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ABSTRACT 2 AUTOMATIC FINGERING SYSTEM
APPLICATION

One of the most important aspects in playing the pisno
using the appropriate fingers to facilitate movem®m™ The AFS takes a quantized MIDI file as input and out-
transitions. The fingering arrangement depends ta-a Ceyuts a text file specifying a possible fingering fockea
tain extent on the size of the musician’s hand. Wee ha\hote in the piece_ The System selects the 0pt|mumrf.|ng
developed an automatic fingering system that, given jgg by minimizing the costs associated with chordsan
sequence of pitches, suggests which fingers should Bgns and hand stretches. The minimization is imple-
used. The output can be personalized to agree héh tmented via a dynamic programming approach based on
limitations of the user’s hand. We also consider this Sy$epresenting the possib|e fingerings of the piece as a
tem to be the base of a more complex future systemigllis graph. A trellis graph is a multilayer diredte
score reduction System that will reduce OrChestraescoracycﬁc graph where nodes are On|y connected between

to piano scores. This paper describes: adjacent layers.
* “Vertical cost” model: the stretch induced by a We selected Java 1.4 as the main programming lan-
given hand position. guage for the fingering system. Musical input is ia th

* “Horizontal cost” model: transition between format of quantized MIDI files.
two hand positions.

« A system that computes low-cost fingering for 4.1 The Costs
given piece of music.

¢ A machine learning technique used to learn thd.1.1 Vertical Cost

appropriate parameters in the models. . .
pprop P The vertical cost corresponds to the stretch indiged

given hand position, where the value of the costrds p
portional to the difficulty of the stretch. The systele-
fines every vertical position in time — when a nevcipi

is added or deleted — as the combination of pitchass th
1 PROBLEM DOMAIN are “live” at that instant.

Our goal is to solve basic but fundamental problems in

piano fingering and then to expand our system to Iban?%%h; \ N |
more complex examples. The work in progress tak — o ;‘ 'D#i ! 2

Keywords: fingering, piano, trellis graph, personaliza-
tion, horizontal cost, vertical cost.

into account the following musical parameters thigcf —© —  ii—t— E m |'" E r
fingering:
: g!tchles perform((jed rk])y ;[jhe right hand Figure 1. Excerpt from AufschwungRhantasi-
Ingle notes and chords estuck op.12) by Schumann
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Figure 2. Vertical analysis of the same excerpt

The example above (Figure 1) demonstrates this

Permission to make digital or hard copafsall or part of thi “vertical’ concept. The first note, F, is still livehen G,

work for personal or classroom use is granted withee pro- d | d A ik
vided that copies are not made or distributed fofipor com- C @nd D are played, as one can see in Figure 2. Like-

mercial advatage and that copies bear this notice and th ~ Wise, E is still ”VG_ when G is p|aY?d- The System will
citation on the first page. determine the vertical cost depending on the posidfon

) ) the hand at each time slice. In this case the chords in
© 2005 Queen Mary, University of London volvedare F—~FG-FC—-FD-E-EG.



The vertical cost of a chord is the sum of the costs of
the stretches between adjacent pairs of fingers in the Cost of Sretch Between Fingers 2and 5
chord. There can be between 0 and 4 pairs of finige 1
a chord (from a single note to a chord where alffitie 10
gers are involved). The cost of a pair of fingesyplg o \ e
two notes is determined by 1) which two fingers are i N /
involved and 2) the distance between the two notes be g 6 /
ing played by these fingers. That is, for a fingereord : AN /
fc, costC over pairsP,, P,, P,, P, is given by: o \ e /
4 123 456 7 8 91011121314 15
C( fC) = ZC(R) Distencein Helf-Steps
i=1
where any of the individual terms may be 0 if ngplap Figure4

cable.

4.2 Cost Parameter Initialization

4.1.2 Horizontal Cost
For each pair of fingers, a cost function is defitleat

While the vertical cost only considers a single chard a describes the difficulty of stretching that pair aiders
time, the horizontal cost function accounts for $itans  to span different distances. Each function is initedizo
between two successive chords. For example, in Figutee same general shape as the example in Figure 4,
3 the transition between fingers 2,4 and 3,5 is ééf®st which represents all possible costs of stretches involving
because moving from finger 2 on E to finger 3 orsF ifingers 2 and 5. The x-axis of the function is theatise
easy, as is the transition between fingers 4 and 5 @omin half steps between the notes played by these two fin

to A). Therefore, the cost will be low. gers. The y-axis ranges between 0 (lowest cost) and 10
3 H (highest cost). Distances greater than 15 half steps are
H ! defined to have a cost of 10.
{es Each function always has this general shape, al-
o though three of the inflection points (at distanced,3,

and 9 in the figure) depend on the particular péiin-

gers under consideration. These inflection points are

determined by asking the user a series of questions to
The horizontal cost is defined to be the average trarfalibrate the system In this example, the user has-spec

sition cost taking into account all pairs of notesgist- ~ fied the following information:

ing of one note from each chord. In the examplevabo

Figure3

the horizontal cost equals (HCost®) + * The smallest interval that is easily playable by

HCost(C>A) + HCost(E>F) + HCost(E>A) + fingers 2 and 5 is 4 half steps.

HCost(G>F) + HCost(G>A)) / 6. * The comfort zone lies between 4 and 7 half
We determine the horizontal costs with a similar steps.

method as for the vertical costs. The situation is simple ¢ The difficulty continually increases between 7

when fingers are in ascending order when we are play- and 11 half steps.

ing notes from lower to higher pitch or descendindgor e After 11 half steps the stretch is nearly impossi-

in the opposite direction. In this case the cost isuea ble.

lated as if the two notes were played simultaneously
using the vertical cost function. Otherwise, a crossove After initialization, machine-learning techniques{d
has occurred and different costs are involved. Wa-partscribed in a later section) are used to refine tharpar

tion the crossover situation into two categories: ters of the cost functions.
1-  Crossovers with the first finger being the
thumb 4.3 Dynamic Programming
2-  Crossovers involving all fingers except the . . . _
thumb We can generate a fingering for a new input piesiagu

a dynamic programming approach that minimizes the
sum of the vertical and horizontal costs of all therds

of the piece. The problem consists of choosing thé bes
fingering possible for each note of the piece, whieh
duces to choosing the best sequence of hand positions
among the possible arrangements. Therefore, itis co
veniently solved using a trellis graph and dynamic pro
gramming to find the path with the smallest totaltcos
between the first and last chords of the piece.

Situations in the first category are assigned radftiv
low costs as they are natural for the hand, whileséee
ond category is heavily penalized.



Each layer of the trellis graph contains a set of aode

representing the different possible hand positions (fi
gered chords) at each point in the piece.
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Figure 5. Excerpt from Spinning Song by Albert
Ellmenreich

The trellis graph of the excerpt above will haviey-
ers, each layer corresponding to a played chordir&ig
6 shows part of the fifth and sixth layers of thelisel
graph. The 5 first layers will each contain 10 veuic

representing the possible combinations of two fingers

(1-2, 1-3, 1-4, 1-5, 2-3, 2-4, 2-5, 3-4, 3-5 anB)4The
two last layers will also each contain 10 nodes that co
respond to all possible combinations of three fingérs (
2-3, 1-2-4, 1-2-5, 1-3-4, 1-3-5, 1-4-5, 2-3-4, 5,32-4-

5 and 3-4-5).

Each layer is fully connected to the next layer. i si
gle “start” node is connected to each node in thet fi
layer, with costs simply set to the vertical cost afhea
vertex in the layer. The nodes of the last layelj@ired
to one single “end” node with weights equal to 0.

Figure 6

The cost of transitioning from node in layer | to
node nin layer } in the graph is a sum of :
e The vertical cost for nodg m layer }
The horizontal cost of moving from nodeta
Ng.

The last step is to find the shortest path between the

“start” node and the “end” node using Dijkstra’s algo-
rithm. The path with the best score (lowest overadt)co
will be chosen as optimal fingering sequence.

3 MACHINE LEARNING OF
PARAMETERS

The fingering chosen by the system for a piece is-com
pletely determined by the shape of the cost functions
defined for each pair of fingers. To improve system pe
formance, we provide training examples consisting of
MIDI files and associated fingering files. The totator

for a fingering generated by the system is calculated
counting the number of notes that receive a differen
finger number than expected. We use an iterative-alg
rithm similar to simulated annealing to adjust thetcos
functions in response to errors. This is a credit assign-
ment problem in that we must indirectly infer whigbe-
cific factors led to an incorrect fingering afteethntire
dynamic programming algorithm produces its output.
Credit assignment is quite difficult in general, sis th
algorithm makes the simplifying assumption that exror
are caused bjocal miscalculations of true cost. To il-
lustrate the algorithm, suppose that the G in the skcon
to-last chord in Figure 5 had been fingered incdlyec
by the system, yielding a chord fingering of 1,3,4 in
stead of 1,2,4. Cost function parameters would oaly b
adjusted for those functions describing the following
local note pairs:

Vertical pairs: pairs involving adjacent notes in
the chord containing the error. In the example,
the costs of the stretches from finger 2 to 4 and
from finger 1 to 2 are candidates for correction
via reduction in cost. Similarly, the costs from
stretches from 1 to 3 and 3 to 4 produced in the
system output are candidates for increase in or-
der to penalize this choice.

Horizontal pairs: pairs involving the note that
was misfingered and the one or two notes closest
to it in the preceding and following chords.
Here, the only pairs involved are transitions be-
tween different fingers on note G.

The algorithm (implementation in-progress) proceesls a
follows:

1. Generate fingerings for the training data.
2. Calculate the total error in the output.
3. For each incorrectly fingered note:

a. lIdentify the pairs of fingers potentially in-
volved in generating the error.

b. Ignore any identified pairs where the dis-
tance between fingers is in the “comfort
zone”.

c. Modify the relevant cost functions slightly

to lower the cost for the pairs involved in
the target fingering. Raise the cost for the
pairs involved in the incorrect generated
fingering.
4. Return to step 1 unless the error is below a
specified threshold or the maximum number of
training epochs has been exceeded
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Figure 7. System output: Excerpt from Chopin’s Etude op. 25,/

determine the horizontal and vertical costs. Likewise
4 RESULTS the machine learning system will use training data to

) ) ) enhance the results by improving the weights assigned
We tried our system on several different music exserptor each specific finger transition.

and the preliminary results were very encouragirtte
fingering output in Figure 6 features very smootimsia ACKNOWLEDGEMENTS

tions. Chords were given appropriate stretches between

fingers, and stepwise passages such as in the first medbe authors would like to express thanks to Prof. ®avi
ure were given realistic fingerings that would nofgnal Leake for his assistance in the machine learning con-
be used by a pianist. However, a surprising fingeringepts.

occurs in measures 3-4 on the A-C-F and Bb-C-E

chords. Here, the choice of 1-3-5 and 2-3-4 occurred REFERENCES
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We can see similar situations in the second excer
(Figure 7), where the horizontal and vertical wesglre
out-of-balance. To improve system output we are cur-
rently refining the shape of the cost functions used to

%] Sayegh, S. “Fingering for String Instruments with th
Optimal Path ParadigmComputer Music Journal.
Vol. 13, No. 3, Fall 1989, MIT.



