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As processes of use, interaction and transformation take center
stage in various fields of design, electronic sensors, controllers,
displays and actuators can significantly enhance the value of
physical models.These technologies allow the development of
novel computer interfaces for new kinds of interaction with
virtual models, and in the future they can be expected to play
an important role in the development of new types of active
building components and materials for automated construction
and dynamic runtime adaptations of inhabitable environments.
However, embedding programmed logic into physical objects
involves skills outside the traditional domains of expertise of
designers and model makers and confronts them with a steep
learning curve.The wide variety of alternative technologies and
development tools available in this area has a particularly
disorienting effect on novices. However, some early experiences
suggest that mastery of this learning curve is easily within reach,
given some basic introduction, guidance and support.To assist
design students in acquiring a basic level of programming
knowledge, better educational programming tools are still
required. It is the intent of this paper to provide designers and
educators with a starting point for explorations into this area
as well as to report on the development of an educational
approach to electronics programming called haptic
programming.
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1. Introduction
The early years of computer-aided design saw a significant shift in research,
practice and education within the architectural and design fields from the
physical to the digital realm. Digital models, in the form of 3D geometry
descriptions, visual renderings or, more rarely, programmed performance
simulations, began to offer a number of advantages over “traditional”
physical models, sometimes also allowing for distant collaboration.The
above-mentioned developments in models harness benefits of general office
automation, advanced computer graphics and electronic data exchange,
deploying computers as “fancy drawing boards” or, in the case of
performance simulations, executing algorithmic descriptions of specific
operational aspects of a proposed design purely digitally. As a result of
technological advances in recent years, the production of functional
software models such as dynamic performance simulations has experienced
increased interest, which manifests itself in various new software simulation
tools and design applications. Examples in the architectural domain include
structural, thermal, acoustic, lighting and use simulation.The digital
simulation of use, in the form of interaction (circulation flows, play patterns,
menu navigation, etc.) also plays an increasing role in the field of product
design.
However, it is often suggested that for all the gains made possible by
digital models, many qualities of physical models are missing in their virtual
counterparts. Lost advantages of physical models include tactile and material
qualities as well as spatial realism and the required tectonic and
construction skills that used to play much more important roles in design
education until ten or fifteen years ago. Moreover, physical models are often
more useful than digital ones when functional aspects need to be explained
and evaluated. Human factors such as ergonomic considerations, spatial
proportions, material qualities and simple mechanical functions are examples
of features in architecture and product design that are best assessed using
physical models.This is even more the case in areas such as toy and
entertainment design, where the engagement with physical objects for its
own sake is often the primary objective. Here in particular, the benefits of
evaluating these products on the basis of digital prototypes alone are very
limited.The challenge is that for the assessment of new designs, models
should not only address issues of appearance but also issues of interaction
behavior.Traditional physical models, while possessing some advantages over
digital models in allowing assessment of physical interaction-related criteria,
are understandably not always very useful in answering questions that
address issues of process such as interaction performance and sequential
logic.
Designers find themselves in a situation in which digital models are often
not true-to-life enough in the physical sense while physical models are often
not true-to-life enough in the performative sense.While considerable
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research effort is being invested into making digital models more realistic,
this paper explores the complementary strategy of embedding digital
technology into physical models and prototypes.This strategy has already
been explored sporadically over many years (e.g. [5]) and its development is
facilitated by the availability of new and increasingly cheaper and smaller
embedded systems technology. In many cases, the embedding of sensors,
actuators and controllers into spaces and physical objects can allow models
that unite the advantages of both digital and physical models, to provide
logic functionality to simulate complex aspects of mechanical performance
and realistic user interaction patterns while at the same time expressing
properties of proportions, materiality, construction principles and so forth.
The range of potential application areas in design is very broad and
covers not only model making in architecture and product design but also
the development of mock-ups and research tools in haptic human-computer
interface design [2], user-centered design, participatory design as well as
various more specialized fields such as toy and entertainment design, kiosk
design and “smart” fashion.There is also a strong potential for embedding
microcontroller technology not only into models but, at a high level of
granularity, also into architectural building materials.This could lead to new
kinds of “intelligent” architecture with new capabilities at all stages of a
building’s life cycle. For example, sensors, motors, displays and so forth
could be driven by large networks of embedded microcontrollers to create
models which are continuously “aware” of their own physical configuration
and to facilitate construction work, following approaches such as
Autotectonics (see [4] and [5]) or kits-of-parts theory [7] or to offer new
capabilities to adapt architecture to changing needs.
The key challenge in digitally-enhanced physical models lies in mastering
and integrating the required electronic and microcontroller technologies.
Technological advances have made these components, as well as the
required development tools, available at very low cost but the required
learning curve represents a major obstacle for designers.The number of
different types of available components and microcontrollers is
overwhelming and requires even experts in the electronic engineering field
to study data sheets and reference materials closely before making
selections.The choice of programming and configuration options and tools
is similarly confusing and the typically required low-level programming in
languages such as Assembler or C is particularly painstaking from a design
prototyping perspective.The typically tight schedules that characterize
design projects and studio design education are prohibitive to most lowlevel circuit design and programming approaches. For these reasons, the
following pages summarize some minimum knowledge and study references
required to embed digital processors into physical models and give an
overview of some previous experiences in this area.The objective is to
encourage and facilitate designers and architects to develop prototypes and
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models that are physical and yet expressive with respect to process and
performance.The material presented will also allow designers to enter the
field of designing, modeling and prototyping novel interactive systems such
as tangible computer interfaces and machine-readable models. As it is not
possible to provide a full technical introduction within the scope of this
paper, readers interested in further pursuing the discussed strategies can
find more detailed technical information in [9] and [10].

2. Modeling with purpose-centered and universal
electronics
A rather simple way to develop a new interface or to enhance a model
digitally is to simply search for interfaces, circuits, devices or toys whose
behavioral logic resembles the process that is to be modeled and to adapt
them for the best possible results.This approach has for example been used
in designing the haptic interfaces discussed in [3], which are primarily based
on the electronics of USB optical mice and in the interface discussed in (see
[13], p. 162) which is based on the electronics of a joystick.This use of
standard computer interface hardware has the significant advantage that
driver support and development tools software are readily available where
custom-built hardware such as machine-readable models or prototypes of
interfaces with screen and multimedia extensions need to interact with
standard computers. It is more challenging to develop digital models and
interface extensions for which no cheap and easily adaptable toy or
standard interface is available. In these cases, more flexible, universal and
generic platforms are needed.
The differentiation between machines designed for specific purposes and
universal machines (the most commonly known form of the latter is the
digital computer) also applies at the scale of integrated circuits.While the
majority of ICs are designed to support specific functions (logic gates,
timers, amplifiers etc.) others are designed to carry out any user-defined
functions. Representatives of this universal type of integrated circuit are
referred to as microcontrollers. Electronics development using
microcontrollers, which is typically found in electrical engineering contexts,
involves low-level programming and requires extensive know-how. One of
the first attempts at making microcontroller technology available and
programmable for non-engineers is the LEGO Mindstorms series. A large
LEGO brick called RCX is fitted with a microcontroller, a small LCD display,
a battery compartment and input/output facilities. It allows for the digital
enhancement of LEGO constructions using different types of motors and
sensors. Desktop computers are used to develop programs in visual form
that are uploaded into the RCX. For an example application in design
education (see [20]). Figure 1 shows a student-designed golf-ball collecting
mobile robot using LEGO Mindstorms [14].
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The visual programming languages provided with LEGO Mindstorms kits
are educationally very powerful and provide a highly suitable introduction to
computer programming, even for young children.The system is however
limited in terms of number of input/output channels, its large physical size
and the lack of programming flexibility.The latter issue has been addressed
by open-source initiatives, which have resulted in Java tools for the LEGO
RCX (see [1]).
A more advanced educational alternative to Mindstorms is the
BasicStamp.The BasicStamp is considerably smaller than the LEGO RCX
and programmed in a BASIC dialect, which is relatively easy to learn. It is
available in different versions with 8 to 16 input/output channels. A wide
range of compatible industrial components (electronics, actuators, sensors,
displays) and educational material is available for BasicStamp. As educational
systems, both Mindstorms and BasicStamp are more robust than adapted
standard interfaces or toys but also relatively costly.
As the standard industrial solution to small-scale digital systems control,
microcontrollers used to be a difficult subject for designers due to the large
number of systems available and the difficulty of the programming languages
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 Figure 1. Golf ball collecting robot
based on LEGO Mindstorms.
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involved. Recently, however, BASIC language compilers have become
available for some microcontrollers such as the PIC (programmable
integrated circuit) controller family, which are available in different sizes, and
for which an increasing amount of educationally useful support material is
available online [10] and offline [9]. Originally, microcontroller chips were
dependant on additional external circuitry, mainly for input/output interfaces
and clock oscillators. Later models integrate various I/O capabilities such as
analog/digital converters, serial and USB interfaces and built-in oscillators so
that, depending on the application in question, the component count of a
PIC circuit (and hence the respective difficulty of circuit development) can
be extremely low. Some PIC microcontrollers can be programmed once only
(OTP: “one-time programmable”) while others have re-programmable flash
program memory.These forms of memory (which are also found in
BasicStamp modules) make PIC microcontrollers very reliable and robust
since programs and data stored in the ICs remain stored safely even when
power is disconnected. Figure 2 below gives a rough comparison of the
three controller technologies discussed above. It assumes programming in
the easiest languages available for each platform. In this comparison, the PIC
microcontroller seems particularly strong when considering its
comparatively very low cost.

 Figure 2. Comparison between
different microcontroller solutions
available for rapid prototyping of
hardware interaction designs.

Figure 3 shows a programming editor used with programming languages
PicBasic or PicBasic Pro (see [17 and [18]) on the left and the pin
assignment of a very flexible and cheap member of the PIC family, the
16F628(A) microcontroller on the right. It has 18 pins, two of which are
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used to supply power (5V-) and 16 of which are divided into two eight-pin
input/output channels.The I/O is “TTL compatible”, meaning it is also 5Vbased with 0V representing logic 0 and 5V representing logic 1.The chip is
re-programmable and holds 2kb of program data. It contains an on-board
4MHz oscillator and costs less than US$2.00.
 Figure 3. PicBasic Pro Programming
Editor and PIC16F628(A) pin
assignment.

3. Example applications of pic microcontrollers
The prototype of a kitchen spice rack shown in figure 4 is a student project
designed in collaboration with the Hong Kong Blind Union. It addresses the
problem that elderly visually impaired residents of Hong Kong oftentimes
cannot read Chinese Braille and in many cases share kitchen facilities.The
rack informs users of a container’s contents and fill level using spoken
language.
 Figure 4. Spice rack for visually
impaired users.
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The model is based on a 16F84(A) microcontroller that controls an
ISD25120 sound chip. It makes use of a pre-packaged soldering kit for a
voice recorder circuit that was extended with a small microcontroller
circuit. Speaker and audio amplifier were all part of the soldering kit.
The model shown in figure 5 is a student-designed marble track
construction kit that acts as a music sequencer [21]. It is designed as a tool
for young children’s music education. Rolling marbles trigger signals that are
sent from tube segments to a central controller located in the base using a
custom-designed serial communication protocol.Transparent pipe segments
passively determine the duration of notes while color-coded 12C508(A)
microcontroller-enhanced segments determine pitch.The modified circuit
board of a toy music keyboard is used in the base as a sound synthesizer,
controlled by a 16F628(A) microcontroller.The original functionality of the
toy keyboard is used to allow control of volume, instrument sound and a
record-and-play function.
 Figure 5. Marble track music
sequencer for children.

Figure 6 shows a student-designed working model of an RFID-enhanced
shopping cart.The handle of the cart is fitted with an RFID-reading display
console. For the RFID reading technology, again a pre-packaged soldering kit
was used.The kit was designed to output a sensed card’s ID number via a
serial communication. A 16F628(A) microcontroller is used to read and
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 Figure 6. RFID shopping cart.

parse this communication and to
drive a backlit 4-line pixel LCD
display.The PicBasic Pro
programming language includes
high-level functions to allow easy
interaction with so-called
standard intelligent LCD displays
(see [8]). Using a set of RFIDtagged product packages, the
model demonstrates check-in,
cancellation and payment
procedures.
Figure 7 shows a hardware cellular
automata model that is used to simulate
processes of parallel use in high-density
vernacular architecture in Hong Kong.The
model was designed as a research tool to
reproduce “complex” properties of
architectural use patterns.Two slabs, representing buildings, carry 24 cells
each and each of the cells carries a 16F628(A) microcontroller,
communication facilities and twelve display LEDs. Inter-cellular
communication is based on a user-determined wiring network. Individual
cells can identify different façade extensions which trigger different
responses. An integrated bus infrastructure allows 96-bit parallel data input
and output with a desktop computer via two 8255 interface cards. A
detailed discussion of the model is given in [6].
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 Figure 7. Hardware cellular
automata to model processes of use in
adaptive architecture.

4. Haptic programming
Despite the widespread availability of high-level development tools, design
students with little or no previous programming experience are oftentimes
still intimidated by the amount of effort and level of skill required to
program.This is true for practically every type of commonplace
programming but it applies particularly to microcontroller development due
to the complicatedness of the required technical setup and the knowledge
required for the development of electronic circuitry.To assist students in
overcoming this hurdle, a new educational programming approach called
“haptic programming” is being developed at the School of Design at The
Hong Kong Polytechnic University.This approach makes use of an
electronically enhanced physical model to program computer systems
(which themselves could be electronically enhanced physical models).The
first version of this haptic programming language called Cubo was developed
in 2001 using a remake of John Frazer’s Universal Constructor [5] as a coding
interface (see figure 8 and [2]).The Universal Constructor consists of several
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hundred cubic units, which can be configured on a base board called a
“landscape”. It was developed primarily as a demonstration of a universal
modeling system with the capability to self-evaluate its own physical
configuration.The Universal Constructor has proven to be a very interesting
haptic human-computer interface for various applications. In the setup
discussed here, it acts as a programming editor for haptic code that
controls a LEGO Mindstorms-based line-drawing robot (which is similar to
a Logo turtle).

In educational applications of the Cubo setup, cubes of the 2001 Universal
Constructor remake were labeled with different command and parameter
icons. A host computer scans the constructions built upon the landscape
and translates configurational data into programming code for the linedrawing robot.The Cubo syntax requires “command cubes” (as shown on
the left-hand side of figure 8) to be plugged directly into the “landscape”
base unit as the first layer of cubes. On top of each command cube, more
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 Figure 8. Cubo haptic programming
system based on the Universal
Constructor.

IJAC 3-1 body

7/4/05

3:55 pm

Page 69

cubes can be plugged as arguments. Each of these value cubes represents one
of the values 1, 2, 5, 10, 20 or 50; these individual values are summed and
passed as a single numeric argument to the command cube below.
Argument values express the number of steps, turning angles or number of
loop repetitions. If no argument values are given, the language interpreter
automatically assumes meaningful values (angles of 90 degrees, infinite
loops). In total, Cubo currently recognizes eight different commands: Go
Ahead, Go Back,Turn Left,Turn Right, Lift Pen, Drop Pen, Start Loop, End Loop.
Since users interact with the Universal Constructor interface and the line
drawing robot only, the physical presence of the host computer with its
traditional interfaces of keyboard, mouse and monitor is of negligible
importance in this environment. Students have grasped the logic and
principles of this haptic programming language within minutes and
successfully used it to collaboratively program the line drawing robot. At a
later stage, the student group was given access to the textual Java code that
was generated by the system. In analyzing how physical configuration
changes resulted in textual code changes as well as in robotic behavior
changes, students received a first introduction to the concept of textual
programming before they went on to learn textual Java. Besides textual and
visual programming, this approach can be seen as a third programming
paradigm that we call “haptic programming” (McNerney [15] uses the term
“tangible programming” for similar concepts). Each of the cube units of the
Universal Constructor contains eight LEDs (four green, four red), which are lit
according to the status of the programming language interpreter. Elements
containing syntactic errors are highlighted in red to allow easy interactive
debugging.The Cubo system uses electronically enhanced physical models to
demonstrate how form can represent potential behavior, and how behavior
in turn can represent potential (generative) form.
Currently, new and more powerful versions of the Universal Constructor
as well as of the Cubo haptic programming language are under development
at the School of Design, which will not only allow the programming of LEGO
Mindstorms computers but also of PIC microcontrollers.While cubes of the
original Universal Constructor and of its 2001 remake have one plug at the
bottom face and one socket at the top face, allowing for vertical stacking
only, the new cubes have a plug on one face and a socket on each of the
remaining five faces, hence allowing connections in all directions. As a
consequence of this connection logic, it is impossible to close loops within
cube structures. Hence, all configurations can be described as tree
structures and are able to self-evaluate as such in a straight-forward
manner.The electronic circuit built into each cube of the new system is
itself designed around a 16F628(A) PIC microcontroller. A 16C745 PIC
microcontroller with built-in USB support is used to feed the system’s
configurational data into a host computer. A host program running on the
host computer makes data derived from physical models accessible to
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application programs such as language interpreters locally as well as via
TCP/IP networking using an HTTP-like protocol. Local or networked
computers are thus able to subsequently translate configuational data into
programming code suitable for given target platforms such as LEGO
Mindstorms or a PIC microcontroller.
Two versions of the new interface are being implemented: a twodimensional one with hexagonal units (see figure 9) and a three-dimensional
one with cubic units (see figure 10). Up to 200 units are expected to be
functional within a single configuration. Produced in a quantity of more than
2,000 cubes and with more than 20 USB interface units, it will be possible
to use multiple configurations within the same haptic programming project,
for instance by modeling individual networked configurations as functions
and sub-routines, which can be accessed from other configurations.

Tree-structured data configured with this system can be translated into
procedural as well as into object-oriented code for various purposes. It is
also ideally suitable for declarative programming approaches, such as the
one known from the programming language Prolog, which is used to model
“structures” of relations between elements for applications in Artificial
Intelligence. Similarly, expert systems and automatic help desk systems are
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 Figure 9.Test setup of circuit boards
for two-dimensional hexagonal model.
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 Figure 10. A cube of the latest
generation of the Universal Constructor.

typically based on tree-structured models of expert knowledge.While
posing specific challenges for continuous and collaborative maintenance in
their traditional form, haptic implementations of these types of
programming and data structures are expected to have interesting
implications not only from an educational standpoint. Experiments of this
kind will be examined in the course of this investigation, in addition to
experiments on scheduling in domestic and professional contexts (media
editing, public transportation schedules etc.). Other planned applications in
the entertainment sector include games and interactive ambient music as
illustrated in figure 11.

5. Conclusion
Of the controller technologies available to designers for digitally enhancing
physical models, PIC microcontrollers are an excellent choice – especially in
terms of cost and size.This chip family was long reserved for experts with
engineering know-how, but the integration of a number of necessary
external components into some of the more recent PICs and the growing
number of easy-to learn development tools for some dialects of BASIC
make this technology a very powerful option for developing high-fidelity
design models that go beyond passive representations.The discussed
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examples were chosen to demonstrate the versatility of just one of the
most basic and inexpensive PIC microcontrollers, the 16F628(A) (without
remotely covering all of its possibilities and features). Possible fields of
application in design are numerous, most importantly in architectural and
industrial design modeling and prototyping. User-centered design,
participatory design, interactive systems design, the design of fashion and
retail spaces, Autotectonics, haptic interfaces and kit-of-parts design are only
a few of the current fields in design and design research for which this
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 Figure 11. Application scenarios:
Haptic programming in education,
haptic interfaces for control systems,
service scheduling and interactive
ambient music.
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strategy seems particularly suitable and useful.The most serious remaining
obstacle to introducing students to the programming of controller systems
is the initial apprehension experienced by programming novices when
confronted with textual programming.To tackle this issue, alternative
programming paradigms such as haptic programming are useful in
educational contexts.The interfaces for this new type of programming
paradigm themselves can make use of microcontroller-enhanced physical
models. Initial educational evaluations of haptic programming systems have
proven to be very effective. Additional work is currently being undertaken
to further investigate this approach in order not only to further introduce
more students to basic concepts of programming but also to implicitly
demonstrate the qualities of electronically enhanced physical models.

Acknowledgements
I gratefully acknowledge the support and feedback from my colleagues at
the School of Design’s Interaction Design Laboratory at The Hong Kong
Polytechnic University, in particular Catherine Hu,Timothy Jachna,Wing Lau
and Yasu Santo, and at the Spatial Information Architecture Laboratory at
the Royal Melbourne Institute of Technology.The student-built design
models shown in this paper include work of Lau Mei-Ki Miki (spice rack in
figure 4, marble track in figure 5) and Tsui Chin Ho Uzziah (RFID shopping
cart in figure 6).The What-If Machine shown in figure 7 was designed,
implemented and photographed by Christiane M. Herr and Thomas Fischer.
The golf ball picking robot in figure 1 was built and programmed by Chan
Kin Hei Rio, Leung Wing Yan Essing, Leung Yuen Man Vivian and Ng and Yuen
Wa Debi and photographed by Ambrose Wong.The hardware models
discussed in figures 4-7 were made with the support of Departmental
General Research Funds of the School of Design at The Hong Kong
Polytechnic University (project code A-PB84).The new machine-readable
models shown in figures 9 and 10 are funded by an Ear-marked Research
Grant (CERG) from the Hong Kong Research Grant Council (HKRGC,
project code B-Q628).

References
1. Barnes, D.J.: 2002,Teaching Introductory Java through LEGO Mindstorms Models.
In: Proceedings of the 33rd SIGCSE Technical Symposium on Computer Science
Education, pp. 147-151. ACM, February 2002.
2. Fischer,T., Ceccato, C. and Frazer, J.H.: 2001, Haptic Programming with MachineReadable Models. In: Mark Burry et al. (eds.): The Proceedings of Mathematics and
Design 2001.The Third International Conference, School of Architecture and
Building, Deakin University Australia, pp. 158-165.
3. Fischer,T., Herr, C.M., Burry, M.C. and Frazer, J.H.: 2002,Tangible Interfaces to
Explain Gaudí’s use of Ruled-Surface Geometries. Interactive Systems Design for
Haptic, Non-Verbal Learning. In: Automation in Construction Vol. 12, Issue 5
(September 2003), pp. 467-471.

Teaching Programming for and with Microcontroller-Enhanced Physical Models 73

IJAC 3-1 body

7/4/05

3:55 pm

Page 74

4. Fischer,T., Burry M.C.and Frazer, J.H.: 2003, How to Plant a Subway System. In:
Chiu, Mao-Lin et al. (eds.): Digital Design – Research and Practice. The Proceedings
of the Tenth International Conference on Computer Aided Architectural Design Futures.
Kluwer Academic Publishers, Dordrecht, Boston and London, pp. 403-412.
5. Frazer, J.H.: 1995, An Evolutionary Architecture. Architectural Association, London.
URL: http://www.aaschool.ac.uk/publications/ea/intro.html [19-06-2004].
6. Herr, C.M. and Fischer,T.: 2004, Using Hardware Cellular Automata to Simulate
Use in Adaptive Architecture. In: Hyun Soo Lee and Jin Won Choi: Proceedings of
the Ninth CAADRIA Conference. Institute of Millennium Environmental Design and
Research,Yonsei University Press, Korea 2004, pp. 815-828.
7. Howe, A.S.: 1997, Designing for Automated Construction, Proceedings of the
Second CAADRIA Conference,Taiwan, pp. 83-92.
8. Ilett, J.: 1997, How to Use an Intelligent LCDs. Everyday Practical Electronics, Feb.
1997, pp. 84-89, 192-196.
9. Iovine, J. 2000, PIC Microcontroller Project Book. McGraw-Hill, New York.
10. Igoe,T.: Physical Computing. http://stage.itp.nyu.edu/~tigoe/pcomp/index.shtml
[19-06-2004].
11. Kuhnel, C. and Zahnert, K.: 2000, BASIC Stamp: An Introduction to Microcontrollers.
Newnes, Boston, Mass.
12. Laverde, D., Ferrari, G. Stuber J.: 2001, Programming Lego Mindstorms with Java.
The Ultimate Tool for Mindstorms Maniacs. Syngress Media, Rockland, Mass.
13. Lee, Chia-Hsun and Jeng,Tay Sheng: 2002, A Contextmanager for Multimedia
Presentation in Intelligent Corners. A Human-Centric Approach. In: Eshaq, A. R.
M. et al. (eds.): Proceedings of the Seventh CAADRIA Conference. Faculty of Creative
Multimedia, Multimedia University, Cyberjaya, Malaysia. Prentice Hall, New York
and London, pp. 159-166.
14. LEGO Mindstorms Web site. URL: http://www.legomindstorms.com [19-062004].
15. McNerney,Timothy S. 2004, From Turtles to Tangible Programming Bricks:
Explorations in Physical Language Design. In: Personal and Ubiquitous Computing,
Volume 8, Issue 5 (September 2004), pp. 326-337.
16. Microchip Technology Web site. URL: http://www.microchip.com [19-06-2004].
17. microEngineering Labs, Inc.: 2002, PicBasic Compiler Manual, microEngineering
Labs, Colorado Springs.
18. microEngineering Labs, Inc.: 2003, PicBasic Pro Compiler Manual, microEngineering
Labs, Colorado Springs.
19. Parallax’ Basic Stamp Web site. URL: http://www.parallax.com [19-06-2004].
20. Russell, P.: 2002, I, Robot. Using Higher Level Programming in Interdisciplinary
Teams as a Means of Training for Concurrent Engineering. In: Koszewski, K. and
Wrona, S.: Proceedings of the 20th eCAADe Conference,Warsaw, Poland, pp. 14-19.
21. Spicciolato, E. (ed.): 2004, BA(Hons) in Design (Industrial) Final Projects 2003/2004.
The Hong Kong Polytechnic University.

Thomas Fischer,The Hong Kong Polytechnic University, School of Design,
Hung Hom, Kowloon, Hong Kong
sdtom@polyu.edu.hk

74

Thomas Fischer

