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Abstract: There are several challenges that hospitals are facing according to the emergency department (ED). The main two issues are department capacity and lead time. However, the lack of consensus on performance criteria to evaluate ED increases the complication of this process. Thus, this study aims to evaluate the efficiency of the emergency department in 20 Egyptian hospitals (12 private and 8 general hospitals) based on 13 performance metrics. This research suggests an integrated evaluation model assess ED under a framework of plithogenic theory. The proposed framework addressed uncertainty and ambiguity in information with an efficient manner via presenting the evaluation expression by plithogenic numbers. Data Envelopment Analysis (DEA) technique is used in order to measure the efficiency of the emergency department of 20 hospitals according to the number of treated patients and effect on patient's life quality based on 11 factors. Using the Analytic Hierarchy Process (AHP), the weight of efficiency factors will be measured based on neutrosophic linguistic scale pairwise comparison. Plithogenic operations provide more accurate aggregation result according to contradiction degree between criteria values. The results show that ten of the hospitals are providing efficient service in their emergency department, while the other ten are less efficient. The analysis of the results shows that 58% of private hospitals emergency department is operating efficiently, while the efficient general hospitals represent 38%.
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1  Introduction

Healthcare institutions play a vital role to enhance human life quality and maintain the required health level [1]. Hospitals are considered as the core of the healthcare system that keeps it running efficiently. One of the main parts that measure the operating performance of any hospital or medical centre is the emergency department. ED is considered as the most critical department that bears the highest load of concentration in comparison to other sections of the hospital. In order to minimize the health risks, treat as many patients as possible, enhance the quality of care, and other efficiency factors, evaluation of the emergency department performance became more serious. Usually, ED suffering from a situation in which the number of patients exceeds its capacity (in terms of equipment or staff) at a certain time. And such an issue may cause a threat to human safety through serious medical errors [2].

DEA is one of the most efficient methods proposed to evaluate the performance of Decision-Making Units (DMU) such as hospitals. This method considers multi-input and multi-output that applicable to variant decision-making environments [3]. For a long time, DEA reviewed great results in the efficiency evaluation of healthcare institutions. Cavalieri et al. [4] combined DEA with the game theory to measure the performance of hospitals in Iran. Kohl et al. [5] reviewed applied DEA in the healthcare sector and focused on the evaluation of hospitals’ performance. Ji et al. [6] proposed a nonlinear fuzzy classification model based on DEA for healthcare management systems.

Another most popular Multi-Criteria Decision-Making (MCDM) method to determine the weight of the criteria that measure the emergency department and any other healthcare institution is the AHP. AHP is based on a pairwise comparison among a set of evaluation criteria. Singh et al. [7] measured four hospitals in India based on the fuzzy-AHP method. Also, AHP was applied to evaluate the importance of error factors in the emergency department in Taiwan [8].

According to decision-making problems, most of the evaluations have uncertain factors that make the evaluation more complex and extended to various aspects, especially in the emergency department, which is differentiated by persistent fluctuations throughout the day, increasing the prospect of uncertainty in decision-making. Divergent views of decision-makers in assessing the efficiency criteria of healthcare institutions also increase instability in the decision-making process. To evaluate such a vagueness environment, the use of plithogenic set increases the accuracy and efficiency of decision making. Plithogeny is a generalization of neutrosophy introduced by Smarandache [9]. Plithogenic set is a group of elements categorized by attribute values v that has a corresponding contradiction degree c(x, v) and appurtenance degree d(x, v) of element x [9]. Thus, the features of the plithogenic set lessen the problem of ambiguity efficiently and take into account the different opinions of decision-makers, which helps to choose the optimal decision and obtain the best assessment.

1.1 Aim of the Study

This study aims to evaluate the efficiency of 20 hospitals in Egypt in both private and general sectors based on some criteria that may affect their performance. The evaluation of the criteria is considered in the plithogeny environment to consider truth membership, indeterminacy membership, and falsity membership. DEA will be used to evaluate the efficiency of hospitals based on multi-input and multi-outputs. In comparison, the AHP method will be applied to find the weight of the inputs and outputs. The applied DEA method is based on the Constant Returns to Scale (CRS) model.

1.2 Novelty and Contributions

The main contributions of this paper are as follows:

•   An evaluation approach is suggested for the emergency department based on triangular neutrosophic numbers (TNNs), which can handle the vagueness well.

•   Plithogenic set and neutrosophic set theories are applied with the combination of MCDM techniques (AHP-DEA) to add to the field of evaluation of the hospital emergency department literature.

•   This is the first paper to develop a plithogenic MCDM approach that combines AHP and DEA methods for evaluating the emergency department.

•   A case study was presented to prove the applicability of the proposed approach.

1.3 Study Structure

The remainder of the paper is organized as follows. In Section 2 a literature review of emergency department evaluation, DEA and MCDM techniques in healthcare institutions evaluation. Section 3 presents some definitions related to the neutrosophic set and plithogenic set. Section 4 presents the proposed framework background. Section 5 presents the application of the proposed framework to evaluate the performance of 20 hospitals in Egypt. Finally, Section 6 is the summarization of the work.

2  Literature Review

2.1 Performance Evaluation of Healthcare Institutions and ED

There are several studies in the evaluation of healthcare institutions according to different standards and methods. For instance, Glonek et al. [10] evaluated the patients’ quality of life with Chronic Obstructive Pulmonary Disease (COPD) in selected healthcare institutions in South Poland. In the same sector of quality-of-life evaluation, Lupo [11] proposed a novel fuzzy evaluation framework based on the ServQual disconfirmation paradigm and incorporates the Analytic Hierarchy Process (AHP) method with high consideration of uncertainty. His framework studied nine public hospitals in Italy to evaluate the public healthcare service in the region according to 15 fundamental service items [11]. On the other side, researchers considered an assessment of Lean Thinking (LT) in healthcare institutions. In this regard, Narayanamurthy et al. [12] proposed a mathematical model for assessing the implementation of LT in Indian hospitals.

By focusing on the emergency department of healthcare institutions, researchers have come a long way in solving many problems. One of the most popular problems in the ED is crowding. Chiu et al. [13] evaluated the importance of physicians’ decision-making time and the other factors that may lead more patients to stay in ED and cause crowding problems. Laker et al. [14] discussed the impacts of electronic health records and other clinical information systems on emergency department physicians’ quality in evaluations and their efficiency in decision making. Yazdanparast et al. [15] suggested a multi-response optimization methodology to optimize the resource allocation problem in an ED by composing Artificial Neural Network (ANN), Design of Experiment (DOE) and fuzzy DEA in an integrated algorithm. Yousefi et al. [16] discussed the problem of long Length of Stay (LOS) in ED that may cause crowding. They suggested a Genetic Algorithm (GA) based optimization approach, and the results showed a decrease of 14% in average LOS in the ED of this case study. Daldoul et al. [17] proposed a mixed-integer programming model to optimize the human and material resources to minimize the average total patient waiting time in ED.

Several challenges affect decision-making in the emergency department and make it more critical. Most of the research agreed that overcrowding is the main problem that EDs are suffering from, influencing the medical center's overall performance. Crilly et al. [18] proved that using a patient admission prediction tool may handle this issue by maintaining the patient access level stable enough, even if there is increasing in incoming patients. Helm et al. [19] suggested a mixed-integer programming model to solve hospital admission scheduling and control problems to improve the hospital census. Gharahi et al. [20] suggested an approach that depends on discrete event simulation and integrated AHP and Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE) methods to decrease long waiting times and increase patient satisfaction.

2.2 Neutrosophic Set and Plithogenic Set

Uncertainty and incomplete information are usually the main problems in decision-making evaluation. As a generalization of fuzzy set and intuitionistic fuzzy set, Smarandache [21] introduced neutrosophy. In healthcare sector evaluations, several studies improved great results using neutrosophic in the evaluation process. Abdel-Basset et al. [22] proposed a novel neutrosophic framework for early detection and evaluated the disease's symptoms. Characterizations of the neutrosophic set are clearly detailed in this subsection.

Also, plithogeny is a generalization of neutrosophy introduced by Smarandache [23], which refers to the genesis, construction, development, and progression of new entities from syntheses of contradictory or non-contradictory multiple old entities. Abdel-Basset et al. [24] proposed an evaluation model for assessing medical care systems in hospital based on plithogenic set. The proposed model was applied to measure hospitals In Zagazig, according to the VIKOR method (which stands for ‘Vlse Kriterijumska Optimizacija I Kompromisno Resenje,’ meaning multi-criteria optimization and compromise solution) based on 11 evaluation standards, where another application of plithogenic set was applied in supply chain sustainability evaluation based on Quality Function Deployment (QFD) [25].

2.3 Multi-Criteria Decision-Making

MCDM methods demonstrated efficient outputs in the valuation process, especially in healthcare institutions problems that may cause confusion in decision-making. Chang et al. [26] applied the Decision-making trial and evaluation laboratory (DEMATEL) method to measure the sustainability of healthcare institutions in Taiwan under the national health insurance system. Anas et al. [27] used the AHP method to evaluate the hospitals’ supply chain under a fuzzy environment. Also, Oliveira et al. [28] applied the AHP method to manage the life cycle of medical devices in different healthcare institutions. According to their information systems, Esfahani et al. [29] evaluated Iranian public hospitals using the DEMATEL method.

Moreover, there are several MCDM types of researches that focused their evaluation on emergency department problems. Hospital department layout problems are evaluated using multi-objective tabu search, and the solutions that produced may save about 5%-15% of patients’ time in the emergency department [30]. Also, Yousefi et al. [31] proposed a study that optimizes human resource allocation in ED in Brazil using three different machine-learning approaches. Qi et al. [32] evaluated another aspect is the emergency response capacity in ED using the AHP technique under a fuzzy environment.

2.4 Analytic Hierarchy Process and Healthcare Institutions Evaluation

In most multi-criteria decision-making evaluation problems, AHP is a sufficient method introduced by [33]. AHP has the ability to expound complex problems into simple sub-problems that make the problems easier to solve [34]. Thus, traditional AHP doesn't deal with uncertainty. By applying the AHP method to a neutrosophic environment that considers truth, falsity, and indeterminacy degrees, the evaluation results will be more accurate with respect to the decision-makers’ insight. Many studies applied the AHP method in the evaluation of healthcare institutions. For instance, Singh et al. applied AHP in order to define the priority of healthcare service quality to evaluate hospitals in India under a fuzzy environment. Moallem et al. [35] evaluated the risks related to patient care activities using AHP in order to obtain the importance of 12 objectives depending on identified risks as a real-world case study in Tunisian hospitals. Many other MCDM techniques were used in the evaluation of the healthcare and medical industry, but Mardani et al. [36] evaluated 202 published studies related to the evaluation of the healthcare industry. The results show that AHP is the most frequently implemented technique in the healthcare field multi-criteria problems.

2.5 Data Envelopment Analysis (DEA) and Healthcare Institutions Evaluation

DEA is an optimization procedure that can be adopted to improve the performance of multiple Decision-Making Units (DMUs). It's a linear programming methodology that evaluates the efficiency of DMUs according to multiple-inputs and multiple-outputs.

Traditional DEA categorizes DMUs into efficient and inefficient classification by evaluating their corresponding inputs and outputs; thus, it does not order them. The drawback of that is the confusion of the decision-maker to select one of the DMUs if the result shows more than one efficient DMU [37]. However, traditional DEA doesn't consider the uncertainty of information, which is most commonly in different evaluation problems. That's why, in this study, the evaluation of inputs and outputs are based on plithogenic set that considers the uncertain evaluation of decision-makers. The most frequently used models of DEA is Constant Return to Scale (CRS-DEA) and Variable Return to Scale (VRS-DEA). The first model scale of economies doesn't change as the size of DMU's increases, while the second model scale of economies changes according to DMU's size.

The literature presented several types of research on efficiency estimating healthcare institutions [38]. Using different DEA models, overall efficiency in hospitals was evaluated, but there are few studies that focused on specific departments. Akkan et al. [39] applied DEA models to analyze the efficiency of seven general hospitals in Turkey to handle the problem of overcrowding in the emergency department. They recognized the total number of emergency patients as the output variable while the ED level category and the number of beds as inputs. Also, there are many other studies that used DEA to evaluate the efficiency of healthcare institutions from different perspectives. For instance, Kazley et al. [40] evaluated the efficiency of hospitals’ electronic medical records (EMR) using DEA, and they consider equipment and medical staff as inputs while discharges and staff training as outputs. Mitropoulos et al. [41] evaluated the overall technical performance of Greek public hospitals using DEA, and they consider the number of medical staff also as input while transfers and laboratory tests as outputs. Chowdhury et al. [42] analyzed the production performance of hospital services in Canada by applying the DEA technique. Also, Khushalani et al. [43] examined the efficiency of production quality in hospitals using the Dynamic Network DEA.

3  Preliminaries

In this section, we mention some concepts and definitions of neutrosophic set and plithogenic set.

Definition 1. Abdel-Basset et al. [44] Let X be a universe of discourse. A single neutrosophic set N over X is an object with a form ofN={⟨x,TN(x),IN(x),FN(x)⟩:x∈X}, where TN(x):X→[0,1],IN(x):X→[0,1]andFN(x):X→[0,1] with 0≤TN(x)+IN(x)+FN(x)≤3 for allx∈X. Where TN(x), IN(x) and FN(x) represent the truth-membership function, indeterminacy-membership function, and falsity-membership function, respectively. A Single Valued Neutrosophic (SVN) number is represented asA=(a,b,c)wherea,b,c∈[0,1]anda+b+c≤3.

Definition 2. Abdel-Basset et al. [45] Let a~=⟨(a1,a2,a3);αa,θa,βa⟩ and b~=⟨(b1,b2,b3);αb,θb,βb⟩ be two TNNs. Then,

•   Addition of two TNN:

a~+b~=⟨(a1+b1,a2+b2,a3+b3);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩(1)

•   Subtraction of two TNN:

a~−b~=⟨(a1−b3,a2−b2,a3−b1);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩(2)

•   Inverse of two TNN:

a~−1=⟨(1a3,1a2,1a1);αa,θa,βa⟩,Where(a~≠0)(3)

•   Multiplication of two TNN:

a~b~={⟨(a1b1,a2b2,a3b3);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩if (a3>0,b3>0)⟨(a1b3,a2b2,a3b1);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩if (a3<0,b3>0)⟨(a3b3,a2b2,a1b1);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩if (a3<0,b3<0)(4)

•   Division of two TNN:

a~b~={⟨(a1b3,a2b2,a3b1);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩if (a3>0,b3>0)⟨(a3b3,a2b2,a1b1);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩if (a3<0,b3>0)⟨(a3b1,a2b2,a1b3);αa∩⁡αb,θa∪⁡θb,βa∪⁡βb⟩if (a3<0,b3<0)(5)

Plithogenic set is providing high consideration of uncertainty to improve more accurate results and that due to its two main features contradiction degree and appurtenance degree. Contradiction (dissimilarity) degree function c(v,D) distinguishes between each attribute value and the dominant (most preferred) attribute value. The attribute value contradiction degree function c(v1, v2) is c: V × V → [0,1], and satisfying the following axioms:

•   c(v1, v1) = 0, contradiction degree between the attribute values and itself is zero.

•   c(v1, v2) = c(v2, v1), representing the dissimilarity between two attribute values v1 and v2.

Plithogenic set operations are intersection ∧p, union ∨p, complement ¬p, inclusion, and equality ↔.

Definition 3. Let a~=(a1,a2,a3) and b~=(b1,b2,b3) be two plithogenic sets; its operations are:

— Plithogenic intersection:

((ai1,ai2,ai3),1≤i≤n)∧p((bi1,bi2,bi3),1≤i≤n)=((ai1∧Fbi1,12(ai2∧Fbi2)+12(ai2∨Fbi2),ai2∨Fbi3)),1≤i≤n.(6)

— Plithogenic union:

((ai1,ai2,ai3),1≤i≤n)∨p((bi1,bi2,bi3),1≤i≤n)=((ai1∨Fbi1,12(ai2∧Fbi2)+12(ai2∨Fbi2),ai2∧Fbi3)),1≤i≤n.(7)


where

ai1∧pbi1=[1−c(vD,v1)].tnorm(vD,v1)+c(vD,v1).tconorm(vD,v1)(8)

ai1∨pbi1=[1−c(vD,v1)].tconorm(vD,v1)+c(vD,v1).tnorm(vD,v1)(9)


where, tnorm = ∧Fb = ab, tconorm a∨Fb = a + b − ab

— Plithogenic complement (negation):

⇁((ai1,ai2,ai3),1≤i≤n)=((ai3,ai2,ai1),1≤i≤n)(10)

The appurtenance degree d(x, v) of attribute value v is: 
∀ x∈ P, d: P × V→ P ([0, 1]z), so d(x, v) is a subset of [0, 1]z, and P([0, 1]z) is the power set of [0, 1]z, where z = 1, 2, 3, for fuzzy, intuitionistic fuzzy, and neutrosophic degrees of appurtenance respectively.

4  Proposed Framework

This research proposed an integrated framework to evaluate emergency department using AHP and DEA based on plithogenic set. A group of useful MCDM methods is used in this model with the intention of evaluating the performance efficiently by considering different aspects of decision making. The main steps of this framework are discussed and illustrated in Fig. 1.

Step 1. Obtain evaluation information by integrating a committee of decision-makers who have experience in the healthcare field. Define a decision-making problem aspect. These aspects consist of a set of the inputsxj=(x1j,…,xmj), and outputs yj=(y1j,…,ysj) of ED.

Step 2. Divide the problem into sub-problems in order to build the problem hierarchy. The top-level is the main problem, the second level is the set of standards that the problem will be evaluated based on them, and the last level is the set of alternatives that will be evaluated.

Step 3. According to the decision maker's preferences as in Tab. 2, construct the pairwise comparison matrix based on the neutrosophic evaluation scale to find the weights of inputs and outputs by the AHP method. In this step, the consideration of uncertainty and inconsistency of the decision maker's evaluation will improve the accuracy of evaluation results.

Step 4. In order to improve the decision matrix, check the decision matrix consistency by calculating the consistency index (CI) and consistency ratio (CR) using Eq. (11).

CR=CIRI(11)

where,CI=λmax−nn−1, λmax is the mean of weighted sum vector divided by corresponding criteria and n is the number of criteria. RI is a random index that describes a direct function of the number of criteria being considered, as shown in Tab. 1. If the CR < 0.1 is acceptable, otherwise the comparison must be modified.
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Figure 1: The executive framework of the proposed study
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Step 5. Calculate the mean of each row and use the de-neutrosophication function as in Eq. (12) to determine the importance weight of each input and output.

S(a)=18(a1+b1+c1)×(2+α−θ−β)(12)

Step 6. Obtain the final weight of inputs and outputs.

Step 7. Obtain evaluation information by integrating a committee of decision-makers who have experience in healthcare institution management. Using the neutrosophic evaluation scale in Tab. 3, K decision-makers evaluate the DMUs (EDs) according to the inputs and outputs.

[image: images]

Step 8. Construct the evaluation inputs and outputs matrices based on plithogenic set in order to consider uncertainty information.

Step 9. Aggregate the K evaluation matrix based on plithogenic aggregation operation according to defined contradiction degree, as mentioned in Eqs. (7)–(9). In this step, the aggregation matrix will be more accurate because of the contradiction degree provided by plithogenic set.

Step 10. Normalize the aggregated evaluation inputs and outputs using Eq. (13) for both input and output matrix.

R=Zij/(∑i=1m⁡zij2)(13)

where zij is ether input or output evaluation.

Step 11. Obtain the weighted aggregated input and output matrix by multiplying the normalized aggregated by the weights calculated using the AHP method.

Step 12. Apply the input-oriented CRS model for comparison of the DMUs. CRS model is given in the following:

minθ
s.t.
θxio≥∑j=1N⁡γjxij
yro≤∑j=1N⁡γjxrj
γj≥0∀j=1,2,…,N
∑j=1N⁡γj=1,θ≥0,i=1,2,…,m;j=1,2,…,N;r−1,2,…,s
where

xio Amount of input I for the Oth observed DMU

yro Amount of output r for the Oth observed DMU

xij Amount of input i for the jth DMU

yrj Amount of output r for the jth DMU

m Number of inputs

s Number of outputs

N Number of DMUs

γj Shadow price regarding the constraints limiting the efficiency of each DMU

θ Efficiency

Step 13. Finally, according to θ value, the efficiency of DMU is defined. Then, prioritize the ED of hospitals with respect to their efficiency that calculated and consider the slack values of inputs and outputs and the target values of inputs and outputs.

5  Application of the Proposed Approach

5.1 Evaluation of 20 Private and General Hospital in Egypt

Healthcare institutions is a critical organization in any country that cares about the human quality of life. Therefore, evaluating these institutions based on criteria, including ensuring an acceptable and satisfying level of life for humans, is one of the most significant topics to be studied from different aspects. Thus, in this study, we proposed an integrated framework to evaluate the emergency department in 20 private (P) and general (G) hospitals in Egypt. As we mentioned before, ED is one of the most crowded places in healthcare centres, if it's not the most overcrowded at all. As a result, there are several issues that the hospital may face. In this research, the efficiency of ED in 12 private hospitals and eight general hospitals in Egypt will be determined using the proposed framework. The names of hospitals are not shared according to their privacy guidelines. Three experts in healthcare institution management are participating in this evaluation.

In this study, we consider 11 inputs that affect the operations of ED directly and indirectly manner. These inputs have been verified by experts and some previous studies as in [39]. The inputs as the criticality of the department, number of vacant bed, number of a competent nurse, assignment preference related to the patient's pathology, the average time in the system (length of stay LOS), number of exiting ambulance, hospitalization, admission transfer rate, ambulance off-loading time, medical equipment, and number of efficient doctors. On the other hand, the two selected outputs are the effect on patient's life quality and the number of treated patients.

5.2 Weighting Inputs and Outputs Using AHP

According to decision-makers preferences, the importance of inputs and outputs are determined based on the neutrosophic importance scale in Tab. 2. The pairwise comparison matrix is shown in Tab. 4. After checking the consistency ratio using Eq. (11), Tab. 5 and Fig. 2 shows the weights of inputs and outputs obtained from applying the AHP method by decision makers.
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Figure 2: Weights of inputs and outputs

5.3 Aggregation of Evaluation Matrices Based on Plithogenic Set

One of the main contributions of this study is improving the consideration of uncertainty in the evaluation process. So, the aggregation of evaluation matrices is based on contradiction degree that improves the accuracy of aggregation operation. The three experts evaluate the 20 EDs according to the inputs and outputs based on Tab. 3 neutrosophic scale as shown in Tabs. A1–A3.

Contradiction degree C is determined between each attribute value with respect to the most preferred (dominant) attribute value. Then, aggregate the three evaluation matrices based on defined contradiction degree by decision-maker using Eqs. (7)–(9). Convert the aggregated neutrosophic evaluation into crisp values using Eq. (12). The final aggregated evaluation matrix as shown in Tab. A.4. Using Eq. (13), normalize the aggregated evaluation matrix as shown in Tab. A5. Tab. A6 shows the weighted aggregated evaluation matrix by multiplying the normalized aggregated matrix by the weight of inputs and outputs that calculated using the AHP method in Tab. 5.

5.4 Results and Analysis

Using weighted aggregated matrix (Tab. A6), the CRS-DEA model has been applied. Tab. A7 shows the result of the proposed approach. The results show that H1, H2, H3, H4, H6, H11, H12, H17, H19, H20 has efficient emergency departments. The rest of hospitals emergency department are ranked as H9 > H15 > H18 > H14 > H10 > H7 > H16 > H13 > H8 > H5 as shows in Fig. 3. The analysis of results defines that 58% of private hospitals ED are efficient and 38% of general hospitals ED are efficient. Fig. 3 shows the relationship between 20 emergency departments (alternatives) on the horizontal axis and weight value on the vertical axis.
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Figure 3: The result of the proposed framework

It is worth to mention the result of weighting the inputs and outputs of emergency departments based on the AHP method shown in Fig. 2. As shown in Tab. 5 and Fig. 2, the criticality of the department (I1) and assignment preference related to the patient's pathology (I4) are the two most important inputs with weight 0.094 that may affect the operations of ED. While, admission transfer rate (I8) and ambulance off-loading time (I9) are the least effective inputs with weight 0.067 and 0.065 respectively, but that doesn't mean that they are not effective for ED operations. On the side of outputs, the effect on patient's life quality and the number of treated patients have the same important level to evaluate the emergency department efficiency with weight 0.059.

To explain the importance of input slacks and output slacks on inefficient EDs, let's look to H5. We can find that criticality of the department (I1), number of vacant bed (I2), assignment preference related to the patient's pathology (I4), number of exiting ambulance (I6), hospitalization (I7), and number of efficient doctors (I11) must be reduced by 0.002, 0.008, 0.007, 0.001, 0.010, and 0.001, respectively.

If H5 may achieve that, its emergency department will be efficient. However, suppose H5 may reduce the number of vacant beds (I2), the number of competent nurses (I3), assignment preference related to the patient's pathology (I4), and admission transfer rate (I8) by 0.002, 0.008, 0.005, and 0.006, respectively. In that case, its ED will not be efficient until it increases the number of treated patients (O2) by 0.001. That is why decision-makers should seriously consider the values of inputs slacks and outputs slacks.

6  Conclusions and Future Work

Healthcare institutions’ evaluation is a high-priority research field on account of the importance of improving the human quality of life. Especially, evaluation of the emergency department in any healthcare institution became a critical field of study regarding many issues that may happen because of the overcrowding of this department. This research proposed an integrated framework that assists the healthcare institution managers to evaluate the overall efficiency of ED. Due to the uncertainty in many healthcare evaluation problems, this framework is based on a plithogenic set that improves the accuracy of the evaluation process by considering the contradiction degree between attribute values. In this study, the proposed framework integrates the AHP and DEA method to evaluate ED in 20 hospitals in Egypt. The evaluation was made based on 11 input measures and two main output measures. AHP method was applied to assess the weight of inputs and output. In contrast, the DEA method was applied to measure the efficiency of EDs. The evaluation results show that 50% of these EDs are operating efficiently, while the other 50% are inefficient with uneven ratios. The traditional DEA method was applied in various evaluations related to the healthcare industry. Thus, it has some limitations in handling the uncertain environment. That's why one of the main contributions of this research is to improve the accuracy of decision-making under uncertainty. Moreover, applying the DEA method based on AHP evaluation of inputs and outputs improved decision-making accuracy.

In future works, evaluation of inputs and outputs may be applied using any other MCDM methods such as Best-Worst Method (BWM). Additionally, many other departments in healthcare institutions have many problems that need more consideration from decision-making researchers. For instance, the allocation of ambulance centres based on different standards is a significant problem.
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Table A6: Weighted aggregated matrix

Inputs Outputs
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Hy 0.0358 0.0325 0.0347 0.0396 0.0175 0.0122 0.0271 0.0120 0.0110 0.0177 0.0151 0.0256 0.0183
H; 0.0405 0.0349 0.0354 0.0324 0.0195 0.0115 0.0251 0.0139 0.0103 0.0166 0.0142 0.0269 0.0165
Hj 0.0333 0.0385 0.0336 0.0415 0.0140 0.0118 0.0258 0.0107 0.0099 0.0173 0.0141 0.0267 0.0195
Hy 0.0413 0.0356 0.0267 0.0360 0.0199 0.0121 0.0259 0.0173 0.0098 0.0172 0.0140 0.0282 0.0197
Hjs 0.0394 0.0365 0.0255 0.0393 0.0257 0.0115 0.0245 0.0111 0.0103 0.0167 0.0139 0.0195 0.0172
Hg 0.0411 0.0323 0.0304 0.0347 0.0158 0.0125 0.0292 0.0121 0.0123 0.0199 0.0166 0.0259 0.0238
H; 0.0382 0.0309 0.0291 0.0332 0.0293 0.0120 0.0279 0.0120 0.0107 0.0187 0.0153 0.0235 0.0187
Hg 0.0365 0.0369 0.0314 0.0336 0.0185 0.0121 0.0286 0.0127 0.0108 0.0190 0.0155 0.0215 0.0182
Hy 0.0420 0.0389 0.0289 0.0337 0.0171 0.0123 0.0264 0.0119 0.0100 0.0175 0.0143 0.0230 0.0209
Hio 0.0383 0.0396 0.0295 0.0426 0.0206 0.0125 0.0137 0.0121 0.0115 0.0175 0.0152 0.0222 0.0204
Hy 0.0341 0.0312 0.0289 0.0446 0.0292 0.0131 0.0143 0.0156 0.0121 0.0184 0.0159 0.0183 0.0341
Hi» 0.0310 0.0279 0.0286 0.0405 0.0265 0.0108 0.0255 0.0236 0.0110 0.0167 0.0145 0.0178 0.0331
His 0.0418 0.0387 0.0293 0.0308 0.0273 0.0122 0.0133 0.0175 0.0113 0.0171 0.0149 0.0237 0.0156
Hiy 0.0374 0.0347 0.0327 0.0373 0.0181 0.0110 0.0232 0.0217 0.0089 0.0156 0.0127 0.0247 0.0162
His 0.0318 0.0367 0.0346 0.0364 0.0133 0.0116 0.0246 0.0230 0.0094 0.0165 0.0134 0.0214 0.0187
Hig 0.0319 0.0347 0.0377 0.0375 0.0175 0.0126 0.0267 0.0122 0.0102 0.0179 0.0146 0.0212 0.0196
Hyy 0.0485 0.0338 0.0314 0.0358 0.0163 0.0129 0.0155 0.0129 0.0119 0.0196 0.0163 0.0303 0.0219
Hig 0.0413 0.0318 0.0299 0.0370 0.0155 0.0123 0.0287 0.0123 0.0125 0.0190 0.0164 0.0258 0.0210
Hig 0.0412  0.0283 0.0289 0.0410 0.0269 0.0121 0.0255 0.0106 0.0098 0.0171 0.0140 0.0254 0.0163
Hjo 0.0397 0.0274 0.0347 0.0396 0.0260 0.0116 0.0247 0.0112 0.0094 0.0166 0.0135 0.0247 0.0158
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Table 1: Saaty table for RI per number of criteria
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Table 3: Neutrosophic evaluation scale of alternatives

Abbreviations

VLI
LI
FLI
MI
FHI
HI
EI

Triangular neutrosophic scale

(0.1, 0.2, 0.3); 0.5, 0.1, 0.3)
((0.2, 0.3, 0.4); 0.8, 0.2, 0.3)
((0.3, 0.4, 0.5); 0.1, 0.1, 0.1)
((0.5, 0.6, 0.7); 0.9, 0.2, 0.1)
(0.7, 0.8, 0.9); 0.8, 0.3, 0.5)
((0.8, 0.9, 1.0); 0.9, 0.2, 0.3)
((0.9, 1.0, 1.0); 0.1, 0.2, 0.2)
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Table A3: Expert 3 evaluation matrix

C 0 025 0 0 025 05 025 05 075 O 025 0 0.5
Expert 3 Il Iz 13 I4 15 I6 I7 Ig 19 110 111 01 02

H; (P) FHI MI  HI HI FLI LI MI FLI FLI FLI FLI FLI LI
H, (P) HI HI HI FHI MI LI MI FLI FLI FLI FLI M LI
Hj3 (G) El HI HI HI FLI LI MI LI LI LI LI LI LI
Hs (G) HI HI FHI FHI FLI FLI FHI MI LI LI LI LI FLI
Hs (P) HI HI FHI HI MI FLI FHI FLI LI LI LI LI FLI
He (G) FHI MI FHI FHI FLI LI FHI LI LI LI LI FLI FLI
H; (P) El MI FHI FHI MI LI MI LI LI LI LI FLI FLI
Hg (G) El MI FHI FHI FLI LI MI  FLI LI LI LI FLI FLI
Hy (G) HI HI FHI FHI FLI FLI MI FLI LI LI LI LI FLI
Hip (G) EI HI FHI HI MI FLI FLI FLI FLI FLI FLI FLI FLI
Hip (P) MI  MI  FHI HI MI FLI FLI FLI FLI FLI FLI LI M
Hi, (P) MI  MI FHI HI MI LI FHI M™MI FLI FLI FLI LI M
Hiz3 (P) HI HI FHI FHI MI FLI FLI MI FLI FLI FLI LI LI
Hi4 (P) HI HI HI HI FLI FLI MI MI LI LI LI LI LI
Hi;s (P) FHI HI HI HI FLT FLI MI MI LI LI LI FLI FLI
His (G) FHI HI HI FHI FLI FLI MI FLI LI LI LI FLI FLI
Hi; (P) HI MI FHI FHI FLI LI FLI FLI FLI VLI VLI LI FLI
Hig (G) EI MI FHI FHI FLI LI MI LI FLT FLI FLI LI LI
Hi9 (P) HI FHI FHI HI MI FLI MI LI LI LI LI M FLI
Hy (P) HI FHI HI HI MI FLI MI FLI LI LI LI M FLI
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Table Al: Expert 1 evaluation matrix

C 0 025 0 0 025 05 025 05 075 0 025 0 0.5
HOSpitaIS Il Iz 13 I4 15 I6 17 Ig I9 110 111 01 02
H; (P) El FHI HI HI FLI FLI MI LI LI LI LI M LI
H, (P) HI FHI HI FHI FLI FLI MI LI LI LI LI LI LI
Hj; (G) El HI HI HI FLI FLI MI LI LI LI LI M LI
H4 (G) HI HI FHI HI MI FLI FHI FLI LI LI LI LI LI
Hs (P) HI HI FHI HI MI FLI FHI FLI FLI FLI FLI LI LI
H¢ (G) HI MI FHI FHI FLI LI FHI LI FLI FLI FLI LI FLI
H7 (P) EIl MI FHI FHI MI LI MI LI LI LI LI M FLI
Hg (G) EIl HI EI FHI FLI LI MI LI LI LI LI M FLI
Hy (G) HI HI EI HI FLI FLI MI FLI LI LI LI LI FLI
Hig (G) HI HI EI HI FLI FLI FLI FLI FLI FLI FLI LI FLI
Hi (P) MI MI FHI HI MI FLI FLI FLI FLI FLI FLI LI M
H, (P) MI MI FHI HI MI LI FHI MI FLI FLI FLI LI M
Hiz (P) HI HI FHI FHI M™MI FLI FLI FLI FLI FLI FLI LI LI
Hi4 (P) HI HI HI HI MI FLI MI MI LI LI LI LI LI
His (P) FHI HI HI HI FLI FLI MI MI LI LI LI FLI FLI
His (G) FHI MI  HI HI FLI FLI MI FLI LI LI LI FLI FLI
Hi7 (P) HI MI FHI FHI FLI LI FLI LI FLI FLI FLI LI FLI
Hig (G) HI MI FHI FHI FLI LI MI LI FLI FLI FLI LI LI
Hi9 (P) HI FHI FHI HI MI FLI MI LI LI LI LI LI LI
Hyo (P) HI FHI HI HI MI FLI MI FLI LI LI LI LI LI
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Table 4: Pairwise comparison of inputs & outputs
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EI EI EI EI WI VSl SI VSI VSI EI EI Al Al
WI EI  WI WI EI EI EI SI SI WI EI  VSI VSI
WI WI WI WI EI EI El EI EI WI WI EI EI
WI EI EI WI  EI EIl EI SI SI Wl WI SI SI
WI WI WI  WI EI EI WI  EI EI Wl WI  SI SI
Wl WI WI WI WI EI WI EI EI WI WI EI EI
WI EI  VSI EI SI VvsI SI SI VSI EI  EI Al Al
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Table A4: Aggregated evaluation matrix

Inputs Outputs

HOSpitalS I] 12 13 14 I5 I6 17 18 19 IlO 11 1 O] 02

H; 0.6022 0.6278 0.6679 0.6679 0.3560 0.2756 0.5793 0.2813 0.2646 0.3103 0.2909 0.3583 0.2559
H, 0.7236 0.7172 0.7236 0.5820 0.4212 0.2756 0.5718 0.3466 0.2646 0.3103 0.2909 0.4171 0.2559
Hj 0.5799 0.7704 0.6679 0.7236 0.2946 0.2756 0.5718 0.2588 0.2467 0.3140 0.2812 0.3518 0.2559
Hy 0.7236 0.7172 0.5355 0.6320 0.4226 0.2850 0.5779 0.4219 0.2467 0.3140 0.2812 0.3941 0.2756
Hs 0.7236 0.7704 0.5355 0.7236 0.5718 0.2850 0.5726 0.2850 0.2709 0.3197 0.2919 0.3140 0.2756
Hg 0.6320 0.5718 0.5355 0.5355 0.2946 0.2588 0.5726 0.2588 0.2709 0.3197 0.2919 0.3103 0.2850
Hy 0.6148 0.5718 0.5355 0.5355 0.5718 0.2588 0.5718 0.2681 0.2467 0.3140 0.2812 0.3583 0.2850
Hg 0.5799 0.6750 0.5705 0.5355 0.3560 0.2588 0.5793 0.2813 0.2467 0.3140 0.2812 0.3373 0.2850
Ho 0.7236 0.7704 0.5705 0.5820 0.3560 0.2850 0.5793 0.2850 0.2467 0.3140 0.2812 0.3140 0.2850
Hjo 0.6473 0.7704 0.5705 0.7236 0.4212 0.2850 0.2946 0.2850 0.2804 0.3092 0.2946 0.3103 0.2850
Hyq 0.5519 0.5793 0.5355 0.7236 0.5718 0.2850 0.2946 0.3502 0.2804 0.3092 0.2946 0.3140 0.5850
Hip 0.5519 0.5718 0.5820 0.7236 0.5718 0.2588 0.5779 0.5850 0.2804 0.3092 0.2946 0.3140 0.5850
His 0.7236 0.7704 0.5820 0.5355 0.5718 0.2850 0.2946 0.4219 0.2804 0.3092 0.2946 0.3941 0.2588
Hig 0.7236 0.7704 0.7236 0.7236 0.4226 0.2850 0.5718 0.5850 0.2467 0.3140 0.2812 0.3941 0.2588
His 0.5820 0.7704 0.7236 0.6679 0.2946 0.2850 0.5718 0.5850 0.2467 0.3140 0.2812 0.3263 0.2850
Hig 0.5355 0.6703 0.7236 0.6320 0.3560 0.2850 0.5718 0.2850 0.2467 0.3140 0.2812 0.3092 0.2850
Hy7 0.7236  0.5793 0.5355 0.5355 0.2946 0.2588 0.2946 0.2681 0.2544 0.3050 0.2781 0.3941 0.2850
Hig 0.6473 0.5718 0.5355 0.5820 0.2946 0.2588 0.5718 0.2681 0.2804 0.3092 0.2946 0.3140 0.2559
Hyg 0.7236 0.5726 0.5820 0.7236 0.5718 0.2850 0.5718 0.2588 0.2467 0.3140 0.2812 0.4171 0.2672

Hjo 0.7236  0.5726 0.7236 0.7236 0.5718 0.2850 0.5718 0.2850 0.2467 0.3140 0.2812 0.4171 0.2672
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Table A2: Expert 2 evaluation matrix

C 0 025 0 0 025 05 025 05 075 0 025 0 0.5
Hospitals I] 12 I3 I4 15 16 17 Ig I9 I]() I] 1 O] 02
H; (P) HI HI FHI FHI M™MI FLI FHI FLI LI LI LI LI FLI
H, (P) HI HI HI HI FLI FLI MI MI LI LI LI LI FLI
H; (G) EI HI FHI HI FLI FLI MI LI LI LI LI FLI FLI
Hs (G) HI FHI FHI HI MI FLI MI FLI LI LI LI M LI
Hs (P) HI HI FHI HI MI FLI FHI FLI FLI FLI FLI LI LI
He (G) HI MI FHI FHI FLI LI FHI LI FLI FLI FLI LI FLI
H; (P) HI M™MI FHI FHI MI LI MI  FLI LI LI LI LI FLI
Hs (G) EI HI EI FHI MI LI FHI FLI LI LI LI FLI FLI
Hy (G) HI HI EI FHI MI FLI FHI FLI LI LI LI LI FLI
Hiy (G) HI HI EI HI FLI FLI FLI FLI FLI FLI FLI LI FLI
Hi; (P) MI FHI FHI HI MI FLI FLI MI FLI FLI FLI LI M
Hi, (P) MI MI HI HI MI LI MI MI FLI FLI FLI LI M
Hi; (P) HI HI HI FHI MI FLI FLI FLI FLI FLI FLI M LI
Hi4 (P) HI HI HI HI MI FLI MI MI LI LI LI M LI
His (P) HI HI HI FHI FLI FLI MI MI LI LI LI LI FLI
Hig (G) FHI MI HI HI MI  FLI MI FLI LI LI LI FLI FLI
Hi; (P) HI FHI FHI FHI FLI LI FLI FLI FLI FLI FLI M FLI
Higs (G) HI MI  FHI HI FLI LI MI FLI FLI FLI FLI LI FLI
Hio (P) HI FHI HI HI MI FLI MI LI LI LI LI LI FLI
Hjyo (P) HI FHI HI HI MI FLI MI FLI LI LI LI LI FLI
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Scale explanation
Weakly significant
Equally significant
Strongly significant
Very strongly significant
Absolutely significant

Table 2: Importance evaluation scale

Abbreviations
WI

Triangular neutrosophic scale
(0.2, 0.3, 0.4); 0.1, 0.3, 0.5)
((0.3, 0.4, 0.5); 0.2, 0.3, 0.4)
((0.4, 0.5, 0.6); 0.3, 0.5, 0.7)
((0.6, 0.7, 0.8); 0.5, 0.7, 0.9)
((0.9, 0.9, 0.9); 0.7, 0.9, 0.9)
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Table A5: Normalized aggregated matrix

Inputs Outputs

HOSpitalS I] 12 13 14 I5 I6 17 18 19 IlO 11 1 O] 02

H, 0.3796 0.3957 0.4210 0.4210 0.2244 0.1737 0.3651 0.1773 0.1668 0.1956 0.1833 0.4327 0.3091
H» 0.4285 0.4247 0.4285 0.3446 0.2494 0.1632 0.3386 0.2053 0.1567 0.1837 0.1722 0.4544 0.2788
Hj 0.3533 0.4693 0.4069 0.4408 0.1795 0.1679 0.3484 0.1576 0.1503 0.1913 0.1713 0.4521 0.3290
Hy 0.4376 0.4337 0.3238 0.3822 0.2556 0.1724 0.3495 0.2551 0.1492 0.1899 0.1700 0.4772 0.3337
Hjs 0.4174 0.4444 0.3089 0.4174 0.3298 0.1644 0.3303 0.1644 0.1563 0.1844 0.1684 0.3305 0.2901
Hg 0.4351 0.3937 0.3687 0.3687 0.2029 0.1782 0.3943 0.1782 0.1865 0.2201 0.2010 0.4376 0.4020
H7 0.4045 0.3763 0.3524 0.3524 0.3763 0.1703 0.3763 0.1764 0.1623 0.2066 0.1850 0.3972 0.3160
Hg 0.3865 0.4499 0.3802 0.3569 0.2373 0.1725 0.3861 0.1875 0.1644 0.2093 0.1874 0.3641 0.3077
Hy 0.4450 0.4737 0.3508 0.3579 0.2189 0.1753 0.3562 0.1753 0.1517 0.1931 0.1729 0.3890 0.3532
Hjp 0.4054 0.4825 0.3573 0.4532 0.2638 0.1785 0.1845 0.1785 0.1756 0.1937 0.1845 0.3752 0.3446
Hipy 0.3616 0.3796 0.3509 0.4741 0.3747 0.1867 0.1930 0.2294 0.1837 0.2026 0.1930 0.3099 0.5775
Hio 0.3283 0.3402 0.3462 0.4305 0.3402 0.1539 0.3439 0.3481 0.1668 0.1840 0.1753 0.3007 0.5603
His 0.4423 0.4709 0.3557 0.3273 0.3495 0.1742 0.1801 0.2579 0.1714 0.1890 0.1801 0.4014 0.2635
Hig 0.3964 0.4221 0.3964 0.3964 0.2315 0.1561 0.3133 0.3205 0.1351 0.1720 0.1540 0.4171 0.2738
Hys 0.3373 0.4465 0.4193 0.3870 0.1707 0.1652 0.3314 0.3390 0.1430 0.1819 0.1629 0.3621 0.3163
Hig 0.3378 0.4228 0.4564 0.3986 0.2245 0.1798 0.3607 0.1798 0.1556 0.1980 0.1773 0.3591 0.3310
Hy7 0.5142 0.4117 0.3805 0.3805 0.2094 0.1839 0.2094 0.1905 0.1808 0.2167 0.1976 0.5132 0.3711
Hig 0.4379 0.3868 0.3623 0.3937 0.1993 0.1750 0.3868 0.1814 0.1897 0.2092 0.1993 0.4366 0.3560
Hig 0.4360 0.3450 0.3507 0.4360 0.3446 0.1717 0.3446 0.1559 0.1486 0.1892 0.1694 0.4300 0.2755

H»q 0.4210 0.3332 0.4210 0.4210 0.3327 0.1658 0.3327 0.1658 0.1435 0.1827 0.1636 0.4175 0.2675
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Table 5: Weights of inputs & outputs
110 I I I3 Iy Is Is I7 I Iy Tio Iy (e} 0>
Weights 0.094 0.082 0.082 0.094 0.077 0.070 0.074 0.067 0.065 0.090 0.082 0.059 0.059
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Table A7: DEA results, etficiencies, input slacks, and output slacks

Hospitals Efficiency Inputs slack Outputs slack

I I I3 Iy Is Ig Iy Ig Ig Lo 1In 0 O

H; (P) 1.000 0.00 0.00 0.00 0.00 000 000 0.00 000 0.00 0.00 000 0.00 0.00

H, (P) 1.000 0.00 0.00 000 0.00 0.00 000 0.00 000 000 0.00 000 0.00 0.00
Hj (G) 1.000 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 0.00
H4 (G) 1.000 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 0.00
Hs (P) 0.850 0.002 0.008 0.00 0.007 0.00 0.001 0.010 0.00 0.00 0.00 0.001 0.00 0.00
Hg (G) 1.000 0.00 0.00 000 0.00 0.00 000 0.00 000 000 0.00 000 0.00 0.00

H7 (P) 0.936 0.00 0.00 0.001 0.00 0.014 0.001 0.007 0.001 0.00 0.00 0.001 0.00 0.00
Hg (G) 0.882 0.00 0.005 0.003 0.00 0.003 0.001 0.002 0.001 0.00 0.00 0.001 0.00 0.00
Hy (G) 0.987 0.005 0.009 0.002 0.00 0.00 0.001 0.011 0.00 0.00 0.00 0.001 0.00 0.00
Hip (G) 0943 0.00 0.010 0.003 0.009 0.003 0.001 0.00 0.00 0.001 0.00 0.001 0.00 0.00

Hyp (P) 1.000 0.00 0.00 000 0.00 0.00 000 0.00 000 000 0.00 000 0.00 0.00
Hi, (P) 1.000 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.001 0.00 000 0.00 0.00
Hi3 (P)  0.909 0.00 0.009 0.002 0.00 0.012 0.001 0.00 0.006 0.00 0.00 0.001 0.00 0.002
His (P)  0.967 0.00 0.002 0.008 0.005 0.00 0.00 0.00 0.006 0.00 0.00 0.00 0.00 0.001

His (P) 0983 0.001 0.007 0.008 0.004 0.002 0.001 0.001 0.012 0.00 0.00 0.00 0.00 0.00
Hig (G) 0.919 0.00 0.002 0.007 0.00 0.00 0.002 0.003 0.00 0.00 0.00 0.001 0.00 0.00
Hy7 (P) 1.000 0.00 0.00 0.00 0.00 0.00 0.00 000 000 000 000 000 0.00 0.00
Hig (G) 0.977 0.00 0.00 0.00 0.003 0.00 0.00 0.008 0.00 0.001 0.00 0.001 0.00 0.00
Hig (P) 1.000 0.00 0.00 000 0.00 0.00 000 0.00 000 000 0.00 000 0.00 0.00
Hyg (P) 1.000 0.00 0.00 000 0.00 0.00 000 0.00 000 000 0.00 000 0.00 0.00
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