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Abstract
There are several examples of visualization of Western clas-

sical music, many of which use the score as a reference. By
contrast, a standard descriptive notation that serves the same
purpose for Indian music is not available. In this paper, we
draw upon recent transcription approaches for Carnatic music
(CM) and propose an automated visualization procedure. It is
formalized by an analogy between the pitch movement and pro-
jectile motion in a uniform gravitational field. During constant-
pitch notes (CPNs), the projectile moves horizontally on ledges
at constant speed. Outside CPNs, reflectors are placed at the
points where the pitch curve changes its direction. The positions
of reflectors and ledges are quantized, and the motion between
them is under the influence of gravity. We then suggest that
the non-uniform scaling of CPNs, silence, and transients (i.e.
music outside CPNs) in CM matches the analogy. Finally, the
projectile motion equations are used to interpolate pitch curves
for CM synthesis. Perceptual tests rate it on par with existing in-
terpolation schemes. In addition, experts felt that visualization
is needed to correct errors in descriptive notation.
Index Terms: Carnatic music, Music visualization, Projectile
motion

1. Introduction
Carnatic music (CM) is a sophisticated form of Indian mu-
sic, prevalent in south India. It is characterized by continu-
ous pitch movement called gamakas, between musical notes
(called svaras); even individual svaras are often rendered with
gamakas1. A mapping between svaras in CM and notes in
Western music (WM) is shown in Table 1. The mapping is
ambiguous when continuous pitch variation is involved, which
makes up a significant portion (≈ 50%) of CM renditions. Al-
though some form of written notation has evolved to represent
gamakas [2, 3], CM does not yet have a descriptive notation
needed to enable computer synthesis. Traditionally, the music
has been taught orally, and gamakas are learnt by example; pre-
scriptive notation is thus more of an aid to memory. For WM,
the staff notation can capture pitch, rhythm, polyphony, and ba-
sic ornamentation such as vibrato, and, by contrast, is descrip-
tive enough for computer synthesis.

The staff notation already has the ingredients of music visu-
alization. Pitch increases from bottom to top (y-axis) and time
proceeds from left to right (x-axis). Yet, even semi-automated
visualization is painstaking, especially if there is a mapping be-
tween the music and the video. In one such example [4], shapes
are mapped to instrumental groups, and colors, to pitch; the
shapes light up “outside-in” when the corresponding notes are

1See [1] for further explanations of CM terms.

Table 1: Svara positions in an octave for Carnatic (CM) and
Western music (WM). The tonic is set as C.

CM S R1 R2 G2 G3 M1 M2 P D1 D2 N2 N3

WM C C# D D# E F F# G G# A A# B

played. An example of kinetic art, e.g. Beethoven’s fifth sym-
phony [5], uses line riders that move on, and jump across, slop-
ing curves/lines. In [6], metal marbles roll on stacked dominoes,
fall between them, or move around circular magnets. In these
examples, the videos are created with varying levels of manual
intervention. Visualization may also be based on emotion [7],
and serve as a tool to study the emotional impact of music [8].

Indian music, despite its profusion of continuous pitch vari-
ation, has surprisingly few visualization attempts. Of course,
there are abstract examples such as the personification of a rāga,
svara, etc. in paintings and sculptures, and Indian dance forms
depict the meaning/interpretations of lyrics. However, these are
not cases of visualizing the characteristics of the music. In-
stead, the textual descriptions of gamakas, which evoke images
in the readers’ minds, are better examples. These descriptions
are often in terms of fingers moving on a vīn. ā [2], or along the
fingerboard of a violin. The Gamaka box [9] is similar to the
staff notation, and has a visual representation of gamakas. Like
the descriptions, it mainly aids performers. On the other hand,
as far as we are aware, audiovisual perception of Indian music
by analysis has only one example [10], which plays back the un-
processed pitch curve synchronized to the music, with manually
added metadata.

1.1. Our Contribution

In this paper, we draw an analogy between pitch curves in CM
and projectile motion in a uniform gravitational field. A fully
automated visualization procedure based on this analogy is then
presented. Although applicable to Hindustani music too, the fo-
cus of this paper is CM. We suggest that the analogy can be in-
terpreted meaningfully to explain the nature of speed-change in
CM. We also introduce a parabolic interpolation scheme mim-
icking projectile motion and show that is perceptually compara-
ble to existing interpolation schemes used in the CM synthesis.

1.2. Definitions and dataset

We reuse the following definitions [1] in this paper. Constant-
pitch notes (CPNs) are segments of pitch that are at least 80
ms long and do not deviate from their mean by more than 0.3
semitones. Transients are non-silence sections of music that
are not CPNs. Stationary points (STAs) are local maxima and
minima of transients. Anchors are CPNs that are adjacent to
STAs. Figure 1 shows some examples of these terms.
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Figure 1: Transients, CPNs, and STAs of a pitch curve.

We use the dataset of [11] that has the pitch of the domi-
nant source, typically the voice, of 474 renditions in 40 rāgas
estimated according to [12] in 46 ms-windows every 4.44 ms
= 1/fw. This pitch is converted to semitones relative to
the identified tonic [13] and CPNs are extracted according to
[1, 14]. STAs are obtained as in [1] to remove redundant max-
ima and minima. The index of the sliding window, and the pitch
in semitones of CPNs/STAs are relevant to the analogy. Note
that, if CPNs/STAs are used to model the music, the analogy
depends neither on the exact algorithms to extract CPNs/STAs,
nor on those for transcription and quantization.

2. Visualizing CM as projectile motion
The analogy of CM pitch curves with projectile motion is de-
veloped after a brief recap of projectile motion.

2.1. Recap of projectile motion

The important equations of projectile motion in a uniform grav-
itational field are summarized below. Derivations and further
details can be found in [15]. Let the magnitude of the accelera-
tion due to the uniform gravitational field be g. ‘Downward’ is
defined as the direction of the field. Displacement in the hori-
zontal direction (x-axis) increases from left to right, and in the
vertical direction (y-axis), from bottom to top. Let the horizon-
tal component of the velocity of a projectile be vx(t) and let
the vertical component be vy(t). Further, let the horizontal and
vertical components of the initial velocity be ux and uy respec-
tively. For upward (rightward) movement, uy (ux) is positive,
and for downward (leftward) movement, uy (ux) is negative.
Then, the components of the projectile’s displacement and ve-
locity at time t are related by the following equations.

vx(t) = ux (1)
x(t) = uxt (2)
vy(t) = uy − gt (3)

y(t) = uyt− 1

2
gt2 (4)

2.2. Analogy with projectile motion

In the proposed analogy with projectile motion, CPNs are mod-
eled as ledges along which a projectile moves/rolls from left to
right at a constant horizontal speed. The projectile is not shown
on screen during silence. For Indian music in general, and CM
in particular, the duration of music outside CPNs is invariably
higher than the the duration of CPNs [16]. The rest of this sec-
tion details the crux of the analogy: between projectile motion
and the music traversing between STAs of transients.

Table 2: Mapping music to projectile motion, with parameter α

Music Projectile motion
Sliding window index, w Horizontal distance in meters, x
Pitch in semitones, p(t) Height, y(w/ux) in meters
Scaled sliding rate, αfw Horizontal speed in m/s, ux

Gamaka rate, r(t) Vertical speed in m/s, vy(t)

We define a Transcription Phrase (TP) as the music between
two CPNs/silence segments. Let there be K STAs in a TP oc-
curring at window indices {w1, w2, . . . , wK}, with their quan-
tized pitch values in semitones: {q1, q2, . . . , qK}. Further, we
explain the analogy for the case of a TP starting and ending
in two CPNs, whose pitch values are denoted by q0 = c1 and
qK+1 = c2. Their window indices are w0, denoting the end
of the first CPN, and wK+1, denoting the start of the second
CPN. The corresponding time instances are tk = wk/ux for
k = {0, . . . ,K + 1}. It is straightforward to extend this anal-
ogy to TPs that start and/or end in a silence-segment.

The mapping of the musical parameters to those of projec-
tile motion is given in Table 2. It has been observed that the du-
ration of transitions between STAs is usually within 200 ms [1],
and longer traversals often do not take longer time. Therefore,
it is impossible to map to free-fall (uy = 0) varying magni-
tudes of transitions in the same time interval. Instead, for each
pitch traversal from STA k−1 to STA k, a corresponding initial
vertical velocity uk−1 has to be evaluated with ∆t = tk−tk−1:

uk−1 = sk,k−1
|qk − qk−1|

∆t
+

1

2
g∆t (5)

where sk,k−1 = 1 for upward movement (qk ≥ qk−1), or
sk,k−1 = −1 for downward movement (qk < qk−1), and α
is explained below. With p(tk−1) = qk−1 and p(tk) = qk, for
tk−1 ≤ t < tk, equations (3) and (4) change to:

y(t) = uk−1(t− tk−1)− 1

2
g(t− tk−1)2 (6)

vy(t) = uk−1 − g(t− tk−1) (7)

Two accompanying conditions are max(y(t)) =
max(qk−1, qk) and min(y(t)) = min(qk−1, qk). If these
conditions are not satisfied, the projectile will overshoot (or
undershoot) qk before returning to it at t = tk. This behavior
alters the nature of the pitch curve by introducing a new STA at
the point where the projectile turns. It is especially detrimental
to gamaka-heavy Carnatic music. The parameter α has been
introduced to enable ensuring this condition empirically. In our
implementation we chose α = 0.2 to match g = 9.81 m/s2

and fw = 225Hz. With uk depending on the subsequent STA,
the projectile must be imparted varying (but precise) velocities
at each STA. We model these as collisions that alter the speed
of the projectile so as to exactly reach the next STA. Note that
outside the collisions, the projectile is completely under the
influence of gravity, an important aspect of interpreting the
analogy in Section 3.

The analogy above is used in constructing a video that is
synchronized to the original song. The resulting audiovisual is
the output of visualization of CM. The CPN-STA model, quan-
tization of their pitch values, and the analogy in creating the
audiovisual, set apart this work from [10].
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Figure 2: Snapshot of visualization canvas with ledges, reflectors, and projectile in motion for an excerpt in the rāga bhairavī. Svara-
names unobtrusively mark ledges and reflectors; the original pitch contour is also shown as faint line.

2.3. Video construction

The video is generated in python with animation reused from
the Pygame tool [17] on the lines of [18]. The projectile (or-
ange ball of Figure 2) moves as described in Section 2.2. The
bottom of the video shows a landscape of bricks and bushes to
provide a feel of the earth’s surface. It is needed to convey that
the projectile is moving under gravity. Other elements include
the ledges and reflectors of Section 2.2, wherein the ball rolls
straight on the former and bounces against the latter. Ledges
are shown using straight lines and reflectors, using circles. The
music piece is divided into chunks at most three seconds long,
and each is shown using a different canvas, devoid of the ele-
ments of its predecessor. In each canvas, stars are added to give
the feel of night time, and their positions are randomized to in-
dicate the change of canvas. The regions of silence, as detected
by [12], are shown as static canvases without ledges, reflectors,
or the ball. The colors of the ledges and reflectors are based
on note-triads as follows. S,G3, P : blue; M1, D2, (S): green;
and (P ), N3, R2: yellow; notes in brackets already have colors
assigned in a previous triad. The remaining notes are assigned
colors as follows. G2, N2: brown; and R1,M2, D1: red. The
color of the ball was chosen based on feedback from colleagues
in our labs. A ledge/reflector lights up as the ball approaches it,
and stays lit.

3. Interpretation of the analogy
Our analogy has an interpretation that can explain, to a first
approximation, the observed scaling of CM across speeds.
Consider the three speeds of rendering a single svara, Ri, in
kēdāragoul.a rāga [19]. The pitch contours (estimated using
[20]) are shown in Figure 3a. Transients are manually marked
with red curves and CPNs, with blue lines. It is fairly evident
from the figure that the transients and CPNs do not scale the
same way. To aid seeing this better, Figure 3b has the pitch
contours of the faster renditions shifted so that the transients are
aligned. The figure clearly shows that CPNs are scaled down
much more than the transients. This is analogous to speech,
where the duration of consonants is preserved across different

speeds, while the duration of vowels suffers significantly. In or-
der to identify words that are spoken, consonants are necessary.
The importance of vowels cannot be undermined, though: the
distinction between beet and bit is just the vowel.

The example discussed so far was analyzed manually. The
scalability of this approach is established by analyzing a partic-
ular class of items, called varn. ams, where some lines (about a
third of the composition) are usually rendered in two different
speeds. In our database, we found six major rāgas with varn. ams
rendered in them by five musicians; these numbers are given in
Table 3. For each varn. am rendition, the total duration of CPNs,
transients and silence segments in the first and second speeds
are obtained. Next, the ratios of the durations in the first speed
to the corresponding durations in the second speed were found.
The overall ratio is defined as the total duration in the first speed
to that in the second2. Table 3 shows clearly the large difference
in the ratios of the CPNs, transients, and silence3. Specifically,
CPNs and silence are extended when speed is halved, and in
[21], transients are only moved outside them to halve speed.

An intuitive analogy with projectile motion is now drawn:
If CPNs are viewed as ledges, they can be extended or con-
tracted depending on the speed of the music, while STAs con-
tinue to stay as reflectors. The projectile can move along the
ledges for longer when the music-speed is lowered because they
provide the normal reaction to balance its weight. However,
as soon as it leaves a ledge, it follows projectile motion under
uniform downward acceleration, explaining the invariance of
transient-duration across music-speeds. For algorithms such as
[21], the nature of these reflectors does not change with music-
speed. If transients are changed, reflectors will change accord-
ingly; yet, the motion between them continues to be projectile
motion. This interpretation also suggests that projectile motion
curves can be used in CM synthesis. Such synthesis outputs and
the visualization are evaluated next.

2The second speed is actually twice that of the first, but it is common
for the lines of a varn. am to be repeated in the first speed and not in the
second. This explains why the overall ratio is well above 2 in Table 3

3Rāgas with one rendition are not affected by variability in tempo
across pieces (first four rows) and other rāgas show similar behavior.
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(a) Aligned at the centers of the phrase in each speed. (b) Silence (hatching) introduced for alignment at transients.

Figure 3: Pitch contours of the rendering of the phrase R2G3R2S in the rāga kēdāragoul.a, in three speeds. Transients have been
manually marked with red curves, and CPNs, with blue lines. The x-axis is time in mm:ss format and the y-axis, pitch in Hz.

Table 3: Duration and ratios of constant-pitch segments and transients in two speeds of the first parts of several varn. ams in six rāgas.

Rāga No. of Duration in the 1st speed (seconds) Ratio (1st speed to 2nd speed)
varn. ams CPNs Transients Silence Overall CPNs Transients Silence Overall

Tōd. ī 1 37.7 69.7 10.5 117.9 8.66 2.61 3.79 3.49
Bhairavī 1 56.0 100.2 64.1 220.3 10.27 2.58 5.44 3.93
Kāmbhōji 1 52.1 79.3 29.1 160.5 6.2 1.9 2.8 2.7

Śankarābharan. am 1 43.6 87.1 11.7 142.4 12.3 3.48 2.33 4.23
Sahānā 3 144.4 237.2 78.9 460.5 9.5 2.8 3.8 3.8
Kalyān. ī 2 114.6 220.1 59.6 394.3 10.1 3.0 4.5 4.1

Table 4: Average ratings out of 5, their signed and absolute
differences, and preferences for the cosine (Cos) and projectile
motion (PM) interpolation schemes.

Rāga Rating Difference
Cos PM Signed Absolute

Kāmbhōji 3.3 2.9 -0.4 0.8
Śankarābharan. am 3.2 3.1 -0.1 0.8

Tōd. ī 3.4 3.6 0.1 0.2
Bhairavī 3.4 2.9 -0.5 0.6

Preference 29% 17% 54% differed by ≤ 0.5

4. Evaluation and Results
The mapping from musical movements to projectile motion in
Section 2.2 can be used as an interpolation scheme for CM by
treating (6) as the pitch. We have thus introduced a quadratic in-
terpolation scheme for gamakas. Four pieces were transcribed
according to [14] to obtain quantized CPNs and STAs. The
pitch curve between CPNs and STAs was interpolated using co-
sine curves, and using the projectile motion equations described
in Section 2.2. These were played in a randomized order and
listeners were requested to rate the synthesized samples for ad-
herence to the rāga. Eight experts conversant with identification
of rāgas, took the test4. The results in Table 4 show that it is
not easy to tell apart quadratic interpolation based on projec-
tile motion from cosine interpolation (54% of the ratings had
no preference for either). We observe again that the CPN-STA
model is compatible with many interpolation schemes. The first
three degrees of polynomials (linear [14], quadratic in this pa-
per, cubic [22, 23]) and cosine curves [24, 14], all seem to work.

We interviewed two performing musicians among the ex-
perts to obtain feedback on using the video for correcting the
descriptive notation comprising CPNs and STAs. Although they

4https://www.iitm.ac.in/donlab/pctestmusic_
video/index.html?owner=venkat2&testid=test1&
testcount=4

acknowledged that the detail was sufficient, they did not iden-
tify any errors. We then asked them to consider instructing
their student to practise the gamakas as transcribed. In this
role of a teacher, they corrected errors in the video, e.g. in
the rāga śankarābharan. am, a P -G2-P -gamaka was corrected
to P -G3-P . The initial hesitation in making corrections is ex-
plained by the tolerance for errors in STAs, which are not per-
ceived in the synthesized audio [14]. Visualization thus helps
annotators in verifying transcription outputs based on music
theory/practice when perceptual listening tests are inconclusive.

5. Conclusions and future work
In this paper, an analogy was drawn between pitch movements
in CM and projectile motion in a uniform gravitational field.
CM was modeled as consisting of CPNs and transients, the
latter characterized by STAs. CPNs were mapped to ledges,
and STAs, to reflectors. Continuous pitch variation outside the
ledges and reflectors was mapped to projectile motion. The
analogy can explain the non-uniform scaling of CPNs and tran-
sients across speeds. Projectile motion curves were then used
to interpolate between CPNs and STAs in CM synthesis. Ex-
perts evaluated this scheme and the cosine interpolation scheme
comparably. They felt the need for visualization (the analogy is
optional) in evaluating transcriptions. In doing so, they should
be asked to examine short segments (say three seconds long)
while playing the role of a teacher correcting their student.
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