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Abstract form ascalable wireless networlScalability is achieved by

adopting ideas proposed for the heterogeneous network ar-
This paper reports on recent development of a wear- chitecture [11]. Also, each dancer and sensor device can be
able wireless sensor platform for interactive dance perfor uniquely identi ed while multiple dancers wearing multpl
mances. At a fraction of a cubic-centimeter in volume, this sensing devices perform together.
platform is truly wearable and scalable in forming wireless Another novelty of this work ismulti-modal sensing
networks. Integrated with a wide variety of different segsi  that is, our platform can collect data from multiple types
devices, itis a real-time monitoring system for activitesl of sensing devices. Not only can it do motion tracking on
physical conditions of the human body. The effectiveness otlancers but also for reading their physiological signs such
this platform is demonstrated with an interactive dance per as heartbeat. These new sensing modalities open up brand
formance. new possibilities for choreographers as new creative tools
for enhancing their performance.
Our proposed platform provides a seamless interface to
1 Introduction Max/MSP [12] and JITTER [13] software packages using
awireless interface boardThis way, a choreographer can

The rapid advances in pervasive computing also broughtreplace their current installation of interactive envirsent
innovations in dance performances [1]. As one of the inno- With our platform without any extra work on the software
vations, the concept of interactive dance performances haside.
received much attention from researchers in both the arts The rest of this paper is organized as follows. We rst
and science [1, 2]. In an interactive dance environment, thereview previous works in the eld of interactive dance per-
live dancer's movements are tracked and used to steer thdormance. Then we present design details of our wearable
synthesis of musical, graphical, and a wide variety of spe- wireless sensor platform. Next, we describe how our plat-
cial effects in real-time. Researchers have proposed manyorm can be applied to an actual interactive dance perfor-
techniques for interactivity [3, 4, 5, 6, 7, 8]. However,iiva  mance, titledDreams in the Forbidden CityThe last sec-
able platforms today are not truly wearable, scalable, ler ab tion concludes with a summary of future work.
to support high-level interactivity.

The rst contribution of this work is in developingtauly
wearablewireless sensor platform. The platform consists
of an ultra-compact and low power wireless sensor node,
named Eco [9] and its variants. With a volume of 648tnm Interactive dance performance has been an active area
without a battery, or 720mnwith a battery, Eco is cur-  of research. The key idea is to use the data from tracking
rently the smallest wireless sensor node in operation. Sevthe motion of a dancer to steer the generation of musical
eral other wearable wireless sensor platforms have alreadyor graphical effects in real time. The two main classes of
proposed [6, 7, 8, 10]. However, they are at least 3 to 4 motion tracking technologies acemputer vision basej@,
times larger in surface area than Eco. Only one sensor nodél] andembedded or wearable sensors bafgd, 7, 8, 10,

[8] comes close in form factor (1000 n¥n but this is only 14, 15]. In this section, We particularly review previous
the sensor unit and does not include a micrcontroller andwork related to wearable wireless sensing technology. In
radio interface. addition, we summarize features of Max/MSP and JITTER

The second contribution is in making multiple Eco nodes software packages, which are among the most widely used

2 Related Work



@@ ‘; @) s ing inertial sensors, because the exible PCB itself vibgat

Lamps @ Bockiop too.

Even though they are not designed for an interactive
kL scsmn dance performance, two recent wearable sensing systems
j o e share several key ideas with our platform. Body Sensor
Network [10] is a wireless sensor platform for pervasive
health monitoring. A 26mm-long transmitter, which has
3 analog/digital interfaces for wearable biosensors, wgsgly
Vi S ) Y - transmits data to a local processing unit. This unit anayze

‘ and displays the data from body sensor nodes. The hand-
hold or wearable wireless motion sensor [7] is developed to
/ vese s ; re ect and react to the collective activity of groups with a
Sensor Nodes number of participants. It includes only a piezoelectrit fo

accelerometer and a 300MHz RF transmitter. The sensor
transmits RF pulses at the extremes of limb motion to the
base station, which analyzes data to detect rhythmic fea-

Dancer

Figure 1. Overview of Wearable Wireless Sen- tures and estimate the activity level of participants. Even
sor Platform for an Interactive Dance Perfor- though it looks simple, it is the rst implementation of a
mance wearable sensor system that considers the scalabilitg issu

to some extent.

in producing musical and graphical effects for interactive 2.2 Max/MSP and JITTER
art performances.
Max/MSP[12] is a graphical environment for music, au-

2.1 Wearable Wireless Sensing Systems dio, and multimedia. Max provides a basic environment
that includes MIDI, 1/O control, user interface, and timing
objects. MSPis a set of audio processing objects that can
eoen‘orm a wide range of tasks from interactive lIter design
to hard disk data recordingllITTER [13] is a set of ma-
sors are embedded into a pair of dancing shoes to monitOImX da_lta processing objects optimized for V|d_eo and_3-D

graphics. It extends the Max/MSP programming environ-

a dancer's motion, more precisely the walking. The col- _ . . ;
lected data are transmitted via a 19.2Kbps radio. Sensm.ment to support real-time manipulation of video, 3D graph-

Stack [5] is the second generation Footware, which has alCS and other data sets within a uni ed processing architec-

more compact form factor (approx. 3020 mn? in surface tu_re. With a MIDI I/O board, the physical e_nvironment can

area) and con gurability by modulized/stackable PCBs. It trlgger events oMSPandJITTER by a written program

has a six-degree-of-freedom inertial measurement unit us-1>"N9 Max. The outputs _oMSPandJITTER can _be_z re-

ing three ADXL202s for 3-axial acceleration sensing and ected as well. The MIDI interface board has 20 digital I/O

three gyroscopes (two ENC03J and one ADXRS150) for 3- ports and 10 analog 1/O ports.

axial angular velocity measurement. It also measures the

distance using a sonar receiver-transmitter pair. In agit 3 Platform Design

it is equipped with an interface board for a number of differ-

ent tactile and pressure sensors. The radio has a maximum As shown in Fig. 1, our wearable wireless sensor plat-

data rate of 115.2Kbps. form consists of three parts: (1) wearable wirelssasor
More recently, the WIMS [8] sensor node contains an nodes (2) wirelessdata aggregatorsand (3)wireless in-

ADXL202JE 2-axial accelerometer, an ADXRS150 gyro- terface boards The activities and physical conditions of

scope, and an HMC1052L magnetometer. It uses a 2.4Ga dancer are rst sensed and digitized by a set of wire-

ISM band radio. Its Inertial Measurement Unit (IMU) is less sensor nodes that the dancer wears. Then, each sen-

miniaturized to 10mrhusing a exible PCB, which can be  sor node wirelessly transmits its data to the data aggregato

easily folded up and down. In terms of form factor, WIMS worn on the dancer's waist. The data aggregator collects

can be almost unobtrusively worn by a dancer. However, and packetizes these data and send them to the wireless in-

its form factor does not include speci cations for a micro- terface board. This board converts the received data into

controller, RF interface, battery. Also, by nature the exi digital/analog output signals and feeds them to the MIDI I/O

ble PCB is prone to breaking and is not suitable for mount- terminal, which generates MIDI signals. Taking these MIDI

The rst implementation of a wearable wireless sensing
device for a dance performance was Expressive Footwar
[6]. In this project, a set of piezoelectric acceleration-se



(a) Heartbeat Sen- (b) Joint Angle Sensor
sor

Figure 3. Photos of Heartbeat Sensor and
Joint Angle Sensor

(c) Side View of ATLS we can add more access points and assign a different chan-
ATLS Unit Unit nel to each'

Figure 2. Photos of ATLS Unit
3.1 Wearable Wireless Sensor Node

) ) The wearable wireless sensor nodes are built based on
signals as inputs, Max, MSP and JITTER process them andy, design of Eco [9], an ultra-compact low-power wire-

synthesize musical and visual effects as programmed by 8egq sensor node for real-time motion monitoring. Eco is
choreographer. Eventually, these effects are sent todhé fr currently the world's smallest wireless sensor node in op-
projector, speaker, and lamps through either a wired orwire eration, and it measures 12 12 mn? in surface area,
less interface and displayed. In summary, our platform pro- 4.5mm thick (or 648mrin volume) and weighs 1.3 grams
vides a real-time and interactive environment between per-yihout the battery. Small form factor as well as real-time
formance dancers and stage equipment. monitoring capability makes it highly suitable for weambl

To address scalability issue, our platform uses two dif- sensor network applications. However, the original design
ferent types of networks: bhody networkand an802.11b  of Eco has only one two-axial accelerometer (ADXL202E
Wi-Fi network as circled in Fig. 1. This is a similar idea to [16]) and a 125mAh Li-Coin battery (CR1632 [17]) , which
the heterogeneous network architecture proposed for wire-are insuf cient for monitoring the activities and physical
less sensor networks [11]. The heterogeneous network arconditions in details. Therefore, we modi ed the hardware
chitecture enables our platform to simultaneously monitor design of Eco. Even though we used the same microcon-
the activities and physical conditions of multiple dancers troller and RF interface, we implemented several more sens-
without degradation as the number of dancers increases. ling devices, including a three-axial accelerometer, tempe
there were only a single network, every sensor node on eachiture sensor, image sensor, light sensor, gyroscope, joint
dancer would directly transmit its sampled data to the inter angle sensor, and heartbeat detector. Also, we changed the
face board, and this would not be scalable. In our platform, Li-Coin battery to a 40mAh Li-Polymer battery (12 10

a set of wearable wireless sensor nodes and one data aggre- 3 mn?), which is able to power Eco for more than one
gator form abody networkfor each dancer. This network hour. Finally, we developed three variants of Eauire-

use a 2.4GHz ISM band radio and TDMA-based MAC pro- |ess transmitter uni{WT), acceleration, temperature, and
tocol, whose maximum data rate and transmission powerlight sensing uni{ATLS), andimage and gyro sensing unit
level are 250Kbps and 0dBm, respectively. (IGS).

Another separate network, called #®@2.11b Wi-Fi net- Wireless Transmitter (WT) Unit: This unit includes
work, is formed by the data aggregators on dancers and the-only a microcontroller and radio interface. Instead of hav-
ater equipment. The network is based on the 802.11b wire-ing any sensing devices, the digital input/output and apalo
less standard and is overlaid on the body networks. Eachinput interfaces are implemented in this unit. As shown in
data aggregator is linked to the access point of the inter-Fig. 3, some sensing devices such as a joint angle sensor,
face board using 802.11b CF wireless card. Theoretically,heartbeat sensor, and infrared sensor are too big to inte-
up to 256 data aggregators can be connected to the accesgated onto the tiny Eco node. Therefore, we decided to
point simultaneously, but in practice, 10-16 is more like th connect these sensors to the WT unit using wires. Also, this
proper number of data aggregators connected to one acceasnit can be used to wirelessly turn on/off lanterns insthlle
point in order to guarantee the required bandwidth. When on the stage. The WT unit consists of the nRF24EL1, a chip
more data aggregators are needed for a certain applicationantenna, and 32K EEPROM. The nRF24E1l is a 2.4GHz



(a) Camera Module (b) Gyro Module
(a) Top View
Figure 4. Photos of ISG Unit

(b) Side View (c) Interface Board

tranceiver with an embedded 8051-compatible microcon-
troller (DW8051). This microcontroller has a 512Byte
ROM, a 4KByte RAM, one SPI (3-wire) interface, and
a 9-channel 12-bit AD converter. The transceiver on the
NRF24E1 uses a GFSK modulation scheme in the 2.4GHz
ISM band. It has 125 different frequency channels that are
1MHz apart. The maximum RF output power and data rate
are 0dBm and 1Mbps, respectively. The maximum power
consumption is 28mA at 3V.

Acceleration, Temperature, and Light Sensing
(ATLS) Unit: As shown in Fig. 2, ATLS unit consists of
one 3-axial acclerometer (H34C [18]), one temperature sen- . . _
sor (embedded on H34C), and one light sensor (CdS pho- 53‘,{&32&?; installed interact 523,;2eaiﬁﬁiﬁf,?;"rt‘o‘)gzn";ji
toresistor [19]) as well as what th&T unit has. The H34C activities
is a 3-axial accelerometer from Hitachi Metals, whose ac-
celeration measurement range i8g. It measures only 3.4

3.7 0.92 mn? and consumes 0.36mA at 3V. It also
embeds a temperature sensor whose measurement range is

20 Cto65C.

Image Sensing and Gyroscope (ISG) Unit:The ISG . -
Unitis built based on the Eco-Stick, a variant of the Eco [9]. @ntee a minimum lifetime of one hour, we used a 700mAh
This unit has either an image sensor (VS6650) [20] or a gy- Li-Polymer battery.
roscope (ADRS150) in addition to the microcontroller and
radio interface. VS6650 is a 1.0-megapixel SMIA Camera 3-3  Interface Board
Module from STMicroelectronics. It measures 9.9.5
7.6 mn? and consumes 30mA at 3V. It interfaces with the ~ As shown in Fig. 9, the interface board has an
NnRF24E1 Ch|p via the SPI port_ ADXRS150is a gyroscope MC9S12NE64 [22] 16-bit microcontroller with a built-in
from Anak)g Devicesy whose measurement rang@jgo to fast Ethernet ContrO”er, one RJ-45 connector, two serial
+150 degrees, with a current consumption of 13mA at 5V Ports, and digital/analog signal I/O interfaces. The ifatee
and measures 7 7 3.2 mn?. Because the sensing de- bPoard is responsible for providing a seamless interface be-
vices in this unit consumes relatively high power, this unit tween our platform and the Max/MSP/JITTER software. It
has one more a 40mAh Li-Polymer battery. As shown in receives TCP/IP packets from the data aggregators and out-
Fig. 4, the ISG unit measures 249.5 10 mn? (image puts digital/analog output signals fed to the MIDI I/O board

Figure 5. Photos of Data Aggregator and In-
terface Board.

Figure 6. Stage Setup of “Dreams in the For-
bidden City”

Sensor) or24 95 6.5 rnrﬁ3 (gyroscope)_ AlSO, when Max/MPS/JITTER output Signals, it takes these
signals and makes a TCP/IP packet that contains a proper
3.2 Wireless Data Aggregator destination address and control message. Then, it sends out

packets to the data aggregators.

Fig. 5 shows thelata aggregatorwhich consists of an
MSP430 [21] 16-bit microcontroller, nRF2401A 2.4GHz 4 Application Example
transceiver, and WCF12 CompactFlash 802.11b card. The
data aggregator collects data from all the sensor nodes worn  This section shows how our platform can be applied to an
on the dancer's body through the 2.4GHz transceiver andactual interactive dance performance. One example id title
forms a TCP/IP packet to be sentitderface boardvia an Dreams in the Forbidden Citylts interactive performance
802.11b Wi-Fi network. Because the 802.11b wireless cardenvironment is devised by Yicun Sun, a graduate student
consumes a maximum of 250mA @ 3.3V, in order to guar- in the Dance Department of UC Irvine and a co-author of



Figure 7. Photos of Original Stage Equipment:
lamp, ultrasonic sensor, relay array, and MIDI

I/0 Terminal (a) Max/MSP (b) JITTER

Figure 8. Screenshots of Max/MSP, JITTER

this paper. The dance performance, choreographed in col-

laboration by him and other graduate students in Dance at

UC Irvine, was conducted at the Media Arts Laboratory at

UC Irvine in May 2005. This performance originally re-

lied on conventional, wired technologies to implement an

interactive environment between dancers and stage equip-

ment such as lanterns and sound/graphical effects. How-

ever, it turned out that this approach not only was trouble-

some to install, but its support for interactivity is alsmii Figure 9. Photos of improved stage equip-
ited, thereby impeding the choreographer's creativityisTh ment: lantern plus wireless (top left), ultra-
experiment aims to show that our platform can be cong-  sonic sensor with wireless (below), data ag-
ured with the key features to improve interactivity and qual gregator, access point, interface board, and
ity of this and other dance performances. MIDI 1/O (right).

4.1 Dreams in the Forbidden City

Dreams in the Forbidden Citys a live dance perfor-  cation signal (LOW or HIGH). The other sensor detects the
mance in an interactive environment. As its title implies, distance from a dancer and outputs an analog voltage ac-
this performance describes the dreams of ve concubinescordingly. These two sensors with control software enable
of the emperor in the Forbidden City. Their dreams are to the dancers' movement to control the status of lanterns. As
please the emperor, represented by the projected image oghown in Fig. 6, when one dancer brings her hand close to
the backdrop (Fig. 6(b)). According to the ve dancers' Lantern#1, it turns on. Also, the distance between a dancer
movement, the expression of the emperor varies. Some-and Lantern#2 determines its brightness. In a similar way,
times the emperor punishes his concubines by thunder antbased on the inputs from the sensors, sound and graphi-
lightning. Other times he expresses cheers by sweet mu<cal effects are generated using MSP and JITTER software,
sic and bright light. All kinds of sound and visual effects which runs on top of Max. All the correlations between sen-
are generated by a computer without any manual control.sor inputs and effect outputs can be programmed using Max
Sensing devices installed on the stage detect the dancersioftware as shown in Fig. 8. For example, when one dancer
movements and send them to the computer. The computetriggers a thunder and lightning effect by being sensed by
processes the data and generates the effects as programmegde sensor, the lanterns blink like lightning and the speake

by the choreographer. produces a thundering sound.
However, the wired environment has several drawbacks.
4.2 Conventional Interactive Environment The number of I/O channels limit the number of sensors and

output devices. Also, a fundamental limitation is that it is
Fig. 7 shows several conventional devices used to im- dif cult, if notimpossible, to associate the motion datahvi

plement an interactive environment fbreams in the For-  the dancers' identities.

bidden Cityperformance. The on/off status and brightness

of the lanterns can be controlled by the Max software via 4.3 Improvements by Our Platform

the Max I/O terminal board connected to the relay array

and dimmer. Also, two types of infrared sensors are used We rst use our platform to eliminate wiring between
to detect proximity. The GP2Y0OD340K detects whether an the stage equipment and the Max I/O terminal. As shown
object is present in its proximity and outputs a digital indi in Fig. 9 (a) and (b), the wireless transmit units are con-
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