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Abstract: There is a growing in number of operations in aviation all over the world. This growing is increasing the necessity of
innovation and new technology to respond the increment of the demand. As a respond of this demand, FAA (Federal Aviation
Administration) is working with NextGen in the United States and the EUROCONTROL is implementing the Point Merge as
solution in the air traffic flow management in Europe. However, the FAA alternative and EUROCONTROL alternative are not
mutually exclusive since Panama, a small country in Latin America, is trying to use a combination between the vectoring approach
and the Point Merge in the air traffic flow management. In addition, the AAC (Autoridad de Aereonautica Civil) and the Tocumen
(Tocumen International Airport) are working in a continuous collaboration between FAA and Panama with the mutual challenge to
improve the actual system. As a result, the main airline of Panama, the Compaiiia Panamefia de Aviacion (COPA Airlines), and the
Autoridad de Aeronautica Civil (AAC) constructed a simulation model to select an air traffic flow alternative that can be able to
change the actual situation. In other words, COPA Airlines and AAC are pursuing the minimization of the numbers of conflicts, the
number of sequence actions, the flight time, the track flight distance and the fuel burn. Furthermore, this study aims to use the final
draft of this previous analysis based on a simulation methodology to conduct a Design and Analysis of Computer Experiments with
the final objective to increment the statistical significance of the actual model.

Key words: Air traffic management, air traffic KPIs, air traffic rules, ground traffic rules, season itinerary, DACE (Design and
Analysis of Computer Experiments), statistically significance.
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increasing 2.6% per year, and the expected growth in
passenger air transportation is “4.9% over the period
0f 2010-2030” [3)/

Consequently, this constant increment in air traffic
has not found an adequate expansion of airport
facilities and flight assistance [4]. These situations
presented in an airport, in everyday life, are very
unpredictable because those depends on several
factors, such as holidays, peak hours, weather
conditions, the number of flights and the increment of
passengers [5]. Those factors have a strong impact in
the performance of the airports operations. Since, the
limitations in capacity at specific ranges of time
during the day, are several issues in the operation,
such as large queues in the airspace, congestion in the
taxi flow in the ground, waiting lines to depart.
Furthermore, these air queues are producing more
delays, cost impact, and increment in the pollution.

Furthermore, this growing in the air traffic industry
is increasing the necessity of new technology and new
knowledge to respond the actual demand.
Consequently, FAA is working with NextGen in the
United States [6] and the EUROCONTROL is
implementing the Point Merge as solution in the air
traffic flow management in Europe

(EUROCONTROL 16, Ivanescu, et al. 9, Invanescu,

et. al. 10, Ozlem, M. 14) [7-10]. However, the FAA
alternative and EUROCONTROL alternative are not
mutually exclusive since Panama, a small country in
Latin America, is trying to use a combination between
the vectoring approach and the Point Merge in their
air traffic flow management. In addition, the AAC
(Autoridad de Aereonautica Civil) and the Tocumen
(Tocumen International Airport) are working in a
continuous collaboration between FAA and Panama in
order to improve the actual system. As a result, the
main airline of Panama, COPA Airlines, and AAC are
working on a simulation model. The objective of this
simulation modeling is to select an air traffic
alternative that can be able to improve the actual
situation. In other words, COPA and AAC are looking
to minimize the numbers of conflicts, the number of
sequence actions, the flight time, the track flight
distance and the fuel burn.

In order to understand the context of Panama, there
are some facts to take into consideration. The main
industry of Panama is the transportation, since the
Panama Canal. Therefore, the growing of logistics and
transportation service is 24.3% of the GDP of the
Country. (ALG Panama 1) [2]. This growth is
challenging the air traffic system since the increment
of flights. The changes in the Demand are making several
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issues in the actual air traffic management operation.
Fig. 2
International Airport, the main airport of Panama. The

shows the growth of the Tocumen
passenger movement through Tocumen grew steadily
during the last years, with a growing rate of 11.8%
during the 2013 comparing with previous years. This
study is based on the arrivals and departures
operations of the Tocumen International Airport.

As it is mentioned before, COPA and AAC were
working on a plan to improve the air operation
efficiency using a discrete event simulation model.
The software used is named as TAAM (total airspace
and airport modeller) 12]. These simulation models
are based on some rules in terms of airport description
and geographical location of the airport, the layout of
the airport, the itinerary of the flights and the airways.
The simulations are all constructed on the actual
situation of the airport, which is in expansion. So, the
layout of the airport gates, taxi ways and runways are
going to change in the near future.

The main experiments conducted by COPA and
AAC are five models of air traffic flow [13] are the
actual situation, an alternative based on Vectoring,
Point Merge version 1, Point Merge version 2, and
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The Final Draft was made it by COPA as a mix of
the testing models. However, this experiment was not
constructed with an experimental design and it does
not include the weather seasoning.

Based on COPA analysis, there exist several factors
that they did not take into consideration, but important
to be tested in the near future. Those factors are the
wind, the weather events, the aircraft weight, domestic
flights, over flights, aircraft speed and Altitude. In
addition, the demand seasons, the air traffic rules and
the ground traffic rules, are the focus of this research.

The most important KPIs (Key Performance
Indicators) from COPA stand point are the fuel burn,
the track mile distance and the flight time. On the
other hand, the most important KPIs for the AAC are
the number of sequencing actions and the airborne
conflicts. Therefore, the goal of both organizations is
to optimize the five KPIs.

In contrast, the majority of these studies using
simulation models for air traffic flow management do
not use any methodology to understand the impact of
the factors at certain levels. However, there exist some
studies about airport operation that use Monte Carlo
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Fig.2 Historical growing of passengers using the Tocumen International Airport [14].
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simulation to understand the presence of uncertainties
[15]. In addition, studies are using queuing theory
with simulation models [16]. Consequently, the absent
of statistical analysis based on computer
experimentation is the motivation of this study.

Thus, this study aims to include design and analysis
of computer experiments to understand how the
factors at certain levels can impact the Key
performance indicators or response variables. So, the
objective of this study is to analyze how the itinerary
by season (low season of demand or high season of
demand), the ground traffic rules and the air traffic
rules can affect the air traffic management KPIs. As a
secondary objective of the research, it is to present a

procedure to follow for future simulation analysis.

2. Design and Model Definition
2.1 Factors

2.1.1 Itinerary

The itinerary is a data base which includes Type of
aircraft, license plate, origin, destiny, departure time
and arrival time. Each row of the data base is a flight.

2.1.2 Ground Traffic Rules

The ground traffic rules is a time distance between
aircraft during the arrival, which is between 1 min to 2
min.

2.1.3 Air Traffic Rules

The air traffic rule is the distance in nautical miles
between aircraft during the approximation to the
airport which range lies between 3 NM as a minimum
and 10 NM.

Consequently, the data set of itinerary is a factor
with two levels (high season data set, low season data
set), the ground traffic rules is a factor with three
levels (1 min, 1.5 min and 2 min) and the air traffic
rules is a factor with four levels (3 NM, 5 NM, 7 NM,
and 10 NM).

2.2 Response Variables

When COPA airlines use to run the simulation, they

obtain five outputs as response variables per each
model. The key performance indicators for the air
traffic management in Panama are the sequencing
actions (number of interactions per day), the airborne
conflicts (number of conflicts per day), the flight time
(hours per day), the track mile distance (nautical miles
per day) and the fuel burn (gallon per day).

2.3 Experimental Design and Linear Model

The first experiment conducted by COPA was used
a fixed ground traffic rule, a fixed air traffic rule, and
a data set from the high season.

Therefore, our experimental design is a three factor
complete factorial experiment. Table 1 shows the
coded layout of the experiment. The following are the
factors described with their levels:

Factor 1: Itinerary (1—high season, 2—Ilow season);

Factor 2: Ground traffic rules (1—1 min, 2—1.5
min, 3—2 min);

Factor 3: Air traffic rules (1—3 NM, 2—5 NM,
3—7 NM, 4—10 NM).

Table 1 shows the coded layout that was used to
conduct the 24 experiments. Those experiments were
conducted directly in the COPA office, since the
limited license in place that they have. In addition,
there is just one replication made it per each
experiment.

In order to achieve flexibility and efficiency, it is
better to select the full factorial design to run the
experiments. This kind of design was originally used
in design of experiments for physical experiments, but
it is suitable to apply in computer experiments as well
[17].

The linear model formulation per each response

variable is as follows:
Yy = U+ 0 +,Bj +y,.+
(@f); +(ap)y +(BY) (1)
+(of Vi T Eue

fori=1,...,a,j=1,...,b,k=1,...,c,and =1, ..., 1.
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Table 1 Layout coded of the three factor complete factorial design.
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
1 1 1 2 1 1
1 1 2 2 1 2
1 1 3 2 1 3
1 1 4 2 1 4
1 2 1 2 2 1
1 2 2 2 2 2
1 2 3 2 2 3
1 2 4 2 2 4
1 3 1 2 3 1
1 3 2 2 3 2
1 3 3 2 3 3
1 3 4 2 3 4
&, areiid N(O, o), Yijkt =u + a+ ﬁj + v+ (“ﬁ)ij +
Yijkt = t-th response observed for trt(i, j, k);
U... =is the overall mean; @i + BV)jic + Eijie 2)
o, = is the effect on the response due to the ith fori=1,...,a,j=1,...,b,k=1,...,c,andt=1, ..., 1.

level of factor 1;

B = is the effect on the response due to the jth
level of factor 2;

7, = is the effect on the response due to the kth
level of factor 3;

(), = is the interaction effect in ith and jth of
factors 1 and 2;

(ay),, =is the interaction effect in the ith and th
of factors 1 and 3;

(BY) ;. = is the interaction effect in the jth and kth
of factors 2 and 3;

(BY)

kth of factors 1, 2 and 3.

COPA mentioned that there is a way to obtain the

probabilistic data, but the analyst asked us to run the

= is the interaction effect in ith, jth and

model without stochastic data, since they made the
previous experiments using deterministic output.
Consequently, the mathematical model is going to
suffer a modification, since there is not going to
consider any interaction effect with the three factors in
conjunction.

The linear model formulation per each response

variable is going to be as follow:

&, areiid N(O, o’ );

ijk; = t-th response observed for trt(7, j, k);

M... =1is the overall mean;

o, = is the effect on the response due to the ith

level of factor 1;
B = is the effect on the response due to the jth

level of factor 2;

7, = is the effect on the response due to the kth
level of factor 3;

(af) ; = is the interaction effect in ith and jth of
factors 1 and 2;

(ap),, =is the interaction effect in the ith and kth
of factors 1 and 3;

(BY) ;. =is the interaction effect in the jth and kth

of factors 2 and 3.
3. The Simulation Experiments
3.1 The Simulation Model

3.1.1 The Simulation Software

The TAAM is a fast-time gate-to-gate simulator of
airport and airspace operations. This software can
simulate 4D and 3D. TAAM enables the analyst to
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identify the system benefits of such changes in the
airport layout for gates, taxi ways and runways. In
addition, other air space requirements [18].

Some of the features are the 3D multi-color models
of airports and aircrafts, 4D full airspace & flight
profile calculations, detailed ground functionality,
detailed airside functionality, a flexible rule base to
different

statistical data generated in a wide variety of report

accommodate modelling requirements,
forms, direct output to spreadsheet and database tools
for further in-depth analysis [18].

3.1.2 The Simulation Model

The simulation model consists in set the static files
(in our case the itineraries), the parameter setting, and
the rules (air traffic rules and ground traffic rules for
this experiment).

There exist other parameters that most keep
standard, such as Airport layout (32 gates), two
runways, three taxi ways, and the airport geolocation
[19]. The Airport with the specifications most be
drawing in AutoCAD and uploaded in the software. In
addition, there is an airspace design, so the regions of
the airspace and the air ways must be drawing.

3.2 The Itinerary Samples

In order to obtain the sample, the department of
Operation Efficiency of COPA analyzed the air traffic
flow from 1st of January to July 7th and took to days
one from the high season and another from the low
season. Then, COPA took, using another software
called AIMS, the itinerary for each day. However, the
procedure says that it is required to take at minimum
of three days. This is necessary since they need to take
from the 05:00 a.m. of the actual day to the 05:00 a.m.
of the day after the actual day. This is necessary to
keep the continuity of the simulation in terms of time.
As an explanation, COPA takes the 05:00 as a
reference, since is the hour zone of Panama based on
the Greenwich Meridian.

As we mention before, the itineraries contain the

type of aircraft, the license plate, the origin, the

destiny, the departure time and the arrival time. This
information is per flight.

3.3 Simulation Output

In order to obtain the output, it is necessary to use
the sample itinerary which is part of the input
information. Then, it is important to change some of
the air traffic rules and the ground traffic rules in two
windows and in the map of the air space. The areas of
the map changed are for approximation to the
Tocumen Airport. In other words, these rules affect in
some ways the departure, depending if the runways
have not conflict in the departure, and these rules
affect all the arrival queues in the air space of Panama.

Therefore, the simulation is going to run per five
days, just to check any outlier and maintain the
continuity. However, the model has a rule to stop in
some point (which is 05:00 a.m. as we mention before)
to record the information for the main in study. There
is another rule to stop at 05:00 a.m. the next day to
stop the recording, this process recording is manually.
After the model stop, it is necessary to run the three
different queries, two of them was customized by
COPA for the previous analysis.

In addition, the output of time is in seconds and the
fuel consumption is Kilograms, so it is necessary to
convert those. The flight time is converted in hours of
flight and the fuel burn changes in gallons.

4. Statistical Analysis

For the statistical analysis, it is presented each
response variable separately to analyze the effect of
each factor which their levels. The objective is to
know how the factors and the levels affect each
response variable separately. For this analysis the
software used is SAS. Therefore, the analysis shows
the ANOVA table with the main factors and the
interaction effects. However, it is not included the full
interaction with the three factors since there is not
replications. The model does not include the full
interaction effect between the three factors, since the
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simulation model is deterministic. Furthermore, the
interaction plot and the “Tukey” comparison per each
model is presented with the followed discussion.

4.1 Analysis of Variance

The analysis of variance conducted presents the
results per each response variable. Therefore, we are
working with five different models and five different
analyses. Significance level used for the ANOVA is
0.1 as an alpha value.

Consequently, the hypothesis for the linear model
stands as:

H,: no difference in the treatments/full model is not
statistically significant.

H;: at least two treatments are different/full model
is statistically significant.

So, the p-value must be less than the alpha value
0.1 to reject H,. Then the model is statistically
significant.

The hypothesis analyzed based on the ANOVA
tables for interaction effects are:

Hy'%: factor 1 and factor 2 interaction is negligible.

H112: factor 1 and factor 2 interaction is not
negligible.

H,": factor 1 and factor 3 interaction is negligible.

H113: factor 1 and factor 3 interaction is not
negligible.

H,>: factor 2 and factor 3 interaction is negligible.

H123: factor 2 and factor 3 interaction is not
negligible.

The decision rule for those hypotheses is that the
p-value must be less than the alpha value 0.1 to reject
H,.

The evaluation of the five models using the
ANOVA approach concludes that at 0.1 level of
significance all the linear models are statistically
significant. So, we reject Hy in our first hypothesis
analysis. However, the interactions between factor 2
and the other factors are greater than 0.1 as an alpha
value, which means we fail to reject H, in the
interaction hypothesis. In contrast, the interaction

between factor 1 and factor 3 is significant and we can
reject Hy.

The hypothesis analyzed based on the ANOVA
table for the main effects is:

Hy’: main effect for factor 2 is negligible.

H,%: main effect for factor 2 is not negligible.

The decision rule for this hypothesis is that the
p-value must be less than the alpha value of 0.1 to
reject H,.

The GTRules (ground traffic rules) or factor 2 is
not significant at 0.1 level, since the three-way
ANOVA shows the p-value of GTRules (factor 2). So,
we fail to reject H, and the main effect of factor 2 is
negligible. There is not necessity to test the other main
effects since, the interaction between factor 1 and 3 is
not negligible.

Fig. 3 shows that the p-value of GTRules is 0.738
when the number of sequence actions as a
response variable. Fig. 4 shows that the p-value of
GTRules is 0.2776 when the response variable is the
number of conflicts. Fig. 5 shows that the p-value of
GTRules is 0.7511 when the response variable is the
flight time. Fig. 6 presents that the p-value of
GTRules is 0.7026 when the track mile distance is the
response variable. Fig. 7 presents that the p-value of
GTRules is 0.7382 when the fuel burn is the response
variable. In other words, the GTRules has not
significant effect in the dependent variables or air
traffic KPIs.

As it is mentioned before, the “Iti” or itinerary and
the ATRules or air traffic rules are statistically
significant at 0.1 level. So, ATRules and itinerary
have an effect over the air traffic KPIs. Therefore, the
following analysis of interaction plots and Tukey
pairwise comparison is going to be considering only
between those two factors.

4.2 Interaction Plots

The objective of the interaction plots is to
understand how the interaction can affect each

response variable.
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Source DF | Sum of Squares  Mean Square | F Value | Pr=F
Model 17 22519.16667 1324 65686 195.44 <.0001
Error 6 40.66667 6.77778

Corrected Total | 23 22559 83333

R-Square Coeff Var  Root MSE | Sact Mean
0.998197  1.577032  2.603417 165.0833

Source DF Type | 5SS | Mean Square F Value Pr=F
Iti 1 7561.50000 7561.50000 111563  <.0001
GTRules 2 4.33333 216667 0.32| 0.7380
ATRules 3 14345.83333 4781.94444 70553  <.0001
Iti*GTRules 2 37.00000 18.50000 273 01436
Iti*ATRules 3 517.83333 172.61111 2547 0.0008
GTRules*ATRules & 52 66667 877778 1.30 | 0.3808
Source DF | Type lll 5SS | Mean Square F Value Pr=F
Iti 1 7561.50000 7561.50000 111563  <.0001
GTRules 2 4.33333 216667 0.32| 0.7380
ATRules 3 14345.83333 4781.94444 70553  <.0001
Iti*GTRules 2 37.00000 18.50000 273 01436
Iti*ATRules 3 517.83333 172.61111 2547 0.0008
GTRules*ATRules & 52 66667 877778 1.30 | 0.3808

Fig.3 ANOVA table for sequence actions as a dependent variable.

Source DF | Sum of Squares  Mean Square F Value Pr=F
Meodel 17 3835833333 225637255 26.72  0.0003
Error 6 50.666667 8.444444

Corrected Total | 23 3886.500000

R-Square | Coeff Var | Root MSE | Cflict Mean
0.986963  7.597209 2905933 38.25000

Source DF Type | 55 | Mean Square F Value  Pr=F
Iti 1 864.000000 864000000 10232 <0001
GTRules 2 27.000000 13.500000 160 02776
ATRules 3 2723.500000 907833333 107.51 <0001
Iti*GTRules 2 3.000000 1.500000 0.18 08415
Iti*ATRules 3 192.333333 64111111 7.59 0.0182
GTRules*ATRules | 6 26.000000 4.333333 0.51 07815
Source DF | Type lll $S | Mean Square | F Value | Pr=F
Iti 1 864.000000 864000000 10232 =.0001
GTRules 2 27.000000 13.500000 1.60 02776
ATRules 3 2723.500000 907833333 107.51 <0001
Iti*GTRules 2 3.000000 1.500000 0.18 08415
Iti*ATRules 3 192.333333 64111111 7.59 0.0182
GTRules*ATRules | 6 26.000000 4.333333 0.51 07815

Fig. 4 ANOVA table for number of conflicts as a dependent variable.
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Source DF | Sum of Squares | Mean Square F Value Pr=F
Model 17 2166121440 12741.8908 371494 <0001
Error 6 20.5794 3.4299

Corrected Total | 23 216632.7234

R-Square | Coeff VVar Root MSE  FTime Mean
0.999905 0151742 1.851999 1220.496

Source DF | Typel S5 | Mean Square  F VValue | Pr>F
Iti 1/181381.1840 181381.1840  52882.3 <.0001
GTRules 2 2.0598 1.0299 030 0751
ATRules 3 321005313 107001771 | 3119.67  <.0001
Iti*GTRules 2 1.9931 0.9965 0.29 0.7578
Iti*ATRules 3 3102.3106 1034.1035 | 301.50 =.0001
GTRules*ATRules | & 24.0652 4.0109 147 0427
Source DF | Type lll S5 | Mean Square | F Value | Pr>F
Iti 1/181381.1840 181381.1840  52882.3 <.0001
GTRules 2 2.0598 1.0299 030 0751
ATRules 3 321005313 107001771 | 3119.67  <.0001
Iti*GTRules 2 1.9931 0.9965 0.29 0.7578
Iti*ATRules 3 3102.3106 1034.1035 | 301.50 =.0001
GTRules*ATRules | & 24.0652 4.0109 117 0427

Fig.5 ANOVA table for flight time as a dependent variable.

Source DF | Sum of Squares  Mean Square F Value Pr=F
Model 17 34949883849 2055875521 | 3248.03 <0001
Error 6 3797769 632961

Corrected Total | 23 34953681618

R-Square | Coeff Var | Root MSE | TMDist Mean
0.999891 0159534 7955888 498508.5

Source DF Type | 55 | Mean Square | F Value  Pr=F
Iti 1 29912584945 29912584945 472581 =.0001
GTRules 2 474151 237076 0.37 0.7026
ATRules 3| 4560621424 1620207141 240174 <0001
I1ti*GTRules 2 287703 143852 0.23 0.8033
Iti*ATRules 3 471737542 157245847 24843 <0001
GTRules*ATRules | & 4178084 696347 1.10 | 0.4554
Source DF | Type lll S5 Mean Square F Value Pr=F
Iti 1 29912584945 29912584945 472581 <0001
GTRules 2 474151 237076 0.37 0.7026
ATRules 3| 4560621424 1520207141 240174 <0001
Iti*GTRules 2 287703 143852 0.23 0.8033
Iti*ATRules 3 471737542 167245847 24843 <0001
GTRules*ATRules | & 4178084 696347 1.10 | 0.4554

Fig. 6 ANOVA table for track mile distance as a dependent variable.
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Source
Model 1.6263486E13
Error 2734594642

Corrected Total | 23

1.6266221E13

DF | Sum of Squares | Mean Square | F Value Pr=F

956675650912 | 2099.05 <.0001
455765773.67

R-Square | Coeff Var | Root MSE | FuelB Mean

0.999832 0177819 2134867 12005824
Source DF Type | 55 | Mean Square F Value  Pr=F
Iti 1 1.3020771E13 | 1.3020771E13 | 28569.0 <.0001
GTRules 2 206192953.04  103096476.52 0.23 0.8041
ATRules 3| 2.9608878E12 986962604521  2165.50 <0001
I1ti*GTRules 2 291163925.63  145581962.82 0.32 0.7382
lti*ATRules 3|278828016005 92942672002  203.93 <0001
GTRules*ATRules & 2502124108 417020684.67 0.91 0.5416
Source DF Type lll S5 | Mean Square | F Value | Pr>=F
Iti 1 1.3020771E13 | 1.3020771E13 | 28569.0 <.0001
GTRules 2 206192953.04  103096476.52 0.23 0.8041
ATRules 3| 2.9608878E12 986962604521  2165.50 <0001
I1ti*GTRules 2 291163925.63  145581962.82 0.32 0.7382
Iti*ATRules 3| 278828016005 92942672002  203.93 <0001
GTRules*ATRules & 2502124108 417020684.67 0.91 0.5416

Fig.7 ANOVA table for fuel burn as a dependent variable.

Table 2a shows the interaction plot for itinerary and
air traffic rules using the response variable as
sequence actions, and the same type of plots using the
response variable the number of conflicts. The plots of
sequence actions show that the air traffic rule level 1,
which is 3 NM miles, minimizes the numbers of
sequence actions. In contrast, the plots of numbers of
conflicts present that the air traffic rule level 3, which
is 7 NM miles, minimizes the numbers of conflicts
and the level 1 of “ATRules” is the worst for this
purpose.

In addition, Table 2b shows the interaction plot for
itinerary and air traffic rules using the response
variable the flight time and the same kind of plot
using the response variable—the track mile distance.
The plots of flight time and track mile distance show
the same. The air traffic rule at level 1 minimizes both
response variables.

Finally, Table 2c shows the interaction plot for
itinerary and air traffic rules using the response
variable—the Fuel Burn. This plots shows that the

level 1 of Air traffic rules minimizes the fuel burn.
Therefore, there is an issue between the interaction
plot results from the number of conflict and the others
interaction plots, since the level 1 of air traffic rules
minimizes all the response variables except the

number of conflict, which is maximized.
4.3 Pairwise Tukey Comparison

In order to conduct the corresponding family of
tests of the form:

H,: D=0.

Hi:D#0.

The objective is to find the significance of the
comparison. So, if 0 is included in the confidence
interval, it means that it is not statistically significant.

4.3.1 Sequence Actions

Fig. 8 shows the 36 pairwise comparison of Tukey.
Consequently, Fig. 8 shows the following
information.

All the comparisons are statistically significant,

except:
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Table 2a Interaction plot summary.

Plot

Plot description

210

200

190

1 2 3 4
Air Traffic Rules

linerary  E-E8 14— 2

Interaction plot of sequence actions as a response variable by air
traffic rule

1.0 11 1.2 13 14 15 16 17 18 1.9 20
Hinerary

Air Traffic Rules 888 1 +—++ 2 coo 3 %%k 4

Interaction plot of sequence actions as a response variable by
itinerary

Air Traffic Rules

Minerary  B-88 1 4+ 2

Interaction plot of number of conflicts as a response variable by
air traffic rule

Conflict
70

1.0 11 12 13 14 15 16 17 18 19 20

Htinerary

AirTraffic Rules ©-8-8 1 4+——+ 2t 3 sk 4

Interaction plot of number of conflicts as a response variable by
itinerary
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Table 2b Interaction plot summary.
Plot Plot description
Flight Time
1400
1300
Interaction plot of flight time as a response variable by air traffic
rule
1100 ==
1 2 3 4
Air Traffic Rules
Minerary  B-E-8 14—+ 2
Flight Time
1400
a0 ) ™~ —~
T T T T Interaction plot of flight time as a response variable by itinerary
7‘\\\ S~ - ~ \\\.
1200 \‘*\_\:\' — - ~_
T T
—
1100 —
10 11 12 13 14 15 16 17 18 19 20
ftinerary
Air Traffic Rules gaa 1 T 3 kek 4
570000
550000
530000
510000 . . . .
o Interaction plot of track mile distance as a response variable by
0000 air traffic rule
470000 _— -
450000 7774(7,_,,,,7777*”” —
450000 —
Air Traffic Rules
ltinerary ~ B-8-8 1 +——+ 2
560000

550000
540000
530000
520000~
510000
500000
490000
480000
470000
460000

450000
10 ER] 12 13 14 15 16 17 18 19 20
Htinerary

AirTraffic Rulss ~ &-8-8 1 +——+ 2 oo 3 skkek 4

Interaction plot of track mile distance as a response variable by
itinerary
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Table 2¢ Interaction plot summary.

Plot Plot description

Fuel Bum
14000000

13000000

Interaction plot of fuel burn as a response variable by air traffic
rule

12000000

11000000 H+——
1 2 3 4

Fuel Burn
14000000

13000000

Interaction plot of fuel burn as a response variable by itinerary

12000000

11000000

1.0 11 12 13 14 15 16 17 1.8 19 20

Htinerary

AirTraffic Rulss 878 1 +——+ 2t 3 sk 4

(1) The comparison between sequencing actions (2) High Season Itinerary with 5 NM vs. Low
when the interaction is high season itinerary and 5 Season Itinerary with 3 NM.
NM as air traffic rule and the sequencing actions when (3) High Season Itinerary with 7 NM vs. High
the interaction is high season itinerary and 10 NM. Season Itinerary with 10 NM.

(2) The comparison between sequencing actions (4) High Season Itinerary with 7 NM vs. Low
when the interaction is low season itinerary and 5 NM Season Itinerary with 5 NM.
as air traffic rule and the sequencing actions when the (5) High Season Itinerary with 7 NM vs. Low
interaction is low season itinerary and 7 NM. Season Itinerary with 7 NM.

(3) The comparison between sequencing actions (6) High Season Itinerary with 7 NM vs. Low
when the interaction is low season itinerary and 7 NM Season Itinerary with 10 NM.
and the sequencing actions when the interaction is low (7) High Season Itinerary with 10 NM vs. Low
season itinerary and 10 NM as air traffic rule. Season Itinerary with 5 NM.

4.3.2 Number of Conflicts (8) High Season Itinerary with 10 NM vs. Low

Fig. 9 shows that the majority of the comparisons Season Itinerary with 10 NM.
are significant because they are not including 0 in the (9) Low Season Itinerary with 5 NM vs. Low
Tukey confidence interval. The following are the Season Itinerary with 10NM.
exceptions: (10) Low Season Itinerary with 5 NM vs. Low
(1) High Season Itinerary with 3 NM vs. High Season Itinerary with 10 NM.
Season Itinerary with 5 NM. (8) High Season Itinerary with 10 NM vs. Low
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Least Squares Means for Effect Iti*ATRules Least Squares Means for Effect Iti*ATRules

Difference Between Simultaneous90% Confidence Limits Difference Between Simultaneocus90% Confidence Limits
i j Means for L5Mean(i}-L SMean(j) i] Means for LSMean(i}-L Shean(j)
12 ezl -TRADTET -58.584872 35 77233332 55 584578 BEA0MTET
1|3 -42.000000 -53. 788454 -38.221548 26 29688687 21.898212 I7.438121
14 -32.000000 -70. 786454 -55.231546 27 24860507 16.828213 32435121
15 31.333333 23554872 B|AMTET 38 12.000000 11231548 26768454
186 -16,333333 -2 01TET -B.5604879 45 04333377 85 5E4BTR 102101787
1|7 -31.333333 -28.1017&7 -13.584879 4 6 48.668687 38898213 54.435121
1 8 -Z7.000000 -234. 758454 -19.221548 4 7 41888687 33.888212 48.435121
2|3 20333333 12.564872 22101787 4 B 28000000 28 231548 43.788454
2 4 3333333 -4.435131 11101787 5 B -47. 886687 -55.436121 -2oeoE2
2|5 Sr.600087 £9.8282132 105.436121 T -02 888687 -80.436121 -44 808312
28 50.000000 42 231548 B7. 788454 5 B -58.333333 -85 101787 -50.5684873
27 -45.000000 37 231548 F2 788454 67 -5.000000 -12.788454 2768454
28 39333333 31.584870 A7 A0TET 6 8 -10.886887 -18 435121 -2898213
3 4 -17.000000 -24 TER4B4 -B23548 T 8 -5.088e87T -13.436121 2101787

Fig. 8 Pairwise Tukey comparison for sequence actions.

Least Squares Means for Effect Iti*ATRules Least Squares Means for Effect ti*ATRules

Difference Between Simultaneous 30% Confidence Limits Difference Between Simultanecus 90% Confidence Limits
i Means for LSMean(ij-L SMeandj} i Means for LSMean(i}-L Shleanj}
12 6.660087 -2004479 15337812 3 5 -18.333333 -26.004478 -7.682138
1 3 31.333333 22682188 40004479 3 6 -5.000000 -12.671146 2871148
14 26333333 17.682188 35.004479 37T 5333333 -3.337812 14004472
146 15.000000 6.328854 23671145 3 8 2.000000 -5.871148 11.671148
1 6 26,333333 17882188 25004478 4 5 -11.333332 -20.004479 -2882188
1|7 96 886007 279855 45 23712 4 B 1] -B.671148 8.871148
1 8 34333333 25682188 43004472 4T 10.333332 1.882188 19004479
2 3 24.5860887 15.9955H 333712 4 3 &.000000 -0.671148 16.671148
2 4 19886007 10885521 28337812 5 6 11.233333 2882188 20004472
25 8.333333 -0.3a7E12 17.004479 57 21.806087 12895521 30.337E12
2 6 19.586057 10885521 28 337812 5 8 19.333333 10.852188 28.004479
2\ T 20.000000 21.228854 3B.871148 6T 10.333333 1.882188 19004472
2 8 27.880887 18.9955 /332 6 8 £.000000 0871148 16.871148
3 4 -5.000000 -13.871148 3871146 T 8 -Z3m3as -11.004473 G.33TE12

Fig. 9 Pairwise Tukey comparison for number of conflicts.
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Least Squares Means for Effect Iti*ATRules

Difference Between | Simultanecus 80% Confidence Limits
for LSMean{i}-L Shean{j}

i Means
2 -18.803333
3 -54.110000
4 -126.900000
5 148456687
6 139.670887
T 123.150000
a8 83.370087
3 -34. 308687
4 -106.098657
5 1689.260000
B 159.480000
7 142 553333
8 103.180000
4 -71.790000

-25.329500
-50.628288
-121.428268
14292041
12415041
117.623734
T7.850401
-38.832932
-111.622932
183.733734
153.953724
137427068
o7.853T4
-77.3168288

-14.277068
-48.583734
-120.273724
154982923
146202922
128678260
88902932
-28. 780401
-100.570401
174. 738268
1685.008268
148.472609
108.708268
-88.263734

Fig. 10a Pairwise Tukey comparison for flight time.

2
2
2
2
2
2

3

Fig. 10b Pairwise Tukey comparison for track mile distance.
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Least Squares Means for Effect Iti*ATRules
Difference Between Simultanecus 30% Confidence Limits

ij Means for L5Mean(i}-L SMean(j)

1)|2 -1898774 -203477 -1238071
13 -516002 -578T05 -452299
14 -1209758 -1273482 -1148055
1|5 1246276 1182573 1308979
1|6 1138233 1074530 1201938
17 87001 215208 1042704
18 803458 539796 667201
23 -318228 -3799E2 -2E2635
2 4 -1005884 -1073688 -94E281
25 1446050 1382347 1509753
26 1338007 1274304 1401710
27 MTBI7S 1115071 1242478
23 B03Zr2 739589 BEAITS
3 4 -8837568 -TET4E8 -530052

Fig. 10c Pairwise Tukey comparison for fuel burn.

Season Itinerary with 10 NM.

(9) Low Season Itinerary with 5 NM vs. Low
Season Itinerary with 10NM.

(10) Low Season Itinerary with 5 NM vs. Low
Season Itinerary with 10 NM.

4.3.3 Flight Time, Track Mile Distance and Fuel
Burmn

Figs. 10a-10c show that none of the comparison
include 0 in the interval, so all of them are statistically

significant.
5. Conclusions and Further Research

As a conclusion, the three factors’ complete

factorial design linear model is statistically
significant at 0.1 level of significance. However,
the ground traffic rules are not significant at 0.1 level
of significance, so it has not effect in the air traffic
KPIs.

The main objective of the simulation model is to
minimize the air traffic KPIs, so the interaction plots
show that the level 1 of air traffic rules is the best to
minimize the number of sequence actions, the flight
time, the track mile distance and the fuel burn, but not

number of conflicts. The number of conflicts is

Least Squares Means for Effect Ii*ATRules
Difference Between Simultaneous30% Confidence Limits

i j Means for L5Nean{i}-L SMean(j}

35 17E2I7R 1888575 1825082
36 1854235 1580532 171rage
3T 1485003 1431300 1558708
38 1119500 10865797 1183203
4 5 2458034 2382331 2519738
4 8 23478 2284288 2411695
47 2BETED 25058 2252482
4 8 1813268 1749553 1878080
5 6 -108043 ST 748 -24340
57 -297I75 -3309m3 -203672
5 8 842778 -T05481 -57E0TE
BT -158232 -227935 -88839
6 8 -534Ta5 -58R438 -471032
T8 -376503 -439208 -311798

reduced by the level 3 and the level 1 has the worst
impact on it.

Based on the Tukey pairwise comparison, the
analysis when the number of conflicts is the response
variable appears to have 10 over 36 comparisons as
not statistically significant, which include four of the
eight comparisons using the level 3 of air traffic rules.
The level 3 of air traffic rules is the one which
minimizes the number of conflicts based on the
interaction plots.

As a further research, another experiment can
include more factors in the model, such as, the wind,
the weather events, the aircraft weight, domestic
flights, over flights, aircraft speed and altitude. Then,
there is the opportunity to run set of experiments to
understand how the correlation between response
variables is. In addition, there is the opportunity to
stochastic instead  of

conduct experiments

deterministic outputs. In addition, a future
experimentation can run different simulation models,
including the tested before, using all the factors that
has an effect over the air traffic KPIs. Finally, we can
conduct a multi-objective stochastic model to evaluate

financial risk based on cost and safety [20].
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Appendix
Table A Final output table with factors non-coded.
Factor 1 Factm: 2 Factor: 3 Sequencing | Airborne | Flight Time Tr?d( mile Fuel Burn
(Season (GTR in (ATR in Actions Conflicts (hr) Distance (gal)
Itinerary) min) NM) (NM)
High 1 3 137 64 1258.46 515487 12271268
High 1 5 206 54 1277.84 522541 12466300
High 1 7 184 29 1312.49 535583 12786031
High 1 10 202 35 1380.63 561639 13442690
High 1.5 3 141 59 1258.03 515304 12266665
High 1.5 5 207 53 1278.39 522692 12472031
High 1.5 7 186 30 1312.39 535516 12784460
High 1.5 10 202 34 1381.53 562026 13447395
High 2 3 139 58 1255.94 514381 12245092
High 2 5 203 54 1275.61 521471 12444015
High 2 7 185 28 1309.88 534418 12760540
High 2 10 202 33 1387.97 564689 13522214
Low 1 3 106 45 1108.78 454097 11021999
Low 1 5 162 38 1118.58 457705 11129769
Low 1 7 161 26 1134.79 463540 11287277
Low 1 10 166 27 1174.85 478648 11667771
Low 1.5 3 106 41 1108.29 453880 11016673
Low 1.5 5 148 33 1117.78 457430 11123641
Low 1.5 7 160 24 1134.42 463362 11283283
Low 1.5 10 166 26 1173.84 478202 11656437
Low 2 3 111 50 1106.99 453327 11005525
Low 2 5 156 31 1117.04 457141 11114915
Low 2 7 160 21 1133.77 463066 11275462
Low 2 10 166 25 1173.61 478058 11648322

Table A shows the non-coded factors with their levels. The output obtained per each response variable is in the table as well.




