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Artificial Pancreas

Type 1 diabetes occurs when the 
pancreas produces little or none of the 
insulin needed to regulate blood glucose

They rely on external ad- ministration of 
insulin to manage their blood glucose levels. 



Artificial Pancreas



Stochastic Hybrid Systems Of Glucose
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𝑑
𝑑𝑡
𝒙(𝑡) = 𝐹(𝒙(𝑡); 𝑢(𝑡); Θ);

Infusion rate of bolus insulin
the control parameters 

𝐷!!; 𝐷!"; 𝐷!# ∈ 𝑁 40; 10 ;𝑁 90; 10 ;𝑁 60; 10 are the three daily meals

Θ = (𝐷!!; 𝐷!"; 𝐷!#; 𝑇"; 𝑇#) are the control parameter

𝑇"; 𝑇# ∈ ∼ N (300, 10) and T2 ∼ N (300, 10) are the inter-times between each of them

glucose concentration

𝑦(𝑡) = 𝑥0(𝑡)

Instead of the BG mass Q1(t), in the discussion of the results we will mainly evalu-
ate the BG concentration G(t) = Q1(t)/VG, where VG is the BG distribution volume.

The error function of the PID controller is defined as e(t) = sp�Q1(t) with the
constant set point sp corresponding to a BG concentration of 110 mg/dL. Multiple
meals can be modeled through a stochastic parametric hybrid system with one mode
for each meal. In particular, we consider a one-day scenario consisting of three random
meals (breakfast, lunch and dinner), resulting in the SPHS of Figure 2.

Meal 1 Meal 2 Meal 3
DG := DG1

t = T1

(DG := DG2 )^ (t := 0)

t = T2

(DG := DG3 )^ (t := 0)

Fig. 2. Stochastic parametric hybrid system modelling a scenario of 3 meals over 24 hours. Above
each edge, we report the corresponding jump conditions, below, the resets.

The model features five random, normally-distributed parameters: the amount of
carbohydrates of each meal, DG1 ⇠N (40,10), DG2 ⇠N (90,10) and DG3 ⇠N (60,10),
and the waiting times between meals, T1 ⇠ N (300,10) and T2 ⇠ N (300,10).

A meal containing DG1 grams of carbohydrates is consumed at time 0. When the
time in the first mode reaches T1 minutes the system makes a transition to the next
mode Meal 2 where the value of the variable DG is set to DG2 and the time is reset to
0. Similarly, the system transitions from mode Meal 2 to Meal 3, resetting variables
DG and t to DG3 and 0, respectively. All remaining variables are not reset at discrete
transitions.

Basal insulin and initial state: The total insulin infusion rate is given by u(t)+ub where
u(t) is the dose computed by the PID controller, and ub is the basal insulin. As typically
done, the value of ub is chosen in order to guarantee a steady-state BG value of Q1 = sp,
and the steady state thus obtained is used as the initial state of the system.

We denote with C0 the basal controller that switches off the PID controller and
applies only ub (i.e., Kp, Ki and Kd are equal to 0).

5.2 Experiments

We apply the formal and statistical techniques of ProbReach to synthesize the con-
troller parameters Kp, Kd and Ki (Problem 1) and the maximum safe disturbance DG
(Problem 2), considering the probabilistic reachability property of Section 4. All exper-
iments in this section were conducted on a 32-core (Intel Xeon 2.90GHz) Ubuntu 16.04
machine, and the obtained results for the synthesized controllers are summarized in Ta-
ble 1. We also validate and assess performance of the controllers over multiple random
instantiations of the meals, which is reported in Figure 3.

PID controller synthesis Typical healthy glucose levels vary between 4 and 10 mmol/L.
Since avoiding hypoglycemia (G(t)< 4 mmol/L) is the main safety requirement of the
artificial pancreas, while (temporary) hyperglycemia can be tolerated and is inescapable
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Stochastic Hybrid Systems Of Glucose



PID Control 

𝑢(𝑡) = 𝐾$𝑒(𝑡) + 𝐾%E
&

'
𝑒 𝜏 𝑑𝜏 + 𝐾(

𝑑
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Artificial Pancreas Simulation
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STL Properties for the Artificial Pancreas
�Hyperglycemia

� “during the day the level of glucose 
goes above 180mg/dl” 

�Hypoglycemia
� “during the day the level of glucose 

goes below 70mg/dl” 

𝐺 3,4LM (𝐵𝐺 𝑡 < 180)

𝐺 3,4LM (𝐵𝐺 𝑡 > 70)



STL Properties for the Artificial Pancreas
�Prolonged Hyperglycemia

� “during the day the level of glucose 
goes above 180mg/dl” 

�Prolonged Hypoglycemia
� “during the day the level of glucose 

goes below 70mg/dl” 

¬𝐹 3,40M (𝐺 3,6 (𝐵𝐺 𝑡 ≥ 180))

¬𝐹 3,40M (𝐺 3,3.O (𝐵𝐺 𝑡 < 70)



Falsification
The most simple way to do falsification with respect a property 𝜙 is minimizing 
the robustness over N iterations considering random samples on control 
parameters, i.e:

minSTL =	‘inf’
For i = 1, . . , N:

Θ = sampling	(D)! , D)" , D)# , T", T#)
t	,y	=simulation(Θ)
stl=	computeRobustness(y,	ϕ)	
if	(stl <	minSTL):

minSTL =	stl
vSTL =	[D)! , D)" , D)# , T", T#]

For fixed control parameter spaces you can consider to sample with respect on 
grids over it. 



Noise Robustness
� To consider noisy sensor we can add a Gaussian noise to the generated 

glucose trajectory, i.e. 𝐺𝐵 𝑡 + 𝛾 with  𝛾 ∈ 𝑁(0; 5)



Nice survey on Specification-Based Monitoring of CPSs: http://www-verimag.imag.fr/PEOPLE/maler/Papers/monitor-RV-chapter.pdf
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