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Crude Oil Transportation Route Choices: A Connectivity 1 

Reliability-Based Approach 2 

Abstract: The crucial nodes of maritime transportation routes, such as the Strait of Malacca and 3 

the Suez Canal, remain vulnerable to various risk events including political instability and 4 

military conflict, piracy and terrorism, and vessel incidents. Existing shipping route choice 5 

studies often consider transportation costs and environmental effects, but ignore the connectivity 6 

reliability of these straits and canals. In this paper, we develop a bi-objective programming 7 

model to determine maritime transportation routes for crude oil, taking both transportation costs 8 

and connectivity reliability into consideration. We propose a method to measure the connectivity 9 

reliability of straits and canals, which captures the dependence structure of risk events. We apply 10 

our model to evaluate Gwadar Port using data covering 1999 to 2021, which is being built to 11 

enhance the reliability of Chinese oil imports. We find that the Gwadar Port can substitute for the 12 

Lombok Strait only if its connectivity reliability can be improved by 2.4%. In order to fully 13 

exploit the strategic advantages of Gwadar Port in substituting for other key straits, its 14 

connectivity reliability must be improved by 12.2%. Given the varying dependence of risk events 15 

identified in our model, our findings provide rich managerial and policy implications for 16 

connectivity reliability improvement. 17 

18 
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1. Introduction22 

Crude oil is an important strategic resource for all countries, but it is unevenly distributed around 23 

the world. Maritime transportation is the primary transportation mode of oil distribution, 24 

conveying about 90% of the world’s total crude oil trade (Clarksons Research, 2019). Recently, 25 

the Russia-Ukraine war has actually induced roaring oil prices, e.g., European Brent crude oil 26 

prices climbed to $122.71 per barrel in June 2022, which increase 65.44% from December 27 

2021(EIA 2022). And the safety of maritime transportation of crude oil and supply security again 28 

attracts a lot of attention, which plays an essential role in economic activity and national security. 29 
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While access to crude oil provides the foundation of modern industrial economies, the 30 

traditional maritime transportation routes of this vital resource are exposed to a number of risks. 31 

The straits and canals so vital to maritime transportation are particularly vulnerable to risk events 32 

like piracy and maritime terrorism, vessel incidents, political instability and military conflict 33 

(Emmerson and Stevens 2012; Bailey and Wellesley 2017). A vessel grounding incident caused 34 

the blockade of the Suez Canal in 2021, while the Russia-Ukraine war threatens the safety and 35 

reliability of tankers sailing through the Strait of Bosporus. If certain straits or canals are 36 

disconnected because of risk events, this directly affects the security of the crude oil supply. 37 

When selecting routes for crude oil transportation, it is thus imperative to consider the 38 

connectivity reliability of key nodes on top of the transportation cost. Such an approach to route 39 

choice better ensures the transportation reliability of the commodity widely regarded as the 40 

lifeblood of the global economy. 41 

In previous studies, transportation costs and environmental effects have been widely 42 

considered in the construction of route choice models for crude oil transportation (Yahyaoui et al. 43 

2021; Yamashita et al. 2019; Atmayudha et al. 2021; Jia 2018; Siddiqui and Verma 2015). 44 

Connectivity reliability, meanwhile, remains as yet under-explored. Connectivity reliability 45 

broadly refers to the probability that straits and canals will remain connected to the transportation 46 

network when subjected to risk events. Notably, the risk events are interrelated by nature 47 

(Emmerson and Stevens 2012; Li et al. 2023). The Russia-Ukraine war induces political 48 

instability in that region, and threatens the crude oil transportation safety and reliability; in the 49 

meanwhile, because of the sanctions against Russia, some old tankers have been purchased by 50 

"unknown" buyers to transport crude oil exported by the sanctioned countries, this is also likely 51 

to increase the probability of vessel incidents and reduce connectivity reliability (Umar et al. 52 

2022). Piracy is also related to the political instability of a region; and heavy weather will restrict 53 

pirates from using their small, high-speed boats to attack ships. From this set of factors, 54 

researchers have concluded that most piracy will occur in an environment with milder wind and 55 

wave conditions (Jiang and Lu 2020, Liu et al. 2023). The dependence structure between these 56 

risk events is one of the most overlooked problems in an investigation of reliability, and an 57 

ignorance of the dependent relationships can produce faulty estimations. 58 

The main contributions of this paper are threefold. First, it is a preliminary attempt to 59 

consider not just transportation costs, but also the connectivity reliability of straits and canals 60 

when choosing routes for crude oil shipping. Second, while many studies of connectivity 61 

reliability have been conducted on road networks (Mine and Kawai 1982; Reed et al. 2019), very 62 
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few have been produced in the field of maritime research. Even among these numerous studies of 63 

road networks, the dependence structure between risk events has gone largely ignored. This 64 

paper pioneers a more accurate metric for evaluating the connectivity reliability of straits and 65 

canals by addressing precisely this interdependence among risk events. Moreover, based on the 66 

analysis of these risk dependences, we can estimate the impact of a change in one risk event’s 67 

likelihood on the likelihood of other risk events, as well as on overall connectivity reliability. 68 

From this, we can propose several measures to improve connectivity reliability. Third, we apply 69 

our method to a case study of China’s crude oil imports. Navigation through Gwadar Port 70 

promises to provide an alternative maritime route for China’s crude oil imports and thereby to 71 

improve energy import reliability. It remains unknown, however, what effects the opening of this 72 

new port will have on route choice for Chinese crude oil shipping, and to what extent it will 73 

reduce China’s dependence on traditional maritime transportation routes. Our proposed method 74 

enables us to model the complex consequences of different scenarios. 75 

The rest of this paper is organized as follows: The relevant literature is reviewed in Section 76 

2. Section 3 describes the problem and presents the mathematical formulation of the model,77 

while Section 4 illustrates the efficiency of our model through a case study. The results are 78 

analyzed and discussed, followed by the conclusions and implications laid out in Section 5. 79 

80 

2. Literature review81 

The first stream of literature relevant to our study concerns the maritime transportation of crude 82 

oil. Most of the intercontinental crude oil trade is conveyed by ship, and transportation costs are 83 

the major consideration in any proposed adjustments to shipping routes (Yamashita et al. 2019; 84 

Wen et al. 2016; Yahyaoui et al. 2021). In addition to the shipping costs, the global trend towards 85 

reductions in shipping emissions has led to greater consideration of environmental effects 86 

produced by crude oil transportation (Wu et al. 2022; Muhammad and Long 2020; Zavitsas et al. 87 

2018).  88 

In the consideration of transportation costs for crude oil, mixed-integer programming 89 

models have long been established as the primary method for route selection and voyage 90 

scheduling (Nishi and Izuno 2014; Pinto et al. 2018). These models are used to determine the 91 

best transportation route options, usually with the objective of minimizing total transportation 92 

costs (Faury et al. 2020; Hennig et al. 2012, 2015). Environmental effects are generally 93 

considered along with the costs of selecting different routes, and the carbon emissions of crude 94 
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oil transportation along various possible routes are estimated (Greene et al. 2020). In order to 95 

model these two factors and identify the best possible routes for oil transportation, either the 96 

multi-objective approach (Atmayudha et al. 2021) or the multi-criteria decision making 97 

technique (Ur Rehman and Ali 2021; Wen et al. 2019) is usually proposed. The results of these 98 

studies show that environmental emissions do have an impact on route choice (Atmayudha et al. 99 

2021; Wen et al. 2019). Regardless of the different methodological approaches employed by 100 

these studies, transportation reliability yet remains largely neglected. The vulnerability of the 101 

straits and canals so vital to maritime transportation to disruption demands appropriate attention 102 

to connectivity reliability in order to further ensure the security of crude oil transportation. 103 

The second stream of literature of primary concern to us is the body of work specifically 104 

related to the evaluation of connectivity reliability. The first measure of a transportation 105 

network’s connectivity reliability was proposed by Mine and Kawai (1982), and considers the 106 

probability that specific origin-destination (OD) pairs within a network remain connected when 107 

links are subject to complete failures. Binary variables are used to describe the two possible 108 

operating states of a link, namely, either full-capacity operation or disconnected. Iida and 109 

Wakabayashi (1989) extended this measure of terminal connectivity reliability to calculating the 110 

connectivity reliability between k nodes and the connectivity reliability of the network as a 111 

whole. 112 

Since these initial efforts, the majority of studies related to connectivity reliability have 113 

focused on road networks. The methods for calculating network connectivity reliability generally 114 

fall into either analytical or approximation methods (Rivera-Royero et al. 2022). Analytical 115 

approaches mainly include Boolean algebra (Wakayabashi and Iida 1992), graph theory (Bell and 116 

Iida 1997), and minimal path and cut set algorithms (Bai et al. 2015; Reed et al. 2019; 117 

Forghani-elahabad et al. 2019). Approximation methods usually rely on Monte Carlo simulations 118 

(Zhao et al. 2015). Notably, several new methods have been recently introduced into the analysis 119 

of connectivity reliability in transportation networks. Wu et al. (2013) suggested using network 120 

connectivity entropy for evaluating connectivity reliability, and conducted a case study of the 121 

Nanjing metro network. Liu et al. (2022), meanwhile, considered passengers’ travel behaviors 122 

and employed their acceptable trip time to estimate the connectivity reliability of a rail transit 123 

network. 124 

Although the investigation of connectivity reliability in these studies has proven fruitful, all 125 

of these studies pay attention to either a road or rail network. From a methodological perspective, 126 

this means that the connectivity reliability of individual links or nodes is already known when 127 
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they calculate a network’s connectivity reliability. Simultaneously, the research into connectivity 128 

reliability in shipping is largely absent. Recently, the Russia-Ukraine war had great impact on the 129 

transportation reliability of crude oil. The war induced high geopolitical risk, and the 130 

transportation node’s disruption risk increased significantly. Some reports clearly indicated that 131 

the war affected the transportation and supply of crude oil (Global Business Outlook 2022). 132 

Because of the lack of data, there are few quantitative studies and discussions on this issue yet. It 133 

is crucial to develop methods to understand the impact from these risks on the connectivity 134 

reliability of crude oil transportation. Although a few studies of the general vulnerability and 135 

resilience of maritime transportation networks have been conducted, measures of connectivity 136 

reliability specifically remain undeveloped. In practice, these studies of vulnerability and 137 

resilience address the effects of disruptions of arcs or nodes on a transportation network in 138 

hindsight. Vulnerability specifically refers to the abnormal sensitivity of a transportation network 139 

to internal or external risk scenarios, and it measures the increase in costs caused by disruptions 140 

(Pan et al. 2021; Liu et al. 2017; Wen et al. 2022). Resilience, on the other hand, refers to the 141 

ability of a transportation network to recover quickly after one or more severe disruptions. This 142 

measure emphasizes the overall performance of a transportation network in responding to 143 

damage and returning to a normal state over a period of time. In quantifying resilience, the 144 

recovery time becomes one of the important indicators (Wang and Yuen 2022; Dui et al. 2021; 145 

Poo and Yang 2022; Ahmadian et al. 2020). By contrast, calculating the connectivity reliability 146 

(the probability that given transportation arcs (i.e., straits and canals) remain connected when 147 

subjected to risk events) provides a powerful potential planning and forecasting mechanism that 148 

has as yet received little attention in maritime transportation literature. The foundation of such an 149 

analysis, that is, the dependence between various risk events has also not been taken into 150 

consideration. Any truly applicable measure of connectivity reliability must take into account the 151 

interrelation of risk events and the dependence structure between them.  152 

In summary, we propose a multi-objective programming model for shipping route choices. 153 

Our work is one of the first studies to consider connectivity reliability as the other significant 154 

objective paired with transportation costs. In addition, we develop a vine copula approach, a 155 

method that is widely adopted to characterize dependence between variables, in order to quantify 156 

the dependence structure between multiple risk events and evaluate the connectivity reliability of 157 

straits and canals. In practice, we apply our model to an urgent problem, which allows us to 158 

provide practical and meaningful policy implications that can be referred to widely by 159 

decision-makers evaluating energy transportation corridors.  160 
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3. Methodology161 

In this section, we present a bi-objective optimization model of shipping route choices for crude 162 

oil that simultaneously considers connectivity reliability and transportation costs. In particular, 163 

we apply vine copula, a method that is widely used to model the dependence of interrelated 164 

variables, to measure the connectivity reliability of straits and canals. 165 

3.1 Problem description 166 

Figure 1 shows the maritime transportation network of the global crude oil trade. The main 167 

exporters include countries in the Middle East (such as Saudi Arabia and Iraq), African countries 168 

(such as Angola and Congo), and Latin American countries such as Brazil (denoted in green). 169 

Major importers include Asian countries (such as China and Japan), European countries (such as 170 

the United Kingdom and France), and American countries such as the United States (denoted in 171 

yellow). The key straits and canals include the Strait of Hormuz, the Suez Canal, the 172 

Bab-el-Mandeb, and the Strait of Malacca, to name only a few (denoted in blue). 173 

174 

(1) Saudi Arabia (15) China (22) Strait of Hormuz

(2) Iraq (16) Japan (23) Suez Canal

(3) Iran (17) India (24) Bab-el-Mandeb

(4) Kuwait (18) United States (25) Strait of Malacca

(5) United Arab Emirates (19) Germany (26) Sunda Strait

(6) Oman (20) France (27) Lombok Strait

(7) Angola (21) United Kingdom (28) Taiwan Strait
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(8) Congo (29) Strait of Gibraltar

(9) Nigeria (30) Panama Canal

(10) South Sudan (31) Danish Strait

(11) Libya (32) English Channel

(12) Algeria (33) Florida Strait

(13) Brazil

(14) Colombia

Figure 1. Maritime transportation network of crude oil  175 
176 

We build a simplified schematic diagram of a maritime transportation network for importing 177 

crude oil based on Figure 1 (see Figure 2) and construct our model of the shipping network. Let 178 

G = (N, A) denote the maritime transportation network for crude oil imports, as shown in Figure 179 

2. N represents the set of nodes, and A the set of arcs. The set of exporters is denoted by N1, the180 

importer is denoted by N2, and the set of other nodes in the network is denoted by N3, where 181 

N=N1∪N2∪N3. The set of straits and canals (denoted by A1) comprises the arc set, and the set of 182 

other transportation arcs are denoted by A2, where A=A1∪A2. The connectivity reliability of arcs 183 

(i,j)∈A1 is affected by various risk events, and is within the range of (0,1), while the 184 

connectivity reliability of arcs (i,j)∈A2 is 1. 185 

186 

Figure 2. A schematic diagram of global crude oil transportation network 187 

188 

3.2 Mathematical formulation 189 

In this section, we will construct a bi-objective optimization model to solve the maritime 190 

transportation route choice problem in a manner that considers both transportation costs and 191 
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connectivity reliability. We make the following assumptions for model formulation. First, we 192 

assume that the transportation cost of an arc is proportional to its length. Second, the shipping 193 

company that transports the crude oil imports is regarded as a single entity with a heterogeneous 194 

fleet of vessels, including very large crude carriers (VLCCs) and ultra large crude carriers 195 

(ULCCs), in addition to Suezmax, Aframax and Panamax vessels. Vessels of each type can only 196 

operate along compatible routes. For example, a fully laden VLCC cannot pass through the Suez 197 

Canal. Third, the planning horizon is assumed to be one year.  198 

We propose three decision variables in our study. The first is the volume of crude oil 199 

transported along each arc. Each arc has its own connectivity reliability and transportation 200 

distance (which corresponds to the transportation cost of that arc), and we determine the volume 201 

that should be transported via a given arc so as to minimize the total costs and maximize network 202 

reliability. This measure is associated with the number of each type of vessel deployed and the 203 

volume transported on each route, which are the other two decision variables. The notations used 204 

are as follows: 205 

Sets 206 

K      Set of OD pairs 
N1 Set of exporters 
N2 The importer 
N3 Set of other nodes  
N Set of all nodes in the maritime transportation network for crude oil imports, 

N=N1∪N2∪N3. 
A1 Set of strait and canal arcs 
A2 Set of other arcs 
A Set of all arcs in the maritime transportation network for crude oil imports, A= 

A1∪A2 
L    Set of crude oil vessel types 
M Set of routes for the OD pairs 
Parameters 207 

Qi Volume of crude oil imported from exporter i 
Vl Number of vessels of the lth type 
Cl Average carrying capacity of a vessel of the lth type 
pij Transportation cost per ton on arc ij  
D Demand for crude oil  
Hkm Maximum carrying capacity of a vessel on route m of OD pair k 
zij Connectivity reliability of arc ij 
qlmk Cargo-carrying capacity of a vessel of the lth type on route m of OD pair k 
clmk Number of round-trip voyages of the lth type vessel on route m of OD pair k 
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δijm,k ∈{0,1}, 1 if route m of OD pair k uses arc ij, and 0 otherwise 
Decision variables 208 

xij Volume of crude oil transported on arc ij 
fmk Volume of crude oil transported on route m of OD pair k 
Vlmk Number of lth type vessels deployed on route m of OD pair k for transporting 

imported crude oil 

Based on the previous analysis, the model is established as follows. 209 

 Min                      ∑∑
∈ ∈Ni Nj

ijij px                          (1)                              210 
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∈ ∈Ni Nj
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Objective function (1) minimizes the total transportation costs of crude oil en route from 223 

exporters to the importer. Objective function (2) maximizes total connectivity reliability. 224 

Constraints (3)-(5) are the flow conservation constraints for xij. Constraint (3) indicates that, for 225 
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exporters, the total volume transported from each exporter is equal to its export volume to the 226 

importer. Constraint (4) stipulates that the volume transported to the importer is equal to the total 227 

import volume from all exporters. Constraint (5) specifies that, for other nodes, the volumes 228 

transported to them are equal to the volumes transported out of them. Constraint (6) ensures that 229 

the total volume transported to the importer can meet demand. Constraint (7) represents the 230 

relationship between the flow of arcs and routes. Constraint (8) indicates that the volume of 231 

crude oil transported on route m of OD pair k is related to the number of vessels deployed on that 232 

route. In Constraint (9), qlmk concerns the average carrying capacity of a vessel of the lth type, 233 

and it depends on the route along which the vessel is deployed. For example, a fully laden VLCC 234 

cannot pass through the Suez Canal; therefore, qlmk is equal to the smaller value between Cl and 235 

Hkm. Constraint (10) is the vessel fleet constraint and denotes that, for each vessel type, the sum 236 

of vessels deployed on all routes should not exceed the total number of that vessel type. 237 

Constraints (11) and (12) define the domains of the decision variables. 238 

We introduce w as the carrier’s preference toward connectivity reliability, which determines 239 

the route choices of a shipping company, and assume 0 1w≤ ≤ . If the shipping company places 240 

more weight on minimizing transportation costs rather than on maximizing reliability, then the 241 

value of w will be small. On the other hand, if more emphasis is placed on connectivity 242 

reliability at the expense of transportation costs (as can occur in the importation of a strategic 243 

resource like crude oil), then the value of w will be large. With the w, the bi-objective model can 244 

be transformed into a single-objective programming model, and the trade-off between the two 245 

conflicting objectives can be resolved. That is: 246 

  Min ( ) ( ) ij
Ni Nj

ijij
Ni Nj

ij xzwxpw ⋅⋅+⋅⋅− ∑∑∑∑
∈ ∈∈ ∈

^^ /11     (13) 247 

subject to constraints (3)-(12). Here, 1/zij is the inverse of connectivity reliability, which can be 248 

seen as the transportation risk for arc ij, and the problem of maximizing connectivity reliability is 249 

solved by minimizing transportation risk. In addition, ^
ijp  and ˆ(1/ )ijz  are the values of 250 

min-max normalization processing, which are within the range [0, 1], and the dimensional effects 251 

do not exist (Jain and Bhandare 2011). We thus have a mixed-integer programming model, which 252 

we can solve with Cplex. 253 

3.3 Evaluation of connectivity reliability 254 

From the Global Integrated Shipping Information System (GISIS) and related research reports 255 

(Bailey and Wellesley 2017; EIA 2017), four risk events are commonly identified as significantly 256 
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affecting the connectivity reliability of straits and canals in the crude oil seaborne trade network. 257 

These events are heavy weather, vessel incidents, piracy and maritime terrorism, and political 258 

instability and military conflict. Piracy and maritime terrorism, as well as vessel incidents, are 259 

the risk events that most directly affect connectivity reliability, although in most cases they do 260 

not occur simultaneously. Heavy weather and political instability and military conflict will affect 261 

both the occurrence of piracy and maritime terrorism and vessel incidents. Risk events, therefore, 262 

are divided into two scenarios. Scenario 1 includes three risk events: piracy and maritime 263 

terrorism (ρ), heavy weather during the commission of piracy or maritime terrorism (ωρ), and 264 

political instability and military conflict (γ). Scenario 2 encompasses the following events: vessel 265 

incidents (α), heavy weather at the time of a vessel incident (ωa), and political instability and 266 

military conflict (γ), as shown in Figure 3. 267 

 268 

 269 
                 Scenario 1                       Scenario 2 270 

Figure 3. Risk events in Scenarios 1 and 2 271 

 272 

In addition to establishing the interrelated nature of the various risk events, we further refine 273 

the model by referencing the product reliability evaluation method found in Yin et al. (2018).  274 

We assume that, given the values of heavy weather and political instability and military conflict, 275 

if the number of piracy or vessel incidents is not greater than the critical value, then the straits or 276 

canals can be considered connected. Thus, connectivity reliability is a conditional probability 277 

that can be obtained by constructing the conditional distribution of various risk events.  278 

Vine copula has been widely used in financial, hydrologic, and engineering fields to model 279 

the dependence of interrelated variables. Its advantage over the correlation approach is that it can 280 

deal with any non-linearity, asymmetry, and tail dependence of the variables (Aas 2016; Farrokhi 281 

et al. 2021). In this paper, we apply vine copula to describe the dependence structure between 282 

multiple risk events, and to construct the conditional distribution. Consider a vector Y1=(γ, ρ, ωρ) 283 

of the risk events enumerated in Scenario 1, with the joint distribution function F=F(γ, ρ, ωρ), 284 

and the marginal distributions of risk events F1=F(γ), F2=F(ρ), F3=F(ωρ). According to Sklar’s 285 

theorem (Sklar 1959), the joint probability distribution of the risk events established in Scenario 286 
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1 can be expressed as follows: 287 

( , , ) ( ( ), ( ), ( ))ρ ργ ρ ω γ ρF F F ωC F=                        (14) 288 

The copula function can thus be regarded as the joint distribution function of risk events (γ, ρ, 289 

ωρ). The copula function reflects information regarding the dependence structure between risk 290 

events, and this structure has nothing to do with the marginal distribution of risk events. The 291 

copula is a function determined solely by the dependence structure between risk events. 292 

The joint probability density function of the risk events in Scenario 1 can then be expressed 293 

as: 294 

( , ) ( ( ), ( ), ( )) ( ( ) ( ) ( )), ρ ρ ρf c F F F f fγ ρ ω γ ρ ω γ ρ f ω= ⋅ ⋅ ⋅              (15) 295 

where c indicates copula density. The joint probability density function of the risk events 296 

includes two parts: one is the density function of the copula (which contains all of the 297 

information about the dependence structure of the risk events) and the other is the product of the 298 

marginal density function of each risk event. 299 

Most studies focus on the establishment of bivariate copulae and parameter estimations 300 

(Marri and Moutanabbir 2022). It becomes difficult to solve Equation (15) when the dimension 301 

of risk events increases (Aas et al. 2009). Vine copulas are graphical models that allow us to 302 

decompose Equation (15) in a hierarchical manner via a series of bivariate copula densities (pair 303 

copulas) of risk events, as shown in Figure 3. Mathematically, we can describe the 304 

decomposition of Equation (15) as follows: 305 

{ } { }
{ }|

( , ; ) ( ) ( ) ( ) ( ), ( ) ( ), ( )

( ), (

,

| | )
ρ

ρ

ρ ρ γρ ρω ρ

γω ρ ρ

γ ρ ω γ ρ ω γ ρf θ f f f c ρ ω

γ ρ

F F c F F

c F ω ρF

= ⋅ ⋅ ⋅ ⋅

⋅
   (16) 306 

where cγρ, cρωρ, and cγωρ|ρ are the bivariate copula densities of risk events, and θ is the set of all 307 

parameters in the vine copula. 308 

The above vine copula construction of risk events involves marginal conditional 309 

distributions of the form F(u|v). Furthermore, Joe (1996) showed that: 310 

{ }, | ( | ), ( | )
( | )

( | )
ju v j

j

C F u F v
F u

F v
− − −

−

∂
=

∂
jv j j

j

v v
v

v
                  (17) 311 

where vj is an arbitrarily chosen risk event from events vector v, v-j is v excluding this risk event, 312 

and Cu,vj|v-j is a conditional bivariate copula between pairwise risk events. 313 

More specifically, in the case when v includes only one risk event: 314 
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{ }( ), ( )
( | )

( )
uvC F u F v

F u v
F v

∂
=

∂
                       (18) 315 

In addition, the function ( ), ,h u v Θ is used to represent this conditional distribution function 316 

of risk events when u and v are uniform (Aas et al. 2009):  317 

{ }( ), ( )
( , , ) ( | )

( )
uvC F u F v

h u v F u v
F v

∂
Θ = =

∂
                  (19) 318 

where the second variable of ( ), ,h u v Θ  is always the conditional risk event and the set of 319 

parameters of the copula of risk events u and v is denoted byΘ . 320 

Therefore, the conditional probability distribution for the risk events outlined in Scenario 1 321 

F(ρ|γ, ωρ) can be expressed as: 322 
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It can also be expressed in the following manner: 324 

( ) ( )
( ) |

| [ ( ), ( ), ,

( ), ( ), ,

,

]

h h F F

h F
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Similarly, the conditional probability distribution for the risk events described in Scenario 2 326 

F(α|γ, ωa) can be expressed as:  327 
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As for the choice of bivariate copula types for pair risk events, we consider five commonly 329 

used bivariate copulas that can describe different tail dependences of the risk events, namely 330 

Gaussian, Student, Frank, Clayton and Gumbel copulas. The Frank copula and Gaussian copula 331 

can describe either strong negative or positive dependence between the risk events, and are 332 

symmetric in both their upper and lower tails. The Clayton copula and the Gumbel copula can 333 

describe only positive dependence, and the Clayton copula exhibits strong lower tail dependence, 334 
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while the Gumbel copula exhibits strong upper tail dependence of risk events. The Student 335 

copula, meanwhile, is both lower and upper tail dependent (Joe 1997; Aas et al. 2009). The 336 

Akaike information criterion (AIC) can calculate which copula best fits the bivariate pair of risk 337 

events, so we employ the AIC to select the appropriate type of pair-copula (Aas et al. 2009). 338 

With regard to the estimation of the parameters of the vine copula, this paper employs 339 

stepwise semi-parametric estimators (SSP). The parameters are estimated level by level, 340 

plugging in parameters from previous levels at each step (Aas et al. 2009; Hobæk Haff 2012, 341 

2013). Based on the estimated parameters of the bivariate copulas, F(ρ|γ, ωρ) and F(α|γ, ωa) can 342 

be calculated. We then combine the conditional probabilities of the two scenarios to calculate 343 

connectivity reliability. Since piracy and maritime terrorism and vessel incidents are equally 344 

important risk events, we assign the same weights to these two conditional probabilities, and 345 

derive the connectivity reliability from the sum of these probabilities. 346 

 347 

4. Case study 348 

China, as one of the largest importers of crude oil, relies on supplies from multiple countries. 349 

Recently, the construction of Gwadar Port in Pakistan has provided China with a new route 350 

option. In this section, we will use our model to testify whether the optimal maritime 351 

transportation routes include Gwadar Port as an option when the transportation reliability of 352 

different channels are considered.  353 

4.1 Problem setting 354 

The China Overseas Port Holding Company took over the operation of Gwadar Port in 2013, and 355 

on November 13, 2016, Gwadar Port was officially opened to navigation. Gwadar Port is located 356 

at the mouth of the Persian Gulf (about 400 km from the Strait of Hormuz), and is a deep-water 357 

port with the capacity to accommodate 80-100,000 DWT oil tankers. China and Pakistan are 358 

both interested in the construction of a new crude oil pipeline, such that crude oil from the 359 

Middle East, Africa, and Latin America can be transported by sea to Gwadar Port, and then via 360 

pipeline to China. Navigation through Gwadar Port is expected to circumvent traditional 361 

maritime routes, such as those through the Straits of Malacca. 362 

When determining the major exporters of crude oil to China, we select Saudi Arabia, Iraq, 363 

Iran, Kuwait, United Arab Emirates (UAE), and Oman in the Middle East; Angola, Congo, South 364 

Sudan, and Libya in Africa; and, Brazil, and Colombia in Latin America (Wang et al. 2020). The 365 

volumes imported from these countries equate to 67% of China’s total imports of crude oil in 366 
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2021. The import volumes from these exporters are shown in Table 1. Referring to Figure 1, the 367 

straits, canals, and ports involved in China’s crude oil maritime transportation are the Strait of 368 

Hormuz, the Strait of Malacca, the Sunda Strait, the Lombok Strait, the Strait of Gibraltar, the 369 

Taiwan Strait, the Bab-el-Mandeb, the Suez Canal, the Panama Canal, Kyaukpyu Port, and 370 

Gwadar Port, as shown in Figure 4. The annual transportation capacities of the China-Pakistan 371 

and China-Myanmar crude oil pipelines are 20 and 22 million tons, respectively (Wang et al. 372 

2018). 373 

 374 

(34) Gwadar Port (35) Kashgar (36) Kyaukpyu Port (37) Kunming 

Figure 4. Maritime transportation network of China’s oil imports 375 

 376 

Table 1. Import volumes from exporters 377 

Region Crude oil exporter Import volume (tons) 

Middle 
East 

Saudi Arabia 87,567,606 
Iraq 54,079,431 
Iran 260,312 

Kuwait 30,163,415 
United Arab Emirates 31,937,527 

Oman 44,815,401 
West 

Africa 
Angola 39,154,905 
Congo 8,928,017 

North 
Africa 

South Sudan 571,894 
Libya 6,137,688 

Latin 
America 

Brazil 30,301,484 
Colombia 9,461,824 
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Data source: International Trade Center 378 

 379 

We choose four measurements as proxies for the four risk events, as shown in Table 2. 380 

Piracy and armed robbery data is collected from the Global Integrated Shipping Information 381 

System (GISIS) of the International Maritime Organization (IMO, 382 

http://gisis.imo.org/Public/PAR/Default.aspx). According to the coordinate and location 383 

information for the piracy, the number of piracy for each strait or canal can be collected. The 384 

vessel incidents data is also collected from GISIS. The daily wind speed grid data is collected 385 

and the data is produced by the Remote Sensing Systems (http://www.remss.com). It is a 386 

spatially complete dataset available every six hours and closely collocated in time and space. 387 

Based on the longitude, latitude and time of the piracy or vessel incidents, the wind speed when 388 

piracy and armed robbery happened or vessel incidents happened can be obtained. As for the 389 

political risk, we refer to the index released by the PRS Group (https://www.prsgroup.com), 390 

which can reflect the geopolitical risk of the region where the nodes belong to. For example, with 391 

the breakout of the war between Russia and Ukraine, the risk index for the two countries 392 

decreased from 59.5 to 52.5, and from 64.5 to 58.5, respectively. Concretely, in our study, the 393 

value of the political risk for a strait is represented by the annual average risk value of countries 394 

it affiliates to. For example, as for the Malacca Strait, the political risk is expressed as the 395 

average of the political risk index of Singapore, Malaysia and Indonesia.  396 

Based on the GISIS, daily wind speed and political risk index database mentioned above, 397 

we collect data on each of the four risk events for the 11 straits, canals and ports, and it costs us 398 

almost one year for data collection over the course of the period from 1999 to 2021. We take the 399 

median number of piracy and vessel incidents in 2021 in the designated straits, canals, and ports 400 

as the critical value. We then calculate the conditional probability and the connectivity reliability 401 

values using the model proposed in Section 3.3. All calculations are done with R software, and 402 

the results are listed in Table 3. As shown in Table 3, the connectivity reliability of the Strait of 403 

Malacca, the Bab-el-Mandeb and Gwadar Port is relatively low; while the connectivity reliability 404 

of the Strait of Gibraltar and the Lombok Strait is high. 405 

 406 

Table 2. Proxies and data sources for risk events 407 

Risk events Proxies Data sources 
Piracy and maritime terrorism Number of piracy and armed robbery GISIS 
Vessel incidents Number of vessel incidents GISIS  
Heavy weather Sea surface wind speed Remote Sensing System  

http://gisis.imo.org/Public/PAR/Default.aspx
http://www.remss.com/
https://www.prsgroup.com/
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Political instability and military conflict Political risk index PRS Group 

Note: A higher score in the political risk index indicates lower risk 408 

 409 

Table 3. The connectivity reliability of straits, canals, and ports 410 

Straits, canals, and 
ports 

Conditional 
probability in 

Scenario 1 

Conditional 
probability in 

Scenario 2 
Connectivity reliability 

Strait of Malacca 0.2763  0.5212  0.3988  
Sunda Strait 0.4279  0.9334  0.6807  

Lombok Strait 0.7717  0.8869  0.8293  
Taiwan Strait 0.8830  0.6688  0.7759  

Strait of Hormuz 0.4538  0.5859  0.5199  
Bab-el-Mandeb 0.1599  0.8189  0.4894  

Strait of Gibraltar 0.9656 0.6722 0.8189 
Suez Canal 0.7076  0.6219  0.6648  

Panama Canal 0.7735  0.7525  0.7630  
Gwadar Port 0.5074  0.5563  0.5319  

Kyaukpyu Port 0.6061  0.7351  0.6706  

 411 

Chinese seaborne crude oil imports account for 17.8% of the World’s total seaborne oil 412 

trade, according to the Clarksons database. We thus multiply the number of vessels of each type 413 

in the global fleet by 17.8% in order to estimate the number of each vessel type used to transport 414 

Chinese crude oil imports (Wang et al. 2018). According to Cheng and Duran (2004), a typical, 415 

unitary measure of the total transportation cost of oil is within the range of US $1.50-3.00 per 416 

barrel of crude oil. We assume that the transportation cost from Iran to China is US $1.50 per 417 

barrel of crude oil. Given the transportation distance of each arc within the transportation 418 

network and the conversion relationship between tons and barrels of crude oil, we can calculate 419 

the transportation cost per ton along each arc of the major routes of Chinese oil imports (Wang et 420 

al. 2020). Most researchers believe that routing through Gwadar Port provides a cheaper 421 

alternative to the traditional maritime transportation routes, such as those through the Strait of 422 

Malacca, because the port significantly reduces the transportation distance (Wang and Yau 2018; 423 

Khan 2013; Malik 2012; Guo et al. 2019). Therefore, we set the transportation cost of the 424 

China-Pakistan and China-Myanmar pipelines according to the transportation distance ratio of 425 

pipelines to shipping routes. We assume that the pipelines are constructed by the government (Ur 426 

Rehman and Ali 2021), and that vessels have already been bought by the shipping company. 427 

Thus, for the purposes of our model, we do not consider the fixed investment in pipelines and 428 
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vessels. The information of each vessel type is shown in Table 4. The number of available 429 

operating days per year for each vessel type is assumed to be 345 days (Wang et al. 2018). 430 

 431 

Table 4. Information for each vessel type 432 

Vessel type 
Average carrying 
capacity (DWT) 

Speed (knots) Number 

VL/ULCC 307,539 15.7 151 
Suezmax 155,196 15.1 111 
Aframax 107,934 14.9 131 
Panamax 72,648 14.9 17 

Data source: Clarksons Research Services 433 
 434 

4.2  Results 435 

In this section, we will first analyze the impact of the dependence structure of risk events on 436 

connectivity reliability, and then discuss the route choice results.  437 

4.2.1 Impact of dependence structure on connectivity reliability  438 

Based on the model proposed in Section 3.3, the dependence structure of risk events can be 439 

calculated as shown in Figure 5. We use the Malacca and Sunda Straits, along with Gwadar Port, 440 

to illustrate the impact of the dependence structure on connectivity reliability.  441 

 442 

 443 
Figure 5. Dependence structure of risk events 444 

Note: The parameter value of the Gaussian copula is within the range (-1,1); the parameter value of the 445 
Gumbel copula is within the range [1, +∞); the parameter value of the Frank copula is within the range (-∞,0) 446 

∪ (0, +∞)  447 

 448 

It can be observed that there are various dependence structures of risk events. Concretely, 449 

there is a strong negative dependence between the value of the political risk factor and the 450 

number of piracy (e.g., -0.5359 for Gwadar Port). This is expected because, as stated previously, 451 

a high score in the political risk index released by the PRS Group represents lower potential 452 

political instability, and thus the number of pirate attacks will be smaller. The strong negative 453 
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dependence between the sea surface wind speed and the number of piracy (-0.6600 for the 454 

Malacca Strait, for example) suggests that heavy weather also plays a deterring role in piracy. On 455 

the other hand, heavy weather demonstrates a strong positive influence on the number of vessel 456 

incidents, as evidenced by the strong positive dependence between them (0.5497 for the Malacca 457 

Strait). In terms of political risk and the number of vessel incidents, a relatively weak negative 458 

dependence exists between these two risk factors (-0.2312 for the Malacca Strait).     459 

 Moreover, the tail dependences between risk events demonstrate variance between the two 460 

straits and Gwadar Port. For Gwadar Port, an upper tail dependence exists between sea surface 461 

wind speed and vessel incidents (according to the Gumbel copula), which indicates a stronger 462 

dependence when two risk events are both more likely to occur. In our case, when sea surface 463 

wind speed increases greatly, the probability of vessel incidents also increases significantly also. 464 

For the Malacca and Sunda Straits, symmetric tail dependence exists between these two risk 465 

events (according to both Gaussian and Frank copulas). This outcome indicates that, regardless 466 

of whether these two events are more or less likely to occur, the dependence is the same. 467 

Therefore, when in heavy weather near Gwadar Port, relevant precautions should be taken to 468 

avoid primarily vessel incidents, which would effectively improve the connectivity reliability of 469 

the port. As for political risk and the number of piracy, symmetric tail dependences exist between 470 

these two events for both the straits and for Gwadar Port. This suggest that reducing political risk 471 

should also produce a decreasing rate of pirate attacks and maritime terrorism. From this we can 472 

conclude that improvements in local political conditions near one of these nodes will likely 473 

improve connectivity reliability.  474 

These results imply that relatively strong dependences do exist between various risk events 475 

and that these relationships affect connectivity reliability. Thus, these dependent relationships 476 

cannot be ignored when evaluating connectivity reliability; otherwise, it will lead to faulty 477 

estimations. In addition, based on the dependence structures identified in this section for Gwadar 478 

Port and the two straits, by mitigating the likelihood of certain risk events, we can effectively 479 

improve the connectivity reliability of these transportation arcs. 480 

4.2.2 Route choice discussion 481 

In this subsection, we first analyze a carrier’s choice of Gwadar Port given different levels of 482 

preference for connectivity reliability. Then, we discuss the potential of Gwadar Port as an 483 

alternative route for Chinese oil imports through improving its connectivity reliability. 484 

(1) Carrier’s preferences toward Gwadar port 485 

The findings shown in Table 5 suggest that the connectivity reliability of Gwadar Port has a 486 
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crucial influence on its role in the transportation of crude oil to China. Specially, when the carrier 487 

has a higher preference toward transportation cost reduction (w=0.1), we observe that 20 million 488 

tons of crude oil are transported via routes through Gwadar Port, which is the upper capacity 489 

limit of the China-Pakistan pipeline. This is the maximum volume that Gwadar Port can 490 

transport, and accounts for 3.9% of China’s total crude oil imports. When the carrier’s preference 491 

toward connectivity reliability and transportation cost is the same (w=0.5), there are also 20 492 

million tons of crude oil transported via routes through Gwadar Port. When the carrier’s 493 

preference toward connectivity reliability reaches 0.7 (indicating that the carrier has a relatively 494 

high preference toward connectivity reliability), routes through Gwadar Port will not be selected. 495 

Alternatively, most of the oil will be transported through the Lombok Strait, as routes through 496 

the Lombok Strait are more reliable.  497 

 498 

Table 5. Volume of crude oil transported through Gwadar Port and the Malacca, Sunda, and Lombok 499 

Straits (million tons) 500 

  w=0.1 w=0.5 w=0.7 
whether Gwadar Port is selected Yes Yes No 

Gwadar Port 20  20  0  
Malacca Strait 0 0 0 
Sunda Strait 261.6 188 0 

Lombok Strait 0 73.6 281.6 

 501 

(2) The potential of Gwadar Port as an alternative route for oil transportation  502 

As illustrated in Table 5, when w<0.7, Gwadar Port is fully utilized; when, however, the 503 

carrier demonstrates a higher preference for connectivity reliability (w≥0.7), Gwadar Port’s role 504 

as a substitute for traditional transportation routes of crude oil is limited. We must further 505 

scrutinize the role of Gwadar Port when w is 0.7, and discuss the necessity of connectivity 506 

reliability improvement.  507 

Under this circumstance, according to our model, we calculated that when Gwadar Port’s 508 

connectivity reliability increases by 2.4%, it provides a viable substitute route and its maximum 509 

volume for oil transportation will be utilized if the Lombok strait is disrupted. There are two 510 

reasons that help to understand this outcome. First, the connectivity reliability of the Malacca 511 

Strait from our data analysis is lower than that of Gwadar Port, and the transportation cost of 512 

routes through the Malacca Strait is higher than those through Gwadar Port; thus, when the 513 

Lombok Strait is disrupted, routes through Gwadar port will be used rather than those through 514 
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the Malacca Strait. Second, the cost of routes through Gwadar Port is lower than those through 515 

the Sunda Strait, and the difference in reliability between Gwadar Port and the Sunda Strait 516 

decreases after improvement of Gwadar Port’s connectivity reliability. So, when the Lombok 517 

Strait is disrupted, part of the volume originally transported through it will be transferred to 518 

Gwadar Port, and the other will be rerouted to the Sunda Strait, as shown in Figure 6.  519 

When either the Malacca Strait or the Sunda Strait is disrupted, all crude oil will be 520 

transported via routes through the Lombok Strait rather than through Gwadar Port, as exhibited 521 

in Figure 6. This is because, although the cost of routes through Gwadar Port is lower than those 522 

through the Lombok Strait, the difference in reliability between Gwadar Port and the Lombok 523 

Strait remains large after Gwadar Port’s connectivity reliability increases by 2.4%. Gwadar Port 524 

will thus not be selected by the carrier. 525 

 526 

 527 

Figure 6. Route choices after Gwadar Port’s connectivity reliability increases by 2.4% 528 

 529 

When its connectivity reliability increases by 12.2%, about 3.9% of China’s total oil imports 530 

are transported via routes through Gwadar Port (i.e., its maximum transportation volume) when 531 

the Malacca, Sunda, or Lombok Straits are disrupted, as shown in Figure 7. As discussed 532 

previously, the connectivity reliability of the Lombok Strait is high, and only when Gwadar 533 

Port’s connectivity reliability is improved by a larger margin can it serve as a route supplement 534 

for the Lombok Strait when either the Malacca or Sunda Straits are disrupted. After the 535 

improvements, we expect that the substitution effect of Gwadar Port on traditional maritime 536 
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transportation routes will likewise increase, and that its strategic role will be fully actualized. 537 

Moreover, when the carrier’s preference toward connectivity reliability is high (w=0.9), in 538 

order to realize Gwadar Port’s full potential as a route alternative, its connectivity reliability must 539 

be improved by an even larger margin. That is, only when Gwadar Port’s connectivity reliability 540 

is improved by at least 16.1% can it provide an alternative in the event that the Lombok Strait is 541 

disrupted. If either the Malacca or the Sunda Strait is disrupted, Gwadar Port’s connectivity 542 

reliability must increase by at least 33.6%. The successful development of Gwadar Port would 543 

thus increase its overall utility in reducing reliance on key straits, and significantly improve the 544 

reliability of crucial oil imports.  545 

Gwadar Port is geographically important to the Middle East and China, and it has a high 546 

political risk. The complex ethnic conflicts and religious antagonism within Pakistan precipitate 547 

constant political crises and frequent changes in government. Besides, the prevalence of 548 

terrorism, and geopolitical maneuvering between international players such as America, India, 549 

Iran, and their policy interests in Gwadar Port also pose challenges to Gwadar Port’s operations. 550 

These lead to a very high level of political risk in Pakistan, and its political risk index is only 551 

47.3 in 2021, which is much smaller than Singapore's 81.7. The high political risk can induce an 552 

increase in piracy and vessel incidents, which reduces the transportation reliability of crude oil 553 

through Gwadar Port. Given the dependent relationship between piracy and political risk 554 

demonstrated earlier, a reduction of political risk holds substantial promise for improving 555 

Gwadar Port’s connectivity reliability. In addition, since there is an upper tail dependence 556 

between sea surface wind speed and the number of vessel incidents for Gwadar Port, taking 557 

better precautionary measures to avoid vessel incidents in heavy weather would also improve 558 

Gwadar Port’s connectivity reliability. 559 
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 560 

Figure 7. Route choices after Gwadar Port’s connectivity reliability increases by 12.2% 561 

 562 

5.   Conclusions and implications 563 

In this study, we develop a maritime transportation route choice model of crude oil that considers 564 

both transportation costs and connectivity reliability. In particular, we propose a connectivity 565 

reliability evaluation method that establishes the interdependence between risk events. This 566 

method both improves the accuracy of connectivity reliability estimation and provides a 567 

reference for development decisions made with the improvement of connectivity reliability in 568 

mind. We then apply the model to evaluate the effects of Gwadar Port on maritime route choices 569 

for imports of crude oil to China. The results show that the dependence relationship varies 570 

between different risk events, and the tail dependences between risk events demonstrate variance 571 

across straits and canals. As for Gwadar Port, our results demonstrate that its strategic role has 572 

not yet been fully realized. When the carrier’s preference for connectivity reliability is less than 573 

0.7, Gwadar Port’s potential as a substitute route is fully exploited, and the volume of crude oil it 574 

handles is equal to the upper capacity limit of the China-Pakistan pipeline. When the carrier’s 575 

preference for connectivity reliability is higher (w≥0.7), however, it cannot serve as an alternate 576 

route for crude oil transportation due to its low connectivity reliability.  577 

Several managerial insights emerge from this analysis. First, the dependences between risk 578 

events are strong, especially for the relationship between political risk and the number of piracy 579 

and armed robbery, and the relationship between sea surface wind speed and the number of 580 

vessel incidents. Based on these dependences, an amelioration of political instability will likely 581 
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reduce the number of piracy and maritime terrorism significantly, thus improving connectivity 582 

reliability. Likewise, heavy weather is an important determinant of lower connectivity reliability, 583 

and carriers and local authorities alike should seek to implement robust precautions. Second, 584 

when w≥0.7, Gwadar Port’s existing connectivity reliability constrains its potential to reduce 585 

reliance on traditional maritime transportation routes. If Gwadar Port’s substitution role for key 586 

straits is to be fully realized, its connectivity reliability needs improvement. When the value of w 587 

is 0.7-0.9, if Gwadar Port’s connectivity reliability is improved by 2.4%-16.1%, it can provide an 588 

alternative route when the Lombok Strait is disrupted. If Gwadar Port’s connectivity reliability is 589 

improved by 12.2%-33.6%, then its role as a reliable alternative to traditional maritime routes 590 

through the Malacca, Sunda, and Lombok Straits will be fully realized. In the short and medium 591 

term, taking relevant precautions to avoid more vessel incidents in heavy weather, while also 592 

promoting a long-term uplift of Pakistan’s political condition are likely two effective ways to 593 

improve Gwadar Port’s connectivity reliability. Additionally, since the volume of crude oil that 594 

Gwadar Port can transport is also dependent on the annual capacity of the China-Pakistan 595 

pipeline, a larger pipeline capacity would have beneficial ramifications and should be explored 596 

by policymakers and investors looking for opportunities to further develop Gwadar Port.  597 

The war between Russia and Ukraine nowadays has great impact on the global crude oil 598 

transportation. For example, as for the Strait of Bosporus, the war will raise its geopolitical risks 599 

and increase its disruption probability; the likelihood of vessel incidents caused by the abuse of 600 

older tankers due to the sanctions against Russia will also increase. These risk events are 601 

interrelated and together affect the strait’s connectivity reliability. In the future, with more data 602 

becomes available, it will be interesting to apply our model to characterize the dependence of 603 

these risk events and evaluate the strait’s connectivity reliability, then the crude oil transportation 604 

flows change can be estimated considering these risks. 605 

Finally, we note the limitations of the present paper, and the opportunities that they provide 606 

for future research directions. We did not evaluate the connectivity reliability of pipelines in our 607 

study due to the paucity of data related to pipeline security risks. From a methodological 608 

perspective, other approaches to the estimation of connectivity reliability for pipelines would be 609 

a worthwhile subject of future study. Besides, for a specific strait or canal, the piracy risk may be 610 

higher than vessel incidents, or vice versa. Determining appropriate adjustment parameters to the 611 

weights of the two conditional probabilities for specific nodes would also be a possible future 612 

extension. Last but not the least, there are multiple ways in defining a risk, the severity of 613 

consequence would be considered to define risks in the future study. 614 
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