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•  Demo	  



	  

Pacemaker	  

Scenario	  1	  

Scenario	  2	  

Scenario	  3	  

1990-2000: 600,000 cardiac devices recalled.                                                             
        41% of recalls due to software issues 

2008-12: 15% of all the medical device recalls (Class I, II & III) due to software 
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This case shows that our model is not a signal generator.  
It responds to a sequence of stimuli interactively 

Real  
Patient 
 
 
 
 
Heart  
Model 



•  Demo	  



1.  Normal	  Sinus	  Rhythm	  
2.  Bradycardia	  
3.  Heart	  block	  
4.  Supraventricular	  Tachycardia	  
5.  Lead	  displacement	  
6.  Lead	  Cross-‐talk	  and	  race	  condi@ons	  
7.  Pacemaker	  Mediated	  Tachycardia	  
8.  Endless-‐loop	  Tachycardia	  
9.  Pacemaker	  Mode-‐switch	  	  

Validated	  



Input	  Space	  
of	  pacemaker	  

Physiologically-‐
possible	  inputs	  

Coverage	  	  	  	  	  	  	  	  	  	  	  	  Expressiveness	  
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Logic Verification 
Logic 
Model 

Pacemaker Heart 

Non-
deterministic 

Software Testing 
Stateflow 

Chart 
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VHM 

Interpolation 

Platform 
Implementation 

C Code 
implementation 

Simulink Real-time  
Workshop 

Heart-on-Chip 
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Published in: IEEE ECRTS’10, EMBC’10, Proceedings of IEEE’11, ICCPS’11,  
EMBC’11, TACAS’12, RTAS’12, STTT’13, BMES’14, Frontiers of EDA’15 



13 

Pacemaker	  Case	  Study	  –	  Extracted	  Stateflow	  Model	  
of	  the	  Closed-‐loop	  Systems	  
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Generated	  C	  Code	  

	  	  	  Listing	  5.	  broadcast_tt()	  procedure	  
static void broadcast_tt(void) {
  int16_T sf_previousEvent;
  sf_previousEvent = _sfEvent_;
  _sfEvent_ = event_tt;
  c1_ChartName();
  _sfEvent_ = sf_previousEvent;
}
 

	  	  	  	  	  	  	  Listing	  2.	  Rt_OneStep	  procedure 
 
detect active inputs;
for each of the input events {
  if EventName is active   {
    sf_previousEvent = _sfEvent_;
    _sfEvent_ = EventName;
    c1_ChartName();
    _sfEvent_ = sf_previousEvent;
  }
}	   
 
update the outputs;
update the input events states; 

	  	  	  	  Listing	  3.	  cl_ChartName()	  procedure 
 

increase counters for _sfEvent_;
for each parallel state {
  processState();
} 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Listing	  4.	  processState()	  procedure	  
	  

if (rtDWork.bitsForTID0.is_active_NAME != 0){
  switch (rtDWork.bitsForTID0.is_NAME) {
    case SubStateName1:
      /* the loop below is - checkTrans();*/
      for all transitions in ex. order {
       if transition enabled {
         execution transition actions;
         reset corresponding temporal counters;
         update rtDWork.bitsForTID0.is_NAME;
         

         break for
       }
      }
      break;
    case SubStateName2:
      checkTrans();
      break;
    ...   
    default:
     rtDWork.bitsForTID0.is_NAME=NoActiveChild;
     break;
   }
  }
 

	  	  	  	  	  	  Listing	  1.	  bitsForTID0	  de5inition	  
struct {
    uint_T is_AVI:3;                  
    uint_T is_LRI:2;                
    uint_T is_PVARP:2;               
    uint_T is_VRP:2;                  
    uint_T is_URI:2;                  
    uint_T is_active_AVI:1;          
    uint_T is_active_LRI:1;           
    uint_T is_active_PVARP:1;       
    uint_T is_active_VRP:1;         
    uint_T is_active_URI:1;          
    uint_T is_active_Eng:1;       
    uint_T is_Eng:1;                     
    uint_T URI_ex:1;             
  } bitsForTID0;
 



Heart Model Assembly 
(Heart à Model) 

HDL Generation 
(Model à Code) 

FPGA Synthesis 
(Code à Hardware) 



Heart Model Assembly 
(Heart à Model) 

HDL Generation 
(Model à Code) 

FPGA Synthesis 
(Code à Hardware) 



Heart Model Assembly 
(Heart à Model) 

HDL Generation 
(Model à Code) 

FPGA Synthesis 
(Code à Hardware) 





19 

Pacemaker Verification System
1st Prize UPenn Senior Design Competition 2012
1st Prize World Embedded Software Competition, Seoul, Korea
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1.  Model-based Clinical Trials 
§  Regulatory-grade modeling and simulation with closed-loop testing for 

pre-clinical trial evidence 
§  Reduce the scope and cost of randomized clinical trials  
§  Identify bugs and reduce the probability of a failed trial 

Impact on  
Medical CPS Foundations in 5 Years 
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Roadmap: Increasing the use of CM&S evidence 
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1.  Model-based Clinical Trials 
§  Regulatory-grade modeling and simulation with closed-loop testing for 

pre-clinical trial evidence 
§  Reduce the scope and cost of randomized clinical trials  
§  Identify bugs and reduce the probability of a failed trial 

Impact on  
Medical CPS Foundations in 5 Years 
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MDIC 
Computer Modeling and Simulation Goals 
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Increase Evaluation Confidence 

Faster Market Clearance  

Decrease Cost 

• Advancing medical device innovation, and evaluating new and 
emerging technologies 

• Developing state of the art preclinical methods for assessing device 
safety and performance 

• Developing novel ways to use clinical data in evaluating medical 
devices – Big Data 

 

Project Goals 

Access to safe and effective 
medical device technology 

through 
Regulatory Grade 

computer models & simulations 



1.  Model-based Clinical Trials 
§  Regulatory-grade modeling and simulation with closed-loop testing for 

pre-clinical trial evidence 
§  Reduce the scope and cost of randomized clinical trials  
§  Identify bugs and reduce the probability of a failed trial 
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Impact on  
Medical CPS Foundations in 5 Years 

2. Quantative Verification of ICD Efficacy 
§  Early Rhythm Therapy evaluation of safety, efficacy & energy tradeoffs 

3. Patient-specific Therapy Guidance & Device Configuration 
§  Automated ablation therapy guidance and device configuration 

4. Patient Heart Model in Electronic Health Records 
§  Lifelong functional record for pre/post operation evaluation 
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“Let	  our	  heart	  catch	  bugs	  before	  your	  heart	  does.”	  
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CyberHeart V&V for Medical CPSs 
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AD=Actual Device   VD=Virtual Device   
AH=Actual Heart     VH=Virtual Heart 

in vivo 

What is Closed-Loop V&V? 
 

                 (AD, AH) 
                  in vitro 
 

 
  (AD,VH)                  (VD,AH) 
  Device-in-               Heart-in- 
   the-loop                 the-loop 
 
 
                   (VD,VH) 
                   in silico 
 

CyberHeart - 
Verified ! 



In Vitro: Actual Heart, Actual Device 

 

Optical-mapping wet-lab setup (Flavio Fenton, GT) where: 

§  Surgically removed heart will be in the loop with actual device  

§  V&V possible in this setup by repeatedly running experiments 
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The	  Complexity	  of	  the	  Heart	  

MulB-‐Scale	  CPS	  
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Identify 
Approximately 

Equivalent 
Abstraction 

(13-var) (2-var) 

First-order reduction 
(56-var) 

Rest of the 
model 

2-Var Sodium 
channel 

subsystem  Channel 
conductance 

VstimI

Proposed Research:  
Compositional & Approximate Verification 

Rest of the 
model 

13-Var Sodium 
channel 

subsystem  Channel 
conductance 

V

Feedback-composition 
(67-var) 

stimI

4-Var Minimal Model 
(Easier to verify) 

INPUT-TO-OUTPUT 
STABILITY 



Sharp boundary method for cardiac 
tissue modeling including defibrillation 

Figure: wave front velocity 
across blood vessels 

Method will be used to 
study arrhythmias and 
interaction with ICDs 

Method already optimized to handle: 
•  Irregular domains •  Resolved very small vessels  

Propagating wave  

Simulated VF in rabbit ventricles 

  Defibrillating shock    
 4000x2000x1000 microns 
 



Bridging in-vitro and simulation models 
Simulation of fibrillation and in-vitro experiment 

36 Work by Richard Gray (FDA), Flavio Fenton (GA-Tech) and others 



ICD Control 

Heart State 
(Detailed) 

Proposed Research:  
Closed-loop Control & Verification for Cardiac Therapy  

ICD Control 

Heart State 
(Abstract) 

: Difficult to verify 
 

Detailed feedback-composed 
closed-loop model of  
device () & heart () 

 

: Easier to verify 
 

Abstract feedback-composed 
closed-loop model of  
device () & heart ()  

Functional Model 
 

Formal Model  
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We         Education & Outreach! 
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a

b

c

d a.  2011 workshop on 
Cellular Signaling 
Pathways 

b.  2012 workshop on 
Atrial Fibrillation 

c.  2013 workshop on 
Cellular Signaling 
Pathways 

d.  2014 workshop on 
Atrial Fibrillation 

6th Year of Medical 
CPS Workshop – in 

the next room J 
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All student participants co-authors 



Integra@on	  of	  Research	  with	  Educa@on	  	  
for	  Cross-‐disciplinary	  Projects	  
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Open-source Closed-loop  
Pacemaker/ICD Testing Platforms 

Open-source Heart Model  
Simulation Tools 

Open Datasets of electrograms 
and device signal traces 

Heart and Device Models  
code and Modeling Tools 

1

2

3

4



Essentially, all models are wrong,  
but some are useful.  
 

- George E. P. Box 

Prof.	  Rahul	  Mangharam	  
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Patient-specific Therapy Guidance &  
Device Configuration 

44 

1. Model-guided ablation therapy 
  

•  Data-driven timing anomaly heatmap 
 
 
2. Patient-model based device 

selection and configuration 
•  Automated timing extraction and device 

parameter mapping 
 
 
3. Arrhythmia risk stratification and 

optimization of treatment  
  

• Better procedure planning for ablation therapy 
 


