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ABSTRACT

Adult literacy learners are characterized by their diversity, both in terms of
educational histories and cognitive skill sets. Accounting for the specific
strengths and weaknesses of each learner is vital to the assessment of literacy
gains and optimization of educational systems. We examined pre- and post-
difference scores on a component reading skills assessment battery collected
before and after an instructional program that included an adult comprehen-
sion-focused intelligent tutoring system. By characterizing learners during
instruction, we examined differential gains in foundational reading skills.
Most learners made gains in reading skills above the word recognition and
decoding level; readers who were classified as “conscientious” (who per-
formed slowly but accurately) tended to make the most substantial gains.
We conclude that this hybrid instructional program may be an effective
educational environment for adult literacy and describe how characterizing
learners via integrating assessments into adaptive instructional practice may
improve efficiency and effectiveness.

Introduction

The results of the 2013 Programme for International Assessment of Adult Competencies estimate that
19% of adults worldwide (17.5% in the United States) are classified as at or below Level 1 Literacy
Proficiency and another 33% at Level 2 (OECD, 2013). Readers at or below Level 1 may struggle with
short texts and literacy tasks that involve single operations, such constructing the literal understanding
of a passage or searching for a piece of information. Readers at Level 2 are comfortable with slightly
longer texts and can generally begin to integrate textual information by comparing and contrasting or
making low-level inferences. Most adults at Level 2 are considered below postsecondary literacy
proficiency, whereas adults at or below Level 1 possess very limited literacy skills. In short, the
population of struggling adult readers is substantial and will remain so without advances in adult
literacy research and educational technology.

Adult literacy programs seeking to provide educational resources to this population often
lack important tangible resources, such as funding, but also less-tangible resources, such as
consistent, effective, and theoretically driven assessment and curricular frameworks
(Greenberg, 2008). Without these, it can be difficult to understand the needs of individual
learners, tailor their educational experiences, and measure their growth over time.
Personalized instruction is an especially vital goal in adult education because adult learners
are an immensely diverse and complex population. Adult learners come from highly variable
socioeconomic backgrounds and have disparate linguistic and educational histories and goals
(Tamassia et al., 2007). Compared to adolescent students who read at similar levels, adult
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literacy learners are more likely to be non-native English speakers (or to speak nonstandard
English), have undiagnosed reading and learning disabilities, and may have developed com-
pensatory cognitive processes or strategies to mitigate a lifetime of reading difficulties
(Sabatini, O’Reilly et al., 2019; Washington et al., 2013).

It is imperative to account for considerable diversity in learner characteristics to optimize
instruction for adult reading comprehension. This presents a challenge to educators and
researchers: How can the characteristics of individuals from such a diverse population be
operationalized and measured to provide fast, reliable, and actionable adaptation? One possi-
ble approach involves using computerized educational systems that generate large amounts of
user interaction data. Response speed and accuracy are readily and abundantly generated data
in most computerized educational systems. These types of data are suitable for making
inferences about readers since proficient reading relies on quickly and accurately coordinated
skills (Feller et al., 2020; C. A. Perfetti, 1985; Perfetti & Adlof, 2012). We sought to address
the challenges associated with high learner variability by leveraging what we know about
cognitive reading processes to analyze and utilize speed and accuracy data from adult learners
in a computerized educational system designed to teach reading skills.

Proficient reading comprehension is an intricate process that involves the use of several
continuous, overlapping skills (Graesser & McNamara, 2011; Perfetti & Adlof, 2012). These
skills range from the recognition of letter-sound correspondences to the construction of
complex situation models of text meaning. Over time and with practice, these skills ideally
become automatized, occurring more rapidly and with less effort (Ehri, 2005), which allows
more time and effort to be devoted to comprehension and reasoning. While one does not
need to fully master lower-level skills in order to perform higher-level ones, readers with
severe weakness in foundational reading skills may be forced to expend significant cognitive
resources to overcome these obstacles. This depletes the resources available for higher level
comprehension and discourse processes, resulting in diminished overall reading comprehen-
sion abilities (Cain & Barnes, 2017; Cain & Oakhill, 2012; Wang et al., 2019). Struggling
readers who lack the ability to rapidly integrate new textual information with their prior
knowledge are often unable to meet the demands of complex comprehension tasks. This not
only affects their performance on these tasks, but also constrains their ability to learn from
texts (McNamara & Magliano, 2009).

However, despite the multifaceted nature of the construct, reading comprehension is
typically assessed as a single construct in most educational settings, especially in adult literacy
programs, where limited resources often preclude the use of frequent and time-consuming
assessment batteries. Even when assessments are available, it is not always clear whether or
how this information is used to personalize educational opportunities for learners to maximize
growth (Belzer & Greenberg, 2020). Ignoring the component skills involved in reading leaves
instruction overgeneralized and suboptimal. One approach to avoiding overgeneralization
while accommodating the limited resources of adult education programs is to fine tune
student learning through individualized, efficient assessment and intelligent tutoring systems.

The objective of this work is to examine how component reading skill assessments and
instructional program data may be leveraged to better understand individual reading skill sets
and improve educational reading comprehension outcomes for adult literacy learners. More
specifically, we examine data from one assessment and one instructional system used as a part
of an extensive adult literacy education program (Graesser et al., 2016, 2019). By analyzing within-
subjects data from pre- and postinstruction assessments at multiple levels of reading skill and
comprehension, as well as data from a computerized, adaptive learning system used during
instruction, the characteristics of individual learners can be derived and examined. These infor-
mation-rich learner models can be used to determine not only whether specific instructional
practices are effective, but also for whom they are most effective and for what particular reading
skills are impacted.
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Reading Inventory and Scholastic Evaluation framework for assessing reading and
comprehension

The Reading Inventory and Scholastic Evaluation (RISE) assessment is a subset of the operational
reading component skills assessment system known as the Study Aid and Reading Assessment
(Sabatini, Weeks et al., 2019). The conceptual framework for the RISE is primarily founded in
Perfetti’s verbal efficiency theory; proficient readers are able to perform low-level reading skills both
accurately and efficiently, reserving cognitive resources for higher-level comprehension and inference
generation processes (Feller et al., 2020; C. A. Perfetti, 2001; Sabatini, O'Reilly et al., 2019). The skills
assessed include decoding/word recognition, vocabulary, morphology, sentence processing, reading
efficiency, and overall reading comprehension. Foundational reading skills may interact to contribute
to reading comprehension in a complex, nonhierarchical stream; however, performance on each of the
RISE subtests yield significant, unique associations with performance on the reading comprehension
subtest (Sabatini, Weeks et al., 2019). Further, a lower-skill reader may rely more on context and
compensatory behaviors than a highly skilled reader. This is especially true of adult learners, who often
develop a wide array of compensatory strategies over the years that are not always optimal to
continued growth toward proficiency. The RISE may provide a useful glimpse into the nuances of
individual reading skill differences and, in the case of this study, how they may be associated with
changes in comprehension as a result of an intervention.

This assessment battery has been the subject of field studies and psychometric validation studies in
schools across the United States (Sabatini, Weeks et al., 2019). While original field studies were
conducted in grade schools, researchers have recently begun to utilize the RISE in studies of
postsecondary students (Feller et al., 2020) and adult literacy learners (Chen et al., 2021; Hollander
et al., 2022). Its relative ease of administration allows for low-demand monitoring of component
reading skills. The RISE is also vertically scaled, meaning one can make direct comparisons between
samples and populations who complete its various forms or item sets (see Sabatini, Weeks et al., 2019
for a technical report).

AutoTutor framework for reading comprehension instruction

AutoTutor is an intelligent tutoring system that uses conversational agents to promote learning in
a variety of domains (Graesser, 2016; Nye et al., 2014), including a content package designed
specifically for adult literacy instruction. In this system, two computer agents (i.e., a “tutor” agent
and a “peer” agent) guide learners using conversation-based trialog interactions while completing sets
of tasks selected by human instructors. The versions of AutoTutor that have been tested contain 30
lesson topics that were designed for adult literacy learners, ranging in scope from word-level learning
to passage-based reading activities. Many lessons contain contingent branching structures in which
questions and texts start at a medium level of difficulty but branch harder or easier questions and texts
depending on learners’ performance. Most lessons contain between 10 and 35 items, and usually take
between 10 and 30 minutes to complete. Figure 1 displays the interface of a sample item. In this
example, sentences in a passage are highlighted, and participants are asked to determine whether the
highlighted sentences describe a character or an event. Items are often multiple choice, but some items
include text input. All items are accompanied by audio output from the agents that guides learners
through lessons while adapting to learner performance.

The content of the lessons was designed to align with the U.S. Department of Education’s College
and Career Readiness Standards for Adult Education (Pimentel, 2013), a multilevel framework of
discourse comprehension (Graesser & McNamara, 2011), and a face-to-face reading comprehension
curriculum that was successful for low-skill readers in schools (Lovett et al., 2012) and tailored for
adults. The multilevel framework outlines five theoretical levels at which comprehension takes place
(and can break down) the surface code, the textbase, the situation model, the genre and rhetorical
structure, and pragmatic communication. This provides the theoretical grounding for AutoTutor, with
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Is this sentence a character description or
an event?

Drag and drop either the

\J description icon or the event icon \*J

on the sentence below.

Rose was not one to talk to strangers.  She was always
aware of her surroundings when she walked down the street
and cautious about every possible wolf that crossed her path.
Now, as a police officer, she had a sixth sense about who was
telling the truth and who was lying...

Repeat

Figure 1. An example AutoTutor item.

a focus largely on higher-level discourse comprehension but some attention to foundational reading
skills.

Regarding the curriculum, AutoTutor was designed to emulate PACES, a reading curriculum which
has successfully promoted reading gains in remedial-level high school students (Lovett et al., 2012).
Accordingly, each lesson targets one of the following: Predicting topic and writer’s purpose with text
signals and key information, Acquiring new vocabulary with context clues, Clarifying common sources
of confusion about the text with clarifying questions, Evaluating, elaborating, and explaining through
questioning, or Summarizing, identifying and constructing text structures. A major advantage of this
approach is its wide overall construct coverage, so most students are able to take lessons in the domains
in which they most need help. An additional advantage of this version of AutoTutor is that it was
specifically designed to suit adult literacy learners. It does so by simulating digital environments that
reflect how literacy skills are required of adults in pragmatic, naturalistic situations. Tasks like these may
be of higher interest and value to adult learners, which increases the likelihood of maintaining engage-
ment and acquiring practical skills (Hollander et al., 2021; Leu et al., 2015). AutoTutor has been used in
partnerships with adult literacy programs on a small scale and undergoes continuous refinement.

Items in AutoTutor typically consist of multiple-choice answers to conversation-based
questions asked by one of the agents. There are typically three response options to each
question. If a learner exhibits a misconception by answering a question incorrectly, the agents
will typically explain why a response is incorrect, why correct alternatives are correct, and
sometimes where to find the information in the text that can be used to arrive at the correct
answer (and refute the previous misconception). After this guidance, learners are usually given
another attempt at the item, but these secondary attempts are not factored into the scores
used for the difficulty branching procedure described above.

Interventions using AutoTutor have predicted pre- to postinstruction learning gains on some
measures of global reading comprehension, including the Woodcock-Johnson III and the RAPID
(Chen et al.,, 2021; Fang et al., 2021). However, the effects on specific reading component skills have
yet to be reported. While AutoTutor and the PACES curriculum generally target higher-level
reading skills than those measured by the RISE, there is some explicit overlap between the two
frameworks, such as an emphasis on vocabulary. Further, without the measurement of more
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foundational reading skills, the question of whether (and how) comprehension gains are made in
isolation or in confluence with growth in other foundational reading skills remains unaddressed.
A key aim of this article is to explore how foundational reading component skills are affected by
adult literacy-oriented instruction. In this case, we use data collected from AutoTutor as a means
to track and infer performance in a hybrid instructional program that includes both human and
computer training.

Materials and methods

Data were obtained from three waves of an adult literacy intervention program study.
Participants consisted of 252 adult literacy program enrollees in the United States and Canada
(Mage = 42.4, SD = 13.9, 74.6% women). Approximately 59.5% of the sample identified as
Black, 17.5% multiracial, 11.5% White, and 9.5% Asian. The participants took part in
100 hours of an instructional intervention featuring a blended class consisting of sessions
with teacher-led decoding, vocabulary, and comprehension instruction in addition to
AutoTutor. Regarding comprehension training, the instructional program primarily followed
the PACES curriculum, with AutoTutor lessons corresponding to the in-person lesson topic
that day.

Participants completed one form of the RISE before the 100-hour intervention and another form on
completion. Each of the five subtests that target component skills typically takes less than 10 minutes
to complete for most struggling readers; the general comprehension subtest typically takes 15-
20 minutes to complete. To more precisely convey the foundational reading skills targeted by the
RISE, brief descriptions and example items are provided below, followed by their observed reliability
in typically developing samples across grades 5-12 (Sabatini, Weeks et al., 2019).

Word recognition and decoding

Participants were presented with a word or pseudoword and decided if it (1) is a real word (e.g.,
shoulder), (2) is not a real word (e.g., plammity), or (3) sounds exactly like a real word even if it is not
spelled correctly (e.g., brane). The reliability ranges a = .89-.92 across grade levels.

Vocabulary

Participants see a target word and three options and must decide which option is a synonym of the
target (e.g., data: information, schedule, star) or a semantic associate of the target (e.g., marine; store,
tree, water). The reliability ranges o = .83-.90 across grade levels.

Morphology

Participants see a sentence with one word missing and three options, all of which are derivational
variants of the same root and choose the word that completes the sentence (e.g., Some scientists believe
the moon is an area we’ll be able to ,; colonist, colonial, colonize). The reliability ranges a = .87-.91
across grade levels.

Sentence processing

Participants see a sentence with one word missing and three options and choose the word that
completes the sentence. Response options contain emphasis on relation-signaling words (e.g., because,
if, although) as a key element of this subtest because they are particularly diagnostic of struggling
readers (e.g., Ana couldn’t ride her bike to school the chain fell off.; because, instead, although).
The reliability ranges o = .83-.87 across grade levels.
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Reading efficiency

Also known as the maze task (Shin et al., 2000), participants complete cloze items which are derived from
successive sentences selected from a passage. This subtest differs from the previous subtest because it is
timed and strings together cohesive, within-passage sequences and target words that can be either
functional relation-signals or topical vocabulary. This causes readers to utilize and coordinate several
lower-level reading skills at once without involving high-level inference generation (e.g., During the
Neolithic Age, humans developed agriculture—what we think of as farming. Agriculture meant that
people stayed in one place to grow their crops/baskets/rings. They stopped moving from place to place to
follow herds of animals or to find new wild plants to eat/win/cry. And because they were settling down,
people built permanent shelters/planets/secrets.). The reliability ranges a = .92-.95 across grade levels.

Reading comprehension

This subtest is a condensed version of traditional, passage reading comprehension assessments. This task
was designed to assess a reader’s surface-level (words and phrases) and gist-based (roughly textbase and
situation model) understandings of brief passages, while limiting reliance on deeper conceptual or social
reasoning questions. The number of questions that demand domain-specific prior knowledge and deeper
conceptual or social reasoning questions are purposefully limited. This subtest contrasts with scenario-
based assessments that target higher levels of discourse skills (O’Reilly & Sabatini, 2013; Sabatini et al.,
2020). Rather, the RISE comprehension subtest requires participants to locate information, paraphrase,
and make low-level inferences at the textbase level. The reliability ranges a = .60-.83 across grade levels.

Data processing

We conducted a hierarchical clustering analysis on AutoTutor performance data in order to investi-
gate how instructional and assessment data can be leveraged to identify vital learner characteristics in
adult literacy learner populations. Previous studies have conducted clustering analyses on the same
interventions’ participants and data (Fang et al. (2018, 2021) so we sought to replicate and test the
robustness of these findings by conducting similar analyses with stricter exclusion criteria and data
processing parameters. We then sought to test differences between RISE scores by cluster to determine
which types of learners benefitted from the instructional program on each foundational reading skill.
It should be noted that the Fang et al. publications did not report how the multiple measures of RISE
were related to the clusters of learners manifested in AutoTutor performance.

In preparation for the clustering analyses, we included only responses to the lesson segment prior to the
branching of students to more difficult or easier texts and items. This segment always included items that
spanned a wide range of difficulty; that is, no floor or ceiling effects were observed at a group level for any
lesson. After the branch point in a lesson, some students were routed to a more challenging set of items,
while others were routed to a relatively easier set, thus reducing the sample of students who took all items. By
limiting the item pool to the first segment, we maximized sample size for the cluster analysis. Next,
individual “ceiling items” that more than 98% of participants answered correctly on their first try were
removed in order to ensure adequate variance in item accuracy (as opposed to a 100% threshold used by
Fang et al,, 2018, 2021). This excluded 11.1% of data. Outliers from the remaining AutoTutor response time
data (more than three times the interquartile range below the first quartile and above the third quartile) were
removed, excluding 3.4% of the data (Fang et al., 2018, 2021). Response times of less than 3 seconds were
Winsorized and adjusted to 3 seconds (Fang et al., 2018, 2021). After these criteria were imposed, there were
no outliers on either accuracy or time at the aggregate participant or lesson level. No participant’s individual
distribution of accuracy or time yielded a skewness value below —1 or above 1. Despite the changes to the
processing parameters, all participants were classified identically as in previous studies (Fang et al., 2021).
Approximately 38,800 observations remained in the final data set.
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Finally, to examine the potential of AutoTutor as an instructional tool for making gains in
foundational reading skills, we conducted a series of comparative analyses on pre- and postinterven-
tion difference scores on the RISE.

Results
Clustering of readers according to AutoTutor performance

Hierarchical clustering analyses were performed on the AutoTutor accuracy and latency data using
Ward’s method (Ward, 1963). These analyses were conducted using the R package clValid (Brock
et al., 2008). We attempted to replicate similar analyses by Fang et al. (2018, 2021), in which a four-
cluster solution yielded optimal results. Despite some differences in the data processing parameters
(e.g., more conservative exclusion criteria and “ceiling item” accuracy thresholds), our analysis labeled
participants identically to the analyses conducted by Fang et al. (2018, 2021). This suggests
a successful, generalizable, and convergently robust methodological reproduction.

Based on patterns in accuracy and response speed, Fang et al. (2018, 2021) (see also Chen et al,,
2021) labeled clusters as proficient readers (accurate and fast, N = 97), underengaged readers (medium
accurate but fast, N = 93), conscientious readers (medium to accurate but slow, N = 31), and struggling
readers (very inaccurate and slow, N = 31). For consistency in reporting, we also use these labels, but
with several clarifications. First, the term “proficient” is relative to the specific sample of struggling
adult readers who did not read at the eighth grade level—not an absolute standard of proficiency in
reading. Further, the “conscientious” and “underengaged” labels imply knowledge of the participants’
individual engagement levels, which is only indirectly known. We might say that by responding
relatively slow but accurate, it is as if the students are behaving conscientiously, while by responding
quickly and inaccurately, it is as if students were underengaged.

ANOV As of average item accuracy and response time yield group differences (accuracy: F(3, 249) =
50.92, p < .001, #* = .398; time: F(3, 249) = 45.92, p < .001 #* = .356). Regarding accuracy, post-hoc
independent t-tests with Bonferroni corrections indicate that the proficient cluster was significantly
more accurate than all other clusters (all p <.001) and that the struggling cluster was significantly less
accurate than all other clusters (all p <.001), but the underengaged and conscientious clusters were not
significantly different (p = .56). Regarding response time, similar analyses indicate that the proficient
and underengaged clusters were significantly faster than the conscientious and struggling clusters (all
p <.001) but not significantly different from each other, and the conscientious cluster was significantly
slower than all other clusters (against proficient and underengaged p < .001, against struggling p <.01).
Figure 2 graphically represents these comparisons.
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Figure 2. Average accuracy (a) and response time (b) on AutoTutor items as a function of cluster.
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Preintervention scores

Our characterization of these groups so far is limited to their general accuracy and speed in high-level
reading tasks. However, in order to better understand these groups and provide convergent validity to
our characterizations, we conducted a series of six ANOVAs comparing the four clusters on each of
the RISE subtests, preintervention. Because the construct coverage of the RISE involves foundational
reading skills and their efficient integration, we can further observe how our cluster classifications
based on speed and accuracy align with the requisite components of proficient reading. Post-hoc
comparisons were conducted using Bonferroni alpha-level corrections.

Each of the ANOVAs was statistically significant; marginal means are displayed in Table 1. For
word recognition and decoding (F(3, 178) = 10.42, p < .001, > = .15), vocabulary (F(3, 177) = 12.91,
p <.001, #* = .18), and morphology (F(3, 176) = 8.07, p < .001, #* = .12), the proficient cluster scored
significantly higher than all other clusters (all p < .01). For sentence processing (F(3, 177) = 6.29, p <
.001, > = .10), the proficient cluster scored significantly higher than the underengaged and struggling
clusters (both p < .01). For efficiency (F(3, 178) = 25.77, p < .001, > = .30), the proficient cluster scored
significantly higher than all other clusters (all p < .01), and the underengaged cluster scored signifi-
cantly higher than the conscientious and struggling cluster (both p < .01). For reading comprehension
(F(3, 178) = 12.31, p < .001, 112 = .17), the proficient cluster scored significantly higher than the
underengaged and struggling clusters (both p < .001).

Reading component skill gains

To determine AutoTutor’s potential as a tool for tracking the growth of reading skills, we
analyzed the post- and predifference scores on each RISE subtest by cluster. Within-subtest
pre- and postscores were generally highly correlated (rwrpc = .71, *voc = .79, "morpH = .78,
rsen = .58, rgrric = .80, rre = .62, all p < .001). There were no outliers in the overall distribution
of difference scores for each subtest (no values more extreme than 1.5 times the interquartile
range from the median), and these distributions were all normally distributed (no skewness
values less than —1 or more than 1).

To determine whether participants made significant gains in component reading skills, we
conducted a repeated-measures ANOVA for each RISE subtest. For each model, cluster was entered
as a between-subjects factor, time (pre- and postprogram) was entered as a within-subjects factor,
and each model included the cluster-by-time interaction term. To correct for alpha-level inflation,
these tests were conducted using the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995)
to adjust observed p values, and critical p values were adjusted at a false discovery rate of .05. The
main effects of cluster and time were both significant in each model, except for word recognition
and decoding, for which only cluster was significant. The significant main effect of time indicates
that participants overall achieved higher scores on the postassessment than the preassessment,
indicating an increase in literacy skills, except for word recognition and decoding. The significant

Table 1. Descriptive Statistics of Preinstruction Component Skills by Cluster

Cluster WRDC VoC MORPH SEN EFFIC RC
Preprogram

Proficient 247.56 (8.61) 256.49 (11.48) 250.79 (8.48) 251.31 (5.87) 249.61 (8.15) 259.41 (7.74)
Underengaged 242.37 (8.02) 249.07 (10.22) 246.62 (8.43) 247.74 (7.23) 243.44 (7.34) 253.31 (7.30)
Conscientious 240.53 (7.26) 248.05 (9.22) 243.63 (9.58) 246.95 (6.71) 237.37 (6.12) 255.32 (8.45)
Struggling 238.52 (6.24) 242.70 (7.31) 241.91 (8.66) 245.57 (6.95) 237.04 (5.28) 250.43 (4.96)
Postprogram

Proficient 248.06 (8.57) 260.27* (9.74) 252.48 (7.60) 251.69 (6.79) 251.92% (7.94) 262.00* (6.98)
Underengaged 242.12 (7.57) 251.6 (11.47) 248.56* (8.59) 249.88 (6.11) 245.04 (7.93) 255.83* (7.58)
Conscientious 240.5 (7.21) 253.13* (9.53) 247.80* (8.87) 250.33* (6.55) 240.33 (8.00) 257.27 (9.75)
Struggling 238.48 (7.01) 243.91 (9.38) 240.74 (8.51) 247.13 (6.58) 238.17 (7.44) 249.73 (6.02)

*Significant pre- and postcontrasts within-group/subtest combination, p < .05 with Bonferroni correction applied.
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main effect of cluster indicates some significant pairwise group differences between clusters in each
reading skill. The cluster-by-time interaction was not statistically significant in any of the models.
These effects are likely impacted by uneven group size and low statistical power to observe
significant interaction terms. In order to examine the hypothesis that the groups may have made
differential learning gains in each subtest, we also included pre- and postcontrasts for each group
with Bonferroni corrections. These contrasts indicated that the proficient group made significant
gains in vocabulary (Cohen’s d = .36), efficiency (d = .29, and reading comprehension (d = .35); the
underengaged group made significant gains in morphology (d = .23) and reading comprehension
(d = .34); and the conscientious group made significant gains in vocabulary (d = .54), morphology
(d = .45), and sentence processing (d = .51); contrasts were not significant for the struggling group.
The results of each model are displayed in Table 2. The marginal means for pre- and postprogram
scores by cluster on each subtest is displayed in Table 1. In addition to marginal means, Table 1
denotes which of these post-hoc contrasts were statistically significant. Figure 3 illustrates the
pattern of results in more detail.

Table 2. Results of Repeated-Measures ANOVAs for All Reading Component Subtests

WRDC VOoC MORPH

df F df F df F
Intercept 1 129,644.15%** 1 75,752.86*** 1 104,506.41%**
Cluster 3 13.57%** 3 16.525%** 3 9.63%**
Time 1 .19 1 11.76%** 1 6.73**
Time X cluster 3 .03 3 737 3 1.86

SEN EFFIC RC

df F df F df F
Intercept 1 204,950.97*** 1 136,079.29%** 1 173,597.31%**
Cluster 3 5.19%* 3 28.44%** 3 19.18***
Time 1 10.87%** 1 7.95%* 1 3.92*%
Time X cluster 3 1.71 3 416 3 1.18

Note. *p < .05, **p < .01, ***p < .001.
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Figure 3. Difference scores for reading component skills by cluster. Error bars represent standard error of the mean.
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Discussion

Adult literacy rates remain a significant concern worldwide despite advances in educational research
and technology (Greenberg, 2008; OECD, 2013). Adults with low literacy are an incredibly diverse
population in several respects, perhaps most vitally in the myriad of cognitive component skill
weaknesses that can present obstacles to proficient reading. The results of this study underscore the
importance of accounting for learner characteristics when designing assessments and interventions for
adult literacy learners. Using AutoTutor, an adult literacy-focused learning environment designed
around a generally high-level discourse processing framework, we were able to categorize learners by
their accuracy and timing data during instructional tasks and observe how these performance
characteristics may be indicative of strengths and weaknesses in foundational reading skills. Further,
we analyzed learning gains in component reading skills based on these learner classifications. By doing
s0, we can observe not only whether the instruction is effective, but also for whom it is most effective.

The results of the clustering analysis demonstrate one method of describing and accounting for diversity
in learner characteristics. By describing the clusters based on their speed and accuracy during AutoTutor
lessons, we can begin to characterize the experience of learners in the overall hybrid instructional program
while gaining some insight into their reading ability. While speed and accuracy are continuous measures, we
generally observed a 2 x 2 factorization in these data. Decades of research demonstrate that proficient
reading is both fast and accurate (Feller et al., 2020; C. A. Perfetti, 1985; Perfetti & Adlof, 2012). When
readers are fast but inaccurate, one possible explanation is that they may be experiencing fluctuations of
engagement. While there may be other explanations, reading speed is typically coupled with sustained,
accurate word reading (Ehri, 2005; Perfetti & Adlof, 2012). If participants who perform quickly but
inaccurately have inadequate foundational skill to support rapid, accurate word and text processing, then
they would need to slow down and engage additional time and effort to ensure accurate responding.
Conversely, when readers are moderately accurate but slow, one explanation could be that their component
reading skills are perhaps weak or not tightly integrated but adequate for attempting tasks as posed in the
lessons. As a result, accurate responding requires additional time and effort and may also be accompanied by
using compensatory skills, strategies, knowledge, or metacognitive reasoning, all of which would require
additional time during tasks. Lastly, if a reader is neither fast nor accurate, then they are neither processing
text efficiently nor able to compensate with other skills or strategies.

These characterizations are contextualized and supported by the preprogram RISE data. For example,
the proficient reading cluster generally outscored almost every other cluster in almost every subtest,
demonstrating that their foundational reading skills are both effective and efficient. Perhaps most interest-
ingly, the conscientious cluster scored lower than the proficient cluster on most of the foundational skill
subtests, especially the reading efficiency subtest, but there was no significant difference between these
groups in scores on overall reading comprehension subtest. This supports the descriptive characterizations
of these clusters. These results also demonstrate how relative weaknesses in foundational skills may be
compensated for with the expenditure of time and effort, likely including the use of top-down strategies and
metacognitive reasoning, especially in adult learners (Sabatini, O'Reilly et al., 2019).

The mixture of efficient and effective foundational skills, complemented with compensatory
strategies and reasoning is consistent with the learning gains data. We generally observed a pattern
of positive learning gains for most component processes for the entire group, with the notable
exception of word recognition and decoding. The overall improvement of RISE scores may indicate
that the instructional program as a whole was effective in improving not just reading comprehension,
but also some of the foundational skills that afford readers the cognitive resources to use higher-level
discourse processes. These findings are consistent theoretically both with the multilevel discourse
processing framework of AutoTutor and the verbal efficiency framework of the RISE.

While the cluster-by-time interaction term was not significant in our model, post-hoc contrasts
indicated that the patterns of skills that significantly improved may differ by cluster. For example,
according to these contrasts, proficient readers made significant gains in vocabulary, efficiency, and
reading comprehension, while conscientious readers made gains in vocabulary, morphology, and
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sentence processing. These differences in skill gain patterns may be clues to the cognitive and meta-
cognitive mechanisms associated with reading skill gains. Future research should investigate how, when,
and for whom each of these reading skills may be most effectively enhanced by instruction. To illustrate,
conscientious readers, who are characterized by somewhat accurate but slow responding, may be more
dependent on reading strategies for relative weakness in foundational skill efficiency, which may be more
malleable to the designed curriculum as it relates to morphology and sentence processing (Lovett et al.,
2012). Conversely, the struggling cluster, who are characterized by both slow and inaccurate responding,
exhibited minimal if any gains in some of the foundational skill subtests or reading comprehension scores.
It could be that the lesson units in AutoTutor do not adequately address the extent of the weaknesses in
some low-level skills (or undiagnosed impairments) that may be present in struggling readers. This
finding illustrates the need for instruction to be personalized to individual differences; if a learner is not
equipped to engage with the instructional material at its intended level of discourse processing, they will
likely not make learning gains and should be directed to instructional material that addresses their specific
needs. This recommendation is, of course, reliant on effective and efficient assessment of a learner’s
abilities and diagnostic of areas for improvement.

A few limitations of this work must be addressed in order to properly contextualize the
results and interpretations. First, we used AutoTutor as a way to measure performance and
progress in the instructional program. However, the program itself was hybrid in nature,
including a face-to-face component. As a result, pre- and postreading skills gains cannot be
directly attributed to any specific aspect of the hybrid intervention. Rather, AutoTutor is just one
element of the instructional program that provides a substantial amount of data. A second
limitation is that our description and characterizations of the clusters make some assumptions
about their constituent learners. For example, the term “underengaged” assumes that the con-
figuration of that cluster’s accuracy and timing data is due to motivation and engagement, and
while we may say that this group of participants are responding as though they are under-
engaged, these properties are not directly measured. Additionally, these labels apply to data that
was generated from a wide range of activities and question-answering behaviors throughout the
AutoTutor lessons and do not only apply to reading processes, unlike more tightly controlled
reading profile work (such as Hyoni et al., 2002). However, we base these labels on previous
literature assessing the patterns of engagement in similar complex response data (Chen et al,
2021) and cautiously utilize them for consistency.

While this research provides some insight into the potential for foundational reading skill
assessment in adult literacy education, more research must be done to examine the real-time
integration of assessment and instruction. Future work should consider how to more effectively
help adult readers with significant weaknesses in foundational reading skills, such as the struggling
cluster observed in this work. More broadly, future work should also seek to determine how initial
reading skill assessments predict future performance and growth. In this study, clustering classifica-
tions were applied post-hoc using intelligent tutoring systems data, but an ideal system may be able
to make real-time classifications of the needs and risks of learners based on their preinstructional
assessment data, including prior education and English language learning status, and their mid-
instructional performance data. Finally, future work should seek to map the frameworks of com-
prehension-focused tools such as AutoTutor (including at the lesson- and item-level) to align with
assessment frameworks that span foundational and comprehension skills, such as the RISE. This
would allow for more efficient, covert assessment, and, as a result, more accurate and effective
educational technology interventions.
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