
University of Padova

Department ofMathematics

Master Thesis in Data Science -Machine Learning for
Intelligent Systems

Reinforcement Learning approaches for

Artificial Pancreas control

Supervisor Master Candidate
Gian Antonio Susto Alvise Dei Rossi
University of Padova

Co-supervisors
Simone Del Favero
Mirco Rampazzo
Francesco Zanini
EleonoraManzoni
University of Padova

Academic Year
2021-2022



ii



Tomy family and friends,
For your love, support and patience.



iv



Abstract

People with type 1 diabetes are affected by a chronic deficiency of insulin secretion in their
body; as a consequence, insulin has to be continually self-administered to keep in check their
blood glucose levels. In recent years, rapid technological advancements in continuous glucose
monitoring and insulin administration systems have allowed researchers towork on automated
controlmethods for diabetesmanagement, commonly referred to asArtificial Pancreas. Thede-
velopment of control algorithms in this context is a very active research area. While traditional
control approaches have been the main focus so far, Reinforcement Learning (RL) seems to
offer a compelling alternative framework, which has not been thoroughly explored yet.

This thesis investigates the employment of several RL approaches, based on the algorithm
Sarsa(λ), on in silico patients, using the FDA accepted UVa-Padova Type 1 Diabetes simulator.
The way the overall representation of the problem affects the performance of the system is dis-
cussed, underlying how each component fits into the general framework proposed and evaluat-
ing the pros and cons of eachmethod. Particular emphasis is also placed on the interpretability
of both the training process and the final policies obtained. Experimental results demonstrate
that classic RL methods have the potential to be a viable future approach to achieve proper
control and a good degree of personalization in glycemic regulation for diabetes management.
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1
Introduction

1.1 Diabetes, a global pandemic

DiabetesMellitus refers to a range ofmetabolic disorderswhich are characterizedby chronic ele-
vated blood glucose (BG) levels. This happensmainly as a consequence of the deficiency of nat-
ural secretion of insulin by the pancreas (Type 1 Diabetes, T1D), its ineffective use in the body
(Type 2 Diabetes, T2D) or as a complication during pregnancy (Gestational Diabetes), when
the extra needs of insulin are notmet. Diabetes symptoms include increased thirst, frequenturi-
nation, fatigue, irritability, blurred vision, and frequent infections, depending on blood sugar
level. In the long term, especially if left unchecked or undiagnosed, diabetes can lead to se-
vere complications such as retinopathy, cardiovascular diseases, neuropathy, nephropathy and
lower limbs amputation.

Nowadays, over 530 million people in the world are affected by diabetes and the number is
rapidly rising [1, 2]. Overall, T1D accounts for approximately 5% of all cases and affects about
20 million individuals worldwide, while most of the others are related to T2D. According to
the World Health Organization (WHO), about 1.5 to 5 million deaths are directly linked to
diabetes every year, making it the ninth leading cause of death in 2019 [3] and one of the largest
components of global health expenditure (about 966 billionUSD dollars in 2021 [1]). Figures
such as these clearly exemplify why research regarding the treatment of all types of diabetes is
to be considered a priority by the scientific community.
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1.2 Manual control treatment for T1D

T1D is associated with decreased life expectancy and increased morbidity, but strong evidence
indicates that good metabolic control decreases diabetes complications [4, 5]. The standard
insulin replacement therapy for T1D consists in delivering boluses of fast-acting insulin right
after the meals to compensate for the rapid blood glucose increase, and in delivering 1-2 daily
injections of slow-acting insulin to keep glucose levels within a specified target range (usually
70-180 mg dL−1), while the patient is in fasting condition. Correction boluses also have to
be administered in case hyperglycemia (i.e. the deviation to high levels of BG) is detected. In
order to do so, the patient is supposed to autonomously check periodically the blood glucose
concentration through capillarymeasurements (self-monitoring BG, SMBG) and calculate the
amount of insulin to deliver based on the amount of carbohydrates (CHO) (s)he is assuming,
the current level of blood glucose, the previous amounts of insulin injected, and some patient-
specific parameters (such as carbohydrate-to-insulin ratio, CR, or correction factor, CF),which
are usually estimated by a physician based on observations over time and gradually adjusted by
trial and error. If hypoglycemia (i.e. the condition in which BG level is lower than the standard
range) is detected, instead, the patient has to react immediately by eating carbohydrates in order
to bring it back to a safe level and subsequently assess the return to normality by SMBG check.
This approach tends to be error-prone. In fact, even with a due amount of vigilance, many pa-
tients may still suffer significant diabetes-associated complications. Another aspect to consider
is that this approach, being so reliant on the constant attention of the patient, also worsens
the quality of life, considering the number of actions that have to be constantly performed for
diabetes management.

1.3 Artificial Pancreas, automated control

Numerous technological advancements have been made in recent years to improve therapies
for T1D. The general trend in improving the system described in the previous section has been
to gradually automate all steps of the process. Continuous glucosemonitoring (CGM) sensors
have now enabled to collect in real time measurements of BG levels, usually at intervals of 1-5
minutes [6]. To automate insulin delivery, insulin pumps (Continuous subcutaneous insulin
infusion, CSII) are now available, allowing the diabetic patient to regulate the dosage required
throughout the day [7]. Both of these two medical wearable devices have seen recent improve-
ments in terms both of accuracy and reliability. This has allowed researchers to consider sys-
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tems denoted as Artificial Pancreas (AP), which provide BG regulation for T1D patients using
a smart control algorithm that, based on CGM data, modulates the insulin infusion rate deliv-
ered by the pump [8].
The framework described is highly generic: not only can different systems be envisioned

based on the type of algorithm employed, but we can also differentiate them based on the
amount of data and features exploited, and, critically, on the required degree of interaction
with the patient. Currently, most controllers still require regular patient or caregiver interven-
tion, operating in open-loop control with the user. Ideally, instead, a fully closed-loop insulin
delivery system [9] would be able to determine autonomously, based only on CGM data his-
tory and previous injections, the proper insulin dosage to be applied, without any knowledge
of external data, with the exception, possibly, of patient-specific parameters which are easily
available, such as the age of the user, the gender, the weight and the basal rate. The algorithm
should be able to do so in a personalized way, taking into consideration past observations and
possibly some imposed priors for safety reasons.

Fully closed-loop control systems implicitly include the benefit of alleviating the patients’
need to plan each day based on their illness, thereby improving quality of life. Since they rely
solely on sensor data, the system is typically reactive and no preemptive exceptional dosing is
ever planned. As a consequence of this, fully closed-loopmodels should usually be expected to
be characterized by slightly slower reactions to variations in blood glucose level when compared
to, for example, hybrid systems where the user is providing an estimate of the amount of CHO
assumed right after a meal, or simply an announcement of the occurrence of the meal[10]. Es-
sentially, hybrid systems trade-off some degree of autonomy, hence being more burdensome
for the patients, in exchange for improved performance. It should also be noted that blood
glucose concentration in diabetes is influenced by several disturbances not directly related to
food intake: stress, physical activity, and infections are all factors that affect it[11, 12]. In the
long term, to account for this, the AP hybrid closed-loop framework could easily be extended
to make use of data obtained through wearable devices and apps for health services, which
would allow, through automatic data collection, user-annotated data, and communications
about the patient’s physiological status, to attain a systemwhich is reactive to external relevant
factors too. Information could also flow in the other direction, from the control algorithm to
the user, with the control algorithm delivering warnings, alerts, or possibly asking for confir-
mations, especially early on, when the infusion policy in place is still being refined. Figure 1.1
shows a diagram of the possible systems described so far.
Another core decision when designing an AP system is obviously the choice of the control
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Figure 1.1: A diagram of possible AP systems. Fully closed‐loop methods don’t use connections denoted in red, related to
direct communications between controller and patient, that influence the actions of the control algorithm. Hybrid methods
allow for all types of flow of information, at the cost of autonomy of the system. Figure from S. Del Favero ’Control of
Biological Systems course’ @ UniPD (2022)[13].

algorithm employed. The complexity of the task and the demanding goal ofmaintaining blood
glucose in the appropriate range over time, makes it necessary to use an adaptive, flexible and
complex algorithm. The system should be able to take into consideration at the same time
the long-term effects of the actions taken, due to long-lasting effect of insulin, and the possi-
bility of sudden variations in blood glucose levels, due to meals or other disturbances. As a
result, many different approaches are being tested by researchers, ranging from classic control
engineering approaches, such as proportional integral control or model predictive control[14],
to bio-inspired approaches, imitating the behavior of β-cells[15]. In the field of diabetes, Ma-
chine Learning (ML)methods have also attracted significant attention[16]. In particular, some
variants of neural networks (NN) have performed particularly well in glucose forecasting[17].
But within the artificial intelligence field, another approach showing great promise, which al-
lows for the implementation of all possible systems described, is Reinforcement Learning (RL).
Indeed, over the last few decades, RL has frequently been the powerful framework behind
great success stories that have made headlines[18, 19], as well as the foundation for several
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applications and solutions in diverse healthcare domains such as long term management of
chronic diseases and critical care, clinical diagnosis, and even clinical resource allocation and
scheduling[20].

1.4 The reinforcement learning framework

Reinforcement learning is a branch of machine learning which deals with sequential decision-
making problems, where a learning agent interacts with the environment. The environment
typically reacts to the actions taken by the agent by transitioning to a new state; a numerical
reinforcement signal, the reward, is also returned to the agent from the environment as a con-
sequence of its action. A simple diagram of such a framework is shown in Figure 1.2.

Figure 1.2: Basic Reinforcement Learning Framework. Figure from Sutton and Barto[21]

The decisions made by the agent depend on the observed current state of the environment
and its past experiences of the rewards observed. This mapping between the observed state and
the actions taken is known as the policy, and it completely defines the agent’s behavior. The
goal of RL is to learn the optimal policy for a given task, in such a way to maximize the reward
obtained over time, also called the return. Several approaches are possible to reach the RL goal.
The policy can be parameterized and learned directly (policy gradients methods), or it can be
learned by gradually building up estimations of the expected return obtained for every state of
the environment encountered (value based methods) and choosing the actions that lead to the
best possible outcome, based on the estimations. The two approaches can also be combined, as
it’s done in actor-critic systems. Finally, some methods add another component to the agent,
a model of the environment, which details the probabilities of transitioning between different
states and receiving a certain reward after taking an action[21]. In Figure 1.3 an illustration of
the main methods specified is shown.

RL is particularlywell suited, due to the nature of its goal, for tasks characterized by inherent
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Figure 1.3: Reinforcement Learning methods. Figure from D. Silver ‘RL course’ @ UCL (2015)[22].

time delays, where the effects of the actions are possibly manifested at later points in time. In
fact, sequential decision making tasks often have to deal with the trade-off between immediate
rewards and future consequences. RL is able to naturally accommodate for this, as long as it’s
possible to accurately represent the states of the environment at every step. In the diabetes treat-
ment task, such time lags are present due to both continuous glucosemonitors (which actually
measure subcutaneous glucose; the time required for plasma-interstitium glucose transport is
about 10 minutes[23]) and to the prolonged insulin effect. Another advantage of RL as a
framework for the control algorithm in an AP system, is that model-free RL allows to bypass
the explicit modelling of the glucose-insulin dynamics. Furthermore, learning the optimal pol-
icy can occur over time by observing the responses of the environment, without the need for
labeled data specifying which action to take in each instance, though prior knowledge on the
task can still be advantageous. Finally, RL allows for personalized policies, adapted to patients’
specific needs. All of these notions are strong arguments for the use ofRL in anAP system[24].

1.5 Thesis contribution and outline

This thesis aims to discuss the employment of different RL approaches based on the algorithm
Sarsa(λ), on in silico patients. The algorithm was never investigated properly in the artificial
pancreas literature, but it’s usually known to be appropriate for scenarios with long-term con-
sequences or long delays in reward[21]. Aquick reviewof themost relevant approaches already
tested in the AP literature is presented in Chapter 2.

Chapter 3, instead, goes into detail about the descriptionof the setup, the assumptionsmade
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and the metrics used; it should be noted that this work has placed particular emphasis on tack-
ling realistic meal schedules, considering scenarios that emulate as close as possible the distribu-
tions observed in patients with type 1 diabetes.
The description of the approaches proposed, going in detail on every component, is pre-

sented in Chapter 4. Sarsa(λ), the tabular framework, and the linear function approximation
framework are described, along with a brief introduction of tile coding.

All experiments performed and the results obtained are discussed in Chapter 5. Final per-
formances of the policies reached are analyzed and compared, between methods and subjects.
Two aspects that have seldomly been considered in RL studies for AP systems are discussed in
detail: the evolution of the training processes and the interpretability of the decisions taken by
the agents.

Finally, concluding remarks and ideas for possible future directions are given in Chapter 6.
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2
Relevant literature overview

The development of algorithms for both hybrid and closed-loop Artificial Pancreas systems is
a very active research area. The task is being approached from several different angles by a large
number of researchers in different fields. In this chapter, an overview of some of the main ap-
proaches being tested is presented: Section 2.1 will briefly cover traditional control approaches
and mention some other important contributions in the field; Section 2.2 will cover more in
depth some ideas of the applications for diabetes management making use of Reinforcement
Learning.

2.1 Traditional control algorithms in AP systems

To this day, most approaches which are being clinically tested for AP systems, are using classic
control engineeringmethods[25]. Among these, the twomajor contenders are for sure propor-
tional integral derivative (PID)[26, 27, 28] and model predictive control (MPC)[29, 30, 31].

2.1.1 Proportional Integral Derivative (PID)

PID systems are characterized by three components[32]: the proportional action, which is pro-
portional to the observed difference between current BG concentration and a reference level,
the so called tracking error; the derivative action, which is proportional to the error derivative
and intuitively should account for the error trend over time; the integral action, which is pro-
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portional to the error integral, i.e. the accumulation of errors over time. An illustration of this
is shown in Figure2.1. It should be noted, however, that most PID systems in AP turn out to
be quite close to simpler PD systems, as the integral action is not so relevant in practice.

Figure 2.1: Simplified simulated response of a PID algorithm to an hyperglycemic clamp. Figure fromG.M.Steil et al.,2006[26].

Basically, in the context of AP systems, PID algorithms estimate the amount of insulin to
deliver, based on the weighted sum of the PID terms, in order to bring BG to the desired con-
centration, minimizing the errors. One of the main strengths of such systems is the intuitive
interpretation of how each component (and hence the whole method) works. A particularly
appealing (especially for medical practitioners) interpretation can be described, as stated by
G.M.Steil et al.[26]: the integral component and the derivative component can be seen as
producing respectively the slow second-phase rise and rapid first-phase rise, seen during hyper-
glycemic clamps. Manual tuning/adjustment of the algorithm parameters is hence simplified
by a natural insight on their effect on the system. However, it should be kept in mind that
it’s crucial to tune the parameters to fit the characteristics of each diabetic patient: huge inter-
individual variability, especially when talking about insulin sensitivity, i.e. how sensitive the
body is to the effects of insulin, is always one of the main challenges in these systems. Other
challenges that affect these systems are typically the possibility of over-delivery of insulin af-
ter large post-prandial peaks, leading to a larger percentage of time spent in hypoglycemia and
possibly extra CHO assumption to balance the large control actions taken[26].
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2.1.2 Model Predictive Control (MPC)

Model predictive control takes a completely different approach to the problem, aiming to cal-
culate the optimal actions to take, based on the predicted effect of a sequence of N control-
actions, through a model of the system. Once the first control action of the optimal sequence
of actions is taken, the system waits for the new measurement to come in and then re-iterate
the evaluation of the optimal sequence from the new state of the system. MPC techniques also
appear to be well suited for glucose control in view of the fact that the optimization problem
can account for constraints on the feasibility of a control action and on the acceptable states of
the system. A simple illustration of the rationale of the method is shown in Figure2.2

Figure 2.2: MPC can predict the effect of a sequence of control actions. It explores all possible sequences of N control‐
actions, and chooses the best one (in green), applying the first optimal control action. When the new measurement comes
in, the process is repeated. Figure from S. Del Favero ’Control of Biological Systems course’ @ UniPD (2022)[13].

While PID approaches are typically reactive, MPC is proactive, predicting the response of
the system. For diabetes management, MPCmethods require a dynamical systems model that
is able to accurately predict futureBGconcentrations, given known features such as the current
BG measurement, insulin delivery, and CHO intake. The appropriate insulin infusion rate is
then calculated by minimizing the difference between the model-predicted glucose concentra-
tion and a target glucose level over a set time-window[33]. The mathematical model can be
either based on prior knowledge (physiological, clinical, experimental) or can be learned from
the observed behavior and can be either linear[34] or nonlinear[33]. Clearly, the accuracy of
themodel plays a key role in the final performance of the system: some studies tried to compen-
sate for inaccuracies by trading off the rapidity of return to euglycemia with a more cautious
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utilization of insulin, reducing the risk of overshoot into hypoglycemia[34], or by targeting a
range of states as objective of the control actions, rather than a single one[35].
Over the past decade, MPC-based AP prototypes have undergone significant scrutiny: sev-

eral clinical trials were conducted on patients affected by T1D, at progressively increased levels
of autonomy. Initially, the experiments were conducted on hospitalized subjects [36], which
proved tobe safe, leading to anewwaveof experiments in semi-controlledout-patient settings[37,
38] and, finally, even to the validation phase for in real-life autonomous use of such systems[39,
40]. Results obtained by these studies are encouraging and clearly support the notion that the
use of AP systems at home can be a safe and beneficial option for patients with T1D, decisively
outperforming standard patient-managed therapies.

2.1.3 Fuzzy logic

Some other remarkable approaches to date are fuzzy logic[41] methods. Fuzzy logic-based AP
systems use a series of rules, developed by experts, which explicitly state when to deliver insulin
and which is the appropriate dose, completely defining the policy to be followed. As PID algo-
rithms, fuzzy logic approaches are strictly reactive and lack the presence of a model. A notable
attempt in this direction is the so-calledMedical Doctor Logic (MD-Logic) system[42], which
is proposed as a wireless fully automated closed-loop system based on a fuzzy logic algorithm,
along with personalized system settings and an alert module, including real-time alarms for
both hypoglycemia and hyperglycemia. The performances obtained by this system are encour-
aging, as shown in studies achieving safe control both for patients under close observation[43]
and at home[44]. At the very least, the results obtained underline that the use of logic, hard-
coded rules, or,more in general, prior knowledge, have the potential to be an important compo-
nent ofAP systems, both for supervision in the early stages of the training of control algorithms
and in terms of safety.

2.1.4 Multi-modular control

Given the complexity of the task and the need to guarantee safety, some studies considered
multi-modular control approaches[45, 46], equipping their AP prototypes with an additional
safetymodule which is able to override the suggestionsmade by themain control algorithm, re-
ducing or stopping the proposed insulin infusion if the patient’s safety is predicted to be at risk.
The nature of the safety algorithm can vary as much as the main control algorithm, with some
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approaches suggesting even the use of voting systems between many different methods[47], as
a safety net.

2.2 ReinforcementLearningfordiabetesmanagement

Nowadays, applications using RL are booming throughout themost different fields of science,
testimony to the flexibility of its framework. The use of RL for AP systems is no exception:
several studies have been presented in the last decade, testing various RLmethods for diabetes
management. A recent review of the most relevant applications in this context was presented
in Tejedor et al.[48]. Even so, the amount of research is nowhere close to that relevant to the
methods discussed in the previous section. We’re still very much in the early stages of the ex-
ploration of the possibilities that RL offers for diabetes management. So far, no clinical study
on real patients making direct use of RL in an AP system is available: all research is based on in
silico patients, making use of simulators[49, 50] and glucoregulatorymodels[51, 52], or, rarely,
on past clinical data of real subjects[53].

The strategies employed for the use of RL in AP systems can vary widely, since a lot of com-
ponents can influence the final performance. The usage of amodel is rarely taken into consider-
ation, as it seems so far that one of themain advantages ofRLoverMPC is the possibility to skip
themodelling of the complex interactions between BG concentration, food intake, and insulin
delivery[48]. On the other hand, theway the problem is represented in terms of features, action
space, and type of reward signal is crucial. As exemplified in the studies reviewed by Tajedor et
al.[48], various parameters can be consideredwhen defining the state space, with themost pop-
ular features beingBGconcentration, past insulin doses, food intake andpatient specificparam-
eters as age, weight, and sometimes even physical activity[54]. The action space typically refers
to the insulin dose to be delivered, either from step to step between CGM observations or as
an indication to rise or diminish the infusion rate with respect to a previous period. Sometimes
RL is also being used to calculate adequate food intake or physical activity[54], or to better es-
timate patient specific parameters: Jafar et al.[55] proposes a RL algorithm to optimize CHO
ratio and programmed basal rate to improve the performance of a hybrid AP system. Finally,
the reward function is arguably one of the most crucial components when designing a success-
ful RL system. Through the reward function experts should be able to accurately express the
preference for some desirable states and strongly penalize situations thatmay be dangerous and
detrimental to the patient’s health conditions. For diabetes management, the general idea is to
consider a risk function that assigns the least risk to normoglycemia and gradually increases the
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risk going deeper into hyperglycemia and hypoglycemia[56]. The correct specification of the
reward function by experts is so important that some studies reported widely different results
when changing only this component in the entire system[57]. Themanual specification of pos-
sibly very complex reward functions, often resulting in sub-optimal performances, is an open
challenge in the field of RL; recent proposals include methods which allow to learn the reward
function directly from data[58].

All the componentsmentioned canbe continuous or discretized in ranges, depending on the
class of algorithm employed. So far, most studies focused on function approximationmethods,
especially making use of policy gradient and actor critic methods[59], directly parameterizing
the policy and taking advantage of the fact that for these methods it’s easy to consider continu-
ous actions[21], as it can be the case for insulin dosing. Only a handful of researchers tested the
more classic tabular approaches, focusing mainly on Sarsa andQ-learning[60, 61]. The reason
for the preference of function approximation methods resides in the fact that it’s often useful
to use generalization techniques to transfer knowledge between similar states and actions, since
it’s often the case that in large and smooth state spaces we generally expect similar states to have
similar expected returns and similar optimal actions[21]. Most recently, following the success
in glucose forecasting using NNs[17], deep RL algorithms are taking the spotlight, exploit-
ing complex neural network architectures to automatically extract the appropriate features of
the problem[57, 62, 63].Although the results of these last approaches are quite promising, it
should also be kept inmind that deepRL is often unstable and lacksmathematical convergence
guarantees that someother function approximationmethodshave [21], resulting inpoorworst-
case performance. This is unacceptable for risky tasks like diabetes management. Fox et al.[62]
tried to address such problems through an extensive process of model selection and random
restarts.

When safety-critical tasks are considered, as it is the case in healthcare, often concerns not
only include the obvious necessity of safety of the algorithms, but also their interpretability[20].
Artificial intelligence systems are unfortunately notorious for being considered obscure and
hard to grasp in their decisions, especially for non-practitioners. Deep learning systems even
more so. So far, in the context of RL for AP systems, very little effort has gone into providing
explainability into both how the training of the algorithms proceeds and the waywe can expect
them to operate. Such issues will have to be more thoroughly investigated before possibly be-
ing able to move to clinical trials on real patients. This thesis will try, among other things, to
introduce some methods that attempt to make a step in that direction, quite often trading off
complexity of the system for increased ease of interpretation.
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Another issue which has to be addressed is the classical dilemma of exploration vs. exploita-
tion, i.e. the necessity to explore the state-action space in order to reach the optimal policy.
Obviously, this is not easy for safety-critical tasks, like diabetes management. Ordinary RL
exploration and exploitation strategies explore state and action spaces at random, gathering in-
formation, but only after a sufficient amount of knowledge is learned does the agent’s behavior
begin to improve dramatically. These randomized exploration strategies are clearly inadequate,
since the execution of some actions can possibly lead to catastrophic states[64]. In the context
of anAP system, thismaybe extremely detrimental to the patient’s health andmay result in pos-
sibly unrecoverable situations without an external intervention (e.g. extreme hypoglycemia).
So far in the literature most approaches tested, being in silico, didn’t cover enough of this issue,
rather focusing on demonstrating the possibility to reach good policies after an initial stage of
exploration, using mostly classic ϵ-greedy or greedy methods[48]. This way of proceeding es-
sentially assumes that policies learned in silico could be easily transferred to real patients, with
possibly minimal adjustments to be made. If this was not the case, to learn optimal personal-
ized policies, which possibly adapt throughout the long term utilization of an AP system to
changes in habits or physiology, future methods should probably be inspired by the growing
field of Safe Reinforcement Learning[65] to account for continual online learning of the sys-
tem. The exploration may be guided through the incorporation of external knowledge into
the system[66, 67] or by directly taking into account the risk inherent in every action, which
usually is related to its outcome variability[65, 68].
As mentioned, RL can also be envisioned to be used only in the simulator to train a policy

which is then efficiently transferred to a real patient, without further orminimal training. Such
an approach has seen only minimal recent exploration, mostly thanks to transfer learning tech-
niques in deep RL[62]. Further research is needed in this direction as data efficiency is clearly
an important step to be made to facilitate the transition to clinical studies. Other approaches
taken in this direction, but not yet tested for diabetes management, include the possibility to
combine supervised learning with RL [69], with the idea of learning from past clinical data a
personalized initialization to the control algorithm, ensuring faster learning and convergence.
Similarly, other approaches have been used in the literature for this purpose, using personalized
estimated insulin-to-glucose transfer entropy[70].
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3
Setup of the experiments

In this chapter a description of the setup used for the experiments is presented. Section 3.1
briefly introduces the UVa/Padova simulator; Section 3.2 lays out the details of the scenarios
considered, underlying the assumptions and some technical implementations. Section 3.3, fi-
nally, covers the evaluation metrics which are used in Chapter 5 to compare the performances
of different approaches or between different patients.

3.1 The UVa/Padova Simulator

The research for proper control algorithms for T1D management and the implementation of
complete AP prototypes has been greatly accelerated in the last decade thanks to the develop-
ment of effective computer simulations. In fact, in silico testing has been essential as a precur-
sor to clinical studies, granting the possibility to test efficiently, in a cost-effective manner and,
most importantly, safely, control approaches which could turn out to be ineffective[71]. The
most important step in this direction has been made in 2008, when for the first time a com-
puter model was accepted by the US Food and Drug Administration (FDA) as a substitute for
preclinical trials, including closed-loop insulin delivery algorithms[49]. The UVa-PADOVA
Type 1Diabetes Simulator included a population of 300 in silico subjects (100 adults, 100 ado-
lescents, 100 children), with the intention of providing a large enough cohort that can span
well enough the keymetabolic parameters inter-variability which has been observed in the pop-
ulation of people with T1D. Each subject in the cohort is represented by a parameter vector,
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which is randomly sampled from an appropriate joint parameter distribution. The mathemat-
ical model which provides the basis for the in silico subjects simulation is described in detail
in Dalla Man et al.[72, 73]. Early closed-loop trials observed a substantially larger frequency
of hypoglycemia events in real patients compared to in silico ones. This notion, combined
with the advent of newmodels to better describe hypoglycemia and counterregulation[74, 75],
led the way to the update in 2013 of theUVa-Padova simulator[50]. Further studies confirmed
that the updated version is indeed a valid toolwhich can be used to test the robustness of closed-
loop control algorithms forAP systems, reproducingwell the observationsmadewith previous
clinical studies[76].
The simulator is implemented in Simulink®, which is part of the larger scientific software

MATLAB®, hencemost of themethodswhichhave been tested for this thesis are implemented
in the same platforms, with the exception of some function calls to external Python libraries,
when necessary. The first part of the experiments, which will be presented in Chapter 5, fo-
cuses on testing different approaches on the simulations obtained by the data generated from
a single patient, in order to understand how every component influences the results that are
possible to obtain and tune the methods. The second part, instead, considers the application
of the methods tuned in the first part to a subset of 10 different subjects of the UVa/Padova
simulator’s adult cohort, analyzing the differences in results between methods and patients.

3.2 Simulation scenarios

All the agents are trained making use of the UVa-Padova simulator as environment to simu-
late episodes which are defined as progressively more realistic, and more challenging. In every
episode CGM readings are provided every 5 minutes and the agent can decide to modify the
insulin infusion rate after every observation. Initially, the feasibility of the algorithm employed
is tested on a simple deterministic single-meal scenario, which also allows to make some con-
siderations about the definition and representation of the problem. Following that, we test
scenarios with multiple non-deterministic meals, attempting to closely mimic real-world meal
schedules.

3.2.1 Meal schedules and variability

The simple single-meal scenario simulates the intake of a fixed amount of 80 g ofCHO, 4 hours
after the initialization of the agent, which is initially in normoglycemia at 150mg dL−1. The
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total duration of each episode is 20 hours, in order to observe if the agent is able to properly
respond to the meal disturbance and, afterward, to stabilize the blood glucose level within the
target range (70-180mg dL−1), without falling into hypoglycemia due to an excessive reaction.

The multi-meals scenario, instead, consists of a random generation of a meal plan for each
episode followingAlgorithm3.1. Every episode is assumed to start in euglycemia at 150mg dL−1

at 4 a.m. and lasts exactly 24 hours, within which the agent can consume up to 6 meals (break-
fast, lunch, dinner, and 3 snacks) of different amounts of CHO. Quantities and times of the
occurrences of the meals are sampled from truncated gaussian distributions and are assumed
to be consumed instantly, for simplicity. The possibility to skip meals is also considered: in
particular, main meals are expected to be consumed most of the times, while snacks are only
occasionally eaten.

Algorithm 3.1Meal schedule generator
Require: var ≥ 0 ▷ variability of the meals in terms of percentage of the mean
Meal.means← [56, 20, 84, 20, 84, 20]
Meal.variability ←Meal.means ∗ var
Meal.probs← [0.95, 0.3, 0.95, 0.3, 0.95, 0.3]
Time.means← [7.5, 10.5, 12.5, 16, 19.5, 22]
Time.vars← [1, 0.5, 1, 0.5, 1, 0.5]
Time.LB ← [4, 8, 10, 14, 17, 20] ▷ Lower bounds
Time.UB ← [11, 13, 15, 18, 22, 24] ▷Upper bounds
for j ∈ [1, ..., 6]

Occurrences[j] ∼ Binomial(Meal.probs[j])
Amounts[j] ∼ TruncNormal(Meal.means[j],Meal.variability[j], 0,∞)
Times[j] ∼ TruncNormal(Time.means[j], T ime.vars[j], T ime.LB[j], T ime.UB[j])

end for
returnOccurrences, Amounts, T imes

The mean amount and the variability of CHO consumed during the episode are of crucial
importance to the performances that are possible to obtain. This aspect is considered by test-
ing multi-meals scenarios of different variability, once again starting from easier scenarios and
progressing to scenarios which try to emulate real distributions observed in the general popula-
tion of T1Dpatients [77]. It should be noted, many past studies usingRL for AP systems tend
to stick to more conservative and rigid scenarios, even when including stochasticity in similar
meal schedule generation algorithms[57, 62].
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3.2.2 Safety assumptions and constraints

In a classic RL framework, the agent is usually free to choose the action that is evaluated to be
the best in the current state or to explore with a small probability and eventually reach the op-
timal policy. Unfortunately, in the early phases of the training of an agent, the evaluations are
usually wrong and the behavior of the agent is rather erratic, testing out multiple actions that
are sub-optimal or even harmful. As mentioned before, in a safety-critical task, this is not ac-
ceptable and it’s better to limit such freedom. Note that these limitations can not only improve
the safety of the policy but even speed up the convergence of the training process. One reason
for this is that merit attribution is tricky in the context of AP due to the long consequences of
the actions and the delay between actions and consequences. An agent which is free to inject
as much insulin as it wants at any BG level will initially learn quite slowly, as most episodes are
spent in extreme hypoglycemia. In this situation, it should learn to not inject any insulin at all
for several steps, while still possibly being severely punished for the effects of a strong previous
action. Eventually, the agent would learn, but this long process can be completely skipped by
simply overriding the main control algorithm in certain conditions, as it is done, for example,
in multi modular systems that include safety modules[45]. In the scenarios tested, this simply
translates into the imposed hard-constraint of not delivering any insulin when BG is below 90
mg dL−1. More complex constraints, which consider other features, could also be crafted, but
since one of the objectives of the thesis is to figure out the pros and cons of RL in anAP system,
no further limitations were imposed.

It should also be noted that, following the idea that the control algorithm should be freeing
as much as possible the patient from anyworry ofmanually adjusting blood glucose concentra-
tion, the scenarios donot take into consideration any interference from thepatient. Users’most
common strategy to avoid dangerous hypoglycemia and manage failures is to simply consume
CHO snacks when below a certain BG threshold. Such ameasure is implemented only once in
the simulations, to briefly discuss its effects on the training process and the performance, but
normally no such safety net is provided to the agents.

3.3 Evaluation metrics

Inorder to compare theperformances of differentmethods, it’s opportune to considermultiple
evaluation metrics. The RL goal is to maximize the cumulative (possibly discounted) reward.
We can get an initial, rough idea of how well a policy is working by measuring exactly that, for
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every episode. Clearly, the way the reward function has been defined plays a huge rule in this
and there might be occurrences where the agent is indeed optimizing for this signal, but behav-
ing differently from how we’d ideally like. This may be due to an unexpected misalignment
between our intentions and the reward function defined. A further restriction of considering
cumulative reward by itself is that it’s not easy to compare quantitatively, especially in rather
different contexts. Given these limitations, it’s clear that we have to consider other, more gen-
eral, metrics in conjunction with the cumulative reward.

For diabetes management, we would ideally like the system to remain in normoglycemia
most of the time and contain the excursions outside the target range (70-180 mg dL−1) as
much as possible. It’s only natural, hence, to include as evaluation metrics the percentage of
time per episode spent in hyperglycemia (% hyper) and in hypoglycemia (% hypo), which are
going to often be traded off between each other, depending on how cautiously the agent re-
acts in response to disturbances. Methods that minimize both these percentages, at the same
time, are to be preferred. Note, however, that considering these two metrics is not enough;
the percentage of time spent in an undesirable range doesn’t take into account the intensity of
risky events. For example, there would be no difference in perceived risk between an excursion
of 2 hours in slight hypoglycemia reaching a minimum BG concentration of 55mg dL−1 and
a really dangerous event which takes the same time but reaches 20mg dL−1. To account for
this, several metrics based on proper risk functions have been introduced in the literature[56].
The low blood glucose index (LBGI) increases with the frequency and extent of hypoglycemic
excursions and, by design, ignores hyperglycemia[78]; the high blood glucose index (HBGI) in-
creases with the frequency and extent of hyperglycemic excursions and ignores hypoglycemia.
These metrics, given CGM readings inmg dL−1 (xi), can be computed as follows:

f(xi) = ln(xi)
1.084 − 5.381

rl(xi) = 22.77 ∗ f(xi)
2 ∗ 1(f(xi) ≤ 0)

LBGI =

∑
rl(xi)

n

rh(xi) = 22.77 ∗ f(xi)
2 ∗ 1(f(xi) > 0)

HBGI =

∑
rh(xi)

n
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Note that the risk function f(xi) tends to greatly increase when reaching dangerous BG lev-
els, and bothLBGI andHBGI, beingmeans over n observations, are dominated by the readings
corresponding to suchmoments. This is particularly true for traumatic events: LGBI explodes
in value when BG concentration is really low (0-5mg dL−1), which can be seen as an indica-
tion of episode failure. The subdivision into classes of risk according to LBGI and HBGI is
discussed, with some differences regarding the high risk area forHBGI, in Kovatchev et al.[79]
and Scaramuzza et al. [80].

Analyzing training processes and final results using all of the metrics mentioned in conjunc-
tion allows us to properly compare different methods and gain an understanding of their ben-
efits and drawbacks.
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4
Methodology

The details of the methods proposed are outlined in this chapter. Section 4.1 goes into details
about how every component of the RL framework has been represented. Section 4.2 describes
the control algorithm Sarsa(λ) and the necessary notions of tabular and linear function approx-
imation RL, including tile coding.

4.1 Reinforcement Learning components

4.1.1 State representation

Reinforcement Learning frames sequential decisionmaking problems asMarkovDecisionPro-
cesses (MDPs), which assume theMarkov property for every environment’s state encountered
by the agent. The description of the state, hence, should be a signal that summarizes past obser-
vations compactly, yet in such a way that all relevant information is retained. This normally re-
quires building the state representation by using more than the current observation, but never
more than the complete history[21].

In this respect, the task of diabetes management, although aligned with the RL framework
ability to deal with the inherent time delay between actions and consequences, is tricky in its
representation since we’re arguably dealing, instead, with a Partially Observable Markov De-
cision Process (POMDP). Differently from MDPs, for POMDPs, the agent cannot observe
the complete system state, but it makes observations that depend on the state, forming a belief
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about the state the system is currently in. Indeed, not only is the current observation provided
by the CGM reading clearly not sufficient to represent the state that we need, but also real sen-
sors provide information with a certain degree of error[81]. Furthermore, similar errors can be
introduced in hybrid systemswhenCHOcounting, in any form, is considered [77] orwhenwe
estimate the amount of insulin acting in the patient, since insulin action varies betweenpatients
and even within each individual depending on the time of day, stress, and other factors.

Nonetheless, we can build up the state representation (or rather the current observation) as
best as possible to provide the agent with the most important information needed. For our
purposes, we choose to restrict these features to the few essentials, as to retain simplicity of the
methods and easily inspect how policies change based on them. The most obvious feature to
include is the current BGconcentration. Secondly, the rate of change for the BGconcentration
allows the agent to understand in which direction the feature to control is going and at what
speed. A third essential information for the agent is the so-called insulin onboard (IOB),which
is an estimation of the amount of insulin that is still active in the patient’s body from previous
doses; basically the whole insulin injection history is condensed into a unique value. In order
to calculate it, the method expressed in Ellingsen et al.[82] was followed: the convolution of
insulin injections history with a proper 6 hour insulin action curve returns an estimate of the
current acting insulin in the system at each time step; an example is shown in Figure 4.1.

Figure 4.1: IOB (right plot) is calculated by convolution of the insulin history (upper left) with the 6 hour insulin action curve
(lower left). At every step of the episode corresponds a value which is representative of the insulin in action.

Similar to IOB, when hybrid systems are briefly considered, the fraction of ingested carbo-
hydrates not yet absorbed by the system at each time t, called Carbohydrates On Board (COB),
can be computed as reported in Schiavon et al.[83]. Figure 4.2 shows how, from a daily meal
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schedule, it’s possible to obtain at every instant the current COB by simple convolution with
the CHO absorption curve.

Figure 4.2: Carbohydrates on board (COB) are calculated by convolution of the daily meal schedule (upper left) with the 6
hours carbohydrates absorption curve (lower left). The resulting COB profile is shown on the right.

4.1.2 Action sets

For the approaches proposed, it’s necessary to consider discrete action sets. Three action sets
are tested in the single-meal scenario, settling on the one considered best for themulti-meal sce-
nario. The idea behind the selection of these action sets is intuitive: the agent should have the
possibility to easily maintain BG concentration within the target range when no disturbances
occur, but should also be able to respond more vigorously when a meal is detected. Further-
more, as mentioned, since the inter-person variability associated with insulin response is large,
it’s probably beneficial to consider action sets that are somewhat related to it. Action sets are,
hence, chosen to be multipliers of the basal rate of the patient.

The first action set selected is rather conservative, allowing only insulin doses close to the
patient’s basal rate (0 to 2 times); the second allows for stronger but not yet radical actions
(0 to 6 times the patient’s basal rate); the third considers also radical actions (up to 20 times
the patient’s basal rate), which should be used by the agent to quickly fight BG concentration
spikes, but inevitably introducing bigger risks of hypoglycemia if abused.
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4.1.3 Reward functions

Asmentioned in Section 2.2, the choice of the reward function is quite important when using
RL in an AP system. Rather different performances can be obtained using the same approach
by changing marginally only this component.

The general idea for diabetes management is to consider adequate risk functions[56] and
adapt them to the RL framework. This adaptation can be carried out by simply inverting the
risk functions (since we want to maximize a reward signal) and assigning positive rewards rela-
tive to the permanence of the agent in the proper target range. TheKovatchev reward function
is derived as described fromKovatchev’s risk function[56] (on the left in Figure 4.3). Note that
in this case, though, the rewards barely vary within normoglycemia, so the agent can’t easily de-
velop a preference for a target value (e.g. 125mg dL−1) within the range, which is something
wemight want to communicate within a reward function. It’s possible, instead, to consider re-
ward functions that linearly approximate the behaviour of the Kovatchev reward function in
hypoglycemia and hyperglycemia, but attribute a quadratic improvement in normoglycemia,
with the vertex being the target value we’d like the agent to stay closest to. The height of the
vertex, which corresponds to the maximum reward in a time step, can be appropriately tuned.

In the simplest case, the vertex can be fixed to be exactly in the middle (125 mg dL−1, for
a target range of 70-180 mg dL−1), but an alternative is to split euglycemia with two differ-
ent quadratic functions sharing the vertex and move it closer to either hypoglycemia or hyper-
glycemia, with the intent to encourage the agent to stay closer to that region. We call the first
case the LQL (linear-quadratic-linear) reward function (middle of Figure 4.3) and the second
one the LQQL (linear-quadratic-quadratic-linear) reward function (on the right in Figure 4.3).

Figure 4.3: Reward functions dependent on BG level only: Kovatchev risk‐inspired (left), LQL (middle) and LQQL (right).
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Further information can be introduced into the reward function: the agent should be re-
warded not only for the current blood glucose level but also according to the fact of whether
it’s proceeding in the right direction or not, therefore the reward should take into account
the BG rate. This sensible approach was proposed in Lee et al.[63] and is emulated here. All
reward functions defined before are compatible with this approach, as the portion of reward
dependent on the rate can be defined as independent from the part associated with the con-
centration. Plots exemplifying the effect of the rate on the base reward functions are shown
in Figure 4.4. It’s easy to see, from the frontal plots, that the base reward functions define the
overall shape, but lateral views show that the agent receives larger rewards when the rate sug-
gests a forthcoming return to normoglycemia: in hypoglycemia (left view) the reward is larger
for positive rates, while the opposite is true in hyperglycemia (right view).

Figure 4.4: Reward functions dependent on both BG concentration and BG rate. From the top: Kovatchev risk‐based, LQL‐
based and LQQL‐based.
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4.2 Reinforcement learning methods employed

All approaches tested in this thesis are based on the Sarsa(λ) algorithm. This choice is due to
essentially two main reasons. Firstly, it has not been explored at all in the RL for AP systems
literature: neither in studies based on tabular methods, where standard Sarsa and Q-learning
have usually been preferred, nor in function approximation articles, where policy gradient and
actor-critic algorithms are dominant instead. Secondly, there are clear indications in the liter-
ature that methods based on eligibility traces are particularly well suited to approach partially
observable markov decision processes[84]. In fact techniques which are specifically engineered
for POMDPs are often compared to the performances obtained by using Sarsa(λ)[85]. This is
mentioned by Sutton and Barto too: ”Eligibility traces are the first line of defence against both
long-delayed rewards and non-Markov tasks”[21]. Since, as argued in Section 4.1.1, in AP sys-
tems we’re dealing with scenarios where the state is not fully observable and actions have long-
term consequences, it’s only logical to test out the method which is considered to be the most
robust in such circumstances. Furthermore, Sarsa(λ) is arguably one of the most flexible clas-
sic RL algorithms: eligibility traces unify and generalize Temporal Difference to Monte Carlo
methods, incorporating all possible n-steps returns at once. Assuming it’s properly tuned, such
flexibility can intuitively lead to increased performance, with respect to more rigid approaches,
and faster learning, particularly when rewards are delayed by many steps [21].
In the following sections an introduction to Sarsa(λ) is presented, for reference, along with

some necessary definitions and principles of tabular and linear function approximation RL.

4.2.1 Sarsa(λ) in tabular RL

Sarsa(λ) is a model-free action-value based control algorithm. It builds up estimations of the
expected return for pairs (state, action), calledQ-values, eventually leading to good policies (op-
timal if certain conditions are met). Return and Q-values in tabular RL are defined as follows:

Gt = Rt+1 + γRt+2 + γ2Rt+3 + ... = Rt+1 + γGt+1

Qπ(s, a) = Eπ[Gt | St = s, At = a]
(4.1)

where 0 ≤ γ ≤ 1 is a discount factor and π is the policy being followed. N-steps returns
can then be expressed by bootstrapping to the Q-values after observing n rewards:

Gt:t+n = Rt+1 + γRt+2 + ...+ γn−1Rt+n + γnQ(St+n, At+n) (4.2)

28



RL algorithms employ different versions of n-steps returns, ranging from usual Sarsa / TD-
learning methods, where 1-step returns are used, to n-step methods, using a specific n-step re-
turn, and finally toMonteCarlomethods that do not bootstrap but rather compute the return
as the cumulative sumof all rewards, possibly discounted, in the episode, which can be thought
of as computing a n-step return with n =∞. Based on the choice of n, the performance of the
methods varies, sometimes widely. The λ-return Gλ

t can be defined as a convex combination
of all possible n-step returns:

Gλ
t = (1− λ) ·

∞∑
n=1

λn−1Gt:t+n 0 ≤ λ ≤ 1 (4.3)

Theweights fade byλwith each additional step, givingmore importance to close returns. In
the case ofλ = 0, theGλ

t return is equal to the 1-step return, as in standardTD-methods; while,
on the other extreme, if λ = 1, we get a method equivalent toMonte Carlo algorithms. Essen-
tially, the λ-return provides a way to move smoothly between MC and one-step TDmethods.
Sarsa(λ) employs theλ-return as a target by updating at every step the estimates of theQ-values:

Q(St, At) = Q(St, At) + α(Gλ
t −Q(St, At)) (4.4)

The reasoning reported so far is called the forward-view of Sarsa(λ) and it’s useful to provide
an intuitive explanation of how the algorithm works, but its implementation is tricky: Gλ

t can
only be computed at the end of each episode, since all possible n-step returns are needed, hence
it can’t be done online and all rewards of the episodemust be kept inmemory. Only at the end
of the episode are all Q-values visited updated. The real implementation of Sarsa(λ) is through
its backward-view, using eligibility traces, which allows for online learning. The idea is to at-
tribute themerit (or fault) of the observed rewards to the (s,a) pairs encountered in the episode,
proportionally to how recently theywere visited. Eligibility traces keep track of the encounters,
decaying exponentially in their values at every step of the episode. There are different types of
eligibility traces; the most commonly used are accumulating traces, defined as follows:

E0(s, a) = 0 ∀(s, a)
Et(s, a) = γλEt−1(s, a) + 1(St = s, At = a) ∀(s, a)

(4.5)

The trace E(s,a) indicates the eligibility of each (s,a) pair for undergoing learning changes
when a reinforcing event occurs[21]. The reinforcing events we are concernedwith are the one
step TD-errors:
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δt = Rt+1 + γQ(St+1, At+1)−Q(St, At) (4.6)

TD-errors and eligibility traces are then used to update at every step all Q-values estimations,
progressively refining them and improving the policy being followed:

Q(s, a) = Q(s, a) + αδtEt(s, a) ∀(s, a) (4.7)

Although they seem rather different, forward-view and backward-view of Sarsa(λ) are two
ways to implement the same idea and converge to similar results; for some implementations
it’s possible to prove that they’re actually equivalent[21]. Figure 4.5 shows two illustrations to
provide an intuition of the ideological difference between the two views: in the forward-view
the update of Q-values is done by looking forward at future rewards and future (s,a); in the
backward-view at each step we look at the current TD error and propagate it backward to each
prior (s,a) encountered, according to how much it contributed, as measured by its eligibility
trace. The algorithm is extendable to function approximation and differences will be briefly
described in the next section.

Figure 4.5: Illustration of the mechanisms of Sarsa(λ): forward view (above) and backward view (below). Note how we need
all the episode’s rewards to implement the first, while the second can be implemented online by propagating reinforcing
events over time to the responsible states, as measured by eligibility traces. Figure from Sutton and Barto [21].
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4.2.2 Sarsa(λ) in linear function approximation

Function approximation is an instance of supervised learning: using examples from a desired
function (for example, the action value function), it generalizes from them, building up an
approximation of the entire function. This allows to extend the familiar RL framework in
order to deal with large problems or to impose generalization constraints by default; further-
more, function approximationmethods are also particularlywell-suited for partially observable
problems[21]. While in tabular methods action values are independent entries of a table, func-
tion approximation methods approximate them through a parameterized functional form us-
ing a weight vectorw ∈ Rd. When an approximate action-value is updated, the change affects
many other close state-action pairs. The function computed can be of any level of complexity,
but here only linear methods will be considered. In this context, corresponding to every (s,a)
pair, exist a real-valued feature vector x(s, a) ∈ Rd; the approximate Q-values are computed
by the inner product between the weight vectorw and the feature vector x(s, a):

q(s, a) ≈ q̂(s, a,w) = wTx(s, a) =
d∑

i=1

wixi(s, a) (4.8)

The weight vectorw is updated at every step by stochastic gradient descent, in order to min-
imize the MSE (J(w)) between the approximate action values and the true action values:

J(w) = Eπ[(qπ(S,A)− q̂(S,A,w))2] (4.9)

∆w = α(qπ(S,A)− q̂(S,A,w))x(S,A) (4.10)

Since the true action values are never known (otherwise the problemwould be solved), they
have to be estimated. The nature of the target values depends on the method employed: in
Sarsa(λ) the λ-return is used, a biased sample of the true action value. Once again, though,
the implementation of Sarsa(λ) in function approximation is done through its backward-view:
an eligibility trace vector zt ∈ Rd is initialized to zero at the beginning of each episode, is
incremented on each time step by the action value gradient (which is equal to the feature vector
of the current (s,a) pair, in linear function approximation), keeping track ofwhich components
of the weight vector have recently contributed, and then fades away by γλ[21]:

z−1 = 0; zt = γλzt−1 + x(St, At) (4.11)
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The reinforcing events we are concerned with are still one-step TD-errors:

δt = Rt+1 + γq̂(St+1, At+1,w)− q̂(St, At,w) (4.12)

Finally, the weight vector gets updated on every step based on the eligibility trace vector and
the current TD-error, affecting the action value estimation of all (s,a) pairs that are computed
using the components of the weight vector that changed:

wt+1 = wt + αδtzt (4.13)

Linear learning methods are of particular interest because, in practice, they can be very effi-
cient, both in terms of data efficiency and computation. Whether or not this is the case, crit-
ically depends on how the states are represented: choosing carefully the features appropriate
to the task is an important way to add prior domain knowledge into a RL system. Intuitively,
the features should correspond to the natural features of the task, along which generalization
is most appropriate. There are several ways to define the features associated with each (s,a) pair:
in this thesis, tile coding, briefly explained in the next section, has been employed.

4.2.3 Building linear features : tile coding

Aswe’ll see in Section 5.1.5, the ideal system generalizes between close (s,a) pairs but also allows
for fine discrimination, when necessary. In an AP system, most close observations demand
for similar evaluation and action, but a sudden change in policy (from basal rate to vigorous
actions) is needed, as soon as a meal is detected. Tile coding allows for this kind of behavior.

Tile coding is a flexible and efficient formof coarse coding formulti-dimensional continuous
spaces: the state-action space is divided into several partitions, called tilings, whose elements
are called tiles. The partitions built are overlapping but offset from one another, by a fixed
amount in eachdimension. Any (s,a) pair canbe associatedwith a binary feature vectorx(s,a) of
dimensionality equal to the total number of tiles, such that each component is associatedwith a
specific tile and is 1 if the (s,a) pair falls into that tile (in this case the feature is said to be present),
or 0 otherwise (the feature is absent). Given a (s,a) pair, it falls into exactly one tile for each tiling;
thus, if k tilings are considered, each (s,a) pair is associated with k tiles and its binary feature
vector has exactly k present features. Essentially, binary features roughly encode the location of
a (s,a) pair in the state-action space: since corresponding to each feature is a single component
of the weight vectorw, which is affected by learning, generalization occurs between (s,a) pairs
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that share the same present features, proportionally to the number of features shared. The
nature of generalization is determined by the shape of the tiles, but the finest discrimination
possible is ultimately controlled by the total number of features (the number of tilings and tiles
per tiling)[21]. A further advantage of tile coding is computational efficiency: approximate
action values canbe computedby simply summingup the few components of theweight vector
associated with the present features of the (s,a) pair[21].

Tilings are easy to visualize when thinking two-dimensionally, as a simple grid (see Figure
4.6 for an intuitive example), but in the context we’ll consider, using BG concentration, BG
rate, IOB, and insulin dose, 4D hyper-grids must be employed.

Figure 4.6: Example of tile coding with a group of 4 overlapping grid‐tilings on a two‐dimensional space. Tilings are offset
from one another by a fraction of a tile width. A specific state falls into 4 tiles, one for each tiling, roughly encoding its
position. Figure from Sutton and Barto[21].

An interesting idea which extends the framework proposed above is that multiple different
groups of tilings can be considered, independently of one another: a great deal can be done to
control the tendency to generalize and allowdiscrimination, dependingon the implementation.
For example, one could envision a system that generalizes partly along a subset of dimensions
separately, but also along the entire set of dimensions jointly, such that, if needed, it could learn
a specific response, demanded by that particular state configuration. These design choices will
be discussed thoroughly in Section 5.2.1.
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5
Experiments and results

The experiments performed are described in this chapter, along with interpretations of the re-
sults and comparisons. Section 5.1 presents the results obtained by tabular RL, discussing how
eachRL component influences the results and providing a direct interpretation by table inspec-
tion. Afterward, Section 5.2 discusses the results obtained by linear function approximation,
underlying pros and cons of generalization, with respect to tabular methods and once again
providing visual explainability of the results. Finally, Section 5.3 is dedicated to the topics of
generalization of the methods to multiple patients, policy transfer and personalization.

5.1 Tabular RL approaches

In this section the tabularmethods and experiments carried out are described in detail. In order
to use such techniques, the state and action spacesmust be small enough[21]: tomake it viable
for an AP system, the features employed to describe the state have to be few and discretized
into ranges; discrete actions have to be considered too. A Q-values table is initialized and to
each entry corresponds the estimation of the expected return obtained from a (state, action)
pair. In practice, the table is implemented as a tensor, where each dimension is associated with
a feature of the space and the last one with the action. The number of entries in the table
depends on the number of features considered and on the finesse of the discretization process;
the speed of learning achievable is strictly correlated to the dimension of the table.
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The single deterministic meal scenario is described first: it was explored mainly to under-
stand which of the RL components described in Section 4.1 had the potential to work best,
before moving to the more realistic stochastic multiple meal scenario, which is then treated in
detail.

5.1.1 Introduction to the task: single meal scenario

In this scenario, a singlemeal of 80g ofCHO is consumed precisely 4 hours from the beginning
of the episode,which starts in euglycemia at 150mg dL−1 and lasts 20hours. The agent is aided
in the control task by automatic injection of the patient’s basal rate at each time step, so that
it should only take care of disturbances. The state representation is defined by discretizing BG
level, BG rate, and IOB into a few ranges, as follows:

BG ranges = [[0, 90), [90, 140), [140, 180), [180, 250), [250, 300), [300, 400), [400,∞)]

Rate ranges = [(−∞,−3), [−3,−2), [−2,−1), [−1,−.3), [−.3, .3), [.3, 1), [1, 2), [2, 3), [3,∞)]

IOB ranges = [[0, 2), [2, 5), [5, 10), [10, 20), [20,∞)]

The ranges of BG concentration are crafted in order to properly define regions where we
intuitively expect the agent should behave differently: in the first range, as mentioned in Sec-
tion 3.2.2, as a safety constraint, the agent must avoid injecting additional insulin. The follow-
ing two ranges are splitting normoglycemia into the range we’d like the agent to stay inmost of
the time (90 to 140mg dL−1) and onewhich is still acceptable but it’s most likely encountered
right after a meal occurs. Finally, hyperglycemia is divided into the last 4 ranges, corresponding
to increasingly dangerous BG levels. The finesse in rate ranges allows the agent to understand
properly how fast blood glucose concentration is varying; in particular, at the two extremes of
the subdivision we have ranges which are relative to rapidly falling BG and rapidly rising BG.
Note that the ranges are to be intendedwith unit ofmeasuremg dL−1 min−1, hence a BG rate
of -3mg dL−1 min−1 corresponds to two subsequent observations, where BG has dropped by
15 mg dL−1. Finally, IOB, in this case, is to be intended as additional insulin w.r.t. basal in-
sulin and it’s split into 5 ranges. Ideally, the agent should be able to infer if the level of insulin
injected is adequate with respect to the current BG concentration and the rate of change.

Multiple agents were trained, testing the Kovatchev risk-inspired reward function and the
LQL reward function, along with the 3 action sets proposed in Section 4.1.2. Kovatchev re-
ward function turnedout tobe strictlyworse thanLQL,not only suffering inperformance, due
to the agent spendingmore time in hyperglycemia, but also having problemswith convergence,
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especially when action sets with radical actions were employed. Upon further investigation, as
it is the case for the LBGI metric, using a reward function that is defined using a logarithmic
function, seems to not be appropriate for episodes that reach complete failure (BG levels below
5mg dL−1), as they end up dominating in signal the others, hurting convergence.
The action set had a huge influence too, both on the results attainable and on the speed

of the training process. In all runs, the cautious action set, which only allows the delivery of
additional insulin between 0 and 2 times the patient’s BR, had a clear disadvantage in terms of
performance with respect to the two other action sets, which allow stronger actions in order to
respond more decisively to meals; at the same time, though, the number of episodes necessary
to converge to good policies was observed to increase substantially as stronger actions were
available to the agent. This is due, in part, to the increase in size of the Q-values table (from
1800 entries for the cautious action set to 3600 entries for the larger action set with strong
actions), but it’s also due to the fact that the agent has more difficulty understanding when
stronger actions are appropriate; there’s waymore risk involved in the training of policies when
such actions are available. Table 5.1 provides a summary of the results obtained using the LQL
reward function and the three action sets. Note the trade-off between the number of episodes
needed for convergence and the performance of the method. The word convergence here, and
in all following tables, is to be intended in a qualitative sense, as the number of episodes needed
to reach proper policies and not observe further progress; later on stochasticity of the episodes
generated will imply a degree of variation in performance even if the policy remains equal. In
any case, for the single meal scenario, after reaching proper policies, the agent is always able to
be hypoglycemia-free.

Examples of the policies reached with the three action sets are shown in Figure 5.1. Such
episodic profiles will often be presented; in the first subplot the blood glucose concentration
throughout the episode is shown; a horizontal dashed line indicates the reference level of 125
mg dL−1, which we’d like the agent to stay close to. In this case, the sharp increase in BG
concentration at 240min is clearly due to the fixed meal. Below that, the actions taken by the
agent are shown, i.e. the insulin profile. Finally, the last subplot illustrates the reward received

Action Set # Table entries Cumulative reward Ep. to converge % Time hyperglycemia % Time hypoglycemia HBGI

0x to 2x BR 1800 4500 100 23.3 0.0 9.5

0x to 6x BR 2520 6000 600 17.5 0.0 6.8

0x to 20x BR 3600 5800 1250 15.4 0.0 5.1

Table 5.1: Summary of results obtained for deterministic single meal scenarios using LQL reward and different action sets.
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Figure 5.1: Comparison of reaction to a single fixed meal by three agents based on different action set. Agent on the left can
only deliver up to 2 times the patient’s BR; agent in the middle, up to 6 times the BR; agent on the right, up to 20 times the
BR.

by the agent at all steps of the episode. The insulin subplots relative to the three action sets
clearly demonstrate the different behaviors of the three agents: while the agent who can use
only weak actions (on the left) is forced to deliver insulin for long periods after the detection
of the disturbance, agents with access to stronger actions are able to react quickly to the meal
and minimize the height and width of the post-prandial peak. This is especially true for the
last agent (on the right), who responds quite vigorously for only a couple of time steps after
the meal (note the different scale in the insulin profile), and then switches to delivering weaker
control actions; if it decided, instead, to deliver even more insulin, it would inevitably end up
in hypoglycemia.
Several tests were also run to understand the effect of ϵ-greedy exploration on the perfor-

mance of the agent. The results showed that exploration, especially when strong actions are
available, can cause sharp drops in performance, possibly even for prolonged amounts of time.
Upon further inspection, the problem is quite clear: the estimations of the Q-values built up
over time get swayed substantially by the large TD-errors obtained in episodes where explo-
ration causes deep dives into hypoglycemia. The problem resides in the very long-term con-
sequences of strong actions: the penalty is not only attributed (rightfully) to the action that
caused the failure of the episode, but also to subsequent (s,a) pairs that would normally be
the right choice, destroying their evaluations and consequently choosing actions that are sub-
optimal in the next episodes, possibly even for a long time. This problem is observed, in minor
measure, even for small values of ϵ (e.g. 0.01). It’s hard to see, in this context, a clear advantage
in an ϵ-greedy approach to exploration, as the performances reached by even the best episodes,
when using it, are not at all far off from those obtained by approaches without exploration.

Finally, the question that obviously arises, before moving on to the multi-meal scenario, is:
are policies learned capable of generalizing to meals of different sizes and/or at different tim-
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ings? As it turns out, while timing isn’t much of an issue, since agents don’t really have access
to a feature to differentiate states by time, the amount of CHO consumed in a meal is quite
problematic. Having been trained on deterministic fixed meals, the policies learned optimized
responses to that amount, since it’s all they’ve ever seen. By simply halving the amount ofCHO
in themeal, episodes fail catastrophically. For example, using the best performing policy, where
strong actions are available, the agent reacts too aggressively to themeal detected and, as a conse-
quence, BG drops sharply into deep hypoglycemia; even worse, as BG dives, the agent delivers
even more insulin as it has no idea of what to do in some (s,a) pairs which were not met in the
scenario it was trained on. An example of this is shown in Figure 5.2.

Figure 5.2: Example of episode failure when meal CHO amount is halved (from 80g to 40g): the agent, trained solely on
deterministic single meals, fails to generalize to other scenarios and overreacts to the disturbance.

As predictable, in order to obtain agents capable of reacting appropriately to different con-
texts, it’s necessary to consider more variable and realistic meal schedules, in terms of quantity
of carbohydrates, timing, and number of daily meals. Much of what has been learned in the
simple single fixed meal scenario can be quite useful for the new problem to be considered,
such as what can be expected from different action sets, different reward functions, and prob-
lems due to exploration. Furthermore, the fact that Sarsa(λ) works appropriately for the simple
scenario also bodes well for its application to the realistic case.

5.1.2 Multiple meals scenario introduction and improvements

The algorithm used to generate stochastic meal schedules for the multiple meals scenario is
described in detail in Section 3.2.1. State representation is identical to the previous scenario,
except that the additional ranges ([20, 40), [40, 60), [60,∞)) are added for the IOB feature,
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since a lot more CHO are usually consumed throughout the episode, implying that more in-
sulin is expected to be administered overall.
The variability for the amounts of CHO is initially set to 15% of themean amount for every

meal, as done in several previous studies with stochastic meal schedules. The initial experi-
ments proceeded exactly as done for the single-meal scenario, testing out Kovatchev-based and
LQL-based reward functions using different action sets. Once again, the Kovatchev risk-based
reward function turned out to be problematic when using stronger actions, hence its use was
definitively discarded. Automatic administrationofbasal rate, which is supposed tohelp agents
by allowing them to focus on dealing exclusively with disturbances, is also switched on and off
in different runs, to see if it’s actually helpful. The results obtained, using the LQL reward
function, are summarized in Table 5.2.

Action Set Automatic BR Cumulative reward Ep. to converge % Time hyper % Time hypo % TIR HBGI LBGI

0x to 2x BR Yes -5700 1100 51.1 4.4 44.5 14.6 2.0

0x to 2x BR No -5200 1000 50.4 3.6 45.0 13.6 1.7

0x t0 6x BR Yes -2200 2400 36.2 5.3 58.5 10.6 2.4

0x to 6x BR No -500 1300 35.4 3.0 61.6 11.2 0.7

0x to 20x BR Yes -6400 4400 41.9 11.1 47.0 11.4 5.6

0x to 20x BR No 300 2300 33.3 1.3 65.4 10.2 0.9

Table 5.2: Summary of the results obtainedwith a 15% variability, using LQL‐based reward, different action sets and switching
on and off automatic basal rate. % TIR is to be intended as percentage of time in range, i.e. time in normoglycemia.

From the results, a couple of facts are clear: firstly, the availability of stronger actions seems
to be absolutely necessary in multiple meal scenarios: since prolonged low doses of insulin are
not enough to fight off disturbances, agents with access only to weak actions end up spend-
ing most of their time in hyperglycemia; secondly, automatic basal rate is harmful, rather than
helpful, especially for agents that react vigorously to meals, since it hinders the possibility to
avoid overshooting into hypoglycemia by completely cutting off further insulin delivery, if nec-
essary. Avoiding automatic basal rate delivery improves both performance and convergence
speed. Note, though, that we’re not able to completely avoid hypoglycemia, as it was the case
in the deterministic single meal scenario.
Some examples of episodes with rather different meal schedules, making use of the policy

developed by the best performing agent of Table 5.2, are shown in Figure 5.3: CHO amounts
and times of consumption are plotted in the lower subplots; vertical dashed lines are also drawn
in the BG concentration profiles and insulin profiles in correspondence to the meals. The pol-
icy is clearly able to deal solidly with the scenarios encountered, with the exception of the last
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Figure 5.3: Examples of control in episodes with different meal schedules. Top left: standard 3 main meals schedule. Top
middle: all 6 meals, 3 main meals, 3 snacks. Top right: lunch and dinner with 2 snacks, skipping breakfast. Bottom left:
breakfast and dinner with 2 snacks, skipping lunch. Bottom middle: almost fasting (sick day). Bottom right: unusually large
meal (holiday/wedding).

plot (lower right); in this case, a schedule was manually crafted to simulate an unusually large
amount ofCHOconsumption (more thandouble themeanCHOamountplanned for lunch),
which has an extremely low probability of being generated by the algorithm. The failure to
control an occasion like this adequately is understandable since the agent never encountered
anything like it during training.

Observing the episodes in Figure 5.3, it’s noticeable that policies tend to be rather cautious,
staying for most of the time in the upper range of normoglycemia, above the reference. Due to
the LQL reward function shape, the agent has no real short-term advantage in getting closer to
the more dangerous region of hypoglycemia. However, this is probably something we want to
encourage, considering that staying in the lower range of normoglycemia in betweenmealsmay
allow the agent to havemore room to react to them, decreasing the height of postprandial peaks
and consequently the time in hyperglycemia. Agents trained with the same data but using the
LQQL-based reward function, which favors this behavior, as explained in Section 4.1.3, indeed
confirm that performances can be boosted, increasing time spent in the target range by about
3%, up to 68.5%. In Figure 5.4 an example of how the policies, trained using different reward
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functions, tend to work: the first agent (LQL-based) stays most of the time in the range from
120 to 150 mg dL−1 in between meals, while the second (LQQL-based) tends to stay lower,
close to 100mg dL−1, when possible.

Figure 5.4: Comparison of two episodes, using two different agents: the one on the left was trained using LQL‐based reward
function, while the one on the right using LQQL‐based function, encouraging to settle in the lower range of normoglycemia.

The robustness of the method was, finally, put to the test by considering meal sizes with
larger variability (35% of the mean CHO amounts, against the previously considered 15%),
which replicates what is seen in the general population of T1D patients[77]. As expected, in-
creased variability affects, although not dramatically, the performance achievable by the ap-
proach, since the agent tends to becomemore cautious about strong responses to disturbances,
spending more time in hyperglycemia. Furthermore, being the task harder, the length of the
training process increases drastically, almost doubling. Specifics are reported in Table 5.3.

Meals variability Cumulative reward Ep. to converge % Time hyperglycemia % Time hypoglycemia % TIR HBGI LBGI

15% 600 3300 30.2 1.3 68.5 8.3 0.6

35% 200 5800 34.1 0.9 65.0 9.9 0.3

Table 5.3: Comparison of performances obtained changing solely meal variability.

Since one of the purposes of this thesis is to test RL methods for AP in realistic conditions,
this kind of variability in the meal schedule is used for all the following experiments presented.

5.1.3 Episodic failures and CHO consumption in hypoglycemia

An aspect which is necessary to considerwhen dealingwith such a delicate task as diabetesman-
agement is the study of worst-case scenarios. The metrics implemented, in the aggregate, can
give a good idea about the general performance of a policy, but a deeper look into problematic
episodes can help considerably to evaluate how safely the agent is actually acting. In the liter-
ature, different studies have discordant definitions of episodic failure in the case of diabetes
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management, setting different thresholds in deep hypoglycemia to distinguish these traumatic
events. Since a proper consensus about this isn’t reached, the entire distribution of the mini-
mums reached in 1000 episodes after policy convergence is discussed here.
The latest policy discussed spends less than1%of the time inhypoglycemia on average, with a

meanLBGI of 0.3, which indicates aminimal risk. The distribution of theminimums is shown
in the left plot of Figure 5.5: most of themare actually innormoglycemia, clustering around the
target value of 100mg dL−1, corresponding to the maximum designed in the LQQL reward
function, but sometimes, 6% of the episodes, the agent drops into hypoglycemia. When it
does, only the upper range of hyperglycemia is reached usually, with the exception of some
rare events (less than 1.5% of the episodes), when it drops even below 30mg dL−1. The agent
never achieves a minimal blood glucose level below 5mg dL−1, which some studies, possibly
optimistically, indicate as the threshold for catastrophic episode failure[62].

It should be noted that, so far, in the training and evaluation of the agent, the simulation
process doesn’t take into account consuming CHO in reaction to low blood glucose levels,
which is themost common strategy in real life to avoid catastrophic failures in BGcontrol. This
aspect was briefly taken into consideration, to understand its impact on policy evaluation and
policy training: a system was implemented such that, if active, whenever the agent dropped
below the hypoglycemia threshold of 70 mg dL−1, the agent would immediately consume a
fixed amount of 15g of CHO, with the possibility to repeat it once per hour.

Figure 5.5: Comparison of the distributions of minimums, obtained switching on and off the system for the consumption of
CHO snacks of 15g in response to hypoglycemia. On the left: policy trained and evaluated without snacks. In the middle:
policy trained with system off but evaluated with system on. On the right: policy trained and evaluated with CHO consump‐
tion in hypoglycemia.

This system was used to evaluate two policies: one trained without it and one trained with
it. The distributions of the minimums obtained are presented in Figure 5.5, respectively in
the middle plot and the right plot, along with the comparison to the standard case, when the
system is switched off both in training and evaluation. Clearly, training an agent with this
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systemactive, results in lower andmore frequentminimums, showing that, if not penalized, the
method tends to abuse the safety net put in place. However, when comparing the distributions
relative to the evaluations of the agent trained without the safety net, we notice that in realistic
conditions (i.e. consuming small CHO snacks), the policy never drops to critical blood glucose
levels and, in general, hypoglycemia events tend to be a lot milder than previously observed,
when snacks aren’t considered. This system, while being useful to make proper considerations
about the actual worst-case scenarios when evaluating a policy, is never activated in the training
of all the following agents to avoid its possible abuse as a safety net.

5.1.4 Additional features: the second derivative and COB

The agents trained so far rely exclusively on 3 features (BG concentration, BG rate, and IOB) to
represent the state, which allows tomaintain the dimension of theQ-values table small enough
(about 5 thousand entries). Adding an additional feature, discretized into a limited number of
ranges (5 to 10), greatly expands the table but is still doable, at the cost of speed in the training
process.

Two features were tested in this context: the second derivative of blood glucose concentra-
tion and carbohydrates on board (COB; see Section 4.1.1 for specifics about the calculation).
Although they’re quite different features conceptually, the idea behind their use is similar. The
amount of time spent in hyperglycemia after meals clearly depends on how fast an agent is able
to react to them, delivering a proper amount of insulin as soon as they’re detected. The features
used so far don’t change drastically in response to meals and the response of the agent tends to
be delayed, especially considering that the agent has to discriminate between a small distur-
bance, like a snack, and a big disturbance, like a main meal, before delivering large amounts of
insulin. A feature that is activated by meal occurrences and whose intensity is proportional to
the amount of CHO consumed, on the other hand, has the potential to significantly reduce
the subsequent postprandial peaks.

The second derivative of the blood glucose concentration changes rapidly when BG sud-
denly rises or drops, as opposed to the first derivative, considered so far, which takes some time
to build up. The rate is still an essential feature to consider, considering that it provides the
state representation a way to discriminate at what speed, and in which direction, the feature
to control (BG) is heading; however, the second derivative, i.e. the instantaneous acceleration
of the process, provides a way to react faster. An example of the difference between the two
features is shown in Figure 5.6, showcasing an episode where all possible meals are consumed;
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note the sharp and immediate increases of the second derivative signal in response both tomain
meals and snacks, as opposed to the smoother and delayed changes in the rate.

Figure 5.6: Difference between the first (middle plot) and second derivative (right plot) features, calculated with respect to
the BG profile of the episode on the left. Note the difference in reactivity between the two with respect to the meals (the
vertical dashed lines).

Thedifference in final performance and in reactivity is substantial: the agent trainedwith the
additional feature (discretized into 8 ranges) spendsway less time in hyperglycemia and reduces
the mean intensity of hyperglycemic events overall. Performancemetrics and comparison with
the simpler agent using only BG concentration, BG rate, and IOB are reported in Table 5.4.
This improvement comes, of course, at the price of training speed, reaching convergence in 4
times more episodes than in the previous case. Figure 5.7 compares the handling of episodes
with identicalmeal schedules by the two agents: looking at the insulin profiles, it’s clear that the
increased reactivity to meals, by the agent making use of the second derivative, is responsible
for the decrease in height and width of postprandial peaks.

State representation Ep. to converge Cumulative reward % time hyper % time hypo % TIR HBGI LBGI

BG,rate,IOB 5800 600 34.1 0.9 65.0 9.9 0.3

BG,rate,IOB,2nd der. 24000 1300 27.2 0.3 72.5 8.2 0.2

Table 5.4: Comparison of performances obtained adding the second derivative feature.

It should be noted, however, that the second derivative is, possibly, taking advantage of ap-
proximations introduced in the simulation and, arguably, in real conditions would fail to dis-
criminate adequately between meals and other disturbances induced by factors which are not
taken into consideration, such as physical activity or even typical daily alterations, such as the
notorious dawn phenomenon, i.e. the rise in blood sugar levels in the early morning hours,
when hormones induce the liver to release large amounts of sugar into the bloodstream. In
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Figure 5.7: Example of two identical episodes, handled differently by the policy without second derivative feature (on the
left) and with (on the right). Note in the right insulin profile the faster response to meals.

other words, there’s a serious risk of overfitting the state representation to the simulator, ob-
taining results that are not so easily transferable to real conditions.

On the other hand, the implementation of the carbohydrates on board (COB) feature, al-
though it shares the same intention of building a representation which allows for faster reac-
tions by the agent, does not raise the same concerns of overfitting to the simulator, since the
signal is not derived from a manipulation of the BG concentration feature, but it’s explicitly
delivered by the user. Clearly, the fact that the user has to interact with the system means that
the approach is trading off autonomy for increased performance. Although the general focus
of this work is on fully closed loop systems, this case is briefly taken into consideration, in order
to understand the impact that such a feature would have, all else unchanged.

Several variations were tested, depending on the level of accuracy of the information pro-
vided by the user. The COB feature can be calculated by considering the real meal schedules,
assuming perfect accuracy in CHO counting by the user, but, realistically, it has been shown
that it’s rather common for diabetes patients to miscalculate the amount of CHO consumed.
Hence an agent was also trained by considering COB calculated on meal schedules deviating
from the real ones, following a gaussian error distribution which emulates the estimates pro-
vided in A.S. Brazeau et al.[77]. Finally, instead of calculating an estimate of the carbohydrates
which still have to be absorbed at every step of the episode, simplemeal announcements can be
considered: instantaneous signals whose intensity is proportional to the amount of CHO in a
meal for a single step when the meal is consumed, and zero otherwise, as opposed to the pro-
longed signal provided by COB. The results obtained for all the cases mentioned are presented
in Table 5.5, along with the usual comparison with the simpler state representation.

Similarly to what was observed with the introduction of the BG second derivative as a new
feature, using COB or meal announcements leads to improved reactivity, reducing the height
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State representation Ep. to converge Cumulative reward % Time hyper % Time hypo % TIR HBGI LBGI

BG,rate,IOB 5800 600 34.1 0.9 65.0 9.9 0.3

BG,rate,IOB,COB exact 11000 1100 28.0 0.8 71.2 8.3 0.4

BG,rate,IOB,COB with errors 11500 800 29.1 1.0 69.9 8.6 0.9

BG,rate,IOB,meal ann. exact 11500 900 28.5 1.3 70.2 7.6 1.1

BG,rate,IOB,meal ann. with errors 10000 700 30.7 0.9 68.4 8.2 0.7

Table 5.5: Results obtained adding information about CHO consumption as a feature, as COB or meal announcements, for
cases with and without errors in CHO calculation by the user.

of the peaks after meals by about 20-30 mg dL−1 on average, and hence the amount of time
spent in hyperglycemia. Once again, besides the autonomy of the system, the price to pay is
in terms of the number of episodes before convergence, twice as much as the simpler represen-
tation. The best performances are obtained when perfect information about the amount of
CHO consumed is available, but, especially considering that they get discretized into ranges,
even imprecise estimations can still have a rather positive effect, which is in line with what was
observed in the literature for other control methods [86]. Keeping track of an estimation of
the CHO that have yet to be absorbed, as expected, is slightly better than considering solely
meal announcements: in Figure 5.8 it’s easy to see that when the COB feature is used (middle
plot) the reactions to meals span multiple close steps, while, when meals are only announced
(right plot), a single step reaction is immediately visible, followed by further adjustments after
the meal detection is confirmed by the other features.

Figure 5.8: Example of the differences in handling the samemeal schedule by the policy obtainedwith the simple BG, rate, and
IOB state representation (left plot), with the additional information given by COB (middle plot), or with meal announcements
(right plot). The difference in reaction speed is clearly visible by looking at insulin profiles.

Essentially, if COB is available, the agent is able to compare COB and IOB, to determine,
over multiple steps, if more insulin has to be administered, while, using meal announcements,
large meals are met by a single large injection of insulin followed by standard control. Overall,
the gap in % TIR (time in range) between approaches with direct access to information about
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the CHO in the system and approaches without is about 4-6%, which is pretty much in line
with the average gap observed in similar studies[62].

5.1.5 Explainability: table interpretation

Systems that take into account only a few features have an advantage that has not beendiscussed
yet: they are interpretable, if properly inspected. This is possible thanks to the use of visualiza-
tion techniques, taking advantage of the fact that the Q-values table is small in size. Rather
than considering the action values individually, which are not very informative, it is better to
focus on the state values, which indicate the expected return given the observed state, and the
policy, i.e. how the agent acts, being in that state. For reference, the relationships between the
Q-values, the greedy policy, and the state values are reported below:

π(a|s) = P [At = a|St = s] π(a|s) =

1 if a = argmaxa∈A q(s, a)

0 otherwise

vπ(s) =
∑
a∈A

π(a|s)qπ(s, a)

When exploration is not actively pursued, as it is the case so far, since we rely only on the
stochasticity of the system to explore enough, the policy deterministically follows the action
associatedwith the largest estimatedQ-value of the current state, hence the state value coincides
with the maximum action value.

In this section we consider the simple state representation using BG concentration, BG rate,
and IOB, to facilitate visualization and intuition. Sincewe’re dealingwith three features, multi-
ple tables have to be reported at the same time to understand the system in its entirety. Between
tables the IOB range changes, while within a table it’s kept fixed and all combinations of BG
concentration and BG rate are compared. The tables are plotted as heatmaps, where the color
expresses either the expected return, when state values are considered, or the action that the
agent is going to take, when the policy is considered. Furthermore, to understand if that state
is actually ever reached by the policy to which the system has converged, in every square the
average number of visits per episode (calculated over 1000 episodes) is reported. As a reminder,
the episodes are 24 hours long and CGM readings are reported every 5 minutes; consequently,
every episode lasts 288 steps. States which are never encountered during both training and
evaluation are reported as blank: note that these states are usually impossible states due to their
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contradicting features (e.g. an extremely large negative BG rate in deep hyperglycemia and a
low IOB), hence their Q-values have never been updated with respect to their initialization.
Visualizing state values allows one to gain an intuition about how ”happy” an agent is to be

in that state, but no information is present about its intentions, in terms of actions. Figure 5.9
shows the state values for every possible state: the brighter the color in the square, the bigger
the return that the agent expects from that state. We can clearly see that the states relative to the
first 3 ranges of insulin on board are actually transitory states. Upon further inspection of IOB
during several episodes, the explanation for this kind of behavior is simple: these states are en-
countered only at the beginning of each episode, because the agent wants to maintain a larger
background level of IOB throughout the episode, similarly to what is done with slow-acting
insulin in manual control. As a consequence, the first three IOB ranges could probably be in-
corporated into one, with no loss of performance. Furthermore, an AP system is continuously

Figure 5.9: State values for every state which an agent with features BG concentration, BG rate, and IOB can encounter.
Every heatmap is associated to a different IOB range, reported as the title of the table. The average number of visits per
episode is outlined within every square; unencountered states are shown as blank.
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working, so extremely low levels of IOB would probably hardly ever be encountered, as op-
posed to the episodic case when every episode starts with no insulin in the system. The fourth
and fifth heatmaps are more informative: most of the time in the episodes is spent in states
relative to euglycemia, neutral or slightly negative rate, and moderate levels of IOB, which are
exactly the desirable states and in which the agent, rightly, expects greater rewards, as shown
by the brighter color associated with these states, i.e. the large state values. Finally, looking
at the heatmaps relative to the last three IOB ranges, it’s interesting to see that the system is
recognising that large positive rates, especially when they’re not countered by large amounts
of insulin, are usually resulting in bad returns and that large negative returns can also be ex-
pected when large negative rates are observed (there’s too much insulin in the system and it’s
headed into deep hypoglycemia). This is especially clear when observing and reasoning about
the large diagonals that cross both of the last two heatmaps: positive returns are only expected
when the current BG concentration, rate, and IOB position the system for a rapid return to
normoglycemia without overshooting into hypoglycemia. Finally, note that the little time that
is spent in hypoglycemia is mostly associated with low or medium IOB amounts and slightly
negative or neutral BG rates, meaning the agent indeed gave toomuch insulin but not somuch
to still be falling into deep hypoglycemia.

Unlike state values, the display of heatmaps relative to the policy does not give an idea about
how good a state is, but only about what the agent intends to do. Figure 5.10 shows the actions
whichwould be taken by the agent from every possible state: in this case, the brighter the color,
the larger the dose of insulin to administer (check the colorbar in the figure, ten actions of
varying intensities, ranging from 0 to 20 times the patient’s BR, are available to the agent). As
a reminder, the system is forced to avoid any further insulin administration in the first BG
concentration range (0 to 90 mg dL−1), so the policy followed in that range is trivial. Once
again, the tables relative to the first three IOB ranges only reveal that these states are transitory;
the few times they’re met, the agent simply chooses to give enough insulin to reach regions of
the state spacewith larger IOB.The following three heatmaps show that as soon as the system is
in hyperglycemia and blood glucose concentration is rising (or it’s going down slowly butwe’re
too deep in hyperglycemia), the agent has to react by increasing sharply the insulin infusion
rate, in order to quickly bring back BG concentration within euglycemia. Note, however, that
in euglycemia, unless large BG rates are observed, the agent often tends to still be cautious and
not deliver much insulin; this type of behavior is why we often observe a delayed response to
meals. This is likely due to the fact that the system, without any direct information about
the amount of CHO consumed, has to understand if it’s possible to control the disturbance
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through weak actions (i.e. a snack) or not (i.e. a main meal). In the last heatmap, relative to
the largest IOB range, observe that, since there’s already a lot of insulin in the system, the agent
tends to be aggressive solely in the case that BG rate is still quite large, otherwise it’s mostly
choosing to administer doses close to BR, waiting for the return to normality, thanks to its
previous actions.

Figure 5.10: Actions the agent would take for every state, following the policy. Every heatmap is associated to a different
IOB range, reported as the title of the subplots.

Even though, for the most part, the actions taken by the agent are correct and intuitive, in
some cases it’s possible to spot some evaluations that are simplywrong and, quite possibly, dan-
gerous. This is due to the fact that in tabular approaches there’s no built-in generalization and
states which are rarely encountered can be associated with very wrong Q-values estimations.
As long as the states are not visited, the effect of these wrong estimations is not noticeable. An
example of this is found in the second to last heatmap, for the two states on the left, relative to
euglycemia and large negative rates: in such a situation, the appropriate actions to take would
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be either to not deliver insulin at all or only close to the patient’s BR; however, the current
estimates suggest administering large amounts of insulin, which would inevitably lead to hy-
poglycemia. In this case, the average number of visits per episode is zero, indicating that no
dangerous hypoglycemic event was caused by them; however, they could still be potentially
harmful. This has been the case for another wrong estimation, which is noticeable in the pre-
vious IOB range, relative to the lower range of euglycemia (90 to 140mg dL−1) and a negative
rate between -3 and -2mg dL−1 min−1: this state was visited within the 1000 episodes of the
evaluation process and the action taken was likely responsible for one of the rare, dangerous
dives into hypoglycemia, which, realistically, would have to be manually corrected by the user,
consuming CHO.

Bad Q-values estimations associated with rare states wouldn’t likely happen if the method
kept into account the average behavior in close states. Following this reasoning, an initial idea,
could be to smooth out the tables reported, using something like a 3D gaussian filter, avoiding
sudden changes in policy between close states. Unfortunately, smoothing doesn’t work, since
it does achieve generalization but at the cost of the ability to discriminate, which is essential in
such a task. For example, the sudden change in BG rate from neutral to slightly positive war-
rants a drastic increase in insulin rate, in the case ofmainmeals. Some function approximation
methods, described in Sections 4.2.2 and 4.2.3, provide exactly the proper framework to satisfy
such requirements.

5.2 Linear Function approximation RL approaches

5.2.1 State representations with tile coding

The approacheswhich are discussed here have all been implementedusing the tiles3 library[87],
through calls to Python functions fromMATLAB®,making sure consistency of the encoding
of present features between calls is observed, through pseudo hashing.

The same features that have been considered in the tabular case (BG concentration, BG rate,
and IOB) are employed here, without the need for discretization. The difference is that now
they’re not used directly but only to find the ”active” components of the feature vectors, which,
combinedwith theweight vector, allow to calculate the approximate action values. Thepresent
features returned depend on how the state-action space is partitioned; as mentioned, linear
function approximationmethods’ success is largely based onwhether or not the states are prop-
erly represented in terms of the features; hence feature crafting is quite an important step.
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In the simplest case, the state-action space is partitionedusing aunique set of 4D tilings, span-
ning all dimensions of the problem: generalization happens taking into consideration simulta-
neously all variables; clearly, due to the dimensionality of the grid, provided enough tilings and
tiles per tiling are specified, this system is able to discriminate meticulously. Using this kind
of representation leads to good policies but takes a lot of episodes to converge (about 13000),
struggling in performance early on in the training. Two examples of episodes, using the final
policy reached, are shown in Figure 5.11. From the insulin profiles, the greater generalization,
compared to the tabular case, can already be noticed: throughout the episodes, the infusion
rate tends to remain close to the patient’s basal rate, with the exception of the sudden reactions
to meals, as soon as they’re detected. Arguably, this is also the most ”human-like” policy ob-
served so far, in terms of interpretability (which will be thoroughly discussed in Section 5.2.2)
and similarity to the standard diabetes management approaches.

Figure 5.11: Example of the handling of two episodes by the agent employing the 4D tile coding representation.

The problem with this implementation is that there are a lot of possible combinations con-
sidering all four variables at the same time and it takes a lot of data to form an appropriate idea
of the whole problem. Conversely, an implementation which partitions the state-action space
by considering each feature separately, hence employing exclusively 1D tilings, is able to learn
some basic notions of the problem fast (e.g. large negative/positive BG rates are usually a bad
sign), but can’t appropriately evaluate states and policies long-term because it totally lacks the
representational power to consider the overall context, which is absolutely necessary for this
task (e.g. a large negative BG rate can actually be a good thing, in the case of hyperglycemia).
It can be quite interesting to consider how mono-dimensional contributions vary, to gain an
intuition about what the agent is able to learn with such a representation (Figure 5.12).
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Figure 5.12: Mono‐dimensional contributions to the computation of action‐values, relative to each feature considered.

The shape of the contribution curve associated with the BG concentration feature closely
resembles, with the exception of some bumps going into hyperglycemia, the LQQL base re-
ward function, slightly shifted to the left: clearly, the agent has a good intuition of the fact that
better rewards are to be expected close to normoglycemia, while extreme levels of BG lead to
bad returns, particularly and shiftily so in hypoglycemia. The contributions of the BG rate are
quite clear: the agent expects to receive the most reward when the rate is close to neutral, while
extremes usually lead to trouble. The IOBcontribution curve underlines that toomuch insulin
is usually correlated with bad returns, but a decent amount of background IOB is certainly bet-
ter than none, which is in line with the behavior observed for some tabular policies. Finally, the
actions’ contributions show that, in general, vigorous actions can have harmful effects, while
actions close to the basal rate or slightly larger, can be beneficial. Agents trained employing this
kind of representation, after an initial learning phase, get quickly stuck into delivering solely
the ”best average action” (in this case four times the patient’s BR). Keep in mind, all of these
considerations should be thought in a mono-dimensional sense; strong actions are indeed nec-
essary, but in the right context, which is exactly what a system based exclusively on 1D tilings
is lacking. These notions are undoubtedly rough and simplistic, but they may provide some
useful initial domain knowledge for more complex methods.

Ideally, when designing a system with tile coding, both early generalization and long-term
discrimination are desirable: it’s only logical then, to consider implementations which divide
the state-action space using both 4D tilings and 1D tilings. Intuitively, early training is mainly
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driven by learning mono-dimensional concepts (and somewhat by 4D tilings, but to a lesser
extent), which allow for a good starting point, while long-term refinements are due exclusively
to 4D contributions. This type of representation is superior to those presented before, achiev-
ing a quite rapid improvement in performance in the initial training phases, and asymptotic
performance close to tabular methods and to the implementation using exclusively 4D tilings,
but requiring a lot fewer episodes for convergence. Figure 5.13 shows a comparison of the train-
ing processes relative to the implementations discussed so far. Due to the large inter-episode
variability, moving averages are plotted to obtain proper visualizations.

Figure 5.13: Comparison of the training process for the tile coding implementations described. Using both 1D and 4D tilings
(in green) allows faster learning.

Note how the implementation that employs only 1D tilings, after the initial improvements,
gets irremediably stuck, while the implementation using exclusively 4D tilings takes a long time
to reach a performance close to the tabular method. Employing both kinds of tilings, instead,
leads to extremely fast learning during the first couple of hundred episodes, and a gradual im-
provement afterward.
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It’s worth commenting more in detail and by itself on the training process of the implemen-
tation using both 1D and 4D tilings (shown in Figure 5.14 ), since it’s going to be the main
approach employed in all following experiments, when function approximation is considered.

Figure 5.14: Training process of the method using both 1D and 4D tilings.

As mentioned, performance, in terms of cumulative reward, improves substantially in the
first few episodes: but how is this achieved exactly? The answer relies on the fact that mono-
dimensional contributions force the agent to become rather cautious in terms of insulin deliv-
ery, very fast. It takes only 40 episodes to drop below 10% of the time spent in hypoglycemia
and only about 150 to reach 0%. From this point onward, the agent doesn’t experience any
particularly traumatic hypoglycemic event, as the LBGI metric implies, staying within a mini-
mal to low-risk range. This is not to say that the agent has already reached a good policy at 150
episodes; it simply administers a little insulin to completely avoid hypoglycemia, at the cost of
more time spent in hyperglycemia. Hyperglycemia is then gradually dealt with, mainly thanks
to the contribution given by 4D tilings which, over time, are able to accurately discriminate
in which instances vigorous actions are required. After about 2000 episodes (6 times less than
the implementation considering only 4 tilings), the training process pretty much converges to
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a good policy, which is close, in terms of performance, to the tabular approach previously pro-
posed. The policy is extremely similar, as it’s evident when inspecting insulin profiles, to the
one reached with the 4D tilings implementation. An example of an episode is shown in Figure
5.15. In truth, the policy reached is pushing for even more uniformity in terms of actions; a
proper inspection through visualization in the next section will underline the differences be-
tween the two cases, apparently so equal.

Figure 5.15: Example of the handling of an episode by the agent trained with state representation based on 1D and 4D
tilings.

Some other variants of state representation through tile coding were tested and rapidly dis-
carded. A very brief description of them is provided next.
Generalization across the action dimension is not something which is usually so obvious in

tile coding for RL tasks: in many cases actions are treated as independent and are associated
with completely different tiles, even when the state is the same. This is reasonable, because
usually the actions available to an agent can be completely different, even opposite; however, in
the context of an AP system, actions all refer to doses of insulin. A system using independent
tilings associated to each action simply converges waymore slowly and achieves a slightly worse
performance, due to more frequent traumatic episodes.
Another idea is to introduce even more types of tilings to build the feature vector: since 1D

tilings are highly general and 4D tilings are highly specific, possibly amiddle ground, 2D tilings,
can help speed up learning, describing the interactions between each pair (or selected pairs) of
features. Unfortunately, this doesn’t work: after a fast initial learning phase, typical of 1D con-
tributions, it completely fails to make progress. Upon close inspection of the contributions
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of each kind of tiling, the issue is that 4D tilings’ contributions, which are supposed to domi-
nate the others in some contexts, are basically ”covered” by all other contributions, making it
impossible to achieve appropriate discrimination in the policy.

5.2.2 Explainability and system evolution in tile coding

As it was done for the tabular methods, policies and state values can be inspected through
proper visualization techniques, even in function approximation, due to the few features em-
ployed. Some important differences have to be specified. To begin, no discretization is required
in function approximation, but it is still required to create heatmaps to some extent, albeit at
much finer grain than in the tabular case, for BG concentration and rate. IOB, however, has
to be fixed to a defined value for every heatmap: the middle values of the previously discretized
ranges, employed in the tabular case, are chosen. We’ll consider all ranges, even though we saw
in Section 5.1.5 that the three initial IOB ranges could be incorporated into one; this allows
for an easier visual comparison of the figures. Secondly, including the amount of time spent
in each (s,a) is no longer possible, since it relied on the discretization of features in ranges. Fi-
nally, the notion of un-encountered (s,a) (both in training and evaluation), is much trickier:
in the tabular case, it referred to the fact that the corresponding Q-value didn’t undergo any
changes with respect to its initialization; for function approximation, it was decided that a (s,a)
pair is said to be un-encountered (hence appearing blank in the visualization) in the case that
at least one of its present features is associated with a component of the weight vector which
has never undergone any changes. The drawback of this decision is that, in some cases, due to
generalization, states can suddenly be considered un-encountered and displayed as blank, when
the corresponding best action changes, but at least one of the components of the Q-value has
never actually been modified throughout training. Despite these limitations, it is still possible
to get a good idea of the general functioning of the methods.

In this sectionwewill analyze the state values and policies of both themethod using only 4D
tilings and the method using 4D tilings and 1D tilings. We start with the first one: Figure 5.16
shows the state values at convergence (after 13000 episodes). These plots must be compared to
those equivalent for the tabular case, in Figure 5.9.

The twofigures are quite similar, implying that the twomethods arrive at similar conclusions
about the returns obtainable throughout the state space. Note, for example, that the largest re-
turns are predicted, rightly so, in normoglycemia, when rates are close to neutrality and IOB
is moderate. In particular, as IOB grows, the brighter region drops down in the heatmaps,
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Figure 5.16: State values heatmaps, for the agent using 4D tilings for its state representation. Every heatmap is associated
with a fixed IOB value. Un‐encountered states, both in training and evaluation, are shown as blank.

implying that large amounts of insulin lead to positive rewards only when the agent is still in
hyperglycemia and returning to the target range or the rate is still large and positive. Another
similarity between the two figures is the presence of the large diagonals crossing the last two
heatmaps, indicating that the agent has a clear understanding of the dangers of hypoglycemia
andhyperglycemia and that it’s important to appropriately balance out the different features, in
order to return to euglycemia as shiftily as possible. Finally, even un-encountered states, which
are mostly impossible states, are associated with identical regions of the state-space, for both
methods. The main difference between the two cases is that when using tile coding, thanks
to built-in generalization and a lack of discretization, the expected returns change a lot more
smoothly, at least for well-explored areas of the state space. A similar argument about general-
ization can be made regarding the comparison of the policies reached, looking at Figure 5.17
and its tabular counterpart in Figure 5.10.

The first heatmaps, relative to low amounts of insulin in the system, are mostly transitory
states encountered at the beginning of the episode or recovering from hypoglycemia, just like
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Figure 5.17: Actions the 4D tilings agent would take for every state, following its policy. Every heatmap is associated to a
different IOB value, reported as title of each subplot.

for the tabular case. In the following heatmaps, for both methods, a sudden change in actions
to be taken is visible, when the rate switches from neutral to positive, in order to react tomeals;
both policies then get more and more conservative about employing vigorous actions as IOB
increases, unless the rate is still quite large. While the similarities are many, note that when
tile coding is employed there’s a lot more consistency in the action to be taken, between close
states. These continuous large regions (especially in the last two heatmaps) are responsible for
the more uniform (compared to the tabular case) and human-like insulin profiles observed in
the example episodes. This is exactly the kind of result we were looking for, going from tabu-
lar methods to function approximation. Note, however, that the policy is still quite variable,
especially close to the borders of un-explored regions of the state-space, whichmay still be prob-
lematic in some rare cases.

Moving on to the case of tile coding with both 4D and 1D tilings, state values are reported
in Figure 5.18 and the policy in Figure 5.19. Not much is to be added with respect to the state
values, except that the agent expects overall slightly larger returns, as it’s evident by the brighter
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colors, with respect to the state values of the other method. This is in line with the marginally
better performance obtained by the final policy, but in truth it can also be a product of a streak
of well-handled episodes, which momentarily boosted the evaluations.

Figure 5.18: State values heatmaps, for the agent using both 4D and 1D tilings for its state representation. Every heatmap
is associated with a fixed IOB value.

In the previous section, when looking at insulin profiles of example episodes, the policies
obtained by using solely 4D tilings or both 4D and 1D tilings seemed almost equal. However,
from Figure 5.19 it’s quite clear that considering mono-dimensional generalization results in
way more uniformity in the actions taken by the agent. The borders between the regions rel-
ative to strong and weak actions are positioned similarly to those of the policy previously dis-
cussed, but in this case there’s no middle ground in terms of intensity of the actions employed.
Basically only 3 actions are considered: no insulin at all, administering insulin close to the pa-
tient’s BRor reacting as aggressively as possible to a disturbance. Moreover, unlike the previous
policy, (s,a) in areas close to un-encountered regions, which are usually rare areas to visit under
the current policy, tend to be associated with cautious actions, which bodes well for the safety
of the policy overall.
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Figure 5.19: Visualization of the policy relative to the agent employing both 4D and 1D tilings.

The general uniformity described is to be attributed, mostly, to 1D generalization across
actions and to how the policy is improved throughout the training process: this state repre-
sentation initially forces the agent to be rather cautious about reacting aggressively, fearing hy-
poglycemia and considering strong actions usually dangerous. Only when the contributions
associated with 4D tilings kick in, the agent is able to slowly understand in what context to use
strong actions. This is what intuitively happens, but how canwe be sure that the policy evolves
this way, besides looking at the metrics of the training process and at the behavior and the con-
tributions of the othermethods? All we have to do is sequentially view the heatmaps associated
with the actions the agent would take for each state, at different stages of the training process,
not only after reaching a proper policy. This is done in Figure 5.20, inspecting the policy of
an agent trained with the state representation based on 4D and 1D tilings, every 1000 episodes.
Note that the agent is trained on a different seed; as a consequence, someminor differences are
to be expected with respect to the policy previously inspected.

Looking at the initial policy, the early performance improvement is indeed due to the strong
mono-dimensional generalizations that hypoglycemia has to be avoided and it’s usually better
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Figure 5.20: Evolution of the policy of an agent based on 4D and 1D tilings, throughout its training process. Changes are
reported every 1000 episodes.

to be really cautious, administering only amounts of insulin close to the patient’s BR.Through-
out the training process, the agent is then trying to determine the proper region in the state
space where strong actions should be employed, reacting more and more aggressively to meals.
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This is evident by observing that the region relative to the strongest possible action is gradu-
ally widening as training proceeds. Eventually, a good policy is reached: the performance is
in line with those previously seen, with a minimal amount of time spent in hypoglycemia and
about 35% of the time spent in hyperglycemia. From there, further training doesn’t improve
the average performance, although it can still adjust the way the agent has to act in some rarely
encountered regions of the state space. Note that, when compared to the previous agent, the fi-
nal policy is more aggressive in the region of the state space relative to the last heatmap towards
the end of the training process; at the same time, however, the areas associated to the avoidance
of insulin delivery are also much wider, probably balancing the increased aggression.
This particular agent was picked to showcase how the system evolves because it also allows

to show that training processes are not necessarily steadily improving at all times. After about
2000 episodes (plot in the middle left of Figure 5.20), a considerable drop in performance is
noticeable: such drops are always associated with a disruption in policy, swaying considerably
the evaluations built so far and slowing down the convergence to proper policies. The occur-
rence of such events is strictly linked to traumatic episodes; in fact, their frequency increases
substantially if exploration is pursued actively.

Finally, ideally, the evolution of the system should be observed by looking at sequences with
a much finer degree of separation, in terms of the number of episodes, between two succes-
sive visualizations. For this purpose, an animation of the training of the same agent, reporting
changes in the policy every 100 iterations, can be watched in the repository of this thesis[88].

5.2.3 Repeatability and comparisonwith tabular approaches

Repeatability of the experiments is an aspect that hasn’t been properly discussed yet. The last
two policies seen are both obtained employing the same method, but, clearly, changing seed
results in some slight differences, both in terms of final policy and learning speed. Due to com-
putational limitations, it wasn’t possible to test every experiment on several seeds; however, in
order to have a clear idea of the differences in the training process between the tabular case and
the function approximation case and to ensure that one of themain results is not due to chance,
multiple agents were trained on seven different seeds, using both the tabular method and tile
coding with 1D and 4D tilings, using the same features (BG concentration, BG rate, IOB) and
the same action set. Figure 5.21 shows the results obtained: the median performances of the
methods over time are reported by the solid lines, while the bands keep track of the worst and
best performing seeds, for the metric considered, throughout the training process.
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Figure 5.21: Comparison of the performance and the metrics of the tabular and the tile coding approach. Every method was
run on seven different seeds. Solid lines refer to the median, bands spread from minimums to maximums.

The initial performance gap, due to mono-dimensional generalization in function approx-
imation, is indeed always present, as visible from the graph relative to the cumulative reward.
From the following two graphs, we can see that in the first couple of thousand of episodes, func-
tion approximation, being overly-cautious, struggles to deal with hyperglycemia, while tabular,
instead, struggles with hypoglycemia and refrains fromdelivering toomuch insulin. After that,
both tabular and function approximation runs tend to converge towards results which are sim-
ilar in terms of the amount of time spent in euglycemia, although tile coding is still more cau-
tious and often ends up spending a bit more time than necessary in hyperglycemia. For this
reason, tabular runs have a slight advantage, when considering asymptotic performance: the
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tabular agents spend about 3-4% more time in euglycemia at the end of training, on average.
The difference in variability is also something to keep into account: tabular runs tend to be
much more variable in their performance throughout learning; they also tend to be subject to
sudden drops in performance and traumatic episodes, even late in the training process, as is
particularly evident by themany spikes in the LBGI graph. This is linked, in part, to the wrong
estimations associated to rare states, as pointed out in Section 5.1.5. Conversely, catastrophic
failures in function approximation are quite rare after 200 to 500 episodes.

Overall, if safety during the training process and data efficiency are a concern, then function
approximation approach seems to bemore appropriate, especially in the early stages. If instead
all that is desired is sheer performance of the policy reached, then, between the two, the tabular
method proposed is the way to go. Of course, if this is the case, thenwe’re essentially relying on
the hope that the transfer of the final version of the policy trained on the simulator is enough
to work properly without further training, which, as mentioned, can be quite variable.

In Table 5.6 some summary statistics of the distributions for the different metrics consid-
ered are reported, for both approaches, after the training process. Results are based on 1000
evaluation episodes for every seed; for every metric, the median and range between the 5th and
95th percentile are shown.

Method Cumulative reward % Time hyper % Time hypo % TIR HBGI LBGI

Tabular 10 (−5600, 4200) 33.3 (19.4, 45.5) 0.0 (0.0, 7.6) 65.6 (53.1, 79.5) 9.4 (5.0, 15.7) 0.1 (0.0, 4.1)

Tile coding (4D and 1D) −1400 (−6200, 2950) 36.8 (21.2, 51.4) 0.0 (0.0, 5.9) 61, 8 (48.3, 76.7) 10.6 (5.6, 16.8) 0.0 (0.0, 1.7)

Table 5.6: Summary statistics of the average performance across different seeds for the two main methods investigated.

5.3 Generalization across patients

For AP systems to be effective, the control algorithms employed are expected to be robust with
respect to the substantial inter-variability in metabolic parameters that has been observed in
the population of people with T1D. The results discussed so far, while promising, all refer
to the same subject. In this section, the aspect of generalization to other subjects is tackled.
Ten patients are considered, the first being the one considered so far. The training process is
carried out without any prior knowledge of the problem, employing exactly the samemethods
presented: first the agents trained using Sarsa(λ) in the tabular setting will be discussed, then
those using it with tile coding (with both 4D and 1D tilings). All agents are trained on the same
random seed. Hyperparameters were optimized only once, on the first patient, and then fixed
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for all subjects. For a detailed report of the hyperparameter optimization process, refer to the
Appendix A. As a reminder, a slight degree of customization to the subject is already included
in the way the action space is defined, depending on the patients’ basal rate.

5.3.1 Tabular Sarsa(λ) on multiple patients

Results obtained by the tabular agents are reported in Table 5.7.

Subject Cumulative reward % Time Hyperglycemia % Time Hypoglycemia % TIR HBGI LBGI

1 500 31.2 1.2 67.6 8.6 0.7

2 2100 24.7 0.9 74.4 7.0 0.2

3 4000 22.1 0.1 77.8 5.1 0.2 *

4 3000 26.9 0.3 72.8 6.0 0.2

5 700 30.1 1.5 68.4 8.9 0.6

6 -4000 41.8 2.0 56.2 14.6 0.7

7 1250 31.0 0.7 68.3 8.5 0.2

8 2600 25.2 0.3 74.2 6.9 0.1

9 -7200 (1300) 61.2 (29.5) 1.6 (0.1) 37.2 (70.4) 15.4 (7.5) 113.4 (0.2)

10 500 32.3 1.1 66.6 9.2 0.4

Table 5.7: Performance and metrics of the final policies reached by the agents trained by the tabular approach.

For 8 out of 10 patients (subjects # 1,2,3,4,5,7,8,10) satisfactory policies are achieved, spend-
ingmost of the time in euglycemia (a range approximately between 65 to 80% is to be expected,
depending on the patient). Time spent in hypoglycemia tends to be minimal, showing that
the agents are capable of reacting to meals without overshooting to low BG levels; when it
happens it’s never critical, as it’s clear by the LBGI metrics, well within appropriate levels of
risk[79]. Note, however, a single exception: the mean LBGI relative to the 3rd patient is to be
considered as reported when ignoring a single traumatic episode in the evaluation, which, if
considered, would skew its value to 3.2 (LBGI, being a mean, is greatly influenced by outliers);
such an episode is due to one of the notorious wrong-estimations associated with rare states in
tabular approaches, which can be a threat to the safety of a policy and should bemet by a direct
intervention by the user, like CHO consumption. Time in hyperglycemia is in line with the
experiments carried out before, if not even better; HBGI, in particular, shows that the policies,
on average, are able to stay in a range of moderate risk[79, 80].

However, subjects 6 and 9 are problematic: in both cases a sub-optimal policy is achieved,
struggling to contain hyperglycemia. For subject 6, the final policy is not terrible, but definitely
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sub-par with respect to what was achieved for the other patients: its HBGI, in particular, is
large enough for the policy to be close to high hyperglycemic risk. For subject 9, the method
completely fails to reach a proper policy: not only are meals not met by an adequate reaction
(notice how much time is spent in hyperglycemia), but also catastrophic episodes, where too
much insulin is administered, resulting in deep hypoglycemia, are frequent. The LGBI metric
explodes in value at such BG levels, when many such episodes are encountered in evaluation.
The reason for the sudden failure in themethod for subject 9was investigated: themetabolic

parameters of the patient are quite unusual, when compared to the other subjects; specifically,
the basal rate, upon which the available actions are based, is 30 to 50% larger than usual, result-
ing in a particularly aggressive action set. Similar problems in training processes were briefly
observed in initial experiments of tabular methods when testing action sets that included ac-
tions too extreme for the method to handle. Based on these observations, an additional agent
was trained for subject 9, using a less aggressive action set, allowing the administration of doses
between 0 and 6 times the basal rate of the patient, all else unchanged. With this variation, the
agent is capable of reaching the same level of performance as the other subjects (these results
are reported within brackets for subject 9 in Table 5.7); the policy reached is actually one of the
safest in terms of hypoglycemic risk. This case underlines that, sometimes, some components
of the method might have to be adjusted, keeping in consideration the metabolic parameters
of a patient: while it’s true that vigorous actions usually allow for faster reactions to meals and,
hence, reduced time in hyperglycemia, some subjects might not be able to cope with such ac-
tions as well as others.

The learning processes of all the tabular agents trained are visualized next; for ease of visual
inspection, the graphs are shown in two distinct figures: Figure 5.22 reports it for the first five
subjects and Figure 5.23 for the others.

For the first five patients (Figure 5.22), the method works quite well, even in terms of learn-
ing speed: within the first thousand episodes the performances improve substantially and hy-
poglycemia is reduced to less than 5% of the time; after that, the policies are gradually adjusted,
perfecting the response to disturbances and reducing hyperglycemia, until reaching a plateau
in performance between 1000 and 4000 iterations, depending on the subject. No improve-
ments were achieved in the last 3000 episodes; the late variability observed is simply due to
the large inter-episode variability and the availability of strong responses in the action set. The
difference in performance between the subjects is strictly linked to differences in metabolic pa-
rameters and how easy it is to properly control the disturbances introduced into the system.
The training process tends to be rather stable in terms of performance, without many drops.
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Figure 5.22: Training processes for the first five subjects in the tabular approach.

Figure 5.23: Training processes for the last five subjects in the tabular approach.Subject 9 * refers to the agent trained with
a more cautious action set.

Looking at Figure 5.23, pretty much the same can be said about subjects 7, 8 and 10, ex-
cept that some improvements can be noticed even late in the training for subject 8. Regarding
subject 6, the training initially proceeds in line with the others but is not able to eventually
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reach quite the same performance: it’s possible that we’re simply dealing with a rather prob-
lematic patient, and the policy reached is indeed close to the best that can be achieved. Even
if this was the case, it’s important to note that overall the training process is associated with
higher variability than usual, and a sudden drop in performance, lasting over 1000 episodes.
As mentioned before, for subject 9, the scenario is even worse, when considering the usual ac-
tion set: for over 3000 episodes the agent spends most of the time in deep hypoglycemia and
it’s struggling to make progress. Eventually it does, but the policy reached is far from being ac-
ceptable. Additional training after 7000 iterations (not included in the graph) doesn’t lead to
further improvements. On the other hand, when themore conservative action set is employed,
the training process proceeds smoothly even for subject 9, in fact pretty much on par with the
other subjects, both in terms of learning speed and performance achievable.
It’s clear that, overall, the tabular approach proposed is capable of reaching adequate policies

for BG control for several T1D patients. However, some components may have to be tweaked
to make it work properly at all times.

5.3.2 Tile coding Sarsa(λ) on multiple patients

Results obtained in 1000 episode evaluations for every agent based on tile coding, implemented
with 4D and 1D tilings, are reported in Table 5.8.

Two approaches were tested: without any active exploration (as discussed so far) and with
minimal active exploration. The reason for the introduction of exploration is that for some pa-
tients (# 4, 8 and 9), the usual approach got repeatedly stuck in suboptimal policies, completely
avoiding the actions related to the administration of large doses of insulin in short amounts of
time. This wasn’t ever the case for subject 1 in previous experiments. This issue is due to a
combination of factors: mono-dimensional generalization, as seen previously in Figure 5.12,
pushes to avoid strong actions, unless it’s deemed necessary by 4D contributions; in the case
where a policy completely avoids the use of such actions in every part of the state space, there’s
no way for a method which is not exploring to generalize back the concept that they might
be useful. This is problematic, because, as mentioned, classic ϵ-greedy exploration frequently
leads to prolonged degradation of performance, due to the large TD-errors it produces in some
episodes, when exploring at the ”wrong” moment, leading the agent into deep hypoglycemia.
The speed of training, due to the long-term consequences and the delay between action and
effect in our task, is drastically reduced using active exploration, especially when frequent ex-
ploration is used in the early stages of training, when most of the actions taken by the agent

70



Subject Active exploration Cumul. reward % Time Hyper % Time Hypo % TIR ∆ % TIR wrt tabular HBGI LBGI

1 No -1300 36.6 0.8 62.6 -5.0 10.5 0.3

1 Yes -1850 37.9 0.8 61.3 -6.3 11.7 0.8

2 No 2000 25.4 1.9 72.7 -1.7 6.7 0.5

2 Yes 3300 18.7 3.0 78.3 +3.9 4.8 0.8

3 No 5300 17.6 0.7 81.7 +3.9 3.9 0.2

3 Yes 5000 17.4 1.0 81.6 +3.8 3.8 0.3

4 No -1300 34.9 6.8 58.3 -14.5 8.3 1.5

4 Yes 2300 28.4 0.2 71.4 -1.4 6.8 0.1

5 No -600 32.6 2.7 64.7 -3.7 9.3 1.4

5 Yes 100 31.6 0.7 67.7 -0.7 9.4 0.5

6 No -3650 40.9 1.4 57.7 +1.5 14.2 0.6

6 Yes -3650 39.6 2.1 58.3 +2.1 14.2 2.4

7 No -950 30.4 6.7 62.9 -5.4 8.8 1.4

7 Yes -150 33.6 1.9 64.5 -3.8 9.6 0.4

8 No -550 36.2 0.1 63.7 -10.5 10.3 0.1

8 Yes 50 26.4 7.9 65.7 -8.5 7.0 1.4

9 No -700 39.5 1.6 58.9 +21.7 (-11.5) 8.9 0.4

9 Yes 3500 23.1 0.6 76.3 +39.1 (+5.9) 5.6 0.2

10 No -1300 35.1 2.1 62.8 -3.8 10.8 0.7

10 Yes -1200 32.2 4.7 63.1 -3.5 9.4 1.5

Table 5.8: Performances and metrics of the final policies reached by the agents trained by tile coding approaches. % TIR wrt
tabular within brackets for subject 9 refers to the comparison to the tabular method employing more cautious actions.

are already bad. Tile coding, however, as seen in the previous sections, allows for a rapid im-
provement in performance in the first hundred episodes, resulting in overly-cautious policies.
As a consequence, agents can be trained with the ability to take infrequent exploratory actions,
but only after the initial generalization; the probability ϵ of taking random actions was set to
quickly decay over time, proportionally to the inverse of the number of the episodes already
met, until it was practically negligible at the end of training. The exploration is minimal, in the
sense that most episodes simply always follow the actions associated with the largest q-values,
but sometimes the agent is ”reminded” that using stronger actions can be beneficial. Overall,
this variation allows to achieve better policies for subjects where the previous usualmethod got
stuck, although it clearly doesn’t solve the problem completely, since for some patients (subject
# 8) achieving similar performance to the tabular case is still impossible.

For most of the patients, tile coding methods are able to achieve performances close to the
tabular method, in terms of time in normoglycemia and cumulative reward, however some
key differences should be noted regarding the other metrics. In general function approxima-
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tion methods, due to generalization, when refining the policy are more inclined to reach lower
minimums (between 55 and 70) in betweenmeals. Note that this is why the percentage of time
spent in hypoglycemia is sometimes substantially larger than the tabular counterparts; however,
the LGBI metric shows that the policies are still within the range of low-risk for hypoglycemia.
In the following ten figures (Figure 5.24 to Figure 5.33) the comparisons of the training

processes between tabular Sarsa(λ) (in blue) and tile coding Sarsa(λ)methodswith andwithout
exploration (in green and in red, respectively) are shown. For every subject, cumulative reward
(upper subplot) and percentages of time in hyperglycemia (lower left) and hypoglycemia (lower
right) are considered. Note that the same random seed is used for all agents.

Figure 5.24: Training processes comparison for subject 1. Figure 5.25: Training processes comparison for subject 2.

Overall, most considerations that were made in Section 5.2.3 for the differences in the train-
ing processes of the first patient are valid for all subjects. Early generalization in tile coding
quickly reduces the amount of time spent in hypoglycemia early in training, usually way before
the tabular approach (100-200 episodes against 500-1000 episodes). The two approaches then
struggle in training for opposite reasons. Function approximation agents tend to be overly cau-
tious and spend more time than necessary in hyperglycemia, gradually determining in which
part of the state space to use strong actions (training processes and final policies are similar
to what was discussed for system evolution in Section 5.2.2); note that agents making use of
minimal active exploration are usually dealing with hyperglycemia faster and don’t get stuck
as easily. Conversely, tabular agents respond too aggressively to meals, and most of the train-
ing is spent gradually refining the response in order to avoid overshooting into hypoglycemia.
Convergence to proper policies is usually achieved in 1000 to 4000 episodes for both methods.
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Figure 5.26: Training processes comparison for subject 3. Figure 5.27: Training processes comparison for subject 4.

Figure 5.28: Training processes comparison for subject 5. Figure 5.29: Training processes comparison for subject 6.

There are some clear exceptions to the general observationsmade: training processes for sub-
ject 6 tend to be problematic and lengthy, achieving sub-par performances with respect to the
other subjects; subject 8 is also particularly anomalous both for the singular late improvement
in the tabularmethod, which isn’t replicated in function approximation, and the fast avoidance
of hypoglycemia, with respect to tile coding, in the tabular setting.
Finally, for subject 9, it was especially interesting to observe that both tile codingmethods au-

tonomously generalize the use of prudent actions (4 to 8 times the patient’s BR) in response to
meals, instead of using the strongest available actions. This validates the idea that using a more
conservative action set was necessary in the tabular setting for this subject; in fact, all these ap-
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Figure 5.30: Training processes comparison for subject 7. Figure 5.31: Training processes comparison for subject 8.

Figure 5.32: Training processes comparison for subject 9.
In black the tabular agent with more cautious actions.

Figure 5.33: Training processes comparison for subject 10.

proaches vastly outperform the tabular method which uses the standard action set considered.

5.3.3 Policy transfer and personalization

So far, the policies reached were evaluated only on the subjects on which they were trained.
However, it’s also possible to evaluate them on the other patients: the Q-values table (in the
tabular method case) or the weight vector (when using tile coding) can simply be transferred
to be used in a context where data is generated using different metabolic parameters, represent-
ing other subjects. Having access to the parameters of ten subjects, the ten tabular policies
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discussed in Section 5.3.1 and the ten linear function approximation policies discussed in Sec-
tion 5.3.2 (those using minimal exploration are considered, as they appear to work better) are
evaluated for every patient. 250 evaluation episodes are run for every possible combination of
subject and policy; no learning is involved in the process. Note that Q-values are associated
with actions that represent multipliers of a patient’s basal in both the tabular and function ap-
proximation cases, hence, while the shared policy can be the same (e.g. select the action relative
to 2 times the BR), the insulin doses administered aren’t the same across patients.

The scope of these experiments is twofold: to understand if the policies are personalized to
the patients’ needs and if they’re transferable to other subjects. Results are reported as 10x10
matrices of the three metrics % TIR, HBGI and LBGI, represented as heatmaps. In a matrix
M, every entrymi,j is associated with a policy trained on patient j and evaluated on patient i.

Policy transfer for the tabular case is discussed first: results are shown in Figure 5.34. Note
that for subject 9 the policy making use of a more conservative action set is considered.

Figure 5.34: 10x10 Heatmaps of %TIR, HBGI, and LBGI for tabular policy transfer.

Looking at the heatmaps, understanding which policies are adequate for every subject isn’t
straightforward: the results obtainable differ widely between subjects, making it hard to rely
only on colors, and comparisons must be done within a row; furthermore, it’s necessary to
jump between heatmaps to determine if there are some aspects of a policy thatmake it unfit for
safe utilization. To aid this selection process, it’s possible to set some rules by which we define
a policy as being adequate for a subject. So far, all the policies obtained (both for tabular and
function approximation) have never breached into the high risk zone of hyperglycemia (HBGI
> 15) or the moderate risk zone of hypoglycemia (LBGI > 2.5)[80]; this property provides ap-
propriate thresholds to set with regard to hyperglycemic and hypoglycemic risks. Furthermore,
it’s likely a good idea to restrict the definition of adequate policies only to those within 5% of
TIR to the maximum obtained, for every subject. If we use these three simple rules, we can
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obtain amask for the heatmaps, shown in Figure 5.35, reporting in white the entries associated
with policies that can be adequate for safe use, and in black unfit policies.

Figure 5.35: AdequacymaskM for tabular policy transfer heatmaps. An entrymij in white is associatedwith a policy trained
on subject j and evaluated on subject i, which is fit for use with subject i.

Note that all the policies on the diagonal are adequate. This means that all the policies
reached using a subject’s metabolic parameters are adequate for use with that subject. Apply-
ing the mask crafted to the heatmaps shown in Figure 5.34, the more readable Figure 5.36 is
obtained: making comparisons at each row and jumping between heatmaps, it’s clear that not
only are the policies on the diagonal adequate, but they’re usually the best among all the poli-
cies trained, implying that they’re personalized for the patient. The only clear exception to this
observation is subject 2: several policies are adequate for safe use with this patient and some are
possibly better than the one trained on his/her data; for example, subject 6’s policy is achieving
slightly better results when followed by subject 2.

Figure 5.36: Heatmaps of tabular policy transfer metrics with adequacy mask imposed. Only metrics relative to policies
deemed adequate are shown.
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Exactly the sameprocedure canbe followed for the linear function approximation case: heatmaps
reporting % TIR, HBGI, and LBGI for every possible pair of policy and subject are shown in
Figure 5.37.

Figure 5.37: 10x10 Heatmaps of %TIR, HBGI, and LBGI for linear function approximation (tile coding, 4D and 1D tilings)
policy transfer.

The adequacymask is then crafted using the same rules used for the tabular case (HBGI<15,
LBGI < 2.5 and % TIR within 5% to the maximum obtained for every subject) and is shown
in Figure 5.38.

Figure 5.38: Adequacy mask M for linear function approximation policy transfer heatmaps. An entrymij in white is associ‐
ated with a policy trained on subject j and evaluated on subject i, which is fit for use with subject i.

Note that, as itwas for the tabular case, all policies trainedon a subject are labeled as adequate
for appropriate use for that subject, i.e. all entries in the diagonal satisfy the requisites imposed.
When comparing it with Figure 5.35, in both cases subjects 2, 7, and 8 are the patients that
are able to often use other subjects’ policies safely; however, there’s not a clear indication as to
which method provides better transferability overall. The mask is used to filter out the unfit
policies in the heatmap plots, obtaining Figure 5.39.
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Figure 5.39: Heatmaps of linear function approximation policy transfer metrics with adequacy mask imposed. Only metrics
relative to policies deemed adequate are shown.

While in most cases it’s still true that for each subject his/her own policy is usually close to
the best performance, linear function approximation seems to have more difficulty than the
tabular method with respect to the personalization of the policy: for three out of ten subjects
(7, 8, 10) better performances are achieved by policies trained on other individuals, as opposed
to the only case spotted in the tabular case.
Overall, it’s clear that the methods employed grant a good degree of personalization to the

patients’ needs but also sometimes allow for transferability of policies between patients. This is
an aspect that should be investigatedmore in depth in the future, especially in view ofmethods
that safely initialize the training process with knowledge from past data.
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6
Conclusion

6.1 Main results

This thesis aimed to evaluate reinforcement learning methods based on the Sarsa(λ) algorithm
as a control algorithm in an artificial pancreas system, employing the UVa/Padova Type 1 Di-
abetes simulator. Evaluation was carried out analyzing how performances vary depending on
the way the problem is represented, describing and interpreting differences within final poli-
cies and training processes, and considering how the system is able to generalize to different
subjects. To my knowledge, approaches based on Sarsa(λ) and state representations built by
tile coding have not been properly investigated in previous studies of the AP literature.

Results indicate that Sarsa(λ) approaches based on both classic tabular RL and linear func-
tion approximationRL are able to reach appropriate policies to handle realisticmeal schedules,
closely emulating the distributions observed in the general T1D population, for all in silico pa-
tients considered. As expected, given the usual large variability observed in T1D patients, the
percentage of time in normoglycemia which is possible to achieve varies widely between sub-
jects (from 56% to 82%); however, appropriate policies reached are always within acceptable
hyperglycemic and hypoglycemic risk levels, as measured by the HBGI and LBGI metrics. It
was also briefly shown that it’s possible to boost performances by considering hybrid closed
loop systems that include in the state representation features derived fromexternal information
about CHO consumption; the magnitude of the improvement is associated with the accuracy
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of the information encoded in the new feature, although even approximate information can be
beneficial. Furthermore, as demonstrated by the results obtained transferring policies between
subjects, themethods employed resulted in a good degree of personalization of the control algo-
rithm to the patients’ needs, especially in the tabular case. However, reaching optimal policies
is often complicated, especially due to the difficulties that exploration entails in such a task.
Tracking training processes through different metrics showed that linear function approxi-

mation methods and tabular methods usually struggle for opposite reasons with glycemic con-
trol. Approaches based on tile coding, in fact, tend to be overly-cautious about delivering large
amounts of insulin, resulting in large percentages of episode-time spent in hyperglycemia in the
early stages of learning, followed by a gradual increased aggression towards disturbances. Con-
versely, agents trained in tabular approaches tend to administer too much insulin in the initial
phases of learning and gradually balance their responses to meals as training proceeds. The
two methods, although the policies they reach are usually quite different, tend to converge to
similar performances at the end of the training process, for most subjects.
Finally, explainability of the agent’s decision-making process is an aspect that is rarely dis-

cussed in the context of RL, but in safety-critical systems, such as the artificial pancreas, its
discussion should be one of the main focuses, as it is clearly a prerequisite to possible future
studies on real patients and could even help to manually craft or adjust policies obtained with
different methods. For this reason, taking advantage of the small number of features employed
in the state representation, in this work some visualization techniques were proposed that al-
lowed to easily gain an intuition about the reasoning behind the decisions made by the agents
and the expected return in every state encountered. This allowed us to spot possible inaccu-
racies in the policies and to keep track of the evolution of a RL system during the training
process.

6.2 Future outlook and ideas

This work showed that Sarsa(λ) can surely be appropriate as a control algorithm in an AP sys-
tem, but it wasn’t an exhaustive review of the methods where it could be employed. In partic-
ular, tile coding is a very specific instance of linear function approximation, and several other
expressive methods are available to obtain linear features; for example, it would be interesting
in future studies to compare the performances and policies obtainable by using polynomials
features, fourier basis features, and RBF features [21].
It should also be noted that many other further steps have to be taken in order to build
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RL-based AP systems that are ready to be used in real conditions. First of all, simulation can
certainly be useful for preliminary studies as the one presented, to filter outmethods which are
surely not adequate to be employed, but eventually RLmethods should likely take in consider-
ation other sources of disturbances to glycemic control, like stress, physical activity, hormonal
factors, andmany others. Furthermore, if AP systems will be built with the idea to continually
learn from new data, adapting to changes in habits and/or physiology of a patient, then two
topics will have to be carefully examined in the future in order to guarantee the safety of the
patients: the introduction of prior knowledge and the issue of exploration.
Several ways can be envisioned to introduce prior knowledge. Transferring the policies of

agents previously trained in simulation or the policies followed by other patients is the most
obvious way to provide a decent starting point for new patients. A particularly attractive idea,
in this context, could be to cluster T1D patients into groups, based on their metabolic parame-
ters and other personal factors (e.g. gender, age, weight, prior illnesses), and identify aminimal
set of adequate safe policies that work particularly well for each group. A new patient’s pol-
icy could then be initialized to the policy of a specific group, chosen based on the similarity
of his/her own parameters to the groups’ average parameters. To achieve personalization, a
refinement process could then be carried out based on the newly observed data. In this type
of scenario, it’s likely that active exploration should be actively pursued to avoid remaining
stuck in the initial policy, optimized for other patients, but not optimal for the current sub-
ject. In this context, exploration is probably easier than what has been observed throughout
this thesis, since the initial transferred policy should be quite good already. Even so, for safety
reasons, exploration should be guided by prior knowledge, allowing vigorous actions only in
proper contexts, to avoid traumatic events and possible unusual and disruptive TD-errors that
can have unintended detrimental effects on the policy. For example, some simple logic-based
rules, taking into consideration themain features described in the thesis, could likely be crafted
to determine when it’s deemed safe for an agent to explore.
From all previous observations and most of the results obtained throughout the thesis, it’s

clear that RL-based AP systems could greatly benefit from being paired with complementary
safety modules. The framework provided by RL methods is certainly attractive and adequate
to be employed for glycemic control, but, given the complexity of the task, especially if the
policy is actively changing during the use of an AP system, safety modules could aid training
processes and provide an additional layer of protection.
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A
Appendix

A.1 Hyperparameter optimization

In the tabular setting, considering as features BG concentration, BG rate, and IOB, three main
hyperparameters of Sarsa(λ) (learning rate α, type of traces, and the trace decay parameter λ)
were optimized for subject 1. Optimization was carried out by looking at a single hyperparam-
eter at the time. For proper comparison, every run had the same random seed.

For the learning rate α, only fixed learning rates were considered, since, ideally, we’d like a

Figure A.1: Cumulative reward throughout training for different values of the learning rate α, all else equal.
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RL system in an AP framework to adjust the Q-values estimations and the policy if the habits
of the user change over time. A decaying learning rate wouldn’t be able to deal with such a
non-stationary behavior. Values between0.001 and0.1were tested: FigureA.1 shows the corre-
sponding training processes, keeping track of the cumulative reward throughout the episodes.
Low rates (0.001 and 0.003) entail slow learning and are clearly inferior to the others. Con-
versely, a too large learning rate (0.1), although initially it allows for quick learning, eventually
reaches sub-optimal asymptotic results. The remaining three values tested (0.01 to 0.03) are
quite close in terms of final performance and speed of learning. Figure A.2 depicts the percent-
ages of time spent in hypoglycemia and hyperglycemia for the three values: arguably 0.02 is the
best among the three, being the most stable after the first thousand of episodes, and keeping %
time in hypoglycemia low enough.

Figure A.2: Time percentages in hyperglycemia and hypoglycemia throughout training for different values of learning rateα,
all else equal.
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There are different ways to keep track of how fast traces should vanish and how they’re up-
dated; in the task considered, the behavior of traces is strictly connected to the amount of time
needed for insulin absorption. Accumulating and replacing traces [21] were considered for the
optimization process. Multiple values for the trace decay parameterλwere tested for both cases.
Training processes and metrics relative to accumulating traces are shown in Figure A.3, while
those relative to replacing traces are shown in Figure A.4.

Figure A.3: Cumulative reward and time percentages in hyperglycemia and hypoglycemia, using different values of the trace
decay parameter λ and accumulating traces.

For accumulating traces, low values of λ (0.5 to 0.75) lead to slow and sub-optimal learning,
as it’s possible to see by the first plot. On the other hand, looking at the two following plots,
too large λ values (0.95 and 0.99) are associated with larger percentages of time spent in hypo-
glycemia, compared to the others. Overall values between 0.8 and 0.9 seem to be appropriate.

In the case of replacing traces (Figure A.4), larger λ values are clearly needed to achieve good
results: any value below 0.9 doesn’t seem to be working properly. This is logic, since the signal
relative to the encounter of each (s,a) pair is not accumulated over time, hence for such low λ

values the traces would vanish too quickly, compared to the amount of time that insulin has
effect in the system. λ values close to 1 (0.95, 0.98, 1) yield thebest results in termsbothof speed
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Figure A.4: Cumulative reward and time percentages in hyperglycemia and hypoglycemia, using different values of the trace
decay parameter λ and replacing traces.

and overall performance. In case of λ = 1, vanishing is only determined by the discount factor
γ (which has always been set to 0.99). When compared to the accumulating traces case, initial
learning seems, in general, to be slightly slower (within the first 500 episodes the cumulative
reward is quite poor); however, the best final performances are comparable.

A detailed comparison of the results obtained at convergence for the two types of traces,
depending on λ, is presented in Figure A.5.

From the three plots it’s clear that larger values of λ are needed for replacing traces and that
the window for the selection of a proper λ is narrower than it is in the case of accumulating
traces. For the optimal values of λ in the two cases, the final policy reached is quite similar in
terms of performance, for allmetrics considered. A largerwindow for selecting the proper trace
decay parameterλ, comparable performance, and slightly faster learning appear to indicate that
accumulating traces are the best overall choice. In the accumulating traces case, values of λ
between 0.8 and 0.9 seem all to be acceptable; looking back at the speed of learning in Figure
A.3, among the three, although we’re possibly sacrificing a little asymptotic performance, the
value 0.9 seems to be the most appropriate, as it’s quite clearly leading to faster learning over
the other two.
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Figure A.5: Comparison of the final results obtained for all the runs, depending on the type of trace and on the trace decay
parameter λ.

The generalization of the tabular method to multiple patients, discussed in Section 5.3.1, is
carried out by fixing the hyperparameters for Sarsa(λ) to the best-values observed in this section:
learning rate α = 0.02, accumulating traces, and trace decay parameter λ = 0.9.
Hyperparameters for the tile coding approach are fixed based on the observations made in

this section and according to the guidance provided in the tiles3 library documentation[87].
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