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THIS STUDY FOCUSES ON THE RELATIONSHIPS
between music analysis, performance, and tension
perception. Part 1 examines harpsichordists’ analyses
and performances of an unmeasured prelude—a semi-
improvisatory genre open to interpretive freedom.
Twelve harpsichordists performed the Prélude non
mesuré No. 7 by Louis Couperin on a harpsichord
equipped with a MIDI console and submitted a formal
analysis. Using a curve-fitting approach, we investigated
the correspondence between analyzed segmentations
and group-final lengthening. We found that harpsichor-
dists also employed “group-final anticipation,” involv-
ing deceleration before, and acceleration through,
analyzed boundaries. In Part 2, three listener groups
(harpsichordists, musicians, and nonmusicians) contin-
uously rated tension for 12 performances. In contrast to
measured music, local tension peaks, rather than
troughs, occurred at boundaries featuring group-final
lengthening. Associations were found between global
tempo and tension ratings, with significant differences
among the three listener groups. Performers expressed
the large-scale structure through the amount of tempo
variability, which was also reflected in tension rating
variability.
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VER THE LAST FOUR DECADES AN INCREASING
amount of research has been undertaken on
musical performance, with timing measure-

ments dominating the investigation (Gabrielsson,
2003). A large body of literature on piano performance

has found that performers convey information about
the grouping structure of the piece (Clarke, 1985,
1988; Palmer, 1989, 1996a; Repp, 1992, 1995). In partic-
ular, performers tend to slow down at sectional bound-
aries, a process referred to as “phrase-final lengthening”
or “group-final lengthening” (Bengtsson & Gabrielsson,
1980; Ohriner, 2012; Palmer, 1989; Repp, 1995; Todd,
1985). The magnitude of the tempo variation corre-
sponds to the hierarchical importance of the boundaries,
with larger ritardandi associated with major formal divi-
sions of the piece (Repp, 1992; Shaffer & Todd, 1987;
Todd, 1985). The musical communication hypothesis
(Clarke, 1985; Gabrielsson, 1987; Palmer, 1989, 1996a;
Penel & Drake, 1998; Repp, 1992, 1995; Shaffer, Clarke,
& Todd, 1985) proposes that tempo fluctuations corre-
spond to the performer’s interpretation of musical struc-
ture and its communication to the listener. More recently,
Penel and Drake (2004) reported that group-final length-
ening could be attributed to motor and perceptual con-
straints and also to musical communication through
expression of the grouping structure hierarchy.

This relationship between music-theoretical analysis
and performance has also been a topic of increasing
interest among music theorists. Cone’s (1960) essay
influenced the direction of the discussion for several
decades as a one-way line of communication of analyt-
ical interpretation from theorists to performers, includ-
ing work by Berry (1989) and Narmour (1988). More
recently, theorists such as Lester (1995), Rink (2002),
and McCreless (2009) have reversed this line of thought
by advocating a collaborative view, one that values per-
formers’ insights and looks to performance as a way to
illuminate analysis.

Attempting to bridge the gap between analyst and
performer is problematic due to differences in terminol-
ogy and artistic goals; theorists tend to analyze the
musical score as an object “out of time,” whereas per-
formers necessarily operate in the temporal dimension.
Gingras, McAdams, and Schubert (2010) studied the
relationship between the performer’s concept of a piece
both as an analyst and performer to circumvent the
apparent disconnect between the language and goals
of music theory and performance. In their study, orga-
nists performed J. S. Bach’s “Dorian” Fugue (BWV 538)
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and submitted a written analysis of the phrase structure.
Gingras et al. (2010) observed that organists used
group-final lengthening and the end-of-phrase ritar-
dando corresponded to the hierarchal importance of
major subdivisions in their written analyses. They
examined whether performers whose written analyses
substantially differed from other performers also
emphasized unique formal aspects in their perfor-
mances, but did not find a significant difference
between the average size of the ritardandi of the perfor-
mers who marked a section as a boundary and those
who did not.

Since timing patterns have been found to be a major
expressive device in harpsichord performance (Gingras,
Asselin, & McAdams, 2013), this study investigates the
link between temporal patterns and formal structure in
an unmeasured prelude for harpsichord, a genre culti-
vated in France between 1650 and 1720. Due to its semi-
improvisatory nature, the unmeasured prelude allows
for considerably more interpretive freedom regarding
temporal structure than measured music. Related to
fantasias and toccatas, unmeasured preludes for harpsi-
chord “go far beyond a simple introductory gesture and
belong to the most ingenious and satisfying music in the
keyboard repertoire” (Tilney, 1991, p. 1). Inspired by
lute tablature, Louis Couperin developed a notational
solution that conveys specific information about the
order of pitches, but liberates the performer in terms
of rhythm and tempo. Performances of an unmeasured
prelude potentially display a wider range of possible
structural realizations through event timing than what
is found in measured music. This genre may thus shed
more light on the connection between analysis and
performance.

Recent research into the temporal dynamics of music
listening has shown that listeners integrate musical
events into a hierarchical organization, which governs
their intuitions about musical tension, sense of comple-
tion, and perceptual expectations (Krumhansl, 1996).
Real-time judgments have been used to test the ongoing
musical experience, including segmentation of struc-
tural boundaries (Deliege, 1987) and continuous mea-
sures of musical tension (Farbood, 2012; Krumhansl,
1996; Toiviainen & Krumhansl, 2003). Segmentation
provides a direct measure of parsing the musical sur-
face; however, it does not map the build-up and decay of
musical experiences. In addition, precise boundaries
may not be present in all types of music, especially in
music such as the unmeasured prelude, as discussed
above. Musical tension and relaxation schemas have
been studied as an important dimension of musical expe-
rience (Fredrickson, 1995; Krumhansl, 1996; Madsen &

Fredrickson, 1993; Nielsen, 1983) and have been linked
to aspects of the musical structure, such as harmony and
tonal hierarchies (Bigand & Parncutt, 1999; Lerdahl &
Krumhansl, 2007). Krumhansl (1996) reported that the
musical surface could be parsed into hierarchically orga-
nized units through the measurement of variations over
time in the degree of experienced tension. Several musi-
cal features were found to influence tension ratings,
including melodic contour, dissonance, dynamics, chro-
maticism, and breaks in harmonic patterns. Farbood
(2012) investigated the relative contributions of several
musical parameters on perceived tension in both retro-
spective and continuous ratings. Dynamics and pitch
height were found to have a clear effect on tension in
isolated contexts. In complex stimuli with the interaction
of various features, the tension results were more ambig-
uous; however, when multiple features moved in the
same direction, tension ratings were strengthened in this
same direction.

The connection between musical structure, perfor-
mance timing, and tension has been less studied. Krum-
hansl (1996) reported that peaks and rapid decreases in
tension corresponded to slower tempi at section endings.
Palmer (1996b) found a correlation between expressive
timing and music-theoretically predicted tension (Ler-
dahl, 1996), with performers lengthening positions of
predicted high tension more than positions of relaxation.
In terms of global tempi of short phrases, listeners rated
higher tension for music with a fast tempo than with
a slower tempo (Ilie & Thompson, 2006). In stimuli that
were designed to isolate the effects of onset frequency
and tempo, a decrease in both features resulted in
decreases in tension (Farbood, 2012).

Fredrickson (1997, 1999) reported that perceived ten-
sion was not greatly affected by musical expertise or
familiarity with a particular piece of music. Krumhansl
(1996) also showed that tension responses were uniform
despite differences in music training. The relative con-
tributions of various musical parameters to tension
responses, however, have been found to vary for musi-
cians and nonmusicians. Farbood (2012) reported that
musicians were more sensitive than nonmusicians to
changes in most musical features (e.g., harmony,
dynamics, and onset frequency), with the exception that
nonmusicians were more influenced by changes in pitch
height.

Continuous response rating devices, such as spring-
loaded tongs (Nielsen, 1983), the continuous response
digital interface (CRDI) dial (Madsen & Fredrickson,
1993), a virtual slider or emotion space on a computer
screen manipulated by a mouse (Farbood, 2012; Schubert,
2004), and a handheld mechanical slider box (McAdams,



Vines, Viellard, Smith, & Reynolds, 2004), have been
used successfully to measure perceived tension or emo-
tion ratings in previous studies. The continuous rating
task is intuitive and does not require musical experience
(Schubert, 2004). Although some studies have reported
high inter and intrasubject correlations among subject
responses (Krumhansl, 1996; Madsen & Fredrickson,
1993; Nielsen, 1983), other studies using continuous
measures have found substantial variability among sub-
jects (McAdams et al., 2004; Upham & McAdams,
2014). Given this variability, there is some concern
regarding the interpretation of mean ratings. In this
study, we employ several analytical approaches (to be
discussed further below) in order to effectively interpret
the continuous responses, to map important musical
moments signaled by the listeners, and to investigate
rating strategies by different listener groups.

Present Research

The aim of the work presented here was to investigate
the relationships between analysis, performance, and
perception of tension. To this end, two experiments
were conducted. The first experiment involved perfor-
mances and written analyses by harpsichordists of an
unmeasured prelude. We investigated whether there
were correspondences between analysis and perfor-
mance in terms of group-final lengthening and whether
performers treated local-level boundaries differently
than higher-level grouping boundaries. We predicted
that the performances of the unmeasured prelude would
have greater variability of tempo profiles among perfor-
mers compared to measured music on the local level,
but that there might be more correspondence among
performers on higher hierarchical levels. In addition, we
expected that the connections between individual anal-
yses and strategies of tempo fluctuations would be
strong given the expressive freedom of interpretation
of the unmeasured prelude compared to the constraints
of measured music.

For the second experiment, we conducted an explor-
atory perceptual study that involved collecting contin-
uous tension ratings of three listener groups with
varying levels of expertise: harpsichordists, nonharpsi-
chordist musicians, and nonmusicians. The aims of the
tension study were to map the experience of perceived
tension over time, to examine the connection between
performance timings and perceived tension, and to
compare the ratings across the three listener groups.
The study directly confronts the influence of timing
variation on tension ratings, as the harpsichord has lim-
ited dynamic range (Penttinen, 2006), and other musical
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features are held constant (e.g., melodic contour) for all
performances.

Experiment 1: Analyses and Performances of an
Unmeasured Prelude

METHOD

Piece. The Prélude non mesuré No. 7 by Louis Couperin
(1626-1661) was selected for this experiment as repre-
sentative of the unmeasured prelude genre from the
baroque harpsichord repertoire. The score is presented
in Figure 1, adapted from Tilney (1991). The segmenta-
tions marked by angled lines will be discussed below.
Although meter and precise rhythmic values are absent,
several features of the notational system clarify the
order of pitches, relative durations, and stylistic aspects
for performance. Tilney (1991) explains that a single
note attached to a long curved line should be held at
minimum until the termination of the line, which often
directs toward important goal pitches or points of the
musical flow. He advises that the lines “serve to impart
order to the music, preventing events from happening
too fast” (Tilney, 1991, p. 6). Where several lines termi-
nate together, the harpsichordist would release the held
notes in one motion, which we term a “gestural change.”
A small slur that links two pitches could be interpreted as
a port de voix, with the first note accented, or as a rhyth-
mically inflected pattern (Tilney, 1991). Moroney (1976)
notes that, “Good prelude playing requires the invigora-
tion of imaginative freedom, but the player must be lib-
erally inclined to impose on the music that measurement
and shape which his imagination dictates” (p. 143).
Therefore, performers of the unmeasured prelude use the
notational details as a point of departure for expressive
interpretation.

Participants. Twelve professional harpsichordists, seven
male and five female, with an average age of 39 years
(range = 21-61) participated in the study. They had played
the harpsichord for an average of 22 years (range = 6-40)
and were performing and residing in the Montreal area at
the time of the experiment.

Procedure. The harpsichordists were provided with the
score of the unmeasured prelude 4-6 weeks prior to the
recording session. They were asked to analyze the piece,
with instructions as follows: “On a copy of the score of
the Unmeasured Prelude No. 7 by Louis Couperin,
please indicate what you feel are the main subdivisions
of the piece, by tracing vertical lines to delimit sections.
Please note that there are no right or wrong answers to
this question; the goal of this question is to analyze your
performances in light of your analysis.” This relatively
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FIGURE 1. Score of Prélude non mesuré No. 7 by Louis Couperin. Short slashes indicate the segmentation of a single harpsichordist. The percentages
of agreement for other segmentations are listed above the long slashes. Event number at each boundary is indicated to the left of the long slash. Score
adapted from (Tilney, 1991, p. 20). Used by permission of European American Music Distributors Company, sole U.S. and Canadian agent for Schott

Music Ltd., London.

straightforward segmentation task was chosen to avoid
imposing a strict music-theoretical approach, which
may cause a disconnect between the language and goals
of analysis and performance.

The harpsichordists performed the piece twice in
a recital setting without performance directives from
the experimenters. Immediately following their perfor-
mances, they submitted the score with their analysis. At
the same recording session, the harpsichordists also

performed two other pieces (not analyzed here), as out-
lined in Gingras, Asselin, and McAdams (2013). The
entire session lasted approximately one hour and the
participants were provided financial compensation.
Performances took place in an acoustically treated stu-
dio at CIRMMT, McGill University on an Italian-style
Bigaud harpsichord with two 8-foot stops (Heugel, Paris).
All performances were recorded using the same registra-
tion (the back stop). The harpsichord was equipped with



a MIDI console, which precisely measures performance
parameters including note onsets and offsets, as well as
key-stroke velocity. The audio signal was recorded
through two omnidirectional microphones MKH 8020
(Sennheiser Electronic GmbH, Wademark Germany),
located 1 m above the resonance board and placed 25
cm apart. The audio and MIDI signals were recorded
through an RME Fireface audio interface (Audio AB,
Haimhausen, Germany) using Cakewalk’s SONAR soft-
ware (Cakewalk, Inc., Boston, MA) and were stored on
a hard disk.

Data analysis. Note onsets and offsets were extracted
from the MIDI data of the performances and matched
to the score using an algorithm developed by Gingras
and McAdams (2011). Note durations were determined
through interonset intervals (IOI) of each notated event
for each performer. Only the IOI between the onset of
the event and the following event was considered. Orna-
ments (notated and improvised) were not included in
this analysis, but will be discussed below and in Part 2.

Performed IOIs in measured music are interpreted
proportionally within the metrical framework. In con-
trast, the performed IOIs of the unmeasured prelude
were analyzed within a framework of events considered
to be isochronous (i.e., without a metrical structure). We
assumed that listeners of the unmeasured prelude
would not be able to infer a metrical structure, but that
they would be able to chunk the musical sequences into
groupings based on pitch, attack points, and durations.
According to Lerdahl and Jackendoft’s (1983) theory,
grouping sequences of events is a basic aspect of musical
understanding. Listeners construct a metrical hierarchy
from inferring regular patterns of events as strong and
weak beats; however, the perception of metrical struc-
ture can become ambiguous when the musical cues are
irregular, which we presume would be the case with the
unmeasured prelude. Lerdahl and Jackendoff (1983)
state, “[T]he principles of grouping structure are more
universal than those of metrical structure. In fact,
though all music groups into units of various kinds,
some music does not have metrical structure at all, in
the specific sense that the listener is unable to extrapo-
late from the musical signal a hierarchy of beats” (p. 18).
Despite the absence of a metrical hierarchy, performers
would be able to convey a grouping-structure hierarchy
through the use of phenomenal accents (e.g., long notes)
and structural accents (e.g., harmonic goals such as
a cadence) (Lerdahl & Jackendoff, 1983). Therefore,
we investigated the grouping structure as determined
by performer-selected segmentations and performed
durations.
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RESULTS

Score analysis. Out of 140 notes (hereafter called
events), the harpsichordists marked 5.6 boundaries on
average (SD = 3.7). The response frequency, varying
between two and 13 boundaries, indicates that the harp-
sichordists may have evaluated the structure at different
hierarchical levels. Seven performers demarcated two or
four boundaries, thereby dividing the piece into large
sections. The remaining five performers analyzed on
a closer, surface level with seven to 13 segmentations.

In total, the performers segmented 27 different
boundaries, 13 of which were indicated by only one
harpsichordist. Only seven boundaries resulted in
agreement of over 30% (four or more harpsichordists)
and the highest level of agreement was 58% (7 out of 12
performers). In comparison, Gingras et al. (2010)
reported that organists who analyzed Bach’s Dorian
Fugue (222 measures and 15 cadences) marked 7
boundaries on average, with a total of 21 different sub-
divisions and agreement of up to 93.8%.

Figure 1 contains the score with performer-selected
boundaries. Short slashes indicate the segmentation of
a single harpsichordist; otherwise, the percentage of
agreement is noted above the long slashes. The event
number at each boundary is indicated to the left of the
slash below the lower staff. In general, the harpsichor-
dists segmented based on gestural changes (described
above) or instances where changes in harmony could be
implied. Boundaries with high agreement coincide with
both harmonic and gestural changes (events 12, 22, 46,
64, 97, and 127). There are several cases where there is
greater analytical disagreement, particularly in the inte-
rior section where the harmonic and gestural changes
are less distinct. The set of 14 segmentations with agree-
ment of 17% or more (long slashes) will be referred to as
the “performers’ analysis.”

In addition to angled lines and slashes to indicate
formal divisions, several performers used the score as
a working performance copy, notating performance
directions, extra ornaments, harmonic progressions,
rhythmic patterns, tempo indications (e.g., accelerando),
articulation (e.g., slurs), and formal descriptions (e.g.,
bridge). For example, performer 1 provided only two
segmentations, but also included several downward-
pointing arrows, likely to plan important goal notes as
points of arrival during performance. The variety of ana-
lytical methods utilized by the performers speaks to the
detailed approach of learning the piece and preparing it
for performance.

It should be noted that the groupings based on the
performers’ analysis in the unmeasured prelude are not
equivalent to those in previous studies on measured
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music where the majority of structural boundaries cor-
respond to cadences at the phrase or thematic level.
Instead, the groupings occur at a more local level as
chord changes or gestures, which may explain the lower
agreement on the segmentations compared to Gingras
et al. (2010). On the one hand, these points of articula-
tion could be emphasized in performance through
group-final lengthening. On the other hand, the linear
nature of the music could also conceal a sense of arrival
if the performer avoids a pause or ritardando in the
forward flow.

Towards the end of the piece, there is an elaborated
cadential formula (Ijzerman, 2011), with the only
instance of root position dominant to tonic harmonic
motion. Based on Lerdahl and Jackendoft’s (1983) theory,
the boundary at 127 would be situated at a higher level of
the grouping hierarchy due to the structural accent as the
goal of tonal motion. We predicted that the performers
would be more likely to use group-final lengthening into
event 127 compared to the local-level boundaries.

In the following discussion, we focus on the grouping
structure of the piece from the perspective of the harp-
sichordists’ analyses and performances, which could be
informed by their understanding of harmony, melodic
contour, texture, and their interactions. Therefore, we
have avoided imposing a structural or harmonic analyt-
ical perspective, except for identifying the segmentation
of event 127 as a point of cadential articulation.

Expressive timing. We predicted that the performances
of the unmeasured prelude would feature more timing
variation than in measured music. Previous studies on
measured piano and organ music have reported high
correlations for tempo patterns within and between per-
formers (Gingras et al., 2010; Palmer, 1989; Repp, 1990).
For the unmeasured prelude performances in the cur-
rent study, there was a moderate mean correlation coef-
ficient of .54 (SD = .18, df = 138) between all pairs of
performances and a strong correlation coefficient of .87
(SD = .10, df = 138) between performances by the same
performer.

Note duration graphs. Note duration graphs were com-
pleted from the IOIs of each performer to assess the
correspondence between their timing profiles and their
written analyses. We expected to find group-final
lengthening at the performers’ segmented group end-
ings; however, the performers used expressive timing
with a variety of tempo patterns. Detailed comparisons
between performers 9 and 6 (hereafter P9 and P6) will
further demonstrate this individuality in expressive tim-
ing. These performers were chosen because they repre-
sented the extremes of the range of performances

Note duration (s)

133

Note duration (s)

55 6471 82 97 113 127
Event number

12 22 35

FIGURE 2. Note duration by event number for P9 (A) and P6 (B).
Performer-specified boundaries (dashed-vertical lines) along the
horizontal axis. Event numbers above the curve indicate boundaries
from the performers' analysis discussed in the text. Asterisks indicate
note duration peaks that are not associated with segmentations by P6
or the performers’ analysis.

recorded in terms of mean tempo and timing variability
(as explained below). Figure 2 contains the note dura-
tion graphs for performances by P9 and P6. Boundaries
specified by each performer are indicated by dashed,
vertical lines along the horizontal axis. Event numbers
above the curve indicate pertinent boundaries derived
from the “performers’ analysis.”

P9 performed one of the fastest base tempi of the 12
performers (0.30 s per event, 198 events per minute).
The longest ritardandi occurred at the performer’s seg-
mented boundaries, as well as during the initial rolled
arpeggio at event 6 (marked above the curve). A delib-
erate ritardando with a wide peak occurred leading up
to the final cadence (event 127), indicating a protracted
increase in note duration. Apart from four large decel-
erations into events 6, 12, 22, and 57 the performer used
a relatively steady tempo throughout.



In contrast, P6 had a slower base tempo (0.49 seconds
per event, 122 events per minute) and greater timing
variability. Less of a direct connection exists between
segmented boundaries and ritardandi; several large
peaks are associated neither with the segmentations of
the “performers’ analysis” nor analysis of this performer
(e.g., events 75 and 105, marked by asterisks). In con-
trast, P6 slowed considerably during the second-to-last
arpeggio (see peak at event 133), elaborating the post-
cadential material with a larger ritardando than the
arrival at the cadence at 127.

Group-final lengthening. We investigated the extent to
which harpsichordists perform group-final lengthening
(GFL) in the unmeasured prelude. We predicted that the
performers would deploy timing patterns that reflect
GFL, hereafter shortened to “GFL-reflective” following
Ohriner (2012), at the end of analyzed segmentations,
particularly at the point of cadential articulation. Previ-
ous studies have found that performed durational
contours correspond to a parabolic shape at various
structural levels, including the level of phrases (Todd,
1985), as well as local-level gestures (Repp, 1995).
Therefore, we used MATLAB’s (Mathworks, version
R2013b) Curve Fitting Toolbox to assess the goodness
of fit of the performed durations to a parabolic (second-
order quadratic) function or a linear function. First, we
investigated the correspondence between GFL and the
end of segments based on performer agreement. In
order to facilitate this approach, a few adjustments were
made to the “performers’ analysis.” Where two segmen-
tations occurred within five or fewer events, one seg-
mentation was chosen; therefore, event 55 was chosen
over event 57 in order to divide in half the segment
between events 46 and 64, and event 86 was chosen over
82 based on the higher percentage of agreement. A sub-
division was included at event 133 in order to respect
the repeated arpeggiations that mirror the segmentation
at event 6. Finally, a boundary was included after event
140 as the last grouping of the piece. We also investi-
gated the GFL-reflectivity of the performances by P9
and P6 for the groupings based on their individually
segmented boundaries compared to the groupings
based on the performers’ analysis (discussed below).
For all of the 24 performances, the last six durations
for each grouping of the performers’ analysis was clas-
sified as parabolic with positive curvature or linear with
a positive slope depending on the greater strength of fit
(R?). Figure 3 contains examples of segments with
strong linear and parabolic fits. Otherwise, the per-
formed durations were classified as not GFL-reflective
if there was a negative parabolic curvature, negative
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FIGURE 3. Note duration by event number with line of best fit for linear
(A) and parabolic (B) functions, R? value for quality of fit, and
coefficients for equation.

linear slope, or a weak fit (R” < .20). Figure 4 contains
a matrix of the R” values for quadratic or linear fits (grey
to black shading). White shading indicates that the seg-
ment was not GFL-reflective. The majority of perfor-
mers’ durations were GFL-reflective for the groupings at
the beginning and end, particularly for the opening and
closing rolled arpeggios (segments ending at events 6,
12, 133, and 140). In the interior of the piece, there were
fewer fitted segments and the R values were lower for
those that were GFL-reflective. Of particular note is that
the majority of performances did not slow down into
the boundary at event 127, which had 50% agreement
and represents the main cadential articulation of the
piece.

Looking more closely at the differences between P9
and P6, Figure 5 shows the durational contour of each
segment for events 1-46. Several aspects distinguish the
interpretations of the two performers. For the first three
segments, P9 exhibited very deliberate lengthening of
the final note in each grouping, after which point a more
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Performer
anjeA Yy

not GFL-
reflective
6 12 22 32 46 55 64 86 97 107 113 127 133 140

Event number

FIGURE 4. Matrix of the RZ values from the quadratic or linear fits (grey
to black shading) or lack of fit (white) for 24 performances by 12
performers across 14 segments. Event numbers indicate the
boundaries from the performers’ analysis.

consistent and rapid tempo was established, with a slight
slowing into event 32. In contrast, the first, third, and
fifth segments were GFL-reflective for P6 (groupings
ending at events 6, 22, and 46).

The analysis above investigated whether the durations
were GFL-reflective for the boundaries of the perfor-
mers’ analysis. Table 1 directly evaluates the performed
segments as individually analyzed by P9 and P6 (bottom

*R?=.93
*R?=.79

duration (s)
N w B

-

*R?=.86
*R2=.97
& / A f ; : *R2=.71 f f
0

row, labeled P9 or P6) in comparison to the performers’
analysis (top row, labeled “PA”). Shaded cells represent
GFL-reflective segments. Text in bold and italics indi-
cates performer-specified boundaries that differ from
the performers’ analysis.

The analysis reveals that P9 and P6 did not perform
segments with group-final lengthening for the bound-
aries that they personally analyzed to a greater extent
than the boundaries in the performers’ analysis. As
shown in Table 1A, P9 did not employ group-final
lengthening for the two segmentations that diverged
from the performers’ analysis (events 57 and 87).
Although several segmentations by P9 converged with
the performers’ analysis, many of these were not GFL-
reflective (events 46, 97, 127). Overall, only 29% of P9’s
analyzed segments were GFL-reflective, compared to
43% for the performers’ analysis. Similarly for P6, there
were more segments with group-final lengthening for
the performers’ analysis (64%) compared to the indi-
vidual analysis (50%) (see Table 1B). For the segmenta-
tions that differ from the performers’” analysis (events
35, 71, and 82), P6 employed group-final lengthening
only for the segmentation at 82. This harpsichordist also
emphasized the boundaries of the performers” analysis,
but did not personally indicate them as segments
(events 6, 46, 107, and 133).

Group-final anticipation. The above analyses point to
a complex interplay between analyzed groupings and

e Performer 6
o Performer 9
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FIGURE 5. Note duration for events 1-46 for P9 (grey) and P6 (black). Grey vertical lines on the score indicate the boundaries from the performers’
analysis. Asterisks indicate GFL-reflective segments (last six events considered for each grouping). R? values indicate strength of fit for a parabolic
function. Score adapted from (Tilney, 1991, p. 20). Used by permission of European American Music Distributors Company, sole U.S. and Canadian agent

for Schott Music Ltd., London.
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TABLE 1. Comparison of GFL-Reflective Segments for the Performers’ Analysis (PA) and the Individual Analyses of P9 (A) and P6 (B).

A

PA 6] 12] 22 32] 46 55] 64] 86 | 97 107] 113] 127] 133] 140
P9 12] 22 46 57*] 87| 97 127

B

PA 6] 12] 22 32]  46] 55 64 86| 97] 107] 113] 127] 133] 140
P6 12] 22 35* ] 55 64| 71*] 82*] 97 113] 127

Note. Grey shading indicates GFL-reflective segments. Numbering indicates the associated event at the segmentation. Bold italic text with an asterisk indicates segmentations

that differ from the performers’ analysis.

performed phrases. Although performers exhibited
GFL-reflectivity at certain segmentations, as shown in
the durational graphs and analysis of GFL-reflective
segments, many performers also slowed down before
but accelerated through a boundary, a process we call
“group-final anticipation.” The performer anticipates
the end of the grouping with the peak of the ritardando
an event before the group end, followed by an acceler-
ation into the following grouping. Therefore, the same
understanding of grouping structure could be expressed
by lengthening the final event of the grouping or by
lengthening the penultimate event.

The note duration graph for P4 in Figure 6A provides
an example of group-final anticipation for the final
cadence at event 127. To demonstrate this more clearly,
Figure 6B shows the relative event-to-event timing var-
iation (log2), with 41 and -1 representing values twice
as fast and slow, respectively. The peak of the decelera-
tion occurred several events before the cadence at event
124 (shown with an asterisk) and the peak of the accel-
eration actually occurred at event 127. Group-final
anticipation is likely the result of the fluid nature of the
unmeasured prelude and the low hierarchical level of
the boundaries as suggested by harmonic or gestural
changes, which may not necessitate strict markers of
formal division in the same way as phrase or thematic
boundaries do in measured music.

Smoothed note durations. In addition to the difficulty in
accounting for group-final anticipation, several notated
ornaments occurred a few events before segmented
groupings (e.g., see Figure 1, events 43, 54, and 112).
Since the duration of each event is calculated from the
IOI, performed ornaments resulted in a spike in note
duration. The ornaments could be understood as a writ-
ten out ritardando before the end of the phrase, thereby
imposing some constraints for performance at the end
of the grouping.

The previous analyses conducted were sensitive to
local-level timing variations. Using a window of four
events to smooth the effects of the ornaments, the ten

Note duration (s)

Log2 (Tempo variation)

133

)
127
Event number

FIGURE 6. Note duration (A) and timing variation (log2) (B) for events
107-140 performed by P4. Performer-specified boundary (dashed
vertical line) along the horizontal axis. Numbered events above curve
indicate boundaries from the performers’ analysis discussed in the text.
The asterisk shows the peak of deceleration at event 124.

largest ritardandi were calculated based on the average
relative timing variation (log2). Figure 7 compares the
performers’ smoothed ritardandi profiles to the perfor-
mers’ analysis with 25% agreement or more (black
bars). The ten longest durations are indicated by open
squares, while the open circles represent the relative
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FIGURE 7. Comparison of ritardando profiles and formal boundaries.
Open squares indicate the average relative timing variation (right
scale) of the ten longest ritardandi using a sliding window of four
events. Black bars indicate the percentage of agreement (25% or
more) for a particular subdivision (left scale). The relative timing
variation for the boundaries that were not associated with ten longest
ritardandi are notated with open circles.

timing variation for the remaining boundaries. Several
boundaries were directly associated with one of the 10
longest ritardandi (events 12, 22, 32, and 86), along with
the final event of the piece. Over half of the largest
tempo variations were the result of an ornament (events
15, 34, 43, 54, and 99).

Of all the analyzed boundaries, we predicted that the
harpsichordists would emphasize event 127 through
group-final lengthening, due to high analytical agree-
ment and music theoretical significance as the only
cadential point of articulation in the piece. However, the
boundary was not one of the ten longest ritardandi
overall. At event 127, the last note of the chord to sound
(D) is the chordal seventh (a dissonance), which sets up
strong expectations to resolve on C# at event 131. As
discussed above, many harpsichordists connected the
linear motion from events 127 to 131 with group-final
anticipation, rather than a ritardando to mark the end of
the gesture.

Note duration variability. We found that the harpsichor-
dists conveyed a sense of the large-scale structure of the
piece through the amount of variability in note dura-
tion. Figure 8 illustrates the average absolute variation
in note duration, calculated as the absolute first deriv-
ative, in seconds per event. As an extension of the per-
formers’ analysis and the pattern of GFL-reflective
segments, the piece was divided into two sections of
nearly equal length: one including both the beginning

N
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FIGURE 8. Absolute variation in note duration in seconds per event
across all performers. Mean values of beginning and end compared to
the interior section.

and the end (events 1-46, 108-140) and another com-
prising the interior section (events 47-107). The bound-
aries at 46 and 107 were chosen based on the high
analytical agreement and also because the majority of
performances were GFL-reflective. The greatest amount
of timing variability occurred at the beginning and end
(M = 0.34, SD = 0.09) and decreased for the interior
section (M = 0.23, SD = 0.06). A paired-samples ¢-test
across the 24 performances revealed that that the vari-
ability in note duration was significantly higher for the
opening and closing sections compared to the interior
section #(23) = 841, p <.001, d = 1.72.

DISCUSSION

In general, the results indicate that the unmeasured
prelude lends itself to interpretive freedom in terms of
analysis and performance. Several segmentations had
moderately high analytical agreement (events 22, 46,
97, and 127), but many boundaries were only identified
by a single performer. The compositional structure and
notational system, although semi-improvisatory, supply
inherent constraints for performance; the curved lines
provide some interpretive guidance for the relative
durations of notes within gestures and the ornaments
invite performers to highlight and dwell on certain
events to varying degrees. The comparisons between
contrasting performances by P9 and P6 revealed inter-
esting similarities and dissimilarities in analysis and
performance of the unmeasured prelude. In the note
duration graphs, there were stark differences in the inter-
pretations, including timing variations and the relation-
ship between analysis and performed ritardandi.



By assessing the parabolic or linear fit of performed
durations, we investigated the correspondence between
analyzed segmentations and group-final lengthening.
Performers employed group-final lengthening for the
boundaries at the beginning and end to a greater extent
than those in the interior section. We predicted that
performers would show more GFL-reflectivity for the
boundaries that they personally segmented compared to
the ones that they did not segment; however, both P9
and P6 showed more correspondence for the bound-
aries agreed upon by the group.

Part of the discrepancy between GFL-reflectivity and
analyzed segmentations is related to the variety of tim-
ing patterns employed by performers. We suggest that
an alternative to the traditional group-final lengthening
is group-final anticipation, which still conveys a certain
understanding of grouping structure, without relying
too heavily on predictable patterns of acceleration and
deceleration within gestures. Clarke (1988) also dis-
cusses the ambiguity of the relationship between expres-
sive aims and means: “the lengthening of a note can
indicate that it is accented, that it finishes the structural
unit at some level, or that the following (delayed) note is
of structural importance” (p. 15). One example of this
discrepancy is the final cadence at event 127, which had
high analytical agreement and would be situated at
a higher level of the grouping hierarchy due to the struc-
tural accent, but was not associated with one of the ten
longest ritardandi on average. Performers highlighted
this moment through group-final lengthening or
group-final anticipation—slowing down several events
before and accelerating through the resolution of the
dominant seventh chord. Therefore, performers may
have similar conceptions of the structure, but they
express the grouping in different ways. Additionally, they
may analyze the structure differently, but perform certain
groupings similarly due to the inherent constraints of the
gestural notation and placement of ornaments.

We found that the harpsichordists conveyed a sense of
large-scale structure of the piece through the amount of
timing variability. The stability of the opening and clos-
ing rolled chords may have permitted more extreme
timing variations that display individual expressivity.
The interior section, which features pseudo-polyphony
and less distinct harmonic motion, may have required
a steadier tempo, in order to underline the linear nature
of the individual contrapuntal parts.

Experiment 2: Perceived Musical Tension

Having examined the properties of the performances of
the unmeasured prelude, we now turn to the perception
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of those performances. For the second experiment, we
conducted an exploratory study on perceived musical
tension. We investigated the role of performance timing
variations on tension ratings and compared the results of
participants with varying levels of expertise: harpsichor-
dists, nonharpsichordist musicians, and nonmusicians.

METHOD

Participants. Fifty listeners participated in Experiment 2
(10 harpsichordists, 20 nonharpsichordist musicians,
and 20 nonmusicians). All of the musicians and non-
musicians were recruited and tested in Montreal,
Canada. Due to the limited number of harpsichordists
in Montreal, five of the 10 harpsichordist listeners were
recruited and tested in London, UK. The harpsichordist
listeners, eight male and two female, had an average age
of 31.6 years (range = 23-38), and had obtained at least
an undergraduate degree in harpsichord performance.
None of the harpsichordist listeners in Experiment 2
participated in Experiment 1 as performers. The musi-
cians (12 male and 8 female) had studied a minimum of
two years in an undergraduate degree in music and had
an average age of 26.7 years (range = 20-47). The non-
musician participants (12 male and 8 female) had less
than two years of music training in early childhood and
had an average age of 26.6 years (range = 20-48).

Apparatus. The experiment took place at the Music Per-
ception and Cognition Lab at the Schulich School of
Music of McGill University (Montreal) and at Gold-
smiths College (London). In both cities, participants
were seated in a double-walled IAC sound-isolation
chamber (IAC Acoustics, Bronx, NY): model 120-act
3 in Montreal and 1200-A in London. In Montreal, the
experiment was conducted on a Macintosh G5 com-
puter (Apple Computer, Inc., Cupertino, CA). The
musical stimuli were amplified through a Grace Design
m904 monitor (Grace Digital Audio, San Diego, CA)
and presented over Sennheiser HD280 Pro headphones
(Sennheiser Electronic GmbH, Wademark, Germany).
In London, the experiment was conducted on a Mac-
Book Pro 15” laptop computer (Apple Computer,
Cupertino, CA). The musical stimuli were played
through an Edirol UA-4FX USB external sound card
(Roland Corporation, Shizuoka, Japan) and presented
over Sennheiser HD202 headphones (Sennheiser Elec-
tronic GmbH, Wademark, Germany). All participants
passed an audiogram to ensure that hearing was below
20 dB HL at octave spaced frequencies (ISO 389-8,
2004; Martin & Champlin, 2000).

Stimuli. The stimuli used in the experiment consisted
of one recording of Couperin’s Prélude non mesuré No.
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7 by each of the 12 performers from Experiment 1. The
performance selected out of the two for each performer
was subjectively chosen based on the number of perfor-
mance errors (wrong or missing notes) and recording
quality. Two performances that were not selected for the
main experiment were used for the practice trials. The
stimuli were presented at a comfortable listening level
that was kept constant for all of the sessions. Audio
signals were sampled at 44.1 kHz with 16-bit amplitude
resolution.

Slider. Participants used a handheld slider to continu-
ously rate the perceived musical tension during each
performance. They held the slider box on the desk or
on their lap and moved the slider forward (away from
themselves) to indicate higher perceived tension and
backward (toward themselves) to indicate less perceived
tension. The slider box was equipped with a rubber
band to provide feedback through physical resistance.
As the slider is moved in the direction of more tension,
the participant increasingly felt more resistance to the
movement. In pilot studies, participants reported that
the slider was an intuitive method of rating that obviates
the need for visual attention to the device.

Procedure. The first part of the experiment consisted of
the practice trials, during which time the experimenter
was present to answer questions. Participants were told
that the practice pieces were representative of the per-
formances in the main part of the experiment. The data
from the practice stage were not analyzed. The main
experiment consisted of one performance by each of the
12 performers, interspersed with 15 seconds of birdsong
and nature sounds as a short break. The order of per-
formances was randomized for each participant.

The computer interface, programmed with the PsiExp
computer environment (Smith, 1995), provided instruc-
tions on the screen and allowed participants to advance
at their own pace through the trials by clicking the
mouse on a button on-screen. Participants began each
trial with the slider at the bottom (no tension) and were
asked to use the full range of the slider for at least one
performance during the whole experiment. They were
warned about the possibility of minor sound glitches
and performance errors and were asked to ignore these
issues. Once the experimental session ended, the partici-
pants completed a questionnaire and received financial
compensation. The entire session lasted approximately
30 min.

Previous studies have avoided specific definitions of
tension (Farbood, 2012; Fredrickson, 1997, 1999;
Krumbhansl, 1996; Madsen & Fredrickson, 1993; Silvey,
2011). Given the wide range of expertise of the

participants, no explicit definition of musical tension
was provided.

Data collection and analysis. The slider was connected
to an AtoMIC Pro analog-to-MIDI converter (Fléty,
2002), which converted the slider position to a 7-bit
value and sent MIDI timings to the controlling com-
puter with a maximum response latency of 10 ms. For
each participant, a log file recorded the tension slider
ratings continuously over time for each performance.
The matched score of the MIDI performance data was
used to establish a correspondence between performed
durations and the tension values, which were averaged
over the duration of each score event. Due to the force
exerted by the elastic band when stretched at maximum,
a block was inserted into the slider, resulting in half the
scale of MIDI ratings between 54 and 127. These results
were normalized to a range between 0 and 100 for each
participant.

RESULTS

Mean tension ratings by event. Graphs of the mean ten-
sion ratings by event were produced for each performer,
with separate curves for each group of participants
(harpsichordists, musicians, and nonmusicians). Mean
ratings provide a measure of central tendency for each
event for each listener group. The variability of tension
ratings is discussed below. Returning to the two perfor-
mers discussed in Experiment 1, as an example, P9 and
P6 received the highest and some of the lowest mean
tension ratings, respectively. Figure 9 contains the
responses of the three listener groups and also maps the
note durations of the single performance by P9 and Pé.
The mean group tension responses to P9 correspond
quite closely to one another, with some individual dif-
ferences. Generally, there is one initial tension arch
from the beginning until around event 64, followed by
a larger arch after 64 until the end; the first tension arch
aligns with the large ritardando peaks for the first three
gestures in the first half of the piece, and the second
tension curve corresponds to the steadier tempo
throughout the second half of the piece.

For P6, the ratings of the three listener groups gener-
ally resemble a plateau throughout. One striking differ-
ence between the tension ratings of P9 and P6 are the
responses to the final rolled arpeggios. For P9, the tension
ratings gradually decrease after event 127 for harpsi-
chordist and musician groups, whereas the nonmusi-
cians’ ratings increase after event 133. For P6, the
ratings drop considerably after event 127, but all three
groups show a slight increase after event 133. The differ-
ences between the tension profiles may reflect the
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FIGURE 9. Note duration (right scale) and mean tension ratings (left
scale) by listener group for P9 (A) and P6 (B). Performer-specified
boundaries (dashed-vertical lines) along the horizontal axis.

different cadential profiles of the performers (as dis-
cussed above); P9 has a large ritardando at the cadence,
whereas P6 emphasizes the post-cadential material
(rolled arpeggios).

Krumbhansl (1996) found that tension peaks followed
by sharp decreases in tension occurred at section bound-
aries with hierarchical importance. For the unmeasured
prelude, the tension profiles are shifted; tension peaks
occur directly at the segmentations, with decreases in
tension occurring at the onset of the next grouping. Con-
sider, for example, the tension peaks for P9 and P6 that
correspond directly to note duration peaks at boundaries,
followed by a tension drop for the following segment (see
Figure 9A, events 22, 55, 127; Figure 9B, events 22, 64,
97). These results also differ from Farbood (2012), who
reported that a decrease in tempo and onset density
resulted in decreases in tension ratings in simple stimuli.

Boundary expression and perception case study. In order
to investigate the correspondence between analysis,
performance, and tension perception, we examined the
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analyses and timing profiles of each performer and the
tension response profiles by participant group for a sin-
gle boundary. Event 46 was chosen for this case study
due its analytical importance (58.3% performer agree-
ment). Table 2 shows the results of this analysis.

As shown in the “Segmented Boundary” column,
seven out of 12 performers segmented at event 46. To
assess which harpsichordists emphasize this boundary
through performance, we calculated whether one of
their ten longest durations occurs at this point. Four
harpsichordists (3, 4, 7, and 12) exhibit a marked ritar-
dando at event 46. In total, two of the seven performers
who segmented the boundary also expressed it as one of
their ten longest durations. P4 and P12 articulated this
boundary with a ritardando (one of their ten longest),
but they did not segment in their formal analysis. P2,
P6, and P11 did not indicate event 46 as a boundary in
their analysis or performance. Next, we calculated
whether the grouping is GFL-reflective, which takes into
account the last six durations before event 46 using the
curve-fitting approach described in Part 1. Out of the 12
performances, eight were GFL-reflective, but only four
harpsichordists (P1, P3, P7, and P10) who segmented
the boundary also performed group-final lengthening at
this point.

Given that local tension peaks occurred at durational
peaks in the unmeasured prelude, the tension profiles
for each listener group were also analyzed using the
curve-fitting approach outlined above in relation to the
timing data. Through this method, we determined
whether an increase in tension occurred in relation to
the boundary (i.e., a group-final tension increase). The
same procedure was employed as outlined above for the
group-final lengthening of performance durations. Lis-
teners responded with tension increases to performers
2, 3,4, 7,10, and 11 (tension increase by one listener
group) and particularly to 5, 6, 9, and 12 (two or more
listener groups) to a greater extent than to performers 1
and 8 (no listener groups). This analysis demonstrates
the difficulty in directly assessing the connection
between analysis, performance, and tension judgments
for a particular boundary. In addition, the results reveal
the complexity in attempting to model the tension
response of the three listener groups regarding a partic-
ular boundary, as no clear patterns emerge.

Associations between timing and tension. Means were
calculated from the normalized continuous rating data
for each participant for each of the 12 performances.
A mixed-design ANOVA tested the differences in
global mean tension ratings for all 12 performers
(within-subjects variable) and the listener groups
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TABLE 2. Analysis, Performance, and Tension Ratings for the Boundary at Event 46.

Segmented
Boundary

Top 10 longest

Performer duration

GFL-reflective

Tension increase

Harp Mus Non

(=X o NRO NS ROSY I S e

O

10

11

12

Totals 7 4

4 7 4

Note. Shaded cells indicate that the boundary was segmented, was one of the top 10 longest durations, was GFL-reflective, and had a tension increase for that performer.

Harp = harpsichordist, Mus = musician, Non = nonmusician.

TABLE 3. Regression of 1st Derivative of Tension Ratings and Ist Derivative of Tempo.

Lag (# of events) 0 1

Significance p <.05 p <.05

Performers 2 5 6 7 9 4 5 7 8 9
R? .04 .04 .08 12 11 .03 .09 .04 .04 .38
F 6.26 5.29 11.9 16.9 174 4.48 13.2 6.04 5.71 82.0
df (1,138) (1,137)

(between-subjects variable). The main effect of per-
former was statistically significant, F(7.32, 344) =
6.12, p <.001, 77p2 = .12, e = .67. Post hoc analyses with
a Bonferroni adjustment revealed that mean ratings of
tension for P9 were significantly higher than those for
performers 2, 6, 7, 10, and 12 (p < .001).

The between-subjects factor of training was also sig-
nificant, F(1, 47) = 965.75, p < .001, 1,> = .95. Post hoc
analyses using Tukey’s HSD indicated that the nonmu-
sicians’ global mean tension ratings were significantly
higher than both the musicians’ ratings (p = .001, mean
difference = 14.7) and the harpsichordists’ ratings (p =
.009, mean difference = 13.6).

One hypothesis to explain the difference in tension
ratings among performers is the average tempo, as mea-
sured in events per second. P9 had the highest (M =
0.61) and P6 had one of the lowest (M = 0.50) average
tension ratings, respectively. We investigated the relation-
ship between average tempo and average tension ratings
for each performer. A Pearson’s correlation revealed
a strong positive association, r(10) = .83, p = .001, with
average tempo explaining 68.6% of the variation in ten-
sion ratings. The results indicate that as the average
tempo increases, the average tension rating also increases.

Another hypothesis to explain the difference in ten-
sion ratings among performers is the amount of timing
variability. As previously discussed, P9 had a faster and
steadier tempo, particularly after event 64, where the
tension ratings increased considerably (see Figure 8A).
P6 had more timing variability and the tension ratings
plateau throughout (see Figure 8B). To measure the
variability of timing and tension variability, we calcu-
lated the derivative, which measures the rate of change.
We performed a regression analysis of the first (discrete)
derivative of tension ratings on first (discrete) derivative
of note duration over time (140 events) with lags of 0 to
3 events (see Table 3). For the lags of 0 and 1, seven of
twelve performers reached significance (p < .05); how-
ever, the model provided low R’ values overall. The
model worked best for P9, with 38% of the variance
explained for a lag of 1. For the models that reached
significance, the lag time was minimal, suggesting that
listeners reacted fairly quickly to changes in note
duration.

In Part 1, performance timings were calculated in
relation to score events in order to compare across per-
formances. One potential drawback of this approach is
that it ignores ornaments. To incorporate the effects of



notated and improvised ornaments on tension ratings,
we calculated the average onset density as the total
number of onsets performed (including ornaments)
divided by the total duration of each performance. We
also determined the average event density as the num-
ber of notated score events (140) divided by the total
duration of each performance. Pearson correlation coef-
ficients were computed among the three variables of
average tension, average onset density, and average
event density. The results of these correlational analyses
indicated that all three variables were positively corre-
lated with one another. The bivariate correlation
between average tension and average onset density was
r(11) = .79, p = .002. The bivariate correlation between
average tension and average event density was r(11) =
.82, p = .001. Finally, the bivariate correlation between
average onset density and average event density was
r(11) = .99, p = .001. A partial correlation was then
computed between average tension and average onset
density, controlling for average event density. A nega-
tive, nonsignificant relationship was found, 7(9) = — 41,
p = .21. This result indicates that although there was
a significant positive correlation between average ten-
sion and onset density, the relationship does not hold
when the effects of ornaments on tension are isolated
from those of event density.

Listener response profiles. In order to investigate the
differences between listeners, we mapped the responses
for all 12 performances on a single graph for each listener.
Visual inspection revealed distinct response profiles for
each listener group. As shown in Figure 10A, a typical
harpsichordist listener had a wide range of tension
curves; tension ratings for some performances reach one
or both extremes of the tension range, suggesting that the
harpsichordist listeners responded to subtle nuances of
each performance. Figure 10B illustrates characteristic
tension ratings for a musician listener, with a general
climb to the cadence at event 127 and a pronounced drop
after this point. The general shape that emerges across
performances suggests a strong influence of the global
structure. As shown in Figure 10C, a typical nonmusician
listener reached a plateau after about 20 events, and many
performances reach the upper-end of the range. These
profiles help to explain the significant differences men-
tioned previously in global mean tension ratings between
the nonmusicians and the other two listener groups, par-
ticularly the high mean tension ratings for the nonmusi-
cian listeners across all performances and the wider range
between the highest and lowest mean ratings for the
harpsichordists (range = 21.3) compared to the musi-
cians (range = 10.2).
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FIGURE 10. Tension ratings by typical listeners for all 12 performances:
A) harpsichordist, B) musician, C) nonmusician

Tension variability. We investigated whether the vari-
ability in tension ratings is related to the large-scale
variability in performed note durations. In the same
manner as the performance data presented in Part 1,
the absolute (discrete) first derivative of tension ratings
was calculated for each participant by event and aver-
aged across performers (see Figure 10). For the averaged
absolute tension variability for each performer, the
tension variability at the beginning and end (M = 0.41,
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FIGURE 11. Absolute variation in tension ratings per event across all
performers. Mean values of beginning and end compared to the interior
section.

SD = 0.11) was significantly higher than within the inte-
rior section (M = 0.16, SD = 0.06), #(11) = 6.96, p < .001,
d=20l.

It might be argued that the tension variability that
occurs at the beginning may be exaggerated due to the
constraints of the experimental procedure, which
required that participants begin with the slider at the
bottom. Examining Figures 8 and 11, the largest
spikes in absolute tension variability at the beginning
and end were not connected to the initial or final
motions of the slider, but directly reflect the large
spikes in tempo variability in the treatment of the
rolled arpeggios into events 6 and 133. In other
words, the wide range of performance interpretations
of the initial and final rolled arpeggios appear to
influence the variability of tension ratings at these
moments. Many of the peaks in tension variability are
associated with boundaries of the performers’ analy-
sis, suggesting that the group-final lengthening or
acceleration at those important structural markers
may influence differences in perceived tension. The
lowest points of tension variability occur in the mid-
dle of a gesture or phrase, events that are less likely to
be dramatically emphasized through performance,
which would result in smoother or less extreme move-
ments of the slider.

DISCUSSION

The tension graphs for each performer indicate a sur-
prising difference in the experience of tension at the end
of groupings in the unmeasured prelude compared
to the ends of phrases in measured music; listeners

rated higher tension at phrase endings where group-
final lengthening occurs. The differences in interpreta-
tion by P9 and P6 resulted in different tension profiles
of the three listener groups. Ratings for P6 generally
resemble a plateau throughout, whereas two large ten-
sion arches occurred for P9. The differences related to
mean tempo and timing variability that were observed
between P9 and P6 in Experiment 1 were reflected in the
tension results of the regression analyses; a moderate
association between timing variability and tension var-
iability was found, particularly for the model of P9, and
significant correlations were found between mean
tempo and mean tension ratings, as well as mean onset
density and mean tension ratings.

The case study at event 46 attempted to quantify dif-
ferences in the performance and perception of a bound-
ary with high analytical agreement. No clear association
between analysis, performance and tension judgments
was found, a result that emphasizes the lack of a one-to-
one correspondence between boundary segmentation,
GFL-reflectivity, and tension responses. This analysis
highlights the importance of considering the entire lis-
tening context, not just localized moments. To consider
this connection further, Gingras, Pearce, Goodchild,
Dean, Wiggins, and McAdams (2016) employ time
series analysis techniques to directly confront the chain
of influence from score events to performance to ten-
sion perception for the unmeasured prelude.

Several different approaches were used to investigate
the differences in tension ratings among the three lis-
tener groups. The mixed-design ANOVA revealed that
the nonmusicians’ mean ratings were significantly
higher than those for the musicians and harpsichordists.
Similarly, Frederickson (1999) reported higher ratings
for less experienced listeners, which was interpreted as
less discrimination of the stimulus. Visual inspection of
each listener’s tension ratings for all 12 performers
uncovered trends in responses depending on expertise
group. The general plateau for a typical nonmusician
listener across different performances explains the
higher mean tension ratings compared to musicians and
harpsichordists. A typical harpsichordist listener pro-
duced a variety of tension curves, often reaching both
extremes of the tension scale within a single perfor-
mance. The wide range of mean tension ratings also
suggests that harpsichordists responded more to spe-
cific performance features compared to the musicians
and nonmusicians. The common shape of the response
profiles across performances and the narrower range of
mean tension ratings across performances suggest that
musicians are strongly influenced by the inherent musi-
cal structure.



General Discussion

This study focused on performances of an unmeasured
prelude for harpsichord as an ecologically valid object
of study, which allowed for the direct exploration of
the connections between expressive timing, analysis,
and tension perception. As predicted, analyses and
performances of the unmeasured prelude were more
varied than those found in measured music, with
lower agreement on segmentations and lower timing
correlations among performances. We expected that
the interpretive freedom provided by the unmeasured
structure would aid in uncovering connections
between analysis and performance, particularly GFL-
reflectivity of segmented groupings. In contrast to Gin-
gras et al. (2010), who observed that the group-final
lengthening of organists corresponded to the hierar-
chal importance of major subdivisions in their analy-
ses, the harpsichordists did not slow down to a greater
extent with group-final lengthening at the cadence,
which would be situated at a higher level of the group-
ing hierarchy as a structural accent. One explanation is
that a variety of tempo patterns were discovered; in
addition to group-final lengthening, the performers
also slowed down before and accelerated through the
analyzed boundaries, a process we describe as group-
final anticipation. Gingras et al. (2010) did not find
a significant difference between the average size of the
ritardandi of the organists who marked a section as
a boundary and those who did not. Similarly, harpsi-
chordists 9 and 6 showed more GFL-reflectivity for the
boundaries of the performers’ analysis compared to
their own segmentations.

The results of the tension study confirm that the
boundaries of the unmeasured prelude do not operate
in the same way as in measured music as reported by
Krumhansl (1996) and Farbood (2012). Local peaks of
tension, rather than decreases, occur at boundaries with
group-final lengthening. However, the association
between longer durations and tension peaks does not
hold on the large-scale level; the results of the analyses
on the associations between timing and tension indicated
that faster mean tempi correlated with higher mean ten-
sion ratings, which relates to the findings of Ilie and
Thompson (2006). In addition, a moderate link was
found between timing variability and tension variability.

Verbal responses after the tension study assist in
interpreting these findings. One harpsichordist listener
noted that “those who brought out the harmony by
lingering on a dissonance or delayed before something
expected created more tension.” Musicians commented
on a balance between slowing for certain moments and
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a consistent tempo, indicating a connection between
tension and performances that were “well-balanced,
with good use of time and waves of intensity” and per-
formances that displayed “a variety of tempo patterns,
[tempo] rubato, flourishes, and prolonged dissonances.”
Several nonmusicians noted that they rated higher
tension for performances that connected the tempo
changes with certain musical moments, such as the “arch
shape of the melody” and “faster notes at the climax.” In
many comments there was a subtle connection between
perceived tension and listening engagement, even sug-
gesting that they preferred the performances that they
had rated higher in tension. These observations and the
results of the perceptual study suggest that the tension
ratings were affected by the manner in which performers
are able to connect their timing variations to inherent
aspects of the score, such as emphasizing certain disso-
nances or gestural changes, while at the same time ensur-
ing that they maintain a swift pace. For example, it is
likely that listeners did not hear a connection between
musical features and many expressive timing changes by
P6. There are several moments that are quite idiosyn-
cratic, such as the acceleration through event 12 (neither
group-final lengthening nor group-final anticipation)
and extreme note duration peaks that do not correspond
to segmentations. These expressive timing variations may
have seemed more random compared to P9’s emphasis
of a few structural moments, for example. These diver-
gences in interpretation, in addition to overall mean
tempo, help to explain the perception of tension on local
and large-scale levels.

The performances of the unmeasured prelude con-
veyed a sense of global structure through the amount
of timing variability. The performers showed the most
interpretive diversity at the beginning and end of the
piece during the stable arpeggios and maintained the
steadiest tempo during the more unstable, interior sec-
tion. The tension data also reflected the large-scale
structure, with the largest variability in tension ratings
at the beginning and end, and the lowest variability in
the middle section. These results suggest an intriguing
connection between the inherent structure of the piece,
variability in timing, and variability in tension ratings.

This study is an important addition to the research on
performance and tension perception, as it reveals the
complexities involved in the interplay between individ-
ual expression, performance limitations, and tension
perception of different listener groups. Performers agree
on aspects of the structure, but may express this under-
standing in different ways. Furthermore, performers have
individual impressions of the music, but the gestural and
harmonic structure may impose certain constraints on
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performance. Our results indicate that the perception of
tension for these differences in interpretation is influ-
enced by the musical context, the underlying tempo, and
the expertise of the listener.

We used a curve-fitting approach to assess the para-
bolic or linear fit of the performed durations at the
performers’ analyzed segmentations. We found that per-
formers used group-final lengthening to a greater extent
for the groupings at beginning and end of the piece
compared to the interior section and the cadence. This
method was also useful in assessing whether tension
ratings increased at a particular boundary. In the future,
the curve-fitting approach could be applied with a mov-
ing window to map the locations of the highest goodness-
of-fit segments for parabolic or linear decelerations, as
well as accelerations. These results could reveal further
insights into strategies of timing in relation to the inher-
ent musical structure.

Activity analysis, currently being developed by
Upham and McAdams (2014), is an analytical approach
that focuses on particular types of events in continuous
responses (e.g., increases in tension ratings above a cer-
tain threshold). It considers the coincidence of a given
activity over multiple responses to the same stimulus
and statistically evaluates response coordination. In the
future, we plan on employing activity analysis to assess
response coordination for the three listener groups and
to pinpoint statistically significant moments of local
activity for increasing or decreasing tension ratings.
This type of analysis would assist in disentangling ten-
sion increases related to performer-specific timing var-
iations in contrast to those related to inherent aspects of
the score (e.g., tension increases for musicians at the
cadence across performances).

Ornaments, often notated several events before seg-
mentations, pose considerable problems for interpreta-
tion, because performers often lengthen the events prior
to and during the ornament but not the final event of
the grouping. The perception of tempo fluctuations has
been found to depend on the musical context; for exam-
ple, ritardandi are more difficult to detect at the end of
musical units, causing a warping of experienced time
(Repp, 1992, 1996). Therefore, ornaments may influ-
ence the perception of tension in different contexts.
Our analysis of average onset density attempted to
incorporate both notated and improvised ornaments
by calculating the total number of onsets in relation to
the duration of the piece. The isolated effect of average
onset density on average tension ratings, controlling
for the average density of notated events, resulted in
a negative and nonsignificant correlation. Based on
this result, we speculate that the ornaments may be

perceived as a moment of stasis that embellishes and
prolongs the notated event, but does not drive the
tension ratings over and above the expressive timings
of notated events. A systematic evaluation of orna-
ments, including the location of improvised ornaments
in other unmeasured preludes, could provide insight
into improvisatory expressive details and the resulting
tension judgments.

One limitation of this study is that we did not analyze
the harmonic structure or account for harmony in our
analyses. Although a harmonic reduction has been pro-
posed for the unmeasured prelude (Ijzerman, 2011), we
argue that harmonic interpretations vary across perfor-
mers and therefore harmony cannot be assumed to be
a constant. Additionally, the perception of harmony in
the unmeasured prelude is likely influenced by expres-
sive performance parameters. In order to investigate
this further, a potential study could investigate the
manipulation of timing and articulation patterns, such
as sustained pitches, and their effect on tension percep-
tion in isolated contexts.

The experimental procedures described in this study
could be used to investigate other unmeasured pre-
ludes in order to assess how performers respond to
score constraints in various contexts (e.g., gestures and
cadential patterns). Additionally, the findings could be
relevant for other improvisatory music and metrically
ambiguous music, such as Gregorian chant, the alap
(opening section) of North Indian raga, free jazz, and
certain types of contemporary music. In particular, our
curve-fitting approach to investigate grouping struc-
ture could contribute to research on segmentation in
improvisation (Dean & Bailes, 2014; Dean, Bailes, &
Drummond, 2014). Although there are considerable
challenges studying this “beautiful but puzzling music”
(Tilney, 1991, p. 1), the unmeasured prelude reveals
intriguing insights into performance timing and ten-
sion perception.
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