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Introduction 
To the aims of investigating the automatic music performance, that is in computing gestures and 
controls and in transmitting them to sound synthesis equipment [Roads, 1985], we pursue an approach 
that is cognition-based, and relies on a physical model in order to define a strict relationship between the 
score in input and the sound produced. 
The music performance process involves several representational levels [Moore, 1990], such as 
physical, perceptual, operational, symbolic, structural. Consequently, a performance environment should 
be concerned at least in: 
i) getting a score in input (symbolic level), 
ii) analysing it, like a human performer would do (structural), 
iii) modelling the constraints posed by body-instrument interaction (operational), 
iv) manipulating sound parameters (physical). 
It should be pointed out that passing from the symbolic level to the physical level requires filling a gap: 
while the first one specifies some notes to play, the latter one provides the actual gestures that an 
executor would perform. While there exist some satisfactory solutions at level iv) (e.g. in the case of the 
guitar, the physical model described in [Cuzzucoli & Lombardo, 1999]), levels ii) and iii) are still open 
problems. In general terms, operating at the boundary between operational and physical levels enables to 
simulate gestures and controls of human performer, by investigating the interaction between the 
performer and the instrument, and manipulating sound parameters accordingly. 
In particular, in the present work we focus our attention on a problem present in both structural and 
operational levels, and very relevant for string instruments, namely the problem of fingering. Fingering 
is the process that, given a sequence of notes or chords (set of notes to be played simultaneously), yields 
to assigning to each note one position on the fingerboard and one finger of the left hand. Although it is 
often non-included in music scores, fingering is recognized to significantly affect the technical and 
expressive qualities of a musical performance [Sloboda, 1985], to such an extent that “a significant part 
of music instruction and pedagogy is concerned with assisting the learner to choose fingerings that will 
best achieve an intended performance” [Parncutt et al., 1997]. 
This topic has been addressed both by psychologists and computer scientists: Parncutt et al. [1997] 
propose an ergonomic model for short fragments of keyboard music, that features a two-step control 
strategy: generation of all the possible fingerings and ranking of fingerings through the application of 
preference rules on ergonomic difficulty. On the other side, an algorithmic approach in [Sayegh, 1989] 
proposes a computationally efficient solution, based on a shortest path algorithm, to the fingering 
process in string instruments. 
 
Fingering as a graph search problem 
In our approach we connect the fingering process to a graph search problem by means of heuristics 
expressing a human expert’s knowledge and aiming at computing a feasible fingering. 
It is worth noting that string instruments feature an increased search space in comparison to that of the 
keyboard instruments. In fact on a string instrument, not only each position can be pressed by different 
fingers, but also each note can be found in a number of different positions on the fingerboard. Given the 
particular tuning of the guitar, each note could be accessed at most in four positions by the four 
available fingers: in the worst case we will have a total of sixteen possible fingered positions for a note. 



We claim that cognitive-based and suitable fingerings for string instruments can be achieved by a 
computationally efficient algorithm. Our algorithm might be regarded as a first step in extending 
Sayegh’s approach in a cognitive direction: while the global optimization approach of Sayegh computes 
the optimum (i.e. the easiest) fingering considering the whole piece, we take into account its phrase 
splitting introducing a segmentation principle. Furthermore, both physical constraints coming from the 
instrument, and biomechanical constraints coming from the body parts of the musician interacting with 
the instrument, are taken into account for the purpose of closely estimating difficulties that performers 
might seek to avoid by means of fingering. 
Each phrase is determined by some analyses performed by a human: our prototype first provides a 
fragment with fingering, minimizing the difficulties a performer would face in it, and then loosely 
couples adjoining fragments. 
Such a fragmentation principle was originally concerned with general music cognition [Lerdhal & 
Jackendoff, 1983; Temperley, 2001]. It was conjectured and shown that several structural levels do 
operate in the perception of basic musical structures: among them we borrow the concept of grouping 
structure, first outlined in [Lerdhal & Jackendoff, 1983], for the performance tasks as well. Despite also 
other structural levels were proposed by the authors mentioned above, nonetheless grouping structure 
seems to be strong enough to be used as 
segmentation criterion, steering our algorithm’s 
phrase splitting. 
The prototype takes in input a score, then it extracts 
a note list, that is manually annotated with phrase 
segmentation. 
For each segment the algorithm generates a graph in 
the following way: at first, for each note it adds to 
the graph a node for each possible fingered position, 
labeling it with the triple <string, fret, finger>, and 
linking it to the nodes related to the following note 
(Figure 1). Hence any path on the graph from the 
leftmost nodes to rightmost nodes depicts a 
fingering among all the possible fingerings of the 
current fragment. 
Next, the algorithm assigns a weight to each edge 
by estimating the cost of the transition from a 
fingered position to another. The estimate is based 
on the difficulty of the transition: physical features 
of the instrument and morphology of the hand are 
taken into account. Weights estimating difficulties 
were at first based on [Gilardino, 1975a, 1975b; Heijink & Meulenbroek, 2002] and on a concert 
performer’s experience, and then tuned while testing the algorithm. 
In this setting, the problem of finding a suitable fingering for a fragment of a piece corresponds to the 
problem of finding a shortest path in the graph. The resulting graph is a directed acyclic graph [Cormen 
et al. 1990], and it can be shown that a shortest path can be found in O(n) time, where n is the number of 
notes in the fragment. We accommodate the fingering of two subsequent phrase segments by simply 
setting the last node in the shortest path of the first fragment as the first node of the latter segment. 
 
Conclusion 
This work is part of a main automatic music performance environment, and deals with some of the 
facetted issues of the interaction between the instrument and the performer: it was described an efficient 
strategy to compute fingerings for guitar music; the problem has been reduced to a minimum path search 
problem in graphs; we adopted the segmentation principle in order to be compliant with some cognitive 
processes. 
As preliminary experimental results suggest, our prototype produces fingerings that are more 
cognitively reliable and closer to those chosen by human performers, with respect to the ones provided 
by a global optimization approach. Further results are needed to clarify which level(s) of the grouping 
structure are actually concerned with the fingering process and used by performers to assign fingering to 
the music they are going to play, and which information from the score is involved in the fingering task. 

Figure 1. An example of a score and the corresponding 
graph (for lack of space weights on the edges are omitted). 
The shortest path is represented by a thick line. 
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