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Summary

 Prediction of experimental conditions using machine learning

• Context

• Data processing

• Machine learning

• Results

 Artificial Intelligence applied to aerodynamics

• Thesis subject

• Aerodynamic database

• Aerodynamic predictions

• Geometry design
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 200 Scientists

 Defense and security

IS
L

Energetic and 
advanced
materials

Aerodynamic and 
exterior ballistics

(ABX)

Sensors,

telemetry and 
communication

(STC)

Aerodynamics, 
measurements and 
simulations (AMS)

Guidance, 
navigation and 
controle (GNC)

Laser and 
electromagnetic

technologies

Protection 
technologies, 

security, situation 
awarness

Flight techniques 
for projectiles

French-German Research Institute of Saint-Louis
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Prediction of experimental 
conditions using Machine 
Learning
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Context
User requirements, objectives and experimental framework
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Interior
Ballistics

Intermediate
Ballistics

Exterior
Ballistics

Terminal 
Ballisitics

Carrying out 
Experimental 

Campaigns

Aerodynamic
characterizations

from free flight data

C
o

n
te

xt

Aerodynamic testing

• Measurements of Velocities, Accelerations, Pressures…  Over 2100 samples
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•SITT (Trajectory tracker)

 𝑉0 = 𝑓(𝑀𝑎𝑐𝑐 , 𝑀𝑝𝑜𝑤𝑑𝑒𝑟)

Initial Velocity V0 (m/s)

•Maximum Pc per launcher

•Acceleration

 𝑃𝑐 = 𝑓(𝑀𝑎𝑐𝑐 , 𝑀𝑝𝑜𝑤𝑑𝑒𝑟)

Chamber Pressure Pc (bar)

•Quantity of powder needed to reach V0

 𝑀𝑝𝑜𝑤𝑑𝑒𝑟 = 𝑓(𝑀𝑎𝑐𝑐 , 𝑉0)

Mass of powder Mpowder (g)

V0 : Initial Velocity, 𝑴𝒂𝒄𝒄: Accelerated mass, 𝑴𝒑𝒐𝒘𝒅𝒆𝒓: Powder mass

𝑴𝒂𝒄𝒄

𝑴𝒑𝒐𝒘𝒅𝒆𝒓

𝑽𝟎

𝑷𝒄

𝑴𝒂𝒄𝒄

𝑽𝟎

𝑴𝒑𝒐𝒘𝒅𝒆𝒓

𝒇𝑽𝟎
(𝑴𝒂𝒄𝒄, 𝑴𝒑𝒐𝒘𝒅𝒆𝒓)

𝒇𝑷𝒄
(𝑴𝒂𝒄𝒄, 𝑴𝒑𝒐𝒘𝒅𝒆𝒓)

𝒇𝑴𝒑𝒐𝒘𝒅𝒆𝒓
(𝑴𝒂𝒄𝒄, 𝑽𝟎)

C
o

n
te

xt

Study on launchers 91L100 and 105L33
 Predict experimental values (Initial velocity, Pressure, Mass of powder)  smooth running of experiments

 Functions that will give the experimental values

 Other tools to determine these experimental parameters : IntBal Predictions and Ami Simulations
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Data processing
Data processing and analyze
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Removal of observations 
with missing values

• Sensors faults…

Add of virtual data related
to prior-knowledge

• Zero mass powder
Zero Velocity, pressure 
and acceleration

Data standardization

• Mean= 0 and Standard 
deviation = 1

Mixing and splitting data

•Training, validation and 
test base

D
at

a 
P

ro
ce

ss
in

g

Training data
Test data

Training data
Test data

Mpowder Mpowder

Data processing
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Model Identification
Algorithms, evaluation factors and validation method
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M
o

d
el

 Id
en

ti
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ca
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o
n

• Capable of dealing with non linear function

• Efficient to process few data

Criteria

• Support Vector Regression

• Kernel Ridge Regression

• Gaussian Process Regression

• Multi Layer Perceptron

• Polynomial Regression

Possibilities

Used tools : Python 
+ Scikit-Learn Library

Algorithm choice
V

0
P

c
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Kernel Ridge Regression (KRR) algorithm

 𝑓 = arg 𝑚𝑖𝑛𝑓∈𝐻  

𝑖=1

𝑛

𝑦𝑖 − 𝑓 𝑥𝑖
2

+ λ ∥f∥𝐻
2

If  H is a RKHS then according to the Representer
Theorem the form of the solution is :

𝑓(𝑥) =  

𝑖=1

𝑛

𝛼𝑖𝐾(𝑥𝑖 , 𝑥) with a a parameter vector a = [a1,….., an]

 𝛼 = arg 𝑚𝑖𝑛𝛼∈𝑅  

𝑖=1

𝑛

𝑦𝑖 −  

𝑗=1

𝑛

𝛼𝑗𝐾(𝑥𝑗 , 𝑥𝑖)

2

+ λ 

𝑖=1

𝑛

 

𝑗=1

𝑛

𝛼𝑖𝛼𝑗𝐾(𝑥𝑗 , 𝑥𝑖)

 𝛼 = (𝑲 + λI) −𝟏𝒚

RKHS : Reproducing Kernel Hilbert Space

Least square method
for linear regression

Ridge Regression

Kernel Ridge 
Regression

Regularization

Kernel method

M
o

d
el

 Id
en

ti
fi

ca
ti

o
n

https://mlweb.loria.fr/book/en/kernelridgeregression.html
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Kernel Ridge Regression (KRR) algorithm

𝑓 𝑥 =  

𝑖=1

𝑛

𝛼𝑖(𝑥𝑖𝑥 + 1)𝛾

𝑓 𝑥 =  

𝑖=1

𝑛

𝛼𝑖𝑒
(
−(𝑥−𝑥𝑖)

2

2𝜎²
)

KRR with Polynomial kernel of order 𝛾

KRR with Gaussian kernel

Least square method
for linear regression

Ridge Regression

Kernel Ridge 
Regression

Regularization

Kernel method

M
o

d
el

 Id
en

ti
fi

ca
ti

o
n

https://mlweb.loria.fr/book/en/kernelridgeregression.html
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•
 

𝑖=1

𝑛
𝑌𝑚𝑒𝑎𝑠𝑖−𝑌𝑝𝑟𝑒𝑑𝑖

2

𝑛

1. RMSE (Root Mean Squared Error)

•
 𝑖=1

𝑛 |𝑌𝑚𝑒𝑎𝑠𝑖−𝑌𝑝𝑟𝑒𝑑𝑖|

𝑛

2. MAE (Mean Absolute Error)

Evaluation factors
M

o
d

el
 Id

en
ti

fi
ca

ti
o

n
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Data

Sufficient
quantity of 

data?

Training with a set of parameters Pi

Evaluation on validation base

Satisfying
score

?

Test on the 
test base 

YES

YES
i=i+1

NO

Split in : Training base (80%)    
Test base (20%)

Training with cross-validation using a set of 
parameters Pi

Satisfying
score

?

YES
i=i+1

Score of the model

NO

NO

Split in : Training base (70%)            
Validation base (10%)
Test base (20%)

Validation
M

o
d

el
 Id

en
ti

fi
ca

ti
o

n

Parameters Pi : λ, Kernel, Degree of Kernel… 
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Results
Predictions of initial velocity, chamber pressure, mass of powder and application
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R
es

u
lt

s

V0 = f(Macc, Mpowder)

Evaluation factor 91L100 105L33

Errors
metric
(m/s)

% 
w.r.t. mean

metric
(m/s)

% 
w.r.t. mean

RMSE 16 2% 28 2.7%

MAE 13 1.6% 22 2.1%

91L100 and 105L33 Launchers
Initial Velocity V0 , Pc and Mpowder

Pc= f(Macc, Mpowder)

Evaluation factor 91L100 105L33

Errors
metric
(bar)

% 
w.r.t. mean

metric
(bar)

% 
w.r.t. mean

RMSE 21 7% 76 9.5%

MAE 15 5.2% 52 6.5%

Mpowder=f(Macc,V0)

Evaluation factor 91L100 105L33

Errors
metric
(g)

% 
w.r.t. mean

metric
(g)

% 
w.r.t. mean

RMSE 20 2.7% 36 3.2%

MAE 16 2.2% 29 2.6%

105L33

91L100

Mpowder =f(Macc,V0)

Pc =f(Macc, Mpowder)

Mpowder

Pc

V0

Mpowder

Measured values



AI applied to aerodynamics and ballistics - 17/05/2022French German Research Institute of Saint-Louis 22www.isl.eu

©
 IS

L 
2

02
2 
–

A
ll 

ri
g

h
ts

 r
es

er
ve

d
 t

o
  I

SL
 a

cc
o

rd
in

g
 t

o
  I

SO
 1

60
16

R
es

u
lt

s Comparison with IntBal

Parameters Proximity to real values

ML Prediction IntBal
Predictions

Macc (g) Mpowder (g) Pc Vo Pc Vo

1519 310 88% 95% 50% 93%

1613 580 97% 99% 80% 99%

1552 1000 97% 99% 86% 98%

2167 1400 97% 99% 93% 99%
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R
es

u
lt

s Comparison with IntBal

0

500

1000

1500

2000

2500

3000

3500

0 500 1000 1500 2000 2500 3000

P
c 

(b
ar

s)

Mpowder (g)

Comparison ML vs IntBal, Pc

Pc (bars) ML Pc (bars) IntBal

Poly. (Pc (bars) ML) Poly. (Pc (bars) IntBal)

0

500

1000

1500

2000

0 500 1000 1500 2000 2500 3000

V
o

 (
m

/s
)

Mpowder (g)

Comparison ML vs IntBal, Vo

Vo (m/s) ML Vo (m/s) IntBal

Poly. (Vo (m/s) ML) Poly. (Vo (m/s) IntBal)
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Conclusions on experimental conditions 
predictions
Advantages and limitations of Machine learning
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C
o

n
cl

u
si

o
n

s

• Physical knowledge coherency

• Knowledge on launchers limits

• As precise as Interior ballistics softwares

• Needs less knowledge

Advantages

• Poor precision for cases with few data

• Risk of incoherence

Limitations

Conclusions
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Interior Ballistics
Intermediate

Ballistics
Exterior

Ballistics
Terminal 
Ballistics

• ML works for 
experimental 
conditions
 Directly 

interpretable 
results

Apply AI/ML for 
more advanced 
problems

• AI applied to aerodynamics
 Projectile design
 Aerodynamic characterization
 Trajectory shaping

Exterior
Ballistics

Overview
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Artificial Intelligence applied to 
aerodynamics
Database creation and Aerodynamic predictions
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PhD TopicsTh
e

si
s

Aerodynamic 
database creation 
(fin, spin and drag 
stabilized)Data gathering and 

generation from 
different sources

Simulation

•CFD

• semi-empirical 
tools

Experimental

•Wind Tunnel

•Free Flight

Litterature
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Data type and tools

A
e

ro
d

yn
am

ic
d

at
ab

as
e

• Projectile geometries

• Aerodynamic characteristics

Contents

• Numerical

• Images, STL files, CAD …

Data type

• SQlite3

• DB Explorer for SQLite

• Python

Tools
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PhD TopicsTh
e

si
s

Aerodynamic 
database creation 
(fin, spin and drag 
stabilized)

Aerodynamic 
predictions for 

specific projectiles

Geometry design

Data gathering and 
generation from 
different sources

Simulation

•CFD

• semi-empirical 
tools

Experimental

•Wind Tunnel

•Free Flight

Litterature

Criteria
drag, 

stability,…

Techniques: Machine, Deep and 
Reinforcement learning
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A
e

ro
d

yn
am

ic
p

re
d

ic
ti

o
n

s

Inputs Outputs

X Geometry + 
Mach

Y Coefficients

X0 Fins 
configuration

Y0 CX0

X1 Y1 CX2

X2 Y2 CNa

X3 Y3 Cma

X4 Body
Configuration

Y4 Cmq

X5 Y5 Clp

X6 Mach 
number

Y6 Cld

Prediction of aerodynamic coefficients for a finner projectile

R² : Coefficient of determination

𝑁1𝑗 = max(0,  

𝑖=0

6

(𝑊1𝑖𝑗𝑋𝑖 + 𝑏1𝑗)) 𝒀𝒍 = ( 

𝑘=0

127

𝑁2𝑘 ∗ 𝑊3𝑘𝑙) + 𝑏3𝑙𝑁2𝑘 = max(0,  

𝑗=0

127

(𝑊2𝑗𝑘𝑁𝑗 + 𝑏2𝑘))

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 = 𝑓(𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦, 𝑀𝑎𝑐ℎ)
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A
e

ro
d

yn
am

ic
p

re
d

ic
ti

o
n

s

Mach number

INPUTS NEURAL NETWORK OUTPUTS

Input 
layer

2 Hidden layers
both with 128 

neurons
Output 

layer

n Fins
configuration
parameters

m Body 
configuration
parameters

Coefficients

Prediction of aerodynamic coefficients for a finner projectile

Model Global R²

0.97

R² : Coefficient of determination

𝑁1𝑗 = max(0,  

𝑖=0

6

(𝑊1𝑖𝑗𝑋𝑖 + 𝑏1𝑗)) 𝒀𝒍 = ( 

𝑘=0

127

𝑁2𝑘 ∗ 𝑊3𝑘𝑙) + 𝑏3𝑙𝑁2𝑘 = max(0,  

𝑗=0

127

(𝑊2𝑗𝑘𝑁𝑗 + 𝑏2𝑘))

N1 N2
W1

W2 W3 𝒀𝑋
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Prediction of aerodynamic coefficients for a finner projectile

Model Global R²

0,97
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PhD TopicsTh
e

si
s

Aerodynamic 
database creation 
(fin, spin and drag 
stabilized)

Aerodynamic 
predictions for 

specific projectiles

Geometry design

Data gathering and 
generation from 
different sources

Simulation

•CFD

• semi-empirical 
tools

Experimental

•Wind Tunnel

•Free Flight

Litterature

Criteria
drag, 

stability,…

Techniques: Machine, Deep and 
Reinforcement learning
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Geometry optimization : Flight Scenario

Maximum 
Velocity, Mach 5

Desired velocity at 
impact, Min Mach 2

Flight Scenario

Total Length

Nose Angle

Position of fins

Geometry constraints

Design objective : Stable geometry with the minimum drag along the trajectory (Mach 5 to Mach 2) with the following geometry constraints 

Launcher

1 cal

Parameter Boundaries

Min Max

X0 Total Length () (cal) 5 20

X1 Nose Angle () (°) 5 50

X2 Fins height (cal) 2 3

X3 Fins width (cal) 1 5

X4 Number of fins 2 6

X5 Position of fins (cal) 0 3
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Geometry optimization : Aerodynamic Coefficients

Coefficient Description

CX0,x2… Axial force coefficients

CNa Normal force coefficient slope

Cmq Pitch damping coefficient

Cma Pitch moment coefficient

Clp Roll damping coefficient

Cld Roll moment coefficient due to fin cants

 Knowledge on Coeffs
 Maximum CX0 is at lowest Mach number

 Highest Cma and Cmq are at highest Mach number
 Stability

 Cma < 0  Static stability

 Cmq < 0  Dynamic stability

 Drag
 Minimum Cx0  Lowest drag (for zero angle 

of attack)
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Geometry optimization : optimization problem

Optimization problem : 

 𝑿𝟎→𝟓 = 𝑨𝒓𝒈 𝑴𝒊𝒏𝑿𝟎→𝟓
(
𝟏

𝟒
 

𝑴=𝟐

𝟓

𝒀𝟎 𝑿𝟔 = 𝑴 )

𝐒𝐮𝐛𝐣𝐞𝐜𝐭 𝐭𝐨 ∶

𝒀𝟑 𝑿𝟔= 𝟓 ≤ −𝟏𝟎
𝒀𝟒 𝑿𝟔 = 𝟓 ≤ −𝟏𝟎𝟎

𝒀𝟎 𝑿𝟔 = 𝟓 > 𝟎

Bounds on X05 : X0, X1, X2, …. X5

𝑁1𝑗 = max(0,  

𝑖=0

6

(𝑊1𝑖𝑗𝑋𝑖 + 𝑏1𝑗)) 𝒀𝒍 = ( 

𝑘=0

128

𝑁2𝑘 ∗ 𝑊3𝑘𝑙) + 𝑏3𝑙𝑁2𝑘 = max(0,  

𝑗=0

128

(𝑊2𝑗𝑘𝑁1𝑗 + 𝑏2𝑘))

• X05 : X0, X1, X2, …. X5

• 𝒀𝟎 𝑿𝟔 = 𝑴 , 𝒀𝟎 for 𝑿𝟔 = M

Lowest drag  Lowest mean CX0 from Mach 2 
to Mach 5

Static stability, Cma < -10 at highest Mach number

CX0 is a positive value

Inputs Outputs

X Geometry + 
Mach

Y Coefficients

X0 Fins 
configuration

Y0 CX0

X1 Y1 CX2

X2 Y2 CNa

X3 Y3 Cma

X4 Body
Configuration

Y4 Cmq

X5 Y5 Clp

X6 Mach 
number

Y6 Cld

Other possible approaches for the function to 
minimize

Dynamic stability, Cmq < -100 at highest Mach number
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Optimization problem : 

 𝑿𝟎→𝟓 = 𝑨𝒓𝒈 𝑴𝒊𝒏𝑿𝟎→𝟓
(
𝟏

𝟒
 

𝑴=𝟐

𝟓

𝒀𝟎 𝑿𝟔 = 𝑴 )

𝐒𝐮𝐛𝐣𝐞𝐜𝐭 𝐭𝐨 ∶

𝒀𝟑 𝑿𝟔= 𝟓 ≤ −𝟏𝟎
𝒀𝟒 𝑿𝟔 = 𝟓 ≤ −𝟏𝟎𝟎

𝒀𝟎 𝑿𝟔 = 𝟓 > 𝟎

𝒀𝟎 𝒀𝟒𝒀𝟑

𝑿𝟔
𝑿𝟔 𝑿𝟔

Python library Scipy optimization tools

• Method : Sequential Least Squares 
Programming

• Minimize a function subject to 
constraints

Sh
ap

e
 O

p
ti

m
iz

at
io

n

Geometry optimization : Solution

Parameter Boundaries Optimal
SolutionMin Max

X0 Total Length (cal) 5 20 9

X1 Nose Angle (°) 5 50 10

X2 Fins height (cal) 2 3 2

X3 Fins width (cal) 1 5 2

X4 Number of fins 2 6 2

X5 Position of fins (cal) 0 3 0

Parameter Boundaries

Min Max

X0 Total Length (cal) 5 20

X1 Nose Angle (°) 5 50

X2 Fins height (cal) 2 3

X3 Fins width (cal) 1 5

X4 Number of fins 2 6

X5 Position of fins (cal) 0 3
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Aerodynamic 
database creation 
(fin, spin and drag 
stabilized)

Aerodynamic 
predictions for 

specific projectiles

Geometry design

Data gathering and 
generation from 
different sources

BF trajectory 
generation with 
canards

Simulation

•CFD

• semi-empirical 
tools

Experimental

•Wind Tunnel

•Free Flight

Litterature

Trajectory shaping

• V0, elevation, …

• d, Ncanted_fins, actuation time and 
duration, random control, …

Basic Finner

Criteria
drag, 

stability,…

* reach an impact point in the shortest possible time, decrease drag effect, increase hit velocity or the range, counter-measures, …

Mission 
objectives*

Techniques: Machine, Deep and 
Reinforcement learning
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Any questions ?
Contact:

Alain.Uwadukunze@isl.eu

Aerodynamics and Exterior Ballistics group (ABX)


