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ABSTRACT

Search tasks play an important role in the study and development
of interactive information retrieval (IIR) systems. Prior work has
examined how search tasks vary along dimensions such as the
task’s main activity, end goal, structure, and complexity. Recently,
researchers have been exploring task complexity from the perspec-
tive of cognitive complexity—related to the types (and variety) of
mental activities required by the task. Anderson & Krathwohl’s
two-dimensional taxonomy of learning has been a commonly used
framework for investigating tasks from the perspective of cognitive
complexity [1]. A&K’s 2D taxonomy involves a cognitive process
dimension and an orthogonal knowledge dimension. Prior IIR re-
search has successfully leveraged the cognitive process dimension
of this 2D taxonomy to develop search tasks and investigate their
effects on searchers’ needs, perceptions, and behaviors. However,
the knowledge dimension of the taxonomy has been largely ig-
nored. In this conceptual paper, we argue that future IIR research
should consider both dimensions of A&K’s taxonomy. Specifically,
we discuss related work, present details on both dimensions of
A&K’s taxonomy, and explain how to use the taxonomy to develop
search tasks and learning assessment materials. Additionally, we
discuss how considering both dimensions of A&K’s taxonomy has
important implications for future IIR research.
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1 INTRODUCTION

Search tasks are a central component of interactive information re-
trieval (IIR). As noted by Toms [19], search tasks play two important
roles in IIR research. First, they are used in IIR studies to observe
behavior and evaluate systems and tools. Secondly, they can be
the main object of study. Research on search tasks helps us under-
stand how task characteristics influence users’ needs, behaviors,
and pre-/post-task perceptions.
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A large body of prior work has focused on understanding how
search tasks vary along dimensions related to the task’s main ac-
tivity (e.g., searching vs. browsing), end goal (e.g., well-defined
vs. amorphous), and structure (e.g., complexity) [16]. Task complex-
ity is an objective task characteristic that has been defined from
different perspectives (e.g., [6, 7, 15]). One influential perspective of
task complexity is through the lens of cognitive complexity. A task’s
cognitive complexity relates to the types (and variety) of mental
activities required to complete the task. The idea behind cognitive
complexity originated from educational research. Anderson and
Krathwohl [1] proposed a two-dimensional (2D) taxonomy for char-
acterizing learning objectives, educational exercises, and learning
assessment methods. Anderson and Krathwohl’s 2D taxonomy (re-
ferred to as A&K’s taxonomy) was developed as an extension of
Bloom’s 1D Taxonomy [4]. The goal of the new taxonomy was to
give educators a more complete framework for discussing learning
objectives, educational activities, and learning assessment materials.
In the context of IIR, Jansen et al. [14] (and later Kelly et al. [15])
built upon the cognitive process dimension of A&K’s taxonomy
to develop search tasks of varying levels of complexity. Building
on these task definitions, studies have found that cognitively com-
plex tasks are perceived to be more difficult and impact search
behaviors [2, 8, 13-15, 23]. Specifically, cognitively complex tasks
are associated with more search activity [2, 8, 13-15, 23], more
trial-and-error (e.g., more abandoned queries) [15], greater use of
search assistance tools [8], greater diversity of query-reformulation
types [21], and greater divergence in search strategies adopted by
different users for the same task [15].

As described in Section 3, A&K’s taxonomy can be viewed as
a table of six columns and four rows. Each column denotes a cog-
nitive process (from simple to complex) and each row denotes a
knowledge type (factual, conceptual, procedural, and metacognitive
knowledge). In this respect, each of the (6 x 4) cells in the taxonomy
denotes a specific cognitive-process/knowledge-type combination.
In this conceptual paper, we revisit A&K’s 2D taxonomy and argue
that IIR research should consider both dimensions of this taxonomy
in future research. While prior research has successfully capitalized
on the cognitive process dimension (e.g., for designing search tasks
and investigating their effects) [2, 8, 13-15, 23], the knowledge
dimension has been widely ignored. Specifically, we argue that
considering both dimensions of A&K’s taxonomy can provide three
important benefits (described next).

Avoiding Confounds: First, accounting for both dimensions
may help us avoid confounding factors when studying search tasks
and their effects on users’ needs, behaviors, and perceptions. To
illustrate, prior work has found that search tasks involving simple
cognitive processes (e.g., memorization) require less effort than
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tasks involving more complex cognitive processes (e.g., comparison
and evaluation). However, in these studies, knowledge types related
to tasks were neither fixed nor manipulated. In fact, as described
in Section 7, search tasks designed based on A&K’s cognitive pro-
cess dimension have a noteworthy trend—simple tasks have been
designed to involve factual knowledge, moderately complex tasks
have been designed to involve conceptual knowledge, and highly
complex tasks have been designed to involve procedural knowledge.
This trend is somewhat problematic considering that the two dimen-
sions in A&K’s taxonomy were designed to be orthogonal. It remains
to be seen whether the types of cognitive processes required by
a search task have the same impact on behaviors and outcomes
regardless of the types of knowledge required by the task. For example,
perhaps cognitive processes have a reduced effect when dealing
with factual knowledge and a stronger effect when dealing with
metacognitive knowledge. Prior work has yet to investigate search
tasks that vary based on the cognitive process dimension while
holding the knowledge type constant.

Studying the Effects of Knowledge Type: Learning-intensive
search tasks often involve cognitive processes and specific types of
knowledge—knowledge about facts, concepts, procedures and/or
metacognitive knowledge (i.e., insights about one’s own cognition).
IIR research has yet to consider how the knowledge type(s) central
to a learning-intensive search task may influence users’ needs, be-
haviors, perceptions, and outcomes. For example, perhaps acquiring
factual knowledge requires less effort than acquiring conceptual,
procedural, and metacognitive knowledge, respectively. Further-
more, the types of knowledge being sought may influence the types
of information (and information sources) most relevant to the task.
For example, certain information sources (e.g., Wikipedia) may be
more useful for acquiring conceptual knowledge and others (e.g.,
social Q&A sites) may be more useful for acquiring procedural
knowledge. Similarly, certain types of media (e.g., videos) may be
particularly useful for acquiring specific types of knowledge (e.g.,
procedural). If knowledge types impact search behaviors and rele-
vance criteria, then this is an opportunity for systems to promote
specific types of content based on a user’s search behaviors.

Developing Learning Assessment Materials: In recent years,
the “search as learning” community has proposed that search can
(and should) be viewed as a learning process. In this respect, knowl-
edge gain (or lack thereof) can be viewed as an important metric for
evaluating the quality of a user’s interaction with a system. Studies
in this area have aimed at understanding how search behaviors
correlate with knowledge gains [10-12]. In this conceptual paper,
we describe how A&K’s taxonomy can be used to develop materi-
als to assess learning. Specifically, we describe how the taxonomy
can be used to develop post-task exercises and qualitative coding
schemes to analyze materials (e.g., essays, summaries) that partici-
pants may be asked to produce as part of a study. Furthermore, we
argue that knowledge type is likely to play a central role in this
process. For example, we hypothesize that acquiring metacognitive
knowledge may be a stronger signal of a positive search experience
as compared to acquiring merely factual knowledge.

2 RELATED WORK
In this conceptual paper, we build on three areas of prior work.
First, we build on prior work that has studied task complexity from

different perspectives. Second, we build on prior work on cognitive
complexity and its effects. Finally, we build on IIR studies that have
aimed at measuring knowledge gains during search.

Perspectives on Task Complexity: Prior work has character-
ized search tasks along many different dimensions. Li and Belkin [16]
proposed a unifying framework for characterizing search tasks
based on generic facets (e.g., self-motivated vs. assigned) and com-
mon attributes—subjective attributes (e.g., perceived difficulty) and
objective attributes (e.g., complexity). Task complexity is an im-
portant attribute that has been studied from different perspectives.
As noted by Wildemuth et al. [20], prior work has treated com-
plex tasks as involving: (1) multiple steps; (2) multiple concepts or
concept-types; and/or (3) greater uncertainty. Campbell [7] defined
complex tasks as having: (1) multiple outcomes, (2) multiple paths to
the outcomes, (3) greater interdependence between the paths, and
(4) greater uncertainty about the paths. Prior work has also studied
task complexity through the lens of a priori determinability—the
degree of uncertainty about the task’s requirements, form of the
solution, and processes involved. Bystrom and Jarvelin [6] used
the principle of a priori determinability to organize tasks into five
complexity levels. On one extreme, automatic processing tasks are
completely determinable. On the other extreme, genuine decision
tasks are completely unstructured—neither the task requirements,
form of the solution, nor processes involved are known in advance.
Bell and Ruthven [3] used the principle of a priori determinability
to design tasks for a lab study. Complex tasks were designed to
have more uncertainty regarding three search-related processes: (1)
deciding what information is needed, (2) finding valuable sources,
and (3) recognizing relevant information.

Prior work has also defined task characteristics indirectly related
to complexity. Li and Belkin [16] defined a task’s goal as either
specific or amorphous. In this respect, an amorphous task is less a
priori determinable (i.e., more complex). Similarly, Li and Belkin [16]
defined a task’s product as either factual (i.e., finding a fact), decision-
based (i.e., supporting a decision), or intellectual (i.e., generating
new ideas). If mapped to A&K’s 2D taxonomy, these correspond to
the cognitive processes of remember, evaluate, and create.

Cognitive Complexity: In the context of IIR, cognitive complex-
ity relates to the types (and variety) of mental activities required to
complete a learning-intensive search task. Jansen et al. [14] were
the first to use A&K’s 2D taxonomy to develop search tasks of
varying levels of cognitive complexity. Jansen et al. developed tasks
using all six cognitive process levels: remember, understand, apply,
analyze, evaluate, and create. Based on participants’ search behav-
iors, search tasks in the two mid-complexity categories (apply and
analyze) required the most effort—had more (and longer) queries,
more pages visited, and longer sessions. During highly complex
tasks (evaluate and create), participants relied more on their prior
knowledge and searched mostly to confirm information.

Wu et al. [23] developed 20 search tasks that varied across 4
topics (e.g., health) and 5 cognitive process levels based on A&K’s
taxonomy (apply was omitted). In a lab study using 10 of these
tasks, highly complex tasks required more search activity (e.g., more
queries, pages visited, and longer sessions) and were perceived to
be more difficult. Additionally, participants reported greater en-
gagement during mid-complexity tasks, possibly because they were
neither too easy nor difficult. In a follow-up study using all 20



search tasks from Wu et al. [23], Kelly et al. [15] found similar
trends. Additionally, participants’ search strategies were more di-
vergent during highly complex tasks. Capra et al. [8] used a subset
of tasks from Wu et al. [23] to study the effects of task complexity
on participants’ use of a search assistance tool that displayed search
trails from others who completed the same task. Overall, partici-
pants made greater use of the tool during complex tasks. Also, task
complexity influenced participants’ motivations for using the tool—
during simple tasks they used it mostly to confirm information and
during complex tasks to discover new search strategies.

Learning Assessment: In recent years, the “search as learning”
community has considered two basic questions: (1) What factors
contribute to learning during search? and (2) What are behavioral
measures indicative of learning? To answer these, IIR studies have
employed different methods to measure knowledge gains. Collins-
Thompson et al. [10] developed task-specific questions for partic-
ipants to answer after each task. Each task had six open-ended
questions (Q1-Q6), which mapped to the six cognitive processes
from A&K’s 2D taxonomy. For example, a remember question re-
quired recalling information, while an analyze question required
comparing alternatives. Participants’ responses were scored based
on the presence of conceptual (vs. merely factual) knowledge. Re-
sults found several trends. First, participants’ perceptions of their
own learning were highly correlated with the levels of learning
measured in their scored responses. Second, easy tasks had more
evidence of “low-level learning” (Q1-Q3) while difficult tasks had
more “high-level learning” (Q4-Q6). Third, the time spent reading
pages was highly correlated with “high-level learning”. Gadiraju et
al. [12] measured pre-/post-task knowledge using tests with three
answer choices: true, false, and I don’t know. Two behavioral mea-
sures were positively correlated with knowledge gains: time spent
reading pages and the presence of complex query-terms.

Wilson and Wilson [22] developed a qualitative coding scheme to
measure learning based on summaries written by participants after
searching. Three of their codes were designed based on cognitive
processes from A&K’s taxonomy. The D-Qual code (understand)
measured the inclusion of relevant, evidence-based statements. The
D-Intrp code (analyze) measured the degree to which a participant
synthesized information in the summary. Finally, the D-Crit code
(evaluate) measured the presence of comparisons and conclusions.
The D-Qual and D-Intrp codes were more effective at detecting
knowledge gains. D-Crit was less effective possibly because partici-
pants only had five minutes to write summaries.

3 INTRODUCING A&K’S 2D TAXONOMY
In this section, we provide an overview of A&K’s 2D taxonomy [1].
In their book [1], A&K provide detailed explanations and sample
vignettes on how to use the taxonomy to define learning objectives
and design educational activities and learning assessment materials.
Central to a teacher’s work is the notion of an objective—an im-
plicit or explicit goal of what the teacher wants a student to learn as
a result of the teacher’s instruction. In the field of education, frame-
works have been developed to better articulate and assess these
learning objectives. A&K’s 2D taxonomy was developed to enable
and encourage educators to more clearly articulate the (sometimes
vague) learning objectives students are expected to meet at the end
of each school year. The taxonomy provides different categories

used to group and more precisely define learning objectives. Further-
more, the taxonomy was developed to help educators align learning
objectives, instructional activities, and assessment materials [1].
From the perspective of A&K, learning objectives consist of a
verb and a noun. A&K’s 2D taxonomy is constructed by intersecting
the cognitive process dimension and the knowledge dimension
(Table 1). The cognitive process dimension (the verb) consists of
remember, understand, apply, analyze, evaluate, and create.

o “Remember—Retrieve relevant knowledge from long-term memory.
Understand—Construct meaning from instructional messages, including
oral, written, and graphic communication.

Apply-Carry out or use a procedure in a given situation.
Analyze-Break material into its constituent parts and determine how the
parts relate to one another and to an overall structure or purpose.
Evaluate-Make judgments based on criteria and standards.

Create-Put elements together to form a coherent or functional whole;
reorganize elements into a new pattern or structure” [1].

The knowledge dimension (the noun of a learning objective)
is comprised of factual, conceptual, procedural, and metacognitive
knowledge.

e “Factual-The basic elements students must know to be acquainted with a

discipline or solve problems in it.

Conceptual-The interrelationships among the basic elements within a

larger structure that enable them to function together.

Procedural-How to do something, methods of inquiry, and criteria for

using skills, algorithms, techniques, and methods.

o Metacognitive-Knowledge of cognition in general as well as awareness
and knowledge of one’s own cognition.” [1]

Each dimension of the taxonomy lies on a continuum. The cog-
nitive process dimension ranges from low complexity (remember)
to high complexity (create). On the other hand, the knowledge di-
mension ranges from concrete (factual) to abstract (metacognitive)
knowledge. In this respect, A&K note that conceptual and procedural
overlap “...with some procedural knowledge being more concrete
than abstract conceptual knowledge.” [1, p.5].

The nouns and verbs in a given learning objective help to catego-
rize the objective into a particular cell in the 2D taxonomy. For ex-
ample, consider the objective: “The student will learn to distinguish
among confederal, federal, and unitary systems of government” [1,
p7]- This learning objective is categorized at the intersection of
analyze and conceptual knowledge. The word “distinguish” points
to differentiating/discriminating and the word “systems” indicates
generalized structures or frameworks. The placement of a specific
objective in the taxonomy informs the instructor about the ob-
jective. The above objective targets analyze/conceptual, informing
instructors that the objective is relatively complex (higher than
remember and understand) and involves knowledge that is more
abstract than concrete factual knowledge.

4 SEARCH LEARNING SCENARIOS
As noted previously, A&K created the taxonomy to help educators
define learning objectives, design instructional activities, and de-
velop learning assessment materials. The learning objectives specify
the goals an educator has for a student, the instructional activities
are designed to foster the learning objectives, and the assessment
materials are used to determine if the learning objectives were met.
In the context of IIR, we often design tasks to study how users
interact with information retrieval systems and to understand their



Table 1: Search Learning Scenario Prompts in 2Dimensional Taxonomy

ing in the world.

building in the world
to the average depth
of the ocean.

world’s tallest build-
ing to measure the
average depth of the
ocean in units of the
tallest building.

world’s most famous
buildings/structures

based on their simi-
lar/dissimilar heights.

unit of length (e.g.,
feet, meters, football
fields) to describe the
height of the world’s
tallest buildings.

The Knowledge The Cognitive Process Dimension
Dimension Remember Understand 3. Apply 4. Analyze 5. Evaluate 6. Create
A. Factual Recall the tallest build- | Compare the tallest | Use the height of the | Group some of the | Determine the best | Generate a table of

the world’s 20 tallest
buildings using crite-
ria you think are im-
portant and useful to
readers.

B. Conceptual

Recite the definition
of an identity matrix
in linear algebra.

Provide an example of
an identity matrix.

Using the definition
of an identity matrix,
verify whether matrix
A is an identity matrix
of matrix B.

Determine which of
the following matrices
are identity matrices
and, for each, explain
why or why not.

Determine which of
the following charac-
teristics of matrices
are (or are not) neces-
sary to know if matrix
A is an identity matrix
of B, and for each, ex-
plain why or why not.

Create a question to
determine if a student
knows what an iden-
tity matrix is and if
they can use it to solve
problems.

C. Procedural

Recall the steps of the
mergesort algorithm.

Explain mergesort to
someone completely
new to sorting algo-
rithms.

Run a mergesort on
this set of integers:
{9,2,6,3,8,1,4,7}.

Distinguish  merge-
sort from heapsort.

Judge whether merge-
sort or heapsort is
most efficient and ex-
plain why.

Propose a novel sort-
ing algorithm that is
inspired by (not the
same as) mergesort.

D. Metacognitive

Identify strategies for
retaining information.

Exemplify how you
have demonstrated
a particular strength
from the Gallup
Strengths Finder.

Identify ~memoriza-
tion strategies and
use those techniques
that best help you to
memorize the first
15 US. presidents in
order.

Explain your assump-
tions of individuals
whose strengths are
analytical, strategic,
and futuristic from
the Gallup Strengths
Finder.

Determine which
memorization strate-
gies work well for
you and which do not.
Explain why some
strategies are more
effective for you.

Write a brief essay on
your personal learn-
ing style incorporat-
ing the VARK learning
style framework.

behaviors. We design tasks with particular objectives, the partic-
ipants in our studies engage in search activities (e.g., querying,
assessing relevance, reading documents), and then we sometimes
assess whether learning occurred while the participant engaged in
the task. In IIR, such tasks are often referred to as search tasks or,
when presented with a motivating context, simulated work tasks [5].

In this paper, to distinguish between search tasks with specific
learning goals versus other types of search tasks, we define search
learning scenarios (SLSs). The goal of a SLS is to situate an IIR
study participant in a context that motivates them to: (1) search for
information, (2) engage with information using specific cognitive
processes, and (3) have a specific learning objective defined by a
cell in A&K’s taxonomy. These latter two aspects distinguish SLSs
from simple search tasks—SLSs involve searching, but also engaging
with information for the purpose of learning. As we define them,
search learning scenarios should contain four main components:
(1) a motivating contextual scenario, (2) an information need that
will require the user to do some searching, (3) an indication of
how the user should cognitively engage with the information, and
(4) a specification of how the user will be tested or evaluated. For
example, consider the following SLS:

“Imagine that you and some friends recently visited the new One
World Trade Center building in New York City. The building is very
tall, but you know there are other tall buildings in the world. You and
your friends started discussing what was currently the tallest building
in the world. Find out what the tallest building in the world is and be
prepared to remember it so that you can tell your friends.”

This SLS contains a motivating scenario (“imagine that you and
some friends visited...”), an information need (“find out what the
tallest building in the world is”), an indication of how the user
should cognitively engage (“be prepared to remember it”), and a
specification of how the user will be tested or evaluated (“tell it
to your friends”). In an IIR study, we can measure users’ interac-
tions, perceptions, search behaviors, and learning outcomes from
performing the task indicated by the SLS.

5 APPLYING A&K’S TAXONOMY

To design SLSs using A&K’s taxonomy, we must consider the cogni-
tive process dimension (verb) and the knowledge dimension (noun).
Table 1 displays a set of example prompts for each combination of
cognitive process and knowledge type. The prompts are designed
from the perspective of learning objectives (i.e., “The searcher will
be able to... <do the thing mentioned in the prompt>”), but are also
designed to facilitate the creation of search learning scenarios. To
illustrate, the remember/procedural prompt is, “Recall the steps of
the mergesort algorithm” A search learning scenario based on this
prompt could be: “Imagine that you are taking an introductory com-
puter algorithms course. In class today, the instructor asked you to
identify and memorize the steps of the mergesort algorithm. The
instructor also mentioned that you should be prepared to remember
and write down the steps for a quiz tomorrow.” Next, we discuss
how to use A&K’s cognitive process and knowledge dimensions to
design prompts exemplified in Table 1. In Section 6, we describe
how to use the prompts to develop learning assessment materials.

5.1 The Cognitive Process Dimension
First, we consider a row of Table 1 to illustrate the differences along
the cognitive process dimension. We consider conceptual knowl-
edge and move left-to-right across the cognitive process dimension
(remember to create). In A&K’s taxonomy, conceptual knowledge
is concerned with “knowledge of larger, more organized bodies of
knowledge (i.e., concepts, principles, models, theories)” [1, p. 42].
Conceptual knowledge focuses on concepts rather than facts, pro-
cedures, or metacognitive insights. Note that for all the Table 1
prompts, we assume participants do not already know the answer.
Remember/Conceptual: This type of task requires the searcher
to find and remember conceptual-level knowledge. Our example
prompt in Table 1 is, “Recite the definition of an identity matrix in
linear algebra” This prompt requires the searcher to find a defini-
tion of an identity matrix and be able to remember it when asked
at a later time. The task involves conceptual knowledge since it



deals with an organized body of information related to linear al-
gebra, matrix properties, and matrix types (as opposed to factual
information such as the height of a building).

Understand/Conceptual: Understand-level tasks in A&K’s tax-
onomy involve “constructing meaning”, including “interpreting,
exemplifying, classifying, summarizing, inferring, comparing, and
explaining” [1, p. 68]. Our example prompt in Table 1 is, “Provide
an example of an identity matrix.” This task involves the same
type of conceptual knowledge of identity matrices as the remem-
ber/conceptual task, but extends the cognitive component to require
not just remembering a concept’s definition, but understanding it
well-enough to provide an example. Exemplifying is a process at
the understand-level in A&K’s taxonomy.

Apply/Conceptual: Apply-level tasks require the learner to
“carry out a procedure in a given situation” and include processes
such as “executing a procedure to a familiar or unfamiliar task” [1,
p- 67]. Our example is, “Using the definition of an identity matrix,
verify whether matrix A is an identity matrix of matrix B.” This
task involves conceptual information, but goes beyond the previous
tasks (remember, understand) by asking the participant to verify
whether one matrix is an identity matrix of another (e.g., by com-
paring their properties and/or through matrix multiplication). This
involves knowing the definition of an identity matrix (remember),
understanding it (understand), and applying it in a given situa-
tion. In this way, we see that tasks at higher levels of the cognitive
process dimension may also require processes at lower levels.

Analyze/Conceptual: Analyze tasks involve “break[ing] ma-
terial into its constituent parts and determin[ing] how the parts
relate to one another” [1, p. 68]. This can include “differentiating,
organizing, and deconstructing” [1, p. 68]. Our example is, “Deter-
mine which of the following matrices are identity matrices and, for
each, explain why or why not” This task involves differentiating,
which is an analyze-level cognitive process in A&K’s taxonomy.

Evaluate/Conceptual: Evaluate tasks involve “mak[ing] judge-
ments based on criteria and standards” and may involve processes
such as “checking, monitoring, critiquing, and judging” [1, p. 68].
Our example is, “Determine which of the following characteristics
of matrices are (or are not) necessary to know if matrix A is an
identity matrix of B, and for each, explain why or why not” In
A&K’s taxonomy, making this type of determination is a type of
“judgement based on criteria” [1, p. 68] and is at the evaluate-level
of the cognitive processes. Similar to previous tasks, the focus on
matrices is at the conceptual level, so it is evaluate/conceptual.

Create/Conceptual: Create tasks are at the highest level of the
cognitive process dimension and involve “put[ting] elements to-
gether... reorganiz[ing] elements into a new pattern or structure” [1,
p. 68]. Create tasks may involve “generating, hypothesizing, plan-
ning, designing, producing, and constructing” [1, p. 68]. Our exam-
ple is, “Create a question to determine if a student knows what an
identity matrix is and if they can use it to solve problems”. This is
still a task at the conceptual level, but extends the cognitive process
to involve creating something new.

5.2 The Knowledge Dimension

Next, we consider a column of Table 1. For illustration, we consider
the apply cognitive process and move down the knowledge dimen-
sion from factual to metacognitive. Apply-level tasks require the
learner to “carry out or use a procedure in a given situation” [1,

p- 67]. Differences along the knowledge dimension can be viewed
as moving from concrete (factual) to more abstract (metacognitive).
Apply/Factual: Factual knowledge focuses on “the basic ele-
ments students must know to be acquainted with a discipline or
solve problems in it” [1, p. 46] and includes knowledge of “isolated
content, terminology, facts, and specific details” [1, p. 42]. Our ex-
ample prompt for apply/factual is, “Use the the height of the world’s
tallest building to measure the average depth of the ocean in units
of the tallest building.” This task involves using factual knowledge
(height of the tallest building; average depth of the ocean) to carry
out a procedure (measure one thing in terms of the other).
Apply/Conceptual: Already discussed in Section 5.1.
Apply/Procedural: Procedural knowledge is concerned with
“how to do something, methods of inquiry, and criteria for using
skills, algorithms, techniques, and methods” [1, p.46]. Our example
prompt is, “Run a mergesort on this set of numbers.” This requires
procedural knowledge about the mergesort algorithm and is an
apply-level task because it asks the user to actually perform a
mergesort. By its nature, procedural knowledge lends itself to being
applied. Thus, the apply/procedural combination is fairly common.
Apply/Metacognitive: Metacognitive knowledge is, “knowl-
edge of cognition in general as well as awareness and knowledge
of one’s own cognition” [1, p. 46]. Our example prompt is, “Identify
memorization strategies and use those techniques that best help
you to memorize the first 15 U.S. presidents in order” This requires
metacognitive knowledge because it requires the participant to re-
flect on which memorization technique they think would work best
for them personally. It involves the cognitive process apply because
it requires the user to actually apply a memorization technique.
Combinations of Special Note: Table 1 has prompts for every
cognitive process and knowledge type (i.e., each cell in A&K’s
taxonomy). Some cells may seem confusing (or less common) at first
glance. For example, create/factual tasks do not necessarily involve
“creating facts”. Rather, they can involve using factual knowledge as
part of a creative process, such as creating a chart of the world’s 20
tallest buildings. This involves “reorganiz[ing] elements into a new
pattern or structure” [1, p. 68], where the elements are factual (tallest
buildings). Also of note, evaluate/factual could involve verifying
whether a fact is true or not. However, care must be taken to ensure
that the task requires evaluation, not just recognition (see our
Table 1 example). Finally, we note that several combinations along
the diagonal of Table 1 are natural pairings that occur frequently
(e.g, remember/factual, understand/conceptual, apply/procedural).

6 ASSESSMENT OF LEARNING
In recent years, the “search as learning” community has considered
two basic questions: (1) What factors influence learning during the
search process? and (2) How do search behaviors correlate with
learning (or specific types of learning)? Addressing either question
requires learning assessment. A&K designed the 2D taxonomy to
provide specificity and depth of understanding, not only to learning
objectives and activities, but also assessment. In the context of
IIR, clearly defined learning assessment materials are necessary to
precisely measure what a searcher has and has not learned.

IIR studies have used two methods to assess learning: (1) through
targeted questions with pre-assigned answers [12] and (2) through



Table 2: Assessment Criteria in the 2D Taxonomy

from a set of facts

junction with fact 2 to
demonstrate that fact
3 must be true

based on similar and
dissimilar facts

ticular fact is more
useful or helpful than
another

The Knowledge The Cognitive Process Dimension
Dimension Remember Understand 3. Apply 4. Analyze 5. Evaluate 6. Create
A. Factual Recalled a fact Inferred information | Used fact 1 in con- | Grouped items in list | Explained why a par- | Generated a table us-

ing facts that were de-
cided to be useful in
discriminating among
a set of items

B. Conceptual

Recognized a concept

Summarized a con-
cept in own words

Used the definition of
a concept to find a so-
lution

Determined and ex-
plained why certain
items are or are not
grouped within a par-
ticular concept

Checked that all nec-
essary information is
included in definition
of a concept

Created assessment to
test if concept is un-
derstood

C. Procedural

Recalled a procedure

Explained a procedure
in own words

Implemented proce-
dure for an intended
purpose

Distinguished ~ one
procedure from
another

Tested and compared
performance across
two procedures for a
similar task

Proposed a novel pro-
cedure that serves the
same function

D. Metacognitive

Identified strategies
for recalling or recog-
nizing information

Deepened comprehen-
sion of a topic by re-
flecting on personal
experience

Used the learning
strategies that have
been identified to be
the most subjectively
successful

Explained  personal
opinions, biases,
and/or assumptions
given new informa-
tion

Identified why certain
learning strategies are
more subjectively suc-
cessful than others

Wrote a reflective
essay on subjective
learning style

open-ended questions for which responses are scored using qual-
itative coding schemes [10, 22]. We refer to the first method as
focused because of its potential to measure depth of learning with
respect to one cell in the taxonomy. We refer to the second method
as distributed because of its potential to measure breadth of learn-
ing across multiple cells. In this section, we describe how A&K’s
taxonomy can support both types of learning assessment methods.

Assessment Using Targeted Test Questions: A&K’s taxon-
omy can be used to create targeted questions to assess depth of
learning with respect to a specific cognitive process and knowledge
type. Most prompts in Table 1 can be trivially modified to serve
as targeted questions. For example, to measure remember/factual
learning, a searcher could be asked: “What is the tallest build-
ing in the world?” To measure evaluate/procedural learning, a
searcher could be asked a slight modification of the prompt in
Table 1: “Which procedure is most efficient: mergesort or heapsort?
Explain and justify your answer” As a final example, to measure
apply/metacognitive learning, a searcher could be asked: “Which
memorization strategy worked best for you when memorizing the
first 15 U.S. presidents?”

Assessment Using Coding Schemes: Open-ended questions
provide an opportunity to measure breadth of learning. A&K’s tax-
onomy provides a framework to develop qualitative coding schemes
to measure learning across the taxonomy based on an open-ended
written response. To illustrate, Table 2 shows assessment criteria
that could be used to measure learning with respect to each cell in
the taxonomy. Different from the prompts in Table 1, the assess-
ment criteria in Table 2 are framed in more general terms. In this
respect, these criteria (or slightly modified ones) could be used in
the context of different search learning scenarios, topical domains,
and open-ended questions. One could imagine using such prompts
to score open-ended responses based on evidence of specific types
of learning. Consider the following example:

“You have been taking a college course on influential authors of the
Elizabethan era. As a final assignment your teacher has provided the
following prompt: Write an essay on the major works and literary
contributions of William Shakespeare. Include in your essay which of
these contributions you think has had the most impact on the literary
world and which of Shakespeare’s major works you personally identify
with the most.”

This prompt could stimulate a response that provides evidence
of knowledge gains related to different cells in A&K’s taxonomy.
Such evidence-bearing statements could be identified using criteria
similar to those in Table 2. For example, a response may include
specific titles and dates of Shakespeare’s works (remember/factual).
In describing Shakespeare’s literary contributions, the searcher may
also reference particular literary constructs credited to Shakespeare:

“Shakespeare’s use of iambic pentameter is seen in Romeo and Juliet

and Richard IIl. Tambic pentameter is a style of verse consisting of one

stressed syllable followed by an unstressed syllable. In contrast, the

Witches’ speeches in MacBeth are written in trochaic tetrameter, which

begins with one unstressed syllable followed by a stressed syllable”

In this passage, the searcher has demonstrated an understanding
of the concept of iambic pentameter by summarizing it in their
own words (understand/conceptual), and has also differentiated
this concept from a similar one (i.e., trochaic tetrameter) (ana-
lyze/conceptual). Responding to the portion of the prompt that
asks about personally identifying with Shakespeare’s works, the
searcher might offer the following response:

“I have always disliked Taming of the Shrew because of the way it por-

trays female characters and have, in the past, dismissed its significance

when considering Shakespeare’s literary contributions. After reading

Power and gender in The Taming of the Shrew I have re-examined these

assumptions and thought more carefully of the nebulous nature of the

play, much of which is left up to subjective interpretation.”

This passage indicates the searcher’s self-reflection of personal
biases and considers alternative perspectives, indicative of the an-
alyze/metacognitive cell in Table 2. To be brief, we demonstrated
only three possible applications of Table 2 for scoring a response to
an open-ended exercise. However, there are many more cells that
could be evidenced in a response.

7 DISCUSSION & OPPORTUNITIES

In this conceptual paper, we argue that IIR research should consider
both the cognitive and knowledge dimensions of A&K’s taxonomy
in designing search learning scenarios (SLSs) and learning assess-
ment materials. Considering both dimensions of the taxonomy has
the following implications.

Avoiding Confounds: As described in Section 2, much IIR re-
search has studied how cognitive complexity influences searchers’
perceptions and behaviors. Studies have found that cognitively
complex tasks are perceived to be more difficult and require more



search activity [2, 8, 14, 15, 23]. All this prior research has used
tasks based on the cognitive process dimension from A&K’s taxon-
omy. In other words, the knowledge dimension has neither been
controlled nor systematically manipulated.

To illustrate, most of the studies above [2, 8, 15, 21, 23] have used
tasks developed by Kelly et al. [15], which vary across four topical
domains and five cognitive process levels from A&K’s taxonomy.!
The 20 tasks from Kelly et al. [15] have a notable trend—they tend
to fall along the diagonal of A&K’s taxonomy. Consider the five
health-related tasks. The simplest task (remember) is concerned
with factual knowledge: How many people in the U.S. have HIV?
The three mid-complexity tasks (understand, analyze, evaluate) are
concerned with conceptual knowledge: (1) health risks of football,
(2) health risks of artificial tanning, and (3) trade-offs between
tattoo removal treatments. Finally, the most complex task (create)
is concerned with procedural knowledge: an exercise routine.

This trend is somewhat understandable. It seems sensible for
cognitively simple tasks to involve isolated facts; moderately com-
plex tasks to involve concepts (often defined by their relations to
other concepts); and highly complex tasks to involve procedures.
However, as we have shown, there is more to A&K’s taxonomy
than cells along the diagonal.

Prior work clearly shows that tasks involving complex cognitive
processes require more effort. However, without systematically
controlling for the knowledge dimension, open questions remain.
For example, is this effect equally strong across all knowledge types?
Or, does the effect grow stronger as we go down the knowledge
dimension, from factual to metacognitive?

Studying the Knowledge Dimension: By construction, the
knowledge dimension in A&K’s 2D taxonomy is orthogonal to the
cognitive process dimension. During a learning-intensive search
task, a searcher may want to acquire a specific type of knowledge.
Future IIR research should consider whether the type of knowledge
being sought has an impact on searchers’ needs and behaviors. Be-
low, we argue that task difficulty is likely to increase as a searcher
aims to acquire factual, conceptual, procedural, and metacognitive
knowledge, respectively. Specifically, we argue that task difficulty
may increase both in terms of knowledge acquisition and informa-
tion search. Generally, as we go down the knowledge dimension,
knowledge shifts in three ways: (1) from isolated to interconnected,
(2) from objective to subjective, and (3) from concrete to abstract.

Factual knowledge may be the easiest to acquire, for several rea-
sons. First, facts are often isolated bits of information with intrinsic
value [1, p. 45]. Facts are “isolated” in the sense that their meaning
and value can be independent from other facts. Secondly, facts tend
to be objective and verifiable. In other words, acquiring factual
knowledge may not require synthesizing opinions.

Gaining conceptual knowledge may be more difficult than fac-
tual knowledge. First, concepts are often less “isolated” than facts.
In other words, understanding a concept (e.g., authoritarianism)
may require understanding related concepts (e.g., other forms of
government). Moreover, the distinction between related concepts
(e.g., authoritarianism vs. totalitarianism) may be highly nuanced.
Secondly, some concepts may be highly subjective (e.g., affirmative

Thttps://ils.unc.edu/searchtasksforiir/kelly_ictir2015_paper.pdf

action), in the sense that their definition may vary by source and
evolve over time.

Gaining procedural knowledge may also have its challenges.
First, some procedures (or algorithms) may have a succinct label
(e.g., mergesort), but others may not (e.g., designing a low-impact
exercise routine). This may complicate search-related activities such
as constructing effective queries and recognizing relevant infor-
mation. Secondly, some procedural knowledge may also be highly
subjective. A&K explain that while procedures often have a fixed
product, the procedure itself may be open-ended in terms of which
steps to follow, how to follow them, and in what order [1, p. 53].
Thus, gaining procedural knowledge may require engaging with
experiential information, assessing credibility, and synthesizing
opinions. The open-endedness of procedural knowledge resonates
with Campbell’s view of task complexity [7]—acquiring procedural
knowledge may require considering different paths to an end prod-
uct and evaluating their uncertainty.

Metacognitive knowledge seems like the most challenging to
acquire. First, by definition, metacognitive knowledge is completely
subjective. Metacognitive knowledge looks inward and supports
how we (as individuals) assess task difficulty, strategize to solve
problems based on our knowledge and abilities, and seek to ad-
dress gaps in knowledge. In this respect, acquiring metacognitive
knowledge may require deeply engaging with information (e.g., to
determine what we know and do not know).

Finally, as discussed earlier in the paper, the knowledge dimen-
sion also exists in a continuum from highly concrete (factual) to
highly abstract (metacognitive). This trend also suggests that SLSs
may become more difficult as we descend the knowledge dimension.
Purely from a learning perspective (ignoring search), Piaget’s work
in developmental psychology suggests that learning begins with
concrete knowledge and transitions to abstract knowledge [18].
Along similar lines, research shows that people have more dif-
ficulty remembering attributes of abstract versus concrete con-
cepts [17]. Similarly, from a search perspective, prior work suggests
that searchers have more difficulty searching for abstract versus
concrete concepts. In a study by Capra et al. [9], participants per-
ceived tasks to be more difficult when they were asked to compare
alternatives (e.g., products) along an abstract dimension (e.g., ease
of use) versus any dimension(s) of their choice. One possible ex-
planation is that abstract dimensions have more varied vocabulary,
making it more difficult to construct queries and recognize relevant
content. Indeed, Capra et al. [9] performed a qualitative analysis
of participants’ queries and found that participants often excluded
abstract dimensions in their queries.

Understanding How Searchers Traverse A&K’s Taxonomy:
As a final implication, future IIR research should also consider how
searchers traverse the 2D taxonomy based on their prior knowledge
and learning objective(s). To illustrate, consider a novice searcher
who wants to learn about a specific procedure for the purpose of
solving a tangible problem. In this case, the searcher’s end goal is to
apply procedural knowledge. An important question is: How is this
searcher likely to proceed? Are they likely to directly seek informa-
tion relevant to the “apply/procedural” cell in the taxonomy—an
example of someone using the procedure to solve a similar problem?
Or are they likely to start elsewhere? And, if so, is this searcher
likely to follow a specific path along the taxonomy? For instance,


 https://ils.unc.edu/searchtasksforiir/kelly_ictir2015_paper.pdf

one could imagine this searcher following a path based on the
following sub-goals: (1) understanding factual knowledge about
the domain; (2) understanding conceptual knowledge about the
domain; (3) understanding the procedure itself; and (4) applying
the procedure to solve the problem at hand.

As another example, consider a searcher who wants to compare
and evaluate different concepts (e.g., choose the best medication
available based on different criteria). Is this searcher likely to di-
rectly seek information relevant to the “evaluate/conceptual” cell
in the taxonomy (e.g., a table comparing alternative medications)?
Or, are they likely to start elsewhere? Again, one could imagine
this searcher following a path based on the following sub-goals: (1)
understanding concepts related to the domain (e.g., medications
available, cost, effectiveness, dietary restrictions, side-effects); (2)
understanding factual knowledge (e.g., learning about alternative
medications based on different criteria); and (3) evaluating concep-
tual knowledge (e.g., choosing the best medication).

There are important implications for understanding how searchers
traverse A&K’s taxonomy based on their goals. For instance, re-
search in this area could inform the design of tools to provide search
support or scaffolding based on “typical” paths followed by users.
To gain insights about these paths, studies could give participants
SLSs with specific learning objectives (i.e., specific to a cell in the
taxonomy) and use think-aloud protocols to understand how partic-
ipants traverse the taxonomy based on their end goals. Ultimately,
one could imagine viewing A&K’s taxonomy as a markov chain with
transition probabilities between cells. Going further, if sub-goals
influence search behaviors, then one could also imagine using hid-
den markov models to predict a user’s end goal (or current sub-goal)
based on their behaviors during the search session.

8 CONCLUSION
In this paper, we have argued that A&K’s 2D taxonomy is a valuable
framework for studying search learning scenarios (SLSs)—search
tasks with specific learning objectives. A&K’s taxonomy character-
izes learning objectives based on two orthogonal dimensions: (1) a
cognitive process dimension, which describes the types of mental
activities related to the learning objective and (2) the knowledge di-
mension, which describes the type(s) of knowledge involved. Prior
IIR research has capitalized on the cognitive process dimension by
designing search tasks associated with different cognitive processes
and evaluating their effects. However, the knowledge dimension
has been largely ignored. In this paper, we have shown how A&K’s
taxonomy can be used to: (1) design SLSs to use in IIR studies and
(2) develop assessment materials that precisely measure the types
of learning that occurred during an information-seeking process.
Furthermore, we have argued that considering both dimensions
of A&K’s taxonomy can provide several important benefits. First, it
can help us avoid confounds in IIR studies that examine the impacts
of task characteristics on searchers. Future research should consider
SLSs designed based on both dimensions (vs. only the cognitive
process dimension). Secondly, future research should consider the
impact of the knowledge dimension on searchers’ needs, percep-
tions, and outcomes (i.e., learning outcomes and others). In other
words, genuine SLSs (from real users) are likely to involve both
specific cognitive processes and knowledge types. We have argued
that search (for the purpose of learning) is likely to become more

difficult as we descend the knowledge dimension, from (isolated,
concrete and objective) factual knowledge to (interconnected, ab-
stract, and subjective) meta-cognitive knowledge. Finally, we have
argued that future research should study how searchers traverse the
taxonomy to address a specific learning objective (defined by a cell
in A&K’s taxonomy). In other words, how do searchers sub-divide
a learning objective into smaller sub-goals that can also be defined
by cells in the taxonomy? Research in this direction could inform
the design of search tools to support and encourage learning.

In closing, A&K’s taxonomy was developed as a framework for
educators to more precisely define learning objectives, activities,
and assessments. Here, we argue that it can serve a similar purpose
in the context of IIR and “search as learning”.
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