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Abstract. Future remote control of small low traffic airports (Remote Tower 
Operation, RTO) will rely on the replacement of the conventional control tower 
out-of-windows view by a panoramic digital reconstruction with high resolution 
and pan-tilt zoom (PTZ) video cameras as basic sensor system. This provides 
the required visual cues for aerodrome traffic control without a local control 
tower. Here we show that with a 2 arcmin-per-pixel resolution panorama sys-
tem even with the use of a manually controlled (analog) PTZ camera (with PAL 
TV-resolution and selectable zoom factor setting) experiments under operation-
al conditions indicate a significant increase of decision errors under RTO as 
compared to the conventional out-of-windows view. We quantify the corres-
ponding discrimination difference by means of detection theory (discriminabili-
ty, decision criteria) and Bayes inference (risk of false decisions) using the  
response errors of tower controllers with regard to dual choice decision tasks. 
The results extend the performance and subjective data analysis of safety re-
lated maneuvers in 11. 

Keywords: Remote Tower Operation, visual cues, videopanorama, field test-
ing, aerodrome circling,  flight maneuvers, two-alternative decisions, signal de-
tection theory, Bayes inference. 

1 Introduction 

Since about ten years remote control of low traffic airports (Remote Tower Operation, 
RTO) has evolved as a new paradigm to reduce cost of air traffic control 1. It was 
suggested that technology may remove the need for local control towers. Controllers 
could visually supervise airports from remote locations by videolinks, allowing them 
to monitor many airports from a remote tower center (RTC) 234. It is clear from con-
troller interviews that usually numerous out-the-window visual features are used for 
control purposes 567. In fact, these visual features go beyond those required by regu-
lators and ANSP’s (air navigation service providers) which typically include only 
aircraft detection, recognition, and identification 7. Potentially important additional 
visual features identified by controllers in interviews involve subtle aircraft motion. In 
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fact, the dynamic visual requirements for many aerospace and armed forces tasks 
have been studied, but most attention has been paid to pilot vision (e.g. 8). A degrada-
tion of dynamic visual cues due to limited video framerates and its effect on decision 
errors during the landing phase was reported 910. Another group of visual cues are 
derived from flight maneuvers within the range of observability in the control zone. 
They might be indicative of aircraft status and pilots situational awareness which is 
important with the higher volume of VFR traffic in the vicinity of small airports. 

These considerations led to the design of the present validation experiment within 
the DLR project RAiCe (Remote Airport traffic Control Center, 2008 – 2012). The 
field test was  realized within a DLR - DFS (German ANSP) Remote Airport Cooper-
ation (RAiCon). Specifically dual-choice decision tasks (the subset of “Safety related 
maneuvers” in 11) are used for quantifying the performance difference between the 
standard control tower work environment (TWR-CWP) and the new RTO controller 
working position (RTO-CWP). The present data analysis is based on objective meas-
ures from signal detection theory (SDT) and Bayes inference utilized in previous 
simulation experiments for deriving video frame rate requirements 910. 

Experimental methods and results are provided in sections 2 and 3. In section 4 al-
ternative methods (SDT and Bayes inference) are used for deriving estimates of  
discriminability, decision bias, and risk of false decisions, based on the measured 
response matrices. We finish with a conclusion and outlook in section 5. 

2 Methods 

In what follows only those aspects of the remote tower validation trial relevant for 
analysis of the two-alternative decision tasks are presented and discussed. Further 
details of the full passive shadow mode validation trial are reported in 11. The focus 
here is on quantifying the difference of discriminability and risc of false decisions 
under TWR-CWP and RTO-CWP conditions derived by objective measures via SDT  
12 and Bayes inference and based on the analysis of dual choice decision errors.  

2.1 Participants 

Eight tower control officers (ATCO’s) from DFS were recruited as volunteer partici-
pants for the experiment. The average age was 30 (stdev 12) years with 10 (stdev. 10) 
years of work experience, and they came from different small and medium airports. 
They took part at the experiment during normal working hours and received no extra 
payment. They were divided into 4 experimental pairs for simultaneously staffing the 
control tower (TWR-CWP) and the RTO-CWP. 

2.2  Experimental Environment and Conditions 

The experiment was performed as passive shadow mode test under quasi operational 
conditions on the four days July 17 – 20 2012. The remote tower system used in the 
present experiment was located at the DFS-operated Erfurt-Weimar (EDDE) control  
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2.3 Experimental Design and Task 

Based on the fixed set of events during a single circle (A, .., H, I  in Fig. 2) the con-
crete dual choice event (situation) alternative (S1, S2) for decision making switched 
statistically between runs according to two mirrored scenarios with different task 
sequences. In this way during the 14 circles per experiment / participant for each 
event about 7 answers per event alternative and per participant were obtained for the 
analysis (TWR and RTO CWP condition as independent variables). The within sub-
jects design (TWR vs. RTO-CWP) yields about N = 56 answers for averaging with 
the 8 participants. 

 

Fig. 2. DCODE trajectory measured with on-board satellite navigation. Letters indicate event 
positions with logged answers of TWR-CWP (blue) and RTO-CWP (red) operators to simulta-
neous task oriented on-line questioning. Distance between vertical lines = 5 s, projected to 
trajectory altitude minimum at ca. 350 m (sea level). Tower position (0, 0), height = 30 m. 

During one aerodrome circling the two participants at the TWR and RTO-CWP 
had to simultaneously answer 19 different types of questions concerning the D-CODE 
maneuvers (events), object detection, and weather status. The following subset of 4 of 
the 9 event related questions were used for further evaluation by established objective 
methods (SDT and Bayes inference) for analysis of dual choice decision tasks (in 
brackets: maximum response time = interval until next task / question): 1. Does the 
aircraft perform repeated bank angle changes? (event position A; 30 s), 2. altitude 
variation ? (by 300 ft, event pos. D; 30 s), 3. landing light-off? Report status, event 
pos. G2; 60 sec: switching-off not observable), 4. Landing gear-down? (Report during 
final approach (event pos. H2, variable between 1.5 – 0.5 nm; 30 s). A subjective cer-
tainty rating on a 5-point scale was not evaluated for the present analysis. 

Every pair of participants had to complete two experimental trials. For the first trial 
(duration approximately 140 min) in the morning till noon, the participants were ran-
domly assigned to one of the two CWP’s. Positions were changed for the second trial 
in the afternoon. The number of airport circles corresponding to the number of deci-
sions for each specific event was between 10 and 14. With two alternative stimuli (S1, 
S2) per task each pair of participants was exposed to 5 – 7 stimuli of the same kind in 
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random succession for each event under TWR and the same number under RTO con-
ditions. The present data analysis is focused on deriving objective measures for the 
dual-choice decision tasks. Additional data evaluation is presented in a parallel paper 
11 addressing performance (answers given, response times, and sources of informa-
tion) and subjective measures (debriefing, questionnaires).  

3 Results 

The results can be organized in the form of response matrices which structure the 
measured estimates of conditional probabilities p(y|S1) = hit rate H, p(y|S2) = false 
alarms FA, p(n|S1) = misses M, p(n|S2) = correct rejections CR. Because participant’s 
responses to event related questions were allowed to be positive, negative, and non-
answers (no decision during the available time), we analyse two types of response 
matrices: a) (optimistic) neglecting non-answers, b) (pessimistic) interpreting non-
answers as false decisions (M or FA). In this way we obtain for each of the decision 
tasks an optimistic and a pessimistic estimate with regard to decision errors which 
translates into corresponding risk, discriminability and subjective criteria (decision 
bias) values under analysis with signal detection theory (SDT) and Bayes inference. 

Within the theoretical framework of detection theory the two alternative stimuli S1, 
S2 for each event define independent statistical variables. Each set of observations / 
decisions of a single subject for the 14 aerodrome circles with one of the events A, D, 
G2, H2 represents a sample of the randomly presented S1- and S2-alternatives, with the 
subjective responses assumed to be drawn from independent equal variance Gaussian 
densities (μ1,2, σ ) for S1 and S2. Any quantitative discriminability difference between 
TWR and RTO is quantified by their corresponding coefficient d’ = μ1 – μ2 = z(H) – 
z(FA), and subjective decision bias (criterion) c = 0.5(z(H) + z(FA)), with z() = z-
score as calculated from the inverse cumulative densities (see 4.2). Probabilities of 
alternative responses add to 1 (H + M = 1, CR + FA = 1) so that for the determination 
of d’ and c, and graphical presentation in ROC space (receiver operating characteris-
tic) the (H, FA) data set is sufficient.  

Table 1 lists the corresponding hit and false alarm rates (± standard errors of mean 
≈ 0.5 (95% conf. intervals)) for the four events to be analysed with respect to d’ and c. 
In addition to H and FA the complementary rates CR and M are required for calculat-
ing the inverse conditional probabilities using Bayes inference (section 4.1). 

Comparing the measured hit and false alarm rates for all four events under TWR 
and RTO conditions with non-answers not considered (optimistic case a): left two 
data columns), the RTO-CWP exhibits no significant difference as compared to the 
TWR-CWP. If however, the non-answers are interpreted as erroneous responses and 
correspondingly attributed to rates FA and M (pessimistic case b): right two data col-
umns),  significant differences TWR vs. RTO are obtained (smaller H(RTO), larger 
FA(RTO)) for event/task A (bank angle variation?), H (gear down?), G (lights off?), 
whereas for event/task D responses again exhibit not significant difference. The inter-
pretation of the non-answers as erroneous responses appears to be justified due to 
increased uncertainty about the correct answer resulting in hesitation to respond at all  
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Table 1. Measured hit and false alarm rates ± stderr. of mean, for the four events and two 
conditions (TWR, RTO-CWP) with a) non-answers excluded (left two data columns) and b) 
non-answers attributed to error responses i.e. error rates FA and M (right two data columns) 

Event with
Alternatives  
S1 or S2 

Distance 
± stdev  / 
km 

CWP  a) Non-answers 
excluded 

b) Non-answers  
included 

 p(y|S1)  p(y|S2) p(y|S1)  p(y|S2) 
A: bank angle 
var./ no var. 

4.3 ± 0.4 TWR 0.92±.04 0.08±.04 0.81±.06 0.20±.05 
4.4 ± 0.4 RTO  0.93±.05 0.11±.05 0.60±.07 0.39±.07 

D: Altitude 
var. / no var. 

3.6 ± 0.6 TWR 0.80±.06 0.03±.03 0.77±.06 0.12±.06 
3.6 ± 0.6 RTO 0.73±.07 0.03±.03 0.70±.07 0.06±.04 

G: lights off: 
y / no 

7.0 ± 1.2 TWR 0.94±.04 0.25±.07 0.94±.04 0.28±.07 
4.0 ± 2.3 RTO 0.92±.06 0.63±.08 0.65±.08 0.72±.07 

H: gear-down / 
up 

2.2 ± 0.5 TWR 0.98±.02 0.06±.04 0.91±.04 0.22±.06 
2.1 ± 0.6 RTO 0.98±.02 0.07±.05 0.77±.06 0.37±.08 

 
because tower controllers work ethics requires decision making with high certainty. 
This finding will be analysed and discussed in the next section. An extremely high FA 
difference TWR vs. RTO is observed both for case a) and b) for the “lights-off” event 
which is reflected also in a large difference of decision distance (correlated with re-
sponse time). 

4 Data Analysis and Discussion  

There are of course several physical and psychophysical differences between the real 
out-of-tower view by human operators and the reconstructed far view with videopano-
rama and PTZ which leads to predictions concerning performance differences under 
the two conditions TWR and RTO-CWP due to technical limitations of the state-of 
the-art RTO technology 123. The measured performance, however depends on the 
usage of the different available information sources, e.g. videopanorama and PTZ. In 
the present work the measured performance difference is quantified in terms of SDT-
discriminability difference d’ and in terms of risk difference for detection errors as 
quantified by Bayes inference. The technical limitations leading to a prediction on 
RTO-performance are given by the systems modulation transfer characteristic (MTF), 
with the digital (pixel) camera resolution providing the basic limit (Nyquist criterion) 
for detectable objects (minimum resolvable visual angle δα ≈ 2 arc min ≈  1/30° ≈ 0.6 
m object size / km distance per pixel under maximum visibility. This is about half as 
good as the human eye (1 arcmin). Reduced visibility and contrast of course reduces 
the discriminability according to the MTF and the question arises how the discrimina-
bility difference TWR vs. RTO-CWP is affected. The gear-down situation with wheel 
diameter 0.65 m, e.g. can certainly not be detected before the wheel occupies, say, 4 
pixels which for the 40” display (0.55 mm pixel size) means a viewing angle of ca 1 
mm/2 m ≈ 0. 5 mrad corresponding to the visual resolution of the eye (1 arcmin) under 
optimum contrast. This estimate results in a panorama based gear-down detectability 
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distance of < 500 m, leading to the conclusion that under RTO conditions this task 
requires usage of PTZ in any case for guaranteeing a high decision certainty. The same 
argument is valid for the other discrimination tasks. 

4.1 Bayes Inference Analysis: Risk of False Decision 

H, M, CR, FA are conditional probabilities which after the measurement are used 
together with the a-priori knowledge p(Si) as information for calculating via the Bayes 
theorem the risk of false decisions dj, i.e. the (inverse) probability for occurrence of an 
actual situation conditional on the perceived one different from the actual one (i ≠  j: 

 p(Si|dj) = p(dj|Si) p(Si) / p(dj)    (1) 

with responses di, i = 1, 2, d1 = yes, d2 = no, and p(y) + p(n) = 1, p(S1) + p(S2) = 1,  
under TWR and RTO conditions. Of particular interest are the two probabilities for 
the risk of a situation contradicting the decision on the nature of the observed event. 
p(S1|n) is the probability (risk, likelyhood) of the aircraft with bank angle variation 
(situation S1, e.g. signaling some special situation during radio interruption) condi-
tional the case that no variation is perceived. P(S2|y) is the probability for a situation 
with a/c not performing bank angle variation conditional on the false response “varia-
tion perceived”. The following Table 2 contains the Bayes inference (risk) results for 
the four events. It clearly shows that for analysis b) these risks are on average at least 
two times as high for the RTO-CWP as compared to TWR- CWP, with the exception 
of event D.:  

Table 2. Bayes inference for TWR and RTO-CWP from response data, for cases a), b) 

Event with
S1 or S2 

CWP a) Non-answers excluded b)Non-answers included 
p(S1|n) p(S2|y) p(S1|n) p(S2|y) 

A: bank 
angle var.  

TWR 0.06 0.10 0.15 0.24 
RTO 0.06 0.13 0.33 0.46 

D: Altitude 
var. 

TWR 0.22 0.03 0.26 0.11 
RTO 0.26 0.03 0.30 0.06 

G: lights 
off 

TWR 0.06 0.26 0.06 0.29 
RTO 0.13 0.50 0.48 0.60 

H: gear-
down 

TWR 0.03 0.04 0.14 0.15 
RTO 0.04 0.04 0.33 0.26 

 
Important differences are observed for the analysis a) without non-answers consi-

dered (left two inference columns) as compared to the case b) with non-answers in-
cluded (right two inference columns). The calculated risk for a situation occurring in 
contradiction to the perceived situation is very low for non-answers excluded and in 
most cases they increase significantly with non-answers included, which in fact is not 
surprising. Not expected was the result that in the RTO-CWP the risk in most cases  at 
least doubles as compared to TWR-CWP. The altitude variation (event D) in contrast 
exhibits no significant difference which can easily be explained by the fact that due to 
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the practically non-existent  visual panorama visibility of the D-CODE at event posi-
tion D the majority of decisions were made based on radar information. 

4.2 Signal Detection Theory: Discriminability and Decision Bias 

The Bayes inference analysis is supported by a more sophisticated evaluation of data 
from table 1 using SDT. In contrast to percentage correct (pc) evaluation of subjects 
decisions on dual choice tasks it separates the decision maker’s discriminability d’ 
from the subjective decision bias c (= individual tendency to more conservative or 
more liberal decisions) 12.  

Figure 3 depicts for analysis of case b) the (H, FA) data of the three tasks at H, A, 
G in ROC space together with two sets  of pairwise ROC curves (one pair for TWR 
and RTO conditions each). One set (solid lines) is parametrized by discriminability 
d’, the other (dashed) by the subjective decision bias c. E.g. d’ = 3 means that the 
Gaussian densities mean values of perceived situations S1, S2 differ by 3 normalized 
stddev (σ = 1). Under the above mentioned conditions each (d’, c)-ROC curve-pair is 
unambiguously determined by the single average (H, FA)-point. The d’ and c values 
are calculated via standard procedures (inverse cumulative densities from the (H, FA) 
data). Dotted lines indicate estimates of standard deviations s(d’) as described in 12, 
based on the binomial variation of measured proportions from sample to sample. 

 

Fig. 3. Measured case b) data points in ROC space of average hit and false alarm rates for three 
of the four analysed events / tasks, in each case for the two TWR, RTO – conditions, together 
with the isosensitivity and isobias curves parametrized by discriminability d’ and criteria c 
respectively. Dotted lines are standard deviations based on procedures described in 12 

The following table 3 summarizes the discriminability and criteria (decision bias) 
data corresponding to Figure 3 a), b), c), and like table 2  includes event/task D (alti-
tude variation) with both data analysis cases: optimistic a) and pessimistic b). Again, 
like with the Bayes inference the case a) analysis shows no significant difference 
between TWR and RTO-CWP conditions if the non-answers are not considered in the 
data analysis, with the exception of task G where even with non-answers not consi-
dered RTO exhibits a significant decrease of discriminability. 

Also for case b) analysis the Bayes inference results are confirmed: again with  
the exception of task D ( altitude change) significant decrease of discriminability is  
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Table 3. Discriminability d‘ and certainty c as obtained from z-scores based on response 
matrices (hit and false alarm rates). For uncertainties see Fig. 3. 

Event  CWP 
a)Non-answers excluded b) Non-answers included 

d’ c d’ c 
A  TWR 2.81 -0.01 1.75 -0.02 

RTO 2.72 -0.11 0.54 0.00 
D TWR 2.69 0.49 1.90 0.22 

RTO 2.48 0.62 2.07 0.52 
G TWR 2.24 -0.45 2.14 -0.49 

RTO 1.05 -0.86 -0.20 -0.48 
H TWR 3.63 -0.30 2.12 -0.30 

RTO 3.47 -0.30 1.07 -0.20 
 
 
observed if non-answers are attributed to erroneous decision (M, FA), for task G 
(landing lights off) even zero detectability. Decision bias in most cases does not exhi-
bit significant differences between TWR and RTO-CWP. 

5 Conclusion 

The present detailed analysis of two-alternative decision making with safety related 
aircraft maneuvers provides an answer to the observed discrepancy in the percentage 
correct (pc) analysis of the corresponding observation data in 11 as compared to the 
subjective success criteria. The perceived safety was rated as insufficient [11] which 
agrees with the objective data of the present analysis. 11Nevertheless it only 
represents a first step towards quantification of RTO performance and safety com-
pared to TWR-CWP. Neglecting non-decisions during simultaneous decision making 
at TWR- and RTO-CWP shows mostly no significant difference of error risk and 
discriminability d’ whereas the interpretation of non-decisions as false responses 
(misses or false alarms) leads to significant error increase under RTO as compared to 
TWR conditions and correspondingly to reduced d’. This (worst case) result comes 
not unexpected for the state-of-the-art technology (2 arcmin visual resolution (Ny-
quist limit) of panorama = half the human eye performance, and manually controlled 
PTZ). It may be expected that increased automation (e.g. automatic PTZ-object track-
ing based on movement detection and data fusion with Mode-S transponder and ap-
proach radar) and future 1-arcmin panorama resolution with improved contrast will 
increase discriminability. A confirmation of the initial results presented in the present 
paper and in 11 requires more field trials under comparable conditions with improved 
statistics and subjects instructions requesting forced decisions for avoiding non-
answers. 
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