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Abstract

String players know that bowing properly is the hardesi skill they
have to learn. In particular, a piece of music must be analysed very
carefully if it is to Lell them what part of the bow to mse for each
nole. Such detailed knowledge is required if the player is to practice
properly. This paper describes an algorithm thal caleulates the length
and lneation of each bow stroke, given minimal guidance by the player.
The algorithm hag been tested on six substantial pieces of music, and
seemed Lo work well in practice.

1 Introduction

String instruments such as the violin are hard to play at all, and very
hard Lo play well. In general, the lefl, hand selecls the pitch to be
played and the right hand contributes the sound of the note. Onee
the musician has learned Lo place the lefl hand fingers properly, it is
easy to tell if the left hand is performing adequately. 11 it isn't. there
are some straightlorward things Lo practice, such as a clean shift from
one position Lo another.

The right hand is much harder to control. Becoming good at bow-
ing requires that the player think very carcfully about the nature of
# good sound and the particnlar movements Lhat achieve thai sound.
After working hard 1o mentally articulate the motions to be used when
playing at speed, the string player musl practice so that these are used
churing performance. The problem is that there is virtually no way to
dencte Lhese motions, which makes it hard Lo communicate them to
others. Often a student will return home after a lesson in which the
music being studied has been marked up with upbow (<) and down-
bow ([) markings describing the direction of the bow, but without




any way of recalling the interesting part of the lesson, which is how
the teacher maved the bow.

A howing is a sequence ol symbols indicating movement away from
the tip (an upbow) or away from Lhe frog (a downbow). Tt cannot do
more than represent changes in bow direction. T4 is up to the player to
iry out a variely of bowings, and experiment with various strokes. All
of the hard won experience needed to develop a sequence of strokes
that. express a piece well is apsulated so laconically in the available
notation that it is hard to believe musicians do not forget much of
what they achieve during practice. In fact, we suspect thal many
players do nol. consciously decide upon the strokes Lhey use; they just,
hope that practice will solve the problem somehow.

The fact thal bowing decisions are poorly articulated mentally
means that both performers and students develop their howing tech-
nique slowly. The student is usually unaware of the variety of choices
available, and tends to develop restrictive habits Lhat make expressive
playing difficult. In particular, it is hard Lo move smoothly belween
the tip and the frog, as most people have trouble integrating the hand,
wrist and arm movements that make up a ‘good bow arm®. Carl Flesch
observes [2], p. 93, that ‘Diminished bow expenditure is a comfort-
able, yel in general an inferior means of securing a lesser degree of Lone
power hecause the carrying power of the Lone is noticeably diminished
thereby’.  As the student progresses, he or she will encounter more
eneouragement to use as much bow as possible, since that produce
loud smooth sound that carries well in today’s concert halls.

Professional players are required to be able to follow the bowings
siven their section heads in orchestras, and may even have to adjust
to Lhese bowings in real time, Some music editions are unreliable,
and musicians sightreading from Lhem must learn 1o look ahead and
protect themselves. Tor example, the edition we used for the Bach
double violin concerto in D minor had a bowing for the solo first
violin part that simply ran out of bow on Lhe second line. These days,
musicians have something like one rehearsal before performing, and
need as much help as they can get from the editers of the music they
read. And soloists will often wish to create their own approach to
their repertoire, which requires thal Lhey explore a large variety of
bowings. So professional string players must learn to be in the habit
of analysing.

There are some very successful schools of string teaching that bring
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as much thought and planning to bear upon this problem as they do
on understanding the components of a piece of music. The goal of the
BowTech project is to support this worle, so that musicians who aren’t
able to analyse their technique will receive some help.

Tn addition, this work can be applied to af least lwo other areas.
One is that of editing string music, so that musicians can rely on their
editions mueh more than they can afford Lo do today. Another goal is
to process MIDI files so that a programmable synthesizer can produce
sounds that are more like those of a real string instrument.

1.1 Related work

Much work has been done on modelling the behaviour of the violin and
bow [5]. Askenfelt’s work on understanding the bowing strategies of
two professional violinists [1] concluded that the bow bridge distance
was more important than the bow velocity, The conclusion of Hall,
who was trained as a professional violinist, is thal il can be useful Lo
play near the bridge when a shorter bow is required. since thal resulis
in a sound with a well defined "core’ which also carries well, but that
this cannot be the basgis of a bowing technique beeause it requires too
much preparation for the stroke (the bow has o be moved near Lhe
bridge, the speed reduced and Lhe correet timbre has to be established
by the right. hand and arm). And more important, this technigue does
not take advantage of the powerful, free sound that resulls from using
lois of bow al, the midpoint beltween the bridge and the fingerboard.
Tor Lhis reason, our algorithm encourages the use of lots of bow.
There have been a number of well-lenown Lea , such as Dorolhy
DeLay at Juilliard, who have emphasised exercises aimed at making
the player as conscious as possible of the portion of bow to be used.
However, this is the first worle we are aware of that uses the resourees

ol a computer to do so.

2 The previous algorithm

This paper is based in part on our previous work [3], which used
information provided by Lhe musician to calculate whether a bowing
resulted in a disaster (running out of bow ai either the frog or the
tip).




A variety of variables affect the sound produced by the bow. For
example, the distance from the bridge affects the intensity of Lhe
sound, as do the weight or pressure brought to bear by the right;
arm. We have selected the amount of bow used as Lhe only param-
eter which will be simulated. The reason for Lhis is that we have
found this parameter to be critically important in the development of
a string player.

For the sake of simplicity, we assume thal traditional time signa-
tures are used by the pieces we analyse. We also want to be able to
define a speed at which the simulation takes place. One of the algo-
rithm’s inputs is a metronome speed which is divided into 60. 1f the
metronome speed is lower than 60, then the duration of the note(s)
played will be longer, simulating a slower speed. If the metronome
speed is higher, then the duration of the note will be shorter.

The basic ideas are simple. First, we propagate global and local
information to cach note. For example, a sequence of noles may appear
in a section marked *piano’, so each note in that section is marked with
a P. A bowing mark may appear, so we propagate the effect of that
mark until either a rest or a new bowing mark appears. The resull
of these first passes is that ench note now contains information about
the context in which it appears at the time Lhe music is being played.

Then the algorithm processes each note in turn, maintaining sov-
eral variables that deseribe the state of the bow. The most impaortant
of these is the bow pesition, which records the poini. on the bow at
which motion stopped after playing the current note. The length of
the stroke assigned to the current note is a standard length, multi-
plied by several factors. These inchide the note's duration, a factor
deseribing the dynamic and another deseribing the metronome mark-
ing of the music. The resulting value is then added 1o the eurrent bow
position if the bow is an upbow, and subtracted if it is a Jownbow.
The tip of the bow is represented by sero, and the frog by one, so all
bow positions are a fraction between those two boundaries. Tf the bow
position ever crosses these houndaries, then the howing is considered
a ‘disaster’.

The first algorithm [3] simulated the behaviour of the bow in this
way, and stopped when a bowing was rejected. The main defect of
this algorithm was that it did not help the user in dealing with dif-
ficult situations. It couldn’t automatically deal with problems such
as calculating the bow length for a mixture of long and shorl notes.

The program would flag Lhese as disastrous because the long bows
eventually consume the bow available, when the player would perform
these passages by allocating less bow to the long notes and more to
the short ones.

Another significant problem was that the program would get stuck
at either the lrog or the tip after negolialing a complex passage, caus-
ing a long sequence of sixteenth or eighth noles that followed to be
played at one end of the bow. The player would gradually move Lo
the middle of the bow, where Lhe sequence would sound better and be
more under Lhe player's control.

3 The new algorithm

The new algorithm also maintaing and propagates information about
the state of the bow. However, il is designed Lo be independent of the
user. In order to do Lhis, it has to deal with the problems described
above. The new algorithm divides up the music into two kinds of
blocks. The first kind, called a simple bock, is composed of noles with
the same duration; the second kind, a complex block, containg only
notes of mixed durations or very long notes.

Tor simple blocks, the algorithm takes advantage of the fact that
they allow the player to make adjustments in the location of the bow.
Tt makes the upbows longer, il Lhe bow posilion is too close Lo the
tip, and the downbows longer, il the baw position is too close to Lhe
frog. This means that the algorithm can worl ils way out of awkward
positions and move back to the middle of the bow, just as the player
would.

Complex blocks require some care because they are diflicult to bow
properly. The algorithm ariginally handled such a block by backirack-
ing [trying all possibilities). 1T the first pass failed, then the note being
bowed was made shorter, and if that Tailed, then it was made longer.
If all of these failed, then the algorithm backed up Lo the previous
note and tried a new aliernative. Backiracking was elfective at im-
proving the end of a complex bloek, but the solutions found were not.
partienlarly good, and the tagk of assessing the value of a solution was
incompatible with a backtracking algorithm.

The new algorithm caleulates all possible bowings through a com-
plex block, and then applies several lunctions which assess the value




of the bowing from a variely of angles. The three different scoring
funetions, Average, Successive and Extremes, produce a value from
I lo 100, where 100 is the worst and 1 the best, and the composile
score assigned a bowing is the average scores of Lhe three.

Any path which runs ouf, of bow is given 100 without further as-
sessment. The licst funclion, Average, takes the average bow position,
returning a high score if the average is close to the middle of the bow,
and a lower score if il is closer to the tip or frog. While a useful indi-
calor of the value of a bowing, the average may be misleading if there
i a sequence of noles at one end followed by another sequence al, the
other end. Tor this reason, the second alporithm checks for successive
strokes close to either the frog or the Lip. If there are more than 4
strokes at the tip, or more than 2 at the frog, then a lower score is
returned. Finally, bowings that require the bow to be al an extreme
end of the bow make it more likely that the algorithm will run out
of bow somewhere along the line, so the third algorithm assigns Lhese
lower scores.

4 Some details of the algorithm

The algorithm, which was implemented in Ada, has several key com-
ponents, which have been deseribed but will not be explained further
for the sake of simplicity. The core of the algorithm is the nextnote
procedure, which takes a record representing one nole, the position of
the previous note, and returns a result, describing whether this note
canses the algorithm to run out of bow.

Every note has a start state thal tells the algorithm whether the
musician has decided to override the enleulated direction of the bow
(for example, if this nole oceurs afler a rest). The value P_continue
shates thai the direetion of the bow will be delermined by the context,
of the previous note. The function translate pattern converis the
start point, expressed as an enumerated type, into a rational number.

procedure nextnote (this : in out music_unit_type;
old_bowpos : in rational;
result : out result_type) is
old : ratiomal := old_bowpos;
begin
if this.start /= p_continue then
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old := translate_pattern(this.start);
end if;
this.old _bowpos := old;

The length of the current nole’s stroke is caleulated by multiplying
a standard length unitlen times a metronome factor, the duration of
the current note, a dynamics factor and an epsilon value which is
assigned during the analysis of complex blocks and which may shrink
Lhe length of the stroke.

this.len := unitlen #* (60 / metro) * this.duration
¢ translate_dynamics (this.dynamics)
* this.epsilon;

Next, the stroke length is extended if the note oceurs in a simple
block and the old bow posilion is in an awlkward part of the bow.

if this.bowing = up and old < 2/5 and

simple_block(this.block) then

this.len := this.len + 1/20;
elsif this.bowing = dn and old > 3/5 and

simple_block(this.block) then

this.len := this.len + 1/20;
end if;

The stroke lengih is Lhen added to the old bow position if the
stroke is an upbow, and subtracted i it is a downbow.

if this.bowing = up then
this.bowpos := old + thia.len;

elsif this.bowing = dn then
this.bowpos := old - this.len;

else raise nextbow_arror;

end if;

The bow patlern tells Lhe user the position of the bow after the
current note, so this information is recorded for each note.

if this.bowpos >= zero and this.bowpos < 3/10 then
thia.pattern := tip;
elsif this.bowpos >= 3/10 and this.bowpos < 7/10 then
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this.pattern := mid;

elsif this.bowpos >= 7/10 and this.bowpos <= one then
this.pattern := frog;

end if;

Finally, the bow posilion aller playing the current note is exam-
ined, and if the algorithm runs out of bow in either direction, the
resulis is reporied.

if (this.bowpos > one or this.bouwpos < zero) then
result := disaster; else result := ok; end if;
end nextnote;

5 What happened when the algorithm
was applied

We applied the algorithm io six pie the first, second and third
movements of the Bach double violin concerto (solo violin 1), and
three movements from Handel's sonatas for violin and figured bass
{the first movement of the sonata in A major, the third movement of
the sonata in D major, and the fourth moverment of Handel's sonata
in B major). All of these were assigned viable bowings; that is, none
of the bowings run out of bow al some point during Lhe analysis.
Each of these movements had some interesting problems for our
algorithm to address.  The algorithm assigned bowing annolations

without stopping for direclion hy the musician (unlike our previous
work). The musician provided music that was marked with dynamies
and wrote in any slurs required for known technical reasons (e.g. (he
player would run out of bow here olherwise) or musical reasons.

In many eases, the algorithm found a reasonable solution. Tt
marked each nole with the words T(IP), M(ID) or F(ROG), depending
upon the bow position after that nole was played. These markings
appear in the examples page at the end of the paper (excluding M
markings, io reduce clutter). Tn our examples, some notes are marked
$, indicating that the algorithm required the note to have two thirds
of its original caleulated length.

The following edited output from the program shows the bar num-
ber (fractions indicate position of a note within the bar), the old bow

position thal was current for the previous note. the new bow position,
the information provided to the musician, and the Factor used by the
analysis of a complex block to control the length of the stroke. The
final column is the note duration as a fraction of the value receiving
one beal (so .25 is a sixteenth note because the time signature is 4 4).

bar  old_bowpos bowpos pattern epsilon duration

10.44 0.49 0.54 MID 1.00 0.25
10.50 0.54 0.7 TIP 0.67 2.50
11.13 0.17 0.28 TIP 1.00 0.25
11.19 0.28 0.22 TIP 1.00 0.25
11.25 0.22 0.33 MID 1.00 0.25
11.31 0.33 0.27 TIP 1.00 0.26
11.38 0.27 0.38 MID 1.00 0.25
11.44 0.38 0.32 MID 1.00 0.25
11.50 0.32 0.69 MID 0.67 2.60

Here are some of our conclusions after applying the algorithm Lo
our test pieces:

The first movement, of the Bach was relatively straightforwared.
It had lois of blocks of sixteenth or eighth noles which allowed
the algorithm to maintain the desired average bow position (the
middle of the bow). In our example, a note appeared which was
50 long that it had to be handled in one of iwo ways. Either the
bow had Lo be al the frog when it started, or the stroke had to be
shortened. The algorithm shortened ihe duration of thal, stroke.
The notes between the two hall noies were few enough that the
second hall note was reached before the algorithm moved baclk
o the middle of the bow. The precise analysis of part of ihis
example is shown above,

2. The second movement of the Bach concerto was interesting be-
cause it contained a passage (see examples), which could not be
played without shortening the long noles. This was duly discov-
ered by the algorithm,

3. The first movement of the first Handel sonata in A major con-
tained lots of tricky sections including the example, where se-
quences of four or five sirokes were twice separated by longer
notes that moved in the same direction. This was handled well



by the algorithm, but might have been more of a problem if there
had been a longer sequence like this.

4. The third movement of Lhe Handel sonata in D major was chal-
lenging because the Lempo was so slow that long notes tended
to require a whole bow, leaving little margin for adaptation, as
in the example shown. The algorithm shortened these.

5. The fourth movement of the Handel sonata in B major was
straightforward, even for uneven sequences like the one in the
example. Interestingly, the algorithm marked a different passage
Lo be played near the frog, then managed to move away Lo the
middle of the bow. This oceurred just after a long note lefi the
player near the frog, and was the same as Hall's solution while
performing Lhe piece.

fi.

The third movement ol Lhe Bach had one tricky type ol passage,
in which two sets of four sixteenth notes are played, the lasi
three in each slurred together, and then two slurred Criplets.
The algorithm got into dangerous waters at the end of a long
passage of these and marked most strokes in the last bar with
an F because they occurred in a mixture of simple and complex
blocks which foreed the algorithm Lo have a loeal and not a global
view of the situation.

6 Conclusions

Our goal in designing this new algorilhin was twofold. We wanted to
reduce the burden of the user, so thal less intervention was required.
We also are interested in applying this work to other problems such
as editing string music and improving synthesized string playing, e.g.
melding the sound of a note played downbow with the usual synthe-
sized sound.

This worl is useful in that it is progress towards a more sophisti-
cated, mostly automatic system called BowTech. T sometimes (inds
pood solutions, in the sense that a musician can do no better. Tt is
nol a constraint solving system, so it may not do well when Lhe con-
text requires preparation of a stroke by Lhe musician. However, this is
something for a more sophisticated algorithm; we were surprised that
our simple approach could do as well as il did.
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There is a wide variety of futher work that can be done on the
BowTech algorithms.

o We currently do not caleulaie the bow's distance from the bridge
{alihough notes that are marked as short should be played closer
to the bridge).

Bow speed and bow weight (pressure) are also issues that should
be addressed.

More needs Lo be done on propagating as much context, informa-
Lion as possible, so that a simple algorithm can look ahead and
Lake advanlage of it.

* We also would like Lo help the musician find out, which notes must
be slurred in order Lo cseape bowing problems, and distingnish
these from musical shurs. AL present, musicians mix all of these
togelher; we may someday help purists who would like Lo stick
with the original bowing as much as possible.

A movie that visualises Lhe bow slrokes made during a picce
of music would be helpful for as Lhey may be used to
developing their technique using a mirror.

* We may also develop an interface in which the musician can hear
the results of this work, by driving a sample playback synthesizer.
While this wonld tend o make the string sound more realistic,
the individual bowings wounld not usually be audible. However,
il we can calenlate bow articulation, then we can produce music
played in the baroque style, which would be audibly different
from Lhe modern style.

Lots of rhythmic patterns and their usual solution could be in-
corporated into the algorithm.  This would allow the user to
construect a specialised bowing technique that could be explicitly
recalled, developed and tanghi.

e There is an interesting problem in specialising this work to the
cello as opposed to the violin.
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