


 

 

 

 

 



 
 

 

 

 

 



 
 

 
 

 
 

 
 

 
 

 
 
 

 
Total UAS Flight Hours in a Day: 25,734 





Mean: 172 Knots 
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ATC Pilot GCS UAV 

GNC DAA 

Ownship (UAS) 

Pilot Aircraft GNC 

Manned IFR 

Pilot Aircraft GNC 

Manned VFR 

TAs not modeled yet  
*Data from IHITL 



Measures: 
•  ModTau 
•  VertTau 
•  TimeToCpa 
•  HMD 
•  VMD 

•  rDot 
•  hDot 
•  Range 
•  relX 
•  relY 
•  relZ 
•  relHeading 
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Predicted Well-Clear Violation 

If within SST: maneuver 



 
 

 

 

 
 

 



 

 

 

 

 

 



 
 

 

 

 



* Source: ”A TCAS-II RESOLUTION ADVISORY DETECTION ALGORITHM,” 
Cesar Muñoz, Anthony Narkawicz, and James Chamberlain,  
AIAA Guidance, Navigation, and Control Conference, 2013. 
Table 1: TCAS Sensitivity Level Definition and Alarm Thresholds for RAs  

MIT-LL uses 0.66 nmi 
NASA uses 20 TCOA 

NASA uses 475 ZTHR 
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Quantiles 
       
100.0%  max  10000   
99.5%   10000   
97.5%   10000   
90.0%   7733.6   
75.0%  quartile  4416   
50.0%  median  3274   
25.0%  quartile  1615   
10.0%   899   
2.5%   798.15   
0.5%   782   
0.0%  min  782   
 
Summary Statistics 
     
Mean   3564.2338   
Std Dev   2300.1527   
Std Err Mean  262.12673   
Upper 95% Mean  4086.3044   
Lower 95% Mean  3042.1631   
N   77   
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[( r <= DMOD) or 

((0 <= tau_mod <= tau_thresh) and 

(HMD <= HMD_thresh))]

and

[(h <= ZTHR) or 

(0 <= vert_tau <= tau_thresh)]
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QQuantiles 
       
100.0%  max  6665   
99.5%   2359.94   
97.5%   1465.3   
90.0%   609.601   
75.0%  quartile  46.9998   
50.0%  median  -151   
25.0%  quartile  -985   
10.0%   -1562.6   
2.5%   -2377.6   
0.5%   -3174.8   
0.0%  min  -5268   
 
Summary Statistics 
     
Mean    -375.2541   
Std Dev   948.14354   
Std Err Mean  11.784775   
Upper 95% Mean  -352.1521   
Lower 95% Mean  -398.3562   
N   6473   



Quantiles 
       
100.0%  max  4308   
99.5%   2455.86   
97.5%   1570.62   
90.0%   741.701   
75.0%  quartile  99   
50.0%  median  -31   
25.0%  quartile  -744   
10.0%   -1438.7   
2.5%   -2194.5   
0.5%   -3023.7   
0.0%  min  -6730   
 
Summary Statistics 
     
Mean   -246.0974   
Std Dev   909.73485   
Std Err Mean  11.742669   
Upper 95% Mean  -223.0776   
Lower 95% Mean  -269.1173   
N   6002   
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QQuantiles 
       
100.0%  max  4309   
99.5%   2365.84   
97.5%   1647.35   
90.0%   737.699   
75.0%  quartile  91.998   
50.0%  median  -47   
25.0%  quartile  -756.75   
10.0%   -1442   
2.5%   -2062.2   
0.5%   -3095.9   
0.0%  min  -5199   
 
Summary Statistics 
     
Mean    -251.3393   
Std Dev   910.31886   
Std Err Mean  12.13004  
Upper 95% Mean  -227.5598   
Lower 95% Mean  -275.1189   
N   5632   



 
 

 

Magnitude of MIT-LL that pass above 500ft and vertical closure rate is less than 100 FPM (level). 
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100.0%  max  314   
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75.0%  quartile  50   
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25.0%  quartile  18   
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0.0%  min  2   
 
Summary Statistics 
     
Mean   38.042021   
Std Dev   27.380679   
Std Err Mean  0.3403231   
Upper 95% Mean  38.709166   
Lower 95% Mean  37.374875   
N   6473   
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100.0%  max  552   
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75.0%  quartile  48   
50.0%  median  38   
25.0%  quartile  18   
10.0%   8   
2.5%   2   
0.5%   2   
0.0%  min  2   
 
Summary Statistics 
     
Mean   36.176608   
Std Dev   24.139063   
Std Err Mean  0.311582  
Upper 95% Mean  36.787421   
Lower 95% Mean  35.565795   
N   6002   



0.05

0.10

0.15

0.20

0.25

P
ro
ba
bi
lit
y

0 20 60 100 140 180 220 260 300

QQuantiles 
       
100.0%  max  298   
99.5%   131.67   
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Summary Statistics 
     
Mean   23.896662   
Std Dev   20.776644   
Std Err Mean  0.2768497   
Upper 95% Mean  24.439394   
Lower 95% Mean  23.35393  
N   5632   
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100.0%  max  17   
99.5%   10.8118   
97.5%   10   
90.0%   8   
75.0%  quartile  5   
50.0%  median  3.44   
25.0%  quartile  2.1085   
10.0%   1.2882   
2.5%   0.82985   
0.5%   0.759   
0.0%  min  0.75   
 
Summary Statistics 
     
Mean   3.9361542   
Std Dev   2.3863824   
Std Err Mean  0.0296611   
Upper 95% Mean  3.9942997   
Lower 95% Mean  3.8780086   
N   6473   
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100.0%  max  16.191   
99.5%   10.5522   
97.5%   10   
90.0%   8   
75.0%  quartile  5   
50.0%  median  3.471   
25.0%  quartile  2.14875   
10.0%   1.321   
2.5%   0.83   
0.5%   0.761   
0.0%  min  0.752   
 
Summary Statistics 
     
Mean   3.9732962   
Std Dev   2.407336  
Std Err Mean  0.0310734   
Upper 95% Mean  4.0342113   
Lower 95% Mean  3.9123812   
N   6002   
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QQuantiles 
       
100.0%  max  17   
99.5%   11.7964   
97.5%   10   
90.0%   8   
75.0%  quartile  5.12825   
50.0%  median  3.464   
25.0%  quartile  2.097   
10.0%   1.291   
2.5%   0.828   
0.5%   0.76017   
0.0%  min  0.752   
 
Summary Statistics 
     
Mean   4.0715243   
Std Dev   2.5496832   
Std Err Mean  0.0339746   
Upper 95% Mean  4.1381277   
Lower 95% Mean  4.0049209   
N   5632   



 

 

 

 

 





 

 

 

 

 

 



* Source: ”A TCAS-II RESOLUTION ADVISORY DETECTION ALGORITHM,” 
Cesar Muñoz, Anthony Narkawicz, and James Chamberlain,  
AIAA Guidance, Navigation, and Control Conference, 2013. 
Table 1: TCAS Sensitivity Level Definition and Alarm Thresholds for RAs  

Intruder Altitude: 2,000 ft – 17,999ft 



[( r <= DMOD) or 

((0 <= tau_mod <= tau_thresh) and 

(HMD <= HMD_thresh))]

and

[(h <= ZTHR) or 

(0 <= vert_tau <= tau_thresh)]

 vertDistCPA >= ALIM

vertDistCPA < ALIM



 

 

 

 

Number of WCVs with TCAS-RA prior to WCV 

Total Number of WCVs 



 

 

# of TCAS-RA’s 

Total UAS Flight Hour 



Total TCAS-RA Counts for all 8 days 
simulated



P(TCAS-RA | WCV)�

Undesirable 

Desirable 

EncounterAngleBin Crossing Head-on In-trail

0%

5%

10%

15%

20%

0.7% 1.3%
3.2%

4.6% 5.3%
7.1%

13.8%

20.0%

10.6%
C

ro
ss

in
g

H
ea

d-
on

In
-t

ra
il

C
ro

ss
in

g

H
ea

d-
on

In
-t

ra
il

C
ro

ss
in

g

H
ea

d-
on

In
-t

ra
il

MIT-LL NASA USAF

Bearing within WC Def.



P(Corr-RA | WCV)�

Undesirable 

Desirable 

EncounterAngleBin Crossing Head-on In-trail

0%

5%

10%

15%

0.4% 0.9%

2.2%
2.8%

3.7%
4.8%

8.7%

12.7%

7.4%
C

ro
ss

in
g

H
ea

d-
on

In
-t

ra
il

C
ro

ss
in

g

H
ea

d-
on

In
-t

ra
il

C
ro

ss
in

g

H
ea

d-
on

In
-t

ra
il

MIT-LL NASA USAF

Bearing within WC Def.



P(TCAS-RA | WCV)�

0%

10%

20%

30%

40%

50%

60%

70%

0.0%0.5% 2.7%

28.1%

2.0%4.0%
10.6%

24.5%

4.0%
8.5%

36.8%

56.4%

3 4 5 6 3 4 5 6 3 4 5 6

MIT-LL NASA USAF

TCAS-Level within WC Def.

TCAS-Level 3 4 5 6

Undesirable 

Desirable 



P(Corr-RA | WCV)�

0%

10%

20%

30%

40%

50%

0.0% 0.3% 1.9%

18.0%

0.8% 2.5%

7.9%

15.7%

2.3%
5.5%

23.3%

41.9%

3 4 5 6 3 4 5 6 3 4 5 6

MIT-LL NASA USAF

TCAS-Level within WC Def.

TCAS-Level 3 4 5 6

Undesirable 

Desirable 



Undesirable 

Desirable 0%

2%

4%

6%

8%

10%

12%

0.8%
0.4%

3.5%

1.8%

9.8%

5.5%

MIT-LL NASA USAF

Prob. Corr-RA
Prob. Prev-RA

P(TCAS-RA | WCV)�



TCAS-RA 

 

 

Lat 

Lon 



 
 
 
 
 

 

0 10 20 30 40 50 60 70 80

Distribution of (NASA WCV Time – MIT-LL WCV Time) 
  seconds 



 

 
 

 

Distribution hDot 
(FPM) 

0 250 500 750 1000 1250 1500 1750 2000



Probability�

Undesirable 

Desirable 0%

2%

4%

6%

8%

10%

12%

0.8%
0.4%

3.5%

1.8%

9.8%

5.5%

MIT-LL NASA USAF

Prob. Corr-RA
Prob. Prev-RA

Final Result 



 

 

 





 

 

 

Number of WCVs 

Number of flight hours 

Number of SST Encounters 
where Maneuver is Required 

Number of flight hours 
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* SST_rate is the rate in which mitigation was needed, i.e. crossing SST 

Final Result 





 
 

 
 
 



 
 

 

 

Min (NMAC_time – WCV_time) 
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Stats 
       
maximum   238  
3-rd quartile  52.5   
median   42   
1-st quartile   34  
minimum   16   
Mean   50.0   
Std Dev   37.1  
N   75    
 
Stats 
       
maximum   232  
3-rd quartile  47.5   
median   40   
1-st quartile   36  
minimum   18   
Mean   49.2   
Std Dev   35.9  
N   74    
 
Stats 
       
maximum   216  
3-rd quartile  44   
median   28   
1-st quartile   20  
minimum   8   
Mean   40.4   
Std Dev   37.2  
N   72   
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Final Result 


