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Introduction

Capturing the movements of the human body has been an ongoing research goal in numerous fields, from medicine to athletics to dance.  Over time, the technologies employed in this endeavor have become increasingly advanced, and applications have evolved from the growing technological base.  Examples of some such applications include special effects in Hollywood movies, virtual reality interfaces, and physical therapy and training.

Recent research into wireless sensor systems suggests a great deal of potential for this technology into physiological research.  Thanks to small sensor size and weight, low power requirements, and flexibility, wireless sensor networks can easily be deployed in a number of ways.  Substantial research has focused on sensor localization and tracking, such as finding a sensor within a wireless sensor-equipped building[Sinha; Summers; Want].  In particular, emergency response systems incorporating wireless localization have been of interest; the ability to quickly locate an injured and nonresponsive firefighter, for instance, has dramatic life-saving potential.  Less critical, but still useful, applications that can make use of localization include communications routing – redirecting a telephone call to the room wherein the recipient is located.  Sensors are small enough to easily be worn or incorporated into a badge or ID card.

This paper focuses on adapting wireless technology for use in measuring human body movement.  Compared to bulky, cumbersome, and restrictive wired sensors and technology, wireless systems allow  much greater freedom of motion and more natural movement.  Different localization algorithms and sensors much be used, though, to achieve the necessary accuracy for this application.  This presents a number of unique challenges, as well as conveniently avoiding some of those present in other applications.

Restrictions of Alternative Motion Tracking Methodologies

Perhaps the most common motion tracking method in current use involves placing markers strategically on the wearer's body – most often on elbows, knees, wrists, ankles, and other joints, as well as on certain points on the head or torso.  Cameras then capture the wearer's movement, and the motion of those markers is tracked and analyzed.  Peter Jackson recently made use of a system like this in tracking movements for the CGI “Gollum” character in his Lord of the Rings movie productions.  Other technologies have also been employed which function in similar fashion, using different markers such as electomagnetic or inertial sensors.  There are several drawbacks to such systems, though – in line-of-sight systems, the markers can become obfuscated from the camera due to the natural movements and positioning of the wearer's body.  Other factors can cause problems with other technologies as well – magnetic fields can induce error in some systems,  while metallic obstacles can interfere with the readings in others.  Cost is another major concern – proprietary systems can range in price.  Polhemus' “Liberty” or “Liberty Latus” tracking systems cost, on average, $30-40 thousand dollars for a 12-sensor system.
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Current Wireless Sensor Applications

Current wireless research projects have focused especially upon ways to locate a sensor or node within a network.  Perhaps the best-known example of this is the GPS system, designed to use satellite data to locate a user's position on the ground.  This system works well and has an accuracy of several meters, but is of little use inside – building walls block the GPS signals, rendering it useless indoors.  One indoor location system dating back to the 1980s and 1990s is the ActiveBadge sysem[12]; this is a simple design, utilizing badges which emit an infrared pulse every 10 seconds.  This pulse contains indentification data specific to that badge.  Sensors placed within the room or hallway can receive this pulse and report the wearer's position within the building, with fair accuracy – the wearer (or his badge, anyway!) can be accurately reported as being in a specific room.  However, the system is line-of-sight dependent.  If the IR emitter is blocked or hidden, the badge cannot be located.  The system therefore has inherent blind spots.

A better system of indoor location has emerged from research with wireless remote sensor networks.  These systems use small, low-power nodes, called motes,which may be equipped with a number of sensors including temperature and sound sensors.  They communicate via wireless transmissions, and can be configured in a number of different ways depending on need or intended functionality, and are relatively inexpensive.  Depending on the application, they can be deployed to create an ad-hoc network, or they can be positioned strategically.  They are, however, restricted by limited processing speed, available memory, and by their energy requirements – motes are usually battery-powered, so continuous activity would result in a short useful lifespan.

The most popular motes in current research are the Mica2 and Mica2Dot motes, produced by Crossbow Technology, Inc (www.xbow.com) and based on the designs and research from UC Berkeley.  The Mica2 is based on the Atmel ATmega 128L microcontroller and incorporates a radio transceiver capable of operating at 315, 433, or 868/916 Mhz.  It runs the TinyOS operating system, making it easily configurable and flexible.  Sensor packages include environmental monitoring systems such as thermal, optical, sound, and magnetic sensors, which are connected via an expansion socket.  The dimensions measure 2.25 inches x 1.25 inches x 0.25 inches without battery pack or expansion sensor cards.  Injection-molded casing units are also available for convenient indoor deployment.  The Mica2Dot is a similar but smaller mote, roughly the size of a US quarter-dollar coin.  It runs the same software and supports similar radio functionality.

Localization Applications Using Mote Technology

Several research projects have focused on locating a sensor or mote within a wireless sensor network.  Most commonly, these projects have focused on using radio signal strength measurements to approximate distance between the receiving node and the broadcasting node.  In one recent (2003) project, Jeff Rupp [14] developed a simulation of radio signal strength (RSS) localization in an obstructed environment, using estimated attenuation levels for common obstructions such as walls.  RSS localization uses known signal attenuation characteristics to measure the distance from a source based on the degradation of that signal; the introduction of obstacles makes this more difficult as attenuation can vary as the signal passes through different materials.  As a result, the computation becomes more difficult – in addition to distance, obstacles can contribute to the attenuation, decreasing the accuracy of the distance measurement.  However, the resulting accuracy was still good enough to suggest applications in emergency response systems.  This research was extended by Devjani Sinha [1], who was able to simulate the use of radio signals in a multi-floor environment with similar degree of accuracy in location.

Of special interest in these research projects in the level of accuracy in localizing the target node.  Localization attempts require distance measurements from multiple sources; accurate distance approximations then are essential.  Most localization attempts were able to locate the target node with a degree of error measured in meters.  Empirical distance measurement tests using RSSI measurements both indoors and outdoors were performed in 2003 at Berkeley [17], as part of the ongoing research for ad-hoc multihop localization, but it is also pertinent here for its implications:

“In the first experiment, nodes were approximately 2-meter spacing in a 5 x 3 grid in the east wing of the Intel Lab at Berkeley.  The lab is relatively empty in the middle with desks around the outside of the room.  Obstructions such as computers and posters and chairs were not moved, but were left in place to obtain an indoor laboratory environment.  Results indicate that Rssi contains absolutely no distance information in this environment.

In the second experiment, nodes were approximately at a 3-meter spacing in a 4 x 4 grid in the field at the west gate of the UC Berkeley campus.  The field is relatively wide open, and the ground is at a slight slope.  Nodes were dropped directly onto the grass.  The experimenters and the laptop were the only obstructions on the field.  Results indicate that Rssi can give about 3-meter resolution in this environment.”

This is particularly interesting in that, under nearly optimal circumstances – an open field with almost no intervening obstructions, RSSI localization was only accurate to within 3 meters.  In an obstructed indoor test area, RSSI provided no distance information.  Whitehouse et al expand upon this data in their more formal published research [18], and observe that their standard error increases substantially as the distance increases between sensor and beacon, using the Chipcon CC1000 radio common to the Mica2 platform.  Additionally, these results were obtained in a static environment; no free-moving obstacles were involved.  

Given the desire to measure minute movements of the human body, it should be clear that localization based on RSSI is not going to be successful.  Accuracy is needed on the order of centimeters, perhaps even millimeters; RSSI localization error is several orders of magnitude too large.  Other applications have also been identified which need a finer resolution; some of this research is applicable to this problem, particularly research into the use of untrasound for localization, such as with the Cricket motes.

Cricket Indoor Location System

The Cricket Indoor Location System is a current project based at MIT [11]; its focus is to achieve “fine-grained location information” of a sensor; results currently have an accuracy of 1-3 centimeters.  It achieves this resolution by combining RSSI information with ultrasonic measurements.  In short, the distance from a beacon to a sensor is computed by comparing the difference in arrival times of a coordinated RFI broadcast and a corresponding ultrasonic “chirp.”
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The Cricket motes are based on the Mica2 platform, and can be configured to run TinyOS software.  The primary difference is the addition of an ultrasonic broadcaster and an ultrasonic receiver or microphone; these new pieces of hardware are used to broadcast or detect a chirp.  A second significant change is that a serial port has been added to the mote itself; this allows the mote to connect directly to a computer or to a handheld device.  An alternate configuration, which incorporates a Compact Flash (CF) interface, is also in use but not in active production at this time.  This configuration is especially convenient when using a handheld device such as a pocketPC as a portable interface for the Cricket board.  

Each Cricket board can be configured as either an active beacon or as a passive listener.  This setup allows the sensor network to scale well; multiple listeners can be used without significantly growing the amount of radio traffic.  Since the beacons are the active transmitters, and the number of beacons can remain constant, this is an ideal configuration for detecting movements of various parts of the human body.  
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Result:

Cricket configuration:

Software version: 2.0 // Cricket software version

Mode: Listener // Rumning mode (Listener/Beacon)

Unique 1d: 1:c8:6a:b3:a:0:0:dc // Unique Cricket ID

Space 1d: MIT-6 // User-defined space ID

Uptime: 16:32:1: // Uptime of Cricket from last power cycle (hh:mm:ss)
Ultrasound attenuation time(us): 45000 // Time Cricket should wait for the ultrasound to attenuate
Timer Offset (us; o // Offset to compensate for software processing time
Minimm beacon interval (ms): 668 // Minimum walt time between beacon messages

Maximum beacon interval (ms): 1332 // Maximum walt time between beacon messages

Average beacon interval (ms): 1000 // Average interval between beacon messages

Compensation value(us): 48 // Time in us that one bit takes to travel over the Cricket radio
Distance Units: Metric // Units used to display the distance measurement (DB)

Local temperature value (Celsius): disabled // Temperature from the onboard semsor

Speed of sound value(m/s): not use // Speed of sound calculated based on the temperature
Test switch status: On // Position of the test switch on the Cricket

Event output format: 3 Event reporting format

Output variable(s): VR ID DB DR SP TM TS Variables output (configurable using the CO command)

1"
1"

Massachusetts Institute of Technology
http://ms.ceall.mit.edu/cricket




The Cricket project is currently in its second revision and is occasionally referred to as Cricket v2.  The platform and technology are still being developed and improved.

Determining Location with Cricket

The Cricket system takes advantage of the difference in propagation times between sound and the speed of light.  Ultrasonic propagates at the speed of sound; RF broadcasts travel at the speed of light.  When a board is configured as a beacon, it will emit a coordinated RF signal and an ultrasonic burst.  The RF broadcast identifies the beacon by its unique hardware designation, and serves as notification of an ultrasonic burst.  When a sensor receives this RF broadcast, it knows to associate the ultrasonic chirp with that particular beacon.  Once the sensor hears the chirp, it compares the difference in time and, using this difference, computes the distance between itself and the broadcasting beacon.  This approach to finding distance is much more accurate than attempts to estimate distance based upon radio signal attenuation – results are accurate to within a few centimeters.  This is very good; it may be good enough on its own to measure certain movements.

Similar results have been recorded as part of the Calamari localization project at Berkely[18].  Additional findings from that research are also quite interesting: 

“our implementation can achieve up to a 12m range with less than 5cm standard error.  Comparable implementations were able to achieve proportionally similar results of 3-5m range with 1-2cm accuracy.  The differences in magnitude are due in part to our design decision to reduce the center frequency of the transducer from the standard 40 kHz to just above audible range at 25kHz, which increases both maximum range and error.” [18]

In other words, by increasing the frequency of the ultrasonic pulse, researchers were able to increase the maximum distance between beacon and listener, with the tradeoff being a corresponding increase in the margin of error.  This suggests that it might be possible to fluctuate the frequency in the opposite direction, to decrease error.

Cricket motes can be configured with a number of options.  Aside from beacon/listener, a board can also be programmed for metric or empirical units, or it can be instructed to take into account the effects of temperature on the speed of sound.  More importantly, a programmer can specify how long to wait for an ultrasonic pulse, compensation time for software processing, time to transmit a single bit via RF, and space ID.  Most of these options are not relevant to the human movement project, but they are intriguing when the platform is used in other roles, i.e. with sensors attached such as those used with standard Mica2 motes.  One set of configurable options is very important though: the beacon interval time fields.  Average, minimum, and maximum beacon intervals are set by default to 1000, 668, and 1332 ms respectively.  This is certainly too slow for the purpose of recording human movement.  This will be considered more closely in a later section of this paper.
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Overall, the Cricket platform presents a good option for consideration in detecting movement.  It can provide localization information down to at least a centimeter resolution; depending on the motion being monitored, that may well be enough.  Since it is still under development, further revisions may also yield greater accuracy, possibly through manipulating the ultrasonic frequency.  Finally, since it is compatible with the Mica2 mote product line, a hybrid system can be designed which incorporates Mica2 or Mica2Dot motes with additional sensors such as accelerometers or flex sensors.

Applying Wireless Sensor Technology to Detect Human Movement

With Cricket motes, we now have a platform capable of delivering results that are at least within reasonable margins of accuracy.  The next question, then, is how to deploy them effectively?

A cricket mote can keep track of distance measurements for up to fifteen beacons.  An experimental design may not need or want that many, depending on synchronization issues which will be addressed later, but it's nice to at least have the option.  With up to fifteen, a test area can be saturated with enough beacons to be reasonably certain that at least three or four are within direct line of sight, and thus not inducing additional error from the human body obstacle.  For the sake of simplicity, assume that for this test area only 4 beacons are deployed strategically – perhaps at the corners of a large box or cube, 3 meters per side.

Beacons are the active transmitters; listeners are primarily passive (they will need to broadcast occasionally.  This will be addressed later as well).  Thus, we can fit a large number of listeners into a design, compared to a relatively small number of beacons.  Ideally a listener should be placed at each relevant joint – when monitoring an arm, a listener should be connected at least to the shoulder, elbow, and wrist, for instance.  It may be productive to add more, such as to the solar plexus or shoulderblades, as arm movements do involve muscles in the torso to an extent.  If monitoring the entire body, up to twenty or thirty listeners could easily be deployed; however while they are small, they would add up and so many motes might prove awkward for a dancer!

As noted earlier, the average beacon interval for a cricket mote is 1 second, or 1000 ms.  This is not useful in this hypothetical test design.  At least 5, perhaps 10 or more, broadcasts are needed per second to achieve useful data, per beacon.  Thus, in addition to choosing carefully the number of beacons being used so that only an absolute minimum are involved, beacon broadcasts should be carefully coordinated.  At room temperature of approximately 72 degrees F (22.2 degrees C), the speed of sound is 345 m/s; thus if we assume a maximum distance from any given beacon to any given sensor of 6 meters, we can fit in at best 57 beacon broadcasts in a single second.  A 4m x 4m x 4m cube measures almost 7 meters distance between opposite corners, so 6m is a reasonable maximum distance; if we shrink the test cube to three meters per side, we can safely assume 5 meters maximum distance, and that lets us pack in 69 beacon broadcasts.  However, this allows zero margin of error, not to mention that listeners, though mostly passive, will probably need to report their data at some point.  For this design, assume a 3 x 3 x 3 cube with 4 beacons, and trust the dancer not to run to the far corners of the cube.

With 4 beacons, each broadcasting 10 times per second, there is a small bit of breathing room.  Each broadcast can be expected to occupy, on average, 14.5 ms.  Allowing a 5 ms buffer to either side, the listeners could be programmed with 10 ms and 20 ms minimum and maximum beacon intervals.  The worst-case scenario, then, is 40 beacon intervals, requiring 800 ms total; 200 ms are left over of each second for everything else.  The importance of beacon coordination should be quite clear now!  Every broadcast needs to count, so each beacon broadcast should be timed to avoid collisions and the resulting erroneous results; beacon broadcasts absolutely must not overlap (echo could be an error-inducing factor here!).  For this design, assume 25 ms delay between broadcasts, so that beacon 1 sounds off, followed 25 ms later by beacon 2, and so on.  Each beacon, then, broadcasts once each 100 ms.  A clever TinyOS programmer should be able to implement such a thing; since each beacon RF broadcast includes its unique identifier, once the first beacon broadcasts the others should all know to start in order.

Having shown the importance of beacon synchronization, consider again beacon deployment.  With the design presented so far, increasing the beacon count will be difficult.  A strategic deployment may be more beneficial, to minimize the obstruction of listeners from the beacons by the movements of the body to which they are strapped.  For instance, if monitoring upper body movements, ideal positioning would probably be above the dancer for as many beacons as possible, and the remaining beacons should be placed off that plane so that 3-dimentional results can be obtained, but not necessarily on the floor where they would be frequently obstructed; perhaps a meter or so down, mounted upon a wall of the test cube.  The exact optimal deployment would also depend upon the movements; a pirouetting dancer is going to need different strategic deployment than a hip-hop dancers, for instance.

Next, consider listener synchronization.  Current applications of the Cricket platform usually entail a direct connection from the listener to a computer or handheld such as a Compaq iPaq pocket PC.  This is not going to be the case when strapping cricket motes onto a body which is expected to move effortlessly and without interference and restriction.  Instead of reporting results directly to a monitor through the serial port, then, this design requires that the results be broadcast via the Cricket radio.  Recall from the beacon synchronization discussion that there are only 200 ms to spare; this will have some impact on the frequency and timing of listener reports.  Each listener can monitor up to 15 beacons; this design needs only 4.  Additionally, a listener stores only the last 5 distance measurements per beacon; with 10 broadcasts per beacon per second, each listener will need to report twice each second.  
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This design has already used the assumption that the maximum distance between beacon and listener within the cube will be about 5 meters.  Each measurement is stored in the units chosen at setup, for instance centimeters; thus each reading should be no more than 6 bits in size.  When reporting via RF, then, each listener will need to broadcast 6 bits for each of  5 readings for each of  4 beacons, or 120 bits.  They will also need to identify the beacons, which could be done in as little as 2 bits per beacon with only 4 beacons.  Finally, each listener will need to identify itself; hardware identifiers (similar to a MAC address) are the norm, at 48 bits, but that could perhaps be reduced by a specific TinyOS coding.    Assuming that is not the case, each listener report could easily be approximately 175 bits, possibly more.  For the moment let each listener report be 200 bits in size. 

The Cricket configuration (Illustration 4) shows that 48 microseconds are required to broadcast a single bit via RF.  With each report weighing in at 200 bits, this is nearly 10 ms per report!  In order to minimize collisions, either those broadcasts must be reduced substantially in content size, or the number of listener sensors must be severely restricted.  It is clearly more desirable to reduce the broadcast size as much as possible.  An alternate approach would be to store the information in the mote memory, and transfer it later; that would require a great deal more custom design than what has been described here.  The 10 ms result is conservative; more accurate assumptions actually yield closer to 8.5 ms, but the problem is still apparent; only about 10 listeners can be in use without risking broadcast collisions.

Given the restraints here, the listeners should be configured to report their data twice a second, with only 1 listener reporting at any given time.  Ideally listeners should not contest with beacon broadcasts, which are 25 ms apart.  One easy solution is to assign a reporting order (again, through TinyOS wizardry), with a single listener specified to start things off.  That listener could then be instructed to broadcast its results immediately upon receiving the first beacon broadcast.  The next beacon broadcast should be 25 ms or so away, so no overlap would occur.  This initial report would be trivial since there would not yet be any data, but it would serve as a starting signal to the rest of the listeners – each listener could report immediately upon hearing a beacon broadcast, in order.  Some control, not unlike that of a token ring network, would be advisable in case a listener ceases to function; after a certain amount of dead time, the next listener in the order should go ahead and report.  This reporting system would allow far more listeners to be in use, up to forty as compared to a maximum of 10 (10 ms per broadcast, 2 broadcasts per second, 200 ms of opportunity).

With all of this taken into account, then, a Cricket-based experimental design could consist of 4 beacons and up to 40 listeners, confined to a 3-meter-per-side cube of movement space.  Varying designs could focus on different movements by increasing or decreasing the cube size with the tradeoff in beacon and listener count, as well as in accuracy – a 3-meter cube design could reasonably expect results with an accuracy of 1 cm.  It should be noted that this is an untested theoretical design; substantial testing is in order to determine if such a design would be feasible, and if it would work as intended.

Hybrid Systems and Additional Sensors

One possibility for further increasing accuracy is to use multiple systems.  A hybrid system combining wireless sensors and an optical marking system, for instance, might increase accuracy for very precise movements.  Optical marker systems, such as those used for special effects in Hollywood, consist of an optical marker – LED or reflective patch for instance – placed on joints and other parts of the body.  These highly visible markers are picked up by a camera or a  collection of cameras, and processed to isolate the movement of the markers.  This information is then integrated into a character model, and digitally designed with appropriate features.  The movement of that character, however, is governed by the movements of the original performer.  A system similar to this was used to great effect in the Lord of the Rings movies, to create the Gollum character.  
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Another possibility is to incorporate additional sensor systems.  Mica2Dot motes can be used in conjunction with flex sensors, for instance, to accurately and quickly measure up to a 90-degree bend at a joint [16].  Incorporating these additional sensors would be fairly simple as far as the data reporting, since they use the same TinyOS system and radio bands, and could thus be easily mixed into the reporting schedule.
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Conclusions

From what has been shown here, wireless sensor technology could be used to record human movement.  There are still a number of drawbacks which need to be overcome; foremost is accuracy.  With a granularity of 1-3 centimeters, wireless sensors alone, even Cricket sensors, are not going to up to the task of detecting very subtle and minute movements.  Additional sensors can be incorporated into a design, and depending on the movement, changes in beacon distance and placement, as well as ultrasonic frequency modulation, can all lead to higher accuracy.  The intention of this paper was to show that a design is at least feasible; it appears that it is.  The next challenge is to test the assumptions made herein and implement them, to learn whether or not everything works as it reasonably has been suggested, and then modify the design accordingly.  Ongoing research and development may also lead to substantial revision and, hopefully, to improved accuracy.  Finally, combining a wireless sensor network with a different sort of movement-recording system such as optical markers, while costly in terms of design and integration, could substantially improve accuracy of the system and the resulting data.
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Illustration � SEQ "Illustration" \*Arabic �2�: A Cricket mote.  Note the silver ultrasonic equipment on the left, and the serial port on the right.
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Illustration � SEQ "Illustration" \*Arabic �3�: An alternate Cricket board layout; this design incorporates a Compact Flash (CF) interface instead of a serial port.
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Illustration � SEQ "Illustration" \*Arabic �4�: Cricket configuration options
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Illustration � SEQ "Illustration" \*Arabic �5�: A listener's storeddistance  information for 3 beacons
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Illustration � SEQ "Illustration" \*Arabic �7�: A flex sensor.  This type of sensor interfaces with a Mica2Dot, and registers up to a 90-degree bend.
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Illustration � SEQ "Illustration" \*Arabic �1�: Mica2 and Mica2Dot wireless motes





�


Illustration � SEQ "Illustration" \*Arabic �6�: Actor Andy Serkis, wearing a special suit designed for use in an optical marker motion capture system








