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Abstract 17 

Rationale, aims and objectives 18 

The main purpose of this paper is to measure the efficiency and ranking of medical diagnostic 19 

laboratories by applying a Network Data Envelopment Analysis. 20 

Methods 21 

In this study, each medical diagnostic laboratory is considered as a decision making unit (DMU) 22 

and a network data envelopment analysis (NDEA) model is utilized to calculate the efficiency of each 23 

medical diagnostic laboratory. Therefore, we design a series four-stage system composed of three 24 

main laboratory processes (the pre-test process, the test process and the post-test process). We also 25 

consider sustainability criteria in order to cover social, economic, and environmental problems of 26 

health care organizations. 27 

Results 28 

The results show that three of the 22 considered laboratories are efficient. Therefore, the network 29 

DEA approach can lead to performance scores and ultimately real ranking. Also, the average 30 

efficiency scores show that the decrease of the reception unit's efficiency results in a decrease of the 31 

efficiency of each laboratory. Therefore, the laboratories can increase the number of patients. Along 32 

with the intermediate values of the reception unit and the sampling unit, the efficiency of the reception 33 

unit increases, which results in an increase for the overall efficiency of each laboratory. 34 

Conclusion 35 
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The proposed model can appropriately help the administrators and managers to identify inefficient 36 

units in their laboratory and ultimately improve the laboratory performance. 37 

Keywords: Network Data Envelopment Analysis, Sustainability, Medical Diagnostic Laboratory, 38 

Performance assessment. 39 

1. Introduction 40 

Assessment of efficiency and profitability of laboratories plays a vital role in their selection as a 41 

member of the laboratories network. Theses efficiency results help managers make decision as to 42 

whether to keep or discard a member within the network. Obviously, we need appropriate tools for 43 

such an analysis of efficiency of medical prognosis labs 1. Methods for measuring efficiency fall into 44 

two categories: parametric and non-parametric. Parametric methods are more difficult to use, due to 45 

the design of the production function and complicated mathematical formulas. At the level of non-46 

parametric patterns, there are several methods for measuring efficiency. Data envelopment analysis 47 

(DEA) is a popular non-parametric linear programming approach which was first introduced by 48 

Charnes et al. 2.  49 

The many advantages of DEA have led to the fact that DEA is often preferred to other methods of 50 

measuring efficiency. There are several advantages of DEA.  First, DEA can be modified to 51 

accommodate the use of several inputs and outputs. Second, by determining the potential sources of 52 

inefficiency, rather than only the levels of inefficiency, DEA method is able to decompose economic 53 

inefficiency into technical and allocative components. Third, DEA not only pinpoints the problem, but 54 

is also capable of offering possible solutions. Having recognized the levels of inefficiency, the 55 

algorithm can be used to find similar organizations that suffer from the same kind of drawback and 56 

those that are efficient in comparison 3.  57 

DEA approach has been developed by many researchers and it has been widely applied to identify 58 

sources of inefficiency, rank the DMUs, assess management and the effectiveness of program or 59 

policies, etc 4. During the past decade, DEA has made significant advances both in the methodology 60 

and application, which has made it an important managerial tool for evaluating the performance of 61 

systems. The traditional DEA models disregard the internal operations or structure of the DMUs, 62 

typically referring each DMU as a "black box" with single-process converting the multiple inputs to 63 

the multiple final outputs. These approaches lead to incorrect performance scores or misleading 64 

results for system with complex internal structure 5. The defects of traditional DEA models have led 65 

many former researchers to decompose the efficiency of DMUs into different ingredients. Network 66 

DEA considers the structure of DMUs as a system consisting of a network of sub-DMUs, which has 67 

intermediate measures.  68 

During the past two decades, the healthcare sector has generally made significant progress in the area 69 

of health care operations. Improving health levels is not only a moral duty, but also a social and 70 

economic issue 6. In recent years, health status has improved in most countries, taking into account 71 
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sustainability criteria (economic, social, and environmental). Therefore, the need for services is based 72 

on the principles of sustainable development in order to achieve the appropriate service. The 73 

healthcare system as one of the largest fields in the public service sector has a suitable opportunity to 74 

influence sustainable performance. There are three reasons to consider sustainable performance by the 75 

health care systems:  1) In general, the healthcare system provides more services than other service 76 

sectors. 2) Health care services produce a significant amount of infectious waste. 3) The health system 77 

has a social effect on its own society 7. In addition, the main goal of producing a sustainable service in 78 

health care sector is to minimize undesirable factors (such as reducing environmental impacts) in the 79 

service production process. Environmental effects, as undesirable factors in the health care systems, 80 

may be in the form of infectious waste. The DEA models, by considering undesirable factors, have 81 

managed to eliminate the problem of eliminating undesirable factors in the calculation of performance 82 

evaluation. 83 

 Here we briefly review the most prominent DEA studies in the literature. A review of related 84 

literature shows that a significant number of studies have attempted to evaluate performance in areas 85 

related to health care. For example, Audibert et al. 8 examined the performance of 24 urban hospitals 86 

in Weifang (Shandong) from 2000 to 2008 by using DEA approach. Leleu et al. 9 used the DEA 87 

method to measure inefficiency at 138 Florida hospitals in 2005. Popescu et al. 10 evaluated the 88 

efficiency of European health systems by applying DEA approach. Asandului et al.11 studied the 89 

performance evaluation of public health systems in Europe based on a nonparametric DEA method 90 

and the statistical data applied was for the 30 European countries in 2010. Campos et al. 12 applied the 91 

input-oriented DEA approach to examine the efficiency of health systems in Spain (Autonomous 92 

Communities). Johannessen et al. 13 examined the effectiveness of full-time physicians (FTE) in 19 93 

Norwegian hospitals from 2001 to 2013 hospitals using some Panel Analysis and DEA. Khushalani 94 

and Ozcan 14 calculated performance evaluation of United States hospital from 2009 to 2013 by using 95 

the Dynamic Network DEA method. Omrani et al. 15 used the combined DEA model and cooperative 96 

game approach to measure productivity and efficiency of 288 hospitals in 31 provinces of Iran. Şahin 97 

and İlgün 16 evaluated the oral and dental centers of located in 81 provinces of Turkey by using DEA 98 

method. Peykani et al.17 proposed the Fuzzy DEA approach to examine a real data set to measure 99 

efficiency of 38 hospitals in United States. Further literature review of health care performance by 100 

using the DEA approach is provided in the Appendix A for readers.   101 

Further review of the literature in the table A (in the appendix A) shows that measuring the 102 

performance of the healthcare facilities based on desirable and undesirable sustainability indicators 103 

has not been addressed in the studies. Also, the issue of uncertainty in the data of healthcare centers is 104 

not studied in the previous researches. In order to fill the gap of the literature, this paper proposes a 105 

network DEA (NDEA) model to measure the efficiency of the medical diagnostic laboratories. To this 106 

end, the required sustainability indicators, including economic, environmental, and social indicators, 107 

are defined for evaluating the efficiency of diagnostic laboratories. Also undesirable factors are 108 
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considered in the developed NDEA model. The proposed NDEA model calculates the score of each 109 

lab and provides reliable information regarding quality of laboratories. The Additive method of Chen 110 

et al. 18 is applied to evaluate the performance of laboratories in a real case study in Iran.  111 

The research continues as follows. Section 2, describes the research methodology including the 112 

Delphi method and the NDEA model. Section 3, introduces the case study, which considers 25 113 

medical diagnostic laboratories of Tehran province in Iran. The results of the case study are presented 114 

and analyzed in Section 4. Finally, discussion is provided in Section 5. 115 

2. Methodology 116 

This research proposed a NDEA model in a four-stage network that consists of three main 117 

laboratory processes (pre-testing, testing and post-test), which is unprecedented in the field of health 118 

care thus far. Also due to the importance of undesirable inputs and outputs in healthcare sectors, in the 119 

proposed model undesirable data is considered. Then, a real case study of diagnostic laboratories in 120 

Iran is given to demonstrate the effectiveness of the model. The benefits of the proposed approach 121 

show that efficiency scores can help administrators manage their deficiencies and ultimately improve 122 

their business. 123 

2.1 Fuzzy Delphi 124 

Delphi technique is a strong process based on the group communication structure used for cases 125 

where incomplete and uncertain knowledge is available 19. The main aim is to reach a consensus 126 

among experts 20. In the classical Delphi method, experts' opinions are expressed in the structure of 127 

definite numbers, while those who are experts are using their mental competencies to express their 128 

opinion, which indicates the uncertainty that governs these conditions. Uncertainty is compatible with 129 

fuzzy sets. Therefore, it is better to obtain data in the structure of the verbal variables from the experts 130 

and analyze those using fuzzy sets. 131 

2.2 NDEA Model description 132 

Data Envelopment Analysis (DEA) is a non-parametric method for the relative assessment of a set 133 

of homogenous decision-making units. This method has wide applications in managerial assessment 134 

and recognizing inefficient units. Traditional DEA models cannot provide accurate information about 135 

the inefficiency of various units. This problem has been solved by network DEA models in real world. 136 

In this research, the internal structure of each lab consists of three stages (pre-test, test, and post-test). 137 

Assume that there are n DMUs (in this paper the DMUs are labs). Assume that each 138 

DMUj(j=1,2,…,n)  uses m inputs xij(i = 1,2, … . , m) and produces s outputs 𝑦𝑟𝑗(𝑗 = 1,2, … , 𝑠). The 139 

inputs have unequal shares in producing the outputs. Technically, their impact coefficients are not the 140 

same. Charnes and Cooper 21 managed to solve the problem of coefficients. They improved the model 141 

of Farrell 22 and Fieldhouse and suggested a model that could measure efficiency with several inputs 142 

and outputs. This is known as the CCR model. 143 
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Consider an impact coefficient (weight) vi(i = 1,2, … , m)  for each input xij(i = 1,2, … . , m)  and an 144 

impact coefficient (weight) 𝑤i(i = 1,2, … , m) for each output 𝑦𝑟𝑗(𝑗 = 1,2, … , 𝑠). We can calculate the 145 

efficiency of each DMU using Model 1. 146 

Efficiency of 𝑫𝑴𝑼𝒐 = 
𝒔𝒖𝒎 𝒘𝒆𝒊𝒈𝒉𝒕𝒆𝒅 𝒐𝒖𝒕𝒑𝒖𝒕𝒔 𝒐𝒇 𝑫𝑴𝑼𝒐

𝒔𝒖𝒎 𝒘𝒆𝒊𝒈𝒉𝒕𝒆𝒅 𝒊𝒏𝒑𝒖𝒕𝒔 𝒐𝒇 𝑫𝑴𝑼𝒐
         (1) 

Subject to:    
𝒔𝒖𝒎 𝒘𝒆𝒊𝒈𝒉𝒕𝒆𝒅 𝒐𝒖𝒕𝒑𝒖𝒕𝒔 𝒐𝒇 𝑫𝑴𝑼𝒋

𝒔𝒖𝒎 𝒘𝒆𝒊𝒈𝒉𝒕𝒆𝒅 𝒊𝒏𝒑𝒖𝒕𝒔 𝒐𝒇 𝑫𝑴𝑼𝒋
 ≤ 𝟏       𝒋 = 𝟏, 𝟐, … , 𝒏  

𝒗𝒊 ≥ 𝟎     ,    𝒖𝒓 ≥ 𝟎                         𝒊 = 𝟏, 𝟐, … , 𝒎 ; 𝒋 = 𝟏, 𝟐, … , 𝒔  

 The proposed model for performance assessment of labs is an integral network data envelopment 147 

model, which was firstly suggested by Chen et al. 23. This model is enunciated in the Appendix for 148 

interested readers. 149 

3. Case study 150 

The diversity and breadth of specialized laboratories in the province of Tehran has led to increased 151 

activity in this area. According to statistics released by the Iranian Health Institution, most of the labs 152 

in Tehran are managed by the private sector. Considering the importance of the private sector, the 153 

statistical population of this study consists of 25 private medical diagnostic laboratories in Tehran 154 

province. 155 

First, in order to measure the performance of 25 laboratories, effective factors are obtained using 156 

the Fuzzy Delphi method. 157 

In the present study, the following criteria have been considered for the selection of experts: (1) 158 

sufficient knowledge and experience in the field of study; (2) the willingness and time to cooperate in 159 

research; (3) effective communication skills. In order to reach a suitable team, experts with field-160 

related records that are knowledgeable in the field were invited. Thus, 11 experienced experts in the 161 

field were selected. The members of the Delphi team are shown in Table 1. 162 

Table1. Delphi Working Group 163 

The amount of work 

experience 
Group Row 

20 years 
Professors of University of Medical Sciences and Laboratory 

Sciences 
1 

25 years Technical authorities 
Organizational and executive forces 

2 

15 years Laboratory Experts 3 

 164 

After selecting experts, a questionnaire was prepared relying on previous studies and available 165 

literature. In this way, we used two methods of documentation and observation to obtain the most 166 

important indicators in the laboratory area and to collect the indicators. Effective indexes after review 167 

by library studies and observation of the presence in laboratories are shown in Table 2. 168 

 169 

 170 
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Table2. Effective indicators in the evaluation of the performance of the diagnostic laboratories (extracted 171 
through documentation and observation) 172 
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      ✓  
Sum of the scores of the 

laboratory standards 
1 

  ✓     ✓  Garbage weight 2 

   ✓    ✓  Average sample transfer time 3 

 ✓    ✓  ✓   Number of patients 4 

✓        Number of active tests 5 

✓       ✓  Correct number of tests 6 

✓        Test response time 7 

✓       ✓  Number of false tests 8 

      ✓  Available space for service 9 

✓       ✓  
Average waiting time for 

sampling 
10 

  ✓      Cost of consumables 11 

      ✓  Staff wage 12 

      ✓  
Number of responses of the 

prepared tests 
13 

  ✓     ✓  Safety cost of test unit 14 

✓        Number of kits 15 

  ✓     ✓  Safety cost of sampling unit 16 

✓        Lab profit 17 

      ✓  Income from admission 18 

      ✓  
Cost of laboratory space and 

land value 
19 

✓       ✓  Number of samples 20 

✓        Cost of staff welfare 21 

The research questionnaire was designed with the aim of consulting the experts about their 173 

agreement with the model criteria. Thus, experts have expressed their consent through verbal 174 

variables such as very low, low, moderate, high and very high. Since different characteristics of 175 

individuals affect their mental representations of qualitative variables, so by defining the range of 176 

qualitative variables, experts respond to the questions with the same mindset. These variables are 177 

defined in the form of triangular fuzzy numbers according to Table 3. 178 

Table3. Triangular fuzzy numbers of Linguistic variables 179 

Triangular fuzzy number Linguistic variables 

(0.75, 1, 1) Very High 

(0.5, 0.75, 1) High 

(0.25, 0.5, 0.75) Medium 

(0, 0.25, 0.5) Low 

(0, 0, 0.25) Very Low 

After three rounds of expert opinion polls, the following results were obtained. The total criteria 180 

for standardization of laboratories, the average time of sample transfer to different departments for 181 

testing, the weight of the waste, the number of laboratory tests, the number of false tests, the number 182 
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of samples, the space available for service, the number of kits, the average time of waiting to take the 183 

sample, personnel wages, average test response time, income, cost of consumables, safety costs of 184 

testing unit, and safety costs of sampling unit all lie in the high to very high range. 185 

Other criteria including the number of patients admitted, the number of correct tests, the number of 186 

replies to the prepared tests, and lab profits lie in the medium to high range. 187 

By eliminating the two criteria "laboratory space and land value and personnel welfare costs", of 188 

the 21 effective criteria of diagnostic laboratories, in the three stages of the survey, 19 effective 189 

criteria were identified in the area of diagnostic laboratories. Table 4 illustrates the final effective 190 

criteria for evaluating the performance of the diagnostic laboratories by the Delphi method. 191 

Table4. Effective indicators for assessing the performance of medical diagnostic laboratories 192 

Indicator Row 

Sum of the scores of the laboratory standards 1 

Garbage weight 2 

Average sample transfer time 3 

Number of patients 4 

Number of active tests 5 

Correct number of tests 6 

Number of false tests 7 

Available space for service 8 

Staff wage 9 

Number of kits 10 

Income from admission 11 

Cost of consumables 12 

Safety cost of test unit 13 

Safety cost of sampling unit 14 

Average waiting time for sampling 15 

Test response time 16 

responses of the prepared tests 17 

Lab profit 18 

Number of samples 19 

After identifying effective criteria in evaluating the performance of laboratory units, the 193 

performance evaluation of 25 units of laboratory will be possible using the network Data 194 

Envelopment Analysis model described in the research methodology section. An overview of the 195 

four-stage network structure of a medical diagnostic laboratory is given in Fig. 1. 196 

 197 

Figure 1 The four stage network of a medical diagnostic laboratory 198 
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Figure 1 shows that the pre-test process consists of two stages: the reception unit and the sampling 199 

unit. The pre-test includes inputs like the number of active tests and the cost of consumables and 200 

outputs like the average waiting time for sampling and the average sample transfer time. The testing 201 

process consists of a stage called the test unit. The testing includes inputs like the safety cost of test 202 

unit and outputs like the number of the number of false tests. The post-test process involves a stage 203 

defined the test results unit. The post-test includes inputs like the staff wage and outputs like the 204 

number of responses of the prepared tests. 205 

The input, intermediary, and output variables are according to Table 5: 206 

Table 5. The notation of input variables, Intermediary variables and output variables 207 

Output variables Intermediate variables Input variables 

Average waiting time for sampling Number of patients Number of active tests 

Income from admission (economic criterion) Number of samples Available pace for service 

Average sample transfer time Correct number of tests Cost of consumables (economic criterion) 

Number of false tests  Safety cost of sampling unit (social criterion) 

Test response time  Safety cost of test unit (social criterion) 

Garbage weight (environmental criterion)  Number of kits 

Number of responses of the prepared tests  Staff wage (economic criterion) 

Sum of the scores of the laboratory standards   

Lab profit (economic criterion)   

The number of active tests shows how many test each lab can perform (it’s just a number and 208 

therefore, dimensionless). The available pace for service shows the area of each lab (in units of square 209 

meters). The cost of consumables shows the cost of purchasing lab items such as gloves and syringes 210 

(in units of the Iranian currency, million Toomans). The safety cost of sampling unit shows the safety 211 

costs for lab staff such as vaccination against diseases like Hepatitis (in units of the Iranian currency, 212 

million Toomans). The safety cost of test unit shows safety costs of the test unit, such as acid-washing 213 

equipment, etc. (in units of the Iranian currency, million Toomans). The number of kits shows the 214 

number of used kits (dimensionless). The Staff wage shows costs for personnel salaries (in units of the 215 

Iranian currency, million Toomans). The number of patients shows the number of patients who visit a 216 

laboratory. The number of samples shows the number of samples taken and tested at each lab. The 217 

Correct number of tests shows the number of tests that were conducted and processed on good 218 

samples with acceptable results (dimensionless). The Average waiting time for sampling shows the 219 

average time that patients have to wait for sampling (in units of minutes). The Income from admission 220 

shows profit of the lab from receiving patients (in units of the Iranian currency, million Toomans). 221 

The average sample transfer time shows the average time to takes samples from the sampling to the 222 

test unit (in units of minutes). The number of false tests shows the number of invalid tests as a result 223 
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of mistakes and errors which lead to incorrect results and should be repeated (dimensionless). The test 224 

response time shows the time taken for the test (in units of minutes). The garbage weight shows lab 225 

wastes (in units of kilograms). The number of responses of the prepared tests shows the time to 226 

prepare the results of the test (in units of minutes). The sum of the scores of the laboratory standards 227 

shows the sum of the marks that make up a standard mark for the lab which include physical 228 

standards (staff, equipment, and material standards), safety standards, standards regarding procedures 229 

(pre-test, test, and post-test). It should be noted that a maximum standard mark of 200 is achievable. 230 

The Lab profit variable shows the net profit of each laboratory (in units of Iranian currency, million 231 

Toomans). 232 

Mean, standard deviation, minimum and maximum value of the selected inputs, intermediates and 233 

outputs used for the DEA analysis are shown in Table 6. 234 

Table 6.The descriptive statistics of inputs, intermediates and outputs for medical diagnostic laboratories Tehran 235 

Variable Mean Standard deviation Min. Max. 

Inputs     

Number of active tests 337.917 146.220 140 600 

Available pace for service 182.083 20.368 130 230 

Cost of consumables 22452976.542 9777839.824 3025208 39873519 

Safety cost of sampling unit 4646364.125 2041293.007 600315 7892857 

Safety cost of test unit 11240072.792 5386998.900 1500788 19732143 

Number of kits 208250 60213.569 100000 300000 

Staff wage 65655000 45178699.194 2500000 145000000 

Intermediates     

Number of patients 4232.833 2403.871 345 8973 

Number of samples 8821.208 5296.096 524 18557 

Correct number of tests 40293.500 17874.146 5201 69021 

Output     

Average waiting time for sampling 15.083 3.999 7 26 

Income from admission  461077970.542 201347110.365 60031530 786895417 

Average sample transfer time 64.375 57.603 15 240 

Number of false tests 47.125 51.829 7 214 

Test response time 2032.500 2784.353 120.000 10080.000 

Garbage weight  200.708 73.906 106 406 

Number of responses of the prepared tests 4225.333 2413.707 345 8973 

Sum of the scores of the laboratory 

standards 

142.208 39.091 85 200 

Lab profit  262491055.333 133483579.856 33905219 453500152 

4. Results 236 

Total efficiency, the efficiency of the acceptance unit, sampling unit and test unit & response unit 237 

are calculated using the proposed model by Chen et al. 15. 238 

 239 

 240 

 241 
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 242 

Table7. Comparison of total efficiency and efficiency of procedures for the 25 diagnostic laboratories in 2017 243 

𝜽𝑻𝒆𝒔𝒕 𝒓𝒆𝒔𝒖𝒍𝒕𝒔 𝒖𝒏𝒊𝒕 𝜽𝑻𝒆𝒔𝒕 𝒖𝒏𝒕 𝜽𝑺𝒂𝒎𝒑𝒍𝒊𝒏𝒈 𝒖𝒏𝒊𝒕 𝜽𝑹𝒆𝒄𝒆𝒑𝒕𝒊𝒐𝒏 𝒖𝒏𝒊𝒕 𝜽𝐨𝐯𝐞𝐫𝐚𝐥𝐥 Labs 

1 1 1 1 1 1 

1 1 0.9688 1 0.97234 2 

1 1 0.99897 0.92946 0.98893 3 

0.77828 1 0.99225 0.60327 0.89504 4 

1 1 0.97262 1 0.97477 5 
1 1 0.983 0.84208 0.96481 6 

0.88521 1 0.96708 1 0.97645 7 

0.43085 1 1 0.82436 0.88254 8 

0.67428 0.95972 0.97372 0.78999 0.84256 9 

1 1 0.98857 0.47685 0.95112 10 

1 1 0.98556 1 0.98685 11 

0.61602 1 1 0.36721 0.87816 12 

1 1 1 1 1 13 

0.80414 1 0.41786 0.69479 0.75497 14 
1 1 1 0.71404 0.94776 15 

1 1 0.59132 1 0.93421 16 

0.96793 1 0.8758 0.70468 0.87509 17 

1 0.83269 1 1 0.88459 18 
0.89907 0.94397 0.75849 1 0.85575 19 

1 0.95417 0.98465 0.39585 0.84001 20 

1 1 1 0.30361 0.94142 21 

1 1 1 1 0.9948 22 

0.65757 0.68722 1 0.88076 0.8834 23 
1 1 1 1 1 24 

1 1 1 0.6088 0.96951 25 

The second column of the Table 7 shows the overall performance of the medical diagnostic 244 

laboratory units. We have identified efficient units in gray. The results show that three units are 245 

efficient and 22 units are inefficient.  Also, the average efficiency of the reception unit, the sampling 246 

unit, the test unit and the results test unit are 0.80, 0.93, 0.97 and 0.90, respectively. The average 247 

efficiency scores show that the decrease of the reception unit's efficiency results in a decrease of the 248 

efficiency of each laboratory. Therefore, by decreasing the number of admitted patients as the 249 

intermediate values of the reception unit and the sampling unit, the efficiency of the reception unit 250 

decreases. In order to prevent the performance decrease of laboratories, laboratories should increase 251 

patients to the use of their laboratory services through appropriate management strategies. The 252 

performance ranking of 25 Labs is rated in Table 8 as follows: 253 

Table8. Ranking results based NDEA model 254 

Model RANK 

NDEA 

𝐿𝑎𝑏1 =  𝐿𝑎𝑏13 =  𝐿𝑎𝑏24 > 𝐿𝑎𝑏22 > 𝐿𝑎𝑏3 > 𝐿𝑎𝑏11 > 𝐿𝑎𝑏5 > 𝐿𝑎𝑏7 > 𝐿𝑎𝑏2 > 𝐿𝑎𝑏25 > 𝐿𝑎𝑏6 >

𝐿𝑎𝑏10 > 𝐿𝑎𝑏15 > 𝐿𝑎𝑏21 > 𝐿𝑎𝑏16 > 𝐿𝑎𝑏4 > 𝐿𝑎𝑏23 > 𝐿𝑎𝑏18 > 𝐿𝑎𝑏8 > 𝐿𝑎𝑏12 > 𝐿𝑎𝑏17 > 𝐿𝑎𝑏19 >

𝐿𝑎𝑏9 > 𝐿𝑎𝑏20 > 𝐿𝑎𝑏14   
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Where the ">" symbol means that the performance is better and the "=" symbol means that the 255 

function is the same. 256 

5. Discussion 257 

The performance evaluation of health care sector, including diagnostic services, is an important 258 

issue. In this paper, we proposed a NDEA approach to measure the efficiency of medical diagnostic 259 

laboratories. Here we presented a case study that used the NDEA model. Application of the model 260 

showed which laboratories were efficient and how they can be compared with inefficient laboratories 261 

so that managers can seek out strategies for improving their laboratories by understanding the causes 262 

of inefficiency. 263 

The model results show that the inefficiencies of laboratories can be identified for the following 264 

reasons: (1) 71% of laboratories are private in Tehran. Thus, the type of competition and the 265 

monopoly amount in the private sector is very different from that of the public sector since a large 266 

number of small and medium laboratories are operating in the absence of large laboratories that form 267 

the industry. (2) The type of services offered by laboratories is almost the same. In fact, the additional 268 

services, service quality and service cost have caused distinction between competitors. According to 269 

experts, laboratories that have less than 42 patients per day are non-economic, while more than 60% 270 

of the existing laboratories accept less than 42 patients per day. (3) Factors such as currency 271 

fluctuations, price increases of kits, and the cost of implementing quality standards indicate the 272 

laboratories need to control and manage costs. On average, 45% of the total cost required is due to the 273 

consumables in each laboratory. Therefore, the management cost has a significant role in the 274 

enhancement of efficiency. )4) A broad geographic coverage of lab services is the distinction of a 275 

laboratory in service coverage.  The large laboratories, due to the increase in amount and diversity and 276 

the capacity of the tests, expand their services by providing services to smaller laboratories. 277 

Considering the reasons mentioned for increasing the efficiency of laboratories, we propose the 278 

following solutions: )1) Reviewing all of medical diagnostic laboratory processes, including the pre-279 

test process, the testing process, and the post-test process, will lead to reduced cost and increased 280 

quality. )2) The operation management approach by identifying and eliminating unnecessary factors 281 

leads to the reduction in the cost of additional of laboratory and increased productivity. )3) Better and 282 

more accurate monitoring and control on inputs will lead to savings in input resources. )4) Extensive 283 

coverage of services (geographic coverage) using extensive sampling units and utilizing the 284 

information and communication technology lead to an increase in the efficiency of the laboratories.  285 

A limitation exists in this research. In this study, the number of samples (as an intermediate 286 

measure) is limited exclusively to patients are going to laboratories and we ignored the samples sent 287 

to the labs. Hence there is a potential limitation in this study.  The revenues related to the samples sent 288 

to the labs are excluded from the analysis that can affect the actual profitability of the laboratory. 289 
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Therefore, this restriction affects the two outputs (Income from admission and Lab profit) that are in 290 

the first and third stages, respectively, which ultimately are affected the efficiency scores of the 291 

laboratories. 292 

Authorship 293 

Niloufar Ghafari Someh: Designing studying or analyzing and interpreting data 294 

Mir Saman Pishvaee: Reviewing and modifying the article carefully and submit it. 295 

Seyed Jafar Sadjadi: Editing the article 296 

Roya Soltani: Editing the article 297 

Acknowledgments 298 

Authors would like to appreciate constructive comments of two anonymous Reviewers. 299 

Conflict of Interest Statement 300 

The authors certify that they have NO affiliations with or involvement in any organization or entity 301 

with any financial interest (such as honoraria; educational grants; participation in speakers’ bureaus; 302 

membership, employment, consultancies, stock ownership, or other equity interest; and expert 303 

testimony or patent-licensing arrangements), or non-financial interest (such as personal or 304 

professional relationships, affiliations, knowledge or beliefs) in the subject matter or materials 305 

discussed in this manuscript. 306 

Author statements 307 

As data used in the study is open to everybody, both instutional permission and ethics 308 

committee approval are not necessary for this study.  309 

References 310 

1. Akbari F, Arab M, Keshavarz K, Dadashi A. Technical efficiency analyses in hospitals of Tabriz 311 

University of Medical Sciences. Journal of Hospital. 2012 Aug 15;11(2):65-76. 312 

2. Charnes A, Cooper WW, Rhodes E. Measuring the efficiency of decision making units. European 313 

journal of operational research. 1978 Nov 1;2(6):429-44. 314 

3. Australia. Steering Committee for the Review of Commonwealth/State Service Provision, Scales B. 315 

Data envelopment analysis: a technique for measuring the efficiency of government service delivery. 316 

Industry Commission; 1997. 317 

4. Golany B, Roll Y. An application procedure for DEA. Omega. 1989 Jan 1;17(3):237-50. 318 

5. Kao C. Network data envelopment analysis: A review. European journal of operational research. 319 

2014 Nov 16;239(1):1-6. 320 

6. Bahrampour M, Gh G, Tohidi M. Determination of technical efficiency of intensive care units in 321 

hospitals afilliated to Kerman University of Medical Sciences by Stochastic Frontier analysis in 2008. 322 

Journal of Kerman University of Medical Sciences. 2013;20(6). 323 

7. Chung JW, Meltzer DO. Estimate of the carbon footprint of the US health care sector. Jama. 2009 324 

Nov 11;302(18):1970-2. 325 



13 
 

8. Audibert M, Mathonnat J, Pelissier A, Huang XX, Ma A. Health insurance reform and efficiency of 326 

township hospitals in rural China: An analysis from survey data. China Economic Review. 2013 Dec 327 

1;27:326-38. 328 

9. Leleu H, Moises J, Valdmanis VG. How do payer mix and technical inefficiency affect hospital 329 

profit? A weighted DEA approach. Operations Research for Health Care. 2014 Dec 1;3(4):231-7. 330 

10. Popescu C, Asandului L, Fatulescu P. A Data Envelopment Analysis for Evaluating Romania's 331 

Health System. Procedia-Social and Behavioral Sciences. 2014 Jan 8;109:1185-9. 332 

11. Asandului L, Roman M, Fatulescu P. The efficiency of healthcare systems in Europe: A data 333 

envelopment analysis approach. Procedia Economics and Finance. 2014 Jan 1;10:261-8. 334 

12. Campos MS, Fernández-Montes A, Gavilan JM, Velasco F. Public resource usage in health 335 

systems: a data envelopment analysis of the efficiency of health systems of autonomous communities 336 

in Spain. Public health. 2016 Sep 1;138:33-40. 337 

13. Johannessen KA, Kittelsen SA, Hagen TP. Assessing physician productivity following Norwegian 338 

hospital reform: A panel and data envelopment analysis. Social Science & Medicine. 2017 Feb 339 

1;175:117-26. 340 

14. Khushalani, J., & Ozcan, Y. A. (2017). Are hospitals producing quality care efficiently? An 341 

analysis using Dynamic Network Data Envelopment Analysis (DEA). Socio-Economic Planning 342 

Sciences, 60, 15-23. 343 

15. Omrani H, Shafaat K, Emrouznejad A. An integrated fuzzy clustering cooperative game data 344 

envelopment analysis model with application in hospital efficiency. Expert Systems with 345 

Applications. 2018 Dec 30;114:615-28. 346 

16. Şahin B, İlgün G. Assessment of the efficiency of dental services in Turkey. Health Policy and 347 

Technology. 2018 Jun 1;7(2):173-81. 348 

17. Peykani, P., Mohammadi, E., Emrouznejad, A., Pishvaee, M. S., & Rostamy-Malkhalifeh, M. 349 

(2019). Fuzzy Data Envelopment Analysis: An Adjustable Approach. Expert Systems with 350 

Applications. 351 

18. Chen Y, Cook WD, Li N, Zhu J. Additive efficiency decomposition in two-stage DEA. European 352 

Journal of Operational Research. 2009 Aug 1;196(3):1170-6. 353 

19. Häder M, Häder S. Delphi und Kognitionspsychologie: Ein Zugang zur theoretischen Fundierung 354 

der Delphi-Methode. ZUMA Nachrichten. 1995;19(37):8-34. 355 

20. Keeney S, Hasson F, McKenna HP. A critical review of the Delphi technique as a research 356 

methodology for nursing. International journal of nursing studies. 2001 Apr 1;38(2):195-200. 357 

21. Charnes A, Cooper WW, Rhodes E. Measuring the efficiency of decision making units. European 358 

journal of operational research. 1978 Nov 1;2(6):429-44. 359 

22. Farrell MJ, Fieldhouse M. Estimating efficient production functions under increasing returns to 360 

scale. Journal of the Royal Statistical Society: Series A (General). 1962 Mar;125(2):252-67. 361 



14 
 

23. Asandului L, Roman M, Fatulescu P. The efficiency of healthcare systems in Europe: A data 362 

envelopment analysis approach. Procedia Economics and Finance. 2014 Jan 1;10:261-8. 363 

24. Hamid Abu Bakar A, Lukman Hakim I, Choy Chong S, Lin B. Measuring supply chain 364 

performance among public hospital laboratories. International journal of productivity and 365 

performance management. 2009 Dec 8;59(1):75-97. 366 

25. Yousefi S, Soltani R, Saen RF, Pishvaee MS. A robust fuzzy possibilistic programming for a new 367 

network GP-DEA model to evaluate sustainable supply chains. Journal of Cleaner Production. 2017 368 

Nov 10;166:537-49. 369 

26. Patra A, Ray PK. Measurement of Efficiency and Productivity Growth of Hospital Systems: A 370 

Indian Case Study. InHealthcare Systems Management: Methodologies and Applications 2018 (pp. 371 

13-22). Springer, Singapore. 372 

Appendix A 373 

Table A: The Application of DEA in different healthcare sectors: A Literature Review 374 

Year Research DEA 

N
et

w
o
rk

 D
E

A
 

U
n

d
es

ir
a
b

le
 d

a
ta

 

S
u

st
a
in

a
b

il
it

y
 Application 

D
ia

g
n

o
st

ic
 

la
b

o
ra

to
ry

 

H
o
sp

it
a
l 

H
ea

lt
h

 c
a
re

 

sy
st

em
 

O
th

er
 h

ea
lt

h
 

ca
re

 c
en

te
rs

 

2013  1Gok and Sezen •      •    

2013 2Audibert et al. •      •    

2013 3al.Huerta et  •      •    

2014  4Bilsel and Davutya •   •    •    

2014 5Chowdhury et al. •      •    

2014 6Leleu et al. •      •    

2014 7Popescu et al. •       •   

2014 8Asandului et al. •       •   

2014 9Refaie et al.-Al •      •    

2015 10Alonso et al. •      •    

2015 11Cheng et al.  •      •   

2015 12Mitropoulos et al. •      •    

2015  13Reichmann and Stepan-Sommersguter •      •    

2015  14Matranga and Sapienza •   •    •    

2016 15Azadeh et al. •       •   

2016 16Campos et al. •       •   

2016 17Misiunas et al. •       •   

2016 18Lindlbauer et al. •      •    

2016  19Fedotov and Iablonskii •   •    •    

2017 20Johannessen et al. •      •    

2017  21Khushalani and Ozcan  •     •    

2017  22Ihsan •      •    

2018 23Şahin and İlgün •        •  

2018 24Omrani et al. •      •    

2018  25Haghighi and Torabi •    •   •    

2019  26KoncaIlgun and  •      •    

2019 Abolghasem et al.27 •       •   

2019 28Rajasulochana and Chen •        •  

2019 29Thorsen et al. •       •   
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 375 

 376 

Appendix B 377 

A four-stage series network, composed of three main laboratories processes (pre-testing, testing, 378 

and post-testing), is shown in Fig. 1. It actually simulates a medical diagnostic lab in the real world. 379 

The rectangles in the form of dashed line show three processes (pre-testing, testing and post-testing). 380 

In this section, we develop a four-stage network DEA model, shown in Fig.1. Suppose a set of n 381 

homogeneous DMUs denoted by DMU𝑗  (𝑗 = 1,2, . . . , 𝑛). The pre-test process consists of two steps 382 

called the reception unit and the sampling unit. In the process of testing, there is a stage called the test 383 

unit. Finally, in the post-test process, there is a stage called the results test unit.  384 

 385 

Figure 1 A Four-stage network series 386 

In the reception unit, we adopt 𝑣𝑖1
 and  𝑣𝑖2

 as the weights on the input variables 𝑥𝑖1𝑗(𝑖1 =387 

1,2, … , 𝐼1) and𝑥𝑖2𝑗(𝑖2 = 1,2, … , 𝐼2), respectively. We also denote  𝜂𝑑1
 as the weight associated with 388 

the intermediate measures of the reception unit to the sampling unit𝑧𝑑1𝑗(𝑑1 = 1,2, … , 𝐷1). Finally, let 389 

𝑢𝑟1
 and  𝑢𝑟2

 denote the weights on the output variables 𝑦𝑟1𝑗(𝑟1 = 1, … , 𝑅1) and  𝑦𝑟2𝑗(𝑟2 = 1, … , 𝑅2) , 390 

respectively. The efficiency of the reception unit is shown by  𝜃0
𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡

 . Typically, the 391 

efficiency of the reception unit is defined applying Model 1. 392 

𝜃0
𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡  = max 

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜
= max

∑ 𝜂𝑑1
𝐷1
𝑑1=1 𝑧𝑑10+∑ 𝑢𝑟2

𝑅2
𝑟2=1 𝑦𝑟20−∑ 𝑢𝑟1

𝑅1
𝑟1=1 𝑦𝑟10

∑ 𝑣𝑖1
𝐼1
𝑖1=1

𝑥𝑖10− ∑ 𝑣𝑖2
𝑥𝑖20

𝐼2
𝑖2=1

                      (1) 

s.t.   
𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠
=  

∑ 𝜂𝑑1
𝐷1
𝑑1=1 𝑧𝑑1𝑗+∑ 𝑢𝑟2

𝑅2
𝑟2=1 𝑦𝑟2𝑗− ∑ 𝑢𝑟1

𝑅1
𝑟1=1 𝑦𝑟1𝑗 

∑ 𝑣𝑖1
𝐼1
𝑖1=1

𝑥𝑖1𝑗− ∑ 𝑣𝑖2
𝑥𝑖2𝑗

𝐼2
𝑖2=1

≤ 1    ,     𝑗 = 1, … , 𝑛       

𝜂𝑑1
 , 𝑢𝑟1

, 𝑢𝑟2
, 𝑣𝑖1

, 𝑣𝑖2
≥  0 , 𝑑1 = 1,2, … , 𝐷1 ; 𝑟1 = 1,2, … . , 𝑅1  ;  𝑟2 = 1,2, … , 𝑅2  ;  𝑖1 = 1,2, … ,  𝐼1 ;  𝑖2 = 1,2, … , 𝐼2.  

In the sampling unit, where 𝑣𝑖3
is the weight on the input variable 𝑥𝑖3𝑗(𝑖3 = 1, … , 𝐼3)  . We adopt 393 

𝜂𝑑2
 as the weight associated with the intermediate measures of sample unit to the test unit 𝑧𝑑2𝑗(𝑑2 =394 

1,2, … , 𝐷2). At the end, the weight 𝑢𝑟3
 is assigned to the output variable yr3j(𝑟3 = 1, … , R3). We 395 

show the efficiency of the sampling unit by 𝜃0
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡

. The efficiency of the sampling unit is 396 

calculated using Model 2. 397 
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𝜃𝑜
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 = max  

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜
= max

∑ 𝜂𝑑2
𝐷2
𝑑2=1 𝑧𝑑2𝑜−∑ 𝑢𝑟3

𝑅3
𝑟3=1 𝑦𝑟3𝑜

∑ 𝑣𝑖3
𝐼3
𝑖3=1

𝑥𝑖30+∑ 𝜂𝑑1
𝐷1
𝑑1=1

𝑧𝑑1𝑜

                      (2) 

s. t.    
𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠
=

∑ 𝜂𝑑2
𝐷2
𝑑2=1 𝑧𝑑2𝑗− ∑ 𝑢𝑟3

𝑅3
𝑟3=1 𝑦𝑟3𝑗

∑ 𝑣𝑖3
𝐼3
𝑖3=1

𝑥𝑖3𝑗+∑ 𝜂𝑑1
𝐷1
𝑑1=1

𝑧𝑑1𝑗

≤ 1  ,   𝑗 = 1, … , 𝑛  

𝜂𝑑1
, 𝜂𝑑2

 , 𝑣𝑖3
, 𝑢𝑟3

 ≥  0, 𝑑1 = 1,2, … , 𝐷1 ; 𝑑2 = 1,2, … , 𝐷2 ; 𝑖3 = 1,2, … , 𝐼3 ; 𝑟3 = 1,2, … , 𝑅3 .  

Let 𝑣𝑖4
 be denoted as the weights of the input variables 𝑥𝑟4𝑗(𝑖4 = 1, … , 𝐼4) to the test unit. The 398 

weight 𝜂𝑑3
 is assigned to the intermediate measures 𝑧𝑑3𝑗(𝑑3 = 1, … , 𝐷3). Finally, we consider 𝑢𝑟4

 as 399 

the weight of the output variable y𝑟4j(𝑟4 = 1,2, … , 𝑅4). We showed the efficiency of the test unit 400 

by 𝜃0
𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡. The test unit efficiency is expressed as the following Model 3. 401 

 402 

𝜃𝑜
𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 = max 

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜
= max 

∑ 𝜂𝑑3
𝐷3
𝑑3=1 𝑧𝑑3𝑜−∑ 𝑢𝑟4

𝑅4
𝑟4=1 𝑦𝑟4𝑜

∑ 𝑣𝑖4
𝐼4
𝑖4=1

𝑥𝑖40+∑ 𝜂𝑑2
𝐷2
𝑑2=1

𝑧𝑑2𝑜

                             (3) 

s.t.      
𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠
=

∑ 𝜂𝑑3
𝐷3
𝑑3=1 𝑧𝑑3𝑗−∑ 𝑢𝑟4

𝑅4
𝑟4=1 𝑦𝑟4𝑗

∑ 𝑣𝑖4
𝐼4
𝑖4=1

𝑥𝑖4𝑗+∑ 𝜂𝑑2
𝐷2
𝑑2=1

𝑧𝑑2𝑗

≤ 1  ,   𝑗 = 1, … , 𝑛  

𝜂𝑑2
, 𝜂𝑑3

, 𝑣𝑖4
, 𝑢𝑟4

 ≥  0, 𝑑2 = 1,2, … , 𝐷2 ; 𝑑3 = 1,2, … , 𝐷3 ;  𝑖4 = 1,2, … , 𝐼4 ; 𝑟4 = 1,2, … , 𝑅4.  

We consider 𝑣𝑖5
 and 𝜂𝑑3

 as the weights on the inputs to the test results unit to 𝑥𝑖5𝑗(𝑖5 = 1, … , 𝐼5) 403 

and 𝑧𝑑3𝑗(𝑑3 = 1, … , 𝐷3), respectively. Finally, the weight 𝑦𝑟5𝑗(𝑟5 = 1, … , 𝑅5) is assigned to the final 404 

output. We show the efficiency of the results test unit by 𝜃0
 𝑅𝑒𝑠𝑢𝑙𝑡𝑠 𝑡𝑒𝑠𝑡 𝑢𝑛𝑖𝑡. The test results unit 405 

efficiency can be evaluated by solving the following Model 4. 406 

𝜃0
𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡 = max  

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑙𝑎𝑏𝑜
= 𝑚𝑎𝑥

∑ 𝑢𝑟5
𝑅5
𝑟5=1 𝑦𝑟5𝑜

∑ 𝑣𝑖5

𝐼5
𝑖5=1

𝑥𝑖50+∑ 𝜂𝑑3
𝐷3
𝑑3=1 𝑧𝑑3𝑜

           (4) 

s.t.          
𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑎𝑏𝑠
=

∑ 𝑢𝑟5
𝑅5
𝑟5=1 𝑦𝑟5𝑜

∑ 𝑣𝑖5
𝐼5
𝑖5=1

𝑥𝑖5𝑗+∑ 𝜂𝑑3
𝐷3
𝑑3=1 𝑧𝑑3𝑗 

≤ 1  ,   𝑗 = 1, … , 𝑛  

𝜂𝑑3
, 𝑣𝑖5

, 𝑢𝑟5
 ≥ 0 , 𝑑3 = 1,2, … , 𝐷3 ; 𝑖5 = 1,2, … , 𝐼5 ; 𝑟5 = 1,2, … , 𝑅5 .    

We show the overall efficiency of the four-stage process by 𝜃0
overall that is calculated through 407 

Formula (5) conforming to the tandem system of Kao and Hwang33: 408 

𝜃0
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =  𝑤1 . 𝜃0

𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 + 𝑤2 . 𝜃0
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 +  𝑤3 . 𝜃0

𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 +  𝑤4 . 𝜃0
 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡   = 

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 .  𝜃0
𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡

+ 𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 .  𝜃0
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡

+

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 (𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 + 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔𝑡 𝑢𝑛𝑖𝑡 + 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 + 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡)
 

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡.  𝜃0
𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 +  𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡.  𝜃0

 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡

𝑠𝑢𝑚 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑖𝑛𝑝𝑢𝑡𝑠 𝑜𝑓 (𝑅𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 + 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔𝑡 𝑢𝑛𝑖𝑡 + 𝑇𝑒𝑠𝑡 𝑢𝑛𝑖𝑡 + 𝑇𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑢𝑛𝑖𝑡)
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Where 𝑤1   ، 𝑤2   ، 𝑤3 and 𝑤4 are the weights associated with the user-specified. So that, it is w1 + 409 

w2 + w3 + w4 = 1.  410 
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