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Abstract

The free-choice nature of informal STEM education (ISE) makes rigorous and
contextually appropriate evaluation of outcomes challenging. Traditional mea-
sures such as surveys and interviews have been widely used in ISE evaluations,
but they have limitations: They are typically self-reports that are susceptible to
the reactive effects of measurement, and they tend to intrude upon the partici-
pant’s learning experience. The ISE field needs measures that capture outcomes
in more direct and less obtrusive ways, permitting triangulation with multiple
measures on outcomes. In this chapter, we define what we mean by direct and
unobtrusive measures, and we discuss the feasibility and future of using such
measures in ISE evaluations by drawing on examples from the field. We in-
clude a case study in which we adapt a school-based performance assessment
to embed into the informal learning experiences of participants at a STEM tin-
kering workshop; and we highlight successes, challenges, and implications for
the future. © 2019 Wiley Periodicals, Inc., and the American Evaluation
Association.

A central challenge confronting evaluation in informal science, tech-
nology, engineering, and mathematics (STEM) education (ISE) is
developing outcome measurement methods that are both rigorous

and appropriate for contexts where participants typically expect to set their
own goals, exercise autonomy over their learning activities, and enjoy a
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36 EVALUATION IN INFORMAL STEM EDUCATION

non-threatening experience (Allen & Peterman, this issue; Fu, Kannan, &
Shavelson, Editors’ Notes, this issue). We center this chapter on innovations
that address two aspects of this challenge, namely measures that (a) directly
capture data on learning outcomes and (b) are unobtrusively embedded in
the learning experience.1 We begin by discussing why these two aspects are
worth our attention.

What Is Being Measured?

Any discussion of measures must attend to what is being measured. Learn-
ing outcomes in ISE are multiple, including but not limited to STEM-
related interest, knowledge, skills, reasoning, engagement, attitudes, iden-
tity, and behaviors (Friedman, 2008; National Research Council [NRC],
2009). Many ISE projects typically address more than one of these; conse-
quently, attending to what is being measured is essential. Moreover, out-
comes multiply when one considers not only individual-level outcomes
but also outcomes at other levels such as the group, project, and beyond
(Lemke, Lecusay, Cole, & Michalchik, 2015; NRC, 2015). Finally, these out-
comes are often expected to change over time, so multiple measures of the
same outcome might be needed.

When we build measures of outcomes, we speak of the constructs to
be measured—certain knowledge, skills, interests, attitudes, and the like.
We use the terms “outcome” and “construct” interchangeably, although the
outcome may be broader than the construct we end up measuring. Any sin-
gle measure merely samples from a larger domain, and evaluators need to
select or develop measures that adequately represent that domain. Imagine,
for example, that “demonstration of critical thinking” is a desired outcome.
The “critical thinking” domain comprises many aspects, and an assessment
of critical thinking will include some aspects but exclude others. Precise
definitions of desired outcome versus measured construct make alignments
(and misalignments) apparent, thereby clarifying what is valid when inter-
preting scores or results.

Evaluators also need to choose study designs that answer the eval-
uation questions, which might involve tracking changes over time or
justifiably attributing outcomes to the program being evaluated. Study
design is especially important if a study seeks to assess STEM learning,
wherein “learning” implies change over time; in such cases, it is important
to account for participants’ prior knowledge and experience. This chap-
ter focuses on measures, not designs; that is, we focus on innovations in
collecting data about informal learning constructs. Other sources have more

1 This chapter builds from our presentation at the 2016 Visitor Studies Association con-
ference (Fu & Kannan, 2016). This work was supported, in part, by a grant from the
Gordon and Betty Moore Foundation to SK Partners, a research and consulting group
with which all of the co-authors were affiliated.
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extensive discussions about the relative strengths of various study designs
(see, e.g., Friedman, 2008; Fu, Kannan, Shavelson, Peterson, & Kurpius,
2016; NRC, 2002; Rossi, Lipsey, & Freeman, 2004; Shadish, Cook, &
Campbell, 2002).

Directness of Measures

Interviews and surveys are among the most prevalent methods for mea-
suring outcomes in ISE evaluations. These methods enable respondents
to communicate their perspectives on their own and others’ learning,
attitudes, engagement, behaviors, and more. In a review of thirty-six sum-
mative evaluation reports posted on www.informalscience.org, a key online
resource of the informal STEM community, all but one of the reports in-
cluded surveys and/or interviews (Fu et al., 2016). Perhaps more striking,
30% of these reports employed only surveys, interviews, or both. Interviews
and surveys provide evaluators with an invaluable viewpoint, a window into
the thoughts and perspectives of program participants and other respon-
dents. However, self-report measures have limitations. For example, they
are vulnerable to reactive measurement effects such as participants know-
ingly or unknowingly trying to please the evaluator, and over- or under-
estimating what they know or do. And the problem of relying too much on
them was clearly stated over 50 years ago:

Today, the dominant mass of social science research is based upon interviews
and questionnaires. We lament this overdependence upon a single, fallible
method. Interviews and questionnaires intrude as a foreign element into the
social setting they would describe, they create as well as measure attitudes,
they elicit atypical roles and responses, they are limited to those who are
accessible and will cooperate, and the responses obtained are produced in
part by dimensions of individual differences irrelevant to the topic at hand.

But the principal objection is that they are used alone. [emphasis original] No
research method is without bias. (Webb, Campbell, Schwartz, & Sechrest,
1965/2000, pp. 1–2)

Using multiple measurement methods achieves a more complete un-
derstanding of ISE outcomes than any single approach. To be sure, some
measures of outcomes such as personal experience, identity, or self-concept,
by their very definition, require self-report. Other outcomes such as knowl-
edge and interest can be measured by approaches that are more direct than
self-report, including observation, choice behavior, and hands-on tasks re-
quiring science reasoning. Moreover, new and more direct assessment tools
may become available in future as innovations in measurement unfold, as
in the case of “perspective-taking” (Shavelson, Zlatkin-Troitschanskaia, &
Marino, 2018).
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Wary of false dichotomies, rather than speak of direct versus indirect
measures, we conceptualize measurement-method “directness” as a contin-
uum from less direct (e.g., self-report of recycling behavior) to more di-
rect (e.g., examination of representative sample of neighborhood recycling
bins). The more direct a measure is, the more closely it approximates the
“criterion situation” of interest (e.g., recycling behavior). To drive the idea
home, imagine that the desired outcome of a new museum exhibition is
that individuals improve their knowledge about invasive (non-native) plant
species in their region. A less direct measure of visitors’ understandings
about invasive species might ask individuals to rate their level of knowl-
edge. A more direct measure might ask individuals to answer test questions
about invasive species; and, an even more direct measure might ask indi-
viduals to walk through a garden and play a game in which they identify
various native and non-native plant species.

Often, more direct measures of learning resemble traditional tests that
“tend to be at odds with the engaging, continuous, and exploratory nature
of these [informal and afterschool] environments” (Zapata-Rivera, 2012, p.
1; NRC, 2015). Many informal education providers and evaluators, then, are
reluctant to “put people on the spot” and make them feel uncomfortable,
underperforming, or worse. These negative feelings may undermine key ISE
goals, such as creating positive STEM experiences, building confidence in
STEM, and supporting STEM-rich identities. The most direct measure in
our example—the walk through the garden—reduces some of the negative
aspects of using formal tests and comes closer to observing behavior in a
criterion situation.

Direct measures of knowledge and skills are rarely employed in ISE
evaluations, but they can be found. In an evaluation of an astronomy ex-
hibition, for example, evaluators sought to assess participants’ proficiency
with a telescope. Instead of asking participants to rate their own skills or
take a written test about telescopes, evaluators timed how long it took each
person to point and focus a telescope (Sneider, Eason, & Friedman, 1979).

Some evaluators have tried to make direct assessments more fun and
less intimidating. For example, hand-held “clicker” devices were used
to assess students’ knowledge of environmental concepts in an evalua-
tion of a residential environmental education program for school groups
(Kearney, 2009). Multiple-choice questions with “colorful pictures and
graphics” (p. 61) were projected onto a screen, and students used the
clickers to submit their responses electronically and anonymously. Students
were also informed, “It’s not a test, and nobody knows what you have an-
swered, so don’t worry” (p. 100). Shifting the format of the assessment from
paper-and-pencil to clickers, tablets, or other platforms may alleviate test
anxiety.

In sum, we seek to measure learning outcomes more directly. How-
ever, traditional “more-direct” measures—especially of STEM content
knowledge—often disrupt the learning experience to such a degree that
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they are typically inappropriate for informal education settings. Next, we
discuss this disruption to the learning experience.

Obtrusiveness of Measures

We use the term obtrusiveness to indicate how much a particular mea-
sure disrupts or intrudes upon a participant’s “natural” learning experience.
Again, we find it useful to conceptualize this as a continuum, with measure-
ment methods that range from less to more obtrusive. Surveys, interviews,
and tests typically fall toward the more obtrusive end of the continuum be-
cause participants must stop what they are doing and answer questions,
whereas observations of participant actions recorded by an inconspicuous
observer would fall toward the less obtrusive end.

Because they are relatively less obtrusive, observations are a staple of
many ISE evaluations. For example, imagine that a desired outcome of a
new zoo exhibition is that visitors engage with key elements for some min-
imum amount of time. A more obtrusive measure of engagement might stop
visitors and ask them how long they spent at the exhibition and what they
did while there, whereas a less obtrusive measure might involve trained ob-
servers who covertly track and time visitors’ movements.

Indeed, timing and tracking is a classic example of an unobtrusive mea-
sure: An evaluator follows visitors and collects data on where they go, how
long they spend there, and what they do (Serrell, 1998; Yalowitz & Bron-
nenkant, 2009). Depending on the skill of the observer, the measure is usu-
ally unobtrusive, in the sense that it does not require the visitor to stop
and answer questions. Sensor-based tracking systems provide new and au-
tomated ways to track visitor movements through informal learning spaces
(Mygind & Bentsen, 2017). Timing and tracking data can be used to iden-
tify and compare what exhibition elements are more and less successful in
attracting and holding visitor attention or prompting other observable be-
haviors.

Unobtrusive Measures and Ethical Considerations

“Do no harm” is an underlying tenet of any evaluation, and the idea of cap-
turing data unobtrusively raises ethical concerns about privacy and consent.
Arguably, an unobtrusive measure is not necessarily unethical. A classic ex-
ample of an unobtrusive measure is the physical erosion of tiles at a museum
exhibition; variation in the wear and tear of floor tiles may indicate the rela-
tive popularity of various exhibit elements (Webb et al., 1965/2000). Today,
pressure or heat sensors in exhibition areas can similarly indicate visitation
rates and exhibit popularity. Such data can be collected anonymously, and
the risk to participants is minimal to nonexistent. With creativity and plan-
ning, we may be able to identify new, unobtrusive data sources that “pro-
vide alternatives by which ethical criteria can be met without impinging
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on important interests of the research subjects” (Webb et al., 1965/2000, p.
ix). Evaluators who employ unobtrusive measures must be mindful about
protecting human subjects and keeping data collection and use within
the boundaries of ethical evaluation practice. See, for example, American
Evaluation Association’s (2018) updated Guiding Principles for Evaluators
(principles A.6, D.2, D.3, and D.4) and Visitor Studies Association’s (2008)
Evaluator Competencies for Professional Development (competency C). Allen
& Peterman (this issue) also discuss ethical issues in evaluation.

“Directness” and “Obtrusiveness” Considered Together

Consider “directness” and “obtrusiveness” simultaneously (Figure 2.1). For
any given outcome, there are potentially different ways of measuring it, each
of which can be characterized by its directness and obtrusiveness. Where a
particular measure falls in this intersection of directness and obtrusiveness
depends on what construct it is trying to measure and the particular context
in which it is being employed. The same instrument might fall in different
places, depending on its purpose and use. For example, observations can
be a more direct measure of museum visitation patterns but a less direct (and

Figure 2.1. Directness and obtrusiveness quadrants. Directness
represents how closely the measure approximates the “criterion

situation” of interest (more or less directly measures the outcome).
Obtrusiveness represents how much the measure intrudes on the

informal learning experience (more or less obtrusive). Each quadrant
includes an example measure of museum visitors’ knowledge about

invasive plant species.
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probably unsuitable) measure of someone’s intent or motivation; and obser-
vations may be more or less obtrusive depending on the skill of the observer,
the setting, crowdedness, the type of program, awareness of participants,
and so on.

Recall the earlier scenario of measuring knowledge about invasive plant
species. Consider two of our example measures, the survey and the test.
They differ in how directly they assess knowledge, but both appear in the
top half of Figure 2.1 because both are relatively obtrusive, requiring visitors
to pause what they are doing and answer questions. The third example, the
garden walk, falls in the lower half of the figure and in the right-hand quad-
rant, as it is more direct and less obtrusive. A less direct and less obtrusive
measure would be a visitor self-report that preserves the natural exhibition
experience. For example, some museum exhibitions feature “talkback” sta-
tions or interactives that allow visitors to contribute their voices, opinions,
stories, or experiences (e.g., Monterey Bay Aquarium, 2010). These stations
range from technologies that record, display, and sometimes aggregate vis-
itors’ responses to simple “graffiti walls” where visitors add their responses
to a wall for others to see (e.g., Grand & Sardo, 2017; Spicer, 2017).

More Direct and Less Obtrusive Measures

We contend that the measurement of ISE outcomes needs to include di-
rect and unobtrusive measures. Depending on the construct, the audience,
and the context, a measure that is more direct and less obtrusive may take
vastly different forms. Mentioned earlier, tracking and timing studies are
frequently conducted in evaluations of exhibitions, as they provide a rela-
tively unobtrusive way to directly measure visitor movements and patterns
of engagement. Fu et al. (2016) reviewed other examples: In an astronomy
exhibition, students were given a raffle ticket and asked to choose which
book they preferred to win—the number of astronomy books chosen (over
non-astronomy books) was used as a measure of interest (Sneider et al.,
1979); coupons for free admission to an art museum were distributed to
study participants and then used to directly track return visit rates (Bowen,
Greene, & Kisida, 2014); and, in a game about mixing colors, logs of stu-
dents’ choices made during gameplay revealed whether “students are trying
to solve each problem in turn rather than discovering the general principle
that governs the solutions to all problems” (Schwartz & Arena, 2013, p. 23).
Advances in gaming, learning technologies, and data analytics have revealed
opportunities to automatically and often unobtrusively capture and ana-
lyze data on learners’ actions, which may reveal their knowledge, skills,
and competencies (e.g., Gobert, Sao Pedro, Raziuddin, & Baker, 2013;
Tissenbaum, Kumar, & Berland, 2016; Zapata-Rivera, 2012).

Returning to Figure 2.1 and our hypothetical example, imagine a game
that is designed as part of the museum exhibition. To be successful in the
game, visitors must walk through a garden and correctly identify native and
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invasive plants. Evaluators can track how visitors perform in this game as
more direct evidence of knowledge about plant species. It is less obtrusive
than a traditional test because the game is embedded into the exhibition,
and visitors may choose to participate in this enjoyable activity without
interrupting their museum experience. This type of measure is known as
an embedded assessment, which we explore further in the next section.

Embedded Assessments

Some embedded assessments comprise a subgroup of more direct and less
obtrusive measures of cognitive learning outcomes. They “allow learners to
demonstrate their science competencies through tasks that are integrated
seamlessly into the learning experience itself” (Becker-Klein, Peterman, &
Stylinski, 2016, p. 1).2 Many embedded assessments in ISE are also per-
formance assessments. Performance assessments capture how learners ex-
ecute tasks that are authentic to the targeted outcome. A classic example is
the performance part of the test to receive a driver’s license. While a writ-
ten test measures driving-related knowledge, the road test directly mea-
sures driving proficiency by requiring an individual to operate a vehicle
(Darling-Hammond & Adamson, 2010). In science classrooms, perfor-
mance assessments often take the form of hands-on science investiga-
tions (e.g., Pine et al., 2006). A performance assessment provides a
high-fidelity simulation of the real-world knowledge, skills, and competen-
cies that we want learners to demonstrate, while standardizing to a large de-
gree the prompt, task conditions, response format, and scoring procedures.
Performance assessments have a longer history in schools, but work on
performance-based and other types of embedded assessments in informal
education is growing steadily. Since at least 2006, there have been presen-
tations and discussions about the use of embedded assessments in informal
education contexts (Becker-Klein et al., 2016).

At the Chicago Children’s Museum, evaluators used an existing activity
as an embedded assessment. At the “Skyscraper Challenge” exhibit, a com-
puter took photographs of visitors while they built structures; visitors then
selected their favorite photographs and recorded audio responses to a stan-
dard set of questions, resulting in a narrated book of their experience. This
was originally designed solely as a learning activity, but evaluators recog-
nized the assessment potential. With permission from visitors, evaluators
analyzed the photographs and responses for evidence of problem-solving
strategies, the use of STEM-based language and concepts, and more (Randi
Korn & Associates, 2008).

2 Embedded assessments have a longer history in formal education, where they are also
characterized by their integration into instructional materials and activities (Wilson &
Sloane, 2000). In classrooms, they may serve formative assessment purposes and may
be deployed at critical junctures in the curriculum or in students’ learning trajectories
(Shavelson et al., 2008).
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Another example of an embedded assessment comes from a residen-
tial environmental education program (Camargo & Shavelson, 2009). Stu-
dents learned about water quality through hands-on experiences at one
stream and their performance was evaluated. A few days later, students
encountered a new stream during a hike and were asked to determine
its water quality using familiar materials. Instructors collected systematic
data on how students performed on this task, and the data from the two
streams were analyzed and interpreted as evidence of student learning. This
planned assessment was strategically embedded into the outdoor learning
experience.

Much of the current work on embedded assessments is being con-
ducted in the area of citizen science, which engages public audiences in
scientific research projects. Most citizen science projects limit volunteers
to data collection activities such as observation, identification, and moni-
toring, although some projects are more collaborative and even co-created
(Becker-Klein et al., 2016). The quality of data collected by volunteers is
critical to the success of citizen science projects, and the data-validation
procedures that are already in place may represent opportunities to embed
assessments of volunteers’ observation and data collection skills (Becker-
Klein et al., 2016; Peterman, Becker-Klein, Stylinski, & Grack Nelson,
2017). Games may also be used to unobtrusively and directly assess skills.
For example, students at a summer camp competed in a game that required
them to inventory trees in the local area; and their time and accuracy rates
were compared over time and against inventories conducted by project staff
and other citizen scientists (Becker-Klein et al., 2016; Peterman & Mus-
cella, 2007). Allen and Peterman (this issue) discuss additional examples
of embedded assessments used in online or digital environments.

Assessment Development Process. Measurement expertise, creativ-
ity, and a deep understanding of context and STEM content are required
to develop direct assessments that also fit seamlessly into participants’ in-
formal experiences. Since much of what is known about embedded as-
sessments is based on research in school settings, careful study of their
development and use in informal settings, including evidence of their re-
liability and validity, is required as we move forward.

A team of evaluators and researchers recently outlined and studied
an exploratory process for developing embedded assessments for citizen
science (Peterman et al., 2017). The process begins with a clear articu-
lation of program goals and acceptable evidence or indicators of meet-
ing those goals. It then moves to developing and refining the assessment,
which is accomplished through cycles of field-testing and the collection
of validity evidence including expert reviews of the assessments and stu-
dents’ verbalization of their thinking while engaged in the assessment (also
known as “think-aloud” data; see Ericsson, 2006; Leighton, 2004; Taylor
& Dionne, 2000). The process was successfully used in three different cit-
izen science projects to develop assessments of skills related to scientific
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inquiry, including paying close attention, interpreting graphs and formu-
lating conclusions, and precision of data collection (Peterman et al., 2017).
All of the assessments were developed from activities that were already in
place in the projects; two entailed scoring worksheets, and the third in-
volved scoring data collection records.

Peterman et al.’s (2017) model is broadly in line with assessment devel-
opment processes used in formal education (e.g., Ayala, Yin, Shavelson &
Vanides, 2002; Mislevy, Steinberg, & Almond, 2003; NRC, 2001). Assess-
ment development in any setting is an iterative process that requires clearly
defining the construct to be assessed, designing a standard task that will
elicit and capture responses from learners, developing a reliable method of
scoring those responses, field-testing, and collecting data to bear on the ar-
gument that the assessment reliably and validly measures what it set out to
measure for a particular purpose and context.

Building and Adapting Direct and Unobtrusive Measures:
A Case Study

To further the work on embedded assessments in informal settings, we
report on a study of the feasibility of developing and employing direct
(performance-based) and unobtrusive (embedded) assessments in a STEM
tinkering workshop. “Tinkering” has gained popularity in recent years as a
“playful, collaborative, and inquiry-based approach” to foster STEM learn-
ing (Shea, 2015, p. 1; Vossoughi & Bevan, 2014). STEM-rich tinkering en-
courages learners to explore scientific concepts and phenomena by engag-
ing them in collaborative, open-ended making and building activities that
are often centered on everyday interests and use everyday tools and mate-
rials.

We highlight some of the design choices made and lessons learned
during the iterative performance-measurement development process. The
workshop in this case study is located in a low-income urban setting and
serves essentially all ages from preschoolers to adults. The workshop fea-
tures exhibits, hands-on STEM activities, and tinkering spaces, and it offers
a high degree of freedom and flexibility to participants. While workshop
staff and volunteers guide activities, answer questions, and provide safety
oversight, participants are mostly free to choose what to do, how to do it,
and how to define their own success.

Our goal was to develop a measure that would capture outcomes in a
more direct and less obtrusive way than typically done. One major area of
activity in the workshop was electricity and electric circuits. Based on con-
versations with workshop staff, we aimed to build or adapt an assessment
around this topic, an assessment that directly and systematically measured
knowledge, skills, and reasoning with series circuits in an unobtrusive and
contextually sensitive way.
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We were familiar with existing performance assessments called Elec-
tric Mysteries that targeted similar constructs (Shavelson, Baxter, & Pine,
1991; Stanford Education Assessment Laboratory, n.d.; see Figure 2.2); in
fact, those assessments were co-developed by a co-author (Shavelson). The
original assessments had strong reliability and validity evidence from prior
studies in formal school contexts (Rosenquist, Shavelson, & Ruiz-Primo,
2000; Shavelson et al., 1991), but they had not been used in informal con-
texts. Given the availability of and our experience with Electric Mysteries,
we decided to use them as a starting point for adaptation to the workshop
context and to collect evidence for their reliability and validity in this set-
ting and with this population.

Assessment Adaptation

We adapted, tested, and revised early versions of the assessment over several
visits to the workshop and many conversations with workshop staff, volun-
teers, and visitors. We also worked through materials set-up and manage-
ment, task administration, methods for collecting participants’ responses,
timing, and other logistical matters. Here is what we learned.

Blend the Assessment Task Into the Workshop Context. To seam-
lessly integrate the assessment with other exhibits and activities in the
workshop space, we framed them as “puzzles” and not as tests. This fit well
with the context because puzzles on various topics were commonly offered
as part of workshop programming. Further, our assessment was largely cen-
tered on manipulating physical materials commonly used in the workshop
(i.e., wires, batteries, bulbs, motors).

Throughout the piloting process, we followed basic principles of mu-
seum exhibit design (e.g., Bitgood & Patterson, 1987; Serrell, 1996), even
though we were building assessments and not exhibits. This was done to
attract and maintain the attention of potential participants, especially given
the myriad other activities and projects that an individual could choose
from at any given moment. In general, we added color as well as attractive
pictures and graphics, and we minimized text in labels and instructions.
To better match the “homegrown” feel in the workshop, we also shifted
away from signs made on a printer to ones that we wrote and drew by hand
(Figure 2.3).

Preserve Participants’ Freedom of Choice. We kept the assessment
voluntary and designed multiple, open-ended participation pathways. To
preserve participants’ freedom of choice, we made it easy for people to opt
in and out of doing the puzzles. To this end, we split the original hour-
long assessment (designed for classrooms) into separate, shorter tasks that
each required only a few minutes to complete; the simplest task required
only a few seconds from most participants (Table 2.1). We also allowed
participants to work on puzzles individually or in groups and to take as
much or as little time as they wished.
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Figure 2.2. The original Electric Mysteries performance assessment
(Shavelson et al., 1991; Stanford Education Assessment Laboratory,

n.d.). The top photograph shows the set-up with a variety of
hands-on materials, and the bottom images display excerpts of the

student response booklet.
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Figure 2.3. A puzzle from the adapted Electric Mysteries performance
assessment.

Table 2.1. Adapted Electric Mysteries Performance Assessment:
Description of Puzzles

Puzzle
Number
and Name

Item Number
and Name Description

Puzzle 1:
Light bulb
puzzle

Item 1:
Light bulb

Participants construct a simple circuit to light a
bulb. This was a relatively straightforward
and easy task, and 85% of those who
attempted it performed correctly.

Puzzle 2:
Pink
puzzle

Item 2: Pink
box

This puzzle asked participants to determine
what circuit component (battery or wire) was
inside a “mystery box.” Just over half (53%)
of those who attempted it answered correctly.

Puzzle 3:
Electric
puzzle
mania

Item 3: Red
box

Item 4: Blue
box

Item 5:
Yellow
box

This puzzle consisted of three items, that is,
three different mystery boxes. Participants
were asked to determine the circuit
component inside each box (red box
contained a wire, blue box contained a bulb,
and yellow box contained two batteries). Of
participants who attempted the items, 28%,
19%, and 47% answered correctly on Items 3,
4, and 5, respectively; only 9% of respondents
received full credit on all three items.

Puzzle 4:
Motor
puzzle

Item 6:
Motor

This puzzle asked participants to use a motor
and a fan to determine the polarity of a
battery hidden inside a mystery box. Zero
participants received full credit for this item,
although 41% of those who attempted the
puzzle received partially correct scores.
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Having divided up the original assessment into separate tasks or puz-
zles, a challenge that we faced was how to sequence the puzzles. When we
allowed participants to start with any puzzle, those who started with the
most difficult puzzles sometimes appeared frustrated and reluctant to try
more. When we suggested that participants try the puzzles in order from
easiest to hardest (although we did not state their relative difficulty), many
seemed to “warm up” and build confidence with their early successes. Yet,
sequencing the puzzles may have had negative consequences for some par-
ticipants. Some seemed to perceive an expectation to do all puzzles in the
set; and, once they started, they may have felt less free to opt out or less
successful if they chose to do so. We observed one case where a youth was
pressured by an adult family member to complete all of the puzzles in the
sequence; as he did so, he often looked around the room, and it seemed
apparent that he wished to be doing something else. With only anecdotal
evidence, we do not know whether puzzle order affected participants’ per-
formances or affective responses. It is possible that sequencing may matter
more for certain types of participants; for example, younger or less knowl-
edgeable participants may have difficulty accessing the harder puzzles and
may benefit from starting with the easier puzzles.

Make the Response System Context-Friendly. In adapting the
original classroom-based performance assessment, we sought a context-
appropriate way to record student responses. Administering test booklets
could be jarring in an informal setting. We briefly considered a computer-
simulated version of the assessment in which students’ responses were
automatically scored (e.g., Pine, Baxter, & Shavelson, 1993); but, given
the near-absence of screens in the workshop, we deliberately avoided any
tablet, mobile, or computer-based systems. We piloted a number of “fun”
response formats, using materials like whiteboards, markers, magnets, and
stickers. However, the presence of additional materials on an already-full
puzzle table required additional instructions and created confusion. Al-
though we had initially tried to avoid a paper-and-pencil response system,
we eventually chose paper ballots, which participants then deposited into
voting boxes. The “ballot” was a piece of paper on which participants could
“vote” for their answer and draw the circuit(s) made to solve the puzzle
(Figure 2.4). Compared to the original test booklets, the ballots greatly re-
duced the amount of text to be read and written by participants. We ob-
served that it was an intuitive format, as children immediately understood
how to record and submit their answers. Workshop staff and volunteers also
provided positive feedback and assured us that workshop visitors frequently
sketched and recorded ideas on paper. In the end, paper ballots and voting
boxes provided an easy, efficient, and inexpensive way to collect responses
for scoring.

Offer Incentives for Completed Responses. A major drawback of the
paper-and-pencil format was that it did not inspire participants to fully
record their responses. Many stayed long enough to solve the puzzle and
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Figure 2.4. Response “ballot” for an adapted Electric Mysteries puzzle.

“vote” for their answer but would hurry to leave before providing the ex-
planatory drawing. After discussions with the workshop staff, we decided
to offer small prizes such as pencils and erasers for completed ballots. The
workshop staff reassured us that prizes were within the norms of their pro-
grams, and indeed, we saw an existing sign offering prizes to those who
completed a different puzzle in the workshop. The prizes seemed to incen-
tivize more students to complete their ballots, without undermining the
voluntary nature of the activity; some students still declined to complete
ballots, and some completed them but did not want a prize. We remain
conflicted about this strategy, given the known downsides of using extrinsic
rewards and incentives for participation in learning and evaluation activities
(Lepper, Greene, & Nisbet, 1973; Ryan & Deci, 2000).

Assessment Psychometric Analyses

We collected responses from forty-one participants over multiple visits to
the workshop. We conducted psychometric analyses to determine the “best”
possible scale formed from puzzle responses, to examine scale reliability,
and to do some preliminary and primitive validity analyses.

Scale Reliability. The four puzzles consisted of six items (Table 2.1)
that could potentially contribute toward a final scale score. We exam-
ined the internal consistency (coefficient alpha) of the six-item scale, as
well as different combinations of two or more items. The highest internal
consistency (0.70) was obtained for a three-item scale of Item 2: Pink Box,
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Item 5: Yellow Box (from Puzzle 3), and Item 6: Motor; deleting any one of
these items decreased coefficient alpha. For subsequent data analyses, we
constructed a total score that summed the scores on these three items, with
each item weighted equally. The three-item scale made sense conceptually
and seemed a reasonable representation of the entire set of items, as items
from three of the four puzzles are represented in the scale. One of the ex-
cluded items was too easy (item difficulty or the percent of students an-
swering correctly for Item 1 was 85%); and the other two excluded items
were too difficult (item difficulties of 28% and 19% for Item 3 and Item 4,
respectively).

Comparing Student Responses With Researcher Observations. We
also compared the data collected on the paper ballots against researchers’
observations. Although the observations were limited in number and depth,
we used them as a check on whether students’ ballots accurately rep-
resented their observed performances on the puzzles. We found a few
instances when scores on ballots did not seem to fully reflect what stu-
dents were observed doing. For example, some students were observed solv-
ing the puzzles correctly, but their partially completed ballots scored only
partial or zero points; some of these students were observed being inatten-
tive or rushed while filling out the ballots. In the majority of cases, how-
ever, the ballots seemed to accurately capture student proficiency at solving
the puzzles, as what we saw on the ballots matched what we saw in our
observations.

Score Interpretation—Validity. We attempted to examine the ques-
tion of validity with the limited evidence that we had. We sorted partici-
pants into “experts” and “novices,” hypothesizing that the experts would
have higher total scale scores than novices. We based the sort on multiple
indicators of circuits “expertise,” including (a) participants’ self-reports of
their prior circuits experience, (b) the lead workshop educator’s descrip-
tion of participants’ prior circuits experience, (c) whether participants had
previously participated in a workshop lesson on circuits, and (d) observa-
tions of students’ performances on circuits-related tasks during our visits.
However, all of these indicators were highly subjective and did not (sepa-
rately or together) constitute a strong, independent measure of expertise.
We found no statistically significant average differences between the perfor-
mances of experts and novices, no matter which expertise indicator(s) was
used. Future studies could compare performances on this assessment with
performances on other, well-established circuits assessments, construct bet-
ter measures of student “expertise,” and/or employ think-aloud protocols
with participants.

Moreover, we found no statistically significant differences in perfor-
mance on puzzles among subgroups based on participants’ gender, age,
or whether they worked independently or as part of a group. Practically,
these results are not very meaningful because sample sizes for some of the
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subgroups were very small. Further studies with larger sample sizes are re-
quired.

As with any measure, the ballots provided only one perspective on our
outcome of interest. Additional measures paint a fuller picture, and obser-
vations provided useful data that supplemented what we could have learned
from the ballots alone. For example, we observed cases where one person
explicitly shared a problem-solving strategy with other group members; and
cases where individuals worked side-by-side on separate puzzles, occasion-
ally narrating their actions. These observations provided a more nuanced
understanding of the range of performances and interactions elicited by the
assessment tasks. As a direct and in-depth measure of STEM knowledge,
skills, and reasoning, the learning conversations that occur around these
puzzles could be recorded and analyzed, as evaluators and researchers have
done in other informal settings (e.g., Ash, 2003; Gutwill, Hido, & Sindorf,
2015; Leinhardt, Crowley, & Knutson, 2002). However, these methods are
resource-intensive and can be more or less obtrusive, depending on the spe-
cific context and protocols employed.

Concluding Comment on Case Study

Performance assessments can fit naturally and unobtrusively into STEM
learning experiences. Moreover, we found it possible to adapt a performance
assessment for use in a dynamic ISE context—a tinkering workshop. We
produced a reliable measure but the validity jury is out. What we needed
and lacked were guidelines for building performance assessments for such
contexts. We “tinkered” our way through the development and adaptation
process, meeting many challenges and overcoming some. We are encour-
aged about the possibility of rigorously measuring students’ hands-on per-
formance in ISE environments; much work needs to be done.

Implications for the Future

In future evaluations of ISE programs, we urge a closer look at more direct
and less obtrusive measures of outcomes (see Figure 2.1). To push forward,
we need to continue studying and documenting how these measures are de-
veloped (or adapted) and implemented, and their strengths and weaknesses
for different outcomes, audiences, settings, decisions, and so on. The goal is
to build assessment frameworks that incorporate this knowledge and pass
them along. New measures can reveal new evaluation insights, but chal-
lenges lie ahead. We share some thoughts on meeting these challenges in
future.

Stand on the Shoulders of Existing Measures

There is a large body of existing measures and assessments in related
fields, especially in formal STEM education. Using measurement expertise,
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exhibit design principles, an understanding of the context, and ongoing
feedback from participants and other stakeholders, we adapted existing
classroom performance assessments to fit mostly seamlessly into an infor-
mal setting. The iterative adaptation process was critical. It is not advisable
to take existing measures and use them as-is for a new context and pur-
pose. Performance-based measures that target similar constructs may not
always already exist, but as we build new measures, we should remember
to scan the available literature for inspiration, possible adaptation, and clues
to avoidable pitfalls.

Examine Evidence of Reliability and Validity

Regardless of whether the measure is developed from scratch or adapted
from an existing measure, evaluators must consider the reliability and va-
lidity of their measures for the current context and purpose; see Grack
Nelson, Goeke, Auster, Peterman, & Lussenhop (this issue) for a detailed
discussion of this topic. Not every evaluation has the resources to thor-
oughly examine the reliability and validity of every measure; but the higher
the stakes, the sharper the focus should be on a measure’s technical qual-
ities. Keeping these concerns at the forefront is important in summative
evaluations or evaluations used to make high-stakes decisions. In our study,
for example, we are convinced that responses can be scored reliably, but
lacking additional validity evidence, we would be uncomfortable using the
puzzles as the sole measure of proficiency with circuits, especially for a
summative or high-stakes evaluation. Reflecting systematically on what
is known about the reliability and validity of any measure is necessary
for understanding the limitations of the data we collect, the other types
of data we should consider, and the types of claims we can justifiably
make.

Know the Context

The development of a measure that is embedded as an unobtrusive part of
participants’ learning experiences relies on understanding the program and
evaluation context—the goals of the program, typical program experiences,
motivations of participants, community culture, and more. The obtrusive-
ness of a measure is in the eye of the beholder. What may seem obtrusive
to one person may go completely unnoticed by another. For example, some
of our study participants were students in after-school and summer camp
programs; these students expected a slightly more structured experience,
so recording their answers on paper seemed unobtrusive and wholly within
the bounds of what they typically do in the workshop. This was less the
case with participants during the workshop’s more freeform drop-in hours.
An unobtrusive measure is a moving target, demanding a deep and flexible
understanding of audience and context.
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Use Technology Responsibly

As learning and assessment technologies become more sophisticated and
accessible, they may offer innovative solutions for collecting and analyz-
ing data in efficient, reliable, direct, and unobtrusive ways. In our study,
video recordings of participants working on the puzzles would have allowed
for in-depth analyses of learning conversations, but these would have de-
manded more resources than were available. Video analysis is a resource-
intensive activity, but intelligent coding and scoring systems may be on the
horizon (LeCun, Bengio, & Hinton, 2015).

Breakthroughs have also been made in systems for automatically cap-
turing and analyzing participants’ actions as they work through a task;
such systems can improve data reliability and provide real-time feedback to
learners. Researchers from a number of different disciplines have innovated
ways to assess science inquiry skills in electronic learning environments, al-
though most of these have been used in school settings (e.g., see review by
Timms et al., 2012); these include data mining of students’ log files to assess
their skill at designing and conducting experiments (Gobert et al., 2013).
In a museum setting, visitors’ interactions with a tabletop circuit activity
were automatically logged, and these data were used along with video data
to study collaborative behaviors (Tissenbaum, Berland, & Lyons, 2017).

For any of these technologies, however, the value of the data and the
validity of the interpretations made from those data are limited by the ques-
tions asked and the theories underpinning our analyses. “We must still find
the signal within the noise . . . ” (Bechtol, Cosbey, & Emmons, 2017). Fur-
ther, new assessment and evaluation technologies demand careful proce-
dures around informed consent, privacy, and data security. See Allen and
Peterman (this issue) for more discussion of evaluation considerations in
light of new technologies.

Final Word

The evaluation questions we ask should drive the choices we make about
the methods we use. These choices largely determine the bounds of our
understanding, as every measure sheds light on some aspect of the program
but leaves something else in the shadows. We encourage evaluators to
push for improved measures, particularly those that are more direct and less
obtrusive, so that we may continue to advance our understanding of the
outcomes of ISE.
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