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~ Abstract—The task of visualization, as it applies to computing, assumption is that we are providing tools for increased usabil-
includes by default the notion of pluralism and perspectivism jty, with some recent justification of this by Tractinsky [39],
since there is an explicit attempt atrepresentingone, often textual, who suggests that aesthetics can have empirically definable

interface in terms of a more graphical one. This desire for iti It bili d functi litv. Bef d
alternate perspectives is consistent with art theory and practice, POSIIVE F€SUILS on usa llity and functionality. Before proceea-

and even though rigor and formalism generally mean different ing further, | should address what might be the first question
things to artists and computer scientists, there is room for for the Computer Scientist: namely, why this area is new given
collaboration and connection by applying artistic aesthetics to that we have always had aesthetics in both mathematics and
computing, while maintaining that which makes computing a computing.

viable, usable field. This new area is callecesthetic computing T thi . back d theti
Within this area, there is an attempt to balance qualitative 0 answer tnis requires some background on aesthetics,

with quantitative representational aspects of visual computing, for the term has meant different things to different people
recognizing that aestheticscreates a dimension that is consistent depending on when it was used. In ancient Greece, aesthetics

with supporting numerous visual perspectives. | introduce one were synonymous with the principle of mimetics—that art was
aspect of aesthetic computing, with specific examples from our best when it resembled a target object. During the same time

research and teaching to illustrate the potential and possibilities . . .
associated with alternate representations. We show that by period, Plato invented thrms which stood at the top of a

linking with aesthetics, we surface some important philosophical hierarchy, representing the pinnacle of knowledge. Leaping
and cultural questions regarding notation, which turn out to be forward to the 18th century, Kant reinvigorated a kind of

at least as important as the algorithmic and procedural means Platonic view of aesthetics with the idea tidisinterestand
of achieving customized model component representations. a cognitive reflection, and not so much visual appearance,
Index Terms—modeling, aesthetics, customization, art, com- were the key aspects of aesthetics. Today, the majority of
puting. aestheticians would agree that art employs a balance of the
mind and matter, of cognition and the body. Returning to our
|. INTRODUCTION topic, mathematics has often been treated as a creature of the

HERE is an anonymous quote that goes something niZé‘”d' W?t_h the gmphasis being less on the SENses an'd. more

this: | would rather see one sunset through a thousar®d cognitive act|V|t¥. Thus, an glegant proof entails a m|n.|rr.1al
eyes than a thousand sunseisslightly prosaic understanding number of §ententlal_ connectlves, buF many mathemat|C|a_1ns
of this suggests that we learn about a thing by experienci _UId hot view notation n the same I|ght;_ _howevgr, th_ere_ls
multiple perspectives, with different visualizations, materia 'de”C‘? that mathemahmar_ws create S|gn|f|cant visualization,
and ways of crafting. This approach is generally borne ofit Iegst internally, when posing and solving problems [2]. .
when studying a piece of knowledge that we are trying to W'th regard to computing, V\.'h'Ch can be seen as a sig-
acquire. If | want to dive into the theory of groups in algebra,_r?Iflcant outgrowth of mat_hematlcs, Knuth has vyrltten_ O.f the_
am more likely to understand the material by reading differe portance Of_ the material aspects of aesthetics within his
books on the subject, by doing several examples, and rust area ofiterate programming[4]. Much of the reason

asking different people from different backgrounds about th r his creation of the EX typesetting Ianguag_e, regu!t!ng n
perspectives on groups. | would want to see an exam[s popular ATEX spinoff, seems to rest on his definition of

of a group, and its effects, in multiple ways: textually anq:esthetlcs in style_ and prese_ntatlon, which ventures_: beyond
graphically. the purely mental into thenaterialrealm. For example, in the

The topic of Aesthetic Computingelies on multiple per- Metgfont bot())k LS]’ WZ find the followri]ng .in the prefgce “Type
spectives for different aspects of computing, from the mat esign can be hazardous to your other interests. Once you get

ematical foundations of computing (theory,discrete structur ,okedd,.you Y\lll'l.l de\(/jelop n;ltense feehngsh about Iettgr”fcilrms;l
program and data structures, database schemata, network&)§dne 'uTt‘a" ]:.ntrtut € onkt ethmessages; at y'c#:'reg ‘ n;Jt
human-computer interaction and the topic of developing mo S one ot the first to make this connection within L.omputer

diverse and customized [1], or personal, human interfacés‘:ience; however this kind of thinking was also at the heart of

Aesthetic Computing is defined as the application of art theo rshall McLuhan’s dif:tum ‘The mgdium is-the message” [6].
Luhan’s main thesis was that information was not only

and practice to computing. The underlying assumption is t

by employing a diverse array of aesthetics and natural %rr?at.telr of denotaﬁlon, but th?tlcon;(?tilltlve th?ctsthof tthek
artificial cultural artifacts, that we permit an exploration ofnaterial were equally as essential and influential for the tas

different views forrepresentatiorwithin computing. Another of communication. . L o
Recently, there has been significant research in visualization

Manuscript received X; revised Y. for both software notation as well as execution [7], [8], [9],
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[10], [11]. This work builds on top of the almost ubiquitoudwo statesS2 and S3 after it gets a jump start frorf'1, and a
flowchartgraphics so common in the 60s and 70s, but creatasbsequent stream of ones. This definition is compact and has
a substantial discipline out of it. However, the range df typographic presentation, which is amenable to most input
aesthetics and styles in representing software and executmm output devices. It has the distinct advantage of having been
results is rarely tied to art by allowing artistic practice, oformulated centuries ago, first with wooden matrices, and then
an associated focus on customization and personalizationwith metal, and more recently with computer typesetting hard-
play a major role. The recognition of domain-specific visualare and software. An important aspect to visual computing is
languages as a distinct area is more recent, with workshihiat we need not toss out one representation to make way for
proceedings serving as the major dissemination outlets. Esarother. We recognize the power of the typographic notation,
and Janneck [12] provide a conceptual treatment based while at the same time recognizing that notation is largely at
a definition of domain-specific languages as being “tailorale mercy of whatever technologies exist to support it. Without
to a particular problem domain.” For Aesthetic Commputinghe technology for making paper or parchment, one is limited
there is a distinct connection with this approach, except that scratching marks on surfaces.
the word problem can be replaced byultural. The more Now consider Figures 1(a) through 1(d), which illustrate
abstract the formalism, the greater the diversity possible fiour other views of this particular FSM. Each of these views
choosing cultural iconography to notate the formal elementsan be considered graph visualizations, Mdsis a directed
Aesthetics takes on the role of an extra dimension in the areagofph. The illustrations are not meant to be complete diagrams
Information Visualization [13], with the possiblity to represenwith all necessary information required to formally specify
graph structure, for instance, with markedly different objecthe static FSM structure, but rather snapshotsntéractive
and styles. interfaces suggesting alternate presentations. Thus, one should
My purpose is to define aesthetic computing, show erot expect these figures to carry the same static information
amples, and discuss the key issues that center on the temmtent as the dynamic, interactive counterpart which cannot
nigue. The paper is meant as an introduction to aesthdbe inserted into a print medium. Transition inputs /df are
computing, and its relation to visual computing, with otheassumed to labeled with 1 with reflexive transitions triggered
publications [1], [14] serving to define the algorithms antly a 0. Given these assumptions and ttisss of machine,
technical approaches required to achieve this goal. The notwonsider Fig. 1(a), representing a 2D diagram\éf In a re-
is that problems in visual computing are not solely of &ated logic-based diagrammatic application, Shin [15] demon-
technical nature. My thesis is that we may, as a visual comstrates that iconography can be every bit as sound as complete
puting community, need to examine non-technical, aesthetis the typographic presentation. One infers that the reason
cultural and philosophical assumptions about the way thahy the digram is not as prevalent as type is due primarily to
we represent and notate software and other formal structuresonomy: as displays become cheaper and more plentiful, the
Some of the new directions that we might take, suggested t@asons for using diagrams, and more generally visualizations,
aesthetic computing, are created by questioning assumptidmescome less questionable and increasingly justifiable. Such a
I'll proceed by starting with a simple illustration of aesthetisentiment, or perhaps leap of faith, needs little encouragement
computing, and then ask key questions identified through théthin the computer visualization communities. Still, we gain
classic question®hat? Why? and How?. | then close the greater recognition that that our modes of presentation are
paper by summarizing the state of the art, and where \geverned by the economy of materials and labor. This suggests
might venture in the future. The examples and explanations #nat as these economies shift, that our notations need to
oriented toward one part of aesthetic computing that interest#olve, and that we have the opportunity of exploring alternate
our research lab, rather than trying to provide more genemlolutionary paths. Fig. 1(b) is made from 3D primitives,
coverage. This part centers on representing formal element&ahoing the sort of research studies by Lieberman [16] (i.e.,
computing and mathematics, with a concentration on elemept®gram execution) and Najork [17] (i.e., program structure).

used in computer simulation and programming. In particular, Fig. 1(b) is similar to Najork's CUBE elements
except that several primitives are used (i.e., sphere, cylinder,
1. AESTHETIC COMPUTING EXAMPLE and cone). Spheres represent states, in Fig. 1(b), and cylinders

In computing, the finite state machine (FSM) is ubiquitou@"d cones combine to form 3D arrows. Apart from being
found in lexical scanners for language parsers and scriptifi¢ first 3D programming language, CUBE also introduced
languages, and in behavior encodings for artificial agents iew programming concepts (i.e., combined data flow/logic

int(_aractive games. Let’s consider the following Moore machingpability and static polymorphic typing) to the evolving
M: area of visual programming. As with Shin’s work, Najork is

« M=<Q,1,0,6A> concerned with issues of soundness and completeness within

. Q={S1,52,83}

e 0:Qx1 —Q 6(Si,0) = Siforne {1,2,3),8(51,1) = the visual framewor_k, ensuri_ng that fo.rmal attribu_teg of tgxtual
52,6(52,1) = 53,6(53,1) = 52 languages are carried over into the visual domain—in this case

o« I={0,1} one with 3D primitives.

¢ A:Q— 0, A(Sn) = Sn,n €{1,2,3} Fig. 1(c) goes a step further than Fig. 1(b) by employing

The machine has 3 stateS1( S2, and S3) with an input analogy and metaphor, allowing us to take advantage of our
value of 1 achieving a change in state. An input @fleaves knowledge of fluids, pipes, and containers in representing the
the machine in the same state. The machine oscillates betwE&M operation. As with any metaphor, we must carefully
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S1

S3 S2

(a) 2D diagram. (b) Spheres.

87

(c) Fluid flow metaphor. (d) Agent metaphor.

Fig. 1. Four different visual perspectives (i.e. presentations) of madhine

qualify it, taking from it items that we wish to transfer whilestyle, are defined in a consistent manner with the semantics
ignoring, or abstracting away, other items. For example, evefdiscrete transition, then there is no serious issue. There are
though the FSM uses discrete inputs to drive state changamerous cases of 2D arrows being used by different visual
the VRML (Virtual Reality Modeling Language) animationdynamic models [21] to define both continuous and discrete
associated with Fig. 1(c) shows a continuous fluid animatidransitions, so even the meaning of a simple arrow is by no
to capture this discrete change: the fluid nature of water is usegans obvious or natural.

to capture the idea of transportation, but we arigtmrespeed  Figure 1(d) is an agent-based metaphor, where gazebo-like
or time needed for fluid transfer. Hesse [18] draws attentigfructures represent states and a woman walks along a lamp-
to this distinction, with definitions of positive, negative andit pathway to move from one state to another. Internal lamps
neutral analogies. Positive analogies are attributes that cafiyhin each gazebo light up when that state is active. This
through from source to target, like the directionality inhererixample brings out the idea that abstraction need not imply
with fluid flow. Negative analogies refer to attributes that wgaterial or visual abstraction, since we can create human body
are to ignore when forming the connection. Even though, thisodels to do our bidding within formal structures, and that
could be seen as an inherent weakness of metaphors in gengfiake non-minimal, visual structures are every bit as abstract
the natural affinity humans have for analogy and metaphgs the equivalent typographical presentation. Abstraction is
allow us to work past these constraints. That is, the medicineigfegral to the referential, not visual, attributes of an object.
metaphor may have some negative side effects, but its overelle abstraction is indicated by the one-to-many mapping
benefits outweigh these effects, and are substantial [19], [28}sociated with an element’s symbolic reference regarding its
The ability to interpret Figs. 1(c) and (d) as discrete transitiongle as a state or a transition. Some issues surrounding the use
is learned, and represents an arbitrary convention that candgp@hese models are covered in Sec. IV.

associated with the visual encoding. As long as it is madegyen though Figs. 1(b) through 1(d) are 3D, aesthetic
clear that FSMs, for a particular group advocating this visughmputing as it pertains to representation is not solely focused
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on 3D. Instead, it is focused on customization and the abilitlyis worthwhile considering the role of abstraction, since this
to easily explore a pluralistic set of forms. However, 3D seensat the heart of several issues regarding aesthetic computing.
to offer more opportunity in this regard than 2D, and so oure we in violation of principles of economy and abstraction
models and methods tend to be oriented toward 3D modelken artistically rendering formalisms? Is it always better to
and animation. tend toward the minimal when doing computing?
Let us try to address these questions by first considering that
1. What? abstraction is a form oinformation reduction| can take an

What is aesthetic computing? Some of the context for tr?bJeCt for “tree” and imagine that the object refers to the set

area can be found imultimodel§21], which stress the idea of 3f all trees that exist in the world. Mathematical concepts of

heterogeneity not only in formal model content, and couplinnumber’ set theory, and algebra all leverage abstract thinking.

. : owever, this sort of abstraction is different than material
but in a plethora of presentations. In 1999, our resear¢ : : ; . . .

. reduction associated with using a circle instead of a sphere, or
group began a project called RUBE [22], to allow dynamic . S .
; o . asphere instead of a house. As long as the object in question
models (i.e., models specifying the temporal dynamics of . : o :
. . . can be visually identified as a reference for a target object, we
systems) to be simulated over multiple abstraction levels, and. . ) .
. . . - are likely to employ whatever economical tools are available
with arbitrary representations. The motivation for the Iatteir

concept was derived in part by a new set of curricula 0 us—which is why we scratched marks in clay [28] rather

W . : . . 1
created calledDigital Arts and Science4DAS) [23]. DAS tﬁap synthesizing more substantial objects uh-iedod_e_ck

. . . . . environment. However, the tendency for mathematicians and
bridges two colleges, Fine Arts and Engineering, with the Lo ) o
. . . computer scientists to eschew substantial forms in lieu of small
idea of producing students who have a hybrid knowledge base

) o N -2 ““Marks is strong, and has a long history. There may be a feeling
allowing them to become “digital Leonardos,” but maintainin ” X
. . . . at economy of thought requires economy of representation
an academic, rather than vocational, orientation.

B . ; . own to the very atoms and bits used to capture what an object
Some initial concepts in aesthetic computing were pu

lished [24], [25], and a Dagstuhl Seminar (cosponsored %%Oks or sounds like. Even_the era of abst_ract art seems _to
: ) ggest that we employ minimal presentational forms, until
Leonardo[26]) on the subject was convened in southwestern o
Germany in July 2002 [27], with colleagues Roger Ma"ngve remember that the use of abstraction is at least as strong
y y ' 9 9 Witt&in the surrealist genre [29], [30], and in that movement,

and Christa Sommerer. We had attendees representing a broqg‘ects are not depicted with simple geometric forms.

array of mathematicians, computer scientists, designers, an bstraction may be one of the more salient aspects of

artlAStS.thATi eo(_l‘,lterg b?icr)lk VOIumne '?nmrpi:qogrerss. is broader thaesthetic computing when critically analyzing it, but there
esthetic Lompuling, as an emerging area, 1s broade more facets of motivation and agenda items on the list

the _examples show in Sec. II. A.S the field is .dEmed by ﬂ}ﬁ issues. Regarding motivations beyond the mental modeling
application of art theory and practice to computing, research%r arcise, one can always point to the age-old desire to better

span a gamut from those with an interest in the nature &nnect art with science. Science affects art, but in what ways

aesthetics and semiotics, to interface and design speciali %Q'es art affect science? For computing, new algorithms add to

The majority of attendees are concerned with aesthetics of{ 3 painter's palette or the sculptor's hand tools, but aesthetic

human-computeinterface some with an interest in Syntheslsbomputing examines the converse situation where art affects

2C%e(::§(53bw':neasimoi :;:rlzt're (i)r:IeSnetitloln.is%L:eV;gkéct omputing. The issue arising from this thought is whether we
y b P : PECt Bh maintain gualities we consider important in computing as

aeig:]etl; thr)1mrpr)1Uttlir]g’l far;r?] 'ﬁ rc:]rlv;an nbdyi:n ';teriit .|r(1jire;r)r e mix artistic elements inside the computing barrel? After all,
senting mathematical formalisms fou computing. GISCTEHE oot art have its own motivations and goals, with some of

structures, program, and data structures, and applied ma Ese being in direct opposition-to or conflict-with computing?

matics espe_mally_for dynamic systems typically employed f(ll—ror answering the first part of this question, it is worthwhile
computer simulation.

noting that the Greeks referred to art, craft, and technology
under the same name: teehnt is only within the past two
IV. Why? hundred years that we have come to differentifite art
Why do aesthetic computing? Consider a gedanken dxem technological artifacts. It is possible, and achievable, to
periment where one is able to conjure up any immersiagaft computing formalisms with an eye to aesthetics, without
holographic scene with advanced technological ease. Housasrificing rigor, completeness or soundness.
and landscapes, in such an environment, would be as eas{ne of the aspects of artistic practice, which makes it
to synthesize as circles and squares in today's computiagractive to computing, is its focus on the individual and
environments, Two questions arise: (1) what could we do withe cultural. Personalization and customization, despite valid
such technology in terms of representing formal computimyivacy issues associated with them, have become important
structure and behavior, and (2) what issues arise as a resaftfibutes of constructivism [31] in education, and manufactur-
A conservative attitude may be at the core of thinking théng [32] in the commercial sector. The idea of having many
with this advanced technology, we would still use typographways to represent something is usually viewed as a highly
draw circles, or mold spheres, but this seems unlikely when weg o , _ _
The Holodeck is a fictional environment that first appeared in the popular

consider teChnOIC_’gy _trends from anCien.t to modern times. Th&nce fiction show, Star Trek: The Next Generation, produced by Paramount
art of representation is certainly constrained by technology, krittures.
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positive concept, and this concept is quite consistent with t88. For 2D, we use SodiPodi [34], and for 3D, we use
goals of art. Issues can arise based on who is doing the filBdender [35]. Currently, the source formalisms for RUBE
tuning of the representation and what sorts of information theye thosed used in modeling dynamic systems: finite state
have at their disposal, some of which may be deemed taotomata, data flow networks, Petri nets, ordinary differential
personal for some individuals. Like the issue of abstraction, tequations, and System Dynamics graphs. The approach is
issue ofstandardizationjumps to the forefront in discussionsto allow the modeler to use these tools, while specifying
of customization. How can we standardize notation if everyomeéhat each graphical object means. The meaning is specified
fosters a Tower of Babel? The first answer to this is that weith an XML (eXtensible Markup Language) language called
need not eliminate one representation in favor of another. WXL (Multimodeling eXchange Language). MXL captures
can mix and blend notations together, or use one notation whte topology of a system without specifying presentation, and
in one cultural setting, and another notation for a differeiig translated into a lower “assembly” layer DXL (Dynamics
group, or for a different purpose, such as learning ratheKchange Language) elements, which are then translated into
than communicating. At least within the literature on dynami@rget code, currently Javascript, with Java and Python planned
systems [21], there are a number of different visual modelirigr future support.
techniques, and yet we can all use the existing and powerful

textual notation that has wide coverage and is well-understood

by those having studied grade school mathematics.

VI. CONCLUSIONS

Even though we are constructing an initiative and environ-

ment conducive to pluralistic representation of formal math-
V. How? ematical and computing structures, it is natural to question

How does onerepresentformal structure with aesthetic whether anyone will use such a facility even if it is made
computing? We can look at this from a theoretical perspectiefficient. Apart from our own inherent optimism, which drives
first, and then say something of our current software impleur research, we see a positive set of trends that suggest that as
mentation. Regarding methodology, | have taught three classetchnologically-based society, we are moving in a direction
in Aesthetic Computing at the University of Florida, in eaclkonsistent with the goals of aesthetic computing:
of the last Spring semesters. The class is primarigpacial ~ , Notation for mathematics and computing, which encom-
topicsclass with some lecture, deliverables, student talks, and passes how we view program and data structures, is
invited speakers [33]. The lectures focus on issues connected historically constrained by technology and economy. We
with the following: move in a direction that is economical, avoiding complex,

« representationa review of traditional notation for math- expensive approaches. The areas of visualization within

ematics and computing, with examples drawn from al-
gebra, discrete structures, programming, and dynamic
systems. At this stage, students learn to begin with what
they know, using the text-based notation that is familiar
to them.

mapping a slew of techniques for mapping elements
and systems to different representations, usually in target

domains such as art, theatre, architecture, and machines.

We start with creativity exercises and games, and then
move onto computational approaches for analogy ande
metaphor.

crafting. the actual making of the aesthetic computing
target object—for example, a representation of a data flow
network. This involves a discussion of different tools
for 2D and 3D graphics, as well as sound editing. We
discuss model juxtaposition techniques so that students
can choose how to combine or blend a model with
the system being modeled. Automated layout techniques,
where appropriate, are presented.

assessmengauging the quality of the product, ensuring
that it meets requirements for items such as completeness,
consistency, scalability, usability, and aesthetics.

computing, including those of information, software, and
science, are still new, and made possible through early
work in the 60s when computer graphics got its jump
start. The formation, in the late 70s and 80s, of the graphi-
cal user interface was a major step in, not eliminating text,
but augmenting it to achieve more humane connections
to code. It is not too surprising to imagine that this
movement will affect structures not only in computing,
but also in mathematics.

Ever since the early Greek state of confluence of art
and science, in the spirit of technthe two areas have
split and separated. Efforts in mass production benefited
society at large, but caused another wedge to increase
the size of the split; however, it is ironic that mass
customization builds directly on mass production, and
so is making it economically feasible to personalize and
customize objects. Thekinzmovement is one example
of this in computing; however, at least within the area of
dynamic systems, there is a half-century of developing
new model structures, of permitting cultural groups to
flourish within technical societies. It is possible to have
standards and pluralism at the same time, permitting

We have built a software system, called RUBE, which ~Multiple metaphors to coexist.
facilitates model-building in aesthetic computing and computé&n impediment to progress in representation is the inertia
simulation. Recently, we have embarked on an approach thasociated with our present biases and cultures. Mathemati-
employs authoring tools, whereas in the past, we have relieidns and computer scientists have been trained to think non-
upon text editors and ad hoc tools. For the new RUBE, wasually, and state of the art programming languages are still
need to begin with an authoring method in either 2D dextual. UML [37] seems to be thriving, but it is used mainly as
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a requirements specification tool, not a language for creatifzg]
code from diagrammatic forms. Until we get to that stage with

UML or other contenders, visual computing paradigms wii?z]
remain in their infancy. We have started one thread of research
around using RUBE for programming, and hope to have resufsl
within the year. If the field of computing can be thought OE4]
as being slow to adopt visual programming languages, the
field of mathematics proceeds at snail’'s pace. We have reli€®]
successfully, on textual notation for many centuries but it is

time to explore visual approaches, catalyzed by the work dope]
in the visual computing community. 27
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