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Control	
  Systems	
  Analysis	
  
Unravels	
  Biological	
  Circuits	
  

Stochastic PDE model sheds light on 
circadian timing and spawning synchrony 

at the eco-scale 
[Boch	
  et	
  al.,	
  Biol.	
  Bull.,	
  2011] 

Ultra-sensitivity reveals potential targets for 
Tau misfolding in Alzheimers 

[Yuraszeck	
  et	
  al.,	
  Plos	
  Comp	
  Biol.,	
  2010] 

Network module expression 
identifies biomarkers for PTSD 
[Yang et al., BMC Bioinform., 2012] 
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Control	
  Systems	
  Analysis	
  
Unravels	
  Biological	
  Circuits	
  

Coupled oscillator control 
reveals SCN neuron 

synchrony 
[Liu et al., Cell, 2007;  

Bagheri et al., Interface, 2008] 

Systems approach identifies novel 
small molecule that targets 

circadian period 
[Hirota et al., Science, 2012 
St. John et al., PNAS, 2014] 

Clinical testing of  
artificial pancreas for  

type 1 diabetes 
[Dassau et al., Diabetes Care, 2012] 

Robust control strategy for 
multi-target drug design in 

type 2 diabetes 
[Luni et al., IJRNC, 2011;  

Luni et al., PLoS One, 2012] 
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Diabetes: A Worldwide Problem 

33rd Chinese Control Conference, Nanjing, July 29, 2014 

http://www.idf.org/diabetesatlas 



Diabetes Incidence in China 

•   A nationally representative sample of 46,239 adults, 20 years of age or 
older, from 14 provinces and municipalities participated in the study 

•  Prevalence of total diabetes = 9.7% (92.4 million) and prediabetes was 
15.5% (148.2 million) 

“These results indicate that diabetes has become a major public 
health problem in China and that strategies aimed at the prevention 

and treatment of diabetes are needed.” 

33rd Chinese Control Conference, Nanjing, July 29, 2014 



Natural Glucose Regulation 
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Glucose Dysregulation 

hKp://www.idf.org/diabetesatlas	
  

33rd	
  Chinese	
  Control	
  Conference,	
  Nanjing,	
  July	
  29,	
  2014	
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Sampled Data – Blood Glucose 

Dangerous hyperglycemic excursions 

Dangerous hypoglycemic excursions 

Ideal target range (~80-180 mg/dl) 
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Automated Glucose Control 
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Control Actuation: Insulin Pumps 

http://www.endotext.org/diabetes 

[Welsh et al., 2010] 33rd Chinese Control Conference, Nanjing, July 29, 2014 



Control Sensor:  
Continuous Glucose Measurement (CGM) 

http://www.diabetesmanager.pbworks.com 

33rd Chinese Control Conference, Nanjing, July 29, 2014 

[Pleus et al., 2013] 



Control Feedback Loop 
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Artificial Pancreas circa 1960s/1970s 

Static control law 

[Albisser et al., 1974] 
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Artificial Pancreas Today 

Science, January 2014 JAMA, May 2014 
33rd Chinese Control Conference, Nanjing, July 29, 2014 



Control Design 
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Challenges for Feedback Control 

•  CGM sensors lag blood glucose by 5-15 mins [sensor lag] 
•  CGM systems have an average absolute error of 10-15%              

(95% confidence limit of ± 30-40%) [sensor accuracy] 
•  Insulin (rapid acting analogs) have a lag of 60-90 mins in their peak 

action after subcutaneous administration [actuator lag] 
•  Natural response exploits neurally mediated cephalic phase            

[no feedforward] 
•  Time-varying nature of human body (stress, activity, etc.) 

–  Insulin absorption from subcutaneous sites has a variability of 20-35%             
(95% confidence limit of ± 50-87%) 

–  Insulin sensitivity may vary as much as 50% during the day 

 
à Overall errors related to CGM and insulin 

absorption is 24-37% with a lag of 70-110 mins 

33rd Chinese Control Conference, Nanjing, July 29, 2014 



Regulatory Process 

•  FDA is playing an active role in supporting the 
development of the artificial pancreas 

–  Critical Path Initiative 

–  Convened multiple workshops [July 2008, Nov. 2010] 

•  Clinical studies (incl. academic) require 
Investigational Device Exemption 

–  Clinical studies using investigational devices, that 
have the potential for significant risk 

–  Elements 
•  Protocol 

•  Risk analysis 

•  Monitoring procedures 

•  IRB review 
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Modular Control Architecture 
[Dassau et al., 2008; Kovatchev et al., 2009; Patek et al., 2012] 
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Core Algorithm Summary 

CGM Patient Insulin 
Pump 

Prediction 
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Function 
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System (Patient) Identification 
•  Wide variety of models employed in theoretical studies: 

–  Pharmacokinetic/pharmacodynamic [Bergman et al., 1981; Cobelli et al., 1995; Kovatchev et al., 2008] 

–  Subspace identification [Ståhl and Johansson, 2008; Lee et al., 2009] 
–  Time series (ARX, ARMA, etc.) [Parker et al., 1999; Desai et al., 2002; Finan et al., 2006; Eren-Oruklu et al., 2009] 
–  Transfer functions [Percival et al., 2010] 
–  Volterra models [Florian and Parker, 2002; Mitsis et al., 2009] 
–  Artificial neural networks [Trajanoski et al., 1997] 

•  Limitations for clinical testing: 
–  Short patient records 
–  Limited excitation for inputs (incl. cancellation/identifiability) 
–  Sensor accuracy 

•  Current work: 
–  Personalized a priori patient models 

 
 



Personalized a priori Patient Models 
[van Heusden et al., IEEE Trans. Biomed. Eng., 2012] 
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•  A parametric model is estimated using the 
output-error approach from the UVa/Padova FDA 
accepted metabolic simulator 

•  The safety factor leads to (further) 
underestimation of the system phase and 
overestimation of system gain 
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Designing MPC Constraints for Patient Safety 
[Ellingsen et al., JDST, 2009; Gondhalekar, et al., DTM, 2012] 

Hard constraints on Insulin 

•  Insulin on Board (IOB) Curves 
•  Periodic (diurnal) Pump Constraints 

“Soft” constraints on Glucose 

•  Zone MPC 
•  Periodic (diurnal) Zones 

33rd Chinese Control Conference, Nanjing, July 29, 2014 



Multi-Parametric Programming Implementation 
[Bemporad et al., Aut., 2002; Pistikopoulos et al., Comp. Chem. Eng., 2002; Dua et al., IEEE TBME, 2006] 

•  Motivation: 
–  Early studies focused on computational limitations  
–  Current research motivated by regulatory review 

•  Transform QP-MPC into mpMPC 

 

•  Formulation for Artificial Pancreas 
–  ARX model (past measurements) 
–  Low dimensional model+constraints 

•  ~200-300 regions 
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Summary – Core Algorithm 
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Adaptation: Iterative Learning Control 
[Doyle III et al., 2001; Zisser et al., 2005; Owens et al., 2006; Wang et al., 2009; Wang et al., 2010] 

•  Common in robotics and semiconductor processing problems where 
“repetition” is key 

–  emphasis on measurement-based framework 
–  batch-to-batch optimization ⇒ iteratively converge to optimal input profile in 

fewest number of (sub-optimal) runs 
–  terminal constraints (end-conditions) are a critical element of the 

optimization problem 

•  Concept: Exploit recurrent cycles (meals, basal profiles, etc.) 

max max

min min

( 1) ( ) min(0, ( ))
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Clinical Testing 
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AP Timeline @ UCSB 

33rd Chinese Control Conference, Nanjing, July 29, 2014 



Control to Target Trial [Israel & Santa Barbara] 
mpMPC, IOB constraints, Tailored ARX Model 

[Dassau et al., Diabetes Care, 2013] 
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Control to Zone Clinical Trial 
zone MPC, HMS, IOB constraints, a priori Model 

[Harvey et al., Diab. Tech. Ther., 2014] 

Time in Range: 

33rd Chinese Control Conference, Nanjing, July 29, 2014 



Getting Outside the Clinic 
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JDRF:	
  Feasibility	
  Study	
  for	
  	
  
Outpa+ent	
  Control	
  in	
  US	
  and	
  Europe	
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JDRF:	
  Feasibility	
  Study	
  for	
  	
  
OutpaAent	
  Control	
  in	
  US	
  and	
  Europe	
  

[Kovatchev	
  et	
  al.,	
  Diabetes	
  Care,	
  2013]	
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Additional Developments for Outpatient Studies 

•  Modular	
  APS™	
  iDevice	
  Framework	
  

	
  

	
  

•  Reduced	
  measurement	
  requirements	
   	
   	
   	
  
	
  (IDE	
  approved	
  for	
  TI	
  protocol	
  using	
  new	
  Bayer	
  BG	
  meter)	
  

	
  

[Bailey et al., ADA, 2012] 

•  Health	
  Monitoring	
  Systems	
  (HMS™)	
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Clinical Trial Summary 
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Summary 
•  Control engineering has put the artificial pancreas within reach 

•  Enabling technologies: 
–  (zone) Model Predictive Control 
–  Tailored patient models 
–  Safety constraints 

•  Many challenges still remain: 
–  Technical 

•  State estimation 
•  Patient customization 
•  Reliable (long-term) sensors (Google lens?) 

–  Medical 
•  Transport and site issues 
•  Patient variability (incl. stress, activity, etc.) 

–  Regulatory 

33rd Chinese Control Conference, Nanjing, July 29, 2014 
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