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USE OF VIRTUAL REALITY FOR TELEOPERATION OF AUTONOMOUS 
VEHICLES  

M. A. Steffen1, J. D. Will1, N. Murakami 2 

ABSTRACT 

Though off-road equipment is moving more and more towards autonomous control, practical 
implementation does not fully eliminate human interaction.  Teleoperation is a promising 
compromise between manual control and fully autonomous operation. An especially compelling 
solution to teleoperation is the use of virtual reality (VR) to create a simulated yet realistic 
environment in which the operator can feel immersed, as if at the site, while still being located at a 
distance. 

Our research presents a collaboration between Japan’s National Agriculture Research Center 
(NARC) and Valparaiso University’s Scientific Visualization Laboratory (SVL) to improve control 
of a remotely operated farm vehicle.  Located in Hokkaido, Japan, the NARC semi-autonomous 
off-road vehicle utilizes global positioning system (GPS) and heading sensors with a wireless 
network for data transfer. The vehicle has actuators for control of throttle, transmission, and 
auxiliary controls; all computer-controlled.  The vehicle sends sensor status and receives actuation 
command over the Internet. 

The SVL’s stereoscopic three-dimensional (3-D) virtual reality display system located in 
Valparaiso, Indiana, receives this information over the Internet in real-time and allows the user in 
the SVL to visualize and control the operation of the vehicle in Japan.  A 3-D model of the terrain 
and buildings is pre-programmed into the system and the vehicle is rendered at its real-time 
position.  The system allows the user to have several views, such as cockpit, bird’s-eye, and aerial.  
Using a handheld controller, the user is able to start the engine, sound the horn, activate the 
blinkers, control auxiliary hydraulics, and control the speed of the left and right tracks of the 
vehicle. 

This research has demonstrated the feasibility of real-time teleoperation of a semi-autonomous 
vehicle utilizing standard network protocols at a distance over 10,000 km while the user is 
immersed in a virtual reality environment. 

KEYWORDS. Agriculture, Communication, Virtual Reality, Stereo Vision, Teleoperation, Semi-
autonomous. 

INTRODUCTION  
Automation of off-road equipment is a laudable goal in that it increases output, decreases operator 
fatigue, and promotes the health and safety of human operators.  Fleet management augments 
productivity by allowing one operator to control several vehicles [7].  The removal of a human 
operator from the seat of the vehicle via remotely controlled machinery allows the operator to 
perform control from a less harsh environment [6]. These are but a few of the numerous benefits 
of equipment automation, which have been widely reported on [8]. 

A strict line is often drawn between completely autonomous systems and operator-assisted (or 
remotely-controlled) vehicles [9].  However, there is a synergy in making sub-systems 
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autonomous while having a human in the loop to handle special cases.  This promotes the operator 
to a higher order of abstraction of control.  It also decreases the complexity and need for exception 
handling in automation of the low-level tasks [5]. 

The work presented in this paper forms an extension to previous efforts of automation [2, 3, 4].  
The original system improved on by this research utilized for teleoperation takes advantage of 
overhead maps to plot the current location of the vehicle in control.  This system, D-Mapping, is 
fully functional in providing the location of the vehicle and control of all features.   

D-Mapping system 

A precise field map is useful for an operator to understand the actual field layout. Google, Inc. 
now provides high-resolution satellite image maps, vector maps and application programming 
interfaces (Google Maps API). The use of the Google Maps API makes it possible to add a vehicle 
position and heading direction markers to the map. But these can be used only if the operator’s PC 
is connected to the Internet. 

The developed interface to display a real field image map and a bird’s eye of the vehicle is shown 
in Figure 1. As shown in Figure 2, a common gateway interface (CGI) program is used to link the 
stand-alone communication/control program for Windows to the Google Map web page in order to 
show the vehicle location by acquired GPS position data, as well as the heading direction, 
calculated by differentiation of the vehicle’s position.  

 

   
Figure 1. Field Image Map and Google Maps with Vehicle Position 

 
Figure 2. Common Gateway Interface (CGI) 

As a result of checking the update timing of the web page, latitude and longitude data are 
successfully sent to the web page and the position and heading direction of the vehicle marker can 
be updated approximately once per second on a satellite image map. Although position data are 
occasionally not displayed by the field navigator, there is almost no time delay in data display 
between the viewer of the stand-alone program and the web page. This is because data 
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Mass 2160(kg) 

Length×Width×Height 4515×1945×1700(mm) 

Payload 2700(kg) 

Engine 1.7(kW)/3100(rpm) 

Velocity 0-8.5(km/h) 

Tread 1700(mm) 

Table 1. Vehicle Specifications. 

communication between the program and web page is optimized by Asynchronous JavaScript + 
XML (AJAX) technology. 

Vehicle Overview 

The test vehicle is shown in Figure 3.  The vehicle is a commercialized crawler-type manure 
spreader with hydrostatic transmission (HST). 

 The vehicle has mounted a controller, a 
CCD camera, a GPS, actuators, and a set of 
wireless Internet protocol communication 
devices.  Actuators to control levers are 
connected mechanically by pull and push 
wire, and are used for positioning HST 
knobs. Thus, the developed system does not 
aim to apply only for teleoperation but also 
the allowance of conventional in-cab 
operation. The specifications of the vehicle 
are shown in table 1. 

 
Figure 3. Commercialized Manure Spreader 

System Augmentation Goals 

A targeted improvement for the original system was to increase operator immersion in the 
vehicle’s environment.  With only an overhead map and an “x” to indicate the vehicle’s position, 
the remote operator has no sense of terrain, obstacles, or perspective.  A solution to this is to 
present the environment to the operator remotely in a 3-D fashion, utilizing a complete virtual 
model of the environment.  This can be further augmented by presenting this model in a multi-
walled stereo environment to give the operator a sense of being at the site of control.  With a 
further understanding of the environment, operators can perform functions more efficiently and 
improve safety of the operator and vehicle. 

VR Technology applied to present problem 

The essence of this improvement to the basic system is the creation of a 3-D model of the 
environment in which control is desired, and subsequent use of rendering and stereoscopic 
projection to create as realistic of an environment (at the remote site) as possible.  Currently, 
several low-cost VR systems are available for considerably less than previous VR systems.  This 
technology uses two commodity LCD/DLP projectors, polarizing filters, matched polarized 
glasses, and a polarizing-preserving screen.  Our system utilizes a turnkey Visbox-X2 system, 
distributed by Visbox, Inc.  Such systems are reviewed in more detail in [12, 10, 11] 

The inherent benefit of using such a system is that it is “immersive” in several ways.  First, 
rendered objects on the screen are life-size.  Second, objects are presented in stereo, giving depth 
of field to the view.  Thirdly, the entire field-of-view of the operator is covered by the projection 
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screens.  With these characteristics, the operator has a sense of being in the actual environment and 
is more readily able to identify obstacles, plot routes, and monitor the status of the remote vehicle. 

METHODOLOGY USED 
The application developed for controlling remote vehicles has three main goals.  The first part is 
the presentation of a realistic visualization of the vehicle and surrounding area, buildings, roads, 
trees and other landscape objects.  The second part is to facilitate remote communication between 
the vehicle and application utilizing standard network protocols.  The final purpose is to 
implement the command input from the operator on the vehicle. 

Visualization 

Computer geometry models need to be created for every feature to be visualized.  Since the 
visualization requirements are for viewing the vehicle and the environment, a vehicle model and 
environment model are used.  The vehicle model contains all the details that are physically 
connected to and thus will move with the vehicle.  The environment model contains all the 
geometry information for the surroundings.  The model used for testing is comprised of a 
particular one-hectare section of the NARC research facility.  Google Maps was used for 
determining the appropriate dimensions of the ground plane and the location of all the building, 
roads and landscaping objects.  A texture map of a satellite photo of the NARC facility was 
applied to the ground plane.  The texture map was created to have dimensions that are a power of 
two to prevent scaling of the texture when applied to the model.  The dimensions of the ground 
plane were based off the satellite image texture to insure that the texture did not change its 
width/length ratio.  The origin of the model is located at the projected physical base point, thus 
allowing the physical X,Y coordinates to be identical to the VR X,Y coordinates. 

OpenSceneGraph (OSG) is a 3-D computer graphics tool kit that allows for visualization of 3-D 
models in stereovision.  The environment model is directly loaded and both the VR and 
environment model origins aliened. The vehicle model is also loaded into OSG and has a 
transform matrix attached to it.  The transform matrix allows the application to change the location 
and rotation of the vehicle model around the VR environment.  The location and rotation values 
for the vehicle are then set by the communication protocol that contain the X,Y and rotation 
information of the physical vehicle.  With the translation matrix set with the X,Y and rotation 
values the vehicle model is located at the represented physical location in the VR model. 

Using OSG, view angles of the VR environment can be placed anywhere. Several defined default 
view angles are already defined as: cockpit, bird’s-eye, and aerial.  In addition to the defined view 
angles an operator-controlled camera is also incorporated.  Operators have the capability of 
traveling all around the VR environment and setting up view angles that meet their needs. 

Convert GPS position to Cartesian (x,y,z) coordinates 

The algorithm for converting the GPS coordinates into the 
local locations (xl, yl, zl) for the base point as the origin 
using parameters in Table 2. 

To change q n, q e and hw to meter unit data xw, yw and zw. 

 

 

 

 
Table 2. Parameters used for 

Converting From GPS to Local 
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Using xw, yw and zw, local location xl, yl and zl be obtained by following equations.  
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Heading Calculations 

Two methods were used to visualize the heading of the 
vehicle.  The first approach calculated the heading off of 
its previous and current position.  The method worked for 
when the vehicle was translating and turning at the same 
time (Figure 4.A).  Many times the vehicle would rotate 
about a point and the heading direction would become 
unreliable (Figure 4.B).  The current solution for heading 
is including the geo-magnetic direction sensor values of 
heading into the communication protocol and have the 
remote station read the heading from the protocol.  

Communication protocol 

The communication protocol is Transmission Control 
Protocol (TCP), allowing the Internet to be used as the 
communication network between the vehicle and remote 
station.  The structure of the TCP packets sent to and 
from the vehicle is shown in Table 3.  

 

 

User Input 

An USB-based handheld controller is used for receiving input from the operator.  This controller 
has two two-axis joysticks, direction pad, slider, and 11 push buttons.  Push buttons are used for 
left and right blinkers, horn, on/off biter and start/stop engine.  One two-axis joystick is used for 
controlling the tracks of the vehicle and the other two-axis joystick is used for moving around the 
virtual world. 

TEST RESULTS 
Five tests have been conducted during the development of this project.  The tests were designed to 
test specific functionality of monitoring vehicle position, controlling auxiliary implements, driving 
the vehicle, higher-level functions, and a fully functional test.  All tests have been conducted with 
the vehicle located at NARC, Japan and the remote station at the SVL lab in the United States. 

Test 1 Visualization 

The first test is testing the visualization and location of the vehicle.  A test route was created 
before the test outlining the route that the vehicle will be driven (Figure 5).  The vehicle was 
driving by an operator on the vehicle and only the location data was used from the communication 

To the vehicle (34 Bytes)
Byte Byte Byte Int4 int4 Byte Byte Double double

Image 
Discriptors

Image 
Compression

Image 
Size

Translation 
Speed

Rotation 
Speed

Not 
used

Auxilary 
Controls

GoTo Latitude 
position

GoTo logitude 
position

From the vehicle (40 Bytes + Image Size)
Byte Byte Byte Int 4 Double Double Double Double Image Size

GoTo 
Discriptors

Image 
Size

Vehicle 
Discriptors

Image 
data size

Latitude Longitude Altitude Heading Image Data

Figure 4. Heading determined using 
position. A) Rotation with Translation. 

B) Rotation only 

Table 3. TCP Communication Protocol Sent To and From the Vehicle 
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protocol.  The results of the test are shown in Figure 5.  This is the recorded data from the SVL 
indicating the path taken by the vehicle during the test.  The ‘X’ represents the location that the 
vehicle model was positioned at in the VR model.    

The success of this test has demonstrated that the visualization of the vehicle in a stereo 

environment is working, the correct location of the vehicle is visually correct and the 
communication protocol is working for location coordinates. 

Test 2 Implement Control 

This test was to use the communication protocol for sending information to the vehicle.  The 
remote station sent control commands to the various auxiliary controls on the vehicle.  The 
controls for left and right blinkers, horn, two-speed biter, biter rotate direction and engine 
start/stop were tested.  This test was successfully completed and demonstrated the ability to 
control implements on the vehicle and the capability of communicating to the vehicle. 

Test 3 Drive 

This test demonstrates the ability to control the 
movement of the vehicle around a field.  The vehicle 
was setup in a targeted field and the controls turned over 
to the SVL.  The control of the vehicle has 
forward/backward and left/right and is controlled by one 
2-axis joystick.  The 2-axis joystick allows for turning at 
a point or being able to make wide turns while driving 
forward or backwards.  While the test did show the 
capability of drive the vehicle around, there was 
difficulty in driving to a specific point when the heading 
direction was calculated off of position.  Figure 6 
represents the operators attempt to drive to a point and 
then back to its starting location.  This test demonstrated 
the capability of maneuvering the vehicle and the need 
for implementing the heading data into the protocol. 

 

Test 4 High Level Function   

During this test the GoTo function was tested.  The GoTo function allows for an X, Y point to be 
specified from the base point for the vehicle to travel to (Figure 7).  The coordinates are sent to the 
vehicle through the communication network and the vehicle would automatically move to the 

Figure 5. Results from Visualization test. Left: Proposed Route Right: Visualized Route Taken 

Figure 6. Attempt to drive a straight path 
to a point and back 
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targeted location.  When the coordinates were given to the vehicle, the vehicle did begin to move 
in the direction of the target point but would then stop half way to the specified point. Figure 8 
represents on of the tests were the green circle was the targeted point.  Further analysis of the 
problem reviled that the vehicle was receiving the correct target location from the communication 
network and begun to execute the GoTo function.  Since the remote station being developed was 
performing properly the project continued on to the next step while the vehicle was debugged to 
further understand the problem with the GoTo function. 

 

Test 5 Field Test 

The final test is to demonstrate the full functionality of the 
teleoperation control.  The test is broken up into two parts.  
First, drive to a specific point and then return to the original 
location.  With the heading data coming from the 
communication network, the results of the test are shown in 
Figure 9.  There was no difficulty in driving to the specified 
point and then returning to its starting position.  The second 
part is to perform serpentine paths in the field.  This test 
has not yet been performed due to snow conditions in the 
field.    

FUTURE WORK  
Functionality Improvements 

Basic visual accuracy tests have been performed on the VR models by plotting GPS coordinates in 
Google Maps and the control location.  A more accurate measure of accuracy is proposed in order 
to understand the location error in the VR model.  The lag between receiving communication 
packets has caused in the past discontinuities in the vehicle position.  A position interpreter model 
will be developed based on current user inputs and previous position information to estimate 
position between communication packets [1].  The current process requires a model to exist a 
priori for the surrounding terrain and environment.  An exciting extension to our present work 
involves the exploration of unknown environments and subsequent building of 3-D models based 
on vehicle input.   

Visualization Improvements 

The current environment model is limited to the very basic structures and landscape objects.  
Further detail of the landscape will improve the realism effects and also provide more knowledge 
to the operator.  There is also no feedback of the status of the vehicle.  The addition of gages and 

Figure 7. GoTo Function and base point Figure 8. Test results from GoTo 
function. 

Figure 9.  Test Results from Field Test 
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idem lights can proved the operator with feedback on the vehicle.  To further increase the realism 
effects, surround sounds of the vehicle and surroundings can be added to the VR model. 

CONCLUSIONS 
This research presents a substantial improvement to an existing system of remote control.  The 
improvements include the incorporation of a more realistic environment model, the demonstration 
of control from a virtual environment, and the successful deployment of control over a 10,000 km 
link in real time.  The advantages of an immersive environment include an increased sense of 
realization for the operator, more accurate control, and presentation of spatial relationships in a 
perspective environment.  A substantial contribution of this research is the interdisciplinary 
integration of the technologies of automation and virtual reality.  This exploratory venture 
motivates significant future work and holds great potential for field-robot automation and control. 
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