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Abstract

In this study, we attempt to specify the cognitive support behavior of a previously
designed embodied conversational agent coach that provides learning support to
low-literates. Three knowledge gaps are identified in the existing work: an incom-
plete specification of the behaviors that make up ‘support,” an incomplete specifica-
tion of how this support can be personalized, and unclear speech recognition rules.
We use the socio-cognitive engineering method to update our foundation of knowl-
edge with new online banking exercises, low-level scaffolding and user modeling
theory, and speech recognition. We then refine the design of our coach agent by
creating comprehensive cognitive support rules that adapt support based on learner
needs (the ‘Generalized’ approach) and attune the coach’s support delay to user
performance in previous exercises (the ‘Individualized’ approach). A prototype is
evaluated in a 3-week within- and between-subjects experiment. Results show that
the specified cognitive support is effective: Learners complete all exercises, interact
meaningfully with the coach, and improve their online banking self-efficacy. Coun-
ter to hypotheses, the Individualized approach does not improve on the Generalized
approach. Whether this indicates suboptimal operationalization or a deeper problem
with the Individualized approach remains as future work.
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1 Introduction

People of low literacy struggle to independently participate in information socie-
ties (Buisman and Houtkoop 2014). Limited information (reading and writing) and
communication (speaking and understanding) skills lead to participation issues,
which can be cognitive, affective, or social in nature (Schouten et al. 2016). Cogni-
tive issues relate to applying information and communication skills and possessing
general knowledge about society. Affective issues relate to fear, shame, and low self-
efficacy. Social issues relate to lack of motivation and trust in others. These issues
can be addressed by providing societal participation learning that is grounded in
crucial practical situations (real-life participation scenarios that involve the skills
and knowledge needed to participate in society independently, such as online bank-
ing, grocery shopping, or engaging with local government; cf. Kurvers and van de
Craats (2007); van de Craats (2007)), which allows low-literate learners to prac-
tice skills and gain knowledge and experience in a practical context of use. For this
learning to be effective, especially for learners with limited information and commu-
nication skills, such as low-literate learners, the learning must be accessible (barriers
to entry are lowered or removed), the learning experience must be positive (learners
can and want to engage with the learning), and learners must reach desired learning
outcomes (Schouten et al. 2017a). We aim to provide effective learning with VES-
SEL: a Virtual Environment to Support the Societal participation Education of Low-
literates (Schouten et al. 2016, 2017a, 2020). VESSEL consists of situated, interac-
tive exercises in the societal participation domain, and an autonomous, rules-driven
Embodied Conversational Agent (ECA) coach that supports low-literate learners
before, during, and after these exercises with cognitive, affective, and social learning
support (see Fig. 1).

We use the socio-cognitive engineering method (SCE, cf. Neerincx et al. 2019;
Neerincx 2011; Neerincx and Lindenberg 2008) in the development of VESSEL.

Fig.1 Envisioned VESSEL

design. Arrows indicate system V E S S E L

interactions: the user performs
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monitors exercise state and I_I

user-system interaction, and

the coach supports the user “

as appropriate. Image from

Schouten et al. (2020) Exercises ECA Coach
User
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The SCE method is an iterative software design and development method that
moves (nonlinearly) through three phases, shown in Fig. 2. In the foundation
phase, relevant operational demands (the software system’s context of use),
human factors data (theory relevant to user—system interactions), and technology
(both technology currently in the system and envisioned technology) are com-
bined into a foundation of data. In the specification phase, a requirements base-
line is created containing requirements, claims, system objectives, and use cases.
This is then used for the evaluation phase, where the validity of the specification
is empirically tested. Evaluation results are used to iteratively update the founda-
tion and refine the specification.

Previous work used a high-level requirements baseline (see Table 2) to develop
a first VESSEL prototype, consisting of an ECA coach that offered three kinds
of learning support for four exercises (easy and hard ‘online banking’ and ‘ser-
vice desk conversation’ exercises, cf. Schouten et al. 2020). Cognitive support
based on scaffolding, a teaching method that provides the right level of support
at the right time (van de Pol and Elbers 2013), was offered during the exercises.
Affective support based on motivational interviewing, a counseling technique
that focuses on behavioral change (Miller and Rollnick 2009), was given after
the exercises. Social support based on small talk, a form of social interaction
important for building trust (Cassell and Bickmore 2003), was used before the
exercises. All support was provided in the form of prerecorded spoken utterances
and controlled by an operator, using the Wizard-of-Oz method to act as an ECA
behind the scenes (cf. Maulsby et al. 1993). Notably, support was both created
and provided in an informal manner. Support utterances were created based on
an expert walkthrough of the system: researchers determined areas where low-lit-
erates would likely struggle and wrote utterances to address the predicted issues.
And during the exercises, the Wizard-of-Oz operator interpreted user actions and
speech and selected the utterance(s) considered best in this situation. Evaluation
showed that the ECA coach resulted in a more positive cognitive, affective, and

Specification Evaluation

<:> Prototype
Requirements | Claims

development

Objectives | Use cases Claim evaluation

s s

Foundation

Operational Human Factors
P Technology

Demands Knowledge

Fig.2 Socio-cognitive engineering method used in this study. Double-sided arrows between the founda-
tion, specification, and evaluation boxes indicate that development can move to any phase at any time
(Neerincx et al. 2019; Neerincx 2011; Neerincx and Lindenberg 2008)
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social learning experience, and higher self-efficacy about difficult online banking
scenarios. As proof of concept, this shows that VESSEL can improve learning
effectiveness for low-literate learners.

As the results from Schouten et al. (2020) were promising, the next development
step is to create a formal design specification that accurately describes VESSEL’s
envisioned functionality as automated learning support. This involves two things:
first, writing a comprehensive set of dialogue rules for the ECA coach’s cognitive,
affective, and social support behavior, which can be applied by automated computer
support without requiring human interpretation, and second, incorporating new
functionality as needed to improve support provision and learning effectiveness.
Each of the three support types needs a separate refinement step. We focus on the
coach’s cognitive support in the present study, as effective cognitive support is nec-
essary to ensure learners can understand the system and complete exercises. Affec-
tive support and social support are left to later work.

Our current implementation of cognitive support has three relevant knowledge
gaps which the formalization process must address. First, because the existing set of
coach support utterances is based on a noncomprehensive expert walkthrough, the
utterances do not yet structurally and comprehensively cover the exercises. Not all
challenging exercise elements have associated support utterances, and the existing
utterances contain different levels of information and direct guidance, with no clear
underlying logic. Formalized support will require a comprehensive set of support
utterances for each exercise, in which the utterances cover every relevant aspect of
the exercise and in which they are comparable in terms of information provided.
Second, the coach’s speech recognition functionality requires further operationaliza-
tion. As the current speech recognition is left up to the Wizard operator’s interpre-
tation of user utterances and context, there are no formal rules in place to specify
what learner utterances the coach should react to, and how. Formalized support will
require a clear, unambiguous speech recognition ruleset. Third, we expect that per-
sonalizing cognitive learning support will substantially improve learning outcomes.
But our current implementation of cognitive support does not have a coherent and
unequivocal specification of how this support can be personalized. We hypothesize
that (in concert with the above) VESSEL'’s learning effectiveness could be improved
by incorporating user modeling (the process by an intelligent system infers user
traits from user—system interaction, cf. Fischer 2001; Stephanidis 2001; Shute and
Zapata-Rivera 2012; Horvitz et al. 2013) to better adapt the offered support to indi-
vidual learners’ circumstances and needs. To achieve this, formalized support will
require a clear user model of support need, including an unambiguous list of user
actions relevant to this model and a description of changes to the coach’s support
provision over time that can be made on the basis of this.

In this work, we aim to design and evaluate a VESSEL prototype that offers formal-
ized cognitive learning support. Four steps are needed. First, we update the VESSEL
foundation in three ways. We update operational demands by designing exercises based
on crucial practical situations that demand cognitive support. We update human factors
knowledge by incorporating more detailed scaffolding theory, as well as theory con-
cerning user modeling. And we update technology by describing the envisioned role of
speech recognition. Second, we refine the VESSEL specification: we operationalize the
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foundation theory into a comprehensive set of coach dialogue rules, update the require-
ments baseline, and write a use case to illustrate expected findings. Using the refined
specification, we define in what ways the coach can provide cognitive support based on
the learner’s progress in the current exercise. We call this approach to support provi-
sion the ‘Generalized” approach. We also describe how the coach models the learner’s
skill level based on their performance, and how it can use this model to attune its sup-
port provision in later exercises. We call this the ‘Individualized” approach. Third, we
design and develop a VESSEL prototype, consisting of an ECA coach that can offer
cognitive learning support along both the Generalized and Individualized approaches,
and three online banking exercises. This prototype will be designed for use in a Wiz-
ard-of-Oz experimental setup, in which an operator applies the coach’s support behav-
ior and speech recognition behind the scenes by selecting prescribed outputs for the
computer-sensed inputs (Maulsby et al. 1993). Fourth, we experimentally evaluate the
prototype with low-literate learners. We investigate how the new prototype affects the
cognitive, affective, and social learning experience and learning outcomes, compared
to our previous work, and we investigate whether using both the Generalized and Indi-
vidualized approaches leads to higher learning effectiveness than only using the Gener-
alized approach. This leads to the following research questions:

— QI Design. How can we create a formal design specification for VESSEL that
incorporates rules for cognitive learning support provided by an ECA coach?

— Qla Which operational demands, human factors knowledge, and technologies
are needed to write these rules?

— QIb Which functionalities, interaction methods, and appearances should the
ECA coach have to reflect this specification?

— Q2 Evaluation. What is the learning effectiveness impact of a VESSEL prototype
that offers cognitive learning support according to the formal specification?

— QZ2a Are the learning effectiveness results of this prototype comparable to the
VESSEL prototype that offered informal cognitive, affective, and social learning
support?

— 02b Does using both the Generalized and Individualized approaches to learning
support result in higher learning effectiveness than using only the Generalized
approach?

The structure of this paper is as follows. Section 2 provides the refinement of the sCE
foundation, necessary for deriving the concrete design specification in Sect. 3. Sec-
tion 4 describes the resulting new VESSEL prototype. Sections 5 and 6 describe,
respectively, the experiment that evaluates the prototype and the evaluation results.
Section 7 presents conclusions and directions for future work.
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188 D. G. M. Schouten et al.

2 Foundation
2.1 Operational Demands: Exercises

To accurately evaluate the effectiveness of cognitive learning support, exercises are
needed that pose a significant cognitive challenge and demand coach support, but
that can be completed with this support. If the exercise is too easy, learners will not
require support; if the exercise is too difficult, no level of support will be effective.
The first VESSEL prototype (Schouten et al. 2020) contained four exercises: an easy
exercise and a hard exercise about online banking, and an easy exercise and a hard
exercise about visiting a government service desk. Of these, only the hard online
banking exercise meets our needs: the exercise was challenging and demanded sig-
nificant coach support, but participants often completed it. For this prototype, three
new challenging online banking exercises were created, using the ‘Hard Online
Banking” Web site from Schouten et al. (2020) as a task environment. In Exercise
1, the user must transfer money from their checking account to a webshop. In Exer-
cise 2, the user must report a change of address to their bank. In Exercise 3, the user
must transfer money from their savings account to their checking account. All exer-
cises are intended to be equivalently challenging. To achieve this, we ensured that
each exercise had the same number of critical waypoints, which we defined as those
exercise steps that a learner must take to successfully complete it. In the context of
online banking, critical waypoints can either be navigation waypoints (getting to the
right part of the online banking Web site at the right time) or data entry waypoints
(entering the right information in the right place). Each exercise was designed with
exactly four navigation and four data entry waypoints, presented in the same order:
three navigation waypoints, then four data entry waypoints, then one last naviga-
tion waypoint. All exercises come with written summary instructions showing the
goal and necessary information, such as bank account number and money amount to
transfer, or street name and postal code of a new address.

2.2 Human Factors Knowledge: Scaffolding

Three core elements of scaffolding are contingency, fading, and transfer of responsi-
bility (van de Pol et al. 2010). Contingency refers to matching support to the learn-
er’s current ability. Three types of contingency are identified: domain contingency,
instructional contingency, and temporal contingency. Domain contingency means
ensuring that the exercise or (sub)task has the right level of challenge for the learner.
Exercise challenge level should fall in the Zone of Proximal Development (Vygot-
sky 1980; Wood and Wood 1996). Mislevy et al. claim that: ‘... the most accurate
information about a test taker is obtained when the level of difficulty is close to the
test taker’s level of performance. However, there is also an important experiential
aspect (...) Items that are too hard demoralize the test taker, while items that are too
easy bore her.’ (Mislevy et al. 2014, p. 112). In VESSEL, we use exercise design to
aim for domain contingency, as shown in Sect. 2.1.
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Instructional contingency refers to tailoring the amount of support to the learner’s
skill level. This is derived from constructivist views of learning, which claim that
learners actively construct knowledge and meaning by interacting with their envi-
ronment (Berger and Luckmann 1966; Jonassen 1991). Learners should complete
as much learning by themselves as possible for optimal outcomes (Johnson 2005;
van de Pol and Elbers 2013), and they should attribute success to themselves instead
of external sources, as this raises self-efficacy (Bandura 1997). Support should not
take over too much responsibility too quickly. In VESSEL, we reach instructional
contingency by categorizing the coach’s support utterances into two categories:
Proactive and reactive utterances. The coach can use proactive utterances when
it detects that the learner needs support (e.g. by observing that learners have not
made progress for some time). This is necessary because learners in tutoring ses-
sions often do not actively ask for help (Graesser et al. 2011; Graesser and Person
1994). We use van de Pol et al. (2010)’s overview of scaffolding tools to define five
proactive utterance subcategories: a proactive utterance can be a prompt (a sim-
ple question to gauge the learner’s knowledge level), an explanation (an answer to
either an earlier prompt or a learner question), a hint (an implicit suggestion of what
the learner should do next that references the correct next step), an instruction (an
explicit description of what the learner should do next), or modeling (an offer to
demonstrate what the learner should do next, followed by the coach actually dem-
onstrating it). Each of these utterance types provides support at a different level of
directness. We define support level as a measure of the amount of direct guidance
in a support category; support levels go from 1 (prompt) to 5 (modeling) as shown
in Table 1. The coach can use reactive utterances to respond to learner speech or
actions (described in detail in Sect. 2.4). Finally, the coach can give feedback based
on learner progress. If the learner attempts to move to the next exercise waypoint
and has taken all necessary steps correctly, the coach uses praising feedback; if the
learner has taken any steps incorrectly, the coach uses corrective feedback to indi-
cate that something went wrong. See Table 1.

Temporal contingency describes that support should be given at the right time,
when the learner is confused or questioning (Wood 2001; Wood and Wood 1996).
If support is provided too late, learners are frustrated by a lack of progress; if it
comes too quickly, learning is impaired (Johnson 2005) and learners might resent
the support for giving an answer they could have found themselves (D’Mello and
Graesser 2012). In VESSEL, we reach temporal contingency by defining when the
coach should use support utterances. For proactive utterances, we define that the
coach should wait a certain amount of time between utterances (to avoid information
overload and give learners a chance to parse and react to the utterance): we call this
amount of time the support delay. We set a support delay of 20 s based on timing
analysis of our previous work (Schouten et al. 2020). Reactive utterances should be
used as soon as the appropriate conditions are met, in order to be useful (Gibbs et al.
2004).

Fading refers to gradually lowering the amount of offered support over time,
as the learner’s skill improves. Traditionally, human tutors use scaffolding by set-
ting difficult exercises and immediately providing ‘heavy’ scaffolding (quick pro-
active guidance with a high support level, cf. Lepper and Woolverton 2002), and
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then lowering that heavy scaffolding as learners start performing better. However,
previous work has shown that low-literate learners have strong negative emotional
reactions to unexpected challenge and to exercises that exceed their self-confidence
and self-efficacy (Schouten et al. 2017a). A system that starts out with heavy chal-
lenge and heavy scaffolding may lead to learners ‘giving up,” and either quitting
the exercise or relying on the coach to model everything. In VESSEL, we structure
our support the other way around: support starts as low as possible and builds up
to the level that learners need to proceed. To define when each type of support is
given, we must first determine the likely moments and locations in the exercise that
learners will need support for. We have used Bloom (1956)’s taxonomy of keywords
and Bayles (2004)’ overview of online banking critical factors to find all potentially
difficult elements of the Web site: all pages and links that a learner can potentially
click on, and all complex words and terms on pages that the learner must navigate
through to complete the exercise. One proactive support utterance of each support
level must exist for each difficult element. One utterance of each level is also needed
for each critical waypoint of each exercise. We can then define our fading: for every
difficult element, the coach must always start proactive support at support level 1
and increase that level every time the learner needs support again for that same ele-
ment. Support levels are tracked per difficult element, meaning that a higher support
level for one element does not impact other elements. Support levels can only go up,
never down.

Transfer of responsibility means that learners must take their own responsibility
for the success of the learning process. In VESSEL, this follows automatically from
all other scaffolding steps. As learners move through an exercise, proactive support
always starts at a low support level and gradually increases, encouraging learners
to overcome challenges by themselves instead of waiting for help. Reactive sup-
port triggers on learner questions, encouraging learners to actively seek help when
needed. And the coach’s support delay ensures the gradual lessening of proactive
support as learners become more capable of doing everything alone.

2.3 Human Factors Knowledge: User Modeling

User modeling refers to the notion of intelligent systems inferring user traits from
observable user—system interaction. Fischer (2001) defines a user model as ‘models
that systems have of users that reside inside a computational environment’ (p. 70).
User models can enable and support advanced user—system interaction by (i.a.) pro-
viding user-specific accessibility options (Stephanidis 2001), limiting the functional-
ity a program provides to match inferred user needs without overloading them (Fis-
cher 2001; Horvitz et al. 2013), and informing users of interaction possibilities and
functions that they were not aware of (Fischer 2001; Stephanidis 2001; Bhowmick
et al. 2010). In the specific context of education and learner support, user models
are used to (i.a.) enable adaptive educational and e-learning systems (Ciloglugil
and Inceoglu 2012; Tadlaoui et al. 2016), personalize online learning environments
(Kaya and Altun 2011), and support learners with particular information access and
modality needs (Benmarrakchi et al. 2017). Note that not all instances of system
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adaptation to user behavior count as or involve user modeling. For instance, VES-
SEL’s cognitive support model (Sect. 2.2) already uses user actions to drive its deci-
sion making. However, this is more accurately fask modeling, not user modeling: the
system in this instance is only interested in supporting the user with a specific task
in a specific moment, not in building a long-term model of that user.

We aim to employ user modeling in VESSEL to improve learning effectiveness.
Specifically, we are interested in adapting the aforementioned support delay to the
user’s overall performance with the exercises. Lehman et al. (2008) suggest that
struggling learners must be helped along quickly and decisively, which we hypoth-
esize we can do by lowering the delay. Conversely, we hypothesize that increas-
ing the delay for successful learners gives them more time to complete exercises
themselves, which will lead to optimal self-efficacy gains by encouraging transfer
of responsibility. In both cases, this adaptation should be automatic, or driven by the
system, rather than human-invoked (Stephanidis 2001).

We create a small, simple user model for VESSEL that encompasses the entire
possibility space of all exercises. This is possible because VESSEL forms a rela-
tively compact ‘closed-world’ system (cf. Fischer 2001), and we can clearly define
an optimal path through and an optimal outcome for each exercise. The user model
consists of two elements: the user’s overall support delay value and the user’s per-
formance in previous exercises. Whenever the user completes a new exercise, the
model evaluates their performance in this exercise, and the learner’s need for sup-
port, by looking at the types and amount of support they needed to pass each critical
waypoint in the exercise. If the user passed most waypoints with no support at all,
or with prompt or explanation support, their performance in the exercise is rated
‘good,” and the model increases their support delay by a certain amount. If the user
mostly needed instruction and modeling support, their performance is ‘bad,” and the
model decreases their support delay. If the user passed most waypoints with hint
support, their performance is ‘medium’: the balance between challenge and support
is right for this user, so their support delay is not changed.

The user model thus outlined serves several purposes. First, using this model,
VESSEL can quickly and unobtrusively adapt itself to individual learners. This
allows us to present a simple unified VESSEL design at design time, but easily
adapt to the needs of users at use time (Fischer 2001; Stephanidis 2001). Second,
the model allows VESSEL to reach each user’s optimal support delay over time,
defined as the support delay in which the user consistently falls in the ‘medium’
category. As user skill levels improve over time, VESSEL will automatically follow
suit. Finally, over longer periods of use, the model would allow us to track users’
support delay progress and exercise performance over time, enabling more accurate
learning assessment. However, this level of application lies outside the scope of the
current work.

2.4 Technology: Speech Recognition Rules

In VESSEL, speech recognition is necessary to enable reactive coach support to
learner questions (see Table 1). The coach can answer questions about the current
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exercise by recognizing particular keywords. We create a dictionary of known key-
words, which consists of the critical waypoints and difficult elements of each exer-
cise. If the learner says something out loud, the coach checks whether any words in
the learner’s utterance match one of its keywords. If a known keyword is detected,
the coach gives explanation-level support about that keyword. If the learner’s utter-
ance does not contain any known keywords, it is classified as unrecognized. In this
case, the coach uses a general reaction utterance to indicate lack of understanding,
using phrases such as ‘I do not understand what you said.’ Additionally, the coach
can understand the learner utterances ‘yes’ and ‘no,” allowing it to parse learner
answers to questions (see Table 1). It can also understand the category of all learner
utterances that indicate lack of understanding, such as ‘I did not understand that’
and ‘Could you repeat what you said,” which ensures that the system is accessible to
learners who struggle with quickly interpreting spoken utterances (which includes
low-literate second-language learners, cf. Schouten et al. 2017a).

3 Specification
3.1 Operationalization

In two steps, we translate the updated foundation into comprehensive rules for our
ECA coach. First, we formally operationalize the coach’s support behavior during
exercises to create the Generalized approach. While the learner works through an
exercise, the coach starts a timer that tracks the amount of time that has passed since
its last support action. This timer runs continuously regardless of what the learner
does, with one exception: the timer is paused whenever learner and coach engage
in learner—coach interaction, which we define as any dialogue in which both the
coach and the learner speak at least once, and the learner’s utterances are in reaction
to the coach’s. Any dialogue that meets these criteria is defined as one occurrence
of learner—coach interaction, regardless of length or number of exchanges, with the
interaction ending if the learner and the coach do not say anything for 5 s. The timer
is temporarily paused while the interaction is ongoing, and resumes when the inter-
action ends. When the timer exceeds the coach’s support delay value, it checks what
difficult element the learner is currently interacting with and which critical waypoint
the learner should be trying to reach. The coach then gives the proactive support
utterance at the support level of that critical element and resets the timer. If the
learner interacts with a difficult element in any way before the support delay value
is reached, the coach also resets the timer. If the learner triggers a reactive support
utterance (by saying something out loud, or interacting with a waypoint correctly
or incorrectly), the coach gives the appropriate utterance and resets the timer. The
coach moves through this loop until the exercise is completed. Figure 3 shows the
Generalized approach as a decision tree.

Second, we operationalize the Individualized approach, which uses the user
model to attune the value of the support delay to learner performance in between
exercises. In this study, we define that the support delay will always be increased or
decreased by exactly 5 s. The support delay starts at 20 s for every learner; it can be
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Fig.3 Generalized approach rules decision tree. The value of ‘20 s’ used here represents the standard

support delay
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15

Support Delay

Exercise 1 Exercise 2 Exercise 3

Exercises

Fig.4 Timing schema for the Individualized approach over three exercises. Filled lines represent a
learner with ‘good’ performance, resulting in the support delay being raised, dotted lines represent a
learner with ‘bad’ performance, resulting in the support delay being lowered, and dashed lines represent
a learner with ‘medium’ performance, resulting in the support delay not changing

raised to a maximum of 30 or lowered to a minimum of 10. See Fig. 4 for a visuali-
zation of the Individualized approach.

3.2 Requirements Baseline

Here, we refine the existing VESSEL requirements baseline to reflect the updated
support behavior rules; this means we update (expand/rewrite) the text of the exist-
ing requirements to better reflect our new understanding of the design of VESSEL
and that we write new subrequirements where necessary. We refine only those
requirements that change on the basis of these rules, for the coach aspect of VES-
SEL, the exercises aspect, or both. Requirements that are not described in this sec-
tion stay unchanged. Table 2 presents the refined requirements baseline.

Requirement R1. Adaptability is refined for both the coach and the exercises.
The coach should ensure that the support delay best matches the needs of individual
learners, using the Individualized approach to attune the delay according to the rules
in Sect. 3.1 and Fig. 4 (R1.1-C). And the exercises should be sufficiently challeng-
ing to learners. Exercises should exist for different skill and difficulty levels, but
these should be neither too easy nor too hard (R1.1-E). This can only be evaluated
after exercises have been put into practice: an exercise is too easy if learners need
little or no coach support to complete it (support on average not exceeding level 1),
and it is too hard if learners need strong coach support to complete every step (sup-
port on average exceeding level 4). When designing difficulty, it should be kept in
mind that the coach’s support can lower the difficulty of a too challenging exercise,
but not raise the difficulty of a too easy one.
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Requirement R6. Support is zoomed in to only coach-offered cognitive support.
The coach should offer cognitive support according to the Generalized approach
rules decision tree (Fig. 3) (R6.1-C).

Requirement R7. Interactivity is refined for only the coach. The coach can
interact with learners either proactively or reactively. The coach’s proactive interac-
tion with the learner should be driven by the support rules decision tree (R7.1-C).
And the coach’s reactive interaction with the learner should be based on Sect. 2.4’s
speech recognition rules (R7.2-C).

3.3 Use Case: Formalized Cognitive Support for Online Banking

One use case is provided here: the coach giving formalized cognitive support to a
learner doing an ‘online banking’ exercise about transferring money to a different
account. Use cases consist of: Preconditions (conditions that are assumed true at the
start of the use case), an action sequence (the steps taken by the user and the system
over the course of the use case), and post-conditions (measurable desired outcomes
that result from following the action sequence, i.e. the claims associated with the
VESSEL requirements baseline). Two actors are used: ‘Coach’ refers to the ECA
coach providing formalized cognitive learning support, and ‘user’ refers to the low-
literate learner engaging with VESSEL. Particular action sequence steps reference
Table 2’s requirements to indicate that this step meets the requirement. Six claims
are incorporated: cognitive/affective/social learning experience and cognitive/affec-
tive/social learning outcomes. Accessibility claims are not used because the user is
presumed to already be working with VESSEL.
Preconditions:

1. The user is interacting with the coach-supported VESSEL system.
2. An online banking exercise has been selected.
3. The coach and the online banking Web site are both visible to the user.

Action sequence

1. The coach introduces the goal and the scope of the exercise to the user. (R.1.1-E,
R2.1-C, R3.1-E, R5.1-C)

2. The user uses mouse and keyboard to interact with the online banking Web site
and a microphone to talk to the coach. (R7.2-C, R7.1-E)

3. Since the coach is using the Individualized approach, it checks the user model for
this particular user. Since the user has been successful at previous exercises, the
coach sets this user’s support delay to 25 s. This value will be used throughout the
exercise. If the coach had not been using the Individualized approach, it would
have set a support delay of 20 s without looking at the user model. (R1.1-C)

4. The user tries to navigate to the correct page on the online banking Web site, but
takes a long time doing so. After 25 s of the user not making any progress, the
coach offers the first level of cognitive support: a prompt. (R6.1-C, R7.1-C)
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5. The user still cannot find the right page to navigate to. After another 25 s, the
coach escalates the level of support to level 2: explanation. (R6.1-C, R7.1-C)

6. The user reaches the right page and starts filling out information. The user
encounters a term they do not understand and ask the coach about it. The coach
finds this keyword in its dictionary and offers explanation-level support about this
keyword immediately. (R6.1-C, R7.2-C)

7. The user fills out some data incorrectly then tries to move on. The coach notices
this and offers corrective feedback. (R2.1-C, R6.1-C, R7.2-C)

8. The user corrects the mistake and completes the exercise. The coach informs the
user that the exercise is over. The coach updates the user model with the results
from this exercise. Because the user has performed well, the coach increases the
support delay to 30 s. In the following exercise, this delay will be used. (R1.1-C)

Post-conditions

1. The user has actively performed the exercise: the user has done at least one exer-
cise step without the coach modeling the correct solution.

2. The user had a positive experience while doing the online banking exercise: the
user’s mood has either stayed at the same level of valence or has increased.

3. The user has interacted with the coach: the user has either asked the coach a ques-
tion or answered one of the coach’s questions.

4. The user has learned about the online banking steps and can recall this informa-
tion later.

5. The user’s self-efficacy with regard to online banking has increased.

6. The user considers the coach to be friendly and helpful.

4 Evaluation: Prototype Development

Functionality. The prototype consists of the three online banking exercises
described in Sect. 2.1, and an ECA coach that offers cognitive learning support
according to the Generalized and Individualized approaches described in Sects.
2.2 and 2.3. For the purpose of evaluation, the coach is designed to be controlled
via the Wizard-of-Oz method (Maulsby et al. 1993).

Interaction methods. Learners interact with the online banking Web sites using
mouse and keyboard. Learners can talk to the coach in natural language. The
Wizard operator uses Fig. 3 decision tree to select what utterance the coach says
at what moment, choosing prerecorded spoken utterances from a list. In the case
of unexpected user actions or utterances, the Wizard can also use the set of gen-
eral reaction utterances to get the exercise back on track without interruption.

Appearance The visual appearance of the ECA coach used in Schouten et al.
(2020) is reused here. See Fig. 5. The coach ECA has one facial animation (open-
ing and closing its mouth while sound is playing, to visually convey that it is
‘speaking’), and no gestures or body language.
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De opdracht is: Geld overmaken van je Q
spaarrekening naar je betaalrekening. | ﬂ

Je spaarrekening is: NL24 UWBA 4893 5423 22
Je betaalrekening is: NL24 UWBA 1234 1234 12
Hoeveel geld: 100 euro.

Datum: Vandaag.

Fig.5 VESSEL coach ECA (top right) and summary instructions (in Dutch) for online banking exercise
3

5 Evaluation: Methods
5.1 Experimental Design

An experiment was carried out to evaluate the learning effectiveness impact of
our formalized-coach VESSEL prototype, as well as to compare the relative effec-
tiveness of the Generalized and Individualized approaches. We therefore used the
six learning effectiveness claims that were presented as use-case post-conditions:
cognitive, affective, and social learning experience, and cognitive, affective, and
social learning outcomes. Six high-level hypotheses were drafted corresponding
to these six claims. Each hypothesis was then zoomed in on two predictions: one
prediction about the overall system impact, and one prediction comparing the
Generalized and Individualized approaches.
Learning Experience

e H1 Cognitive Experience (Performance)

— Hla The learner takes active part in the exercise: The amount of instruc-
tion/modeling support needed to complete exercises is less than 100% of
the possible maximum.

— H1b Learners who receive support along the Generalized and Individu-
alized approaches require less coach support to complete exercises than
learners who receive only Generalized-approach support and expend less
subjective mental effort.

o H2 Affective Experience (Positive Affect)

— H2a The learner’s affective state does not get more negative after complet-
ing an exercise with formalized coach support.
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— H2b The affective state of learners who receive Generalized and Individ-
ualized support changes more positively than learners who receive only
Generalized support.

e H3 Social Experience (Engagement)

— H3a The number of learner—coach interactions (defined in Sect. 5.4) is
more than 0 during an exercise with formalized coach support.

— H3b Learners who receive Generalized and Individualized support interact
with the coach less often than learners who receive only Generalized sup-
port.

Learning Outcomes

— H4 Cognitive Outcomes (Success)

— H4a The learner scores more than O points on the recall test after complet-
ing three exercises with formalized coach support.

— H4b Learners who receive Generalized and Individualized support take
less time to complete any exercise and score higher on the recall test after
completing all three exercises, than learners who receive only Generalized
support.

— HS5 Affective outcomes (self-efficacy)

— HSa The learner’s self-efficacy about online banking increases after com-
pleting an exercise with formalized coach support.

— HSb The self-efficacy increase of learners who receive Generalized and
Individualized support is higher than learners who receive only General-
ized support.

— H6 Social Outcomes (Retention)

— Hé6a The learner judges the formalized coach as being helpful and friendly.

— H6b Learners who receive Generalized and Individualized support judge
the coach as more helpful and friendlier than learners who receive only
Generalized support.

To test these hypotheses, a mixed-method repeated-measured experiment was
designed, combining within-subjects and between-subjects measurements. The
study’s main independent variable was Support Model, with two levels: Gen-
eralized Model and Individualized Model. Participants were invited to complete
the three online banking exercises in three experimental sessions, each one week
apart: Participants did Exercise 1 in the first week, Exercise 2 in the second week,
and Exercise 3 in the third week. Participants were randomly assigned one of two
conditions at the start of the first week: 50% of participants worked in the Gener-
alized Model condition throughout the entire experiment, wherein only the Gen-
eralized approach was used to provide support, and 50% of participants worked in
the Individualized Model condition throughout the entire experiment, which used
both Generalized and Individualized approaches.
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5.2 Measures

Nineteen quantitative dependent variables were measured. Fifteen were self-report
questions, measured using three questionnaires (Sect. 5.4), and four were objective
performance metrics. Table 3 shows an overview of the variables.

5.3 Participants

Participants for the study were selected using Kurvers et al. (2013)’s language
learner profiles, which subdivide first-language learners (L.1) and second-language
learners (L2) into five categories. Only learners that matched profiles 2 (fairly
skilled L1 and L2 learners), 3 (L2 learners of average skill), and 4 (L1 learners of
low skill) were invited to participate, as learners in profiles 1 (highly skilled L1

Table 3 Overview of measures

Variable Description

Subjective measures: societal participation questionnaire (SPQ)

SPQ.1. Self-efficacy (formal information skill) “I can take out insurance”
SPQ.2. Self-efficacy (formal communication skill) “I can ask for help at a service desk”
SPQ.3. Self-efficacy (informal information skill) “I can read a map”

SPQ.4. Self-efficacy (informal communication skill) “I can talk to my neighbors”

Subjective measures: self-assessment questionnaire (SAQ)

SAQ.1. Self-efficacy (reading Dutch) “I can read Dutch”

SAQ.2. Self-efficacy (online banking) “I can do online banking”

SAQ.3. Self-efficacy (computer use) “I can use a computer”

SAQ.4. Affect (valence) “How good do you feel right now?”

SAQ.5. Affect (arousal) “How active do you feel right now?”

SAQ.6. Affect (dominance) “How strong do you feel right now?”

Subjective measures: exercise results questionnaire (ERQ)

ERQ.1. Subjective mental effort “How much effort did it take you to complete the
exercise?”

ERQ.2. Coach affect (valence) “The coach was happy”

ERQ.3. Coach affect (arousal) “The coach was busy”

ERQ.4. Coach-affect (dominance) “The coach took charge”

ERQ.5. Coach-affect (usefulness) “The coach helped with the exercise”

Objective measures: direct measurement per exercise

DM1. Completion time (s) Time from start of exercise to completion

DM2. Level of coach support Highest level of coach support needed to pass any
waypoint

DM3. Learner—coach interaction Amount of learner—coach interaction during the
exercise

DM4. Recall test score Score on end-of-experiment recall test

Includes measure source (societal participation questionnaire, self-assessment questionnaire, exercise
results questionnaire, or direct measurement) and description
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and L2 learners) and 5 (L1 and L2 learners with serious learning difficulties) are,
respectively, too skilled to benefit from our level of support, and too low-skilled to
engage with the prototype at all. Because the same selection procedure was used
in our previous work (Schouten et al. 2020), we also assumed that these partici-
pants would have similar information and communication skill levels. Practically,
this means we assumed that participant formal information skill levels (information
skills in social settings characterized by rigid impersonal rules, such as online bank-
ing, cf. Schouten et al. 2016) were lower than their formal communication skill and
informal information/communication skill levels (related to social settings charac-
terized by flexible personalized rules). Participants were recruited from reading and
writing classes throughout the Netherlands. Twenty-eight low-literate participants
completed the entire experiment: Twenty-one men and seven women, with ages
ranging from 24 to 73 (M = 52.1, SD = 12.3). Nineteen of the participants identified
as natively fluent in Dutch; the other nine identified as ‘somewhat fluent.” Other lan-
guages spoken by the participants (either natively or as a second language) included
Arabic, Aramaic, Bosnian, Edo, English, French, Hindustani, Italian, Papiamentu,
Russian, Somali, Spanish, and Turkish. Eight participants reported prior experience
with online banking; of those, seven participants considered online banking easy to
do. The 20 participants without online banking experience all found online banking
hard.

5.4 Materials

The experimental setup consisted of two laptops, each connected to one external
monitor (Fig. 6), which were used by the experimenters to run the experiment. The
external monitors were used by the participants to see and interact with the exer-
cises. The left laptop and monitor were used for the online banking exercises, and

Participant Side

0 EE

N N e
0

ﬁ-ﬁ

Online Bank ng La;,to Coac h Laptop

Experimenter Side

Fig.6 Schematic overview of experimental setup. Two monitors (upper figures) are connected to two
laptops (lower figures). Keyboard and mouse on participant side are connected to Online Banking Lap-
top; microphone placed between monitors is connected to coach Laptop
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Fig.7 Visual analogue scale used to measure self-efficacy, subjective mental effort, and coach affect

Fig. 8 Self-Assessment Manikin used to measure participant pleasure/valence

the right laptop and monitor were used for the coach. On the participant side, a
mouse, keyboard, and microphone were provided as well; the microphone was used
to ‘explain’ how participants were able to talk to the coach, as well as to record
audio of the proceedings (with consent).

Four questionnaires were used. Three questionnaires measured the 15 self-report
variables (see Table 3). First, the ‘societal participation questionnaire’ (SPQ) meas-
ured participant self-efficacy about four example crucial practical situations: tak-
ing out insurance (a representative example of an information skill used in a formal
social context, cf. Schouten et al. 2017a), talking at a service desk (communication
skill in a formal context), reading a map (information skill in an informal context),
and talking to neighbors (communication skill in an informal context). Second, the
‘self-assessment questionnaire’ (SAQ) measured participant self-efficacy regarding
the exercise, and participant affective state. Third, the ‘exercise results question-
naire’ (ERQ) measured subjective mental effort, and participant affect towards the
coach. Two answer methods were used: a visual analogue scale (Fig. 7), and the
Self-Assessment Manikin (SAM) Fig. 8. Answers to self-efficacy, mental effort, and
coach affect questions were given using the visual analogue scale, as this method
does not require reading and writing skills and allows participants to rate concepts
that are otherwise hard to describe or categorize (Huskisson 1983). Answers to self-
affect questions were given using the SAM, which measures three affective dimen-
sions: pleasure/valence, arousal, and dominance (Bradley and Lang 1994). Ques-
tions were always read aloud to participants, who would then mark their answer on
the matching bar or figure. The fourth ‘demographic’ questionnaire measured par-
ticipant age, sex, schooling history, time spent in the Netherlands, languages known,
and prior experience with online banking. These questions were read out loud as
well; the researchers wrote down the answers.

In addition to the questionnaires, four objective measures were taken. First, par-
ticipant completion time was measured with a stopwatch. Second, exercise support
level was calculated by tabulating the number of times each coach utterance type
(Table 1) was used in an exercise and dividing the sum of the resulting support lev-
els (1 for prompts, 2 for explanations, etc.) by the number of critical waypoints.
Third, learner—coach interaction was recorded with the microphone. Lastly, a ‘recall
test’ was created to measure participants’ learning success. The test consisted of six
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Ad-printed screenshots of the online banking Web site. For each of the six pictures,
participants were given 60 s to answer one question, referencing an activity from
one of three exercises. Answers were scored as either fully correct (1 point), par-
tially correct (.5 points), or incorrect/out of time (0 points).

5.5 Procedure

The three experimental sessions were held over the course of three weeks, each one
week apart. Two researchers were present: one researcher acted as the dedicated
Wizard-of-Oz controller for the coach, while the other managed all participant inter-
action and controlled the online banking task environment. The first session started
with general introduction, informed consent forms, and the demographic question-
naire. The first SPQ was administered, followed by the first SAQ. The managing
researcher explained the general experiment flow and activated the coach, which
was controlled by the second experimenter. The coach introduced itself to the user,
explained the first exercise, and showed the instruction material. Participants were
told to complete the first exercise with the help of the coach. No time limit was set.
As soon as participants were finished, researchers administered an ERQ and a sec-
ond SAQ. Participants were then debriefed, ending the first session. In between the
first and second sessions, all participants’ performances were rated, using the ‘good/
medium/bad’ categorization described in Sect. 2.3. For participants in the Indi-
vidualized condition, the user model was updated and support delays were changed
where necessary (as shown in Fig. 4).

In the second session, researchers started by administering an SAQ. After that,
flow proceeded as per the first session, with participants completing the second
exercise before filling out an ERQ and an SAQ. In between the second and third
sessions, participant performances were again rated, and support delays were again
updated for participants in the Individualized condition. The third session (with the
third exercise) was similar to the previous two, except for additions at the end: after
the final exercise results and SAQ, researchers administered a second SPQ. After
this, the recall test was explained and administered. Finally, participants were fully
debriefed (including a ‘look behind the scenes’ for the Wizard-of-Oz method, and a
short qualitative interview to see how they experienced working with the prototype
and the coach) and rewarded for participation.

6 Evaluation: Results

Three analysis steps were done. First, the data were characterized and starting
assumptions were checked, by looking at participant descriptives, exercise difficulty
levels, and the effectiveness of the different support levels. Second, quantitative
analyses are conducted on the Table 3 measures in order to verify the hypotheses.
And third, two post hoc analyses were carried out: the predictive value of several
variables on recall test score was tested, and groups of participants were evalu-
ated based on initial performance. Finally, qualitative observations were made by
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the researchers, during the experiment and by listening to the audio recordings
afterwards.

Before analysis, data validity was checked in four ways, following Nimon
(2012)’s outline of statistical assumptions in General Linear Model (GLM) analy-
ses. First, P-P and Q-Q plots were used to assess multivariate normality. Results
showed that multivariate normality was upheld for all measures except three: meas-
ures SPQ.3 and SPQ.4 show mild and medium abnormality, respectively. And while
measure DM2 shows a good normal distribution, dividing this variable into DM2a
and DM2b (see also Table 5) shows that while DM2a is normally distributed, DM2b
is mildly abnormal. Second, Mauchly’s test of sphericity was used to assess data
variance. Results showed that the assumption of equal pair variance was upheld for
all measures except measure SAQ.1. Third, questionnaire reliability was assessed.
Cronbach’s « was .730 for the SPQ, .872 for the SAQ, and .734 for the ERQ. No data
reduction measures were used. Fourth, the dataset was checked for overall correct-
ness. Logging issues were discovered in the support level data for three participants;
these participants were excluded from further support level analyses (pertaining to
DM.2 and DM.3), but otherwise included. Given these results, we were confident to
proceed with the planned analyses.

6.1 Assumptions

Four assumptions were checked: the assumption of participant starting skill, the
assumption of equal exercise difficulty, the assumption of support model effective-
ness, and the assumption of temporal contingency. The assumption of participant
starting skill was that the formal information skill level for low-literate participants
would be low when compared to their formal communication skill and informal
information/communication skills. The assumption of equal exercise difficulty was
that all three exercises would require similar amounts of time and support to com-
plete. The assumption of support model effectiveness was that, from prompt to mod-
eling, the five utterances in the support model would be more effective at helping
learners complete exercise steps. The assumption of temporal contingency was that
a coach with a lower support delay (with 10 s being the lowest possible delay and
30 s the highest) would result in a higher average support level and a lower average
exercise completion time.

To check the assumption of participant starting skill, SPQ means were compared
with a paired-samples T test (Table 4). Analysis shows that before the start of the
experiment, participants rated their formal information skill (SPQ.1) as significantly
lower than their formal communication skill (SPQ.2, #(27) = —4.313, p = .000),
informal information skill (SPQ.3, #(27) = —2.657, p = .013), and informal com-
munication skill (SPQ.4, 1(27) = —5.413, p = .000). Informal information skill was
also rated as lower than informal communication skill (#(27) = —3.049, p = .005).
After experiment, the exactly same pattern was seen (respectively (#(27) = —5.396,
p =.000), (27)=-2918, p=.007), (27)=-5.670, p=.000), and
(#(27) = —3.228, p = .003)). As such, this assumption was upheld.

@ Springer



208 D. G. M. Schouten et al.

Table 4 Societal participation questionnaire means and standard deviations

Pre-experiment Post-experiment

SPQ.1. ‘I can take out insurance.’ 49.86 (SD = 36.98) 44.82 (SD = 32.18)

SPQ.2. ‘I can get help at a service desk.” (formal communica- 80.61 (SD = 23.39) 78.00 (SD = 22.15)
tion skill)

SPQ.3. ‘I can read a map.” (informal information skill) 69.43 (SD = 33.50) 64.39 (SD = 32.38)

SPQ.4. ‘I can talk to my neighbors.” (informal communica- 86.86 (SD = 21.79) 81.50 (SD = 25.47)
tion skill)

To check the assumption of equal exercise difficulty, a repeated-measures GLM
analysis compared exercise completion time and average support level for the full
exercise, as well as support level for only the navigation steps and support level for
only the data entry steps. Table 5 shows the results of the analysis. Significant dif-
ferences were found: the second exercise required a lower overall support level to be
completed, the third exercise required a lower navigation support level, and all three
exercises required different amounts of data entry support. As such, the assumption
of equal difficulty was not upheld. In light of these findings, we chose not to alter
our a priori planned hypotheses evaluations, but to incorporate these findings into a
post hoc analysis (Sect. 6.3).

To check the assumption of support model effectiveness, we tabulated the total
number of support utterances given for each level. We also counted how many utter-
ances in each level successfully helped a participant get to the next critical waypoint;
i.e. if the instruction ‘click on the word Online Banking’ got a participant to navi-
gate to the online banking page, then that utterance was successful. Table 6 shows
the number of utterances for each category, as well as the success rate. The numbers
show that in the order of prompt, explanation, hint, instruction, and modeling, the
success rate of each utterance goes up. As such, this assumption was upheld.

Finally, to check the assumption of temporal contingency, one-way ANOVA
analyses were done on the average support level and average completion times of
exercises 2 and 3, using coach support delay for that exercise as an input. Exer-
cise 1 was not used, as all participants had a support delay of 20 s in that exercise.
Table 7 shows that as the coach’s support delay went down, the average support
level increased (exercise 2: F(2,23) = 5.755, p = .010; exercise 3: F(3,22) = 4.555,
p = .013), but average completion time did not decrease as expected. We chose to
continue with our envisioned hypothesis evaluations, and to keep these findings on
hand when interpreting the results of any analysis that leans on the assumption of
temporal contingency.

6.2 Hypotheses Evaluation

To evaluate hypotheses H1 through H6, the data from the SAQ, ERQ, and the direct
measurements (see Table 3) were systematically analyzed. Table 8 shows a sche-
matic overview of all data measurements, ordered per hypothesis. Included in the
table are means and standard deviations per measurement moment (before/after
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Table6 Number of utterances given for each support type, and success rate for each, over the entire
experiment

Prompt Explanation Hint Instruction Modeling
Number given 329 290 253 166 85
Number successful 38 38 87 81 85
Success rate 11.6% 13.1% 34.4% 48.8% 100%

1124 support utterances were recorded in total

Table 7 Average support level and completion times for exercises 2 and 3, per coach support delay cat-
egory

10s 15s 20s 25s 30s
Exercise 2
Number X 4 14 7 X
Average support X 2.65 1.65 .82 X
Level* (SD =1.24) (SD=.9]) (SD = .47)
Average X 654 566 396 X
Completion time (s) (SD =215) (SD = 241) (SD =204)
Exercise 3
Number 2 0 13 4 6
Average support 3.81 - 2.24 2.16 90
Level* (SD =.97) (SD =1.19) (SD = .53) (SD = .86)
Average 961 - 732 838 490
Completion time (s) (SD =238) (SD = 295) (SD = 235) (SD =217)

Rows marked with * show significant ANOVA differences at p<.05. Columns marked ‘X’ are not rel-
evant: in exercise 2, 10s and 30 timings were impossible to reach by design

exercise 1/2/3), which statistical test was used to analyze the measure, and the rel-
evant test statistic, if significant. Three types of tests were used: repeated-measures
General Linear Model analysis, one-sided 7 tests, and one-way ANOVAs. All GLM
analyses were done using all data points as one factor (meaning they all contained
either one factor with three levels, or one factor with six levels); additionally, all
GLM analyses were conducted either without any between-subjects factors (for
hypotheses Hla to H6a) or using participant experimental condition as a between-
subjects factor (for hypotheses H1b to H6b). One-way ANOVA analyses were con-
ducted on participant experimental condition. One-sided T tests were conducted on
select values, as shown in Table 8. Note that Table 8 only shows hypothesis evalu-
ations for Hla to H6a; evaluation of hypotheses HIb to H6b showed no significant
results and as such was not included in the table.

The following results were found. For all exercises, the average support level was
lower than 4, indicating no exercise required instruction and/or modeling support
for every critical waypoint. This supports Hla. For measures SAQ.4, SAQ.S5, and
SAQ.6, repeated-measures GLM shows no significant differences across exercises.
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This indicates participant affective state did not get significantly more negative as
a result of working with the coach, supporting H2a. On average, participants inter-
acted with the coach more than 0 times in each exercise, supporting H3a. On aver-
age, all participants scored higher than O on the recall test, supporting H4a. A closer
look at the data shows that no single participant scored 0 on the test. Measure SAQ.2
(self-efficacy—online banking) was significantly different across exercises. Follow-
up analysis shows that value B1 (‘before exercise 1°) was significantly lower than the
other five, indicating that online banking self-efficacy has increased after completing
exercise 1. Figure 9 shows this result. This partially supports H5a, as self-efficacy
does not increase after every exercise. Finally, one-sided T tests show that the aver-
ages of ERQ.2, ERQ.4, and ERQ.5 are significantly higher than the scale midpoint
and that ERQ.3 is significantly lower. This suggests that participants judged the
coach as affectively positive, calm, dominant, and helpful, weakly supporting H6a.

Finally, tests for between-subjects effects showed no significant results for age,
sex, schooling history, time spent in the Netherlands, languages known, and prior
experience with online banking.

6.3 Post Hoc Analyses
6.3.1 Recall Test Analysis

Regression analyses were carried out to test whether the following variables could
predict recall test scores: average support level throughout all exercises, completion
time per exercise, average completion time across all exercises, participant age, par-
ticipant sex, participant experience with online banking, and number of weeks spent
living in the Netherlands. Prior to this, a bivariate correlation analysis was carried
out to see which variables should be included in a single regression test. This analy-
sis showed that several variables were significantly correlated (at p < .05), limit-
ing their applicability for regression analysis. The following variables were selected

Learner Self-Efficacy (Online Banking)
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50 (33.1) (30.7) =
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Fig.9 Mean of ‘online banking self-efficacy’ for the six measurement moments. Boxes indicate mean
(standard deviation). Horizontal axis shows the six measurement moments. Vertical axis shows score on
SAQ.2, in range [0-100], measured using the visual analogue scale (Fig. 7). Columns ‘B1’ to ‘A3’ refer
to measurement moments ‘Before exercise 1’ to ‘After exercise 3’
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for a stepwise linear regression for knowledge test results: average support level,
participant sex, time spent in the Netherlands, and experience with online banking.
One significant result was found: average support level negatively predicts knowl-
edge test results (r = —3.806, p = .001). A curve estimation analysis was done to
confirm this. Linear, quadratic, and logarithmic models were tested. Both a linear
model (F(1,23) = 14.483, p =.001) and a logarithmic model (F(1,23) = 19.708,
p = .001) confirmed that a higher average support level corresponded to a lower
recall test score. See Fig. 10.

6.3.2 Performance Group Analysis

One interpretation of the preceding hypothesis and recall test analyses is that par-
ticipant online banking skill levels did not change significantly over the course of
three exercises. In this case, ‘participant online banking skill level’ should be treated
as a set trait instead of a dependent variable. If all three exercises were equal in
challenge, exploratory techniques (e.g. cluster analysis) could reveal this. However,
Table 5 shows that the exercises are not equal in terms of the level of support needed
to complete them: Web site- and exercise-specific learning effects in the second and
third exercises conflate the grouping. This strongly implies that some exercises were
more challenging or difficult than others. Taking this into account, we clustered

Knowledge Test, Sum Score

: bserved
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TotalSupportLevel

Fig. 10 Curve estimation result for recall test score as a function of average support level throughout
exercise
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participants into three ‘performance groups’ based on their performance in the first
exercise; we made the assumption here that their performance in this exercise was
the most accurate reflection of their ‘actual’ online banking skill level, before any
potential learning effects from the experiment and the effects of Individualized sup-
port came into play. Six people were assigned to the ‘Bad’ group, ten people to the
‘Medium’ group, and nine people to the ‘Good’ group, based on their performance
in the first exercise, using the established user model categorization (Sect. 2.3). The
repeated-measures GLM analyses in Sect. 6.2 were then run again with this variable
as a between-subjects factor with three levels: Bad, Medium, and Good. Two effects
were found: compared to Medium and Good, participants in the Bad group had sig-
nificantly lower computer-use self-efficacy overall (main effect of between-subjects
factor, F(2,23) =5.402, p = .012, Fig. 11), and (on average) dropped in positive
affect after completing any exercise (interaction effect, F(2,23) = 3.525, p = .047,
Fig. 12). As a result of this last finding, hypothesis H2a is no longer fully supported,
but partially supported: the affective state of participants in the Good and Medium
groups did not get worse as a result of working with the coach, but the affective state
of participants in the Bad group did.

6.4 Observations and Interviews

Experimenters observed that participants managed to work with the coach as
intended. The provided support was sufficient for the exercises: almost all partici-
pants took active part in the exercises, even when these were obviously difficult,
and managed to complete them fully. Only three times did participants ‘give up’ and
wait for the coach to model every remaining step. While doing the exercises, par-
ticipants listened to the coach’s support and generally followed direct instructions if
they understood them. Participants successfully interacted with the coach within the
constraints of our speech recognition and support behavior rules. The experimenters
felt that the 20-s support delays were very long and that for particular participants
(e.g. participants who would switch their attention around very quickly) the support

Learner Self-Efficacy (Computer Use)
100

80 63.50 (-31)
70 (-48)

Self-Efficacy Mean Score
wv
o

Bad Medium Good
Fig. 11 Performance group analysis showing main between-subjects effect on SAQ.3 (computer-use self-

efficacy). Boxes indicate mean (standard deviation). Horizontal axis shows the three performance groups.
Vertical axis shows score on SAQ.3, in range [0—100], measured using the visual analogue scale (Fig. 7)
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Learner Affect (Valence)
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Fig. 12 Performance group analysis showing interaction effect on SAQ.4 (valence). Boxes indicate mean
(standard deviation). Horizontal axis shows the three performance groups; two bars per group indicate
measures taken before and after any exercise. Vertical axis shows score on SAM. 1, in range [1-9], meas-
ured using the Self-Assessment Manikin (Fig. 8)

utterances did not arrive ‘at the right time.” But on the participant side, this was
not experienced. In interviews, participants simply accepted that the coach was slow
sometimes and that ‘she took some time to give a good answer.’

Different progress results were seen in the different support delay timing con-
ditions. In the 20-s condition, most participants were able to complete all critical
waypoints without requiring instruction or modeling support. And support was
often given while participants were actively engaged with the exercise. Similar pat-
terns were seen in the 15- and 25-s conditions (but this is limited by the low num-
ber of observations in these conditions). Different patterns were seen in the 10- and
30-s conditions. In the 10-s condition, participants received support so quickly that
they often had no time to process it before another utterance was due. Many more
instances of instruction and modeling support were seen here than in other condi-
tions (also shown in Table 7). In the 30-s condition, although many participants in
this condition hardly needed help, it was observed that when participants did need
help to proceed, they had to sit through long and noticeable waiting times. More
so than in other conditions, participants seemed annoyed that the coach would not
immediately answer their questions.

Two additional observations stand out. First, while participants did often inter-
act with the coach, experimenters felt as though the total amount of human—coach
interaction in this study was lower than in the previous one (Schouten et al. 2020).
Participants that spoke to the coach talked as they would to a human conversation
partner, using complete sentences and sometimes even gesturing at the screen. But
not all participants spoke to the coach often, or at all. Particularly, while partici-
pants often reacted to coach questions and prompting, very little proactive interac-
tion was seen. In Schouten et al. (2020), participants very often talked to the coach
extensively and in great detail, including asking it highly complex questions and
even telling it stories about their own lives. This rarely happened in our current
study (although it did happen, with one participant even joking he’d ‘like to take
[the coach] on a date sometimes’). And second, while all participants completed
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all exercises with the coach’s help, ending interviews revealed that many reflected
on this negatively. Participants did not see the situation as them working together
with the coach for the goal of learning, but as them failing to complete a challenge
and the coach needing to ‘rescue’ them. One participant, who completed exercise 3
in good time but needed modeling to find the very last navigation waypoint, com-
plained that ... I wouldn’t have been able to do it without the coach”.

7 Conclusions and Discussion
7.1 Conclusions

This study intended to answer two research questions. Question Q1 was: ‘How can
we create a design specification for VESSEL that incorporates rules for cognitive
learning support provided by an ECA coach?’ Sub-question Qla, ‘Which opera-
tional demands, human factors knowledge, and technologies are needed to write
these rules?, was answered in Sects. 2 and 3. In Sect. 2, we showed how hard
online banking exercises provide a task environment for cognitive learning support,
how the scaffolding concepts of contingency, fading, and transfer of responsibility
inform the coach’s cognitive support behavior, how user modeling can be employed
to adapt offered support to individual performance and circumstances, and how we
envision the role of speech recognition. By incorporating this into the foundation,
we resolved our knowledge gaps. In Sect. 3, we created dialogue rules to specify the
ECA coach’s cognitive support behavior, refined the requirements baseline to incor-
porate these rules, and wrote a new use case to illustrate the envisioned user—sys-
tem interaction. Sub-question Q1b, ‘Which functionalities, interaction methods, and
appearances should the ECA coach have to reflect this specification?, was answered
in Sects. 3 and 4: a new VESSEL prototype was created on the basis of our speci-
fication, including formalized cognitive learning support rules and user modeling
functionality.

Question Q2 was: “What is the learning effectiveness impact of a VESSEL pro-
totype that offers cognitive learning support according to the formal specification?”
Sub-questions Q2a, ‘Are the learning effectiveness results of this prototype compa-
rable to the VESSEL prototype that offered informal cognitive, affective, and social
learning support?, and Q2b, ‘Does using both the Generalized and Individualized
approaches to learning support result in higher learning effectiveness than using
only the Generalized approach?,’ were answered by experimentally evaluating the
prototype in Sects. 5 and 6. We tested six hypotheses for each sub-question (12 in
total). For question Q2a, hypotheses Hla, H3a, and H4a were fully supported, and
H2a, H5a and H6a were partially supported, showing that the ECA coach’s formal-
ized cognitive support resulted in high learning effectiveness for low-literate learn-
ers. Cognitively, learners used the coach for guidance, but did not rely on it for
everything. Affectively, the coach had no negative influence on the user’s mood for
users in the Good- and Medium-performance groups. Self-efficacy regarding online
banking increased after doing the first exercise and stayed at the new high level
afterwards. And socially, learners interacted with the coach as if it was human, and
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judged ‘her’ as a friendly, useful helper. These results suggest that the formalized
coach meets our design goals. Learners can use the coach to successfully complete
challenging exercises, resulting in nonzero recall and a significant increase in self-
efficacy. The lowered affective state of users in the Bad-performance group is unex-
pected, however, and this should be further investigated in future work.

Comparing these results to Schouten et al. (2020) shows interesting similari-
ties. Both studies show a significant increase in self-efficacy after completing one
coach-supported hard online banking exercise. In both cases, the actual reported
values for self-efficacy are just below or around the scale midpoint (0 in Schouten
et al. (2020), 50 in this study), suggesting that while online banking self-efficacy
does increase, it is still not very high. Other value similarities include positive affect
when the coach was present (halfway between scale midpoint and maximum value),
difficulty and required effort of the exercise (idem), and the degree to which the
coach was seen as a supportive agent (close to scale maximum). These similarities
suggest that the learning effectiveness results of this prototype and the Schouten
et al. (2020) prototype are comparable, answering question Q2a. Importantly, these
results seem to indicate that moving the coach to keyword-based speech recogni-
tion was not a significant problem for low-literates. Experimenter observations cor-
roborate that low-literate participants had little problems using the coach. Almost
all participants asked their questions slowly and clearly, using the exact terms from
the Web site even without being instructed to do so. When problems did occur, it
was often because participants used unanticipated question phrasings and keywords,
or because they assumed too much real human conversation ability on the coach’s
behalf: for instance, certain participants expected the coach to be able to use past
conversation context, attempting to reference things that happened earlier in the
experiment or even in earlier experimental sessions. Further development, includ-
ing expanded keyword lists and more dialogue rules, could alleviate these problems.
Experimenters did feel that there was less learner-started social interaction in this
study than in the Schouten et al.’s (2020) study, which both experimenters were also
part of. We suspect that this happened because the previous study’s coach used small
talk for social support at the start of exercises. By asking the learner questions about
their life and talking about ‘her own experiences,’ this coach afforded being spoken
to like a human partner, acclimatizing low-literate learners to the idea they could
actively ask questions. Since the current coach did not do this, participants may not
have considered to try. Learners still reactively answered the coach’s questions, but
would only sometimes proactively ask questions. Future work should study whether
small talk influences learner—coach interactions in this way.

For question Q2b, hypotheses H1b through H6b were all not supported. This
shows that including the Individualized support model did not significantly improve
on the Generalized model. Observed qualitative differences were not reflected in
quantitative measures. Two possible explanations can be offered. One (unlikely)
option is that support delay does not have a significant influence on the learning
experience of low-literates at all. We instead suspect that our manipulations did not
actually match learning support to user skills, meaning we did not achieve fading the
way we envisioned. Qualitative and quantitative data support this explanation: lower
support delays caused information overload, while higher support delays caused
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a need for waiting. Future work should verify this: perhaps smaller delay changes
with less extreme end points, over a longer period of time, would result in fading as
expected.

7.2 Limitations

Three limitations are identified in this study. First, the number of participants
recruited for this study is relatively low for the purposes of quantitative statistics.
This problem is difficult to avoid when doing experimental research with low-liter-
ates, as the available pool of potential participants is low: finding and recruiting low-
literates is a non-trivial issue (cf. Schouten et al. 2017a), and we further limited this
pool by using Kurvers et al. (2013)’s language learner profiles as a selection crite-
rion (see Sect. 5.3). This calls the power of our results into question. While analysis
has shown that our data uphold multivariate normality and equal pair variance, and
observed power was generally satisfactory, a larger sample size would solidify our
findings. A standout point is the fact that eight of our 28 participants reported prior
experience with online banking, which seems like a strong potential confound. As
the online banking environment used in our work was created for this experiment
(meaning no participants could have direct experience with it), and as between-sub-
jects analysis showed no significant effect for ‘prior online banking experience,” we
are confident about the accuracy of our findings; nevertheless, future work should
give this factor strong consideration.

Second, the experimenters ran into some implementation issues with the proto-
type. The Wizard operator could not correctly control the coach 100% of the time:
technical difficulties in the coach’s control program caused unavoidable time delays
of up to 12 s between selecting a coach utterance and that utterance actually playing.
This problem was first encountered during pilot testing, but was not resolved before
the actual experiments took place. As a result, the Wizard operator had to train to
factor them in. This formed a source of noise in the support provision. Addition-
ally, in situations where the participants performed actions the coach was not built
to expect, the Wizard had to append new rules on the fly. For instance, at the start of
the first experiment, there was no rule for what to do if the participant returned to an
earlier-completed waypoint. This situation was encountered during the first experi-
ment, at which point a rule was created to handle it. Afterwards, this rule was incor-
porated into the coach and executed consistently. However, initial occurrences of
situations like this still introduced noise.

Finally, the post hoc analysis of learner skill and performance reveals a prob-
lem with the assumptions underlying our work. Section 6.3.1 shows that learners
who required more support to complete exercises scored more poorly on the recall
test. One interpretation is that, in our three weeks of testing, learners’ actual skill in
doing online banking has not changed. Rather, learners with initial high skill levels
needed little support and scored well, while learners with low skill levels needed
much support and scored poorly. This is supported by the performance group analy-
sis, which shows that learners who performed poorly in the first exercise consist-
ently had a worse mood after exercises and judged their computer use self-efficacy
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to be low (Sect. 6.3.2). It looks as if the coach has only helped learners complete the
exercise, not master it. In the interviews (Sect. 6.4), participants blamed themselves
for failing to succeed alone and viewed the coach’s instructions as an admittance of
that failure. Two assumptions underlying requirements R1.1-C (coach adaptability)
and R1.1-E (exercise adaptability) are that learning support can lower the experi-
enced difficulty of challenging exercises and that low-literate learners should not be
allowed to fail. But results suggest that participants still experienced the exercise
as very challenging; the coach’s help was not seen as lower difficulty, but as unfair
help. Even though all exercises were completed, learners attributed failure on the
level of separate critical waypoints to themselves. Future study should investigate
whether this happens consistently. If the coach cannot actually lower experienced
difficulty, and if low-literate learners weigh failure on any waypoint level more heav-
ily than success on the overall exercise, the assumptions underlying our coach’s
behavior must be rethought.

7.3 Future Work

This study has demonstrated the value of using formalized cognitive learning sup-
port for low-literates. Learners successfully interacted with the coach to complete
challenging exercises, which resulted in a positive learning experience and higher
online banking self-efficacy. These findings indicate that our current VESSEL
development direction has merit. We will build on this in future work: now that our
cognitive support has been formalized and evaluated, we can try to do the same for
affective and social support. In a next SCE iteration, we turn our attention towards
building a prototype that provides support not only contingent on the learner’s cog-
nitive needs, but also their affective and social needs (cf. Schouten et al. 2017b).
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