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Abstract. Recording music-related motions in ecological valid situa-
tions can be challenging. We investigate the performance of three devices
providing 3D acceleration data, namely Axivity AX3, iPhone 4s and a
Wii controller tracking rhythmic motions. The devices are benchmarked
against an infrared motion capture system. The devices tracked simple
and complex rhythmic motions to pre-recorded music and were evalu-
ated both based on the data quality and also in terms of how suitable
the systems seem for tracking music-related motions in real-world situa-
tions. The various systems represent di↵erent trade o↵s with respect to
timing, accuracy and precision.
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1 Introduction

A wide range of motion capture technologies enables measurements of music-
related body motions with high precision. Infrared motion capture systems pro-
vide high precision position data and have successfully been used in a number
of studies on music-related motions. However, these systems also have some lim-
itations. If a marker gets occluded or moved outside the capture space, it will
disappear from the recording, something that can restrict both the area for the
performance, and also the number of people that can be captured simultane-
ously. In addition, doing recording in a motion capture lab with visible (reflec-
tive) markers attached on the participant may challenge the ecological validity
of the study. Previous studies suggest that using professional performers [1] or
modifying the lab [2] can balance the influence of the artificial environment.
Nevertheless, being able to record music-related motion in real-world situations,
like a performing musician in a concert or a crowd dancing in a parade, is often
desirable.

The intimate relationship between musical rhythm and body motion is often
emphasized [3], and for music styles with an intimate relationship with dance it
has been suggested that rhythmical structures in the music may be conditioned
by the particular way of dancing (see e.g. [4, 5]). In this study we were inter-
ested in evaluating the performance of input devices tracking rhythmic motions.
The input devices were evaluated with respect to the quality of the data they
provided, but also their suitability for studies of music-related body motions in
real-world situations.
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2 Devices

The performances of three systems were evaluated in this study: The Axivity
AX3, Apple iPhone and the Nintendo Wii controller. The AX3 is a logging
device, meaning that data is recorded to the internal memory on the device
without options for streaming the data to an external recording device. The
iPhone and the Wii controller, on the other hand, both allow streaming of data.
All systems provide three-dimensional acceleration data.

The dimensions of the Axivity AX31 are 39x36x12.5 mm, with a mass of
19 grams (Fig. 1). The device has a built-in memory of 512 MB to store the accel-
eration data and is charged and controlled over a USB connection to a computer.
The AX3 provides accelerometer data (including gravity) measured in G unit.

An iPhone 4s, running iOS version 7.1.1 with dimensions 58.6x115.2x9.3 mm
and with a mass of 138 grams (Fig. 1) was used. The iPhone data was sent via the
application GyrOSC2 and recorded by a Max patch running on a MacBook Pro
via Wi-Fi. The userAcceleration data (in Gs) is an estimate of the acceleration
without gravity performed by the CMDeviceMotion class in Apple’s API.

We also used a Nintendo Wii controller with dimensions 36.2x180x30.8 mm
and with a mass of 159 grams (Fig. 1). Accelerometer data from the Wii con-
troller was received by the OSCulator software3 running on a MacBook Pro
via Bluetooth and recorded using the software WiiDataCapture 2.1 [9]. The
software imported the data to a text file containing time information and three-
dimensional accelerometer data represented by numbers between 0 and 170.

For reference, high-precision position data were recorded using an optical
motion capture system from Qualisys4. The system tracked the motion of a
reflective marker (diameter 16 mm) at a frame rate of 100 Hz (Fig. 1). Data was
recorded into Qualisys Track Manager (QTM) 3.7.

Fig. 1. The devices used in this study:
Nintendo Wii controller, iPhone 4s and
Axivity AX3, and also the reflective
marker used in the Qualisys recording.
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3 Experiment
The recordings were carried out in the fourMs motion capture lab at the Uni-
versity of Oslo. First, a recording was done of the devices lying still on the floor;
second, the devices were held in one hand performing shaker motion; third, the

1 http://axivity.com
2 https://itunes.apple.com/us/app/gyrosc/id418751595?mt=8
3 http://www.osculator.net
4 http://qualisys.com
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devices were attached on a dancer’s hip while dancing samba. Since we wanted
to record the same movements using the AX3, iPhone, Wii and Qualisys si-
multaneously the devices were strapped together and a reflective marker was
attached. The shaker and samba movements were performed to a pre-recorded
samba groove synchronized with the Qualisys recording. Eight metronome clicks
at 105 BPM were added to the audio track both before and after the samba
groove. In the shaker recording impulsive movements were carried out in syn-
chrony with the metronome with the hand holding the devices, and in the samba
recording the dancer wearing the devices jumped in time with the metronome.
In both cases the resulting spikes in the data streams from all the devices were
used as a common reference points when aligning the data.

4 Analysis and result

4.1 Post-processing

Since the AX3 is a logging device, the data has to be downloaded from the
device and processed in the proprietary OM Gui software before importing to
Matlab. We discovered a divergence between the specified sampling frequency
of the AX3 and the sampling frequency. To investigate this two AX3 devices,
both set to track at 100 Hz, were used. Neither of the two devices did sample at
the specified rate. By exporting the AX3 data with time tags, that is, seconds
relative to start instead of sample numbers, a more precise frame rate could be
calculated. The average frame rates of the two AX3 devices were found to be
closer to 103 Hz and 95 Hz, respectively. For this reason, AX3 data should be
exported with time tags, rather than trusting the specified sampling rate.

The Qualisys position data was di↵erentiated in order to compare it to
the accelerometer-based devices. We applied a second order derivation with a
Savitzky-Golay FIR smoothing filter (filter length of 5 frames). Alignment of
individual axes of all devices is di�cult, so our analysis in the following sections
is based on the vector magnitude of the 3D acceleration data.

Aligning the data. To be able to compare the data from the di↵erent devices
the data need to be aligned. Since the Qualisys recording and the audio file are
synchronized, the rest of the data files were aligned and cropped to match the
Qualisys data. The recorded data were imported to into Matlab and analyzed
using the MoCap Toolbox [9] and custom made scripts. We implemented an
automated process for aligning the data from the di↵erent devices. Each data
stream was first up-sampled to the framerate of the Qualisys data using linear
interpolation. Subsequently, cross-correlation was applied to calculate the time
lag between the Qualisys data and each of the other data streams.

4.2 Data comparison

In order to compare data streams residual analysis or correlation might be sug-
gested. However, with residual analysis, the e↵ects of minor clock drift in each
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system would be drastic, even if the magnitude of the acceleration measure-
ment is precise. Correlation analysis is also problematic due to autocorrelation
[10]. For this reason, initial comparison between the data streams was done by
visual inspection of the data streams from each device to the same recording.
Fig. 2 shows one such example of the entire shaker recording (top), and a five-
second excerpt (bottom). Since the unit of the Wii-recording is unknown, every
data stream was normalized by the root mean square (RMS) value of the entire
recording. The initial impression given by the figure is that all devices are able
to capture the general tendency of the shaker movement. On closer look, we see
that the iPhone data do not show the highest peaks in the motion. Although
not specified in the app used for acquiring iPhone data, various online discussion
fora state that the iPhone accelerometer data is limited to ±2 G, which would
explain why the iPhone data do not reflect the highest acceleration peaks.
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Fig. 2. Visual comparison between data from the di↵erent devices in the shaker record-
ing (RMS normalisation).

Noise. For evaluation of the basic noise level in the sensors, we carried out a
recording where the devices were lying stationary on the floor. The noise level was
calculated as the standard deviations (SD) of the acceleration vector magnitude.
Table 1 displays three representations of the noise level of the systems. The first
column displays the data as it is received directly from each system, with the
exception of the QTM data which has been di↵erentiated and converted to G
unit. The second column shows the noise level normalized by the RMS value of
the five synchronization movements.

The results in Table 1 show quite low noise levels in Qualisys and AX3.
Due to the limited range of the iPhone accelerometer (discussed in the previous
section) the noise level of the iPhone is higher when normalized. The jagged
lines for the Wii in Fig. 2 shows that the bit depth of the data stream is lower
than for the other devices (a range of less than 256 and resolution of 1 suggests
8 bits). This is possibly the reason why the Wii data is much noisier than the
other systems.
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Raw data Normalised (RMS)
QTM* 0.80 0.92
AX3 2.64 1.88
iPhone 2.57 2.89
Wii 117.36 4.72

* QTM raw values converted to unit G.

A 5 frame savitzky-golay filter was used

in the acceleration calculation, compli-

cating comparisons between QTM and

the other devices.

Table 1. Noise in absolute acceleration data for 140 seconds of the stationary recording.
The columns show the standard deviations (SD) of the raw acceleration data, and data
normalized by the RMS of the synchronization movements. Values are in 10�3 unit.

4.3 Music and motion correspondences.

We were interested in investigating how accurately the data from each of the
devices reflected the rhythm patterns of the motion. A Butterworth smoothing
filter was applied to attenuate the noise in the Wii data. First, we investigated
the correspondence between the simple impulsive fast motions to the metronome.
The performance of the devices were tested both held in one hand, making
impulsive rapid movements in synchrony with the metronome, and also strapped
onto a dancer’s hip jumping in time with the metronome. When the devices were
held in the hand, the data streams from QTM, AX3 and Wii showed clear spikes
that seem to be in accordance with the metronome (Fig. 3). The data stream
from the iPhone also showed acceleration peaks, however, limited by the range
of the accelerometer as previously discussed. When jumping, the acceleration
peaks in accordance with the metronome is still recognizable in the QTM, AX3
and Wii, however, followed by a sequence of descending peaks. This is probably
due to flexible knees allowing the body to bounce after the jump. The data from
the iPhone did not show any peaks related to the metronome.
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Fig. 3. The correspondence between metronome (left), impulsive motion holding the
devices in one hand (middle) and jump (right).

Second, we investigated the correspondence between the shaker motion and
a samba groove. According to previous research samba groove is featured by
systematic microtiming on 16th-note level, and it has been suggested that the
4th 16th-note in a beat plays a significant role being both longer in duration
[6–8] and also more accentuated than the others [6]. A comparison between
the acceleration plots and the plotted audio waveform indicates that the shaker
motion corresponds with the 16th-note level in the music (Fig. 4). In order to
investigate this further we calculated the 16th-note duration in the music and
the duration between corresponding acceleration peaks in the shaker motion in a
total of four bars. Our audio analysis revealed a medium — medium — medium
— long duration pattern on 16th-note level. Our motion analysis, on the other
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hand, showed that the person performing the shaker motions seems to perform
a motion duration pattern deviating from the audio 16th-note duration pattern.
Based on the QTM, AX3 and Wii data the shaker motion in this recording has a
medium — long — short — medium duration pattern. The iPhone data showed
a medium — medium — long — medium pattern. A possible reason for this
diverging result could be that the peaks in the iPhone stream were not clear and
exact turning points in acceleration was di�cult to determine.

A qualitative evaluation of the fluctuation in acceleration amplitude in the
shaker motion showed that both QTM, AX3 and Wii indicated a higher acceler-
ation peak at the 4th 16-note than the others, something that is in accordance
with the view that the 4th 16th-note in samba is more accentuated than the
others. The acceleration peaks in the iPhone data stream, on the other hand,
showed approximately the same strength, something that supports the previous
suggestion that the iPhone is unable to pick up the highest acceleration peaks.
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Fig. 4. The correspondence between samba music (left), shaker motion (middle) and
hip motion in samba dance (right) in two bars. The shaker motion seem to correspond
to with the 16th-note level, and there seem to be an increased change in acceleration
around the 2nd and the 4th 16th-note in the samba dance.

Finally, we wanted to investigate the correspondence between the hip motions
in samba dance and the samba groove. Hip movements in samba dance are
complex and a rhythm pattern is not that easily detected by looking at any of
the acceleration plots (Fig. 4). However, the fluctuation in acceleration amplitude
indicates higher acceleration around the 2nd and 4th 16-note in samba dance.

4.4 Aligning sound and motion recordings

Next, we wanted to investigate whether a AX3 recording could be aligned with
an audio recording alone, without using the Qualisys data. The previous anal-
ysis suggests that the AX3 provides quite reliable acceleration magnitudes. In
addition, since the AX3 is small it can be attached to a performer without in-
terfering, something that can be useful in music and dance performances. The
AX3 tracked shaker motions performed to a samba groove and the sound was
recorded using Logic Pro software running on a Macintosh computer. The AX3
was attached to a wood block that was hit against another wood block creating
peaks in the sound recording and spikes in the acceleration recordings simul-
taneously. The synchronized peaks and spikes were used as common reference
points when aligning the data streams. The synchronization actions were per-
formed both in the beginning and in the end of the recording. In order to be
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able to align the data streams the sound data were transformed into an envelope
representation. The sections containing the synchronization motion and sound
were extracted from both the sound and motion recording and a cross correlation
was used to determine the time di↵erence between the two. The result showed
that the motion data from the acceleration devices could be aligned with the
sound recording (Fig. 5) suggesting that recordings of music-related motion can
be carried out in real-world situations using only an AX3 device and a sound
recorder.
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Fig. 5. Plot showing the audio envelope from a sound recording and data from the AX3
recording. The sections containing the synchronized peaks and spikes at the beginning
(left) and in the end (right), and also the samba groove with corresponding shaker
motion (middle) are extracted.

5 Discussion

In this paper we have examined the performance of the input devices AX3,
iPhone and Wii tracking impulsive motion to metronome, shaker motion to
samba music and samba dance to samba music. Synchronization of all the devices
was possible using the data obtained from a recording of impulsive movement to
a metronome, however the iPhone data did not fully reflect the magnitude of the
acceleration. In the shaker motion correspondences between rhythmical pattern
in the music and the motion was investigated based on onset detection and
acceleration peak. The motion analysis revealed a medium — long — short —
medium duration pattern that was recognized by both Qualisys, AX3 and Wii.
The precision of the peaks in the data streams from iPhone was low, resulting
in a diverging duration pattern. This indicates that data obtained from AX3
and Wii can be used for detecting rhythmical patterns in simple motion, like
the shaker motions, while the data obtained from iPhone is too imprecise. Due
to the noise in the Wii data, AX3 is preferable if accurate representation of
acceleration magnitude is essential.

In dance research, and also when recording body motions in musical perfor-
mances, the size and the weight of the sensors being used must be considered.
Because the AX3 is so small it can easily be attached to a participant’s body, or
even be carried in a pocket, without interfering with the music performance or
experience. The built in memory chip also allows for long recordings. However,
a disadvantage is the divergence in sample rate between devices. Hence, AX3
data should be exported with time tags rather than sample numbers.
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We found that data from AX3 could be aligned with an audio recording
alone, understood that impulsive sound-producing actions, producing unambigu-
ous spikes in the acceleration data and peaks in the sound recording simultane-
ously is carried out both in the beginning and in the end of each recording. This
opens for a lot of possibilities since this suggests that music-related motions can
be captured in ecological valid environments using only an audio recorder and
an AX3 device.

6 Conclusion

Recording music-related motions in an ecological valid environment can be chal-
lenging. In this study we have evaluated the performance of three sensing sys-
tems, namely AX3, iPhone and Wii. None of the systems could provide as precise
data as an optical infrared motion capture system, however, the data obtained
from AX3 and Wii was proven to be useful for analyzing rhythmical structures
in music-related motions. In addition, the small and light-weight feature of the
AX3 device makes it preferable in many situations.
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