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Runtime Validation and decision making of an
Intelligent Wearable Brain Neurostimulation
DeviceUsing Timed Colored Petri Nets and

Reinforcement Learning

Safa Majed Sharifi !, PhD. student, Negar Majma #*, Assistant professor

! Computer Department, Isfahan (Khorasgan) Branch, Islamic Azad University, Isfahan, Iran

2 Computer Department, Naghshejahan Higher Education Institute, Isfahan, Iran, Majma@naghshejahan.ac.ir

Abstract: Recent advances in computing, networking, and sensor technologies have led to remarkable developments in
medical equipment and devices. One example .of such implantable and wearable medical devices is the brain
neurostimulation device, which is used for diagnostic, monitoring, and therapeutic functions in epilepsy. Despite previous
studies on runtime validation in intelligent medical systems, many existing approaches rely on fixed formal models,
predefined rules, or non-adaptive evaluations, and usually do not provide an integrated mechanism for correcting device
decisions based on real-time physiological feedback from the patient’s body. In this paper, a runtime validation and decision-
correction framework is proposed=for a responsive neurostimulation device, integrating Timed Colored Petri Nets, fuzzy
modeling, and reinforcement learning within a unified execution cycle. In this framework, the Timed Colored Petri Net is used
as an executable formal specification to model the temporal behavior and the main operational states of the device, including
monitoring, detection; andstimulation. Fuzzy logic is employed to model the uncertainty of brain-sensor data and diagnostic
rules, while reinforcement learning uses physiological feedback from the body to evaluate the initial decision of the device
and correct it when necessary. The main novelty of the proposed method lies in presenting an integrated mechanism that,
unlike methods based on fixed knowledge bases, performs runtime validation of device behavior and decision correction
simultaneously, dynamically, and based on patient feedback. The model was evaluated based on 10 simulated, expert-driven
scenarios in which brain sensor data, including ECoG, HFOs, IEDs, SP, and BRFB, along with physiological data such as heart
rate, blood pressure, body temperature, and activity level, were used to examine initial decision-making, feedback reception,
and decision correction within the runtime loop. The performance of the proposed model was assessed through the execution
of the runtime loop across various operational scenarios, achieving a recall rate of 100% and a correction coverage of 100%,
indicating successful detection and correction of errors. This model can therefore be considered an effective step toward the
design of next-generation adaptive and intelligent neural stimulation devices.

Keywords: Intelligent Medical Devices; Colored Petri Nets; Fuzzy System; Runtime Validation; Reinforcement Learning

* Corresponding author



PSR s Gille Sl Slagtens el il
s ((IWMDS) iy 5 sls J6 Sy slaelSas
ey b Olos 5 Lasild CdS 05 W gl oS 555 e
Sl ol Y pens WIWMD. &5, o G Sy Lol 5 )
)MQ\M%Q\j&QT&}}\S&MW&
Ok 4l gbaals 4 b 5 o 5 s s 4 J 1S
et il Sl s sl ) O(BANS)
o 3L Ve PHS & 1Sl (6l ol Jlas! LL(PHSs)
S SaS w0l 0 ) S5 slaesls (sl mex
o3y b 53 oy glaediS J S w4 Laesls cpl 5 L3 s
Lyl i Jdos 5 a2 (6l baesls 5l laeis J 28 ol o5 e
S a5 o eSS S e i (5,8 e 5 b
Lot 5 et Sose 4 o Al Pl s el

slezel Gl (s e Sdied o8 IWMD laol&avs 4 »
Lol e 3,8has & Ol S 5 Lydp S L0
e s i Qe 32 b Ll 3 gl Ol
e OO s 34
5 LB e ST Gl 5 slalles (gl il
3 S5es KI5 o Sl e 5 (oLl S laesliale o

oot e 5 S | ol [3] S Camzs 1,BAN JIWMD

Sl s des

Olaabsl Ml 55 o 505 5 S5l enledbl el Bllas
Has allly (SKa sael&Kans 3 5,8 a4 slael

I, ol =155 5294 2011 52006 sladle o “FDA olesla
1210 olaws 5294 51 ol 03 S i (S s glrol&avs (5l

°J)"L'MK:‘NDL,F’\LEJSMGMOMMLJJJ‘UU}‘ﬁ

8 Wireless Body Area Network (WBAN)

9 Implantable Wearable medical devices (IWMDs)
10 Body Area Networks (BANS)

11 Personal Healthcare Systems (PHSs)
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3 High-level Colored Time Petri Net (HCTPN)
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WHILE TRUE DO
BrainInputs=GetBrainSensorData() #(1)
Brainlnputs =PreprocessorAndFuzzify (BrainInputs) #(1)
BrainStatus = TCPN_FuzzyInference (Braininputs) #(2)
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T={Normal_Activity_Detection,Probable_Epileptic
_Activity_Detection, Seizure_onset_Detection}

AC(PxT)U (T xP)
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InitialDecision=DecisionMakingBasedFuzzyRules(BrainStatu
S #(4)
PhysiologicalFeedback=GetPhysiologicalFeedback() #(2)
Reward=ComputeRewardPenalty (InitialDecision,
BrainStatus, PhysiologicalFeedback ) #(3)
CorrectedDecision=QLearningAgent( BrainStatus ,
InitialDecision, PhysiologicalFeedback, Reward ) #(2)
FinalDecision=FinalDecisionModule (InitialDecision,
CorrectedDecision) #(4)
ExexutedDecision(FinalDecision) #(2)
UpdateKnowledgeBase (BrainStatus, FinalDecision, Reward)
END WHILE
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4 Spikes
5 Sharp Waves
6 Seizure Patterns

State:
M:Monitoring
S: Stimulate

Action:
N:Normal
PE:Propable_Epileptic
S0O:Seizure_Onset
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3 Interictal Epileptiform Discharges



SP Membership Functions
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06 — Low
— Medium

04 — High .
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1) "If SP is Low then Output is Normal";

2) "If SP is High and IEDs is High and HFOs is Medium then
Output is Mid_Abnormal_Activity Detection";

3)”If HFOs is Medium and BRFB is High and ECoG is High then
Output is Seizure_onset_Detection”;
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1 Brain Rhythms and Frequency Bands
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1.1f (ECOG is Low) and (HFOs is Medium) and (IEDs is Low) and (SP is Medium) and (BRFB is Low) then (Output is Normal) (1)

2. If (ECG is Low) and (HFOs is Medium) and (IEDs is Low) and (SP is High) and (BRFB is Low) then (Output is Probable_Epileptic) (1)

3. If (EC0G is Low) and (HFOs is Medium) and (IEDs is High) and (SP is Medium) and (BRFB is Low) then (Output is Probable_Epileptic) (1)
(ECoG is Low) and (HFOs i Medium) and (IEDs is High) and (SP is High) and (BRFB is Low) then (Output is Seizure_onset) (1)

(ECoG is Medium) and (HFOs is Medium) and (IEDs is Low) and (SP is Medium) and (BRFB is Low) then (Output is Probable_Epileptic) (1)
(ECoG is Medium) and (HFOs is Medium) and (IEDs is Low) and (SP is High) and (BRFB is Low) then (Output is Probable_Epileptic) (1)
(ECoG is Medium) and (HFOs is Medium) and (IEDs is High) and (SP is Medium) and (BRFB is Low) then (Output is Probable_Epileptic) (1)
(ECOG is Medium) and (HFOs is Medium) and (IEDs is High) and (SP is High) and (BRFB is Low) then (Output is Seizure_onset) (1)
(ECoG is High) and (HFOs is Medium) and (IEDs is Low) and (SP is Low) and (BRF is Low) then (Output is Normal) (1)

10. f (ECoG is High) and (HFOs is Medium) and (IEDs is Low) and (SP is Medium) and (BRFB is Low) then (Output is Probable_Epileptic) (1)
11. f (ECoG is High) and (HFOs is Medium) and (IEDs is Low) and (SP is High) and (BRFB is Low) then (Output is Seizure_onset) (1)

12. f (ECoG is High) and (HFOs is Medium) and (IEDs is High) and (SP is Medium) and (BRFB is Low) then (Output is Seizure_onset) (1)

13. f (EC0G is High) and (HFOs is High) and (IEDs is Low) and (SP is Medium) and (BRFB is Low) then (Output is Seizure_onset) (1)

14. 1 ECoG is High) and (HFOs is High) and (IEDs is Low) and (SP is High) and (BRFB is Low) then (Output is Seizure_onset) (1)

15. I (ECoG is High) and (HFOs is High) and (IEDs is High) and (SP is Medium) and (BRFB is Low) then (Output is Seizure_onset) (1)

16. If (ECoG is High) and (HFOs is High) and (IEDs is High) and (SP is High) and (BRFB is Low) then (Output is Seizure_onset) (1)

17. If (ECoG is High) and (HFOs is High) and (IEDs is High) and (SP is High) and (BRFB is High) then (Output is Seizure_onset) (1)

18. If (SP is Low) then (Output is Normal) (1)

19. If (HFOs is Medium) and (IEDs is High) and (SP is High) then (Output is Probable_Epileptic) (1)

20. If (EC0G is High) and (HFOs is Medium) and (BRFB is High) then (Output is Seizure_onset) (1)
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