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1 INTRODUCTION 

Detect-and-avoid (DAA) systems provide surveillance, alerting, and maneuver guidance that are critical to 
unmanned aircraft systems’ (UAS) ability to maintain separation from hazards such as manned aircraft and 
other unmanned aircraft. The last decade has seen significant progress in the development of requirements 
of DAA systems, spearheaded by RTCA Special Committee 228 (SC-228) and subsequently followed by 
other standards organizations in both the US and other countries. SC-228’s development of DAA 
requirements assumes the UAS follows the instrument flight rules (IFR) and has a remote pilot or operator 
in the loop. The DAA’s surveillance systems must detect both cooperative and non-cooperative air traffic. 
Non-cooperative traffic are aircraft that do not have a broadcasting transponder. According to SC-228’s 
latest Minimum Operational Performance Standards (MOPS) for DAA, versioned as DO-365B [1], DAA 
systems use onboard and/or ground surveillance systems to detect traffic. The alerting and guidance 
functions alert the pilot/operator in the loop of potential hazards, such as intruder aircraft, and provide 
maneuver solutions which help the pilot/operator avoid or mitigate observed hazards. Pilots/operators 
should coordinate with air traffic control (ATC) for a maneuver if time permits. 

Electro-Optical/Infra-Red sensors (EO/IR) are low size, weight, and power (SWaP) airborne sensors 
potentially suitable for DAA surveillance. EO/IR sensors operate in both visible or infrared wavelengths 
and provide situation awareness in both day and night conditions. Under favorable atmospheric conditions 
and suitable operational assumptions, EO/IR sensors can fulfill the performance requirements of a non-
cooperative DAA sensor. Compared to the air-to-air-radar (ATAR), another non-cooperative sensor for 
which requirements have been researched and defined in SC-228’s DO-366A, EO/IR sensors’ performance 
varies with a distinct set of environmental parameters. EO/IR sensors also exhibit distinct error 
characteristics. While EO/IR sensors provide comparable or superior angular accuracy of an intruder 
aircraft’s positions, its range and range rate estimates are subject to larger errors than provided by ATAR 
measurements. The impact of EO/IR sensors’ error characteristics on the DAA system’s performance is not 
well understood and has been a potential concern for EO/IR sensors’ applicability to DAA systems. 
Sensitivity of DAA systems’ performance to EO/IR sensors’ error parameters needs to be investigated 
before requirements of EO/IR sensors for DAA can be confidently defined. 

This report describes a modeling and simulation study that directly supports the development of the MOPS 
for EO/IR sensors. An EO/IR sensor model derived from flight test data is applied to generate noisy tracks 
from truth data as input to a reference DAA alerting and guidance algorithm. DAA safety and operational 
suitability metrics are computed from simulation of a large number of representative DAA encounters. The 
reference DAA alerting and guidance algorithm, coupled to a pilot response model, are applied to compute 
these metrics. The UA equipped with the DAA system is assumed to fly like a fixed-wing aircraft at a speed 
between 40 and 110 kts. This study specifically assesses the sensitivity of these metrics to sensor 
measurement errors and detection range.  

This report is organized as follows: Section 2 describes the EO/IR sensor model. Section 3 describes the 
encounter set used for the analysis. Section 4 describes the analysis approach. Section 5 describes the 
simulation setup. Section 6 describes the safety and operational suitability metrics computed in this 
analysis. Section 7 presents the results, and Section 8 concludes this report. 

2 EO/IR SENSOR MODEL 

The EO/IR sensor model used in this analysis was based on a white paper published by Safran Electronics 
& Defense [2]. All references to an EO/IR sensor in this paper refer to the minimum performance EO/IR 
sensor model described in the white paper. Although the EO/IR sensor model was developed by Safran, the 
model is intended to be generic. The key characteristics of the EO/IR sensor model as stated in the Safran 
white paper are described in this section.  
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The EO/IR sensor model emulates errors of bearing, elevation, bearing rate, elevation rate, range, and range-
rate measurements or estimates from the ownship to the intruder. An EO/IR sensor cannot natively detect 
range and range-rate, and the sensor must perform additional processing to extract that information. The 
following sub-sections describe each error parameter in detail. 

2.1 Bearing and Elevation Error 

The bearing and elevation errors are modeled as Gaussian white noise. The standard deviation of the bearing 
and elevation errors is: 

𝜎𝜎𝑎𝑎 = 0.001 𝑟𝑟𝑟𝑟𝑟𝑟 

The bearing and elevation errors are not time correlated. 

2.2 Bearing and Elevation Rate Error 

The bearing and elevation rate errors are modeled as Gauss-Markov noise [3]. The standard deviation of 
the bearing and elevation rate errors is:  

𝜎𝜎𝑎𝑎𝑎𝑎 = 0.0014 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠 

The time correlation is dependent on the sensor sampling frequency. The Safran white paper defines the 
time correlation to be approximately 10 samples. In the simulation, the EO/IR sensor model was executed 
at 10 Hz, so the resulting time correlation was 1 second. 

2.3 Range Error 

The range estimation accuracy is dependent on the intruder type and the true range. For a Cessna type 
aircraft, the range error is the following:  

𝜀𝜀𝑎𝑎(𝑅𝑅) = 𝜇𝜇𝑎𝑎(𝑅𝑅) + 𝐶𝐶𝑅𝑅𝐶𝐶(𝑅𝑅, 𝑡𝑡) 

𝜇𝜇𝑎𝑎(𝑅𝑅) = 50 − 0.15 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀(0;𝑅𝑅 − 3000) 

𝜎𝜎𝑎𝑎(𝑅𝑅) = 0.03 ∙ 𝑅𝑅 

where 𝜀𝜀𝑎𝑎 is the total range error, 𝜇𝜇𝑎𝑎 is the range bias error, 𝜎𝜎𝑎𝑎 is the range error standard deviation, and 𝑅𝑅 
is the true range in ft. 𝐶𝐶𝑅𝑅𝐶𝐶(𝑅𝑅, 𝑡𝑡) is colored random error as a function of range R and timestep t: 

𝐶𝐶𝑅𝑅𝐶𝐶(𝑅𝑅, 𝑡𝑡) = 𝜎𝜎𝑎𝑎(𝑅𝑅) ∙ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1)�1 − (𝑒𝑒−
𝑑𝑑𝑑𝑑
𝜏𝜏 )(𝑒𝑒−

𝑑𝑑𝑑𝑑
𝜏𝜏 )  + 𝐶𝐶𝑅𝑅𝐶𝐶(𝑡𝑡 − 𝑟𝑟𝑡𝑡)𝑒𝑒−

𝑑𝑑𝑑𝑑
𝜏𝜏  

The function 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1) returns a number drawn from a standard normal distribution. The correlation time 
parameter (τ) for range error is set to 5 seconds and 𝑟𝑟𝑡𝑡 is 0.1 seconds. The initial value of the colored 
random error is: 

𝐶𝐶𝑅𝑅𝐶𝐶(𝑅𝑅, 0) = 𝜎𝜎𝑎𝑎(𝑅𝑅) ∙ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1). 

Figure 1 shows plots of the range bias, random range error, and total range error from one execution of the 
model. For a representative range of 4,000 m (~13,000 ft), the EO/IR range error is ~1000 ft, considerably 
larger than the standard range error of 70 ft required for an airborne radar for DAA [4]. 
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Figure 1 Range estimation error plots 

2.4 Range-rate Error Model 

The range-rate error is modeled by Gauss-Markov noise. The standard deviation of the range-rate error is: 

𝜎𝜎𝑎𝑎𝑎𝑎(𝑅𝑅𝑅𝑅) = 0.05 ∙ 𝑅𝑅𝑅𝑅 

Where 𝑅𝑅𝑅𝑅 is the true range rate. The EO/IR sensor needs 5 seconds since the time of first detection to start 
outputting a valid range-rate. The time correlation for the range-rate is 2 seconds.  

For a representative range rate of 250 kts, 𝜎𝜎𝑎𝑎𝑎𝑎 is about 20 ft/s. However, Safran indicated 𝜎𝜎𝑎𝑎𝑎𝑎 beyond 2 NM 
is better represented by 

𝜎𝜎𝑎𝑎𝑎𝑎(𝑅𝑅𝑅𝑅) = 0.20 ∙ 𝑅𝑅𝑅𝑅, 

which would lead to 80 ft/s error. These values are considerably larger than the standard range rate error of 
10 ft/s required for an airborne radar for DAA [4]. For this analysis, the smaller 𝜎𝜎𝑎𝑎𝑎𝑎 of 20 ft/s was applied 
throughout the range since information of the worse range rate error beyond 2 NM, as stated in Safran, was 
not available. 

2.5 Detection Range 

The baseline detection range is set to 2.5 NM, a candidate range requirement for the low-speed UAS 
operations considered. This value was found in previous fast-time [4] and human-in-the-loop simulations 
[5] to be the minimum surveillance range that does not impact safety metrics in the presence of little or no 
sensor errors. For medium to large intruder aircraft such as the Cessna 172 and Beechcraft B200, the 
detection range of 2.5 NM is comfortably achievable by current EO/IR technologies under favorable or 
suitable atmospheric conditions.  

3 ENCOUNTER SET 

To evaluate the performance of a DAA system given EO/IR sensor measurements of intruder aircraft under 
various encounter situations, one million uncorrelated pairwise encounters that each has trajectories of one 
UAS and one noncooperative intruder were created as test points. Uncorrelated encounters model situations 
where intervention from Air Traffic Control (ATC) is unlikely, and aircraft can blunder into close 
proximity. The UAS trajectory was sampled from NASA’s Airspace Concept Evaluation System UAS 
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database [6], and the intruder trajectory was sampled from MIT Lincoln Laboratory’s Uncorrelated 
Encounter Model [7]. The Uncorrelated Encounter Model is derived from radar data of observed aircraft 
operations under visual flight rules in the National Airspace System. 

NASA’s UAS mission flights consist of different mission types, including aerial imaging and mapping, law 
enforcement, and air quality monitoring. The trajectories cover the entire continental US. Since EO/IR 
sensors’ surveillance range may only be sufficient for supporting medium to low closure rate encounters’ 
alerting times, only UAS trajectories at or below 110 KTAS were included. These trajectories were modeled 
by RQ-7 AAI Shadow B and MQ-19 AAI Aerosonde. The models used for these aircraft are similar to 
those in the Eurocontrol Base of Aircraft Data [8].  

The intruder trajectory is sampled from the Uncorrelated Encounter Model randomly around the ownship 
trajectory that is statistically representative of noncooperative trajectories. Each encounter is specified by 
the initial positions and orientations of the two aircraft in the simulation and the nominal dynamic 
maneuvers that may occur leading up to the time of closest approach. The nominal dynamic maneuvers 
refer to horizontal or vertical accelerations observed in the trajectories of the UAS and the intruder aircraft. 

Filters were applied to the ownship and intruder speeds and altitudes such that the dynamics of the sampled 
trajectories are within the bounds for low SWaP UAS and the intruders they are expected to encounter. The 
low SWaP UAS speeds are constrained between 40 and 110 KTAS, and the intruder speeds range from 0 
to 170 KTAS—the 95th percentile speed for non-cooperative intruders in the Uncorrelated Encounter 
Model. The SC-228 committee agreed that 170 KTAS is the upper bound for non-cooperative intruders that 
need to be considered for modeling and simulation work. The encounters occur at altitudes between 500 ft 
above ground level and 11,000 ft mean sea level (MSL) in airspace classes E and G. Although Class E only 
extends to 10,000 ft MSL when it is adjacent to class B or class C airspace, altitudes up to 10,999 ft were 
included to represent low SWAP UAS missions that are flown slightly above 10,000 ft. The resulting 
altitude and speed distributions are shown in Figure 2. 

 
Figure 2 Encounter Characteristics 

             
 

4 ANALYSIS SETUP 

This analysis was set up so that the effect of individual EO/IR parameters on safety and operational 
suitability metrics could be isolated. This was done by taking the baseline EO/IR sensor model 
configuration and sweeping its parameters to be less than and greater than their baseline values. In the 
end-to-end simulation (to be explained in Section 5), the ownship was equipped with an EO/IR sensor 
with the modified parameters. EO/IR sensor measurements of the intruder were input to Detect and Avoid 
Alerting Logic for Unmanned Systems (DAIDALUS) version 1.0, a reference Detect-And-Avoid (DAA) 
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algorithm [9] for the DAA MOPS. The simulated ownship uses DAIDALUS-computed alerts and 
maneuver guidance to perform maneuvers to remain well clear from the intruder. The simulation was first 
run with no DAA maneuvers performed by the ownship to get baseline, open-loop values for the metrics; 
this is referred to as the nominal run. After that, the end-to-end, closed-loop simulation was run for the 
one million encounters per sensor configuration so that the aggregate metrics could be collected and 
analyzed. 

Initially, the five parameters that were swept were range bias, angular (bearing and elevation) rate error, 
detection range, range error, and range-rate error. Angular errors from EO/IR are small and typically in the 
range of 0.001 radian as indicated in Section 2.1, These errors are considered well below the acceptable 
threshold for DAA and therefore were not examined.  

Table 1 shows the different configurations that were analyzed. Configuration 1 turns off all measurement 
errors (including angular error) and detection range limits and serves as an “ideal” configuration. 
Configuration 2 is the default configuration as all of the parameters are equal to their baseline values.  
Configuration 3 turns off the range bias. The range bias was disabled for every subsequent run because the 
effect of the range bias on the metrics was found to be minimal and secondary. Configuration 4 applies the 
baseline errors by increasing DAIDALUS’s vertical alerting threshold from 450 ft to 4000 ft (see Section 
5 for more detail about DAIDALUS). This is similar to the DO-365 MOPS recommendation for encounters 
with noncooperative aircraft. Configurations 5 through 8 swept through the angular rate error, 
configurations 9 through 13 swept through the detection range, configurations 14 through 18 swept through 
the range error, configurations 19 through 23 swept through the range-rate error, and configurations 24 
through 26 swept through the range and range-rate errors together. 

Table 1          Analysis Configurations 

# Range 
bias 

Angular rate 
error % 

Detection 
Range (NM) 

Range error 
% 

Range-rate 
error % Comment 

 
1 Off 0% Infinite 0% 0% Benchmark  

2 On 100% 2.5 100% 100%    

3 Off 100% 2.5 100% 100%    

4 Off 100% 2.5 100% 100% 

Increased 
vertical 
separation 
buffer to 
4000 ft 

 

5 Off 50% 2.5 100% 100%    

6 Off 75% 2.5 100% 100%    

7 Off 125% 2.5 100% 100%    

8 Off 150% 2.5 100% 100%    

9 Off 100% 1 100% 100%    

10 Off 100% 1.5 100% 100%    

11 Off 100% 2 100% 100%    

12 Off 100% 3 100% 100%    

13 Off 100% 4 100% 100%    
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14 Off 100% 2.5 50% 100%    

15 Off 100% 2.5 75% 100%    

16 Off 100% 2.5 125% 100%    

17 Off 100% 2.5 150% 100%    

18 Off 100% 2.5 400% 100%    

19 Off 100% 2.5 100% 50%    

20 Off 100% 2.5 100% 75%    

21 Off 100% 2.5 100% 125%    

22 Off 100% 2.5 100% 150%    

23 Off 100% 2.5 100% 400%    

24 Off 100% 2.5 400% 400%    

25 Off 100% 2.5 800% 800%    

26 Off 100% 2.5 1200% 1200%    

 

5 SIMULATION SETUP 

Figure 3 shows the CASSATT (Collision Avoidance System Safety Assessment Tool) end-to-end 
simulation architecture used for this analysis. CASSATT is a fast-time Monte Carlo simulation framework 
developed by MIT Lincoln Laboratory that takes encounter model data as an input and simulates aircraft 
motion for an ownship and intruder. For this analysis, the input to CASSATT was an encounter, sampled 
from one million encounters described in Section 3, that consisted of roughly 3-minute truth trajectories for 
an ownship aircraft and an intruder aircraft. The encounter data was processed by sensor models, and data 
from the sensor model was then processed by an alerting and guidance model. For this analysis, the modeled 
sensor was EO/IR, and the alerting and guidance algorithm was DAIDALUS. For closed-loop runs, 
guidance from DAIDALUS was passed to an operator model, which chose an appropriate avoidance 
maneuver, when necessary. For open-loop runs, the encounter dynamics were simulated without the 
operator model enabled. The model components depicted in Figure 3 are described, in detail, in the 
following paragraphs. 
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Figure 3 CASSATT simulation architecture 

The EO/IR sensor model represented EO/IR sensor output by adding noise to the intruder’s truth states. 
The noisy intruder state and truth ownship state were input directly into DAIDALUS. The intruder was 
assumed to be a non-cooperative intruder that maintained its flight path during the encounter without 
maneuvering away from the ownship. The EO/IR sensor was integrated in the simulation environment as 
follows: 

1) Used the true ownship and intruder states in the global simulation frame and calculated relative 
states in the ownship body reference frame (Note: no errors were applied to the ownship state). 

2) Converted the relative states from Cartesian coordinates to spherical coordinates. 

3) Applied the error model as described in Sections 2.1-2.4 to the relative states. 

4) Converted the relative states with error from spherical coordinates to Cartesian coordinates. 

5) Converted relative states back from the ownship body reference frame to the global simulation 
frame. 

The EO/IR sensor model parameters were setup per the configurations described in Section 4.  

The alerting and guidance logic in this analysis is provided by DAIDALUS, which uses state-based 
prediction to generate dead-reckoning trajectories for alerting and guidance computation. For this analysis, 
DAIDALUS was configured to have a horizontally buffered conflict volume based on the non-cooperative 
DAA well-clear (DWC) definition selected by SC-228. The DWC is a cylinder that has a horizontal radius 
of 2200 ft and a vertical distance 450 ft above and below the ownship that should not be penetrated by the 
intruder. Note this DWC does not have a horizontal time component. The horizontal buffer protects the 
ownship from sensor noise and, to some degree, unexpected intruder maneuvers. With the buffer, an alert 
is issued if an intruder is predicted to penetrate a cylinder around the ownship that is 3300 ft in horizontal 
radius, 450 ft above and below, within 60 seconds. The alert type is “Corrective” if more than 30 seconds 
will elapse before the intruder penetrates the buffered cylinder and “Warning” if otherwise. Corrective 
alerts require the pilot/operator to coordinate with air traffic control but Warning alerts allow the 
pilot/operator to take immediate actions to maneuver away.  
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For guidance computation, DAIDALUS computes heading ranges that are predicted to lead to a penetration 
of the ownship’s cylinder. This “conflict zone” may encompass the ownship’s current heading, prompting 
the pilot/operator to issue an avoidance maneuver. A turn rate of 7 deg/s, feasible for the ownship at the 
assumed speed range of 40 to 110 KTAS, is assumed. If the ownship does not maneuver away in time or 
the intruder suddenly maneuvers towards the ownship, the conflict zone may encompass the entire heading 
range, and no horizontal maneuvers will be able to avoid the penetration of the ownship’s cylinder. In this 
case, DAIDALUS continues to provide positive maneuver guidance called Well Clear Recover (WCR) 
bands that assists the pilot/operator to increase minimum horizontal separation as much as possible.  

Vertical maneuver guidance is also computed by DAIDALUS but not selected for maneuver because  

1. Non-cooperative sensors’ vertical states are usually not accurate enough to ensure robust vertical 
maneuvers. 

2. Small to medium fixed-wing UAS’s vertical speeds are often too limited to provide effective 
conflict avoidance maneuvers. 

The SC-228 Pilot Response Model [10] emulates the pilot/operator’s response time and maneuver selection 
during a DAA encounter. It assumes the pilot will coordinate with ATC if time permits (given Corrective 
alerts). Figure 4 shows how DAIDALUS’s alert and guidance output is processed by the pilot response 
model.  

 

Figure 4 SC-228 pilot response model 

Instead of using the delay distributions shown in Figure 4, the pilot response model was run in a 
deterministic mode, having a fixed 5 second initial delay, 11 second ATC coordination delay (bypassed if 
the alert level output by DAIDALUS is warning or above), a 3 second execution delay, and total update 
delays shown in Table 2. These delay times were derived from previous HITL results. 

Table 2          SC-228 Pilot Model Update Delay Times 

Alert Level None Proximate Corrective Warning Recovery/WCV 
Total Update Time 24 s 24 s 9 s 9 s 3 s 

 

In addition, the pilot model was configured to: 

• Issue only horizontal maneuvers  
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• Always turn in the direction of the minimum horizontal maneuver predicted by DAIDALUS to be 
conflict-free 

• Add a 15° buffer on minimum suggestive horizontal guidance—a pilot behavior observed during 
HITLs and flight tests. Figure 5 shows how the 15° buffer is added to the edge of the conflict 
heading band. 

Once a DAA maneuver is selected and executed, the aircraft dynamic model deviates the ownship’s 
trajectory from the original heading and continues to monitor the alerts and guidance by following the data 
flow in Figure 3. 

6 METRICS 

The analysis configurations were compared using several representative DAA safety and operational 
suitability metrics. These metrics provide an indication of whether a system equipped with an EO/IR sensor 
will be able to operate safely without interfering with the operations of other aircraft and without causing 
DAIDALUS to alert unnecessarily. These metrics and their formulation are shown in Table 3 and Table 4. 

Table 3          Safety Metrics 

Metric Notes 
Risk Ratio 𝑃𝑃(𝑁𝑁𝑀𝑀𝑀𝑀𝐶𝐶| with mitigation)

𝑃𝑃(𝑁𝑁𝑀𝑀𝑀𝑀𝐶𝐶| without mitigation)
 

 
A Near Mid-Air Collision (NMAC) occurs when the separation between two 
aircraft is less than 500 ft horizontally and 100 ft vertically. If the ratio is less 
than one, then the mitigated system reduces the risk of NMAC. For example, 
a risk ratio of 0.1 indicates a 90% reduction in risk. If the ratio is greater than 
one, then the system increases the collision risk. 
 
Unresolved NMAC risk is comprised of encounters that lead to nominal 
NMACs (i.e., without a DAA system) and which still have NMACs with the 
DAA system. Induced NMAC is comprised of encounters that do not have 
nominal NMACs but develop into NMACs with the DAA maneuver in 
response to DAA guidance. 
 

Target Heading        

Figure 5 The pilot response model adds a 15° buffer to the edge of the conflict band 
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A 95% confidence interval for each risk ratio was estimated through 
bootstrapping [11]. One hundred resamples were used to compute each 
confidence interval.  

Loss of Well Clear 
Ratio 

𝑃𝑃(𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶|with mitigation)
𝑃𝑃(𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶|without mitigation)

 

 
Similar to risk ratio, if the Loss of Well Clear (LoWC) ratio is less than one, 
then the mitigated system reduces the risk of Loss of Well Clear. Unresolved 
and induced LoDWCs are defined in a similar way to how unresolved and 
induced NMACs are defined. 
 
A 95% confidence interval for each LoWC ratio was estimated through 
bootstrapping [11]. One hundred resamples were used to compute each 
confidence interval.  

 

Table 4          Operational Suitability Metrics 

Metric Notes 
Split Alert Probability 𝑃𝑃(Split | nominal LoWC) 

 
Splits are based off of the alert level from DAIDALUS. An encounter has a 
split if DAIDALUS issues an alert of any type, the alert clears, and then 
DAIDALUS issues another alert of any type. Additionally, in this simulation, 
the alert issued by DAIDALUS is put through a hysteresis filter and 2-of-4 
filter (displayable alert only after at least 2 of 4 raw alerts) to improve alert 
operational suitability. This metric is computed using only encounters that 
have a nominal Loss of Well Clear (LoWC) to focus on encounters where an 
alert is necessary.  
 
Given the same risk ratio, systems with lower split alert probabilities are 
desirable, since fewer splits indicate greater stability in alerting.  

Expected Number of 
Split Alerts 

Related to the split alert probability, this metric is presented as a probability 
density function (PDF). It is the distribution of the number of split alerts that 
occur in encounters that have a nominal LoWC. As before, distributions with 
lower numbers of splits are desirable. 

Reversal Probability 𝑃𝑃(Reversal |nominal LoWC) 
 
Reversals are based off of commanded headings from the pilot model. An 
encounter has a reversal if the commanded heading changes sign—e.g., from 
turn left to turn right. Note, commanded headings are always executed in the 
simulation. This metric is computed using only encounters that have a 
nominal LoWC to focus on encounters where an alert is necessary. 
 
Given the same risk ratio, systems with lower reversal probabilities are 
desirable, since fewer reversals indicate greater stability in maneuver 
guidance. 

Expected Number of 
Reversals 

Related to the reversal probability, this metric is presented as a PDF. It is the 
distribution of the number of reversals that occur in encounters that have a 
nominal LoWC. As before, distributions with lower numbers of reversals are 
desirable. 
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Pilot Workload Total Number of Maneuvers Performed in All Encounters
Total Number of Encounters with a Nominal LoWC

 
 
Pilot workload is approximated as the average number of maneuvers 
performed per nominal LoWC. This metric can be interpreted as the average 
number of maneuvers performed per necessary alert (a nominal LoWC is 
considered a necessary alert condition). This numerator is computed using all 
encounters. Lower values are desirable. 

Alert Ratio 𝑃𝑃(Alert| with mitigation)
𝑃𝑃(𝑁𝑁𝑀𝑀𝑀𝑀𝐶𝐶| without mitigation)

  

 
Given the same risk ratio, systems with lower alert ratios are desirable, since 
fewer alerts indicate fewer unnecessary maneuvers. Lower values are 
desirable. 

 

7 RESULTS 

This section summarizes the aggregate metrics collected from simulating the one million encounters for all 
of the configurations described in Section 4.  

7.1 Safety Metrics 

7.1.1 Risk Ratio 

Figure 6 shows the risk ratios for all of the 26 configurations that were evaluated. The percentages in the 
figure reflect the percentage of the baseline error (described in Section 2) used for that configuration. The 
following paragraphs discuss the trends observed from these configurations. 

1. Default Configurations 1 to 4 (top-left subplot): The no-error configuration yields the lowest risk 
ratio of all configurations as expected. The default with range bias and default without range bias 
configurations have similar risk ratios. The 4000 ft vertical alerting threshold improves (reduces) 
the risk ratio to essentially the same level as the no-error result. This large vertical alerting threshold 
protects the ownship from both vertically blundering intruders and large vertical state uncertainties 
typical of non-cooperative intruders.   

2. Configurations 5 to 8 (top middle) with varying angular rate errors: the risk ratio is highly correlated 
with increasing the angular rate error.  

3. Configurations 9 to 13 (top right) with varying detection range: the risk ratio is highly correlated 
with decreasing the detection range when the range is below 2 NM.  

4. Configurations 14 to 18 (bottom left) with varying range error: the risk ratio is insensitive to 
increasing the range error, even when the error is increased to four times its default value.  

5. Configuration 19 to 23 (bottom middle) with varying range rate error: the same trend mostly holds 
for varying the range-rate error as well, except in the 400% error configuration where the risk ratio 
slightly increases.  

6. Configuration 24 to 26 (bottom right) with simultaneously varying large range and range rate 
errors: the risk ratio is sensitive to scaling both the range and range-rate errors together, with errors 
much larger than the default sensor model configuration. 
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The insensitivity of the risk ratio to range and range rate error suggests EO/IR’s large radial state errors 
may be acceptable for the DAA system. This observation, however, can be counter-intuitive at first. The 
explanation is the range and range rate errors affect the accuracy of the predicted time to penetration of the 
well clear zone for DAIDALUS. As long as the predicted time stays within the target time window for each 
alert type (30 to 60 seconds for Corrective and 0 to 30 seconds for Warning), pilots will not see any change 
in the alerting sequence. 

 

Figure 6 Risk Ratios 

7.1.2 LoWC Ratio 

Figure 7 shows the LoWC ratios for all of the configurations that were evaluated. The LoWC ratio follows 
the same trends as the risk ratios. The default with range bias and default without range bias configurations 
have similar LoWC ratios. The LoWC ratio is highly correlated with increasing the angular rate error and 
decreasing the detection range. The LoWC ratio is insensitive to increasing the range error, even when the 
error is increased to four times its default value. That trend mostly holds for varying the range-rate error as 
well, except in the 400% error configuration where the LoWC ratio slightly increases. The LoWC ratio is 
sensitive to increasing both the range and range-rate errors together. 

7.2 Operational Suitability Metrics 

7.2.1 Split Alert Probability 

Figure 8 shows the split alert probability for all of the evaluated configurations. The default with range bias 
and default without range bias configurations have split alert probabilities close to 90%, while the no errors 
configuration has a split alert probability close to 30%. The 4000 ft vertical alerting threshold configuration 
(4) appears to reduce the split alert probability in half from the default configuration (2). The near threefold 
increase in split alert probability is due to EO/IR sensor noise. The effect that increasing sensor noise has 
on the split alert probability is also seen when the angular rate error is increased. Detection range has a 
more substantial effect on the split alert probability, where increasing the detection range increases the split 
alert probability; in these encounters, there is a larger time opportunity for the alert to split. For the variable 
range and variable range-rate configurations, the split alert probability is essentially saturated.  
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Figure 7 LoWC Ratios 

 

Figure 8 Split Alert Probability 
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7.2.2 Expected Number of Split Alerts 

Figure 9 shows the probability distribution function (PDF) of the expected number of split alerts for all of 
the evaluated configurations. This metric was computed using only encounters that had a nominal LoWC. 
The dashed lines indicate the average number of splits for the configuration of the same color. 

The default with range bias and default without range bias configurations have very similar distributions, 
showing that the range bias does not have a significant effect on the expected number of split alerts. The 
4000 ft alerting threshold configuration (4) manages to keep the number of split alerts low. When the 
angular rate error is increased, the expected number of split alerts also increases. As the detection range 
increases, so does the expected number of split alerts. There is almost no variability in the expected number 
of split alerts for the variable range, variable range-rate and variable range and range-rate configurations. 

 

 

Figure 9 Expected Number of Split Alerts 

7.2.3 Reversal Probability 

Figure 10 shows the weighted guidance reversal probability for all of the evaluated configurations. Contrary 
to the split alert results, the 4000 ft vertical alerting threshold does not reduce the reversal probability from 
configuration 2 significantly. The guidance reversal probability is sensitive to increasing the angular rate 
error and decreasing the detection range below 2 NM. When the range or range-rate error is increased 
independently, there is an insignificant effect on the guidance reversal probability. The guidance reversal 
probability is sensitive to increasing the range and range-rate error together to large values.  

7.2.4 Expected Number of Reversals 

Figure 11 shows the weighted probability distribution of the expected number of guidance reversals for all 
of the evaluated configurations. This metric was computed using only encounters that had a nominal LoWC. 
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Note: the y-axis is zoomed to show detail. The probability distribution of guidance reversals was largely 
consistent among all of the evaluated configurations.  

 

 

Figure 10 Reversal Probability 

 

Figure 11 Expected Number of Guidance Reversals 

7.2.5 Pilot Workload 

Figure 12 shows the pilot workload measured by the number of alerted maneuvers performed per nominal 
LoWC. The default without range bias configuration performed more maneuvers than the default with range 
bias configuration. The 4000 ft. vertical performed almost nine maneuvers per nominal LoWC. This can be 
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understood as the ownship performing maneuvers even when there was not a nominal LoWC—i.e., the 
ownship was performing unnecessary maneuvers. The 4000 ft. vertical improves the safety metrics and 
split alert metric at the cost of increased pilot workload. Whether this is acceptable or not depends on 
additional unmodeled factors such as traffic density. 

The trend follows where increasing the angular rate error degrades metric performance. Decreasing the 
detection range increases the number of alerted maneuvers slightly even though there is a reduced time to 
issue alerts. Increasing the range or range-rate error independently does not have a significant effect on the 
number of maneuvers performed, while increasing them together does. 

 

Figure 12 Pilot Workload 

7.2.6 System Operating Characteristic (Alert Ratio and Risk Ratio) 

The system operating characteristic (Figure 13) shows the relationship between risk ratio and alert ratio for 
a given configuration, which allows simultaneous evaluation of safety and operational suitability. A smaller 
risk ratio and alert ratio are desirable. For the default configurations, the no errors configuration had the 
smallest risk ratio and alert ratio, whereas the 4000 ft. vertical alerting threshold had a risk ratio similar to 
the no error configuration, but a larger alert ratio. For angular rate, the system operating characteristic shows 
a positive relationship between risk ratio and alert ratio. For detection range, there is an inversely 
proportional relationship between risk ratio and alert ratio. When the range error is increased beyond 400%, 
the alert ratio increases. Increasing the range-rate error does not significantly affect the system operating 
characteristic, even when the error is increased to 400% of the baseline value. When the range and range-
rate error are increased together, there is only a slight increase in risk ratio but a large increase in alert ratio.  
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Figure 13 System Operating Characteristic 

7.3 Additional Analyses 

Additional analyses were performed to understand if the time correlation of a parameter could affect the 
metrics defined in Section 6. These analyses involved running the baseline EO/IR configuration while 
increasing the time correlation of a parameter and analyzing the results.  

7.3.1 Increasing Angular Rate Error Time Correlation 

Figure 14 shows the plots for the configurations where the angular rate error time correlation parameter 
(angRateTau) was increased for bearing and elevation. The baseline value of the angular rate error time 
correlation was 1 second. There are no noticeable effects to any of the metrics other than split alert 
probability, which decreased as the angular rate error time correlation was increased. This was due to the 
higher time correlation smoothing out the angular rate measurements. 

7.3.2 Increasing Range and Range-rate Error Time Correlation 

Figure 15 shows the plots for the configurations where the range and range-rate error time correlation was 
increased individually and together. The baseline value of the range error time correlation is 5 seconds and 
the baseline value of the range-rate error time correlation is 2 seconds. There are no discernable effects on 
the metrics from increasing the range and range-rate error time correlation. 
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Figure 14 Metrics for variable angular rate error time correlation configurations 

 

Figure 15 Metrics for Variable Range and Range-Rate Error Time Correlation Configurations 
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rate error can be increased up to four times their baseline values before DAA performance degrades. Based 
on these results, the minimum specification recommendations to the EO/IR MOPS are: 
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• Angular rate error: maximum 𝜎𝜎 < 0.0021 rad/s (0.12 deg/s) 

o The metrics degrade significantly when 𝜎𝜎 is 150% of the baseline sensor value (0.0014 
rad/s) 

• Detection range: minimum of 2 NM 

o Decreasing detection range to below 2 NM degrades metric performance substantially. 
However, this analysis did not evaluate whether there was sufficient time available to 
coordinate with ATC, so this analysis should not be used as the sole basis to set range limits.  

• Range error: 𝜎𝜎𝑎𝑎 should not exceed 12% of true range 

o Performance starts to degrade when standard deviation is 400% of default (3% of true range) 

• Range-rate error: 𝜎𝜎𝑎𝑎𝑎𝑎 should not exceed 20% of the true range-rate 

o Performance starts to degrade when standard deviation is 400% of default (5% of true range 
rate) 

Note that, according to the Safran Electronics & Defense team, the recommended range error may not be 
achievable when the range is far out and close to the required detection range, which is about 2.8 NM for 
medium non-cooperative intruders such as a Cessna 172. The Safran Electronics & Defense team proposes 
an alternative range error requirement of 20% of true range for a range that is 85% of the detection range 
and up. An exact configuration of this condition was not tested but could be inferred from results for 
configurations 25 and 26. Whereas this relaxation of requirements appears to lead to very little degradation 
of the safety metrics, the operational suitability metrics, such as reversal probability, pilot workload, and 
alert ratio, are likely to be impacted by > 5%. This slight degradation was communicated to the RTCA SC-
228 WG1 leadership and considered acceptable. 

In addition to recommending error characteristics requirements to the EO/IR MOPS, results of the safety 
and operational suitability metrics for configuration 4, the 4000 ft vertical alerting threshold, demonstrate 
the trade space between safety and operational suitability. The increase of the alerting volume in the vertical 
dimension improves the safety metrics significantly by protecting the ownship from vertical state noises 
and vertically blundering intruders. This increased alerting volume, however, leads to considerably more 
pilot workload in terms of number of executed maneuvers. This trade-off should be reasonable in low traffic 
density areas with low encounter rate but may be problematic in the presence of medium to high traffic 
density.  

The approach laid out in this analysis is general and can be applicable or easily adaptable to analysis of 
other types of DAA sensors such as acoustic sensors or ground-based surveillance systems. DAIDALUS 
allows users to turn on the Sensor Uncertainty Mitigation (SUM) [13] function that can take into account 
surveillance errors in its alerting and guidance computation. It would be interesting to assess the 
effectiveness of SUM in mitigating the effect of EO/IR sensors’ noise on DAA systems in future work. 
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