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where 𝑝 is the current axial spin rate of the round in radians per second, 𝑢̇⃗⃗ is the current 

acceleration vector in meters per second-cubed, 𝐶𝑀𝛼
 is the dimensionless overturning moment 

coefficient, and 𝐶𝑀
𝛼3

 is the dimensionless cubic overturning moment coefficient. 

In Eq. 7 and Eq. 8 the higher order terms that depend on the yaw of repose are dropped.  

For example, the equation for drag can be expanded to include a quartic drag force effect due to 

the yaw of the round [23].  This and other similar contributions from higher power terms of the 

yaw of repose are assumed to be zero.  Earlier study has determined that the Modified Point-

Mass model is able to predict the flight path of a round accurately if the yaw of repose predicted 

in flight is 0.6 mrad or less [24].  A yaw of repose with such a small magnitude will have a 

negligible effect given the form of the quartic drag force term [23], 

 𝐶𝐷
𝛼4𝛼𝑒

4 . (Eq. 15) 

3.2.3 Model Factors and Parameters 

The 4-DOF model used requires input parameters to model a specific ammunition type.  

For this analysis, the PGU-13 A/B round type is used for all simulated shots.  This round type is 

used in many air-to-ground systems [25].  The round description, including the aeroballistic 

coefficients and the physical constants, are taken from the Projectile Design and Analysis System 

(PRODAS) software suite.   

Each round type has a set of physically measurable properties that do not change relative 

to the air mass the round is traveling through.   These values are: 
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Table 2.  Static Values 

Static Round Properties 

Mass 

Initial Spin 

Initial velocity 

Moment of inertia 

Diameter 

 

 

 

As the round travels through the air it will interact with the mass of air differently 

depending on the speed of the round relative to the speed of sound in the air mass.  Each of the 

equations of motion above includes dimensionless coefficients that tune the equations to the 

round type selected.  The values of these coefficients are the aeroballistic coefficients of the 

round.  The aeroballistic coefficients are indexed by Mach value which is solved for in each 

iterative step as part of the ballistics model. 

To simulate the flight of the projectile the state of the gun at time of fire is needed.  These 

inputs include the altitude of the gun, the latitude of the gun, the current speed of the gun, and the 

gun’s inertial pointing angles.  For this simulation, the altitude, latitude, and speed of the gun are 

taken as inputs from the aircraft model (Chapter 3).   

3.2.4 Model Verification and Validation 

The ballistic model implemented for this research was verified and validated to ensure 

accuracy.  The model was verified via code review and unit testing.  Code inspection verified 

that the ballistics model in the code matched the documented model.   
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A feature added to the model allows for a user to turn on or off individual forces and 

moments.  This allows for unit testing of the model in a “build-up” manner; adding forces into 

the system and confirming that they act as expected.  Testing confirmed that each force was 

acting as expected resulting in the motion associated with that force.  Where possible, the results 

were verified against theoretical results (such as when gravity is the only acting force).  Testing 

verified that the model is correct to within the limits of the documented model and the algorithms 

used in its implementation. 

The flight path predictions made by the model were validated by comparison to other 

validated models.  The PRODAS software has a built-in 4-DOF ballistics model and support for 

many ammunition types.  Both PRODAS and the 4-DOF model developed for this research were 

used to produce surface-fire range tables with the same ammunition.  The predicted DR and CR 

impact locations matched between the PRODAS table and one generated using the 4-DOF 

developed for this analysis.  PRODAS is considered valid due to extensive testing and wide 

acceptance of the modeling suite for ballistics analysis. 

The research model was similarly validated against the ballistics model used in tactical 

code for AC-130 gunships.  The predicted final state of the round produced by the models were 

compared over 2000 random starting conditions.  The model developed for this research 

produced predicted impacts which match the tactical code’s predicted impacts to within machine 

truncation limitations.  The tactical code is considered valid due to years of successful use 

engaging hostile forces in combat situations and validation during testing at Dahlgren. 
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Fig 15.  Wind Profile 5. 

 
Fig 16.  Wind Profile 6. 

 
Fig 17.  Wind Profile 7. 

 
Fig 18.  Wind Profile 8. 
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Fig 19.  Wind Profile 9. 

 
Fig 20.  Wind Profile 10. 

 
Fig 21.  Wind Profile 11. 

 
Fig 22.  Wind Profile 12. 
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Fig 23.  Wind Profile 13. 

 
Fig 24.  Wind Profile 14. 

 
Fig 25.  Wind Profile 15. 

 
Fig 26.  Wind Profile 16. 
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CHAPTER 6  

MULTIPOINT WIND PREDICTION 

The single-point wind prediction method was shown to work as expected and make 

ballistic wind predictions which account for the observed wind induced miss distance to within 

the closure tolerance.  The method can be used to predict winds under varying initial gun and 

aircraft states.  Results from the previous chapter show that the ballistic wind speeds vary based 

on the initial conditions at the time of fire even when fired through the same wind column.   

During a live-fire event, the state of the gun and aircraft is constantly changing.  This 

change in state may reduce the ability of the single-point ballistic wind speeds to correct for the 

actual wind effects.  This possibility is due to the limited number of data points being used to 

predict the winds, using only the initial and final locations of the projectile.  A method which 

uses more data, if available, is expected to generate a predicted wind that better matches the true 

winds acting on the round.   

This chapter proposes a method to model winds accurately based on increased 

information about the round in flight.  A round tracking sensor is modeled to produce location 

and velocity data about the projectile.  This information is used to generate a prediction of the 

wind speeds acting on the round.   

The closeness of the multipoint wind predictions are compared to the measured wind 

profiles.  The metrics derived are then compared to similar metrics calculated using the single-

point wind prediction.  It is shown that based only on closeness of fit the multipoint wind 

prediction method produces wind predictions which are a much closer match to the true winds 

than the single-point wind prediction method.   



68 

6.1 Multipoint Data Generation 

The previous analysis of the single-point wind prediction only used the initial firing state 

and the final impact location to make a wind prediction.  For the multipoint wind prediction, a 

round tracking sensor is modeled to provide data for the path of the round in flight.  This track 

sensor model runs as a separate process for the simulation.  This process uses the ballistics 

model, applying the measured winds to produce an offset impact and a full trajectory of the 

round in flight.   

Based on user configuration settings, the track sensor model produces a data set with a 

specified number of locations and velocities for the round in flight.  These data points are sent 

via a network message to the wind prediction model.  The design and execution of the track 

sensor model is intended to isolate any possible information about the measured winds being 

applied to the ballistic model.  The wind prediction model has no information about the 

underlying winds in the system.   

6.2 Determining Wind Prediction Parameters 

For this research, the track sensor model was configured to generate data for 11 points 

along the flight path of the projectile.  The first point is always the initial location of the round as 

it exits the barrel.  The last point is always the impact location.  The other 9 data points are 

evenly spaced along the flight path of the round.  The spacing is based on the time of flight of the 

round, not the distance traveled or the altitude of the round at a given point.  This leads to 10 

intervals bounded by 11 points with the same time of flight in each interval. 

The number of data points chosen for the track sensor is purposefully set to a low 

number.  The intent is to show that even with fairly sparse data, only 11 points, the wind 
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prediction can be improved when compared to the single-point method.  There is nothing to 

prevent further investigation with progressively larger numbers of tracked locations.  This 

investigation will show that improvements are seen with few data points; any extra data will only 

further improve the wind predictions increase the overall reliability of the prediction. 

The multipoint method makes a wind prediction within each interval in the track data.  

The time of flight of the round in each interval has the potential to be much shorter than the 

shortest time of flight simulated with the single-point wind prediction method.  As was shown in 

Chapter 4, the closure tolerance for the wind prediction and the time of flight of the round 

control the maximum possible radial wind error.  This relationship is expected to hold for each 

interval of the multipoint wind prediction.  This reduced time of flight increases the possible 

wind prediction error.  To reduce the possible maximum wind error, the closure tolerance was 

reduced to 0.00001 m for all of the runs.  
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6.3 Multipoint Wind Prediction Method 

 

Fig 27.  Multipoint Wind Prediction Model Architecture. 

 

The multipoint wind prediction model uses the same wind prediction closure method as 

the single-point wind prediction.  The single-point wind prediction model takes into account only 

initial state of the gun and the final impact location to predict a ballistic wind that accounts for 

the wind induced miss distance.  The multipoint model performs the same ballistic wind 

prediction but between measured points along the flight path of the round.  A diagram of the 

algorithm used in this analysis is presented in Fig 27. 
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The wind prediction model receives information about the position and velocity of the 

round at various points along its flight path ordered by the altitude of the round from the track 

sensor model.  Starting with the initial state of the round and gun and the first measured position 

of the round along its flight path, the wind prediction model find a ballistic wind which accounts 

of the observed difference between the round location and the predicted location had there been 

no wind.  This ballistic wind is considered to be valid only between the two points for which it 

was calculated.  The wind prediction is recorded at the given altitudes.   

The predicted state of the round at the first measured location is used in the next iteration.  

The round tracking model assumes that the position and the velocity of the round are measured, 

but the accelerations of the round are not known and must be predicted using the ballistics 

model.  The position, orientation, spin rate, and accelerations of the round are taken from the 

ballistics model prediction at the end of the wind prediction model search.  The velocity of the 

round is set to the velocity measured by the track sensor for the round at that location.   

The process continues by finding a ballistic wind which would account for the measured 

location between the next two points in the track data to the end of the tracked data list.  The 

resulting data are raw (Fig 28) and require further processing.  The predicted North wind speeds 

fit fairly well to the real winds.  The East wind speeds do not appear to fit well at all.  This was 

seen in many of the wind predictions when the applied measured winds were comparatively 

static.  Note that the measured wind speed data has a roughly constant overall trend from 4000 m 

almost until the ground.  There are small oscillations in the data off of a roughly constant value 

but there is no large-scale trend to the data when compared to the North wind speed data.   

The wide oscillations seen in the raw ballistic winds in the East direction are an artifact of the 

prediction error expected based on Eq. 17.  The time of flight between the data points is small, 
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allowing for the wind prediction model to have a high error in the predicted ballistic winds in a 

given interval.  This wind error will change the accelerations in the state of the round at the end 

of that interval.  The error in the accelerations and slight error in position allowed for by the 

closure tolerance with both affect the wind prediction in the next interval.  If the actual winds 

acting on the round do not change largely in the following interval, the wind prediction model 

will “chase” the errors in the acceleration and position and overcompensate for the effects of the 

wind in the wrong direction.  This compounds over time leading to the large oscillations 

observed. 

    

  

Fig 28.  Initial Raw Wind Speed Predictions. 
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Once the entire path of the round has been processed for raw ballistic wind predictions, 

the data are filtered.  In this research, the data were put through a running average filter with a 

sliding window of 2 data points.  This filter eliminated the oscillation seen in the predicted 

values for the East wind speed, which can be seen in Fig 29.    

 

  

Fig 29.  Filtered Wind Speed Predictions. 

 

The wind speed at ground level was set to 0.0 m/s.  Though the winds immediately above 

the ground level may be non-zero, at the ground there is no wind [26]. 

The last step in processing the raw ballistic winds into final form is to assume that the 

wind speeds are linearly interpolated between the actual data points.  In the graphs above it is 
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assumed that the wind speed is constant from the initial point in the interval to the end of the 

interval.  The ballistic wind then immediately jumps to the single value of the next interval.  

Instead, it is assumed that the ballistic wind speed predicted only applies at the start of an 

interval.  The wind speed at the end of each interval is assume to be the wind speed at the start of 

the next interval.  Any values between these points are modeled using a linear interpolation 

between the points as shown in Fig 30. 

 

  

Fig 30.  Final Multipoint Wind Prediction. 

6.4 Simulation Description 

The simulation was performed similar to the previous chapters.  A set of 5,000 random 

initial states were generated and used.  The random seed for these 5,000 states was controlled to 
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6.5 Results 

With 5,000 initial states and 16 different wind profiles, 80,000 individual runs were 

completed.  All 80,000 runs completed successfully, producing ballistic wind profiles which 

account for the measured winds and correct the impact miss distance to within the specified 

closure tolerance. 

6.6 Analysis of Results 

The goal of this research is to investigate the efficacy of wind predictions made using 

multiple measured locations along the flight path of the round.  The best way to judge a predicted 

ballistic wind is to apply it in a simulated ballistic flyout to determine whether or not the ballistic 

winds correct for the observed impact miss distance.  The wind prediction model already 

accounts for this kind of analysis.  The ballistic wind prediction is controlled by the closure 

tolerance.  Wind predictions are checked at time of calculation to ensure that they generate an 

impact within the closure tolerance when applied to a ballistic flyout.   

As a check on the multipoint wind prediction compared to the single-point, the fit of the 

wind model to the measured winds can be used as an analog to the correctness of the wind 

prediction.  A perfect wind prediction model would match the measured winds exactly.  It is not 

practical to expect a modeled wind profile to match the measured winds perfectly.  It is 

reasonable to expect that a good ballistic wind model will match the true winds closely.  The 

closeness of fit is measured by looking at the standard deviation of the predicted wind model off 

of the measured wind speeds at all altitudes.  The standard deviation metric was calculated for 

both the single-point results and the multipoint model results for all 5,000 initial states.  The 

results for each of the 16 different wind profiles were kept separate. 
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Table 8.  East Wind Prediction Standard Deviations. 

 Single-Point Winds Multipoint Winds 

Wind 

Profile 

Minimum 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Maximum 

Standard 

Deviation 

Minimum 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Maximum 

Standard 

Deviation 

1 1.2161 1.5792 2.4391 0.3621 0.9251 2.0271 

2 2.3266 2.5367 3.1084 0.2992 0.683 1.2207 

3 2.0204 2.1347 2.5729 0.4105 0.7009 1.183 

4 1.275 1.345 1.4712 0.3273 0.6992 1.4409 

5 1.7555 2.0986 2.5513 0.2532 0.5283 0.8325 

6 1.554 1.7389 1.9525 0.2188 0.6177 1.0783 

7 1.77 1.9884 2.2842 0.3199 0.6162 0.9786 

8 3.0781 4.0204 4.2104 0.4303 0.8972 1.9493 

9 1.9915 3.7176 4.876 0.3269 0.6379 1.1723 

10 2.0352 3.8236 4.9568 0.2887 0.6955 1.2939 

11 3.0554 4.1683 4.8265 0.4067 0.8335 1.3303 

12 2.8555 4.5899 5.2277 0.4537 0.7946 1.3834 

13 2.4794 4.0481 4.8305 0.4524 0.7175 1.1287 

14 1.0993 1.4245 1.6939 0.1536 0.4464 0.8481 

15 1.0584 2.4476 3.175 0.1316 0.2708 0.6604 

16 0.7948 1.1161 1.2631 0.1524 0.4335 0.7528 
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Table 9.  North Wind Prediction Standard Deviations. 

 Single-Point Winds Multipoint Winds 

Wind 

Profile 

Minimum 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Maximum 

Standard 

Deviation 

Minimum 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Maximum 

Standard 

Deviation 

1 3.2787 3.827 4.2988 0.3513 0.7362 1.2444 

2 2.2198 3.6316 3.933 0.3775 0.6041 0.8957 

3 1.6486 3.8577 4.5504 0.3022 0.4917 0.7517 

4 1.8693 3.5132 4.0889 0.4062 0.5596 0.7085 

5 1.2484 3.3368 4.4162 0.3522 0.6306 0.9217 

6 0.8832 3.9108 5.6004 0.1917 0.6801 1.2459 

7 1.2946 4.6566 6.0629 0.3275 0.6804 1.1147 

8 0.4367 1.0038 2.4769 0.2363 0.4156 0.8389 

9 1.6515 1.8375 2.3687 0.3165 0.4826 0.9701 

10 2.1361 2.3121 2.7561 0.3326 0.6329 1.048 

11 1.8327 2.0703 2.2921 0.3683 0.6424 0.9169 

12 1.2763 1.7028 2.3567 0.3198 0.6306 0.86 

13 1.5332 1.7027 2.0344 0.3224 0.5711 0.9382 

14 0.5164 0.5792 0.8742 0.1493 0.3907 0.632 

15 0.9481 1.4738 1.6395 0.1714 0.2584 0.3724 

16 0.828 0.9761 1.1553 0.2211 0.4849 0.7842 

 

 

 

6.7 Changing State 

An additional simulation was performed to compare the results of the single-point 

ballistic wind prediction to the results of the multipoint ballistic wind prediction as the state of 

the aircraft and gun are changed from the state in which the prediction was made.  A random set 

of 50 initial states for the aircraft and gun were chosen.  A single-point and multipoint ballistic 

wind profile was predicted using those 50 initial states with all 16 measured wind profiles. 

The initial state of the gun was then changed and a ballistic flyout was simulated.  The 

aircraft altitude, speed, and total gun depression were allowed to vary based on a uniform 

random distribution with bounds detailed in Table 10.  A uniform continuous distribution was 
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selected for these variations because there is no reason to assume that changes in the state of the 

aircraft and gun will tend to cluster around the initial state.  The uniform distribution gives an 

equal probability of occurrence to all values in the range specified and does not favor values 

closer to the initial state.  A Monte Carlo simulation was selected over parametrically stepping 

through the ranges for each state variable because the effects of coupling between the state 

variable and the ballistic winds are not known.  A parametric search could miss an effect due to 

selecting incorrect values. 

   

Table 10.  State Variation Ranges 

State Variable Distribution 

Altitude [m] U(-50.0, 50.0) 

Aircraft Speed [m/s] U(-25.0, 25.0) 

Gun Elevation [deg] U(-5.0, 5.0) 

 

 

 

The measured winds were applied and an impact location was generated.  This impact 

was considered to be “truth” data.  Similar impacts were generated using both the single-point 

and the multipoint ballistic wind model.   

The state of the gun and aircraft was then changed and the data generation repeated to 

collect a total of 100 impacts around the original state where the ballistic winds were calculated.  

After all 100 variations off of the original state had been used, a new original state was selected 

along with the single-point and multipoint ballistic wind profiles for that state.  The process was 

repeated for each original state, generating 100 variations off of the original state.   
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For the single-point ballistic wind the radial miss distances are low (Fig 34) but the 

greatest number of data points are not at 0.0 mrad.  The maximum single-point radial miss 

distance predicted was 2.1068 mrad.  The multipoint radial miss distance (Fig 35) were also not 

clustered at 0.0 mrad.  The maximum multipoint radial miss distance predicted was 0.3069 mrad. 

The changing of the aircraft and gun state from that state where the ballistic wind was 

predicted induces less error if a multipoint ballistic wind is used compared to a single-point 

ballistic wind.  This is expected based on the results above in Section 6.6. 

A comparison of the radial miss distances under the same conditions is needed to judge 

whether one ballistic wind method is always better than the other.  Even though the multipoint 

ballistic wind appears to have a much lower radial miss distance, it may not always be better than 

the single-point method.  The maximum radial miss distances for the multipoint ballistic wind 

was subtracted from the maximum radial miss distances for the single-point ballistic wind.   

Very few negative points exist in the comparison data (Fig 36).  This means that the 

multipoint ballistic wind was more often more stable relative to changes in all three state 

variables when compared to the single-point method.  There are 29 negative data points, 

instances where the single-point ballistic wind appears to be more stable than the multipoint 

ballistic wind. The largest negative magnitude was -0.1165 mrad. 



87 

 

Fig 36.  Differences between Single-point and Multipoint Stability Varying all State Variables. 

 

 

Fig 37.  Instances where Single-point Method Appears more Stable Varying all State Variables. 
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The largest number of instances where the single-point ballistic wind appears more stable 

occurred for wind profiles 14 and 16 (Fig 37).  Looking at Table 8 and Table 9, it is not 

surprising that wind profiles 14 and 16 have some instances where the single-point ballistic wind 

is slightly better than the multipoint method.  Note that the minimum, mean, and maximum 

standard deviations of the single-point ballistic wind profiles for wind profiles 14 and 16 are all 

low in comparison to the other wind profiles.  This indicates that the single-point method did 

better at fitting wind profiles 14 and 16 than the others. 

6.8 Conclusion 

In this chapter, a method of multipoint wind predictions was proposed and tested.  It was 

shown that with very few data points the multipoint method can generate a wind prediction 

which closely match the measured winds applied to the round.   

By analyzing the standard deviation of the differences between the measured winds and 

the two ballistic wind profiles, the closeness of the ballistic wind to the actual winds can be 

calculated.  The results indicate that the multipoint ballistic wind more closely fit the measured 

wind profiles than the single-point ballistic wind.   

The two ballistic wind methods were also tested under changing initial state of the 

aircraft and gun.  This ballistic wind, whether a single-point and multipoint ballistic wind, is 

tuned based on the state of the gun and aircraft at the time of fire.  Anything that changes the 

state of the system may invalidate the ballistic wind profile.  Using the ballistic wind in a 

different state may lead the ballistic model to predict an impact which does not match the impact 

using the true winds.  Ideally, a ballistic wind would be insensitive to changes in state.   
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A simulation was run to test the radial miss distance induced by changing the state of the 

aircraft and gun from the state when the ballistic wind was generated.  The results showed that 

the multipoint ballistic wind was able to accept a change in the aircraft and gun state and 

maintain a lower maximum radial miss distance than the single-point ballistic wind.  The 

multipoint ballistic wind did not always have the lower radial miss distance, however.  There 

were instances where the single-point ballistic wind appeared to perform better under changing 

states, though the difference in the maximum radial miss distance between the two methods in 

these few instances was small. 

Overall, the multipoint ballistic wind performed better than the single-point ballistic 

wind.  Given the data collected, the largest multipoint miss distance induced was 0.3069 mrad.  

The largest single-point miss distance induced was 2.1068 mrad. 

The data indicate that a multipoint ballistic wind based only on 10 tracked points of the 

round in flight allows for a more consistent impact prediction as the aircraft and gun state 

changes than the single-point ballistic wind. 
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CHAPTER 7  

CONCLUSION 

A successful method of making multipoint ballistic wind predictions was developed and 

tested as part of this research.  The multipoint prediction method presented in this thesis is based 

on a repetition of the single-point wind prediction between all available tracked locations of the 

round.  The single-point wind prediction method is itself based on a bisecting search, a relatively 

simple search algorithm used to find an optimal value to minimize an error metric.  The 

multipoint wind prediction method being a series of bisecting searches makes the programming 

of the algorithm easier and less prone to errors, indicating that it could be used for tactical 

applications.  The multipoint prediction method was able to predict ballistic winds which closely 

fitted the true measured winds using few data points for the tracked round, only 10 points along 

the flight path and the initial firing conditions. 

The multipoint wind predictions are all much closer to the measured winds applied the 

round than the same single-point wind predictions.  This result may seem trivial, but recall that 

the use of a ballistic wind does not require that it match the underlying real winds acting on the 

tracked round.  The ballistic wind only has to cover for the physical effects on the round.  It was 

assumed and hoped for that the multipoint ballistic winds would closely match the underlying 

measured winds.  The analysis of the fit of both ballistic wind models to the true winds showed 

that the multipoint more closely matched the true winds in all cases. 

Testing the stability of the single-point and multipoint wind models showed that the 

multipoint wind was almost always the more stable method.  Changing the aircraft and gun state 

had less of an effect on the accuracy of the predicted impacts when a multipoint ballistic wind 

was used than seen when a single-point ballistic wind was used.  The highest error caused by 
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changing state was just over 2.1068 mrad using a single-point ballistic wind.  The highest using a 

multipoint ballistic wind was just over 0.3069 mrad.  This is within the manufacturers stated 

dispersion of the ammunition used in this simulation, meaning that this extra miss distance due to 

changing state is not likely to be discernable given the imprecision of the round itself.   

For some of the wind profiles used, a few simulation runs indicated that the single-point 

ballistic wind would be more stable than the multipoint ballistic wind.  Out of 800 runs, only 29 

showed that the single-point ballistic wind was more stable.  The slight improvement on the 

stability metric with the single-point, 0.1165 mrad better than the multipoint, is also well below 

the nominal dispersion of the round type.   

Further investigation of the instances where the single-point method was more stable 

revealed that the stability was due to the almost static nature of the measured wind profiles being 

tested.  Wind Profiles 14 and 16 had very low wind speeds in both the East and North directions 

and the wind speeds in one of the directions had a clear average trend with small variations off of 

it.  This is the ideal case for the single-point ballistic wind.  Looking at the standard deviation 

values calculated as a closeness of fit of the single-point ballistic wind to the true winds, Table 8 

and Table 9, wind profiles 14 and 16 have a very low standard deviation when compared to the 

other wind profiles, meaning that the single-point ballistic wind model was able to fit those 

winds more closely than the other wind profiles.   

None of this invalidates or reduces the usefulness of the multipoint ballistic wind.  The 

slight improvement using the single-point ballistic wind is within the dispersion of the round.  

The results point to the fact that under a roughly static set of wind speeds, both the single-point 

and multipoint methods should converge towards each other. 
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7.1 Secondary Results 

The relationship between the radial wind error and the time of flight was unexpected, 

though it makes sense on further review.  As seen in Eq. 17 the lower the time of flight the 

higher the maximum radial error in the wind prediction can be off of the true wind.  The 

predicted ballistic wind is still expected to correct the round’s impact to be within the closure 

tolerance on the wind prediction model’s search, but the actual value of the predicted wind can 

be wrong.  At lower times of flight the error can be larger because the wind does not have as 

much time to affect the flight of the round.  At longer times of flight, the radial error must be 

lower to achieve the same closure tolerance because the wind has a longer time to act on the 

round.   

Another secondary result of note is that changes to the total gun elevation is a strong 

contributor to the instability of the ballistic wind predictions.  In light of the relationship shown 

in Eq. 17 this result is not surprising.  Changing the elevation has a large effect on the time of 

flight of the round.  Small errors in the ballistic winds can lead to large miss distances by simply 

changing the elevation of the gun. 

Also of note is that the multipoint wind prediction was able to do so well with only 10 

points along the path of the projectile.  Even at higher altitudes where the distance between the 

data points was the greatest, the multipoint wind prediction model was able to generate a ballistic 

wind which proved to be more stable than the single-point method. 

7.2 Future Research 

The research in this thesis shows the possible benefits to be gained by using a round 

racking sensor as part of a FC system.  The data can be used to model the winds accurately and 
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in a way that is stable as the aircraft state changes.  To complete this analysis, some limitations 

were imposed on the modeled parts of the system which offer chances for future research into 

this topic.  Increasing the fidelity of the models and simulation could give better indications of 

the total possible improvements which could be seen from using a round tracking sensor to 

predict the ballistic winds. 

7.2.1 Full fire-control simulation 

One of the modeling decisions made for this analysis was that a full simulation of a FC 

was not needed and that a ballistics model would suffice.  This is a valid assumption to limit the 

complexity of the system for simulation but it leaves some questions unanswered.  Most 

importantly, what effect does a multipoint wind prediction model have on the commanded gun 

pointing angles? 

This analysis had a target determined by randomly selected gun pointing angle and 

aircraft state.  It was assumed that the winds would cause a round to miss a target and that 

modeling the winds would allow for the round to hit the target.  In reality, the target exists 

external to the FC and is not determined by the gun or aircraft state.  The gun and aircraft state 

are calculated by the FC to engage that target.  Winds are used as part of the calculation of the 

gun pointing angles by the FC.  By predicting and using a ballistic wind in the FC and by 

changing the state of the aircraft relative to the target, the gun pointing angles will change to 

bring the round back on target.   
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7.2.2 Full pylon turn orbits 

It was assumed for this analysis that the orbit of the aircraft was sufficiently modeled by a 

stationary aircraft at the time of fire.  This makes the target static relative to the aircraft, which 

isn’t always the case.  It also forces the gun to fire the same way into the winds for each shot 

simulated.   

In reality, the aircraft is orbiting.  This would make targets change location relative to the 

aircraft unless they were perfectly centered in the orbit path.  Changing target location will force 

the gun elevation to change over time.  As was seen in Chapter 6, changing the state of the 

aircraft and gun can have an effect on the possible errors in impacts that result from using a 

ballistic wind predictions. 

Investigating the effect of full pylon turns combined with a full model of a FC would give 

a good indication of whether the multipoint ballistic wind model introduces any instabilities to 

the gun pointing angles at the time of flight of the round changes in different parts of the orbit. 

7.2.3 More tracked data points 

The analysis above assumed that the round tracking sensor would provide 10 data points 

along the flight path of the round.  This is a very low value.  What are the benefits of adding 

more values?  Or, conversely, what is the effect of having less values? 

A parametric analysis of the number of data points required to achieve a certain level of 

stability would help to inform future work into developing the necessary hardware and software 

to integrate a round tracking sensor. 
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7.2.4 Combined errors 

There are other errors which are assumed to either not exist or not contribute for this 

analysis.  In a real system these errors would manifest themselves and complicate the wind 

prediction.  These errors would have to be sorted and dealt with in their specific frames of 

reference to allow for the correction of the world relative errors with a ballistic wind prediction. 

A fuller simulation which accounts for the platform relative errors such as misalignment 

of the sensor and gun, errors in the ammunition description, and limitations in ballistics modeling 

could reveal possible complications that might exist if a round tracking sensor was integrated 

into the FC of a gunship.  Any method used to try and decouple the errors into their proper 

frames of reference will contain uncertainties which may affect the ability of the multipoint wind 

prediction model to properly close on the ballistic wind. 

7.2.5 Wind vector field 

This thesis shows that it is possible to correctly predict a ballistic wind profile which 

closely matches the underlying winds.  These ballistic wind profiles can be used to correct wind 

errors in subsequent firings.  These winds are only valid for the round that was used to predict 

them, however, and may not be the best ballistic wind to apply to later rounds.   

The validity of the ballistic wind will depend on the variations of the true winds over both 

time and space.  The winds which are acting at one location in the orbit may not be 

representative of the winds acting at other locations.  Further, the true winds are expected to vary 

over time, possibly reducing the usefulness of the winds predicted at any location in the orbit. 

This research presents an opportunity to research the creation of a model of a wind vector 

field which covers the entire orbit.  It may be possible to combine the individual ballistic winds 
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to describe not only the winds at a single location in the orbit but around the entire orbit. Such a 

model could allow for accurate predictions of the ballistic winds as they change over time.  A 

change in the ballistic winds at one location in the orbit from an earlier ballistic wind could be 

used to predict a change in the ballistic winds at other locations in the orbit. 

7.2.6 Tuning ballistic model 

The prediction of a multipoint ballistic wind allows for the tuning of the ballistics model 

for different round types.  It is possible for a ballistics model to be poorly calibrated for the 

round type being fired and still allow for a usable prediction of the round’s flight.  Calibrating, or 

tuning, the model requires a source of truth data to compare the model against.  A multipoint 

ballistic wind can be used as the truth data, allowing for better calibration of the ballistics model 

for all round types. 

The process of calibrating would require making multipoint ballistic wind predictions for 

multiple round types at the same time.  One can then be selected as the correct wind prediction 

and the form factors and aeroballistic coefficients of the other rounds could be adjusted to make 

the ballistic wind predictions match the correct wind.  If a separate device was capable of 

measuring the true winds, then the ballistics model could be tuned for each round type using the 

true winds as the truth data.   

The tuning of the ballistics model made possible by this thesis’ result is required if the 

ballistic wind prediction for a given round type is to be applied to other ammunition.  If not 

tuned, it is possible that the ballistic winds predicted for each round will vary from the true winds 

due to poor modeling.  The result of this thesis coupled with a way of measuring the true winds 

may allow for the tuning of the form factors on the ballistic model.  Better tuning of the ballistics 
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model will allow for more accurate prediction of the flight path of the round, which may improve 

overall accuracy of the FC.  

7.2.7 Tactical application 

Perhaps the most obvious research opportunity for the results of this thesis is to apply it 

in a FC in a representative tactical environment.  At this point, a viable algorithm has been 

identified and indications are that a ballistic wind which closely fits the true winds can be 

predicted.  A practical demonstration is possible as long as the hardware is available to support 

the data required, namely a round tracking sensor.   

The other research ideas presented above are all interesting modeling questions and 

topics which should be investigated to better understand the capabilities and limitations of a 

multipoint ballistic wind.  A practical implementation may reveal that the benefits gained 

through the above research is not worth the effort of the research itself.    
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