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General

Digital Engineering theme:

« Data science is rapidly adopted by many
industries with emerging data-driven
concepts (such as machine learning and
digital twins) that are ideal for high-
dimensional multi-objective optimization
problems

« While the aviation industry is very
traditional and highly regulated, there is
potential of integrating data-driven
science and engineering into design,
manufacturing and services
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« Digital Twin
— Avirtual (multi-physics, multi-scale, probabilistic) representation of a physical
asset

Artificial Intelligence (Al)

— Simulation of human intelligence processes by machines, especially computer
systems

Machine Learning (ML)

— An Al technique that uses computational and statistical algorithms to “learn”
information directly from data without relying on a predetermined equation as a
model

Virtual Testing

— Simulation of a physical test, usually using finite element analysis tools, to derive
accurate loads, motion and damage of an air vehicle
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- Digital Engineering

— An integrated digital approach that uses authoritative sources of systems' data

and models as a continuum across disciplines to support lifecycle activities from
concept through disposal

« Digital Thread

— An extensible, configurable and component enterprise-level analytical framework
that seamlessly expedites the controlled interplay of authoritative technical data,
software, information, and knowledge in the enterprise data-information-
knowledge systems, based on the Digital System Model template, to inform
decision makers throughout a system'’s life cycle by providing the capability to
access, integrate and transform disparate data into actionable information
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- Digital Twin
— Avirtual replica of a physical entity that is synchronized across time. Digital twins

exist to replicate configuration, performance, or history of a system. Two primary
sub-categories of digital twin are digital instance and digital prototype.

— Digital Instance is a virtual replica of the physical configuration of an existing
entity. The digital instance typically exists to replicate each individual configuration
of a product as-built or as-maintained

— Digital Prototype is an integrated multi-physics, multiscale, probabilistic model of
a system design. The digital prototype may use sensor information and input data
to simulate the performance of its corresponding physical twin. The digital
prototype may exist prior to realization of its physical counterpart
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* Provide a collective overview of digital engineering trends in the aviation
industry, with special focus on aeronautical fatigue and structural integrity
— Few examples from ICAF 2023 national reviews

« List opportunities, challenges and related concerns
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- Forecasts indicate a significant rise of Al products, owing to the rising
usage of big data analytics in aerospace industry

Performance optimization

ARTIFICIAL INTELLIGENCE IN AVIATION MARKET SIZE, 2021 T0 2030 (USD MILLION)

PRECEDENCE
Design, Analysis and TestinsJ it

Flight operation

Training and virtual assistants
Dynamic pricing

Smart manufacturing

Smart Fleet Management
Smart maintenance
Optimized flight route
Customer support

Fuel efficiency
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« Develop a data-intense aerospace engineering covering the entire product
life management including the development phase, production, service
support, fleet monitoring and end of life

Smart
Manufacturing

Ref.: S.L. Brunton et al., Data-driven aerospace engineering: reframing
the industry with machine learning, AIAA 59(8), 2021
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EASA
B
. objectives
» EASA has recently published a document
forecasting the insertion of Al technologies
to the aviation industry and the regulatory
activities planned - o N
i ECEthical Guidelines EJEASA Trustworthy Al building blocks

Human agency and owversight

« Consolidated EASA policy for Al planned for
Com pletion in 2028 Privacy and data governance

Al
trustworthiness g

analysis

Transparency

« First step: human assistance/augmentation e o e

Societal and environmental well-being

(2023-2025+) recourttty

. H 2021 2023 2025 2026 2028 2029
* Second step: human-Al teaming (2025- nvbie  sadmatr saime  maied el
guidance for  Level 2 Al/ML  for Level 3A1  quidance guidance o further
2 O 3 5 + Level 1 A/ML  (human/ (advanced for Level 1 forlevel3  innovation
(assistance machine automation) and 2 AIfML  Al/ML in Al

to human) teaming) /l/r’,;/
. - Phase II: Al/ML E
Phase I: exploration and H S .
first guidance develo ﬁamm:“ ' Phase IlI: pushing barriers
I | I I I | I | | I | I | I
2000 2021 2022 2003 2024 006 2027 2028 2009 2030 [l 2040

« Third step: advanced automation and
autonomous Al (2035-2050+)

DELIVERABLES

Al ROADMAP

STAKEHOLDERS
PROGNOSTIC

2019 2025 2035 2050+
First EASA Al/ML First approvals First approvals Autonomous Al,
IPCs & applications of Level 1 Al/ML of level2 /3A Al e.g.in CAT

Ref.: EASA Document, Artificial intelligence roadmap
2.0 - human-centric approach to Al in aviation, May
2023

e.q. CAT SPO or or U-space
automated CDR operations
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Examples from Israel
National Review
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« Development of a new aircraft is a joint effort of many disciplines, including
mechanical systems, airframe design, aerodynamics, propulsion,
manufacturing, avionics, etc.

« Specifically, for structure, the design process can be generally described as:

[CFD, Wind Tunnel ]—{Aerodynamic Analysis}qi &eometry

><
) Structural

FE Model

Design Loads
Aerodynamic
Panel Model
Structural Analysis
Mass Distributi
-~
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 Typical structural substantiation process includes:
— Application of external loads to Finite Element Model (FEM)
— Determination of internal loads
— Failure analysis in light of failure criteria
— Determination of margins of safety

« This is a time consuming process, and may take months for each load loop!

Aircraft External Determination of )
[ Loads ] "l Internal Loads ] —)[ Margins of Safety ]
h 4 "

[ Finite Elemem [ Failure Criteria
Analysis | |
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 This study proposes a development of a ML based assessment tool that

significantly reduces the structural analysis duration upon issuance of new

loads loop B
« According to the proposed methodolog = [ sz
the established relations between the = |
external loads and the margins of | e
sdfeties during the previous load loop ‘
are used to train the algorithm | e

New Load Loop Data

New Aircraft External
Loads

1

5| Principal Component

Training Data
A
|| Features Importance

Analysis (as needed)

1

Machine Learning

Regression
—

Load Loop '
Assessment Tool
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« The performance of this algorithm was successfully demonstrated for a

specific use case (cargo loading system device) using neural network and
random forest algorithms

« Graphs present how well the ML predicts the margins of safety for
validation data (~ 250 data points)

Machine Leaming Prediction 1o Machine Learning Prediction
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 Typical full-scale fatigue test duration is several years, and it is usually
completed years after the first airplanes are delivered to the customers

« Any fatigue cracking detected in early stages of the test should be
addressed, and design changes to preclude such cracks are introduced

 Retrofits to preclude fatigue cracking in airplanes that are already in service
are extremely costly (requires removal of the aircraft interior,
repair/reinforcements installation, downtime compensation, etc.)

« Early detection of cracks in FSFT has the potential to save millions of
dollars !!!
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* In this study, several ML-based approaches were employed to demonstrate
early detection of strain anomalies in FSFT

R T —
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« Itis generally difficult to detect such cracks at such early stage based on

strain measurements:

Clearly something happened

at ~ 25K flights

Can we detect
something earlier? Very
difficult...

A N
\ =S
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N /’l" ";.7 v '
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« Two unsupervised ML algorithms were employed
— Isolated Forest

— Principal Component Analysis (PCA) . \f,\/\

BOO4 BOOS BOO7 BO12 BO13  BO14  BOI5 BOT6  BOI7  B208  E209

« Earlier detection (20% earlier than

actually detected intest) - \r—\/\

= 18016 cycles BOO4 BODS BOO7 BO12  BOT3 014 BO1S  BOTS  BO7  B208  B209

was demonstrated — (e

= 20015cycles
= 20061 cycles

= 20464 cycles *°
——— 21802 cycles _;

= 22940 cycles BO04 BOOS BOO7 BOT2 BOT3  B014 B0 BOTE  BOT7 208 EQ09

24530 cycles after 20015 cycles

= 25138 cycles
The second PC - >C>‘<7 <><

starts to deteriorate

after 20061 cycles

significantly after . M
20015 cycles o S —

13 BO14  BO15  BOI6  BO17  B208  B209
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after 20464 cycles

05
00
5

BO04 BOO5 BOO7 BO12 BO13  BOI4  BOI5 BOW6  BO17  B208  B209

after 21802 cycles

X=X X

BO04 BOO5 BOO7 BO12 BO13  BOI4  BOI5 BOW6  BO17  B208  B209

after 22940 cycles

BO04 BOO5 BOO7 BO12 BO13  BOI4  BOI5 BOW6  BO17  B208  B209

after 24530 cycles

e

BOO4 BOO5 BOO7 BO12 BO13  BOM4  BOIS BOW6  BO17  B08  B209

after 25138 cycles
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USSF

AFRL

National Overview:
Digital Engineering for Aviation

Eric Lindgren
Materials State Awareness Branch
Materials and Manufacturing Directorate
US Air Force Research Laboratory
June 27, 2023

Davibuton Stumamic A Appuoend ke Poeann Gt akhon 14 wabauied,
P C nmmmuu
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U.S. AIR FORCE 2 . .
Providing the Warfighters’ Edge

NAC Keystone Panel

Mr. Thomas Fischer
Ms. Jacqueline Janning-Lask

U.S. AIR FORCE

Air Force Sustainment Center

AFSC Digital Transformation

Wayne Ayer, SES
AFSC/EN OL-ROBINS
30 August 2022

Distribution Statement A — Approved for Public Release. Distribution is unlimited.

(Case #AFLCMC-2021-0166)

« National Airworthiness Council - Aircraft Airworthiness and Sustainment

2021

e Air Force Sustainment Center - Aircraft Airworthiness and Sustainment

2022

Distribution Statement A: Approved for publicrelease; distributionis
unlimited, Case Number AFRL-2023-2431
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315t ICAF Symposium
Delft Netherlands, 26-29 June 2023

Digital Engineering (DE) for
Improved Aircraft Structural
Integrity Program (ASIP)
Execution

Chuck Babish
U.S. Air Force (USAF)

DISTRIBUTION A. Approved for public release; distribution unlimited

Distribution Statement A: Approved for publicrelease; distributionis
unlimited, Case Number AFRL-2023-2431
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...........

\ ASIP Task I

oo Structural Design & Analyses
Major Frreiminany b Changes to:
— - Design Maturi
Structural External [ jipsssbsi

Design Loads - Flight Control Laws

Activities - Mass Properties
- Etc.

“Preliminary” Focus:
= Achieve Subset of SDC
- Optimize Weight

re
“Design To” Focus: dentify
1

= Integrate all Systems

- Resolve Weight Crisis
“"Verification/Others” Focus:

- Fix Test Discoveries

- Resolve Cost Crisis ‘ Detailed Internal

Reduced scope
for some
iteration loops?

Analysis Loads

SDC: Strectural Design Criteria

DE Goal: Increase Use of Digital Models & Data & Threads
to Reduce Design Iteration Time-Span and Quantity 6

Distribution Statement A: Approved for publicrelease; distributionis
unlimited, Case Number AFRL-2023-2431

*Babish, C, “Digital Engineering for Improved Aircraft Structural Integrity Program Execution” ICAF 2023 06 | 2
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ASIP Task V - Force Management*
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ASIP Task V
Force Management

Loads/
Environment
Spectra
Survey (L/ESS)
used to
establish
baseline
operational
loads spectra

Reliability Maintenance data,
& risk damage findings &
analysis non-findings feedback

Updated
Durability and
Damage
Tolerance
Analysis (DADTA)
revises baseline
inspection
requirements

Force
Structural
Maintenance
Plan (FSMP)
summarizes all
maintenance
requirements

Technical
Orders for
inspections,
repairs, and
modifications

Individual Aircraft Tracking (IAT)
Adjusts inspection requirements
for each aircraft based on
actual usage severity/variability

DE Goal: Automate Usage & Maintenance Data Feedback & Updates

20

*Babish, C, “Digital Engineering for Improved Aircraft Structural Integrity Program Execution” ICAF 2023

Distribution Statement A: Approved for publicrelease; distributionis
unlimited, Case Number AFRL-2023-2431
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Examples of USAF Force Management

Options dependent of funding used for development:
« Source code and data format owned by USAF
« Data rights, source code, and data format owned by contractor

@ F-16 ASIP Portal

< Foce

m 3000+ active users
= Role based user management for each module

A-10 Digital Transformation of
Maintenance Data with NLign

Martin Raming
Southwest Research Institute | A-10 ASIP USAF AFLCMC/WAA

Co-Authors: Kaylon Anderson (USAF-Hill AFB), Hazen Sedgwick (USAF-Hill AFB), Uriah Ligget
(NLign Analytics Inc.)

SwRI om0y

DISTRIBUTION STATEMENT A: Approved for public release: Unlimited distribut
Reference: 2022-11-03-WAA-0014_75ABW-2022-0065

Providing warfighters mission-ready F-16s!

http://www.arctosmeetings.com/agenda/asip/20
22/proceedings/presentations/P23268.pdf

http://www.arctosmeetings.com/agenda/asip/
2022/proceedings/presentations/P23269.pdf

Automated Inspection, Repair, Corrosion,
and Aircraft Tracking (AIRCAT)

+LY IREBRGSE,s o N B 7

https://ww.merc-mercer.org/project/aircat/

Distribution Statement A: Approved for publicrelease; distributionis
unlimited, Case Number AFRL-2023-2431
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SMART|DT

—

| Loading Data | \ A I Material Data l Insge(t:;ion
a
o = 41~ poD|
% Load Limit Factors Yield and Ultimate t / E=]
s Stress 15/ f
= ; E /
g | o . 4
(3 Exceedance Curves s T 1 R o > Repair Crack
= e 1= [ ——————— ' Size
c e — e > .
Flt Duration & Vel . o - . s | Repair Scenarios |
£ [ ™o wame|[[,]| Risk Calculations  Crack Size RUL
$ Inspection times
Sink Rate § ot st . | Prob. of Inspecting |
X N
o — { -
|| e e— s (-—/|Fracture Models |
§ User Spectrum Flights RUL Ultrafast Crack
o Growth Lifing
3 ‘ 1 T ICGsmart
SMF l Geometry Data I | j
. ! ! —_ \ /5’/
EVD Initial Crack Aspect _AA I <
Crack Size Ratio Hole Hole | ¢ i}_._v. Crack sze jpdf KiSgma 3
k - / Dia. Oﬁse_t '—"_

Distribution Statement A: Approved for publicrelease; distributionis

http://www.arctosmeetings.com/agenda/airworthiness/2022/proceedings/presentations/P23052.pdf ~ U"mted Case Number AFRL-2023-2431
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Example: data quantity and signal-to-noise affect mean square error

s :s0

T %%%%f

N 500
. . 1k
103 4 $ o 2k

ak

* " ﬁ%'}-}.}%%ﬁ #%'I"H'-H—t—? T

Mean Squared Error

8k
EEE 14k

. . . . _ Data set size
inf 100 50 25 10
Signal to noise ratio

Distribution Statement A: Approved for publicrelease; distributionis
unlimited, Case Number AFRL-2023-2431
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« Education and capabilities development in traditional aerospace
engineering sector

» Fostering a culture of data sharing, open science, and reproducibility
« High cost for data collection

« Heterogeneity, multimodality, and multi-fidelity of aerospace data, which is
vast in some dimensions, and sparse in others

« Development of practical and general ML models that incorporate partially
known physics

 Certifiable and verifiable ML models for safety-critical applications.
Credibility is the main issue !

g~
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« Faster design / testing cycles with digital twins and efficient surrogate
models

« Revolution of the test pyramid to integrate virtual testing
« Improved smart and condition-based maintenance
« Enhanced efficient fleet monitoring and management

« Streamlined and more reliable testing, evaluation, and certification,
including anomaly detection

« Improved models for complex multiscale physics, such as solid-fluid
dynamics, advanced materials and composites

g~
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| Yuval
thinks Peak of Inflated
we are Expectations
here ! Eric’'s opinion:

N Others

Eric’s opinion:
USAF ASIP
A\

Plateau of
Productivity

Expectations

Innovation Trough of
Trigger Disillusionment
Time
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