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Abstract

To understand technological innovation (be it the design of a mouse trap or a piece of com-
puter software), it is crucial to understand the process of design. Design is not simply a one-to-
one mapping of scientific knowledge or theoretical frameworks onto a problem. Design is a
complex and multifaceted process requiring the understanding and implementation of a range
of skills and knowledge domains. The design of software in particular entails a lot more than
just representing in a computer program the original concepts or learning theory that moti-
vated it. This article offers a framewark for understanding the complex processes of design by
examining the design process of two computer programs: FLiPS and Tiger. FLiPS is a multi-
media program for learning complex cancepts in chemistry, while Tiger is an automated manu-
script submission and review system. We examine the process of design by identifying and
highlighting some significant common themes that underlie the design processes of these two
different computer programs. We believe that this framework has much to offer the theory and
practice of educational software design. (Keywords: educational computing research and de-
velopment, software design and development.}

Technology is often seen as being “merely the applicarion of the relevant basic
sciences to the making of artifacts” (Dasgupra, 1996, p. 4). Ar the heart of this
perception is the assumption that developing technology consists of “instru-
mental problem solving made rigorous by the application of scientific theory
and technique” (Schén, 1983, p. 21). "This model of rechnical rationality
{Schén, 1983) informs much current educarional software design and research.
Most descriptions of research begin with a conceptual or theoretical framework
and follow that with a description of the computer program developed. The as-
sumption, of course, is that the final computer program ziccurateiy encapsulates
or captures the original concepts or theory that morivared it,

Recently, however, many people have argued that design is more than the ap-
plication of scientific know[cdge to a given real-world problem {Dasgupra, 1996;
Gelernter, 1999; Schon, 1983; Winograd, Bennett, De Young, & Hartfield,
1996). Though we label it with 2 noun, design is not a thing; it is a process. De-
sign is present whenever artifacts are created for people to use. When people
create artifacts (be they mouse traps or compurer software) decisions are made
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Alex Rath and two other anonymous reviewers for their feedback. The first author would like to
thank Rand J. Spiro, William F. Brewer, Paul J. Feltovich, M. D. Osborne, and Chip Bruce for
their beip. The second author would like to thank R. E. Ferdig, V. L. Worthington, and the Ameri-
can Educational Research Association for assistance with developing Tiger.
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and objects are constructed that carry with them an intention of what those ob-
jects will do and how they will be perceived and used.

Design is a creative activity that cannot be fully reduced to standard steps, and
that should not be thought of as mere problem solving, A designer lacks the
comforting restraines of a well-organized engineering discipline because design-
ing is inherently messy. It includes, but goes beyond, the ability to solve prob-
lems erearivelyr A host of tech‘nic;ues and skills come into play during design:- -
Many of these rechniques and skills are explicit and publicly available, but some
of them may be tacit and unspoken. According ro Smith and Tabor (1996), de-
sign is as much an art as it is a science—it is spontaneous, unpredicrable, and
hard to define,

The inherent “messiness” of design is further complicated when we consider the
design of such an abstract artifact as computer software, One can approach soft-
ware from many different perspectives, each with its own implications for de-

sign. The Association for Sofrware Design (ASD)) defines software design chus:

Software design sits at the crossroads of all the computer disciplines:
hardware and software engineering, programming, haman factors re-
search, ergonomics. Ir is the study of the intersecrion of human, ma-
chine, and the various interfaces—physical, sensory, psychological-—
that connect them (quoted in Winograd et al,, 1996, p. xv).

According to Nadin (1988}, knowledge of psychology, sociology, communica-
tion theory, graphic design, cognitive science, theater, 1inguiszics, and other disci-
plines shouid be considered for effective software design. Software design, to say
the least, is an interdisciplinary concern,

A unigue feature of design problems is thar there is no single "right” solution;
there are always alrernatives (Simon, 1969). At the heart of design is the idea of
dialogue: dialogue between theory and practice, between constraints and trade-
offs, between a designer and his or her materials, berween the designer and the
user or learnter. It is through this dialogue that the meanings and nacure of the
artifact are defined and understood. Design requires a balancing act between a
variety of facrors that often work against each other. It requires the application
of a wide array of knowledge, from algorithms to rules of thumb. Designers
keep these diverse constraints in mind. Factors such as computer platform (eg,,
Macintosh or Windows} may seem mundane in comparison to broader concep-
tual issues, but they play very significant roles in the final form of the sofrware,
Orther issues of relevance range from the pedagogical to the pragmaric and from
issues of graphic design to issues of language and rhetoric. It is also possible that
the very process of design subverts the initial theories and goals on which the
software is based.

Given the importance of these factors, it is surprising how little attention has
been paid to the design process and the manner by which instructional design-
ers resolve these often conflicting issues and build instructional software. In this
article, we artempt to shift the spotlight to design as a means of developing a
better understanding of the process of transfer from concept ro design. We do
this by presenting the theorerical and rechnical issues involved in the design of
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two different computer programs. The first, FLiPS), is a multiple-representa-
trional multimedia program for learning complex concepts relared to chemistry.
The second, Tiger, is 2 Web-based manuscript management and publishing
system. This article, which weaves it way through the intricate and zigzagging
processes of the development of these two very different computer programs, is
an attempt to develop a betrer understanding of the nature of this dialogue,
even while éxtending it range. The next section offers a brief overview of each-
computer program. Please see Mishra (1998) and Zhao, Mishra, Worthingron,
and Ferdig (in press) for more detailed descriptions of LIPS & Tiger.

INTRODUCING FLiPS

FLiP3 (Flexible Learning in the Periodic System) is a prototype multimedia,
mulciple-representational program for learning complex concepts in chemistry.
It is based on cognitive flexibility theory, a cognitive theory that emphasizes the
construction of Hexible, context-sensitive understandings of complex domains
through multiple representations, meraphors, and perspectives (Mishra, Spire,
& Feltovich, 1996; Spiro & Jehng, 1990).

FLiPS is not just a database of elements—many of these exist, both in
book and electronic formars. FLiPS allows the learner to see connections be-
tween chemical concepts at three levels: (1} among specific chemical elements,
{2) groups of elements, and (3) different periodic representations. The first level
emphasizes the unique nature and properties of each element—as well as pro-
viding hints to similariries and differences across them. The second level reveals
patterns and exceptions in the chemical and physical properties of groups of el-
ements. The third level of FLiPS links between various representations of the
periodic system’, allowing students to compare these different representations
(tables, spirals, linear charts, etc.) along a variety of dimensions. Different repre-
sentations have different strengths and weaknesses and emphasize different re-
lationships. This level allows the learner to see the entire periodic system
through di&‘ercﬂ{ IenSES or perspectives.

One can also see FLiPS as allowing us to link within a variery of representa-
tional systems-——including the different representations of the periodic system,
photographic images of the elements, graphs and charts of the properties of the
elements, illustrations, and animations.

These three levels allow the student to see the periodic system in a very differ-
ent way from the standard representations in the textbooks, FLiPS presents the

* P Mishra. (1998). FLiPS: Flexible learning in the pericdic system [Computer software]. Ur-
bana: University of Hllinois at Urbana-Champaign. Although this picce of software is not avail-
able publicly, you may request a copy by e-mail at punya@msu.edu,

Y. Zhao. (1997). Tiger [Computer software]. East Lansing: Michigan State University, Electronic
Proposal Progessing Center. Available: bitp:/ /zhas.educ.msuedu/ tiger.aera.start.fogt.

3 The standard periodic table of the elements (also known as Mendeleey’s long form) is just one of
many visual representations of the chemical elements. (Mazurs [1974] tabulates more than 400.)
No single table can capture the multiple relationships among the elements and groups of elements.
This is why we prefer the term periodic system to the more commanly used periodic table. According
to this perspective, the periodic table is just one specific enumeration of the periodic system.
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periodic system as a fluid and dynamic set of relationships that can be seen and
understood in multiple ways. Seeing a variery of visual representations of the
periodic system and being allowed to compare and contrast their strengths and
weaknesses enables students to see relationships that previously seemed intan-
gible and vague when discussed using 2 single representation. The sofrware ef-
fectively allows students to crisscross the complex landscape of the periodic sys-
tem, comparing and.contrasting different representations and revisiting them in
different contexts, thus helping stadents cultivare multifacered and flexible
knowledge representations that can be used in many kinds of situations and
contexts. In a fundamental way, FLiPS prefigures (Mishra et al., 1996) within
itself knowledge of chemistry and the kinds of relarionships thar are viable and
plrovides a compliant guiding framework for exploring the periodic system of
aeliements.

INTRODUCING TIGER

Tiger is 2 Web-based program for managing and publishing electronic manu-
seripts for student publications, conference proposals, or professional journals. It
serves four groups of users: authors, reviewers, editors, and readers. Authors
submir manuscripes by filling out a Web form using any browser that supports
forms. The submission is then recorded in the database. The system provides
immediate acknowledgment of successful receipt of the submission; otherwise,
an error message is returned, Authors can log on ta the system w check the sra-
tus of a submission (whether it is under review, for instance} at any time there-
after, unless the editor has disabled this function. Prospective reviewets can also
submit information about themselves by completing a form on the Web. The
information is recorded in the reviewer database and can be used by the editors
to match reviewers with proposals. Reviewers can then read and review manu-
scripts online.

Editors have the most control of the system. They are equipped with a ser of
tools to manage proposals and reviews on the Web. They have fuil access to all
information about proposals and reviewers. They can enter information on be-
half of a reviewer or author. Some common funcrions available ro the editors in-
clude: contacring authors and reviewers, reading proposals and reviews, assign-
ing reviewers to proposals, and making decisions on proposals.

Readers have access to manuscripts that have been accepted for publication.
Depending on preferences set by the editor, readers are able o examine the
manuscripts as well as the zeviewer comments, With the addirion of some
simple modules, readers can join ongoing discussions about manuscripts with
the authors, reviewers, or other readers. Readers can also register to receive au-
tomatically generared notices of updates. And, the system can maintain profiles
of registered readers and keep track of whar they have and have not read.

THE DESIGN PROCESS

FLiPS is an instructional compurer program based on a theory of learning,
while Tiger is a manuscript review and management systemn. However, we be-
lieve that there are certain fundamental similarities in the processes by which
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these very different programs were designed. The rest of this article explores
some of the significant themes that underlie the design process. The processes
of designing FLiPS and Tiger were tracked in two ways: a) 1ntlerrr:ed1atehver-”
sions of the programs that were saved at regular intervalsf offering “snaps 011::;
of the entire process and (b) notes maintained as the projects progressed. These
linear narratives were then studied in the context of g:er;a_ip“ge“x}g:.'e.\lwtherrl.c:‘s. and
perspectives on the design process. These themes are based on previous theo-
retical and empirical work on the design process as proposec'l by Dasgupra
(1996), Schén (1983), Winograd and Flores (1986), and Wm‘ograd et al. {1996).
We must emphasize that even though the themes are described separarely,
they are not murually exclusive or independent of each ocher: On the contrary,
they often interact with each other in very intricate and nonlinear ways. H.o\y—
ever, without downplaying or ignoring this complex inte‘rpiay, we fPTel that it is
important to identify, isolate, and better delineate these important ideas.

Theme 1: Design Is Purposeful, Intentional, and Corlxscious. ‘
Design is inherently teleological. Tr is concerned with the invention of
artifactaal forms—an activity that aims to satisfy human goals a}nd
aspirations. These goals can be quite conchtha, as in the case of bmlj—
inga éridge, or abstracr, as in the case of wr.u:mg a poern. U.nderstan ci
ing any artifact (and the process by which it was formed}. is governe
as much by psychology as technology. Awareness of design does n'ot
necessarily imply the use of any formal, consistent, or comprehensive
theory or systematic methodology.

ELiPS and Tiger have very different goals. In the case faf FLiP.S, th%hgoal is :o
help students learn and reason about comglex‘ concept§ 11'1 chemxscry: ;gia; .
of Tiger is to reinvent the process of manuscript submission and review. Within
these two broad goals, there were a variety of subgoals, some éteﬁned at.the out-
set, and others that emerged as the programs progressecl For instance, in the
case of FLiPS, an important subgoal was (a} ro help students see that the stan-
dard form of the periodic system that they usually encounter in textbo?lfts is
limited in some fundamental ways and (b) to allow them to see thfe validity of .
other forms of representation of che Periodic system. However, this lefr unspeci-
fed which other representations were important. This problem led *-:o anotl;er
subgoal: deciding which representations (and conce?ts} were essenna% f.or the
student to learn and which were not. The repercussions of sucha de?mon cas:
cade chrough the entire design proceSSWaﬁ.ecting the numbe.r and kinds o.f pri-
mary and secondary representations to create, ¢he texts ta write, the questions to
ask, and so on.

One goal common to both FLiPS and Tiger was to construct co@pute; pro-
grams that would be easy to use. This overarching goal creacedla series O ]
subgoals, which in turn, spawned a series of sub—subgonals. For instance, some o
the subgoals that emerged from the global “ease of use goal were mam-tammgk
consistency in the interface, allowing quick access to 1nf€{sm:?.t1on, keeping tr)ac
of the user’s cognitive state of current knowledge, anc:l tax-io'rmg the lprogra:nls ;e—
sponse to that state. Further, the first subgoal of “maintaining consistency e
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to a series of sub-subgoals, such as maintaining consistency through the use of
color, the choice of typeface, and the number and kinds of icons used.

Qccasionally the different goals would conflice with each other, In the case of
FLiPS, pedagogical and ease-of-use goals would, at times, lead to different deci-
sions. For instance, from the point of the user interface, it made sense o create
graphics thar would load fast and quickly. However, from the pedagogical point
of view, it was iimportane that the user be able see the cables in greater or lesser
detail—to zoom in and our of the images as well as have clickable hotspots for
the elements. This was accomplished by using a customized file formar (Shock-
wave [1985-1998] for Freehand [1988-1998]); however, this increased the file
size of the graphics and made them load more slowly.

Goals often evolve with the design. For instance, when Tiger was used by the
American Educarional Research Association (AERA) to process proposals for
irs annual meetings, the designers assurned multiple roles—they were not only
designers of the system but also members of the organization and advocares for
innovation within AERA. As researchers on technology integration, the design-
ers were also interested in understanding the interplay of innovation and exist-
ing practice, As porential users of the system, the designers were interested in
providing a high-quality user experience. This would not necessarily have been
the case if AERA had asked someone from ourside the organization ro develop
this systern. This multipiicity of goals affected the final design of Tiger, though
the degree of influence varied by context. For example, using just the Web
seemed most efficient, which was important from the perspective of the system
designers. However, e-mail had to be used to maintain compatibility with what
was used previously, even though this reduced the overall efﬁciency of Tiger.

Theme 2: Design Keeps FHluman Concerns at the Center

Simon {1969) argued that material arrifacts exist at the interface of
outer and inner environments. For instance, the form or shape of a lead
pencil mediates, on the one hand, among graphire, wood, clay, and their
respective properties—its inner environment-—and, on the other, the
properties of plane surfaces {color, texture, resistance to imposed pres-
sure, color of the paper) and the anatomy of human fingers—its ourer
environment { Perroski, 1989). The task of the designer is to “invent artifac-
tual forms such that the inner and outer environments cohere and cooper-
ate ... to satisfy some given set of human values” (Dasgupra, 1996, p. 4).
This rask is further complicated in software design, as the artifacts un-
der consideration in chis case are usually not material in nature, and
their internal workings are hidden (Turkle, 1984). The human facrors
aspect of any software is usually seen in its interface—the point where the
inner and outer environments meet. However, interfaces often hide the
inner workings of the software and can sometimes be misleading,

The inner environment of each of these programs can be seen at mulriple lev-
els. Az the heart of the computer are the bits and bytes and their transforma-
tions. This is a level that likely is of no use to the learner or user. At a higher
level is the conceptual structure of the domain and its mapping onro the design
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and archirecture of the programs. It is this conceptual structure {and archirec-
ture) that is revealed to the user through the interface. In the case of FLiPS, the
pedagogical requirements drove the design of both the inner and outer environ-
ments. For Tiger, che requirements of the submission and review process and
the needs of different kinds of users drove the design.

Both FLiPS and Tiger use a graphical user incerface in keeping with the tradi-
rion established by the Web, the technology on which bath are based. However,-
both FLiPS and Tiger eschew the use of interface metaphors, attempting in-
stead to make certain conceprual ideas about the nature of the domain (in the
case of FLiPS) and the process of manuscript submission (in the case of Tiger)
stand out. At the core of FLIPS is a way of looking at and thinking about the
chemistry of the periodic system. The interface of FLiPS attempts to make this
“structure’ transparent. This is most clear in the crisscrossing secrion where
multiple menus allow the student ro move in different “orthogonal” ways
through the landscape of the periodic system. In the case of Tiger, different us-
ers of Tiger “see” different parts of the interface, each of which is designed with
the different concerns of different users in mind.

Keeping human concerns at the eenter of design contributes to each and ev-
ery aspect of the final producr, from the programming to the layous, and from
writing the text to the sequence in which important concepts or steps are intro-
duced. For instance, it makes sense from the user- interface perspective {as well
as the pedagogical one) that ELiPS react to any query or interaction with the
learner as promptly as possible. It was for this reason that a client-side pro-
gramming language ( JavaScript) was chosen to control the navigation within
FLiPS. In this way, the speed of the server (and the Internet connection) would
not stow down the retrieval and display of data. Similarly, Tiger uses JavaScript
to check mistakes that users make when submitting their manuscripts (such as

neglecting to include their e-mail addresses), Becanse Tiger was designed to
serve four different groups of users who may have considerably different and
possibly conflicting concerns, one major task in the design process was to recon-

cile the differences.

Theme 3: DesignIs Knowledge-Intensive

"T'he designer brings a rich body of interconnected knowledge to the
design task. Some of this knowledge may not be specific to rechnology,
though the designer may employ such knowledge more frequently than
ocher types. Examples of such knowledge would be general mental rools
for problem solving, heuristic stracegies for generating inferences and
hypotheses, and so on. The designer also has technical knowledge that
can include knowledge of the science and research in the field or may
be available as tacit knowledge (Dasgupra, 1996; Polanyi, 1958, 1966).
The design process is also a learning process. Gargarian {1996) distin-
guishes between environment design (or learning—-thar is, construct-
ing skills and organizing those the designer will need), and artifact de-
sign (or doing—thac s, che skills chat have been constructed are now
applied to the process of construction of the artifact).
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‘The designs of FLiPS and Tiger required knowledge of a wide variety of dis-
ciplines and sensitivicy ro a wide range of issues. Common to both programs
was a need for knowledge of technology (specifically thar relared ro the develop-
ment of interactive Web sites) and design (information and graphic design). But
there were differences in knowledge requirements. FLiPS required knowledge of
chemistry (specifically the periodic system) and educational theory {cognirive
théories of learning and previous tesearch into educational techniology): Devel-
oping Tiger, on the other hand, required knowledge of institutional practices
an'd user behavior as well as a more detailed knowledge of the rechnology to re-
ceive, store, manage, and retrieve texts in a netwotked system. Bach of these
knowledge domains had an explicic dimension (in terms of knowledge of facts
theories, and research) as well as a more racit dimension. ‘

In bf)th projects, there were great differences between the knowledge required
to design the programs and the knowledge initially available. For instance, in the
case of FLiPS, the designer had adequare knowledge of design and educa;:ional
theory ar the outset bur inadequate knowledge of chemistry and technology. In
the case of Tiger, much of the knowledge about the target users was ac uiif;i
during the design process. ' :

There are two aspects of the processes of learning and designing. First, there is
the manner in which knowledge (both tacit and explicie} is developed. A signifi-
cant part of the learning is deliberare and conscious, akin ro whar Gargariai
{1996) called environment design. Parallel to this is a more unconscious process
of learning by doing, Both fead to the development of explicit and tacit knowl-
edge. As che knowledge increased, the designers of Tiger and FLiPS began to
use operational principles (Dasgupra, 1996)—shorrcurs and mechanical proce-
d}lres that would apply to a certain kind of problem. These operational prin-
c1plves were questioned and broken down into their primary steps only when the
designers came across a problem thar could nort easily be resolved.

'Ijhe second aspect of the learning and designing process is the manner in
vs‘rhlch learning shapes the design. In designing Tiger, the design changed many
times as the designers' knowledge abour programming, design, user behavior,
and the domain improved. For example, an early version of Tiger included 2 '
server-side ervor detecrion mechanism to prevent authors from leaving irems
blank. However, this was slow because the user had to wait until the server pro-
cessed the request, which added an additional burden to the server and the user.
As the designers learned to program client-side JavaScript, the design changed. .
In the new version, data is checked for errors before it is submirred to the sfrver.

Theme 4: Design Is Historical and Path-Dependent
History is present in one way or another in acts of design. Artifacts,
even the most innovarive kind, are constrained by their evolutionary
pasts. Economist Brian Arthur {1990] argues for path dependency in
the development of innovations—where small events, whether ran-
dom or planned, may have large consequences because of increasing
teturns of various kinds. Initial small advanrages become magnified
and may even direct the future in an inefficient direcrion. Seemingly
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innocuous decisions can get locked in and play 2 disproporriopate role
in the construction of the final artifact, similar to what Williams (1998)
calls the “phylogenetic constraint” (p. 125).

History and path-dependency play into the designs of FLiPS and Tiger i.n
rwo signiﬁcant ways. At a larger level, the choice of FLiP5 and Tiger as projects

" and the finil shape they took makes sense only in terms of the designers personal ... :-

histories, backgrounds, and biases. These factors influenced not just the domains
chosen but also the nitry-gritcy details, from the choice of the hardware and
sofrware to the manner in which the graphies were rendered and the text written.

Histary also played a role within these design processes. Decisions had conse-
quences that cascaded through the process. Each and every decision that fovi—
lowed a previous decision had the effect of “locking in” and increasing the_ in-
vestment in the frst decision. For instance, the initial choice of using Macintosh
servers for both FLiPS and Tiger influenced each and every aspect of the design
process and could not be easily changed. Sometimes initial decisions would %ead
to blind alleys or points at which it was unclear how to proceed. At these points,
the designer would have 1o backtrack to a prior decision and try another path._
At one point during the design of FLiP5, the designers decided to use a certain
plug-in {Macromedia Flash [1996-1998)) to display the tables. However, the
software then available lacked a link editor, which made che whole task ex-
tremely cumbersome. Another plug-in (Shockwave [1985-1998] for Freehand
{1988-1998]) was chosen, even though much work had already been pur into
the first format. The choice of plug-in had consequences at many levels.
Shockwave for Freehand works best with Netscape Navigator (now Communi-
cator [1995-1999]). Thus an inadvertent fallout of using Shockwave was being
locked in on using MNavigator on the client side. So, though there was no initial
preference for a browser, Navigator became the de facto standard.

The final versions of FLiPS and Tiger owe as much to historically conringent
events as to conscious decisions. One of the most significant for FLiPS was the
serendipitous discovery of a script that allowed the targeting of different frames
from within Shockwave (1985-1998). In fact it is difficult, if not impossible, to
say what FLiPS would have looked like without this script. This m‘(ample high-
lights one of the less-emphasized facts about the design process—its opportu-
nistic nature. Designers search freely and associatively about their knowledge
and, being opportunistic, retrieve and apply whatever knowledge appears rel-
evant, This short-term interest can often be problemaric, as any decision or ac-
tion will sooner or later become inadequate. The Y2K problem is a case in
point. In most cases, it is more difficult, if not impaossible, to throw away the de-
veloped system and develop completely new systems than it is to develop
patches to correct historical problems.

Theme 5: Design Is Selective
When an artifact is being created, the designers’ awareness and com-
prehension of its inner and outer environments are inevitably selec-
tive. This is rrue for a variety of reasons, partly cognitive and pardy
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having ro do with the state of knowledge about the relevant environ-
ments, This process of selection is essenrial, and without it, design would
be impossible. Interestingly, it is this process of selection that can lead
to failures in design. Even when an artifact is conceived and informed
by the most exact of sciences (and the best of motives), once created, it
has alife of its own, which may well be far beyond the creator’s anrici-
- pation; uriderstanding, knowledge, and cognitive capabilities.

The process of selection (and the corresponding process of rejection) is as of-
ten unconscious as conscious. One can talk sbout the conscious decisions, but
the unconscious ones (hy their very nature) are unknown. Selection oeccurred in
many different ways in the designs of FLiPS and Tiger. For FLiPS5, given the
significant role the periodic system plays in chemistry, it was extremely impor-
tant to narrow down the number of concepts that would be dealt with in
FLiPS. Some of these decisions were easier than others. And for sorne of the
more difficult ones, there is no real way of finding out whether the decision was
appropriate, short of developing another version of FLiPS,

In the technical domain, decisions on what to include {and how to include it}
had to be made at every step. There are choices thar affect the design in signifi-
cant ways—maybe even in ways thar we cannot think of at the titne. For both
products, the decision to use a Macintosh-based Web server was fundamental.
Whether FLiPS and Tiger would have different forms (or merely a different fla-
vors) if they had been based on a different platform is difficult to answer.

Sometimes decisions were made for entirely pragmatic reasons. FLiPS uses
Lasso Lite to communicate berween the database and the server simply because
it is freeware. Though this has worked out fine, it is impossible to say how
FLiPS would have changed if some other software had been selected. Similarly,
there was no compelling reason for developing Tiger on 2 Macintosh. Also, Ti-
ger could just have had one set of functions serving four different groups of
people rather than four sets of different functions. In fact, Tiger does not even
have to be Web-based. It could be done using e-mail or FTP. The reasons for
these selections are closely connected to the knowledge of the designers aca
given moment as well as their perception of available resources.

These examples indicate that the final forms of these programs are defined as
much by what they exclude as what they include. However, the final programs,
presenting as they do unified, coherent, and funcrional “faces,” hide many po-
tential instantiations as well as the blind alleys and idiosyncratic choices.

1t is also important to note that selections are often the results of compro-
mises. For instance, FileMaker (1984-1998) was the database of choice for

Tiger. At the beginning there were three alternarives: uBASE (1989-1996),
FileMaker, and Butler SQI. (1995-1998). uBASE, though small and efficient,
has limited functionality. FileMaker, a relational database with very dynamic
user inrerfaces and complete data manipulation functions, is commonly used
with many existing examples on the Web. But it is slow and limired in its capac-
ity. Butler SQL is a sophisticated database program, but it is expensive and dif-
ficult to learn. FileMaker was selected over uBASE and Butler SQL because
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the designers were already familiar with ir, there were many existing scripts,
and, most importantly, the designers did not think thar the number of potential
users warranted the use of SQL servers. Bue after AERA adopted Tiger, the
number of users grew so fast that the next version may use an SQUL server.

Theme 6: Design Is Aesthetic .
Research about human-—computer interaction has often been limited
to the cognitive aspects of computer use. However, we experience the
world in aesthetic, affective, and emotional terms as well. When people
experience a piece of software they experience beauty, satisfaction, and
fun, or the corresponding opposites (Gelernter, 1998). Aesthetics, how-
ever, are more than just visual appearance. As Smith and Tabor (1996)
say,“There is a delight in a program thar is rigorously consistent, el-
egantly clear and lean, where sound and vision are perfectly at one, or
where the representarion chosen neatly fits che ways thar users think
about whar they are doing. These qualities cannot be added en at the
end: they are integral to the design engineering of the product” (p. 42).

"The aesthetic aspects of good design are hard to pin down. There is a feeling
of completeness, coherence, balance, and uniry. In a computer program, aesthetic
concerns go beyond the purely visual. They include the temporal and the inrer-
actional as well. Aestherics are also to a large extent subjective, which is probably
why they have not received their due in discussions of software design.

Aesthetic concerns informed many decisions and choices made during the de-
sign processes of these two programs. Many of the decisions that were hard o
make on the basis of more objective criteria were made on the basis of aesthet-
ics. For instance, in the case of FLiPS, the designer decided to assign different
typefaces to the two significant frames (the main frame and the notes/commen-
tary frame). Within the limies of readability, there are many typefaces thar could
have been used, and the final decision was almost purely an aesthetic one.

Designing Web sites that work in the same manner on different plagforms is
not easy. Though browsers are supposed ro work similarly across placforms and
operating systems, in reality they do not. Functionally there is no difference be-
tween FLiPS and Tiger {on the client side) if run on a Macintosh or on a Win-
dows machine or if different browsers are used. Aesthetically, however, the dif-
ferences are immense: typefaces appear smaller on the Windows pladorm;
colors render differently; the pull-down menus look different. For the designer
cancerned about aesthetics and user experience, this lack of control is extremely
problematic. One solution is to design different versions for different platforms
and browsers, though this was not done for either FLiPS or Tiger.

Theme 7: Design Is Communication
Designed artifacts communicare content, often on multiple levels. Any-
body using a computer enters into a communicative relationship with
the machine and the software, and as in any relationship, "one cannot
not communicate” {Watzlawick, Beavin, & Jackson, 1980, p. 35). These
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messages are constrained both by physical mechanisms and by con-
vention and learning, Every object appears in a context of expectations
that is generated both by the history of previous objects and experi-
ences and by surroundings in the periphery—the physical, sacial, and
historical context in which the object is encountered (Brown & Duguid,
1994). The user interface can be seen as the location of borh comrnunica-
- tive-and metacommunicative acrs. Rheinfrank and Evenson (1996) argue
for a broader design language in which muleiple meanings are commu-
nicated, including rhe functional, cognitive, connotative, and aestheric.

Every aspect of FLiPS and Tiger communicates meaning. These meanings
can be intentional or uninrentional, explicic or implicit, direct or indirect. Keep-
ing this all-encompassing nature of commaunicarion in mind was central to the
designs of FLiP5 and Tiger: Grear care was taken in working chroagh possible
scenarios to get a better sense of how this communicarion works and how mis-
communication. could be avoided. This was done by (a) minimizing the poten-
tial for error and (b) making sure that the error messages that did arise would
let the user know why the error occurred and what could be done to prevent ic
the next trime around. Flowever, some unhelpfil and uninformative messages
sometimes are given by the operating system or the subprograms that make up
FLiPS and Tiger. These error messages are often ourside the direct control of
the designer,

One of the most important metacommunicative goals of the design was to
give the users a sense of whar the program was about, Examples of such “border”
elements used to define the software (Brown & Dugnid, 1994) were the narure
of the text, the quality of the images, and the manner in which the screens were
designed.

FLiP5 is not a game or a simulation. It is an educational hypertext program,
and it should be seen as such. The design attempred ro ensure thar students
would see FLiP'S for what it was—a serious process of interacting with rhe pe-
riodic system of elements. As a producrivity tool, as opposed to a learning sys-
tem such as FLiP5, Tiger communicates to the users not only the intentions of
the designer, but also the procedures and conventions of academic anthoring
and publishing. It communicates to authors the proper formart of submission, to
reviewers the appropriate ways of reviewing manuscripts, and ro editors the
proper steps to take to review and select the best manuscripts. This communi-
cation is achieved in a variety of ways: online instructions, error messages, auro-
marically generared reminder messages, graphics and coloss, and, most impor-
tantly, the sequence of events and activities presented to users.

Theme 8: Design Is a Social Activity
In concentrating on the activity of an individual designer, we can fall
into the error of assuming thar the overall quality of a design is prima-
tily a result of the qualities and activities of the creative individual.
However, the designer always operates ina larger setting, which is both
facilitated and constrained by interaccions with other people.
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ELiPS works within a larger social context-—that of a research program in the
psychology of Jearning in complex and ill-structured domains using computers.
It is based on previous research on learning from hypertext programs and previ-
ous work on educational theory, and it aims at furthering this research agenda,
This is in contrast to most educational programs, which are developed by
people and companies who have commercial inrerests. On the surface, it would
seern that the goals for FLiPS were more noble, move altruistic than those of
the regular software company, which, arguably, only cares for the botrom line.
However, matters ate not that simple. The truth is that both the commercial
and academic approaches have their own bottorn lines. In the case of a software
company, it is the development of a computer program that will make 2 lot of
money that will make irs presence felt in the software market. This market-
driven approach would surely affect the isroduct—mboth in terms of the pressure
to complete the software on time and in rerms of adding "cool” features that
would make it more markerable.

The bottom line, in the case of FLiPS, is developing and finessing a research
program that will work in the marketplace of academia—a marketplace with its
own demands and constraines, The lack of a comperitive marketplace could
mean, on the positive side, that one would not rush to add the latest “gee-whiz"
tool bm{ on the negative side, that one could ger complacent and just go with
what one has.

The design of Tiger is perhaps even more "social” than that of FLiPS. There
was only one designer for ELiPS, while there was a team working on Tiger. But
what really highlights the “social” nature of designing Tiger is more than what
happened in the design ream. Like FLiP5, Tiger is an academic product. The
designers were not under any commercial or financial pressure to produce the
product for a mass arket. They were more interested in producing a useful
tool and, being tesearchers, in studying how different social groups shape tech-
nological innovations. Thus, they were open to reasonable suggestions and re-
quests for change from users—frequently interacring with the users through
e-mail, phone, and face-to-Face meetings. These exchanges often led o modifica-
tions in the program. Many funetions of Tiger were added while it was actually
being used. These social interactions greatly influenced how Tiger [ooks, feels,
and funcrions.

Design is also a social activity in another sense. No single designer can grasp
all that is needed to design these complex computer programs. Neither FLiPS
nor Tiger could have been completed without the generous help of a variety of
people. They range from schoolteachers to faculty, from programmers to chemn-
ists, from academics to friends.

Theme % Design Is Creative
A design is uniquely construcred to fulfill a specific set of goals within
a variety of constraints (that can range from the material to the cogni-
tive). In solving new problems and facing new sets of constraints, the
designer generates new ideas, new strategies, and new solutions. This
unique confluence of forces and factors is what makes the process cre-
ative. Bach design is unique because each design is an attempt to create
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an adaptive artifact, something thar shows “goodness of fit” Each de-
sign is therefore an original invention.

“Creativity” may be even harder to define than design. However, we can claim
thar something is creative when it brings into existence something new~-some-
thing that in its current conﬁgufation did nor exist before. However, there is a
grear difference berween artistic creativity and design creativiry. Artistic creativ-
ity need not fulfill a function, but creativity in design requires both innovation
and goodness of fit. Both FLiP8 and Tiger are creative products and designs in
this regard. FLiPS offers students a software representation of an innovarive ap-
proach toward learning complex concepts in chemistry. Something like FLiPS
has never been tried before. Tiger offers a new approach for manuscript submis-
sion and management. When first introduced, Tiger faced a certain degree of re-
sistance because users perceived that submiteing and reviewing on the Web
would be more diffienlt than using e-mail. The siruation required the designer
to creatively work our a solution that would allow users o use eicher the Web or
e-mail. The designer developed a set of scripes to enter e-mail submissions and
reviews into databases as well as to generate e-mail messages from the servers
based on actions taken on the Web.

Theme 10: Design Is Emotional

The birth of a design is a laborious process of negotiation berween
designer and design. I is not surprising, therefore, thar the designer
often becomes emorionally attached o the artifacr. Consequently, the
design becomes charged with the designer’s energy and inspiration. This
emotion and energy can be both consrructive and desrructive. This
emotion can both motivare and enhance the growth of a design or ham-
per it. It drives the designer to protect and defend the design, often
biinding the designer from constructive criticism and changes.

The importance of the emotional or affective aspects of design to both FLIPS
and Tiger cannot be underestimated. Developing computer programs can be
frustrating, and often mere doggedness and perseverance are whar keep the de-
signer going, This would be impossible without an emetional commitment o
the project. The problem of course, is that the designer can “fall in love” with
the product and be unable to see its flaws and weaknesses. This is why resting is
so important, even though the feedback can often be hard ro hear, However, ir is
the responsibility of a good designer to consider all the feedback as dispassion-
ately as possible and use ir ro improve the product.

It is difficult to pur into words the intense emotional highs and lows that the
process of design can inspire in the designer. More than anything else it is this
evocation of pleasure or joy in creating an artiface thar keeps the process alive,
vibrant, and meaningful for the designer. Both the designers of FLiPS and Tiger
can atzest to power of these emotional commitments.

Theme 11: Design Is an Ongoing Conversation
The perception of design as a conversation with materials goes to the
heart of the design process. A conversation means thar the interaction
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is bidirectional and open ended, with both parties having an equal say
in the final outcome. Designing is inherently complex—every choice
made by the designer has both intended and unintended consequences.
Designing is not so much a process of careful planning and execution
as it is a conversation in which the conversing partner—the designed
objectitself—can generate unexpected interruptions and coneributions.
The designer listens to and shapes the emerging design. This dialogue
often happens within and across mulriple levels—between theory and
practice, between constraines and trade-odds, berween the designer and
the materials, and berween the designer and the user.

FLiPS began as an application of a specific educational theory (cognitive flex-
ibility theory) o the domain of the periodic system of elements. Tiger, on the
other hand, began with a specific funcrional need within an organization. As the
designs of these programs progressed, there was a constant give and take be-
tween the theories and concepts and the actual implementation. The mapping
of the demands of the theoty or concept constantly strained the capabilities of
the technology. The narure of the domain (the chemistry of the periodic system
or the process of manuscript submission and review) made further demands on
the designs. It was this constant (and essential) tension berween these forces
thar gave FLiPS and Tiger the forms they have roday.

It is also interesting to look ar how different the current forms of these two
programs are from their initizl conceptions. They are more powerful in some
ways 2nd weaker in others. In the case of FLiPS, the visual complexity of some
of the periodic tables forced the use of a special plug-in, whichled 10 a host of
other decisions. In the case of Tiges, including the option for e-mail submissions
is somerhing that was not envisaged in irs initial conceprualization.

The idea of compromise or trade-off Lies at the core of the design process. It is
rarely, if ever, possible to getr a perfect solurion for any given problem., Any solu-
vion will, in turn, affect some other aspect of the design, often in a derrimental
manner. The designer’s task, more than anything else, is to find an honorable
compromise between various conflicting interests. The designs of FLiPS and
Tiger were no exception.

One crucial aspect of the designs of FLiPS and Tiger was the manner in
which the final forms of the sofrware became concrete through actually playing
and working with various elements, Schon (1996} describes this process:

A system is complex in the specific sense that, whenever I make a move,
I ger results that are not just the one I intend.... Any move has side
effects.... It means that there is no direct path berween a designer’s in-
tention and the outcome.... As you work on a problem, you are con-
tinually in the process of developing a path into it, forming new appre-
ciations and understandings as you make new moves.... Seeing the new
problems (and benefits) o which problem-solving moves may lead,
the designer may form a deeper understanding of the complex prob-
lem space in which he is operating. His new understanding of the com-
plexiey of the situation may serve as 2 springboard to a new round of
problem-solving inventions.
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It is rare thar the designer has the design all in [his or] her head in
advance, and then merely rranslates it. Most of the time, [he or] she is
in a kind of progressive relationship: As [he or] she goes along, [he or}
she is making judgments. Sometimes, the designer’s judgments have
the intimacy of a conversational relarionship, where [he or] she is get-
ting some response back from the medium, [he o] she is seeing whar
-is happening—what it is that she has ereated—and [he or] she is mak-
ing judgments about it at that level {p. 175).

Another form of dialogue during the design process is berween the user and
the designer, Each user bring his or her own unique background and personality
to the interaction, and these cannot be predicted in advance. Designers have to
engage in this conversation if their products are to succeed. The manner in
which users affected the desi‘gn of Tiger has been described already. Intermedi-
ary stages of FLiPS have been demonstrated at conferences (Mishra, 1997) and
to individuals, and some of the feedback received ar these demonstrarions has
been incorporated. However, the tricky issue {for both Tiger and FLiPS) is de-
ciding which feedback te incorporate and which to ignore. Feedback is some-
times concradictory or wrong—though figuring our which is which is not neces-
sarily obvious.

Theme 12: Design Requires Closure

The criric Frank Kermode (as quoted in Banville, 1998) has argued
that one of arf’s greatest atrractions is that it offers “the sense of an
ending” Banville continues, “The sense of completeness that is pro-
jected by the work of art is to be found nowhere else in our lives. We
cannot remember our birth{s], and we shall not know our death([s}; in
between is the ramshackle circus of our days and doings. Butin a poem,
a picture, or a sonata, the curve is completed. This is the triumph of
form.” This closure ties all the threads and pieces of the design ro-
gether to creare an overall sense of unity and coherence. The whele, in
the case of design, is surely greater than the sum of its parts. Without
this closure, the final product is incomplete and causes the design ro be
unstable, unsettling, and useless.

It is hard to determine the point at which FLiPS and Tiger became complete
praducts. Software design is a continuous and izerative process with no clear
end in sight. However, there are specific moments when the designers felr that
the products were ready for public unveiling-——though, again, they would be the
first to admit thar much was left to do. Gelernter {1998) describes the goal of
design as that of achieving integrarion and unification. There is 2 point at which
ajl parts seem to be working coherently toward a unified goal. The goal is to
construct an areifact that, in the words of the poet Shelly, “contains within irself
the principle of irs own integrity” {quoted in Richards, 1963, p. 171). Designers
in different media (be they poets, novelists, or programmers) often talk of che
manner in which the project takes over and, in a sense, controls its own destiny.
At some point, it seems clear that the artifacr can stand on its own, And it is
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then, and only then, that a poem, scholatly paper, or computer program “knows
that it is finished” (Richards, p. 171).

CONCLUSION

Diesign is a complex process that is intensely personal, emotional, cognitive,
social; and contingent on history. Racher than applying a fixed theory to the
development of a technological artiface, it may be more fruitful to see the pro-
cess of design as a transaction {Bruce, 1993; Rosenblarr, 1978) among theories,
ideas, goals, values, technology, and social practices. In each case, the final design
emetges from this transaction between the theory, the domain, and the technol-
ogy, and it changes the way we think about all chree,

Too often, these issues of design have not been given the attention they de-
serve. Part of the reason for this lapse may be an overemphasis on the cognitive
aspects of rechnology use and a corresponding uneasiness with the messiness of
the design process—involving as it does both technology and human aspira-
tions and desires. As the case studies presented here arcest, a large part of the
processes of designing FLiPS and Tiger has been idiosyncratic because of differ-
ences in initial goals, technology used, users rargeted, and the individual styles,
backgrounds, and interests of the designers. However, we believe that design is
not complex in some unfathomable way but rather that there are patterns and
themes that can help us understand these processes. Case studies (such as the
ones presented here) offering rich, detailed descriptions of this process allow us
to see the process of design in all its complexity and help us identify broad
themes that can then be investigated furcher,

We see this process of self-reflecrion as the firse step toward becoming reflec-
tive practitioners (Schén, 1983) and as a way of gaining knowledge about the
nature of technological innovation. The primary goal of this analysis is to reflect
on the process of software design to develop, as Schén (1983) says, "an episte-
mology of practice which places rechnical problem solving within a broader con-
rext of reflective inquiry” (p. 121}. =
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