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¢l Introduction N SAPHE

Background

Al research in the nuclear engineering fields

« Big data + Computing power + Al algorithm - Al research in nuclear engineering fields
« Artificial Intelligence Strategic Plan 2023-2027 (NUREG-2261)
« Regulatory Framework Gap Assessment for the Use of Al in Nuclear Applications

Matthew Dennis and Salman Hag, NRC Project Managers
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

NUREG-2261 @
Signal validation Event diagnosis Trend prediction Autonomous operation
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\/\/\A'O A — k= ecos REGULATORY FRAMEWORK
= = N @% GAP ASSESSMENT FOR THE
USE OF ARTIFICIAL
/ INTELLIGENCE IN NUCLEAR
APPLICATIONS
ARTIFICIAL
s ) ~ =
7 e simulator \ INTELLIGENCE
/ \ [
i 1 [BRAE ‘} g STRATEGIC PLAN
\ —\ |[Rloo|o / 2 Fiscal Years 2023-2027

— e




Introduction

01

Motivation for Al-Based Operator Support in NPPs

Extensive research on Al-based operator decision support algorithms

Signal validation algorithm

v" Detection and correction of unreliable sensor signals

State diagnosis algorithm

v' Identification of current plant conditions
and eXplainable Al (XAl) results

Progression prediction algorithm

v" Prediction of future plant state changes

106374.
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1) Choi, J, Koo, S. R, & Leg, S. J. (2026). Sensor fault detection and signal restoration using scenario-guided supervised autoencoders for nuclear power plant accidents. Progress in Nuclear Energy, 196,




i ntroduction N SAPHE

Motivation for Al-Based Operator Support in NPPs

Extensive research on Al-based operator decision support algorithms
» Signal validation algorithm

v" Detection and correction of unreliable sensor signals . ] .
2) State diagnosis algorithm

# | MainWindow = m] X

00 00 =30 Loss of reactor coolant pump seal injection water Pause / Re-diagnose

- State diagnosis algorithm N e i

C, C

v' Identification of current plant conditions =
and eXplainable Al (XAl) results l 3
} 1 ) LN
Linier~.
« Progression prediction algorithm l‘—%—;‘ : Eﬂ‘t
v' Prediction of future plant state changes _ \ﬂ
=10 I i

2) Shin, J. H, Kang, J. S., Kim, J. M., & Lee, S. J. (2025). Concept of understandable diagnostic cause visualization with explainable Al and multilevel flow modeling. Nuclear Engineering and Technology,
57(8), 103589.
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Motivation for Al-Based Operator Support in NPPs

Extensive research on Al-based operator decision support algorithms
» Signal validation algorithm

v" Detection and correction of unreliable sensor signals ) o )
3) Progression prediction algorithm

Future Trajectories Reconstructed Future Trajectories
(Y) (Y hat)
. . T Y == = \ Latent space ) .-~
- State diagnosis algorithm S npresentatel 2 )|
v' Identification of current plant conditions H o SNy [\
T e AL NI AN o M e e ) ottleneck -
and eXplainable Al (XAl) results R ot
agel: utocncoaer
Observed Histories @ Predicted Trajectories
(X) _——.(Yhat)
. e e . »m;;.-‘: - m%:m\ |
« Progression prediction algorithm 3 o ( Tam
L. EEE- l Latent Predictor ‘;f/'/,——‘/ \“\\ ESIMP=caced |
v" Prediction of future plant state changes = ‘ (Pre-trained) ™! :

Stage2: Latent Predictor

3) Jung, D, Bae, J, Kang, H. G, & Lee, S. J. (2026). Latent Trajectory Forecasting for Long-Horizon Multivariate Nuclear Power Plant Parameter Prediction. Energies, 19(13), 3048.
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Cognitive-based organization of Al-derived information for state diagnosis
» Signal validation algorithm r ~N

v Can the observed symptoms be trusted?

What information do | need to
diagnose the current situation?

 State diagnosis algorithm \. \/_/
v" What abnormal state is most likely?

Al-based State Diagnosis Module Operator

« Progression prediction algorithm

v' How urgent is the current situation? Interaction

% Need for cognitive-based state diagnosis module design for operator decision support
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Framework

Objective
= Design a cognitive-based state diagnosis HSI (Human-System Interface) module for operator decision
support during abnormal conditions in the main control room
-] N

S\ \

MCR Operator HSI Design Philosophy
= Cognitive-based state diagnosis module

R R T R O T

Cognitive-based state HSI design

Response
Implementation

Internal to Operators

Human-System Monitoring/ Situation Response
Interface Detection Assessment Planning

PN [BH)

| & C System o Knowledge/ 1 O
(Plant Automation) Situation Model Mental Model




Framework

Objective

= Design a cognitive-based state diagnosis HSI (Human-System Interface) module for operator decision
support during abnormal conditions in the main control room

Cognitive-based design framework
1. Operator cognitive process analysis

« How operators recognize and assess abnormal situations

2. Information requirement derivation
« What information is needed for state diagnosis

3. Information structure design
« How diagnostic information should be organized for operator decision support

11
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1. Cognitive process analysis

02

Operator cognitive process in abnormal situations
» A Technique for Human Error Analysis (ATHEANA)
« Monitoring / detection: Recognition of abnormal symptoms
 Situation assessment: Interpretation of plant state
« Response planning: Selection of response strategy
« Response implementation: Execution of operator actions

4 Cognitive activities of NPP operators during abnormal situations

Response
Implementation

-

Internal to Operators 1

Human-System | | || Monitoring/ Situation Response

Interface Detection Assessment Planning

| & C System L Knowledge/
(Plant Automation) Situation Model Mental Mgdel

12

4) U.S. Nuclear Regulatory Commission. (2000). Technical basis and implementation guidelines for a technique for human event analysis (ATHEANA) (NUREG-1624, Rev. 1).



2. Information requirement derivation

Diagnostic information requirements for state diagnosis

Cognitive activity Potential human error Required diagnostic information
Monitoring / detection Missing ;rltlcal alarms or misjudging faulty | Alert, S|gna.l yalldat!on, procedure
sensor signals entry-condition satisfaction

Situation assessment | Confusing the cause of an abnormal event Diagnostic results, diagnostic

reasons
Response planning Delgyed response due to misjudging Trip margin time, key-variable
available time trend prediction
Response Procedure omission, wrong manipulation, or :
: : : Procedure/action support
iImplementation delayed action

= Required diagnostic information was derived from potential human errors in each cognitive activity.

13
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3-1. Information structure design: Decision ladder 5) Decision ladder

02

Decision ladder for diagnostic reasoning @

= Basic information processes in a decision task

.. .. Evaluate Options
= Transitions between cognitive states
Predict

= Situation analysis - goal evaluation & planning - action Consequences
[1 Rectangles: Cognitive activity
O Ovals: State of knowledge e

Definition of Task

Identification

INFOR-
MA-

TION
ob i Heuristics, Pl .
servation Short-Cuts anning
Activation Execution
14

5) Rasmussen, J. (1993). Diagnostic reasoning in action. IEEE Transactions on Systems, Man, and Cybernetics, 23(4), 981-992.



3-1. Information structure design: Decision ladder

Adapted decision ladder for abnormal
state diagnosis —
2. Situation Evaluate

= Adapted to NPP abnormal state diagnosis Assessment Candidates
. . . CANDIDATES . & ENTRY CONDITIONS
= Diagnostic information mapped to Predict

.. Conseguences
cognitive states

Decision ladder for abnormal operation management

. i i i SIGNAL ENTRY AOP
State diagnosis module contains VALIDATION
monitoring/detection and situation
assessment ~ 3 Response
Identification Definition of Task Planning
[1 Rectangles: Cognitive activity
. TRIP EMERGENCY
DIAGNOSTIC RESULTS
O Ovals: State of knowledge
1. Monitoring —
& Detection Observation Planning
4. Response
RESPONSE \ Implementation
SUPPORT /
. PLANT
Abnormal Event Execution PREDICTION

15



2. Situation

Assessment 515 GNOSTIC Candidates DIAGNOSTIC REASONS
e t o CANDIDATES & ENTRY CONDITIONS

Consequences

3-2. Information structure design: Use case diagram EHdE»
’ Identification | |Defini:c:n of Task > sleas::irr‘.:,e

Use case-based diagnostic information

1. Monitoring -
& Detection Observation | Planning ‘
T

4. Response
u u RESPONSE Implementation
SUPPORT

= Structuring diagnostic information [ovmsem] | [ Colio)

= 1.1 mapping between state of knowledge
and use case categories Use case diagram for abnormal state diagnosis module

- R | t. h . NPP Abnormal State Diagnosis Module
B 5 a— —<<include> > — — “—fcincludes s — - — e - - - .
e a IO n S I e Plant state includ Abnormal occurrence includ Abnormal state 1 . MOI‘IItOI‘Ing
information alarms diagnosis model .
. . . & Detection
3
* Include: essential information lagnostic | A s k]
) Diagnostic T < <include>> diagnosis model
Results : I— — -<<include>> — ~ Toplevel diagnosis
« Extend: on-demand detailed information T e
- . . . tend> e — — — iagnostic candidates
. Diagnostic “redenazs & confidence
Candidates Operator information < cextend>» — — — — — — !
update
ISR EEAT i — < <includes>>c o — o e e e e e e ] - :h""'"“" “"TI
Diagnostic iagnasis model
R " SR extend>>. — — Cause variable trends j+— —<<extend>> — — — — — — 3
easons
L etends s — Cause variables &
contributions
Pre-trip information J«— -< <include>> — — Reactor power
i Abnormal . .
Trlp Margln . <<include>> — = Trip margin degree = —<<include>>— — — — — - np':'fgﬁ?::‘" 2. S'tuat'on
i ¥ del
Time F L — —ccentend=>. = < Topvarabe mends o — < <extend> >~ — — = — - o Assessment
1
| Z 5
7777777 cepterds s __ ___ _____ - Tripuariables&
margin time
AP entry conditions e —< <inClUde> > — - — — o o —;:gﬁ;’:ﬁ’:'ﬁ;
*
Pt t <<include> » Entry condition
[ B = consistency
Entry L
I
HH 11
Conditions 1 : I — — _<<extend>> — — E"”:r‘;"ﬁ“‘“” - —<<extend> > — — — — — — — 3
b Current values &
| ———— SR> b -
| setpoints
T
o < <includes e — ¢ Sgnalvalidation oo ___ _ signal validation
. status madel
SIgnal : . <<extend>>- — = Faulty signal trends =— — < <extend»>- — — — — =
Validation i !
L — ccextend>> — — — — - Restored signal values
J
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3-2. Information structure design: Use case diagram

02

Use case-based diagnostic information structure
= Alert: Abnormal occurrence and plant state awareness

= Diagnostic results: Top-level diagnosis for current abnormal state

’ Identification |

TRIP DIAGNOSTIC RESULTS
MARGIN TIME AR EAEoNS

as|
EMERGENCY
ACTION SUPPORT

1. Monitoring
& Detection Ob

annin,

RESPONSE
SUPPORT
xecution

= Diagnostic candidates: Alternative abnormal states with confidence

= Diagnostic reasons: Related systems, causal variables, and their contributions

Use case diagram for abnormal state diagnosis module

NPP Abnormal State Diagnosis Module

/_grE;_\ — —<<include>> — bnormal occurrence
Alert information alarms
D = t- Abﬁéﬁm dTa;Eé\is includ
iagnostic mal o —<<include> > = = = == m e e e e e .
Results 7T7 I_ — _<<include>> — —(Top-level diag@
| B
| /,fffk\
. . Lo . tend>>- — — iagnostic candidates
Dlag nOStIC < sextendz> {\8} conﬁdence/{/
Candidates perator g‘ffr@._ —<<extend>>— — — — — T
__ update
— .
QDiagnostic causes —<<include>>— — — - -
iagnostic — -
D | - <<extend>>. — Cause variable trer@— —<<extend>> — — — — — — l
Reasons | — .

Cause variablem
L — — —— —<<gXtend>> - - — — — — — (— e
contributions /

<include>> —m — — — = — — ] 1A !
diagnosis model | |*

Abnormal state

Abnormal state
diagnosis model

J

\

_________________ Abnormal state
diagnosis model| [

SAPHE

1. Monitoring

& Detection

2. Situation

Assessment



3-2. Information structure design: Use case diagram

Use case-based diagnostic information structure
= Trip margin time: Available time before trip-related plant states

= Entry conditions: Consistency between diagnosis and abnormal operating procedure entry conditions
= Signal validation: Reliability of observed symptoms and sensor signals

NPP Abnormal State Diagnosis Module

@p mfo@— -<<include>> — @
Abnormal . .
Tl'ip Margin ——————— <<include> >- _@_<<include>> —————————————————————————————— ~ p;?‘eggist?;ci]n 2. Sltuatlon
i del i
ULs o o o ecotends > T aanss o =< <otind> o Assessment

_—— = _—— e ——

E
— — -<<include>>- —
consistency

AOP entry conditions —<<include»>— — - — — — e ] —_ .«‘-‘tbnorn?al state
diagnosis model
I ntry cond@

Entry |
T |
CondltIOnS I_ _ _ _<<extend>>. — Entry condition

S trends
| <<extends>>— — — — — — e ______ Current values &
setpoints

!

L ___ <<include> >~ — Slgnalvalldanon <<indudes S — — e Signal validation

. status o model
SIQnaI ————— <<extend>>- — —@gnal t@—— — <<extend>>- — — — — =

Validation -

'- —————— <<extend>> — — — — — —@sign@
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3-3. Information structure design: Integrated flow Integrated flow

[ Monitoring & Detection: Abnormal Event and Observation _
Integrated operator-state |

model

Normal power Real-time acquisition Execute state diagnosis Diagnosed abnormal State diagnosis module Enter state diagnosis I
° ° ° ° ti £ blant variabl del 2 entry enabled dul
diagnosis interaction flow | opmen o s moc e et o
Execute state prediction I
model

= QOperation flow based ontheuse ! — — — — — — — — — — — — — — — — — — — — — 4 — —
case diagram

ittioAsese Intcan,vaataidesndrect

Select abnormal state
with highest confidence

| v

= Focusing on the "Monitoring &
Detection” and “Situation | I p— I

diagnosis information

Assessment” | 7 = ™ |

Display diagnostic
View diagnostic Yes candidates and Change diagnostic Yes I

Display diagnostic

| —> results —> —

candidates confidence candidate

» |nteraction-based access to
detailed supporting information

| [ o | o | |

Display cause variable

Display diagnostic 5 = 3 Yi = 5 Yi Display cause variable
— View diagnostic cause €S name, current value, and View cause variable €s
| — causes variables contribution trends Eents I
- Display trip variable No - - -
Display reactor power name, current value, and Display trip variable
| —> and trip margin trip margin time <_View trip variable trend trends I
\_—/—\

| condtion aonsistency P ariabis nformation v entycondom—_ O Dislagenoy condtion |
| and signal status - _—— I

Display faulty signal Yes A Display faulty signal
| variables alnd restored > View faulty signal trends ————> trends I

values

No

L —
1

esponse Planning Implementation: Dnitn of Task, Planning and Execution

I Navigate to I
P CPS access button corresponding
procedure

5 | Enter response support
| - module I




3-3. Information structure design: Integrated flow Integrated flow
| Momtorg Dectn bnrm Evnt d bsan - T T -
Execute signal validation No I I
Integrated operator-state I e [T me o —
diag nOSiS interaCtion fIOW I °fp|antvanables Execme::::e;redicﬁon_ Ael‘t i ] module I
» Operation flow based ontheuse | — — — — — — — — — — — — — — — — — — — — — - I

case diagram

L
= Focusing on the "Monitoring & " i niahestcontaence |
Detection” and “Situation Il gt anormal |
Assessment” | e , |
. 1, L : | | H = ol H Yes

= |nteraction-based access to I Results Diaghostihandidates |
detailed supporting information i | et Dy SR REASONS |
= 1:1 mapping between I ARl |
. | | | |

mtegrat.ed flow and use case \ Entry Condifions
categories I — : |
| e Signal'Validation™ |
=
I P CPS access button > c;‘r::;%it:t;i?!g |
I procedure |

w | Enter response support

|
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03 Implementation N SAPHE

1. State diagnosis module HSI configuration

Configuration of the state diagnosis module Human-System Interface (HSI)

= State diagnosis module HSI built into the Information Processing System (IPS for operator decision
support

State diagnosis module HSI - normal State diagnosis module HSI - abnormal
(oss [ i [ sec st | m [ aia [ cps N aarm | Al o | s | i osec foess | oo foaid || ces ! atarm|

State Diagnosis State Diagnosis R/S

Deaerator Storage Tank Level Decrease Reactor Power : 94.70 % .

Diagnostic Reasons Diagnostic Reasons(CDS)
Diagnostic Variables Values | Contri
Cond. Pump 001 Amp 100.50 A 16.29)
_CHRG | s

m Cond. Pump 002 Amp 100.32 A 15.08
Condensate Water Line Press. 30.30 kg/em2 4.40
Condensate Pump 01 Discharge 3474 kg/em2 361
Pressure
Condensate Pump 02 Discharge 378 kg/em2 3.40
Pressure
Condensate Pump Dsch Press 34.65 kg/em2 3.32
Condensate Pump 02 Suction 435.01 mmHgA 321
Pressure
Deaer LVL CTRL VLV Position 252 2.93
Condensate Pump Dsch Flow 1135.12 L/s 2.67]

Condensate Polisher
Differential Press

352 kg/em2 252

Entry Conditions

Alarms
DEAER STOR Tank B Level Lo
DEAER STOR Tank B Level Lo-Lo Decrease in CDP Discharge Header Flow Ratg
COND Pump Discharge Flow Lo Decrease in Deaerator Inlet Flow Rate

Steam PKG EXHSTR OTLT sLo Increase in Condenser Hotwell Level

COND Polisher Diff Press Hi

COND Polisher Diff Press Hi-Hi

Gland Seal Water Supply

FW PMP Seal Water Supply Press Lo

CD Cond PumpPP1 Suct Stm DP Hi

CD Cond PumpPP2 Suct Stm DP Hi
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1. State diagnosis module HSI configuration

Configuration of the state diagnosis module Human-System Interface (HSI)

SD Pri Sec CSF Bl Aid CPS Alarm

Operation ko State diagnosis module navigation bar
ate Diagnc Rs « Blinking “S/D" (State Diagnosis)

Power Print 1

SRR SEESS feactoroner ST indicator for Al-based abnormal state
) Diagnostic Reasons - Diagnostic Reasons(CDS) detection
R wo B o | wsn SRR et L We 1SR 2 State diagnosis result panel
— - e T « Top-level diagnosis; candidates and
R confidence levels shown when clicked
S e p— 9 3. Trip margin time panel
= - | e * Color-coded urgency based on
S — e T predicted time to trip
o ” oy | ten =1 4. Diagnostic contribution panel
— - System-level color coding based on
— e - XAl contribution
—— N Increzse in CDP Discharge Header Pressurs 5. Diagnosis verification panel
- Decrease in COP Discharge Header Flow Rt} « Consistency check with AOP entry
r Hotwel Leve conditions
6. Variable detail panel
u « Related variable values and trends for
v detailed inspection 23




03 Implementation
1. State diagnosis module HSI configuration

Configuration of the state diagnosis module Human-System Interface (HSI)

State Diagnosis R/s

Diagnostic Reasons Optional Information
s I von | wsn

CHRG m
S

ccw

Esw _w |

Entry Conditions

Al e
i

Alarms T/F

3

4 »>»
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Conclusion N SAPHE

“This study developed a cognitive-based state diagnosis module for operator decision support.

“*Diagnostic information requirements were derived from the operator’s cognitive process in
abnormal situations.

“+Al-derived information was organized according to the cognitive flow from situation
recognition to diagnosis verification.

“The implemented HSI module supports operators in understanding the plant state, verifying
the diagnosis, and making timely decisions.

“*Future work will conduct operator-in-the-loop human factors evaluation to assess usability,
situation awareness, and decision-making support.

26
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Thank you
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