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Abstract. Computer-based, online assessments modelled, designed, and evaluated for 
adaptively administered invariant measurement are uniquely suited to defining and maintaining 
traceability to standardized units in education. An assessment of this kind is embedded in the 
Assessing Data Modeling and Statistical Reasoning (ADM) middle school mathematics 
curriculum. Diagnostic information about middle school students’ learning of statistics and 
modeling is provided via computer-based formative assessments for seven constructs that 
comprise a learning progression for statistics and modeling from late elementary through the 
middle school grades. The seven constructs are: Data Display, Meta-Representational 
Competence, Conceptions of Statistics, Chance, Modeling Variability, Theory of 
Measurement, and Informal Inference. The end product is a web-delivered system built with 
Ruby on Rails for use by curriculum development teams working with classroom teachers in 
designing, developing, and delivering formative assessments. The online accessible system 
allows teachers to accurately diagnose students’ unique comprehension and learning needs in a 
common language of real-time assessment, logging, analysis, feedback, and reporting.  

1. Introduction 
Traceability to consensus standard units is a primary means of coordinating quantitative 
communications in science [1]. In any given field, theory, data, and instruments focused on 
phenomena expressed in common terms improve the likelihood of effectively applying new results, of 
successfully advancing the state of the art, and of obtaining significant economic efficiencies [2]. The 
third edition of the International Vocabulary of Metrology [3] therefore asserts the general value of 
standardized terms and concepts, including psychological and social measurement for the first time. 
 
Of course, many more questions than answers follow from the suggestion that some form of 
recognizably metrological concepts and methods might be achievable in psychology and the social 
sciences. Many of the problems center on connecting measures of additive effects in a common 
framework that supports data- and theory-based checks on the meaning and quality of the unit. 
Building on advances in theory and method [4], research conducted over the last several decades has 
identified, modelled, scaled, and described the substantive properties of a number of invariant 
psychological, social, and physical constructs [5-7]. But a variety of reasons, many involving 
assumptions about the nature of quantification and the culture of measurement practices in education 
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and psychology, have prevented development and tests of viable methods for effectively and 
efficiently maintaining a shared metrological frame of reference for the constructs of interest in these 
fields. Work that can be broadly construed as relevant to this purpose has largely involved 
computerized administration of item banks, which lends itself to implementation in networked 
contexts.  
 
However, online test administration alone is an insufficient response to the challenges that must be 
faced. Recent experience has decisively demonstrated the dysfunctional effects caused when 
summative accountability purposes are imposed on educators who do not have access to the tools they 
need if they are to take responsibility for their students’ outcomes [8]. Combining summative and 
formative applications is complex [9]. Effective assessment of learning readiness, and putting the 
results of those assessments to use in the classroom, can be incorporated in systematic routines to 
limited extents. The most challenging difficulties are those involving close and ongoing (formative) 
attention to individual differences in students, curricula, teachers, schools, which also require the 
monitoring of overall (summative) progress. The online environment provides a natural way to 
provide the tools needed to guide teachers and others in the performance of complex operations they 
would not otherwise attempt. Framing the cognitive context for asking the right questions is important 
for measurements to inform immediate instructional goals, as well as to assess longer term outcomes. 
Innovative technologies and advances in predictive theoretical models are now rapidly changing the 
paradigm for what is possible in instructionally-oriented assessment [10-11].  

2. Sound measurement for quality assessment 
The capacity to bring the right questions, technologies, and information together in the education 
context is the focus of the BEAR Assessment System [12], a measurement approach built on the idea 
that quality assessment demands sound measurement. This system emphasizes a cyclical process of 
construct (measurand) characterization, item development, outcome definition and evidence collection 
based on analysis of student responses (Fig. 1). This process is aimed at providing meaningful 
interpretations of student work relative to the cognitive and developmental goals defined by a 
curriculum.  
 
The BEAR Assessment System is built on four principles: 

1. A developmental perspective that specifies what is being assessed and how it will be 
identified, from emerging perspectives to the developing views of higher order proficiency. 
2. A match between instruction and assessment that ensures what is taught is what is measured, 
and that teaching, learning and assessment support each other in improving student learning. 
3. Appropriate feedback, feed forward, and follow-up that engage teachers and the students in 
the assessment process and that brings metacognition fully into play to improve outcomes. 
4. Generation of quality evidence, so that teachers, parents, schools and other stakeholders can 
have confidence in reported outcomes, and can readily interpret and use assessment findings to 
improve instruction and student learning outcomes. 

The Berkeley Assessment System Software (BASS; Fig. 2) is a web application implementing the 
BEAR Assessment System. It allows researchers and teachers to design, develop, and deliver 
formative assessments and to monitor and report student progress within an interpretive context. 
BASS is being developed to support the use of the BEAR Assessment System. Accordingly, BASS is 
designed to be used in close alignment with educational goals and instructional content. This allows 
teachers to understand the assessment results in terms of the learning progressions defined by each 
curriculum, and to diagnose students’ comprehension levels and learning needs according to their 
placement along these progress variables. 
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Fig. 1. The BEAR Assessment System 
 
This system allows easy management of all kinds of assessment, including in-class activities, 
homework assignments, end-of-unit tests, and more. BASS builds on more than a decade of research 
in the design of assessment tasks and measurement techniques to support evidence-based assessment 
in the classroom [13-15]. In order to make the system usable to instructors in classrooms, teachers are 
placed at the center of the design process. The development of the teacher tools in BASS emphasizes 
(1) giving teachers flexibility in designing and assigning activities for students, (2) simplifying the 
scoring process, and (3) providing them with useful reports to share with students and parents and to 
use in planning instruction. The assessments include computerized modifications of existing paper-
and-pencil tasks; new computer-based assessment tasks (e.g., card-sort problems, interactive graph 
problems) are planned for future development. An estimation engine under development will automate 
current manually conducted comparisons of student performances on paper-and-pencil and computer-
based tasks at both the task and test level. 
 

 
  Fig. 2. Structure of the BEAR Assessment System Software 

3. A sample application: The Analysis and Data Modeling Project 
The Analysis and Data Modeling (ADM) project is a middle school mathematics curriculum designed 
by researchers at Vanderbilt University (led by Rich Lehrer) in collaboration with the educational 
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assessment team at the BEAR Center at Berkeley [16]. The assessments being designed and tested are 
intended to support the development of middle school students’ understandings of concepts and 
practices of data modeling. Data modeling refers to the invention and revision of models of chance to 
describe the variability inherent in particular science processes. The construction of the assessments 
involved analysis of core concepts and practices of data modeling that were useful to students for 
learning, to teachers for developing their instructional practices, and to assessment developers for 
developing assessments. In all, seven constructs span the range of the curriculum. The seven 
constructs are: Data Display, Meta-Representational Competence, Conceptions of Statistics, Chance, 
Modeling Variability, Theory of Measurement, and Informal Inference. 
 
Defining the construct to be measured involves specifying a logical sequence of increasing evidence 
of ability, where later levels build on previous accomplishments. Fig. 3 shows an example from the 
ADM project for the Theory of Measurement construct. Each level of the construct corresponds to a 
specific level of student understanding. Each construct map characterizes the expected levels of 
student understanding and the main learning performances associated with each level. 
 

 
Fig. 3. Levels in the Theory of Measurement construct 
 
Assessment items are developed with the intention of targeting specific construct levels (Fig. 4). For 
each item, an exemplar, or scoring guide, describes the learning performances and sample responses. 
Each item is explicitly related to one or more constructs through the scoring guide. Each level of a 
scoring guide has a description, taken directly from the description of the level of the construct, a 
rationale, which outlines in detail how responses to this item can correspond to that level of the 
construct, and one or more examples of student responses at this level. Whenever possible, these 
responses are taken from actual student productions.  
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4. Future directions 
The formative assessment application BASS is built on the idea of measurement scales that stand for 
generalized learning structures. As the stability of these structures becomes better understood in the 
context of education practice, they will naturally be linked together in common systems, not unlike the 
metrological systems of weights and measures we take for granted in commerce and the natural 
sciences [17-18]. Common languages like these will eventually impact human, institutional, and 
information resources in ways that will make educators and employers better able to work together to 
identify and meet human resource and a wide variety of other needs. 

 
Fig. 4. Sample ADM items from the Data Display construct 
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