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Background and Problem

Why engineering boundaries are becoming dynamic



Design and Verification Boundaries are Becoming Dynamic
Digital engineering makes design, verification and validation more iterative.

&

System Definition System Realization
! \ / \
Design assumptions Verification criteria

\ Stakeholder needs \\

/ Validation /
\ System requirements \\ /
\ Architecture \ / Verification

[@ Design } \ Design definition \\ / / Integration / L[?D :/Jgﬁf?ct::(tilon

uPdates criteria

Implementation

~ Operational ¢ | {0} . ; |‘ | Verification
~ data J Simulation .II e

As iteration increases, engineering boundaries shift across levels.
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Because Engineering Boundaries Change Across the V-Model

Engineers have to think about vertical and horizontal viewpoints between

system boundaries and mission boundaries.
FMEA and FTA are typical examples of this kind of reasoning.

Design / Definition Verification / Evidence

System intent / o ) Validation /
System requirements % i system evidence
vertical 0000 0w e TSl ML
boundary shifts s 1iecture / Architecture / FMEA » FTA Verification /
05 Subsystem functions Bottom-up Top-down integration evidence
engineering from from
levels ...t O i
Component ; - M8 Component /
l po Component design " physical evidence
System boundary < Horizontal boundary shifts > Mission boundary
(what is inside / outside between system boundary and mission boundary (applicable operating context)
the system)
Operating conditions | Configuration - Environment - Timing - Assumptions

This complexity creates the need for engineering coordinates.
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Al Support is Expanding Across the V-Model

Recently, Al has increasingly supported the interpretation and analysis of
engineering information across the V-model.

Al outputs from these activities can influence design assumptions or verification criteria.

&

:%I Al-SUPPORTED ENGINEERING
i - C .f. .
EIEE = s
| | |

|
" SYSTEM DEFINITION : . SYSTEM REALIZATION ;
I == I ¥ 1

[, Stakeholder Needs & S
\ Requirements Validation <
. 7‘\ System Requirements \ o
De5|gp __________ e L—» Verification ¢ E——— Venflca_tlon
assumptions : < criteria
\ System Architecture \<_

\ Design Definition X— / Integration /
Implementation
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Al-Supported Outputs Need Explicit Engineering Status

However, Al-supported outputs remain engineering candidates until they
pass an engineering acceptance gate.

The gate makes the scope, assumptions, traceability, reviewability, and acceptance conditions explicit.
Only after this gate can an Al-supported output become engineering evidence.

&

e e —D  Engineering Engineering Acceptance Gate -8 Engineering
pported Outputs -_—® Candidate Explicit conditions for engineering use _—° Artifact / Evidence
/ : § e
e |nterpretation e Al-generated or @ Definedacope WheisAne intorped e snd ol e Defined and documented
® Analysis Al-assisted output Explicit assumptions What are the key assumptions? Accepted  ® Trageable
e Proposal e Potentially relevant q ® Reviewable .
e Classification to engineering tasks (/9 Traceability How is it linked to requirements ® Accepted by responsible party
e Summarization e Requires further anOgiher evidenes? o 'ésabﬁ;rs‘ie:g‘ill‘:;ic'gizﬁﬁ"mes
assessment ,‘"\ Reviewability Can it be independently reviewed? . egllﬂ catign') '
Useful and inforr_native, A candidate for ° Accountable acceptance  Who is responsible for acceptance? Engineering evidence
but not engineering ) with defined conditions

evidence yet evidence. \
| | Not accepted (Revise / Reassess) l and accountable acceptance.

The issue is not probability itself.
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Approach

How Three-Axis structures Al-supported boundary change



Three-Axis Framework

Previous research introduced a three-axis framework: System Architecture,

Mission Architecture, and Decision Architecture.
These correspond to WHAT, WHEN, and WHO.

THREE GOVERNANCE QUESTIONS

&

WHAT? WHEN? WHO?
Boundary Conditions Authority
System Architecture Mission Architecture & Decision Architecture
Affected system boundaries Applicable operating and — Decision authority and
lifecycle conditions _@ accountability
2 ;equnrements e assumptions e roles
° Aun(;:cflons e context ® acceptance
ehinteriaces e timing ® escalation
| [ 1
v
ENGINEERING STATUS
[ Scope ) ( Assumptions / conditions ) ( Traceability ) ( Authority )
¥
[ REVIEWABLE / VERIFIABLE CONTRIBUTION ]

These three axes structure engineering status.
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Twenty-One Reference Components Refine the Three Axes

This research extends the three-axis framework into 21 reference

components. These components provide explicit engineering coordinates.
10 components for SA, 6 for MA, and 5 for DA.

THREE-AXIS FRAMEWORK

' SA Il MA | DA
System Architecture Mission Architecture Decision Architecture
10 components 6 components 5 components
Signal Profile I °
4 . Ervi Predictabil
&2 CgmputqtlonalArchltecture @ nvironmental Predictability @ cciloaiparsrcy
Distribution Topology @ - LHi h
€D Ermbodiment emporal Hierarchy o
) : a, ) @ Authority Distribution
Actuation Profile @ Timing Constraint
9 Féf;ﬁl{z&;ll.lgézracnon @ Synchronization @ Human Relation
@) State Persistence @ Learning / Adaptation @ Constraint Compliance
@D Energy Source Profile : ;
{ @I Power Transmission Profile @ s P A @ Integration Governance
7 \ NG J
e i o

[ 21 REFERENCE COMPONENTS ]

Explicit engineering reference frame

21 components turn the three axes into engineering coordinates.
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SA — System Architecture (10)

What is it composed of?

Three Axes and 21 Reference Components
A common reference space for engineering information

S6

; 5-1 Physical
Signal Profile Infaraetion
S2
Computational S7
Architecture Control Loop
S3 S8
Distribution State
Topology Persistence
S4 )
Embodiment Energy Source
Profile
Acti t'ss 210
Ctua If?ln Power Transmission
D5 Profile Profile
D4 Integration M2
Constraint  Governance et M3
2 Human compliance = C°l:?tlrggnt M4
i
Aut lIzonty Relation - SInchonization eam|
. . n
Engineering Adaptay

Anomal

(‘) andlmg

information

1
Degsmn pistibeC] m 0

TranSPa'ency @ .

-

e Engineering information is projected .
4 - across the three axes using these 21 components. -
DA — Decision Architecture (5) = 3 AXES — 21 COMPONENTS > MA — Mission Architecture (6)
Who decides? ACOMMORNSRERERENCE SPACE When, and under what conditions?
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Engineering Residual for Unresolved Information

The key point of this approach is to keep unresolved information explicit.

Information that cannot be resolved within the reference space is retained as an engineering residual.

Al-Supported Engineering Activities

Across the entire V-model

System Definition System Realization

Stakeholder needs Validation
analysis and assessment

Verification
and test

Requirements
analysis

Al-supported

Architecture contributions

development

Integration
and implementation

Design
development

Implementation
and release

Trade-off analysis
(Design alternatives)

Safety analysis (FMEA / FTA)

Governance Process
(C10-GoF)
Projection using
21 reference components

21 REFERENCE COMPONENTS
SA10 | MA6 | DA5

(What) (When) (Who)
ClIO-GoF
| (o]
Intelligence Orchestration
Governance of Feedback

Projection process

Projection result
(classification)

Candidate projection
Projects onto one or more

—»|  of the 21 reference components

@ Interpretable contribution

@ Traceable to the reference frame

@® Subject to engineering review

Engineering residual
Cannot be resolved within

—p| the three-axis reference space

@ Retained for further consideration
@ Not forced into SA / MA / DA

o

Engineering

review / judgment

Determine
engineering status

Engineering residual prevents Al from force-fitting unresolved information.

Waseda University | 11



Three Viewpoints for Reading Decision Information in Systems Engineering

&

Together with the Three-Axis framework, three viewpoints support the
interpretation of decision information: process, hierarchy, and role.

Process traces do not appear in isolation. They are embedded in system levels and organizational role functions.

Three viewpoints

Process Viewpoint: CIO-GoF Hierarchical Viewpoint: L0-L3

What part of the decision At what level does the
process is observed? decision information appear?
- ﬁ?gltiecigxetnce Lo LO : Strategic
rellilolt . Orchestration L e Program_
¢ ] G L2 L2 : Engineering
overnance = L3 : Operations
Feedback

Role Viewpoint: PEAIF

What role function appears?

A

®
DD
wd

Proposer
Evaluator
Approver
Implementer
Feedback Owner

The same decision trace can be interpreted differently

by process position, system level, and role function.

Source: T. Watanabe, “Decision Architecture: An Observation Framework for Structuring Decision Information in Systems Engineering,” INCOSE International Symposium 2026
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lllustrative Case

How the approach applies to flight-control development



Representative Architecture for the Flight-Control Case

This case uses a flight-control system because it is mission-critical and
combines digital control with physical response.

The flight-control computer (FCC) processes pilot input and sensed aircraft state to generate an elevator command.
The actuator moves the elevator, which produces the aircraft response. Aircraft-state feedback closes the control loop.

&

Pilot-command input :
S Pilot command

[ ‘ [ | (positions / forces)
‘ ‘ o
Pilot Lyl Con_trol column ‘ Force / position —+
| ‘ inceptor sensing ‘ . 5 >
L Sl L | Flight-Control Physical response segment examined in the case
Computer(FCC) | . [ :
1 — — _— —_—m
i i i Command synthesis command | ‘ I
Alrcraft/ SrviDIren senilng 2 (eg, elevator! ‘ Acuator . Elevator . 1 Aircraft longitudinal .
Attitude / angular motion l— Sensed aircraft state Control law / logic M | motion / pitch response E
‘\ 5\%%\" 3 tt]ettlédf EARIES) Envelope protection w = — — ¥ !
Air data v > Monitoring / voting :
|
Failure detection / :
Other system states reconfiguration Aircraft state feedback :
I
|
I
|
|

A - ) (pitch rate, attitude, A0A, etc.)
[}
1
]

Physical response feedback (via aircraft / environment sensing)

Physical response conditions AoA -+ dynamic pressure « aerodynamic effectiveness < hinge moment < actuator force/rate « bandwidth / delay

Here, Al supports the engineering analysis, not the flight-control loop.

Waseda University | 14



Research Questions for Al-Supported FMEA and FTA

This case asks how Al can support FMEA and FTA, and how the three-axis
framework can structure that support.

Configuration, physical capability, and flight conditions are documented in separate artifacts. Can Al relate this information
and help define a traceable verification question?

Baseline: Verification information is distributed Case study: Can Three-Axis structure the verification question?
Configuration, physical capability, and flight condition WHAT X WH EN X WHO

are documented in separate artifacts. Their combined

&

verification question is not explicit. Define what to verify, under which conditions, and who is responsible.
Existing engineering artifacts (examples) Reconfigured control path (logical) Physical response path (condition-dependent)
Mode definition ~ Degraded / reconfigured state Flight-Control Computer (FCC)
e e Actuator Elevator Aircraft response
2 allure ge 1SOl
FMEA ?egracggd aecét;ator p/)erftor)mance cﬁg;zs::::fgdct o — Force/rate | | Hinge moment B Longitudinal motion
€.8., reduced lorce / rate e Reconfiguration selected (eg, elevator deflection)  Bandwidth Aerodynamic Pitch rate / AoA
It Mdentiitysicalaiitfiodty/peth Dynamics effectiveness Required response
nsufficient physical authority pa T | z :
FTA under certain conditions Relate information Envelope protection active f f f
: — — across artifacts Flevator commend generated Flight and environment conditions
Verification Demanding condition not explicit AoA -+ dynamic pressure « aerodynamic load - delay * etc.
in current test coverage A
Aircraft state feedback

(pitch rate, attitude, AoA, etc.)

The aim is to support engineering review, not to replace engineering judgment.
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Walkthrough Case: Degraded Actuator Performance

This walkthrough applies the three-axis framework to a case of degraded
actuator performance.

After reconfiguration, the FCC still generates an elevator command, but actuator capability is reduced. The available
verification information does not explicitly cover this degraded configuration under demanding flight conditions.

Baseline: Verification information is distributed

Case study: Can Three-Axis structure the verification question?

Configuration, physical capability, and flight condition WHAT X WHEN X WHO

are documented in separate artifacts. Their combined

verification question is not explicit. Define what to verify, under which conditions, and who is responsible.
Existing engineering artifacts (examples) Reconfigured control path (logical) Physical response path (condition-dependent)
Mode definition ~ Degraded / reconfigured state Flight-Control Computer (FCC)
e e Actuator Elevator Aircraft response
. ailure de iso
FMEA ?egrac;gd aecéufator [/)erftor)mance cf;:sz?::ltfzdct Control command Force / rate g Hinge moment B Longitudinal motion
€.8., reduced force / rate, e Reconfiguration selected (eg, elevator deflection)  Bandwidth Aerodynamic Pitch rate / AoA
It Mdentiitysicalaiitfiodty/peth Dynamics effectiveness Required response
nsufficient physical authority pa T | : 7
FTA under certain conditions Relate information Envelope protection active f f f
: — — across artifacts Flevator commend generated Flight and environment conditions
Verification Demanding condition not explicit AoA - dynamic pressure « aerodynamic load -+ delay - etc.
in current test coverage A

Aircraft state feedback
(pitch rate, attitude, AoA, etc.)

Can the degraded system still achieve the required aircraft response under these conditions?
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Analysis Process Using the Three-Axis Framework

The three-axis framework with 21 reference components structures the
analysis from FMEA and FTA to physical verification.

Al-assisted analysis traces information across FMEA and FTA artifacts. The selected components help define what to verify, under

which conditions, and who evaluates the evidence. Physical evidence then supports engineering reassessment.

SYSTEM / SAFETY ANALYSIS

Requirement / Assumption
Required control capability is assumed

to remain available in degraded operation.

FMEA
Degraded actuator performance
(force / rate / bandwidth)

t FMEA / FTA Consistency

FTA

Physical control authority insufficient

Bottom-up

Top-down

LOGICAL

» Reconfiguration completed
» Protection active

» Command generated

>

Verification hypothesis

Control

> A —

Elevator

> PHYSICAL VERIFICATION
LOGICAL / PHYSICAL BOUNDARY Verification Space

PHYSICAL
Force / rate
Bandwidth / load
Aerodynamic effectiveness
Aircraft response

—

Configuration x Condition x Time
Degraded / reconfigured
Protection active

Demanding condition

Timing / transition

vy vy

A

Logical availability # Physical sufficiency

SA / WHAT : System Architecture
S9
S10
S5
S6
Ss7

THREE-AXIS WITH 21 REFERENCE COMPONENTS (Selected components for this case)

Energy Source Profile
Power Transmission Profile
Actuation Profile
PhysicalJnteraction
Control Loop

HUMAN ENGINEER

» Evaluate evidence

» Specify verification question

h e Physical evidence / Engineering r

=

Aircraft lllustrative Simulation
response Degraded + nominal Degraded + demanding
¢ Actuator limit reached
Objective met it
Objective not met

it

L
MA / WHEN : Mission Architecture DA / WHO : Decision Architecture

M6 Anomaly Handling

x
M1 Environmental Predictability

X
M3 Timing Constraint
x

M4 Synchronization

WHAT x WHEN x WHO
Three-Axis (Analysis Coordinates)

e

D1 Decision Transparency
D2 Authority Distribution
D4 Constraint Compliance

D5 Integration Governance

2 AI-ASSISTED ANALYSIS
'B' » Trace artifacts
[l

» Compare evidence

‘ What is affected?

When does the concern apply?

TRACEABLE VERIFICATION QUESTION

What evidence is required?

Who evaluates?

\ Who commits?
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21 Reference Components Specify the Verification Scope

The selected reference components make the verification scope explicit
across WHAT, WHEN, and WHO.

They identify the affected system elements, operating conditions, timing constraints, evidence requirements, and decision responsibilities.
In the illustrative simulation, the degraded configuration meets the objective under nominal conditions, but not under demanding conditions.

SYSTEM / SAFETY ANALYSIS Verification hypothesis D> PHYSICAL VERIFICATION
Verification Space

Requirement / Assumption LOGICAL / PHYSICAL BOUNDARY
Required control capability is assumed 1 Configuration x Condition x Time
to remain available in degraded operation. LOGICAL ! PHYSICAL s iDegraded 'reconfiotred
» Reconfiguration completed : » Force / rate 4 Precaection aotive 9
FMEA Bottom-up » Protection active | » Bandwidth / load ) > Demanding condition
Degraded actuator performance sglecmmancigenerated : ® ﬁgrodgtnamlc effectiveness » Timing / transition
(force / rate / bandwidth) 1 e, Alrerauresponse A = = =
Control 1 Aircraft lllustrative Simulation
: FCC —> T > A = Elevator —» . :
FMEA / FTA Consistency response Degraded + nominal Degraded + demanding
FTA Top-down * Logical availability # Physical sufficiency ) ¢ £eustoy "i"" [2ached
Physical control authority insufficient Obji met Objective not met
h e Physical evidence / Engineering r it

L
SA / WHAT : System Architecture MA / WHEN : Mission Architecture DA / WHO : Decision Architecture

S9 Energy Sgurce Profile M6 Anomaly Handling

D1 Decision Transparency

D2 Authority Distribution

X

M3 Timing Constraint D4 Constraint Compliance
x

- 2 X
$10 Power Transmission Profile M1 Environmental Predictability
S5 Actuation Profile

SoRasicalligteraction Mo D5 Integration Governance
S7 Control Loop 4

THREE-AXIS WITH 21 REFERENCE COMPONENTS (Selected components for this case)

‘ @  HUMAN ENGINEER ’4_>‘ WHAT x WHEN x WHO P

> Specify verification question Three-Axis (Analysis Coordinates)
» Evaluate evidence

‘B' » Trace artifacts
[l

» Compare evidence

3 AI-ASSISTED ANALYSIS ’

TRACEABLE VERIFICATION QUESTION

‘ What is affected? When does the concern apply? What evidence is required? Who evaluates? ‘ Who commits?
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The Three-Axis Framework Structures the Engineering Response

WHAT, WHEN, and WHO define the engineering response. Vv

Engineers use additional verification to decide what action to take. They update the affected artifacts and verify any
changes. If the evidence is insufficient, they return to verification instead of closing the loop.

TRACEABLE VERIFICATION QUESTION

What is affected? When does the concern apply? = What evidence is required?

Who evaluates? Who commits?

WHAT / SA : System Architecture WHEN / MA : MISSIOH Architecture WHO /DA : Deasmn Architecture

Affected elements and artifacts | Applicable conditions Engineering roles and authority

* Actuator « Degraded / reconfigured + Controls

» Elevator « Protection active « Actuation

» Control loop « Demanding condition « Safety

« Protection boundary « Actuator limits « V&V

« FMEA / FTA scope « Transition / timing ¢ Design Authority

« Verification scope » Artifact owners

ILLUSTRATIVE ENGINEERING DISPOSITION PATH
; Affected artifact updates o
Tracegble - Ad.ditjor.\al Er)gineglring Reqyirements / FMEA / FTA V&V _' Review /
question verification disposition design update update update | closure

t 5 I

Loop again if evidence remains insufficient

Al-assisted analysis identifies a candidate concern.
Engineers verify, decide, update, and close the loop.
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Discussion and Conclusions

The role of the framework and the key takeaways



Complementing RAG, Knowledge Graphs, and MBSE

The three-axis framework can complement these methods by making
engineering context explicit.

The 21 reference components structure context before Al processing and provide reference points for output review.
Integration with these methods remains future work.

Three-Axis Framework / 21 Reference Components

High WHAT (SA) WHEN (MA) WHO (DA)
(System) Element / Boundary / Artifact Condition / Timing / Applicability Evidence / Evaluation / Authority Q

Retrieval scope
Focus and scope of search
Common coordinates across abstraction level and lifecycle
,8 Relation alignment
S A 3 Consistent knowledge struct:
’ System Realization (Right side) s

System Definition (Left side)

Requirements N e et >/ Validation g Abstraction alignment
Architecture e, e e s / Verification Across system-component levels
. "~ Cross-domain y
Absl.t:::w“ Design \ «--- _(eg.FTAFMEA) __ 5 / Integration lll Projection granularity
FMEA / FTA D + | Physical Verification Appropriate level of detail
Component Design Component Test cooti
(Detailed) (Detailed) @ Projection target
' Clear target within the V-model
Structured Engineering Context .
8 9 3 9 3 @ Output consistency
Stable and traceable outputs
Low RAG Knowledge Graph MBSE
(Component) Retrieval Connection Structure
Relevant information Relation structure Engineering artifacts
Re-query / v \ 4
Reconnect LLM / Al Processing
Analysis and reasoning with structured context

Refine context

and retrieve again
Projection to Three-Axis / 21 Components

Yes
I b ion ali jection target Output consistency |
il Consistent level Mapped within V-model Traceable and structured
- ‘ " No
! [E) candidate contribution I
2 = [ ;zg Engineering review / use j
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Three Takeaways

The three-axis framework helps keep Al-supported engineering traceable
across changing boundaries.

&

1 ‘ Explicit Independent

engineering status coordinates 3 Explicit residual

Al-supported output WHAT, WHEN, and WHO Unresolved information
requires explicit provide independent remains explicit as a
engineering status. coordinates for residual.

engineering use.

Explicit status, coordinates, and residuals help keep Al-supported contributions reviewable.
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Toshiyasu Watanabe, Dr. Eng.
Waseda University
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Appendix



Three Governance Questions for Al-Supported Engineering

Engineering use of Al output requires three questions: what it affects, when

it is valid, and who can accept it.

These questions make engineering boundaries, applicable conditions, and acceptance authority explicit.

Al-Supported
Output

Interpretation
Analysis
Proposal
Classification
Summarization

Useful and informative,

but not engineering
evidence yet.

THREE GOVERNANCE QUESTIONS

Clarify these before using Al output as engineering evidence.

WHAT
CJ Boundary

What engineering
boundary does
the contribution
affect?

Requirements
Design
Verification
Safety analysis
Certification

.-L
© o=

WHEN

Conditions

Under what
conditions does
it remain valid
and applicable?

Assumptions
Scope and limits
Lifecycle phase
Operating context
Traceability

«®» WHO
AERY Authority

Who can review,
accept, revise,
or escalate

the contribution?

e Engineer

e Reviewer

e Approver

e Responsible party
e Accountability

&
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Research Objective: A Governance Process for Al-Supported Engineering

The purpose of this research is to define a governance process that makes
Al-supported contributions reviewable and verifiable.

GOVERNANCE PROCESS
@ Sl.tsugported Apply these questions before using Al output in engineering work. @ Engineering Use
Ui @, WHAT =9 WHEN e®s WHO @
Boundary *=J Conditions AERY Authority T T
) — , Is the contribution fit for
e |Interpretation What engineering Unde'r‘wha’g o Who can review, this engineering task?
e Analysis boundary does the conditions is it valid accept, revise,
contribution affect? and applicable? or escalate it?
® Proposal . . . 0 Accept
P e Requirements e Assumptions e Engineer
e (lassification e Design e Scope and limits e Reviewer
® Summarization e Verification e Lifecycle phase e Approver o Conditional Use
e Safety analysis e Operating context e Responsible party
e Certification e Traceability e Accountability 9
: . - A A J Revise / Reassess
Useful and informative, '
but not engineerin A = S - )
ot | o ENGINEERING STATUS DEFINITION Engineering use requires
Scope Assumptions Traceability Authority eXpI"?'F acceptance
T = e conditions.
Make the contribution explicit, reviewable, and governable.

ke the c . B
E-"'Q REVIEWABLE / VERIFIABLE CONTRIBUTION —j
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Three Axes and 21 Reference Components

A case activates only a subset

[ Available
s1 Ra S6 ‘
Signal Profile | Physical
(\J,. Interaction
S2 e
Computational ﬁ} % - S7
Architecture | ' Control Loop
s3 B | s8
Distribution * i -~ g State
Topology ~ | Persistence
s (ol 4 | 59
Embodiment ﬁ‘b . Energy Source
w Profile
S5 s10
Actuation : Power Transmission
Profile Profile
; J M1
D4 Integration Eviommengy - M2
D3 Constraint Governancé "'ﬁctabiligyl ;fe"r‘goﬁxl
DZ puman  Compliane® e
Relation @ 1 M5
| €aming/
n Aton T‘/‘ (J) Adaptat M6
Dec|5l° D 0 @ ptit'o" Anomaly
. Handlmg

Transparen” X
oL

SA — System Architecture (10)

il What is it composed of?

3 AXES —» 21 COMPONENTS >

Activated for this case

@

DA — Decision Architecture (5) =
Who decides?

MA — Mission Architecture (6)

AUCAS ExACTINATESIQNTVSASSUBSET When, and under what conditions?
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SA — System Architecture (10) =
What is it composed of? Activated for this case

[ Available

Three Axes and 21 Reference Components
A case activates only a subset

S6

S1 5
Signal Profile Physical
Interaction
S2
Computational S7
Architecture Control Loop
S3 S8
Distribution State
Topology Persistence
S9
Embodiment Energy Source
Profile
S5 510
Actuation Power Transmission
Profile Profile

Integration
COnDst‘:aint Governance Temporg| M3
D3 jiance e ierarchy Imlng
D2 Human Comp S— Constraint Mi
5 elation Synchronizatio M5
uthority R n
D1 Aut! bution Learning/
DeC|5|on pistr! Adaptatlon M6
spafe \ Anoma|y
Tran E g' Handling

DA — Decision Architecture (5) ~ 3 AXES — 21 COMPONENTS MA — Mission Architecture (6)
Who decides? ALCASERACTINATESON Y ASUBSET When, and under what conditions?

—
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The Project Decision Owner Connects Both Directions

The V-model works not only through formal artifacts, but also through
implicit coordination by the project decision owner.

This role connects both sides of the V-model and also aligns decisions across organizational levels, from strategy to
operations.

AT

-/

LO Strategy Strategic / Program Side misg,-gf,”;’,?;%
Program intent /

. . . riorities
______________________ ‘ ll Project Decision Owner [JN p

Interprets design changes

. . > . . “ Engineering
L2 Enaineerin Aligns V&V assumptions -
g J ‘ Explains decisions upward ' decisions
“““““““““““““““““““““ Reflects operational constraints T T T T T T T oo
Carries tacit rationale .
. Operational feedback /
L3 Operations P oA

The role exists in practice.
The decision context around it often remains implicit.

Source: T. Watanabe, “Decision Architecture: An Observation Framework for Structuring Decision Information in Systems Engineering,” INCOSE International Symposium 2026
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Research Question: Aligning Decision with System and Mission

§
Can Decision be described at the same conceptual level as System and \ 4
Mission?

ISO/IEC/IEEE 42010 already recognizes architecture decisions and rationales, but decision context often remains difficult
to observe, compare, and trace across SE activities.

L System BN Decision [N Mission

Spatial Governance Temporal
description description description
D D D 4

What is Who decides, When is it
structured? under what intent? used?

Can Decision be made observable and comparable in the same architectural description space?

This is the entry point for Decision Architecture.

Source: T. Watanabe, “Decision Architecture: An Observation Framework for Structuring Decision Information in Systems Engineering,” INCOSE International Symposium 2026
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Proposal: Decision Architecture as an Observation Framework
Decision Architecture (DA) adds a Who axis to observe decision intent
around What (system) and When (mission).

The goal is not to replace existing SE models. The goal is to make decision information around them observable.

“Who’
Decision Architecture (DA)

Decision intent /
Responsibility /
Role position

System structure /
Configuration /

Implementation boundary Operational progression

System Architecture (SA) Mission Architecture (MA)
“What”’ “When”

Mission sequence /
Timing /

The V-model connects What and When. Who remains implicit.

“WHO” means decision intent, responsibility, and role position
— not a person name.

Source: T. Watanabe, “Decision Architecture: An Observation Framework for Structuring Decision Information in Systems Engineering,” INCOSE International Symposium 2026
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Decision Processes Contain Guiding Priorities
U

A decision process is guided by priorities, criteria, responsibility, and intent
— not only by actions.

A decision process is not directly observable as an internal state; it becomes observable through external expressions and
process traces — an outside-in approach.

SE activities as external traces Process view of decision-making flow

Stakeholder interactions

A Governance
priorities / criteria / responsibility / intent

DocumentS

Context Intelligence Orchestration

Feedback

V-Model

Decision flow reveals what is being preserved, changed, accepted, or rejected.

Source: T. Watanabe, “Decision Architecture: An Observation Framework for Structuring Decision Information in Systems Engineering,” INCOSE International Symposium 2026
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CIO-GoF Structures the Projection Process &
ClO-GoF makes the projection process explicit by separating the processing

flow from its governance.

Context (C), Intelligence (I), and Orchestration (O) form the processing flow. Governance of Feedback (GoF) provides
reference conditions and supports refinement.

21 REFERENCE COMPONENTS

SA 10 l MA 6 | DAS5
(What) (When) (Who)

Provide reference points
for governance

( GOVERNANCE OF FEEDBACK (GoF)
Reference conditions for the projection process

Engineerjng CONTEXT (C) INTELLIGENCE (1) ORCHESTRATION (O) Candidate
information ——— Frame Interpret Structure projection

(from heterogeneous s
sources) Set and organize Analyze and relate Organize and present (for further review)
relevant information to the reference frame a structured contribution

Feedback / refinement
(as needed)

PROJECTION PROCESS
(under the governance of feedback) 5,
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Current Al-Related Technologies Mapped Across the V-Model
A landscape view maps representative Al-related technologies to engineering
activities across the V-model.

&

System Definition System Realization
S 0 Validation @ Corifcaton Assurance
\ Early / Research
LLM RAG Digital twin Operational / scenario analysis
Compliance analysis
Semantic search Physics Al / simulation analytics Evidence support
@ FE———— 0 y—
Knowledge graph MBSE copilot Test generation Coverage / gap detection
Trade-off analysis Simulation analytics
FMEA / FTA support Reasoning support Anomaly detection Log analytics
@ Implementation / Realization
Model / code generation
Agent assistance

Cross-cutting | 5 :
AL iEheoiChlos F LM/GenAl Q rac ¥ KnowledgeGraph  §0% Al Agents & ool Calling &  semantic search

Engineering
foundations / platforms

o <

MBSE @ PLM/ALM @ Simulation & Digital Thread 38% Digital Twin

Maturity:  Commercial Mixed Research-active Eary/Research  *Limited number of examples in current landscape.

lllustrative mapping based on the current landscape review; not
exhaustive. Waseda University | 35



The Three-Axis Framework Complements Al Technologies Across the V-Model

The three-axis framework applies the same three governance views to Al-
supported contributions across technologies and engineering activities.

Three-Axis Framework

Common cross-lifecycle governance reference

G(?V?'_'n bound_a.ry for Al-supported contributions ) Goven:n evidence
definition / revision interpretation / acceptance
l Boundary e Conditions e Authority / Accountability i
System Definition Interpret and govern System Realization
Al-supported contributions
Requirements \ / Validation
Al-supported
Architecture / Design = cqntrlt.)utllons. . —a Verification
/ (from various engineering activities) \
Safety Analysis I Integration
Implementation

Govern feedback / change propagation
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The Same Governance Logic Structures Multiple Engineering Activities

The engineering activity changes. WHAT, WHEN, and WHO remain the same
governance views.

Each activity applies the three views to its own engineering objects, conditions, and authority.

COMMON GOVERNANCE LOGIC

WHAT (SA) WHEN (MA) 0o _ WHO(DA)
@ Object / Boundary / Artifact @ Condition / Timing / Applicabiity ~ afm  Evaluation / Authority /
Accountability

! ! - v v
0 Architecture / Design A Safety Analysis O Assurance / Certification

@ Requirement / boundary ® Component / interface ® Failure mode / hazard path ® Verification scope @ Compliance claim
® Assumption / applicability ® Configuration / operation ® Degraded / combined @ Test condition / timing ® Applicable condition /
. : : condition : : lifecycle stage
® Requirement owner ® Design authority ) ) ® V&V / design authority .
® Safety / design authority @ Assurance authority

Same governance views. Different engineering objects.
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Future Work @

B Extend empirical evaluation across engineering tasks

B Expand application across domains and lifecycle
activities

B Integrate Three-Axis context with MBSE, RAG, and
knowledge graphs

B Develop metrics for projection fit, residuals, and output
consistency
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