V.   SIMULATION RESULTS
A.   GENERAL
The simulations conducted in this thesis center around the modeling for the Surf-Zone Reconnaissance Mission, with some results from the EOD PUCA land-based scenarios presented, as well, to provide insight and transferable "lessons learned" to the simulations for the surf-zone model. Many of the findings of the EOD land-based scenario's numerical simulations were directly applicable to the production of data in the surf-zone model. The goals of these non-linear, Monte Carlo numerical simulations was to examine the search modeling in order to determine a proper search strategy for the Surf Zone Reconnaissance Mission. The simulations attempt to find a balance between total search time, sensing radius for the vehicle's sensors, time between heading changes, as well as vehicle speeds and quantities of vehicles, and then fuse that information to a suitable search strategy. These results allow for the determination of which parameters have the greatest effects on the efficiency of the search. 

The simulations are conducted using programs written in the language C. The idea was to simulate with a core program, such as the one utilized in the EOD PUCA and surf-zone models, and then modify it as necessary to provide the required parameters for the given simulation scenario being conducted using the object-based capabilities of C. The parameters that were varied not only included the vehicle characteristics, but also the layout of the search area targets, obstacles in the vehicle's search area, total mission search time and time between heading changes,  as well as sensor ranges for target and obstacle detection. Additionally, the probability of a correct detection with the various sensors could be adjusted to fit the scenario being simulated, thus allowing for the reality of imperfect sensors. Parameter changes were carried out in the programming and the input files to avoid code modifications and recompiling the programs used to run the given simulation scenarios. 

The assumptions used in both the land-based and the surf-zone simulations included perfect navigation, target detection conducted using a "cookie-cutter" search, no target information passed between the search vehicles, and the assumption that the vehicles reflect off the UXO field and minefield lane boundaries at the vehicle incidence angle to the boundary, itself. The results of each simulation were stored in output files, and this included the clearance rates of the targets in the scenario over the simulation time, as well as the coordinates of the vehicular movement in order to graph traces of the vehicles movement for purposes of analysis and verification of the various algorithms. In the case of the surf zone simulation, the additional information found in the files was the threat evaluations for each of the targets in the surf zone lane by the vehicles, the number of visits for each of the targets by the vehicles during threat identification and the number of obstacles identified over simulation time. Since the Surf Zone mission includes reconnaissance, the identification of obstacles includes their positions in the approach lane, as well as the size of the obstacle. 

The analysis conducted in this chapter attempts to determine the optimum search time for the given surf-zone scenario, the optimum obstacle and target sensor range for the reconnaissance mission, and the best time between heading changes for the random search using the autonomous vehicles. Additionally, the choice of the random-heading range is examined, that is, the limits of the possible course change, in degrees, from the previous heading to the left or right. With this information, further refinement of the vehicles will be possible as they are constructed and tested, and this information will prove useful in virtual simulations of the vehicles, as well.

B.   EOD PUCA SIMULATIONS
Preliminary work conducted by [1] and [3] has provided many useful lessons in autonomous search behaviors that were ultimately useful in the surf zone modeling and simulations. These land-based, PUCA operations, with random point-target and point-obstacle placement showed some critical relationships in the search parameters that ultimately proved useful in the approach lane reconnaissance mission. Some simulations were conducted that involved a fleet of five vehicles that were used to conduct the search and carry-away mission in a 30-meter square UXO field with the random placements of point targets and obstacles. The goal was to examine the effect of the random heading generator, or specifically, the result of a heading change that involved angles +- 90 degrees from the original heading of the vehicle, and heading changes +- 120 degrees also from the original heading of the vehicle. The idea was to compare the acute angle heading changes to the obtuse angle heading changes and determine which method  provided the highest clearance rate, with the results analyzed graphically to determine the best method for PUCA operations. A cleared target was considered a target detected and carried to pile point in the center of the UXO field for later disposal. The selection range of the targets was 10, 15, 20, 25, 30 and 40 targets, with all scenarios containing 20 obstacles. The mission time was chosen at 3 hours. Tables 5.1 and 5.2 show a numerical tabular comparison of this EOD scenario with 5 vehicles and the full range of targets. Table 5.1 represents the +-120 degree heading-
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change model and Table 5.2 represents the +-90 degree heading-change model. The results indicate the improved clearance rate with the +-90 degree model. Figures 5.1 and 5.2 show graphically the comparison of the same performance figures, with the comparison focused just before the first hour of performance, or the 50-minute point. Again, the results indicate the acute-angle random- heading change generator algorithm produces a better percentage of UXO cleared over the given  mission time. For the obtuse-angle heading changes, the 1000-run simulation average showed a 65 percent clearance of targets at the 50-minute point, and for the acute-angle heading changes over 1000 runs, a 72 percent clearance rate, also at the 50-minute point. Clearly, the use of a random-heading change of 90 degrees or less (to the left or right of original heading) is the preferred choice for the random search in the UXO field over the heading changes that are greater than 90 degrees. Figures 5.3 through 5.6 show the individual comparisons of the obtuse-angle and acute-angle heading-change models over the range of the targets tested in the 20-obstacle UXO field. 

Another lesson learned in autonomous-vehicle robotic operations is a result of a comparison conducted in the land-based EOD PUCA scenario between different types of combinations of obstacle-avoidance algorithms. Specifically, the comparison was between the conventional boundary-reflection and state-based obstacle avoidance system, such as the one discussed in chapter three, with a state-based obstacle and state-based boundary avoidance system. Comparisons were sought regarding the effectiveness of this streamlined avoidance approach with the reflective boundary-avoidance and state-based obstacle-avoidance system discussed in chapter three for the EOD PUCA scenario, specifically the ability to clear the UXO field at a similar or better rate.  If the clearance rates were comparable, or if the streamlined 

Figure 5.3   Comparisons, Clearance Results, Heading Changes of +-120 and +- 90 Degrees 
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Figure 5.5  Comparisons, Clearance Results, Heading Changes of +-120 and +- 90 Degrees 

 Figure 5.6  Comparisons, Clearance Results, Heading Changes of +-120 and +- 90 Degrees 

obstacle-avoidance approach proved more effective, it would mean that a search vehicle could be constructed that would have a simpler and less costly design, whether the obstacle is the UXO field boundary, itself,  or the obstacles in the UXO field. 

A series of simulations were conducted to test this idea, with the UXO field chosen a 30- meter square site with 20 point obstacles and between 10 and 40 targets. The conventional

boundary-reflection and state-based obstacle-avoidance system was called the Boundary-Reflection State-Based, or BRSB model, while the streamlined algorithm with State-Based boundary and State-Based obstacle avoidance was called the SBSB model. The mission time in the simulations was four hours and the target scenarios examined were 10, 20, 30 and 40 targets. As mentioned previously, there were 20 point obstacles in all the 1000-iteration simulation runs. Figures 5.7 and 5.8 show the results for the 10 and 20 target scenarios, while Figures 5.9 and 5.10 show the results for the 30 and 40 target scenarios. Clearly, in all cases, the streamlined avoidance algorithm was not able to produce a clearance rate comparable with the boundary reflection and state-based obstacle-avoidance system for mission times under four hours. The fact that the boundary-reflection avoidance routine puts the vehicle back in the field quickly, as well as avoiding the perimeter boundary, seems to be the deciding factor in this analysis of the different approaches. 

C.   SURF-ZONE RECONNAISSANCE SIMULATIONS
The goals for the Surf-Zone Reconnaissance Mission simulations were to determine an acceptable number of vehicles, within the constraints of the likely mission time and vehicle 

      Figure 5.7  Comparisons, Clearance Results, BRSB and SBSB Boundary Avoidance
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capabilities (4 hours), and to conduct the reconnaissance of the approach lane obstacles and identify all threat objects, such as mines, to a 95-percent simulated completion rate. Based on the likely energy available from the batteries, the initial studies and simulations focused around a four and six-hour mission, with the four-hour mission being the most likely. The simulation plan called 

for a matrix approach, that is, varying the number of vehicles while narrowing down suitable vehicle settings for random heading changes, the times between those random heading changes, and the feasible sensor ranges that would handle effectively the potentially layered targets and multiple-sized obstacles. For the given search- and obstacle-mapping algorithm discussed in Chapters II and III, the initial runs would be conducted without obstacles to test the ability of the code to run the full, 1000-iteration simulations in the approach lane with the 57 assigned targets discussed in Chapter II. With the initial simulations testing for identification rates of targets varying the heading changes and heading-change times, and examining the simulation runs for the number of visits to each of the respective targets by the vehicles in the subzones, the ability to assess the vehicles' performance could be completed over the set of 25, 50, 75 and 100 vehicle cases. Figure 5.11 shows a simulation trace of the deployment of the 25-vehicle scenario with the 57 targets in the approach lane. Additionally, the probability of detection was set at p=0.6 for this initial testing, with this probability of detection to be raised to .8 over the course of the full range of simulations. 

The simulations of the surf-zone mission would also test the results learned from the EOD land-based scenarios, specifically the improved clearance times using the random-heading changes between +- 90 degrees and the fact that improved clearance rates were observed for longer time 

     Figure 5.11 Simulation Trace - Deployment of 25 Vehicles in Approach Lane Subzones
  Figure 5.12 Trace of the 25-vehicle Scenario, Random Heading Changes +-120 Degrees
   Figure 5.13 Trace of the 25-vehicle Scenario, Random Heading Changes +-90 Degrees
periods between heading changes. The objective would be to find the best range of heading changes, and the times between these heading changes that would bring the best results for the given parameters of the vehicle and the geometry of the approach lane. For the no-obstacle simulations, the time between heading changes was varied between 5, 7 and 9 seconds, and improved target identification rates were observed as the time was increased. Additionally, the use of heading changes of +- 90 degrees gave improved results than the choice of heading changes between +-120 degrees, just as in the land-based PUCA scenario. Figures 5.12 and 5.13 show the results of a simulation trace of 25 vehicles and the improved coverage of the scenario with the +- 90 degree random-heading change over the +-120 degree  random-heading change. A combination of long times between heading changes, and heading changes of +-90 degrees, not surprisingly, produced the best results. The results also indicate the possibility of completing a 4-hour mission with 25 vehicles while approaching an identification rate of  95 percent for the approach lane targets. The results for the no-obstacle simulations are summarized in Tables 5.3 - 5.6 and Figures 5.14 -5.22. Assumptions for these initial studies include perfect navigation, vehicles reflecting at the incidence angle at zone boundaries, and target detection is with a "cookie-cutter" search pattern. No target identification information is passed between vehicles. 

         Table 5.3 Summary of Target Identification Results-25 vehicles
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 Figure 5.15  25 Vehicles, Identification Rate Comparison, Time Between Heading Changes

       Table 5.4    Summary of Target Identification Results-50 vehicles

      Figure 5.16  50 Vehicles, Identification Rate Comparison, Heading Changes 
Figure 5.17  50 Vehicles, Identification Rate Comparison, Time Between Heading Changes
Table  5.5  Summary of Target Identification Results-75 vehicles
Figure 5.18    75 Vehicles, Identification Rate Comparison, Heading Changes 
 Figure 5.19  75 Vehicles, Identification Rate Comparison, Time Between Heading Changes
Table 5.6  Summary of Target Identification Results-100 vehicles
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Figure 5.21 100 Vehicles, Identification Rate Comparison, Time Between Heading Changes
             Figure 5.22 Summary Of Identification Rates, All Vehicle Groups, No Obstacles
A logical progression of the initial 1000-iteration runs of no-obstacle surf-reconnaissance simulations was the examination of the more-likely ASV fleet sizes of 25 and 50 vehicles with higher probabilities of detection, specifically with p=0.7 and p=0.8. Probability of detection values such as these could certainly be realized, and the simulations would show numerically what results could be expected for the ASV groups of 25 and 50 vehicles possessing these improved sensor detection capabilities. Even with the likelihood of a 4-hour mission, simulations of the 25 and 50 vehicle fleets with a 6-hour scenario were also conducted with the upgraded sensor detection values, with the intention of providing data to determine if significant results could be expected with the improved battery life and would the extended time be cost-efficient. Based on the initial data and confirmation of the better identification rates using heading changes of +-90 degrees and a time between heading changes of 9 seconds, these values were also incorporated into this second group of simulations. Again, the simulation assumptions for the approach lane scenario are the same and the vehicles are assumed to be completely autonomous. Sensor range for this second group of simulations was set at a 2 feet radius. The results are shown in Tables 5.7 - 5.10 and Figures 5.23 -5.26.

       Table 5.7  Summary Of Results, 25 vehicles, 4-hour Mission
     Figure 5.23 Clearance Rates, 25 vehicles, 4-Hour Mission, p=0.7 and 0.8, No Obstacles
        Table 5.8  Summary Of Results, 25 vehicles, 6-hour Mission

     Figure 5.24  Clearance Rates, 25 vehicles, 6-Hour Mission, p=0.7 and 0.8, No Obstacles
        Table 5.9  Summary Of Results, 50 vehicles, 4-hour Mission
       Figure 5.25 Clearance Rates, 50 vehicles, 4-Hour Mission, p=0.7 and 0.8, No Obstacles
      Table 5.10  Summary Of Results, 50 vehicles, 6-hour Mission
     Figure 5.26  Clearance Rates, 50 vehicles, 6-Hour Mission, p=0.7 and 0.8, No Obstacles
1.   Obstacles and Mapping
The objective of the last group of simulations was to take all the information and proven techniques of the previous simulations in the surf zone and apply them to a full target-identification and obstacle-mapping mission in the approach-lane scenario. The obstacles simulated in all the subzones were randomly-placed "rocks", and the rocks simulated were also randomly-sized from 1 to 10 feet. As in the previous simulations, the goal was to determine the identification times to be expected with the deployed vehicles, with the additional information studied being the mapping of the obstacles over time as a percentage of the total obstacles placed in the approach lane. For the purposes of this last group of simulations, it was decided to place 50 random obstacles in the lane subzones, and with that parameter fixed, find a time between heading changes that would maximize the mapping and identification times and confirm the faster rates in the target and obstacle environment typically associated with heading changes of +-90 degrees. Additionally, the results from the target and obstacle environment would be compared with "no-obstacle" runs with the same heading-change parameters to determine any relationships associated with the addition of obstacles in regards to identification times. The size of the fleet simulated was 25 vehicles, and for this last group of simulations, information on the obstacles mapped is passed between the vehicles in order to prevent any redundant mapping of obstacles in the respective subzones. This would allow us to see if this type of cooperative behavior can allow the identification and  reconnaissance goals for the surf-zone obstacles and targets to be completed within the 4-hour mission. All of the simulations in the last group were 4-hour missions with 40 simulation iterations per mission. Figure 5.27 shows the simulation trace of the approach lane with the placement of the 57 targets and the 50 randomly-sized and randomly positioned obstacles, while Figures 5.28 and 5.29 show in greater detail the way the rocks were simulated using groupings of point obstacles in the shape of rock-like objects. 

As previously mentioned, it was very desirable, for the given speed of the vehicles and the geometry of the approach lane to determine a time between heading changes (TBHC) that would optimize performance of identification and obstacle mapping. With the previous results from the first two groups of simulations indicating improved performance as the TBHC value was increased, a series of simulations were conducted slowly increasing the TBHC value until the identification and mapping rates slowly reached an acceptable value. This series of simulations was conducted using the heading changes of  +-90 degrees. Figures 5.30-5.35 show the results of this series of simulations. TBHC values over 17 seconds seemed to indicate very little improvements in identification and mapping times, suggesting for the random search that there is a limiting TBHC value that will optimize your search for the given search area, and that a random choice of TBHC values is not recommended. This was the case for mapping obstacles and identifying targets. 

                   Figure 5.27  Simulation Trace, Approach Lane With Targets and Obstacles
 
 Figure 5.28 Simulation Trace, Approach Lane With Targets and Obstacles
  
 Figure 5.29 Simulation Trace, Approach Lane With Targets and Obstacles
 Figure 5.30 Comparison of Clearance, 25 vehicles With Varying TBHC, 50 obstacles 
Figure 5.31 Comparison of Clearance, 25 vehicles With Varying TBHC, 50 obstacles 
      Figure 5.32 Comparison of Clearance, 25 vehicles With Varying TBHC, 50 obstacles 
         Figure 5.33 Comparison of Mapping, 25 vehicles With Varying TBHC, 50 obstacles 
       Figure 5.34 Comparison of Mapping, 25 vehicles With Varying TBHC, 50 obstacles 
      Figure 5.35 Comparison of Mapping, 25 vehicles With Varying TBHC, 50 obstacles 
It was desirable to confirm the use of the choice of the uniformly-distributed random-heading change, therefore a series of simulations with the target and obstacle environment were conducted to compare the choice of heading changes of +-120 degrees and +-90 degrees. The choice of TBHC values utilized were 9, 13 and 17 seconds to check the results across the range of possible TBHC values. The simulation results showed improved identification rates for all TBHC values using the random-heading changes of  +- 90 degrees. These results are shown in Figures 5.36 - 5.38.

Figure 5.36 Comparison, Identification Rates, Two Ranges of Possible Heading Changes  
    Figure 5.37 Comparison, Identification Rates, Two Ranges of Possible Heading Changes  

     Figure 5.38 Comparison, Identification Rates, Two Ranges of Possible Heading Changes
A direct comparison was also conducted between the simulations that contained the 50 obstacles and the simulations that did not contain obstacles. Specifically, the objective was to observe the impact on the identification rates of the targets by the vehicles due to the obstacles in the field, and to observe this over a range of TBHC values. The heading-change time values chosen were 9, 13 and 17 seconds. The results of the simulations indicated that by having the obstacles in the subzones, and effectively removing some of the area that normally would be searched for targets, the identification rates improved on the scenarios with obstacles over the full range of the TBHC values chosen. The results of these simulations are shown in Figures 5.39 - 5.41.

 Figures 5.39 Comparison, Identification Rates, 25 Vehicles, 50 Obstacles and No Obstacles
 Figures 5.40 Comparison, Identification Rates, 25 Vehicles, 50 Obstacles and No Obstacles
   Figures 5.41 Comparison, Identification Rates, 25 Vehicles, 50 Obstacles and No Obstacle
The last parameter that was examined in the target and obstacle environment was the issue of the target and obstacle sensors, specifically the effect that increasing the range of these sensors would have on the identification of the targets in the approach lane. In other words, much like the TBHC value, the goal was to find the sensor range value that would give the vehicle optimum identification results, beyond which, the improvements in identification rates are only marginal. The sensors were modeled in the cookie-cutter search pattern, with the sensor ranges representing the swath radius from the center of the vehicle.  The sensor ranges chosen were 2, 4 and 5 feet. Figures 5.42 and 5.43 show the results of this group of simulations. Improvements were noted on the change from a 2 ft. to a 5 ft. group of sensors, but no significant changes in the identification rates were noted on the move from a 4 ft to 5 ft. group of sensors. The results of this simulation can probably be best explained by the fact that as the sensor range increases, the ability to detect targets at a greater distance becomes greater, and with the state-based search behavior that the vehicle simulated possesses, it stops and accesses the threat much sooner than with the smaller-range sensor. If the target is evaluated as a threat, it turns 180 degrees, as mentioned in chapter three, and heads out on a random heading. The end result of all this is that,  especially for areas where the targets are layered in rows, even with the sensor range extended, the vehicle will turn after it evaluates the first threat object it senses. It therefore takes, on the average, about as long to cover all the targets in the area as with a smaller sensor that, although has a shorter sensing range, is able to pass through the layered rows more often and sense and identify targets in the second and third rows. The-long range sensor, although it can see farther, is responding to the targets one at a time, and therefore is sent back away from high-density areas and has to wait for 

          Figure 5.42  Comparison For Clearance, Sensor Ranges, Targets and Obstacles
          Figure 5.43  Comparison For Clearance, Sensor Ranges, Targets and Obstacles
the next arrival in the area to identify the remaining targets. In the case of the long- and short-range sensors, if the vehicle evaluates a nonthreat object, it essentially proceeds in the same direction until the next timed heading change. Figures 5.44 - 5.46 show this behavior for simulations involving sensor ranges of four and five feet. The traces clearly indicate the difficulty in the long-range sensor equipped vehicles ability to move beyond the many-layered target areas and, therefore, the reasons for the "peaking out" of the clearance rate for larger sensor ranges on this state-based search vehicle. Figure 5.47 shows the impact the increased sensor radius also has on the ability of the state-based vehicle to conduct obstacle mapping beyond the high density target areas. 

           Figure 5.44 Simulation Trace In Approach Lane, Sensor Radius 5 Ft
Figure 5.45 Simulation Trace In Approach Lane, Sensor Radius 4 Ft
         Figure 5.46   Simulation Trace In Approach Lane, Sensor Radius 4 Ft
  Figure 5.47  Comparison of mapping capabilties With Increased Sensor Radius, Surf Zone
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