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ABSTRACT

Real-time interactive software can be difficult to construct and
debug. Aura is a software platform to facilitate highly interactive
systems that combine audio signal processing, sophisticated
control, sensors, computer animation, video processing, and
graphical user interfaces. Moreover, Aurais open-ended, allowing
diverse software components to be interconnected in a rea-time
framework. A recent assessment of Aura has motivated a redesign
of the communication system to support remote procedure cal. In
addition, the audio signal processing framework has been atered
to reduce programming errors. The motivation behind these
changes is discussed, and measurements of run-time performance
offer some general insights for system designers.

1. INTRODUCTION

Aura is a software framework for building real-time interactive
systems. [12] It has evolved and grown for amost 10 years, and
has roots in the CMU MIDI Toolkit [5, 9], created amost 20
years ago. Building on experience gained from using Aura and
related systems, Aura Il is my latest attempt to provide a solid
foundation for interactive systems. Aura |l embraces a number of
design principles | have found to be effective. The god of this
paper is to describe the design philosophy and experience that has
led to Aura Il and to discuss some lessons learned. | will aso
include some performance measurements that may help others to
make intelligent design choices.

In the next section, | present the main concepts that form the basis
of Aura. Section 4 provides an example for further motivation. In
Section 4, | describe in greater formality the approach to
scheduling, and Section 5 discusses various aspects of message
passing in which many systems issues arise. Section 6 describes
the structure of the audio processing system, and this is followed
by a summary and conclusions.

2. ORIGINS OF AURA

Aura was designed to replace the CMU MIDI Toolkit (CMT), an
elegant system to help students write interactive MIDI
applications with a minimal knowledge of programming. CMT
adds essentiadly one thing to the C programming language: a
function, cause, that calls a function at some time in the future.
E.g., one can write

cause(0.3, midi_note, chan, pitch, 0)

to send a note-off message (velocity = 0) after 0.3 seconds. While
simple in appearance, cause can be used to run multiple
concurrent processes. Each process is implemented as a procedure
that performs an action and then [tausel$] itself to resume
execution in the future. All procedures run to completion,
eliminating almost any concern over shared variables, reentrant

code, critical sections, and preemption. (And athough CMT
[processeslare not true processes that can suspend and resume at
any point, they handle most event-driven programming tasks quite
well.)

In the early 90[s it became clear that signal processing was going
to move from specia purpose VLS| and DSP chips to general
purpose processors. [8] At the same time, real-time video and
computer graphics was becoming an attractive new performance
medium. While computer graphics tasks could take tens of
milliseconds, MIDI and control processing must be much more
responsive, and audio processing adds a hard real-time processing
requirement: no task should ever hold up computing and cause a
buffer overflow or underflow. While the simple non-preemptive
model of CMT is successful in its domain, it cannot handle the
wide range of processing tasks and latencies posed by general
interactive multimedia.

Also in the 90Ls, | worked briefly on constraint-based graphical
user interface systems [16], and the idea of connecting various
objects with constraints offered an interesting model for rapid
prototyping and programming by novices. [Connect the position
of the dider to the frequency of the oscillator] seems much
simpler than [&ubclass the dider object and add a method that
cals the set_hz method of the oscillator object.(0 The idea of
connecting attributes of objects together is something like
patching an analog synthesizer or wiring a network of MIDI
synthesizers, which seems quite intuitive. This same idea works
successfully in MAX [20] and related software.

Thus, Aural (originaly named (W) [12] incorporates three main
ideas: (1) Where possible, use non-preemptive scheduling (as in
CMT) and cause to support many tasks, (2) Use Oeal
preemptive threads to alow time-critical processing to preempt
longer-running computations, and (3) Use objects with
attribute/value interfaces, and use constraint-like connections to
create applications. In retrospect, (1) and (2) seem to be very good
ideas, whereas (3) does not. This and other problems have
motivated Aura ll, which is discussed mainly in Sections 5 and 6.
In what follows, | will use Aura | to refer to Aura using the
attribute/value object model, and Aura Il to refer to the current
version based on remote procedure cal. | will use Aura when
comments apply to both versions.

3. AN EXAMPLE APPLICATION:
THE WATERCOURSE WAY

To illustrate how Aurais used and why current systems are either
unsuitable or only partial solutions, | will describe a recent work,
(The Watercourse Way[1[10], an interactive piece for chamber
orchestra, dancer, and electronics. The main technica focus of



this work is a sound synthesizer controlled by water movement.
The water is sensed by reflecting light onto a screen, creating
beautiful moving images. The reflected light is captured by a
video camera, digitized, and further processed to derive time-
varying spectra for three synthesized tones. [11] In addition, the
video is texture-mapped onto the surfaces of an animation that is
projected in the concert space. Four channels of audio input
capture various instrumental combinations and four output
channels drive a quadraphonic sound system. Figure 1 illustrates
the entire system, and Figure 2 shows an audience view of the
dancer and images.
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Figure 1. System configuration for The Water course Way.

Figure 2. Performance of " The Watercourse Way." Light
(Ieft) reflected from water (bottom right) isused to synthesize
sound and is also texture-mapped onto animation (upper
right). The sound and image are modulated when the dancer
touches the water. Live musicians are not shown here.

In this system, low-latency audio is required to process live
instrument sounds. At the same time, the camera input and
processing runs in lock-step with the 30-frame-per-second video
input. Clearly, the audio thread must run in a separate thread to
avoid blocking for up to 1/30 of a second waiting for the next
video frame. The animation involves a physica simulation of a
stiff material flexing under applied forces. This, and the OpenGL
rendering of the model, cannot be easily expressed by combining

pre-fabricated image operations, so it is important that Aura is
fully programmable, not only for audio rendering, but for control,
animation, and graphical user interfaces. While other systems
offer very powerful interfaces for signal processing or even video
processing, few systems have the generality, programmability, and
extensibility offered by Aura.

In “The Watercourse Way,” as in al Aura applications, objects
are segregated into different threads, or zones, such that high-
latency objects share one thread and low-latency, time-critical
threads share another. This approach is described in more detail in
the next section, and the message passing system used for
communication between objectsis described in Section 5.

4. LATENCY MONOTONIC SCHEDULING
Real-time systems for interactive performance must deliver high
performance and at the same time be easy to create and modify.
Musicians and composers simply do not have the resources of the
Mars Rover team to build and debug complex rea-time systems.
A traditiona approach to real-time systems is to implement each
task with its own, schedulable thread, and use synchronization
primitives (locks and semaphores) to guard access to shared
variables through which tasks communicate. [1] The problem with
this approach is that it is easy to make mistakes and hard to find
them. Forgetting to lock a data structure can cause intermittent
errors that cannot be reproduced easily and may disappear when
debugging code is added. The traditional approach aso adds
complexity to the code and is usually best approach with a careful
system-wide design process that is not conducive to rapid
prototyping.

An aternative approach is to use non-preemptive threads as in
CMT. Here, atask runs to completion or to some point at which
the code explicitly releases the processor. Since no unexpected
preemption can take place, no shared variables need to be locked
or unlocked. However, as mentioned earlier, this approach breaks
down when there is amix of long-running computations and low-
latency deadlines.

Now imagine running a CMT-like non-preemptive program on
each of severa independent computers, where one computer
computes audio, another manages a graphical user interface and
renders animation, and yet another handles control and MIDI
data. If tasks are segregated according to their latency
requirements, non-preemptive scheduling can be effective. In fact,
most music processing is time driven, so CMT-like systems
execute tasks/procedures according to the time at which they are
scheduled. Assuming that all deadlines can be met, this form of
scheduling, “earliest deadline first,” is known to be optimal.

Auracan run in this fashion on multiple computers, but the typical
system shares one processor among three threads that handle
graphics, control, and audio, respectively. Each thread is managed
by an Aura zone, which aso provides inter-zone communication,
memory management, and scheduling. Zones use fixed priority
scheduling where priority decreases monotonically with the
zone's latency requirement. Here, latency, is the maximum
amount by which a task can fall behind rea time. For audio
computation, latency is the time it would take for the audio buffer
to underflow. For animation, latency is roughly the frame period.

Using these concepts, we can make some precise statements about
the real-time performance of Aura. For the sake of brevity, | will



