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Tere is a need for an appropriate decision-making approach and a precise costing method in order to make appropriate decisions
that result in managing the resource utilization, improving the efciency of healthcare systems and processes, increasing the
patient consent, and reducing the costs of healthcare services. Terefore, this study is to develop a new method for estimating and
reducing the services’ costs by assessing the scenarios intended for the improvement of departments using time-driven activity-
based costing (TDABC) and simulation model with conditions of uncertainty. To investigate the application of this method, the
lithotripsy department of a kidney center has been studied and attempted to investigate the efects of diferent scenarios of
scheduling the technicians’ presence and scheduling patients’ appointments, alongside the efects of controlling the factors of
patient cancellation in diferent stages of the treatment process on lowering the healthcare costs and waiting time and on
improving the hospital efciency. Te results showed that signifcant improvements in costs, waiting time, human resource
utilization, and overall system efciency were emerged. Te impact of patient appointment scheduling scenarios on the
abovementioned indexes was found to be far more than other scenarios. Furthermore, the results from the costs determined
indicate a diference of 0.60, 0.61, 0.67, 0.67, and 0.63 percent between these costs and the costs determined by the traditional
approaches. Such diferences among the costs determined by these two approaches mainly occur due to diferent methods of
allocating indirect costs and existence of uncertainty in the costs and time of therapeutic activities.

1. Introduction

Te signifcant growth in healthcare costs has led to serious
problems for the health system of countries; thus, con-
trolling and managing these costs have become a funda-
mental necessity. Te World Health Organization in 1989
estimated that about 40% of the resources that are available
to the healthcare system were wasted. Tis indicates that
a very signifcant amount of wasted resources could be
obtained by savings through increasing the efciency [1].
Many studies carried out in this area point to the fact that
hospital resources, especially human resources, constitute
a large share of healthcare costs; therefore, a signifcant cost
reduction can be achieved through managing and

controlling these resources [2–10]. Tis necessitates using
appropriate tools to increase the productivity of hospital
resources. In this case, discrete-event simulation (DES) is
used as an efcient tool to optimize the allocation of scarce
resources in order to improve patient fow, reduce the cost of
healthcare, and increase the patient consent. Simulation is an
imitation of the actual-world processes or system perfor-
mance over time, and it can analyze and respond to the
questions of “what will happen” and “if” about the actual-
world scenarios [11]. It is very important to apply this tool
along with a proper costing system, such as a TDABC system
that can provide a signifcant share of managers’ information
needs in terms of resource managing and reducing the
healthcare costs.
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TDABC is a new cost management approach that fa-
cilitates the process of planning and controlling costs for
hospital managers. Tis approach provides valuable in-
formation to identify nonvalue added activities, and it can be
used to make decisions for improving the processes, better
resource management, and reducing healthcare costs. Given
that information of the TDABC system is presented in
certainty conditions, its application in uncertainty condi-
tions signifcantly decreases because the actual value of the
input information required by this system (time, capacity,
and cost) in uncertainty condition is not available; thus, it is
usually estimated. Hospital managers need to understand
how one can reduce the costs through improving the pro-
cesses and service quality. Terefore, in order to achieve this
goal, they are bound tomake decisions based on information
that are often available in uncertainty conditions. Te use of
fuzzy logic (FL) can usually resolve this problem and en-
hance the quality of information on the cost of the TDABC
system [12]. Tis article presents a new model to estimate
and reduce the cost of healthcare services through assess-
ment of the improvement scenarios of health centers, which
are based on the simulation method and FL-TDABC costing
method, developed by Ostadi et al. [13]. By using these two
methods in our proposed model, we can assess improvement
scenarios of health centers and calculate the cost of changes
made by each scenario; accordingly, a new model is de-
veloped to estimate and reduce the healthcare costs based on
improving the efciency of health centers, which includes
the following motivation and novelty:

(1) Developing a scenario-based model to identify cost
reduction opportunities by improving processes in
health centers

(2) Developing improvement scenarios in health centers
based on the simulation results and reviewing all the
possible changes in the system

(3) Creating the possibility of assessing improvement
scenarios for health centers through checking the
cost of changes made due to each scenario

(4) Calculating the time needed to perform therapeutic
activities based on repeated iterations of the simu-
lation model with taking into consideration the
uncertainty in activities’ time

(5) Determining the practical capacity of the studied
system in the form of triangular fuzzy number (TFN)
based on a combination of the mean and the stan-
dard deviation of output data obtained from re-
peated iterations of the simulation model, including
percentage of resource utilization and the fuzzy daily
useful working hours (FDUT) of the system

(6) Calculating the cost of changes made by the im-
provement scenarios of the health centers using the
FL-TDABC costing method by assessing the changes
made by each scenario in the simulation model and
determining the input information of the FL-
TDABC system, including practical capacity of the
system and activities’ time in the form of TFN,
through repeated iterations of the simulation model

Te paper is organized as follows. Section 2 presents the
theoretical bases of the research in four parts, including
ABC, TDABC, and FL systems, and application of simu-
lation in healthcare. In addition, the research background in
each section is examined and new aspects of the present
study are expressed. Ten, Section 3 presents the new
simulation-costing model for the healthcare services’ costing
based on improving the efciency of health centers under
uncertainty conditions. In Section 4, we test and discuss the
proposed model, and fnally, Section 5 presents the con-
clusion and provides some suggestions for future research
on this topic.

2. Literature Review

2.1. Activity-Based Costing (ABC). ABC system is one of the
recent systems for product and service costing, which was
introduced by Cooper and Kaplan [14]. Te system stems
from the belief that products/services consume the activities
and activities consume the resources. Terefore, in order to
calculate the costs, ABC system determines the causal re-
lationship between cost creation and activities needed to
provide products and services that create economic value for
the organization. As a result, information of this system can
be used as a useful tool to manage the costs and determine
the exact cost of healthcare services. In the feld of
healthcare, many studies have used the ABC methodology;
some of the most important ones are mentioned in Table 1.
Most of these studies have compared the costs determined
by ABC with the approved tarifs for hospital services. Te
results of these studies demonstrate a signifcant diference
between the costs provided by the ABC and the approved
tarifs. In addition, many articles point to the fact that
hospital resources, especially human resources and con-
sumables, constitute a large share of healthcare costs; this
fact necessitates hospital management paying special at-
tention to resourcemanagement methods in order to control
and reduce these costs.

2.2. TDABC. Since its introduction in 1980s, the ABC
system resolved serious shortcomings and disadvantages of
traditional costing systems. However, despite being very
valuable, it is very difcult to implement and maintain an
ABC system and such difculties prevented this innovation
from becoming an efcient and timely management tool
[24, 25]. In order to resolve the problems of the ABC system,
a new approach was introduced by Kaplan and Anderson,
called TDABC [26]. Te TDABC method is basically time-
driven and its implementation method is completely dif-
ferent from that of the ABC method. Te TDABC is simpler
and less costly and runs faster than the ABC model. Te
TDABC uses an efcient framework, which needs only two
sets, to perform the costing process: capacity cost rate and
capacity consumption rate (in terms of time) [24, 27]. Given
its features and advantages, the TDABC system has been
used in diferent felds [28–33]. In the feld of healthcare,
many studies have used the TDABC methodology; some of
the most important ones are mentioned in Table 1. In the
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reviewed articles, the use of ABC and TDABC systems for
the costing of healthcare services in diferent countries has
been mentioned that indicates the widespread use of these
systems in the healthcare sector. Despite this issue, less
attention has been paid to evaluation and improvement of
the hospitals’ performance, especially through developing
the capability of these methods by combining them with
other techniques such as simulation or other techniques of

process analysis and improvement [34]. Moreover, most
studies on healthcare costing have accounted hospital re-
sources, especially human resources and consumables, as
a large share of the total cost of healthcare services; however,
not much attention has been given to reducing these costs
through improving resource efciency. Terefore, in the
present study, using TDABC plus simulation approach, we
have tried to develop a method for costing the healthcare

Table 1: A review of the previous studies on the applications of ABC and TDABC systems in healthcare.

References Models Objectives

[15] ABC Calculation of the cost of hematopathology laboratory services using the ABC
method and comparing it with existing prices

[2] ABC Calculation of the cost of MRI services using the ABC method and comparing it
with the approved tarifs

[3] ABC Calculation of the cost of dialysis in Shahid Sadoughi hospital and comparing it with
tarifs

[4] ABC Calculation of the cost of eye surgeries using the ABC method and comparing it
with approved governmental tarifs by the Ministry of Health

[16] ABC Healthcare services costing at a government hospital in India and evaluating
physicians’ performance based on cost parameters

[17] ABC Calculating the cost of services of Shahid Faghihi hospital in Shiraz using the
designed ABC model and comparing it with the approved tarifs

[5] ABC
Calculation of the unit cost of medical services as well as the cost price of occupancy
bed-day of hospitalization in Kashani hospital in order to comparing ABC system

and traditional costing method

[6] TDABC
Calculation of the cost of total knee replacement (TKR) for each patient in the entire

care cycle using the TDABC model and comparing it with tarifs, as well as
considering cost reduction strategies for the patient treatment

[8] TDABC

Comparison of the costs associated with (1) primary total hip arthroplasty (THA)
and (2) primary total knee arthroplasty (TKA) as measured using TDABC versus
traditional hospital accounting (TA) and also the evaluation of the impact of various
processes on surgical costs by comparing the cost of three diferent surgeons

[18] TDABC
Investigating the diferences between resource consumption accounting (RCA) and
TDABC systems in determining open and laparoscopic gallbladder surgeries costs

for a one-year and long-term period

[19] TDABC
Calculation of hip and knee arthroplasty costs in two hospitals with diferent

logistical set-ups and comparing them with each other and with the calculated costs
of fast track

[10] TDABC
Calculation and comparison of seven treatment costs for prostate cancer based on

the TDABC methodology from the initial urologic visit through 12 years of
follow-up

[20] TDABC

Calculation and analysis of the cost of pharmaceutical services in order to improve
the management of public pharmacies and promote the drug policies through
calculating and analyzing the cost structure of pharmaceutical services at three

pharmacies in the city of Lisbon, Portugal using the TDABC model

[21] TDABC
Implementation of a tarif system using the TDABC model to calculate the cost of
home care services based on the amount of resources consumed at each level of

complexity of the patient

[22] TDABC

Implementation of TDABC in a clinic to investigate the relationship and
management efects of a TDABC in outpatient clinics (examining the impact of
advice specialization and the utilization of activities and equipment on clinical

costs)

[9] TDABC
Identifying the inefciencies and cost-reduction opportunities in pediatric

appendectomy by applying TDABC methodology to this high-volume surgical
condition

[23] TDABC
Improving access to cancer genetics service using quality improvement methods
and TDABC by increasing the clinic capacity of the cancer genetics service without

increasing direct personnel costs

[7] TDABC
Development of a conceptual model from TDABC at a cancer center to calculate the
cost of three types of specifc cancer (oral cavity, pharynx and larynx) in the entire

care cycle
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services based on improving the efciency of hospital re-
sources. What is certain is that, so far, no study in this feld
has been carried out with aforementioned approach. As
mentioned before, for this study, we collected our data from
the lithotripsy department of a kidney center. Furthermore,
no study has been conducted to date neither on the cal-
culation of the costs of treating kidney stones using extra-
corporeal shock wave lithotripsy (ESWL), nor on reducing
these costs by improving the efciency of the processes and
resources of the lithotripsy department using the afore-
mentioned approach.

2.3. Fuzzy Set Teory. Fuzzy set theory was introduced by
Zade in 1965 [35]. Te fuzzy set is expressed based on the
membership function, which includes a set of elements with
diferent degrees of membership in the set. Te membership
function μ(x) included the membership degree of the ele-
ment x in the fuzzy set, which belongs to interval [0, 1].
Among various forms of fuzzy numbers, TFN is more
popular. Te triangular fuzzy number A is determined by
three parameters as follows. Parameter aM represents the
highest expected value and aS and aL represent the smallest
and the largest possible values, respectively. Te member-
ship function of the triangular fuzzy number A, which is
shown by μA(x), is defned as follows:

μA(x) �

x − aS

aM − aS

, aS ≤x≤ aM,

aL − x

aL − aM

, aM ≤x≤ aL,

0, otherwise.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Te fuzzy set has been used in many felds, including,
engineering economics [36], cost-beneft analysis [37],
project selection [38], capital budgeting [39, 40], and supply
chain planning [41]. Te fuzzy set was frst used by
Nachtmann and Needy in 2001 for investigating the un-
certainty conditions in the ABC system, which in turn led to
introduction of the new FABC system [42]. Ten, many
scholars used the fuzzy set method to take into account the
uncertainty in ABC and TDABC systems in various felds. In
Table 2, some of the most important studies of this kind are
discussed. Te results of these studies showed that appli-
cation of fuzzy logic in ABC and TDABC systems improved
the ability of such systems in reducing the uncertainty and
complexity in various industries, especially healthcare in-
dustry and led to increase in the capability of ABC and
TDABC systems in dealing with conditions of uncertainty.

2.4. Application of Simulation in Healthcare. Simulation is
a comprehensive approach that is being used for decades in
diferent felds, including manufacturing, commerce, trans-
portation, and healthcare industry [51, 52]. Tis method is
used to study virtual models and to evaluate the performance
of a dynamic system during a specifed period of time [53]. In
recent years, the application of simulation in the healthcare

feld has grown exponentially; among the main reasons for
this issue are the increasing complexity of healthcare systems,
the great capabilities of simulation in modeling the complex
and uncertain systems and the remarkable progress of sim-
ulation software [54, 55]. Te main objective in application of
simulation studies in the feld of healthcare has been reducing
the waiting time and the length of stay (LOS), improving the
services for patients, making better use of resources, and
fnally reducing operating costs [56, 57]. Many studies have
focused on these issues; some of the most important ones are
mentioned in Table 3. Most simulation studies have targeted
the emergency department of hospitals. Te reason behind
this issue is that there are many problems in this department,
such as congestion, lengthy waiting times, lack of space, and
lack of human resources. In general, simulation models used
to analyze healthcare systems are mainly focused on two
areas: (1) optimizing patient fow in diferent departments of
the hospital aims at optimizing the patient discharge volume
and reducing the waiting time and (2) allocating resources to
improve the utilization of resources. According to the liter-
ature, no study to date has addressed reducing the waiting
time and improving the processes of kidney stone treatment
using ESWL. Owing to the high allocation of resources to this
unit of kidney diseases treatment, it is necessary to take
appropriate actions to properly plan resource utilization and
improve the therapeutic processes in this department in order
to reduce the cost of services. Besides, another aspect of this
study that has not been addressed in previous studies is in-
vestigating some cases in order to reduce patient cancellation
rate of this department which is a key factor in maintaining
patient satisfaction. In addition, reducing the cost of
healthcare services based on improving the efciency of
hospital resources as one of themain objectives of this study is
somehow neglected in previous studies. In other words,
previous studies have often focused on a single index or they
have merely introduced diferent scenarios. Likewise, in
previous research the waiting time has mostly been the basis
of scenario selection and little attention has been paid to cost
as an index for selecting scenarios. In this study, frstly by
modeling and simulating the system under study, secondly by
assessing diferent scenarios that were intended to reduce the
cost of healthcare services based on improving the efciency
of hospital resources, and fnally by ranking these scenarios
based on cost and time indexes, we attempted to identify and
establish the priority change of the scenarios as the basis of
determining the cost of healthcare services.

3. The Simulation-Costing Model in Healthcare

Tis study employs the simulation method and FL-TDABC
costing system to present a new scenario-based model to
estimate and reduce the cost of healthcare services through
improving the efciency of the health centers. For costing
under uncertainty conditions, this model uses the FL-TDABC
method, which is developed by Ostadi et al. [13]. Te model
presented in this study can evaluate the improvement sce-
narios of health centers and calculate the cost of changesmade
by each scenario. In this model, we investigate the changes
resulted from each improvement scenario in the simulation
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model, then after repeated iterations of the model, the sim-
ulation outputs, which are inputs of the FL-TDABC costing
system, will be used to determine the practical capacity of the
system and activities’ time in the form of TFN. Tis way, the
new model can calculate the cost of changes made by each
scenario and, thus, evaluate the scenarios based on these cost
calculations.Te proposed model can be employed as follows:
we use the sum of data of the therapeutic activities’ time and
the practical capacity of the system, which are obtained from
the outputs of the simulation runs, as a combination of mean
and standard deviation, to determine TFN required for the
FL-TDABC model to calculate the cost of changes made by
each scenario. Figure 1 shows the proposed approach com-
pared to the TDABC model.

3.1. Stage 1: Identifying the System under Study and Creating
a Conceptual Model. In the frst stage of the model, the
system under study is investigated to identify its method of
providing healthcare services. Tis means that processes and
activities as well as their sequences, the way of doing the
required activities for providing the healthcare services, etc.,
are examined. At this stage, a conceptual modeling that
contains documented processes of the system under in-
vestigation is carried out and the preparations for designing
a simulation model are made.

3.2. Stage 2: Identifying Resources, Estimating Activities’
Duration and Collecting the Cost Data. Tis phase is focused
on data collection. Te collected data includes resources
used for activities carried out by healthcare provider and
their costs and time spent on doing each activity by each
source. In this stage of the model, all costs associated with
the system under investigation, including the costs of human
resources, consumables, and equipment are identifed.

3.3. Stage 3:Creating theComputer SimulationModel. At this
stage, programming or creating a computer simulation
model for the conceptual model is carried out.Te identifed
processes are modeled and simulated by computer software.
Furthermore, this model which is created based on statistical
distributions obtained from the previous stage, will be
completed and implemented, also the results of its imple-
mentation will be analyzed.

3.4. Stage 4: Verifcation and Validation of the Model.
After creation of the simulation model and its initial
implementation, verifcation and validation of it are carried
out using diferent methods.Te aim of this stage is to assure
that the conceptual model is accurately refected in the
simulation model and that simulation model can accurately
represent the real system.

3.5. Stage 5: Developing Performance Improvement Scenarios
for the Systemunder Study. Following the implementation of
the simulation model, the performance improvement sce-
narios of the system under study are determined based on
simulation results and expert opinions to reduce the cost of
healthcare services, reduce the waiting time, and improve
the hospital efciency. (In this phase, simulation software is
used along with Matlab software to create the intended
scenarios that are discussed in the following section.)

3.6. Stage 6: Estimating the System’s Fuzzy Practical Capacity
(FPC). At this stage, after executing each of the proposed
scenarios, the practical capacity of the system under study is
created for each scenario in the form of TFN. In this case, the
outputs of simulation iterations are processed in Matlab
software to result in TFN. Simply put, the total data related
to the useful working hours of the system obtained from the
output of the simulation model are used to determine TFN
based on a combination of mean and standard deviation
calculated in Matlab software. In this model, TFNs are
formed based on the following rule; if there is a dataset with
a mean of μ and a standard deviation of σ, with a probability
of 99%, the data will lie within three standard deviations (left
and right) of the mean. Upon completion of the method, the
daily useful working hours of the system are determined in
the form of TFN. FDUTS, FDUTM, and FDUTL represent,
respectively, the smallest, the most probable, and the largest
daily useful working hours of the system under study. Te
practical capacity of the system is calculated based on the
occupancy percentage of each resource, as well as the sys-
tem’s daily useful working hours, as follows. Te fuzzy
practical capacity is shown with three values including FPCS,
FPCM, and FPCL, which are, respectively, the smallest
possible value, the most probable value, and the largest
possible value for the system’s fuzzy practical capacity.

FPC � FPCS, FPCM, FPCL(  � 
r

i�1
FDUTS ∗AWY∗OPRi, 

r

i�1
FDUTM ∗AWY∗OPRi, 

r

i�1
FDUTL ∗AWY∗OPRi

⎛⎝ ⎞⎠. (2)

In this regard, AWY represents the average number of
useful working days of the system per year that is determined
by subtracting the holidays from the total days of the year.
Also, OPRi represents the occupancy percentage of the re-
source i per day that is resulted from the output of the
simulation model. Furthermore, r is equal to the number of
existing resources in the system.

3.7. Stage 7: Calculating the FuzzyCapacity Cost Rate (FCCR).
Capacity cost rate is calculated by dividing the total costs of
the system under study by its practical capacity. Te nu-
merator includes all the costs associated with the system
which are determined in the second stage of the proposed
model. Te denominator includes the practical capacity of
those resources required to perform the activity, which was
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calculated in the previous stage. Te smallest possible
(FCCRSj), the most promising (FCCRMj), and the largest
possible value (FCCRLj) of FCCR of the cost source j is
calculated through the following equation:

FCCRj � FCCRSj, FCCRMj, FCCRLj  �
RCj

FPCS

,
RCj

FPCM

,
RCj

FPCL

 . (3)

In this equation, RCj represents the total cost of the
source j, which was determined in the second stage of the
proposed model.

3.8. Stage 8: Determining the Fuzzy Time Required for the
System Activities (FT). At this stage, the method presented
in stage 6 is used to determine the time required for the

completion of system activities in the form of TFN.Te time
parameter in the proposed model is shown with three values,
including the smallest possible value (FTS), the most
promising value (FTM), and the largest possible value (FTL),
which are obtained through the total time of all activities
within the system that is estimated by fuzzy set method.

FT � FTS, FTM, FTL  � 
n

k�1
ATSk ∗ Fk 

n

k�1
ATMk ∗ Fk 

n

k�1
ATLk ∗ Fk

⎛⎝ ⎞⎠. (4)

In this equation, ATSk, ATMk, and ATLk represent the
smallest, the most probable, and the largest time needed to
perform activity k, respectively. Fk represents the number of
occurrences of activity k and FTrepresent the total time of n
activity within the system.

3.9. Stage 9: Calculating the Fuzzy Cost of Services (FCOS).
At this stage, the cost of each service is obtained according to
equation (5) by multiplying the total estimated fuzzy time of
the system activities (FT) associated with the intended
service by the fuzzy capacity cost rate of each cost source

Fuzzy
Resources

Cost

Fuzzy
Time

Fuzzy
Time&Capacity

Fuzzy
Time&Capacity&Cost

Determine resource cost Estimating the practical capacity

Calculate Capacity Cost rate

Compute activity standard time

Formulate a time equation

Compute a total time needed

RC PC

CCR

Tj

Calculate cost object

COS

Determine Fuzzy resource cost Estimating the Fuzzy practical capacity

Calculate Fuzzy Capacity Cost rate

Estimating the time required using the Fuzzy Delphi method

Determine Activity Occurance Frequency

Calculate fuzzy cost object

FPCMiFRCMi

TMj

FRCSi FPCLiFPCSi

FCCRMi FCCRLiFCCRSi

TLjTSj

FCOSMi FCOSLiFCOSSi

Defuzzify Costs

FRCLi

Determine Activity time
Triangular fuzzy number

FTMi FTLiFTSi

FjT

Determine the exact amount of practical
capacity

PC

Activity-Based Costing
(ABC)

Cooper and Kaplan (1988)

Time-Driven Activity based
Costing (TDABC)

Kaplan and Anderson (2004)

Fuzzy-Activity-Based Costing
(FABC)

Nachtmann and Needy (2001)

Traditional Costing
Volume-Based Costing

(VBC)

Standard TDABC FL - TDABC

Fuzzy Logic – Time Driven ABC
(FL- TDABC)

In This Research

Time-Driven Activity based
Costing (TDABC)

Kaplan and Anderson (2004)

Fuzzy-Time-Driven
Activity-Based Costing

(Fuzzy-TDABC)
Mortaji et al (2015)

Fuzzy-Time-Driven
Activity-Based Costing

(Fuzzy-TDABC)
Mwaikambo et al (2015)

Fuzzy-Time-Driven
Activity-Based Costing

(Fuzzy-TDABC)
Chansaad et al (2012)

Fuzzy set theory
Zadeh (1965)

Figure 1: Comparison of simulation-costing model with standard TDABC model.
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(FCCRj). In this equation, FCOSS, FCOSM, and FCOSL,
respectively, represent the smallest possible, the most
probable, and the largest possible amount of the cost of the
intended service. Given the point that the “capacity cost
rate” and “time required to perform activities” are shown by
TFN, there will be nine diferent modes that will be ex-
amined based on the cost parameter in three diferent re-
lationships equations (6)–(8). For example, one relationship

is for a mode in which the capacity cost rate is in optimistic
condition (smallest possible) and time is in three conditions
of optimistic (FCOSSS), moderate or most possible
(FCOSSM), and pessimistic or largest possible (FCOSSL),
respectively. Tis mode determines the values for the
smallest possible value for the fnal cost of services (FCOSS).

FCOS � FCOSS, FCOSM, FCOSL( , (5)

FCOSS � FCOSSS, FCOSSM, FCOSSL(  � 
s

j�1
FCCRSj ∗ FTS, 

s

j�1
FCCRSj ∗ FTM, 

s

j�1
FCCRSj ∗ FTL

⎛⎝ ⎞⎠, (6)

FCOSM � FCOSMS, FCOSMM, FCOSML(  � 
s

j�1
FCCRMj ∗ FTS, 

s

j�1
FCCRMj ∗ FTM, 

s

j�1
FCCRMj ∗ FTL

⎛⎝ ⎞⎠, (7)

FCOSL � FCOSLS, FCOSLM, FCOSLL(  � 
s

j�1
FCCRLj ∗ FTS, 

s

j�1
FCCRLj ∗ FTM, 

s

j�1
FCCRLj ∗ FTL

⎛⎝ ⎞⎠. (8)

In this equation, s is equal to the number of existing cost
sources in the system under study.

3.10. Stage 10: Determining the Precise Cost of Services (COS).
At this stage, fuzzy outputs related to the cost of each service
will be defuzzifed by equation (9) in order to determine the
fnal cost of services. Tis study uses the center of gravity
(COG) method for defuzzifcation, which is one of the most
common methods to convert fuzzy numbers to defnitive
values (equation (9)). Tis can also be achieved by calcu-
lating the mean of triple values of TFN, which is used in
formation of the relationships 10 to 13 [74].

x
∗

�
 μ(x).x dx

 μ(x)dx
, (9)

COS �
FCOSS + FCOSM + FCOSL

3
 , (10)

COSS �
FCOSSS + FCOSSM + FCOSSL

3
 , (11)

COSM �
FCOSMS + FCOSMM + FCOSML

3
 , (12)

COSL �
FCOSLS + FCOSLM + FCOSLLL

3
 . (13)

3.11. Stage 11: Assessing System Performance Improvement
Scenarios Based on Time and Cost Indexes. Tis stage of the
proposed model is dedicated to the repeated executions of

the simulation model and their analysis for the purpose of
estimating the performance indexes of the scenarios that are
simulated. At this stage, various scenarios using simulation
software and TDABC method, in accordance with the
abovementioned stages are analyzed and assessed with
regard to time and cost indexes.

3.12. Stage 12:Ranking the System Improvement Scenarios and
Determining the Final Cost of Services Based on the Selected
Scenario. In the fnal stage of the proposed model, the re-
sults of scenarios’ assessment based on time and cost indexes
are investigated, and accordingly, scenarios will be ranked.
Ten, the best scenario that has the most favorable results in
most of the indexes is selected and will be regarded as the
basis for changes. Finally, the cost of healthcare services that
were studied and estimated based on the selected scenario
will be discussed and compared with the current costs.
(Matlab software is used at this stage to study this issue. Te
method of ranking and selecting the top scenarios are
discussed in the following section.)

4. Case Study

In this section, the application of the simulation-costing
model is demonstrated in a case study. For this purpose, we
used the data collected from lithotripsy department of
a kidney center. Te data required for this study were
collected in the period from September 2017 to May 2018.
Te aforementioned department has four stafs including
a lithotripsy technician, an anesthesiologist, a secretary, and
an orderly. Tree lithotripsy technicians work in this de-
partment that based on a predetermined schedule are
present at diferent times of the week.
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4.1. Results of the Simulation-Costing Model in Healthcare

Stage 1. Te conceptual model that contains the docu-
mented processes of the system under study is created in the
frst stage of the proposed model. At frst, the patient fow
and its related services were investigated through interviews
with the staf and observation.Ten, the patient arrival status
and treatment processes were studied.

Stage 2. At this point, time information related to the
therapeutic activities as well as resources used for activities
done by healthcare provider and their costs were identifed.
Cost source associated with the lithotripsy department are
identifed. Information about the times of these activities
were collected by stopwatch time study technique in specifc
forms. Other information about patient arrival time and how
they arrived was collected from hospital information system.
Information on consumption costs of the lithotripsy de-
partment was obtained from fnancial and accounting de-
partments of the hospital. Input analyzer software was used
to examine the probability distribution of each activity. It
should be noted that depending on the type of technicians,
time distributions vary for some activities. In addition,
depending on the type of patient, such a diference exists in
most of the time distributions which are considered in the
simulation model separately.

Stage 3. A computer simulation model of the conceptual
model was created at this stage of the proposedmodel. Arena
simulation software was used for computer modeling. In
order to clarify the modeling process, the computer model is
described in three parts, including patient arrival, treatment
process, and patient discharge.

4.1.1. Patient Arrival. Patients who enter the hospital are
either outpatient or inpatient. Outpatients are divided into
two categories: adult and pediatric patients. After patients’
arrival, their profle, condition, and history of illness are
assessed by the department’s secretary. Ten, if patients are
prepared for the operation, according to their type, they will
be prioritized and added to operation queues. Generally, the
pediatric patients will enjoy a higher priority than other
patients.

4.1.2. Treatment Process. After identifying the type of pa-
tient, if there is at least one empty bed in the recovery room,
the patient will be guided to the next stage of the process. In
this model, depending on the type of patients and their
conditions, waiting queues are considered diferent. After
allocation of the bed, if technician and anesthesiologist are
not busy, the patient will be transferred to the lithotripsy
room and he/she undergo examination, diagnosis, and
ESWL processes. In this model, when each patient’s turn
comes, depending on the current time of the system, he/she
will be treated by technician 1, 2, or 3. Upon completion of
these stages, technician provides the necessary postoperative

instructions to the patient’s attendant, then the patient is
transferred to the recovery room by an orderly.

4.1.3. Patient Discharge. At the end of the process, when
ESWL operation is completed, the patient will be transferred
to the recovery room and stays there until anesthetic
symptoms fade away. Te recovery time distribution
depending on the patient type varies. Inpatients do not need
recovery; thus, only in case of waiting to be transferred to the
intended department, they will be transferred to the recovery
room for a short time. Pediatric patients, as for their par-
ticular conditions, usually spend more time in
recovery room.

4.1.4. Running the Simulation Model. After creating the
simulation model and loading it with probability distribu-
tions of activities’ time, the completed model was run in 50
iterations based on the technicians’ schedule in diferent
shifts and days of the week for each working day.

Stage 4. After building and running the simulation model, it
was verifed and validated using diferent methods. During
the simulation process, that is to say, the stages of system
identifcation and conceptual modeling, patient fow process
was constantly investigated with the help of those working in
our research environment. Among other issues that con-
tributed to verify the computer model was a step-by-step
investigation of the patient fow. Furthermore, the outputs of
the model were compared with actual results (Table 4). As it
is shown, there is no signifcant diference between simu-
lation model results and actual results. Another change
applied for the purpose of model validation was the change
in the patient arrival rate. As an example, we increased the
interval between patients’ arrival. With this change, it was
obviously expected that the patient discharge volume,
waiting time, and utilization percentage of resources would
reduce.

Stage 5. After running the simulation model, based on the
simulation results and expert opinions, performance im-
provement scenarios were determined for the system under
study. First, we reviewed diferent scenarios of changing
technicians’ work schedules. In this category of scenarios,
the appropriate allocation of technicians to diferent shifts
and days of the week was discussed. In doing so, we frst
prioritized diferent days of the week based on their con-
gestion rates, and then the ability of each technician on
diferent days of the week was investigated. By so doing, we
wanted to allocate technicians with higher ability to busier
days for the purpose of improving the performance indexes
of the system under study. In order to measure how much
diferent days of the week are crowded, several tests were
performed based on various indicators, such as the average
number of discharged patients at 14, 16, 24, and 48 hours
with no arrival limit, the frequency of number of discharged
patients more than the third quartet at 14, 16, 24, and
48 hours with no arrival limit, the frequency of the number
of days with end (time) of service provision is greater than
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19, 18 : 45, 18 : 30, 18, 17 : 30, and 17 with a maximum of 25
incoming patients, the average waiting time of patients for
15 working hours with a maximum of 25 incoming patients,
and the average time spent in the system for 15 working
hours with a maximum of 25 incoming patients in 50 it-
erations of the simulation model. By reviewing these fgures,
Sunday was found to be the busiest and Tursday was
concluded as the quietest day of the week. Te ranking of
diferent days of the week based on congestion is as follows:
Sunday, Saturday, Wednesday, Monday, Tuesday, and
Tursday.

After examining the abovementioned cases, the ability of
each technician in diferent shifts and days of the week was
evaluated based on similar indicators in 50 iterations of the
simulation. By examining these cases, technician 1 dem-
onstrated the best performance overall with respect to
various indicators and technicians 2 and 3 were ranked after
him, respectively. Based on these results and according to the
ranking of diferent days of the week with regard to con-
gestion, best possible schedules for each technician’s pres-
ence on diferent days of the week were identifed. By
preliminary results, Saturday was assigned to technician 1;
and, Sunday, Monday, and Tursday were assigned to
technicians 1 and 2. Furthermore, other days were assigned
to technicians 1, 2, and 3. Subsequently, based on the
abovementioned schedules and considering the total time
limit for technicians’ presence on diferent days of the week
(technician 1 could only attend three shifts, while techni-
cians 3 could attend two shifts) and the ability of each
technician on diferent days of the week, possible schedules
for the presence of technicians in diferent shifts and days of
the week were determined. Based on what stated before, all
possible schedules for the presence of technicians were
determined. Based on the results and using Matlab software,
a total of 36 diferent schedules for the presence of tech-
nicians on diferent shifts and days of the week determined
which is presented the frst and second scenarios for the
example in Table 5.

In scenarios of the second category, determining the best
schedule for patient arrival was targeted. In this category,
a total of 32 scenarios were considered for patient arrival

rate. Each scenario included a uniform time distribution
between 0 to 60minutes at intervals of 5minutes. According
to this, all possible conditions of patient arrival were studied.
Also, at this stage, based on assessment of the above-
mentioned scenarios, 15 other scenarios were proposed.
Tese scenarios represent a combination of the above-
mentioned scenarios plus overtime work for patient ad-
mission. After executing these 32 scenarios, for those
scenarios that were not able to manage the maximum
number of arriving patients (25 patients) by following the
time distribution of this study and the timing of patient
admission (that every day continues till 13 : 45, except
Tursday that ends at 11 : 00), we increased the working time
for patient admission to re-evaluate their results by indexes,
such as the number of discharged patients. By applying these
changes, some of these scenarios required more time than
the predefned maximum time (15 hours) to provide services
for all the admitted patients (25 patients); hence, since these
categories of scenarios were not practical, we excluded them.
Some instances of such scenarios are scenarios 34, 35, 39,
and 42.

Tose scenarios belonging to the third category are
related to the investigation of the factors reducing the patient
cancellation rate. Te possibility of patient cancellation
exists in three stages of the treatment process, namely,
admission, examination, and diagnosis. Cancellation factors
of admission and examination stages are mostly related to
the patient’s lack of knowledge about the preoperative
preparations for the lithotripsy operation. Some cases that
lead to the cancellation of the treatment process at the
admission and examination stages are as follows: problems
with taking drugs such as aspirin, those that are taken for
cold, fever, and chills, inadequate medical tests, presence of
comorbidities, such as respiratory and cardiovascular dis-
eases, high blood pressure, infection, etc. Terefore, con-
trolling this factor by informing the patients before
operation can reduce the patient cancellation rate. It should
be noted that the patient constellation at the diagnostic stage
is related to failure in detection of the stone’s exact location
by ultrasonography or x-ray; nonetheless, examining these
cases is beyond the scope of this study. It is worth

Table 4: Comparison of the results of the simulation model with actual data.

Performance index Average number of
discharged patients

Average number of
cancelled patients per

day

Average waiting time
in the system

Average time spent
in the systemWeek days

Saturday Act 19.62 2.67 5987.23 9326.98
Sim 19.64 2.8 6227.68 9428.29

Sunday Act 20.14 2.33 6971.86 10538.27
Sim 21.08 2.72 6858.29 10338.01

Monday Act 19.3 3 5401.6 8745.33
Sim 19.48 3.16 5532.23 8855.31

Tuesday Act 20 2.75 4872.83 8281.897
Sim 20.36 2.44 5195.52 8509.1

Wednesday Act 19.9 2.2 5302.76 8471.368
Sim 19.72 2.8 5619.05 8880

Tursday Act 15.75 2 5728.4 8813.231
Sim 16.76 2 5479.01 8347.22
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mentioning that the abovementioned information was ob-
tained by examining the recorded observations on patient
cancellation factors during the therapeutic procedures. After
the experts’ comments on this information we identifed the
most important causes of patient cancellation; also, patients’
lack of knowledge about abovementioned cases was iden-
tifed as the main patient cancellation cause.

Stage 6. At this stage, by executing each of the proposed
scenarios for diferent days of the week and based on the
results obtained from Matlab software processing, useful
working hours of the system per day was obtained in the
form of TFN for each scenario. Ten, the system’s practical
capacity based on the equation (2) was determined. In this
equation, AWY is 291 days. OPRj was also obtained from the
simulation model output. In this section, for the sake of
clarifcation, we show how the cost of lithotripsy operation
(stages 6 to 11 of the proposed model) based on the data
derived from the current state of the system, is determined.

Stage 7. At this stage, the FCCR was determined by dividing
the total costs of lithotripsy by the practical capacity
equation (3). Accordingly, based on diferent types of cost
sources of the lithotripsy department, FCCR for diferent
days of the week was calculated.

Stage 8. At this stage, we used the method presented in Stage
6 to estimate the time needed to complete the system ac-
tivities in the form of TFN. Te number of occurrences of
each activity on the basis of calendar year 2017 data was
determined 4967 times.

Stage 9. In this point, based on the equations (5) to (8), the
cost of lithotripsy operation was determined through
multiplying FT that was associated with the intended service
by FCCRj. Table 6 shows an instance of allocating the human
source costs to various activities of the lithotripsy de-
partment. In addition, this table presents the cost of lith-
otripsy operation in the form of TFN for Saturday in the
current state of the system.

Stage 10. In this stage, we defuzzifed the fuzzy sets of
lithotripsy costs by means of equations (10) to (13). Table 7
presents the exact costs of lithotripsy based on the type of the
activity for Saturday. Following these stages, we could cal-
culate the yearly cost of lithotripsy. Also, the average cost of
each lithotripsy operation was calculated with respect to
4967 operations in 2017. Table 8 shows the fnal cost of
lithotripsy operation according to the current state of the
system.

Stage 11. At this stage, the diferent scenarios mentioned in
the ffth stage were executed using simulation software and
were investigated with respect to cost and time indexes in
accordance with the abovementioned stages.

Te third category of the scenarios examined the factors
that reduce the patient cancellation rate. Cancellation factors
were found to be related to the patients’ lack of knowledge
about the preoperative preparations for the lithotripsy op-
eration. Increasing the patients’ knowledge about these is-
sues were examined by means of some measures, such as
phone calls intended for setting the appointments, an-
nouncements on the hospital website, sending text messages
to patients, distributing questionnaires about patients’
health condition among them, and counseling them during
the preoperative waiting time.

Stage 12. At this stage, the results of assessing the scenarios
based on time and cost indexes were studied and the best
scenario that resulted in satisfactory results in most of the
indexes, was selected and set as the basis for the changes. For
the purpose of investigating this issue, Matlab software was
used. Te following section explains how we selected the top
scenarios.

At frst, scenarios of the frst category were examined.
Regarding the scenario assessment method, we examined
and compared the results of diferent scenarios for each day
of the week; then, based on the results of the assessment, all
the scenarios were ranked based on each of the performance
index by Matlab software. Obviously, for all indexes, such as
waiting time which is optimal when is at the lowest possible
value, or in the indexes of the number of discharged patients
which is optimal when is at the highest possible amount,
lower values represent higher ranking, and higher values
indicate the lower ranking of that scenario, compared to
other scenarios, in the assessment table. Based on the results
of the ranking, for Sunday, scenarios 7–12; for Monday,
scenarios 1–12, and scenarios 25–36; and for Tuesday,
scenarios 1–7–13–19 had the same performance and enjoyed
the best possible results. Summing up the results of these
three days, scenario 7 has the best results in diferent indexes.
Based on all indexes, except waiting time, this scenario is also
appropriate for Wednesday. Based on the assessment of
diferent scenarios for Wednesday, scenarios
2–4–8–10–14–20–22–26–31 enjoyed the best result in terms
of diferent indexes. scenario 8 is, also, one of the best
scenarios for Sunday and Monday, and its results are also
very close to the results of scenario 7 for Tuesday. Conse-
quently, scenario 8 was selected as a new schedule for
technicians at diferent shifts and days of the week. Tis
scenario is shown in Table 9.

Table 5: Scheduling scenarios for presence of technicians at diferent shifts and days of the week.

Week days Saturday Sunday Monday Tuesday Wednesday Tursday

Scenario 1 Shift 1 1 1 2 2 3 2
Shift 2 1 2 2 2 3 2

Scenario 2 Shift 1 1 1 2 2 2 2
Shift 2 1 2 2 3 3 2

12 Journal of Healthcare Engineering



Ta
bl

e
6:
A
llo

ca
tio

n
of

hu
m
an

re
so
ur
ce
sc
os
ts
to

va
ri
ou

st
yp
es

of
th
er
ap
eu
tic

ac
tiv

iti
es

(A
)a
nd

th
ef

na
lc
os
to

ft
he

lit
ho

tr
ip
sy

op
er
at
io
n
in

th
ef
or
m

of
tr
ia
ng

ul
ar

fu
zz
y
nu

m
be
rs
(B
)(
sa
m
pl
e:

Sa
tu
rd
ay

in
th
e
cu
rr
en
t
st
at
e
of

th
e
sy
st
em

).

A
ct
iv
iti
es

C
os
t

ty
pe

FC
O
S S

FC
O
S M

FC
O
S L

FC
O
S S

S
FC

O
S S

M
FC

O
S S

L
FC

O
S M

S
FC

O
S M

M
FC

O
S M

L
FC

O
S L

S
FC

O
S L

M
FC

O
S L

L

Re
ce
pt
io
n

A
31
14
86
00
.7
4

41
48
12
01
.4
7

51
81
38
02
.2
1

40
14
07
82
.7
6

53
45
62
66
.3
3

66
77
17
49
.9
1

56
43
19
18
.5
1

75
15
14
90
.7
8

93
87
10
63
.0
5

B
54
10
28
23
.2
4

72
04
97
89
.0
1

89
99
67
54
.7
8

69
72
15
80
.5
1

92
84
95
93
.8
8

11
59
77
60
7.
2

98
01
80
82
.3
5

13
05
32
59
9.
4

16
30
47
11
6.
4

Tr
an
sf
er
ri
ng

th
e
pa
tie
nt

to
ch
an
gi
ng

ro
om

be
fo
re

su
rg
er
y

A
21
96
03
70
.6
8

27
93
40
02
.8
6

33
90
76
35
.0
4

28
30
00
34
.2
8

35
99
81
73
.7
2

43
69
63
13
.1
6

39
78
56
02
.5
3

50
60
80
31
.6
8

61
43
04
60
.8
3

B
38
14
35
44
.9
7

48
51
93
03
.7

58
89
50
62
.4
4

49
15
50
73
.3

62
52
61
74

75
89
72
74
.7
1

69
10
46
58
.6
5

87
90
24
20
.2
7

10
67
00
18
1.
9

Ex
am

in
at
io
n

A
48
92
33
9.
20
6

95
10
41
7.
74
5

14
12
84
96
.2
8

63
04
69
1.
72
3

12
25
59
47
.4
1

18
20
72
03
.1

88
63
45
0.
71
2

17
23
00
23
.3
9

25
59
65
96
.0
6

B
84
97
63
2.
54
3

16
51
88
94
.5
3

24
54
01
56
.5
1

10
95
07
84
.7
5

21
28
76
77
.1
6

31
62
45
69
.5
8

15
39
51
60
.4
8

29
92
72
80
.4
4

44
45
94
00
.4
1

D
ia
gn

os
is

A
23
40
99
14
.8
2

33
66
19
73
.2
1

43
91
40
31
.6

30
16
80
42
.3
2

43
37
97
32
.0
6

56
59
14
21
.7
9

42
41
17
41
.5
9

60
98
53
95
.3

79
55
90
49
.0
1

B
40
66
12
96
.2
9

58
46
83
65
.9
4

76
27
54
35
.6

52
39
96
65
.5
5

75
34
73
96
.6
7

98
29
51
27
.7
9

73
66
60
68
.6

10
59
27
13
5.
9

13
81
88
20
3.
1

ES
W
L
op

er
at
io
n

A
16
85
66
45
3.
1

18
17
50
08
6.
5

19
49
33
71
9.
9

21
72
29
32
0.
5

23
42
18
89
1.
6

25
12
08
46
2.
6

30
53
91
83
5.
2

32
92
76
62
3.
2

35
31
61
41
1.
2

B
29
27
87
50
2.
5

31
56
86
50
1.
8

33
85
85
50
1.
1

37
73
11
31
5.
9

40
68
20
94
8.
3

43
63
30
58
0.
6

53
04
43
10
4.
7

57
19
29
22
0.
7

61
34
15
33
6.
6

Tr
an
sf
er
ri
ng

th
e
pa
tie
nt

to
ch
an
gi
ng

ro
om

af
te
r

su
rg
er
y

A
14
09
91
81
.2
2

24
09
35
95
.3
1

34
08
80
09
.3
9

18
16
94
25
.1
8

31
04
90
92
.1
7

43
92
87
59
.1
5

25
54
34
85
.9
6

43
65
03
65
.5

61
75
72
45
.0
4

B
24
48
92
38
.4
1

41
84
87
98
.9

59
20
83
59
.3
9

31
55
89
52
.1

53
92
99
84
.1
9

76
30
10
16
.2
7

44
36
71
52
.0
8

75
81
74
67
.0
2

10
72
67
78
2

Tr
an
sf
er
ri
ng

th
e
pa
tie
nt

to
th
e
re
co
ve
ry

ro
om

A
52
18
96
4.
19
2

72
40
28
1.
53
9

92
61
59
8.
88
6

67
25
60
8.
94
8

93
30
45
3.
42
3

11
93
52
97
.9

94
55
19
7.
18
4

13
11
72
17
.7
3

16
77
92
38
.2
7

B
90
64
95
6.
06
5

12
57
58
35
.2
9

16
08
67
14
.5
1

11
68
18
86
.9
4

16
20
63
09
.7
6

20
73
07
32
.5
9

16
42
29
80
.4
8

22
78
36
40
.2
1

29
14
42
99
.9
3

Re
co
ve
ry

A
60
64
78
26
.5
7

12
01
73
78
1.
1

17
96
99
73
5.
7

78
15
60
38
.2
7

15
48
66
33
5.
2

23
15
76
63
2.
1

10
98
75
66
4.
6

21
77
18
83
3.
7

32
55
62
00
2.
8

B
10
53
40
80
3.
9

20
87
32
99
8.
7

31
21
25
19
3.
6

13
57
51
27
6.
9

26
89
91
40
7.
6

40
22
31
53
8.
3

19
08
45
92
9.
5

37
81
61
56
4.
1

56
54
77
19
8.
8

Su
m

A
32
99
43
65
0.
5

44
58
45
33
9.
8

56
17
47
02
9

42
51
93
94
4

57
45
54
89
1.
8

72
39
15
83
9.
6

59
77
58
89
6.
3

80
77
37
98
1.
3

10
17
71
70
66

B
57
30
87
79
7.
9

77
44
00
48
7.
9

97
57
13
17
8

73
85
30
53
5.
9

99
79
59
49
1.
5

12
57
38
84
47

10
38
26
31
37

14
02
98
13
28

17
67
69
95
19

Journal of Healthcare Engineering 13



In the scenarios of the second category, the best schedule
for patient visits was investigated. Te assessment method
for these scenarios is similar to the one used for the as-
sessment of frst category scenarios. Table 9 shows an ex-
ample of the results of the assessment of patient visit
scheduling scenarios for Saturday. As can be seen, the best
scenario for Saturday regarding the cost and the number of
discharged patients is scenario 20; nonetheless, since re-
ducing the waiting time is also targeted, reviewing other
scenarios and comparing them with scenario 20 is also
important. As stated before, the waiting time index and the
number of discharged patients are in the opposite direction.
Tat is to say, an increase in the number of discharged
patients will reduce the cost; however, waiting time will
increase too. For this reason, we should select a scenario that
enjoys a desirable state considering all the indexes. Scenarios
27 and 28 are two examples in this regard. Tese two sce-
narios have a better position in waiting time index compared
to scenario 20, and furthermore, their positions are rather
close to this scenario with respect to cost, the number of
discharged patients, and other indexes. Scenario 27 is closer
to scenario 20 regarding the number of discharged patients;
however, since reducing the waiting time is very important,
scenario 28 is selected for Saturday as enjoying the best
patient arrival rate.Te case of Sunday is similar to Saturday.
Scenario 22 is the most appropriate scenario regarding the
number of discharged patients and cost indexes; yet, similar
to the previous case, waiting time should be considered. In
this regard, scenarios 25 and 31 have a more reasonable
position compared to scenario 22. Scenario 25 is closer to

scenario 22; however, due to the waiting time issue scenario
31 is our choice. Since technicians’ schedules for shifts 1 and
2 is the same on Sunday and Monday, we selected scenario
31 for scheduling the Monday too. For Tuesday, scenario 20
is the best scenario in terms of the number of discharged
patients. But then again, there is the issue of waiting time.
Te closest scenario to the scenario 20 in terms of the
number of discharged patients and cost indexes is the
scenario 31; at the same time, it enjoys even a better waiting
time than scenario 20. Such a situation also exists for
Wednesday, thus, again the best scenario for scheduling
patient visits on Wednesday is scenario 31. For Tursday,
these results are diferent, because the end time of patient
admission on Tursday is diferent from other days of the
week. Te best scenario for this day is scenario 15, which
gained the best results regarding diferent perspectives.
Table 10 shows the best time distributions for scheduling
patient visits on diferent days of the week. Te results of the
assessing the combined scenarios made of patient ap-
pointment scheduling scenarios plus overtime work for
patient admission are also done in a similar way (Table 10).

4.2. Discussion and Conclusion of the Results. In this study,
a combined model of simulation and costing was developed
to estimate and reduce the costs of healthcare services based
on improving the efciency of health centers using TDABC
and simulation approach in uncertainty conditions. Tis
model consists of 12 key stages that include all the steps of
building the simulation model and estimating the costs of

Table 7: Te exact costs of lithotripsy operation based on the type of activity (sample: Saturday with data of the current state of the system).

Activities COSS COSM COSL COS
Reception 72049789.01 92849593.88 130532599.4 98477327.43
Transferring the patient to changing room before surgery 48519303.7 62526174 87902420.27 66315965.99
Examination 16518894.53 21287677.16 29927280.44 22577950.71
Diagnosis 58468365.94 75347396.67 105927135.9 79914299.49
ESWL operation 315686501.8 406820948.3 571929220.7 431478890.2
Transferring the patient to changing room after surgery 41848798.9 53929984.19 75817467.02 57198750.03
Transferring the patient to the recovery room 12575835.29 16206309.76 22783640.21 17188595.09
Recovery 208732998.7 268991407.6 378161564.1 285295323.5
Sum 774400487.9 997959491.5 1402981328 1058447102

Table 8: Te fnal cost of each lithotripsy operation for diferent days of the week based on the data of the current state of the system.

Week days COS
Saturday 225001.3
Sunday 216270.4
Monday 227851.7
Tuesday 221249.8
Wednesday 238041
Tursday 308640.7

Table 9: Selected scheduling scenarios of technicians’ presence on diferent days of the week.

Week days Saturday Sunday Monday Tuesday Wednesday Tursday
Shift work 1 Technician 1 Technician 2 Technician 2 Technician 2 Technician 2 Technician 2
Shift work 2 Technician 1 Technician 1 Technician 2 Technician 3 Technician 3 Technician 2

14 Journal of Healthcare Engineering



healthcare services. In this model, the costs of healthcare
services are determined based on TDABC in conditions of
uncertainty and through fuzzy approach. Furthermore, the
estimated costs are used to assess the system improvement
scenarios.Te proposed scenarios in the present study aim at
determining the most suitable schedule for the presence of
human resources during diferent days and shifts, de-
termining the best schedule for patient visits, and also ex-
amining the factors that reduce the patient cancellation rate.
In order to evaluate the efect of scenarios, the proposed
model was run for each scenario, then the results of all
scenarios were studied and compared with each other based
on time and cost indexes. Next, based on the results of the
assessments, scenarios were ranked based on each perfor-
mance indexes by Matlab software. After reviewing the
impact of each scenario based on performance indexes, the
best scenarios were selected. Table 11-A demonstrates the
diferences resulted from applying the selected scenario’s
changes for scheduling of technicians’ presence and com-
pares the results of these changes with the current state of the
system under study. Obviously, any negative fgure in each
of our indexes, such as cancellation numbers, waiting time,
and cost, implies a system improvement resulted from a new
change in that specifc performance index. As it is shown,
selecting a new scenario for scheduling the presence of
technicians has reduced the waiting time, the length of
patients’ stay, and the cost of lithotripsy operation; fur-
thermore, it has increased the average number of discharged
patients of the system. It is worth mentioning that on
Tuesday and Wednesday, due to diferent patient arrival
rates, the increase in the volume of discharged patients, and
the ability of technicians present in these days, waiting time
has slightly increased. On Sunday andMonday, the presence
of a more skilled technician alongside a more appropriate
distribution of patients, has lessened the efects of this
problem; therefore, the utilization of the selected scenario
has resulted in much more improvements on the afore-
mentioned days. Also, Table 12 shows the results of applying
the changes derived from selected scheduling scenarios of
patient visits compared to the current state of the system
under study. As it is shown, selecting new scenarios for
patients’ visits, with or without overtime work, has reduced
the waiting time, the length of stay, and the costs of the
lithotripsy operation; besides, it has increased the average
number of discharged patients of the system. It should be
noted that in these scenarios, especially in scheduling sce-
narios that include overtime work, waiting time has de-
creased on most days of the week, even in cases that the
number of discharged patients increase. Tis issue indicates

a signifcant improvement in the system compared to its
current state. Another interesting fnding in the results is the
signifcant decrease in the cost of lithotripsy operation for
diferent days of the week compared to other scenarios. Also,
Table 11-B compares the results obtained from reviewing the
factors that reduce patient cancellation rate in comparison
with the current state of the system under study, with respect
to the performance indexes on diferent days of the week. As
it is presented, controlling the patient cancellation rate by
informing patients before operation can lead to a reduction
in the number of cancellations and the cost of lithotripsy
operation. It similarly can increase the volume of daily
discharged patients and improve the resource efciency
alongside the system state.

In the present study, the cost of each proposed change is
calculated using the simulation-costing model and this cost
is considered as the basis for comparing diferent options.
Table 13 and Figure 2 shows the lithotripsy operation cost for
the selected scenarios and for the current state of the system
under study. As can be seen in this fgure, there is a sig-
nifcant diference between the costs calculated by the
proposed simulation-costing model and the approved tarifs
that are determined by the traditional accounting methods
of the hospital. Costs obtained by means of simulation-
costing model in conditions of uncertainty for the current
state of the system under study, for technicians’ scheduling
scenarios, for patient visits’ scheduling scenarios, for sce-
narios of combined scheduling plus overtime work, and also
for the scenarios of investigating the patient cancellation
factors were respectively 0.39536, 0.392762, 0.332224,
0.329579, and 0.365189 percent of the costs calculated by the
traditional accounting method of the hospital. Tese dif-
ferences in the calculated costs are largely related to the
methods used for allocating indirect costs in traditional
accounting approaches. In the proposed method, due to the
use of the logic of TDABCmethod, costs are considered only
if resources are used in the provision of a service, while in
traditional methods all costs are allocated to services without
checking this issue. Furthermore, in traditional methods,
those activities that do not have value added for the patient
and the system cannot be distinguished and identifed.
Consequently, the lower costs determined by the proposed
method imply that the costs determined by the traditional
method are not correct. In addition, the uncertainty in the
cost of consumable sources and also in the time required to
complete the therapeutic activities, which is dependent on
the number and type of discharged patients and has been
emerged due to uncertainty in the capacity and ability of the
technicians to perform these activities, has also contributed

Table 10: Selected scheduling scenarios of patient visits on diferent days of the week.

Week days Probability distribution Probability distribution + overtime
Saturday UNIF (600, 1800) UNIF (1200, 1500) + overtime
Sunday UNIF (900, 1500) UNIF (900, 2100) + overtime
Monday UNIF (900, 1500) UNIF (900, 2100) + overtime
Tuesday UNIF (900, 1500) UNIF (1200, 1800) + overtime
Wednesday UNIF (900, 1500) UNIF (1500, 1800) + overtime
Tursday UNIF (600, 900) UNIF (1200, 1500) + overtime
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Table 11: Diferences resulted from application of the changes derived from the selected technicians’ scheduling scenario (A) and
controlling the patient cancellation factors (B) compared to the current state.

Performance indexes Change Saturday Sunday Monday Tuesday Wednesday Tursday

Average number of discharged patients A 0 0.08 0.4 0.08 0.28 0
B 2.04 1.64 2.04 2.28 2.84 0.56

Average number of cancelled patients per day A 0 −0.12 −0.12 0.2 −0.16 0
B −1.72 −1.48 −1.48 −1.32 −1.76 −0.88

Average waiting time in the system A 0 −216.56 −66.54 154.28 191.84 0
B 1632.33 1425.71 1833.78 2094.49 1478.31 279.06

Average time spent in the system A 0 −275.27 −121.72 177.98 254.16 0
B 1966.88 1614.14 1987.62 2400.35 1743.71 332.04

Anesthesiologist utilization rate A 0 0.003394 0.004727 −0.00081 0.000165 0
B 0.009156 0.00836 0.021505 0.010074 0.020701 0.005053

Bed utilization rate A 0 0.003165 0.009442 0.00053 −0.00165 0
B 0.011185 0.012153 0.036968 0.023458 0.030167 0.013551

Technician utilization rate of shift 1 A 0 −0.00425 0.001259 0.0028 0.002216 0
B 0.003293 0.002862 0.022756 0.01843 0.016891 0.004025

Technician utilization rate of shift 2 A 0.005548 0.002941 −0.0016 −0.00012
B 0.008738 0.003344 −0.00223 0.010209

Te end of system’s service provision average time A 0 −1320.63 −274.118 1263.886 1188.96 0
B 3275.089 2486.543 3198.552 4111.672 4220.047 590.6695

Average cost A 0 −4246.8 −3164.24 −1700.36 −333.4 0
B −8953.15 −14074.6 −18775.4 −20488 −35306 −12068.3

Table 12: Diferences resulted from the application of patient visits’ selected scenarios without overtime work (A) and with overtime work
(B) compared to the current state of the system.

Performance indexes Scenario Saturday Sunday Monday Tuesday Wednesday Tursday

Average number of discharged patients A 2.08 0.88 2.48 1.92 2.52 4.56
B 2.84 1.24 2.84 1.88 2.6 3.72

Average number of cancelled patients per day A 0.12 0.32 −0.12 0.28 −0.04 1.68
B −0.28 −0.04 −0.48 0.32 −0.24 0.72

Average waiting time in the system A −688.92 −544.76 781.47 1146.73 680.68 5233.41
B −1726.19 −3279.14 −1952.91 −2012.98 −3489.7 −1310.19

Maximum waiting time in the system A −1739.84 −3165.37 −1834.32 −1378.58 −1285.24 1266.65
B −4393.9 −5114.35 −3783.3 −5371.05 −6101.64 −6012.08

Average time spent in the system A −504.87 −493 989.7 1360.21 980.46 5760.42
B −1392.55 −3122.85 −1640.15 −1790.38 −3194.22 −931.48

Maximum time spent in the system A −2199.31 −2527.2 −1723.94 −1182.56 −890.17 1528.99
B −4475.04 −4763.05 −3959.79 −5317.18 −5475.13 −5407.72

Anesthesiologist utilization rate A 0.031507 0.019095 0.067038 0.025631 0.024396 0.019818
B 0.0304 0.00139 0.049334 0.015026 −0.01559 −0.00054

Bed utilization rate A 0.014102 0.005898 0.081513 0.029244 0.031432 0.044506
B 0.007233 −0.04894 0.026678 −0.03126 −0.10196 −0.00678

Technician utilization rate of shift 1 A 0.012134 0.004249 0.048058 0.033123 0.019935 −0.00206
B 0.020299 −0.00951 0.034295 0.016864 −0.00177 0.000877

Technician utilization rate of shift 2 A 0.015951 0.021942 −0.00252 0.010065
B 0.013613 0.019605 0.003136 −0.00583

Te end of system’s service provision average time A 2232.211 839.6955 2007.174 3272.893 3648.052 8162.264
B 4015.397 2009.407 3176.885 3276.117 5412.814 6791.46

Average cost A −21233.9 −17153.8 −28735.1 −22263.2 −36550.06 −103552
B −192254 −180257 −191838 −184946 −198435 −278374
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to these diferences. Table 14 and Figure 3 compare the cost
of lithotripsy operation in the current state of the system in
the proposed model and in TDABC model. As it is shown,
since TDABC model fails to consider the conditions of
uncertainty in time and cost parameters that have emerged
due to the technicians’ capacity and ability, patient type and
arrival, the volume of discharged patients and etc., this

model determines the cost of lithotripsy operation lower
than the real values. Terefore, in the present study, by
taking the uncertainty into account in the proposed model
by using the FL-TDABC method, we could obtain more
accurate estimates of capacity cost rate and time of activities
under uncertainty conditions; hence, it enabled us to identify
the costs of healthcare services more accurately.

Table 13: Te costs of lithotripsy department based on selected scenarios.

Saturday Sunday Monday Tuesday Wednesday Tursday
Te current state of the system

225001.2633 216270.388 227851.6678 221249.8174 238041.036 308640.7246
Scheduling scenarios of technicians’ presence on diferent days of the week

Scenario 8
225001.2633 212023.5859 224687.4311 219549.4615 237707.636 308640.7246

Scheduling scenarios of patient visits on diferent days of the week
UNIF (600, 1800) UNIF (900, 1500) UNIF (900, 1500) UNIF (900, 1500) UNIF (900, 1500) UNIF (600, 900)
203767.3733 199116.5751 199116.5751 198986.6396 201490.9755 205088.6891

Scheduling scenarios of patient visits plus overtime on diferent days of the week
UNIF (1200, 1500) UNIF (900, 2100) UNIF (900, 2100) UNIF (1200, 1800) UNIF (1500, 1800) UNIF (1200, 1500)
199356.7679 194762.3541 194762.3541 197010.3686 196064.6547 215998.467

Investigating factors that reduce patient cancellation rate
216048.1 202195.8 209076.3 200761.8 202735 296572.4

Approved
tariffs

Group
scenario 0

Group
scenario 1

Group
scenario 2-1

Group
scenario 2-2

Group
scenario 3

0.0000

100,000.0000

200,000.0000

300,000.0000

400,000.0000

500,000.0000

600,000.0000

700,000.0000

Figure 2: Graphical comparison of the lithotripsy operation cost in selected scenarios with the approved tarifs.

Table 14: Comparison of the lithotripsy operation cost in simulation-costing model and TDABC method.

Saturday Sunday Monday Tuesday Wednesday Tursday
TDABC (the current state of the system, scenario 0)

212823.367 201946.6798 213654.4629 208945.2025 214759.1995 249289.9
Simulation-costing model in healthcare (the current state of the system, scenario 0)

225001.2633 216270.388 227851.6678 221249.8174 238041.036 308640.7246

Journal of Healthcare Engineering 17



5. Conclusion and Recommendations

Te present study aimed to develop a new method for
costing the hospital services using TDABC and simulation
approach in conditions of uncertainty. In this study, the
lithotripsy department of a kidney center was studied and
diferent scenarios for scheduling the presence of techni-
cians, scheduling patients’ appointments, and also the ex-
amining the patient cancellation factors in diferent stages of
the treatment process were investigated. By doing so, we
tried to improve the state of the system under study and to
reduce the cost of healthcare services through reducing the
waiting time, the patient cancellation rate, and by improving
the resource efciency. By focusing on these issues, the main
objective of this study that was reducing the cost of
healthcare services by improving the efciency of hospital
resources could be addressed. For each category, possible
scenarios are determined based on the results of the repeated
iterations of the simulation model and also with respect to
the existing conditions and limitations. In this study, the
Arena software was used to create the simulation model of
the system under study. In the next step, diferent categories
of scenarios, based on predetermined indexes, were ranked
and assessed separately for diferent days of the week using
Matlab software. We used various indexes to assess the
scenarios; all of these indexes were based on time, resource
utilization, and cost. Since our indexes, to some extent, were
in contradiction with each other, by examining diferent
perspectives, we tried to select a scenario that could achieve
a favorable and balanced position in all the indexes. Te
results of the study showed that by selecting each category of
the proposed scenarios and applying some changes to the
system based on these selected categories, signifcant im-
provements in costs, waiting time, human resource utili-
zation, and overall in-system efciency were emerged.
Furthermore, the comparison of the costs determined by the
new system for each of the categories of the proposed
scenarios and for the current state of the system under study,

with the costs determined by the traditional accounting
method of the hospital, showed that there is a signifcant
diference between the costs calculated by the new method
and the approved tarifs that were determined by the tra-
ditional methods. Such diferences partly exist due to dif-
ferent methods of allocating indirect costs, but much of such
diferences have emerged due to the existing uncertainty in
the costs of consumable sources and in the time associated
with technicians. Te use of fuzzy approach in the proposed
simulation-costing model by using the FL-TDABC method
can increase the ability of the proposed system in dealing
with the conditions of uncertainty; as a result, the costs of
healthcare services will be determined more accurately
under the uncertainty conditions.

Te results showed that signifcant improvements in
costs, waiting time, human resource utilization, and overall
system efciency were emerged. Te impact of patient ap-
pointment scheduling scenarios on the abovementioned
indexes was found to be far more than other scenarios.
Furthermore, the results from the costs determined indicate
a diference of 0.60464, 0.607238, 0.667776, 0.670421, and
0.634811 percent between these costs and the costs de-
termined by the traditional approaches. Such diferences
among the costs determined by these two approaches mainly
occur due to diferent methods of allocating indirect costs
and existence of uncertainty in the costs and time of
therapeutic activities.

In the current study, no particular limitation has been
taken into consideration. In this study, the efect of
scheduling scenarios of technicians’ presence and patient
visits were separately examined on the current state of the
system. Undoubtedly, examining all diferent conditions
that include the efect of both abovementioned types of
scenarios together, can lead to better results. It is worth
noting that, in the present study, controlling the patient
cancellation factors by informing patients led to a reduction
in the number of cancellations and costs of lithotripsy
operation; it also increased the volume of daily discharged

Approved tariffs,
605,800.0000

Group scenario
0, 239,509.1495

Group scenario
1, 237,935.0171

Approved tariffs Group scenario 0 Group scenario 1
0.0000

100,000.0000

200,000.0000

300,000.0000

400,000.0000

500,000.0000

600,000.0000

700,000.0000

Figure 3: Investigation of the efect of conditions of uncertainty on the cost of lithotripsy operation (sample: current state of the system
under the study).
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patients and improved the resource efciency and system’s
state. Nevertheless, compared to the current situation, due to
the increase in the volume of discharged patients, waiting
time increased to some extent. For future research, it is
suggested that reducing cancellation factors be considered in
scheduling scenarios of both technicians and patients, and
the impact of these factors be investigated on improving the
key performance indexes of the system. Furthermore, in this
study, to change the schedule of patient visits we used a time
distribution for the entire time of each weekday. Te use of
other patterns of patient arrival, such as multisection pattern
arrival, in which arrival distribution difers across diferent
hours of the day, is also suggested for future studies.
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termination of both resource consumption accounting and
time-driven activity-based costing systems in a healthcare
setting,” Australian Health Review, vol. 41, no. 2, pp. 201–206,
2017.

[19] S. E. Andreasen, H. B. Holm, M. Jørgensen, K. Gromov,
P. Kjærsgaard-Andersen, and H. Husted, “Time-driven
activity-based cost of fast-track total hip and knee arthro-
plasty,” Te Journal of Arthroplasty, vol. 32, no. 6, pp. 1747–
1755, 2017.
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