III.
OBSTACLE AVOIDANCE 
A.
GENERAL
There are many autonomous-vehicle, obstacle-avoidance schemes possible, with the one used depending, to a large degree, on the type and availability of sensors that provide information about the obstacles in question. In the simulation of autonomous vehicles, two different approaches to obstacles avoidance are used. First, a state-based, obstacle-avoidance method is simply to stop, backup, turn, go forward, turn back, and continue. This approach is used by the Foster Miller [3] and is shown in Figure 3.1. Alternatively, a behavior-based avoidance method weights the steering commands determined by obstacle avoidance behavior with commands generated for "homing" or "transit to target" through a prioritizer which can change or arbitrate between behaviors according to the relative importance of each behavior. This approach is shown Figure 3.2. Some sensors for obstacle avoidance that might be used include current-induced torque sensors in the wheel motors, mechanical bumpers, tactile whiskers, IR detectors and sonar belts. The disadvantages of  bumpers or torque sensors is that very little information about the obstacle in front of the vehicle is available except for its presence. As mentioned previously, a basic state-based avoidance scheme is to back up, turn (100 degrees, for example) , go forward a prescribed distance (one meter, for instance), turn into target direction again and test for contact. The idea is that eventually this scheme will divert the vehicle sufficiently far away from the obstacle to allow progress. This simple scheme works well in some cases, but would not in others, such as a blind alley scenario, or the  case of the extremely long obstacle. The state-based scheme 

Figure 3.1 State-Based Obstacle Avoidance Detail
Figure 3.2  Behavior-Based Obstacle Avoidance Detail
is slower and prone to trapping more frequently, with the principal disadvantage in this scenario being that the obstacle avoidance scheme is slow to return the vehicle to its primary path of progress. Better results can be provided if the element of directionality can be provided with a more complex scheme. The behavior-based control is smoother in operation and will yield faster and more reliable obstacle avoidance. Figure 3.3 shows a generic scheme that has a 90-degree sector in front of the vehicle that is divided into a right and left subsection that can distinguish which side of the vehicle the obstacle exists. The vehicle's back and forth problem is solved by restricting the obstacle-sweeping sensor's angle. The obstacle sensor's sweeping angle is now reduced to +- 45 degrees from the vehicle's primary heading direction. A much more reliable and resistant method, this tends to avoid the trapping around complex obstacles, with more sectors allowing the vehicle to become a reliable analog to a behavior-based vehicle. The sectoring of the detection of obstacles essentially allows for smoother obstacle avoidance. Figures 3.4 and 3.5 compare the state-based and behavior-based obstacle avoidance schemes with simulation traces of the vehicles, with the behavior-based model showing significantly more effective and efficient obstacle avoidance as it moves around in the UXO field. 

      Figure 3.3  Generic Scheme- 90 Degree Sector
  
       Figure 3.4  State-Based Obstacle Avoidance Simulation Trace
Figure 3.5  Behavior-Based Obstacle Avoidance Simulation Trace
 B.
THE EOD LAND-BASED MODEL
The EOD model utilizes the following obstacle-avoidance pseudo algorithm in the behavior-based simulation model:

While obstacle detect radius < Rd

Rotate left if detect lies in right sector

Rotate right if detect lies in left sector

end

Move forward one increment step
If BUG turned left and moved by one full step, turn right 

If BUG moved 1 step but did not turn left, head to goal point

Continue Searching or Dropping if BUG is within Goal Neighborhood
This behavior does not include the vehicle backing up, is active at all times, and provides a boundary-following characteristic in a clockwise fashion around an obstacle while overcoming the trapping problem of the simpler, state-based scheme. In the PUCA scenario, one could describe the obstacle-avoidance behavior of the vehicle in terms of a finite state machine, Figure 3.6. Where there is no obstacle to avoid, the system stays in its operational mode. When the BUGS vehicle is not performing PUCA operations and is not avoiding obstacles, the system remains in the search mode that was described in the previous chapter. In this EOD land-based scenario, obstacle 

  Figure 3.6  PUCA Scenario Finite State Machine
avoidance is handled in two ways, depending on which mode, Search or PUCA, the vehicle is in. When the BUGS vehicle is in the search mode and an obstacle is detected, a new heading is chosen (90 degrees to the right) as indicated by the Veer Right State. This is done for a couple of reasons. It is much easier than trying to navigate around the object and then attempting to reacquire the previous heading, and it also reinforces the randomness of the path. If the turn were to move the BUGS too far, say, 90 degrees or more from its bias heading, the next periodic heading, or the fence, will correct this. Additionally, a BUGS vehicle in the UXO field must be able to avoid obstacles during its return to the disposal point. Since this is not a random walk at this point, a different avoidance behavior is implemented on the simulation runs. In this case, the vehicle turns to the right (Avoid Right) and tries to go that direction a certain amount of time. If it does not encounter an obstacle, it will then return to its original heading towards the disposal point. However, if it manages to encounter another obstacle during the "Avoid Right" mode, it will turn another 90 degrees to the right and move backwards from the original heading (Avoid Back). From this point, the vehicle will try to move right and then return to its original heading towards the disposal point. 

C.
THE SURF-ZONE RECONNAISSANCE MODEL
The Surf Zone Reconnaissance Mission looks at the topic of obstacle avoidance in a very different way. As the mission is to detect mine-like targets and obstacles that may prove to be hazardous to the amphibious landing, the challenge is to not to avoid the obstacles that may interfere with mine identification, but to identify the obstacles, as well,  by navigating around them and determining their physical size. Since the presence of well-placed obstacles on the beaches may slow down the landing forces, it is imperative to know the location and size of these man-made obstacles, and the autonomous vehicles obstacle avoidance routines not only keep the BUGS from running into the obstacles, they also help them to determine their location and size. In short, the searchers have an obstacle-avoidance mechanism enabling them to circumscribe obstacles with diameters greater than the vehicles search-circle diameter. Based on the location and size, the obstacle can be evaluated by the warfare commanders as a threat, or even possibly a mine-like object that wasn't detected as such by the primary target sensor. If a target-like object has been classified as a Non-Threat Object (NTO), and the report-back has been finished, the searcher will move forward until the object is out of the circle defined by the search radius (Rs). When the object is out of the circle of detection, it will continue to move forward for another distance Rs. If for some reason the searcher collides with the newly-classified target, it will sense this, and make a random turn and attempt to travel away from the object, repeating this procedure until it is successful. It is possible for the same searcher, by random searching, to encounter the same object multiple times. In the case of the obstacle avoidance and identification routine, the vehicle will "remember" the objects it has navigated around and reported the positions of, and therefore, will only back and turn from the reported "obstacles" not identified as a target by the primary mine sensor. 

The routine that the Surf-Zone Reconnaissance Vehicle simulation uses to conduct the obstacle identification mission is an algorithm that essentially combines the primary obstacle sensor in coordination with a simple state-based behavior response that allows the vehicle to navigate around the obstacle and identify its approximate physical diameter and location in the approach lane. The pseudo algorithm that describes the obstacle-identification behavior that results after a circumnavigation of the obstacle can be described as: 

While Sensor Detects Obstacle

Stop

Sensor determines shortest distance to obstacle

Turn left 50 degrees (from the heading to the closest point of obstacle)

end

Drive Forward for one increment step 

Stop

Turn Right 90 degrees
 For purposes of visualization of the discussion, assume a circular obstacle. The vehicle approaches the obstacle conducting reconnaissance at its search speed until the primary obstacle-detection sensor detects its presence. At this point, the vehicle stops and the vehicle ascertains the shortest distance to the newly-found obstacle based on its applicable sensors. After this distance has been ascertained, the vehicle turns left 50 degrees from the line formed by connecting the vehicle to the closest point of the obstacle. At this point, the vehicle again checks its sensors to determine if the obstacle is still within its +- 45 degree sensor swath emanating from the front of the vehicle. If the vehicle still senses the obstacle after the first left turn, it will again swing left 50 degrees beyond the shortest line from the vehicle to the obstacle from the second observation. If the obstacle is not detected after any of the left clearing turns, the vehicle drives forward for one second, stops, and then turns right 90 degrees. The purpose of the 90-degree turn is to keep the vehicle close enough to the obstacle to continue to navigate around its perimeter. After the 90-degree turn to the right, the vehicle repeats the same sequence of sensor observations and left turns until the vehicle manages to move forward again and complete the next 90-degree right turn. If the vehicle does not sense the obstacle after the 90-degree turn, then it drives forward on that heading for one second, stops, and evaluates again for the presence of the obstacle. Essentially, the vehicle moves forward only when it senses no obstacle, and when it encounters an obstacle, conducts a series of left turns until it is able to navigate around the edge of the obstacle. When the vehicle reaches approximately the area where it originated  the circumnavigation, it calculates the diameter of the obstacle based on a dead-reckoning navigation scheme, reports the obstacle's position and size, and makes a 90-degree turn to the left and drives off in the "reconnaissance mode" conducting random turns and driving at search speed. Figure 3.7 shows a trace of the autonomous vehicle from the surf-zone simulation performing this type of obstacle avoidance behavior, while Figure 3.8 shows a State-Logic Diagram for the obstacle mapping routine for the surf zone vehicle.                                                                                                                                                                                         

Figure 3.7  Surf-Zone Simulation State-Based Obstacle Mapping Trace
Figure 3.8  State Diagram For Surf Zone Obstacle Mapping Routine
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