1 8 Real-Time Scheduling and Computer Accompaniment

Roger Dannenberg

18.1 Introduction

Some of the most interesting applications of computers in music involve
real-time computer music systems. The term “real time™ refers to systems
in which behavior is dependent upon time. As a simple example, a program
that controls a music synthesizer to perform a piece of music is a real-ime
program. This sort of program is perhaps the least interesting form of real-
time computer music system because it ignores the possibility of live real-
time interaction between human performers and computer music systems.
More sophisticated approaches can be classified into at least three catego-
ries: computer music instruments. computer accompaniment systems. and
interactive composition systems. Although all of these categories are in-
spired by traditional terminology, it should be emphasized that the special
properties of the computer force a rethinking of the meaning of terms like
“instrument’ and “‘composition.” This reorganization of meaningis onc of
the attractions of computer music.

A computer music instrument is. by analogy to acoustic instruments. a
device that produces sound in response to human gesture and control.
Most electronic keyboard instruments are now computer controlled: thus
they provide examples of traditionally oriented real-time computer Music
systems. A more innovative instrument can be seen in the sequential drum
of Max Mathews [11]. This instrument can play stored sequences of notes
when triggered by striking a specially instrumented drum. The position and
force on the drum can control different aspects of each note.

A computer accompaniment system is based on the model of traditional
accompaniment in which a score is initially provided for both the solo and
the accompaniment. The job of the accompanist is to synchronize with the
soloist. One of the sound exaniples is a recording of a trumpet solo accom-
panied by computer [4].

While accompaniment systems are given musical materials in the form of
a precomposed score, interactive composition systems use the computer
actually to generate musical materials in response to input from live
musicians. Other appropriate terms for this type of system include im-
provisation and composed improvisation [6]. A short version of Jinimy
Durante Boulevard [5), a work of composed improvisation. is included as

From Current Directions in Computer Music Research, edited by Max V. Mathews and
John R. Pierce, Cambridge, MA: MIT Press, 1989.
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Figure 18.1
A musical timing diagram of a potential execution of the echo program. Keydown events
are indicated by arrows.

another sound example (given on the accompanying compact disk). In this
piece, a keyboard. flute. and trumpet are interfaced to a computer. which
also controls several music synthesizers. A number of tasks run simul-
taneously, analyzing input from the flute and keyboard. recording material
from the trumpet. computing musical material to be performed, and con-
trolling the synthesizers.

All of these real-time systems depend upon schedulers as a means of
coordinating and ordering the execution of many small tasks over the
course of time. To illustrate the role of the scheduler more specifically. the
following example presents a moderately difficult real-time programming
task and solves it in an elegant manner.

18.1.1 An Example

The problem is to play a sequence of notes with diminishing loudness to
simulate an echo. An echo sequence must be triggered whenever a key is
pressed on a keyboard. and sequences may overlap in time. Suppose, for
example, that a G and a B are pressed at times indicated by arrows in figure
18.1. The resulting sequences of events are seen to interleave in time. A
scheduier is essential for the realization of programs with several indepen-
dent but simultancous real-time tasks such as this.

A program that realizes this behavior is given below. It is written In
a stylized version of C that should be understandable to anyone familiar
with a modern programming language like C. Pascal, or Ada. To avoid
clutter, the nesting of program statements will be indicated by indentation
rather than by explicit symbols. Algol (and Pascal) assignment (¢ =) and
equality (=) symbols will be used in place of the symbols used in C
(= for assignment, = = for equality). The meaning should always be
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clear from context. Keywords will be printed in boldface. program identifiers
will be printed in italics. and CONSTANT VALUES will be printed in SMALL
CAPITALS.

echo(ptich. loudness)
loudness . = loudness—>
if loudness > 0
note( pirch. loudness)
cause(DELAY. echo. pitch. loudness)

keydown( pitch)
notre( pitch. INITIALLOUDNESS)
cause(DELAY, ¢cho. pirch. INITIALLOUDNESS)

This program is executed in an environment that continuously looks
forinput from a keyboard. When a key is pushed. keydown is called with the
pitch of the key. The kevdown routine schedules the ec/io routine to run
after a short delay by calling cause.

The cause routine is critical to the behavior of the program. Its first
argument is a delay and its second argument is the name of a routine. The
cause routine schedules a call to the specified routine after the given delay.
Any other parameters to cause are saved and passed to the specified routine
when it is called. Thus. the echo routine will be called DELAY time units after
keydown. The echo routine begins by decrementing its loudness parameter.
If the parameter is still greater than zero, echo plays the given note (by
calling nore) and uses cause to schedule another call to ecfo. This will
decrease the loudness further. play another note and schedule yet another
call. This process repeats until the loudness goes to zero or below, at which
time echo does nothing. Since echo does not schedule anything else at this
point, the sequence of notes comes to an end.

Since each call to echo runs for a very short time (typically less than 1
ms), there is plenty of processing time to deal with other actions that are
scheduled to occur in between the notes of an echo sequence. In particular,
many overlapping echo sequences can be active at once. Each sequence uses
the same echo routine but is characterized by a distinct pirch parameter.
(With this version of echo, pressing a key a second time during a sequence
will start a second sequence with the same pitch, which may be undesirable.)

This example illustrates a few important concepts. Virtually all timing in
conventional real-time programs is achieved by explicit calls to service
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routines like cause. It is usually assumed that programs execute very fast
except for these calls, which usually have the effect of delaying execution.
During the time execution is delayed, there is normally enough time to
perform many other actions. By taking advantage of this idle time, other
tasks can be processed. The scheduler (in this case cause) plays an impor-
tant role in the management of time-dependent tasks because it is respon-
sible for running tasks in the right sequence and at the right time.

The cause routine used in the echo program has two nice properties. It
not only serves to schedule events, but it also saves parameters and passes
them to the events when they are performed. Since saving and passing
parameters is largely a straightforward matter of bookkeeping, only the
scheduling aspects of cause will be considered further.

The cause construct is due to Douglas Collinge, who designed the
language Moxie [7]. Upon learning about Moxie, this author promptly
stole the central idea and the name to create Moxc, a version of Moxie
based on the C programming language.’ Moxc was used to implement
Jimmy Durante Boulerard and runs on several personal computers.

In the remainder of this chapter, various implementations of real-time
schedulers are presented. Then implementations that perform scheduling
with respect to a variable-speed time reference are examined. This provides
a natural way to implement musical effects such as tempo change and
rubato. Finally, a more sophisticated scheduler is presented that incorpo-
rates musical knowledge to enhance its ability to adjust tempo dynamically
to obtain musical results.

18.2 Real-Time Schedulers

The echo program illustrates the need to schedule events for performance
at a specific time in the future. This section considers a sequence of
scheduler implementations, each one containing an improvement over the
previous one. The final implementation will exhibit excellent real-time
behavior.

It is convenient to define some primitive operations that will be used by
each scheduler. The gerrime( ) operation reads the current real time; for
example,

t:= gettime( )

assigns the current time to r. The seralarm(:) operation causes the opera-



Real-Time Scheduling and Computer Accompaniment -2

tion alarm( ) to be invoked at time 1. If 7 is less than the current time, then
alarm( ) is invoked immediately. If an alarm is pending due to a previous
setalarm. then invoking seralarm again will cancel the effect of the previous
setalarm. In other words, at most one alarm can be pending. This corre-
sponds to typical real-time systems that have a hardware counter (the
reading of which is modeled by getrime) and a hardware timer (the setting
of which is modeled by sezalarm). When the timer times out. a hardware
interrupt is generated (modeled by invoking alarm).

Using these primitives, the goal is to implement a scheduler with the
operation schedule(id, time). where id is an event identifier and 1ime is the
time of the event. The schedule operation causes the operation event(id) to
occur at rime if time is in the future. Otherwise, the operation takes place
immediately.

The schedule and setalarm operations are similar in that they each cause
another operation (erent and alarm. respectively) to take place in the
future. However. schedule is more powerful because it “‘remembers” mulu-
ple requests. Since multiple requests can be outstanding. schedule assocl-
ates an identifier with each request. One use of schedule is to implement the
cause routine used in the echo program. In this case. id would be the address
of a block of memory containing a routine entry point and parameters. The
event operation would run the indicated routine with the saved parameters.
Another typical use of schedule is to reactivate sleeping processes. In this
case, id would be the address of the process descriptor that is to be
reactivated. Thus. schedule is a general building block that can be used ina
number of ways.

Two important observations to keep in mind are that (1) the scheduler
must keep track of an arbitrary number of pending schedule requests. and
that (2) the requests do not necessarily arrive in the same order in which
they must be satisfied. Thus. a scheduler must have some way (0 remem-
ber a set of pending requests and a method for sorting requests into time
order.

In the implementations that follow, the same notational conventions
seen in the echo program example will be used. Because the C language
notation for structures is rather cumbersome, the following conventions
will be followed. A structure with elements A. B. ..., Ciscreated by calling
new(A. B.....C). The fields FIELD1, FIELD2, ..., FIELDN of a structure s are
denoted by s.FIELD!I. S.FIELD2. . ... S.FIELDN.
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18.2.1 Implementation 1

A straightforward implementation of the scheduler wakes up and runs at
every increment of time and looks at the pending requests to see if one
should be satisfied. The data structure consists of requests, a list of pairs of
ids and times. which is initially empty. The variable ¢ is used to compute the
next time at which alarm should be invoked. The scheduler is initialized by
setting ¢ and invoking seralarm (setalarm will immediately generate an

interrupt that calls alarm):

initialize( )
set requests 10 EMPTY
= gettime( )
setalarm (1)

The schedule operation adds an id and rime to the requests list:

schedule(id, time)
insert new(id, time) into requests

The alarm operation searches through the list of requests looking for any
whose time has come. It then increments ¢ and calls seralarm so that alarm
will be invoked every unit of time.

alarm()
for each r in requests
if r. TIME <= gettime( )
remove r from requests
event(r.ID)
=1+ 1
setalarm(1)

Note: Since schedule and alarm operate on the same variables, it is essential
that alarm not be invoked by an interrupt during the execution of schedule.
In order to simplify this presentation, it is assumed throughout that the
executions of schedule and alarm are always mutually exclusive.

The schedule operation has the nice property that it takes a fixed amount
of time, assuming requests is implemented as a linked list [1]. However, this
scheduler suffers from two problems. First, the alarm operation must look
atevery pending request every time itis invoked. As the number of requests
goes up, so does the computational cost of alarm. Second, alarm is invoked
































































































