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Abstract Siring players have long known that the hard part of playing their instrument is getting the
bowing right. In particular, a bowing must be worked out very carefully if it is to tell them what part of
the bow to use for each note. Such derailed knowledge is requived if the performer is to practice properly.

This paper describes an experiment in calculating the direction and proporiion af bow used for each note
in the first and second movements of the first violin solo part of Bach's double violin concerto. The
program reports when the player has proposed an unworkable bowing. The player then fixes the problem

and the program continues. We also disenss partial automation of the entire task as future work,

1. Introduction

It has long been suid that string instruments such as the violin are hard to play at all, and very hard to
play well. There are several reasons for this. Each hand is responsible for linding positions that are learned
as the musician practices. In general, the left hand selects the pitch to be played and the right determines
the sound of the note (although the left hand contributes vibrato and the right also selects the string o be
stopped). Once the musician has learned to hear pitches accurately, it is easy fo tell if the left hand is
performing adequately. If it isn’1, there are clever things one can do, like shifting the whale hand to the
new position, then placing the finger, or making sure that shifts are done on half steps as much as
possible.

However, the right hand is a real challenge. Players with perfect pitch get substantial help with their left
hands because they can orient themselves rapidly. But becoming good at bowing requires that the player
think very carefully about the nature of 2 good sound and the kind of bowing that entails. After working
hard to mentally articulate the motions to be used when playing a piece at speed, the musician must
practice 50 that these are the motions used in performance. Generally, they are found by trial and error;
very often by the teacher rather than the student. There is no common terminology for the portion of bow
used, other than the tip and the frog (the heaviest part of the bow). The musician may move the bow in
one of two directions: 1owards the tip, whick is called an upbow (<}, and towards the frog, which is called
a downbow (1) A bowing is a sequence of annotations indicating the direction in which the bow is
expected 1o move as the marked passage is played.

The question of why there is hittle terminology is interesting. There are lots of words that describe various
attucks, such us martele, or spicearo, and books on string playing give advice on how to perform these
strokes, However, bowings only include annotations that indicate the direction in which the bow is to be
maoved; the string player must either recall where each stroke begins and ends or invent notation o
preserve this information. The results of our experiments are preserved implicitly in the bowings we use.
Al of the hard won experience needed to develop a sequence of strokes that express a picce well is
encapsulated laconically in the notation we use. We suspect many musicians forget where they should be
on the bow at any one point because they don't have help in remembering. This may be damaging to
professional players, because it can eventually become their duty 1o decide upon the bowings used by their
section in a professional orchestra, In any case, they are reguired to be able to follow the bowings given
hy their section head, and 10 adjust to new bowings during rehearsals and performance. As soloists, they
will often wish to create their own approach to their repertoire, which requires that they explore a large
variety of bowings.




I.1 Previous work

Much work has been done on modeling the behaviour of the violin and bow [Schelleng 1973], and some
measurements have been made of two professional violinists [ Askenfelt 1989] as they played. Askenfelt
concluded that the bow-bridge distance was of more importance than bow velocity, and that a high bow
velocity soon becomes uncomfortable, Hall was taught (and confirmed this by evaluation) that the single
most useful thing a string player can do is 1o learn how to use more bow. It is uncomfortable if the right
arm s not ready for it, but the results are well worth changing the right arm motion. It is obvious that
more bow helps in loud passages; and it also benefits soft sections. As observed by Carl Flesch [Flesch
1939, p. 93], ‘Diminished bow expenditure is a comfortable, yet in general an inferior means of securing
alesser degree of tone power because the carrying power of the tone is noticeably diminished thereby”. At
the very least, it is important o be conscious of the bow position so that a reasoned choice can be made,
Previous work in this direction has been very encouraging. Shinichi Suzuki taught children w play by
using tape to mark both the fingerboard and how, so thal they would concentrate their efforts on using the
middle, the portion of bow that could be mastered quickly without much effart. Later, they were taught
less systematically to use the tip and frog. And there have been o number of well-known teachers, such as
Dorothy 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 the first work we are aware of that has
used the resources of a computer 1o help the player handle the substantial work involved. We hope to
develop a rram that will make the 1ask ol exploring a variety of potential bowing strategies much
easier, thus allowing the player to become more experienced aml successful at exploiting the bow,
Eventually, this will result in an improved sound as the player is freed o eval rather than calculate.

This paper describes an experiment in providing that help. We took the first two movements of the first
solo part for Bach’s double violin concerto, which had partial bowing information indicated by the editor,
and simulated the size of cach stroke as the piece was played. The initial goal was to determine whether
the bowings provided were practical, or whether the unwary sightreader would be forced (o rewrite some of
them, thus rejecting the bowing pravided.

Our goal was o inform the musician when a bowing was rejected, and to cateporise each stroke according
1o its ending position. We then added a function that detected when successive measures started with an
upbow, and another which notilied the player if a bowing proposed by the player required the bow o be in
a place far from the position calculated by the simulation. We also produced 2 *movie', which would
represent the view the performer might get when looking into a mirror while playing (a very useful thing
o do in learning how o use the bow).

2. The algorithm

The basic ideas are simple. First, we propagate global and local information 1o each note. For example, a
sequence of notes may appear in a section marked ‘piano’, so we ensure that each note in that section is
marked with a p. A bowing may be indicated, so we propagate the effect of that bowing to all of the notes
after that mark, until the next bowing is indicated. The result of these passes is that each note now

contains information about the context in which it appears to the musician at the time the music is being
played.

Then, we calculate the amount of bow 10 be used on cach note. The bow is represented as a fraction
between 0 and 1. As the bow moves towards the tip on a downbow, its value shrinks; as the bow moves

towards the frog on an upbow, its value increases. If the bow position ¢ver becomes negative or greater
than |, then the bowing used is impractical.

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

One of the advantages of this simulation is that its calculations demand the use of lots of bow, but there
is no reason that it can’t be modified to take advantage ol other information, such as distance from the
bridge and weight.

For the sake of simplicity, we assume that traditional time signatures are used by the pieces we analyse.
We assign a beat a set proportion of the bow, called the beat's unitLength; this is the fraction of
the bow's length consumed by a note whose direction is one unit of the time signature. The simulation
adds the duration of the note sequence being played to the bow position if the player is on an upbow, and
subtracts it if the player is on a downbow. Dynamics are also [ractions. A “piana’ is a fraction of the 1.0
allocated to a ‘mezzo piano’ or ‘mezzo forte’ (for simplicity, we will think of these as being the same}.
The value allocated 1o “forte” is more than 1.0. To take account of dynamics, we weight the bow length
consumed by a note by multiplying it by the factor given by the dynamics. The fact that 1.0 is allocated
to the ‘mezzo’ value means that the average note is expected 1o be this loud (it has nothing to do with the
representation of the bow varying from O 1o [).

We want 10 be able to define a speed at which the simulation takes place. One of the inputs to the
simulation is a metronome speed which is divided into 60. Again, 1o take bow speed into account, we
multiply it by the bow length for a given note. If the metronome speed is slower than 60, then the
duration of the note(s) played will be longer, simulating a slower speed.

3. The implementation language, Haskell

The simulation was written in Haskell, o pure functional language that supports the required symbolic
ide some details about the implementation so thal our algorithin is as

proc -
clear as possible.

ng very nicely. We prov

3.1 Values in Haskell

A value may have a ground type, such as integer or Boolean, or it may be a constructor. The function (2}
is o list constructor; we may write the list containing 1, 2, and 3 a5 1:2:3: [1. Often it is easier 0
read the syntax [1,2, 3], which stands for the same thing.

1.2 Type definitions

A type in Haskell can be defined in two ways, A variant record type is defined using the syntax:

data typename = cony t1 tz ... tx1
| eon1 t1 £tz ... tkz |...
| conmy t1 t2 ... tkmnm

where typename is the name of the type, £4 a type variable, and con a constructor. For example,

ell. a type that represents a list of integers could be written as
data IntList = NilInt | ConsInt Int IntList
It is also possible to give types names. For example,
type IntPairList = [(Int, Int)]
gives the name IntPairbList toa list type where all of the clements are pairs of integers.

3.3 Function definitions

In Haskell, a function definition is written as a function name, followed by a series of formal parameters,




followed by @i = sign, and finally the function body. For example, the function

selectSecond a b = b
returns the second of its two arguments.
3.4 Patterns

A formal parameter may be a constructor applicd to one or more component formal parameters. For
example, the function

fst (a,b) = a

selects the Tfirst component of its Tormal parameter, which is a wple. Some types have several
constructors, and a value of this type is an application of one of them, Functions are writlen so that they
can handle any possibility by giving a function body for each constructor. For example, we would write
the function not as

not True = False
not False = True

Al runtime

such line is matched from wop o bottom and lelt o right. Variables act as “wild cards’,

matching any constructor application. We could also have written this function using a ease function:

not x = case x of
True -> Falae
False -»> True

The case function evaluates its argument, selects the firse alternative that matches the argument’s
vilue, and returns the value that appears after the corresponding arrow.

3.5 Type signatures

Functions are annotated with their types; these are called ‘type sipnatures’. For example, £at is given
the type signature £8t r: (a,b) -> ming that the argument of £at is a pair of values
of unknown type, and the result has the type of the first component. There are as many arrows as there are
arguments in the function definition. For example, the type of not is Bool -> Bool.

4. The implementation

We used a very simple model 1o deseribe music, which will be developed further in later work.

4.1 Types and constants

We defined the bow position, metronome time, location within the music, and note duration as fractions
(in Haskell, this is a Ratio Integer). Notes that are bowed wogether (e.g. slurred notes) are given

separate durations that are collected in a list. Thus each element of the music stream is either a note
sequence or a rest sequence, represented by the following type:

type NoteOrRestSeq = ([Duration], NoteOrRestSegType)

data HNoteOrRestSeqgType
= Rest | Note Bowing Dynamics Context

A bowing could be an up bow. down bow. or a continuation of the bowing already established by an

annoation of an earlier noie:
data Bowing = Up | Dn | C

The dynamics for a given note could be piano, mexzo (forte, piano), or forte; it could also be the
dynamics established hy a previous noic.

data Dynamics = P | M | F | Cont
The context of a note sequence is the bowing information inserted by the player. The simulation
calculates a conlext for every note sequence from this information. The possible bow positions are the
tip, middle and frog. It is also convenient for the player to be able o lengthen or shorten notes in order o

make some otherwise infeasible howings work out:

data Context = Tip | Mid | Frog | Long | Short

‘The type of the music input o the program i5 it list of note or rest sequences:

type Music = [NoteOrRestSeq]
The simulation keeps track of the how position, the movie and various global values that depend upon

the music being analysed, as well as a count of the number of consecutive bars that have started on an
upbow (onBeat). This is done in a large wple dala structure called a “state’:

type State = (OnBeat, Time, Time,
Location, BowPosg, Movie)

Another global is the unitLength value, which does not appear within the stake structure.

The simulation returns one of Tour possible constructors, cach of which describes a possible scenario. The
rulation may have processed all of the music successfully (OKSoFax); it may have discovered that
the howing doesn’t work (DisastexAt); it may have counted o many bars in succession which
start with an upbow (UpBowOnDownBeat), or it may have discovered that the user has an
unrealistic annotation which cannot be used in the contexr derived by the simulation
(BowPositionCannotAdjust):

data MaybeBowing
= OKSoFar State
| DisasterAt Locatien State
| UpBowOnDownBeat Location OnBeat State
I BowPositionCannotAdjust Location
BowPos NoteOrRestSeqType State

4.2 Functions
Three functions perform the main work of the simulation. The first processes the music, returning if a
sequence's annotations plus the current state cause a problem that must be reported without continuing

through the rest of the music:

measureBow :: Musle -»> State -> MaybeBowing

measureBow [] state = OKSoFar state
measureBow (noteseq:notesege) state
= case (nextSeqg noteseqg state) of

OKSoFar state’ -> measureBow notesegs state’
otherResult -> otherResult



Th= second function. next Seq. calculates the new state that results for a given note or rest
representation and the previous state. It calls checkDownOnBeat to determine whether there is an
uphow on a downbeat, calculates the duration of the given note or notes, uses this value to calculate the
location within the music and creates the next frame of the movie:

nextSeg :: MNoteOrRestSegRep -> State -> MaybeBowing
nextSeqg (durations, {Note direction dynamic context))
({onBeat, metro, inABar, location,
bowPosa, movie)

= let onBeat’' = checkDownOnBeat onBeat
direction location
duration’ = foldr (+) 0 durations
location’ = (duration’ / inABar) + location
movie® = ...
bowPos ' = nextBow bowPos context

direction metro
duration” dynamic
state’ = (onBeat’, metro, inABar,
location’, ©bowPos’, movie')
in
if bowPosFarAway context bowFPos
then BowPositlonCannotAdijust location’
bowPoa
note state’
else 1f bowPos' > 1 || bowPos' < 0
then DisasterAt location’ atate’
@lse if onBeat’ > 2
then UpBowOnDownBeat location’ onBaak ” state’
else OKSoFar atate’
nextSeq {durations, Reat) (onBeat, maetLro, inABar,
location, bowPoa, movie)
= OKSoFar (onBeat, metro, inABar,
((foldr (+) 0 durations) / inABar)
+ location, 5/10, movie)

The nextBow function calculates the new bow position. If the context of the note requires that note 1o
start from a given portion of the bow, then it starts with that position. Otherwise, it uses the formula
outlined in section 2, adding or subtracting the appropriate value if the context is Long or Short:

naxtBow :: BowPosa -> Context -> Bowing
-> Time -> Duration -> Dynamics -> BowPos
nextBow bowPos context direction time duration dynamic
= if (elem context [Tip., Mid, Frogl)
then nextBow (translateConToBow context)
Ct direction time duration dynamic

else
let len = wunitLength * (60 / time) * duration
* translateDynamics dynamic
more = if (context == Long)
then 1/10

else if (context == Short)
then -1/10 else 0
in case direction of
Up -> bowPos + len + more

Dn -> bowPos - len - more
5. Results of the experiment

When working out bowings, it is casy to focus on the potential disasters first, then see what can be done
10 improve the picce overall. We found that interacting with the program produced the same general
hehaviour, However, it was useful to have so much help with the problem of calculating the implications
of our bowing annotations. After carefully working out the disasters, we could then make as many passes
as were needed (o remove smaller problems, such as working too much at the frag or tip. We include a
half page each of the first and second movements of the Bach double violin concerto, annotated with our
contexts and bowings, and with the results calculated by the program. giving the position at the end of
each how stroke. They are by na means optimal, but they are an improvement on the original bowings
implied hy the edition we used.

Ttis unlikely that these annotations would have been found as quickly by practicing normally. The reason
is that it is difficult 1o create new bowings which use as much bow as possible, if’ you are not already
used 1o doing so. A string player has only habit to help in playing through the new annotations {which is
required 1o work out further annotations), and it is difficult 1o be aware of all of the small adjustments
subconsciously made to get around discomfort in moving from the middle to the frog, etc.

6. Future work

As will be clear from our second example, composers sometimes like W write music that can’t be howed
using a single sirategy. Bach was likely aware of the constraints placed on the soloist in the introduction
of this new subject {example 2,bar 17) and wanted the notes to sound as they do, the first held as long as
possible with an intense core to the sound as the bow comes inta the bridge to adjust for the lack of bow,
and the second moved lightly over the middle of the strings, somewhat closer to the fingerboard. For this
reason, as well as the fact that players use the distance from the bridge to vary dynamics, we plan to add a
new dimension that models the distance from the bridge, again dividing it into three zones.

It should be possible to specify a set of sequences which are consulted by the program and used o
Mmprove various standard bowing patterns. The reason that we did not iy this so far is that it is difficult
to work out when the music really does have one of these patterns and nothing else need be taken into
consideration. In example 1, bar 22, there are four eighth nofes that cannot easily be played starting
uphow beeause they are on strings that have an intervening string between them. Knowledge of this kind
would have 1o be abstracted from the music, and, ideally, embedded within MIDI or something similar
using annotations.

An attractive possibility is that of using these annotations 10 drive a physical modeling or sample
playback synthesizer so that it produces a more realistic string sound. This would allow us Lo use an
infinite bow o get around many bowing constraints, making the results more true o the music. It seems
unlikely that this can be accomplished completely without the interactive help of a human being, but we
have not yet wied 10 automate this process and undoubtedly much can be done without human aid.
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