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Chapter 6
Using Colored Petri Nets for Optimization
of Healthcare Processes

Vijay Gehlot, Nilmini Wickramasinghe ), Elliot B. Sloane, Michael Kirk,
and Eric R. Miller

6.1 Introduction

In recognition of the need to ensure significant incorporation of health information
technology into healthcare delivery, the US Government passed the Health
Information Technology for Economic and Clinical Health (HITECH) Act, which
included incentives to accelerate the adoption of health information technology
(HIT) by the healthcare industry. Given that healthcare information technology can
dramatically improve healthcare services delivery, reduce cost, improve care effi-
ciency, and patient safety, under a government mandate, hospitals and medical care
providers were required to adopt/introduce electronic systems for the management
and delivery of healthcare services.
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The adoption of electronic health records (EHRs) and electronic medical records
(EMRs) has resulted in a large amount of healthcare data in electronic form that can
be computationally processed. Several healthcare organizations are utilizing data
mining, machine learning, and related approaches to analyze healthcare data and
improve the quality of care. However, data analysis alone cannot give insights into
the underlying process. For example, the efficacy of clinical interventions identified
by data analysis cannot be evaluated unless the underlying cause and effects are
modeled. A report by the US Institute of Medicine emphasizes that many serious
errors result from systems and their interactions rather than individual failures [1].
Thus, to effect changes to improve healthcare and to design and deploy better sys-
tems for improving human health, we also need to adopt tools and techniques for
process modeling, simulation, and analysis.

Although modeling and simulation are widely used in many sectors, their adop-
tion in healthcare has been challenging. A study, reported in [2], investigates model-
ing and simulation in healthcare against a context of defense and manufacturing
industries. The authors report limited evidence of modeling and simulation being
used to drive change in the healthcare delivery system. In addition to the complexi-
ties of a healthcare system, both [3, 4] identify stakeholder issues as a barrier to the
successful and widespread use of simulation in healthcare. Results of a relatively
recent survey dealing with modeling and simulation in healthcare are reported in
[5]. The key summary of the survey is that modeling in healthcare is perceived to be
different and more difficult across a range of factors. Reference [6] highlight three
challenges for health modeling: First, how good is good enough, that is, what level
of details should be included in models; second, clearly understanding how model-
ing is linked to decision-making; and third, dealing with the cultural barriers to
adoption of modeling and simulation in the health sector.

In 2017, Academic Emergency Medicine convened a consensus conference on
Catalyzing System Change Through Healthcare Simulation: Systems, Competency,
and Outcomes to assess the impact of simulation on various aspects of healthcare
delivery. The work reported in [7] is the summary of a breakout session on under-
standing complex interactions through systems modeling. Specifically, it explores
the role that computer modeling and simulation can and should play in the research
and development of emergency care delivery systems. The authors note that “One
underutilized approach to addressing problems in healthcare quality and value, par-
ticularly in emergency care, is through the use of computer simulation modeling.”

Furthermore, they emphasize that “Not unlike high-fidelity patient simulation
for training clinicians in clinical care through the use of mannequins, computer
simulation provides a platform to inform decision making prior to implementation
in the real world.”

Ample data are confirming that the number of emergency visits in the United
States is going up whereas the number of emergency departments providing such
services is on the decline. Furthermore, COVID-19 forced many hospitals to reeval-
uate and reengineer their workflows. For example, recently a healthcare facility had
to transform from a traditional model of care to a virtual model of care in orthopedic
surgery. They followed an OODA (Observe Orient Decide Act) approach toward
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this adaptation [8]. Although OODA is a powerful framework [9], it by itself does
not provide a mechanism for validation to ensure, for example, patient safety is not
compromised by the change. Access to a simulation-based tool, when used in con-
junction with the OODA approach, can yield promising results. The authors of [7]
note that “Computer simulation should be viewed as a necessary first step prior to
implementation of a change in procedure or practice.”

As noted earlier, stakeholder issues appear to be a barrier. However, in our own
experience, part of the issue is the perceived learning curve associated with the
simulation language (notation) and the lack of user-friendliness of associated tools.
Even though stakeholders are not directly involved with actual model development,
they need to be convinced that the adopted approach is user-friendly and, in particu-
lar, the adopted notation is understandable. This is where we see the strengths of a
Colored Petri Nets (CPNs)-based approach and the underlying CPN Tools software
[10-12]. The basic graphical/visual vocabulary of CPNs is small and intuitive,
which renders them an attractive choice for modeling and simulation in healthcare.

The remainder of this chapter is organized as follows. Section 6.2 contains a
hospital workflow example as described in [13]. We use this example to build our
hierarchical CPN model, which we describe in Sect. 6.4. Before it, in Sect. 6.3, we
give an overview of CPN and introduce the vocabulary of the CPN modeling lan-
guage utilizing a simple example. Section 6.5 contains details of our simulation data
collection and results. We present an approach to model verification and validation
in Sect. 6.6. Finally, in Sect. 6.7, we present our conclusions.

6.2 Emergency Workflow Example

To illustrate our Colored Petri Nets-based approach, in this chapter we provide
details of a CPN model of the emergency workflow described in [13]. The work-
flow, as described in the paper, is shown in Fig. 6.1. As depicted in this figure, there
are two separate paths that a patient may take. The one on the left is taken by emer-
gency patients whereas the one on the right is for elective surgeries where patients
are initially hospitalized.

As part of the patient flow, the diagram explicitly depicts various resources that
are needed at different stages of the flow. The aforementioned paper focuses on and
distinguishes two types of resources: rooms (physical) and hospital staff (human).
The various labels and their descriptions are given in [13] are as follows:

e Activity: reception (AA), transfer (AT), induction (Al), surgical operation (AO),
and recovery (AR).

e Staff: nurse for reception (RI), anesthesiology staff for induction and operation
(MSI), surgical staff for elective surgeries (MSH), surgical staff for emergency
surgeries (MSU), nurse assistant (RAS), anesthesiology staff for recovery (MSR).

e Rooms: reception room (MA), induction room for elective surgery (MIH), induc-
tion room for emergency surgery (MIU), operating room for elective surgery
(AOH), operating room for emergency surgery (AOU), recovery room (MR1).
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Fig. 6.1 The emergency workflow as described using a Workflow Management Systems (WFMS)
notation in [13]. It describes the overall patient workflow in a healthcare system focusing on two
different paths to OR, namely, Emergency workflow and Elective workflow
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The shown diagram also gives delays in minutes for various activities as well as
the probability of various choices. For example, the probability of a patient needing
short induction on the emergency side is specified as 0.95, whereas the probability
of short induction on the elective side is given as 0.93. In building our model, we use
the same label and values where possible. For the benefit of the reader, before going
into the details of our model, we give a brief introduction to the CPN vocabulary
and modeling approach next.

6.3 Colored Petri Nets

Colored Petri Nets (CPNs) provide a graphical (visual) modeling notation well
suited for concurrent and distributed systems in which communication, synchroni-
zation, and resource sharing play an important role. A key aspect of the CPN vocab-
ulary is the ability to express a cause and its effect, which allows one to capture a
workflow naturally. In terms of depiction, a CPN consists of places (depicted as
circles or ovals), transitions (depicted as rectangles), and arcs (depicted as arrows)
that connect a place to a transition or a transition to a place. Figure 6.2 shows a very
basic CPN consisting of two places (P1 and P2) and one transition (T). We can
interpret P1 as “Healthy,” T as “Bug Bites,” and P2 as “Sick,” thereby expressing a
cause and its effect.

Places are containers of fokens. Depending on the context, tokens may represent
a state, a data value, a resource, or some other entity. Transitions represent (abstrac-
tion of) actions. The cause and effect dynamics of a CPN are defined using the firing
rule, whereby tokens are removed from input places of a transition and deposited in
the output places of a transition. Thereby, recording the fact that the associated
action has occurred. The distribution of tokens across places in a net is called a
marking and describes the global state of the system being modeled. As mentioned
earlier, another crucial aspect of the CPN notation is its ability to express sharing of
resources and associated constraints, which are also inherent to healthcare work-
flows. For example, the availability of an operating room or an infusion pump is a
resource constraint that would be part of the flow of care in a hospital dealing with
trauma patients.

The basic execution semantics of a CPN in terms of the firing rule above gives
rise to several interesting net configurations and associated interpretations that are
natural in modeling workflows. Figure 6.3 depicts some net configurations useful
for expressing various communication and coordination activities that form part of
typical healthcare workflows. For example, the Sequential configuration is useful in
capturing the dependency that a patient must register at the front desk before being

Fig. 6.2 A simple Colored
Petri Net with two places T1
and one transition
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Fig. 6.3 Useful CPN configurations for modeling workflows and associated constraints [10]

examined by a nurse or a doctor. The Concurrent configuration captures the inde-
pendence of events or flows. For example, a patient being checked for blood pres-
sure is totally independent of another patient being checked into a trauma center.
Therefore, these two actions can happen concurrently. The Choice configuration is
useful in capturing the flow where two or more options are possible. For example,
surgery or medication option for treating a tumor. The Join configuration provides a
synchronization mechanism. For example, all test results must be in before proceed-
ing further with the possible diagnosis or treatment. The Synchronous Communication
is a generalization of the Join whereby it allows multiple outcomes. The
Asynchronous Communication easily captures the flow where a test sample can be
delivered to a lab by the clinical staff and then the lab can process it asynchronously
without the staff waiting for it. Finally, the depicted Mutual Exclusion is useful in
expressing resource-sharing constraints such as a single nurse cannot be attending
to two different patients at the same time or a single monitor cannot be hooked to
two different patients at the same time.

To explain the basic CPN notation further and its capability, we consider a con-
crete example of a very simple workflow where patients waiting for surgery can be
taken in for surgery only if there is an operating room available. For this example,
we are ignoring other resources, such as surgical staff, surgical instruments, and
patient monitoring devices. The net in Fig. 6.4 captures this basic workflow. In this
net, the active tokens are shown in small green circles. In this initial state, there are
two Available Operating Rooms, as depicted by the associated token, and five
Patients Waiting for Surgery as indicated by the associated token. The transition /n
Surgery can fire only if a patient is waiting (at least one token in the place named
Patients Waiting for Surgery) and an operating room is available (at least one token
in the place named Available Operating Rooms). The net in Fig. 6.5 is a snapshot of
the next simulation step showing the state where one surgery is in progress (one
token in the place named Surgery in Progress) and only one operating room is avail-
able, that is, the token count of Available Operating Rooms is now down to 1. At this
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Fig. 6.4 A CPN model of
a very simplified operating
room workflow taking into
account just the room
availability. The net shows
initially we have two
operating rooms and five
patients waiting

Fig. 6.5 The net showing
a simulation state with 1
surgery in progress and 1
room available

Available
Operating

In Surgery

Surgery
in
Progress

\ Out of
Surgery

Available
Operating

stage, either another waiting patient can be taken in the surgery, or the current in
surgery patient can be out of surgery or both since in the depicted net, both In
Surgery and Out of Surgery transitions are simultaneously enabled (highlighted in
green) and can fire. The net in Fig. 6.6 depicts the state where we have two patients
in active surgery and we cannot take the next patient in since there is no token in
Available Operating Rooms thereby disabling the In Surgery transition (not high-
lighted in green) although we have three more patients waiting. Once one of the
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Fig. 6.6 The net showing
the state where 2 active
surgeries are in progress
and we cannot take any
more patients since the
transition /n Surgery is not
enabled (highlighted in
green)

Available
Operating
Rooms

In Surgery

currently active surgeries is done, a token representing room availability will be
deposited in Available Operating Rooms via the arc connecting the transition Out of
Surgery to Available Operating Rooms.

With this given background, we are now ready to describe the details of our CPN
model. Readers interested in more details of CPN, including formal definitions and
theoretical foundations, may refer to [14, 15].

6.4 CPN Model Details

We give details of our hierarchical CPN model that captures the details of the work-
flow shown in 1. The creation of hierarchical nets is based on the simple idea that
any transition can be replaced or substituted by a (sub) net that details the activities
underlying it. Such transitions are called substitution transitions (or modules) in the
CPN parlance. Pictorially, a substitution transition is drawn with double rectangles.

The (hierarchical) net in Fig. 6.7 shows the overall patient workflow starting with
the entry of a patient from reception to the exit from the recovery system. The
shown patient workflow net consists of four modules, namely, Patient Entry,
Emergency Workflow, Elective Workflow, and Recovery, and five places namely To
Emergency, To Elective, From Emergency, From Elective, and Discharge. The dia-
gram in Fig. 6.8 shows the module hierarchy, that is, the various sub-modules and
their nesting structure that comprises our hierarchical model.

The tokens in the basic model in Fig. 6.4 do not carry any information. For a
detailed analysis, we may want to carry additional information in tokens. For exam-
ple, we may want to distinguish different types of operating rooms or patients with
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Fig. 6.7 The top-level net showing the overall workflow and associated modules

different conditions. CPNs provide an enhanced vocabulary to create tokens of dif-
ferent data types (or colorsets in CPN parlance) and utilize the full functionality of
the underlying inscription language CPN ML, which is built on top of the functional
programming language SML [16]. Before going into details of some of the sub-
modules, we give a brief description of key colorsets used in this model below:

(* Model colset declarations *) colset PTYPE = with EM | EL; colset
PID = INT;
colset PID T = PID timed; colset AT = INT;

colset PATIENT = product PTYPE * PID * AT; colset PATIENTS = list
PATIENT;

colset ROOM = with MA | MIU | MIH | AOU | AOH | MRI
| WR; colset ROOMS = list ROOM;

colset HR = with RI | MSI | MSH | MSU | RAS | MSR;
colset STAFF = list HR;

colset PSTAT = product PATIENT * ROOMS * STAFF;

colset PSTAT T = PSTAT timed;

colset HRACT = product HR * ROOM timed;
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Fig. 6.8 The module OperatingRoomWorkflowNet
hierarchy of the CPN PatientWorkflow

model. The module Elective Workflow
hierarchy depicts the Elective Reception

various sub-modules and
their nesting structure that
comprises our hierarchical
model

Transfer Activity
Elective Induction
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Elective Surgery
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Recovery
Enter Patient Waiting Area
Patient Recovery
Patient Entry

These types are used to carry the following information, which is used in the
model description, creation, and simulation:

e PTYPE or patient type allows us to distinguish emergency EM from elective
(EL). In general, a more complex type may be associated that will allow other
patient or application-specific attributes.

e PIDis patient ID and PID T is the associated timed version. The latter allows
the creation of the timed tokens to account for various delays and process-
ing times.

* PATIENT is a compound type consisting of patient type, patient ID, and patient’s
arrival time. PATTIENTS is a list of patients useful in describing a queue.

* ROOM is a room type based on the workflow described above and ROOMS is used
to represent a set of rooms.

* HRis a human resource type per the workflow described above and STAFF is a
list of those.

e PSTAT is a compound type that captures the status of a patient in terms of
assigned rooms and assigned staff. PSTAT T is its associated timed version for
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Fig. 6.9 The Patient Entry module responsible for the generation of patient traffic

performance metrics. HRACT is a compound type denoting which human
resource is active (or assigned to) in which room. It is a timed colorset for per-
formance metrics.

We start with the module Patient Entry module, which is shown in Fig. 6.9. This
module is responsible for generating patients who either go for elective or emer-
gency surgery. The original paper [13] specifies 80% to be elective surgeries and
20% to be emergency surgeries as shown in Fig. 6.1. However, it does not specify
any arrival pattern or rate. Thus, in this chapter, we have assumed the interarrival
time to be exponentially distributed. Using the file input/output and external process
communication faculties of the CPN Tools, we can certainly drive a CPN simulation
based on an actual log of patient arrivals if available. Internally, this module utilizes
the type PID T to generate a timed token with the next patient ID and arrival time.
Based on this information, a token of type PATIENT is generated, which will move
either to To Emergency or To Elective depending on the PTYPE value of the token.

NextID place represents the state of the number of patients with their waiting
times. When Generate Patient transition occurs, it puts back a token in NextID with
the next number and randomly generated a waiting time for the next patient. The
CPN ML function genNextPat (pid) on the arc from Generate Patient is
responsible for generating a patient token and depending on the patient type of this
token, it will move either 7o Emergency or To Elective.

After this, the patient (or token) will follow the Emergency Workflow module or
the Elective Workflow module of the net shown in Fig. 6.7. The two workflows
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essentially differ in terms of the Transfer Activity module as given by the module
hierarchy diagram in Fig. 6.8. We, therefore, focus mainly on the details of the
Emergency Workflow module. Specifically, we present details of the following sub-
modules: Emergency Induction, and its sub-module Long Emergency Induction;
Emergency Operation and two of its sub-modules, namely, Emergency Preparation
and Long Emergency Surgery; and finally the Patient Recovery module.

The next two modules, Emergency Induction and its sub-module Long Emergency
Induction are shown in Figs. 6.10 and 6.11, respectively. Neither [13] nor Fig. 6.1
indicates an explicit queue, but in our model, we have put an explicit queue at the
start of various activity stages for better accounting of delays. Otherwise, multiple
tokens in a place are viewed as a multi-set with no specific order. As shown in the
figure, when the transition Add to Queue fires, the incoming patient token will be
added to the Emergency Induction Queue. The next patient in the queue enters the

To Emergency
Induction
[In}

PATIENT
p
Add to
Queue
ps*~[pl) |Ps
1] 1" AOU

Emer.
Induction
Queue

OR. Block for

Urgencies 1 AQY

PATIENTS ROOM
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Emergency Emergency
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Fig. 6.10 The Emergency Induction module as shown in the module hierarchy of Emergency
Workflow in Fig. 6.8
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Fig. 6.11 The sub-module Long Emergency Induction of the Emergency Induction module as
shown in the module hierarchy of Emergency Workflow in Fig. 6.8

induction room only if OR Block for Urgencies and Induction Room for Urgencies
is available.! Additionally, it requires the availability of an Anesthesiologist Staff.
All these resource constraints are captured in a very simple and visual manner by
the incoming arcs of the Enter Induction Room transition in the figure.

The net in Fig. 6.11 shows the Long Emergency Induction module. The Boolean
condition [n > 95] on the transition Long Induction and the random number in
the connecting place Random Number guarantee the probability of long induction
to be 0.05, as specified in Fig. 6.1. Note that the place Random Number is shared
with the activities of the corresponding Short Emergency Induction (not shown) to
ensure that both modules are using the same number in determining the firing of the
associated transition. This sharing is achieved via the CPN notion of a fusion set
whereby a set of places may be fused as one by associating a fusion tag with those

'We are using the term Urgency instead of Emergency per the original paper.
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places. We have used the fusion tag EmInRN as shown in the figure above. An asso-
ciated timed token in Long Emergency Induction Complete determines the time for
long induction.

After induction, a patient moves to Emergency Operation, which itself consists
of two sub-modules: Emergency Preparation and Emergency Surgery. As depicted
in Fig. 6.1, emergency surgeries can be either of short duration or average duration
or long duration. We only include the Long Emergency Surgery module here since
the other two are similar. Figures 6.12 and 6.13 show the two sub-modules
Emergency Preparation and Long Emergency Surgery, respectively. As shown in
the associated net, Patient Installation requires the availability of Medical Staff for
Urgencies and Nurse Assistants. Once Patient Preparation is finished, the Nurse
Assistant becomes available for other patients as captured by the outgoing arc from
Patient Preparation to Nurse Assistant. At this stage, the human resource Medical
Staff for Urgencies is considered still in use, that is, busy. The prepared patient then
enters Emergency Surgery. A patient requiring long surgery will follow the net
depicted in Fig. 6.13. The Boolean condition [n > 7] on the transition Long
Emergency Surgery and the random number in the connecting place Random
Number guarantee the probability of long surgery to be 0.30, as specified in Fig. 6.1.
An associated timed token in Patient in Long Emergency Surgery determines the
time for surgery. When done, that is, the transition Complete Long Surgery fires,

1"MSU
To Emergency edical Staff for
Operation Urgencies
PSTAT Ha
hrl
Patient
Installation
hr2
(p.rs,sAA[hrL]AA[hr2])@+4 4
1'RAS
Patient Nurse
Installed sistant
PSTAT_T HR
(p.rs,s)
Patient getElem(RAS,s)

Preparation

(p,rs,remElem(RAS,s))@+4

Patient
Prepared

PSTAT_T

Fig. 6.12 The Emergency Preparation sub-module of Emergency Operation as shown in the mod-
ule hierarchy of Emergency Workflow in Fig. 6.8
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Fig. 6.13 The Long Emergency Surgery sub-module of Emergency Operation as shown in the
module hierarchy of Emergency Workflow in Fig. 6.8

both human resources, namely, Anesthesiologist Staff from the induction stage and
Medical Staff for Urgencies from the patient preparation stage are returned to their
respective free pools.

The final stage is patient recovery. The associated Patient Recovery sub-module
is shown in Fig. 6.14. As depicted in the associated net, Transfer to Recovery Room
requires availability in the Recovery Room and an available Anesthesiologist Staff
for Recovery. At this stage, the Nurse Assistant and the Waiting Room from the pre-
vious stage are returned to their respective free pools. An associated timed token in
Enter Recovery Room determines the time for recovery. Once the recovery is com-
plete, that is, the model time reaches the time stamp on the timed token, and the
Recovery transition fires, the room and the staff are returned to their respective free
pools, and the patient is moved to Discharge.
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Fig. 6.14 The Patient Recovery sub-module as shown in the module hierarchy of Emergency
Workflow in Fig. 6.8

This completes the discussion of our hierarchical CPN model. Next, we briefly
describe the monitoring faculties of CPN Tools we utilized to collect data and gen-
erate performance reports.

6.5 Data Collection and Results

CPN Tools provide a monitoring facility to conduct performance analysis of a sys-
tem [17]. Monitors are used to extracting relevant data during a simulation run.
Monitors can be associated with any subnet of interest. Different types of monitors
can be defined for a net. For example, a simulation breakpoint monitor can be used
to stop a simulation run based on a specified condition. A data collector monitor is
used to extract numerical data from a model during a simulation and to calculate
statistics for the extracted data. The statistics that are calculated for a particular data
collector are either untimed statistics or timed statistics (that is, time-dependent
weighted statistics). The statistics that are computed and can be accessed from each
data collector monitor are: count (number of data observations), minimum,
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maximum, sum, average, confidence intervals for average, variance, standard devia-
tion, the sum of squares, the sum of squares of deviation, first value observed, and
last value observed. Once monitors have been created, the built-in function
CPN’Replications.nreplications can be used to run any number of
simulation replications, collect data, and calculate, among other values, 90%, 95%,
and 99% confidence intervals for averages. It also auto-generates a performance
report containing statistics, including confidence intervals, that are calculated for
the independent and identically distributed (1ID) data values in the replication out-
put log files.

We set a breakpoint monitor for a 24-h period and ran simulation replications
with a medium traffic flow with an average inter-arrival of 1 h and another with
intense traffic flow with an average inter-arrival of 10 min. Table 6.1 contains some
data from the first replication run. Our results show that the utilization rates of both
the anesthesiologist staff and recovery rooms were low, highlighting a potential area
to save resources. Furthermore, while the nurse assistant maintained a comfortably
high utilization rate, the rate of the reception nurse was much lower, showing the
potential of reclassifying them into a shared resource.

6.6 Model Verification and Validation

The starting point of building a simulation model should always be a conceptual
model [18]. One may utilize an informal notation or a formalized notation in
describing a conceptual model. Typically, the notation should be expressive enough
to capture the key requirements. In general, a conceptual model is a blueprint for the
computer (or simulation) model to be built. Once a model has been created, a key
exercise is to carry out the verification and validation of the model. Towards this
end, we recommend adopting the approach described in [19].

According to [19], verification is the process of determining that a model imple-
mentation accurately represents the conceptual description and specifications
whereas model validation is the process of determining the degree to which a model
is an accurate representation of the real world. In particular, “...operational valida-
tion is carried out to determine the simulation model’s output behavior has the accu-
racy required for the model’s intended purpose over the domain of the model’s
intended applicability.”

Model building is a collaborative process and both verification and validation
steps require input from the stakeholders and subject-matter experts [20].
Additionally, the validation step requires access to data from actual operations.
Verification ensures that the key requirements have been captured by the model.
Both verification and validation are iterative processes and should be carried out
hand in hand with model building, preferably following an agile approach. In the
past, quality data for healthcare applications may not have been readily available in
all situations of interest, but with the advent and progress of digital health, a mod-
eler may have easier access to data of interest. In the validation step, data generated
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by a verified model is compared against real-life data and the model is fine-tuned by
changing parameters, if necessary, to align with the real data.

As mentioned earlier, for data generation and validation purposes, CPN Tools
software provides an extensive monitoring and simulation report generation facility
[17]. A simulation report provides a complete execution trace of the model whereas
a monitor is a mechanism in the CPN software that is used to observe, inspect, con-
trol, or even modify a simulation of a CPN. A variety of monitors can be defined for
a given net. Monitors can inspect both the markings of places and enabling of transi-
tions during a simulation, and they can take appropriate actions based on the obser-
vations as well as extract relevant data. It is only after the validation step that one
should use a simulation model to evaluate “what-if?” scenarios for implementing
changes in the underlying actual operations. The interactive simulation tool avail-
able in the CPN Tools software can be used for incremental model verification. It
allows a modeler to step through various markings and even set desired markings in
an interactive manner. Using this facility, a modeler can check whether the desired
specifications have been captured in the model.

6.7 Conclusion

Adoption of modeling and simulation in healthcare continues to be a challenging
issue. One key barrier is buy-in from the stakeholders. Certainly, as noted by [7],
simulation-based approaches can help improve patient safety and help better man-
age resources in a costly and constrained system like healthcare. Of particular
importance is emergency care since there is data confirming that the number of
emergency visits in the US is going up whereas the number of emergency depart-
ments providing such services is on the decline. Furthermore, COVID-19 forced
many hospitals to re-evaluate and re-engineer their workflows but in absence of any
simulation-based tools, there is no simple way to evaluate the impact of such
changes. In our own experience, we have found a Colored Petri Nets-based approach
to be less of a barrier for the stakeholders owing to a simple and visual graphical
representation of the net model and its associated intuitive semantics. Furthermore,
the free CPN Tools software with its visual editing and simulation capabilities ren-
ders it a very user-friendly environment for model development and analysis. We
illustrated our approach by employing an operating room workflow and taking into
account a variety of resources and constraints (room and staff availability) in a natu-
ral manner using the hierarchical CPN notation. The modular approach offered by
the hierarchical CPNs allows a model to be constructed incrementally and, there-
fore, supports a very agile approach. We presented details of data collection and
summarized our results. We provided an approach for the verification and validation
of CPN models.

As we now move into a post-COVID world, healthcare organizations also need
to find the new normal. At this stage there are too many unknowns and uncertainties;
however, we do know that more and more focus is now being placed on virtual care
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models and possibilities. We contend that CPN modeling can be of great help and a
strategic tool when trying to model and understand specific scenarios in healthcare
contexts in which several divergent elements such as effectiveness, value, human
input, and interactions must be tracked. In conclusion, given the advances in digital
health and the availability of rich digital health data, we can make model-driven
healthcare a reality to help improve patient safety and reduce cost.
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