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Abstract

In this paper, we introduce a new accompaniment
system which takes independence from the soloist into
consideration. In order to make a natural-sounding en-
semble, we allow our system to change its independence
dynamically from the soloist according to the musical
situation. We introduce three new techniques into our
accompaniment system. “The performance plan” allows
the system to perform with expression as a human player
would. “The independence rate” corresponds to how in-
dependently the system should perform from the soloist.
“The time of the ensemble” provides information to en-
able the system to correct its tempo according to the
independence rate. In order to evaluate the system, we
carried out a listening experiment where the subjects lis-
tened to three versions of the same musical piece. The
first was accompanied by a real human being, while the
other two were computer-accompanied, where the first
system simulated past researches which lacked the tech-
niques mentioned ahove, while the second incorporated
them. The results of the experiment show that our sys-
tem which incorporated the three techniques sounds bet-
ter than the system based upon past researchies, and that
it even sounds as good as a human accompanist.

1 Introduction

An accompaniment system is a system which ac-
companies the human soloist. In this paper, we
assume an accompaniment system is given a score
containing parts for the soloist and for the ac-
companist. Past rescarches of accompaniment sys-
tems (|[Dannenberg. 1984] [Vercoe, 1984} among oth-
ers) aimed at the accompaniment keeping pace
closely with the soloist’s tempo without taking the
effects of its own accompaniment on the soloist into
consideration. DBut in order to make a natural-
sounding ensemble, a two-way interaction between
the soloist and the system needs to be established.
For example, when there is little or no information
from the soloist (such as when the soloist plays a
long note or is pausing), past systems perform un-
naturally, as these systems can not perform indepen-
dently of the soloist. In such a situation, the accom-
paniment system needs to take the initiative in the
enscmble and allow the human soloist to adjust his
own tempo to that of the system’s. It is not enough
to merely have the system adjust itself to the soloist
as in past researches, because an accomplished en-
semble requires that both players adjust themsclves
cooperatively to each other’s performances.

In order to make a natural-sounding ensemble, we
allow our system to change its independence dynam-
ically from the soloist according to the musical sit-
uation. For example, under a situation when the
soloist leads the accompanist, the system adjusts it-
self to the soloist in the same way as past researches.
However, when the accompanist leads, the system

7P.05

418

performs expressively and independently of the hu-
man soloist; the human soloist should then adjust
himself to the system’s tempo. (We believe it is
such a case in the ensemble consisting only of hu-
man players.)

In the remainder of this paper, we will first give
an overview of our system. Then, we will explain the
aforementioned three techniques, and the method of
using them to correct the tempo of the accompani-
ment. Finally, we will describe the listening experi-
ment and present its result.

2 Overview of the Accompaniment System

Our system consists of the LISTENER and the
PERFORMER. The LISTENER [Horiuchi et al., 1992}
tracks the performance of the soloist by matching
the soloist’s score (which is input into the system
previous to the performance) and the soloist’s per-
formance using a DP matching algorithm. The Lis-
TENER then sends the information of the soloist’s
tempo to the PERFORMER. Using this information,
the PERFORMER plays the accompaniment part. In
the next section, we describe how the PERFORMER
works in detail.

3 The Performer

In this section, we describe three new techniques:
“the performance plan,” “the independence rate,”
and “the time of the ensemble”. At the end of this
section, we explain their use to correct the tempo of
the accompaniment.

3.1 The Performance Plan

We are in accordance with the theory that a hu-
man performer plays according to his own perfor-
mance plan. In an ensemble with other performers,
a human corrects his plan dynamically in order to
adjust his (future) tempo to that which he predicts
from the (present) tempo of the other player. In or-
der to make a natural-sounding enscmble, we allow
the system to have its own performance plan. This
plan consists of the accompanist's score and addi-
tional expressive data which are not written in the
score (for example, tempo perturbation, variance of
loudness, pedal information etc.) and is given to the
system before the performance. The plan, therefore,
enables the system to play more expressively and in-
dependently from the soloist.

3.2 The Independence Rate

“The independence rate” is defined as a weight
corresponding to how independently the system
should perform from the soloist. It is a func-
tion defined over metrical time (the virtual time
represented within the musical score, measured in
“beats”), its value ranging from 0 to 100, inclusive.
When the indcpendence rate is high, the system
should perform independently of the roloist. On the
other hand, when the independence ratc is low, the
system should adjust its tempo to the soloist.
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The independence rate is decided by the following
ruiles and is given to the system before the perfor-
mance:

o It is low when the soloist performs the melody.

o It is high when the accompaniment system performs
the mclody.

e It is 100 when the soloist is in a long pause (more
than 1 measure in our system).

o It is 0 when the accompaniment system should match
its timing to that of the soloist.

o It becomes slightly highcr when the accompaniment
system plays shorter notes than the soloist (e.g.
when the soloist plays quarter notes while the accom-
paniment system plays continuing sixtecnth notes).
This is because if the accompaniment system changes
its tempo to that of the soloist, the ensemble sounds
unnatural and distorted at times.

3.3 The Time of the Ensemble

The “Time of the Ensemble” is the average of the
times of performance of the soloist and the system,
weighted by the independence rate. The time of the
soloist's and the system’s performance is defined in
real time represented by the clock within the com-
puter (measured in “seconds”).

At metrical time s, the time of the soloist's perfor-
mance at s is taken as £,,10; the time of the system's
performance at s is taken as ¢scco; and the indepen-
dence rate at s is taken as Indep. We define the
time of the ensemble at s as:

Inde 100 — Inde
tenumble = ?T.Op acco _IT—p‘aolo (1)

Therefore, when the independence rate is high,
the time of the ensemble approaches the time of the
system’s performance at s; conversely, when the in-
dependence rate is low, the time approaches the time
of the soloist’s performance at s.

3.4 Correcting the Tempo of the System

Using these three techniques (the performance
plan, the independence rate, and the time of the
ensemble), the system is able to correct its tempo
to follow the soloist using the following method.

metrical time
[beat]

S4tf=--

100 - Indep : Indep

At the nex! beat s+1,
sysiem will be here,

system's plan of
the performance

next tempo of
the system

predicted tempo
of the sololst

tensemble(S+1)

.....

At s, system
Is here.

: H H real time [sec)
tacco(S) tacco(S+1) tsolo{S+1)
Figure 1: Correcting the tempo

Now, at metrical time s, the accompaniment sys-
tem is at real time t4cco(s) (See Figure.1). In order
to continue the accompaniment, the system has to
calculate the time it will play the next beat at 541,
tensemble (8 + 1) representing that time.

The time of the system's performance at s + 1,
tacco(s+1), is calculated below using the time of the
system's performance at 8, tscco(8), and the tempo
of the performance plan at 8, Vj1an(8).

taceo(s +1) = t"c“(") + V"ﬂl;l(a) (2)
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The time of the soloist's performance at s + 1,
tsolo(8+ 1), is predicted from the history of the per-
formance of the soloist in the past few heats (1 mea-
sure in our system).

Using taceo(s + 1) and t,010(s + 1), the time of
the ensemble at s 4 1, tonsemble(s + 1) is calculated
below.

tgnum”c(s + 1) =
hldzzsl!t‘cco(’,i_ 1)+ %ﬂ:lt.alo(a'*_l) (8)

100

The tempo of the system is recalculated as

Vaceo(s), shown below.
1
tensemble(8 + 1) = taceo(s) (4)

If it happens in (4) that tensemble(8+1) < tacco($)
and the tempo calculated the above cxpression re-
sults in a negative value, the system waits until the
soloist catches up to the system’s performance.

If the independence rate is 100, (3) results in the
system performing independently of the soloist, ac-
cording to its own performance plan.

As an exception to equation (3), if the indepen-
dence rate is 0 at metrical time s (when the accom-
paniment system needs to match its timing to that of
the soloist), the system will perform the note at s di-
rectly after the performance of the soloist’s note at s
(with perhaps a few milliseconds in between). When
the system's performance lags behind the soloist's,
the system’s metrical time jumps ahecad to s; when
it is ahead, it holds off playing the note at s until
the soloist catches up.

4 Evaluation
Because there is almost never a universal and ob-

jective method for evaluating the artistic merit of
music by computational means alone, we have opted
for a listening experiment involving human subjects
to evaluate the output performance of our system.
As most researchers in the past evaluated their own
system by themselves without conducting listening
experiments, their results may not have included the
opinions and assessments by others, not to mention
their evaluation may have been influenced by some
subjectivity on their part. Our listening experiment
enabled us to compare our system to both a hu-
man accompanist and a system based upon past re-
searches.

4.1 Listening Experiment

4.1.1 Method

Materials
A tape was prepared consisting of threc record-

ings of an ensemble of a human soloist accompanied

by the following three types of accompaniment. The
soloist in all three recordings was a professional pi-
anist.

Acco.1 A human accompanist: A student of music.

Acco.2 An accompaniment system based upon past
researches: A system which always adjusts its
tempo quickly to the soloist’s tempo.

Acco.3 Our new accompaniment system: A system
which changes the system's independence dynam-
ically from the soloist according to the musical
situation.

Vacco(’) =
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The only difference between Acco.2 and Acco.3
was thie method of correcting its tempo to follow the
soloist: the variance of loudness through the score
was kept the same for both systems.

The musical picce used in this experiment was
the beginning 40 measures (about 2 minutes) of the
first movement of “Sonata for Violin and Piano” by
César Franck.

Procedure

The subjects were given the following list of eval-
uation items before listening to any of the record-
ings. They were then informed that they could listen
to the recordings repeatedly as many times as they
neceded to make the evaluation, however they had
to listen to all three recordings again and could not

listen to any one specific performance. Each perfor--

mance was then presented at a comfortable level to
the subjects by means of a loudspeaker.

The subjects were asked to rank order the
thrce performances in the following evaluation
itcms.

Q1. How smoothly does the accompaniment follow the
soloist?

Q2. How closcly matched is the accompaniment to the
soloist’s timing?

Q3. How expressively does the accompaniment perform?
Q4. How accomplished on the whole is the ensemble per-
formance?

Subjects

36 undergraduate and gradunated students belong-
ing to the orchestra of Tokyo Institute of Technology
participated in the experiment. They were divided
into G groups, each group assigned one combination
out of all 6 possible combinations of the three types
of performances. After the experiment, each subject
completed a short questionnaire asking him/her to
describe his/her musical experience and ensemble
expericnce. The level of musical experience of the
subjects ranged from 1 to 20 years, and their ensem-
ble experience ranged from 1 to 14 years. 14 out of
the 36 subjects (39%) turned out to have heard this
picce before.

4.1.2 Results and Discussion

Table.l shows a part of the overall results of the
ratings, showing the number of subjects who ranked
each of the performances as the best for cach eval-
uation item (Q1 through Q4). The Friedman test
was used to reveal any significant differences for all
three performances, and the binomial test was used
to reveal any significant differences between any two
performances. Table.2 presents the results of those
tests.

For Q2 and Q4, our system was evaluated better
than the system simulating past researches (z = 2.5,
p < .01), and for Q1 and Q3 our system showed a
tendency to be evaluated better (z = 1.5, p < .1).
Our system was evaluated for Q1 and Q4 as per-
forming as well as the human accompanist. To our
surprise, for Q3, our system showed a tendency to
be evaluated slightly better than the human accom-
panist {(z = 1.5, p < .1).

We believe that from the evaluations prescented
above. we can conchude that the performance plan
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made the system’s performance more expressive,
and our method of correcting the tempo of the ac-
companiment system using the independence rate
and the time of the ensemble made the system’s
performance very similar to that of a human accom-
panist.

Table 1: The results of the ratings

[Acco [ 1 2 3 JAcco[ T 2 3]
1 15 8 13 3 9 11 16
2 120 6 10 4 [15 5 16

Table 2: The results of the tests

Q1. How smoothly does the accompaniment follow the

soloiat?

S =417 Acco.l > Acco.2 =15 p<.l
df =2 Acco.l = Accod = -0.17
p<.2 Acco.2 < Acco3 =15 p<.l

Q2. How closcly matched is the accompaniment to the

soloist's timing?

5 =12.006 [[ Acco.l » Acco2 =25 p<.01
df =2 Accoll >  Accod =15 p<.l
p<.01 Acco.2 & Acco3 =25 p<.0l

Q3. How expressively does the accompaniment perform?

S =4.22 Acco.l 2 Acco?2 =0.17
df =2 Acco.l < Accod =15 p<.l
p<.2 Acco.2 < Accod =15 p<.l

Q4. How accomplislied on the whole is the ensemble

performance?

§=939 || Acco.l » Acco2 =22 p< .05
df =2 Acco.l = Accod z=-0.17
p<.01 Acco.2 & Accod =25 p<.0l

Note — The left side of this table shows the result according
to Friedman test. The right side of this table shows the result
according to the binomial test. The value at the right of ‘p <'
shows the level of significance.

5 Conclusion

In order to make a natural-sounding ensemble, we
allow our system to change its independence dynam-
ically from the soloist according to the musical situa-
tion. We introduce three néw techniques into our ac-
companiment system: “the performance plan,” “the
independence rate,” “the time of the ensemble.”

In order to cvaluate the system, we carried out a
listening experiment of the ensemble of the human
soloist and three accompaniment systems (a human
accompanist, a system based upon past rescarches,
and our new system). The results show that our
system sounds better than past researches, and that
it even sounds as good as a human accompanist.

We feel we improved the performance of the ac-
companiment system introducing the independence
of the accompanist. The results of the listening ex-
periment gave suggestions that our accompaniment
system was able to perform at a level very close to
that of a human accompanist.
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