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ABSTRACT: The development of the Gulf ports group has brought challenges to the marine environment and global climate change. Deconstructing the propagation mechanism of the sustainable development concept among the Gulf ports group will help to provide a new perspective for the ports governance in the Gulf region. This paper constructed the ports relationship network of Gulf region with the method of complex network, established the propagation model of sustainable ports concept, and simulated the model. The results suggest that: the relationship structure of Gulf ports group affects the spread of sustainable development concept, and the political conflicts, complex interest structure and randomization of ports network in the Gulf region will hinder the spread of sustainable development concept to some extent; the enhancement of ports’ sustainable development competitiveness in Gulf region can effectively promote the spread of sustainable development concept, and the increasing pressure of international regulations on sustainable development and regional consensus will make ports more receptive to the concept of sustainable development.
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1. Introduction 
With the global climate change and population growth, human beings are facing the double threat of energy crisis and environmental deterioration. Recognizing the adverse consequences of the rapid economic and social development, people began to rethink the relationship between human and nature. The task to coordinate the development of human society with the protection of natural environment is an urgent one [1]; hence, sustainable development has gradually attracted international consensus and many countries and regions have begun to seek sustainable development modes in different settings. 
As a key representative of modern transport, container transportation has changed the world’s traditional transportation industry structure, and the competition over international shipping center status is becoming increasingly fierce. To meet the loading and unloading requirements of container ships, container ports have developed into large-scale, specialized and efficient transit points [2]. Meanwhile, with the increasing role of ports in promoting the local economy, their functions have been gradually expanded to provide more value-added services to stakeholders in the supply chain [3]. Notwithstanding the improvement of ports, increasing port activities have made the port a high-energy consumption and high pollution industry, particularly during daily cargo handling and transshipment [4]. In the face of today’s global challenges, the sustainable development of ports is of great significance.
The Gulf region has long been a hot topic for scholars due to its unique history and crucial political, economic and cultural status. There are abundant oil resources in Gulf Cooperation Council (GCC) member countries, all of which are oil exporters. Due to the similar political and economic systems of GCC countries and their common interests in politics, economy, diplomacy and military affairs, trade and economic cooperation among them has developed rapidly [5]. However, Byman [6] noted that the cooperation among member states lacks political basis and often brings the dilemma of having to rely on external forces to solve regional problems. The development of ports brings opportunities and challenges to the Gulf countries: on the one hand, these ports continually extend the plans of new infrastructure construction to meet the needs of increasing container traffic; on the other hand, the special political system and complex culture of Middle East countries brings conflicts and frictions. Under these circumstances, it is doubtful whether sustainable development policies can be effectively observed and disseminated. 
The Strait of Hormuz is the most important oil channel in the Middle East, and also the only channel for the Arabian Sea to enter the Persian Gulf [7]. Competition in this region is particularly intense due to the high concentration of ports near the Hormuz strait and the similarities in geographical location, services and port prices. In the face of fierce competition in the transit market, many ports are more inclined to develop their own cargo sources and gateway port strategies. After several large ports (e.g., Jebel Ali Port and Salalah Port) gained a larger share of the transit market in the region, other ports are actively grabbing the rest of the market share. Ports in the Middle East play an increasingly important role in the global supply chain network by virtue of their central location in the world They are important hubs in the Middle East, North Africa, East Africa and the Indian subcontinent [8] and are also a gateway to the rapidly growing volume of imports and exports of goods from countries in the Middle East. While many ports around the world are rethinking the need for major port expansion plans as their state economies stagnate, ports in the Middle East are continuing to grow, improving infrastructure, expanding service areas, and increasing port capacity. 
Despite its natural geographical advantages and high development necessity, the port technology in the Middle East is relatively underdeveloped. Agnew [9] suggested that the Middle East is an exception to the global trend of peaceful cooperation, economic liberalization and relative democratization. Similarly, Fawcett [10] considered that the collaboration between Middle East countries is fragile and transient. The main factors that are believed to contribute to such slow development are heavy dependence on oil, frequent regional conflicts, national structure prioritizing security and traditional Islamic values [11]. Although many ports may now be able to make enough profits to support recent expansion projects, there are doubts that the handling capacity of ports in the Middle East will be excessive in the next five years, making a price war among ports inevitable [12]. Thus, in such a highly competitive and complex environment, the concern is how the concept of sustainable development will be disseminated among ports. 
Therefore, our paper discusses the dissemination mechanisms behind the sustainable concept in port clusters by constructing the Gulf area ports’ relational network. In this paper, we identified two factors that influence the spread of the sustainable development concept among Gulf ports: these are public opinion pressure from international and regional regulations, and the sustainable development competitiveness of ports. We further construct a propagation model and carry out a simulation analysis. We propose a more targeted approach to improve the propagation effect of the sustainable development concept, which is of great significance for promoting sustainable development in the Middle East ports.
This paper is organized as follows: The next section reviews the literature relevant to port sustainability and outlines the factors that influence the dissemination of the sustainable development concept. The third part describes in detail the specific construction method of the propagation model on the complex network of the Gulf ports. The data results and analysis of the model simulation are given in the fourth part. In the fifth part, we discuss how to improve the propagation effect of the sustainable development concept among the Gulf ports according to the simulation results. Finally, we summarize the contributions and limitations, and suggest directions for future research.


2. Literature review
Many researchers have assessed the significance of ports to both the regional economy and world economic globalization. Ports lend significant support to the economic development of coastal cities, playing a positive role in global supply chains to facilitate international trade [13]. Ports have close connection with their economic hinterland through various modes of transport, and promote the linkage between production and consumption in the hinterland, including agriculture, commerce and foreign trade [14]. In spite of the economic contribution from port growth, though, there is also increasing discussion about the adverse impact of port operations and activities on the terrestrial and marine environment. It is acknowledged that daily operations of ports generate various pollutants, impacting on the atmosphere and surrounding waters [15]. For instance, vessels discharge their sewage when berthing, which may endanger aquatic organisms [16]. Dust and noise produced during loading, unloading and stacking of goods may endanger operators and nearby residents [17]. Accordingly, it is vital that ports are developed in sustainable ways going forward.
The concept of sustainability was defined at the 1987 Brundtland conference as meeting the needs of the present without preventing future generations from meeting their needs [18]. Lu et al. [19] systematically reviewed the definition of sustainability and summarized that ‘sustainability’ means the development strategy that put environmental concerns at the forefront by utilizing the natural resources of the whole eco-system. Bichou and Gray [20] pointed out that each port has unique geographical and hydrological conditions, and the interests and responsibilities of the parties involved vary from cultural, social, environmental and administrative perspectives. These factors, however, complicate the understanding of port sustainability as well as the sustainable management of ports. Therefore, the need to establish an effective port sustainability assessment is a new objective of increasing concern.
The concept of port sustainability, in many previous studies, includes three dimensions: economic sustainability, social sustainability and environmental sustainability [21, 22]. The economic sustainability of a port includes significant return on investment (ROI), efficient port operations, adequate facilities to optimize the performance of the company, and the ability to compete fairly with other international ports [23]. The social factors to consider when assessing port sustainability could be issues related to employment, interactivity between ports and cities and safety and security in ports and surrounding regions [24]. Regarding the environmental issues, many researchers highlighted diverse factors attributing to the assessment of a green port; these mainly include emission control, waste handling, noise management, and ecosystem preservation [25, 26]. By improving sustainability from all perspectives – namely economic prosperity, environmental quality and social responsibility [27] – ports can maintain economic stability within the limits of environmental regulations and social responsibility over the longer term [28, 3]. 
Sustainable development of ports is the common goal pursued by international port circles. Due to its special strategic position and complicated political environment in the Middle East, the competition among ports is fierce. In order to achieve the common sustainable development of the ports in the region, countries and ports should open up cooperation, dialogue and friendly exchanges to promote the concept and technology of sustainable development to be widely disseminated among ports. Therefore, it is necessary to sort out the factors influencing the dissemination of the concept of sustainable development of ports from the existing literature.
From the macro environment, the international and regional regulations and public opinion pressure on sustainable development is the external driving force for the spread of the concept of sustainable development. In recent years, facing the double pressures of global energy crises and environmental deterioration, the voice of society for sustainable development and the construction of green economy is getting louder. Western developed countries have implemented a series of environmental protection policies and plans, and foreign advanced ports have made great achievements by integrating the concept of sustainable development into their development processes. Some examples are the “San Pedro Bay Clean Air Action Plan” implemented jointly by Los Angeles and Long Beach, USA [29], the “Clean Air Initiatives and Harbor Air Management Plan” implemented jointly by New York and New Jersey, USA [30], the “Rijnmond Regional Air Quality Action Program” implemented by Rotterdam Port, Netherlands [30], and the “Green Port Guidelines” implemented by Sydney Harbour, Australia [31]. Such ports paid attention to water quality, air quality, biodiversity, noise control, garbage management, dangerous cargo management, and other aspects. These facts fully demonstrate the important role of public opinion pressure and policy support in spreading the concept of sustainable development within the port industry.
From the perspective of micro-subjects, the sustainable development competitiveness of the port itself is the internal driving force for the dissemination of the sustainable development concept among ports in general. The port competitiveness evaluation system includes port service, hinterland conditions, port patency, resource convenience, logistics costs, regional correlation, centralized and evacuated transportation systems, and other features [32], and it is a common practice for scholars to take port throughput as the indicator to measure port competitiveness [33]. Due to the differences in many aspects mentioned above, each port has its unique competitive advantage compared with other ports, but this is a non-cooperative competitive advantage. From a more macro point of view, the consideration of port competitiveness should include political, technological, environmental and natural factors [34]. Therefore, improvements in port competitiveness need not only the development of ports themselves, but also the support of national policies, and cooperation and exchanges among ports. Since port competitiveness is the basis for ports to adopt competitive strategies and effective actions [35], whether Middle Eastern ports choose cooperation and exchange and whether the concept of sustainable development can be disseminated smoothly among ports largely depends on individual ports’ sustainable development competitiveness. 
To sum up, two major factors influence the spread of the sustainable development concept among ports in the Middle East: one is the international and regional regulations and public opinion pressure on sustainable development; the other is the sustainable development competitiveness of ports. There are some qualitative explanations for these two factors in the existing research, but it is rare to study them quantitatively in the mathematical model. In this paper, the introduction of these two factors in the construction of the propagation model and the simulation analysis will find a more targeted way to improve the propagation effect of the sustainable development concept, which is of great significance for promoting the sustainable development of the Middle East ports.
3. Methodology
The purpose of this paper is to study the propagation mechanism of the concept of sustainable development among ports in the Gulf Area, mainly using a quantitative method combining complex network and propagation model. The problem of propagation dynamics on complex networks is a hot topic in recent years; among which the spread of infectious diseases among population [36, 37], the spread of computer viruses on Internet networks [39, 39] and the spread of rumors in social networks [40, 41] are the most common issues. Some scholars have also attempted to apply the method to the field of economy and trade to explore the transmission mechanism of economic crisis in the global trade network [42]. All these studies show the strong applicability of the network propagation model for studying the propagation mechanism of different contents in various complex systems.
To apply the propagation model method on the complex network investigated in this research, we first need to construct a complex network of the Gulf ports group according to certain standards (the specific construction method will be described in detail in Section 3.2). Second, we need to design the propagation model according to the attributes of the propagating contents. For the network propagation model, SI model, SIS model and SIR model are the most studied and most widely used at present [43-45]. In the SI and SIS models, each node is only in one of two states – S (Susceptible) state and I (Infected) state, which respectively represent nodes that are not propagated but are easily propagated and nodes that actively propagate to neighbors. The SIR model introduces the state of R (Recovered); that is, a node that has been propagated but no longer propagates to others. Considering the complex co-opetition relationship of the Gulf ports group, although most ports are open to cooperation and friendly exchanges with each other, there are also some closed ports that are reluctant to share their new ideas and technologies in order to maintain their competitive advantage. Therefore, the SIR model will be more in line with reality to study the mechanism of sustainable development in the Gulf ports group. 
3.1 Research scope
This paper mainly studies the propagation mechanism of the concept of sustainable development among ports in the Gulf Area which is also commonly referred to as the Persian Gulf, one of the most important inland seas in the world. From east to south, the Gulf is surrounded by eight countries – Iran, Iraq, Kuwait, Saudi Arabia, Bahrain, Qatar, United Arab Emirates and Oman – which are known as the Gulf Area or the Gulf States. From the perspective of shipping routes, the eight countries in the Gulf Area are all part of the Middle East route. The data of China's major inquiry websites of worldly ports and routes show that the eight countries of the Gulf Area have in total 78 ports, as shown in Table 1:

Table 1 
Ports in the Gulf Area.
	Countries
	Ports

	Bahrain (5)
	Albajetty, Bahrain, Manamah, Mina Sulman, Sitra

	Iran (23)
	Abadan, Asaluyeh, Bandar Abbas, Bandar Imam Khomeini, Bandar Lengeh, Bandar Mahshahr, Bushehr, Chabahar, Chahbahar, Choghadak, Cyrus Terminal, Genaveh, Jask, Kharg Island, Khorramshahr, Kish, Lavan Island, Lingah, Norwuz Terminal, Qeshm, Ras Bahregan, Tabriz, Tehran

	Iraq (5)
	Basrah, Fao, Khor Al Amaya, Mina Al Bakr, Umm Qas

	Kuwait (8)
	Khor Al Mufatta, Kuwait, Mena Abdulla, Mena Al Ahmadi, Mena Saud, Salmiya, Shuaiba, Shuwaikh

	Oman (7)
	Duqm, Mina Al Fahal, Mina Qaboos, Muscat, Muttrah, Salalah, Sohar

	Qatar (5)
	Al Khor, Doha, Halul Island, Ras Laffan, Umm Said

	Saudi Arabia (6)
	Juaymah Terminal, Jubail, Ras Al Khafji, Ras Al Mishab, Ras Tanura, Riyadh

	United Arab Emirates (19)
	Abu Al Bukhoosh, Abu Dhabi, Ajman, Das Island, Dubai, Fateh Terminal, Fujairah, Hamriyah, Jebel Ali, Jebel Dhanna, Khor Fakkan, Mina Saqr, Mina Zayed, Mubarras Island, Port Khalid, Port Rashid, Ras Al Khaimah, Sharjah, Umm Al Quwain


Source: Sorted by authors (according to the ports and routes information of three websites: https://www.5688.com.cn/route/zd; http://port.fob365.cn/route/4.html; http://inter.chinawutong.com/ports/zdl)
3.2 Network construction
This paper adopts the complex network method to construct the ports’ relational network in the Gulf Area, mainly considering the ports’ relationships in two aspects. Firstly, the spread of the concept of sustainable development needs the support and promotion of the national government, and the policies of sustainable development vary from country to country, which leads to the differences in the response actions of ports. However, it is obvious that ports in the same country have the same policy environment and similar levels of development, so it is easier for them to disseminate the concept of sustainable development; that is to say, they have closer relations. Therefore, the first zero-one matrix of 78*78 is obtained according to whether the two ports belong to the same country. If they belong to the same country, the value is 1; otherwise, the value is 0. As can be seen from Table 1, the distribution of 78 ports among eight countries is very unbalanced. Therefore, it is not very reasonable to simply take countries as the basis for judging the relationship between ports. Therefore, the second-layer relationship, namely port type, should be considered. The concept of sustainable development includes economy, management, technology, ecology and other aspects. Ports with different functions have different priorities when practicing the concept of sustainable development. For example, oil tanker terminals and liquefied goods terminals mainly focus on pollution control; commercial ports and tourist ports focus on sustainable development of management and services; and fishing ports pay more attention to resource conservation and biodiversity protection. Obviously, it is easier to disseminate the concept of sustainable development among ports with similar functions. Therefore, the second zero-one matrix of 78*78 is obtained according to whether the two ports belong to the same type. If they belong to the same type, the value is 1; otherwise, the value is 0. Because many ports have multiple functions at the same time, the inclusion relationship is the main basis for determining whether ports belong to the same type. 
In order to avoid the emergence of independent nodes, combining the above two aspects of port relations, we get a final 78*78 relationship matrix. When two ports belong to the same country or the same type, the value is assigned to be 1; that is to say, there is a connection between two nodes in the network. When two ports belong to neither the same country nor the same type, the value is 0; that is, there is no connection between the two nodes in the network. Using UCINET software to visualize the final relationship matrix, the network diagram shown in Figure 1 is obtained.
[image: ]
Fig. 1. Gulf ports relational network.



In the Gulf Area Ports Relational Matrix, the number 1 in each row is the number of neighbors of the corresponding node in the network, also known as degrees, which represents the number of other ports connected to the port in the network. Since the concept of sustainable development only spreads between ports that are connected to each other, it is necessary to calculate the degrees of each port. After calculation, the degrees k of each port are [67, 50, 66, 44, 21, 20, 57, 46, 70, 70, 31, 70, 59, 53, 51, 51, 31, 56, 51, 42, 62, 23, 44, 50, 44, 31, 45, 50, 31, 62, 50, 48, 41, 67, 44, 27, 44, 50, 31, 43, 56, 31, 21, 47, 49, 47, 44, 45, 62, 45, 42, 62, 50, 65, 62, 31, 35, 61, 56, 60, 45, 40, 56, 62, 46, 23, 62, 23, 62, 63, 23, 46, 32, 31, 32, 49, 40, 61], and the average degree =46.9, =2382.6.
3.3 Model design



In the SIR propagation model, each node may be in three states: Susceptible (S)—A node that has no sustainable development concept but can accept the spread from neighbors; Infected (I)—A node with a concept of sustainable development that spreads to its neighbors; and Recovered (R)—A node that already knows the concept of sustainable development but will not continue to spread. Note that S(t), I(t) and R(t) represent the density of individuals in S state, I state and R state at time t in the network, respectively, and the relationship between the three is . In the initial state, it is generally set as.  is the probability that an infected node becomes a recovered node, and the probability that a susceptible node becomes an infected node is

                              （1）









where  refers to the international and regional regulations and public opinion pressure on sustainable development, and ; and refers to the sustainable competitiveness of ports, and . There is a certain substitution relationship between the two factors and they jointly act on the propagation efficiency. By referring to the Cobb-Douglas function model, the most widely used function form in economics, we can set , which can represent the comprehensive effect of the two factors influencing the spread of the sustainable development concept in the Gulf ports’ relational network, where  and  represent the weights of the two factors respectively. Then we have .  is the effective propagation rate, and the larger the value, the better the propagation effect.

At the same time, the network structure also has an important influence on the spread of the concept of sustainable development. According to whether the degree of each node in the network is the same, the network can be divided into uniform network and non-uniform network [46]. Obviously, the Gulf ports’ relationship network is a non-uniform network. Let  be the probability that the node with degree k is randomly connected to the propagator node (I) at time t; then

                            （2）




where  represents the density of the infected node with degree at time t+1,  is the degree distribution of the network, and  is the average degree of each node in the network. 

The probability  that a node with degree k in the network is connected to n infected nodes is defined as

            （3）
According to equations (1) and (3), we can get the probability that the susceptible node (S) with degree k in the network becomes the infected node (I), as shown below:

                               （4）
Therefore, at time t+1, the density of the infected nodes with degree k can be described as:

           （5）


where  is the probability that an infected node becomes a recovered node, also known as recovery rate; and the higher the value, the worse the propagation effect.  represents the density of the susceptible nodes with degree k in the network at time t.
According to equation (5), the propagation process of the concept of sustainable development in discrete time can be written as follows:

        （6）


By omitting the  term, when , the continuous-time equation can be obtained:

         （7）

Calculating the value of , we can get:

                 （8）
According to the equations (7) and (8), we can obtain:

                     （9）
Therefore, in the SIR model, the propagation process of the sustainable development concept in continuous time can be described by the following differential equations:

                  （10）

According to equations (2) and (10), we set the auxiliary function ：

                 （11）

Since , we have

             （12）
According to equation (10), we obtain

                             （13）


Since , combining equation (11) and omitting the higher-order term of , we can get

                          （14）
We then substitute equation (14) into equation (12), and get

           （15）
Letting the above equation =0, we can get

           （16）
There is a zero solution in the above equation. In addition, the necessary condition for the existence of a non-zero solution is

                                   （17）
Thus, the propagation threshold of the SIR model in the network is calculated as

                                   （18）

3.4 Analysis of model calculation results


The propagation threshold is one of the most important parameters to measure propagation behavior in the network [47]. When the effective propagation rate is less than the propagation threshold – that is, when ,  the propagation cannot proceed; when , the propagation behavior appears and is global. Therefore, the smaller the propagation threshold, the more conducive it is to the propagation of contents. 
According to the calculation results of the model, we can preliminarily judge that:
1) The propagation threshold is inversely proportional to the network average degree, which verifies the conclusion that network structure will affect the propagation effect. On the one hand, the larger the network scale is, the better the communication effect. Pastor-Satorras and Vespignani et al. [48] showed that the threshold of scale-free networks tends to zero when the scale of networks increases indefinitely, which means that even a very small source of propagation is sufficient to spread over a large network. On the other hand, the greater the density of the network, the more the recipients and the propagation path will appear in the propagation of contents, which can also improve the propagation effect. Therefore, optimizing the structure of the Gulf ports’ relational network by expanding the network scale and increasing the network density will help spread the concept of sustainable development among ports in the region. 
2) The propagation threshold is proportional to the recovery rate; that is, the higher the recovery rate is, the higher the propagation threshold will be, and the worse the propagation effect will be. This conclusion can be explained according to the propagation principle of the SIR model. The recovery rate is the probability of transitioning from the I state to the R state. The R state is a relatively closed node in the network. Although it accepts the propagation from neighbors, it is unwilling to spread it to others. When the recovery rate is greater, this means that more nodes will be changed from infected to removers, and the behavior of interrupting the propagation will obviously reduce the propagation effect.
3) The propagation threshold is inversely proportional to the international and regional regulations, public opinion pressure, and port sustainable competitiveness. On the one hand, the stronger the port sustainable development competitiveness is, the more conducive it is to the dissemination of the sustainable development concept. From the perspective of infectors, the stronger the sustainable competitiveness of ports is, the stronger their ability is to cope with competition and threats, so they also have stronger self-confidence and more open mindset, and are more open to sharing their own experiences and technology, thus making propagation more active. From the perspective of recipients, ports with stronger sustainable competitiveness also have clearer and more comprehensive sustainable development concepts and more advanced sustainable development technology, which greatly improves the acceptance of the disseminated information. On the other hand, the stronger the international and regional laws and regulations on sustainable development and the greater the pressure of public opinion, the more conducive these are to the spread of the concept of sustainable development. This point is obvious from the practical experience of Western developed countries.
The results of the model calculation can only judge whether the above factors have a positive or negative impact on the propagation effect, and the degree of influence will be shown by the more accurate simulation data in the next part. Since the network constructed in this paper is static and the degree of nodes in the network is fixed, we do not discuss the influence of network average degree change in the simulation section.
4. Analysis of simulation results


Based on the above model, we analyze the influence of various factors on the network through the PyCharm simulation. The simulation process is shown in Figure 2. Because the purpose of our paper is to investigate the influence of different factors on the propagation effect, the setting of initial values in simulation mainly takes into account the value range of the factors and the obvious degree of the presentation of the results, which will not substantially change our research results. In the simulation, we measure the propagation effect by showing the density change of S-state nodes. The smaller the density of S-state nodes the better the propagation effect, and vice versa. Based on the actual situation and data experiments, the variable values are set uniformly in the simulation process: =0.6, =0.2, A=C=0.1, , . The nodes whose degrees are 46, 45, 47, 47, 45, 45, 45 and 46 are defined as the initial infected node. All the simulation results below are the statistical average of 2,000 simulations.
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Fig. 2. Model simulation flow chart.
4.1 The influence of recovery rate ()
In order to explore the influence of recovery rate, we set the values of , A and C to remain unchanged. Suppose that =0.01, 0.2, 0.5, 0.8, and 1, respectively. The simulation results are shown in Figure 3.
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Fig. 3. The influence of recovery rate.
Figure 3 displays the density of susceptible nodes as a function of different . As expected, the final size of susceptible nodes will be suppressed at small  while it will be promoted at large . When the value of  is 0.01, the density of susceptible nodes is 0, which means that all nodes in the network are infected. When the value of  increased to 0.5, the density of susceptible nodes increased to about 0.1. With the increasing value of , the density of susceptible nodes also increased. When  maximizes to 1, the density of susceptible nodes is about 0.35.
4.2 The influence of regulations and public opinion pressure (A)
In order to explore the influence of regulations and public opinion pressure, we set the values of , β and C to remain unchanged. Suppose that A=0.01, 0.2, 0.5, 0.8, and 1, respectively. The simulation results are shown in Figure 4. Besides, we simulate equation (18) to explore the influence of A on the threshold of propagation in Figure 5.
[image: ]
Fig. 4. The influence on the result of propagation of regulations and public opinion pressure.
Figure 4 displays the density of susceptible nodes as a function of different A. As expected, the final size of susceptible nodes will be suppressed at large A while it will be promoted at small A, which means that the density of the final susceptible nodes in the network will continue to decrease when the inhibition of these factors diminishes or the promotion effect increases in the propagation process. When the value of A is 0.01, the density of susceptible nodes is about 0.79. As the value of A increased, the density of susceptible nodes decreased accordingly. When A maximizes to 1, the density of susceptible nodes is about 0.22.
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Fig. 5. The influence on the threshold of propagation of regulations and public opinion pressure.
Figure 5 displays the influence on the threshold of propagation of regulations and public opinion pressure. It can be seen that as the value of A increases, the propagation threshold becomes smaller and smaller while other conditions remain unchanged. In particular, when the value of A varies in the range of 0 to 0.05, the change of threshold decreases rapidly from infinity and then continues to decrease steadily.
4.3 The influence of sustainable competitiveness (C)
In order to explore the influence of sustainable competitiveness, we set the values of , β and A to remain unchanged. Suppose that C=0.01, 0.2, 0.5, 0.8, and 1, respectively. The simulation results are shown in Figure 6. Besides, we simulate equation (18) to explore the influence of C on the threshold of propagation in Figure 7.
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Fig. 6. The influence on the result of propagation of sustainable competitiveness.
Figure 6 displays the density of susceptible nodes as a function of different C. As expected, the final size of susceptible nodes will be suppressed at large C while it will be promoted at small C, which means that the density of the final susceptible nodes in the network will continue to decrease when the inhibition of these factors diminishes or the promotion effect increases in the propagation process. When the value of C is 0.01, the density of susceptible nodes is about 0.83. As the value of C increased, the density of susceptible nodes decreased accordingly. When C maximizes to 1, the density of susceptible nodes is about 0.2. In addition, we note that although changes in sustainable competitiveness and regulations and public opinion pressure have basically the same impact on the transmission effect, it is obvious that C has a greater impact because of the greater weight.
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Fig. 7. The influence on the threshold of propagation of sustainable competitiveness.
Figure 7 displays the influence on the threshold of propagation of sustainable competitiveness. It can be seen that as the value of C increases, the propagation threshold becomes smaller and smaller while other conditions remain unchanged. In particular, when the value of A varies in the range of 0 to 0.1, the change of threshold decreases rapidly from infinity and then continues to decrease steadily. In addition, because of the greater weight, the effect of sustainable competitiveness on threshold is significantly greater than that of regulations and public opinion pressure.
5. Conclusions
The following three conclusions can be drawn from the results:
1) The concept of sustainable port propagating in the Gulf region is realistic, but its realization is a long-term process and is affected by many factors.
2) The network structure of the gulf ports is an important factor that affects the propagation of sustainable competitiveness. Optimizing and adjusting the relationship structure of ports in the Gulf region will promote the spread of sustainable development concepts in the region. And the attributes of the propagating contents [46] also are influencing factors, which is specifically manifested whereby the propagation probability is affected by specific factors and the propagation process has its specific rules.
3) In terms of the nature of the influence, network average degree, international and regional regulations and public opinion pressure and ports’ sustainable competitiveness have positive influence on the dissemination effect of sustainable development concept; and the effect of recovery rate is negative. In terms of the degree of influence, the influence degree of recovery rate is less than that of the influence degree of international and regional sustainable development regulations and public opinion pressure, and less than that of the influence degree of ports’ sustainable competitiveness.
Further discussion of the conclusions follows:
5.1 Discussions
First, reducing the recovery rate is conducive to the spread of the sustainable development concept among ports in the Gulf. Therefore, efforts should be made to reduce conflicts among Gulf countries and instead promote cooperation and exchanges among ports. On the one hand, it is necessary to reduce the involvement of external forces in the affairs of the Middle East region: the United Nations and relevant international peacekeeping organizations should constrain the excessive actions of some big powers; at the same time, the Middle East region as a whole should become more united and firmer in dealing with external forces. 
On the other hand, countries in the Middle East region should respect each other’s religious culture, reduce unnecessary conflicts, promote regional economic integration processes, and promote diplomatic harmony through economic and trade cooperation. Ports can engage in regional cooperation on infrastructure construction and resource complementarity, and enhance the agglomeration effect of Gulf ports’ group by optimizing industrial layout. Some large ports should make full use of their own competitive advantages to exert radiating effects and drive the development of surrounding ports. Such measures will help establish closer links between countries and ports, thus promoting the spread of the sustainable development concept among ports in the Middle East.
Second, the most effective way to promote the dissemination of the concept of sustainable development is to enhance the sustainable competitiveness of the port itself. Gulf ports have been heavily dependent on oil for a long time, resulting in a relative imbalance in industrial development in different countries’ ports and great environmental pollution. In order to compete for the supply of goods, vicious competition often occurs between ports, as a result of which the allocation of resources becomes inefficient. 
In order to enhance the sustainable development competitiveness of ports, in terms of operations and management, Gulf ports should promote industrial restructuring and realize resource integration and complementary advantages; at the same time, they should improve professional talent quality and supporting services. In terms of technological strength, advanced Internet, Internet of Things and automation technology should be applied to rebuild dated facilities, strengthen infrastructure construction – particularly the optimization of collection and distribution systems, benefit from the formation of logistics networks, promote the development of the sea-rail intermodal transport, and improve the efficiency of port operations. As for environmental improvement, new renewable energy sources should be developed, low-carbon technologies should be used to reduce energy consumption, pollution prevention should be comprehensively implemented, and green ports should be built. In addition, with the further development of “the Belt and Road” construction, China is increasingly participating in international cooperation in a positive and friendly way. China has taken a leading position in port management and sustainable development. Therefore, the concept of sustainable development in ports in the Middle East can be disseminated by strengthening investment cooperation between the Middle East and China as well as mergers and reorganization of port enterprises. 
Third, the dissemination of the concept of sustainable development can be enhanced by formulating and perfecting international and regional sustainable development regulations and creating a sustainable development environment of public opinion. Under the background that environmental protection and sustainable development have become a global consensus, Gulf States should negotiate and formulate unified and binding laws and regulations on sustainable development of ports. International policies and norms on green ports continue to be introduced, forming a complete set of constraints from the aspects of technology, operation and market management. When referring to these norms, the Gulf States should also consider the particularity of ports in the region. The Gulf region is an oil-producing area – in particular, the ports near the Strait of Hormuz are mostly oil ports – so more specific standards and regulations should be introduced for the prevention and control of marine pollution. In addition to common laws and regulations, each region should also implement some policies according to local conditions. Due to the diversity of resources in the Gulf region, besides oil ports, there are also many ports engaged in fishing, pearl mining or commercial and tourism industries. The sustainable development laws and regulations for these ports should have specific emphasis. In addition, appropriate punitive measures such as charging heavily polluting ships and denouncing uncooperative countries or ports may also encourage the sustainable development practices of ports and the mutual exchange of sustainable development concept and technologies.
5.2. Contributions and limitations
This research makes a number of innovative contributions. First, the propagation model method on complex networks is introduced into the propagation research on the concept of sustainable development, which verifies the applicability of this method in many fields. Second, the Gulf ports’ relationship network is constructed according to the double standards of ports’ country and ports’ type, which is more scientific, reasonable and practical than the single standard network. Then, the simulation results verify the influence of network structure on the propagation effect, and we explain this in detail from two aspects – network scale and network density. Finally, through the literature review, we systematically summarize the factors affecting the dissemination of sustainable development concept into endogenous and exogenous factors. We also verify the influence nature and extent of the two factors by quantitative and simulation methods, which provides a basis for putting forward concrete and feasible measures to promote the dissemination of the concept of sustainable development.
Nevertheless, this research also has some limitations as follows: First of all, the construction of the network is subjective to some extent. Although double standards are adopted, the use of this network to illustrate the relationship between ports in the Middle East is still not objective and rigorous enough. Expert panels can be applied in the future to provide a better understanding on the relationships of ports in the Gulf Region. Second, our discussion is based on a static network; however the real network is changing dynamically at any time, so predicting the dynamic relationship according to the static network has certain limitations. Finally, this research assumes that nodes in the network can independently select from the three states of SIR, but in fact this is limited and affected by the overall network structure. Future research can discuss the game between network nodes and the whole network in greater depth.
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Appendix: Basic Algorithm Code for Simulation Process
import pandas as pd
import random
import copy
import matplotlib.pyplot as plt

data = pd.read_excel('Network Matrix.xlsx').values[:, 1:]

print(data)
C = 0.1
x = 0.35
y = 0.65
z = 0.2
p_r = 0.6
l = list(range(len(data)))
length = 78
t = 100
charc = ['*', '+', 'o', '^', 's']

def propagation(A):
    l_r = []
    l_i = [l[7], l[26], l[43], l[45], l[47], l[49], l[60], l[71]]
    l_s = list(set(l) - set(l_i))
    l_num_s = [1 - 8 / length]

    for _ in range(1, t):
        l_s_copy = copy.deepcopy(l_s)
        l_i_copy = copy.deepcopy(l_i)
        for s in l_s_copy:
            sum_neigh = 0
            for ind, neigh in enumerate(data[s]):
                if (neigh == 1) and (ind in l_i_copy):
                    sum_neigh += 1
            p = 1 - (1 - A ** x * C ** y * z) ** sum_neigh
            if random.random() < p:
                l_i.append(s)
                l_s.remove(s)
        for i in l_i_copy:
            if random.random() < p_r:
                l_r.append(i)
                l_i.remove(i)
        l_num_s.append(len(l_s) / length)
    return l_num_s

def solvePointData(arry):
    summ = 0
    result = []
    for out in range(0, len(arry[0])):
        for inside in range(0, len(arry)):
            summ += arry[inside][out]
        result.append(summ/len(arry))
        summ = 0
    return result

def iteration(N, A):
    cnt = 0
    cntOut = 0
    l_num_s_count = []
    resultEnd = []
    while(cntOut < len(A)):
        while(cnt < 2000):
            result = propagation(A[cntOut])
            l_num_s_count.append(result)
            cnt += 1
        resultEnd.append(solvePointData(l_num_s_count))
        cntOut += 1
        cnt = 0

    return resultEnd

def drawData(reslut, A):
    for i in range(len(reslut)):
        plt.plot(range(t), reslut[i], label=A[i], marker=charc[i])
    plt.legend(loc='lower right')
    plt.xlim(0, 30)
    plt.ylim(0, 1)
    plt.ylabel('ρ')
    plt.xlabel('t')
    plt.title('The influence of A')
    plt.show()

def main():
    A = [0.01, 0.2, 0.5, 0.8, 1]
    drawData(iteration(len(A), A), A)

if __name__ == '__main__':
    main()
37

oleObject1.bin

image47.wmf
g

d

b

l

C

A

k

k

C

2

=


oleObject47.bin

image48.wmf
c

l

l

<


oleObject48.bin

image49.wmf
c

l

l

>


oleObject49.bin

image50.wmf
65

.

0

=

d


oleObject50.bin

image51.wmf
35

.

0

=

g


oleObject51.bin

image3.wmf
2

k


image52.png
The influence of B





image53.png
The influence of A





image54.png
05
04
03

©

<02
01

0.0
000 005 010 015 020

A




image55.png
AC

10

0.8

0.6

0.4

02

0.0

0.35,y=0.65

0.0

02

0.4

0.6

0.8

10




image56.png
The influence of C





image57.png
AC

10

0.8

0.6

0.4

02

0.0

A=0.1,6=0.35,y=0.65

0.0

02

0.4 0.6

0.8

10




image58.png
0.5

0.4
03

~“o02
01

0.0
000 005 010 015 020

©




oleObject2.bin

image4.wmf
(

)

(

)

(

)

1

=

+

+

t

R

t

I

t

S


oleObject3.bin

image5.wmf
0

,

0

,

0

0

0

0

=

>

>

R

I

S


oleObject4.bin

image6.wmf
b


oleObject5.bin

image7.wmf
(

)

n

I

S

C

A

P

l

g

d

-

-

=

®

1

1


oleObject6.bin

image8.wmf
A


oleObject7.bin

image9.wmf
1

0

£

<

A


oleObject8.bin

image10.wmf
C


oleObject9.bin

image11.wmf
1

0

£

<

C


oleObject10.bin

image12.wmf
g

d

h

C

A

=


oleObject11.bin

image13.wmf
d


oleObject12.bin

image14.wmf
g


oleObject13.bin

image15.wmf
1

=

+

g

d


oleObject14.bin

image16.wmf
l


oleObject15.bin

image17.wmf
)]

(

[

t

I

k

f


oleObject16.bin

image18.wmf
ñ

á

=

å

k

t

I

k

P

k

t

I

k

k

k

'

'

)

(

)

'

(

'

)]

(

[

f


oleObject17.bin

image19.wmf
(

)

t

I

k

¢


oleObject18.bin

image20.wmf
k

¢


oleObject19.bin

image21.wmf
(

)

k

P

¢


oleObject20.bin

image22.wmf
(

)

å

=

k

k

kP

k


oleObject21.bin

image23.wmf
(

)

n

k

,

Q


oleObject22.bin

image24.wmf
n

k

n

n

k

n

n

k

k

n

k

n

C

n

k

-

-

-

-

=

-

=

Q

)

1

(

)!

(

!

!

)

1

(

)

,

(

f

f

f

f


oleObject23.bin

image25.wmf
å

=

®

Q

k

n

I

S

k

P

n

k

0

)

(

)

,

(


oleObject24.bin

image26.wmf
(

)

å

=

Q

-

-

+

-

=

+

k

n

n

k

k

k

k

n

k

C

A

t

S

t

I

t

I

t

I

0

)

,

(

]

1

1

[

)

(

)

(

)

(

)

1

(

l

b

g

d


oleObject25.bin

oleObject26.bin

image27.wmf
(

)

t

S

k


oleObject27.bin

image28.wmf
(

)

å

=

Q

D

-

-

+

D

-

=

D

+

k

n

n

k

k

k

k

n

k

t

C

A

t

S

t

tI

t

I

t

t

I

0

)

,

(

]

1

1

[

)

(

)

(

)

(

)

(

l

b

g

d


oleObject28.bin

image29.wmf
(

)

t

D

O


oleObject29.bin

image30.wmf
0

®

D

t


oleObject30.bin

image31.wmf
å

Q

+

-

=

D

-

D

+

=

®

D

n

k

k

k

k

t

k

n

C

A

t

S

t

I

t

t

I

t

t

I

dt

t

dI

l

b

g

d

)

(

)

(

)

(

)

(

lim

)

(

0


oleObject31.bin

image32.wmf
å

Q

n

n

C

A

l

g

d


oleObject32.bin

image33.wmf
f

l

l

l

g

d

g

d

g

d

k

C

A

n

C

A

n

C

A

n

n

=

Q

=

Q

å

å


oleObject33.bin

image34.wmf
f

l

b

g

d

k

C

A

t

S

t

I

dt

t

dI

k

k

k

)

(

)

(

)

(

+

-

=


oleObject34.bin

image35.wmf
(

)

(

)

ï

ï

ï

î

ï

ï

ï

í

ì

=

+

-

=

-

=

)

(

)

(

)

(

)

(

)

(

d

d

t

I

dt

t

dR

k

C

A

t

S

t

I

dt

t

dI

k

C

A

t

S

t

t

S

k

k

k

k

k

k

k

b

f

l

b

f

l

g

d

g

d


oleObject35.bin

image36.wmf
(

)

t

j


oleObject36.bin

image1.png
Min Saq
T

)
IsShuwaikh
Lingah

dar Lengeh

Ranura = =S Salmiya
W77 4 Khor Al Amay =\ “iMena Abdula? JGenaveh
t“Mina Al Bakr {__Mena Al Ahmadi=#ZJHalul Island ' Albajetty




image37.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

k

P

k

t

R

k

P

k

t

k

P

k

t

I

k

P

k

t

t

I

t

k

k

k

t

t

k

k

k

k

¢

¢

¢

¢

=

¢

¢

¢

¢

=

=

å

å

ò

ò

å

å

¢

¢

¢

-

¢

¢

¢

1

0

0

d

d

]

[

b

f

j


oleObject37.bin

image38.wmf
(

)

(

)

(

)

1

=

+

+

t

R

t

I

t

S

k

k

k


oleObject38.bin

image39.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

t

k

P

k

t

S

k

P

k

k

P

k

t

R

k

P

k

k

P

k

t

S

k

P

k

k

P

k

t

R

t

S

k

P

k

k

P

k

t

I

k

P

k

t

k

P

k

t

R

k

P

k

t

t

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

bj

b

j

-

¢

¢

¢

¢

-

=

¢

¢

¢

¢

-

¢

¢

¢

¢

-

=

¢

¢

-

-

¢

¢

=

¢

¢

¢

¢

=

¢

¢

¢

¢

=

å

å

å

å

å

å

å

å

å

å

å

å

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

¢

-

1

1

)

1

(

d

/

d

d

d

1


oleObject39.bin

image40.wmf
(

)

(

)

f

l

g

d

k

C

A

t

t

S

t

S

k

k

-

=

d

d


oleObject40.bin

image41.wmf
(

)

1

0

»

k

S


oleObject41.bin

image2.wmf
k


image42.wmf
f


oleObject42.bin

image43.wmf
(

)

(

)

]

[

exp

t

k

C

A

t

S

k

j

l

g

d

×

×

×

-

=


oleObject43.bin

image44.wmf
(

)

(

)

(

)

(

)

(

)

t

k

P

k

t

k

C

A

k

P

k

t

t

k

k

bj

j

l

j

g

d

-

¢

¢

×

×

×

-

×

¢

¢

-

=

å

å

¢

¢

]

[

exp

1

d

d


oleObject44.bin

image45.wmf
(

)

(

)

(

)

(

)

(

)

j

j

l

b

j

g

d

f

k

P

k

t

k

C

A

k

P

k

t

k

k

=

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

¢

¢

×

×

×

-

×

¢

¢

-

=

å

å

¢

¢

-

]

[

exp

1

1


oleObject45.bin

image46.wmf
1

d

)

(

d

0

³

=

j

j

j

f


oleObject46.bin

