ICAD�981Surgical Navigation System and MethodUsing Audio FeedbackKristen WegnerComputer Aided Surgery IncorporatedNew York, U.S.A.AbstractWe discuss an experimental audio feedback system and method for positional guidance in real-time surgicalinstrument placement tasks. This system is intended for future usability testing in order to ascertain theefficacy of the use of the aural modality for assisting surgical placement tasks in the operating room.The method is based on translating spatial parameters of a surgical instrument or device, such as itsposition or velocity with respect to some coordinate system, into a set of audio feedback parameters along thecoordinates of a generalised audio space. Error signals that correspond to deviations of the actual instrumenttrajectory from an optimal trajectory are transformed into a set of audio signals that indicate to the userwhether correction is necessary.An experimental hardware platform was assembled using commercially available hardware. A systemfor 3-D modelling, surgical procedure planning, real-time instrument tracking and audio generation wasdeveloped. Prototype software algorithms for generating audio feedback as a function of instrumentnavigation were designed and implemented. The system is sufficient for future usability testing.This technology is still in an early stage of development, with formal usability and performancetesting yet to be done. However, informal usability experiments in the course of the basic engineering processindicate the use of audio is a promising alternative to, or redundancy measure in support of visual displaytechnology for intra-operative navigation.IntroductionThe overwhelming thrust of research in the area of augmented reality surgical planning and execution has beenconcerned with the development of visual tools and interfaces that will allow surgeons to comprehendvolumetric, functional, and navigation-assisting data. Planning and intra-operative navigation systems ostensiblydesigned to reduce the risks and unknowns in an operating room have proven to have shortcomings when appliedin real-time situations. These shortcomings, such as inadequate frame and refresh rates, poor resolution or detail[3], and various aetiologies of so called simulator sickness [16] typically render them useless except forsimulated or experimental proof-of-concept surgeries. In order for the anticipated future of augmented realityassisted surgery [11] to truly become a reality either Moore�s Law must be broken (i.e. massive improvements incomputing architecture must be made) or alternative approaches for solving these problems must be discovered.We believe the application of tactical audio - defined as an audio feedback expedient for achieving a goal- in augmented reality systems may provide a way to overcome the shortcomings of the state of the art. Audiofeedback confers a number of advantages for human-machine interface in the operating room. The auralmodality has been relatively unexplored for usage in the operating room for other than for simple indicators orgages such as heart rate monitors, etc [7]. The feasibility of using audio feedback as a basis for more complexapplications becomes more apparent when one considers that audio feedback can extend the availableinformation transmission bandwidth significantly, in part because humans are capable of processing audioinformation in parallel, for instance polyphony in music [2, 9, 12]. The omnidirectional nature of auditory spatialperception permits the 3-D localisation of sounds emitted from any point in space, notwithstanding occlusions1,in sharp contrast with the limited viewing frustum of the human visual apparatus. There are many benefits tousing audio from an engineering standpoint in addition to the fact that the auditory sensory modality iscomparatively rich in parallel bandwidth. For example, the computational requirements for generating a 3-Daudio signal in real-time are substantially smaller than for real-time 3-D graphics [12]. Thus the disordersprovoked by rendering and scanning latency, such as eyestrain [6] may be transcended.The fact that audio feedback technology avoids so many of the shortcomings of visual systems hasalready made it an attractive area of exploration for a wide range of non-medical applications [1, 4, 8, 10, 14]. Itis perceived that intelligently applied audio feedback can considerably enhance the utility of modelling andplanning technology to users who cannot tolerate the encumbrance of graphical display hardware, and whosevisual faculties have pre-existing obligations, such as addressing the task at hand. Our goal is that using a tacticalaudio system, the operator never needs to take his/her eyes off the patient.Hardware ImplementationThis system and method are intended for assisting instrument placement for procedures in which there issignificant knowledge of the context and extents of the target and access for a procedure in computer memoryprior to the execution of the procedure. In general this concerns procedures in which anatomical geometry has

ICAD’982been rendered before the operation and is registered to the patient. The lesion is localised in the data, and there issome optimal trajectory and/or manipulation of the instrument with respect to the lesion (for example, tumourstereotaxis) or some placement of some anatomical object such as a bone fragment (for example, craniofacialreconstruction). We further specify that this procedure plan is of such a complexity or precision that it cannot befully remembered or known by the surgeon during the operation without intermittent recourse to the pre-recorded trajectory (i.e. some mnemonic is needed). The positional and orientational states of objects aredependent upon prior placements and therefore cannot be planned except in terms of some set of constraints,such as proportions (i.e. a number of consecutive measurements are needed). In the former case, we define as aprocedure requiring an insertion trajectory, and the latter as a measurement task.A surgical target path is expressed in terms of two or more spatial coordinates, the values of which areindicative of the desired position and velocity of the instrument used in the surgical procedure along the surgicaltarget path. This further comprises a way for translating values of the two or more spatial coordinates obtainedfrom the measurement into corresponding values of two or more coordinates of an audio space. In particular,each of the two or more coordinates of the audio space may correspond to an audio theme recognisable by thesurgeon. This, for example, this can be a consonant harmonic structure, such as a major triad, each tone of whichcorresponds to values along a specific spatial coordinate. Spatial coordinates are broadly considered as positional(x-y-z) or angular coordinate, velocity, acceleration, torques, etc.In addition, this system further comprises means for automatically selecting different coordinates of theaudio space based upon the surgical target path and the sensed surgical execution, so that a surgeon can knowhow close the hand held instrument is moving to a desired path simply by listening to the audio feedback.Notably, unlike visual systems that require full attention from the human for certain periods of time, an operatingsurgeon can correct his movements virtually without a distraction. Naturally, this feedback can be furthersupplemented by a corresponding visual feedback means for advising the surgeon.Development PlatformWe assembled an experimental audio feedback system using commercially available hardware and a softwaresystem we wrote for 3-D modelling, surgical procedure planning, real-time instrument tracking and audiogeneration. Prototype software algorithms for generating audio feedback as a function of instrument positionrelative to a pre-planned trajectory were designed and implemented.The hardware system is based upon a Pentium PC integrated with a high-performance audio engine, theLake DSP1 Huron Digital Audio Convolution Workstation [5]. This system is fitted with a Polhemus2 Insidetrakelectromagnetic position tracking device. The PC implements a control system which acquires data from theInsidetrak, compares this data with the surgical plan, and then according to the specific audio feedback algorithmimplemented sends commands to the DSP programs running upon the Huron. This system is depicted in Fig. 1.

ICAD’983Software implemented upon the hardware system previously described consists of two main processes:PC executables and DSP executables. The PC executables acquire data from the tracking device(s), compare itwith the preoperative plan, and use the resulting error function via some specific audio feedback algorithm tocontrol the DSP program. We depict this function in Fig. 2.

ICAD’984Symbolic or �Earconic� Audio InterfacesA common methodology applies audio feedback in the symbolic manner of icons in graphical user interfaces.With this approach programmatically generated music and sampled audio clips function as auditory icons, so-called �earcons�, which may be manipulated using a mouse or other 2-D controller within an audio desktopspace [4, 26]. A more primitive example of this methodology is the use of a sound scheme in a graphical desktopenvironment such as Microsoft ¤ Windows 95 where audio clips or synthesised sounds are triggered as theresult of actions such as clicking upon an icon or a system error [4, 17, 18].Musical Instrument InterfacesThe musical instrument interface methodology is based, in part, on the understanding that the interface designmethodology employed by musical instruments may serve as a model for systems which aim to providepositional guidance using of audio feedback. Musicians who play variable pitch instruments such as the violin,the trombone, or the Theremin control the acoustical aspects of their performance by varying their hand positionrelative to the instrument body. Sensitivity to position measurable to fractions of a millimetre is necessary forcertain notes to sound correctly upon an instrument such as the violin.The musical instrument interface presents one or more axes of control. The violin, for example, presentsat least three axes of manipulation. Firstly, the musician�s fingering upon the string controls gross pitch.Secondly, another axis perpendicular to the string, parallel to the horizontal plane of the instrument bodycontrols a smaller range of pitch called bend. Lastly, the other axis perpendicular to the string and parallel to theplane of the instrument varies amplitude and the spectral composition of the sound (via bowing). The latter twoaxes are small in comparison to the string axis, but are important in precisely shaping the resulting sound. Thereare further other axes of control but these three serve to illustrate the feasibility of this design methodology. It isworth noting that a trained violinist can accurately, precisely and repeatable place his/her hand in the sameposition in order to create a particular sound. This facility is also well illustrated by the classic electronic musicalinstrument known as the Theremin, invented in 1928 by Leon Theremin. The Theremin is unique in the fact thatthe musician controls pitch and amplitude by moving his/her hands in the air, relative to two antennae [19].

ICAD’985Mapping Geometry to SoundThere are a number of obstacles to developing a feasible methodology for tactical audio user interfaces. Forexample, numerous psychoacoustic phenomena - especially the nonlinearity of human hearing[16], and theproblem of determining a frame of reference for the user. The problem of determining reference frames can bestated as the decision as to the appropriate mapping of virtual space to the user’s coordinate system, and to thereal world.The use of reference frame mapping in interface design is actually quite common. Consider howcomputer users have no trouble overcoming the positional translations which occur between a mouse which mustbe manipulated upon the horizontal plane of a table top, and the corresponding cursor which is projected upon aplane perpendicular to the table top. The interface has a surprising intuitiveness despite the fact that the axes maybe reversed and offset, and the magnitude of movement scaled. The interface is simple and consistent; theexpected outcome of shifting the mouse does not diverge too significantly from the actual movement of thecursor. See Fig. 4.

ICAD’986set {fB(x), fB(y), fB(z)} into some pre-defined consonant state with the reference pitch set, that is:fB(x)=fA(x), fB(y)=fA(y), fB(z)=fA(z). Fig. 5 depicts this relationship in terms of a Cartesiancoordinate system.

ICAD’987the desired location, for example at nasion in Fig. 6, and then activating a footswitch or speaking some commandsuch as �origin�.

ICAD’988

ICAD’989interacts with this wave terrain over time, a unique waveform is generated which bears the signature of theinteraction forces. See Fig. 9.

ICAD’981011.Satava R. Virtual Reality and Telepresence for Military Medicine. Comp Bio & Med 1995; 25(2):229-236.12.Wegner K, Karron D. Surgical Navigation Using Audio Feedback. In Morgan KS et al (eds): MedicineMeets Virtual Reality: Global Healthcare Grid. IOS Press, Ohmsha, Washington, D.C., pp 450-458, 199713.Wegner K, Karron D. Tactical Audio for Surgical Placement Tasks. Submitted for publication to Jour CompAid Surg, 1998.14.Wenzel E., Fisher S, Stone P., Foster S. A System for Three- Dimensional Acoustic "Visualisation" in aVirtual Environment Workstation. Proceedings of Visualization ’90. IEEE Press., New York, NY, 199015.World L. The Reality of Cybersickness. IEEE Comp Graph & App 1995; 15(5):95.16.Zwicker E, Fastl H Psychoacoustics: Facts and Models. Springer-Verlag, New York, NY, 199017.Edworthy J. et al. Improving Auditory Warning Design: Relationship Between Warning Sound Parametersand Perceived Urgency. Hum Fact, 1991, pp 205-231.18.Haas E. A Pilot Study on the Perceived Urgency of Multitone and Frequency-modulated Warning Signals.Proceedings of the Human Factors Society 36th Annual Meeting, 1992, pp 248-252.19.Glinsky A. The Theremin in the Emergence of Electronic Music. Ph.D. Thesis, New York Univ., New York,NY 1992.20.Burdea G. Force Feedback and Touch Feedback for Virtual Reality. John Wiley & Sons, Inc. New York,NY 1996.21.Strybel T., Manligas C., Perrott D. Minimum Audible Movement Angle as a Function of the Azimuth andElevation of the Source. Hum Fact. 1987, 34(3):267-275.22.Bonitz M. Nuclear Instruments and Methods. 1963, 22:238-252.23.Michel H. Le �vernier� et son inventeur Pierre Vernier d�Ornans. In M�moires de la Soci�t� d�mulation duDoubs 8, 1913, pp 310-373.24.Lake DSP Pty. Ltd. Huron DSP Board, Lake Datasheet D60108-4, Lake DSP, Sydney, 1996.25.Roads C. The Computer Musci Tutotial. MIT Press, Cambridge, MA, 1996.26.Vanderheiden G. Nonvisual Alternative Display Techniques for Output from Graphics-based Computers.Journal of Visual Impairment and Blindness, 1989.27.Mulder J., Dooijes E. Spatial Audio in Graphical Applications. In Gobel M., Muller H., Urban B. Eds,Visualization in Scientific Computing. Springer-Verlag, New York, 1995, pp 215-229.28.Begault D. 3-D Sound for Virtual Reality and Multimedia. Academic Press, Boston, MA, 1994.