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G. Alusi1, A. Hadjiprocopis2, A. Linney3, A. Wright4



1,2,4   	Institute of Laryngology & Otology, University College London

3 	Department of Medical Physics, University College London

_____________________________________________________________________

Abstract

A low cost, high precision tracking device, developed for the Institute of Laryngology & Otology, University College London is presented.  The device achieves submillimetric resolution that enables its use with magnified three dimensional imaging.  The device was developed for augmented/virtual reality applications in computer assisted surgery.  The algorithms used for achieving high resolution and the hardware structure is discussed by the authors.  Special emphasis is placed on real time digital signal processing using a DSP processor and the hardware designed to achieve this.

_____________________________________________________________________





�Introduction



Virtual reality (VR) is a relatively new concept that provides a computer generated, three dimensional  environment.  The operator of the virtual reality machine can interact with this environment visually (conventionally through a head mounted display) and may  have tactile and audio input as well.   



Virtual reality will have a great impact in the medical field.  It has potential applications in several categories, such as computer-aided design (CAD), augmentation, interfaces and remote workplaces, and training.  A revolution in the field of medicine is in the making because of the application of virtual environment techniques. 



Head-mounted displays (HMDs) and head-tracked stereoscopic displays provide the user with impressions of being immersed in a simulated three-dimensional environment (Ward et al, 1992). 



To achieve this effect, the computer must constantly receive precise information about the position and orientation of the user's head and must rapidly adjust the displayed image(s) to reflect the changing head locations. This position and orientation information comes from a tracking system (Azuma, 1993). 



Several tracking systems have been in use for a number of years in a variety of medical and other applications.  They use different principles and methods to serve that purpose, 





each with their own advantages and disadvantages.  They include mechanical arms, electromagnetic sensing, ultrasound emitters and detector arrays and arrays of light emitting diodes (LED) and video cameras. 



Some of the earliest methods used were mechanical armatures.  These are fast and accurate.  They can be simple or complex exoskeletons.  The disadvantage of using mechanical sensors is that they are cumbersome and have a restricted range of movement.



Systems based on magnetic field distributions are effective and relatively cheap.  However, their disadvantage is that tracking accuracy can easily be affected by the presence of metal objects. The use of one such system has been recently reported for the implementation of a virtual reality environment in the operating theatre (Gunkel et al., 1995). In spite of the restrictions imposed in using such a system, Gunkel et al. reported positional accuracies as good as 1mm. Gardener, has successfully used a magnetic field system to determine the position of a diagnostic ultrasound probe during scanning so as to allow 3D reconstructions of the foetal anatomy to be computed. The accuracy in this case was of the order of 2mm, (Gardener et al., 1991). 



Systems based on Light Emitting Diodes (LED) and video cameras are reliable if  the light path is not impeded. A recent report on their use in an operating theatre setting has reported an accuracy for overlaying images on the actual structures they represent of 2-5mm (Edwards et al., 1995). Optical tracking systems are expensive.  Cheaper variations do exist, but they lack accuracy. 



Systems based on standard ultrasound signals have the  potential to achieve much greater accuracy but are susceptible to changes in temperature and air currents. Other  drawbacks include long lag times and interference from echoes and other noises in the environment.



Inertial trackers have been developed that are small and accurate enough for VR use. However, these devices generally only provide rotational measurements. They are also not accurate for slow position changes.



A promising new system has been developed recently by a British company (Softell Technology Ltd.) in collaboration with workers at the Institute of Laryngology and  Otology, University College London. It uses a special type of ultrasound signal. 



Preliminary investigations of the spatial accuracy of this system have demonstrated a positional accuracy better than 0.2mm that is necessary for surgery using a microscope. Software has  been written to transform the positional output from a number of sensors into variables describing position and orientation of surgical tools and a binocular microscope.  A series of experiments are being conducted to validate system performance under conditions similar to those found in the operating theatre.



Reasons for this work



The Institute of Laryngology & Otology, University College London

Many surgical procedures are performed using a binocular microscope.  This entails a high level of precision on the part of the surgeon and in the types of surgery where a microscope is used the risks are usually very high. The use of an operating microscope for difficult surgical procedures has made a great contribution to the accuracy of surgery in  small operating fields.  This is particularly evident in base of skull surgical procedures including mastoid operations.   These procedures are  performed on the temporal bone, and are frequently associated with major complications. Damage to the inner ear occurs in at least 2% of operations, even in the best hands, and causes a profound untreatable hearing loss (Harkness et al., 1995). Facial nerve damage is another catastrophic problem when it occurs.  Workers at the ILO are investigating the use of computers as a surgical aid both for enhanced visualisation and monitoring.  High resolution tracking is essential to both of these as the operating field usually covers a volume of the order of a cube with 5 cm sides.  Within this small volume cutting surgical instruments will be used.   Under direct microscope vision, vital structures, often no more than 0.2mm (e.g. facial nerve) have to be identified and avoided, if possible.  There exists a clinical need for the use of more sophisticated monitoring aids to help avoid damage to these structures.  One promising new technology has been the use of per-operative visualisation techniques.   Discussion of this technology is outside the scope of this paper.  Tracking, however, is an integral part of per-operative monitoring.  High resolution tracking has not been available until recently.  There are specific requirements that must be met by any tracking device.



The pre requisites for the system were:



1. High resolution

2. Consistently accurate

3. Fast, providing 10-20 readings per second for real-time applications.

4. The system should not be affected by air currents or temperature changes.

5. The system should not be affected by metal objects or other electrical equipment in    the vicinity.

6. The system should be able to track three objects simultaneously.



We, therefore, commissioned the development of a high resolution system using a special type of ultrasound signal.  The device was developed in collaboration with workers at the ILO.





Materials and Methods





Device Description



The system consists of a set of emitters and receivers which are used with a known relationship between each emitter and the receivers(diagram below).
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Three transmitters are allocated to each tracked object.  They emit a special type of pulsed signal which will be discussed below.  This is received by four transmitters, connected to amplifiers which in turn are connected to a four channel analogue to digital converter (ADC) through a signal conditioning circuit specially designed to act as a pre-whitinig filter.  The ADC has a sampling frequency of 30khz (DSP programmable) per channel with a precision of 12 bits with a dynamic range better than 72dB.  The four digital signals are then processed by a Digital signal processor which in-turn is connected to a PC through a PC-AT bus.  The output is then  displayed on a monitor.  The output is also communicated to other computers through an RS-232 interface as XYZ positions and azimuth, elevation and rotation.



The Chirp Signal is then pulsed in sequence and the time lag to each receiver is measured. This provides a set of distances between the transmitters and each of the receivers.  The transmitters are positioned on the corners of an equilateral triangle. The position of a point 







in the centre of the three transmitters is calculated by triangulation.



The Signal



The chirp signal is a type of ultrasound signal with sweeping frequency between 30KHz and 50KHz.The signal is generated by the DSP via a Digital to analogue converter and then is transmitted using a DSP controlled multiplexer. The DSP calculates in real time the distances between the selected ultrasonic transmitter and the four receivers. The DSP estimates the correct threshold values with which the received signal is compared in order to calculate the exact timing.



Calibration



Calibration is performed at the outset, as the first step prior to the operation of the system.  A single transmitter is placed at 40 and then 60 cm.  The system calibrates itself at the room temperature at that time by using an integrated recursive filter to achieve more stable results.





The output



The initial output is that of a set of distances between each transmitter and the four receivers.  The four distances between transmitter one (Tx1) and receivers 1-4 (Rx1-4) are labelled D11 - D14.  Similarly D21 - D24 for the second transmitter and D31-34 for the third.  This is used to calculate the XYZ position of each of the transmitters.  As the transmitters are located on the tips of an equilateral triangle, A single point in the centre of that triangle is then calculated.  This is done by triangulation. The equations used  for triangulation are discussed below.



The co-ordinates of a single transmitter are given by the following equations:

X = ((d1)2 - (d2) 2 + (m12) 2) / (2(m12))

Y = ((d1) 2 - (d4) 2+ (m14) 2) / (2(m14))

Z = .(( (d1) 2- (X) 2- (Y) 2)



where:

dj = the distance of the transmitter from the jth receiver,

mij= the distance of the receiver from the jth receiver

The centroid of the triangle, (Cx, Cy, Cz), formed by the three transmitters is found in the usual way:

Cx = (X1+X2+X3)/3

Cy = (Y1+Y2+Y3)/3

Cz = (Z1+Z2+Z3)/3





Results



The initial output

The first set of experiments were to measure the resolution of the distances between the one transmitter and one receiver.  The software was written such that the distance between transmitter one (Tx1) and receiver one (Rx1) were displayed on the monitor with no triangulations.  The accuracy of a single distance was then measured by moving the transmitter, using a microtome platform, at increments of 1mm 0.7 mm 0.4 mm 0.3 mm 0.2 mm and 0.1 mm respectively.  The transmitter was placed directly underneath the receiver. 



At distance between 20 cm and 60 cm a resolution of 0.3 mm was obtained.  Outside these distances the accuracy fell to 0.5, up to 80cm and 0.9mm at 100cm.

These experiments were carried out at room temperature (20 deg C).  Variations of the room temperature between 16C to 30C did not affect the resolution. Each temperature change was done in a 2 degrees increment with a 1 hour stabilisation period to allow for the room temperature to uniformly equalise to the new temperature.



The application of an air current, with a volume of 560 m3/hour similarly did not affect the resolution.



Triangulation algorithms were then implemented to establish the position of a point in the centre of three transmitters. 



2nd set of experiments



The result of the triangulation was displayed on the monitor as X1 Y1 Z1 co-ordinates.   This point is an imaginary point in the middle of the first three transmitters positioned on the edges of an equilateral triangle.  The distance between the transmitters was 2cm.  The set of transmitters was then moved on a two dimensional plane using a cellular probe with movement increments of 10 microns.  The set was moved in increments of 200 and 100 microns (0.1 and 0.2 mm, respectively).  The resultant XYZ co-ordinates were recorded  and graphed (diagram).  



With the plane of the transmitters parallel to the plane of the receivers, a resolution of 0.1 mm was obtained in a space 60 x 60 x 60 cm.  The transmitters had to be at a distance of at least 20 cm from each of the receivers and a maximum of 80 cm to maintain a resolution of 0.1 mm.  

A resolution of 0.2 mm was obtained with the plane of the transmitters positioned at an angle up to 45 degrees from the plane of receivers.  These results were not affected by changes in temperature of the room from 16C to 23C.

Increasing the angle to greater than 45 degrees rapidly degraded the resolution to 1 mm at 70 degree angle.





Discussion and Points for Future Work



A reliable and accurate tracking system is essential to the success of our plans to introduce “augmented” reality as an aid to microscopic surgery. The system must be fully functional under the conditions found in the operating theatre.  We believe that this tracking system offers an excellent solution for our own tracking requirements.  This does not necessarily apply to other applications of virtual reality where large area tracking is required, e.g.  architecture.  There is research in hand to improve large area tracking.  For our purposes, the tracking was required to work in a small area but at very high resolution.  This has been achieved.  The experiments were performed by using a cellular probe, as these are judged to be accurate to within one micron.  The cellular microtome was calibrated under a microscope.   Despite being mobile and accurate, these cellular microtomes were not stable and much work was needed to stabilise the system prior to start of testing.  We also tried to use electronic callipers, but these were cumbersome and restricted by virtue of the measurements being made in one direction only.    

Calibration of the system at present is performed once prior to starting the tracking system.  In the future, an additional two transmitters will be positioned at known distances from a receiver so that continuous calibration can be achieved.  This would increase confidence in the system, although the system was not affected by temperature changes 6 degrees below and 8 degrees above room temperature.  Future work will also concentrate on testing under realistic operating room conditions, although these are generally far more stable than the extreme temperature changes to which we have subjected the system.  The resolution rapidly deteriorated when the set of transmitters was placed outside an 80 x 80 x 80 cm cube, and when the plane of transmitters was positioned at angles greater than 45 degrees from the plane of transmitters.  Increasing the size of the useful cube is possible with hardware modification.  In order to be able to accommodate for the angulation, other receivers need to be positioned in other planes, i.e. perpendicular to the plane of the receivers.   We do not believe that this would be necessary in our own clinical practice, but can only prove this by performing experiments under realistic conditions.
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