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Systems Engineering Challenges

* Non-intuitive design interactions
= New technologies to be integrated

»Cannot evaluate system performance
based on experience

1. Need to run physics-based simulations

» Simulations can be computationally
expensive

» Runtime per simulation in the order of
minutes to hours

2. Huge design space
» Many possible system architectures

» Valid combinations in the order of
thousands to millions

Image copyrights: ):
CFD and aeroelastic simulation: DLR
and Martins x
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From Manual to Automatic Architecting

DLR
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System Architecture Optimization with ADORE

DLR
Explore and optimize Model the architecting problem Connect to your
= Automatically generate = Define functions, components, evaluation code
architectures connections = Python- or file-based
= Driven by machine = Model architectural choices = Local or remote execution
learning algorithms = Set input parameters and metrics
- ropulsion System
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The System Architecture Optimization Loop

DLR
taking assigning values to
. Architectural choices Architecture-specific design
Architecture yields ... parameters yields ...
Design Space Architectures Architecture Instances
e R
comtBonsc] M - . ...'.:?foy/des <' - |:| \i SR
The ADORE Model s | | ' P | P
e oae Th B
. _ . e Generator .
Defines architectural choices Generates an
and metrics. . : <h wee [
. architecture instance B 4@3 j D
formalizes the = from x. .
optimization :
problem :
v each
architecture
instance is

evaluated by

The Evaluator
Executes problem-
specific multidisciplinary
analysis code.

The Optimizer G
Uses machine provides objective f and
learning algorithms constraint g values to optimizer

x
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Modeling Architecture Design Spaces
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Component:
Propeller
(in Propulsion Assembly)

OPEN COMPONENT DETAILS VIEW /'

Name
Propeller
Reterence

propeller

Disable element
‘om the design space

Notes
Connectivity
Fulfills
FUN Generate Thrust L]
Derives
FUN Gen Power 0
FUN Decouple RPM (5]
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Overview of Model Elements

Non-exhaustive DLR

Multi-fulfillment

System elements - / Quantities of Interest (QQOIs)
[ FUN: = —}—"“"“e‘* v

Generate Mechanical Power

_,\ Generate Mechanical Power Jr---------- e o COMP: QOI [INP:
FUN: . COMP: Battery pack Energy density = 300 Whlkg
Generate Thrust o Propeller )

f \ Pocouple RV SO Ceabox on-fulfiliment [ COMP: QOI [DV]: ] i Evaluation
OF. / Wing Aspect ratio = [5, 15] |npUtS
Do Nothing

Functions Components [ FUN!
Control Roll
[ COMP: H QoI [DV]:

FUN- Propeller Blades = 2,3,4,6 } |
ms into Control Pitch
FUN: DE:
R FUN:
Control Yaw QOI [OBJ]:
FUN: Weight | kg
s Supply Power  J—gijeq
COMP: COMP: FUN:
Control Surface j«- B Control Thrust

Power Distribution System

*toinput __ _ ouputsto’ ~ . Eva|uatIOn
Assi . QOI [MET]: L
/ ssign Decom pOS|t|On Cruise time [s] OUtpUtS
Port
SYs:
Propulsor FUN: QOI [CONJ:
SUbSyStem [ Perform landing Landing distance < 1500 m
COMP: i FUN: . COMP: =

FUN: Aty —3 I COMP: } { FUN: } - - }
lled by : fulflled by COMP: e FUN: fulflled by COMP:
el Generate Power {Electric Motor | Provide Electrical Power| Power System
EX
M
. x
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Function Allocation

Components
Represent how the
system fulfills its
functions.

Functions
Represent what
the system does:
“verb + operand”.

FUN:
Generate Mechanical Power

needs —>
FUN: fulfilled by COMP:
Generate Thrust Propeller —
FUN:
/1 Decouple RPM

Boundary function
Acts at the “system
boundary”.

Function induction
Function fulfillment The components needs
The function is fulfilled by additional functions to be
the component. fulfilled.
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DLR

Architectural choice
Only one component can
fulfill a function in an
architecture instance.

FUN:
Accelerate Air
fulfiled by fulfilteg by

» 4

COMP: COMP:
Nozzle Propeller

. ADORE
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Formulating Functions "What should the system do to bring

benefits to its users?”

Pro CeSS Table 5. Fundiom basis reconciled function sfl J. Hirtz, R.B. Stone, D.A. McAdams, S. Szykman, K.L. Wood, “A functional
Class (Primary)  Secondary Tertiary basis for engineering design”, 2002, DOI: 10.1007/s00163-001-0008-3
Divide

The action (verb) associated Branch Separate .
to the function bt o Process/verb Operand/object/

Distribute
(“what is happening ...") Chamd  Inpon flow/noun

Transfer ‘

Transport

DLR

Transmit Table 3. Functional basis reconciled flow set
Guide
Translate Class (Primary) Secondary Tertiary
FUN: Rotate Material Human
i Allow DOF G
Control Aircraft on Ground Connect Couple Lf:;u; 4

l F U N %/_/ . Eﬁ Solid g:r,;il e
Tra n S fe r E n e r o . Control :Ilctuale Pl‘.'lsrna Composite
9y Condition (optional) Regulae . N or-gue

Liquid-liquid
Decrease Solid-solid

Operating condition where Magnitude Change Solid-liquid
. . . Liquid-gas
the function is active Increment Solid-gas
Decrement Solid-liquid-gas
Shape Colloidal
O d Condition Signal Status Auditory
Olfactory
p e ra n Stop Prevent Tactile
o . Taste
' Inhibit "
The object (noun) that the - v
| 1 Provision Store Discrete
process is applied to Contin snery Human.
Collect Biological
11 II) N 10log
( Supply Chemical
- to Wh at Signal Sense Electrical
Detect Electromagnetic Optical
Measure Solar
Indicate Hydraulic
Track Magnetic
Display Mechanical Rotational
Process ) Translational
Support Stabilize Pneumatic
Secure Radioactive/Nuclear
Thermal
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Function Allocation: Advanced

Architectural choice

Multi-fulfillments DLR

Represent the option for

Components
Represent how the
system fulfills its
functions.

Functions
Represent what
the system does:
“verb + operand”

Only one component can
fulfill a function in an
architecture instance.

multiple components to
fulfill a given function.

]

COMP:
Electric Motor

—

FUN:

Generate Mechanical Power

FUN:
Generate Thrust

needs
fulfilled by COMP
PropeIIer e

Non-fulfillments

FUN:

1

Decouple RPM

- fulfilled b COMP:
- - - fulfilled by - .
Gearbox Represent the option for a

Decompositions

Map one to multiple
parallel/independent

. FUN:
fUﬂCUOﬂS. \ | Control Roll
Group one or

FUN:
s o Control Pitch
Control Flight Path Control Functions Jooms o : :
S FUN: including other
Control Yaw
e subsystems

*l FUN: (recursively).
Control Thrust

Subsystems

" linkedty_ function to remain unfulfilled.
NOF: /
Do Nothing
Instantiation choices [ ]‘ | @

The number of instances of components and
subsystems may be architectural choices.

SYS:
Propulsor

COMP FUN COMP
Turbofan Core Prowde Fuel Fuel System

COMP:
Turbofan

fulfilled by

COMP:

Propeller

- FUN: )
' )[Generate Power} COMP:

Electric Motor

FUN fulfillec
Generate Thrust I
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fulfilled by — FUN: R COMP.'
Provide Electrical Power Power System
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Function Allocation: Advanced (2)

Concepts

Map a solution-neutral to a
solution-specific function.

CON: specifc FUN:
By Air Transport Passengers by Air
neutral
FUN: neutral specific
Transport Passengers

neutral

/

Disabled elements
Acknowledge technology alternatives
without including them in the actual

design problem. @@ Disable element

Removes the element from the design space

_ fulfilled by =
FUN:
Stabilize Longitudinally

T 7 fulfiled by _

FUN:
Stabilize Directionally
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[ cota'eo DLR

zooms into

FUN:
Zooms into Control Pitch
FUN: emerges from DE:
FUN:
Control Yaw

/ zooms into
FUN:
Control Thrust

__ fulfilledby =7

= “fulfilled by _

Only use decompositions if:

1. Decomposed functions act parallelly or
in a tightly-coupled loop (without a clear
starting point).

2. The decomposed functions are as
solution-neutral as the source function.

3. Downstream cross-tree incompatibility
constraints are not needed.

Incompatibility constraints
Declare that two elements may never
exist together in an architecture
instance.

COMP:
Horizontal Tail

COMP:
Vertical Tail

. ADORE
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Quantities of Interest (QOIs)

DLR
OlS Units
QOls can have units defined.
Represent quantiﬂab|e inputs Unit conversions are supported.
or outputs to/from the [ e g
. - 5 : ‘ Parsed units: Wh/kg (wati_nhour/kilogram; [length]?/[time]®
architecture evaluation. gy SOV Wh/kg] ———
The type can be changed [ prey ] [ oo } | Evaluation
eaS| |y Wing Aspect ratio = [5, 15] inpUtS
Objective QQOIs o T
QO|S can be owned by the QOls can only be objectives if [ Propeller l l Blades=2,3,4,6}

top-level system, subsystems, they always exist, as needed

for architecture performance \
f . _t . QOI [OBJ]:
unctions, or components. comparisons. Weight | kg
Power Subsystem Cruise time [s] OUtp uts
FUN: fulfilled by COMP: FUN: QOI [CON]
Provide Power Generator Perform landing Landing distance < 1500 m

QOI [OBJ]:
System Weight | kg

. ADORE
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Component Connections through Ports
DLR

COMP: COMP:
Gas Turbine Compressor Electric Compressor

. .

~ 4
outputs to outputs to
~ .

Ports

Represent component- toimpa

to-component
. . COMP:
connection choices.

COMP: COMP:
Gas Turbine Compressor Electric Compressor

Port details view

Connector constraints can be
edited in the port details view
(double-click on the port).

COMP: PORT:
AC System Bleed Air

\ ;

2
IN:
Bleed Air,

. ADORE

https://adore.mbse-env.com/

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23



https://adore.mbse-env.com/

Component Connections through Ports
DLR

COMP: COMP:
Gas Turbine Compressor Electric Compressor
Port connector:

. .

ou\tputs\to ou,tputs’tO Bleed Air
PORT: I Disable element
Ports Bleed Air Removes the element from the design space
Es_gfr;en;nceonr? ponent_ v SeleCt con neCt?On Connection aggregation determines whether different
p_ . COMP: Order aggregatlon connection orders (e.q. first connect 1o port instance
connection ChO|CeS. AC System Ievel (See next Sllde) 1,then 1o port instance 2) are reated as different
architectures or not. Refer to the QRM for more
details.
COMP: COMP: \
Gas Turbine Compressor Electric Compressor )
Connections are aggregated at the level of ..
Port connectors v

Port details view
Connector constraints can be
edited in the port details view

Allowed connections per connector. 0 or 1

Specific number of connections allowed

(double-click on the port). Set number of 01 X

Bleed Alr allowed connections

011 P '0’1. for eaCh Con nector I(;Ionnect ons ranging from I_?O e -
[ COMP: ] PORT:
AC System Bleed Air . . . Repeated connections allowed
‘ 1 SeleCt lf m u |t| ple Con neCtlonS / Repeated connections between the same connectors allowed
’ : may be established between &l st connect allowed

IN th e Sa me Con n eCtor pa I rS Connections between ports owned by the same component allowed

Bleed Air

. ADORE
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Port Connection Order Aggregation
DLR

Determines at which level different
connection orders are regarded as

. . . ' instan h
different architecture instances. 2 components, with 2 instances each,

and 2 port instances* per component instance

Loy Caly hin
S = S TR e G Gy
Connections are Ty (D i & D Es
aggregated atthe | DA e 2 DI D
level of...

Port connectors Architecture instance 1 Architecture instance 2 Architecture instance 3
Component Architecture instance 1 Architecture instance 2
Instances*

Components Architecture instance 1
* Enab|e AdvancedlMode

advanced mode!

"attributes’,  and
nge the number of por
connector instances.
» X
@-
@ Advanced mode v
X

https://adore.mbse-env.com/
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Choice Constraints Choice Constraint Types

Choices can be linked by a constraint, which limits the options that can be selected when taking all
choices within a constraint into account. D LR

As an example, consider two choices with three options (A, B, C) each:

. . Constraint Description Possible Combinations
Choice constraints o | AA, AB, AC, BA, BB, BC,
None All combinations of options
Restrict the available options CA.08,EC (9
] Linked Values All choices get the same option AA, BB, CC (3)
for a choice based on one or _ All combinations without
. Permutations ) AB, BA, AC, CA, BC, CB (6)
more other choices. repeating values
L All combinations when selection
Unordered Combinations . AA, AB, AC, BB, BC, CC (6)
order is not relevant
Unordered Non-replacing Unordered, without repeating
o AB, AC, BC (3)
Combinations values
Constrained choices Architecture Choices Search Q
a re S h OWﬂ I n da rk red D #N Operation Subject Component Instance System Instance Options Constraints
O 1 Fulfill function Generate DC Power Electric hybrid, Batteries, Rectifier G2
A (5
2 Fulfill function Gen Power 1 Electric Motor, Mech Bus, Mech Turboshaft Unurdfered
Combinations
COMP: 12 ®)
TUrbi ne : 3 Fulfill function Gen Power 2 Electric Motor, Mech Bus, Mech Turboshaft EQ
4 Fulfill function Gen Power 3 Electric Motor, Mech Bus, Mech Turboshaft 5]
5 Fulfill function Gen Power 4 Electric Motor, Mech Bus, Mech Turboshaft é{)
6 Fulfill function Gen Power 5 Electric Motor, Mech Bus, Mech Turboshaft EQ
Constraint Tvbe
Linked Values m
7 Instantiate system Propulsion Assembly Permutations ,4or5times =
1 Continuous design variable COMP: a -> elec_DoH_climb :en0and 1 (=]
12 Continuous design variable COMP: a -> elec_DoH_cruise Unordered Combinations :en0and 1 G2
13 Continuous design variable COMP: a -> elec_DoH_descend :en0and 1 (o]
14 Continuous design variable COMP: a -> elec_DoH_loiter Unordered Non-replacing Combinations senoand1 [
15 Continuous design variable COMP: a -> elec_DoH_reserve_climb —-..2en0and 1 (=]

. ADORE
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Modeling Process Overview

= Start from boundary functions
» Traced from requirements

= Assign functions to
components

= |nduce additional functions
from components
> Repeat...

= Model architectural choices

» Possible to represent
complex choice scenarios

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

<<Requirement>>

Fly Aircraft
————— £————1 F----T----1 r————l————1/
! FUN: 1 ! FUN: 1 ! FUN:
: Generate Thrust : : Generate Lift : Control Aircraft "
fulfilled mmHerdhy mH\Her«Hwy
~ v v v
COMP: COMP COMP:
Turbofan Wings Control System
I I
”i‘5 outputs to‘ . ”i‘s
FUN: FUN:

[Su ly Enert
\ _ pply gy

)

fulfilled by
.

fulfilled by
N

PORT:
Generator

)

v v
COMP: COMP:
Kerosine Hydrogen
|
needs
v
( )
FUN:
Produce Kerosme
fulfilled by f ffilled by
v

COMP: COMP:

[Fossil Fuel Source] [ Power-to-Liquid

needs

FUN:
Produce Hydrogen

~
~~~;

.

Supply Power

J

fulfilled by

fulflle dby fLIhIIed\by
Y Y
COMP: COMP:
Renewable Source Natural Gas Sourc

COMP:

| Hydraulic System |

DLR

. ADORE
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Generating an Archite

Arrows point in the direction of
derivation: “if source is included in

an architecture, the target is too”

cture Instance

Starting point of

architecture derivation
There can be multiple

DLR

----------

1 FUN:
1 Boundary Function :

[ )

emerges from

DE:
Decomposition

Blue-dashed arrows indicate
selection choices (mutually-

zooms into zooms into

o exclusive options)
Function 1 Function 2 Function 3
1 14
Included” elements — —
. fulfilled by fuIﬁI‘Ied by fulﬁllegj by fulﬁ[led by fuIﬁIIe_d by
have thick borders v ¢ 3 g 3
T~ COMP: COMP: COMP: COMP: COMP:
| Comp 1 Comp 2.1 Comp 2.2 Comp 3.1 Comp 3.2
|
needs needs needs
FUN: FUN:
Function 4 ] | Function 5
fulfilled by \falﬁlled by fgmned‘b}’ fulfilled by
1 N\‘A k,* 1
COMP: COMP: COMP:
Comp 4.1 Comp 4.2 Comp 5.1
~—— ~——
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Generating an Architecture Instance

This represents an

architecture instance,
because there are no
more choices to take

)
FUN:

Function 1

fulfilled by

4

DLR

----------

1 FUN:
1 Boundary Function :
DE:

[ 5 » ] Select one of the options for
ecomposition ) i
| each selection choice

zooms into Zooms into . .
t Manually (in GUI) or from a design vector
FUN:

Function 3

1 by fulfilled by

emerges from

fulfilled by

¥

fulfilled by

fulfilled by

D

N\
COMP:

| Comp 1 |

COMP:
Comp 3.2

COMP:
Comp 2.1

J | | (&)

needs

FUN:
Function 4

fulfilled by

T

/#\

One incoming derivation edge
Is enough to select an element

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

e

—__ Not-selected options and their
derived nodes (and choices)
are marked for removal

fulfilled by fulfilled by

~a e
COMP:
Comp 4.2

/

fulfilled by

. ADORE

https://adore.mbse-env.com/



https://adore.mbse-env.com/

Showcase: Hybrid-Electric Propulsion System

Boundary function and system- Propulsion assembly: 310 architectures DLR

level performance metrics betwein 1 and 5 per wing 26 design variables &@mmmo

\ oo
i A O
o (e ) svs: Power generation 3 objectlves % vy

Generate Thrust Fuel Consumption | kg (P e AeeEit ety (1 Ch O|Ce conve nt|0n al , Eeen 1O
[QOI [OBJ]:] [ QO [0BJ]: ] [ Decoﬁ;L)jlgl:RPM ]“”‘”””[Propeﬁgrhge:arbox] electric or hybrld

Duration | s MTOW | kg
X

needs

Non Pareto points e Pareto front e Reference aircraft

QO [DV: -
Time Coefficient = [0, 1] COMP: Fi g%M;em = i
Propeller ue sy 2 i X
' PP = o &
SR fulfilled by = = = = == === mmm e me e memm = )
needs fulfilled by = o0 o
¥ o kA
= (XA
FUN: fulflled by COMP: ) needs > FUN: needs COMP: = o o0 .
Gen Power “| Mech Turboshaft J i Provide Fuel Electric Turboshaft -
E \‘. T o 1
. ncludes
fulfled by
H by e Conventional e Electrical o Parallel o Parallel-series
fulfilled by .
]

5 A FUN: o comp: FUN:
' Convert AC to DC ' Generator Provide Shaft Power,
* L[]
 FUN: - COMP: COMP: " -l
Provide Electric Power Electric Motor Mech Splitter e, ®
. COMP: . N
Rad Rectifier D

fulfiled by

MTOW [kg]

g FUN: . COMP:
es fror ‘ . uifilled by ) R 1.00
Define Split Amount Electric Splitter .
Zooms into’
FUN: Uifilled by COMP: needs FUN: - emerges from DE: ; o o 0.98 o
e Provide DC Power DC Bus Generate DC Power| Electric hybrid o R £
zooms into —_ . s
DE: FUN: — MULTI: g e 0.96 £
AC Power N Supply DC Power ' Electric Spitter Z L S
Tty 2 . 0943
Sooms o FUN: A COMP: L COMP: B o : . S
Convert DC to AC Inverter Batteries N = .o 0.92 £
4 . \g
0.90
‘.

Electricity generation choice:
generator, batteries or hybrid

Fuel used [kg]

. ADORE
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Comparison of Modeling Approaches ‘#7
DLR

Tree-structured Graph-structured
Morphological matrix / Feature model ADORE / ADSG

= Top-down using function decomposition = Start from main value-providing function(s)

» One layer of function-means modeling = Derive by zigzagging (function <« means)
» Many incompatibilities / cross-tree

. FUN:
constraints
iulgued‘by \ﬂ;lﬂl\ed\by
Noz. Ie Propeller
DE:
Thrust Generation Process v
I

FUN:
Generate Thrust

v

emerges from
: Joone o S FUN: FUN:
Zooms into o ﬁ Energize Airflow Generate Mech Power|
¢ o ‘I‘ fulfilled by . - :ed , "7 e by
FUN: FUN: FUN: v K v v
Supply Energy Convert Energy to Work Convert Work to Thrust [

COMP: COMP: COMP:
Gas Turbine Core Piston Eng ne Electric Motor

fulfilled by
)

Q ; Mﬂl\s:ed by @ v ‘V N I . I

fumedty ey coMP: COMP: : COMP: COMP: COMP:
. ' | Batteries Piston Engine | | |Gas Turbine Core Propeller Nozzle [ FUN ] [ FUN ]
! \ ' Provide Fuel Provide Fuel Provide Electrici ty
X X J \Hedby 'le"b filled by
COMP: COMP: 1 COMP: S
Liquid LH2 LH2 Fuel Cell J /\ Electric Motor J COMP COMP COMP
I\ N\ \ T y, [ Batteries ] [ Fuel Cell J
J
COMP: FUN:
LH2 Provide LH2
EX
M
; x
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Architecture Design Space Graph (ADSG) Layers

DLR

& ADORE

= Graphical user interface
= Evaluation and optimization interfaces

Architecture DSG (ADSG)

P\_/RATED_THRUST = 400

()2 BYPSS AT = System architecture terminology layer

5.0 .. 15.0]

POWER_DISTRIBUTION_SYSTEM

Grp[l]

INST:
PWR_DIST_SYS[0]

= Functions, components, ports, etc.

OUT.
»— ASSIGN

12 T .. T : . .
'dmrt,ASSlGN TURBOFAN[O] TURBOFAN[1] TURBOFAN[2] TURBOFAN[3]

Design Space Graph (DSG)*

= Hierarchical selection and connection
choice modeling

Turboshaft

» Encoding and decoding algorithms

* Open-source at: @_E’,‘ AD O RE
ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23 https://adsg-core.readthedocs.io/ x
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Design Space Graph (DSG)

G Combustor>
ﬂ m T
= Directed graph Comprossol>—>Cofor”

= Nodes represent system elements
(to be selected)

= Edges: derivation, connection

= Hierarchical choice modeling

= Selection choices: select one node
from a set of options to be
Included in an architecture
Instance

= Choice constraints,
incompatibilities

= Connection choices: select
connections between sets of
source and target nodes

= Custom design variables and
output metrics

= Choices nodes are automatically
encoded as design variables

DLR

Kerosene Kerosene

Energy
Carrier

Energy Energy
.Kerosene

Bypass Ratio
[5..15]

Nr of Blades
[3. 4,6, 8]
Rated Thrust (kN)
[ 400]
x
J
Ex

https://adore.mbse-env.com/

Propulsion
System

Actuate
Control
Surfaces
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DLR

Shape
Structural
sizing
Surface
pressures

Aerodynamic
solver

Structural Displacements
solver
Weight Weight
Surface
Ppressure Drag, lift

integration
Stress Structural
computation stresses
Fuel Fuel
computation consumption

!

X X

ADORE

Architecture Evaluation
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The Architecture Evaluator

The Evaluator

* Is problem-specific.

» Should calculate all relevant metrics for all
architectures with similar fidelity.

« Should be sensitive to architectural choices.

« Should be automatically executable (i.e.
without user interaction).

—

provides objective f and
constraint g values to optimizer

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

DLR

each
architecture
instance is

evaluated by

The Evaluator

Executes problem-
specific multidisciplinary
analysis code.

. ADORE
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Developing the Evaluator

Shape

= Multiple engineering disciplines will be

The Evaluator

Is problem-specific.

Should calculate all relevant metrics for all
architectures with similar fidelity.

Should be sensitive to architectural choices.
Should be automatically executable (i.e.
without user interaction).

iInvolved with different design goals

= Multidisciplinary Design Analysis and
Optimization (MDAO)
» |ntegrates multiple engineering tools in
coupled workflows

= Ensures the design is feasible and
consistent across engineering disciplines

= Collaborative MDAO

= MDAO with a managed central data format o

so tools “speak the same language” § 1
I ST
‘ 5

= Distributed execution of tools

= For large-scale projects involving many
partners

Product Model

S i
| 5 i
3 S Performance, :
' Sensitivities . :
i Properties H

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

Weight

Introduction to MDAO:
Chapter 13 of
https://mdobook.qgithub.io/

=5 02 MDAX

MDO Workflow Design Accelerator

ompetence n [

. ADORE
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ADORE Evaluation Interfaces

Supports no-code, external optimization

(e.g. in MDAO integration platforms). DLR
}
Python-based File-based
Evaluation API P Architecture Serialization

* Architecture instance as input

» Serialization of architecture to file

Direct access * Need to parse data model yourself * Placeholders for outputs

to ADORE

da ta mOde/ +teas@b|e: b::h“emum 1 ArchSystem { : }

Class Factory Evaluator Node Factory Evaluator
» Define rules to instantiate classes » Define rules to create XML nodes
Rule-based from architecture elements from architecture elements
S [ s o s P « Dedicated CPACS interface available
translation e et

urn
ClassFactory(
el=ExternalConponentDef (nane="Wing', n_inst=[1]),
cls=Wing,
props={

rea’, qoi_type=QOIType.DESIGN_VAR, bounds=(46., 66.)),
'cl': External QoIDef (nane='Lift Coefficient', goi_type=Q0IType.DESIGN_VAR, bounds=(d., .5)),
ias': ExternalQOIDef(name="Indicated Airspeed’, qoi_type=Q0IType.INPUT_PARAM, value=100.),

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

S
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For more details and the
API reference, refer to
the documentation. DLR

Python-based Evaluation

import adore as ad

class MyPythonEvaluator(ad.GraphApiEvaluator):
"""Problem-specific Python-based evaluator.

def evaluate(self, architecture: ad.Architecture,

r _________————" arch_qois: List[ad.ArchQOI], **kwargs) \
PrOblem_SDeCIﬂC evaluator -> Dict[ad.ArchQOI, Union[float, ad.Quantity]]:

Implement the _evaluate function.
The function that evaluates an architecture instance.

Returns the value of each requested architecture QOI, Class Factory Evaluator (CFE)
either as a float (or NaN) or a Quantity (value + units). Use the CFE to help extract data from
Use “self.quantity’ to create a Quantity object. the Architecture, by instantiating
Instantiate custom classes from architecture
Instantiate the evaluator if __name__ == '_main_ ': elements.
with your ADORE model. # Instantiate your evaluator from your ADORE model .
evaluator = MyPythonEvaluator.from_file('model.adore") See next slide.

# Create random architectures and evaluate them
for _ in range(10):
Generate architecture, design_vector, activeness_vector = \

e evaluator.get_architecture(

Generate and evaluate evaluator.get_random_design_vector())

architectures. Connect to \

optimization algorithms. objectives, constraints = evaluator.evaluate(architecture)
print(f'Objective values: {objectives}')
print(f'Constraint values: {constraints}')

# Save the ADORE file and a CSV export
evaluator.to file('updated model.adore')
evaluator.save results csv('results.csv')

. ADORE
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For more details and the

Class Factory Evaluator (Python) AP reference. refer to
the documentation. DLR

from typing import *
from dataclasses import dataclass
import adore as ad

@dataclass

class Wing:
area: float
cl: float
ias: float

class MyClassFactoryEvaluator(ad.ClassFactoryApiEvaluator):

"""pproblem-specific Python-based Class Factory Evaluator.""" Class factories
Rules for linking to ADORE
QOI [DV]: ] def get class_factories(self) -> List[ad.ClassFactory]: "”’,,, elements and instantiating
Area = [40, 60] m? .
[ . return [ad.ClassFactory( objects for each occurrence

el=ad.ExternalComponentDef(name="Wing', auto=True), in an architecture instance
QO! [DV]: cls=Wing, '
CL = [0, 0.5] props={
'area': ad.ExternalQOIDef(
<;f::::::::::::;ﬁ> name="'Area', auto=True, units="m”*2'),
QO! [INPY: ] ‘c1': ad.ExternalQOIDef(
IAS = 100 kt name="'Lift coefficient', auto_match_pattern='CL"),
'ias': ad.ExternalQOIDef(
name="'IAS', auto=True, units="kts'),
)] s Instantiation
Instantiate objects
~ iZ classes = {list: 1} [Wing(area=50.0, cl=0.25, ias=100.0)] def evaluate(self, architecture, arch_gois, ** ): in the _evaluate
¥ o 0= {Wing} Wing(area=50.0, cl=0.25, ias=100.0) # Get Wing objects from the architecture function.
81 area = {float} 50.0 — wings = self.instantiate(
8 cl = {float} 0.25 architecture, factories=self.get_factories_by el name('Wing'))

81 ias = {float} 100.0

£ ADORE

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23 hitps://adore. mbse-env.com/
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File-based Evaluation

= Direct serialization of the
architecture instance

= Rule-based construction of
the evaluation input file

= XML Node Factory Evaluator
» CPACS

= Supports remote optimization

Design Problem Settings

START REMOTE OPTIMIZATION

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

"projectName”: "Guidance, Navigation & Control”,
"architecture®: {"id": 183...},
"outputs®: [

I

"archQoiId": 189,
"name®: "Mass",
"ref®: "mass"®,
"type": "OBJECTIVE",
"units": "kg",
"value®: null

"archQoiId": 110,
"name”: "Failure Rate",
"ref": "failure-rate"®,
“type®: "OBJECTIVE®,
"units": null,
"value®: null
]_

1,

"designSpace”: [ & elements.. ]

"designProblem”: {"id": 67...}

Iy

SAQ Inputs
uuuuuu
- *.adoreopt file
- NFE base file (or empty file if not using NFE)

MDAQ inputs
pad o4
s =
SAO Loop
x
of-
x
AdoreOpt 5
Toolchain
Takes file as
input and
M utputs ( 3 - provides file
Toolchain | asoutput.

Cennect input te "data_condition 1*
of the MDAQ inputs switch.

DLR

. ADORE
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XML Node Factory Evaluator

COMP:
Turbofan

- linkedto T

>

QO [OBJ]:
Mass |

[

J

QOI [DV]:
Bypass Ratio =

5, 15] ]

Node Factory Evaluator (NFE) base file

<data>
<propulsiocn>
</propulsion>

<nfeSettings>

--linked to------------------- I

=

Turbofan

/data/propulsion
j>turbofan

Bypass Ratio

e>Mass</nam

th>/da ta/prcpulslon/ turbofan /massc<

instantiate ~ rics:
architecture </nfeSettings>
</data>
determines tag
Created XML node
Sl create
Turbofan KL nnde—) <t oo
QOI [OBJ]: QOI [DV]:
Mass = 5000 Bypass Ratio = 10 merge into
. base file
determines
et metric value location
Output file MDAO output file MDAO input file
. <data> <data>
MetrIC QO|S I’ead \ <propulsion> <propulsion>
H <turbofan> execute k
from OUtpUt flle <bypassRatlc>10 D</bypassRatlo> MDAQ == 10.0
>5000.0</mas: workflow 1r} T
</’turbo fan> </propulsion>
</propulsicn> <nfeSettings>...</nfeSettings>
<nfeSettings>...</nfeSettings> </data>

</data>

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

Base file

Contains static XML
structure, as well as node
and metric factories.

\'\ Node factories

Rules for linking to ADORE
elements and creating XML
nodes for each occurrence in
an architecture instance.

DLR

Metric factories
Tells ADORE where to
load the output metrics
from the XML file.

determines child
tag and value

determines
location

/

Input file

Input file containing
nodes from ADORE
elements.

. ADORE
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ADORE to CPACS Interface

Vehicles level Aircraft level DLR

C PAC S - _model (et} [ anayses (] _siobal B
Common Parametric Ve [

Aircraft Configuration '
Schema; https:.//cpacs.de/ | pmee——— 2 : ® o

~

systemAnalyses: compute

] L.
g powerBreakdown(s)
ey o .

. |
XML format for modeling ®J
aircraft. Includes onboard "R B ey T e e *---,
T . . [ PpowerBreakdowns

system arc hitecture e N O e - | wegntanasance £
definitions. L

i _studies !
. _.:_ " toolspecific ',
Link elements @
K systemArchitectures: define connections
Lin k ADO RE elements between system components (and engines)
to CPACS elements. Instantiate
. Burschyk, T. et al. (2025) Introduction of a System Definition in the Common Parametric Aircraft
Name AUtomatlca”y Create Configuration Schema (CPACS). MDPI Aerospace, 12 (5). doi: 10.3390/aerospace12050373
Turbofan CPACS architecture
Reference J elements. <systemArchitectures>
turbofan CoMP- <systemArchitecture>
i Propeller <connections>
Hinked CEACS clements X é <connection uID="Electric_Motor_0_d6fec9_to_Propeller_0_50d6d9">
turbofan| = <source>
m FUN- <componentUID>Electric_Motor_©_d6f0c9</componentUID>
[C]  engine: Turbofan Engine g Provide Shaft Power </source>
- fulfilled by <tar‘ge‘t>
. <componentUID>Propeller_0_50d6d9</componentUID>
" COMP: </target>

Electric Motor </connection> m | X
,
x

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23 hitbs-//adore mbse-eny. com/
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DLR

AHV

Infill points

ot ADORE

Running the Optimization Problem
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SAO Problem Challenges

E DLR
Mixed-Discrete Hierarchical

Multi-Objective
Discrete architectural

Black-box
| Conditionally active Conflicting stakeholder ~ Non-linear, expensive
choices design choices needs evaluation
Large combinatorial
design space

Continuous design

Failing simulations
parameters

A IWA AA

<« || l|||“ |

THS

1. Progressing towards Pareto front

/8 f EM::::::‘:®

min f,

. 2. Maintaining diversity

min fj

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23
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Design Space Challenge: Hierarchy

DLR
= Design variables can be (in)active due
to other design variables
= Multiple declared design vectors can
8&?50 the same canonical design Declared design vectors Valid design vectors
engine BPR n_blades engine BPR n_blades
tprop 6 3 tprop inactive 3
. tprop 6 4 tprop inactive 4
ImDUtatlon tprop 12 3 tfan 6 inactive
» Ensures a design vector is canonical tprop 12 4 tfan 12 inactive
. . . tfan 6 3
= Replace inactive variables by O tfan - p
(discrete) or mid-bounds (continuous) tfan - 3 Activeness &
= |mputation ratio IR = n Nyaii tfan 12 4 engine BPR _ n blades
p declared/ valid active inactive  active
= Activeness vector (5) SpeCIfleS which active  inactive  active
design variables are active in a design active  active  inactive
vector active active  inactive

. ADORE
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Surrogate-Based Optimization (SBO)

—— o
' DLR
= Train a regression model of the design space
» Predict objectives f and constraints g given a design vector x ¢ o .o :
= Use this model to propose interesting new x ol
= Balance exploration vs exploitation S J ____________________________________
= Supports multi-objective optimization Evaluation @ Update Surrogate | Optimize Infil

A

Y

Stop? Infill Ca@

Y

Evaluation Select Infill Points

Efticient Global Optimization (EGO) process

Bayesian Optimization (BO)

» SBO using Gaussian Processes (Kriging)

= Mean u and uncertainty o estimates
= Supports mixed-discrete, hierarchical variables

= Significant training and infill-search time About 10x less evaluations
= |Implemented open-source in SBArchOpt are needed compared to a
= Usable out-of-the-box in ADORE genetic algorithm (NSGA-II).

SBArchOpt: Surrogate-Based Architecture Optimization

_ "
o ] o [ Garnett, R., 2023. Bayesian optimization. Cambridge University Press.
. r C p Freely available at: https:/bavesoptbook.com/
xX
£ ADORE
ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23 *
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Simple lllustration of Bayesian Optimization
DLR

| == True object}ve
= Current best
x
= P
0.0 0.2 0.4 0.6 0.8 1.0
x
w
S B .
0.0 0.2 0.4 0.6 0.8 1.0

Optimum found!

Gonzélez, J., 2017. Introduction to Bayesian Optimization. Gaussian process summer school, Sheffield University.
x
®f; AD O RE
x

https://adore.mbse-env.com/
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SBArchOpt Library

SEGOMOE ~ 4, -

ONERA Isge'{‘" DLR / o ST Tme e “ ‘

EEEEEEEEEEEEEEEEEEEEE SUPAERD P
r C p t evaluator.get _arch opt problem()

https://sbarchopt.readthedocs.io/ Q/
PYMOoO < > doi 10.21105/j0ss.05564
& ArchSBO — pip install sb-arch-opt ()= Many test problems

/Q Optimizer o Problem
interface | ° Problem definition based on pymoo*,

.. : _ interface

modified for arch opt (mixed-discrete, |
‘) BOTO |"C|’] hierarchy, hidden constraints, restart) o] {1 Commn ot
N Meta * Library of test problems (many analytical I R s
problems, GN&C, jet engine problem) g "“'2.:;.;_
;a o 2000+ “i‘ -
1’ Trieste HEBQ)‘;B Connectors to SE:O frameworks o B&‘ ) & e
o « Good documentation and tutorials 75 100 135 150 175 200 225 250
TensorFlow

oogle

* https://pymoo.org/

x
»£; ADORE
ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23 *
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Executing the Optimization Problem

# Instantiate your evaluator from your ADORE model

From PVthOn evaluator = MyPythonEvaluator.from_file('model.adore€)
4

Execute the Optimizati(}n # Connect to SBArchOpt and pymoo for optimization
f . from sb_arch_opt.algo.arch_sbo import get_arch_sbo_gp
rom a PythOn SC”pt- from pymoo.optimize import minimize

Setup and run
Create problem, select and
conflgure the optimization # Save the resulting ADORE file and a CSV export

algorithm, and eX.eC.Ute.the evaluator.to file(results.adore")
optimization.  evaluator.save_results_csv('results.csv')

{ problem = evaluator.get _arch_opt _problem()

Remote Execution ==

Configure the algorithm and
evaluation interface in the

Bayesian Optimization (SBO)
nitial DoE size
15

mber of infill ol
30

GUI. Execute the optimization | AdoreOpt file
in an external environment. ? Configuration and
state is stored in an

9

PLS dimensions

.adoreopt
file.

Evaluator ©

START REMOTE OPTIMIZATION Sl tiacrs

Select architecture evalustor
CPACS

CLOSE GET OPTIMIZATION FILE

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23

DLR

algorithm = get_arch_sbo_gp(problem, init_size=50, results_folder="results®)
result = minimize(problem, algorithm, termination=('n_eval', 100), verbose=True)

SAQ Inputs

- NFE base file (or empty file if not using NFE)

MDAO inputs
pad] i
B =
SAO Loop
"
of-
.
AdoreOpt .
Toolchain
-
_— | Takesfileas
input and
MDAQ cutputs ( 31> =) | providesfile
Toolchain | as cutput.

Connect input to "data_condition 1"
of the MDAQ inputs switch.

. ADORE
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. ADORE

ADORE Introduction | Jasper Bussemaker (DLR-SL) | 2026-02-23 hitps://adore.mbse-env.com/



https://adore.mbse-env.com/
https://repository.tudelft.nl/record/uuid:246b18f9-1f8c-4ff7-b824-2b1786cf9d14
https://repository.tudelft.nl/record/uuid:246b18f9-1f8c-4ff7-b824-2b1786cf9d14
https://dx.doi.org/10.1002/iis2.13020
https://dx.doi.org/10.1007/s10898-024-01443-8
https://doi.org/10.21105/joss.05564
https://dx.doi.org/10.2514/6.2024-4402
https://adore.mbse-env.com/
https://sbarchopt.readthedocs.io/
https://adsg-core.readthedocs.io/
mailto:adore@dlr.de

	Introduction
	Slide 1: System Architecture Optimization (SAO) with ADORE
	Slide 2: Systems Engineering Challenges
	Slide 3: From Manual to Automatic Architecting
	Slide 4: System Architecture Optimization with ADORE
	Slide 5: The System Architecture Optimization Loop

	Modeling
	Slide 6: Modeling Architecture Design Spaces
	Slide 7: Overview of Model Elements Non-exhaustive
	Slide 8: Function Allocation
	Slide 9: Formulating Functions
	Slide 10: Function Allocation: Advanced
	Slide 11: Function Allocation: Advanced (2)
	Slide 12: Quantities of Interest (QOIs)
	Slide 13: Component Connections through Ports
	Slide 14: Component Connections through Ports
	Slide 15: Port Connection Order Aggregation
	Slide 16: Choice Constraints
	Slide 17: Modeling Process Overview
	Slide 18: Generating an Architecture Instance
	Slide 19: Generating an Architecture Instance
	Slide 20: Showcase: Hybrid-Electric Propulsion System
	Slide 21: Comparison of Modeling Approaches
	Slide 22: Architecture Design Space Graph (ADSG) Layers
	Slide 23: Design Space Graph (DSG)

	Evaluation
	Slide 24: Architecture Evaluation
	Slide 25: The Architecture Evaluator
	Slide 26: Developing the Evaluator
	Slide 27: ADORE Evaluation Interfaces
	Slide 28: Python-based Evaluation
	Slide 29: Class Factory Evaluator (Python)
	Slide 30: File-based Evaluation
	Slide 31: XML Node Factory Evaluator
	Slide 32: ADORE to CPACS Interface

	Optimization
	Slide 33: Running the Optimization Problem
	Slide 34: SAO Problem Challenges
	Slide 35: Design Space Challenge: Hierarchy
	Slide 36: Surrogate-Based Optimization (SBO)
	Slide 37: Simple Illustration of Bayesian Optimization
	Slide 38: SBArchOpt Library
	Slide 39: Executing the Optimization Problem

	References
	Slide 40: References


