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Abstract: Advanced digital technologies present both new types of texts and learning 

environments for learning scientists to study.  These same technologies also support new ways of 

capturing and analyzing information on student thinking.  This paper reports on research that used 

a digital learning environment (complete with prose, graphics, animations, and agents) to provide 

elementary school readers a scientific text containing embedded free-response assessment items to 

capture information on their thought processes.  This paper explores methodological issues 

associated with coding and analyzing constructed response items of this type.  Drawing on 

established approaches to propositional analysis with extensions to reflect the multimodal nature 

of the text and the task, we present a methodological approach developed to balance detail and 

nuance in students’ use of language with a systematized approach to analyzing those data.  This 

discussion is presented for both its value to the learning sciences and as a contribution to critical 

discussions about assessing student learning in complex learning environments. 

“I learned that signals meant information and that the retina was connected to the 
 optic nerve. I also learned that the pupil is not an object. It is an opening in the eye.”                           

--  A fifth grade student responding to a scientific text. 

Introduction  
Advanced digital technologies not only present a new landscape of options in terms of texts and textual 

technologies for literacy researchers to study (Palincsar & Ladewski, in press), but also new ways of capturing data 

on student thinking and learning.  The present paper reports on work in  which a digital learning environment is used 

both to present an informational/expository text to elementary school students and to collect data on student thinking 

by way of embedded free-response assessment items structured as regular and repeated measures.  In this paper, we 

discuss this measurement process from the collection of data through the exploration of opportunities and challenges 

in analyzing these data. The method developed to analyze these embedded assessment data integrates features of 

propositional analysis (Brown & Smiley, 1978; Ericsson & Simon, 1993; Kintsch, 1998), mental/situation models 

(Johnson-Laird, 1983; Glenberg & Langston, 1992; Zwaan & Radvansky,  1998), and cognitive and technological 

approaches to the evaluation of constructed responses (Mislevy, 1993; Baxter & Glaser, 1995; Bennett, 2002).  The 

purpose of this paper is to stimulate discussion regarding various treatments of constructed responses, when the goal 

is to understand students thought processes and learning. While sample data will be shared, our focus is on the 

processes of analyzing these data and not on the outcomes of the interventions. 

The Research Context 
 One significant milestone that elementary students encounter is the transition from learning to read to 

reading to learn (Snow, Burns, & Griffin, 1998). Typically associated with the upper elementary grades, this marks 

the time when the focus of instructional attention shifts from teaching the knowledge and skills requisite to acquiring 

fluency  to reading text for the purpose of comprehension and knowledge building. Furthermore, the nature of the 

text shifts as well, from a primary focus on narrative (with its fairly predictable features and structure) to 

informational (reflecting a broader array of features and structures). Children who experience unexpected difficulties 

with this transition are said to exhibit “the fourth grade slump”(Chall, Jacobs, & Baldwin, 1990).  If one turns to 

basic research to redress this problem, one soon discovers that most of this research has been conducted with 

narrative text, and with adults. The program of research from which this study is drawn was designed to: inform our 

understanding of the challenges that upper elementary students experience with various text genres (Palincsar, 

Dalton, Magnusson, DeFrance, Hapgood, Proctor, & Khasnabis, 2004), and to investigate the design of digital 

environments to support these students to interpret and learn from informational (science) text.  Specifically, we 

studied how typical and struggling fifth grade students interacted with and responded to identical expository 

information  that was presented in three digital environments. The text, entitled, “How Do We See?”  (HDWS) was 
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designed to support learning about human vision; including the properties of light and how the eye accepts light and 

changes it into signals.  This study was conducted with 74 students, stratified for reading achievement and prior 

knowledge of the topic, and randomly assigned to one of three conditions (see Table 1).  

Table 1 – Distribution of students into study cells 

 

Condition Typical Struggling Total 

1 – No animation 17 9 26 

2 – Diagrams with animation 14 10 24 

3 – Animation and coaches 14 10 24 

Total 45 29 74 

Condition one presented prose accompanied by static diagrams designed to support interpretation of the 

prose.  Condition 2 presented the same prose, and, in addition, contained a feature we called, Text Diagram 

Integration, with which the reader could activate the diagram to illustrate the highlighted text. In addition, the child 

was encouraged to carry out investigations with these diagrams. Condition 3 was identical to Condition 2, but also 

included digital coaches who appeared on the screen and gave advice regarding the use of the features, or made 

comments designed to support the conceptual understanding of the reader.   In each of the conditions, students had 

access to an online glossary and text-to-speech features.  Following pretesting (prior knowledge, visuospatial ability, 

and vocabulary knowledge) and a tutorial in which the students were introduced to each of the features, the students 

were asked to read each page aloud with an interviewer present, in two sessions on consecutive days. The 

interviewer provided basic guidance on feature use (see further descriptions below) but did not enter into the reading 

process.  All sessions were recorded using audio and screen video capture. Following the reading, a post-test was 
administered to measure knowledge gain.  

The “How Do We See?” Text 

The HDWS text describes the physical properties of reflection and absorption and the components and 

functioning of the human visual organs from the eye to the brain.  The text consisted of eight pages.  Seven of those 

pages had graphics.  One page, page 5, had only prose and was used to refresh student understanding at the 

beginning of the second session.  At the end of each of the seven pages with a diagram, students in the two 

animation conditions would press a button labeled “Investigate This,” which would activate a new page with 

identical prose but with an enhanced version of the diagram.  These investigation pages allowed the students to 

revisit the concepts raised on that page through active manipulation of the diagram.  Students in Condition 1 read the 

text twice to provide equivalent time-on-task. 

 
Figure 1. Pages and two and three from “How Do We See?” 
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Figure 1 contains screen images of the second and third pages of HDWS.  Figure 1a shows a virtual coach 

who appears on the screen and provides guidance regarding the use and interpretation of the diagram.  Figure 1b 

shows locations of on-demand text-to-speech and vocabulary supports.   Figure 1c indicates the locations of prose-

to-diagram integration supports that were distributed at key comprehension points throughout the text.  These 

supports would animate the diagram and highlight the section in the prose that the animation related to.  At the end 

of each page the students, in each of the three conditions, were asked to respond to two open-ended, free response 

tasks (shown in Figure 1d).  The first asked “what did you observe?” and the second asked, “what did you learn?”.  

The responses to these two questions are referred to in this paper as the observation and learning responses. The 

interviewer keyed in the student’’ responses, read back the entry to the student, and entered revisions the student 

wished to make.  These responses not only provided an assessment, but were also designed  to improve student 

comprehension by eliciting a self-explanation (Chi, de Leeuw, Chiu, & LaVancher, 1994).   

Analyses and Representations of Student Data 
The student responses in these embedded assessments present us with both a challenge and research 

opportunity. Students generally provided only a few key ideas or propositions with each prompt and often did not 

distinguish between the two types of questions so that rather than providing their observation and learning responses 

in separate items as requested, many students treated each question as an opportunity to provide a few relevant 

thoughts about what the student considered important about that portion of the text.  Below are three entries all from 

the page three observation entry: 

1.  “I observe if you put light into the one that are above they go inside the eyeball like number 1 it is 

the highest one and it still goes into the eyeball and number 6 is the last one and it went right into 

the eyeball and doesn't bounce off.” 

2. “I observed that light comes through the pupil and sends a signal to the brain and tells you what 

you see.” 

3. “I observed that light will only go in your eye if it goes in your pupil.  Otherwise it will be 

reflected.” 

These responses are typical of the diversity of the responses that students made.  Furthermore, within each 

response are different types of information relating to both the content of HDWS and the experience of using 

HDWS.  In example 1, the student is describing what he observed in the investigation (the same one shown in 

Figure 3d) while the second example, the student is making general claims about the process of vision.  By saying 

“what you see,” we infer that the student in the second example is not grounding her statement in the text but 

relating this information generally to a wider group of individuals than are present.  In the third example, the student 

is making general claims but only about what happens outside of the eye.  One challenge for our analysis is to find a 

way to capture this detail in a systematic way that allows us to use, with rigor, as much of the information as 

possible to inform our understanding of students’ engagement and learning in these digital environments with their 

various affordances.   

An Expanded Propositional Analysis  

A traditional method for examining these constructed responses is to compare the units of information 

presented in the text against the units of information identified by the students in their responses. This propositional 

analysis provides insight into what the reader finds salient/memorable/comprehensible about the ideas in the text.  

Such an analysis would enable us to compare propositional profiles as a function of reader status and learning 

environment. Proposition analysis has a rich history in text comprehension research; however, it has typically been 

conducted using traditional static text (Condition 1).   Our initial approach began with an enhanced propositional list 

to reflect the multimodal nature of the text (Lemke, 1998) as shown in Figure 2.  For each page of the text, the 

propositions that were explicit in the page were added to a relational database along with the source.   The 

determination of explicitness for prose was derived directly from the text.  For the non-prose categories, various 

graphical theories were used (Kress & van Leeuwen, 1996; Hegarty, 1992; Chun & Wolfe, 2000; Reinking, 1986; 

Dwyer, 1978) to determine explicitness.   
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This propositional analysis expanded in scope to include categories for propositions that students made that 

were not those on the list of page-specific target propositions but were related to the experience of using the 

environment.  For example a category called surface feature descriptions was used to count student’s descriptions of 

the agents, digital controls, or the artifact.  Another category, scene descriptions, was used when students attended to 

the scenes depicted in the text without attention to the propositional nature of the assessment task. Other categories 

that addressed features of text comprehension were created for inferences, expressions of vocabulary learning, and 

misconceptions.   

All of the propositions were coded along two dimensions: a correctness score and a referential rank.  The 

correctness score is a qualitative judgment as to whether the proposition was fully presented, partially presented, or 

as misconceived.  The scale used is similar conceptually to Minstrell’s “Facets of students' thinking” (Minstrell, 

2001).  The second dimension, the referential rank, records differences in students’ use of language that indicates 

foci of consciousness (Chafe, 1994) ; this focus was judged as either immediate and focused on the text or focused 

on general properties of light and vision.  The referential  rank also relates to Kinstch’s distinction in mental models 

between the textbase and situation model (Kintsch, 1998).  

The data to be coded consisted of the responses from 74 students across the text.  For each page, there were 

two possible log entries, bringing the total possible student responses to 1,036.  Of these, 1013 entries (97.8%) had 

interpretive values.  The data coding was performed by the first author without knowledge of the student’s reading 

status or the condition to which the student was assigned.  The resulting database allows analysis of the frequency of 

responses by page, student, condition, cell and ad-hoc categories.  Figure 3 shows the result of one analysis into a 

specific proposition (BAL – Black absorbs light) that occurs in three separate pages1.  The fact that the proposition 

has such a high response rate on page 2 but very little on page 3 suggests to us that on page 3 that many of these 

students considered this background knowledge and not needing to be mentioned, while by page 6 that was  read 

during the second session the information is more recent.  While the traditional, expanded propositional analyses 

yields helpful information about the reader and the environment (in interaction), this analysis does not provide a 

holistic picture of knowledge building in the environment. Hence, another approach was called for: the construction 

of mental models of the text. 

 
Figure 2.  Target proposition list from coding database 

 

 
Figure 3. Distributions of three occurrences of the same proposition on three different pages 
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Using a Mental Model for Analysis  
We further organized these propositional categories for purposes of analysis into a model structure where 

target propositions were grouped – not by location in the text – but by semantic relationship.  This model map had 

properties similar to a concept/semantic map and allowed questions to be asked about inter-propositional 

relationships.  In developing a model structure, all of the propositions originally were organized into groups based 

on curricular role.  The groups included the prerequisite knowledge about properties of light and conditions for 

vision and the path through the human visual system that begins with light traveling through the pupil and results in 

the brain interpreting the signals sent by the retina via the optic nerve.  This resulted in a number of additional 

schematics that allowed the research team to view the data from different perspectives.  One perspective that is most 

revealing of student thinking is the temporal flow of student statements.  Figure 4 shows three different students’ 

explanation and learning responses for page 3.   

The mental model as an analytic device continues to push us to explore these data and develop mew 

hypothesis about how these students’ interpreted this text and environment.  Having the propositions coded in a 

relational database allows us the flexibility of rearranging these data and selectively extracting them for analysis as 

our research needs evolve.   

 

Students’ Traversals Through the Text    
Another way these data have been useful for us is in looking across the text to understand effects of this 

type of text on the students.  We did not have the same number of propositional categories nor actual coded 

propositions from page to page.  Rather, each page had unique characteristics.  We have several different ways to 

measure the progress of individual students and groups by looking at their verbal productivity and qualitative 

measures.  We can even combine information from the technical environment that HDWS was presented on that 

automatically captured data on student movements and keystrokes with timing information with the propositional 

information.  Figure 5 shows two types of information presented together as an example.  Figure 5a shows the 

referential rank information from all of the target propositions on a page converted to an illustrative scale2 and 

Figure 5b shows the amount of time in milliseconds that students in conditions two and three spent doing 

investigations.     

Comparing these types of data side by side present us as researchers opportunities to hypothesize about 

what we see in one aspect of our sets of data with other aspects as well as challenges in comparing different types of 

variables, some parametric and some not.  While each type of data we collect can be thought of as a lens that flattens 

our field of view and privileges certain dimensions of what we studied, we believe we are able to restore some depth 

to our understanding as we combine these different measurement approaches. 

 
Figure 4. Trace of student responses on schematic of mental model 
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Discussion: How Do We See? 
This paper, submitted to an academic conference, is a multimodal text.  It includes various conventional 

and original visual displays along with verbal and quantitative information.  We observe that as literacy researchers 

we now have as rich a range of symbolic opportunities as we find in our research.  There is a parallelism between 

the texts we use and that those we study that would be evident if we compared literacy texts and literacy research 

publications from just a few short decades ago.  As the world of instructional materials expands in its variety, so do 

our options.  We now have, in addition to audio and video data screen movement data, embedded direct 

measurement tasks within our learning environments, agents and other technologies that can create discourse 

situations within our artifacts for students to engage in and that challenge us further to classify the things that we 

study. We also have many forms of data storage and retrieval options from relational databases to digital asset 

management systems.   

The current trend in educational research is towards studies with greater rigor and more generalizable 

results (NRC, 2002).  We think these efforts have many benefits.  Within this climate more and better data will be 

increasingly important.  As paper and pencil assessments give way to embedded automated measurement and the 

technologies of language recognition and measurement sciences continue to improve, the challenge for many 

researchers will not be getting enough representations of learning and teaching but managing a complex array of 

data sources while continuing the process of inquiry into the validity (Messick, 1989) of their measures.   At the 

same time as we have these new options, we are also faced with many of the same research challenges:  How to 

make systematic and reliable inferences from unique and contextual symbolic data?  How can we relate what is said 

and what is not said by individual students into what we want to know about their cognition?    

When Hall (2000) updated Och’s (1979) classic “Transcription as Theory” with “Video Recording as 

Theory” he stimulated discussions on the effects of the choices researchers make in how they capture and present 

data.  With this paper, we enjoin that conversation and suggest the addition of “Information Architecture as Theory,” 

where we consider how our technologies of data collection and management affect our professional vision 

(Goodwin, 1994), as a topic for discussion. 

Endnotes 
1  Table 3 shows figures that are similar to likelihoods for a proposition be stated by a student in a cell because it is calculated from the total 

number of times a proposition was mentioned in a cell divided by the cell size.  Some students stated the same proposition more than once 

and so, as a likelihood, these figures are slightly inflated. 

2 This display is only illustrative as a ordinal value was assigned to different levels of the referential code and then these values were 

averaged by student/page and then by group. 

 
Figure 5. Comparison of proposition derived and environment derived information 
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