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BACKGROUND 

Over the last several years, New Mexico State University (NMSU) and the Physical 

Sciences Laboratory (PSL) have supported numerous empirical studies examining the issue of 

unmanned aircraft systems (UAS) operations, with particular attention to aircraft salience and team 

situational awareness. The original work, funded by the FAA, focused on daytime operations 

where the degree of environmental background clutter was varied. NMSU later collaborated with 

DHS in demonstrating the use of small UAS (sUAS) for border protection missions. During that 

effort NMSU also performed a preliminary study in sUAS visibility during day, night, and dusk 

missions. Numerous encouraging observations regarding night operations were made and the use 

of some UAS technologies were eliminated for further consideration by the DHS. These findings 

were communicated to the FAA’s senior leadership and also presented at a technical conference. 

More recently, NASA funded field work completed at the Jornada Experimental Range provided 

excellent empirical data on the visibility of sUAS, and visual observers’ (VOs) ability to track them, 

under day, night, and dusk operating conditions. The technical report was circulated to the FAA 

and was explicitly noted in their Integration of Civil Unmanned Aircraft Systems (UAS) in the 

National Airspace System (NAS) Roadmap (FAA, 2013).  

As noted in the report, in the initial year NMSU compared visual observers’ performance 

during the day and night when tracking and determining the potential danger of a small civilian 

light sport aircraft approaching the operations area of a sUAS (Dolgov et al., 2012). Across two 

periods of data collection at the Jornada Experimental Range, an austere desert setting, statistical 

analyses of mean visual acquisition distances, mean percentage of time that the aircraft was tracked, 

and other parameters revealed no degradation in safety when operating at night. Moreover, when 

statistically significant differences were identified, the data favored night operations over daytime. 
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This was further supported by signal detection theory analyses applied to the same data and 

qualitative findings regarding improved visibility of sUAS at night due to the aircrafts’ basic lighting 

system, which was solely designed to assist in landing and recovery.  

A number of other observations were made, including: advantages of a VO co-located with 

the small unmanned aircraft system (sUAS) pilot, importance of proper VO instruction, total 

inability of manned aircraft pilots to see sUAS during the day versus occasional sightings at night, 

individual differences among VOs, and potential usefulness and limitations of night vision goggles. 

Importantly, it was noted that the sUAS pilot used navigational avoidance strategies that entailed 

tracking the two aircraft on a flat projection plane, rather than relying on depth cues, in both day 

and night conditions. Whenever the sUAS and manned aircraft approached one another, 

potentially dangerous vectors were plainly evident to the naked eye. Likewise, visual observers 

were able to use the same strategies to identify potentially dangerous approaches by the CTLS and 

then advise a safe course of action, regardless of the time of day.  

While data on sUAS visibility in an austere environment is quite valuable, there are parts of 

the United States, particularly urban and suburban environments (often with high-traffic airspace), 

where night operations might be challenged by light pollution. Thus, in the current year of 

experimental testing, the environment at Jornada Experimental Range was artificially augmented 

with overhead lights to approximate street lighting conditions. Moreover, the current experiments 

utilized a new extended visual line of sight (EVLOS) approach, which greatly improves on simple 

vision by alerting visual observers about distant approaching targets, and reflects current directions 

in the international sUAS community (e.g., Corbett, 2014; European RPAS Steering Group, 

2013). While EVLOS has traditionally meant daisy-chaining VOs to extend the operational range 

of UAS, the current EVLOS methodology reflects the FAA’s need to assess performance in 

scenarios where human vision is supplemented with the bearing and range of the sUAS (using 
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existing technologies already present in all UAS control stations) and/or an advanced forecast of 

incoming air traffic (using existing technologies like radar, automatic dependent surveillance, the 

traffic information service, and others). In addition, the final week of experiments consisted of 

night operations where the sUAS operated below the manned aircraft, the first empirical test of 

such a scenario.  

The key objectives of the current set of studies were to extend our prior findings and: 

• Validate the hypothesis that it is as safe to fly a sUAS at night as it is during the day in 

scenarios involving artificial light pollution. 

o Compare performance during the day, dusk, at night, and at night with light 

pollution along the following metrics: intruder aircraft tracking performance and 

visual acquisition distances, and visual observers’ ability to predict near mid-air 

collisions and intrusions into the operations space.  

o Validate new extended visual line-of-sight approach for acquiring incoming aircraft 

and making judgments of potential collision vectors with known area of sUAS 

operations.  

• Increase the generalizability of the results by: conducting tests with additional observers, 

adding the Puma sUAS, and adding a scenario in which sUAS operations occur while 

above the manned aircraft. 

o Evaluate the impact of adding LED-strip lighting to the Raven to increase visibility 

when operating at higher altitudes and/or in poor viewing conditions at night. 
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GENERAL METHODS 

Similar to previously conducted studies, the experiments occurred at the USDA’s Jornada 

Experimental Range in Las Cruces, New Mexico (see Appendix B for photographs of the site; see 

Appendices D and E for astronomical and meteorological records during testing days).  

PERSONNEL AND EQUIPMENT 

The operations team included a mission commander (MC), on-ground flight coordinator 

(GCC), sUAS pilot, manned aircraft pilot (pilot in charge), on-board midair safety VO (who could 

also act as an alternate pilot), ground-based safety VO, head experimenter (data collection 

manager), research assistants, and several ground-based VOs that served as participants in the 

experiment.  

The study involved a civilian light sport manned aircraft (CTLS) with three on-board GPS 

recorders (for redundancy), as well as a Raven RQ-11B sUAS (hand launched, wingspan of 1.4m, 

1.9 kg, used in weeks 1 and 3), and a Puma RQ-20A sUAS (hand launched, wingspan of 2.8m, 5.9 

kg, used in week 2). Additional equipment included communications support gear (radios, 

transmitters, antennas), Olympus DP-201 audio recorders (for capturing experimental participants’ 

verbal responses), construction lighting towers (one 4,000 watt tower in weeks 1-2; two 4,000 watt 

towers in week 3) to provide light pollution, weather station, and various on-site necessities, such as 

portable generators for providing power.  

SAFETY MEASURES  

 The aircraft were always deconflicted by maintaining a separation of at least 500 feet 

vertically and at least 500 feet horizontally to ensure optimal safety during experimental testing. 

The CTLS was always flown at 1000 feet above ground level (AGL). In weeks 1 and 2 the sUAS 

was flown below the CTLS at 500 feet AGL, whereas in week 3, the sUAS was flown above the 
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CTLS at 1,500 feet AGL. The MC, GCC, sUAS and CTLS pilots, safety VOs, and head 

experimenter were all equipped with radios that were the primary communications network (see 

Figure 1), and explicitly trained in abort procedures. Furthermore, pre-determined exit flight paths 

were selected for the CTLS and sUAS for various abort scenarios. The head experimenter, 

research assistants, and participants were also equipped with radios and were on the secondary 

communications network (see Figure 1). 

Figure 1. Bolt diagram illustrating the two communications networks utilized throughout the experiments. 
All members of the operations team (red) were experimental visual observers (blue) were on separate 
communications networks. The mission commander and head experimenter had access to both 
communications networks.  
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PROCEDURES 

 Each week of testing, of which there were three, consisted of four sessions (days) of 

experimental flights (with a fifth day reserved for weather interruptions). The variables of interest 

were time of day and light pollution levels, thus the same test card and flight patterns were utilized 

in each session (see Appendix C). The first session consisted of tests that were conducted in the 

morning, and began approximately two hours after sunrise. For the second session, tests were 

conducted after nautical twilight with no artificial illumination impacting the VOs. For the following 

session, tests were conducted after nautical twilight and construction lighting towers were used to 

provide light pollution, simulating street lighting above the experimental VOs. For the final session 

of each week, tests were conducted at dusk (between sunset and nautical twilight)1.  

 Each day of testing began with a pre-flight briefing to review safety procedures. Upon 

completion of the briefing, the CTLS took off from Las Cruces Airport and proceeded to the 

experimental site while the on-ground operations and research teams took their places. Upon 

nearing the site, the CTLS contacted the ground coordinator and two practice trials were 

conducted in which the CTLS flew directly over the base of operations (from north to south, then 

from east to west). During these trials, the CTLS pilot broadcasted intrusions into traffic alert (TA), 

resolution advisory (RA), and near mid-air collision (NMAC) zones (described below) over the 

radio to the MC, GCC, safety VO, and head experimenter. This information was then relayed to 

the experimental VOs so that they could better calibrate their judgments for the experimental 

trials. 

 Each session of testing was slated for twenty-four experimental trials. In the current 

EVLOS methodology, the sUAS operations area and CTLS’s approach origin were relayed to the 

                                                 
1 Crew-time restrictions and logistical considerations precluded randomizing the order of sessions. 
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VOs by the head experimenter over the secondary communications network for every trial (e.g, 

‘The UAS is orbiting the northeast point and the CTLS will approach from the southwest.’). Prior 

to the beginning of each trial, the CTLS was stationed 4km away from the base of operations and 

the sUAS was on station at one of four predetermined locations, which were chosen to ensure a 

minimum of 500 feet of horizontal separation between the CTLS and sUAS throughout the 

experiments. The sUAS orbited each location with a radius of approximately 250m (the four 

sUAS orbit points and orbiting radii were adjusted slightly for wind at every session). When cued 

by the GCC, the CTLS approached the operations area, defined by two adjacent points in a 

compass rose with twelve sections (see Appendix C). When the CTLS was approximately 5 

seconds away from entering the TA zone, the pilot provided a radio call over the primary radio 

network, and the head experimenter would then cue the beginning of the trial for VOs over the 

secondary communications network. The CTLS would then proceed through the operations area 

on a straight or curvilinear trajectory (see test card in Appendix C). Upon completing the flight 

vector, the CTLS exited the operations area and the procedure was repeated for the next trial.  

Figure 2. Diagram of separation for TCAS defined traffic alert (TA) and resolution advisory (RA) zones. 
The closure rate in the current study was approximated at 120 knots.  
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During each trial, the participants were tasked with the following: 1) Identification of the 

CTLS when in the TA zone (see Figure 3 and paragraph below for definitions), 2) identification of 

the CTLS’s intrusion into the RA zone, 3) identification of the CTLS’s intrusion into an NMAC 

area, and 4) when the CTLS enters the TA zone, providing a time estimate to a potential NMAC if 

one is predicted, or the lack thereof if one is not. Participants were told to ignore the fact that the 

aircraft were at different altitudes due to their separation already being within the TCAS defined 

altitude for traffic alert and resolution advisory zones (see Figure 2). Additionally, between trials, 

participants were instructed to look at a central point on the ground such that each consequent trial 

began with them looking for the CTLS anew. A portable generator (loudness at source: 40dB) was 

used to provide noise pollution, better approximating the hum of an urban or suburban area.  

Figure 3. Map of operations area with boundaries for traffic alert (blue ring, 3km radius), resolution 
advisory (green ring, 2km radius), and NMAC (red ring, 500m radius) zones. The base of operations is 
indicated in red with the central dot.  

As illustrated in Figure 3, the TA zone boundary was a 3km radius ring, RA zone boundary 

was a 2km radius ring, and the NMAC zone boundary was a 500 meter ring, all centered at the 
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base of operations where the visual observers were located. The values for the TA and RA zones 

were calculated using a maximum closing speed of 120 knots for the aircraft pair and the standard 

TCAS values of 40s and 25s before anticipated near midair collision (see Figure 2). While a 

standard NMAC is defined as two aircraft in a proximity of 500 feet (~157m), for the current 

study, a value of 500m was used. This allowed for investigation of VOs abilities to approximate 

potential close encounters between the aircraft while also deconflicting them throughout the 

studies.  

DATA PROCESSING AND ANALYSES 

 Visual observers’ verbal responses were recorded using handheld digital recorders and later 

coded and collated for further processing. The GPS tracks of the CTLS and sUAS were mined 

from GPS recorders on the aircraft. These tracks were imported into a spreadsheet, and then 

chronologically aligned and processed to calculate distances between aircraft and to the base of 

operations. Then, the married tracks were chronologically aligned with the visual observers’ coded 

responses to calculate visual acquisition distances (relative to VOs’ GPS positions), overall tracking 

performance (average percent of in-trial time that VOs had visual contact with the aircraft, 

computed on a second-by-second basis), and VOs’ identifications of CTLS intrusions into the TA, 

RA, and NMAC zones. Data were then aggregated; all distance values were trimmed at 3km, the 

operations space/TA zone boundary. This ensured that data were not biased by noise introduced 

through various procedural variables, including communication delays, variability in CTLS pilots, 

etc.  

 Once the data were processed, multivariate and univariate analyses of variance (ANOVAs) 

were conducted to test for differences in performance related to time of day and artificial 
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illumination2. We had two alternative hypotheses throughout: HA - Based on the results from 2012, 

visual observers’ performance would be better at night than during the day (regardless of light 

pollution), and HB - Based on the current limits on commercial and civil night sUAS operations, 

visual observers’ performance would be better during the day than at night. In addition, signal 

detection theory analyses were performed to assess intrusion detection performance, again in 

relevance to time of time and illumination. Furthermore, Pearson’s χ2-tests were used to evaluate 

the impact of the CTLS’s entry point into the operations area at the beginning of each trial. Finally, 

correlation analyses were performed to determine the relationship between light-pollution levels 

and VOs’ performance. Definitions of statistical terms are provided in Appendix A.   

  

                                                 
2 Although the test-card included both straight and curvilinear CTLS trajectories, this was not an experimental variable 
of interest. Rather this aspect of the method was aimed at increasing trajectory variability for the VOs. Preliminary 
analyses confirmed that this factor did not impact performance. Additionally, repeated measures analyses were not 
utilized in the following because some participants changed from session to session in weeks 1 and 3. Although the 
same 6 participants completed all sessions in week 2, standard analyses of variances were used for consistency with 
weeks 1 and 2.   
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WEEK 1 

 Testing occurred on the dates of June 9, 2014 – June 12, 2014. The general procedure 

described above was followed and a Raven RQ-11B sUAS was utilized throughout. Six trained 

VOs (5 male, 1 female) served as participants, with three to five visual observers active for every 

session. Participants’ prior visual observer experience ranged from 35 to 200 hours; a median split 

was used to assign participants to low and high experience groups. A single light tower (half of the 

bulbs were turned on for 2,000 total watts) was used during the third session of testing. Observed 

illuminance values for participants ranged from 10 lux to 125 lux, depending on their distance 

from the light tower.  

DATA AND STATISTICAL ANALYSES  

Average visual acquisition distances, percentage of time that the CTLS was tracked, and 

distances at which VOs reported intrusions into RA and NMAC zones were calculated and are 

provided in Table 1; these served as the dependent variables in the subsequent multivariate 

analyses of variance (MANOVAs). Since VOs never lost sight of the CTLS after it was acquired, 

the mean percentage of time it was tracked is an indication of how early in the trial it was sighted by 

the VOs. High, gusting winds aloft shortened the first session to 17 trials (out of 24), whereas the 

dusk session was limited by the amount of time from sunset to nautical twilight, also resulting in 17 

completed trials.  

Time of Day and 
Illumination 

Mean % of 
Time CTLS 
was Tracked 
by VOs 

Mean CTLS 
Visual 
Acquisition 
Distance (m) 

Mean Distance 
at Estimated 
RA Zone 
Intrusion (m)  

Mean Distance 
at Estimated 
NMAC Zone 
Intrusion (m) 

Day (17 trials) 78.3% 2,916 2,262 1,766 
Night 76.1% 2,683 1,873 1,076 
Night w/Light Pollution 85.0% 2,679 2,275 1,394 
Dusk (17 trials) 80.7% 2,628 2,295 1,679 

Table 1. Summary statistics for data collected in week 1. All distances are provided in meters. Sessions 
containing fewer than 24 trials are explicitly noted. 

For each dependent variable, analyses of variance (ANOVAs) were conducted with time of 

day/illumination (day, night, night w/light pollution, dusk) and visual observer experience (low, 

high) as the independent variables. Time of day/illumination did not significantly impact the 

percentage of time that CTLS was tracked, nor VADs, nor distances at which VOs reported the 

CTLS’s entry into the RA zone. The sole significant difference3 was seen in participants’ 

                                                 
3 While this difference is significant, it reflects a use of cautious vs. liberal judgment strategies in judging NMACs, and 
less so, differences in accuracy.  

Adam Hendrickson
Sticky Note
VO's poorly judged the 500 meter distance referred to as NMAC in the report

Adam Hendrickson
Sticky Note
visual acquisition distance was greater during the day, sort of strange

Adam Hendrickson
Highlight

Adam Hendrickson
Highlight



 

 13 

identification of the CTLS’s entry into the NMAC zone [F(3, 7) = 14.8, p = 0.002, ηp
2 = .86], where 

night (with and without artificial light pollution) were different from day and dusk (all ps < 0.05). 

Additionally, participants’ degree of experience did not significantly impact any of the individual 

dependent variables.  

To evaluate visual observers’ accuracy in predicting intrusions into the NMAC zone, the 

number of hits, misses, false alarms, and correct rejections were tallied for each observer. These 

data were then used to conduct signal detection theory (SDT) analyses (see Table 2 for summary, 

and Appendix A for definitions and methodology). The results show better hit rates at night and at 

dusk than during the day, which is reflected in greater discriminability (higher d’ values) at 

night/dusk than during the day. Moreover, visual observers used a safer strategy at night/dusk than 

during the day, as evidenced by more negative valued of C (indicative of a liberal bias in SDT 

terms).  

Time of Day Hit Rate Miss 
Rate 

False 
Alarm 
Rate 

Correct 
Rejection 
Rate 

d’ (signal 
discrimi-
nability) 

C 
(observer 
bias) 

Day (17 trials) 56.7% 43.3% 38.1% 61.9% 0.61 0.05 
Night 69.4% 30.6% 40.7% 59.3% 0.88 -0.18 
Night w/Lights 76.9% 23.1% 43.2% 56.8% 1.0 -0.31 
Dusk (17 trials) 83.3% 16.7% 51.6% 48.3% 1.1 -0.61 

Table 2. Summary statistics for NMAC intrusions projected by visual observers in week 1. Sessions 
containing fewer than 24 trials are explicitly noted. 

To determine the impact of illuminance levels, hit rates from the third session were 

correlated with measured lux values for each of the observers. A statistically significant, highly 

negative correlation was observed [r(3)=-.98, p = .02]. Thus, higher illuminance values resulted in 

poorer detection of intrusions into the RA zone, exemplified by the VO with the highest level of 

light pollution (125 lux) who also performed the worst. However, this observer also exhibited the 

worst performance during the day session, despite extensive experience, so his poor performance 

at night was a combination of individual and environmental factors.  

To determine whether the direction of the CTLS’s approach had an impact on VOs’ 

ability to detect potentially dangerous encounters, the total number of hits and correct rejections 

were totaled for each approach direction and Pearson’s χ2 tests were performed. There were no 

significant differences detected in VOs’ performance based on approach trajectory during the day 

[χ2(11) = 8.2, p = 0.77], at night [χ2(11) = 4, p = 0.98], at night with light pollution [χ2(11) = 13, p = 

0.36], or at dusk [χ2(11) = 12.67, p = 0.39].  
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FINDINGS 

 In sum, visual observers’ performance at night (and dusk) was equivalent or better than 

during the day; more experienced observers did not perform better at the tasks than novice ones. 

Moreover, adding artificial illumination did not negatively impact visual observers’ performance as 

a whole. However, some differences were seen on an individual level with extreme levels of light 

pollution resulting in the poorest performance. Thus, neither operations at night nor light 

pollution systematically negatively impacted the degree of safety in week 1 of testing (HA 

supported).  
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WEEK 2 

 Testing occurred on the dates of July 7, July 9 (2 sessions), and July 10, 2014. The general 

procedure described earlier was followed and an unmodified Puma RQ-21 sUAS was utilized 

throughout. Six trained VOs (4 male, 2 female) served as participants, with all 6 active for every 

session. Expertise-based groups were determined similarly to week 1. Rain and high winds aloft 

prevented data collection on July 8, thus an additional session was held the following day. During 

the third session, the same light tower was used as in week 1, but two additional bulbs were turned 

on (4,000 total watts). Observed illuminance values for participants ranged from 45 lux to 245 lux, 

depending on their distance from the light tower.  

DATA AND STATISTICAL ANALYSES  

Average visual acquisition distances, percentage of time that the CTLS was tracked, and 

distances at which VOs reported intrusions into RA and NMAC zones were calculated and are 

provided in Table 3; these served as the dependent variables in the subsequent MANOVAs. 

Again, since VOs never lost sight of the CTLS after it was acquired, the mean percentage of time 

that it was tracked is an indication of how early in the trial it was sighted by the VOs. 

Time of Day and 
Illumination 

Mean % of 
Time CTLS 
was Tracked 
by VOs (m) 

Mean CTLS 
Visual 
Acquisition 
Distance (m) 

Mean Distance 
at Estimated 
RA Zone 
Intrusion (m)  

Mean Distance 
at Estimated 
NMAC Zone 
Intrusion (m) 

Day 82.5% 2,938 2,762 2,212 
Night 91.2% 2,927 2,915 2,745 
Night w/Light Pollution 82.6% 2,893 2,803 2,697 
Dusk (17 trials) 85.7% 2,940 2,990 2,888 

Table 3. Summary statistics for data collected in week 2. All distances are provided in meters. Sessions 
containing fewer than 24 trials are explicitly noted. 

For each dependent variable, ANOVAs were conducted with time of day/illumination 

(day, night, night w/light pollution, dusk) and visual observer experience (low, high) as the 

independent variables. Initially there appeared to be significant main effects of time of 

day/illumination [F(3, 8) = 5.3, p = 0.026, ηp
2 = .67] and expertise [F(1, 8) = 10.4, p = 0.012, ηp

2 = 

.57] on visual acquisition distances. However, pairwise comparisons showed that these effects were 

spurious and that there were no meaningful differences (all ps > 0.1; this is supported by low 

variance in VADs that occurred due to trimming). However, there was also a significant effect4 of 

time of day/illumination on NMAC zone intrusion distances [F(3, 8) = 8.2, p = 0.008, ηp
2 = .75], 

                                                 
4 Again, while this difference is significant, it reflects a use of cautious vs. liberal judgment strategies in judging NMACs, 
and less so, differences in accuracy. 
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with pairwise comparisons illustrating that judgments during the day were different from night and 

dusk.  

To evaluate visual observers’ accuracy in predicting intrusions into the NMAC zone, the 

number of hits, misses, false alarms, and correct rejections were tallied for each observer and signal 

detection theory analyses were conducted (see Table 4 for summary). The results show better hit 

rates during the day than at night or at dusk, which is reflected in greater discriminability (higher d’ 

values) at during the day than at night/dusk. VOs used similar strategies (negative C values of 

similar magnitude) regardless of the time of day/light pollution. 

Time of Day Hit Rate Miss 
Rate 

False 
Alarm 
Rate 

Correct 
Rejection 
Rate 

d’ (signal 
discrimi-
nability) 

C 
(observer 
bias) 

Day 81.7% 18.3% 38.1% 61.9% 1.29 -0.32 
Night 74.4% 25.6% 47.6% 52.4% 1.03 -0.39 
Night w/Lights 76.2% 23.8% 46.7% 53.3% 0.96 -0.37 
Dusk (17 trials) 65.6% 34.4% 54.8% 45.2% 0.67 -0.48 

Table 4. Summary statistics for NMAC intrusions projected by visual observers in week 2. Sessions 
containing fewer than 24 trials are explicitly noted. 

To determine the impact of illuminance levels, hit rates from the third session were 

correlated with measured lux values for each of the observers. A high negative correlation was 

observed [r(5)=-.7, p = .12], and approached statistical significance. Thus, higher illuminance 

values resulted in poorer detection of intrusions into the RA zone, exemplified by the VO with the 

highest level of illumination (245 lux) who, again, performed the worst. However, as in week 1, this 

observer also exhibited the worst performer during the day session trials, so his poor performance 

at night was a combination of environmental and individual factors.  

To determine whether the direction of the CTLS’s approach had an impact on VOs’ 

ability to detect potentially dangerous encounters, the total number of hits and correct rejections 

were totaled for each approach direction and Pearson’s χ2 tests were performed. There were no 

significant differences detected in VOs’ performance based on approach trajectory during the day 

[χ2(11) = 9.75, p = 0.54], at night [χ2(11) = 6, p = 0.87], at night with lights [χ2(11) = 9.38, p = 0.59], 

or at dusk [χ2(11) = 14, p = 0.3].  

FINDINGS 

 In sum, the results contrasted somewhat with prior findings, in that potential NMAC 

discriminability was better during the day (HB partially supported). However, this was not reflected 

in the tracking data where performance was better at night, albeit not significantly. Moreover, 

adding artificial illumination did not systematically negatively impact VOs’ aggregate performance 
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as compared to performance at night with no artificial light. Finally, as in the prior study, 

experiences and novice observers performed equivalently.  
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WEEK 3 

 Testing occurred on the dates of September 8, 2014 – September 11, 2014. The general 

procedure previously described was followed and a Raven RQ-11B sUAS was utilized throughout. 

It was fitted with strips of red, green and white LEDs and a small light on each wing (see Appendix 

B, photos 4-6). Six trained VOs (4 male, 2 female) served as participants, with four to six visual 

observers active for every session. All observers were trained novices, thus their experience was not 

a variable of interest in week 3. Two light towers were used during the third session of testing (all of 

the bulbs were turned on for 8,000 total watts) positioned such that they bookended the VOs. In 

this week, VOs were more surrounded by light, rather than having a single bright source as in prior 

weeks. Observed illuminance values for participants ranged from 45 lux to 100 lux, depending on 

their distance from the light towers.  

DATA AND STATISTICAL ANALYSES  

Average visual acquisition distances, percentage of time that the CTLS was tracked, and 

distances at which VOs reported intrusions into RA and NMAC zones were calculated and are 

provided in Table 5; these served as the dependent variables in the subsequent MANOVAs. As in 

the prior weeks, since VOs never lost sight of the CTLS after it was acquired, the mean percentage 

of time it was tracked is an indication of how early in the trial it was sighted by the VOs. 

Time of Day and 
Illumination 

Mean % of 
Time CTLS 
was Tracked 
by VOs 

Mean CTLS 
Visual 
Acquisition 
Distance 

Mean 
Distance at 
Estimated 
RA Zone 
Intrusion  

Mean 
Distance at 
Estimated 
NMAC 
Zone 
Intrusion  

Day 72.1% 2,680 2,099 1,413 
Night 88.8% 2,694 1,838 1,220 
Night w/Light Pollution 94.1% 2,977 2,633 2,021 
Dusk (16 trials) 79.1% 2,961 2,839 2,300 

Table 5. Summary statistics for data collected in week 3. All distances are provided in meters. Sessions 
containing fewer than 24 trials are explicitly noted. 

For each dependent variable, analyses of variance were conducted with time of 

day/illumination (day, night, night w/light pollution, dusk) and visual observer experience (low, 

high) as the independent variables. Time of day/illumination significantly impacted all of the 

dependent variables. There was a significant main effect of time of day/illumination on the 

percentage of time the CTLS was tracked [F(3, 16) = 10.84, p < 0.001, ηp
2 = .67]. Pairwise 

comparisons showed that day and dusk did not differ (p > 0.1), but were both significantly worse 

than night sessions, regardless of artificial illumination (ps < 0.05) (night performance did not differ 
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depending on the presence light pollution). The same pattern was observed for judgments of 

intrusions into the NMAC zone. There was a significant main effect5 of time of day/illumination on 

the percentage of time the CTLS was tracked [F(3, 16) = 37.2, p < 0.001, ηp
2 = .88]. Pairwise 

comparisons showed that judgments made during the day and dusk did not differ from each other 

(p > 0.1), but did differ from the night sessions (ps < 0.05), where judgments did not depend on 

presence of light pollution (p > 0.1). 

A slightly different pattern was observed for VADs and judgments of the CTLS’s entry into 

the RA zone. There was a significant main effect of time of day/illumination on VADs [F(3, 16) = 

14.3, p < 0.001, ηp
2 = .73]. Pairwise comparisons showed that day and night did not differ (p > 0.1), 

but were both significantly less than during dusk session and the night session with artificial 

illumination (ps < 0.05), which were statistically equivalent. Similarly, there was a significant main 

effect6 of time of day/illumination on RA zone intrusion distances [F(3, 16) = 29.7, p < 0.001, ηp
2 = 

.85]. Pairwise comparisons showed that judgments during dusk and night sessions with artificial 

illumination did not differ (p > 0.1), but both were different than the dusk session and the night 

session with light pollution (ps < 0.05), which were statistically equivalent (p > 0.1). 

To evaluate visual observers’ accuracy in predicting intrusions into the NMAC zone, the 

number of hits, misses, false alarms, and correct rejections were tallied for each observer and signal 

detection theory analyses were conducted (see Table 6 for summary). The results show better hit 

rates at night with lights and at dusk than during the day or at night without lights. Moreover, visual 

observers used a safer strategy at night and at dusk than during the day (negative C values). 

Time of Day Hit Rate Miss 
Rate 

False 
Alarm 
Rate 

Correct 
Rejection 
Rate 

d’ (signal 
discrimi-
nability) 

C 
(observer 
bias) 

Day 70% 30.0% 19.6% 80.4% 1.76 0.09 
Night 80% 20.0% 27.1% 72.9% 1.71 -0.16 
Night w/Lights 100% 0.0% 26.7% 73.3% 3.22 -0.72 
Dusk (16 trials) 96.7% 3.3% 34.8% 65.2% 2.64 -0.76 

Table 6. Summary statistics for NMAC intrusions projected by visual observers in week 3. Sessions 
containing fewer than 24 trials are explicitly noted. 

Hit rates for the third session were 100%, thus light pollution had no measured impact on 

observers ability to properly estimate future intrusions into the RA zone. To determine whether 

the direction of the CTLS’s approach had an impact on VOs’ ability to detect potentially 

dangerous encounters, the total number of hits and correct rejections were totaled for each 

                                                 
5 Again, while this difference is significant, it reflects a use of cautious vs. liberal judgment strategies in judging NMACs, 
and less so, differences in accuracy.  
6 Again, while this difference is significant, it reflects a use of cautious vs. liberal judgment strategies in judging NMACs, 
and less so, differences in accuracy. 
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approach direction and Pearson’s χ2 tests were performed. There were no significant differences 

detected in VOs performance based on approach trajectory during the day [χ2(11) = 2.5, p = 0.99], 

at night [χ2(11) = 5.75, p = 0.93], at night with light pollution [χ2(11) = 3, p = 0.99], or at dusk[χ2(11) 

= 11.83, p = 0.46].  

FINDINGS 

 In sum, visual observers’ performance at night (and dusk) was equivalent or better than 

during the day. Moreover, adding artificial illumination did not negatively impact visual observers’ 

performance. Thus, neither operations at night nor the presence of light pollution resulted in 

reduction of safety as compared to day during the third week of testing (HA supported).  
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ADDITIONAL FINDINGS 

 Although the participants were not instructed to explicitly track the sUAS during trials, the 

VOs unequivocally stated that the sUAS were much easier to track at night than during the day or 

at dusk. While participants nearly never saw the Raven during the day, the Puma was tracked 

better due to its larger airframe. However, at night, the Puma was somewhat harder to track than 

the Raven. This was due to the fact that the Puma’s standard recovery lights are placed in the tail 

(resulting in occasional occlusion by the wings when viewed from the ground), rather than the 

underside of the wing, as in the Raven. Furthermore, in week 3, the Raven operated at an altitude 

of 1,500 feet AGL making it quite difficult to see with the naked eye. However, with the addition 

of basic LED lighting (maximum recorded output: 8 lux), the Raven was clearly visible at night 

despite the altitude.  

To further evaluate the visibility of the sUAS, an additional experimental trial was 

conducted at the end of the first, second, and third sessions of each week to determine the distance 

at which visual observers would lose track of the sUAS (this occurred after the CTLS had left the 

operations area and was returning to base). While VOs had trouble tracking the Raven beyond 

1km and the Puma beyond 1.5km during the day, both sUAS were easily tracked at a distances 

upwards of 3km at night, even when light pollution was present. 

In addition, although the CTLS pilots and mid-air safety visual observers were not asked to 

complete experimental tasks due to the demands of their procedural/operational tasks, they were 

instructed to call out sightings of the sUAS over the primary radio net (if it did not interfere with 

their operations). While CTLS pilots and mid-air safety observers never spotted the Raven or 

Puma sUAS during day and dusk sessions, the Raven was sighted in as many as 17% of night trials 

in week 1 (4/24 trials during session 3) and 40% of night trials in week 3 (10/24 trials during session 

3), and the Puma was sighted in as many as 54% of night trials in week 2 (13/24 trials during 

session 2). The increased visibility of the Puma in week 2 was due to the fact that its recovery lights 

are placed in the tail (compared to the underside of the wing for the Raven), increasing its salience 

to the mid-air observers and CTLS pilots. The improved visibility of the Raven in week 3 was due 

to the added lighting along the wings and tail, which allowed the CTLS pilot and mid-air safety VO 

to overcome the fact that the CTLS’s wings are positioned in a way to typically make sighting 

objects that are above it challenging.  
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CONCLUSION  

 Across three weeks of experimental testing, no systematic degradation of safety was 

observed when operating the Raven and Puma sUAS at night, even with the addition of artificial 

light pollution. In weeks 1 and 3, visual observers generally performed equivalently or better at 

night (and at dusk) than they did during the day. In week 2 there were mixed results; resolution 

advisory zone intrusions were detected better during the day, but aircraft tracking performance was 

better at night. Light pollution and visual observers’ prior experience had no measurable aggregate 

impact on performance, but high levels of light pollution negatively impacted some VOs. Overall, 

the conducted research extends and improves the generalizability of the 2012 findings in the 

following ways: (1) Addition of light pollution to visual observers’ environment; (2) Use of new 

extended visual line of sight paradigm; (3) Additional sUAS platform tested (Puma and Raven in 

2014; Raven and Wasp in 2012); (4) Added variability in altitude (in week 3 the sUAS operated 

above CTLS, which was never previously tested); (5) Additional observers (used teams of 4 to 6). 

Taken together, these changes greatly enhanced the internal, test, face, and ecological validities of 

the experimental methodology.  

In addition to the findings from 2012, the data generated by the current set of experiments 

strongly suggest that it is easier to see and track both manned and unmanned aircraft at night than 

during the day. Moreover, the distance that a sUAS can be seen in daylight depends on its physical 

size and environmental variables, but the distance a sUAS can be seen at night depends on its 

lighting system. The current tests also demonstrate that adept ground-based VOs are minimally 

impacted by artificial light pollution (akin to streetlight levels) and can use compensatory strategies 

to maintain a high level of performance in such scenarios. In week 3, even a modest modification 
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(8 lux output) to the Raven’s lighting system resulted in the sUAS being clearly visible to observers 

out beyond 3km at an altitude of 1,500 feet AGL, which would be impossible during the day.  

Figure 4. Visual observers’ aggregate performance in tracking the CTLS (left panel) and accurately detecting 
possible intrusions into the NMAC zone (right panel) across three weeks of testing.  

In summary, across three weeks of data collection between June and September 2014, 

night operations with the Puma and Raven sUAS were just as safe as those during the day. In fact, 

as illustrated in Tables 1-6 and Figure 4, visual observers often performed better at night than 

during the day, even with the presence of artificial light pollution. Moreover, mid-air visual 

observers never sighted the sUAS during the day (and dusk), whereas this occurred with some 

frequency during night operations. Taken together with our findings from 2012, the data establish 

the groundwork for a compelling case for safe sUAS night operations, with the goal of near-term 

integration into the National Airspace System.  
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APPENDIX A: GLOSSARY OF STATISTICAL TERMS 
AND ABBREVIATIONS  

 
All definitions obtained and reproduced directly or adapted from www.wikipedia.org; all are 

consistent with the authors’ knowledge of statistics.  

 

Abbreviations/Statistics: 

F: Fisher statistic obtained as a result of ANOVA or MANOVA 

M: mean (average) 

n: number of participants 

p: probability 

SD: standard deviation 

SE: standard error (equal to SD/n) 

r: Pearson product-moment correlation coefficient (Pearson’s r)  
t: Student’s t-statistic obtained as a result of t-test 

α (alpha): significance level 

η (eta): effect size 

χ (chi): Chi-squared test statistic 

d’: sensitivity to the presence of a signal computed using SDT 

C: measure of bias in the judgment of a signal computed using SDT 

 

ANOVA: In statistics, analysis of variance (ANOVA) is a collection of statistical models, and 

their associated procedures, in which the observed variance in a particular variable is partitioned 

into components attributable to different sources of variation. In its simplest form, ANOVA 

provides a statistical test of whether or not the means of several groups are all equal, and 

therefore generalizes t-test to more than two groups. Doing multiple two-sample t-tests would 

result in an increased chance of committing a type I error. For this reason, ANOVAs are useful in 

comparing two, three, or more means.  

 

Dependent/independent variables: Variables used in an experiment or modeling can be divided 

into three types: "dependent variable", "independent variable", or other. The "dependent variable" 

represents the output or effect, or is tested to see if it is the effect. The "independent variables" 

represent the inputs or causes, or are tested to see if they are the cause.  

 

http://www.wikipedia.org/


 

 26 

Effect size: In statistics, an effect size is a measure of the strength of a phenomenon (for example, 

the relationship between two variables in a statistical population) or a sample-based estimate of 

that quantity. An effect size calculated from data is a descriptive statistic that conveys the 

estimated magnitude of a relationship without making any statement about whether the apparent 

relationship in the data reflects a true relationship in the population. In that way, effect sizes 

complement inferential statistics such as p-values.  

 

P-value: In statistical hypothesis testing, the p-value is the probability of obtaining a test 

statistic at least as extreme as the one that was actually observed, assuming that the null 

hypothesis is true. One often "rejects the null hypothesis" when the p-value is less than the 

significance level α (Greek alpha), which is often 0.05 or 0.01. When the null hypothesis is 

rejected, the result is said to be statistically significant. 

 

Pearson's chi-squared test (χ2): This is a statistical test applied to sets of categorical data to evaluate 

how likely it is that any observed difference between the sets arose by chance. 

 

Pearson product-moment correlation coefficient (r): In statistics, r is a measure of the linear 

correlation (dependence) between two variables X and Y, giving a value between +1 and −1, where 

1 is total positive correlation, 0 is no correlation, and −1 is total negative correlation. It is widely 

used in the sciences as a measure of the degree of linear dependence between two variables. 

 

Statistically significant: Statistical significance is a statistical assessment of whether observations 

reflect a pattern rather than just chance, the fundamental challenge being that any partial picture is 

subject to random error. In statistical testing, a result is deemed statistically significant if that 

result is sufficiently extreme that, without an underlying effect, would be expected to arise by 

chance only rarely, and hence provides enough evidence to reject the hypothesis of 'no effect'. As 

used in statistics, significant does not mean important or meaningful, as it does in everyday 

speech. The significance level is usually denoted by the Greek symbol α. Popular levels of 

significance are 10% (0.1), 5% (0.05), 1% (0.01), 0.5% (0.005), and 0.1% (0.001). The lower the 

significance level chosen, the stronger the evidence required. The choice of significance level is 

somewhat arbitrary, but for many applications (as well as the current one), a level of 5% is chosen.  

 
Signal detection theory: Signal detection theory (SDT), is a means to quantify the ability to discern 
between information-bearing energy patterns (called stimulus in humans, signal in machines) 
and random energy patterns that distract from the information (called noise, consisting of 
background stimuli and random activity of the detection machine and of the nervous system of the 
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operator). Signal detection theory is used when psychologists want to measure the way we make 
decisions under conditions of uncertainty, such as how we would perceive distances in foggy 
conditions. SDT assumes that the decision maker is not a passive receiver of information, but an 
active decision-maker who makes difficult perceptual judgments under conditions of uncertainty. 
In foggy circumstances, we are forced to decide how far away from us an object is, based solely 
upon visual stimulus which is impaired by the fog. Since the brightness of the object, such as a 
traffic light, is used by the brain to discriminate the distance of an object, and the fog reduces the 
brightness of objects, we perceive the object to be much farther away than it actually is. 
 
To apply signal detection theory to a data set where stimuli were either present or absent, and the 
observer categorized each trial as having the stimulus present or absent, the trials are sorted into 
one of four categories: 
 

 Responded "Absent" Responded "Present" 

Target/Stimulus/Signal Present Miss Hit 

Target/Stimulus/Signal Absent Correct Rejection (CR) False Alarm (FA) 

 
Based on the proportions of these types of trials, numerical estimates of sensitivity can be obtained 
with statistics like the sensitivity index d', and response bias can be estimated with statistics like C. 
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APPENDIX B: TEST-SITE & RAVEN PHOTOS 

Photos taken at the test site on August 16, 2012 and September 10, 2014. Data collection occurred 

at the same location and utilized the same layout for the base of operations and personnel.  

 

Photo 1: Day operations in July 2012. sUAS ground control station and pilot, located 5 meters 

away from the center of the base of operations.  
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Photo 2: Day operations in July 2012. Mission commander (right) and on-ground flight 

coordinator (left) sitting at the center of the base of operations, located 5 meters away from the 

sUAS ground control station.  
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Photo 3: Day operations in July 2012. Ground meteorological station and remote observer 

positioned at a distances of approximately 30 and 75 meters, respectively, away from the center of 

the base of operations. 
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Photo 4: Night operations in September 2014. sUAS ground control station, mission commander 

(left), sUAS pilot (middle), and safety visual observer (right); located 5 meters away from the center 

of the base of operations. 
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Photos 5-6: During the third week of testing, the Raven was fitted with strips of red (left wing), 

green (right wing), and white (tail) LEDs. Each strip was powered by a 9 volt battery. Two 

additional oval lights were placed on the underside of the wings; each was powered by a 3 volt 

battery. The total measured output of the lights peaked at 8 lux.   
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APPENDIX C: TEST CARD & COORDINATES 

The same test card and vectors were utilized during each experimental session.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trial sUAS UA Mission 
Location 

CTLS 
Trajectory 

CTLS Entry 
Area 

CTLS Exit 
Area 

1 RAVEN/PUMA NE Curvilinear LA FG 

2 RAVEN/PUMA NW Straight IJ DE 

3 RAVEN/PUMA SW Curvilinear BC JK 

4 RAVEN/PUMA SE Straight LA GH 

5 RAVEN/PUMA SW Straight EF LA 

6 RAVEN/PUMA NW Curvilinear CD GH 

7 RAVEN/PUMA NE Straight DE IJ 

8 RAVEN/PUMA SE Curvilinear KL HI 

9 RAVEN/PUMA SW Curvilinear FG CD 

10 RAVEN/PUMA SE Curvilinear AB JK 

11 RAVEN/PUMA NW Straight HI DE 

12 RAVEN/PUMA NE Straight GH LA 

13 RAVEN/PUMA NW Curvilinear BC FG 

14 RAVEN/PUMA SW Straight DE LA 

15 RAVEN/PUMA SE Straight JK CD 

16 RAVEN/PUMA NE Curvilinear EF IJ 

17 RAVEN/PUMA SW Curvilinear KL BC 

18 RAVEN/PUMA NE Curvilinear FG JK 

19 RAVEN/PUMA NW Straight HI CD 

20 RAVEN/PUMA SE Straight AB HI 

21 RAVEN/PUMA SE Curvilinear JK AB 

22 RAVEN/PUMA NW Curvilinear CD GH 

23 RAVEN/PUMA NE Straight IJ DE 

24 RAVEN/PUMA SW Straight GH KL 
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The operations area was segmented into twelve equal slices around the compass rose. For each 

trial, the CTLS entered the RA zone (outer blue ring) between two adjacent points. This allowed 

for greater variability in entry points (A-L), thereby not allowing participants to memorize exact 

entry points. Moreover, it allowed the CTLS pilot more freedom to operate safely. The sUAS 

orbited around one of four points (NE, NW, SW, SE) with a radius of approximately 250m. The 

exact coordinates and radius were adjusted during every session to ensure that the two aircraft were 

always separated by at least 500 feet horizontally.  
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APPENDIX D: ASTRONOMICAL RECORD 

Week 1: Tests were conducted from June 9, 2014 - June12, 2014 (1 session/day). 

 

Jun. 09, 2014 Rise Set 
Actual Time 6:00 AM MDT 8:13 PM MDT 
Civil Twilight 5:32 AM MDT 8:41 PM MDT 
Nautical Twilight 4:57 AM MDT 9:16 PM MDT 
Astron. Twilight 4:20 AM MDT 9:53 PM MDT 
Moon 4:48 PM MDT  3:17 AM MDT  
 

Jun. 11, 2014 Rise Set 
Actual Time 6:00 AM MDT 8:14 PM MDT 
Civil Twilight 5:32 AM MDT 8:42 PM MDT 
Nautical Twilight 4:57 AM MDT 9:17 PM MDT 
Astron. Twilight 4:20 AM MDT 9:54 PM MDT 
Moon 6:52 PM MDT  4:45 AM MDT  
 

 

 

 

 

 

 

 

 

Jun. 10, 2014 Rise Set 
Actual Time 6:00 AM MDT 8:14 PM MDT 
Civil Twilight 5:32 AM MDT 8:42 PM MDT 
Nautical Twilight 4:57 AM MDT 9:16 PM MDT 
Astron. Twilight 4:20 AM MDT 9:54 PM MDT 
Moon 5:49 PM MDT  3:58 AM MDT  

Jun. 12, 2014 Rise Set 
Actual Time 6:00 AM MDT 8:14 PM MDT 
Civil Twilight 5:31 AM MDT 8:43 PM MDT 
Nautical Twilight 4:57 AM MDT 9:17 PM MDT 
Astron. Twilight 4:19 AM MDT 9:55 PM MDT 
Moon 7:54 PM MDT  5:39 AM MDT  



 

 36 

Week 2: Tests were conducted on July 7, 9 (2 sessions), and 10 of 2014. 

 

 

Jul. 07, 2014 Rise Set 
Actual Time 6:07 AM MDT 8:17 PM MDT 
Civil Twilight 5:39 AM MDT 8:45 PM MDT 
Nautical Twilight 5:04 AM MDT 9:20 PM MDT 
Astronomical Twilight 4:27 AM MDT 9:57 PM MDT 
Moon 3:32 PM MDT  1:52 AM MDT  
 

Jul. 09, 2014 Rise Set 
Actual Time 6:08 AM MDT 8:17 PM MDT 
Civil Twilight 5:40 AM MDT 8:45 PM MDT 
Nautical Twilight 5:06 AM MDT 9:19 PM MDT 
Astronomical Twilight 4:29 AM MDT 9:56 PM MDT 
Moon 5:35 PM MDT  3:24 AM MDT  

 

Jul. 10, 2014 Rise Set 
Actual Time 6:08 AM MDT 8:17 PM MDT 
Civil Twilight 5:40 AM MDT 8:45 PM MDT 
Nautical Twilight 5:06 AM MDT 9:19 PM MDT 
Astronomical Twilight 4:29 AM MDT 9:55 PM MDT 
Moon 6:36 PM MDT 4:19 AM MDT  
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Week 3: Tests were conducted from September 8, 2014 – September 11, 2014 (1 session/day). 

 

Sep. 08, 2014 Rise Set 
Actual Time 6:47 AM MDT 7:22 PM MDT 
Civil Twilight 6:22 AM MDT 7:47 PM MDT 
Nautical Twilight 5:53 AM MDT 8:16 PM MDT 
Astron. Twilight 5:23 AM MDT 8:46 PM MDT 
Moon 7:07 PM MDT  6:15 AM MDT  
 

Sep. 10, 2014 Rise Set 
Actual Time 6:48 AM MDT 7:20 PM MDT 
Civil Twilight 6:23 AM MDT 7:44 PM MDT 
Nautical Twilight 5:54 AM MDT 8:13 PM MDT 
Astron.Twilight 5:25 AM MDT 8:43 PM MDT 
Moon 8:30 PM MDT  8:31 AM MDT  
 

  

Sep. 09, 2014 Rise Set 
Actual Time 6:47 AM MDT 7:21 PM MDT 
Civil Twilight 6:23 AM MDT 7:46 PM MDT 
Nautical Twilight 5:54 AM MDT 8:15 PM MDT 
Astron. Twilight 5:24 AM MDT 8:44 PM MDT 
Moon 7:49 PM MDT  7:23 AM MDT  

Sep. 11, 2014 Rise Set 
Actual Time 6:49 AM MDT 7:18 PM MDT 
Civil Twilight 6:24 AM MDT 7:43 PM MDT 
Nautical Twilight 5:55 AM MDT 8:12 PM MDT 
Astron.Twilight 5:25 AM MDT 8:41 PM MDT 
Moon 9:12 PM MDT  9:37 AM MDT  
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APPENDIX E: METEOROLOGICAL RECORD 

Week 1 

June 9, 2014 
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June 10, 2014 
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June 11, 2014 
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June 12, 2014 
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Week 2 

July 7, 2014 

 

 

 

No data was collected on July 8, 2014 due to rain and high winds. The data collection session was 

made up the following day.  
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July 9, 2014 
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July 10, 2014 
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Week 3 

September 8, 2014 
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September 9, 2014 

  



 

 47 

September 10, 2014 

 

  



 

 48 

September 11, 2014 (May we never forget) 
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