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Abstract

This paper builds on a range of traditions in educational research and design to argue, with empirical evidence, that construct-
ing powerful instructional materials and approaches that work at scale requires a grounding in theory and a commitment to
engineering practice, including rapid prototyping and multiple development cycles. Specifically, we claim that improving
practice within a reasonable timescale requires replicable materials that integrate: (1) grounding in robust aspects of theory
from prior research, (2) design tactics that combine these core ideas with a design team’s creativity, along with (3) flexibility
in the draft materials that affords adaptation across contexts, (4) rapid prototyping, followed by iterative refinement cycles in
increasingly realistic circumstances, with (5) feedback from each round of trials that is rich and detailed enough to inform
revision, and (6) continued refinement on the basis of post-implementation feedback ‘from the field’. Examples of successful
implementation are analysed and related to the various roles that research-based theory and programmatic research-based
methods of development can and should play in the complex process of turning insights from research into improvements in
practice. In contrast, we shall argue that materials which are written and published without the development processes (4)

to (6)—still the great majority—Ilack research validity for use at scale.

1 Introduction

We begin with our title: Not just “implementation’. This
Special Issue is about implementability, which implies a
focus on implementation. Indeed it is widely believed, in the
insight-focused research community and beyond, that turn-
ing an exciting new research result into products and pro-
cesses that work well in practice is a straightforward process
that might reasonably be called implementation (see e.g.
Royal Society/British Academy 2018). This is hopelessly
naive. Even in a relatively simple case—the development
of a revolutionary new drug in medicine—it took well over
10 years and concerted efforts due to the pressures of war to
turn Alexander Fleming’s observation that a speck of mold
on his Petri dish appeared to kill the bacteria growing there
into the first usable dose of penicillin. Many other people
made crucial Nobel-prize winning contributions along the

< Hugh Burkhardt
Hugh.Burkhardt@nottingham.ac.uk

University of Nottingham, Nottingham, UK
University of California, Berkeley, USA

way, notably Howard Florey and his team, Kane and oth-
ers in designing and developing a method for the essential
transition from growing the mold on surfaces to producing
it in significant quantity by using fermentation tanks. Many
other research results—some established, some new—were
involved and others emerged from the development process.

In education, it is rare for a single research result to form
the basis for a change in practice. Where it has been tried
it has often proved counterproductive. For example, treat-
ing the behaviorist approach to learning as a comprehensive
theory, rather than as one effect (Burkhardt 1988) among the
many that operate in learning situations, proved a simplistic
dead end. More recently, the power of phonics in decoding
text into sounds has driven a simplistic view of teaching
young students to read. Both effects are valid and impor-
tant but, as theories, far from complete. Simple ideas are
almost always too simple for complex educational contexts
and systems.

While exciting new research ideas may stimulate a search
for change, turning such findings into effective improve-
ments in practice is a complex process involving people
with quite different complementary skills and insights—
particularly in design—and a systematic learning process
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often called development that also uses research methods.
A whole body of established research must be taken into
account—much that is most useful coming from studies-
in-depth of innovative practice, whether those studies are
formalized as research or not. The essential attributes of
this process are the theme of this paper, which builds on
earlier work (Schoenfeld 2002; Burkhardt and Schoenfeld
2003; Burkhardt 2006, 2009). We will not attempt to review
most of the other work in various places on more-or-less
similar lines. Going back to the 1960s in STEM education,
such systematic development has rarely been encouraged in
academic circles, which have viewed its focus on improv-
ing products and processes as ‘not really research’. We are
aware, of course, of advances in design research and design
experiments, a tradition dating back to papers such as Brown
(1992) and Collins (1992). We note that the vast majority of
studies in that tradition, while appropriately iterative, have
not been trialed in an increasingly broad range of circum-
stances that approximate “real world” implementation.
Where does that leave implementability? Can one predict
whether a research result can be turned into a valuable con-
tribution to teaching and learning? We return to that question
in the Conclusions. Meanwhile, in Sect. 2 we look in some
detail at successful implementations and key features they
share. Section 3 looks at this ‘engineering research’ method-
ology while Sect. 4 looks at the various roles that theory can
and should play in advancing implementability. Section 5
looks at the challenges of achieving significant impact on
practice at system level, leading into the Conclusions.

2 What implementation models seem
to work well?

It is useful to examine some improvement initiatives that are
widely recognized for the quality and large-scale impact of
the outcomes they have produced, with an eye toward les-
sons learned. We shall look at some examples, two in detail,
that suggest some principles for analysis in the following
sections as we look for patterns to guide a research program
that takes implementability seriously. The two examples we
feature were the first products to be awarded the Prize for
Excellence in Educational Design of the International Soci-
ety for Design and Development in Education (ISDDE).

2.1 Aspects of implementability
It may be helpful to point out in advance the key features
of strategic design (Burkhardt 2009) that are common to

these examples, and to many other successful materials.
They include:
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a coherent long-term research and development program,

with insights flowing in both directions

e design creativity in turning learning principles into stim-
ulating learning activities—for students and for teachers

e research-in-depth on the design, and the theoretical prin-
ciples that underlie it, established across examples of use
in diverse situations

e constructive engagement with as many of the stakeholder
groups as possible including subject teachers, subject
specialists, the research communities, external assess-
ment providers, school leadership, and school system
policy makers

e iterative development across all the key implementation
variables: students, teachers, school support, etc.—in
particular, explicit support with the pedagogical chal-
lenges that the innovation presents

e retaining ‘design control’ to ensure integrity over the

long term.

These factors are standard in many fields of practical
importance that are research-based, such as engineering or
medicine, but are still the exception in education. Missing
out on any of them and the empirical evidence they provide
through the research-design-development-research cycle
is likely to reduce the effectiveness of the implementation.
The reader may like to note their roles in the examples that
follow.

2.2 Connected Mathematics

This program set out to a design a comprehensive set of
teaching materials for US middle school students aged
11-14. It was one of thirteen projects funded by the US
National Science Foundation to help teachers implement the
Standards set out by the National Council of Teachers of
Mathematics (National Council of Teachers of Mathemat-
ics 1989) which had been developed over the previous dec-
ade, integrating a combination of research results and “best
practice”. This and several related documents represented a
unique time as the US mathematics education community
enthusiastically embraced the Standards and the vision it
represented for moving the field forward—particularly the
focus on mathematical processes such as problem solving,
reasoning, making mathematical connections and commu-
nicating with mathematics.

The funding of these projects, at around $1,000,000 for
each grade, was generous by the prevailing standards of cur-
riculum development funding. Viewed strategically, how-
ever, this required teams of a dozen or so to develop each
lesson in less than 2 days work in total. This is a consider-
able challenge for which the Connected Mathematics Project
(CMP) was unusually well-prepared. CMP was able to build
on twenty years of prior R&D at Michigan State, led by
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Glenda Lappan, Elizabeth Phillips and Bill Fitzgerald. This
earlier work in the Middle Grades Mathematics Program
included the development of teaching materials along with
a multi-year professional development program, widely seen
to exemplify high-quality teaching as reflected in the Stand-
ards. Simultaneously the team conducted research around
the learning and teaching of algebra and functions. From
their ongoing research and development work CMP articu-
lated “a guiding philosophy and commitment” for materials
design:

e Love for mathematics; looking for the big ideas, what it
means to understand these ideas, finding ways to embed
these in a sequence of problem-solving activities; build-
ing on and connecting to other big ideas

e Passion and commitment to making a difference, sus-
tained over the long term

e Focus on curriculum design, research, revision, evalua-
tion, research, revision, evaluation, ...

e Continued focus on research and development on teach-
ing and learning of mathematics and other areas that
affect curriculum design and implementation

e Close contact with middle school classrooms including
the team’s experience in teaching these ideas in middle
school and pre-service education

e Simultaneously attending to both student and teacher
learning

¢ Providing support for teachers in conferences, workshops
and website, always making the support for teachers
respectful, and listening to feedback

¢ Willingness to balance idealism and practicality

e Never losing sight of the ideals (like inquiry, openness)
through changing pressures from publishers, standards,
etc.

CMP’s track record explains the NSF support for Con-
nected Mathematics. In (Lappan and Phillips 2009) the lead
designers give an in-depth description of this program. Here
we have space only to note and exemplify some key features,
the first of which is the substantial research and development
program over many years on which it was based. Equally
important, the team had built up a large community of teach-
ers who were partners in the design and development pro-
cess. This established the base for iterative cycles of R&D,
in instructional contexts that reflected the target population
for the materials.

The next core feature is that CMP adopted a context-
based approach, relating mathematics to explicit situations
in the real world and within the subject—the connections
of the program’s title. For example, well-chosen real world
situations with two variables make it relatively easy to ask:
How are the variables related? How can the relationships
be represented in tables, graphs, and symbols? If you know

the value of one variable, how can you find the value of the
other? These ideas are central to CMP, in which algebra
is a major strand.

Consider a familiar topic: an introduction to quadratic
functions (see Lappan and Phillips 2009). CMP uses the
relations between area and perimeter for rectangles. It
starts from the context of “staking claims” in the Cali-
fornia gold rush, asking students to investigate the ‘sheep
pens’ problem—how big a rectangle you can rope off with
a given length of boundary fence. Students are asked to
try some examples with different side lengths, investigat-
ing systematically how the problem can be represented
in tables, then graphs using specific numerical examples
viewed in multiple ways, fixing one quantity then another,
leading up to the general statements in algebraic form.
This reflects research that documents the value of spending
time to look in depth at one rich problem from different
perspectives, as opposed to working through a sequence of
closely similar exercises. The unit also brings out the dif-
ferences from linear and exponential relationships, setting
quadratics in the broader context of functions.

The third key feature is attention to the pedagogical
challenges that a “thinking curriculum” poses. Address-
ing pedagogical support for the teacher, Elizabeth Phillips
explained to us:

“As we wrote CMP, we did so with students sitting
on one shoulder and teachers on the other. Many
times, decisions about what would go in the student
book were based on teacher needs. For the better part
of the 1990s we met with other NSF curriculum pro-
jects; our stance on teacher needs was unique. Many
curriculum developers write teacher support materi-
als after the student books are finished. We wrote
extensive teacher support and developed professional
development activities side by side with the student
materials. Creating an instructional model—Launch,
Explore, and Summarize—focusing on the embedded
mathematics in the problems was a critical part of
the success of our professional development.”

With this instructional model in mind, CMP teacher
support materials include suggestions on how to plan for
instruction. These are not meant to be algorithmic, but to
provide teachers with ways of thinking about their plan-
ning and enactment of lessons. The design team imagined
themselves as sitting on the shoulder of a teacher and hav-
ing a conversation about a set of possible ways to engage
the students in a lesson. Each lesson provides, as well as
with detailed instructions for the students in the Explore
phase, examples of questions that can be used to elicit
student thinking, to push students’ thinking toward deeper
mathematical insights, and questions that can be used at
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Each participant in the walkathon must find sponsors to pledge a certain
amount of money for each kilometer the participant walks.

The students in Ms. Chang’s class are trying to estimate how much money
they might be able to raise. Several questions come up in their discussions:
e What variables can affect the amount of money that is collected?
e How can you use these variables to estimate the amount of money each
student will collect?
© Will the amount of money collected be the same for each walker?

What variables can affect
the amount of money
collected?

How can you estimate how
much money each student
will collect?

Will the amount be the

Explain.

Each student found sponsors who are willing to pledge
the following amounts.
@ Leanne's sponsors will pay $10 regardless of how far
she walks.
® Gilberto’s sponsors will pay $2 per kilometer (km).
® Alana’s sponsors will make a $5 donation plus
50¢ per kilometer.

The class refers to these as pledge plans.

same for each walker?
Explain.

then, after the detailed work
in the Exploring phase

How is the cost per
kilometer similar to a
person's walking rate?

How can you recognize the
patterns are the samein a
table graph or equation?

Describe another pledge
plan (and give its equation)
whose graph is a horizontal
line.

Raising Money - the task

Some suggested
questions

Fig. 1 Connected Mathematics instructional model (from Lappan and Phillips 2009)

the end of a class as a quick formative assessment to help
in planning for the next lesson.

In any new comprehensive curriculum there is a delicate
strategic design choice of ‘how big a step to take’—too big
and few will follow, too small and why bother? The design-
ers of Connected Mathematics found a successful balance.
Figure 1 illustrates this from a lesson on linear relationships
that asks students to compare ‘pledge models’ for a spon-
sored walk. The questions show how, in the Launch and
Summarize phases, designers encourage the teachers to help
students take a higher-level view of the mathematics they
have been exploring in detail (and with close guidance). The
materials include detailed answers to each question, some
of which are mathematically challenging. It should be evi-
dent that when teachers are being asked to move into new
territory, as here, they will need more support than when
on familiar ground. This instructional model is widely used
in other curricula. Smith’s Five Practices (Smith & Stein
2011) and Herbel-Eisenmann’s discourse moves (Herbel-
Eisenmann & Breyfogle 2005) evolved from studying CMP
classrooms.

Connected Mathematics has been widely used and
admired. Though commercial publishers do not release sales
figures, the more than 300 research articles by researchers
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who have chosen to study CMP classrooms (see https://
connectedmath.msu.edu/research/completed-research-and-
evaluation for details) is evidence of its influence and impor-
tance. Basing research on well-engineered materials that are
widely used in this way gives in-depth insight along with
greater confidence that the treatment is at-least-roughly sta-
bilised, providing a framework for exploring generalizability
across studies and helping the ongoing implementability of
the new research (Burkhardt 2016).

Finally, the authors have maintained intellectual control
over the content including format, presentation, etc. This is
fairly uncommon in the education world, where publishers’
rather different priorities often lead to unintended damage
to the design. It may have its downside in marketing terms
but it is essential for maintaining the integrity of a long-term
design and development program.

Brown and Campione (1996) noted that all curricula
undergo mutations in practice. The challenge, they said, is
to avoid “lethal mutations,” maintaining some fidelity to
the designer’s intentions. The R&D program discussed here
both identified key aspects of the CMP work that needed to
be maintained in implementation and provided consistency
and support in those directions. We think it is a strong factor
in the continuing success of CMP.
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2.3 The Shell Centre program

Here we describe a similar multi-decade trajectory of
research-based design, development and refinement through
successive projects leading to the Mathematics Assessment
Project (MAP), for which the authors were principal investi-
gators. Although the work was carried out differently, it dis-
plays all the key features noted above—Ilong-term coherence
around a developing research basis, in-depth student work
on rich tasks as the core cognitive demand, close attention
to the pedagogical challenges and building a core constitu-
ency of users.

Starting in the 1980s Alan Bell, Malcolm Swan and their
students explored, in a coherent sequence of small-scale
studies, the validity of an approach they called diagnostic
teaching—a specific approach to formative assessment based
on eliciting student thinking in a way that surfaced miscon-
ceptions, resolving them through structured discussion, first
in small groups and then across the class. The team studied
this approach across three key variables: students, math-
ematical topics, and different designers of the experimental
teaching material. Ongoing research also focused on teach-
ers, showing that collaborative discussion materials can be
effective when used appropriately, even with typical teachers
and low attaining students. This research program (Swan
20006) also offered insights into the ways in which teachers’
beliefs (about mathematics, teaching and learning) affect the
ways in which they use teaching materials and, conversely,
the ways in which the materials affect beliefs and practices.

The studies showed that diagnostic teaching, when com-
pared with the standard direct instruction approach of the

Post-
test

Delayed
Test

Delayed
Test

Direct instruction

time, showed a common pattern of much improved long-
term learning, illustrated by Fig. 2. Note in the right hand
graph the subsequent loss, so familiar to teachers, of most
of the gains made during the teaching of the unit; this does
not occur with the diagnostic teaching approach. This key
result was stable across the various parallel studies, provid-
ing evidence of generalizability of the design principles.

In addition to sound theory-based design principles,
detailed design calls for a mixture of insight and creativ-
ity. Two examples, for which Malcolm Swan was the lead
designer, must suffice. Be a Paper Engineer (Swan et al.
1987-89) encourages students to investigate the geometrical
principles used in making pop-up cards and gift boxes, going
on to use those principles to make new designs themselves.

The first task in Fig. 3 uses an investigative approach
to parallelogram geometry. It sets students the challenge
of making a pop-up card, and discovering in the process
that there are principles for the positioning of fold and cut
lines so that the card does not crease in the wrong place or
protrude when the card is closed. This process enables a
broad range of students to conjecture and justify the par-
allelogram theorems that they usually just learn. Later the
students explore mathematically more challenging possibili-
ties, where the folds are not all parallel. The Language of
Functions and Graphs (Swan et al. 1985) was one of the first
examples of mathematics curricular material that focused
on graphs of real-life situations. The graphing task stimu-
lates rich discussions, revealing that many students misun-
derstand graphs as pictures, thinking the motion goes up
and down because the graph does, perhaps also not noticing
it is a speed-time graph. The pedagogy was made explicit
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Task from: Be a Paper Engineer

Make this Winners' podium from a single sheet, without using
any glue.

From:
http://www.mathshell.com/materials.php?ite

m=paperengineer&series=numeracy

Task from: The Language of Functions and Graphs

Which sport will produce a graph like this?

Speed

Time

Fishing

Pole Vaulting
100 metre Sprint
Sky Diving
Golf

Archery

Javelin Throwing
High Jumping
High Diving
Snooker

Drag Racing
Water Skiing

From:
http://www.mathshell.com/materials.php?item=Ifg

&series=tss

Fig. 3 Diagnostic teaching tasks that probe misconceptions

in the teaching materials through explanation and through
detailed guidance in the lesson activities—again, a key fea-
ture. Absent such guidance, many teachers default to “dem-
onstrate and practice” pedagogy.

The Testing Strategic Skills project (T'SS) in the mid 1980s
was the first large-scale implementation of this work. Stra-
tegically it initiated an examination-driven approach based
on gradual change. In collaboration with a large examina-
tion provider, one new task-type was introduced each year
to the high-stakes examination for age 16. The Shell Centre
team provided curriculum and professional development
materials to support teachers tackling the new tasks. These
modules became known as the Blue Box (Problems with
Patterns and Numbers Swan et al. 1984,) and the Red Box
(The Language of Functions and Graphs, Swan et al. 1985).
Each module included five examples of the new task-type
(five to show the variety to be expected), teaching materials
for the three weeks of new teaching involved, and materials
including video and software to guide do-it-yourself pro-
fessional development activities in school. The first phase
of development focused on a handful of volunteer schools,
allowing close observation; the second phase involved only
written and interview feedback, but from classes in about 30
schools. The social importance of the examination ensured
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the creation of a large user community, which provided feed-
back for later refinement of the materials. These modules
were popular with teachers and students but the gradual
improvement process was halted by a government change
to the examination system.

The subsequent Numeracy through Problem Solving
project developed five modules (Swan et al. 1987-89) that
pioneered 3 week small-group modelling projects, again
with external examinations to assess transfer. Be a Paper
Engineer was one of these.

While these modules focused on problem solving and
modelling, rich task types were also devised for concept
development. One design principle is that all practice should
be embedded in rich tasks that are extendable, generalizable
and make connections. The example on the left hand side
of Fig. 4 makes connections between areas, perimeters and
functions. The right hand side illustrates the ‘justify and
prove’ task genre. Students are given a number of statements
and are asked to either justify why each is always or never
true or to identify all the conditions under which it is true.
The card below the statement is provided only to students
whose ‘productive struggle’ ceases to be productive. This
differentiation through support is another research-based
design principle that proved powerful.
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Fig.4 Task types from

the Improving Learning in
Mathematics: Challenges and
Strategies

and why.

Possible and impossible shapes.

Plot points on the grid that represent squares (then
other classes of shapes). Find a shape that would be
plotted at (4, 12), then (12, 4). Find which points on
the grid represent possible shapes and which do not —

Always, sometimes or never true?

Is this statement always, sometimes or
never true? Justify your answer, giving
examples and counterexamples.

“When you cut a piece off a shape, you
reduce its area and perimeter.”

Area

12
1
8
6
4
2
0

0 2 4 B & 10 1 18 16 18
Perimeter

These materials were developed through a sequence of
projects to support both teaching and professional develop-
ment. A multimedia package of professional development
support materials, Improving Learning in Mathematics:
Challenges and Strategies (Swan 2005) was built around
four such task genres. It was distributed by the British gov-
ernment to all secondary schools and colleges (and prisons!).

The ultimate product of this 30-years program of
research-based design and development is the 100 forma-
tive assessment lessons of the US-based Mathematics
Assessment Project (MAP), designed and developed with
the Berkeley team to support teachers and students in the
implementation of the US Common Core State Standards
(Burkhardt and Swan 2014). The project set out to explore
how far well-engineered teaching materials of this kind can
enable typical teachers to acquire the adaptive expertise
needed to handle formative assessment for learning in the
classroom (Black and Wiliam 1998). The 20 lessons for each
grade, 6 through 10/11, combined the concept development
approach from the diagnostic teaching strand of work with
a complementary strand of research and development on the
teaching of modelling skills. There have been over 8,000,000
lesson downloads from map.mathshell.org. Elsewhere (Bur-
khardt and Schoenfeld 2019a) we analyse a few of these
lessons, showing how they exemplify the important aspects
of successful implementation. Remarkably positive formal
evaluation results (Herman et al. 2014; Research for Action
2015) showed that, as well as strongly advancing student
learning, using these lessons led to teachers broadening their
expertise in ways that carried over to their teaching in other
lessons.

2.4 Other examples

We mention just a few of the other successful projects that
share the key features noted at the beginning of this section.

Each adds a new dimension to the above examples as out-
standing examples of ‘implementation’.

Realistic Mathematics Education (RME) was built on the
ideas of Hans Freudenthal. A team of design-researchers at
the University of Utrecht led by Jan de Lange developed
an approach to learning through a process of increasing
abstraction of the mathematics used in modelling concrete
real world situations. (Focused on the mathematics, this
approach to mathematical modelling complements the more
usual view of modelling, exemplified in the MAP/Shell Cen-
tre lessons, as a way to solve real world problems.) The RME
work was developed over decades through a sequence of
projects in the Netherlands and abroad, notably Mathematics
in Context in the US (developed in parallel with Connected
Mathematics)—a rare example of international transfer of a
curriculum. Here too there was a theory-based program of
research and development, with materials refined in a series
of context-based trials.

Everyday Mathematics, another NSF-supported project,
has been widely used in US elementary schools. Part of the
University of Chicago School Mathematics Project, it too
grew out of a long-term program of research and develop-
ment by Max and Jean Bell, which also viewed mathemat-
ics as a tool for modelling real world situations. Again, an
iterative sequence of revisions led to the current influential
version. The other NSF-supported curricula developed in
the 1990s follow these design and development principles
more or less closely.

VCE Mathematics, the school leaving examination in the
Australian state of Victoria, introduced in the late 1980s a
broad-spectrum examination including an unusually wide
variety of types of non-routine problems. These included
2-days “take home” investigations, with an ingenious moni-
toring system to ensure that the student had indeed produced
the solution. Subsequent classroom research (Barnes, Clarke
and Stephens 2000) found work of this kind happening at
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all grade levels. This initiative had, arguably, the highest
mathematical validity of any broadly implemented high-
stakes examination to date. As with TSS, social and politi-
cal pressures in the high-stakes assessment system limited
its longevity.

Beyond mathematics, Nuffield A-level Physics pioneered
the introduction of active scientific experience by students
into high school physics, which had long been based entirely
on learned knowledge. It influenced the syllabuses of other
providers and, developed for the digital age, remains in use
after many decades. Outstanding here was the time and
effort the designers spent initially in building a consensus
that this change was needed across all the stakeholder com-
munities: physics researchers, science educators, a group
of interested teachers, school leaders and, crucially, an
examination board. The key designers, Paul Black and Jon
Ogborn, were a university physicist active in education and
an innovative teacher in whose classroom the initial devel-
opment took place. Black (2008) describes the project and
analyses the decisions about the design and development
process that contribute to its implementability and impact
at scale.

3 The engineering research approach

Research in education reflects three traditions (Burkhardt
and Schoenfeld 2003), from the humanities, science and
engineering. Most research on STEM subjects follows the
science tradition of empirical exploration, analysis and the
generation of hypotheses that are tested empirically—a slow
and demanding process that makes it difficult to cover a lot
of ground in a single study. In contrast the humanities tradi-
tion is based on producing critical commentary that, in the
absence of empirical testing, is judged by that community on
its plausibility and originality. (Most educational materials
are written and published in this tradition, with no empiri-
cal evidence on what happens in the hands of typical users.
As aresult, less-than-optimal untested approaches are likely
to be adopted.) Despite being fundamentally speculative,
this approach remains highly influential for at least two rea-
sons. A lot of ground can be covered in a single piece. Also
policy makers can, and do, contribute at a technical level
they would not contemplate in, say, medicine—and they
often find their own views most plausible! The key research
product in both traditions is articles in academic journals;
typically practical implementation is left to others. As imple-
mentability is not usually a concern, this special issue is,
indeed, breaking new ground.

Implementation implies that the primary outputs are
products and processes for use by practitioners. If they
are to be judged according to how well they work in prac-
tice in forwarding the educational goals, we believe this
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requires research in the engineering tradition (Burkhardt
2006). As in engineering and medicine, research insights
are both a key input and a second kind of output from the
central research-based design and development process.
This process is well known from these and other applied
fields (see, e.g., Archer 1974; Morris 2009; Norman 2013).
It involves:

1. aspecific improvement goal, grounded in robust aspects
of theory from prior research

2. design tactics that combine these core ideas with the
design team’s creativity, always providing close support
with the pedagogical challenges

3. flexibility in the draft materials that affords adaptation
to the range of contexts across the intended user com-
munity

4. rapid prototyping followed by iterative refinement cycles
in increasingly realistic circumstances, with

5. feedback from each round of trials that is rich and
detailed enough to ensure the robustness and adaptabil-
ity of the final reproducible materials, and

6. continued refinement on the basis of post-implementa-
tion feedback ‘from the field’—this also informs think-
ing for future developments.

Most educational materials are produced without 4, 5
and 6. They are usually written, revised by the author in
the light of comments from wise persons, and published.
In the absence of empirical evidence as to what will hap-
pen in their use by others in diverse classrooms, they lack
research validity. One would not accept a medicine or any
other critical product on this basis. Should education accept
a lower standard?

Rigorous qualitative research methods are involved in one
to six above, not just for the input phase but throughout the
process: in the selection and the training of designers; the
choice of sample classrooms or other contexts for trials at
each stage of development; the design of protocols for cap-
turing the relevant information in the most cost-effective
way, for example for classroom observation; the form of
presentation of the materials to optimise communication,
which always involves choices that balance information with
usability—a typical design trade-off. This combination of
analytical and creative design skills is unusually demand-
ing and outstanding exponents are rare; yet there is a huge
difference in students’ learning experience between the
best and the standard “perfectly good” materials that are so
widespread. Examples of evidence for this can be found in
Senk and Thompson (2003) for the projects that were sup-
ported by the NSF, including Connected Mathematics; for
the Mathematics Assessment Project (MAP) materials the
independent evaluations are summarised by Burkhardt and
Schoenfeld (2019a).
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The process is exemplified by the lesson development in
discussed in Sect. 2 for MAP. It might be described as a fur-
ther implementation of the diagnostic teaching research (a
robust theoretical research base, point 1 above) but, as usual,
with many other inputs. The goal was to see how far typi-
cal mathematics teachers in supportive school environments
(a specific user group, 3 and 4 above) could be enabled to
implement high-quality formative assessment for learning
(a specific improvement goal guided by research, see Black
and Wiliam 1998) in their own classrooms, when primar-
ily guided by published lesson materials designed for this
purpose. The design team was led by Malcolm Swan who
had, over 30 years, built a track record of outstanding design
achievements (point 2 above). Flexibility (3) was addressed
through advice on ways to time these supplementary lessons
so as to best enhance whatever mathematics curriculum the
school is using. Feedback of sufficient quality for guiding
revisions (5 and 4) was based on direct observation of a
handful of lessons at each stage by experienced classroom
observers using a structured protocol. This emphasised
what actually happened in the lesson and its relation to the
design intentions. The report also included interviews with
the teacher. The 700 lesson reports together also provided
research insights to guide future work (1); in this it was sup-
plemented by independent evaluations and informal feed-
back from users (6). The work is described in (Burkhardt
and Swan 2014) and analysed as formative assessment in
(Burkhardt and Schoenfeld 2019a), which reviews the evalu-
ative evidence showing the power of the lessons as teacher
professional development as well in student learning.

The cost of such a process of research, design and devel-
opment is much higher than the cost of the more typical
“authorship” model, largely because of the iterative learning
process of refinement through the trials of successive ver-
sions. For the MAP Formative Assessment Lessons there
were at least three rounds of materials. It is essential to note
the design decision to obtain rich, detailed feedback from a
small number of lessons, enough to distinguish the generic
from the idiosyncratic. In contrast the other end of this trade-
off, sparse feedback from large samples, is little help for
revision when a qualitative change is the goal, as with MAP.
Coherent structured observation is expensive but invaluable
in the depth of feedback it allows. Each MAP lesson cost
around $30,000 in roro, excluding the earlier developments
on which some lessons were based. This is much more than
the < $10,000 per lesson we noted for the NSF curriculum
projects. Nonetheless, if widely used, this cost is highly cost-
effective when related to the running cost of the education
system (Burkhardt 2006). But it is still unfortunately rare
that the funding of such a thorough engineering research
project allows this quality of process.

Where does ‘design research’ (Brown 1992) fit into this
engineering framework? Typically it addresses at most items

1 and 2 above, along with the first part of 4. There is rarely
concern for a user community beyond the teachers working
with the research team in whose classrooms the new learning
activities are developed—teacher variability and the sup-
port that different teachers may need is not explored. Teach-
ing materials are rarely developed into a form that others
can use and evaluate—or published at all. This reflects the
primary goal of design research: academic journal articles.
Implementability, let alone implementation, is not an issue.
These limitations distinguish design research from engineer-
ing research in education (Burkhardt 2006).

4 Robust theory as a guide and constraint

What are the roles of insight-focused research in supporting
implementability? What kinds of contribution can the results
make to implementation? What aspects of theory need to be
strong for this? That is our focus here. We shall distinguish
four kinds of research contributions to implementation:
inspiration, guidance, constraint, and moving onward.

4.1 Research as a source of inspiration

A new and surprising research result may suggest a new
approach to, say, teaching (or assessment or professional
development). This result may then inspire the design of
teaching materials that seek to realise that approach in class-
rooms in an effective and, if well done, more motivating
form. Success may motivate funders to support the rest of
the engineering process needed to develop products that
are robust in the wider range of circumstances across the
intended user community. Research on non-routine problem
solving (Pélya 1945; Schoenfeld 1985), diagnostic teaching
(Bell 1993; Swan 2006), and cognitively guided instruction
(Carpenter et al. 2014) are examples of such research.

What are the essential characteristics for research to
be worth the effort that good engineering involves? Sch-
oenfeld (2002) identified three dimensions along which to
characterize a research study: Importance, Trustworthiness,
Generalizability.

e Importance. Does the result address learning goals that
are socially or intellectually important and appropriate
to students at a specific age or stage? For example, the
recognition that reliable procedural skills in arithmetic
were no longer an adequate basis for employment made
the research on problem solving socially important. The
changed circumstances of the second half of the twenti-
eth century required the ability to respond flexibly and
effectively to a range of new types of problem, so we
needed to learn how to teach the skills involved.
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T
Trustworthiness

Y\

Z

G Generalizability

I

Importance (insight or impact)

Fig.5 The trajectory of a typical research report

e Trustworthiness. Do the design of the study, the data col-
lected, and the logic of the analysis presented justify the
claims made? Academic standards for research rightly
give priority to trustworthiness; without positive answers
to these questions, the research will not be published in
a respectable journal—the prime currency in academic
success.

e Generalizability. Is there evidence on the validity of
a research result across the range of relevant circum-
stances of use? This is essential in establishing its value
for implementation. The sequence of diagnostic teaching
studies mentioned above, designed on the same princi-
ples by different designers on different mathematical top-
ics with different students, was evidence that these were
indeed reasonably robust principles. Any single study
was merely ‘promising’.

In practice there is a trade-off among these desirable
qualities in the design of any research study. There is no
shortage of topics that are widely recognised as important
though, as the examples in Sect. 2 show, the scale of any
study is often constrained by the resources available to aca-
demic researchers. Trustworthiness usually requires a focus
on specific research questions in a range of circumstances
limited by the available resources of time and funding. This
limits the evidence on generalizability that can be collected,
addressing a limited subset of the circumstances that impor-
tant issues generally concern. In practice, research reports
usually contains assertions in different parts of the three
dimensional space illustrated in Fig. 5, focused on the latter
two variables, G and T.

A typical research study looks carefully at a particular
situation—for example, a specific intervention based on
clearly stated principles and tried out in a few classrooms,
collecting and analyzing the teacher and student responses to
the intervention. If well done, the results are high on T but,
because of the limited range of the variables explored, low
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on G; this is shown as the zone A on the graph. However,
the conclusions section of a typical paper goes on to discuss
the “implications” of the study. These, whether explicitly
claimed or more subtly implied, are usually much more wide
ranging but with little or no empirical evidence to support
the generalizations involved. These hopes, each a greater
extrapolation with fewer warrants, are illustrated as X, Y
and Z in the diagram. In this example, X might represent
the suggestion that most students would respond similarly,
Y that it would work for teachers at all stages of professional
development, Z that the design principles would work across
different topics in the subject. These are essentially specula-
tions or, a little more kindly, plausible commentary in the
humanities tradition.

For these reasons, exciting research results are typically
as much inspiration as guide, with the generalizability issue
left to the engineers in the design and development process.
For example, the study of problem solving was initiated
by the reflections of Polya (1945), who identified a set of
problem strategies. This inspired one of us to undertake a
series of empirical studies (Schoenfeld 1985) focused on
undergraduate students working on non-routine geometric
problems. This detailed analyses of real student behavior
added further theoretical insights, particularly on move-
ments between levels of thinking (from “control” (moni-
toring and self-regulation) to “strategic” to “tactical” to
“technical” and back) and the influence of teacher beliefs
about the nature of “doing mathematics.” When the Shell
Centre TSS team, having persuaded the examination board
to add a problem solving task to the examination, set out to
develop teaching materials, it had to discover how to transfer
these ideas to the different age range and, necessarily, a dif-
ferent problem area. Problems with Patterns and Numbers
(Swan et al. 1984) teaches explicit strategies (look for simple
cases, organize and represent the information you find, look
for patterns, generalize .....), while making clear that their
meaning depends on the type of problem, and emphasizes
the value of reflecting on your own problem solving pro-
cess as it proceeds. The meaning of these things was refined
through the trialing process and their value through the lev-
els of student responses, before and after the teaching. This
work also added to the body of research.

4.2 Guidance: research specifically designed
to inform implementation

Although research is often “use-inspired” in that the ques-
tions addressed arise in or from practice, it is much less
common for bodies of theoretically oriented research to be
deliberately framed to guide or shape implementation. One
such example is Black and Wiliam’s work on formative
assessment (e.g. Black and Wiliam 1998). The work was
undertaken to document the impact of formative assessment,
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clarify what it is and is not (e.g., it is not frequent testing),
document its impact (e.g., student work improved when
students received comments but not grades, and did not
improve when they received grades as well as comments),
and point to directions for further development. As noted
above, such work was part of the foundation for the Shell
Centre’s work. Similarly, the body of research on summative
assessment (Mathematics Assessment Project 2016) led to
a new kind of test aimed at assessing a much broader spec-
trum of mathematical understandings than is typical of high
stakes assessments (see, e.g., Smarter Balanced Assessment
Consortium 2012).

A third example comes from the arena of classroom stud-
ies and professional development. There is no shortage of
individual research studies saying that particular classroom
moves, or norms, or techniques, help students learn. That, in
fact, is the problem: what is a teacher, coach, or administra-
tor to do with a long list of important classroom techniques?
If a teacher has to attend to even a dozen things at once, the
task is impossible.

For that reason, the Teaching for Robust Understanding
project (2018) made it an explicit theoretical aim to develop
a theory of powerful classrooms that could guide implemen-
tation efforts. Specifically, the theoretical goal was to iden-
tify a small number of dimensions that were necessary and
sufficient for powerful instruction—small in number so that
reflection and professional development are feasible, neces-
sary in the sense that if things go poorly along any of those
dimensions at least some students will be ill-served, and
sufficient in that if things go well along all of the dimensions
the students will emerge as powerful thinkers (Schoenfeld
2014; Schoenfeld, Floden, and the Algebra Teaching Study
and Mathematics Assessment Projects 2018; Teaching for
Robust Understanding Project 2018).

A multi-year R&D effort distilled the literature into five
key dimensions of practice: the discipline (Are students
engaged with and in important content and practices?), cog-
nitive demand (Do activities involve students in productive
struggle?), access (Are all the students actively involved in
each phase of learning activities?), agency, ownership and
identity (Does each student feel that they can contribute and
that their mathematical reasoning is recognized as “belong-
ing to them” and their fellow students?), and formative
assessment (Is instruction structured to consistently reveal
student thinking and provide formative feedback?).

This list is short enough to keep in mind. Teachers,
coaches, designers and administrators internalize it
quickly and it becomes a frame for thinking about teach-
ing. Each of the dimensions is “actionable”—a teacher,
teacher and coach, or teacher learning community can
focus on improving practice in one dimension at a time, a
manageable task. Thus the framework is “implementation
friendly” by design. It is generative, in that the dimensions

support tool development (see Teaching for Robust Under-
standing Project 2018) and support an implementation-
focused research and development agenda. Evidence of
the framework’s impact is given in the papers cited above.

4.3 Constraints: research as a source of design
constraints

Fine design is creativity within constraints. As well as a
source of ideas for implementation through engineering,
high-quality research can provide a guide to constraints
of at least two kinds that will improve the design process.

Type A. Checklists that embody research-based princi-
ples against which to check designs throughout the engi-
neering process

For brevity, we present the following examples largely
in the form of questions that a design team should ask,
and verify by observation during the development process.

e The TRU Framework sets forth principles that power-
ful environments should satisfy. Thus, any design and
development process should aim to ensure that its prod-
ucts effectively support teacher and students in each
of these five dimensions. Burkhardt and Schoenfeld
(2019a) includes an analysis of MAP lessons from this
perspective, showing how the lesson structures lead
teachers to handle all five dimensions. In a form of
lesson study called TRU-lesson study (Schoenfeld et.
al. 2019) TRU is used to generate and review lesson
plans, to structure observations, and to guide the lesson
reflection and commentary process. More broadly, the
framework is used to problematize instructional design
at every stage of design and implementation, along the
five dimensions listed above.

® Roles analysis. This approach monitors the roles that
teacher and students play at various stages in the learn-
ing activities—and thus how far essential role shifting
from traditional roles is achieved. One system (Phillips
et al. 1988) distinguishes the directive roles that teach-
ers traditionally play (manager, explainer, task setter)
from the facilitative roles (counsellor, fellow student,
resource) that develop student autonomy and agency.
For example, are teachers’ questions designed to elicit
explanations, or merely short answers? What opportu-
nities do students have to explain their reasoning? Do
students formulate mathematical questions for investi-
gation? For how long will students typically work on a
single problem without teacher intervention?

e Technical constraints of various kinds. These often
arise from accumulated experience through the engi-
neering process. Two examples are enough to make the
point:
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1. The types and amounts of guidance offered in the
materials. Is this sufficient for a teacher in the
intended user group to plan and realise the lesson
as intended? Is it brief enough for them to be likely
to read it?

2. The use of visual aids to support or replace text.
Would a graphic at this point help more students
understand the problem? How could this task be
‘brought to life’ with a picture?

Of course, Type A research can also play a role in inspir-
ing new thinking by designers. Role shifting has long been
an explicit design principle of Shell Centre work, and TRU
generated a comprehensive set of tools for professional
development (Teaching for Robust Understanding Project
2018).

Type B. Invaluable guidance on what not to try.

Examples include:

e Teaching mathematics through ‘demonstrate and prac-
tice’ alone. While some degree of automaticity is of
course useful, skills drop precipitously with time (e.g. the
notorious “summer slump”). More effective is to teach
skills combined with conceptual understanding so that
students can regenerate knowledge and skills when they
need them.

¢ Assuming that understanding will transfer across triv-
ial changes, e.g. of notation. It doesn’t without hard
thinking. Testing this informally, one of us asked a col-
league “What is d/dn(n*)?” “Something to do with the
Gamma Function, isn’t it?” he replied. We all learn d/
dx(x") =nx""!; exchange the symbols and we need a
chain of careful reasoning to sort it out: xn*~L, of course.
Using variable names that link to physical quantities
(time t) adds meaning but can trigger this problem for
students who are fixated on x and y; both practice and
reflection are needed to broaden the learner’s thinking to
pay attention to structural forms.

4.4 Moving onward: evaluative research to advance
the state of practice

Evaluation has always employed traditional research skills
but has not typically focused on providing information from
a formative point of view. Too often summative studies have
been confined to gathering superficial data—usually on stu-
dent performance on tests designed for accountability pur-
poses. While such data may satisfy funding agencies that
wish to determine whether or not their money has been well
spent, they are totally inadequate as a guide to improvement.
How can this kind of research contribution be improved?
The engineering research approach of Sect. 3 ensures
that the design and development team has a great deal of
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evaluative information on the product in action, and has used
it formatively. An independent research team will in addi-
tion bring a somewhat different perspective, detached from
the details thinking of the creators. However, to be useful as
formative input for the next stage of improvement, we need
(see Burkhardt 2016) studies that:

e are in at least as much depth as in the development pro-
cess, but with emphasis on analysis

e cover the range of important variables, notably students,
teachers, levels and kinds of support and pressure

e focus on well-engineered treatments that are likely to be
reasonably consistent in implementation throughout the
study.

To achieve this it is hard to see a credible alternative to
large-scale research collaborations, conducted in a collegial
spirit. These do occur but are rare in the work of the educa-
tion research community at large. Such collaborations need
to:

e understand in depth, and accept, the goals of the design-
ers of the treatment

e agree, across the collaboration and with the design team,
a well-defined protocol of research methods, including
the collection and integration of in-depth data and co-
ordination of the analysis

while

e being free to investigate other aspects of the implementa-
tion that they collectively decide may be important.

Such an approach, with large collaborating teams from
different institutions and joint funding, is common for tack-
ling complex challenging problems in other fields. The
Large Hadron Collider in physics and the Human Genome
project in bioscience are examples where many researchers
work to a common purpose. These are often referred to as
Big Science; we see a need for Big Education.

5 Achieving systemic impact

Finally we move on to a more ambitious definition of
implementability, going beyond building research results
into tools, products and processes that can be used by some
teachers. While such ‘existence proofs’ are valuable, imple-
mentability should surely aim to mean implementation on
a significant scale.

This inevitably introduces systemic issues. It may be
tempting to ignore these as merely organisational but that
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would be a mistake. Successful implementations of profes-
sional development indicate that, as a field:

We know how to enable typical teachers to teach much
better mathematics, much more effectively than is
common in current classrooms. BUT, we do not have
established ways of getting school systems to make
this happen.

Education systems are organised in very different ways in
different countries so our comments here must be general.
Some countries, in East Asia and elsewhere, have structures
that work systematically to improve curriculum and support
professional development—but often these are centralized,
inherently conservative and slow-moving (not necessarily a
bad thing). Anglophone countries’ systems are often some-
what decentralized, from the 7 Australian States and Territo-
ries to the US with its 50 states and 15,000 school districts.!
In principle, this gives opportunities to explore different
implementation models in similar cultural environments.

However, in all systems there are forces that frustrate
implementation of improvements that research and devel-
opment has proved possible. These arise from pressures on
the various stakeholders that must move if change is to hap-
pen—notably teachers, school and system leadership, and
policymakers. While all these would say that improving
student learning is their top priority, the different pressures
of their lives, day-by-day and month-by-month, push this
strategic priority to the distant rhetorical horizon (Burkhardt
2019b).

5.1 Getting all the system stakeholders onside

Politicians and policy makers recognize education as impor-
tant. But their lives are characterized by pressures of time,
diverse political input, government procedures, budgetary
limits and, perhaps most important, the clash of timescales.
The decade timescale of significant improvement in edu-
cation lacks urgency as ministers try to ‘make their mark’
in their year or two in charge of education, while coping
with week-by-week media-driven ‘events’ across the educa-
tion system. Often they have strong views on education and
involve themselves at a detailed technical level they would
not contemplate in, say, medicine or engineering. These dif-
ficulties are real and need to be taken into account in the
design of a more effective research-based systemic improve-
ment process.

! In England, tradition gave each school principal responsibility for
the curriculum but, in practice, variety was sharply confined by the
high-stakes examinations and textbooks. From 1989 the National
Curriculum narrowed this further.

Similarly, the world of educational practice faces pres-
sures at every level, flowing down from government through
system and school leadership to the individual teacher. These
distort teachers’ core task, to help and guide some 30 chil-
dren to become well-educated citizens, which is challenging
enough. Many of these pressures are justified in the name of
“accountability”. Scores on tests that assess only some nar-
row aspects of doing mathematics acquire priority, distorting
the implemented curriculum in most classrooms.

The education research community functions largely for
its own purposes: producing dissertations and articles for
academic journals that inform decisions on appointments
and promotions and career reputations. But in contrast with
medicine, research focused on the development of new treat-
ments that improve what happens in classrooms has, at least
until recently, had low prestige in the academic value sys-
tem—implementability is rarely considered, let alone made
a priority.

Systemic aspects of particular concern in at least some
countries are: poor communication between these commu-
nities; the political tendency to ignore system complexity,
that real improvement involving changes of well-grooved
professional practice is inevitably gradual and complex; the
tendency of policy makers to design aspects of teaching and
assessment at a level of technical detail that discounts the
expertise of the education professions; pressures for uni-
formity that limit opportunities and support for pilot projects
that can grow into and improve the mainstream; imbalance
in education research between the dominant analytical-diag-
nostic research traditions and treatment-focused research and
development with an engineering approach; the failure of the
education research community to develop, on the one hand,
a solid body of agreed research results and, on the other,
detailed evidence on the effects of specific ‘treatments’.

This leads to a lack of authoritative structures that inte-
grate evidence from research and practice in a form that
policy-makers respect and can use.

6 Conclusions

This paper has offered some examples that show large-scale
impact of research-based change is achievable and analysed
features that seem to be important for this. In this we have
seen that shaping research results in ways that result in sig-
nificant impact on educational practice is too complex a
process to be characterized as “implementation.” Doing so
requires many players with different skills building on not
just a single research result but, in principle, the whole body
of relevant prior research. Other research skills are needed
in a design and development approach in the engineering
research tradition to turn research results and creative design

@ Springer



1004

H. Burkhardt, A. Schoenfeld

ideas into robust products and processes that that work well
in educational practice.

We have seen that research-based theory itself can play
several roles:

e in inspiring design and the courage to tackle the chal-
lenges of implementation—for this it needs to be strong
in importance and trustworthiness, with evidence on gen-
eralizability across a well-specified domain of validity

e in providing “implementation friendly” theoretical
framings of key arenas, setting them up for productive
R&D work

e in providing guidance on strategic and tactical issues

e in using evaluation in-depth of well-engineered treat-
ments to suggest ways forward at the next stage.

For some of these roles, research needs Big Education—
substantial cross-institution teams working coherently with
agreed foci and protocols. These are the aspects of effective
research that support implementability.

How can an education system support such an endeavor?
We can learn a lot, as always, from the successes and limita-
tions of the examples described. Strategically, the way for-
ward seems to lie in recognizing the very different timescales
of policy decisions, of systematic R&D, and of building a
corpus of well-tested and widely agreed research results.
This seems to require a support structure with three strands
designed, like those in medicine:

e to support and evaluate innovation in practice by
funding, in areas needing improvement, a vigorous pro-
gram of research-based design, iterative development and
refinement of effective treatments—for example, to sup-
port well-aligned teaching, assessment and professional
development in schools;

e to gradually strengthen the research base of practice
and policy by funding insight-focused research of direct
relevance, for example: evaluation-in-depth of both cur-
rent practices and new treatments, and building a body
of well-validated research results that is broadly accepted
across the field;

e to evaluate potential policy moves and advise system
governance on their cost-effectiveness in the light of the
evaluation evidence on their strengths, weaknesses and
costs—so that policy makers are no longer involved in
the design of treatments, but make choices for implemen-
tation based on solid evidence.

Big Education requires funding, of course; and in the
present context, such funds are hard to find. Why? People
make investments when they perceive there will be a return
on them. As we pointed out in 2003, the US Federal govern-
ment spent a total of $300 Million in 1998 on educational
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research, while the Phizer Pharmaceutical Corporation said
that “We lead the industry in research, spending over two
hundred million dollars a year, looking for new treatments
designed specifically for animals.” (Burkhardt & Schoenfeld
2003, p. 12) This is a statement of national priorities and
about the incentive system—but priorities can change when
the perceived value of the investment changes.

A parallel purpose is to develop institutional memory
and human capital in these areas across the policy, research,
design and development, and practice communities. These
are among the challenges for system governance in the next
phase.
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