.harrison |phil.polsky <Categorica| facet

northwest

I <& Query field

Fig. 1 Overview of the IVF tool visualising 400 emails: a an email snippet display, b time as a linear facet and contact and
keyword suggestions as categorical facets, and ¢ a query field. A contact, “stephanie.miller”, is dragged onto a linear facet bar,
so items in the intersection of the two facet values are selected and shown in the snippet view and the categorical facets suggest
entities relating to the highlighted items. In this case, highlighted items are emails in this bar that were sent by or carbon-copied
to this contact. The snippet display highlights the relevant emails with a white background colour. The categorical facet area
suggests contacts and keywords dedicated to these items. If users find the categorical facet value relevant, they can drop it into
the query field to filter the items; otherwise, they can just release it to end this search attempt. This action is called filter-swipe
and supports tentative search actions (DR2). Data from the publicly available Enron email corpus (Cohen 2015) are shown
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The query field allows for typed queries and dragging a categorical facet value as a query filter. A typed
query is broken down into individual words if it is composed of more than one word. Multiple queries are
joined by AND relations, i.e. only text items containing all of the queried words qualify to be displayed.
Users can click on a queried word shown next to the input box to remove the query. When a query is
selected or deselected, the tool will update the facets to describe a set of items satisfying the existing queries.
In this way, the facets guide users toward the next possible searches and make sure user-dragged queries
will not result in an empty result set, i.e. avoid dead ends.

4.1 Faceted exploration within context

Initially, the most recent items in the timeline view are selected by default. The number of selected items
depends on the height of the snippet display, avoiding scrolling. Users can select items by clicking on the
dots in the linear facet or scrolling to sequentially select items in the linear bar. The selected dots are shown
in purple with varying saturations; more saturated colours represent more recently selected items (Fig. 2b),
which corresponds to the dots in the snippet rows. For the older items that have been pushed out of the stack
of the snippet display, dots in the linear facet will turn grey to indicate they have been viewed (Fig. 2c).
Visual encodings of the dots indicate the states of items (i.e. if they are selected, have not or have been
selected), and inform users about the exploration process (time-related context of DRI).

Mousing-over can trigger the interactions between the linear and categorical facets to support explo-
ration in space-related context. Initially, the categorical facet, contact and keyword suggestions in the case
of emails, show the summarisation of the items in the current span of the linear facet. Hovering over a
potential query, which can be a contact or a keyword, highlights the relevant dots in the linear facet and the
snippet view with various visual encodings (e.g. Fig. 3a). A line affords a contact relation where the sender
and co-recipient lines adhere to the general chronological direction: The left-side line indicates a sender
relation, and the right-side line denotes a co-recipient relation (Fig. 2d). A circle around a dot depicts a
keyword relation (Fig. 2e). This puts a categorical facet value, such as a topic, in the context of the linear
facet (DR1), such as time. Users can see, for instance, how the frequency of the topic varies in time through
the topic distribution over a timeline. Hovering over a linear facet bar, indicated by the white background of
the bar, converts contact and keyword facets to summarise the items in the bar (e.g. Fig. 3b). The dynamism
of the summarisations enables users to assess the next relevant queries in the context of the overall content
(DRI). For example, it allows users to detect special topics in a certain time bar among the topics over
various time bars. If dots are selected in the highlighted bar (i.e. dots in purple), the items of the selected
dots in the snippet view are highlighted with a white background colour. Mousing over the row of a dot is
indicated by a bright blue background, as is the corresponding item in the snippet view.

4.2 Rapid transitions between search criteria

To support rapid transitions between search attempts (DR2), we propose to use facet values to select items
for inspection without filtering the item space. Users can click on a categorical facet value for quick item
selection. Selected items will be colour-coded in the linear facet, i.e. purple dots with varied levels of
saturation, and shown in the snippet view. If this evokes too many items to fit into the snippet display, more
recent items will be selected. This design allows users to flexibly inspect items of interest from various
perspectives while maintaining the present exploration context.

The concept of using facets to select items without filtering the item space is further reflected in the
design of a novel filter-swipe technique that enables dynamic query previews by flexibly combining two
facet values. Users can drag a categorical facet value over linear facet bars sequentially, and as a result, the
categorical facet will dynamically show facet values relating to the items in the intersection of the current
linear bar and the dragged facet value, and the snippet view will display selected items in the intersection

afbje d e
o0 — ®
() o— ®

Fig. 2 Various states of the dots inform users about the exploration context (DR1). Each dot represents an item in the
collection. a Dots that have not been selected yet; b dots under selection. The more saturated colour represents the more
recently selected items; ¢ dots that have been selected and pushed out of the stack of the snippet view; d and e the blue marks
indicate relationships that can be visually overlaid with the other three states. They depict item relations to the currently
focused categorical facet value; in the case of emails, d affords contact relations where the left-side line indicates a sender
relation and the right-side line denotes a co-recipient relation; e denotes keyword relations
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20 21 27 Ay 9 14 18 2 28 i

timeline registration filing chang packet maintenance

forecast analysis article shareholder chang filing

Fig. 3 Interactions between linear and categorical facets supporting space-related context of DRI1. a Mousing over a
categorical facet value highlights the distribution of relevant items in the linear facet with various visual encodings (Fig. 2d, e);
b Mousing over a linear facet bar transforms the categorical facet to summarise the items in the bar

(Fig. 1). If users find the dragged facet value relevant, they can put it in the query field to filter the item
space. Otherwise, they can just release the object to quit this tentative search action and grab another
categorical facet value to filter-swipe. The mouse interactions of the filter-swipe technique also trigger the
mouse-over and click effects on the categorical facet value. That is, the relevant dots in the linear facet are
highlighted with various visual encodings and the most recent items are selected when users proceed to drag
the facet value. Overall, the filter-swipe technique enables flexible combinations of a linear and a categorical
facet value for item inspection and features rapid transitions between search attempts (DR2). See a video
demonstration of the IVF tool at https://youtu.be/vOtUAxPjqfg.

5 Use cases

To demonstrate how the features of the tool address the DRs, we implemented the tool in three different
applications (Table 1). The first case visualises emails for email finding, the second case uses tweets for
serendipitous discovery and the third case involves a study of acute myeloid leukemia (AML) to recognise
mutation co-occurrence patterns across patient ages. The analysis focuses on how the features of the tool
fluidly support the critical aspects of exploratory search (i.e. learning, investigation, and forming new targets
for search) (White and Roth 2009; Wildemuth and Freund 2012).

5.1 Email finding

Email, as a daily communication method, requires easy and efficient management. Looking for an email
from a large collection of emails is a common yet burdensome task. To demonstrate how the features of the
tool support email finding, we loaded 2,499 emails from the Enron corpus (Cohen 2015) into the IVF tool.

Table 1 An overview of use cases

Case Linear Categorical facet No. of Data source
facet items
Email finding Time Sender & co-recipient, 2499 The Enron corpus (Cohen
keyword 2015)
Serendipitous tweet discovery Time Username, keyword 1226 Aweiand (Aweiand 2014)
Recognition of age-related oncogene co- Age Mutated gene 198 cBioPortal (Gao et al.

occurrences 2013)
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See Sect. 4 for a detailed explanation of how the tool functions. We discuss how the IVF tool could help
email finding through the following scenario:

Kenneth opens the IVF tool with all his emails and wants to find an email about the address of a board
meeting happened around early 2001 as he remembers. He types “board meeting” in the query box to filter
the emails. The resulting emails range from late 1999 to early 2002 (Fig. 4). He hovers his mouse over the
columns around early 2001 and a suggested contact “tori.wells” reminds him of this person’s appearance in
the meeting. Then he clicked on the contact to quickly select relevant emails. The emails with the address
information of the board meeting appeared in the snippet view, which turn out to come in October 2000
(emails marked with * in Fig. 4). In this case, navigating through the linear facet helps the discovery of a
familiar contact and further leads to the right email using quick item selection.

5.2 Serendipitous tweet discovery

Every day, countless messages are posted to Twitter. One challenge related to using this service is how to
avoid missing interesting posts amid the noise of user-generated content. To address this, we incorporated
1,226 tweets retrieved from Aweiand (2014) and ranging from October 15, 2011, to October 20, 2011, into
the tool (Fig. 5a). The snippet view lists the selected tweets including usernames, snippets of the tweets, and
dates. The linear facet shows the distribution of tweets over the timeline, whereas the categorical facet
provides an overview of relevant users and keywords extracted using the same technique employed to
analyse email data, i.e. TF-IDF. We discuss how the tool’s features can be used to support rapid skimming
and serendipitous tweet discovery through a scenario.

Ann has not logged into Twitter for five days. After logging in on the sixth day using the IVF tool, Ann
gets 1,226 unread tweets. She turns over the pages of the timeline, browsing through the suggested key-
words, such as “Android”, “keyboard”, and “upgrade”, all of which seem to be related to technology.
These are not so interesting to Ann, so she hovers her mouse over each timeline bar to look for something
interesting in smaller collections. Some keywords pop up through the sequential hovering actions, such as
“Mandarin”. She then puts the mouse over the keyword “Mandarin” and two relevant items in two timeline
bars are highlighted. She then drags the keyword over the two timeline bars sequentially to check the
corresponding tweets in the snippet view (Fig. 5a). From one tweet, she learns that a friend is learning
Mandarin to prepare for his upcoming trip to Hong Kong, whereas the other tweet seems related to i0S5, an
operating system used for mobile devices. She then releases the keyword and continues sequentially

kenneth.lay o= IEA Hi Mr. Ramsay - In regard to your request for Ken to chair a Forum segment and join the Ministerial dinner, with the Chair of the other Session in May, 07 Dec 2000
LOg out katherine.brown @= EXECUTIVE COMMITTEE MEETING - MONDAY, D Executive Committee Weekly Meeting Date: Monday, December 4 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will be 27 Nov 2000
Kkatherine.brown @= EXECUTIVE COMMITTEE MEETING - MONDAY, N Executive Committee Weekly Meeting Date: Monday, November 27 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will be 20 Nov 2000
Katherine.brown @= EXECUTIVE COMMITTEE MEETING - MONDAY, N Executive Committee Weekly Meeting Date: Monday, November 13 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will be 08 Nov 2000
katherine.brown @= EXECUTIVE COMMITTEE MEETING - MONDAY, N Executive Committee Weekly Meeting Date: Monday, November 6 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will be 31 Oct 2000
katherine.brown @= EXECUTIVE COMMITTEE MEETING - MONDAY,  Executive Committee Weekly Meeting Date: Monday, October 16 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will be 09 Oct 2000
torl.wells @=  Enron Board Meeting Change - CORRECTION Please note the following: The address for the Four Seasons is incorrect. It should be 2800 South Ocean Blvd. not 2600. | am sorry for and confusion 06 Oct 2000 *
tori.wells @=  Enron Board Meeting Change Due to a power outage, the Enron Board Meeting currently being held at the Breakers Hotel in Paim Beach, Florida is being moved to a new hotel. 06 Oct 2000 P
Katherine.brown e= EXECUTIVE COMMITTEE MEETING - MONDAY,  Exocutive Committee Weekly Meating Date: Monday, Octaber 9 Time: 11:00 a.m. (GDT) Location: 50th Floor Boardroom Video: Gonnetions will be 03 0ct 2000
katherine.brown @= EXECUTIVE COMMITTEE MEETING - MONDAY,  Executive Committee Weekly Meeting Date: Monday, October 2 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will be 26 Sep 2000
katherine.brown o= EXECUTIVE COMMITTEE MEETING - TUESDAY, ~Executive Committee Weekly Meeting Date: TUESDAY, September 5 Time: 11:00 a.m. (CDT) Location: 50th Floor Boardroom Video: Connections will 29 Aug 2000 a
tori.wells Re: EXECUTIVE COMMITTEE MEETING - MOND  Katherine: Mr. Lay is planning on attending in person. Tori Katherine Brown 07/05/2000 01:15 PM To: James M 05 Jul 2000

° .
. .
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. .
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reminder analysis fleming marketing'-¢conomy participation
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Fig. 4 The IVF tool loaded with 2499 emails for email finding: a a snippet view with each row showing one selected email
represented by the sender, the title, the beginning of the content, and the date; b a facet space with time as a linear facet and
contacts and keywords as categorical facets; ¢ a query field that supports typed queries as well as dragging categorical facet
values as queries. After filtering the emails by queries of “board” and “meeting” (1), Kenneth clicks on the contact
“tori.wells” (3) accessed through hovering over the first column of the year 2001 (2) for quick item selection. Selected emails
are shown in reverse chronological order in the snippet view and represented by purple dots. Emails marked with * are the
target emails
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hovering over the timeline bars. Another keyword, “bouquet”, catches her attention. She clicks on the
keyword and sees that the selected tweet in the snippet view says, “bouquet for Jobs at *** apple store.”
(Fig. 5b) She remembers this person just passed away because of some kind of disease. She then inputs his
name, “Jobs”, in the query box to check all messages related to him, which results in 32 tweets in the view
(Fig. 5b). The updated keyword suggestions include “pancreatic cancer research”. As a result, she realises
he passed away due to pancreatic cancer. She then scrolls through the dots in the timeline to sequentially
select and rapidly skim through their snippets.

During this exploration, the user utilises the context to explore keywords, uses keywords of interest for
quick item inspection, and discovers new information. When she hovers over timeline bars, some interesting
keywords pop out from the context facilitating learning and investigation (DR1). Quick item selection
without filtering the space (DR2) helps her formulate new targets to explore, such as “Jobs”, and acquire
further information.

KriziaBajos @ &Y a¥% | Currently learning Mandarin for my upcoming trip to Hong Kong. | gotta hand it to @Apple iPhones & their uber useful flashcard appsi 1 KriziaBajos says: &% &¥% ! Currently 19 Oct 2011 a
MANDARINLEISURE®  RT @TimjwDowning: #0S 5 is a great system but its taken all day to download @apple . MANDARINLEISURE says: RT @TimjwDowning: #0S 5 is a great system but it's taken all day to 18 Oct 2011
Oct
18 18 18 18 18 19 19 19 19 19 19 19 20 20 20 20 20 20
H . H H H H H H H . H H H H H H o
. . . ® . . . . . . . . . . . !
. . . . . . @' . . . . . . .
H . H H . . H H . .
. . . . . . . . 2 . . . .
S ] 8 : 2 8 >
Mo . H H N
H 0 H H H H
1 H . . H
. . . . b
kriziabajos apple H . . .

B C ]

cottonfeeling@®  Bouquet for Jobs @Apple Store Nagoya http://t.colpmEcxPug . cottonfeeling says: Bouguet for Jobs @Apple Store Nagoya http://t colpmEcxPug - To : apple 16 Oct 2011
16 16 16 16 16 16 16 16 16

thedrunkcyclist i ingi t bettina_joh
speechtrans tannawings choiruddine 3 edrunkeyclist |exsapiens | singinpoe ettina_johns

tribute legacy bouquet pancreatic cancer research

Fig. 5 A serendipitous tweet discovery scenario. (a) The IVF tool is used here to visualise 1,226 tweets for serendipitous
discovery: a) a tweet snippet view in which each row presents a username, a tweet snippet, and a date; b) a facet space that
includes a timeline and user and keyword suggestions; c¢) a query field. To begin with, Ann turns over the pages of the timeline
by clicking on the arrow on the left side (1) and browses through the suggested users and keywords. Then Ann drags a keyword
of interest, “Mandarin” (2), onto a timeline bar to inspect relevant tweets (filter-swipe). As a result, two tweets containing this
keyword are selected and displayed in the snippet view. Their corresponding dots are surrounded with blue circles
indicating keyword relations. A bright blue background colour highlights the tweet being hovered over. The categorical facet
suggests usernames related to the content in the intersection of the current timeline bar and the dragged keyword, which is the
tweet being hovered over in this case. No keyword suggestions in this case based on the algorithm. (b) Continuing browsing,
Ann then clicks on another keyword of interest (2), “bouquet”, accessed through mousing over a timeline bar (1) to select
relevant tweets. A selected tweet, “bouquet for Jobs at *** apple store”, reminds her of a recent event for further investigation.
After filtering tweets by a typed query, “Jobs” (3), Ann gets what she is looking for through a keyword suggestion, “pancreatic
cancer research”
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5.3 Recognition of age-related oncogene co-occurrences

Cancer is a disease driven by the so-called “driver” mutations that affect cell’s tumorigenic properties.
Normally, a cancer cell has multiple mutations. Different mutation combinations can affect the response of a
given treatment differently. On the other hand, ageing is associated with the accumulation of mutations and
can increase the risk of developing cancer. In this use case, we incorporated a study of AML from
cBioPortal (Gao et al. 2013) to investigate the age-related oncogene co-occurrence patterns. The study
involved 198 samples from 198 patients with an age range from 18 to 88 years old. On average, each patient
had 12.87 mutated genes (SD = 7.40).

As Fig. 6 shows, the linear facet depicts the sample distribution across patient ages, whereas the
categorical facet displays the most frequent mutated genes across samples ordered from left to right. The
more frequent the mutated gene, the greater the likelihood that the gene is an oncogene. The item snippet
view lists selected patient data, including patient identity numbers, lists of mutated genes, and ages. We
demonstrate the use of the IVF tool to support simple data analysis through the following scenario.

A bioinformatician is exploring oncogene co-occurrence patterns across AML patients of various ages.
Initially, the interface suggests a list of the mutated genes occurring most frequently in the cohort (Fig. 6).
Hovering over the genes, he sees that some of them are distributed in a biased manner across patient ages.
For example, genes IDH2 and RUNXI1 tend to appear in patients over 55 years old. The bioinformatician
knows that IDH1/2 mutations are often pre-leukemic mutations that require other mutations for the disease
to progress, but he does not know their relation to patient ages. Therefore, he conducts a PubMed search to
find this information. Interestingly, he finds a paper indicating that IDH2 mutations are associated with older
age through an analysis of 805 adults with AML (age range: 16 to 60 years) (Paschka et al. 2010). Then, he
starts to explore mutation co-occurrence patterns of IDH2. He drags gene IDH2 into the query field, which
results in a remainder of 20 samples in the view (Fig. 6). The categorical facet shows that the most frequent
mutated gene in the current dataset is RUNXI, so he performs another online search on these two mutated
genes in AML patients. A paper shows that RUNX1 mutations are indeed associated with older age and are
correlated with inferior prognosis, whereas patients with RUNX1 and IDH2 co-mutations experience a
relatively better outcome (Gaidzik et al. 2016).

In this case, the IVF tool provides simple data analysis functions to arouse deeper investigation and
support the discovery of new knowledge. The distribution of categorical facet values over the linear facet
provides the context to discover distributional-biased entities (DR1). The categorical facet facilitates drilling
down into the dataset, as well as entity co-occurrence pattern discovery, to stimulate in-depth investigation.

TCGA-AB-3009 @  ABCB11 ACSS3 ANK3 AP1G2 ARC ASIC1 BAI1 BRPF1 CILP2 COL12A1 CTCF CTD-2572N17.1 DAAM2 DAXX DCSTAMP DNM2 EED EGFEM1P FFAR1 FZD1 GABRR1 GDF5 GNAI2 GPRC6A 27 years old
TCGA-AB-2880 ®  CEBPA FLT3 RHBDF2 28 years old
TCGA-AB-3000 & (CEBPA CLCN6 COL6A4P1 DYSF TCEAL3 29 years old
TCGA-AB-2812 CFLAR CNTNS FKBP11 FLT3 GXYLT1 NHLRC2 NPM1 PARP4 PPP1R3A SLC12A3 TNNC2 29 years old a
TCGA-AB-2886 C170rf97 CCDC180 CLCNT CNTNAP5 DNAH11 EEF1A1P15 GIGYF2 ITPR3 JAK3 MYOSB PI4KA PKD1L2 PLXND1 RAD21 RAP1B TSKS 29 years old

NPM1 KRAS BZRAP1 P2RY2 TTN FLT3

cl

Fig. 6 The IVF tool presents 198 AML patient mutation records for age-related oncogene co-occurrence recognition: a a
patient record snippet view in which each row represents one patient record with a patient identity number, a snippet of mutated
gene information, and an age number; b a facet space with age as a linear facet and most frequent mutated genes as a
categorical facet; ¢ a query field that supports typed queries as well as dragging genes as queries. After loading the data, the
bioinformatician mouses over suggested genes and discovers that some genes, such as RUNX1 and IDH2 distribute biasedly
toward patients over 60 years old. He then drags the mutated gene IDH2 to the query field for filtering (1). The categorical facet
shows the most frequent mutated genes among the current subset in order from left to right. The mutated gene that occurs most
frequently with IDH2 in this dataset is RUNX1 which is under hover (2). As a result, the dots with blue circles indicate the
samples with the co-occurring mutated genes IDH2 and RUNX1
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6 User studies

We conducted two user studies with email data to understand 1) the search performance of the IVF tool
compared with the traditional query search interface and 2) how the features of the tool are used in realistic
search scenarios.

6.1 Comparative study

We evaluated the search performance of the IVF tool by comparing with a baseline system through a within-
subjects design. We asked users to use both systems to find target emails with varied search difficulties. The
baseline system mimics the typical query search interface with the linear and categorical facets replaced by a
longer list of email snippets while maintaining the same free text search facility as the IVF tool (Fig. 7).

6.1.1 Data

We used and preferred the Enron email corpus (Cohen 2015) over participants’ personal email collections to
have the same set of questions for the participants and to ensure complete control of factors, such as the
amount of information known about the target email and the last time the email was viewed. The Enron
email corpus provides an extensive collection of real emails from various users. We opted for a subset of the
emails received by two of Enron’s important managerial officers with a similar number of emails (2500 and
2142). Each email set was used in only one of the two systems (the IVF tool or baseline).

6.1.2 Participants

We recruited 16 participants through advertising at the university. All participants (nine females and seven
males, age range: 22-42, age mean: 25.8) were university students from diverse areas, including Computer
Science, Psychology, Cognitive Science, Nursing, Chemistry, and Linguistics. Half of the participants stated
that they often use Gmail, while the rest mentioned OS X Mail, Outlook 365, and the university’s Webmail.
None of the participants had ever heard of the Enron email collection. Each had two movie tickets as
compensation for the participation.

edmemichael  Contract Review Thanks to each of you who help in the review process yesterday. As many of you know, we found that several of the contracts that we reviewed did 13 Dec 2001

Stephanie.miller  Contractual Obligations Associated with Long T Greetings Steve: We have had many inguiries regarding our transportation agreemens, specifically PGT, Kem River and El Paso. Most pressing is 12 Dec 2001

jimschoene  See you please I left a message for either one of you'to call | need to see you today. Early as possible. Shouldn't take any more than 10 minutes. PG&E National 03 Dec 2001

ryano'rourke  West NatGas Prices 1127 Let me know if the ink that  just sent fortrv website doesnit work for you. Thatis how | willstart to publish this sheet. -Ryan 5-3874. ryan orourke 27 Nov 2001

stephanie.miller  AEC They were not hopeful - making the call this am. stephanie.miller says: AEC - To - barry tycholiz 27 Nov 2001

stephaniemiller  PGT 2003 Expansion Filing Greetings Becky Wanted to make sure we protested the fiing based on fuel treatment - page 10 description. You and | have talked about their 26 Nov 2001

jeffdasovich  Conference Call with PGAE to Discuss the Gas PGAE called. They want to set up a conference callto brief us on the gas piece of their POR that they'll be fiing with FERC around November 30th 22 Nov 2001

tyrellharrison  Credit Rating of our competitors. Attached is a matrx of credit ratings for Enron and our competiors Tyrell. tyrell harrison says: Credit Rating of our competiors - To 14 Nov 2001

m.tholt  FW: El Paso Natural Gas Company Dockets RPO -——-Original Message--— From: Joel Greene @ENRON Sent: Tuesday, November 13, 2001 1:28 PM To: 'PETE FROST' "JAMES MORIARTY: 13 Nov 2001

w.cantrell  PLEASE RESPOND BY NOON FRIDAY - ENA C Aftached are comments which ENA proposes o fie in response to FERC's Notice of Proposed Rulemaking establishing the rightfor releasing 13 Nov 2001

stephaniemiller  FW: PGT Fuel Treatment ———Original Message-—— From: Cantrell, Rebecca W. Sent: Friday, November 09, 2001 9:23 AM To: Millr, Stephanie Subject RE: PGT Fuel 09 Nov 2001

w.cantrell  RE:PGT Fuel Treatment Stephanie: Confirming our phone conversation today, based on my reading of the Transco order and the PGT order, the FERC relied on a different 08 Nov 2001

s TYETET TV T TOROSAIL, detail to report. Same settiement to that's been before for about a year. On agendato 08 Nov 2001

markwhitt vefuller EPNG Proposal Il Driginal Message--—— From: Gerych, Zdenek Sent: Tuesday, November 06, 2001 3:50 PM To: Gonzales, Eric; Harrs, Clay; Rao, V; Curran, 07 Nov 2001
Binal Message-—— From: Rangel, Ina Sent: Friday, November 02, 2001 10:37 AM To: Rybarski, Amanda; Moore, Kevin G.; Hogan, Irena D 02Nov 2001

mara.bronstein \.presas FW: Presentation ANl . 1 iccsage From: Kely, Mike E. Sent: Thursday, November 01, 2001 10:43 AM To: Polsky, Phil Subject: FW: Key Enron Employees 01 Nov 2001
mark smith rk.whitt RE: Western Frontier fAtached is worksheet for MGI Suppl, Ltd Please call me with any questions. JRW -—Original Message-—— From: Tycholz, Barry Sent 01Nov 2001
mark.courtney d i the document with one change. ——Original Message-—— From: Fuler, Dave Sent: Monday, October 29, 2001 258 PM To: Whitt, Mark Ce: 30 Oct 2001

martin.cuilla «cantrell FERC Draft Orders onf, i , gt document for 8P, please review and comment Dave - dave fuller says: EPNG Proposal i - To 200ct 2001
mark.breese .cantrell FERC Initial Decision e invited to attend the following presentation: PSIM: A Power Simulation Tool PSIM s a proprietary model developed by Enron Research Group. 290ct 2001
margie straight enilia FW: Meeting with NWH with Dale Sanders at Wiliams today. They seem very positive about the project at this point and have obviously spent a lot of money on right - 26 Oct 2001

bday issued Draft Orders denying rehearing in the following: Kern River, CPO1-31 (2002 Expansion Project) Rejected arguments of the Firm 250ct 2001
fHiatathon m..tholt Socal Window Meetin issued an Initial Decision in the hearing in the Transwestem case concerning several negotiated rate agreements to which Indicated 250ct 2001
marketing pinal Message-— From: Gerych, Zdenek Sent: Tuesday, October 23, 2001 9:05 AM To: Miller, Stephanie Subject: RE: Meeting with NWPL 230ct 2001
marketing company ye-fuller PW:EENGiSpace d is a summary of my notes at the Socal meeting regarding revised window procedures. No hand-outs were provided. Calculation of Receipt 220ct 2001
marathon everyone a.rangel EB30C2 ginal Message--—-- From: Barry, Penny [maito:barryp@bp.com] Sent: Wednesday, October 17, 2001 5:00 PM To: Fuller, Dave Subject: RE 18 Oct 2001
marketer group b next Wednesday you have EB30C2 for your Fundies Meeting from 3:00 PM to 4:30 PM -Ina. ina.rangel says: EB30C2 - To 18 0ct 2001

asovich DWR Meeting

fan meet with s on October 22nd. This work for you folks? Best, Jeff. jeff dasovich says: DWR Meeting - To 18 0ct 2001

marketing agency
mar Q stephanie.miller

Fig. 7 The baseline system displays 34 emails instead of 12 in the IVF tool and enables continuous scrolling through 400
emails (the same number visualised in the linear facet of the IVF tool). Categorical facet values could be accessed through the
query box via auto-complete. Participants could also type in the query box as “dec 2011” to navigate in time



222 C. He et al.

6.1.3 Tasks

We evaluated each system on three types of tasks that differed in difficulty levels based on the amount of
information provided about the emails to be found (Table 2). T1 was easy as specific unique keywords about
the email are known, and a search query with these keywords would return no more than ten emails. T2 and
T3 were harder than T1 as a search query with any of the words provided would return (if any) around 30-50
emails, i.e. none of the keywords uniquely identify the target email. All the information required to identify
the correct email in all tasks was visible in the email snippets (without the need to open and read the entire
email).

In T1 and T2, the month and year when the email was sent were known, but in T3, a 2-month range was
provided. The sender was known in T2, but in T3, two possible senders were provided. We indicated
whether the mentioned sender was the first or last name of the person or whether it was the name as it
appeared in the contacts list. Based on the tasks we collected from our second study, which comes later in
this section, we thought these tasks cover realistic email finding tasks while ensuring that the participants
were provided enough information to find the correct email.

With the within-subjects design, we counterbalanced the order of both the two sets of emails and the two
systems, so there were four possible orderings. The order of the tasks was fixed from easy to hard. Each task
level for each dataset contained two questions, the order of which was randomised.

6.1.4 Procedure

For each system, the procedure consisted of a training, a practice, and an actual task session. Pilot studies
were conducted to ensure the viability of the procedure. The training session comprised: (1) a live
demonstration of the system and its search facilities; (2) three questions from easy to hard, over a prepared
dataset with 530 emails in the ‘inbox’ directory of Enron’s vice president, Barry Tycholiz, which the
participants had to complete. After training, the participants read about the Enron employee they had to
impersonate and then carried out three practice questions in the order of easy to hard. During the training
and practice sessions, participants could ask questions to the experimenter to resolve any confusion. The
actual task contained six questions as mentioned earlier (two for each task level; easy to hard). We set the
time limit for each question as 5 min. In total, the experiment took an hour on average.

The experiment for both systems was run on a 3.40 GHz quad-core PC with 16 GB RAM using a 21”
monitor with 1920 * 1200 resolution. For the IVF tool, 12 emails were visible in the list of email snippets,
and 400 emails were visible in the timeline visualisation in one instance. For the baseline, 34 emails were
visible in the list of email snippets in one instance, with the possibility to see 400 emails through scrolling
(Fig. 7).

6.1.5 Hypotheses

To evaluate task performance, we measured the time taken to find the email requested by each task question
and whether the correct email was successfully found or not (success was 0 if the email was not found within
5 min). Considering the interaction the IVF tool provided was less familiar to the participants than the
typical query interface, we hypothesised that for the three task types, the task performance of using the IVF
tool is comparable to the baseline system.

6.1.6 Results
For each participant, we computed the mean success and time for each task type and interface. Figure 8

shows the box plots of success and time per interface and task. As the distributions of the time and success
data were not normal, we used non-parametric tests for the analysis. Wilcoxon Signed-rank tests showed the

Table 2 Example tasks in three difficulty levels based on the amount of information provided about the email to be found

Task Difficulty Example

T1  Easy Find the email received in September 2001 about the cycling club meeting.
T2  Moderate Find the first email sent by someone whose first name is Terrie in November 2001 about an Enron reward.
T3  Hard Find the email sent by david.morris OR someone whose first name is Sherri, around April 2001 and May

2001, asking a colleague a possible meeting place and time.
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Fig. 8 Success (left) and time (right) per task type

Table 3 Effect sizes and p values of the interfaces’ effects on task performance regarding three task types and how different
task types affected task performance with the two interfaces

Interface Task

Tl T2 T3 IVF Baseline
Success r=0.35, r=0.11, r=0.33, W =0.34, W =0.26,

p =035 p =0.61 p=0.18 p = 0.005 p =0.016
Time r=0.19, r=0.24, r=0.01, W =0..85, W =10.78,

p =045 p=0.35 p =098 p < 0.001 p < 0.001

two interfaces did not exhibit statistically significant differences in task performance regarding the three task
types, whereas Friedman tests indicated that the three task types impacted task performance significantly for
both interfaces (Table 3).

Additionally, we investigated the learning curve of the IVF tool by analysing whether the IVF tool
significantly improved task performance on T3 relating to T1, compared with the baseline. To do this, we
calculated the time and success differences between the two interfaces on T1 and T3 and performed
Wilcoxon Signed-rank tests between the differences. No significant result was found, which evidenced that
the IVF tool did not have a steep learning curve and was easy to use.

Thus, we confirm the hypothesis and conclude that the IVF tools appeared to be easy to learn and have a
comparable performance compared with the query search interface.

6.2 Exploratory study

To understand how people use the IVF tool’s features in practical exploratory search scenarios, we
conducted a user study involving realistic email search tasks. Locating a specific email in a personal email
box with limited memory cues is difficult. Research shows that memories may be organised by episodes,
such as the location and relative time of an event (Elsweiler et al. 2008). We pondered that user interaction
with the tool’s facets could assist users’ memories and widen search opportunities. In this study, we
investigated how users interacted with the coordinated facets to locate a specific email by analysing user
interaction data and users’ perception of how helpful facets were for email finding through questionnaires.

6.2.1 Participants

We recruited 11 participants from two large universities (6 graduate students, 4 postdoctoral researchers,
and 1 administrative staff). A pre-screening questionnaire was administered to ensure that the participants
performed email searches at least three times a week and that their email accounts contained more than 300
emails. Four participated the study with their personal email accounts (which they also used for work and
study related correspondence) and seven participated with their institutional accounts. All participants were
fluent in English and most of their email correspondence was in English. Each participant received two
movie tickets as a reward for the completion of the study.

6.2.2 Procedure

To address privacy issues related to personal data, we adopted a diary-keeping method from Elsweiler et al.
(2008) to collect email search tasks. To increase the difficulty of the tasks, we carried out the email search
experiment 90 days after the diary study was completed.

Diary study The participants were asked to keep an online diary for 30 days to record all instances in
which they had to find an email. We defined the scope of finding as all types of search actions, including
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typed queries. In total, we collected 127 diary entries (4—18 entries from each participant). We excluded 26
of these entries because (1) they were repeated entries; (2) they did not refer to a certain target email, but
rather described cases in which the participant wanted to make sure that there were no emails with specific
information; or (3) the target email was in the sent box. This left us with 101 entries, which we then used as
email search tasks related to the participant’s inboxes.

Lab experiment The study started with a training session in which each participant completed 4 training
tasks that involved finding emails in an unfamiliar inbox, an employee account from the Enron corpus
(Cohen 2015), using various combinations of available information, such as sender, topic, co-recipient, and
date. Then, we extracted emails within a recent 2-year span from participants’ inboxes to the IVF tool.
Participants were asked to find the emails mentioned in their diaries using a desktop computer with a
24-inch monitor. The tasks were introduced in random order and in the form of task cards. Each task card
included a diary entry the participant had previously written and a questionnaire. There were no time
constraints for executing the tasks. The participants indicated task completion either by opening an email
and confirming it as the correct email (success) or by clicking on the “Give up” button on the screen
(failure). Participants could skip a task if the task definition written in the diary was too vague or if the
specific email was not included in the participant’s inbox anymore. An experimenter was present during the
study to make sure the procedure was followed and answer any technical questions.

6.2.3 Data collection

During the search tasks, we logged all user interactions and the state of the interface at those moments
including filtering criteria, suggestions, and the number and distribution of emails in the timeline interface.
To maintain privacy, our logs did not include any textual content from participants’ accounts.

To help clarify the log data gathered during each session, we administered a questionnaire at the end of
each task. In the questionnaire, the participants were asked whether they found relevant contacts or key-
words from the suggestions and whether the suggestions supplemented any of the information that was
missing at the beginning of the search session.

6.2.4 Results

In total, we obtained 73 session logs. For seven of these tasks, participants remarked that they did not
remember which emails their diary entries referred to. Of the remaining 66 tasks, 58 (88%) were completed
successfully, and 8 (12%) were unsuccessful.

Of the 66 tasks, 23 tasks were query-only, i.e. they did not include any facet use. Thirty tasks were mixed
sessions in which participants used queries in combination with facets. Most of these sessions (20/30) started
with queries to reduce the number of emails in the display before participants proceeded to use facets.
Thirteen tasks did not involve any use of typed queries. A majority of the tasks in this group (7/13) started
with a timeline navigation action, such as clicking on a month, and then relied on suggestions or the timeline
to select emails. Participant-wise, some were more oriented toward submitting typed queries, whereas others
relied on timeline navigation and suggestions, but the difference in using query or facet was not statistically
significant among the participants (Fig. 9). Search strategies also varied among tasks that belonged to the
same participant, i.e. participants adapted their strategies to different tasks.

The timeline was used in 39 (59%) sessions (Table 4). In 17 (44%) of these sessions, specific timeline
navigation actions, such as pointing to months and directly selecting dots, led to the selection of the correct
email. Selecting emails through timeline navigation was rarely used at the tasks’ initial stages, but typically
followed query actions or month-navigation actions. Suggestions were used in the majority of search

Number of tasks Query-only
6 = Mixed
4 5 5 Facet-only
2 3oo4io4iozlo3 03 o1|02|2101o 00
0

C F K B H D A G | J E Participant

Fig. 9 Some participants (C, F, K) were more oriented toward typed queries, whereas other participants (J, E) relied more on
timeline navigation and search suggestions. A Friedman’s test showed the difference in using query or facets were not
statistically significant among the participants (3?(2) = 4.05, p = 0.13)
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Table 4 The usage of facets among the 66 search tasks

Timeline Suggestions

(linear facet) (categorical facet)
Use 39 (59%) tasks 38 (58%) tasks
Success 17 (26%) tasks 23 (35%) tasks

sessions, 38 (58%) out of the 66 search sessions. In 23 (61%) of these sessions, suggestions led to the
selection of the correct email either directly or when used as queries.

Suggestions were generally used following data-specification actions, such as querying or navigating to
a month (35/38). A possible explanation is the lack of relevant suggestions at the start of a search session.
The log data indeed shows that relevant suggestions (regarding the emails marked as correct by the users)
were not encountered as often at the initial stages of the search compared to later stages, i.e. after partic-
ipants made data-specification actions.

The timeline can provide a context to support suggestion discovery. Out of the 72 instances of suggestion
usage, 32 (44%) of them were accessed through the timeline, i.e. participants accessed suggestions when
hovering overtime periods. This reveals that the timeline can provide a context for suggestion exploration.

Suggestions were used more frequently for selection than filtering. Among 72 instances of suggestion
use, suggestions were dragged to the query area for filtering only 11 (15%) times (Table 5). A Wilcoxon
signed-rank test showed using suggestions for selection was statistically significantly more frequent than for
filtering among the participants with a p value = 0.037 and an effect size r = 0.645. In other words,
participants generally preferred to keep their current context to inspect items rather than decreasing the size
of the item space. Additionally, we collected 13 instances of filter-swipe usage, a small portion (18%) of the
72 total instances of suggestion usage.

The most commonly used suggestions were contacts. Among the 72 instances in which suggestions were
used, the overwhelming majority, 63 (88%), were contact suggestions (Table 5). A Wilcoxon signed rank
test showed contacts were statistically significantly more often used than keywords by the participants with a
p value = 0.006 and an effect size r = 0.847. Of the 11 instances in which suggestions were used as filters, all
were contact suggestions. The subjective evaluation of the suggestions through the questionnaire (Table 6)
shows that the contact suggestions were found relevant for 35 search tasks (53%) and supplemented missing
information in 13 tasks (20%). For keyword suggestions, the respective figures were 18 (27%) and 11
(17%). A Wilcoxon signed-rank test showed participants tended to find contacts more relevant for email
finding than keywords with a p value = 0.054 and an effect size r = 0.585, which echoed the earlier findings
on email search queries that most queries referred to people and especially to senders (Harvey and Elsweiler
2012). However, in actual utility, participants perceived contacts and keywords equally supplemented
missing information.

Table 5 The usage of suggestions among the 72 instances

Feature Direct selection Drag filtering Filter-swipe
Instances 48 (67%) 11 (15%) 13 (18%)

Type Contact Keyword Contact vs. Keyword
Instances 63 (88%) 9 (13%) r=0.847, p = 0.006

Table 6 Questionnaire results

Found relevant Supplemented
missing information
Sender 30 tasks (45%) 8 tasks (12%)
Co-recipient 11 tasks (17%) 6 tasks (9%)
Keyword 18 tasks (27%) 11 tasks (17%)
Contact vs. Keyword r=0.585, p = 0.054 r=0.027, p = 0.943

Contacts were found to be relevant and supplemented missing information more frequently than keyword suggestions
Note that the cases in which the suggestions supplemented missing information are a subset of the cases in which they were
found relevant
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In summary, the 66 search cases demonstrate that the IVF tool facilitates email finding. A majority
(65%) involved the use of facets to guide searches. Dynamic query suggestions through the timeline
navigation could help discover relevant suggestions in the context (44% of suggestion usage, DR1) in which
contact suggestions were more often used than keyword suggestions (effect size = 0.847, p = 0.006). The
design of using facet values to select items without filtering the item space (DR2) was favoured over using
facet values as queries to filter the item space among the participants with an effect size = 0.645 and p =
0.037.

7 Discussion

The IVF tool, which coordinates a linear facet, a categorical facet, and result items, exemplifies the two
DRs, enabling contextual information and rapid transitions between search criteria, to support fluid
exploratory searches. Three use cases and two user studies revealed the usability and usefulness of the tool
in supporting exploratory search with various datasets and for various exploration purposes. The cases show
that, in the context of the categorical facet, users can discover keywords of interest for quick item selection
and inspection; in the context of the linear facet, users can explore the distribution of categorical facet
values, which stimulates deeper investigation. The tool exhibited comparable performance in search to a
query interface. The novel design concept of using facet values to select items for inspection without
filtering the item space was favoured over using facets as filters according to the exploratory study. Based on
the findings, we discuss design implications to address the DRs further and inspire the design of fluid
exploratory searches using IVF.

7.1 Design implications
7.1.1 Semantic zooming of the linear facet

To improve user exploration of the contextual information, we could devise the tool to support semantic
zooming of the linear facet, such as zooming in or out to visualise bars over the span of days, weeks, and
months; users can aggregate the dots into semantically meaningful collections for pattern recognition. This
allows the facet space to hold more items in one view and increase the flexibility of user exploration. In the
patient records user case, because of the insufficient quantities of samples in various age bars, it is not
possible to compare oncogene co-occurrence patterns among various ages. With semantic zooming, users
can, for instance, gather samples into larger collections under larger age spans to support recognition of age-
related oncogene co-occurrence patterns.

7.1.2 Rapid skimming of item snippets

The filter-swipe technique requires users to depress the mouse button all the time during item inspection. In
the comparative study, the participants had to carefully read the contents of the email to see if they matched
the task description, and had to hold the mouse clicked over a long period of time, which can require extra
effort on the part of users. Also reflecting on the Twitter use case, which required users to rapidly skim
through item snippets, We suggest that the snippet view be further improved to support item skimming. For
instance, relevant items can be made more salient by highlighting the words in the snippets that appear in the
categorical facet. Supporting rapid skimming can increase the efficiency and precision of user assessment of
the relevance of selected items. Meanwhile, it can also improve the usability of the filter-swipe technique.

7.1.3 Visual encoding of the item selection order

To enable quick item selection without filtering the item space, the snippet view functions as a stack in
which the most recent selections replace older ones. Although this permits flexible switching between
selection modes, such as using a suggestion or directly selecting an item from the timeline, it also occa-
sionally makes it harder for participants to recognise the emails that are related to their most recent
selections. Currently, we encode item selection order using dot saturation, which is less efficient for visual
perceptions compared to position encodings according to Mackinlay’s ranking, in which visual variables
affect how accurately humans perform the corresponding perceptual task for various data types (Mackinlay
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1986). A simple solution would be to fix the position of the order of selected items. For example, using a
rolling mechanism to always push the newest selected items to the top and move older items toward the
bottom can help improve users’ sense of item selection.

7.2 Limitations
7.2.1 Scalability

The IVF tool’s linear facet can display scalable numbers of items shown in the use cases as it arranges linear
spans into pages. As discussed earlier, semantic zooming of the linear facet that aggregates the dots into
semantically meaningful glyphs can be incorporated to allow one page to hold more items. Regarding the
scalability of facets, like most faceted visualisations, the tool is limited in terms of the dimensions of the
metadata that it can process.

7.2.2 User study

Internal validity Other factors could affect the results of the studies, including how the features were
presented in the training sessions and participants’ personal preferences. For instance, some participants
might prefer to stick to query search and be reluctant to use new techniques. Additionally, in the second
study, participants had different tasks from each other, which might affect feature usage.

Generalisability The participants of the two user studies were limited to university affiliates, and the
number was not large, which may hinder the generalisability of the results to a larger population. On the
other hand, we are interested in whether the findings from the email studies can be generalised to other
content such as tweets. More studies are required with other types of content to explore the results’
generalisability.

8 Conclusion

This paper focuses on devising IVF to support fluid interactions for exploratory search. First, we reviewed
existing faceted search interfaces by their interaction and visualisation design of facets. We then proposed
the idea of IVF and derived two DRs that have not been well addressed to support fluid, exploratory
searches. We exemplified the requirements by devising an IVF tool. The tool comprises an item snippet
view, a facet space, and a query field to support multiple entry points for search. The facet space coordinates
a linear and a categorical facet to represent the distribution and summarisation of a collection of items and
provide contextual information for faceted exploration (DR1). The novel design concept of using facets to
select items without filtering the item space introduced by the tool facilitates rapid transitions between
search attempts (DR2). On the one hand, users can quick-select and inspect relevant items by clicking on a
categorical facet value; on the other hand, users can employ a filter-swipe technique to dynamically preview
results under the flexible combination of two facet values.

We then presented three use cases to demonstrate how the IVF tool supports fluid exploratory search in
various scenarios. The first case, email finding, illustrated how users could find the contact of interest
through the timeline navigation and use the contact form quick item inspection and discovery. The second
case with tweets exemplified that dynamic summarisation using categorical facets suggested useful key-
words for inspecting items of interest so that users could skim through large collections of text items without
missing interesting tweets. The third case, which used AML patient mutation records demonstrated that the
linear facet helped expose distributional-biased categorical values to support data analysis and the discovery
of new knowledge for further investigation.

We compared the task performance of the IVF tool to the traditional query search interface and found
evidence that the tool had comparable performance to the baseline and was easy to learn. We investigated
the practical use of the IVF tool through a lab study with realistic email-finding tasks. Results show that,
often, dynamic suggestions through the timeline navigation help users discover relevant search suggestions
in the context (DR1). Among the participants, the design of facet-based item selection that does not filter the
item space was favoured over using facet values as queries to filter data (DR2). The filter-swipe technique is
not ideal for detailed item inspection but is useful for item skimming.
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Based on these practices, we derived a set of design implications to address the requirements for fluid
exploratory searches further. First, semantic zooming of the linear facet can further facilitate the recognition
of data distribution. Second, keywords in result items can be highlighted to support rapid skimming. Third,
using position alongside saturation to encode the order of results can improve recognition of recent results.
Finally, facet scalability remains a challenge for visualisation. In future work, more participants of diverse
backgrounds could help quantify the findings; studies on other types of content are needed to generalise the
findings.
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