Building tools for the analog researcher:
an interaction design challenge

Ryan R. Varick
School of Informatics
Indiana University, Bloomington
901 E. 10th St.
Bloomington, IN 47408
rvarick@cs.indiana.edu

ABSTRACT

Extended analog computation is a modern re-interpretation
of traditional analog. It is an alternative approach to
computing, useful in circumstances that often prove
difficult or impossible for conventional digital systems.
Scientists use hybrid digital-analog machines to research
areas where this new form of analog demonstrates potential.
For many individuals, learning to use these machines
effectively is an unintuitive and time-consuming process.
JEAC (pronounced "jay-ak") is a graphical interface
designed to help researchers better understand the behavior
of the extended analog computer. Developing jJEAC posed
an interesting challenge: the lack of previous work in this
field afforded an opportunity to practice interaction design
in an emerging discipline. This paper relates the history of
the extended analog computer and describes the design
process for JEAC, as well as lessons learned through that
process.

INTRODUCTION

Each day technology moves further beyond the desktop. It
expands outward into new fields and into new domains.
Interaction design—concerned broadly with people, and the
creation of artifacts designed to accommodate human needs
and requirements [6, 11, 12]—must likewise expand to
keep pace. Yet the steps a designer should take in pursuit
of this goal are not always clear [14]. The robust
"professional body of knowledge,"” necessary for the
"design of effective interactions between people and
machines, and among people using machines" [21] remains
a work-in-progress.  Frequently, the rules of the game
appear loosely defined at best.

This is particularly true along the fringes of computer
science, in areas where the state-of-the-art bears little

resemblance to the high technology of everyday life.
Nonetheless, it is often the cutting edge that defines
progress. The pace of hardware innovation, driven by
popular interpretations of Moore's Law, is beginning to
challenge the limits of conventional computation [9, 16].
Scientists are increasingly interested in non-conventional
alternatives.  Extended analog computing is one such
alternative, although it behaves quite unlike the digital
technology that is prevalent today. As such, it presents
unique challenges to those who seek to apply analog to real-
world situations. These challenges extend not only to
analog researchers, but also to the interaction designers that
support their efforts.

BACKGROUND

To many people, a computer is nothing more than the box
that sits on their desk. This, however, is an exceedingly
narrow characterization. Laptops and personal computers
are merely prominent examples of a broader concept. The
term "computer" originally referred to a person who
engaged in computation [5]. To compute is to calculate or
determine by mathematics [2]; therefore, a "human
computer" is one who performs mathematical calculations
by hand. Unfortunately, people do not tend to be very good
at manual computing, especially where speed and accuracy
are concerned. On the other hand, people do tend to be
good at creating tools to help them accomplish their goals.
A computer is a type of tool, designed to work with and
process information. Like the hammer or other physical
tools, computers exist to "reduce labor" and to "extend our
mastery of the world" [3].

The evolution of the computer is a response to the human
need to count. Simple calculating devices such as the
abacus and the slide rule are precursors to modern
technology. These tools are examples of early analog
computers. An analog computer works by analogy: it
simulates a system by interacting with an approximation, or
model, of that system. Information in an analog computer
is represented by physical quantities [1, 20], either
mechanically, or as electrical signals. Vannevar Bush's
differential analyzer, for example, relied on an intricate
system of rotating shafts and gears to encode information
[10].



Fig 1. Differential analyzer, circa 1930."

Ultimately, complexity limited analog computers to niche
applications. As new problems emerged, it became more
and more difficult to identify and construct the intricate
physical models that analog computers require in order to
function. By the time Claude Shannon introduced his
proposal for re-configurable, general-purpose analog
computers in the early 1940s [17, 13], it was too late:
analog was simply too difficult to configure and too
complex for day-to-day computations.

Separate advances in mathematics and engineering formed
the basis of the digital computing paradigm that would
eventually replace analog as the dominant approach to
computation [18, 19]. Digital computers process
information in the abstract. They rely on symbolic logic
instead of physical representations like the beads of an
abacus or the daisy-chained patch cables of the electronic
analog computer. Information remains separate from the
computer itself, encoded as programs stored on punch
cards, disks, or other media. The distinction between the
tool and the system it models makes digital computers
remarkably flexible. Indeed, technology today is
predominantly digital. The devices of everyday life—from
televisions and cellular phones, to pacemakers, home
appliances, and automatic doors—contain numerous digital
components.

It is not always easy to express problems in abstract,
symbolic terms. Many modern computing problems require
extensive, increasingly costly resources to effectively
approximate with digital computers. The challenge of a
"one size fits all" approach to computation is reminiscent of
the struggle faced by early analog computers. Though
widely used, digital is not appropriate in every
circumstance; nor is it always the most feasible alternative.
Scientists today are interested in alternative computing
paradigms to augment the prevailing digital ideology.

Extended analog computation is a contemporary derivative
of classical analog. Proposed by Lee Rubel in the early

¥ Image courtesy of the Computer History Museum.

1990s, it is a theoretical extension of Shannon's general-
purpose analog computer [15, 13]. The extended analog
computer (EAC, pronounced "ee-ak™) retains the operation-
by-analogy approach to computation used by earlier analog
computers, but it does so in a more flexible manner. The
EAC quantifies information as electrical signals on a fixed
piece of conductive material (often silicon or a sheet of
packing foam), reducing the amount of mechanical
overhead necessary to perform a computation [7]. EACs
are smaller, more adaptable, and more capable than
conventional analog systems. Scientists at Indiana
University have built a number of inexpensive EAC
prototypes to research applications in artificial intelligence,
optical character recognition, neural networks, chaotic
systems, network traffic analysis, and other areas [9].

Fig 2. Small, self-contained extended analog computer.

4 oems =0
E3.82881k%

Fig 3. Visualization of the information within an EAC,
represented internally as a voltage gradient.

RESEARCH AND OBSERVATION

Our goal was to design and build tools for analog
researchers. Compared to digital, the field of extended
analog computing is quite young. Little user research was
available for reference; therefore, it was first necessary to
identify the needs and requirements of scientists using the
EAC. We worked with nearly two dozen individuals,
including graduate and undergraduate students, engineers,
and post-graduate researchers. Participants at two
universities were interviewed to identify common trends,
while specific questions were explored through contextual
inquiry and in-lab observation.  Collectively, these
techniques helped to characterize how people learned to use
the EAC, ascertain the tasks they were trying to
accomplish, classify the tools they were using to complete



their tasks, and illuminate the areas that impeded their
progress.

Interacting with the EAC: low-level tools

The EACs in use today are prototyping tools, designed
primarily for research.  They are not pure analog
computers; rather they are hybrid devices that work best in
conjunction with digital systems [8]. They provide a
platform that combines the potential of extended analog
computing with the flexibility of digital software tools. The
analog components within an EAC are wrapped in a layer
of digital hardware—scientists use software on ordinary
workstation computers to modify the problem that an EAC
represents. The prototypes allow scientists to explore a
wide range of applications with a single device.

Almost immediately, it was clear that the software tools
were rather limited. Researchers employed a handful of
simple, single-function command-line scripts to issue
instructions to a particular machine. The scripts provided
only the most basic functionality, forcing researchers to
devote disproportionate amounts of their time to technical
details such as error handling and communication overhead.
For students, the low-level nature of the scripts proved to be
a significant barrier to entry and deterrent to learning to use
the EAC. The lack of more robust software often precluded
them from focusing on high-level concepts. Consequently,
they found it difficult to complete non-trivial assignments
using the EAC.

Performing tasks with the EAC: high-level tools

People who are new to extended analog computing often
find it difficult to adjust to a paradigm that is not
programming-driven.  While digital computers operate
according to complex sequences of instructions (i.e.
"programs"), analog computers rely on the physical
configuration of their components to complete a task. The
goal of the analog researcher is to determine how to
configure an analog computer to solve a particular problem.
Traditionally, this meant first expressing the problem in
terms of differential equations, then carefully mapping the
variables of those equations into hardware. Although
scientists sometimes use this method with modern EACs
[7], heuristic search techniques—testing a number of
automatically generated configurations for the analog
computer—are, in many cases, more productive. Genetic
algorithms, for example, draw on the biological model of
evolution to find good solutions for a given problem [4].

To get a sense of the tools used to develop extended analog
applications, we looked at projects from twelve teams of
students. Two teams worked on theoretical problems. Four
teams worked directly with the EAC hardware, although
they did not employ search techniques of any kind. Instead,
they used custom-written programs, designed to investigate
specific research interests. The remaining six teams
derived their results from a genetic algorithms package built
atop a rudimentary analog simulator.

Students were not fully exploiting the hybrid nature of the
EAC. In order to minimize discrepancies between test
environments, it is generally preferred to test in situ. Yet
while students could fine-tune the parameters of first-
generation EACs from a digital host computer, configuring
the initial model required manual intervention. The EAC
had to be wired by hand. It was therefore impossible create
efficient, automated, device-based algorithms of any kind.
Without hardware support, high-level tools were slow to
emerge. Despite its shortcomings, students gravitated
toward the simulator for its perceived ease-of-use. Second-
generation EACs, designed to be fully configurable from a
digital computer, provided much more potential for
development. The existing utilities, however, did not yet
support the new machines.

Fig 5. Second-generation EAC, configured digitally.

DESIGN

Analog researchers needed better software tools. The tools
that were in use, while functional, lacked cohesion. They
operated as a patchwork of often incompatible, ad-hoc
utilities. The software used to control the EAC did not
work the digital-only simulator; nor were the tools created
for specific projects of much use outside of their original
problem domain. There was no overall theme or purpose to
ensure that the software was robust, consistent, extensible,
or intuitively designed. New hardware provided an
opportunity for a "fresh start," or for tools built with these
goals in mind. Observation and project analysis revealed
three core EAC proficiencies, often learned in sequence,
which formed the basis of our design:



1. Hardware proficiency—communicating and interacting
with the EAC at the hardware level.

2. Basic analog proficiency—knowledge of fundamental
concepts, such as the differences between the analog and
the digital computing paradigms.

3. Applied analog proficiency—experience with applied
research techniques, such as genetic algorithms.

Most of the time, the individuals we observed engaged the
hardware first, focusing on the mechanics of the EAC. At
this level, they were concerned primarily with learning to
control the device itself. Only once they began to get a
sense of how to interact with the physical EAC could they
concentrate on analog as a computing paradigm. The
simplicity of the software often made this transition more
challenging than it should have been. For those individuals
that took a top-down approach to extended analog research,
the converse was often true: scientists found it difficult to
implement their experiments given the narrow functionality
of the tools at their disposal. In both cases, those who
managed to match their mental model to the operational
model of the EAC were much more likely to complete their
work successfully than those who did not. Learning applied
techniques was easier for researchers with viable mental
models than for those with partial, incomplete, or incorrect
models.

First iteration: EAC Toolkit

The high-level design goals seemed clear. At each
proficiency level, there were opportunities for improved
tools. Conceptually, a strategy emerged for an EAC
development environment comprised of three major
components:

1. A hardware abstraction layer, designed to provide
researchers with a simple, consistent library of code to
handle low-level machine communication.

2. An integrated set of tools, designed to make it easier for
scientists to create extended analog applications.

3. An exploratory interface, designed to help people learn
to use the EAC more effectively.

The hardware abstraction layer addressed issues related to
hardware proficiency. Communication with the EAC was
challenging because of the simplicity of the control scripts.
Differences between EAC models made it hard to develop
experiments that worked with more than one class of
machines.  Students and researchers alike expressed
frustration at the difficulty of hardware-level interaction.
The abstraction layer aimed to provide simpler access to the
EAC by automatically managing basic implementation
details.

The integrated tools included a genetic algorithms package,
logging utilities, and other features commonly associated
with applied analog proficiency. Whereas the abstraction
layer addressed low-level requirements, the integrated tools
addressed the need for high-level functionality. New EAC

designs made it possible to implement automated search
algorithms for the first time. The tools were designed
primarily to support these algorithms. They were a
response to the popularity of the analog simulator. Inspired
by the simulator, the toolkit represented a framework for
development, intended to help scientists focus on their work
by reducing the amount of code they had to write in order to
conduct their research.

The interface, by contrast, was an aid for novices, intended
to improve basic analog proficiency through exploration
and experimentation. We worked closely with students to
determine how they interacted with the EAC. Most of their
work happened at the command-line using an assortment of
scripts and utilities. One script configured the EAC.
Another reported its values. A third produced graphical
visualizations of the data. Other scripts controlled different
aspects of the computation. Creating an interface to
consolidate these activities was a balancing act: in some
cases, students relied on raw numeric values to interpret
their results. In others cases, visualization was more
helpful.  Either way, the computation depended on the
configuration of the machine. There was a strong need for
a more explicit link between the tools that configured the
EAC and the tools that analyzed its activities.
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Fig 6. Above: data representing the state of the EAC; below:
two ways to visually interpret the data.

While there was certainly temptation to create a radical new
interface, practical constraints mandated a more
conservative approach. Without an existing ecosystem of
tools, it was difficult to construct functional prototypes. In
order to assess design concepts effectively, we had to build
a great deal of the underlying infrastructure. There were no
readily available resources to draw on for rapid testing or
comparative evaluation. The resultant interface, known as
the EAC Toolkit, owed to the UNIX command-line tradition
that researchers were accustomed to using. It acted as a
frontend for the abstraction layer and the high-level tools,
tying them together through a simple command-driven
interface.  Instructions to configure the EAC were
integrated alongside instructions to report, visualize, and
store EAC-related data for further analysis. The toolkit
tried to act as a bridge between novice researchers, who
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Fig 7. EAC Toolkit, a command-line interface featuring commonly used tools, EAC configuration, and visualization-on-demand. ¥

were trying to learn to use the EAC, and experienced
researchers, who needed streamlined interaction.

Testing and Analysis

Almost immediately, it was clear that the toolkit had failed
to achieve its objectives. Though initially met with much
excitement, it quickly fell out of use. Students toyed briefly
with the interface but soon lost interest. The toolkit was
deficient is several critical areas. First, the initial release
was not complete. While the abstraction layer and the
interface were full-featured, the additional tools were not
ready for broad use. Implementing a full-scale genetic
algorithm proved to be extremely time consuming. We
decided to defer its development, release the toolkit as-is,
and focus exclusively on the effectiveness of the
interaction. In retrospect, this decision tarnished the overall
perception of the toolkit. Additionally, the abstraction layer
contained a significant flaw that further eroded confidence
in the software. Finally, the interface did not sufficiently
approximate a command-line environment. It lacked
common features such as tab-completion and command
history, the omission of which overpowered any lingering
interest researchers had.

Future revisions could have addressed many of these issues;
however, there were other, more serious problems to
consider. The interface did not do enough to emphasize the
link between configuration and analysis. It allowed
students to issue commands more efficiently, but it did not
help them to understand how those commands affected the

EAC. The interface was only marginally better than no
interface at all.

The toolkit tried to do too much. In its attempt to cater to
both novices and experts, it served neither well. Usability
testing confirmed this notion: we were not able to develop
a test that people could complete successfully. As a
software package, the toolkit provided little value to
students or researchers. As a prototype, however, it
provided invaluable information. The toolkit established a
baseline for comparison. It provided a starting point for
future iterations.

Second iteration: JEAC

The lessons learned from the failure of the EAC Toolkit
directly influenced the construction of its successor, JEAC.
While the toolkit was monolithic project, intended to be a
comprehensive development platform, JEAC focuses solely
on the experiential aspects of EAC interaction. It is a
learning tool, designed to expose the relationships between
components within the EAC. We posit concentrating on
basic analog proficiency will, over the long term, lead to
better researcher-designed tools.

JEAC eliminates altogether the sequential configure-report-
analyze-repeat loop, replacing it with an asynchronous
form of interaction. It is a cross-platform graphical

¥ Archived releases are available online at http://jeac.sf.net/eac-toolkit/.
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Fig 8. JEAC, a cross-platform graphical interface featuring integrated EAC configuration and real-time visualization.®

alternative to the command-line. Automatically generated,
continuously updated visualizations convey the state of the
EAC. Controls, enumerated spatially, correspond to the
physical components on the machine. Clicking on a control
opens a separate window to adjust the selected component's
parameters.  The visualization, updated immediately,
reflects any changes made to the configuration. The
graphical nature of the interface exposes the breadth of the
available options. Valid actions and their bounds are
clearly demarcated. jEAC provides a safe environment for
researchers to explore the properties of the EAC.

Testing and Analysis

We tested an early prototype with five undergraduate
students. Each student was asked to complete three
common EAC-related tasks using the prototype, vocalizing
their thoughts in the process. We did not provide any
additional instruction or background about the project.
Four out of the five students completed their tasks with only
minor difficulties. The fifth student encountered significant
problems initially, but eventually managed to complete the
tasks successfully. Encouraged by the lack of systemic
problems, we conducted a separate heuristic analysis of the
prototype. Data from the two tests were incorporated into
the development process for the initial release.

Results so far have been promising. There has been
sustained interest within the extended analog community.
A number of individuals have taken the time to report the
bugs that they have encountered. Two researcher-submitted
patches have added new features. Scientists are using jJEAC

for their projects, despite the fact it is primarily an
educational tool. The participation of the community and
level of interest relative to the toolkit are cause for cautious
optimism. JEAC appears to be a step in the right direction.

DISCUSSION

Both projects offer interesting perspectives on interaction
design in new domains. Not surprisingly, the EAC Toolkit
reinforces the value of early failure. An inordinate amount
of time was spent refining the initial release. Earlier testing
might have revealed fundamental flaws sooner. It was a
classic example of attaching to a design concept too early,
due in part to the amount of work required to build even
basic prototypes. Had the toolkit been a "planned failure,"
JEAC would have likely emerged much more quickly. The
toolkit also suggests that perceptions matter. As illustrated
by longevity of the original tools, researchers will often
make do with what they have, even if it is less than optimal.
While perhaps technically superior, the toolkit failed
because it did not appeal to the very people that it purported
to help. There appears to be a fine line between time
invested to ensure that an artifact is well received and time
that would be better spent on future iterations.

The notion of perception runs deeper than purely functional
or aesthetic concerns. One of the most significant flaws of

8 Source code and documentation are available online at http://jeac.sf.net/.



the EAC Toolkit also happened to be one of its most subtle:
the toolkit failed to mitigate complexity in a useful way.
The original EAC control scripts were complicated because
they encapsulated very little information. Considerable
low-level knowledge was required to use them effectively.
The gap between an abstract concept and its
implementation was extremely wide. The toolkit only
addressed half of the problem. It successfully abstracted
the details of machine-level interaction; however, it did not
present the abstraction in a way that made the EACs easier
to use. In fact, the toolkit merely reflected the underlying
complexity of the abstraction layer. Additionally, due in
part to its size, researchers perceived the toolkit as more
complicated than the tools it claimed to replace. jJEAC does
a better job of handling complexity by altering the
interaction metaphor to expose all options simultaneously.
It is not always sufficient to copy an existing process to a
new design, as the toolkit tried to do. Accommodations for
complexity should be made explicit.

CONCLUSION

Extended analog computing is a new take on an old field.
JEAC is a tool that helps students and researchers learn how
to control the prototype machines that they will use to do
their work. The road to JEAC provided many lessons that
may be useful to interaction designers working in other
emerging disciplines.
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