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A B S T R A C T

On the basis of our 25-year experience with the GLARE (Guideline Acquisition, Representation and Execution) 
clinical decision support system, we have started to analyze the adoption of computer-interpretable clinical 
guidelines (CIGs) and AI techniques to train and test medical students about how to act on patients. Moving 
from decision support to the educational task involves significant research challenges. In this paper, we propose a 
new facility that supports teachers in the definition of tests, by selecting and hiding to students specific parts of 
the CIG, and asking students how they would act on the given case study (patient) in the selected parts. Students 
are provided with a medical ontology to identify proper actions/decisions, and students’ proposals are then 
automatically compared with what the CIG (considered as a “golden standard”) would suggest to do to the 
patient through knowledge representation and reasoning techniques. Our basic explanation mechanism exploits 
the medical ontology to show to students the differences (if any) between their proposals and the ones of the CIG.

1. Introduction

Medicine is a complex and challenging context for education. 
“Traditional” medical education spans over a wide amount of knowl
edge, ranging from the description of diseases, of their diagnoses and 
treatments, to the human anatomy. However, the problem of how to act 
on a specific patient applying the best medical procedures is usually not 
considered in textbooks, and can be learned by medical students (and 
healthcare personnel in general) only by practicing. “In the current 
healthcare system, novices … climb the learning curve working on real pa
tients with different levels of guidance.” [1].

In the medical literature, the evidence-based “golden standards” 
about how to act on patients affected by a specific disease are encoded 
into clinical practice guidelines (CPGs). CPGs are “systematically devel
oped statements to assist practitioner and patient decisions about appropriate 
healthcare under specific clinical circumstances” [2]. Thousands of CPGs 
have already been developed all around the world. For example, the 
Guideline International Network (http://www.g-i-n.net) gathers 106 
organizations in 54 countries, and provides a library of >6500 CPGs.

However, CPGs in the medical literature are usually encoded by large 
(hundreds of pages) bodies of text containing knowledge and 

recommendations about the treatment of a specific disease. Thus, it is 
difficult for a physician at the point of care to identify in such large texts 
the recommendations which are appropriate for the specific patient at 
hand. Thus, since the 90s’, in the area of Artificial Intelligence in 
Medicine (AIM) many CPG-independent clinical decision support systems 
have been developed to manage Computer-Interpretable versions of 
Guidelines (CIGs). Some of them (the list is not exhaustive) are: Asbru 
[3], EON [4], DeGel [5], GLARE [6,7], GLIF [8], GPROVE [9], GUIDE 
[10], PRODIGY [11], PROforma [12,13], SAGE [14]. In 2008, in her 
book, Ten Teije [15] proposed an assessment of the state-of-the-art. 
Comparisons among some of the different approaches and surveys can 
be found in [16–23]. Very recently, Van Woensel et al. have presented a 
comparative analysis of CIG systems dealing with comorbid patients 
[24].

Most of such systems support the acquisition of CPGs in a computer- 
interpretable format, and support physicians in the application of the 
acquired CIGs to specific patients, through an automatic connection to 
the patient’s electronic clinical record. Though some CIG decision sup
port system has also been applied in medical education (consider, e.g., 
[25–29]), they are born for decision support. And, indeed, the specificity 
of the educational task arises new challenges (with respect to decision 
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support).
In 2019 we started our research in medical education, identifying a 

preliminary research roadmap to build specific educational facilities on 
top of a CIG system [30]. Notably, for the sake of simplicity, in this paper 
we use the term “students” to indicate the users of our educational 
system. However, the approach we are going to present can be used both 
by medical students and by physicians, for their continuous education.

In this paper, we discuss a novel facility, the students’ test facility, 
that we have designed during the Personalized Training of Professional 
Competencies with AI (PTPC-AI) project, started in May 2023. The goal of 
our testing facility is to give students a tool to check their knowledge 
about a given CIG (notably, our approach is CIG-independent), and to 
test their ability to apply CIG’s recommendations to patients. Indeed, the 
basic idea behind our testing approach is quite simple: instead of using a 
CIG system to suggest how to act on a patient (i.e., as a decision support 
system), we use it as a golden standard to compare “what should be 
done” on a patient with respect to “what students suggest to do” on the 
patient, and as a starting point (together with ontological medical 
knowledge, and applying “symbolic AI” knowledge representation and 
reasoning techniques) to provide explanations about possible differ
ences. In other words, our idea is to design and implement an “ask stu
dent(s), check conformance, explain discrepancies” process. Notably, in our 
approach, patients (case studies) are entirely described by the evolution 
of their findings, and the general research question we address is: 

• How can CIG be exploited for students’ testing about how to manage 
specific case studies?

More specifically, as we will discuss in more detail in Section 3, we 
focus on two main (sub) research questions: 

RQ1. How to facilitate the generation and use of “local” tests, focusing 
on the application (to case studies) of specific subparts of a CIG?

RQ2. How to balance the level of freedom provided to students (to 
answer questions) and the feasibility of checking correctness and 
providing knowledge-based explanations?

The paper addresses such research questions, discussing the archi
tecture, data structures and reasoning mechanisms we designed to deal 
with them. The main original methodological contributions we propose 
are: 

• An innovative test acquisition approach, which, given as input a 
case study and a CIG, uses CIG execution to find the correct sub- 
graph, and provides a graphical interface (to facilitate man- 
machine interaction) to specify a query focusing on specific sub
parts of the sub-graph (to address RQ1 above);

• An ontology-based approach, in which navigation is used to support 
students’ query answering, and path retrieval is used to propose 
knowledge-based explanations (to address RQ2 above).

Additionally, though we realized our approach on top of GLARE, we 
think that a relevant advantage of our approach lies in its generality, as 
discussed in the concluding Section.

The paper is organized as follows. In Section 2, we provide the 
background knowledge, sketching our GLARE approach (to make our 
paper self-contained), and the goals of the PTPC-AI project [31] (to 
settle our contribution in its general context). In Section 3, we introduce 
the main goals of the approach proposed in this paper. In Section 4, we 
propose the system architecture and (main) data structures. In sections 5 
and 6, we describe how our facility supports CIG-test execution, by 
describing the treatment of hidden nodes (called shadow nodes; see 
Section 5) and hidden parts of the CIG (called holes; see Section 6). In 
Section 7, we present a (preliminary) experimental evaluation of our 
approach. Finally, Section 8 reports conclusions, related works, and 
future works.

2. Background: GLARE, GLARE-Edu and the PTPC-AI project

GLARE (Guideline Acquisition, Representation and Execution) [6] 
constitutes our contribution to the area of disease-independent CIG 
decision support systems. We started to work on GLARE in 1996, 
cooperating with some physicians of the Hospital San Giovanni Battista 
in Turin (one of the major hospitals in Italy), led by Prof. Gianpaolo 
Molino. GLARE has already been applied to different medical domains, 
including bladder cancer, polytrauma, ischemic stroke, gastro- 
esophageal reflux disease, heart failure, alcohol-related diseases, and 
melanoma. The kernel of GLARE (see [6]) consists of three modules: a 
module to acquire CPGs in computer format (i.e., into a CIG), one to 
navigate the acquired CIGs, and one to support the execution (appli
cation) of a CIG on a specific patient, considering the data in the clinical 
record of the patient.

Since 2000s’, we started, taking advantage of AI techniques, to 
extend GLARE’s kernel through the addition of new facilities, such as 
CIG contextualization, temporal reasoning, decision support based on 
decision theory, model-based verification, conformance analysis, sup
port to the coordinated concurrent execution by multiple agents, sup
port to the treatment of comorbid patients [32–43]. To make our paper 
self-contained, we briefly resume GLARE’s representation formalism 
(subsection 2.1) and acquisition, navigation and execution mechanisms 
(subsection 2.2). Moreover, we discuss the context of the proposed 
research, by sketching the main goals and the research program of the 
PTPC-AI project (subsection 2.3).

2.1. GLARE’s Representation formalism

GLARE, as well as many disease-independent CIG systems, represents 
CIGs adopting the Task-Network Model (TNM): a CIG is a hierarchical 
oriented graph, where nodes represent the actions and arcs represent the 
flow of control. GLARE’s representation formalism provides both atomic 
and composite action nodes. Atomic actions represent “elementary” steps 
in a CPG (i.e., they are directly described), while composite actions are 
defined in terms of (the subgraph of) their components (which, in turn, 
may be atomic or composite). GLARE provides six different types of 
atomic actions. Work actions (see, e.g., circle node labelled “Incisional 
biopsy of skin lesion” in Fig. 2) represent atomic actions described 
through a set of attributes, including a link to an ontological concept (e. 
g. a SNOMED CT code), name, goals, cost, time, resources, and textual 
description. Pharmacological prescriptions model drug prescriptions, 
including posology. Query actions (see, e.g., rhombus node labelled 
“Skin pigmentation” in Fig. 2) represent data requests (including, e.g., 
laboratory tests). Decision actions (see, e.g., diamond node labelled 
“Presence of skin lesion?” in Fig. 2) model medical decisions, describing 
the criteria to select between alternative paths in a CIG. GLARE distin
guishes two types of decisions. Patient-status-based decisions (PSB 
decisions for short) model cases in which alternatives have to be selected 
on the basis of the clinical status of the patient (e.g., diagnostic de
cisions). In the current version of GLARE, PSB decision criteria can be 
represented as Decision Trees, Score-based formulae, or Boolean formulae. 
For brevity, in the following we focus only on Boolean formulae, and 
assume they are expressed in disjunctive normal form. Notice that each 
atomic term in GLARE’s Boolean conditions is expressed as an inequality 
involving a datum (expressed by a pair <data, attribute>; in the rest of 
this paper we term such pairs “parameters”) and a constant value (e.g., 
an example of Boolean condition is “<temperature, value> ≥ 38 AND 
<liver, dimension> = enlarged”). On the other hand, GLARE’s cost- 
benefit decisions model cases in which the choice among alternatives 
has to be made based on a cost-benefit analysis based on general pa
rameters, like effectiveness, cost, side-effects, compliance, and duration. A 
typical case of cost-benefit decision in CIGs is the choice among clini
cally equivalent alternative therapies. In GLARE, a cost-benefit decision 
is modeled by the qualitative evaluation of the above parameters, for 
each one of the alternatives to be discriminated. For instance, Fig. 1
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shows a possible way of modeling the cost-benefit decision among four 
different treatments in the case of “possible GERD” (Gastro-Esophageal 
Reflux Disease), in the tabular form which is used by GLARE’s acquisi
tion module (explained in Section 2.2 below). In such table, for each 
treatment, listed in rows, a different evaluation can be associated to each 
parameter, listed in columns (e.g., treatment “antacids” has “medium” 
evaluation for parameter “efficacy”).

Conclusions are used to improve CIG’s readability, by showing the 
output of decisions (see, e.g., the triangular nodes labelled “Suspected 
skin lesion” and “EXIT” in Fig. 2). Finally, composite actions are defined 
in terms of the subgraph of the actions composing them.

Notably, GLARE’s node description supports the introduction of links 

to ontological (e.g., SNOMED CT) concepts, to enhance the CIG stan
dardization. Such an aspect is important also to support the testing fa
cility proposed in this paper, as shown in Sections 5 and 6 below.

Finally, GLARE’s arcs describe the control relations between action- 
nodes. GLARE provides four different control relations: sequence, con
current, alternative and repetition. Temporal constraints (e.g., “between 2 
and 3 hours after”) may be associated with arcs.

2.2. GLARE’s Acquisition, navigation and execution modules

GLARE’s acquisition module provides medical experts and knowl
edge engineers (who cooperate in the acquisition) with user-friendly 

Fig. 1. Tabular representation of the cost-benefit decision for “possible GERD”, as shown in GLARE acquisition module.

Fig. 2. A part of the CPG of melanoma: representation and graphical interface (A) and a legenda of actions and arcs (B).
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support to model CPGs into GLARE’s formalism. It provides a graphical 
interface, which allows to “draw” (in a “constrained” way) the graph 
representing a CPG, and provides action/arc-type-dependent windows 
to acquire the internal descriptions of nodes and arcs, as well as facilities 
for having a global hierarchical view of the graph, and for browsing it. 
For example, Fig. 2(A) shows GLARE’s acquisition interface, considering 
as an example a part of the CPG for melanoma. The left part of Fig. 2(A) 
displays the window representing the (tree-like) hierarchy of the actions 
of the CPG. By clicking on the composite nodes in this window, the user 
triggers the window (right part of Fig. 2(A)) to acquire its subgraph. The 
right part of Fig. 2(A) shows the window used to acquire a graph. 
Different forms and colors are used to distinguish among different types 
of actions, and arcs model (the different types of) control relations be
tween them (the different types of actions and arcs are listed in the 
legenda in the Fig. 2(B)). By clicking on the nodes of this window, the 
user triggers the pop-up windows to acquire their internal description 
(attributes and parameters).

GLARE’s navigation module supports physicians and students in the 
navigation of a CIG. The user can navigate the multi-level graph 
(remember that composite nodes are, in turn, described by the graph of 
their components), and look at the internal description of each node and 
arc.

Finally, GLARE’s execution module supports physicians in the 
application of a CIG to a specific patient. The electronic clinical record of 
the patient is used by the execution engine to suggest evidence-based 
decisions to the physician, who can follow or override GLARE’s 
suggestions.

2.3. GLARE-Edu and the personalized training of professional 
competences with AI (PTPC-AI) project

We started our research in the educational area in 2019, proposing a 
roadmap for the definition of GLARE-Edu, a CIG system specifically 
designed to support medical education [30].

GLARE-Edu is developed in Java (version 8), as a stand-alone 
application. GLARE-Edu uses mxGraph library to store and show CIGs’ 
graph (https://jgraph.github.io/mxgraph/). To facilitate the GLARE- 
Edu installation, we provided students with an executable version for 
Windows and MacOS, downloadable from a folder in Google Drive. CIGs 
and tests are loaded in Dropbox, as XML files. Tests’ results are also 
uploaded in Dropbox automatically. Generalities about GLARE-Edu can 
be found on the project website (https://sites.google.com/uniupo.it 
/glareedu), where we also provide a demo version of our system and 
information about its availability (i.e., it is available under request for 
scientific, academic and non-profit purposes – see https://sites.google. 
com/uniupo.it/glareedu/materials).

Notably, GLARE-Edu takes advantage, as much as possible, of our 
previous work in GLARE. Basically, it adopts GLARE’s formalism to 
represent CIGs (with few extensions). As a consequence, GLARE-Edu can 
exploit 

• GLARE’s acquisition tool for CIG acquisition,
• GLARE’s navigation tool to support students in the navigation of the 

CIG, and
• GLARE’s execution tool (with proper modifications) can be used to 

show students, step-by-step, how a CIG would recommend to act on a 
specific patient. Notably, the “educational” execution provided in 
this way is completely automatic (i.e., system-driven), and students 
just see (step by step) the results of the application of a CIG to a 
patient.

However, in our research activity in this area, we are aiming to 
provide students with additional (and more “advanced”) learning fa
cilities, such as simulation facilities in which students play an “active” 
role. Actually, we are carrying on our research in the educational 
context within the Personalized Training of Professional Competencies with 

AI (PTPC-AI) project [31], a part of a larger two-year national project, 
Learning Personalization with AI and of AI (AI-LEAP). Specifically, PTPC- 
AI involves also Alessandria Hospital, and aims at identifying, designing 
and implementing a suite of new education-oriented facilities for CIG- 
based medical education. While the proposed approach will be 
completely domain-independent, in the project we will consider mela
noma as a case study. In the first part of the project, we have already 
acquired (using GLARE) the Italian CPG for melanoma, as well as a set of 
case studies (i.e., data modeling the evolution of real or invented pa
tients affected by melanoma). We are now in the process of adding new 
facilities, including the testing facility proposed in this paper. An 
extensive experimental evaluation of our approach will be performed in 
the last six months of the project (see future work in Section 8).

3. Main goals and features of our educational approach

The goal of our approach to medical education is the development 
and testing of a suite of facilities supporting medical students in learning 
“how to act” on patients based on the evidence-based “best practices” 
provided by CPGs.

Specifically, together with the physicians of the Alessandria Hospital, 
we have identified three main focuses for our educational approach. We 
aim at teaching students (given a CIG dealing with a specific disease): 

(A1) What actions have to be performed on a specific patient, and in 
which temporal ordering

(A2) Which data and laboratory examinations are needed to deal with 
the patient

(A3) How to make the correct (diagnostic and therapeutic) decisions 
about a specific patient

The navigation and execution tools mentioned so far aim at sup
porting in the study of a CPG (navigation) and its application to specific 
case studies (execution), with specific focus on aspects (A1 – A3) above.

However, after some students’ study, it is also important to test 
students’ competences. In this paper, we focus on the educational fa
cility that we have recently designed for students’ testing.

The basic idea is simple: we use computerized CPGs (i.e., CIGs) as a 
“golden standard” about how to act on patients affected by a given 
disease. Given the description of the status of the patient (notably, since 
we are not interested to show students how to “physically” act on pa
tients, we do not need virtual reality techniques to model patients), 
which includes the current findings of the patient and, possibly, the part 
of CIG that has been already enacted on the patient, a part of the CIG is 
“hidden” to the students, and the student is asked how to act on the 
patient. Students have to autonomously propose which atomic actions 
have to be performed, and which decisions have to be taken on the patient in 
the “hidden” parts. The students’ proposals are compared with the 
recommendations that would have been provided by the CIG, and ex
planations to students are automatically provided in the case of dis
crepancies (between the students’ recommendations and the CIG’s 
ones).

Different issues must be considered to make concrete the abstract 
idea above. First of all, we have to identify more precisely what we want 
to hide (i.e., ask) to students, and provide tools to make such “queries” 
possible. We have to specify: 

A. The extension of the queries (whole guideline vs a part of it)
B. The modality of the queries (shadow nodes vs hole nodes; see below)
C. The focus of the queries. A choice about what pieces of information have 

to be filled by students must be made.
D. The range of possible students’ answers. We have to identify what 

are the “answer” we want to offer to students (notably, such an issue 
deeply affects the check of conformance and the explanation 
process).
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Concerning issue (A), the wider test we can provide to students is the 
description of a case study (patient) affected by a given disease, and not 
already treated for it, asking them how they would act on the patient 
“from the beginning to the end”.

However, such general exercise may be very long and, above all, too 
demanding. Therefore, we support the possibility of proposing students 
more specific exercises, considering the status of a patient at a given 
point in the CIG application, and asking about just the next action, or a 
pre-definite part of the CIG (thus addressing the research question RQ1 
in the introduction).

To do so, we introduce two query modalities (issue B above): shadow 
nodes and hole nodes. A shadow node is a node of a given action type (e. 
g., work action, cost-benefit decision, etc.) in the original CIG in which 
all pieces of information (including, e.g., the name of the action in the 
case of work action nodes) are hidden. The student is called to detect 
what is the hidden action, or, in the case of patient-status-based de
cisions, to say what decision s/he would take for the patient.

Shadow nodes constitute a quite elementary and easy form of test, 
concerning a specific node in the CIG. However, more challenging tests 
can be performed if, instead of focusing on a single node (whose action 
type is shown to students), entire connected parts of a CIG are consid
ered. In such a context, students have to face additional challenges: they 
have also to understand which types of actions have to be performed, 
and in which order. We achieve such a goal through the introduction of 
hole nodes, which act as “placeholders” for entire parts of a CIG. Also, 
in the case of hole nodes, students are called to complete the CIG, adding 
how they would operate on the patient in the “hidden” part of the CIG. 
Notably, a query concerning a whole CIG can be assimilated to the case 
in which only a hole node -hiding the whole CIG- is shown to students.

Considering issue (C), independently of whether we consider 
shadow or hole nodes, we have to identify what are the relevant aspects 
that we want to address in our educational approach. Indeed, as briefly 
mentioned in Section 2 above, the internal description of nodes is quite 
complex, and requiring students to learn all details is not the goal of our 
approach. Our choice about what pieces of information have to be 
completed by students (depending on the different action-types) is dis
cussed below, and is guided by the goal of addressing issues (A1-A3) 
above.

Considering issue (D), we have to identify what are the “answers” 
we want to offer to students. Indeed, such an issue is central for our 
whole educational facility, since it deeply affects the (complexity of 
defining) check of conformance (between the student’s answer and the 
original CIG) and the explanation process.

For instance, in the case of shadow nodes, an easy solution could be to 
force students to select the missing pieces of information among a pre- 
defined menu of alternatives. Such a solution would make the check 
of conformance trivial and explanation quite easy, since each “wrong” 
alternative in the menu could be paired with a textual explanation of the 
reason why it is not appropriate. On the other hand, such a solution 
limits the possibilities for students, and requires an enormous prepara
tory work, since the experts defining the educational tests must acquire 
all “wrong” alternatives and relative explanations. In this paper, we 
propose an intermediate approach, aiming to balance the level of 
freedom provided to students (to answer questions) and the feasibility of 
checking correctness and providing knowledge-based explanations (thus 
addressing the research question RQ2 identified in the introductory 
section).

We let students search for the missing pieces of information in a 
medical ontology, also used to define CIG’s concepts. Conformance 
check and explanation can thus be realized through navigation/ 
reasoning based on the ontological knowledge, and a limited effort is 
required by the experts preparing the educational tests.

Specifically, we adopt the SNOMED CT ontology [44], which is a 
wide ontology elaborated by the medical community, widely used in the 
medical context. Such an ontology includes 19 domains, organized in a 
polyhierarchical structure, with at most 29 levels; each hierarchy 

contains an ordered organization of concepts, linked together through 
IS_A relationships, in which a node may have one or more parents 
(multiple inheritance). Notably, SNOMED CT can be exploited in two 
main modalities. First, it can be navigated through several dedicated 
graphical browsers, which allow users to find concepts, learn about their 
properties, and explore the ontology along the IS_A relationship. Second, 
it can be paired with software reasoners, allowing taxonomical in
ferences and supporting query languages. We have designed and 
implemented a dedicated browser to support user navigation, and adopt 
the Apache JENA framework to reason and query the ontology.

In the rest of the paper, we will discuss our testing facility incre
mentally. We first provide a description of the whole architecture sup
porting CIG-tests acquisition and execution (Section 4). We then move to 
discuss the execution of shadow nodes (Section 5), and the execution of 
hole nodes (Section 6).

4. Overall architecture and data structures for CIG-tests 
acquisition

The testing facility proposed in this paper cannot be described 
without discussing the overall workflow in which it is inserted, and the 
system architecture and data/knowledge representation supporting it.

The workflow of our approach is shown in Fig. 3. First of all, 
knowledge engineers (KEs) and medical experts (MEs) have to acquire a 
CPG in computer format (i.e., a CIG). Then, given a CIG, KEs and 
Teachers (TEs) (or MEs) have to acquire case studies for it. At that point, 
given a CIG and a case study for it, TEs can elaborate tests. Finally, tests 
are executed by students.

The part of GLARE-Edu’s architecture which is relevant for the 
testing facility is shown in Fig. 4, and the (relationship between) data/ 
knowledge structures are shown in Fig. 5.

GLARE-Edu adopts GLARE’s CIG acquisition module to acquire 
CPGs in computer format (e.g., CIGs). Notably, such a module interacts 
(through a dedicated browser) with SNOMED CT ontology, to support 
term standardization (see the top part of Fig. 4). Thus, the main entities 
in the acquired CIGs refer to the corresponding concept in SNOMED CT. 
For instance, the top part of Fig. 5 shows that each parameter required in 
a query action is linked to a SNOMED CT concept, as well as CIG work 
actions.

The GLARE-Edu case studies acquisition module supports experts 
plus knowledge engineers in the acquisition of case studies, each one 
representing the evolution of a patient along her/his treatment, adopt
ing the proper CIG (see the bottom part of Fig. 4).1 In synthesis, each step 
in the case study is an instantiation of an action-type in the CIG (see the 
links from concepts in the case study level and the CIG level in Fig. 5). 
Notably, the module supports the acquisition of a value for each one of 
the parameters required in query actions, thus acquiring the evolution of 
the clinical status of the patient [45].

The red parts of Fig. 4 show the new contributions proposed in 
this paper. Given a CIG and a case study (for such a CIG), a test is a 
request about what should be done on such a patient at given point(s) of 

1 Notice that CIG clinical decision support systems retrieve automatically 
patients’ data from the electronic clinical records, which are managed by an 
autonomous DBMS in which data are inserted (ideally) as soon as they become 
available. On the other hand, in the educational task, each case study (in the 
form of the evolution of the clinical data of a patient) has to be defined and 
acquired entirely “a priori”, to provide students a library of “exercises”.
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her/his diagnoses and treatment. As we will see in the following, we 
propose to show tests to students as a CIG-test in which specific nodes 
(shadow nodes, shown as grey nodes in the bottom part of Fig. 5), or 
connected parts of the CIG (hole nodes, not shown in Fig. 52) are “hid
den”, and asking students how they would treat the patient (case study) 
at that point(s). GLARE-Edu CIG-tests acquisition module (see the 
central part of Fig. 4) supports teachers in the acquisition of such tests. 
Such a module is described in Section 4.1 below.

Once tests are defined, GLARE-Edu CIG-test execution module 
supports the student execution of a CIG-test. The input of such a module 
is a CIG, a CIG-test, and a case study. Broadly speaking, the module asks 
to the student how s/he would act on the patient at the “hidden” point(s) 
in the CIG-test, acquiring her/his answer (that must be provided using 
terms in the SNOMED CT ontology), comparing the student’s answer to 
the action suggested by the CIG, and, in the case of discrepancies, 
showing them. For the sake of readability, we present the CIG-test 
execution module incrementally, by first discussing how to deal with 
CIG-tests concerning a specific action (i.e., a shadow node; see Section 
5), and then generalizing to whole parts of the CIG (i.e., hole node(s); see 
Section 6).

In the rest of this section, we briefly discuss GLARE-Edu CIG-tests 
acquisition module.

4.1. GLARE-Edu CIG-tests acquisition module

As shown in the architecture in Fig. 4 above, the CIG-tests acquisition 
module takes as input a CIG, and a patient (case study), intended as the 
evolution of the status of one patient treated using the chosen CIG. Both 
the CIG and the patient are selected by the teacher(s) in GLARE-Edu 
libraries. Given such an input, our module supports the acquisition of 
a CIG-test by showing her/him the instantiation of the CIG corre
sponding to the selected patient. Specifically, a graphical interface 
shows the teacher the whole CIG, in which the path followed to treat the 
given patient is highlighted (see Fig. 6(a) below).

At this point, the teacher has the option to specify a shadow node or a 
hole node.3 Notably, such an option is repeatedly offered to the teacher, 
until s/he decides that the CIG-test is complete. 

• In case the teacher has chosen the “shadow” option, s/he can click on 
one highlighted node in the CIG (i.e., a node that is part of the CIG’s 
path used to manage the patient). Such a node will appear as grey in 
the teacher’s interface (Fig. 6(b)), and in the CIG-test shown to the 
student (Fig. 6(c)), and the student will have to manage it, as dis
cussed in Section 5.

Fig. 3. Workflow of educational activities in GLARE-Edu. In the workflow, rounded rectangles represent tasks, and ovals represent data/knowledge structures.

Fig. 4. Part of the GLARE-Edu architecture relevant for the testing facility. Red parts highlight the new contributions described in this paper. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

2 The goal of Figure 5 is to show the correspondence between concepts at the 
different levels of our representation. While there is a direct correspondence 
between shadow nodes and nodes at the other levels, in the case of “hole” 
nodes, the correspondence is not direct (i.e., a hole node contains a set of hides 
nodes, each one having -analogously to shadow nodes- a correspondent at the 
other levels; see also Figure 6 in the following). In some sense, one could also 
see the grey “shadow” nodes at the CIG query level in Figure 5 as the nodes 
constituting a unique hole in the CIG.

3 Technically speaking, in this paper we propose two different formal 
languages: 

• A language to model CIGs (used by both GLARE and GLARE-Edu), which 
provides seven action-types (work actions, pharmacological prescriptions, 
query actions, patient-status-based decisions, cost-benefit decisions, con
clusions, and composite actions);

• A language to model tests (used by GLARE-Edu only) which includes two 
additional entities, “shadow” and “hole” (with the purpose of formulating 
“focused” queries).

Of course, “holes” can be said to be “composite”, in the sense that they 
represent a subgraph, but just in the language to model tests.
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• In case the teacher has chosen the “hole” option, our graphical 
interface supports her/him in the selection of the part of the CIG 
which will be “hidden” by the hole node. First, the starting node of 
the hole must be selected by clicking on a node in the highlighted 
path. Then, at least an ending node (that must be chosen among 
highlighted nodes) must be selected by the teacher. Moreover, the 
teacher can select other nodes reachable from the start node, and not 
highlighted, to “put in the hole” also parts of the CIG that represent 
actions not appropriate for the given patient. All the nodes obtained 
by navigating the CIG from the start node to the ending nodes 
become parts of the hole. Notably, to make the part of the CIG not 
included in the hole “meaningful” for students, our facility forces the 
constraint that, whenever a decision node is part of a hole, also all its 
conclusions are automatically part of it.

For example, Fig. 6(a) shows a part of the CIG of melanoma (already 
shown in Fig. 2 in Section 2.2) in which a patient’s path has been 
highlighted, and Fig. 6(b) shows the teacher view of the CIG in case the 
teacher has selected “ABCDE” as shadow nodes, “Risk of aesthetic or 
functional damage” as starting point of a hole, and “Excision of pig
mented skin lesion” and “Incisional biopsy of skin lesion” as its ending 
points, and Fig. 6(c) illustrates how the CIG-test is shown to students.

5. CIG-test execution: Dealing with shadow nodes

The CIG-test execution module takes as input a CIG, a patient evo
lution (case study), an instantiation of the CIG for that patient, and a 
CIG-test. It shows the student the CIG-test, and lets her/him select a 
shadow or hole node in it (the test is ended when all shadow and hole 
nodes have been managed by the student).

Fig. 5. Relationship between data/knowledge structures of GLARE-Edu. Legenda: at CIG, Case Study and CIG Query levels, parallelograms represent query actions, 
rhombuses represent decisions, triangles represent conclusions and circles represent work actions. Ovals at the SNOMED CT level represent the corresponding 
concepts in SNOMED CT ontology.
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As soon as the student selects a shadow/hole node, the module shows 
the student the status of the patient before the execution of the node. 
Notably, such a status can be easily retrieved, since it is associated with 
the instance of the last Query node preceding the shadow/hole node.

Then, the student is required to “complete” the shadow or hole node, 
and the student’s solutions are checked and explained by the CIG-test 
execution module, as dis-cussed below. In this Section, we focus on 
shadow nodes (we generalize to hole nodes in the Section 6). Different 
operations are performed by the CIG-test execution module, depending 
on the action-type of the shadow node. Notably, the action-type of the 
shadow node is shown to the student (so that s/he knows that s/he has to 
deal with a work action, or a pharmacological prescription, or a patient- 
status-based decision, etc.).

5.1. Action-type: Work action

When the shadow action is a work action, the hidden piece of infor
mation is what is the action to be performed. Our testing facility sup
ports students’ search of the action in the SNOMED CT ontology, in the 
hierarchy rooted by “Procedure” concept. Then, our approach auto
matically checks the conformance between the student’s selection and 
the CIG “golden” work action (corresponding to the shadow node in the 
test). In the case of non-conformance, the testing facility provides a basic 
explanation of the non-conformance, in terms of SNOMED CT hierar
chies. In fact, the explanation provided is the path(s) (behind the 
“Procedure” SNOMED CT concept) connecting the student’s choice to 
the SNOMED CT node referenced by the CIG node, to show her/him the 
“ontological distance” between her/his choice and the “golden stan
dard” in the CIG.

For example, Fig. 7 shows the case in which the shadow node in the 
test regards the SNOMED CT action “Incisional biopsy of skin lesion” 
(belonging to the melanoma CPG), and the choice of the student has 

been “Excision of lesion of skin”. Notably, the whole path shown in Fig. 7
is provided as output as an explanation to the student, to show her/him 
the “ontological distance” between her/his choice and the “golden 
standard” in the CIG.

5.2. Action-type: Pharmacological prescription

When the shadow action is a pharmacological prescription, our testing 
facility hides: 

Fig. 6. Part of the melanoma CIG. In part (a) of the figure the path followed to treat the given patient is highlighted with dots in the figure; part (b) shows how the 
CIG is shown to the teacher after her selection of a shadow node (grey node “ABCDE”) and of a hole (black nodes); part (c) shows how the CIG-test defined so far 
appears to students.

Fig. 7. Conformance checking for the SNOMED CT action “Incisional biopsy of 
skin lesion”.
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i. What drug (active pharmacological ingredient) has to be 
administered

ii. What is the posology

To determine the drug, we support students’ search in the SNOMED 
CT ontology, in the hierarchy rooted by the “Substance” node.

Conformance check and explanation concerning the drug are per
formed automatically, as described in Subsection 5.1 about concerning 
work actions. On the other hand, as regards posology, different com
ponents have to be considered: 

1. Time pattern (e.g., twice a day)
2. Dosage form (e.g., 50 mg oral capsule)
3. Total number of repetitions (e.g., 10) and/or repetition condition (a 

Boolean formula; e.g., temperature value >38 AND blood_pressure 
value >140)

Time pattern and dosage form can be searched by the student behind 
the “Time patterns” and “Pharmaceutical/biologic product” concepts in 
the SNOMED CT ontology respectively. On the other hand, the number 
of repetitions and the repetition condition cannot be directly retrieved in 
SNOMED CT. Therefore, our facility directly asks them to the student (a 
specific interface is used to facilitate the acquisition of Boolean formulae 
acting as repetition conditions, see below in Section 5.4).

Conformance check and explanation concerning issues (1) and (2) 
are performed automatically, as described in subsection 5.1 about work 
actions. Concerning the comparison between Boolean formulae, see the 
discussion in Section 5.4 below.

5.3. Action-type: Query action

GLARE’s query actions model requests of the parameter values 
needed to carry on the diagnosis/treatment of the patient. In query ac
tions, we homogeneously model both anamnestic data, findings that can 
be obtained from a physician’s visit of the patient, and data that need a 
laboratory test. In GLARE-Edu, we hide to students what are the 
requested parameters.

To select the parameters, we support search in the SNOMED CT 
ontology in the hierarchies rooted by the “Clinical finding”, “Observable 
entity” and “Qualifier value” concepts.

Conformance check and explanation are simply performed by 
comparing the set of parameters proposed by the student and the one in 
the CIG. If there are differences, they are divided into two categories: 
extra-parameters (i.e., parameters requested by the student, but not 
required by the CIG), and missing-parameters (i.e., parameters not 
requested by the student, but requested by the CIG).

5.4. Action-type: Patient-status-based decision

In the case of patient-status-based decisions, two types of tests (of 
different complexity) are provided: 

(1) Show the student the decision criteria associated with each one of 
the conclusions stemming from the shadow decision node, and 
asking her/him the conclusion s/he suggests for the given patient

(2) Do not show the student the decision criteria, and ask her/him 
both the conclusion s/he suggests, and the decision criteria 
associated with such a conclusion.

The management of case (1) above is quite easy. No search has to be 
done in the ontology (since the student has to choose among the con
clusions shown in the CIG after the shadow node). Then, the conclusion 
chosen by the student is compared to the correct one (obtained by 
automatically applying the decision criteria to the representation of the 
status of the patient). If they are not the same, the correct conclusion is 
shown to the student.

Case (2) above is more complex. While the student’s conclusion can 
be checked as above, there is also the need to acquire and check the 
condition proposed by the student.

The facility acquires the student’s condition, through a graphical 
interface. Notably, 

• The acquisition is facilitated by the fact that we only consider the 
disjunctive normal form (so that one or more sets of conjuncts are 
asked the student)

• The acquisition interface let the student choose only among the pa
rameters required for the given decision (taken from the Query node 
preceding the decision node).

The check of conformance and explanation for the Boolean condition 
requires some technical discussion. In most cases, a single conjunction of 
atomic conditions suffices to model the condition associated with a 
given conclusion. However, in difficult cases conditions may involve 
(the disjunction of) more than one conjunction. In such cases, to check 
for the possible differences, we have first to determine which conjunct in 
the student’s answer corresponds to which conjunct in the CIG’s con
dition. We operate in two steps. First of all, we consider only the pa
rameters (neglecting the inequalities parts of the atomic conditions), 
and we find the parameter correspondence that is more favorable for the 
student, that is, the correspondence that minimizes the number of dif
ferences. Once fixed the correspondence, for each conjunct, we first 
show the student the parameters that s/he should add (since they are 
present in the CIG but not in the student’s solution), and the parameters 
that s/he should remove (vice versa). Then, considering the parameters 
present both in the student conjunction and in the corresponding one in 
the CIG, our tool analyses the related inequalities, and shows differences 
(if any) to the student.

5.5. Action-type: Cost-benefit decision

The treatment of cost-benefit decision is quite simple, since all the 
alternatives to be discriminated are clinically correct/equivalent. As a 
consequence, any choice of the student is a correct one. For such de
cisions, optionally, the teacher may decide to ask students to propose 
their own qualitative specification of the evaluation of the different 
criteria, for each alternative (e.g., to provide their own qualitative de
cision table, similar to the one shown in Fig. 1). Then, the students’ table 
is compared with the CIG’s one, and differences are shown to students.

5.6. Action-type: Conclusion

Though in GLARE formalism conclusion nodes may appear in any 
part of a CIG, in our current educational approach we focus only on 
conclusions stemming from decision nodes. For such conclusions, the 
student can inspect the condition, and has to search in the ontology the 
corresponding conclusion.

Notice that in GLARE different types of conclusions can be reached, 
depending on the specific decision: 

a) Diagnostic conclusions (e.g., presence of melanoma)
b) Staging (e.g., cN0 for melanoma N-staging)
c) Therapeutic conclusions (e.g., surgical treatment)
d) EXIT

In the SNOMED CT ontology, (a) are rooted by the “Situation with 
specific context” concept, (b) by the “Qualifier value” node, and (c) by 
“Procedure” node. EXIT is a special type of conclusion, used to represent 
cases in which the CIG execution has to be ended (e.g., when the current 
state of the patient is out of the scope of the CIG).

As a consequence, we let the student choose concepts for conclusions 
from such three parts of the ontology or the EXIT node. In case the 
conclusion selected by the student is different from the CIG’s one, two 
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cases are possible. If the student has chosen a conclusion from a wrong 
sub-hierarchy (or the EXIT node, when it wasn’t required by the CIG), 
such a fact is signaled to the student, and the CIG’s conclusion is shown 
her/him. On the other hand, if the student has chosen the conclusion in 
the correct sub-hierarchy, the path(s) connecting the two conclusions in 
the SNOMED CT ontology is shown to the student, as described in 
Subsection 5.1 about work actions.

5.7. Action-type: Composite action

When the shadow node corresponds to a composite action, our 
verification facility operates recursively, by showing students the 
shadow template of the subgraph defining the composite actions (i.e., all 
the nodes in the subgraph are shadow nodes), and then operating as 
above.

5.8. Summary

Table 1 in the following briefly schematizes and summarizes the 
main issues we discussed in this section.

6. CIG-test execution: Dealing with hole nodes

Also in the case of hole nodes, our module shows the student the 
status of the patient when entering in the “hole part” of the CIG-test.

Then, the CIG-test execution module navigates the part of the CIG 
hidden by the hole node, beginning from its first node. It asks the stu
dent, node by node, how to act on the patient. For each node: 

(1) The action-type of the node (e.g., work action, pharmacological 
prescription, …) is asked to the student. If the student does not 
choose the correct action-type, a warning is shown to the student, 
indicating the correct type.

(2) Given the correct action-type, the CIG-test execution module 
operates (on the current node) as discussed in Section 5 above.

However, we adopt a slightly different approach (concerning the 
isolated treatment of a shadow node) when a decision is navigated. At 
that point, instead of separately applying the execution of decisions and 
then the execution of conclusions following the approach in Section 5, 
the module treats a decision and its conclusions together (notably, the 
CIG-tests acquisition module forces the constraints that, if a decision is 
in a hole, also its conclusions are in it). In such a case, the CIG-test 
execution module operates in three steps.

Step 1. All the possible conclusions of the decision are asked to the 
student. The module supports students in the SNOMED CT ontology, 
under the “Situation with specific context”, “Qualifier value” and 
“Procedure” concepts, plus EXIT, and supports multiple selections. 
Then, conclusions selected by the student are compared to the ones in 
the CIG, and the student is shown: 

• The conclusions s/he proposed that are not CIG’s conclusions
• The CIG’s conclusions not selected by the student.

Step 2. The module asks the student to select the proper conclusion 
for the given patient, and, in the case of patient-status-based decisions, it 
checks the answer, and explains discrepancies (see Section 5.4 above).

Step 3. If required by the teacher when defining the hole, it asks to 
the student the condition associated with the correct conclusion, and 
checks it (see Sections 5.4 and 5.5 above).

Then, the CIG-test execution module goes on in the navigation, 
starting from the correct conclusion, and neglecting the paths in the hole 
stemming from the wrong conclusions.

7. Experimental evaluation

In a very recent paper [46], we have described: 

1) A preliminary evaluation of our overall educational approach, and
2) Our plan for an extensive experiment, to be run in the last six months 

of the PTPC-AI project.

For the sake of completeness, in this Section we briefly resume the 
main results about (1), and we sketch (2) in the concluding Section, 
considering future work.

The preliminary evaluation in [46] regarded GLARE-Edu in general, 
considering, besides a “basic” demo version of the testing facility 
described in this paper, also GLARE-Edu’s navigation and execution 
facilities. In cooperation with expert physicians of the Alessandria 
Hospital, we acquired the Italian melanoma guideline [47] as well as 
several case studies. We then organized a two-hour lesson for the 
continuous education of 20 General Practitioners (GPs) of Alessandria 
territory, split into two homogeneous classes, one using GLARE-Edu and 
a control class (having a “standard” lesson).

At the end of the lesson, both classes spent the last 30 min completing 
evaluation questionnaires regarding different case studies, including 
different classes of questions regarding melanoma case studies. Different 
answers were proposed, and the physicians were asked to choose one of 
them. Overall, the percentage of correct answers was 44.55 % for the 
control group and 52.63 % for the GLARE-Edu group. Notably, as con
cerns questions focusing on melanoma N staging (a complex medical 

Table 1 
A summary of GLARE-Edu management of shadow nodes (corresponding to 
atomic actions). The second column lists the pieces of information asked to 
students, the third column indicates the root concepts used for searching in 
SNOMED CT ontology (when applicable), and the fourth one sketches the 
method used to propose explanations. In the case of multiple pieces of infor
mation, indexes are added to link corresponding entities.

Action type Hidden info 
(focus)

SNOMED CT concept 
(s)

Explanation 
type

Work action Action? “Procedure” Path in 
SNOMED CT 
ontology

Pharmacological 
prescription

(1) Drug?
(2) Time 

pattern?
(3) Dosage 

form?
(4) Repetitions?

(1) “Substance”
(2) “Time Pattern”
(3) “Pharmaceutical/ 

biologic product”

(1) Path in 
SNOMED 
CT 
ontology

(2) Path in 
SNOMED 
CT 
ontology

(3) Path in 
SNOMED 
CT 
ontology

(4) Compare 
Boolean 
formulae

Query action Parameters? “Clinical finding”, 
“Observable entity”, 
“Qualifier value”

Compare sets 
of concepts

Patient-status- 
based decision 
(version 1)

Conclusion? Compare 
concepts

Patient-status- 
based decision 
(version 2)

(1) Decision 
criteria?

(2) Conclusion?

(1) Compare 
Boolean 
formulae

(2) Compare 
concepts

Cost-benefit 
decision

Qualitative 
decision table?

Compare 
qualitative 
decision tables

Conclusion Conclusions? “Situation with specific 
context”, 
“Qualifier value”, 
“Procedure”

Path(s) in 
SNOMED CT 
ontology
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decision, out of the standard competences of GPs), the percentage of 
correct answers for GLARE-Edu group was 22,2 %, almost the double 
than for the control group (12,5 %).

The p-value (evaluated through Fisher’s exact test) for the compre
hensive test was 0.438. However, we believe that the low statistical 
significance is mostly due to (i) the limited number of physicians (and of 
questions) and (ii) the very short time we could devote to education.

We also asked the GLARE-Edu class some questions to ascertain the 
physicians’ perception of the usefulness of GLARE-Edu. Notably, in a 
scale from 1 (“minimum”) to 5 (“maximum”), the question “Would you 
recommend the use of GLARE-Edu?” obtained the score 4.11.

Questionnaires and results are available on the webpage Materials in 
the website of GLARE-Edu project (https://sites.google.com/uniupo.it/ 
glareedu/materials), as well as the graphical representation of the 
melanoma CIG provided by GLARE-Edu.

8. Conclusions, related and future work

Medical education is a challenging and difficult task. CIG-based ap
proaches can greatly contribute, especially to teach how to apply best 
medical procedures to specific patients. In this paper, we briefly present 
the background concerning GLARE, GLARE-Edu and the PTPC-AI 
approach to medical education, and then we focus on new facilities, 
supporting students’ testing about how to act on a specific patient on the 
basis of the recommendation of a computer-interpretable clinical 
guideline. The main goal addressed by the approach described in this 
paper is to exploit CIG for students’ testing about how to act on case 
studies, and the main original contributions are: 

(i) Providing the possibility to develop tests focusing on specific 
subparts of CIGs, through the management of “shadow” and 
“hole” nodes, and

(ii) Balancing the level of freedom provided to students (to answer 
questions) and the feasibility of checking correctness and of 
providing knowledge-based explanations through the adoption of 
medical ontologies.

To the best of our knowledge, no other CIG-based approach in the 
literature provides the above contributions.

8.1. Related work

Considering related work, AI methodologies have been widely 
adopted for medical education. For example, already in the 1970s, a new 
version of MYCIN expert system was developed to teach medical diag
nosis [48,49]. One general limitation of expert systems (not only in the 
educational context) is the difficulty of acquiring knowledge from ex
perts. On the other hand, such a problem does not arise in the area of 
CPGs, due to the wide availability of thousands of good-quality CPGs, 
designed and certified by national and international teams of experts. 
Indeed, CPGs encode (mostly in textual form) the best evidence-based 
procedures to manage patients (affected by a specific disease), and can 
thus be used as valuable tools to teach students how to manage patients. 
Indeed, many CIG systems have been proposed by the AIM literature. 
While they are mostly devoted to decision support, some of them have 
already been used (or can be easily used) for medical education, or have 
been specifically extended to support explanations (consider, e.g., [50]). 
However, the educational task involves specific challenges (with respect 
to decision support). If we restrict our attention to CIG systems specif
ically designed for education, the range of approaches becomes quite 
restricted. To the best of our knowledge, the first proposal of a CIG ar
chitecture explicitly supporting education dates back to Boxwala et al.’s 
work is reported in [25]. Boxwala et al. proposed an architecture for a 
guideline execution engine that utilizes guidelines encoded in GLIF [51], 
intended for use in a variety of applications. The engine traverses the 
guideline by evaluating logic conditions specified in the guideline 

against patient data values. The paper briefly described two applica
tions, and mentioned that an educational application had also been 
developed, without proposing any additional description.

In the last ten years, there are some CIG approaches specifically 
devoted to education. Notably, most of them are not domain indepen
dent (like GLARE-Edu), but are geared to cover a specific disease or 
medical problem. One of them has been proposed by Real et al. [27], and 
focuses on arterial hypertension. The proposed approach adopts decision 
tables to model the diagnostic knowledge in some guidelines about the 
most frequent causes of arterial hypertension. Such tables have then been 
used to train residents at the Hospital Clínic de Barcelona. The residents’ 
decisions at the different diagnostic steps were compared with the de
cisions provided by the decision tables, to analyze the progressive 
adaptation of clinicians to the recommendations in the guideline. In 
[28], the approach focuses on seven types of shock. They propose Shock- 
Instructor, a web-based e-learning tool that uses a knowledge base about 
the evidence found in the CPG, with the goal of facilitating hospital 
residents in learning the correct application of the CPG, and to improve 
their skills. A significant part of the work consists not only in the 
acquisition of 137 clinical rules from a CPG, but also in the definition of 
51 case studies. Finally, the paper also reports a successful application of 
Shock-Instructor to a group of 33 residents of a tertiary hospital. Uribe- 
Ocampo et al. [29] focus their approach to the context of antenatal 
health-care environment. They propose a serious game called SIM-CIG. 
They model (part of) the knowledge in obstetric CPGs in rules with 
preconditions, goals and actions. In the videogame, they support the 
simulation of the treatment of virtual patients, and evaluate the pro
posals of the players on the basis of CIGs relative to such a knowledge, 
using preconditions (encoded by Boolean formulae) to evaluate 
conformance. Notably, like the above approaches, GLARE-Edu is CIG- 
based and is specifically geared towards education. However, differ
ently from them, GLARE-Edu is general, intended as CIG independent.

[26,52] propose four guideline-driven interactive case simulation 
tools (ICST) for the HIV Clinical Education Initiative (CEI), to deal with: 
(1) insomnia screening and treatment for HIV patients, (2) mental health 
screening for HIV patients, (3) HIV post-exposure prophylaxis (PEP) 
following occupational exposure in healthcare workers, and (4) HIV PEP 
following sexual assault. All these tools are based on the related CPGs 
developed by the NYS DOH AI. The system architecture of the ICSTs is 
based on an enhancement of the GLIF/GLEE framework [8], and is 
domain-independent. These ICSTs provide several educational facilities. 
The most interesting of them is the “interactive decision diagram”. In 
this facility, a clinician user can review the process of decision making 
on pre-defined case studies; he/she can also explore his/her own patient 
cases through interactions with the system checking the decision process 
step by step, and reviewing the different decision options. The ICST 
approach is the closest to GLARE-Edu in the literature, since ICSTs also 
support students’ testing. However, contributions (i) and (ii) above are 
wholly original of our approach. Indeed, we are not aware of any 
contribution in the literature facing testing through hidden parts in the 
CIGs, and adopting medical ontologies to provide students with relevant 
“possible solutions”, and to check and explain students’ proposals.

Related work also includes critiquing systems. The main feature of 
critiquing systems is that the user of the system provides as input (i) a 
problem description (e.g., patient symptoms), and (ii) a specific solution 
(e.g., the treatment of the patient). This second input distinguishes 
critiquing systems from traditional expert systems, which only take a 
problem description as input [53]. Since the 80s’, critiquing systems 
have a strong tradition in AI in general [53], and in AI in medicine in 
particular [54–56]. For instance, ESSENTIAL-ATTENDING [54] is a 
system designed to assist in the implementation of expert systems which 
critique a physician’s plan for patient care, with applications in areas of 
medical management, patient workup, and differential diagnosis. Be
sides supporting (medical) experts with a knowledge-based second 
opinion, critiquing systems can also support education. For instance, the 
constructivist learning theory views learning as a process in which 
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learners actively construct knowledge and understanding (e.g., [57]). 
Individualized feedback has been recognized as an important element in 
fostering this process [58], and critiquing systems have been used in 
order to provide such a feedback in an automated way (e.g., [59]). Two 
common approaches to critiquing are comparative critiquing and ana
lytic critiquing. Comparative critiquing compares user’s work with a 
presumably better solution in the system and points out differences 
between them. CIG represent, in computer format, the “golden stan
dard” to manage patients affected by a specific disease. As a conse
quence, CIGs constitute a natural input for comparative critiquing 
systems. Two outmost examples of CIG-based critiquing systems are 
Asgaard [3] and the approach in [60]. In the seminal Asgaard project, 
authors propose a computational model for dynamic (runtime) guideline 
execution, plan-recognition, and critiquing tasks.

Specifically, the authors propose critiquing computational method in 
which the ideal actions are given by a formal model of a clinical 
guideline (expressed using ASBRU [61]), and where the actual actions 
are derived from patient data. A main feature of ASBRU is the fact that it 
supports the modeling of the intentions (represented by temporal pat
terns to be achieved or avoided) of the actions/plans in a guideline. The 
critiquing mechanism considers intentions [62]. For instance, a provider 
might not even follow the overall plan, but still adhere to a higher-level 
intention. While [61] focuses on the representation language and on the 
CIG execution mechanism (called interpreter), in the paper critiquing is 
mostly discussed through examples, and its possible application to ed
ucation is not discussed, so that an in-depth comparison with our 
approach is not possible. For sure, the input of Miksch et al.’s critiquing 
approach is the whole treatment of a patient, while we aim at a more 
education-oriented approach in which (i) specific issues (shadow nodes) 
or parts (hole nodes) of the treatment can be considered, and students 
have to input the treatment step-by-step, considering concepts from a 
general medical ontology (SNOMED CT). On the other hand, considering 
also actions’ intentions is an intriguing possibility, that we may consider 
in our future work (see below).

A general and formal approach to CIG-based critiquing has been 
proposed by Groot et al. [60], that show how critiquing can be cast in 
terms of temporal logic, and can be achieved by using model checking. 
Groot et al. consider clinical guidelines expressed in ASBRU language, 
and translate the ASBRU model to a state transition system. Model 
checking is used as the method to generate critiques. In Groot et al.’s 
proposal, model checking takes as input a state transition system 
modeling a given guideline, and a logical specification modeling the 
actions performed on the patient, and investigates the consistency be
tween the formalized guideline and the treatment administered to the 
patient. Different forms of non-compliance (between the “ideal” and the 
“real” treatment) are identified. In the “direct critiquing” approach, non- 
compliances are checked through formulae expressed in the CTL tem
poral logic. An alternative critiquing approach, based on satisfaction sets, 
is also proposed. Such an approach uses a model checker to determine all 
the possible patient findings for which a certain property holds in the 
formal model of the clinical guideline. This compiled information from 
the guideline is then used for critiquing the patient data. Overall, the 
main goal of Groot et al.’s approach is to propose a strong theoretic- 
grounded approach demonstrating the feasibility of CIG-based 
critiquing based on temporal logics and model-checking. While they 
certainly achieved their goal, such a goal is quite far from our (educa
tional) ones. Indeed, though theoretically appealing, we doubt that 
notions like temporal logics, satisfaction sets and model checking are the 
most appropriate ones to teach medical students how to apply clinical 
guidelines to patients.

Notably, the approach in this paper substantially extends also our 
previous educational work. We started our research in the educational 
area in 2019, proposing a roadmap for the definition of GLARE-Edu 
[30]. In [63] we have described the AI-LEAP project, and in [31] the 
PTPC-AI one. Very recently, in our JMS paper [46], we proposed a non- 
technical description of our overall educational approach. We 

i. Motivated the need for educational CIG systems like GLARE-Edu 
(concerning existent CIG systems for decision support),

ii. Presented GLARE-Edu underlying “philosophical” principles,
iii. Discussed the main tasks of GLARE-Edu and its educational 

impact,
iv. Detailed our preliminary experimental evaluation of GLARE-Edu 

and the plan for an extensive evaluation, and
v. Proposed an extensive section of related works, settling our 

approach in the context of AI-based medical education (with 
specific emphasis on the com-parison between approaches using 
“symbolic” AI -like GLARE-Edu- and approaches based on Ma
chine Learning techniques).

On the other hand, in the JMS paper, we just proposed a brief high- 
level description of the overall architecture of GLARE-Edu (in the figure 
of the architecture, we just used one box to include the overall verifi
cation/testing formalism) and of its components, in which only a sub
section of <200 words was devoted to the description of the verification 
mechanisms, and the notions of “shadow” and “hole” nodes, as well as 
the interaction with medical ontologies, were not even mentioned.

In particular, the architectural extensions discussed in Section 4, and 
the CIG-test execution mechanism presented in Sections 5 and 6 are 
entirely new.

8.2. Generality of GLARE-Edu’s approach

Before considering limitations and future work, it is worth analyzing 
the generality of our approach. At least two different dimensions can be 
considered: independence of the domain, and independence of GLARE 
representation formalism.

8.2.1. Independence of the domain
As already discussed in this paper, GLARE and GLARE-Edu are 

domain-independent. They can operate on any clinical guideline ac
quired through GLARE’s acquisition module (i.e., on any CIG repre
sented using GLARE’s formalism).

8.2.2. Independence of GLARE’s formalism
Indeed, most CIG systems are based on a specific representation 

formalism. Two relevant exceptions are Degel [5] and META-GLARE 
[39]. In particular, META-GLARE is parametric concerning the 
formalism used to represent CIGs: it takes as input a representation 
formalism (through a dedicated formalism acquisition tool), and pro
vides a general tool for acquiring CIGs and one to execute them which 
operate on any formalism (acquired through the formalism acquisition 
tool).

Overall, GLARE-Edu is formalism-dependent, since it works on CIG 
represented in GLARE’s formalism. However, there are several aspects 
of the approach discussed in this paper that have a high-degree of in
dependence from GLARE’s specific formalism: 

• The methodology we propose to address the tasks (i) and (ii) (i.e., the 
introduction and management of shadow nodes and hole nodes, and 
the use of a medical ontology like SNOMED CT) is GLARE- 
independent, and could be instantiated into other CIG-based systems

• The overall architecture we propose (see Fig. 4) is GLARE- 
independent

• The mechanisms to navigate/query SNOMED CT ontology are 
GLARE-independent

On the other hand, the treatment of shadow nodes (and of hole 
nodes) depends on GLARE’s representation formalism. Notice, however, 
that, as shown by several surveys, the Task Network Model (TNM) for
malisms for CIGs (like e.g., GLARE, ASBRU, Proforma and many others) 
in the AIM literature present many common aspects [16–23]. Thus, 
moving from GLARE to other CIG systems (based on a TNM 
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representation) would not be difficult from the conceptual viewpoint.

8.3. Limitations of GLARE-Edu and future work

In our next work, we aim to address some limitations of our current 
approach.

First of all, as already discussed in Section 7, we only have a partial 
and preliminary evaluation of GLARE-Edu, but we have already planned 
an extended experimental evaluation. We will accomplish such a goal in 
the last six months of the PTPC-AI project, proposing to a class of 
medical students of our University a six-month course about the Euro
pean guideline about dyslipidemia [64]. The plan of our experiment is 
described in detail in [46], where we also highlight that students’ 
engagement for a University course involves also (at least in the Italian 
education system) a quite complex and time-demanding processes, such 
as the accreditation of the course itself (specifically, our course has been 
already accredited as an “Attività didattiche elettive” - ADE or elective 
educational activities). Of course, students will be split into two ho
mogeneous classes, and we will run a-priori, in-itinere and a-posteriori 
tests, comparing the two classes. Notably, the PTPC-AI project mandates 
that our activities during the evaluation phase are conducted under the 
constant supervision of the Bruno Kessler Foundation (https://www.fbk. 
eu/en/), serving as external evaluator.

Second, while GLARE and GLARE-Edu support the possibility of 
specifying (as attributes of arcs) the temporal constraints between 
nodes, such pieces of information are not yet managed by the testing 
facility discussed in this paper. Indeed, GLARE adopts a temporal 
reasoning module [65], and its integration in GLARE-Edu to support 
students’ testing is one of the goals of our future work.

Third, we plan to investigate the possibility of extending our 
approach to consider actions’ intentions, along the lines proposed by 
Shahar’s et al.’s seminal work [3]. Intentions are certainly an important 
factor in medical reasoning, so considering them in our educational 
approach could lead to a significant improvement. However, to do so, a 
systematic association of CIG’s actions and their intention is needed, and 
such an association is not systematically provided by clinical guidelines 
(at least, this is the case in our 30-year experience in the area). Even 
worst, a case study [66] showed that not only intentions of the clinical 
guidelines/protocols are often implicit but the intentions reported by 
experts almost always differ, which makes it hard to accommodate in a 
formal model (though the work in [67] achieved some progress to 
overcome such a problem).

Fourth, while preparing the material for the six-month course, we 
have realized that, to run the course and to support the personalization 
of the educational process, a quite large number of case studies are 
needed. And, more important, the acquisition of case studies requires 
the cooperation of a knowledge engineer and a medical expert, and is 
quite time consuming. As future work, we plan to automatize the gen
eration of case studies, on the basis of the results of the checks of 
conformance (and their relative explanations) for CIG-tests.
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