The Visual Haptic Workbench

J. Dean Brederson Milan Ikits Christopher R. Johnson Charles D. Hansen

Scienti�c Computing and Imaging Institute School of Computing, University of Utah 50 Central Campus Drive Rm 3490 Salt Lake City, UT 84112-9205, USA {jdb, ikits, crj, hansen}@cs.utah.edu

Abstract

Multimodal interfaces have been shown to increase user performance for a variety of tasks. We have been investigating the synergistic bene�ts of haptic scienti�c visualization using an integrated, semi-immersive virtual environment. The Visual Haptic Workbench provides multimodal interaction; immersion is enhanced by head and hand tracking, haptic feedback, and additional audio cues. We present the motivation and design goals for this system, discuss its current implementation, and describe some initial applications. Preliminary results indicate that visualization combined with haptic rendering intuitively conveys the salient characteristics of scienti�c data.

1 Introduction

Haptic interfaces have been shown to be advantageous as an interaction modality for speci^c tasks [25, 2]. They provide bidirectional interaction via position sensing and force feedback, thereby utilizing additional sensory channel bandwidth of the user. By combining haptic rendering and visualization, we hope to increase intuitive understanding of scienti^c data.

For this purpose, we have designed and implemented a testbed system, comprised of a SensAble PHANToM 3.0 and a Fakespace Immersive Workbench. Using this system, we are investigating the synergistic bene^ts of combined visual and haptic data rendering.

There are a several important issues to resolve when building such an integrated system. The hardware components must be carefully selected based upon their performance characteristics, ease of integration, and ~exibility for future enhancements. The software infrastructure requires a modular design, ef^cient cooperation between its elements, and performance optimization. Robust calibration and coregistration of the individual device workspaces will enable an integrated environment capable of bounded error interaction. This can be quanti^ed as a uni^ed error tolerance which bounds the total system error throughout the physical workspace.

After developing a software infrastructure for our hardware setup, we experimented with synergistic rendering techniques using vector ^eld data. Preliminary results based on informal user evaluation indicate that the Visual Haptic Workbench is an effective tool of discovery for the exploration of scienti^c datasets.

2 Previous Work

Virtual workbench environments [15] have been employed successfully for a multitude of purposes over the last several years. Similarly, haptics research has produced many interesting results, a recent survey of which can be found in [10]. Much of this research is concerned with geometric interaction, but several applications of haptics to scienti^c visualization are relevant to the development of our system.

Early integrated systems include Project GROPE [3], the Nanomanipulator [17], and the Nanobench [8]. These projects focused on rendering aspects of molecular dynamics, drug docking simulations, and real-time interactions with a scanned-probe microscope. An Argonne Remote Manipulator and a PHANToM were used as the haptic interfaces, and the visual displays ranged from a desktop monitor to a custom workbench. A related system used a PHANToM with an augmented reality display for examining seismic and geological data [22]. Iwata et al. proposed and implemented simple vector ^eld interactions using a custom HMD and haptic interface [13].

Research on haptic volume rendering used scalar data value and gradient as force model parameters to explore and modify volumetric data [1]. A treatment of haptic rendering and scienti^c visualization is given in [7], with emphasis on tools for the visually impaired. Recently, research on combined visual and haptic display methods used a custom haptic interface and commercial visualization software for exploration of certain scienti^c datasets [12, 16].

While there is a small but growing body of research on this topic, there remains much to discover about the synergistic display of scienti^c data. The Visual Haptic Workbench is a testbed system for conducting this research.

3 Design Goals and Implementation Issues

Building a multimodal system for synergistic display of scienti^c data involves identifying a set of performance criteria and dealing with the following implementation issues:

• Calibration The visual and haptic workspaces must be accurate to provide faithful data rendering. Ideally, a high-^delity synergistic display yields a direct mapping between virtual and physical spaces. Position tracking enables user-centered visual display and immersive interaction. Large tracking inaccuracies are unacceptable, as they lead to incorrect stereoscopic projections and inconsistent manipulation and navigation. Haptic interfaces enhance interaction by creating kinesthetic cues via proprioceptive feedback. To avoid perceptual con~icts, they must be kinematically calibrated from reproducible ^ducials.

• Coregistration Individually calibrated workspaces need to be coregistered to accommodate their relative location, orientation, and scale. By fusing multiple workspaces, a uniform bound can describe position, orientation, and temporal errors in physical space.

• Compensation Latency in the system can seriously degrade interactivity, which has been shown to impede user performance [6]. Device communication and computational delays can be compensated by predictive ^ltering, parallel computation, and a careful runtime mapping of the application to the underlying hardware.

We also considered speci^c research applications to pursue with our system. At the SCI Institute, a variety of datasets are routinely investigated. Typical examples include volumetric CT/MRI/MRA data, computational ~uid dynamics data, and ^nite element solutions to bioelectric ^eld problems. Recent research has focused on diffusion tensor MRI and multimodal medical data such as fused MRI/EEG volumes [14]. These datasets range in size from megabytes to gigabytes and may be static or time-varying on a variety of grid types. Considering our research needs, the supporting software must be ef^cient, modular, extensible, and scale well with data size.

4 Current Implementation

We have constructed a prototype system consisting of a SensAble PHANToM 3.0 mounted in a T con^guration above a Fakespace Immersive Workbench (see Figure 1). The PHANToM is suspended above the workbench with a cross-braced lumber frame. While not as structurally stiff as desired, it is an inexpensive means to experiment with the design parameters for the ^nal mounting. We replaced the original Şpush to interruptŤ switch with a Şstep to operateŤ footswitch as a more convenient safety mechanism. The infrastructure of our system can be described in terms of its hardware components and software architecture.

Figure 1. The Visual Haptic Workbench.

4.1 Hardware Components

The Visual Haptic Workbench consists of ^ve hardware components, as shown in Figure 2. The dominant hand of the user experiences haptic feedback from the PHANToM, and the subdominant hand navigates through a menu interface via Pinch glove contact gestures. Head tracking is done with a Polhemus Fastrak receiver mounted on a pair of Stereographics CrystalEyes LCD shutter glasses. The subdominant hand can also be tracked with a separate receiver to facilitate more complex interaction paradigms. The audio subsystem gives the user additional reinforcement cues to clarify the application interface. Finally, the Immersive Workbench provides a correct stereo perspective view for the user based on the tracked head location. These components are handled by ^ve concurrent processes running on an SGI Onyx2 with 250 MHz R10000 processors and In^niteReality2 graphics.

Figure 2. Hardware components of the system.

4.2 Software Architecture

We designed and implemented a software framework using the GHOST SDK for application development on the Visual Haptic Workbench (see Figure 3). The ghostGLManager class is overridden to support semi-immersive virtual environments. This extension is built upon the VGL library, internal VR software that provides graphical rendering and an interface for a variety of tracking and interaction devices. In addition, we derive a set of classes for haptic data rendering techniques from the gstForceField class. These haptic rendering classes are part of a library for synergistic display techniques. The SD Library also contains visualization methods [19, 26], interface widgets, dataset classes, menu functions, and geometry tessellators. The application and haptics processes access common GHOST state through shared memory. We use the NCSA VSS software package for audio support [24]. The application client communicates with the VSS server asynchronously via UDP messages to produce audio feedback. To maintain interactive update rates, each software component runs on a separate processor with appropriate scheduling priority (see Figure 2).

Figure 3. Application software architecture.

5 Initial Evaluation

To evaluate our initial development efforts, we examined two static 3D vector ^eld datasets. One is an analytical electrostatic charge ^eld, and the other is a simulated tornado funnel. Synergistic data rendering is accomplished via advanced visualization techniques [26], and extension of the vector ^eld haptic rendering ideas presented in [21]. Figure 4 shows a user interacting with the simulated tornado dataset.

Figure 4. Synergistic data display on the Visual Haptic Workbench.

Our initial implementation addresses some of our design goals, as described in Section 3. Methods for quantifying and correcting magnetic tracker distortion have been developed and are incorporated into our system [11]. The PHANToM uses the standard GHOST ŞcalibrationŤ procedure, which is insuf^cient to satisfy our performance criteria. The workbench display is driven by an Electrohome 9500LC projector with folded optics and a nonlinear diffusion surface. Unfortunately, these characteristics limit our current display calibration to the adjustment of projector parameters. We coregister the visual and haptic workspaces indirectly by measuring the PHANToM ŞcalibratedŤ endpoint with a tracked receiver. Detailed analysis of the runtime characteristics of our software, followed by careful matching of hardware devices to machine resources yields a highly interactive application.

To date, we have demonstrated our prototype to over one hundred visitors, the majority of whom found the demo applications compelling. During these demonstrations we observed a variety of new users, whose reactions suggested further improvements to our system.

6 Conclusions and Future Work

The current implementation can be improved in several respects: better tracking technologies, stereo digital projector for improved display calibration, primary surface mirror and linear diffusion material for crisper display, higher performance graphics hardware, 6DOF enhancement for endeffector torques [4], kinematic calibration of the PHANToM, and improved device control for high-^delity haptics.

Currently, we are experimenting with a variety of volumetric data, including brain MRA and diffusion tensor MRI, and the Visible Human [20]. We are also extending our methods to render a wider variety of ~ow data, both steady and unsteady, on regular and irregular grids. In addition, we intend to explore methods for quantum molecular dynamics, meteorology, and terrain applications. Our overarching goal is to provide comprehensive synergistic display for a wide variety of scienti^c data.

In addition to focusing on synergistic display techniques, there are other useful applications to consider. One could interactively segment and register datasets more rapidly than using image-based approaches. Novel applications for computer graphics have already been developed [9, 23, 5]. A characterization of haptic widgets was published in [18], which we intend to extend for our own interface needs. Educational applications could intuitively render haptic manifestations of abstract or unfamiliar concepts. Vector calculus and classical physics are examples of subjects that could be made tangible to students for improved comprehension.

We have designed and built a prototype system for synergistic display of scienti^c data. By developing and demonstrating initial applications, we have been able to re^ne our system and identify future research directions. To meet our design goals and address research needs, signi^cant work remains to be done. Nevertheless, the Visual Haptic Workbench is an exciting project and we are compelled to realize its potential.

Acknowledgements

The authors thank Hope M.F. Eksten for her help with various construction and fabrication projects. Support for this research was provided by ARO DURIP grant DAAG- 559710065, the DOE Advanced Visualization Technology Center (AVTC), and NSF Grant ACI-9978063.

REFERENCES

[1] R. Avila and L. Sobierajski. A haptic interaction method for volume visualization. In Proc. IEEE Visualization, pages 197Ű 204, 1996.

[2] C. Basdogan, C. Ho, M. Slater, and M. Srinivasan. The role of haptic communication in shared virtual environments. In Proc. Third PHANToM Users Group Workshop, 1998.

[3] F. Brooks, M. Ouh-Young, J. Batter, and P. Kilpatrick. Project GROPE Ű Haptic displays for scienti^c visualization. In Proc. ACM Siggraph, pages 177Ű185, 1990.

[4] E. Chen. Six degree-of-freedom haptic system for desktop virtual prototyping applications. In Proc. of the First International Workshop on Virtual Reality and Prototyping, pages 97Ű 106, 1999.

[5] B. Donald and F. Henle. Haptic vector ^elds for animation motion control. In Proc. Fourth PHANToM Users Group Workshop, 1999.

[6] S. Ellis, S. Adelstein, G. Baumeler, G. Jense, and R. Jacoby.

Sensor spatial distortion, visual latency, and update rate effects on 3D tracking in virtual environments. In Proc. IEEE Virtual Reality, pages 218Ű221, 1999.

[7] J. Fritz. Haptic rendering techniques for scienti^c visualization. Master’s thesis, University of Delaware, 1996.

[8] B. Grant, A. Helser, and R. Taylor II. Adding force display to a stereoscopic head-tracked projection display. In Proc. IEEE VRAIS, pages 81Ű88, 1998.

[9] A. Gregory, S. Ehmann, and M. Lin. inTouch: Interactive multiresolution modeling and 3D painting with a haptic interface. In Proc. IEEE Virtual Reality, pages 45Ű52, 2000.

[10] J. Hollerbach and D. Johnson. Haptic rendering. In M. Cutkosky, R. Howe, K. Salisbury, and M. Srinivasan, editors, Human and Machine Haptics. MIT Press, 2000.

[11] M. Ikits, J. Brederson, C. Hansen, and J. Hollerbach. An improved calibration framework for electromagnetic tracking devices. In Proc. IEEE Virtual Reality, 2001 (submitted).

[12] F. Infed, S. Brown, C. Lee, D. Lawrence, A. Dougherty, and L. Pao. Combined visual/haptic rendering modes for scienti^c visualization. In Proc. of 8th Annual ASME Symposium on Haptic Interfaces for Virtual Environments and Teleoperator Systems, pages 93Ű99, 1999.

[13] H. Iwata and H. Noma. Volume haptization. In Proc. IEEE Symp. Research Frontiers in Virtual Reality, pages 16Ű23, 1993.

[14] C. Johnson, S. Parker, C. Hansen, G. Kindlmann, and Y. Livnat. Interactive simulation and visualization. IEEE Computer, 32(12):59Ű65, December 1999.

[15] W. Krĺuger, C. Bohn, B. Frĺohlich, H. Schĺuth, W. Strauss, and G. Wesche. The responsive workbench: A virtual work environment. IEEE Computer, 28(7):42Ű48, 1995.

[16] D. Lawrence, C. Lee, L. Pao, and R. Novoselov. Shock and vortex visualization using a combined visual/haptic interface. In Proc. IEEE Visualization, pages 131Ű138, 2000.

[17] W. Mark, S. Randolph, M. Finch, J. Van Verth, and R. Taylor II. Adding force feedback to graphics systems: Issues and solutions. In Proc. ACM Siggraph, pages 447Ű452, 1996.

[18] T. Miller and R. Zeleznik. The design of 3D haptic widgets. In Proc. Symp. on Interactive 3D Graphics, pages 97Ű102, 1999.

[19] G. Nielson, H. Hagen, and H. Mĺuller, editors. Scienti�c Visualization : Overviews, Methodologies, and Techniques. IEEE Computer Society Press, 1997.

[20] http://www.nlm.nih.gov/research/visible/visible human.html. [21] L. Pao and D. Lawrence. Synergistic visual/haptic computer interfaces. In Proc. of Japan/USA/Vietnam Workshop on Research and Education in Systems, Computation, and Control Engineering, pages 155Ű162, 1998.

[22] D. Stevenson, K. Smith, J. Mclaughlin, C. Gunn, J. Veldkamp, and M. Dixon. Haptic workbench: A multisensory virtual environment. In Proc. SPIE Stereoscopic Displays and Virtual Reality Systems VI, volume 3639, pages 356Ű366, 1999.

[23] http://www.sensable.com/FreeForm/. [24] http://cage.ncsa.uiuc.edu/adg/VSS/.

[25] S. Wall and W. Harwin. Quanti^cation of the effects of haptic feedback during a motor skills task in a simulated environment. In Proc. Second PHANToM Users Research Symposium, 2000.

[26] M. Zĺockler, D. Stalling, and H. Hege. Interactive visualization of 3D-vector ^elds using illuminated streamlines. In Proc. IEEE Visualization, pages 179Ű185, 1996.