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DUNDHOE NUMERIQUE Big Data applied to Aviation
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MOTIVATION

o 20 000 airplanes — 80 000 flights per day,
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MOTIVATION

o 20 000 airplanes — 80 000 flights per day,
o Should double until 2033,

Responsible for 3% of CO, emissions,

©

©

Accounts for 30% of operational cost for an airline,

©

Rectilinear climb trajectories at full thrust.

OPTI CLIMB

More savings, less CO,
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EXAMPLE OF OPTIMIZED TRAJECTORY
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10000 20000 30000 40000

0

< |
s 2 v\
<
3
c @
T o=
3
g
s 2]
£ <
g
2
—— OptiClimb schedule w _| —— OptiClimb
— Standard schedule ° —— Standard
—— Altitude ot synchronization at FL100 —— Time of synchronization at FL100
T T T T T T T
0 500 1000 1500 0 500 1000 1500
Times (s) Times (s)
e .
Reference Optimized
(CMAP, INRIA, SAFETY LINE) AIRCRAFT DYNAMICS IDENTIFICATION NoveMBER 14 2017 3/19



OprPTIMAL CONTROL PROBLEM

min /Otf C(t, u(t), x())dt,

(x,u)eXxU

s.t.
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OprPTIMAL CONTROL PROBLEM

(X,UTeiﬁng/o C(t,u(t),x(t))dt,
¢(x(0)7X(tf)) €K¢’

s.t.
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OprPTIMAL CONTROL PROBLEM

min /Otf C(t, u(t), x())dt,

(x,u)eXxU

¢(X(0), X(tf)) c K¢,

st u(t) € Uy, fora.e te]0,tf],
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OprPTIMAL CONTROL PROBLEM

min /Otf C(t, u(t), x())dt,

(x,u)eXxU
®(x(0), x(tr)) € Ko,
st u(t) € Uy, fora.e te]0,tf],
o cj(x(t)) <0, j=1,...,nc forallte]0,tf],
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QAR DATA

(CMAP, INRIA, SAFETY LINE)

AIRCRAFT DYNAMICS IDENTIFICATION

5 =

NovemBer 14t 2017

DA

5/19



QAR DATA
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QAR DATA

Massive (> 1000 variables

(CMAP, INRIA, SAFETY LINE)

a0 @0 w0 0w 120 0 150 o W w0 wo @0 1w 120 w0

a0 w0 w0 0w 120 0 150 W @0 W wo 100 10 100

a0 @0 w0 oM 120 0 150 o W w0 wo @0 1w 120 w0

MW @0 0 100 120 0 180 @ o0 0 20 0

AIRCRAFT DYNAMICS IDENTIFICATION

1600 0 W w0 wo @0 10 1200 o 1600

1600 0 W w0 wo @0 10 1200 o 1600

1600 o W w0 wo @0 10 1200 w1600

¥ imis
3

1600 0 W 40 &0 @0 10 200 e 1600

recorded every second),

=
NovemBer 14t 2017
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FLIGHT MECHANICS AND STATE EQUATION

Classic flight mechanics model
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FLIGHT MECHANICS AND STATE EQUATION

h= Vsin~y,
Va Tcosa— D — mgsiny

= — ,
. Tsina+L—mgcosy
’7_ mV 9
. T
m= ——.

lsp
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FLIGHT MECHANICS AND STATE EQUATION

= sin 7,
T cosa— D — mgsin

Tsina+ L — mgcos

)

T

lsp

State variables:
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FLIGHT MECHANICS AND STATE EQUATION

h= Vsinn,
Va T cos —D—mgsin’y’
m

. Tsina+L—mgcosy
Y= mV ’
_ T
m= ——.

lsp

State variables: x = [h, V,~, m]
Control variables:
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FLIGHT MECHANICS AND STATE EQUATION

h= Vsinn,
Va Tcosaa— D — mgsinvy
= — ,
. T'sina+L— mgcosy
7_ mV ’
) T
m= -
\ ISP

State variables: x = [h, V,~, m]
Control variables: u = [a, Nj]
Unknown functions of the state and control variables
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FLIGHT MECHANICS AND STATE EQUATION

h= Vsinn,
V- T(x,u)cosa — D(x,u) — mgsin-~y
= — ,
_ T(x,u)sina + L(x,u) — mg cos~y
Y= )
mV

T
rh — _ (X7 u)

lsp(x, u)

State variables: x = [h, V,~, m]
Control variables: u = [a, Nj]
Unknown functions of the state and control variables
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MODEL REQUIREMENTS

T function of (M, p, Ny),

(
(M. p,q),

L function of (M, p,q),
(M, h, SAT),

D function of

Isp function of
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MODEL REQUIREMENTS

T:XT'9T7
D = Xp - 0p,
L =X -0,

Isp = Xlsp : Hlsp-

o Need for smooth models,
o Need for models which are fast to compute,

o Need for interpretable models for safety,
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MODEL REQUIREMENTS

T =Xt 01, with X7 75 QDT(X, u),
D = Xp - 0p, with Xp 75 QOD(X, U)7
L =X -6y, with X; # (pL(X, U),

Isp = Xlsp : lepv with Xlsp 4 Solsp(xa u)-

o Need for smooth models,
o Need for models which are fast to compute,

o Need for interpretable models for safety,
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Need for smooth models,

©

©

Need for models which are fast to compute,

©

Need for interpretable models for safety,

o Need for models which are rich enough.
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MODEL REQUIREMENTS

T = X707, with X7 = &40 p1(x,u),
D = Xp - 0p, with Xp = ®4 0 pp(x,u),
L =X -6y, with X = &4 0 ¢;(x, u),
lsp = Xisp - Oisp, with Xjsp = @y 0 isp(x, u).

Need for smooth models,

©

©

Need for models which are fast to compute,
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Need for interpretable models for safety,

o Need for models which are rich enough.
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MODEL REQUIREMENTS

T =Xr-07, with X7 = Ny(1, p, M, p?, pM, M? | ...),
D = Xp-0p, with Xp = q(1,a, M, a?,aM, M? | ...),
L =X -6y, with X, = q(1,a, M, a?, aM, M?,..)),

Isp = Xisp * Otsps with Xisp = (1, h, M, h?, AM, M2, ...).

Need for smooth models,

©

©

Need for models which are fast to compute,

©

Need for interpretable models for safety,

o Need for models which are rich enough.
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REGRESSION PROBLEMS

h = Vsiny
mV, = Tcosa— D — mgsin~y

mV,y = Tsina+ L — mg cos
: T
—£.
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REGRESSION PROBLEMS

mV, = Tcosa— D — mgsin~y

mV,y = Tsina+ L — mg cos
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REGRESSION PROBLEMS

mV, + mgsiny = T cosa — D

mV,y + mgcosy= Tsina+ L

T

m= —5.
Isp
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REGRESSION PROBLEMS

mVr+mgsin'y: Tcosa—D
mV,¥+ mgcosy= Tsina+ L
0= T+ mlsp.
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REGRESSION PROBLEMS

thSiﬂﬁ
=Tcosa—D
= Tsina+L
=T + mlg,.
\
=Xrcosa-0r— Xp-0p —+e1
= Xrsina-01r + X -0, +4eo

= Xr-0r 4+ mXgsp-0isp +c3

Unknown Random error

] = = PASNE
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MULTI-TASK REGRESSION FRAMEWORK

Yi=Xycosa-0r— Xp-0p +e&1
Yo = Xysina-0r + X -0, +4es
0 = X701 + thlsp ’ Hlsp +€3
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MULTI-TASK REGRESSION FRAMEWORK

Yy =Xycosa-0r — Xp-0p —e1
Yo = Xysina-01r + X -0, e
0 = XT . 9T + mXISp . Hlsp +e3
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MULTI-TASK REGRESSION FRAMEWORK

Yi=Xr1-0r— Xp-0Op +He1
Yo=Xr-0r+ Xo-0L +e
0 =Xgr-0r + Xlspm : elsp +€3
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MULTI-TASK REGRESSION FRAMEWORK

Y = X0 +¢,
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MULTI-TASK REGRESSION FRAMEWORK

Y = X0+,
T T 01
Yl XT1 _XD 0 0 9 €1
Y» | = X£&, 0 X[ o0 o || e
0 X;r 00 XL, L €3
N—_—— elsp N—_——
Y X v
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MULTI-TASK REGRESSION FRAMEWORK

Y = X0+e¢,
T T 01
Yl XT1 _XD 0 0 9 &1
Y» | = X£&, 0 X[ o0 o || e
0 X;r 00 XL, L €3
N—_—— elsp N—_——
Y X T €

o Ensures all components of g to share the same thrust T
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o Ensures all components of g to share the same thrust T

o Better predictive accuracy from tight coupling,
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MULTI-TASK REGRESSION FRAMEWORK

Y = X0+e¢,
T T 01
Yl XT1 _XD 0 0 9 &1
Y» | = X£&, 0 X[ o0 o || e
0 X;r 00 XL, L €3
N—_—— elsp N—_——
Y X T €

o Ensures all components of g to share the same thrust T
o Better predictive accuracy from tight coupling,

o Helps in high correlations setting.

(CMAP, INRIA, SAFETY LINE) AIRCRAFT DYNAMICS IDENTIFICATION NoveMBER 14 2017 10 / 19



FEATURE SELECTION
Let {(x',u’,x")}", set of N observations,
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,
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FEATURE SELECTION

Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

EMPIRICAL RISK MINIMIZATION

N

1 i i
memN;E(Y , X'0),

=
(CMAP, INRIA, SAFETY LINE)
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FEATURE SELECTION

Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

LEAST SQUARES REGRESSION

N

1 o2

g7 2 1Y = X0,
1=

=
(CMAP, INRIA, SAFETY LINE)
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

LEAST SQUARES REGRESSION

N
1 o2
g7 2 1Y = X0,
1=
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

LEAST SQUARES REGRESSION

N
1 o2
g7 2 1Y = X0,
1=
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

[! PENALIZATION
1L
mgi”NZHYI — X0||3 + |61,
i—1

1=
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

[! PENALIZATION

N
.1 i ini2
min g 2o 1Y = X0+ A0l
=
~ Lasso [Tibshirani, 1994]
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

BLOCK SPARSE LASSO

N
1 o
gy 2 1Y/ = X0 + Al
1=

=~ Lasso [Tibshirani, 1994]
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

BLOCK SPARSE LASSO

N
1 o
gy 2 1Y/ = X0 + Al
1=

=~ Lasso [Tibshirani, 1994]

Polynomial regression

(CMAP, INRIA, SAFETY LINE) AIRCRAFT DYNAMICS IDENTIFICATION NovemBER 14 2017

11/ 19



FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

BLOCK SPARSE LASSO

N
1 o
gy 2 1Y/ = X0 + Al
1=

=~ Lasso [Tibshirani, 1994]

Polynomial regression ~~ high correlations between elements of X'
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

BLOCK SPARSE LASSO

N
1 o
gy 2 1Y/ = X0 + Al
1=

=~ Lasso [Tibshirani, 1994]

Polynomial regression ~~ high correlations between elements of X'

~~ Unstable selections...
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FEATURE SELECTION
Let {(x/,u’,x")}), set of N observations, ~ {X', Y/} |,

Maybe not all monomials are relevant for T, D, L and/or Is, model...

~> Qverfitting...

BLOCK SPARSE LASSO

N
1 o
gy 2 1Y/ = X0 + Al
1=

=~ Lasso [Tibshirani, 1994]

Polynomial regression ~» high correlations between elements of X'
~» Unstable selections...
= Bolasso [Bach, 2008]
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BOOTSTRAP IMPLEMENTATION

Block sparse Bolasso
training data 7 = {(X', Y))} V|,
Require: number of bootstrap replicates m,
L' penalization parameter ),

: for k=1 to mdo

Generate bootstrap sample 7%,

Compute Block sparse Lasso estimate 6% from Tk,

Compute support Jx = {J, éj’-‘ # 0},
end for
: Compute J = (1 Jk,
. Compute 8 from T = {(Xj, Y)Y | using Least-Squares.

R
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BOOTSTRAP IMPLEMENTATION

Block sparse Bolasso
training data 7 = {(X', Y))} V|,
Require: number of bootstrap replicates m,
L' penalization parameter ),

: for k=1 to mdo

Generate bootstrap sample 7%,

Compute Block sparse Lasso estimate 6% from Tk,

Compute support Jx = {J, éj’-‘ # 0},
end for
: Compute J = (1 Jk,
. Compute 8 from T = {(Xj, Y)Y | using Least-Squares.

R

o Consistency under high correlations proved in [Bach, 2008],

o Efficient implementations exists: LARS [Efron et al., 2004].
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IDENTIFIABILITY ISSUES
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IDENTIFIABILITY ISSUES

Yi=Xr1-0r— Xp-0p +e1
Yo=Xr-0r+ X0 +e
0 = XT : 9T + Xlspm : elsp +e3
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IDENTIFIABILITY ISSUES

Yi=Xr1-0r— Xp-0p +e1
Yo=Xr-0r+ X0 +e
0 = X701 + X/spm . 9/5p +e3
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IDENTIFIABILITY ISSUES

Yi=Xr1-0r— Xp-0p +e1
Yo=Xr-0r+ X0 +e
0 = X701 + X/spm . 9/Sp +e3

N
.1 ; ;
min § 1 1Y = X013 + Al|6]]1,
=
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IDENTIFIABILITY ISSUES

Yi=Xr1-0r— Xp-0p +e1
Yo=Xr-0r+ X0 +e
0 = X701 + X/spm . 9/5p +e3

N
.1 ; ;
min § 1 1Y" = X013 + Mll6]ls,
1=

:>éT:é|sp:0!
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IDENTIFIABILITY ISSUES

Yi=Xr1-0r— Xp-0p +e1
Yo=Xr-0r+ X0 +e
0 = X701 + X/spm . 9/5p +e3

N
1 o
min _El 1Y" = X013 + Mll6]ls,
1=

:>éT:é|sp:0!

Use prior T, ~» {75ip = Top(x/,u')}.
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IDENTIFIABILITY ISSUES

Yi=Xr1-0r— Xp-0p +e1
Yo=Xr-0r+ X0 +e
0 = X701 + X/spm . 9/Sp +e3

N
1 . . - .

S (1Y = X013+ 2allTL, — Xy - Ospl13) + Al
i=1

min
[}

=|

=>éT:é|sp:0!

Use prior T, ~» {75ip = Top(x/,u')}.
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IDENTIFIABILITY ISSUES

Y. = Xr1:0r — Xp-0p +e&1
Yo = Xm0 + X0 +e2
0 = X701 + Xispm - O1sp +€3
Molsp = M Xisp - Olsp +e4

2

1 , . . .
min >~ (V" = X013 + X, = Xy - 0spl13) + M 10,

i=1

=>éT:é|sp:0!

Use prior T, ~» {75ip = Top(x/,u')}.
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IDENTIFIABILITY ISSUES

Yi = Xm0t — Xp-Op +ea1
Yo = X207 + Xi-0p He
0 = XT : HT + Xlspm : elsp +e3

)\275/3 = )\2XIsp : Hlsp +é4
1 N
. i Sinn2
mglnNZ;HY'—X'9H2+/\1H9HL
1=

=>éT:é|sp:0!

Use prior T, ~» {75ip = Top(x/,u')}.
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IDENTIFIABILITY ISSUES

Yi = Xm0t — Xp-Op +ea1
Yo = X207 + X0 +e
0 = XT . 97’ + Xlspm . elsp +€3

)\275/3 = )\2XIsp : Hlsp +€4
N

.1 i i
memN_Z;HY = X013+ Aal|0]]1,
=

Y{ (X7 —(xp)"T 0 0
i | Y3 i | X)To0 (xDT o

0 Xt 0 0 (X'

Aall, 0 0 0 Xa(Xi,)"

Use prior T, ~» {75ip = Top(x/,u')}.
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FEATURE SELECTION RESULTS

o 25 different B737-800,
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o 25 different B737-800,
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FEATURE SELECTION RESULTS

o 25 different B737-800,
o 10 471 flights = 8 261 619 observations,
o Block sparse Bolasso used for T, D, L and /s,

o We expect similar model structures,

(CMAP, INRIA, SAFETY LINE) AIRCRAFT DYNAMICS IDENTIFICATION NovemBER 14t 2017 14 / 19



FEATURE SELECTION RESULTS

THRUST T SPECIFIC IMPULSE I,

Feature selection results for the thrust, drag, lift and specific impulse models.
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EFFECT OF A\ ON PREDICTED STATES DERIVATIVES

SPEED DERIVATIVE ¥/

"o 100 200 300 400 500 600 700 800 900
TIME (s)
001 PATH ANGLE DERIVATIVE et
5 o
T 0000 ARSI e e =500
S 0005
-0.010 :
0 100 200 300 400 500 600 700 800 900
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00 MASS DERIVATIVE m
| — Rel,
- =10
Ay =500
Ay =2000
100 200 300 400 500 600 700 800 900

TIME (s)

] = =
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EFFECT OF Ay ON HIDDEN
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IDENTIFICATION RESULTS ASSESSMENT

X_Q(XHJ)
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IDENTIFICATION RESULTS ASSESSMENT

X—X

u—2au
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IDENTIFICATION RESULTS ASSESSMENT

min [ (1u(e) = un(O) + [x(6) = xn(0)]) ot

x,ucXxU 0
st. x=g(x,u)
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IDENTIFICATION RESULTS ASSESSMENT

tr

i £) — up(t)|? ) — xm(t)||?) dt

x7uf2§'§nxU/O (llu(t) — um(D)IIZ + [Ix(t) — xm(t)[[5)
st. x=g(x,u)
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FIGURE : Obtained using BOCOP [Bonnans et al., 2017]

(CMAP, INRIA, SAFETY LINE) AIRCRAFT DYNAMICS IDENTIFICATION NovemBER 14t 2017 17 /19



IDENTIFICATION RESULTS ASSESSMENT

min [ (lute) = e) -+ Ix(0) = (1) )

x,ueXxU

MASS m [kg]

DONNNNNNN
IR
R RODOREG00
SOOOS0000
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st. x=g(x,u)
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FIGURE : Obtained using BOCOP [Bonnans et al., 2017]
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THANK YOU FOR YOUR ATTENTION !
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