Computer and Software Control System

The vehicle's PC104 computer system includes a processor, I/O board, hard disk drive, digital acquisition card (DAC), and a PCMCIA slot housing an 802.11b wireless card.  The processor is a 566 MHz Intel Pentium III Celeron throttled to 350 MHz to avoid overheating. The computer boots from the hard drive into a slimmed-down Slackware 9.1 [http://www.slackware.com] distribution of Linux running the 2.6.6 kernel [http://www.kernel.org].  Two USB Logitech Quickcam 4000 cameras are supported by the PWC (Philips Webcam) 9.0 kernel module drivers [http://www.smcc.demon.nl/webcam/], and the DAC is controlled through the Diamond Systems Universal Driver 5.8 interface library [http://diamondsystems.com/support/software].  The main board includes an ethernet controller, which we connect to a D-Link floating wireless router for debugging purposes.  The Linksys Prism 2.5 wireless PCMCIA card, supported by the linux-wlan driver [http://www.linux-wlan.org/], allows ad-hoc wireless communication for when the wireless float is unavailable.

The control system is written entirely in C++.  With the exception of the DAC library, libjpeg [http://www.ijg.org/] for image IO, libpthread [http://pauillac.inria.fr/~xleroy/linuxthreads/] for POSIX threading, and the C++ runtime library, all the code is written from scratch.  The code compiles with GCC version 3.2 and greater or with ICC version 8.0 and greater into a program that runs as a single multi-threaded process.

The control system operates on a high level as follows.   When the process begins, it loads a configuration file that contains all the modifiable settings for the system, such as calibration values, propulsion control variables, log options, and flags that enable or disable each of the main devices.  Each component of the system reads information that it requires for initialization from this configuration file and attempts initialization accordingly.

Sample Configuration File

devices {


dmm32 = "on";


depth = "on";


dvl = "on";


altimeter = "on";


propulsion = "on";


frontcam = "off";


downcam = "off";

}

frontcam {


device = "/dev/video0";


brightness = 0.5;


contrast = 0.5;


hue = 0;

}

downcam {


device = "/dev/video1";


brightness = 0.5;


contrast = 0.5;


hue = 0;

}

depth {


a = 0.4;


b = 0.5/(0.5-a);


channel = 13;


use_altimeter = "yes";


bottom = 4.58;

}


propulsion {


check_supply_period = 1000000;


supply_voltage = 33;


channels = { 2, 3, 0, 1 };


inversions = { 0, 0, 0, 1 };


no_dac = 0;


max_forward_thrust = 10*NEWTONS_PER_POUND;


max_reverse_thrust = -4*NEWTONS_PER_POUND;


long_distance = 1.5;


short_distance = 0.5;


big_turn = 3.149;


kp_heading = 1;


kp_depth = 4;

}

dvl {

    zero_heading = -3*PI/4;

    angle_to_forward = 3*PI/4;

    offset_from_center = [0,0.25,0];

    start_pos = [0,0,0];

    device = "/dev/ttyS0";

}

altimeter {


  device = "/dev/ttyS1";


  window = 1;

}

robot {

      no_log = 0;

}

Devices that are treated as self-managing components include the propulsion, doppler velocity logger (DVL), altimeter, acoustics, pressure sensor, digital acquisition card, and cameras.  All of these components except the pressure sensor and the DAC create their own parallel execution thread during initialization.  The threads that handle the DVL, altimeter, acoustics, and cameras each perform input and output in a continuous loop, delivering data and updating shared information without blocking the execution of the rest of the system.  For instance, the DVL and altimeter components are each constructed with knowledge of a RobotState object.  As each component receives data (in the case of the DVL and altimeter, over the RS232 serial ports) it updates the appropriate variables in the RobotState object.  Concurrent access to shared data is protected with synchronization variables.  Once all components are initialized, the system enters a loop of event generation and handling.


The propulsion component receives requests for waypoints and other navigation, and processes these requests by continuously calculating the desired force and torque to exert on the vehicle as a function of its spatial state at the time.  The component then converts these forces to desired thrusts to be delivered by each of the four thrusters.  Each thrust is converted into a voltage using a cubic regression model of the control voltage/thrust relationship of the thrusters.  All of the variables that affect the translation of waypoint to thrust and thrust to voltage are exposed in the configuration file for easy modification.  The propulsion component accesses a RobotState object from which it determines the current position of the vehicle at any time, as well as the DAC component with which it changes the thruster outputs.  Because the propulsion component is completely self-contained, the entire propulsion system of the robot could be changed without any of the rest of the code changing.  The interface with the new propulsion system would be identical.

The control system is event based:  The system changes the behavior of the vehicle by responding to various events.  Most of these events are generated by the system itself.  At any time, the current behavior of the robot determines how it responds to events.  Important events that behaviors handle are the enter, think, leave, and frame events.  The enter event is generated when a behavior object is activated for the first time.  The think event is generated periodically (typically ten times a second) so that the active behavior can perform its processing.  The leave behavior is  generated when the current behavior has finished its processing and a new behavior is about to be activated.  The frame event is generated by the camera components when they receive frames from the cameras.  Consider the Waypoint behavior as an example of how a behavior processes events.  When the Waypoint behavior receives the enter event, it requests a new target position and heading via the propulsion component.  Once the request is made, the propulsion system concurrently tries to achieve the target.  The Waypoint behavior responds to the think event by checking whether the vehicle has come within a specified tolerance of its target, or whether too much time has elapsed.  When either of these conditions is met, it notifies the system that it has completed, and the leave event is generated.  Any behavior can queue other behaviors for later execution or push behaviors ahead of itself on the stack.  This allows complex behavioral control at runtime.  Furthermore, the frame event is processed in a separate thread of execution, so that longer-running image processing routines do not interfere with the handling of think events.

To further assist rapid modification of behavior and testing, the control system supports a custom scripting language created specifically for AUV control.  The scripting language resembles C++ or Java, with the exception that it is loosely typed.  It supports real numbers, strings, three-dimensional vectors and lists as primitive types and allows arbitrary compound user type declarations (similar to classes in C++ or Java, but without polymorphism).  User types that have certain methods such as onThink(...) and onFrame(...) can be used as behaviors.  At runtime, script files are read, parsed, and translated to virtual machine code.  When an event is handled by the system, the system passes it to the active behavior.  If the active behavior has an associated scripting object, a virtual machine runs the object's appropriate event handler method.  Because the scripts are interpreted, there is no need to recompile to test a change, and arbitrary behavior can be expressed in the scripting language (as opposed to simply expressing data to be used by compiled code).  Any real processing is done by native C++ functions with an interface exposed to the scripts, so that there is no performance loss when processing images, for instance.  The scripting engine is also employed to process the configuration file, so that arbitrary expressions such as “dvl.offset_from_center = [0,0.5,0];”  can be entered as settings.

Sample Script

state Test {


real start, dir = 0, limit;


vector target;

# Constructors


method Test() {}


method Test(vector t, real time) { target = t; limit = time; }


method Test(vector t, real time, real d) { target = t; limit = time; dir =d; }

# Handle the enter event.  The robot object is the vehicle's state, and t is the time.


method onEnter(robot, t) {



start = t;



print("onEnter: t = ", t, "\n");



setWaypoint(target, dir);


# Tell the front-facing camera to take color pictures



startFrontCamera(1);


}

# Handle the think event


method onThink(robot, t) {



print("onThink: t = ", t, "\n");



diff = target-robot.position;



print(robot.position, " ", diff.abs(),"\n");



if (diff.abs() < 0.2) {



   print("Attained waypoint: ", target, "\n");



   leave();



}



else if (now()-start > limit) {



   print("Timed out.\n");



   leave();


        }


}


method onLeave(robot, t) {



print("onLeave: t = ", t, "\n");


}


method onFrame(robot, t, camera, image) {



print("onFrame: t = ", t, "\n");

# Save images to disk (processing could happen here)



saveImage(image, "image_at_"+t+".jpg");


}


method toString() { return "Test_"+target; }

}

# This is executed at startup.

main() {


queueBehavior(new Test([0,0,-1], 40, 0));


queueBehavior(new Test([0,2,-1], 40, 0));


queueBehavior(new Test([0,2,0], 40, PI));

}

The vision processing routines operate as follows.  While seeking the horizontal light that denotes the bins, the event handler for the frame event first checks the amount of cyan in the image.  If this is below a threshold, then the system considers the light absent from the image.  If the threshold is met, the handler finds the center of mass of cyan in the image and considers this the center of the light.  Then the vehicle modifies its target waypoint to correspond to the direction of the light.  To find the bins, each frame's gradient field is computed, and this field is thresholded by Euclidean magnitude to identify edge pixels.  Then connected components (corresponding to non-edge regions) are identified with a queue-based fast flood fill algorithm.  Very small regions are discarded.  The star-shaped boundary of each such region is computed with the center of mass used as the center of the star.  This boundary is simplified by joining segments that are nearly collinear to specified tolerances.  The result is a coarsened shape boundary for each region, represented by a simple polygon.  To detect whether these shapes  correspond to bins, each boundary's four longest segments are determined, and these edges' intersections are taken as corners.  If the computed corners have angles within specified bounds, the shape is considered a quadrilateral, and its position is saved as a possible bin location.  The vehicle finds as many bins as it cans, and then returns to the computed locations before dropping markers.  All of the processing occurs in real time (under 100 ms for 10 fps camera feed) on the single CPU.

