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Project WeCare
Overview

Key objectives

» Study of relationships between non-CO2 effects and meteorological processes
to realize an eco-efficient air traffic system.

» Understanding the differences between strategic and tactical climate mitigation
options

Research

1. Quantification of the climate impact reduction potential of weather-based
climate-optimized aircraft operations (-> trajectory optimization)
Cost-benefit-analysis of different operational and technological strategies to
reduce the climate impact of the global air traffic, today and in the future (->
scenario-based air traffic simulation)

3. Development of new strategies for measuring the influence of air traffic on
the atmosphere and experimental proof of certain effects (-> atmospheric
physics)
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Project WeCare
Future Air Transportation System

Cost-benefit-analysis of different operational and
technological strategies to reduce the climate
impact of the global air traffic, today and in the
future, therefore

» Scenario based description of the global future
air transportation system

» Modelling of worldwide demand, flight routes,
fleet mix and aircraft operations

* Integration of unconventional aircraft
configurations

 Definition of innovative operational strategies

» Performing air traffic simulations considering
adapted operations and/or new aircraft types
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Project WeCare
4 layers approach
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Forecast of origin-destination air passenger demand
between global city pairs using future socio-
economic development scenarios

lvan Terekhov
NASA/DLR Virtual Institute Event
August 21, 2014
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WeCare. 4 layers approach
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Air passenger demand

» Air passenger demand is a number of passengers which are traveling between
two settlements by air transport regardless of intermediate stops within a year.

Intermediate stop 1

Intermediate stop 2

Destination

Real routes between origin and destination

e e e we . Air passenger demand between origin and

destination
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Air passenger demand forecast

Aggregation level city level

Number of elements | as many as possible

Choosing criteria for

at least one airport
elements

number of passengers, changes in city pairs

What is forecasted )
connections

Quantitative analogies (passengers),

Forecasting method: Gravity model (connections)
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Air passenger demand forecast. The method

Socio-economic
scenario

Quality Travel Index (QTI)

‘ QT' - (QTIf, QTItt’ QTIS)

Air passenger demand forecast

[ City pairs }E:>[ Air passenger } QTI; — frequency (frequencyT, QTI{F)
forecasting demand on city pairs QTl, - travel time (tt{, QTI, 1)
G- QTI, — segments (segments {,QTI, 1)
{ Routes forecasting }
) - i Quality Travel Index
Aircraft movements (QTI)

forecasting

Trajectory forecasting
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Air passenger demand forecast. The method

» City pairs definition
Gravity model based on cities’ socio-economic indicators (GDP, population, airfare)

» Air passenger demand on city pairs definition
Quantitative analogies between forecasted year and the base year
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Expected results

Socio-economic scenario

h

Air passenger demand forecast

Forecast of air passenger demand
network within the forecast period

)

Forecast of air passenger demand on
city-pairs within the forecast period

= =
1st year of forecast Last year of forecast 1st year of forecast Last year of forecast
Routes forecasting Quality Travel
Index
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Current results

What has been done:

i DLR

For 2012, data has been collected on the demand and airfare of airport pairs from ADI
database;

2012 data has been rearranged from the airport to city level;

Geographical coordinates, city GDP and city population have been found for cities in
the database ;

Clusterization of the cities in 2012 database has been made;

Gravities between cities for the 2012 base year have been calculated in order to
calculate reference gravities for each cluster pair;

Based on forecast, gravities between cities for years 2015-2050 (5 years step) have

been calculated;
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Current results. Base year 2012

/ Origin ADI data \ Rearrangement / Rearranged ADI data \
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Flight Trajectory Optimization

Considering wind and penalty areas

Benjamin Luhrs
NASA/DLR Virtual Institute Event
August 21, 2014
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Project WeCare
4 layers approach
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Contents

1. Algorithm
2. Climate optimized trajectories

3. Current work
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Definition of the optimization problem

Assumptions

- massless point = /%;;7:??\@111\; S e 80
* Vpag = CONst 4OoN_l' RS P 60 =
* H=constor H, = const 299N e AR, %
e H<< RE e O Al ““,‘:I:; 40 %

. ONJ_ ) 177}
« flight path angle v ~ 0 24°NJEH 20 2
« stationary windfield 16° N+ E
« flight direction controlled by heading

angle xu

Equations of motion

VGS,E = UTAS Sin XH + uw (A, @)

UGS, N = UTAS €08 XH + vw (A, ¢)

§_ _VGSE _ UTAs sin xg + uw (A, @)
Rg cosp RE cosp

. _ UGS N _ UTAS COSXH +ow (A, @)

4 Rg Rg
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Definition of the optimization problem

Optimal control problem
minimize
23

T = lee+co V(A p)dt

to

te
— ¢ - (b — to) +cu - / T\ ) di
to

—— ——
flight time penalty
function
subject to
j_ UGSE _ UTas sin xu + uw (A, @)
Rg cose Rg coso
_ VasN  _ UrAs CosxH + vw (A, @)
RE RE
and
Ato) = Ao; @(to) = wo

=)

Minimum
Principle

(Pontryagin et
al., 1967)

Two point boundary value problem
system of 3 differential equations

. Auw  sin? xu Ovw cos? xu
X =55 Rg O\ Rg cosp
Oovw  Ouw 1 sin g €OS XH >
Op O\ cosyp Rg
tan ¢ sin .
(1) +—<‘OR XH - (vras + uw sin xg + vw cosxg) + ...
E

+c 8_\11 —COSXH—a—\II sin
Y\ON cosp 0y A S

_ UTAS + uw sin xg + vw €Os XH
RE'(Ct-l-Cq; \IJ)

oy A= UGSE  _ UTAS sin xug + uw (A, )
(2) RE cosp RE cosp

3) = UGSN  _ VTAS COSXH + vw (A, ©)
(3) ¢ R Rg

boundary values

Ato) = Xo; @(to) = wo
Ate) = A o(te) = ox
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Solving the two point boundary value problem

Two point boundary value problem

system of 3 differential equations

. Ouw  sin? xu Ovw cos? xu
XH = Oy Rg O\  Rg cosyp
Ovw  Ouw 1 sin xyg €OS XH v
Op O\  cosp Rg
tan ¢ sin
(1) 4 tanesinxu
Rg
oV cosxymp OV
+C\p(8>\' P 8(p~s1nXH)~...
_ UTAS + uw sin xg + vw €Os XH
RE'(Ct+C\p \If)

oy A= UGS,E  _ UTAS sin xu + uw (A, )
(2) Rg cos ¢ RE cosp

3) o= UGSN  _ UTAS COSXH + vw (A, @)
(3) ¢ R Rg

boundary values
Ato) = Ao; w(to) = wo
Ate) = Ae; o(te) = ¢r

i DLR

- (vras + uw sin xg + vw cos xu) + - . -

Approach: solve a sequence of
initial value problems

» Numerical integration of the system of
differential equations (Dormand-Prince
method)

» Choose initial values for \ and ¢
according to boundary values at starting
point O

» Free initial value XHo must be chosen
such that boundary conditions at ending
point f are satisfied

» Initial heading xno is obtained iteratively
using the shooting method
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Contents

1. Algorithm
2. Climate optimized trajectories

3. Current work
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Climate optimized trajectories

Factors that contribute to aviation induced climate change

* Volume of emissions } technological/operational improvements
» Location of emissions

} operational strategies (i.e. avoiding climate sensitive regions)
* Local weather

EU-Project REACTAC (Reducing Emissions from Aviation by Changing Trajectories for the benefit of Climate)

+ Identification of typical weather situations (Irvine et al., 2013)

» Determination of climate cost functions for CO,, O, CH,, H,0, and aviation induced cirrus
cloudiness (Grewe et al., 2014)

» Overall climate cost function (summation of all effects)

ATR2o/Fuel [K/kgruel] wind speed [m/s]
-3 -2 -1 0 1 2 3x 1071 0 20 40 60 80
| . e EHE 3 e
5 T
64°N 5 64O NIE== %\ﬁﬁl}; 75 A
; = IS
: == 24997 %
56°ND) At 56° N+ = il'
Bt = N 22
4 - oo DR it gt .
48°N ¢ 48°N- TN NN r[-
40°N 40°N+ e "'“;.:”:::f:ff:.?: Llsgl-
B2 320N : : - RBA %
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Climate optimized trajectories

Choice of the costfunction

ATRao per time

te
j = [Ct +cy - FF CCFtOt( )]dt
to te
= Ct (tf — to) —|—C\p : / FF - CCFtot()\, (,0) dt
N——— to
flight time ~ ~~ ~

ATR,QO of ﬂlght

Results (qualitative)

—cg = 9.5 x 102
—cy = 14 x 10'?

Viag = 247.85 m/s

Further assumptions

H, = 11278 m

FF =1.51 kg/s (A330-200, based on
BADA 3.9)

(O

Cy 1.4-10"

3x 107

o
ATR20 / Fuel
[K/kgFuel]

]
w

75°W 60°W 45°W 30°W

1 1 1

48°N :Orthodrome —qu—95X1012~f‘f SO
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44°N _C\p=7X1012 i e e

=S

> > > — E =t i - — > —>
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JFK DT I T o

A

36°N

15°W

S
S
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Climate optimized trajectories

Choice of the costfunction Further assumptions
te Alh20 per time ® VTAS = 24785 m/S
J= [ let+cu-FF-CClu(), 0)ldt « H,=11278 m
fo T /tf FF . CCFy (0 ) « FF = 1.51 kg/s (A330-200, based on
=Ct - \Ufr — 1o +cy - : o y P
t . tot BADA 3.9)
flight time ~ ~ - * G = 1
a0 b et e ey =0...14-10%
Results (quantitative)
1.025 -
. . — MBF,rel
I 1.02+F ............. ........ . tt.rip’rel
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& \_increasing cy -
$ 101 j N T
: | | |
§ 1.005F NG 6]
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Current work

Improvements

Integration of performance calculations within the optimization loop
Modeling of engine emissions

Control variables: heading and thrust

Variable altitude (3D-optimization)

oN . ST T o 14000 e
72 — Optimal trajectory tii EJ 60

—— Orthodrome ',/ ',/ L/ 4 50 12000
64°N 7 z A g 10000

40 = E %)

: 3 o 8000 <

® £ 6000 &

opy i 2 ® >
48°N g 20 3 4000
40°N - ; 10 2000
32°N = T i 0

80°W 60°W 40°W 0 0.5 1 15 2 25 3

flight time [s] x 10
Frankfurt — Chicago, minimum fuel trajectory, weather: January 1st, 2012
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Thank you very much for your attention
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Application of the Column Generation Method for
Large-Scale Air Traffic Flow Management scenarios

Jan Berling
NASA/DLR Virtual Institute Event
August 21, 2014
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Project WeCare
4 layers approach
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Agenda

1. NFE Network Flow Environment
2. Column Generation Approach
3. Exemplary Results

4. Outlook
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NFE — Network Flow Environment

What is NFE?

7 DLR’s tactical Network Management model developed since 2011

7 1 Dissertation
7 4 Diploma theses
=7 2 Publications

7 Cooperation with TU Dresden (Traffic Flow Science)
7 Model for the allocation of ATFM departure slots and pre-flight re-routings

7 Binary Integer Programing (BIP) optimization algorithm

How is it actually applied?

=7 Air Traffic Flow Management (ATFM) delay quantification due to adverse capacity
impact and initiated regulations

-7 ldentification of weather forecast benefits within a network model

7 Network performance quantification J-\l_El'"é:‘
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NFE — Network Flow Environment

Air Traffic Management network

* lower and upper airspace

 sector network of ~640 Air Traffic
Control (ATC) sectors

« around 20.000 airports
+ underlying AIRAC cycle

Demand-Capacity-Balancing

- flight plan data from Network Manager
* network impact data, e.g. weather data

 qualitative mapping of network airport- and
sector loads, network performance
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Binary integer ATFM optimization problem

Cost Function

min Z = z z WegXpg Xpg € [0,1]  Minimization of total system delay.
x
fEF deD

Start Constraint

z xfd =1 Vf Every flight departs exactly one time.
deD

Capacity Constraint

Z Z cto,(f,d) <cs, Vs,t Demand shall never exceed capacity.
feF deD
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Agenda

1. NFE Network Flow Environment
2. Column Generation Approach
3. Exemplary Results

4. Outlook
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Large-scale ATFM scenario
Motivation for column generation application

» Total 1-day scenario Timeframe Total [min] 1440
« Complete European Air Traffic Granularity (Slot) [min] 15
+ Gigabytes of memory usage Movements Flight Movements [#] 28.784
» Weather impact data from different sources ATC Sectors Quantity [#] 638
* Regulation data for ATC sectors and airports  Airports Quantity [#] 19.798
 First-Planned-First-Served (FPFS) start Regulations Sectors 85

solution from a heuristic algorithm Airports 126

Exemplary 1-Day scenario

]
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Column Generation optimization approach

. . Start solution Optimal
* lterative solution process (FPFS) solution

» Uses a Restricted Master Problem (RMP)
Starts with a feasible solution (FPFS)
 RMP'’s are solved by simplex algorithm
Adds variables with delay saving potential

Master
Problem

Restricted optimal solution dual restriction
Master Problem — P — iolated ' no optimal solution
(FPES) RMP violate

yes

Add variables [«
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Agenda

1. NFE Network Flow Environment
2. Column Generation Approach
3. Exemplary Results

4. Outlook
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Exemplary Results:
Total delay, calculation time and added variables

Total delay Number of variables

FPFS [min] 170.475 Total [#] 272.624
Optimum [min] 15.975 Column Generation [#] 44.261
Col Gen relative [%] 9,4 Col Gen relative [%] 16,2

Calculation time

Simplex [s] 1.436
Column Generation [s] 64,4
Col Gen relative [%)] 4,5

No of added variables

%92 3 4 5 6 7 8 9 10 11 12 13 14

Iterations

INTERNATIONAL FORUM
ror AVIATION RESEARCH

i DLR




DLR.de « Chart39 Jan Berling * Large-scale ATFM Optimization > August 21, 2014

Agenda

1. NFE Network Flow Environment
2. Column Generation Approach
3. Exemplary Results

4. Outlook
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Outlook

NFE model improvements

Integration of convective radar data within different forcast scenarios

Application of the model within a European volcanic ash crisis mitigation concept

Application of different routing concepts (free routing concepts)

Integration of a Dynamic Airspace Management as an ATFM measure
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Thank you very much for your attention!
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