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[bookmark: _Toc520223901]ABSTRACT
In healthcare systems one of the most important issues is the correct use of the operating rooms. This has become an important challenge because it represents more than 10% of the annual budget of a hospital and it is directly linked to the health of the patients that are waiting for long periods to receive their procedure. 

In order to deal with this problem, we developed an integer linear programming model for the weekly assignment of different surgical units to operating rooms considering a known waiting list. Also, we address the assignment of patients to operating rooms, depending on their urgency and the waiting time for the surgery. The study is based on the characteristics and capacity of a large and complex hospital in Concepción, Chile. Moreover, the current policy of the hospital in study and three different planning policies were considered; flexible, semi-flexible and fixed, where the difference lies in the periodicity of the different schedules generated. Their benefits were compared, and the impact on different indicators, such as: number of patients scheduled; usage of operating rooms; number patients scheduled delayed; and, number patients not scheduled delayed. The results show that the use of a mathematical model and the proposed policies offer an improvement over the current policy used in the hospital being the flexible policy the most efficient.
2

1. [bookmark: _Toc520223902]INTRODUCTION
1.1. [bookmark: _Toc520223903]Background
The healthcare system in most of countries, faces multiple challenges but one of the most important is the efficient use of the operating rooms (ORs), which has become in an important challenge because they represents more than 10% of the annual hospital budget [11]. The ORs are linked with the health of the patients that could often wait for many days for their procedure. In this research we focused in a case of study of a hospital in Concepción, Chile.
In Table 1.1 we list some countries [30] where the average waiting time for a patient to receive a surgery is between 65 and 1,040 days. The surgeries considered are: cataract surgery, prostatectomy, hip replacement and knee replacement.
[bookmark: _Toc520207507]Table 1.1: Health stats from OECD. 
	Country
	Average waiting time (days)
	Patients waiting for more than 3 months

	Chile
	253
	59%

	Estonia
	1040
	89%

	Hungary
	226
	50%

	Ireland
	135
	61%

	New Zealand
	65
	26%

	Poland
	565
	87%

	Portugal
	137
	50%

	Spain
	110
	46%


Also, Table 1 shows the percentage of waiting time for patients over three months. In these countries this metric is between 26% and 89%, where Chile is above average. This indicates that in most of the countries the 58% of the patients in average waits more than 3 months to receive surgery.
The Chilean Health Ministry noted that in 2015 were 234,050 people waiting for a surgical procedure in different specialties, and 55% of them had been waiting more than one year. In Chile a patient waits on average 484 days before surgery [20]. The Ministry of Health with the collaboration of the Government, reduced the number of people waiting for more than 3 years by 23.9% from December of 2013 to 2014. Also, they have reduced the average numbers of days for waiting a surgery in 44 days (measured from December 2013 to December 2014). However, the occupancy of the ORs fluctuated between 50.5% and 51% in the same period. Even though there are improvements, there are still opportunities to reduce the waiting time for surgery.
1.2. [bookmark: _Toc520223904]Scheduling and Planning
The decisions of planning and scheduling have been widely studied, because constantly companies and institutions must make these decisions that will have an important impact on the costs and the quality of service or product they offer. In many of these studies, the problems of planning and/or scheduling have been solved through optimization techniques such as, mathematical models, heuristics and deterministic methods. 
In healthcare systems the problems of planning and scheduling have been widely studied through optimization techniques. For instance, Alvarado and Ntaimo [4] used optimization methods for chemotherapy appointment. The authors implemented a stochastic integer programming model, considering the uncertainty for the duration of the surgery and also for the acuity level. The results of this study decreased patient waiting times in 42% and nurses overtime in 27%. Bagheri et al. [6] studied related to the scheduling of the nurses in the Razavi Hospital of Iran. The authors considered the preferences of the nurses, the objectives of the hospital and also the governmental policies, to build a stochastic model, considering the uncertainty of the demand and the waiting time of the patients. In a similar study, Lim et al. [27] proposed a schedule for nurses in the OR considering lunch breaks. The authors had considered this concept to develop a more realistic model.
Many researchers have addressed the planning and scheduling of the ORs. Marques et al. [29] develops a integer programming approach for the elective surgery planning, in order to maximize the use of the OR. In a similar study, Jebali et al. [22] propose a two-step approach in order to address the daily OR scheduling problem. 
Hospital managers have to deal with complex decisions related with planning and scheduling of the ORs [2]: 
(i) assigning surgical disciplines to OR sessions,
(ii) assigning elective surgeries to OR sessions,
(iii) sequencing surgeries within each OR session.
This decision (i) corresponds to the tactical level, and it is called the Master Surgical Schedule (MSS), while decision (ii) and (iii) are operational. These are called Surgical Case Assignment (SCA) and Elective Surgery Sequencing (ESS), respectively.
The MSS in general, may be subject to various types of restrictions, which must be accounted for planning [3]: 
1. Disciplines to OR restrictions: Certain disciplines can only be performed in a certain set of ORs, due to specific constraints of the surgeries, size of the room or equipment required.
2. Limits on discipline parallelism: No more than a certain OR sessions of a discipline can take place at the same time or day, because there are only a specific number of surgical teams available.
3. OR sessions per discipline restrictions: Lower and upper limits to the number of OR sessions assigned to each discipline throughout a specific period of schedule because of workload balancing or other management rules.
4. OR reservation: The hospital management may reserve one or more OR sessions to certain disciplines every day.
In hospitals, the three decisions recently described, are very important because impacts patients. Many researchers have addressed these decisions in different ways. Some, includes all of them, for example Testi et al. [33] develops a three-phase hierarchical approach for the weekly scheduling, in order to reduce overtime and the waiting list. On the other side, there are others who have included only one of these problems. For example, Saaudi et al. [32] studies the problem of a daily Elective Surgery Sequencing in the orthopedic subdivision. The authors considered a scheduling for the assignments of surgeries to the ORs, while planning the recovery beds, to avoid patients waiting in the OR after the surgery.
In order to deal with these decisions, researchers have considered features such as the type of problem, type of patient, medical staff, resource type, uncertainty, solution methods and the criteria [26]. 
There are two types of patients in a hospital, elective and non-elective. Elective patients are schedule in advance, while non-elective are unexpected patients. There is also another type of classification, inpatients and outpatients. The first ones stay in the hospital after a surgery, while the outpatients can leave. The authors [8] in this study focused on elective patients to build a master surgery scheduling. 
The scheduling and planning of ORs involves two types of resources; the medical staff and the physical resources. The first might consider the presence of the surgeon, nurses and anesthetists, while the second considers the recovery beds, intensive care unit, equipment and instruments. Latorre-Núñez et al. [26] considered the presence of many resources, such as the surgeons, nurses, anesthetists, resources required for the surgeries and the post anesthesia recovery beds. The inclusion of these elements makes the model more complex but provides a more realistic vision of the problem.
Another important aspect is whether to consider stochasticity or not. Many researches have considered deterministic data [9,19]; meanwhile, others have considered uncertainty [13,15]. Thus, it is possible take into account the variability in terms of the duration of the surgeries [24], the presence of emergency surgeries [23] and their cancellation [17]. In the research of Cardoen et al. [9], the authors proposed a daily scheduling using a multi-objective function. To solve the problem, a mixed integer programming approach was developed. Moreover, Latorre et al. [26], gives an approach of the scheduling by considering the possible arrival of emergency patients.
Another dimension considered in the literature is the solution methods: mathematical programming [9], constrained programming, meta-heuristics (genetic algorithms, ant colonies, etc.), branch and price [10], and many others. Roland et al. [31] studied the impact of the human resources constraints for the planning and scheduling of the surgeries. To model the problem, the authors developed a mixed integer planning for small cases, and applied genetic algorithm to solve it.
It is possible to consider different criteria of facing the problems. Augusto et al. [5],  presented in his research a scheduling, considering as main objective of the problem minimizing the total completion time. Meanwhile, Feit et al. [19], has aboard a similar problem considering many others objectives such as the overtime, idle time, costs, and use of the OR.
Although there are many studies, these have been developed considering specific variables; however, there are still opportunities for research in the area due to the operating characteristics of certain hospitals and the resources in them.
In this study we will focus in the weekly assignment problem of different surgical units to ORs, considering a known waiting list. Also, we will consider the assignment of these patients to different days depending on their urgency and the surgical unit that they belong to. Different features will be considered that to the best of our knowledge, have never been studied together before. We will consider elective patients, the availability of the surgical teams and the anesthetist, while assuming that other human resources, the equipment and the recovery beds are always available. Also, will be considered the processing time, preparation of the OR, the patient, duration of the surgery and the cleaning after the surgery. An Integer Linear Programming model will be developed in order to prioritize the patients in terms of their urgency and waiting time.
Finally, we will consider the current policy of the hospital in study and three different scheduling planning policies; flexible, fixed, and semi-flexible, in order to evaluate any benefits and negative impacts that each one has on the number of patients scheduled, OR usage, number patients scheduled delayed and number patients not scheduled delayed. 
1.3. [bookmark: _Toc520223905]Objectives of the study
Main Objective: The main objective of this research is to analyze the impact of the scheduling and planning of surgeries, using an optimization model with different planning policies.
Specific Objectives: 
· Define the type of problem and metrics considered in the study
· Identify the resources and medical staff involved in the surgery, the capacity and availability of them and the constraint associated to them
· Develop different optimization models for each policy considered
· Evaluate the policies for each metric defined






2. [bookmark: _Toc520223906]PAPER
2.1. [bookmark: _Toc520223907][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction

The healthcare system in many countries, and Chile is not the exception, faces multiples problems, but one of the most important is the efficient use of the operating rooms (ORs), which is an important challenge because they represent more than 10% of annual hospitals budget [11]. Also, the operating room (OR) is linked with the health of patients that could often wait for long time to receive their procedure. 
The challenge is to find the new opportunities to improve the assignment of patients to ORs and the correct use of the them, in order to reduce the waiting time of the patients for surgery.
The Chilean Ministry of Health noted that in 2015 there were 234,050 people on the waiting list for a surgical procedure in different specialties, and 55% of them had been waiting more than one year. In Chile a person waits on average 484 days [20].
The Chilean government through the Ministry of Health, has reduced the number of people waiting for more than 3 years by 23.9% from December of 2013 to 2014. The average numbers of waiting days for surgery was also reduced in 44 days (measured from December 2013 to December 2014).
Through the effort of the Chilean Health Care System, the occupancy of the ORs has varied during the same period, from 50.5% to 51%. This situation suggests that there may be a problem in the decision related with the ORs, that can be caused by inefficient management of the resources and the complexity of handling the variables involved [20]. Hospital managers have to deal with complex decisions related with planning and scheduling of the ORs [2]: 
(i) assigning surgical disciplines to OR sessions,
(ii) assigning elective surgeries to OR sessions,
(iii) sequencing surgeries within each OR session.
These decision (i) corresponds to the tactical level, called the Master Surgical Schedule (MSS), while decision (ii) and (iii) are operational. These are called Surgical Case Assignment (SCA) and Elective Surgery Sequencing (ESS), respectively.
The MSS in general, may be subject to various types of restrictions, which must be accounted for planning [3]:
1. Disciplines to OR restrictions: Certain disciplines can only be performed in a certain set of ORs, due to specific constraints of the surgeries, size of the room or equipment required.
2. Limits on discipline parallelism: No more than a certain OR sessions of a discipline can take place at the same time or day, because there are only a specific number of surgical teams available.
3. OR sessions per discipline restrictions: Lower and upper limits to the number of OR sessions assigned to each discipline throughout a specific period of schedule because of workload balancing or other management rules.
4. OR reservation: The hospital management may reserve one or more OR sessions to certain disciplines every day.
In hospitals, these three decisions recently described, are very important because impacts patients. Many researchers have addressed these decisions in different ways. Some include all of them, for example, Testi et al. [33] develops a three-phase hierarchical approach for the weekly scheduling. On the other hand, others have included only one of these decisions. For instance, Saaudi et al. studies the problem of a daily Elective Surgery Sequencing in the orthopedic subdivision. The author considered scheduling assignments of surgeries to the ORs, while planning the recovery beds to avoid patients waiting in the OR after the surgery [32].
In order to abroad the decisions previously mentioned, researchers have considered features such as the type of problem, type of patient, medical staff, resource type, stochasticity, solution methods and the criteria [26]. 
The type of problem can be categorized into three different perspectives; planning [14,21], scheduling [5,12] and rescheduling [1,16].
There are two types of patients in a Hospital, elective and non-elective. Elective patients are scheduled in advance, while non-elective are unexpected patients. There is also another type of classification, namely inpatients and outpatients, where the former stay in the hospital after surgery, while the latter can leave. Some authors focused their studies on elective patients to build a master surgery scheduling [8].
Two types of resources can be considered for ORs: the medical staff and the physical resources. The first considers the presence of the surgical teams, nurses, and anesthetists; while the second considers recovery beds, intensive care unit, equipment and instruments [26].
Another important aspect is whether to consider stochasticity or not. Many researchers have considered deterministic data [9,19]; meanwhile, others have considered the uncertainty in the process [13,15]. Thus, it is possible to take into account the variability in terms of the duration of the surgeries [24], the presence of emergency surgeries [23], and their cancellation [17].
Another dimension is solution methods, such us mathematical programming [9], constrained programming, meta-heuristics [7,18], branch and price [10], among others. 
We can find different ways of facing the problems. Augusto et al. [5],  presents in his research a scheduling, considering as main criteria of the problem the minimizing of the total completion time. Meanwhile, Feit et al. [19], minimizes overtime, idle time, costs, and use of the OR.
Although there are many studies, these have been developed considering specific variables; however, there are still opportunities for research in the area due to the operating characteristics of certain hospitals and the resources in them.
This study aims to solve the weekly assignment problem of different surgical units to ORs, considering a known waiting list, and the assignment of these patients to different days depending on their urgency and the surgical unit that they belong to.
We have reviewed the studies in this topic, and we will focus in the weekly assignment of surgical units to ORs and the assignment of patients to the rooms, considering some features that, to the best of our knowledge, have never been studied together before. We will consider elective patients; the availability of the surgical teams; and, the anesthetist, while assuming that other human resources, the equipment and the recovery beds are always available. Also, will be considered the processing time; preparation of the OR and the patient; duration of the surgery; and, the cleaning after the surgery. An Integer Linear Programming model will be developed in order to prioritize the patients in terms of their urgency and waiting time.

Finally, we will consider the current policy of the hospital and three different scheduling planning policies; flexible, fixed, and semi-flexible, in order to evaluate any benefits and negative impacts that each one has on the number of patients operated, waiting time, and, OR use, among others. 
The paper is organized as follow. In Section 2.2 the description of the problem is presented and in Section 2.3 formulation and notation are introduced. The case study and results are described and analyzed in Section 2.4. Finally, in Section 2.5 conclusions are given, together with recommendations for future work.
2.2. [bookmark: _Toc520223908]Problem Description
The problem considered in this study is the weekly assignment of surgical units to ORs considering a known waiting list, and the assignment of patients to different days depending on their urgency and the known surgical unit. The priority for assignment of each patient is determined by the urgency and waiting time, represented by a score for each patient. An Integer Linear Programming model is developed, including some resource constraints and parameters that have never been considered together before, while minimizing the total score of the patients in the waiting list. This implies that patients with a higher score will be assigned, while those with a lower score, may not be assigned.
The patients for this study are elective, meaning they are scheduled in advance, leaving aside the emergency patients. Each of the patients considered has a specific surgery that belongs to a certain surgical unit with surgical teams available at specific working times per day. Also, there are anesthetists who have different working times per day. A surgical team, corresponding to the surgical unit the patient belongs to, and an anesthetist must always be present when an OR is used.
Also, the OR has variant available times per room and day. The rooms can be used by any surgical unit per day, but only one at a time. On some days, specific ORs can be reserved for specific surgical units.
In order to assign patients to ORs, four processing times are considered for planning; the OR setup, the patient setup and anesthesia time; duration of the surgery; and, the OR cleaning time. This aspect is relevant since in our study the available times per team and anesthetists vary greatly. The patient total procedure duration is determined by the duration of the surgery, which follows a random lognormal generating function; and the other three processing times, that depend directly on the duration of the surgery.
The current policy of the hospital in study was considered joint with three planning policies: flexible, fixed and semi-flexible. Their benefits were evaluated and some indicators analyzed, such as, the number of patients operated, the utilization of the ORs, delayed patients that were not assigned, among others.
The first policy is a flexible schedule; every week, it is possible to have different surgical units assigned, compared to the previous. This type of schedule adapts to the evolution of the waiting list, which may have a positive impact on the patient, due to shorter waiting times. 
The second policy considers a fixed schedule; every week the same surgical units will be assigned during a defined period. This method is mostly used by hospitals, because it is easier for the decision makers to plan and for the workers to know their work schedule in advance.
The last policy is semi-flexible, it is a mixture of the other two. During a certain period, the surgical units assigned will be the same, but this can change every week, month, or the period that the manager determines. This policy tries to balance the demand, while letting medical staff know their working days in advance.
The patients are divided in 5 groups, depending on their urgency [34]. Each group has a maximum waiting time to receive the surgery (dmax):
[bookmark: _Toc520207508]Table 2.1: Group of patients according to Valente et al. 
	Urgency
	dmax

	A1
	8 days

	A2
	30 days

	B
	60 days

	C
	180 days

	D
	360 days


Each patient has a factor (fi), that it is determined by the maximum waiting time for the treatment of the least urgent (dmaxD), divided by the patient maximum waiting time for the surgery (dmaxi):

In order to assign patients, we have considered a score which is determined by the urgency that the patient has, the waiting time (t0i) and the day that is going to be assigned (t): 
· Score when t is before the corresponding maximum waiting time of the patient:

· Score when t is after the maximum waiting time of the patient:

The first formula (1) describes the days that a patient has been waiting for a surgery, while the second (2) adds a penalty when it is delayed.

The following assumptions are considered for this problem:
a) emergency patients are not considered in this study; b) all the resources required for the surgery are always available; c) the post-operative beds are always available to receive the patients; d) the only human resources considered in this study are: surgical team and anesthetist; e) uncertainty is not considered in this study (duration of the surgery); f) no cancellation of surgeries considered.
2.3. [bookmark: _Toc520223909]Formulations
The model considers the main characteristics in the hospital of the case study.
Sets: 
I: set of patients
K: set of operating rooms
S: set of surgical units 
C: set of surgical teams
V: set of anesthetists
T: set of days
D: set of days in a week
M: set of periods
IS: set of patients belonging to surgical unit s
Kt: set of operating rooms in day t
Kst: set of operating rooms exclusive for surgical unit s in day t
Cst: set of surgical teams available of surgical unit s in day t
Iu: set of patients that need to be assigned in the planning period
Vt: set of anesthetists available in day t 
Tt: set of days when the assignment should be the same as day t
Dm: set of days in a week belonging to period m
Ttm: set of days when the assignment should be the same as day t in period m
Parameters:
ri: duration of surgery of patient i (minutes)
hkt: availability of operating room k in day t (minutes)
pit: score of patient i if the patient is scheduled for surgery on day t
t0i: days that the patient i has been waiting for surgery 
dmaxi: maximum number of days patient i has to wait to be assigned due his/her urgency 
fi: factor for patient i depending of his urgency (the greater the number, more priority the patient has)
Lkt: factor of maximum use of operating room k in day t (between 0 and 1)

Decision variables:
yskt: 1, if service s is assigned to operating room k in day t; 0, in other case
xikt: 1, if patient i is assigned to operating room k in day t; 0, in other case

Predefined Functions:








Functions (4) to (7) defines the scenarios of calculating the score for each patient.
Expression (4) accounts for the scenario when a patient i is schedule (before dmaxi) on time. The patient score is calculated considering the days that the patient has been waiting for the surgery, with respect to the maximum days the patient should wait due to the urgency. Equation (5) is the score that patients have when they exceed the maximum waiting time for the surgery. This status, adds an element to the score in constraint (4), represented with the term fi, that depends directly on the urgency of the patients. Equations (6) and (7) represent the score of a patient, but when is not assigned. The difference between these two terms, is that the first one, the patient, is still on time for the surgery (has not exceeded the maximum waiting time), while the second accounts for delays. This implies the same as in constraint (5), the calculus of the score has the term fi, to give greater relevance to these cases.
To have a better understanding of terms (4) to (7), we include an example in Table 2.2, with one day of schedule (t):

[bookmark: _Toc520207509]Table 2.2: Example of one day of schedule.
	Patient
	t0
	dmax
	Scheduled
	
	Days

	
	
	
	
	
	t-4
	t-3
	t-2
	t-1
	t
	t+1
	t+2

	1
	1
	3
	YES
	
	
	
	
	
	X
	
	

	2
	4
	3
	NO
	
	
	
	
	
	
	
	

	3
	2
	3
	NO
	
	
	
	
	
	
	
	

	4
	4
	3
	YES
	
	
	
	
	
	x
	
	




From the example, all patients have a maximum waiting time of three days (dmaxi), but with different current waiting times (t0i). The table shows the status of each patient, indicating if there are delays or not.  
Patients 1 and 3 are in time for the schedule, because t0i  dmaxi, but only patient 1 is schedule, so follows constraint (4), while patient 3, constraint (6). On the other hand, patients 2 and 4 are delayed, because t0i > dmaxi, but only patient 4 is assigned, following constraint (5). Because patient 2 was not scheduled and is delayed, it corresponds to constraint (7).
In order to compare different allocation policies, it was necessary to consider additional aspects:



2.3.1. [bookmark: _Toc520223910]Flexible Model



subject to:


















Constraint (8) indicates that each OR can be assigned only to one surgical unit, while constraint (9) ensures that each patient can be assigned at most once. 
Constraint (10) guarantees that the duration of the surgeries of the patients assigned for that day, does not exceed the available time of the ORs to which they were assigned. Here we also considered a factor of use Lkt, in order to reduce the available time of the OR k on day t. This, is a safety measure in case some surgeries duration takes longer than expected.
Constraint (11) requires that some surgical units only use specific ORs on specific days. Constraint (12) guarantees that some patients have to be assigned in the planning period. Constraint (13) limits the number of ORs assigned depending on the number of surgical teams available for each surgical unit. Constraint (14) guarantees that for every OR used, there are enough anesthetists, requiring only one per room.
Finally, constraint (15) and (16) defines the nature of the variables.

2.3.2. [bookmark: _Toc520223911]Fixed model
The fixed model has the same structure as the flexible model. The only difference is that an extra constraint is added (17), to create only one weekly schedule, applied for the whole planning period. 



2.3.3. [bookmark: _Toc520223912]Semi – Flexible model

The model is the same as the flexible, but an extra constraint (18) is considered, so the schedule is the same during a predefined period, but afterwards a new one can be generated.



The subscript t, determines the days when the schedule should be the same, while the subscript m, is the number of different schedules that can be generated.
Note that this constraint (18) can be added to the two other models described above.
Considerations:
In the case of the flexible model, the number of different schedules is the number of weeks that were considered for the planning period. Every week a different scheduled is generated. The dimension of the number of period is determined by:

For the fixed model, the number of different schedules is one; therefore, the same schedule is going to be applied for the planning period. In constraint (17) the subscript m, is not considered, because only one long period is considered. Constraint (18) can be added instead of constraint (17), using the dimension of the number of periods as:


2.4. [bookmark: _Hlk511920670][bookmark: _Toc520223913]Case Study and Results

This section presents the data used to solve the problem, together with the results obtained.
The data was created following the characteristics and the capacity of one of the most complex hospitals in Chile, Hospital Guillermo Grant Benavente, were we have seen opportunities in the assignment of surgical units to ORs. In this study nine ORs with different available time slots, per OR and day, were considered. Nine surgical units have to be assigned to the ORs in the planning period, these units are: Neurosurgery, Child Surgery, General Surgery, Cardiac, Gynecology, Urology, Maxillofacial, Head and Neck, and Brachytherapy and Dental. Each of these units, has specific surgical teams available per day. For each OR assigned, there must be a surgical team, that depends directly on the surgical unit, and an anesthetist, who does not depend on the surgical unit or the type of the surgery for scheduling.
We have assumed that the duration of the surgeries follows a log-normal distribution [25,28] with a mean of 180 minutes and a standard deviation of 60 minutes [22]. Three other processing times were also considered: a) OR setup; b) patient setup and anesthesia time; and, c) OR cleaning. These processing times depends directly on the duration of the surgery, as shown in Table 2.3.
[bookmark: _Toc520207510]Table 2.3: Duration of the other processing times, depending on the length of surgery.
	Duration of the surgery (minutes)
	Operating Room Setup 
	Patient Setup and Anesthesia
	Operating Room Cleaning

	  60 min
	10 min
	10 min
	15 min

	> 60 and  90 min
	10 min
	20 min
	15 min

	> 90 and  120 min
	20 min
	20 min
	15 min

	> 120 min
	20 min
	30 min
	30 min



For this study we considered a period of three months of planning for the current policy, named base case for the analysis, and three policies: flexible, fixed, and semi-flexible. The difference between each policy is the frequency of changes in the surgical units assigned schedule. The flexible model allows changes every week, while the fixed maintains the schedule during the entire period. The semi-flexible model allows changes in the schedule every month.
To test the base case and policies, several instances were created, each with 1,400 patients. In order to create the instances, two parameters were considered: the distribution of the patient surgical specialty; and the distribution of the patient urgency.
In Table 2.4, four configurations regarding the urgency of the patients are shown; Table 2.5 shows two configurations for the surgical specialty.
[bookmark: _Toc520207511]Table 2.4: Configurations for patients with certain probability of urgency. 
	Type / Configuration
	U1
	U2
	U3
	U4

	A1
	30%
	10%
	15%
	20%

	A2
	25%
	15%
	20%
	20%

	B
	20%
	20%
	25%
	20%

	C
	15%
	25%
	20%
	20%

	D
	10%
	30%
	15%
	20%



The first and last scenario (U1 and U2) were developed following an increasing and decreasing probability, respectively, to cover the critical options. The third scenario (U3) was implemented with a normal distribution, giving major emphasis to urgency B. The last scenario (U4) follows a uniform distribution, giving equal probability to all of the urgencies.
[bookmark: _Toc520207512]Table 2.5: Configurations for patients with a certain probability of belonging to a specific surgical unit.
	Surgical Unit / Configuration
	S1
	S2

	1
	24%
	15%

	2
	20%
	15%

	3
	8%
	10%

	4
	8%
	10%

	5
	8%
	10%

	6
	8%
	10%

	7
	8%
	10%

	8
	8%
	10%

	9
	8%
	10%



The first scenario (S1) created, gave a much higher probability to surgical units 1 and 2, because these two have greater demand than the others. In the second scenario (S2) also a higher probability was given to the first two surgical units, but with less difference than with the other surgical units, comparing S1. 
Mixing configurations regarding patient distribution among surgeries and patient urgency, we created in total eight different scenarios, i.e, U1S1. For each scenario, five random instances were generated, having in total 40 different instances. These served as test set in order to compare the base case and policies aforementioned: flexible, fixed, and semi-flexible. To test the instances, we used IBM ILOG CPLEX Optimization Studio 12.6.1 on Intel® Core™ i5-7500 CPU@ 3.40 GHz processor with 16 GB of RAM, using as stop criterion a maximum time of 18,000 seconds.
The first analysis was to compare a base case of the hospital in study with the fixed policy proposed. This base case uses a weekly assignment of surgical units to OR during three months. These units were assigned based on the historical data and the most urgent patient that are waiting for surgery (they do not consider the whole waiting list to take the decision).
In order to compare them, four measurement indicators were considered; average number of patients operated (Operated Patients); average utilization of the ORs (OR usage); average number of patients that in the beginning were delayed but were assigned (Assigned Delayed); and, the average of number of patients that at the end of the planning are delayed (Final Delayed). For the three first indicators, higher number indicate a greater outcome, while for the Final Delayed indicator, a lower number is preferred.
[bookmark: _Toc516595638][bookmark: _Toc520207513]







Table 2.6: Mean and Standard Deviation of the indicators for fixed policy and base case.
	Metrics Mean (Std. Desv)
	Fixed
	Base case

	Operated Patients
	1,149 (16.5)
	1,146 (11.7)

	OR Usage
	83.7% (0.9%)
	83.6% (0.9%)

	Assigned Delayed
	779.8 (33)
	772.1 (43)

	Final Delayed
	251 (17)
	256 (18)



The proposed fixed policy has slightly greater results than the hospital situation, for all the metrics considered.
[bookmark: _Toc520207514]Table 2.7: Percentage of patients assigned by urgency for fixed policy and base case.
	Urgency
	Fixed
	Base case

	A1
	100%
	99%

	A2
	100%
	92%

	B
	94%
	83%

	C
	68%
	75%

	D
	37%
	56%



A second analysis was developed, in order to see the difference between the percentage of patients assigned per urgency. The result showed that for patients of urgency A1 and A2, the fixed policy in average assigns all the patients of the waiting list, while the base case has a slightly less patient assigned. On the other hand, for patients of urgency C and D, in average the percentage of patients assigned is slightly lower in the fixed policy than in the base case. This can be explained because the proposed model generates weekly assignment of surgical units to ORs, considering all the patients of the waiting list (global vision for planning), while the base case only considers the most urgent patients of the list (limited vision for planning).
In order to better understand the differences, a third analysis was performed considering the patients assigned by surgical unit and urgency, as shown in Table 2.8.
[bookmark: _Toc520207515]Table 2.8: Percentage of patients assigned by urgency and surgical unit for fixed policy and base case.
	
	A1
	A2
	B
	C
	D

	Unit
	Base case
	Fixed
	Base case
	Fixed
	Base case
	Fixed
	Base case
	Fixed
	Base case
	Fixed

	1
	100%
	100%
	100%
	100%
	98%
	98%
	99%
	72%
	64%
	31%

	2
	100%
	100%
	100%
	100%
	98%
	97%
	92%
	72%
	60%
	41%

	3
	100%
	100%
	100%
	100%
	98%
	95%
	98%
	75%
	88%
	38%

	4
	100%
	100%
	99%
	100%
	99%
	92%
	98%
	77%
	92%
	54%

	5
	100%
	100%
	100%
	100%
	99%
	96%
	99%
	73%
	85%
	41%

	6
	100%
	100%
	99%
	99%
	98%
	94%
	99%
	77%
	94%
	46%

	7(*)
	100%
	100%
	80%
	99%
	64%
	87%
	36%
	65%
	8%
	33%

	8(*)
	99%
	100%
	99%
	100%
	69%
	92%
	40%
	68%
	12%
	39%

	9(*)
	96%
	100%
	55%
	99%
	27%
	90%
	9%
	67%
	5%
	42%



It is possible to see that for the fixed policy, the percentage of patients assigned per surgical unit is similar from one unit to another, while for the base case there is a much greater difference between units, especially in units seven, eight and nine with the rest. This difference can be explained due to the limited vision considered for the assignment of surgical units to ORs, allowing prioritization of some surgical units to detriment of others.
The results show the benefits of using a fixed policy for planning, with slightly greater results than the base case, in all the indicators measured, joint with equality of patients assigned per urgency and surgical unit.
After analyzing the results between the base case and the fixed policy we conclude that the fixed policy is an improvement of the base case. Therefore, it is important to analyze the difference between the three policies proposed. The results for the indicators for each policy are presented in Table 2.9.
[bookmark: _Toc520207516]Table 2.9: Mean and Standard Deviation of the indicators for each policy.
	Metrics Mean (Std. Desv)
	Fixed
	Semi - Flexible
	Flexible

	Operated Patients
	1149 (16.5)
	1156 (11.7)
	1170 (12.5)

	OR Usage
	83.7% (0.9%)
	84.3% (0.7%)
	85.5% (0.8%)

	Assigned Delayed
	779.8 (33)
	787.7 (27)
	799.4 (27)

	Final Delayed
	251 (16)
	245 (12)
	230 (13)



In the four indicators, on average, the flexible policy has greater results than the others, but there is no significant relevance. Between the other two policies, the semi - flexible performs slightly more efficient than the fixed. 
Considering the same indicators, a second analysis focusing in the number of times that a specific policy has more efficient results than the others is shown in Figure 2.1.
[bookmark: _Toc520207533]Figure 2.1: Indicator performance for the three policies



The first indicator measures the number of patients operated. We noticed that the flexible policy produces greater results than the fixed and the semi-flexible policies. This finding shows that flexible policy, on average, serves more patients than the other two policies. Comparing the semi-flexible and fixed policies, was possible to observe that in the fixed situation slightly more patients received surgery than in the semi-flexible model. The second indicator is the utilization of the ORs. It was possible to see that the flexible policy performs more efficient than the other two. While comparing the other two policies, the fixed uses ORs slightly more efficient. The third indicator measured, is the number of situations when a patient delayed is assigned. The flexible policy is greater the other two, while the fixed has more efficient results than the semi-flexible model. This happens because changing the schedule enables minimizing the waiting time. The last parameter was the number of patients delayed at the end of the three months of planning. The flexible model in most of the cases has less delayed patients than the other policies.

2.5. [bookmark: _Toc520223914]Conclusions and future work
These paper reports a project to solve the weekly assignment of patient and surgical units to ORs in a given period. In order to solve the problem, an integer linear programming model was developed, with the objective of minimizing the total score of the patient, represented by their urgency and waiting time. A base case and three different planning policies were considered, to analyze the impact of each one on some indicators, such as, the number of patients scheduled, OR usage, patients scheduled delayed and patients not scheduled delayed.
The model considers availability for surgical teams and anesthetists of time per day. Also, the ORs have different available time slots per day, including total duration of the surgeries determined by four processing times: a) duration of the surgeries, that follows a lognormal distribution; b) the preparation of the ORs; c) preparation of the patient; and d) the cleaning of the room. 
The analysis between the base case and the fixed policy, shows that the proposed model has slightly more efficient results in all the metrics. Also, the fixed model, in average, assigns more urgent patients (A1 and A2) than the base case, while the latter assigns more patients of urgency C and D, than the fixed model. This can be explained because the proposed model considers, for the assignment of surgical units to ORs, all the patients of the waiting list, while the base case only the most urgent patients.
The analysis between the three policies shows that the flexible policy has greater results than the other two. Also, on average, the flexible policy in 86.9% of the cases outperforms than the other policies, while the fixed and semi-flexible it is in 8.8% and 4.3%, respectively. 
Thus, the more efficient results are obtained with the flexible policy, while with the others two policies there is not conclusive evidence to say that one is more efficient than the other. Although it is difficult for hospitals to constantly change their schedules due to internal regulations, work contract, laws, etc. This study suggests that more changes in the schedule, guarantees more efficient results compared to a fixed policy. Also, considering patients on the waiting list regardless the surgical unit delivers a fairest assignment.
Future research in this area needs to consider patients who were scheduled but could not receive their surgery, reassigning them to the following week. These patients should have an extra weight in order to have greater priority than the others. Together with this aspect, the waiting list could be updated, in order to consider the new patients of the list. Finally, it might be more realistic to consider the recovery bed and analyze how this affects the results of this research.

 
















3. [bookmark: _Toc520223915]CONCLUSIONS
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               The purpose of this study was to solve a weekly assignment of patient and surgical units to ORs in a given period. In order to solve this problem, an integer linear programming model was developed, with the objective of minimizing the total score of patients, represented by their urgency and waiting time. A base case and three different policies for planning were considered, in order to analyze the impact of flexibility and stability of the schedule on the number of patients scheduled, OR usage, patients scheduled delayed and patients not scheduled delayed.
The mathematical model proposed considers that surgical teams and anesthetists have different available time slots per day. Also, that ORs have different available time slots per day. The total duration of the surgeries is determined by four processing times: a) duration of the surgeries, that follows a lognormal distribution, b) preparation of the ORs, c) preparation of the patient and anesthesia, and d) cleaning of the room. There are some specific characteristics that the model considers. For instance, some patients must be assigned during the planning period, and some ORs are assigned to specific surgical units.
The model was tested using the capacity and the characteristics of the surgical unit of one of the most complex hospitals in Chile. Several instances were created considering different configurations of the patient urgency and the surgical specialty of the patient. 
Some key performance indicators were considered to analyze the base case and the policies: average of patients operated; average use of the ORs; average number of patients assigned that were delayed at the beginning of the planning period; and, the average number of patients delayed that were not assigned during the planning period. Two comparison were proposed, the first one was developed between the current policy of the hospital in study and the fixed policy, while the second between three policies: fixed, semi-flexible and flexible. 
From the first analysis, the fixed policy has more efficient results than the base case for all the indicators. In order to understand the results, it was also measured the average percentage of patients assigned by urgency. Here we notice that the fixed policy assigned all the patients with urgency A1 and A2, while the base case only assigns in average the 99% of patients A1 and 92% of patients A2. On the other hand, the fixed policy assigns, in average, 37% of the least urgent patient, while it is 56% for the base case. These differences can be explained due to the priority of assignment of the most urgent patients of all the surgical units.
A second analysis was conducted, in order to study the differences between the three policies proposed: fixed, semi-flexible and flexible.
We can notice that the flexible policy is more efficient than the others two policies on the metrics considered. For the indicators operated patients and OR usage, in 85% of the cases the flexible policy outperforms the other two policies. For the assigned delayed indicator, we can notice that in 92.5% of the cases the flexible model outperforms the other two. Finally, for the final delayed indicator the flexible model in the 85% of the cases has less delayed patients at the end of the planning than the other two policies.
Finally, the flexible policy proved to be the best option among the policies considered on this study, while with the others two policies there is not concluding evidence to say that one is more efficient than the other. Although it is difficult for hospitals to constantly change their schedules due to internal regulations, laws, etc. This study suggests that more changes in the schedule, guarantees more efficient results compared to a fixed policy. Also, considering patients on the waiting list regardless the surgical unit delivers a fairest assignment.
Future research could involve considering patients that were scheduled but could not receive their surgery, reassigning them to the next week of planning with a higher priority. Also, updating the waiting list every week, in order to obtain information about the new patients in it. Finally, it might be more realistic to consider the recovery bed and analyze how this affects the results of this research.
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