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Abstract

   State estimation is crucial for the path planning and control of any autonomous vehicle. For autonomous vehicles taking part in the DARPA Grand Challenge, accurate position estimation is especially important to keep the vehicle within the lateral boundary offsets specified in the rules. This is particularly difficult in times of GPS outages when we have to rely on dead reckoning efforts. In this report, we present the GPSINS integration implemented for Team Overbot’s vehicle.

1. Introduction

1.1 DARPA Grand Challenge

  DARPA will be conducting a challenge of autonomous ground vehicles between Los Angeles and Las Vegas on March 13 2004[1]. A cash award of $1 million will be granted to the team that fields the first vehicle to complete the designated route of about 250 miles within ten hours. All obstructions on the route can be either accommodated or avoided by a commercial 4x4 pick-up truck.

  The vehicle will need to traverse a path specified by a sequential list of waypoints, given as longitude, latitude and radius. This path will be provided 2 hours before the start. Between waypoints, the vehicle needs to keep within a lateral boundary offset from the track line, which is defined as the straight line from the center of a waypoint to the center of the next sequential waypoint. The vehicle will be disqualified if it crosses the lateral boundary. The width of the corridor will vary but will be no less than 10 feet.

1.2 Team Overbot

Team Overbot is an all-volunteer effort in Redwood City mostly consisting of Stanford alumni and several Stanford students [2]. Our vehicle is a Polaris Ranger (Figure 1) capable of driving in 6WD mode.
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Figure 1

 The sensor suite will consist of:

· a SICK laser range finder capable of seeing obstacles up to 45m mounted on the vehicle top to profile the ground

· a Eaton VORAD anti-collision radar system

· a Unibrain Fire-I 400 640x480 camera to perform road following algorithms

· a Novatel Propak LB GPS receiver with Omnistar differential service

· a Crossbow 400CB-200 attitude and heading reference system

· ultrasonic sensors on the perimeter of vehicle for tighter situations

· water sensors

 The vehicle will carry 2 small industrial strength control microcomputers (PC104) for sensor and actuator control and 2 faster and larger computer for vision processing, position estimation and path planning. The computers are all IA-32 architecture and interconnecting via an industrial strength 100baseT ethernet router. All the computers will be running QNX [9] and its native networking.

2. Position Estimation

2.1 Position Estimation Problem

  Considering the worst case, the lateral 
boundaries between waypoints can be as narrow as 10 feet. The vehicle chassis width is about 5 feet and this gives only approximately 2.5 feet on each side of the vehicle. To be on the safe side, decimeter level accuracy for position estimation is needed to keep the vehicle within the boundaries. 

 Commercial GPS receivers that utilize differential corrections from a base station, like Novatel [3] units using their RTK-2 technology, are capable of close to 2 cm position accuracy. However, vehicles taking part in the DARPA grand challenge are not allowed to set up base stations along the route and so would have to find other means to improve their accuracy.

 Two problems arise when we use GPS receivers for state estimation in autonomous control.

· The main problem occurs in times of GPS outages. The route will consist of underpasses that occlude the view of the sky from the antenna. The GPS receiver will be unable to track the GPS satellites under such circumstances and the vehicle will have to traverse the terrain without GPS data.

· The GPS receiver update rate might not be fast enough for autonomous control and we would need to somehow interpolate between the GPS receiver readings.

2.2 Position Estimation Solution

  The typical method used to solve the above 2 problems is to employ an INS (inertial navigation system) to aid the GPS and hence the popular GPS/INS integrated solution. Typical strapped down INS consists of 3 accelerometers and 3 gyroscopes and give information on the roll rate and acceleration information at a rate much faster than the GPS receiver. Integrating the roll rate once gives the angle and integrating the accelerations twice gives the distance traversed. Due to sensor biases and numerical inaccuracy, continuous numerical integration will lead to unbounded error growth. GPS data will be used to keep the errors within check.

  Typically, a Kalman Filter is used to integrate the data from the GPS and INS. Grewal [5] provides much detail about implementing Kalman Filters for GPS/INS integration. Our solution for state estimation is based on an extended Kalman Filter.

3. INS

 There are commercially available tightly coupled GPS/INS systems that perform the Kalman Filtering and give high performance state estimations during GPS outages as well. The Black Diamond System from Novatel  and Pos  LV system from Applanix [6] are examples of such systems. However, they are out of our budget. 

3.1 Crossbow AHRS 

 For our INS, Crossbow has sponsored us with a AHRS 400CB-200 [7] unit which has 3 MEMS gyroscopes and 3 accelerometers. It performs its own estimation of roll, pitch and yaw angles by integrating the angular rates from the gyroscopes and using accelerometer tilt estimates as truth for pitch and roll and a 3-axis magnetometer as truth for yaw.  Some important specifications are shown in table 3. It also allows for iron calibration to make the magnetometer readings more accurate.
Specification
Value

Angle Range 
200 deg 

Angular Bias
+- 0.05 deg/sec

Acceleration Range
10g

Acceleration Bias
+- 12mg

Roll, Pitch Dynamic Accuracy
+- 2.5 deg

Yaw Dynamic Accuracy
+- 4 deg

Table 1: Specifications of AHRS 400CB-200

  During times of GPS outages, we would be integrating the acceleration readings to get velocity changes and integrating velocity to get distance traveled. However, if we blindly do this, a 12mg acceleration would cause a speed increase of 1.1712 m/s in 10 seconds. This implies a position drift of 5.856 meters from rest. Clearly, we would not be able to stay safely within lateral boundaries. Further improvements are necessary and are further discussed in section 6.
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Figure 2: Angular Rates and Accelerations on the AHRS 400CB

  To better appreciate the angular rates and accelerations given by the AHRS 400CB unit in a static environment, they are shown in Figure 2. We can clearly see one of the accelerometer readings centered at about 8mg (orange line) while the other at about 2mg (purple line). However, their fluctuations appear to be centered and we will be able to calibrate their readings in software before performing numerical integration. 

4. GPS Receiver

We are using the Propak LB [8] GPS receiver from Novatel.

4.1 Propak LB

The typical errors that are advertised by Novatel for Propak LB are summarized in Table 2. Unfortunately, the DARPA Grand Challenge rules prevent us from setting up differential base stations for our vehicle and so we are not able to use the 2cm service. However, the next available option, Omnistar HP [4], is available. 

Service
Advertised Typical Error

Stand alone
1.5m

Stand alone with WAAS
1.2m

Omnistar VBS
1.0m

Omnistar HP
0.10m

Novatel RTK-2
0.02m

Table 2: Performance of advertised Propak LB GPS services

  4.2 Omnistar HP

  The Omnistar service is similar to the wide area augmentation service (WAAS) in concept but requires subscription for usage. It broadcasts additional signals between 1520 – 1565 Mhz, which they call the L-Band. Only specialized GPS receivers and antennae, like the Propak LB and its companion 600 LB antenna are capable of extracting the information at those frequencies. 

  Omnistar currently has several high-powered satellites in use around the world. In North America, Omnistar has set up a single Satellite with 3 separate beams for East, Central and Western portions of North America. 

  Omnistar provides 2 levels of service, Virtual Base Station (VBS) and High Performance (HP), the second one being the better one.

  The problem with Omnistar HP with the Propak LB is the long start time and reacquisition time of the Omnistar HP service. Table 3 summarizes these timings. After losing and requiring GPS signals, single point and Omnistar VBS services recover very quickly while the Omnistar HP service takes 20 minute for its solution to converge.

Service
Reacquisition Time

Single Point
1 sec

Omnistar VBS
10 sec

Omnistar HP
20 min

Table 3: Reacquisition Time for GPS services
  This has quite serious implications. It means we will be functioning with 1.0m accuracy after losing and reacquiring signal, which may not be good enough in very tight lateral boundaries.

  As of this writing, Novatel is working on a firmware upgrade for their Propak LB receiver that shortens the reacquisition time for the Omnistar HP service.

4.3 GPS Data Evaluation

  We monitored the data given by the Propak LB and Omnistar HP service over a few hours in a static environment and summarize the results in Table 4.

Service
Typical Static Horizontal Standard Deviation

WAAS
1.8m

Omnistar VB
0.8m

Omnistar HP
0.15m

Table 4: Typical static horizontal standard deviations

  The experimental results are quite close to the advertised results.

5. Software Implementation

5.1 Kalman Filter

  Grewal[5] goes into great detail about implementing Kalman Filters for state estimation in navigational purposes and our implementation is largely based on the ideas in it.

  For estimating position, we use an Extended Kalman Filter with state vector as and its equations are: 

Predictor Update


[image: image26.emf]
Corrector Update
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 EMBED Equation.3  [image: image3.wmf]
where:
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is the dynamic model function that predict the next state
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is commonly known as Jacobian matrix of 
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is the measurement sensitivity matrix or observation matrix
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is the difference between the measurement vector and the predicted measurement
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is the Kalman gain, which holds information about how much weight to give to a measurement
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is the covariance of dynamic disturbance noise. 
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 is the covariance of sensor noise
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is the measurement vector.

5.2 Improvements

5.2.1 Symmetry of Covariance Matrix
  Grewal[5] discusses the problem with the asymmetry of 
[image: image18.wmf]P

, which is one of the factors contributing to numerical instability in a Kalman Filter. Grewal[5] suggests “symmetrizing” occasionally by adding it to its transpose and rescaling:
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This trick has been used for many years to head off numerical instabilities and is also used in our implementation.

5.2.2 Matrix Inversion
  We are making plans to increase the size of the state vector, 
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 to incorporate some of the future changes (see section 6). With this increase, all matrices will increase in size as well. 
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 involves a matrix inversion that will dominate the computational cost of the algorithm. We currently use 
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 factorization to perform this inverse. 

5.2.3 C++ Standard Template Library
  To speed up development and encourage code reuse, the Matrix and Kalman Filter operations are written using STL and C++ overloading. This has also made the code that performs Kalman Filtering code much easier to read.

5.3 QNX and software architecture

 We have chosen to run all vehicle software on the same operating system, QNX, and hardware platform, IA32. We have taken a modular approach to tackle this large software-engineering task and have broken down all the different levels of responsibilities into different programs. 

  The position estimation algorithm takes place in a server program called the GPSINS server. Figure 3 shows a snapshot of a few programs, including the GPSINS server, interacting with each other. The gray circles are sensors, the gray rectangles are actuators while the blue rectangles are programs. In our architecture, programs are clients, servers or both. Programs that talk to sensors are servers and respond to client queries by offering sensor information. Programs that talk to actuators are also servers and respond to client commands by issuing direct commands to actuators. An arrow from A to B in Figure 3 is a client to server relationship. For example, the MOVE program is a client that talks to the GPSINS server to get position and attitude information and issues commands to the SPEED, GEAR and DIRECTION servers.

  Programs written for QNX can intercommunicate using the usual pipes and socket system calls found on POSIX compliant operating systems. They can also make explicit use of the very optimized message passing system calls native to QNX. We have chosen to use the latter to increase the performance of the whole program suite.

5.4 Testing

  To visualize the data from the position estimation, a GUI (see Figure 3) has been developed on Photon, the windowing toolkit for QNX. It displays a compass, a top view map and an artificial horizon for heading, position and attitude visualization respectively. In the client-server architecture we discussed in Section 5.3, this GUI is a client that talks to the GPSINS server.
[image: image24.emf]
Figure 3: How the GPSINS server fits into the software architecture

[image: image25.emf]
Figure 4: GUI written in Photon for QNX

6. Future Work

 We are currently still working on many aspects of the vehicle. Many possible improvements for position estimation of the vehicle are available in the very near future:

· A Doppler effect based speedometer and Quadrature encoders are being added to the vehicle and we would be able to extract odometry information. Using this information, we would be able to keep velocity and position estimates in check during dead reckoning.
· To help with position estimation using odometry, heading information will need to be more accurate. A Fiber Optic gyroscope could be employed in the yaw axis for heading estimation during dead reckoning.
· Currently, there is a Road Follower program that estimates the distance of the vehicle from the center of the road using the camera images. Using accurate map information, distance from center of the road and odometry, we might be able to extract good heading and position estimates.
· The Kalman Filter should incorporate some form of filter health monitoring to make sure that the filter state is valid at all times.
· There have been research work done in the mechanical engineering community on estimating other vehicle parameters, eg vehicle side slip, using inertial sensors and GPS data. Depending on how well we are able to control the vehicle, knowing these parameters might turn out to be very important. 
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