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Motivation



Important Questions in IIR

• How are search behaviors influenced by task characteristics? 

‣ developing tools to support users 

• How do search behaviors influence post-task perceptions? 

‣ evaluating systems 
‣ behavioral measures ➔ search experience
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• How are search behaviors influenced by task characteristics? 

‣ Type: known-item vs. exploratory search 
‣ Goal: specific vs. amorphous 
‣ Product: factual vs. intellectual 
‣ Complexity: simple (memorization) vs. complex (evaluation/

decision-making)

Prior Work
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• How do search behaviors influence post-task perceptions? 

‣ Difficulty 
‣ Frustration 
‣ Time pressure 
‣ Engagement (intellectual and emotional investment)

Prior Work



A Common Approach (with limitations)…

• Compute a wide-range of behavioral measures and examine 
how they differ based on task characteristics or perceptions
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Abstract. Search task di�culty refers to a user’s assessment about the
amount of e↵ort required to complete a search task. Our goal in this
work is to learn predictive models of search task di�culty. We evaluate
features derived from the user’s interaction with the search engine as well
as features derived from the user’s level of interest in the task and level of
prior knowledge in the task domain. In addition to user-interaction fea-
tures used in prior work, we evaluate features generated from scroll and
mouse-movement events on the SERP. In some situations, we may prefer
a system that can predict search task di�culty early in the search session.
To this end, we evaluate features in terms of whole-session evidence and
first-round evidence, which excludes all interactions starting with the
second query. Our results found that the most predictive features were
di↵erent for whole-session vs. first-round prediction, that mouseover fea-
tures were e↵ective for first-round prediction, and that level of interest
and prior knowledge features did not improve performance.

1 Introduction
Search engine users engage in a wide variety of search tasks. A large body

of prior research focused on characterizing di↵erent types of search tasks (see
Li and Belkin [10]). The motivation behind this prior work is to understand
how task characteristics influence search behavior and how search systems can
provide customized interactions for di↵erent task types. One important search
task characteristic is search task di�culty. Search task di�culty refers to the
user’s assessment about the amount of e↵ort required to complete the search
task. In this work, we learn and evaluate predictive models of post-task di�culty,
which refers to the user’s assessment after completing the search task. Predicting
search task di�culty has important implications for IR. First, it can help system
designers determine the types of search tasks that are not well-supported by
the system. Second, it can help researchers discover correlations between search
task di�culty and undesirable outcomes such as search engine switching. Finally,
predicting search task di�culty in real-time would enable a system to intevene
and assist the user in some way.

To train and evaluate our models, we first conducted a user study to collect
search-interaction data and post-task di�culty judgments from searchers. In or-
der to collect data from a large number of search sessions and users, the study was
conducted using crowdsourcing. Participants were given carefully constructed
search tasks and asked to use our search system to find and bookmark web-
pages that would be useful in completing the task. We used search tasks that we

[Arguello, ECIR 2014]



A Common Approach (with limitations)…

• 42 behavioral measures 
derived from… 

‣ Queries 

‣ Clicks 

‣ Bookmarks 

‣ Mouseover events 

‣ Scroll events 

‣ Session duration
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Table 1. Feature Analysis. Mean (STD) feature values for easy and di�cult searches.
A N(H) denotes a significant increase(decrease) in the measure in di�cult vs. easy
searches (p < .05)

Whole-Session Analysis First-Round Analysis

easy di�cult easy di�cult

Query Features
NumQueries 1.810 (1.462) 2.373 (1.641)

N
- -

AvgQueryLength 5.398 (2.980) 5.779 (3.702) - -

NumQueryTerms 9.073 (8.251) 12.448 (10.333)
N

5.415 (3.346) 5.772 (3.889)

UniqueQueryTerms 6.504 (3.666) 8.091 (5.039)
N

5.246 (2.999) 5.622 (3.549)

TokenTypeRatio 1.315 (0.628) 1.471 (0.590)
N

1.019 (0.068) 1.014 (0.044)

AvgStopwords 0.201 (0.212) 0.204 (0.196) 0.203 (0.225) 0.217 (0.225)

AvgNonStopwords 0.799 (0.212) 0.796 (0.196) 0.797 (0.225) 0.783 (0.225)

NumAOLQueries 0.286 (0.705) 0.295 (0.731) 0.165 (0.387) 0.112 (0.329)

NumQuestionQueries 0.286 (0.573) 0.336 (0.625) 0.216 (0.451) 0.224 (0.418)

Click Features
NumClicks 3.263 (2.481) 4.618 (3.292)

N
2.289 (2.022) 2.527 (2.446)

AvgClicks 2.161 (1.739) 2.425 (2.033) - -

AvgClickRank 2.704 (1.737) 3.701 (3.517)
N

3.152 (2.645) 4.089 (3.819)
N

AvgTimeToFirstClick 8.613 (8.278) 8.351 (7.062) 48.425 (134.743) 63.253 (155.576)

NumViews 2.815 (2.055) 3.793 (2.623)
N

1.983 (1.644) 2.087 (1.980)

AvgViews 1.901 (1.507) 2.040 (1.703) - -

AvgViewRank 2.697 (1.795) 3.713 (3.499)
N

3.217 (2.756) 4.555 (3.988)
N

NumPageClicks 0.092 (0.450) 0.282 (0.937)
N

0.059 (0.381) 0.133 (0.724)
N

NumAbandon 0.294 (0.779) 0.378 (0.755)
N

0.132 (0.392) 0.149 (0.357)

PercentAbandon 0.078 (0.178) 0.106 (0.196)
N

- -

Bookmark Features
NumBook 2.336 (1.559) 2.722 (1.509)

N
1.681 (1.374) 1.531 (1.372)

AvgBook 1.620 (1.258) 1.548 (1.238) - -

AvgBookRank 2.713 (1.865) 3.900 (3.793)
N

3.425 (2.919) 4.971 (4.220)
N

NumQueriesWithBook 1.359 (0.790) 1.651 (0.905)
N

- -

PercentQueriesWithBook 0.875 (0.229) 0.814 (0.257)
H

- -

NumQueriesWithoutBook 0.451 (1.020) 0.722 (1.205)
N

- -

PercentQueresWithoutBook 0.125 (0.229) 0.186 (0.257)
N

- -

NumClicksWithoutBook 0.927 (1.521) 1.896 (2.821)
N

0.608 (1.237) 0.996 (1.721)
N

PercentClicksWithoutBook 0.184 (0.242) 0.275 (0.279)
N

- -

NumViewsWithoutBook 0.479 (0.996) 1.071 (2.103)
N

0.303 (0.698) 0.556 (1.214)
N

PercentViewsWithoutBook 0.105 (0.193) 0.176 (0.253)
N

- -

Mouse Features
TotalMouseovers 23.039 (32.056) 42.602 (52.086)

N
15.602 (26.080) 22.494 (38.002)

N

AvgMouseovers 12.307 (13.160) 16.185 (15.026)
N

- -

MaxMouseover 5.734 (5.229) 8.664 (7.845)
N

4.815 (4.889) 6.212 (6.268)
N

AvgMaxMouseovers 4.486 (3.346) 5.943 (4.432)
N

- -

Scroll Features
TotalScrollDistance 105.532 (161.087) 182.154 (244.690)

N
64.636 (114.955) 91.699 (147.264)

N

AvgScrollDistance 55.118 (83.464) 64.382 (74.730)
N

- -

MaxScrollPosition 39.067 (44.027) 53.610 (45.904)
N

29.528 (40.854) 39.013 (44.387)
N

AvgMaxScrollPosition 28.626 (36.012) 34.635 (35.586)
N

- -

Dwell-Time Features
TotalDwell 100.577 (112.695) 91.984 (105.488) 74.736 (95.838) 67.214 (105.407)

H

AvgDwell 42.998 (50.161) 29.351 (26.185)
H

42.009 (59.925) 31.458 (47.590)
H

Duration 193.596 (145.959) 223.964 (151.590)
N

140.766 (123.834) 130.235 (128.194)
H

Interest 2.838 (1.257) 2.635 (1.114) 2.838 (1.257) 2.635 (1.114)

Prior Knowledge Features
PriorKnowledge 1.919 (0.937) 1.834 (0.845) 1.919 (0.937) 1.834 (0.845)

PriorSearch 1.437 (0.786) 1.378 (0.703) 1.437 (0.786) 1.378 (0.703)
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• More query 
abandonment, more 
difficulty… 

• Searchers don’t like 
issuing queries that do 
not yield relevant results
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• More queries, more 
difficulty… 

• Searchers don’t like 
issuing queries?
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A N(H) denotes a significant increase(decrease) in the measure in di�cult vs. easy
searches (p < .05)

Whole-Session Analysis First-Round Analysis

easy di�cult easy di�cult

Query Features
NumQueries 1.810 (1.462) 2.373 (1.641)

N
- -

AvgQueryLength 5.398 (2.980) 5.779 (3.702) - -

NumQueryTerms 9.073 (8.251) 12.448 (10.333)
N

5.415 (3.346) 5.772 (3.889)

UniqueQueryTerms 6.504 (3.666) 8.091 (5.039)
N

5.246 (2.999) 5.622 (3.549)

TokenTypeRatio 1.315 (0.628) 1.471 (0.590)
N

1.019 (0.068) 1.014 (0.044)

AvgStopwords 0.201 (0.212) 0.204 (0.196) 0.203 (0.225) 0.217 (0.225)

AvgNonStopwords 0.799 (0.212) 0.796 (0.196) 0.797 (0.225) 0.783 (0.225)

NumAOLQueries 0.286 (0.705) 0.295 (0.731) 0.165 (0.387) 0.112 (0.329)

NumQuestionQueries 0.286 (0.573) 0.336 (0.625) 0.216 (0.451) 0.224 (0.418)

Click Features
NumClicks 3.263 (2.481) 4.618 (3.292)

N
2.289 (2.022) 2.527 (2.446)

AvgClicks 2.161 (1.739) 2.425 (2.033) - -

AvgClickRank 2.704 (1.737) 3.701 (3.517)
N

3.152 (2.645) 4.089 (3.819)
N

AvgTimeToFirstClick 8.613 (8.278) 8.351 (7.062) 48.425 (134.743) 63.253 (155.576)

NumViews 2.815 (2.055) 3.793 (2.623)
N

1.983 (1.644) 2.087 (1.980)

AvgViews 1.901 (1.507) 2.040 (1.703) - -

AvgViewRank 2.697 (1.795) 3.713 (3.499)
N

3.217 (2.756) 4.555 (3.988)
N

NumPageClicks 0.092 (0.450) 0.282 (0.937)
N

0.059 (0.381) 0.133 (0.724)
N

NumAbandon 0.294 (0.779) 0.378 (0.755)
N

0.132 (0.392) 0.149 (0.357)

PercentAbandon 0.078 (0.178) 0.106 (0.196)
N

- -

Bookmark Features
NumBook 2.336 (1.559) 2.722 (1.509)

N
1.681 (1.374) 1.531 (1.372)

AvgBook 1.620 (1.258) 1.548 (1.238) - -

AvgBookRank 2.713 (1.865) 3.900 (3.793)
N

3.425 (2.919) 4.971 (4.220)
N

NumQueriesWithBook 1.359 (0.790) 1.651 (0.905)
N

- -

PercentQueriesWithBook 0.875 (0.229) 0.814 (0.257)
H

- -

NumQueriesWithoutBook 0.451 (1.020) 0.722 (1.205)
N

- -

PercentQueresWithoutBook 0.125 (0.229) 0.186 (0.257)
N

- -

NumClicksWithoutBook 0.927 (1.521) 1.896 (2.821)
N

0.608 (1.237) 0.996 (1.721)
N

PercentClicksWithoutBook 0.184 (0.242) 0.275 (0.279)
N

- -

NumViewsWithoutBook 0.479 (0.996) 1.071 (2.103)
N

0.303 (0.698) 0.556 (1.214)
N

PercentViewsWithoutBook 0.105 (0.193) 0.176 (0.253)
N

- -

Mouse Features
TotalMouseovers 23.039 (32.056) 42.602 (52.086)

N
15.602 (26.080) 22.494 (38.002)

N

AvgMouseovers 12.307 (13.160) 16.185 (15.026)
N

- -

MaxMouseover 5.734 (5.229) 8.664 (7.845)
N

4.815 (4.889) 6.212 (6.268)
N

AvgMaxMouseovers 4.486 (3.346) 5.943 (4.432)
N

- -

Scroll Features
TotalScrollDistance 105.532 (161.087) 182.154 (244.690)

N
64.636 (114.955) 91.699 (147.264)

N

AvgScrollDistance 55.118 (83.464) 64.382 (74.730)
N

- -

MaxScrollPosition 39.067 (44.027) 53.610 (45.904)
N

29.528 (40.854) 39.013 (44.387)
N

AvgMaxScrollPosition 28.626 (36.012) 34.635 (35.586)
N

- -

Dwell-Time Features
TotalDwell 100.577 (112.695) 91.984 (105.488) 74.736 (95.838) 67.214 (105.407)

H

AvgDwell 42.998 (50.161) 29.351 (26.185)
H

42.009 (59.925) 31.458 (47.590)
H

Duration 193.596 (145.959) 223.964 (151.590)
N

140.766 (123.834) 130.235 (128.194)
H

Interest 2.838 (1.257) 2.635 (1.114) 2.838 (1.257) 2.635 (1.114)

Prior Knowledge Features
PriorKnowledge 1.919 (0.937) 1.834 (0.845) 1.919 (0.937) 1.834 (0.845)

PriorSearch 1.437 (0.786) 1.378 (0.703) 1.437 (0.786) 1.378 (0.703)
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• What underlying 
phenomena are queries 
capturing? 

• Abandonment? A greater 
demand for information? 
Engagement?
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• Using principal component analysis (PCA) to understand: 

• The behavioral phenomena captured by behavioral measures 

• The influence of behavioral phenomena on perceptions 

‣ workload 
‣ difficulty 
‣ time pressure 
‣ factors of user engagement 
‣ knowledge gains

This paper



What is PCA?

• A common dimensionality reduction technique 

• Clustering groups datapoints 

• PCA groups measures/features used to “represent” datapoints 

• The ith principal component is a variance-maximizing direction 
that is orthogonal to all previous (i-1) components

12



What is PCA?

13

• Dimensionality reduction achieved by representing the data 
using only PC1

(PC2)
(PC1)



Secondary Analysis of Data From Three Studies 
(Studies 1-3)

14

• Common objective: bookmark pages relevant to the task

System 
Manipulation

Task -Type
Manipulation

Minimum # 
Bookmarks

Time
Constraint

Study 1

Study 2

Study 3



Study 1

• Laboratory study 

• 32 participants each completed 4 tasks of the same type 

• Two aggregated search layouts: blocked vs. blended 

• Bookmark at least 10 pages in 15 minutes 

• Post-task perception(s): 

‣ workload

15
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Layout Conditions: 
Blocked

border around the image, news, shopping, and video results provided an additional visual cue to
help distinguish them from each other and the web results.

images

web

news

web

video

web

shopping

web

news

web

news

…

(a) Interleaved Interface (truncated)

web

images

news

video

shopping

(b) Blocked Interface

Fig. 1. Aggregated Search Interfaces

3.4 Post-task�estionnaires
A�er �nishing each search task, participants completed two questionnaires that measured their
levels of workload and user engagement during the task. To measure workload, we used the NASA

9
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Layout Conditions: 
Blended (Truncated)

border around the image, news, shopping, and video results provided an additional visual cue to
help distinguish them from each other and the web results.

images

web

news

web

video

web

shopping

web

news

web

news

…

(a) Interleaved Interface (truncated)

web

images

news

video

shopping

(b) Blocked Interface

Fig. 1. Aggregated Search Interfaces

3.4 Post-task�estionnaires
A�er �nishing each search task, participants completed two questionnaires that measured their
levels of workload and user engagement during the task. To measure workload, we used the NASA

9
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Study 2

• 144 participants each completed 6 tasks of different types 

• Same search interface 

• No minimum bookmarks, no time limit 

• Post-task perceptions of user engagement: 

‣ Focused attention: felt immersed, lost track of time 
‣ Reward: effort + success 
‣ Aesthetic appeal 
‣ Perceived usability

18
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Study 2

• Comparative tasks: comparing items along dimensions 

• Manipulated constraints specified in the task description  

• Tasks with a specified dimension were more difficult

19

[Capra et al., SIGIR 2018]

perceptions and level of search e�ort. Second, specifying dimen-
sions had no e�ect in terms of pre-task perceptions, but made the
task more di�cult in terms of post-task perceptions and level of
search e�ort.

User engagement:Task characteristicsmay also a�ect searchers’
engagement with the task. User engagement (UE) is characterized
by the depth of a user’s cognitive, emotional, and temporal invest-
ment during a search interaction [17]. Most UE research has focused
on understanding how system characteristics (e.g., interface aesthet-
ics, interactive features) and information content (e.g., multimedia,
sentiment, interestingness) in�uence user engagement [19]. Less
research has studied the in�uence of task characteristics on user
engagement; our research attempts to address this gap.

Related to our work, the degree of “challenge” presented by
a task has been highlighted as an important component of user
engagement [20]. Speci�cally, users experience higher levels of
engagement during interactions that carefully leverage their prior
knowledge and skills—“easy” tasks may result in boredom, while
“hard” tasks can result in frustration and disengagement. Kelly et
al. [13] found that participants reported higher levels of engagement
for tasks at higher levels of cognitive complexity, suggesting that
the tasks used in their study did not exceed the threshold that
leads to frustration and disengagement. In the current study, we
hypothesized that our task manipulation would in�uence the level
of challenge experienced by participants in completing the tasks,
and would possibly in�uence the level of engagement.

3 TASK MANIPULATION
Our goal in this study was to manipulate the determinability of com-
parative search tasks. Comparative search tasks are ones in which
a user needs to compare a set of items across a set of dimensions.
During a comparative task, users must complete three steps: (1)
identify di�erent items belonging to the given category, (2) identify
di�erent dimensions along which the items may di�er, and (3) un-
derstand how the items di�er along the dimensions. For example, a
comparative task might involve a user trying to compare di�erent
types of fertilizer for a home garden. In this case, a user might need
to consider di�erent items (i.e., types of fertilizer), such as organic,
synthetic, and liquid fertilizers, as well as di�erent dimensions, such
as the fertilizer’s cost, nutritional content, and health concerns.

Our task manipulation involved narrowing/broadening the scope
of comparative tasks by including/excluding the exact items and/or
dimensions to be considered as part of the task. Additionally, as a
novel contribution of this paper, we were interested in comparing
two types of dimensions: objective and subjective. We envisioned
that an objective dimension (e.g., cost) would require gathering
factual information, while a subjective dimension (e.g., health con-
cerns) would require gathering information about people’s feelings,
perceptions, opinions, and/or experiences.

We used 12 task topics and 6 task versions per topic, for a total
of 72 task descriptions. Each task description consisted of two parts:
(1) a motivating background story that was consistent across all
tasks with the same topic, and (2) an information request that was
manipulated based on our six task versions. Below, we de�ne our
six task versions and provide examples. In the examples, the items
and dimensions are shown in bold.

• Unspeci�ed (U): no items or dimensions speci�ed. “A friend of yours
recently decided to quit smoking, and asked for your help in choosing
a method. What are di�erent methods to help people quit smoking and
how do they di�er?”

• Items (I): speci�ed two items to compare, but no dimension. “A friend...
How do nicotine gum and nicotine patches di�er as methods to quit
smoking?”

• Objective dimension (O): speci�ed an objective dimension, but no
items. “A friend... What are di�erent methods to help people quit smoking
and how do they di�er in terms of their average treatment length?”

• Subjective dimension (S): speci�ed a subjective dimension, but no
items. “A friend... What are di�erent methods to help people quit smok-
ing and how do they di�er in terms of how di�cult it is to stop the
treatment?”

• Items + Objective dimension (IO): speci�ed two items to compare
and one objective dimension. “A friend... How do nicotine gum and
nicotine patches di�er as methods to quit smoking in terms of their
average treatment length?”

• Items + Subjective dimension (IS): speci�ed two items to compare
and one subjective dimension. “A friend... How do nicotine gum and
nicotine patches di�er as methods to quit smoking in terms of how
di�cult it is to stop treatment?”
Figure 1 illustrates our six task versions as a matrix to compare

items (rows) and dimensions (columns). The unspeci�ed (U) tasks
had no items or dimensions speci�ed and were therefore the broad-
est in scope. In this respect, we expected task version U to be the
least a priori determinable (i.e., to have the most uncertainty about
the task outcomes and processes involved). The IO and IS tasks were
the most narrowly focused of the six task versions, and possibly
the most a priori determinable. We also anticipated that specifying
an objective dimension would involve more determinability than
specifying a subjective dimension. Table 1 lists the di�erent topics,
items, objective dimensions, and subjective dimensions used for
each of our 12 task topics.

U

objective dimensions

ite
m

s

subjective dimensions

I

O

IO

S

IS

Figure 1: Conceptual representation of comparative tasks

4 METHOD
We conducted a within-subject user study (N=144) in which each
participant completed six search tasks, one for each of our six task
versions (U, I, O, S, IO, IS). Participants were asked to use a custom-
built search system to �nd and bookmark pages that would be
useful for addressing the task, and to provide a brief justi�cation
for why each bookmarked page was useful.

There were 12 task topics and 6 task versions (U, I, O, S, IO, IS)
(see Section 3). These were fully crossed to create a total of 72 search
tasks. Each individual participant was assigned 6 search tasks that
included all 6 task versions and a subset of 6 of the 12 task topics.
We used Latin squares to balance the order of presentation for both
task versions and task topics.

The study was conducted using the Amazon Mechanical Turk
(MTurk) crowdsourcing platform. To accomplish thewithin-subjects



Study 3

• 20 tasks of varying levels of cognitive complexity 

• Each task completed by 30 participants 

• 20 x 30 = 600 search sessions 

• Same search interface 

• No minimum bookmarks, no time limit 

• Post-task perception(s): 

‣ Difficulty 
‣ Time pressure 
‣ Knowledge gains

20
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• Cognitive task complexity: mental activities central to the task: 

‣ Remember: memorize, regurgitate 
‣ Understand: internalize, summarize, exemplify 
‣ Analyze: compare, contrast, differentiate 
‣ Evaluate: judge, critique, prioritize 
‣ Create: create something new

21
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[Arguello ECIR 2014]



Behavioral Measures
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1. Queries 
2. Avg. query length 
3. Question queries 
4. Queries w/o bookmarks 
5. Queries w/o clicks 
6. Queries w/o scrolls 
7. Queries w/o mouseovers 
8. Quick reformulations 
9. Repeated intent queries 
10. Bookmarks 
11. Clicks 
12. Views 
13. Clicks w/o bookmarks 
14. Views w/o bookmarks 
15. Avg. click rank 
16. Avg. view rank 
17. Avg. bookmark rank 
18. Paginations

19. Scroll distance 
20. Mouseovers 
21. Avg. mouseover rank 
22. Mouseovers w/o clicks 
23. Avg. query-to-click time 
24. Time to 1st click 
25. Time to 1st bookmark 
26. Avg. landing pg. dwell time 
27. Tot. landing pg. dwell time 
28. Avg. time b/w events 
29. Completion time 
30. Unique queries 
31. Unique query terms 
32. Unique URLs clicked
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SERP-level interactions
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Temporal characteristics
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Deviation from others’ search 
strategies
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• Eigen-decomposition of covariance vs. correlation matrix 

• Choosing the number of components 

• Choosing a rotation technique 

• Combining measures into components

PCA Decisions
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• Using principal component analysis (PCA) to understand: 

• The behavioral phenomena captured by behavioral measures 

• The influence of behavioral phenomena on perceptions 

‣ workload 
‣ difficulty 
‣ time pressure 
‣ factors of user engagement 
‣ knowledge gains

Results



Results: PCA output



PCA Output: Study 1

• Component loadings are correlation values in the range [-1,+1]
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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• 6-component solution explained 76% of the variance
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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• AbandQs: query abandonment
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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Study 2 PCAResults: For behavioral measures related to Study
2, a PCA with varimax rotation found a �ve-component solution
that explained 70% of the total variance. Table 2 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these �ve components is as follows.
• AbandQs: Similar measures as in Study 1.
• E�ort: PC2 relates to the amount of search e�ort exerted by a
participant. Measures with high loadings with E�ort include: (1)
number of queries, clicks, and bookmarks; (2) number of clicks
without a bookmark; (3) number of mouseovers and scrolls; (4)
number of queries not issued by another participant; and (5)
number of clicked URLs not clicked by another participant.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, and bookmarks at lower ranks,
as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Di�erent
from Study 1, the number of bookmarks did not have a strong
loading with Pace. Study 2 participants were not asked to book-
mark a minimum number of pages and were not imposed a time
limit. Thus, one explanation is that Study 2 participants who
interacted at a slower pace did not necessarily bookmark fewer
pages. A similar trend was observed in Study 3.

• NLQs: Same measures as in Study 1.
Study 3 PCAResults: For behavioral measures related to Study

3, a PCA with varimax rotation found a seven-component solution
that explained 76% of the total variance. Table 3 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these seven components is as follows.
• AbandQs: Similar measures as in Studies 1 & 2.
• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks/views
that did not yield a bookmark and (2) number of clicks/views.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, views, and bookmarks at lower
ranks, as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Measures
with high loadings with Pace include: (1) average time between
events; (2) average/total dwell times on viewed results; (3) time
to �rst bookmark; and (4) task completion time.

• E�ort: PC5 relates to the level of e�ort exerted by a participant.
Measures with high loadings with E�ort include: (1) number of
views; (2) number of bookmarks; and (3) number of queries and
clicks not issued/clicked by another participant.

• NLQs: Same measures as in Studies 1 & 2.
• SlowCs : PC7 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session;
(2) average time between each query and its �rst click; and (3)
the total scroll distance. One interpretation is that participants
who took longer to click on search results had more scrolls.

8 RESULTS: EFFECTS ON PERCEPTIONS
Next, we report on the e�ects of PCA components on post-task
perceptions. In Table 4, we present results across studies to enable
comparisons. In the last column, we report the signi�cance of each
MLM using all components from the corresponding study. Again,

Table 2: Study 2 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5

(AbandQs) (E�ort) (DeepSERP) (Pace) (NLQs)
QueriesWOClicks 0.94 0.10 0.07 0.08 0.03

QuickReforms 0.88 0.14 -0.01 -0.01 -0.03
QueriesWOBooks 0.86 0.38 0.06 0.13 0.05

Queries 0.82 0.52 -0.02 0.09 0.06
QueriesWOMouse 0.81 -0.11 0.13 0.04 -0.04
RepeatedIntentQs 0.79 0.46 0.04 0.11 0.06
QueriesWOScrolls 0.74 0.01 -0.14 -0.02 0.05

UniqueQueries 0.70 0.59 -0.06 0.05 0.04
Clicks 0.23 0.83 0.31 0.10 0.00

UniqueURLs 0.15 0.79 0.23 0.03 0.10
ClicksWOBooks 0.24 0.74 0.36 0.10 0.00

Mouseovers 0.28 0.71 0.34 0.13 -0.04
MouseWOClicks 0.39 0.68 0.43 0.10 0.04
ScrollDistance 0.22 0.68 0.45 0.17 0.06

Bookmarks -0.02 0.55 -0.01 -0.03 -0.02
Paginations 0.13 0.53 0.64 0.08 0.08

AvgMouseRank -0.06 0.26 0.86 0.03 0.00
AvgClickRank -0.05 0.23 0.86 0.02 -0.05
AvgBookRank -0.06 0.18 0.81 -0.01 -0.05

AvgTimeBWEvents -0.10 -0.04 -0.02 0.89 0.06
CompletionTime 0.15 0.40 0.09 0.85 0.03
TimeToFirstBook 0.20 -0.01 0.08 0.82 -0.01
QuestionQueries 0.14 0.02 0.11 -0.04 0.84
AvgQueryLength -0.13 -0.20 0.16 -0.01 0.78
Avg1stClickTime -0.05 0.13 -0.16 0.20 0.26
TimeToFirstClick 0.01 0.01 -0.03 0.01 0.10

UniqueQueryTerms 0.44 0.35 -0.11 -0.06 0.36

Table 3: Study 3 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6 PC7

(AbandQs) (AbandCs) (DeepSERP) (Pace) (E�ort) (NLQs) (SlowCs)
QueriesWOClicks 0.91 -0.05 0.12 0.01 0.03 0.06 0.08
QueriesWOBooks 0.90 0.27 0.03 0.05 0.05 0.00 0.03

QuickReforms 0.83 0.11 0.30 -0.02 0.07 -0.07 0.08
Queries 0.82 0.28 0.01 0.03 0.41 -0.02 0.01

QueriesWOScrolls 0.79 0.09 -0.13 -0.07 0.27 0.02 0.02
QueriesWOMouse 0.78 -0.02 0.05 0.03 -0.09 0.05 0.15
ClicksWOBooks 0.22 0.87 0.17 0.12 -0.01 -0.05 -0.08
ViewsWOBooks 0.10 0.87 0.14 0.09 -0.02 -0.04 -0.04

Clicks 0.18 0.75 0.33 0.06 0.41 -0.06 -0.10
Views 0.09 0.69 0.34 0.02 0.50 -0.07 -0.08

AvgMouseRank 0.05 0.12 0.94 0.06 0.09 -0.04 0.11
AvgViewRank -0.03 0.08 0.93 0.05 0.03 0.09 -0.06
AvgClickRank 0.00 0.07 0.93 0.06 0.04 0.07 0.09
AvgBookRank -0.03 0.10 0.92 0.05 0.02 0.10 -0.05

Paginations 0.13 0.14 0.76 0.00 0.06 -0.15 0.19
Mouseovers 0.18 0.40 0.71 0.05 0.32 -0.13 0.03

MouseWOClicks 0.33 0.26 0.63 0.03 0.32 -0.12 0.06
AvgTimeBWEvents -0.05 -0.14 0.02 0.89 -0.02 -0.03 0.13

AvgDwellTime -0.06 -0.10 -0.04 0.88 -0.05 -0.01 -0.04
TotalDwellTime 0.00 0.32 0.18 0.74 0.25 -0.04 -0.07
TimeToFirstBook 0.15 0.31 0.04 0.74 -0.13 0.03 0.25
CompletionTime 0.17 0.42 0.31 0.60 0.45 -0.03 0.08

Bookmarks 0.03 0.17 0.37 -0.05 0.78 -0.06 -0.08
UniqueQueries 0.33 0.10 -0.07 0.06 0.65 -0.04 0.08
UniqueURLs 0.09 0.47 0.38 0.06 0.50 0.08 -0.01

QuestionQueries 0.18 -0.07 -0.02 -0.02 0.11 0.81 -0.04
AvgQueryLength -0.11 0.06 0.00 -0.03 -0.19 0.80 0.04
TimeToFirstClick 0.28 -0.10 0.08 0.09 0.00 -0.01 0.85
Avg1stClickTime -0.05 0.04 0.06 0.19 0.03 0.09 0.76

ScrollDistance 0.10 0.00 0.06 -0.04 -0.03 -0.08 0.71
UniqueQueryTerms -0.01 0.29 0.01 -0.03 0.11 0.12 0.14

we computed the signi�cance of each MLM by performing a likeli-
hood ratio (LR) test against a null model. In columns 2-8, we show
components that had signi�cant e�ects (i.e., signi�cant �-values
after Bonferroni correction) on the dependent variable (row).

Workload (Study 1): In Study 1, all six components found by
PCA had signi�cant positive e�ects on perceived workload. Greater
levels of workload were reported when participants had more
unsuccessful queries (AbandQs); more unsuccessful SERP clicks
(AbandCs); more SERP-level exploration (DeepSERP); had a slower
pace of interaction (and therefore fewer bookmarks) (Pace); issued
more natural language queries (NLQs); and took longer to click on
search results (SlowCs).
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Study 2 PCAResults: For behavioral measures related to Study
2, a PCA with varimax rotation found a �ve-component solution
that explained 70% of the total variance. Table 2 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these �ve components is as follows.
• AbandQs: Similar measures as in Study 1.
• E�ort: PC2 relates to the amount of search e�ort exerted by a
participant. Measures with high loadings with E�ort include: (1)
number of queries, clicks, and bookmarks; (2) number of clicks
without a bookmark; (3) number of mouseovers and scrolls; (4)
number of queries not issued by another participant; and (5)
number of clicked URLs not clicked by another participant.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, and bookmarks at lower ranks,
as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Di�erent
from Study 1, the number of bookmarks did not have a strong
loading with Pace. Study 2 participants were not asked to book-
mark a minimum number of pages and were not imposed a time
limit. Thus, one explanation is that Study 2 participants who
interacted at a slower pace did not necessarily bookmark fewer
pages. A similar trend was observed in Study 3.

• NLQs: Same measures as in Study 1.
Study 3 PCAResults: For behavioral measures related to Study

3, a PCA with varimax rotation found a seven-component solution
that explained 76% of the total variance. Table 3 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these seven components is as follows.
• AbandQs: Similar measures as in Studies 1 & 2.
• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks/views
that did not yield a bookmark and (2) number of clicks/views.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, views, and bookmarks at lower
ranks, as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Measures
with high loadings with Pace include: (1) average time between
events; (2) average/total dwell times on viewed results; (3) time
to �rst bookmark; and (4) task completion time.

• E�ort: PC5 relates to the level of e�ort exerted by a participant.
Measures with high loadings with E�ort include: (1) number of
views; (2) number of bookmarks; and (3) number of queries and
clicks not issued/clicked by another participant.

• NLQs: Same measures as in Studies 1 & 2.
• SlowCs : PC7 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session;
(2) average time between each query and its �rst click; and (3)
the total scroll distance. One interpretation is that participants
who took longer to click on search results had more scrolls.

8 RESULTS: EFFECTS ON PERCEPTIONS
Next, we report on the e�ects of PCA components on post-task
perceptions. In Table 4, we present results across studies to enable
comparisons. In the last column, we report the signi�cance of each
MLM using all components from the corresponding study. Again,

Table 2: Study 2 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5

(AbandQs) (E�ort) (DeepSERP) (Pace) (NLQs)
QueriesWOClicks 0.94 0.10 0.07 0.08 0.03

QuickReforms 0.88 0.14 -0.01 -0.01 -0.03
QueriesWOBooks 0.86 0.38 0.06 0.13 0.05

Queries 0.82 0.52 -0.02 0.09 0.06
QueriesWOMouse 0.81 -0.11 0.13 0.04 -0.04
RepeatedIntentQs 0.79 0.46 0.04 0.11 0.06
QueriesWOScrolls 0.74 0.01 -0.14 -0.02 0.05

UniqueQueries 0.70 0.59 -0.06 0.05 0.04
Clicks 0.23 0.83 0.31 0.10 0.00

UniqueURLs 0.15 0.79 0.23 0.03 0.10
ClicksWOBooks 0.24 0.74 0.36 0.10 0.00

Mouseovers 0.28 0.71 0.34 0.13 -0.04
MouseWOClicks 0.39 0.68 0.43 0.10 0.04
ScrollDistance 0.22 0.68 0.45 0.17 0.06

Bookmarks -0.02 0.55 -0.01 -0.03 -0.02
Paginations 0.13 0.53 0.64 0.08 0.08

AvgMouseRank -0.06 0.26 0.86 0.03 0.00
AvgClickRank -0.05 0.23 0.86 0.02 -0.05
AvgBookRank -0.06 0.18 0.81 -0.01 -0.05

AvgTimeBWEvents -0.10 -0.04 -0.02 0.89 0.06
CompletionTime 0.15 0.40 0.09 0.85 0.03
TimeToFirstBook 0.20 -0.01 0.08 0.82 -0.01
QuestionQueries 0.14 0.02 0.11 -0.04 0.84
AvgQueryLength -0.13 -0.20 0.16 -0.01 0.78
Avg1stClickTime -0.05 0.13 -0.16 0.20 0.26
TimeToFirstClick 0.01 0.01 -0.03 0.01 0.10

UniqueQueryTerms 0.44 0.35 -0.11 -0.06 0.36

Table 3: Study 3 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6 PC7

(AbandQs) (AbandCs) (DeepSERP) (Pace) (E�ort) (NLQs) (SlowCs)
QueriesWOClicks 0.91 -0.05 0.12 0.01 0.03 0.06 0.08
QueriesWOBooks 0.90 0.27 0.03 0.05 0.05 0.00 0.03

QuickReforms 0.83 0.11 0.30 -0.02 0.07 -0.07 0.08
Queries 0.82 0.28 0.01 0.03 0.41 -0.02 0.01

QueriesWOScrolls 0.79 0.09 -0.13 -0.07 0.27 0.02 0.02
QueriesWOMouse 0.78 -0.02 0.05 0.03 -0.09 0.05 0.15
ClicksWOBooks 0.22 0.87 0.17 0.12 -0.01 -0.05 -0.08
ViewsWOBooks 0.10 0.87 0.14 0.09 -0.02 -0.04 -0.04

Clicks 0.18 0.75 0.33 0.06 0.41 -0.06 -0.10
Views 0.09 0.69 0.34 0.02 0.50 -0.07 -0.08

AvgMouseRank 0.05 0.12 0.94 0.06 0.09 -0.04 0.11
AvgViewRank -0.03 0.08 0.93 0.05 0.03 0.09 -0.06
AvgClickRank 0.00 0.07 0.93 0.06 0.04 0.07 0.09
AvgBookRank -0.03 0.10 0.92 0.05 0.02 0.10 -0.05

Paginations 0.13 0.14 0.76 0.00 0.06 -0.15 0.19
Mouseovers 0.18 0.40 0.71 0.05 0.32 -0.13 0.03

MouseWOClicks 0.33 0.26 0.63 0.03 0.32 -0.12 0.06
AvgTimeBWEvents -0.05 -0.14 0.02 0.89 -0.02 -0.03 0.13

AvgDwellTime -0.06 -0.10 -0.04 0.88 -0.05 -0.01 -0.04
TotalDwellTime 0.00 0.32 0.18 0.74 0.25 -0.04 -0.07
TimeToFirstBook 0.15 0.31 0.04 0.74 -0.13 0.03 0.25
CompletionTime 0.17 0.42 0.31 0.60 0.45 -0.03 0.08

Bookmarks 0.03 0.17 0.37 -0.05 0.78 -0.06 -0.08
UniqueQueries 0.33 0.10 -0.07 0.06 0.65 -0.04 0.08
UniqueURLs 0.09 0.47 0.38 0.06 0.50 0.08 -0.01

QuestionQueries 0.18 -0.07 -0.02 -0.02 0.11 0.81 -0.04
AvgQueryLength -0.11 0.06 0.00 -0.03 -0.19 0.80 0.04
TimeToFirstClick 0.28 -0.10 0.08 0.09 0.00 -0.01 0.85
Avg1stClickTime -0.05 0.04 0.06 0.19 0.03 0.09 0.76

ScrollDistance 0.10 0.00 0.06 -0.04 -0.03 -0.08 0.71
UniqueQueryTerms -0.01 0.29 0.01 -0.03 0.11 0.12 0.14

we computed the signi�cance of each MLM by performing a likeli-
hood ratio (LR) test against a null model. In columns 2-8, we show
components that had signi�cant e�ects (i.e., signi�cant �-values
after Bonferroni correction) on the dependent variable (row).

Workload (Study 1): In Study 1, all six components found by
PCA had signi�cant positive e�ects on perceived workload. Greater
levels of workload were reported when participants had more
unsuccessful queries (AbandQs); more unsuccessful SERP clicks
(AbandCs); more SERP-level exploration (DeepSERP); had a slower
pace of interaction (and therefore fewer bookmarks) (Pace); issued
more natural language queries (NLQs); and took longer to click on
search results (SlowCs).
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Study 2 PCAResults: For behavioral measures related to Study
2, a PCA with varimax rotation found a �ve-component solution
that explained 70% of the total variance. Table 2 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these �ve components is as follows.
• AbandQs: Similar measures as in Study 1.
• E�ort: PC2 relates to the amount of search e�ort exerted by a
participant. Measures with high loadings with E�ort include: (1)
number of queries, clicks, and bookmarks; (2) number of clicks
without a bookmark; (3) number of mouseovers and scrolls; (4)
number of queries not issued by another participant; and (5)
number of clicked URLs not clicked by another participant.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, and bookmarks at lower ranks,
as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Di�erent
from Study 1, the number of bookmarks did not have a strong
loading with Pace. Study 2 participants were not asked to book-
mark a minimum number of pages and were not imposed a time
limit. Thus, one explanation is that Study 2 participants who
interacted at a slower pace did not necessarily bookmark fewer
pages. A similar trend was observed in Study 3.

• NLQs: Same measures as in Study 1.
Study 3 PCAResults: For behavioral measures related to Study

3, a PCA with varimax rotation found a seven-component solution
that explained 76% of the total variance. Table 3 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these seven components is as follows.
• AbandQs: Similar measures as in Studies 1 & 2.
• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks/views
that did not yield a bookmark and (2) number of clicks/views.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, views, and bookmarks at lower
ranks, as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Measures
with high loadings with Pace include: (1) average time between
events; (2) average/total dwell times on viewed results; (3) time
to �rst bookmark; and (4) task completion time.

• E�ort: PC5 relates to the level of e�ort exerted by a participant.
Measures with high loadings with E�ort include: (1) number of
views; (2) number of bookmarks; and (3) number of queries and
clicks not issued/clicked by another participant.

• NLQs: Same measures as in Studies 1 & 2.
• SlowCs : PC7 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session;
(2) average time between each query and its �rst click; and (3)
the total scroll distance. One interpretation is that participants
who took longer to click on search results had more scrolls.

8 RESULTS: EFFECTS ON PERCEPTIONS
Next, we report on the e�ects of PCA components on post-task
perceptions. In Table 4, we present results across studies to enable
comparisons. In the last column, we report the signi�cance of each
MLM using all components from the corresponding study. Again,

Table 2: Study 2 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5

(AbandQs) (E�ort) (DeepSERP) (Pace) (NLQs)
QueriesWOClicks 0.94 0.10 0.07 0.08 0.03

QuickReforms 0.88 0.14 -0.01 -0.01 -0.03
QueriesWOBooks 0.86 0.38 0.06 0.13 0.05

Queries 0.82 0.52 -0.02 0.09 0.06
QueriesWOMouse 0.81 -0.11 0.13 0.04 -0.04
RepeatedIntentQs 0.79 0.46 0.04 0.11 0.06
QueriesWOScrolls 0.74 0.01 -0.14 -0.02 0.05

UniqueQueries 0.70 0.59 -0.06 0.05 0.04
Clicks 0.23 0.83 0.31 0.10 0.00

UniqueURLs 0.15 0.79 0.23 0.03 0.10
ClicksWOBooks 0.24 0.74 0.36 0.10 0.00

Mouseovers 0.28 0.71 0.34 0.13 -0.04
MouseWOClicks 0.39 0.68 0.43 0.10 0.04
ScrollDistance 0.22 0.68 0.45 0.17 0.06

Bookmarks -0.02 0.55 -0.01 -0.03 -0.02
Paginations 0.13 0.53 0.64 0.08 0.08

AvgMouseRank -0.06 0.26 0.86 0.03 0.00
AvgClickRank -0.05 0.23 0.86 0.02 -0.05
AvgBookRank -0.06 0.18 0.81 -0.01 -0.05

AvgTimeBWEvents -0.10 -0.04 -0.02 0.89 0.06
CompletionTime 0.15 0.40 0.09 0.85 0.03
TimeToFirstBook 0.20 -0.01 0.08 0.82 -0.01
QuestionQueries 0.14 0.02 0.11 -0.04 0.84
AvgQueryLength -0.13 -0.20 0.16 -0.01 0.78
Avg1stClickTime -0.05 0.13 -0.16 0.20 0.26
TimeToFirstClick 0.01 0.01 -0.03 0.01 0.10

UniqueQueryTerms 0.44 0.35 -0.11 -0.06 0.36

Table 3: Study 3 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6 PC7

(AbandQs) (AbandCs) (DeepSERP) (Pace) (E�ort) (NLQs) (SlowCs)
QueriesWOClicks 0.91 -0.05 0.12 0.01 0.03 0.06 0.08
QueriesWOBooks 0.90 0.27 0.03 0.05 0.05 0.00 0.03

QuickReforms 0.83 0.11 0.30 -0.02 0.07 -0.07 0.08
Queries 0.82 0.28 0.01 0.03 0.41 -0.02 0.01

QueriesWOScrolls 0.79 0.09 -0.13 -0.07 0.27 0.02 0.02
QueriesWOMouse 0.78 -0.02 0.05 0.03 -0.09 0.05 0.15
ClicksWOBooks 0.22 0.87 0.17 0.12 -0.01 -0.05 -0.08
ViewsWOBooks 0.10 0.87 0.14 0.09 -0.02 -0.04 -0.04

Clicks 0.18 0.75 0.33 0.06 0.41 -0.06 -0.10
Views 0.09 0.69 0.34 0.02 0.50 -0.07 -0.08

AvgMouseRank 0.05 0.12 0.94 0.06 0.09 -0.04 0.11
AvgViewRank -0.03 0.08 0.93 0.05 0.03 0.09 -0.06
AvgClickRank 0.00 0.07 0.93 0.06 0.04 0.07 0.09
AvgBookRank -0.03 0.10 0.92 0.05 0.02 0.10 -0.05

Paginations 0.13 0.14 0.76 0.00 0.06 -0.15 0.19
Mouseovers 0.18 0.40 0.71 0.05 0.32 -0.13 0.03

MouseWOClicks 0.33 0.26 0.63 0.03 0.32 -0.12 0.06
AvgTimeBWEvents -0.05 -0.14 0.02 0.89 -0.02 -0.03 0.13

AvgDwellTime -0.06 -0.10 -0.04 0.88 -0.05 -0.01 -0.04
TotalDwellTime 0.00 0.32 0.18 0.74 0.25 -0.04 -0.07
TimeToFirstBook 0.15 0.31 0.04 0.74 -0.13 0.03 0.25
CompletionTime 0.17 0.42 0.31 0.60 0.45 -0.03 0.08

Bookmarks 0.03 0.17 0.37 -0.05 0.78 -0.06 -0.08
UniqueQueries 0.33 0.10 -0.07 0.06 0.65 -0.04 0.08
UniqueURLs 0.09 0.47 0.38 0.06 0.50 0.08 -0.01

QuestionQueries 0.18 -0.07 -0.02 -0.02 0.11 0.81 -0.04
AvgQueryLength -0.11 0.06 0.00 -0.03 -0.19 0.80 0.04
TimeToFirstClick 0.28 -0.10 0.08 0.09 0.00 -0.01 0.85
Avg1stClickTime -0.05 0.04 0.06 0.19 0.03 0.09 0.76

ScrollDistance 0.10 0.00 0.06 -0.04 -0.03 -0.08 0.71
UniqueQueryTerms -0.01 0.29 0.01 -0.03 0.11 0.12 0.14

we computed the signi�cance of each MLM by performing a likeli-
hood ratio (LR) test against a null model. In columns 2-8, we show
components that had signi�cant e�ects (i.e., signi�cant �-values
after Bonferroni correction) on the dependent variable (row).

Workload (Study 1): In Study 1, all six components found by
PCA had signi�cant positive e�ects on perceived workload. Greater
levels of workload were reported when participants had more
unsuccessful queries (AbandQs); more unsuccessful SERP clicks
(AbandCs); more SERP-level exploration (DeepSERP); had a slower
pace of interaction (and therefore fewer bookmarks) (Pace); issued
more natural language queries (NLQs); and took longer to click on
search results (SlowCs).
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Study 2 PCAResults: For behavioral measures related to Study
2, a PCA with varimax rotation found a �ve-component solution
that explained 70% of the total variance. Table 2 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these �ve components is as follows.
• AbandQs: Similar measures as in Study 1.
• E�ort: PC2 relates to the amount of search e�ort exerted by a
participant. Measures with high loadings with E�ort include: (1)
number of queries, clicks, and bookmarks; (2) number of clicks
without a bookmark; (3) number of mouseovers and scrolls; (4)
number of queries not issued by another participant; and (5)
number of clicked URLs not clicked by another participant.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, and bookmarks at lower ranks,
as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Di�erent
from Study 1, the number of bookmarks did not have a strong
loading with Pace. Study 2 participants were not asked to book-
mark a minimum number of pages and were not imposed a time
limit. Thus, one explanation is that Study 2 participants who
interacted at a slower pace did not necessarily bookmark fewer
pages. A similar trend was observed in Study 3.

• NLQs: Same measures as in Study 1.
Study 3 PCAResults: For behavioral measures related to Study

3, a PCA with varimax rotation found a seven-component solution
that explained 76% of the total variance. Table 3 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these seven components is as follows.
• AbandQs: Similar measures as in Studies 1 & 2.
• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks/views
that did not yield a bookmark and (2) number of clicks/views.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, views, and bookmarks at lower
ranks, as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Measures
with high loadings with Pace include: (1) average time between
events; (2) average/total dwell times on viewed results; (3) time
to �rst bookmark; and (4) task completion time.

• E�ort: PC5 relates to the level of e�ort exerted by a participant.
Measures with high loadings with E�ort include: (1) number of
views; (2) number of bookmarks; and (3) number of queries and
clicks not issued/clicked by another participant.

• NLQs: Same measures as in Studies 1 & 2.
• SlowCs : PC7 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session;
(2) average time between each query and its �rst click; and (3)
the total scroll distance. One interpretation is that participants
who took longer to click on search results had more scrolls.

8 RESULTS: EFFECTS ON PERCEPTIONS
Next, we report on the e�ects of PCA components on post-task
perceptions. In Table 4, we present results across studies to enable
comparisons. In the last column, we report the signi�cance of each
MLM using all components from the corresponding study. Again,

Table 2: Study 2 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5

(AbandQs) (E�ort) (DeepSERP) (Pace) (NLQs)
QueriesWOClicks 0.94 0.10 0.07 0.08 0.03

QuickReforms 0.88 0.14 -0.01 -0.01 -0.03
QueriesWOBooks 0.86 0.38 0.06 0.13 0.05

Queries 0.82 0.52 -0.02 0.09 0.06
QueriesWOMouse 0.81 -0.11 0.13 0.04 -0.04
RepeatedIntentQs 0.79 0.46 0.04 0.11 0.06
QueriesWOScrolls 0.74 0.01 -0.14 -0.02 0.05

UniqueQueries 0.70 0.59 -0.06 0.05 0.04
Clicks 0.23 0.83 0.31 0.10 0.00

UniqueURLs 0.15 0.79 0.23 0.03 0.10
ClicksWOBooks 0.24 0.74 0.36 0.10 0.00

Mouseovers 0.28 0.71 0.34 0.13 -0.04
MouseWOClicks 0.39 0.68 0.43 0.10 0.04
ScrollDistance 0.22 0.68 0.45 0.17 0.06

Bookmarks -0.02 0.55 -0.01 -0.03 -0.02
Paginations 0.13 0.53 0.64 0.08 0.08

AvgMouseRank -0.06 0.26 0.86 0.03 0.00
AvgClickRank -0.05 0.23 0.86 0.02 -0.05
AvgBookRank -0.06 0.18 0.81 -0.01 -0.05

AvgTimeBWEvents -0.10 -0.04 -0.02 0.89 0.06
CompletionTime 0.15 0.40 0.09 0.85 0.03
TimeToFirstBook 0.20 -0.01 0.08 0.82 -0.01
QuestionQueries 0.14 0.02 0.11 -0.04 0.84
AvgQueryLength -0.13 -0.20 0.16 -0.01 0.78
Avg1stClickTime -0.05 0.13 -0.16 0.20 0.26
TimeToFirstClick 0.01 0.01 -0.03 0.01 0.10

UniqueQueryTerms 0.44 0.35 -0.11 -0.06 0.36

Table 3: Study 3 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6 PC7

(AbandQs) (AbandCs) (DeepSERP) (Pace) (E�ort) (NLQs) (SlowCs)
QueriesWOClicks 0.91 -0.05 0.12 0.01 0.03 0.06 0.08
QueriesWOBooks 0.90 0.27 0.03 0.05 0.05 0.00 0.03

QuickReforms 0.83 0.11 0.30 -0.02 0.07 -0.07 0.08
Queries 0.82 0.28 0.01 0.03 0.41 -0.02 0.01

QueriesWOScrolls 0.79 0.09 -0.13 -0.07 0.27 0.02 0.02
QueriesWOMouse 0.78 -0.02 0.05 0.03 -0.09 0.05 0.15
ClicksWOBooks 0.22 0.87 0.17 0.12 -0.01 -0.05 -0.08
ViewsWOBooks 0.10 0.87 0.14 0.09 -0.02 -0.04 -0.04

Clicks 0.18 0.75 0.33 0.06 0.41 -0.06 -0.10
Views 0.09 0.69 0.34 0.02 0.50 -0.07 -0.08

AvgMouseRank 0.05 0.12 0.94 0.06 0.09 -0.04 0.11
AvgViewRank -0.03 0.08 0.93 0.05 0.03 0.09 -0.06
AvgClickRank 0.00 0.07 0.93 0.06 0.04 0.07 0.09
AvgBookRank -0.03 0.10 0.92 0.05 0.02 0.10 -0.05

Paginations 0.13 0.14 0.76 0.00 0.06 -0.15 0.19
Mouseovers 0.18 0.40 0.71 0.05 0.32 -0.13 0.03

MouseWOClicks 0.33 0.26 0.63 0.03 0.32 -0.12 0.06
AvgTimeBWEvents -0.05 -0.14 0.02 0.89 -0.02 -0.03 0.13

AvgDwellTime -0.06 -0.10 -0.04 0.88 -0.05 -0.01 -0.04
TotalDwellTime 0.00 0.32 0.18 0.74 0.25 -0.04 -0.07
TimeToFirstBook 0.15 0.31 0.04 0.74 -0.13 0.03 0.25
CompletionTime 0.17 0.42 0.31 0.60 0.45 -0.03 0.08

Bookmarks 0.03 0.17 0.37 -0.05 0.78 -0.06 -0.08
UniqueQueries 0.33 0.10 -0.07 0.06 0.65 -0.04 0.08
UniqueURLs 0.09 0.47 0.38 0.06 0.50 0.08 -0.01

QuestionQueries 0.18 -0.07 -0.02 -0.02 0.11 0.81 -0.04
AvgQueryLength -0.11 0.06 0.00 -0.03 -0.19 0.80 0.04
TimeToFirstClick 0.28 -0.10 0.08 0.09 0.00 -0.01 0.85
Avg1stClickTime -0.05 0.04 0.06 0.19 0.03 0.09 0.76

ScrollDistance 0.10 0.00 0.06 -0.04 -0.03 -0.08 0.71
UniqueQueryTerms -0.01 0.29 0.01 -0.03 0.11 0.12 0.14

we computed the signi�cance of each MLM by performing a likeli-
hood ratio (LR) test against a null model. In columns 2-8, we show
components that had signi�cant e�ects (i.e., signi�cant �-values
after Bonferroni correction) on the dependent variable (row).

Workload (Study 1): In Study 1, all six components found by
PCA had signi�cant positive e�ects on perceived workload. Greater
levels of workload were reported when participants had more
unsuccessful queries (AbandQs); more unsuccessful SERP clicks
(AbandCs); more SERP-level exploration (DeepSERP); had a slower
pace of interaction (and therefore fewer bookmarks) (Pace); issued
more natural language queries (NLQs); and took longer to click on
search results (SlowCs).

• 8-component solution explained 76% of the variance
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Study 2 PCAResults: For behavioral measures related to Study
2, a PCA with varimax rotation found a �ve-component solution
that explained 70% of the total variance. Table 2 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these �ve components is as follows.
• AbandQs: Similar measures as in Study 1.
• E�ort: PC2 relates to the amount of search e�ort exerted by a
participant. Measures with high loadings with E�ort include: (1)
number of queries, clicks, and bookmarks; (2) number of clicks
without a bookmark; (3) number of mouseovers and scrolls; (4)
number of queries not issued by another participant; and (5)
number of clicked URLs not clicked by another participant.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, and bookmarks at lower ranks,
as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Di�erent
from Study 1, the number of bookmarks did not have a strong
loading with Pace. Study 2 participants were not asked to book-
mark a minimum number of pages and were not imposed a time
limit. Thus, one explanation is that Study 2 participants who
interacted at a slower pace did not necessarily bookmark fewer
pages. A similar trend was observed in Study 3.

• NLQs: Same measures as in Study 1.
Study 3 PCAResults: For behavioral measures related to Study

3, a PCA with varimax rotation found a seven-component solution
that explained 76% of the total variance. Table 3 shows the compo-
nent loadings between each behavioral measure and component.
Our interpretation of these seven components is as follows.
• AbandQs: Similar measures as in Studies 1 & 2.
• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks/views
that did not yield a bookmark and (2) number of clicks/views.

• DeepSERP: PC3 relates to the level of deep SERP exploration in
the form of mouseovers, clicks, views, and bookmarks at lower
ranks, as well as clicks to see the next page of search results.

• Pace: PC4 relates to a participant’s pace of interaction. Measures
with high loadings with Pace include: (1) average time between
events; (2) average/total dwell times on viewed results; (3) time
to �rst bookmark; and (4) task completion time.

• E�ort: PC5 relates to the level of e�ort exerted by a participant.
Measures with high loadings with E�ort include: (1) number of
views; (2) number of bookmarks; and (3) number of queries and
clicks not issued/clicked by another participant.

• NLQs: Same measures as in Studies 1 & 2.
• SlowCs : PC7 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session;
(2) average time between each query and its �rst click; and (3)
the total scroll distance. One interpretation is that participants
who took longer to click on search results had more scrolls.

8 RESULTS: EFFECTS ON PERCEPTIONS
Next, we report on the e�ects of PCA components on post-task
perceptions. In Table 4, we present results across studies to enable
comparisons. In the last column, we report the signi�cance of each
MLM using all components from the corresponding study. Again,

Table 2: Study 2 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5

(AbandQs) (E�ort) (DeepSERP) (Pace) (NLQs)
QueriesWOClicks 0.94 0.10 0.07 0.08 0.03

QuickReforms 0.88 0.14 -0.01 -0.01 -0.03
QueriesWOBooks 0.86 0.38 0.06 0.13 0.05

Queries 0.82 0.52 -0.02 0.09 0.06
QueriesWOMouse 0.81 -0.11 0.13 0.04 -0.04
RepeatedIntentQs 0.79 0.46 0.04 0.11 0.06
QueriesWOScrolls 0.74 0.01 -0.14 -0.02 0.05

UniqueQueries 0.70 0.59 -0.06 0.05 0.04
Clicks 0.23 0.83 0.31 0.10 0.00

UniqueURLs 0.15 0.79 0.23 0.03 0.10
ClicksWOBooks 0.24 0.74 0.36 0.10 0.00

Mouseovers 0.28 0.71 0.34 0.13 -0.04
MouseWOClicks 0.39 0.68 0.43 0.10 0.04
ScrollDistance 0.22 0.68 0.45 0.17 0.06

Bookmarks -0.02 0.55 -0.01 -0.03 -0.02
Paginations 0.13 0.53 0.64 0.08 0.08

AvgMouseRank -0.06 0.26 0.86 0.03 0.00
AvgClickRank -0.05 0.23 0.86 0.02 -0.05
AvgBookRank -0.06 0.18 0.81 -0.01 -0.05

AvgTimeBWEvents -0.10 -0.04 -0.02 0.89 0.06
CompletionTime 0.15 0.40 0.09 0.85 0.03
TimeToFirstBook 0.20 -0.01 0.08 0.82 -0.01
QuestionQueries 0.14 0.02 0.11 -0.04 0.84
AvgQueryLength -0.13 -0.20 0.16 -0.01 0.78
Avg1stClickTime -0.05 0.13 -0.16 0.20 0.26
TimeToFirstClick 0.01 0.01 -0.03 0.01 0.10

UniqueQueryTerms 0.44 0.35 -0.11 -0.06 0.36

Table 3: Study 3 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6 PC7

(AbandQs) (AbandCs) (DeepSERP) (Pace) (E�ort) (NLQs) (SlowCs)
QueriesWOClicks 0.91 -0.05 0.12 0.01 0.03 0.06 0.08
QueriesWOBooks 0.90 0.27 0.03 0.05 0.05 0.00 0.03

QuickReforms 0.83 0.11 0.30 -0.02 0.07 -0.07 0.08
Queries 0.82 0.28 0.01 0.03 0.41 -0.02 0.01

QueriesWOScrolls 0.79 0.09 -0.13 -0.07 0.27 0.02 0.02
QueriesWOMouse 0.78 -0.02 0.05 0.03 -0.09 0.05 0.15
ClicksWOBooks 0.22 0.87 0.17 0.12 -0.01 -0.05 -0.08
ViewsWOBooks 0.10 0.87 0.14 0.09 -0.02 -0.04 -0.04

Clicks 0.18 0.75 0.33 0.06 0.41 -0.06 -0.10
Views 0.09 0.69 0.34 0.02 0.50 -0.07 -0.08

AvgMouseRank 0.05 0.12 0.94 0.06 0.09 -0.04 0.11
AvgViewRank -0.03 0.08 0.93 0.05 0.03 0.09 -0.06
AvgClickRank 0.00 0.07 0.93 0.06 0.04 0.07 0.09
AvgBookRank -0.03 0.10 0.92 0.05 0.02 0.10 -0.05

Paginations 0.13 0.14 0.76 0.00 0.06 -0.15 0.19
Mouseovers 0.18 0.40 0.71 0.05 0.32 -0.13 0.03

MouseWOClicks 0.33 0.26 0.63 0.03 0.32 -0.12 0.06
AvgTimeBWEvents -0.05 -0.14 0.02 0.89 -0.02 -0.03 0.13

AvgDwellTime -0.06 -0.10 -0.04 0.88 -0.05 -0.01 -0.04
TotalDwellTime 0.00 0.32 0.18 0.74 0.25 -0.04 -0.07
TimeToFirstBook 0.15 0.31 0.04 0.74 -0.13 0.03 0.25
CompletionTime 0.17 0.42 0.31 0.60 0.45 -0.03 0.08

Bookmarks 0.03 0.17 0.37 -0.05 0.78 -0.06 -0.08
UniqueQueries 0.33 0.10 -0.07 0.06 0.65 -0.04 0.08
UniqueURLs 0.09 0.47 0.38 0.06 0.50 0.08 -0.01

QuestionQueries 0.18 -0.07 -0.02 -0.02 0.11 0.81 -0.04
AvgQueryLength -0.11 0.06 0.00 -0.03 -0.19 0.80 0.04
TimeToFirstClick 0.28 -0.10 0.08 0.09 0.00 -0.01 0.85
Avg1stClickTime -0.05 0.04 0.06 0.19 0.03 0.09 0.76

ScrollDistance 0.10 0.00 0.06 -0.04 -0.03 -0.08 0.71
UniqueQueryTerms -0.01 0.29 0.01 -0.03 0.11 0.12 0.14

we computed the signi�cance of each MLM by performing a likeli-
hood ratio (LR) test against a null model. In columns 2-8, we show
components that had signi�cant e�ects (i.e., signi�cant �-values
after Bonferroni correction) on the dependent variable (row).

Workload (Study 1): In Study 1, all six components found by
PCA had signi�cant positive e�ects on perceived workload. Greater
levels of workload were reported when participants had more
unsuccessful queries (AbandQs); more unsuccessful SERP clicks
(AbandCs); more SERP-level exploration (DeepSERP); had a slower
pace of interaction (and therefore fewer bookmarks) (Pace); issued
more natural language queries (NLQs); and took longer to click on
search results (SlowCs).

• Measure ambiguity: number of page views
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• Search sessions are characterized by similar phenomena 

‣ Effort, AbandQs, AbandCs, DeepSERP, Pace, … 

• Some measures are more ambiguous than others 

‣ Study 1: completion time ➔ AbandCs, Pace 

‣ Study 2: queries ➔ AbandQs, Effort 

‣ Study 3: page views ➔ AbandCs, Effort 

• Experimental design can influence a measure’s meaning 

‣ Study 1: bookmarks ➔ Pace (negative) 

‣ Studies 3: bookmarks ➔ Effort



46

• Using principal component analysis (PCA) to understand: 

• The behavioral phenomena captured by behavioral measures 

• The influence of behavioral phenomena on perceptions 

‣ workload 
‣ difficulty 
‣ time pressure 
‣ factors of user engagement 
‣ knowledge gains

Results
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• Linear combination (after normalization)
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estimated regression coe�cients for a given component are called
the component scores (one per measure), and provide a means to
linearly combine the n measures to form the component.

6 STATISTICAL ANALYSIS
In Sections 7-8, we present our analysis for Studies 1-3. In Section 7,
we �rst use PCA to group behavioral measures into a few (more
coherent) components. Then, in Section 8, we analyze the e�ects
of PCA components on post-task perceptions. To perform this
second step, we usedmulti-level modeling (MLM). MLM is similar to
other regression analysis techniques. However, MLM is particularly
powerful when the data is “grouped” and we wish to account for
random e�ects introduced by di�erent groups. In our case, our data
were grouped by participant—Study 1 participants completed 4
tasks each, Study 2 participants completed 6 tasks each, and Study
3 participants completed up to 20 tasks each. Using MLM allowed
us to account for random e�ects at the participant level (e.g., search
experience). Speci�cally, we used random-intercept MLMs. Each
MLM (one per outcome variable) had the following equation:
Yi j = �0 + µ j|  {z  }

random intercept

+ �1X1i + · · · + �mXmi|                      {z                      }
�xed factors

+ ei jk|{z}
random error

,

where Yi j denotes the outcome variable for datapoint i (associated
with participant j). As shown, the y-intercept in our models was
a linear combination of �0 (a global parameter) and µ j (speci�c to
participant j). Parameters �1 . . . �m denote the �-values associated
with ourm components (i.e., the MLM’s �xed factors).

To test the signi�cance of each MLM, we computed the �2 statis-
tic using the likelihood ratio test against a null model (one without
the PCA components as covariates). If a MLM was signi�cant, we
performed z-tests to test the signi�cance of each � value. At this,
point, we performed Bonferroni correction to account for multi-
ple independent variables (i.e., PCA components). Signi�cantly
[positive|negative] �-values indicate a [positive|negative] relation
between a component and the outcome variable.

7 RESULTS: PCA OUTPUT
Study 1 PCA Results: For behavioral measures related to Study 1,
a PCA with varimax rotation found a six-component solution that
explained 76% of the total variance. Table 1 shows the component
loadings (i.e., correlation values in the range [-1,+1]) between each
behavioral measure and component. In Table 1 (and Tables 2-3),
behavioral measures are ordered vertically to emphasize the group-
ings of measures by component. Additionally, the gray cells indicate
loadings that are highly positive (� 0.50) or negative (< �0.50).
These thresholds are somewhat arbitrary, but are intended to show
that some measures loaded strongly with one component while
others loaded strongly with multiple (i.e., are more ambiguous).
Components are given labels based on our interpretation of the
phenomenon being captured. Based on Table 1, our interpretation
of the six components for Study 1 is as follows.

• AbandQs: PC1 relates to query abandonment—the extent to
which a participant issued unsuccessful queries. Measures with
high loadings with AbandQs include: (1) number of queries
without bookmarks, clicks, mouseovers, and scrolls; (2) number
of queries; (3) number of quick query reformulations; (4) number
of queries with the same intent as a previous one; and (5) number

Table 1: Study 1 PCA: Component Loadings.
PC1 PC2 PC3 PC4 PC5 PC6

(AbandQs) (AbandCs) (DeepSERP) (Pace) (NLQs) (SlowCs)
QueriesWOBooks 0.87 0.09 0.27 0.04 0.06 -0.03
QueriesWOClicks 0.86 -0.03 0.21 0.21 -0.04 0.02

Queries 0.85 0.16 0.10 -0.29 0.15 0.04
RepeatedIntentQs 0.85 0.14 0.24 -0.02 0.02 0.12

QuickReforms 0.83 0.00 0.09 -0.18 -0.20 -0.05
UniqueQueries 0.82 0.15 0.09 -0.16 0.37 0.00

QueriesWOMouse 0.71 0.02 -0.08 0.15 -0.16 -0.09
UniqueQueryTerms 0.62 0.04 -0.05 0.04 0.36 0.30
QueriesWOScrolls 0.60 0.16 -0.44 -0.33 -0.03 -0.04

Clicks 0.16 0.83 0.22 -0.37 0.07 -0.18
ClicksWOBooks 0.18 0.79 0.25 0.13 0.02 -0.24

UniqueURLs 0.04 0.76 0.08 -0.05 0.12 0.09
CompletionTime 0.05 0.57 0.08 0.53 0.08 0.34
MouseWOClicks 0.34 0.18 0.85 -0.11 0.14 0.06

Mouseovers 0.16 0.40 0.82 -0.09 0.07 -0.02
Paginations -0.09 0.18 0.78 0.01 -0.09 0.10

ScrollDistance 0.36 -0.06 0.77 -0.03 0.22 0.12
AvgTimeBWEvents -0.26 -0.05 -0.07 0.83 -0.03 0.31

Bookmarks -0.02 0.27 -0.07 -0.78 -0.01 0.09
TimeToFirstBook 0.06 0.19 -0.17 0.70 -0.12 0.22
QuestionQueries 0.02 0.08 0.13 0.01 0.83 -0.08
AvgQueryLength 0.01 0.10 0.03 -0.09 0.82 0.10
TimeToFirstClick 0.04 -0.02 0.02 0.12 0.06 0.82
Avg1stClickTime 0.05 -0.13 0.34 0.30 -0.04 0.70

of queries/query-terms not used by another participant (evidence
of an unusual/ine�ective query).

• AbandCs: PC2 relates to click abandonment—the extent to
which a participant produced unsuccessful clicks. Measures with
high loadings with AbandCs include: (1) number of clicks with-
out a bookmark; (2) number of clicks; (3) number of clicked URLs
not clicked by another participant (evidence of unusual/ine�ective
clicks); and (4) task completion time. One interpretation is that
more abandoned clicks led to longer completion times.

• DeepSERP: PC3 relates to a participant’s level of SERP explo-
ration, as evidenced by: (1) mouseover events (with/without
clicks); (2) scrolls; and (3) clicks to see the next page of results.

• Pace: PC4 relates to a participant’s pace of interaction, as ev-
idenced by: (1) average time between subsequent events (i.e.,
queries, clicks, and bookmarks), (2) time to the �rst bookmark
in the session, and (3) the task completion time. Interestingly,
the number of bookmarks had a strong negative loading with
Pace. This result is possibly an artifact of the experimental de-
sign in Study 1—participants were instructed to produce at least
10 bookmarks in 15 minutes. One interpretation is that slower
searchers bookmarked fewer pages in the allotted 15 minutes.

• NLQs: PC5 relates to the extent to which a participant issued
natural language queries (NLQs)—queries with question words
and longer queries.

• SlowCs: PC6 relates to how long it took a participant to iden-
tify potentially relevant results on SERPs. Measures with high
loadings with SlowCs include: (1) time to �rst click in the session
and (2) average time between each query and its �rst click.

The results in Table 1 suggest that some behavioral measures
are more ambiguous than others. For example, the number of
queries without clicks had a high loading with only one component
(AbandQs), while the task completion time had high loadings with
multiple (AbandCs and Pace). In other words, a longer completion
time may be evidence of more unsuccessful clicks (AbandCs) and/or
a slower pace of interaction (Pace). Our PCA results for Studies 2
& 3 also show that some behavioral measures are ambiguous and
therefore have strong loadings with multiple components.
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Table 4: E�ects of PCA components on dependent variables related to Study 1-3. Symbols ‘ns’ denotes ‘not signi�cant’, ‘***’ denotes p < .001,
‘**’ denotes p < .01, and ‘*’ denotes p < .05. Symbol ‘–’ denotes that a component was not available for a speci�c study. The values in columns
AbandQ—E�ort correspond to signi�cant � -values in the corresponding MLM (row).
Study/dependent variable AbandQ AbandC DeepSERP Pace NLQs SlowC E�ort LR test vs. null
Study 1
workload .32*** .27** .26** .52*** .19* .24** – � 2(6)=72.17***
Study 2
focused attention ns – ns ns ns – ns ns
reward -.08** – ns ns ns – -.11*** � 2(5)=28.89***
aesthetic appeal -.05** – ns ns ns – ns � 2(5)=18.75**
perceived usability -.18*** – -.12*** ns ns – -.21*** � 2(5)=119.96***
Study 3
di�culty .13*** .23*** .15*** ns ns ns .10* � 2(7)=90.94***
time pressure .10** .23*** ns .13** ns ns .14*** � 2(7)=86.47***
knowledge increase ns ns ns .13 (p = .052) ns ns ns � 2(7)=21.60***

Engagement (Study 2): In Study 2, three of the �ve compo-
nents found by PCA had signi�cant negative e�ects on engagement
measures. Lower reward was reported when participants had more
unsuccessful queries (AbandQs) and exerted more e�ort (E�ort).
Lower aesthetic appeal was reported when participants had more
unsuccessful queries (AbandQs). Finally, lower perceived usabil-
ity was reported when participants had more unsuccessful queries
(AbandQs), deeper SERP-level exploration (DeepSERP), and exerted
more e�ort (E�ort). No components predicted focused attention.

Di�culty, Time Pressure, Knowledge Increase (Study 3):
In Study 3, �ve of seven PCA components had an e�ect on the
dependent measures. Participants perceived the task to be more
di�cult when they had more unsuccessful queries (AbandQs), more
unsuccessful SERP clicks (AbandCs), deeper SERP-level exploration
(DeepSERP), and exerted more e�ort (E�ort). Participants reported
more time pressure when they had more unsuccessful queries
(AbandQs), more unsuccessful SERP clicks (AbandCs), had a slower
pace of interaction (Pace), and exerted more e�ort (E�ort). Finally,
Pace had a marginally signi�cant e�ect on knowledge increase
(p = .052). This result suggest that participants reported greater
knowledge gains when they took longer between search events,
had longer page dwell times, and took longer to complete tasks.
9 DISCUSSION & CONCLUSION
Next, we summarize our results and discuss their implications.

Untangling BehavioralMeasures:Our results show that PCA
is a useful tool for understanding the latent phenomena captured
by behavioral measures. In this respect, our results suggest four
important advantages of a PCA approach. First, our results suggests
that search sessions are characterized by similar phenomena. Four
components (AbandQs, DeepSERP, Pace, NLQ) were common to
all three studies, and every component was common to at least
two studies. While this may not be surprising, it suggests that
future studies should consider behavioral measures that capture
these phenomena—query abandonment, click abandonment, deep
SERP exploration, general search e�ort, natural language queries,
interaction pace, and speed in �nding relevant results after a query.

Secondly, our results suggest that PCA can help us distinguish
between behavioral measures that are unambiguous versus am-
biguous with respect to latent behavioral phenomena. Based on
our results, the “number of queries without clicks” is an example
of an unambiguous measure. Across Studies 1-3, this measure had
the strongest loading with AbandQs (extent of unsuccessful query-
ing) and weak loadings with all other components. Conversely,
across Studies 1-3, we found several examples of ambiguous mea-
sures. In Study 1, “task completion time” had strong loadings with

AbandCs and Pace, suggesting that participants took longer to com-
plete tasks when they had more abandoned clicks and/or simply
interacted at a slower pace. In Study 2, “number of queries” had
strong loadings with AbandQs and E�ort, suggesting that partici-
pants issued more queries when they had more abandoned queries
and/or exerted more e�ort (e.g., the task required more informa-
tion). Finally, in Study 3, “number of pages viewed” had strong
loadings with AbandCs and E�ort, suggesting that participants
viewed more pages when they had more abandoned clicks and/or
exerted more e�ort (e.g., the task required more information). These
results suggest that PCA can help reveal which measures have am-
biguous/unambiguous interpretations.

Third, our results suggest that a study’s experimental design can
in�uence the types of latent phenomena related to participants’ be-
haviors. To illustrate, di�erent from Study 1, Studies 2 & 3 involved
a task manipulation (task scope and complexity, respectively). Im-
portantly, in both original studies, certain task types were perceived
to be more di�cult and required more search activity [1, 6]. In this
paper, one of the PCA components found for Studies 2 & 3 was
interpreted as E�ort. In both studies, measures related to E�ort
included the number of results examined and bookmarked. Our
interpretation of this result is that certain tasks in Studies 2 & 3
required more information. On the other hand, Study 1 did not
involve a task manipulation. Possibly for this reason, for Study 1,
PCA did not reveal a component analogous to E�ort. In other words,
Study 1 participants exerted similar amounts of search e�ort, but
their behaviors varied in other ways.

The �nal advantage of PCA is a continuation of the previous
point. A study’s experimental design can in�uence, not only the la-
tent phenomena captured by behavioral data, but also an individual
measure’s interpretation. Consider a measure such as “number of
bookmarks”. In Study 1, participants were instructed to bookmark
at least 10 pages in 15 minutes. Conversely, in Studies 2 & 3, partic-
ipants were instructed to bookmark any number of pages and were
not imposed a time limit. In Study 1, the number of bookmarks
had a strong negative loading with Pace, suggesting that slower
participants (e.g., who took longer between events) bookmarked
fewer pages in the allotted 15 minutes. Conversely, in Studies 2 &
3, the number of bookmarks loaded strongly with E�ort instead of
Pace. In other words, in Studies 2 & 3, participants bookmarked
more pages when they exerted more e�ort (i.e., the task demanded
more information) regardless of their pace of interaction. This trend
suggests that PCA can help us interpret measures that may “mean”
di�erent things depending on the experimental design.

• Multi-level modeling (think: regression) 

• Results consistent with prior work
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Table 4: E�ects of PCA components on dependent variables related to Study 1-3. Symbols ‘ns’ denotes ‘not signi�cant’, ‘***’ denotes p < .001,
‘**’ denotes p < .01, and ‘*’ denotes p < .05. Symbol ‘–’ denotes that a component was not available for a speci�c study. The values in columns
AbandQ—E�ort correspond to signi�cant � -values in the corresponding MLM (row).
Study/dependent variable AbandQ AbandC DeepSERP Pace NLQs SlowC E�ort LR test vs. null
Study 1
workload .32*** .27** .26** .52*** .19* .24** – � 2(6)=72.17***
Study 2
focused attention ns – ns ns ns – ns ns
reward -.08** – ns ns ns – -.11*** � 2(5)=28.89***
aesthetic appeal -.05** – ns ns ns – ns � 2(5)=18.75**
perceived usability -.18*** – -.12*** ns ns – -.21*** � 2(5)=119.96***
Study 3
di�culty .13*** .23*** .15*** ns ns ns .10* � 2(7)=90.94***
time pressure .10** .23*** ns .13** ns ns .14*** � 2(7)=86.47***
knowledge increase ns ns ns .13 (p = .052) ns ns ns � 2(7)=21.60***

Engagement (Study 2): In Study 2, three of the �ve compo-
nents found by PCA had signi�cant negative e�ects on engagement
measures. Lower reward was reported when participants had more
unsuccessful queries (AbandQs) and exerted more e�ort (E�ort).
Lower aesthetic appeal was reported when participants had more
unsuccessful queries (AbandQs). Finally, lower perceived usabil-
ity was reported when participants had more unsuccessful queries
(AbandQs), deeper SERP-level exploration (DeepSERP), and exerted
more e�ort (E�ort). No components predicted focused attention.

Di�culty, Time Pressure, Knowledge Increase (Study 3):
In Study 3, �ve of seven PCA components had an e�ect on the
dependent measures. Participants perceived the task to be more
di�cult when they had more unsuccessful queries (AbandQs), more
unsuccessful SERP clicks (AbandCs), deeper SERP-level exploration
(DeepSERP), and exerted more e�ort (E�ort). Participants reported
more time pressure when they had more unsuccessful queries
(AbandQs), more unsuccessful SERP clicks (AbandCs), had a slower
pace of interaction (Pace), and exerted more e�ort (E�ort). Finally,
Pace had a marginally signi�cant e�ect on knowledge increase
(p = .052). This result suggest that participants reported greater
knowledge gains when they took longer between search events,
had longer page dwell times, and took longer to complete tasks.
9 DISCUSSION & CONCLUSION
Next, we summarize our results and discuss their implications.

Untangling BehavioralMeasures:Our results show that PCA
is a useful tool for understanding the latent phenomena captured
by behavioral measures. In this respect, our results suggest four
important advantages of a PCA approach. First, our results suggests
that search sessions are characterized by similar phenomena. Four
components (AbandQs, DeepSERP, Pace, NLQ) were common to
all three studies, and every component was common to at least
two studies. While this may not be surprising, it suggests that
future studies should consider behavioral measures that capture
these phenomena—query abandonment, click abandonment, deep
SERP exploration, general search e�ort, natural language queries,
interaction pace, and speed in �nding relevant results after a query.

Secondly, our results suggest that PCA can help us distinguish
between behavioral measures that are unambiguous versus am-
biguous with respect to latent behavioral phenomena. Based on
our results, the “number of queries without clicks” is an example
of an unambiguous measure. Across Studies 1-3, this measure had
the strongest loading with AbandQs (extent of unsuccessful query-
ing) and weak loadings with all other components. Conversely,
across Studies 1-3, we found several examples of ambiguous mea-
sures. In Study 1, “task completion time” had strong loadings with

AbandCs and Pace, suggesting that participants took longer to com-
plete tasks when they had more abandoned clicks and/or simply
interacted at a slower pace. In Study 2, “number of queries” had
strong loadings with AbandQs and E�ort, suggesting that partici-
pants issued more queries when they had more abandoned queries
and/or exerted more e�ort (e.g., the task required more informa-
tion). Finally, in Study 3, “number of pages viewed” had strong
loadings with AbandCs and E�ort, suggesting that participants
viewed more pages when they had more abandoned clicks and/or
exerted more e�ort (e.g., the task required more information). These
results suggest that PCA can help reveal which measures have am-
biguous/unambiguous interpretations.

Third, our results suggest that a study’s experimental design can
in�uence the types of latent phenomena related to participants’ be-
haviors. To illustrate, di�erent from Study 1, Studies 2 & 3 involved
a task manipulation (task scope and complexity, respectively). Im-
portantly, in both original studies, certain task types were perceived
to be more di�cult and required more search activity [1, 6]. In this
paper, one of the PCA components found for Studies 2 & 3 was
interpreted as E�ort. In both studies, measures related to E�ort
included the number of results examined and bookmarked. Our
interpretation of this result is that certain tasks in Studies 2 & 3
required more information. On the other hand, Study 1 did not
involve a task manipulation. Possibly for this reason, for Study 1,
PCA did not reveal a component analogous to E�ort. In other words,
Study 1 participants exerted similar amounts of search e�ort, but
their behaviors varied in other ways.

The �nal advantage of PCA is a continuation of the previous
point. A study’s experimental design can in�uence, not only the la-
tent phenomena captured by behavioral data, but also an individual
measure’s interpretation. Consider a measure such as “number of
bookmarks”. In Study 1, participants were instructed to bookmark
at least 10 pages in 15 minutes. Conversely, in Studies 2 & 3, partic-
ipants were instructed to bookmark any number of pages and were
not imposed a time limit. In Study 1, the number of bookmarks
had a strong negative loading with Pace, suggesting that slower
participants (e.g., who took longer between events) bookmarked
fewer pages in the allotted 15 minutes. Conversely, in Studies 2 &
3, the number of bookmarks loaded strongly with E�ort instead of
Pace. In other words, in Studies 2 & 3, participants bookmarked
more pages when they exerted more e�ort (i.e., the task demanded
more information) regardless of their pace of interaction. This trend
suggests that PCA can help us interpret measures that may “mean”
di�erent things depending on the experimental design.

• Every component had a sig. positive effect on workload



Effects on Perceptions: Study 2

50

Table 4: E�ects of PCA components on dependent variables related to Study 1-3. Symbols ‘ns’ denotes ‘not signi�cant’, ‘***’ denotes p < .001,
‘**’ denotes p < .01, and ‘*’ denotes p < .05. Symbol ‘–’ denotes that a component was not available for a speci�c study. The values in columns
AbandQ—E�ort correspond to signi�cant � -values in the corresponding MLM (row).
Study/dependent variable AbandQ AbandC DeepSERP Pace NLQs SlowC E�ort LR test vs. null
Study 1
workload .32*** .27** .26** .52*** .19* .24** – � 2(6)=72.17***
Study 2
focused attention ns – ns ns ns – ns ns
reward -.08** – ns ns ns – -.11*** � 2(5)=28.89***
aesthetic appeal -.05** – ns ns ns – ns � 2(5)=18.75**
perceived usability -.18*** – -.12*** ns ns – -.21*** � 2(5)=119.96***
Study 3
di�culty .13*** .23*** .15*** ns ns ns .10* � 2(7)=90.94***
time pressure .10** .23*** ns .13** ns ns .14*** � 2(7)=86.47***
knowledge increase ns ns ns .13 (p = .052) ns ns ns � 2(7)=21.60***

Engagement (Study 2): In Study 2, three of the �ve compo-
nents found by PCA had signi�cant negative e�ects on engagement
measures. Lower reward was reported when participants had more
unsuccessful queries (AbandQs) and exerted more e�ort (E�ort).
Lower aesthetic appeal was reported when participants had more
unsuccessful queries (AbandQs). Finally, lower perceived usabil-
ity was reported when participants had more unsuccessful queries
(AbandQs), deeper SERP-level exploration (DeepSERP), and exerted
more e�ort (E�ort). No components predicted focused attention.

Di�culty, Time Pressure, Knowledge Increase (Study 3):
In Study 3, �ve of seven PCA components had an e�ect on the
dependent measures. Participants perceived the task to be more
di�cult when they had more unsuccessful queries (AbandQs), more
unsuccessful SERP clicks (AbandCs), deeper SERP-level exploration
(DeepSERP), and exerted more e�ort (E�ort). Participants reported
more time pressure when they had more unsuccessful queries
(AbandQs), more unsuccessful SERP clicks (AbandCs), had a slower
pace of interaction (Pace), and exerted more e�ort (E�ort). Finally,
Pace had a marginally signi�cant e�ect on knowledge increase
(p = .052). This result suggest that participants reported greater
knowledge gains when they took longer between search events,
had longer page dwell times, and took longer to complete tasks.
9 DISCUSSION & CONCLUSION
Next, we summarize our results and discuss their implications.

Untangling BehavioralMeasures:Our results show that PCA
is a useful tool for understanding the latent phenomena captured
by behavioral measures. In this respect, our results suggest four
important advantages of a PCA approach. First, our results suggests
that search sessions are characterized by similar phenomena. Four
components (AbandQs, DeepSERP, Pace, NLQ) were common to
all three studies, and every component was common to at least
two studies. While this may not be surprising, it suggests that
future studies should consider behavioral measures that capture
these phenomena—query abandonment, click abandonment, deep
SERP exploration, general search e�ort, natural language queries,
interaction pace, and speed in �nding relevant results after a query.

Secondly, our results suggest that PCA can help us distinguish
between behavioral measures that are unambiguous versus am-
biguous with respect to latent behavioral phenomena. Based on
our results, the “number of queries without clicks” is an example
of an unambiguous measure. Across Studies 1-3, this measure had
the strongest loading with AbandQs (extent of unsuccessful query-
ing) and weak loadings with all other components. Conversely,
across Studies 1-3, we found several examples of ambiguous mea-
sures. In Study 1, “task completion time” had strong loadings with

AbandCs and Pace, suggesting that participants took longer to com-
plete tasks when they had more abandoned clicks and/or simply
interacted at a slower pace. In Study 2, “number of queries” had
strong loadings with AbandQs and E�ort, suggesting that partici-
pants issued more queries when they had more abandoned queries
and/or exerted more e�ort (e.g., the task required more informa-
tion). Finally, in Study 3, “number of pages viewed” had strong
loadings with AbandCs and E�ort, suggesting that participants
viewed more pages when they had more abandoned clicks and/or
exerted more e�ort (e.g., the task required more information). These
results suggest that PCA can help reveal which measures have am-
biguous/unambiguous interpretations.

Third, our results suggest that a study’s experimental design can
in�uence the types of latent phenomena related to participants’ be-
haviors. To illustrate, di�erent from Study 1, Studies 2 & 3 involved
a task manipulation (task scope and complexity, respectively). Im-
portantly, in both original studies, certain task types were perceived
to be more di�cult and required more search activity [1, 6]. In this
paper, one of the PCA components found for Studies 2 & 3 was
interpreted as E�ort. In both studies, measures related to E�ort
included the number of results examined and bookmarked. Our
interpretation of this result is that certain tasks in Studies 2 & 3
required more information. On the other hand, Study 1 did not
involve a task manipulation. Possibly for this reason, for Study 1,
PCA did not reveal a component analogous to E�ort. In other words,
Study 1 participants exerted similar amounts of search e�ort, but
their behaviors varied in other ways.

The �nal advantage of PCA is a continuation of the previous
point. A study’s experimental design can in�uence, not only the la-
tent phenomena captured by behavioral data, but also an individual
measure’s interpretation. Consider a measure such as “number of
bookmarks”. In Study 1, participants were instructed to bookmark
at least 10 pages in 15 minutes. Conversely, in Studies 2 & 3, partic-
ipants were instructed to bookmark any number of pages and were
not imposed a time limit. In Study 1, the number of bookmarks
had a strong negative loading with Pace, suggesting that slower
participants (e.g., who took longer between events) bookmarked
fewer pages in the allotted 15 minutes. Conversely, in Studies 2 &
3, the number of bookmarks loaded strongly with E�ort instead of
Pace. In other words, in Studies 2 & 3, participants bookmarked
more pages when they exerted more e�ort (i.e., the task demanded
more information) regardless of their pace of interaction. This trend
suggests that PCA can help us interpret measures that may “mean”
di�erent things depending on the experimental design.

• Several components had a sig. negative effect on reward, 
aesthetic appeal, and perceived usability
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Table 4: E�ects of PCA components on dependent variables related to Study 1-3. Symbols ‘ns’ denotes ‘not signi�cant’, ‘***’ denotes p < .001,
‘**’ denotes p < .01, and ‘*’ denotes p < .05. Symbol ‘–’ denotes that a component was not available for a speci�c study. The values in columns
AbandQ—E�ort correspond to signi�cant � -values in the corresponding MLM (row).
Study/dependent variable AbandQ AbandC DeepSERP Pace NLQs SlowC E�ort LR test vs. null
Study 1
workload .32*** .27** .26** .52*** .19* .24** – � 2(6)=72.17***
Study 2
focused attention ns – ns ns ns – ns ns
reward -.08** – ns ns ns – -.11*** � 2(5)=28.89***
aesthetic appeal -.05** – ns ns ns – ns � 2(5)=18.75**
perceived usability -.18*** – -.12*** ns ns – -.21*** � 2(5)=119.96***
Study 3
di�culty .13*** .23*** .15*** ns ns ns .10* � 2(7)=90.94***
time pressure .10** .23*** ns .13** ns ns .14*** � 2(7)=86.47***
knowledge increase ns ns ns .13 (p = .052) ns ns ns � 2(7)=21.60***

Engagement (Study 2): In Study 2, three of the �ve compo-
nents found by PCA had signi�cant negative e�ects on engagement
measures. Lower reward was reported when participants had more
unsuccessful queries (AbandQs) and exerted more e�ort (E�ort).
Lower aesthetic appeal was reported when participants had more
unsuccessful queries (AbandQs). Finally, lower perceived usabil-
ity was reported when participants had more unsuccessful queries
(AbandQs), deeper SERP-level exploration (DeepSERP), and exerted
more e�ort (E�ort). No components predicted focused attention.

Di�culty, Time Pressure, Knowledge Increase (Study 3):
In Study 3, �ve of seven PCA components had an e�ect on the
dependent measures. Participants perceived the task to be more
di�cult when they had more unsuccessful queries (AbandQs), more
unsuccessful SERP clicks (AbandCs), deeper SERP-level exploration
(DeepSERP), and exerted more e�ort (E�ort). Participants reported
more time pressure when they had more unsuccessful queries
(AbandQs), more unsuccessful SERP clicks (AbandCs), had a slower
pace of interaction (Pace), and exerted more e�ort (E�ort). Finally,
Pace had a marginally signi�cant e�ect on knowledge increase
(p = .052). This result suggest that participants reported greater
knowledge gains when they took longer between search events,
had longer page dwell times, and took longer to complete tasks.
9 DISCUSSION & CONCLUSION
Next, we summarize our results and discuss their implications.

Untangling BehavioralMeasures:Our results show that PCA
is a useful tool for understanding the latent phenomena captured
by behavioral measures. In this respect, our results suggest four
important advantages of a PCA approach. First, our results suggests
that search sessions are characterized by similar phenomena. Four
components (AbandQs, DeepSERP, Pace, NLQ) were common to
all three studies, and every component was common to at least
two studies. While this may not be surprising, it suggests that
future studies should consider behavioral measures that capture
these phenomena—query abandonment, click abandonment, deep
SERP exploration, general search e�ort, natural language queries,
interaction pace, and speed in �nding relevant results after a query.

Secondly, our results suggest that PCA can help us distinguish
between behavioral measures that are unambiguous versus am-
biguous with respect to latent behavioral phenomena. Based on
our results, the “number of queries without clicks” is an example
of an unambiguous measure. Across Studies 1-3, this measure had
the strongest loading with AbandQs (extent of unsuccessful query-
ing) and weak loadings with all other components. Conversely,
across Studies 1-3, we found several examples of ambiguous mea-
sures. In Study 1, “task completion time” had strong loadings with

AbandCs and Pace, suggesting that participants took longer to com-
plete tasks when they had more abandoned clicks and/or simply
interacted at a slower pace. In Study 2, “number of queries” had
strong loadings with AbandQs and E�ort, suggesting that partici-
pants issued more queries when they had more abandoned queries
and/or exerted more e�ort (e.g., the task required more informa-
tion). Finally, in Study 3, “number of pages viewed” had strong
loadings with AbandCs and E�ort, suggesting that participants
viewed more pages when they had more abandoned clicks and/or
exerted more e�ort (e.g., the task required more information). These
results suggest that PCA can help reveal which measures have am-
biguous/unambiguous interpretations.

Third, our results suggest that a study’s experimental design can
in�uence the types of latent phenomena related to participants’ be-
haviors. To illustrate, di�erent from Study 1, Studies 2 & 3 involved
a task manipulation (task scope and complexity, respectively). Im-
portantly, in both original studies, certain task types were perceived
to be more di�cult and required more search activity [1, 6]. In this
paper, one of the PCA components found for Studies 2 & 3 was
interpreted as E�ort. In both studies, measures related to E�ort
included the number of results examined and bookmarked. Our
interpretation of this result is that certain tasks in Studies 2 & 3
required more information. On the other hand, Study 1 did not
involve a task manipulation. Possibly for this reason, for Study 1,
PCA did not reveal a component analogous to E�ort. In other words,
Study 1 participants exerted similar amounts of search e�ort, but
their behaviors varied in other ways.

The �nal advantage of PCA is a continuation of the previous
point. A study’s experimental design can in�uence, not only the la-
tent phenomena captured by behavioral data, but also an individual
measure’s interpretation. Consider a measure such as “number of
bookmarks”. In Study 1, participants were instructed to bookmark
at least 10 pages in 15 minutes. Conversely, in Studies 2 & 3, partic-
ipants were instructed to bookmark any number of pages and were
not imposed a time limit. In Study 1, the number of bookmarks
had a strong negative loading with Pace, suggesting that slower
participants (e.g., who took longer between events) bookmarked
fewer pages in the allotted 15 minutes. Conversely, in Studies 2 &
3, the number of bookmarks loaded strongly with E�ort instead of
Pace. In other words, in Studies 2 & 3, participants bookmarked
more pages when they exerted more e�ort (i.e., the task demanded
more information) regardless of their pace of interaction. This trend
suggests that PCA can help us interpret measures that may “mean”
di�erent things depending on the experimental design.

• Several components had a sig. positive effect on difficulty and 
time pressure
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Table 4: E�ects of PCA components on dependent variables related to Study 1-3. Symbols ‘ns’ denotes ‘not signi�cant’, ‘***’ denotes p < .001,
‘**’ denotes p < .01, and ‘*’ denotes p < .05. Symbol ‘–’ denotes that a component was not available for a speci�c study. The values in columns
AbandQ—E�ort correspond to signi�cant � -values in the corresponding MLM (row).
Study/dependent variable AbandQ AbandC DeepSERP Pace NLQs SlowC E�ort LR test vs. null
Study 1
workload .32*** .27** .26** .52*** .19* .24** – � 2(6)=72.17***
Study 2
focused attention ns – ns ns ns – ns ns
reward -.08** – ns ns ns – -.11*** � 2(5)=28.89***
aesthetic appeal -.05** – ns ns ns – ns � 2(5)=18.75**
perceived usability -.18*** – -.12*** ns ns – -.21*** � 2(5)=119.96***
Study 3
di�culty .13*** .23*** .15*** ns ns ns .10* � 2(7)=90.94***
time pressure .10** .23*** ns .13** ns ns .14*** � 2(7)=86.47***
knowledge increase ns ns ns .13 (p = .052) ns ns ns � 2(7)=21.60***

Engagement (Study 2): In Study 2, three of the �ve compo-
nents found by PCA had signi�cant negative e�ects on engagement
measures. Lower reward was reported when participants had more
unsuccessful queries (AbandQs) and exerted more e�ort (E�ort).
Lower aesthetic appeal was reported when participants had more
unsuccessful queries (AbandQs). Finally, lower perceived usabil-
ity was reported when participants had more unsuccessful queries
(AbandQs), deeper SERP-level exploration (DeepSERP), and exerted
more e�ort (E�ort). No components predicted focused attention.

Di�culty, Time Pressure, Knowledge Increase (Study 3):
In Study 3, �ve of seven PCA components had an e�ect on the
dependent measures. Participants perceived the task to be more
di�cult when they had more unsuccessful queries (AbandQs), more
unsuccessful SERP clicks (AbandCs), deeper SERP-level exploration
(DeepSERP), and exerted more e�ort (E�ort). Participants reported
more time pressure when they had more unsuccessful queries
(AbandQs), more unsuccessful SERP clicks (AbandCs), had a slower
pace of interaction (Pace), and exerted more e�ort (E�ort). Finally,
Pace had a marginally signi�cant e�ect on knowledge increase
(p = .052). This result suggest that participants reported greater
knowledge gains when they took longer between search events,
had longer page dwell times, and took longer to complete tasks.
9 DISCUSSION & CONCLUSION
Next, we summarize our results and discuss their implications.

Untangling BehavioralMeasures:Our results show that PCA
is a useful tool for understanding the latent phenomena captured
by behavioral measures. In this respect, our results suggest four
important advantages of a PCA approach. First, our results suggests
that search sessions are characterized by similar phenomena. Four
components (AbandQs, DeepSERP, Pace, NLQ) were common to
all three studies, and every component was common to at least
two studies. While this may not be surprising, it suggests that
future studies should consider behavioral measures that capture
these phenomena—query abandonment, click abandonment, deep
SERP exploration, general search e�ort, natural language queries,
interaction pace, and speed in �nding relevant results after a query.

Secondly, our results suggest that PCA can help us distinguish
between behavioral measures that are unambiguous versus am-
biguous with respect to latent behavioral phenomena. Based on
our results, the “number of queries without clicks” is an example
of an unambiguous measure. Across Studies 1-3, this measure had
the strongest loading with AbandQs (extent of unsuccessful query-
ing) and weak loadings with all other components. Conversely,
across Studies 1-3, we found several examples of ambiguous mea-
sures. In Study 1, “task completion time” had strong loadings with

AbandCs and Pace, suggesting that participants took longer to com-
plete tasks when they had more abandoned clicks and/or simply
interacted at a slower pace. In Study 2, “number of queries” had
strong loadings with AbandQs and E�ort, suggesting that partici-
pants issued more queries when they had more abandoned queries
and/or exerted more e�ort (e.g., the task required more informa-
tion). Finally, in Study 3, “number of pages viewed” had strong
loadings with AbandCs and E�ort, suggesting that participants
viewed more pages when they had more abandoned clicks and/or
exerted more e�ort (e.g., the task required more information). These
results suggest that PCA can help reveal which measures have am-
biguous/unambiguous interpretations.

Third, our results suggest that a study’s experimental design can
in�uence the types of latent phenomena related to participants’ be-
haviors. To illustrate, di�erent from Study 1, Studies 2 & 3 involved
a task manipulation (task scope and complexity, respectively). Im-
portantly, in both original studies, certain task types were perceived
to be more di�cult and required more search activity [1, 6]. In this
paper, one of the PCA components found for Studies 2 & 3 was
interpreted as E�ort. In both studies, measures related to E�ort
included the number of results examined and bookmarked. Our
interpretation of this result is that certain tasks in Studies 2 & 3
required more information. On the other hand, Study 1 did not
involve a task manipulation. Possibly for this reason, for Study 1,
PCA did not reveal a component analogous to E�ort. In other words,
Study 1 participants exerted similar amounts of search e�ort, but
their behaviors varied in other ways.

The �nal advantage of PCA is a continuation of the previous
point. A study’s experimental design can in�uence, not only the la-
tent phenomena captured by behavioral data, but also an individual
measure’s interpretation. Consider a measure such as “number of
bookmarks”. In Study 1, participants were instructed to bookmark
at least 10 pages in 15 minutes. Conversely, in Studies 2 & 3, partic-
ipants were instructed to bookmark any number of pages and were
not imposed a time limit. In Study 1, the number of bookmarks
had a strong negative loading with Pace, suggesting that slower
participants (e.g., who took longer between events) bookmarked
fewer pages in the allotted 15 minutes. Conversely, in Studies 2 &
3, the number of bookmarks loaded strongly with E�ort instead of
Pace. In other words, in Studies 2 & 3, participants bookmarked
more pages when they exerted more e�ort (i.e., the task demanded
more information) regardless of their pace of interaction. This trend
suggests that PCA can help us interpret measures that may “mean”
di�erent things depending on the experimental design.

• Pace had a marginally sig. positive effect on knowledge increase 

• Participants perceived greater knowledge gains when they 
searched slower (spent more time reading pages)



Conclusions

• PCA can help us: 

‣ interpret behavioral measures 
‣ study behavioral phenomena and perceptions 

• Behavioral measures can be ambiguous (suggest multiple 
phenomena) 

• Using PCA, ambiguous measures can be interpreted based on 
their correlations with other (more interpretable) measures 

• Behavioral measures can “mean” different things depending on 
the experimental design
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Thank you! 
Questions?
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