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Abstract

:

On Friday, 3 March 2017, at about 18:19 h, a metro track failed, prompting about 50% of Mexico City’s metro line-C to a halt. The track failure occurred at a peak hour when tens of thousands of commuters were heading to their homes. Given the interdependency among the modes of transportation in the capital city, the incident caused heavy disruption; it is believed that about 45,000 commuters were affected. A systemic safety management system (‘SSMS’) model has been used for the analysis. The results showed that: a) the model demonstrated its potential to the analysis of the transport system interdependency; it has been found that failure propagates vertically and horizontally; b) the model highlighted that failure propagation has to do with a coordination function; c) in relation to the case study, it has been found that the actions taken by the decision-makers during the emergency were less than adequate; d) the commuters traveling patterns should be considered when designing emergency plans; and, e) more generally, there is a need for the creation of a system to manage critical infrastructure protection in the context of Mexico. It is hoped that by conducting such analyses, we may gain a better understanding of the complexity of cities.
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1. Introduction


Cities may be regarded as complex systems; further, they are characterized by traffic congestion. Very often, news reports related to congestion appear in the mass media, and this is particularly more acute in megacities. Moreover, traffic congestion is regarded as one of the variables that severely affects, among other, economic development in megacities [1]; for example, it is believed that traffic jams costs the city of Cairo, Egypt, an estimated USD eight billion every year, equivalent of 4 percent of the country’s economic output [2]. Also, it adversely contributes to air and environmental pollution, urban mobility, and, ultimately, the quality of life of those living in urban environments [1,3,4,5,6,7].



On the other hand, there is a growing concern on critical infrastructure interdependency [8,9,10,11,12,13,14,15]. For example, the President’s Commission on Critical Infrastructure Protection (PCCIP) report defines an infrastructure as “a network of independent, mostly privately-owned, man-made systems and processes that function collaboratively and synergistically to produce and distribute a continuous flow of essential goods and services” [8]. In essence, a failure of a critical infrastructure would have an important security, economic impact in any city or country.



Most developed countries have defined what constitutes their critical infrastructure systems [16,17,18,19]; for example, the United States has identified sixteen critical infrastructure sectors [16], and thirteen have been identified in the case of the UK [17], while Canada, on the other hand, has identified ten critical sectors [18], to mention some of them. The transportation sector is being considered as a critical infrastructure in these countries. However, the question is, what about developing countries, such as Mexico? Unfortunately, the country still lacks any governmental regulation or decree regarding critical infrastructure sectors [20,21]. For example, in [20], it has been argued the need for the creation of a specific organization in charge of critical infrastructures for the case of Mexico. Further, it has also been argued that there are about 17,000 facilities where 300 are considered as highly critical [21], however, it is not clear what are these.



Regarding transportation, there is hardly a day without news in the mass media, for example, on the disruption in the various modes of transport in urban environments. For instance, very recently, due to an extreme weather across Europe, thousands of holidaymakers experienced long delays on Eurotunnel trains, flights and ferries [22]. Further, a flight operator cancelled fourteen flights from Stansted airport (England) as a result of the ‘knock-on effects’ caused by the air traffic control restrictions from storms on the previous day and staff shortages caused by industrial action in France [22]. These examples have illustrated that critical infrastructures are in fact highly interdependent [14,23].



Scholars have made a great deal of effort in trying to understand, among other things, disruptions in transport systems from different perspectives [24,25,26]. However, there are not that many studies regarding, for example, the failure propagation due to the interdependency amongst modes of road transport systems; in particular, in megacities, and from a systemic point of view.



The paper aims to investigate the disruption caused by a failure of a track in the metro transport system in Mexico City. The approach has been the application of the developed ‘SSMS’ (‘Systemic Safety Management System’) model. The systemic model has been applied extensively in analyzing past failure; e.g., railway accidents [27,28,29,30], flood disaster in Mexico [31], the 1996 Channel tunnel fire [32,33]. It also has been applied to the management of safety and fire safety in particular; e.g., in the oil and gas sector [34,35,36], and to modelling interdependencies among the subsystems that constitute the metro transport system [14]. More details on the model are given in Section 3.2.




2. The Traveling Patterns and the Metro’s Failure and Its Aftermath


2.1. The Traveling Patterns in the Context of Mexico City


According to a recent published report on commuters’ Origin-Destination (OD) [37] in the so called Urban Metropolitan Zone (ZMVM) of the city, it has been found that a total of 34.56 million trips made during the weekdays, almost half of them were related to returning home (i.e., 47.4%). Further, of the 23.41 million trips made during the year 2017, the maximum demand time (or peak hours) in the ZMVM were the following: a) 11.7% was during the morning peak hour (07:00–7:59 h); b) 8% during the evening peak hour (18:00–18:59 h). (It should be highlighted that the metro track failure occurred at the evening peak hour, see Section 2.2).



But what about the modes of road transport used during these peak hours? The findings of the report [37] showed that of the 2.47 million trips made during the evening peak hour, the following modes of transport have been used by the commuters: a) public transport (buses, vans) (76.0%); b) Taxi (7.6%); c) the metro transport system (36.2%); d) Bus Rapid Transit (BRT) system (8.1%); private motorcars (92.7%). Further, when the participants of the study were asked “What modes of transport do you use when back home?” the results showed that commuters used public buses (33.6%), private motorcars (18.3%), the metro system (12.9%), taxis (4.7%), and the BRT transport system (3.2%).




2.2. The Metro System Failure and Its Consequences


On Friday 3 March 2017, at about 18:19 h, a metro track failed prompting about 50% of the metro system line-C to a halt (Figure 1a and Figure 2). The incident occurred at rush hour when tens of thousands of commuters were heading to their homes after work [38]. Soon after the track incident, (18:20–19:35 h), it is believed that some of the metro trains were instructed to decrease the traveling speed, others to stop in the stations, and some of them stopped in between stations (tunnels); the commuters were angry and finally were instructed to evacuate through the tunnels. It is thought about 45,000 commuters were affected by the transport disruption [38].



The timeline of the key events leading to the public transport disruption were the following (Figure 1 and Figure 2):



18:19 h



	
At about 18:19 h, a fault in the track apparatus, which allows to change from one track to another failed, prompting the metro system line-C to a halt.






19:36–20:21 h



	
By this time the scene was chaotic at the exit doors of the affected metro and BRT stations (i.e., Stations 1–9 as shown in Figure 1a). As expected, commuters left the stations and looked for other modes of transport to get home; e.g., taxi, public buses, BRT, even the police vans, etc. (Figure 2).



	
Local authorities dispatched about 100 buses to assist the stranded commuters but were overwhelmed by the vast amount of people.



	
Given the fact that the BRT line-A runs parallel to the affected metro line-C (Figure 1). It was heavily affected, and it did not cope with the affected commuters (Figure 2b).



	
Hundreds (if not thousands) of commuters in the city center heading to the north of the city did not have any choice but to walk.






20:22–12:00 h



	
A chaotic situation was still seen at the entrance of BRT stations (e.g., Station 9, Figure 1b).



	
At about 20:37 h, it is believed that commuters traveling from the north to the south of the city experienced delays for up to 50 min.



	
At about 21:01 h, the BRT Station. No. 15 (Figure 1b) was still completely packed with commuters desperate to get into the BRT buses (see, for example, Figure 2b).



	
As part of the existing emergency plan, Metrobus (the organization running the BRT system) sent fifteen BRT buses; however, nothing changed.



	
It is believed that most (if not all) of the commuters reached their homes the following day early in the morning.








3. The Case Study and the SSMS Model


3.1. An Overview of the Mexico City Transport System


Mexico City is being considered as a megacity and therefore one of the most populated cities in the world [39]. In relation to its transport system, the city has one of the largest metro systems in the world, and a motorized public transport network comprised of thousands of buses, taxi, vans, etc., which are characterized by a low transport capacity; also, there are electric based transport systems, such as the trolleybus and the light rail. The city has a network of concessional taxis and private companies, such as ‘Uber’ and ‘Cabify’ [40].



Overall, the private transport has the conventional motorcar as its main choice; it is believed that more than a million motorcars run through the city; however, as mentioned above, its transport capacity is quite low in comparison, for example, with a bus. In 2005, the Mexico City’s major decided to implement the BRT mass transport system. Since then, seven BRT lines have been implemented [41]. The BRT line-A, was the first to be implemented in 2005, and the line is the longest with a total of 30 km and a total 40 stations; the line carries about 480,000 passengers per day [41].



In recent years, the city has incorporated another mode of transportation, i.e., cycling. It is believed that cycling has contributed to urban mobility, which has grown in the last two decades [40]. Although it concentrates a low percentage of use in relation to motorized transport systems, it may be considered as the fastest option during rush hours. Finally, walking is an option to mobility within the city; however, an adequate infrastructure for pedestrians in the city is non-existent [40].




3.2. A Brief Description of the SSMS Model


The ‘SSMS’ model described here builds on the Viable System Model (VSM) developed and proposed by Beer [42] and the Failure Paradigm Method (FPM) proposed by Fortune and Peters [43]. The viability of a systemic safety management system is defined as the probability that it will be able to maintain the risk within an acceptable range for a given time period. While it would be desirable to calculate the viability, the SSMS is capable of being used without doing this. It may be used to assist in the design of the safety management system (SMS), for example, of a new tunnel metro system, or as a ‘template’ to compare with an existing SMS with a view to improvement [32,33]. The model may also be employed as a tool for examining past accidents or near misses. This may be achieved by using it as a basis for comparison to see how features in a ‘real world’ system was deficient and led to an accident or near miss. In this way it has been applied to the analysis of past failure [27,28,29,30] to try to gain ‘learning points’ for safety management. The SSMS model consists of the following fundamental characteristics [34,35,36]:




	a)

	
a structural organization which consists of a ‘basic unit’ in which it is necessary to achieve five functions associated with Systems 1–5, as described briefly below (Figure 4).




	b)

	
a ‘recursive’ (i.e., layered) structure




	c)

	
relative autonomy




	d)

	
four organizational principles




	e)

	
the concept of MRA (maximum risk acceptable) and acceptable range of risk




	f)

	
the concept of ‘viability’ of a safety management system.




	g)

	
The model is augmented by various sub-models or paradigms [43]; e.g., communication and control sub-models, ‘human factors paradigms’, etc. Such paradigms may be valuably employed as part of the overall approach.









In general, the ‘Systemic Safety Management System’ (‘SSMS’) model aims to maintain risk within an acceptable range in the operations, in principle, of any system. If the features of the model (i.e., System 2–5) are in place and working effectively then the probability of failure should be less than otherwise. In this way the systemic model has a fundamentally preventive potentiality. A full account of its features and applications are given elsewhere [14,27,28,29,30,31,32,33,34,35,36]; in the present case study, the ‘structural organization’ and the ‘recursive’ structure of the model were employed in the analysis. Regarding the ‘structural organization’ (Figure 4):



“Overall, System 2–5 facilitate the function of system 1, as well as ensuring the continuous adaptation of the systems as a whole, i.e., (the ‘México City transport system’). System 2–5 are described briefly in what follows: System 2, safety coordination, ensures that the various operations of System 1 operate in agreement. System 3, safety functional, ensures that System 1 implements the organization’s safety policies. System 3*, safety audit, is part of System 3 and it is concerned with safety sporadic audit. System 4, safety development, is responsible for identifying strengths, weaknesses, threats, and opportunities that can suggest systemic changes to the organization’s safety policies. System 4*, safety confidential reporting, is part of System 4 and it is concerned with confidential reports or causes of concern that may require direct and immediate intervention of the corporate management. Finally, System 5, safety policy, is responsible for establishing safety policies for the system as a whole” [34].



The ‘recursive’ structure of the model is described in the next section.




3.3. Modeling the Case Study


Once the capital city’s modes of transport network were identified, the next step was to model the recursive structure of the transport network. In the SSMS model, the concept of Recursion, helps us to see how the systems of interest are interconnected (i.e., “Recursion means that every ‘system’ contains, and is contained in, a ‘system’” [33]). Figure 3 shows three levels of Recursion for the transport system. For instance, Recursion 1 (or level 1) contains the system of our interest, i.e., MCTO (Mexico City Transport Operations) and its associated safety management unit (SMU), MCT-SMU (Mexico City Transport-Safety Management Unit). (It should be mentioned that at this level, other critical infrastructures were considered to illustrate, for example, that each of these could be, in principle, de-composed and analyzed, i.e., ESO (Energy Supply Operations), WSO (Water Supply Operations). However, these were not affected during the disruption, and therefore not considered in the present analysis.



At Recursion 2, it can be seen from Figure 3, that the level is comprised by four subsystems that constitute all the modes of transportation considered in the analysis, namely: MTO (Metro transport operations) and its associated SMU (MT-SMU); TXO (Taxi Operations) and TX-SMU; BRTO (BRT Operation) and BRT-SMU; PCO (Private Car Operations) and PC-SMU; and PBO (Public Bus Operations) and PB-SMU. These five interrelated subsystems constitute System 1, which is called here MCTO. Finally, moving down to the next level below Recursion 2 (at Recursion 3), it can be seen the following systems:




	a)

	
System 1: Metro Transport Operations (MTO), which comprises twelve metro lines; however, only eight are shown, including the metro line-C, where the incident occurred.




	b)

	
System 1: BRTO, which comprises six BRT lines.









It should be mentioned that, in principle, each of these subsystems could be analyzed further if needs to. For example, one could analyze what happened in each of the stations of the metro line-C during the emergency; e.g., how the failure propagated within the metro stations of the whole line (at Recursion 4, not shown here). However, this is not within the scope of the present analysis.



In summary, from Figure 3, one can see how the identified subsystems of interest are interconnected horizontally (at every level of Recursion) and vertically (between two levels of Recursion).





4. Results and Discussion


The section presents the results according to the following analyses (Figure 3):




	a)

	
An analysis on how the metro failure propagated at the level of Mexico City’s transport network (i.e., Recursion 1 and 2); see Section 4.1;




	b)

	
An analysis on how the failure of the metro line-C affected the other metro lines of the metro network (i.e., Recursion 2 and 3); see Section 4.2, and




	c)

	
An analysis on how the BRT system was affected by the metro incident (i.e., Recursion 2 and 3); see Section 4.3.









The results of the analysis of each of these are presented in the subsequent sections.



4.1. Failure Propagation in the City’s Transport Network (Recursion 1 and 2: MCT-SMU + MCTO, Figures 3–6)


The section addresses the following question: how the failure propagated within the identified key and highly interconnected subsystems? That is, those that constitute System 1 and shown at levels 1 and 2 in Figure 3.



To analyze how the different modes of transportation were affected during the emergency, the identified subsystems were mapped onto the ‘structural organization’ (i.e., System 1–5 and its associated channels of communication and control) of the model as shown in Figure 4; (it should be highlighted that the figure should be seen in the context of Figure 3).



To conduct the analysis Figure 4, Figure 5 and Figure 6 have been employed as a ‘template’ for the comparison process. In a previous study [14], it has been found that in the model, the interdependency occurs horizontally and vertically and in the subsequent sections each of them will be addressed in the context of the present case study.



4.1.1. Horizontal Interdependency (Operational and Managerial)


Operational Interdependency


The question being addressed here was this: how the metro incident affected the four subsystems that constitute system 1 (at Recursion 1 and 2), as shown in Figure 3? The results of the analysis are presented in Figure 4, Figure 5 and Figure 6 and Table 1 and Table 2.



In the model, the operational (circles) interdependencies are shown with zig-zag lines amongst them (Figure 5). The results shown in Table 1 and Table 2 highlight that all the modes of road transportation available during the emergency could not cope with vast number of commuters desperately trying to get home. It can be argued that during the emergency there was a ‘strong’ interdependency amongst these modes of transportation; see for example ‘a’, ‘b’, ‘c’, and ‘d’ in Table 1 and Table 2. Each of these modes of transportation lacked the capacity to cope with the number of commuters because a number of reasons: a) each of them was already under full operational capacity, given the fact that the emergency occurred at rush hour (i.e., 18:19 h); b) as mentioned in Section 2.2, about 50% of the metro line-C was not operational; that is, the available modes of transport, at the time, had to cope with about 45,000 extra passengers; c) most (if not all) of the commuters were desperately heading to the north of the city, in particular to Station, No. 1 (Figure 1), where it is believed most of them had to take another bus to get home.




Managerial Interdependency


Figure 6 shows the arrangement of the channels of communication and control of the ‘Mexico City transport system’ in the format of the model. The Safety Management Units (SMUs) are shown on the right-hand side of the figure. For example, the MT-SMU (Metro Transport-Safety Management Unit), which regulates and continuously monitors the MTO (Metro Transport Operations), through the action points ‘1′–‘2′–‘3′–‘4′–‘5′, as shown in the figure. (Also, Figure 4 shows a simplified and convenient way to refer to each of the channels of communication and control between every SMU (square boxes) and their associated operations (circles)).



Further, one of the key functions of the MT-SMU is to detect any disturbance within MTO (see action point ‘1′ in Figure 6); for example, the incident associated with the track failure in our case study. Once this has been detected, the primary function of the MT-SMU is to bring back the disturbance under control (action point ‘5′). It also should alert the other SMUs, through the action point ‘2A’, i.e., to TX-SMU (through action point ‘7A’); BRT-SMU (through action point ‘12A’); PC-SMU (through action point ‘17A’); and to PB-SMU (through action point ‘22A’), as shown in Figure 6. Then, each of the SMUs would device and implement measures aiming at limit the impact of the incident into their operations (circles), given the strong interdependencies amongst them (Table 1 and Table 2 and Figure 6).



However, it seems that none of the above was in place at the time and consequently the whole transport system network collapsed. Overall, it can be argued that those that performed the functions associated with MCT-SMU (including System 2) failed to act upon the metro incident and communicate about it to other SMUs. Further, Figure 3, Figure 4, Figure 5 and Figure 6 clearly show that the failure propagated horizontally.





4.1.2. Vertical Interdependency (Managerial)


Vertical interdependency occurs between two levels of Recursions only; in the context of our case study, these are Recursion 1 and 2 (Figure 3 and Figure 4). The channels of communication and control between system 1 and System 2–5 represent the vertical interdependency (i.e., M2, TX4, BRT6, PC8, and PB11, as shown in Figure 4). A detailed arrangement of the flow of information that should be in place in the context of the systemic model is shown in Figure 6. In our case study, the so called “Centre for Command, Control, Computing, Communications and Citizen Contact (C5)” [44], performed some of the functions associated with System 2, at Recursion 1 (Figure 4 and Figure 6).



For example, one of the key functions of ‘System 2-MT’, once it has received the alert (action point ‘1′) (i.e., the track failure), is to assess the consequences (action point ‘3′) and immediately implement the corrective actions to minimize the impact (action point ‘5′); further, it communicates about the measure to System 2 within the MCT-SMU, which in turn would device measures to be implemented in System 1.



Given the chaotic situation that left about 45,000 commuters stranded that night, it is clear that the performance of the “C5”, which performed some of the functions associated with System 2–5, was less than adequate.





4.2. Failure Propagation Within the Metro Transport Network (Recursion 2 and 3: MT-SMU+MTO, Figures 7 and 8)


The previous section addressed how the incident of the metro line-C affected the other modes of transport of the capital city. However, this section addresses the following question, how the incident affected the other metro lines of the metro system? In the context of the model, the failure propagation could be highlighted by analyzing the subsystems MT-SMU+MTO at Recursion 2 and 3, as shown in Figure 3, Figure 7 and Figure 8.



4.2.1. Horizontal Interdependency (Operational and Managerial)


Operational Interdependency


Figure 8 shows the ‘operational’ interdependency, which are highlighted by the zig-zag lines shown in red color, ‘6′, ‘7′, ’12′, ’13′, ‘14′, ’26′, and ‘15′. Also, it should be mentioned that the figure only shows eight out of the existing twelve metro lines; however, a complete arrangement of the operational interdependency of the metro system is given in [14]). The degree of interdependency could be ‘strong’ (S) or ‘weak’ (W); for example, the metro line-C track failure affected the operation of the metro line-A (MLAO), see the zig-zag line ‘6′. Given that both metro lines shared the transfer Station 10 (Figure 1a), the nature of the interdependency between these two metro lines was considered as having a ‘strong’ relationship. Effectively this was more than evident during the emergency, as commuters heading to the north of the city were severely affected. A ‘weak’ interdependency, on the other hand, was the case when there was not a transfer station between two metro lines, such as the case of Metro Line-C Operations (MLCO) and Metro Line-D Operations (MLDO) (see the zig-zag line ‘12′ in Figure 8).




Managerial Interdependency


Figure 7 shows the channels of communication and control of the metro system in the format of the model. Every metro operation (circle) is connected with a SMU (square box). Also, there is a managerial interdependency, where there is a continuous flow of information as shown in Figure 6 and described in some detail in Section 4.1.1. In the context of the metro system, the station manager performed some of the functions associated with these SMUs. There was some communication between them, but apparently took some time to repair the failed track and to re-start the functioning of the system.





4.2.2. Vertical Interdependency (Managerial)


As mentioned in Section 4.1.2, vertical interdependency occurs between two levels of Recursions only, i.e., Recursions 2 and 3, as seen in Figure 3 and Figure 7. The channels of communication and control between system 1 and System 2–5 represent the vertical interdependency; that is, the lines connecting every SMU’ with System 2–5 (i.e., LA2, LB4, LC6, LD8, LE10, LF12, LG14, and LI16, as shown in Figure 7). In the context of the model, the MT-SMU has the synoptic view of the metro system network as a whole; given this, it can, in principle, coordinate the activities of the SMUs to bring the uncontrolled situation under control, and ultimately to restore the functioning of the metro network. However, the evidence showed that their performance was less than adequate.





4.3. Failure Propagation within the BRT System Network (Recursion 2 and 3: BRT-SMU+BRTO, Figures 9 and 10)


As mentioned in Section 2, the BRT line-A runs parallel to the affected metro line-C (Figure 1). Geographically, both share the same route, i.e., carrying passengers from north-south-north of the city. Further, they share the same spatial location of the final stop (or terminal) in the north of the city, as shown in Figure 1. Since the BRT line-A was severely affected by the commuters stranded by the failure of the metro system, it was decided to investigate how the failure propagated through the BRT system. The results of the analysis are presented and discussed in the subsequent subsections.



4.3.1. Horizontal Interdependency (Operational and Managerial)


Operational Interdependency


Figure 9 and Figure 10 show the BRT transport system network in the context of the SSMS model, i.e., the ‘structural organization’ (i.e., System 1–5 and their interconnections). These figures have been employed as ‘templates’ for the analysis. Table 3 and Table 4 shows the results.



For the case of the BRT transport system, the criteria to assess the degree of interdependency (i.e., ‘strong’ (S) or ‘weak’ (W)) has been similar to the case of the metro system (Section 4.2.); that is, if there was an interconnection between BRT lines (i.e., when sharing a station in between them); it was considered as a strong interdependency; otherwise, the degree of interdependency was considered as weak. Figure 10 shows how the failure propagated through the whole network (see for example, the zig-zag lines in red color: ‘1′, ‘2′, ‘3′, ‘4′, and ‘5′). According to the results shown in Table 3 and Table 4, there were many BRT lines affected by the overloading of the BRT line-A as a result of the metro track failure (see for example, ‘a’, ‘b’, ‘c’, ‘e’, in Table 3 and Table 4).




Managerial Interdependency


It is unclear how the ‘BRT LA-SMU’ handled the emergency (Figure 9 and Figure 10). Further, it is not clear whether the key decision makers that performed the functions associated with ‘LA-SMU’ detected the emergency in time and acted upon it (Section 2.2). That is because a few minutes after the incident, the following message appeared in ‘Tweeter’ “the metro operation has been suspended from Station 1-9-1” (the numbered stations were added). Also, it is unclear whether the function associated with LA-SMU communicated the emergency to the other BRT-SMUs, i.e., LB-SMU (through the channel ‘LA4′), LC-SMU (through the channel ‘LA5′), LD-SMU (through the channel ‘LA6′), LE-SMU (through the channel ‘LA7′), and LF-SMU (through the channel ‘LA8′), as shown in Figure 10.



What is known is that during the emergency, fifteen additional BRT units were called in to assist the emergency. However, these were not enough to cope with the disruption; the evidence showed that the stations were packed with commuters desperately trying to get into the stations (Figure 2b). The situation got worst given the fact that the police guarding the stations did not allow the commuters to get in during the few minutes after the metro incident; as mentioned earlier on, the police actions contributed to the chaotic situation. It is clear that the police did not know what to do (they did not receive the instructions, and it seemed that there were confusion on what actions to take); this clearly highlights that the decision-maker who performed the function associated with LA-SMU was less than adequate.





4.3.2. Vertical Interdependency (Managerial)


Again, vertical interdependency occurs between the levels of Recursion 2 and 3; that is, the channels connecting the two are the following: LA2, LB4, LC6, LD8, LE10, and LF12, as shown in Figure 9. Given the fact that tens of thousands of stranded commuters, it is difficult to see whether an effective communication and control did take place during the emergency. The so-called “Centre for Command, Control, Computing, Communications and Citizen Contact (C5)” performed some of the functions related to System 2, at Recursion 2 (Figure 9).



According to the evidence during the emergency, the only action that the BRT-SMU took was that fifteen more BRT units were sent to mitigate the impact of the emergency; however, the corrective action failed during the emergency.





4.4. Discussion


Cities may be regarded as complex systems; that is, they are open systems, complex and exhibiting a chaotic behavior [45,46,47]. Further, their components are highly interdependent; this is clearly seen, for example, when a disruption occurs in one of its constituent parts. There are numerous examples of chaotic disruptions in cities as a result of either a technological failure [24,25,26,48,49] or due to natural hazards [22,50].



One of such examples of a disruption of the transport system, a critical infrastructure, occurred in Mexico City in 2017. The paper has presented the results of an analysis on how the metro track failure caused a disruption in the capital city’s transport system. The approach has been the use of a ‘systemic safety management system’ (‘SSMS’) model [14,27,28,29,30,31,32,33,34,35,36]. A key consideration for the analysis has been that the Mexico City’s transport system has been considered as a ‘system’, i.e., ‘any entity which is made of interdependent parts’ [14].



4.4.1. On the Commuter’s Destination Patterns


As mentioned in Section 2.2., the track failure affected tens of thousands of commuters, and raised the following questions: why was that so many people were heading to the north of the city? Why were the reasons commuters were aiming at reaching both the metro and BRT station No. 1 (Figure 1)? The responses to these questions have to do with the patterns of the urban mobility phenomena in megacities, such as the capital city (Section 2.1.). Origin-Destination (OD) surveys (and related studies) may be regarded as a way of knowing commuters’ destination patterns [51,52,53,54].



The study on OD conducted in Mexico City [37] may provide the answer on why commuters were so desperate to get into the north of the city. The findings of the study showed that from a total of 17.09 million of trips made between Mexico City and other municipalities from the neighboring state of Mexico (i.e., the ZMVM), 12.6% (2.25 million trips) of the trips took place between the metropolitan area and the capital city. That is, people commute to Mexico City mainly to work and effectively they were the most affected by the failure of the metro system, when heading back home. It is thought once they have reached Station No. 1 (Figure 1), then, from there they must take another bus to their homes [37].



One of the key lessons that can be inferred from the above is that those that performed the functions associated with System 2 (including the MCT-SMU, Figure 6) should consider this scenario when designing an emergency response plan. In particular, when dealing with the case of a transport disruption, such as the present case.




4.4.2. On the Failure Propagation


Figure 3 shows how the ‘Mexico City Transport’ system has been de-composed into the subsystems of interest (i.e., the case of the metro and the BRT transport systems). Also, the figure shows how these are interrelated horizontally and vertically (Section 3.3 and Section 4.1.1).



In the model, the operational (circles) interdependencies are shown with zig-zag lines amongst them. For example, the results shown in Table 1 and Table 2, indicate that all the modes of road transportation available during the emergency could not cope with vast number of commuters desperately trying to get home. It may be argued that during the emergency there was a ‘strong’ interdependency amongst these modes of road transport. Further, each of these lacked the capacity to cope with the number of commuters because of a number of reasons: a) each of the modes were already under full operational capacity, given the fact that the emergency occurred at rush hour (i.e., 18:19 h, Section 2.2.); b) given the track failure, about 50% of the metro line-C was not operational; that is, the available modes of transport at the time had to cope with about 45,000 additional passengers; and c) most (if not all) of the commuters were heading to the north of the city (Figure 1).



But what are the implications of the analysis? What has been the most important lesson after conducting the analysis? The answer has to do with co-ordination, i.e., the lack of it in the present analysis. Similar findings have been reported in the literature; for example, in [55], it has been argued that managing the interdependencies between urban infrastructures, “coordination” is the key factor in the urban infrastructure provision process.



Effectively, the transport system is exceedingly complex and highly interconnected. As mentioned in Section 4.1.1, any deviation from an accepted criterion (e.g., a track failure), the failure propagated in both directions vertically and horizontally (Figure 3 and Figure 6). Further, if these disruptions are not controlled, then by now we should be very familiar with the consequences in terms of property/human/economic losses [3,4,50,56,57]. In the SSMS model, System 2 deals with the co-ordination function explicitly (see the triangle shaped symbol within the big square box in Figure 4, Figure 6, Figure 7 and Figure 9). That is, the function of System 2 is to coordinate all the activities of the subsystems that form part of System 1 (e.g., MT-SMU, TX-SMU, BRT-SMU, PC-SMU, and PB-SMU, each with their associated operations (circles), as shown, for example, in Figure 6).



Before discussing in some detail of the functioning of the coordination function (System 2), it may be necessary to understand how the failure propagated through the total transport system. In our case study, at the level 3 (or Recursion 3) in Figure 3, the disruption originated in the metro line-C operations (MLCO) and from there it affected the whole transport system, i.e., first, it affected the metro line-C operations (Figure 1a); second, it affected the other metro lines intersecting the metro line-C (e.g., MLAO to MLIO, as shown in Figure 8); third, the disruption spread vertically to Recursion 2 (or level 2), i.e., MTO, TXO, BRTO, PCO, and PBO, each with their associated SMUs (square boxes), as shown in Figure 3 and Figure 4; fourth, if uncontrolled, it would affect other critical infrastructures at Recursion 1, i.e., ESO (Energy Supply Operations), WSO (Water Supply Operations), etc. In short, the failure propagates horizontally (at every level of Recursion) and vertically (between levels of Recursion), as shown in Figure 3.



The above raises the question as to how to deal with an uncontrolled failure propagation? The solution has to do with System 2 (a co-ordination function). To illustrate how this works, consider the BRT subsystem (‘BRTO+BRT-SMU’) and the metro subsystem (‘MTO+MT-SMU’) and Figure 3, Figure 4 and Figure 6. Apparently, there is no connection between these two modes of transport; however, commuters use both systems to get to their destinations after work and vice-versa (Table 1). Suppose the former mode under normal conditions, BRTO receives some of the commuters from the metro line-C, which runs parallel to it (Figure 1), through the zig-zag line ‘2′ connecting them (Figure 5). Again, under normal conditions BRT-SMU is aware of this when planning, for example, on the number of BRT buses running. (It is also true the other way around, i.e., some BRT users take the metro to commute daily). Referring to Figure 6, now suppose that a failure occurs in metro line-C, as was the case, its operations were severely affected. In ‘MT-SMU’ this will be detected in ‘action-point’ ‘1′, and the re-planning action process to bring it back to normal operations is carried out through ‘action-points’ ‘2–3–4–5′ (note that ‘2′, ‘2A’, ‘4′, and ‘4A’ are actions taken by System 2), as shown in Figure 6. Also, the MCT-SMU will be alerted (though action point ‘4A’), so that it will do what it needs to be done to bring the operations back to normal operations.



But the questions are, what would be the impact on the BRT system (i.e., ‘BRTO+BRT-SMU’)? Was the BRT-SMU informed about the metro disruption? How many additional BRT buses may be needed to cope with the uncontrolled situation? Will they charge the affected commuters? Will they allow the use of the BRT lanes, for example, to other modes of transport? In the context of the model, these and many other questions are address within System 2 in BRT-SMU.



To make things worse, there were other modes of transport affected too, i.e., TX-SMU, PC-SMU, PB-SMU (Figure 6). Again, were they informed about the disruption? Were they kept informed about the details of the congestion, if any, caused by the disruption?



Regarding the present case study none of the above was the case at the time of the disruption; as mentioned in Section 4.1 and Section 4.2, ‘C5′ performed some of the functions associated with System2; however, its performance was less than adequate. As shown in Figure 2, the scenes were chaotic and effectively there was a lack of coordination among the key organizations involved in running the transport system in the capital city. Again, coordination is a key concept when managing urban infrastructures [55].



To summarize, the function of System 2 (co-ordination) is two-fold (Figure 6): first, if a departure from an accepted criterion occurs in ‘action-point’ ‘1′ (e.g., disruption in the metro operations) is automatically relayed to the other SMUs by action-point ‘2A’. The System 2 within other SMUs can immediately evaluate the effect on their operations (circle). In short, the function of MT-SMU is to first and foremost to discover what went wrong, what made this happen, and to devise measures to put it right. Secondly, the System 2 in MCT-SMU (Figure 6), receiving all this information (action point ‘4A’), is enabled to take a ‘high-order’ view of the total consequences of the total system (i.e., the Mexico City’s transport systems as a whole). It will report to System 3, which in turn, can make corrective action, for example, through channels M2, TX4, BRT6, PC8, and PB11, as shown in Figure 4.






5. Conclusions


The paper has presented an analysis of the disruption caused by the failure of a metro track that propagated through Mexico City’s transport system network. The metro-line C track failure occurred at peak hour when tens of thousands of commuters were heading to their homes. According to official figures, it is believed that about 45,000 commuters were affected. The approach taken to conduct the analysis has been the use of a ‘Systemic Safety Management System’ (‘SSMS’) model. The main conclusions were the following:




	a)

	
Overall, the systemic model has demonstrated its potential to be employed in the analysis of critical infrastructure interdependency, such as the present case study. It has shown that the complexity of the Mexico City transport system, as a whole, can be reduced by mapping it onto the format of the ‘structural organization’ (i.e., System 1–5) of the model. Moreover, it has shown that the failure propagates vertically and horizontally. Furthermore, the model has highlighted that failure propagation amongst critical infrastructures has to do with a coordination function.




	b)

	
In relation to the case study, it has been found that the actions taken by the key decision-makers that performed some of the functions related to System 2 (a coordination function) were less than adequate.




	c)

	
The commuters traveling patterns should be considered when designing emergency plans in case of a disruption of the transport system.




	d)

	
More generally, there is a need for designing a system to manage critical infrastructure protection in the context of Mexico.
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Figure 1. The metro line-C and the Bus Rapid Transit (BRT) line-A. (The BRT line-A runs parallel to the affected metro line-C). 
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Figure 2. Some evidence of the emergency caused by a failure of the metro line-C [38]. 
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Figure 3. Recursive structure of Mexico City’s transport system network. SMU = Safety Management Unit; ESO = Energy Supply Operations; WSO = Water Supply Operations; MCTO = Mexico City Transport Operations and MCT-SMU = Mexico City Transport-SMU; PCO = Private Cars Operations and PC-SMU = Private Cars-SMU; TXO = Taxi Operations and TX-SMU = Taxi-SMU; PBO = Public Bus Operations and PB-SMU = Public Bus-SMU; BRTO = Bus Rapid Transit Operations and BRT-SMU = Bus Rapid Transit-SMU; BRT-LAO/LFO = BRT-Line A/F Operations and BRT-LA/LF-SMU = BRT-Line A/F-SMU; MTO = Metro Transport Operations and MT-SMU = Metro Transport-SMU; M-LCO = Metro-Line C Operations and M-LC-SMU = Metro-Line C-SMU. 
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Figure 4. A ‘structural organization’ (i.e., System 1–5) of Mexico City’s transport network at Recursion 1 and 2. (The figure should be seen in the context of Figure 3, i.e., the five subsystems that constitute System 1 are interrelated horizontally). SMU = Safety Management Unit; MTO = Metro Transport Operations and MT-SMU = Metro Transport-SMU; PCO = Private Cars Operations and PC-SMU = Private Cars-SMU; TXO = Taxi Operations and TX-SMU = Taxi-SMU; PBO = Public Bus Operations and PB-SMU = Public Bus-SMU; BRTO = Bus Rapid Transit Operations and BRT-SMU = Bus Rapid Transit-SMU. 
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Figure 5. Failure propagation-horizontally: operational (circle) and managerial (square box) at Recursion 1 and 2. (The figure should be seen in the contexts of Figure 3 and Figure 4, i.e., the five subsystems that constitute System 1 are interrelated horizontally). SMU = Safety Management Unit; MTO = Metro Transport Operations and MT-SMU = Metro Transport-SMU; PCO = Private Cars Operations and PC-SMU = Private Cars-SMU; TXO = Taxi Operations and TX-SMU = Taxi-SMU; PBO = Public Bus Operations and PB-SMU = Public Bus-SMU; BRTO = Bus Rapid Transit Operations and BRT-SMU = Bus Rapid Transit-SMU. 
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Figure 6. Coordination function among the different modes of transportation of Mexico City. 
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Figure 7. A structural organization (i.e., System 1–5) of the Metro transport system at Recursion 2,3. (The figure should be seen in the context of Figure 3 and Figure 4, i.e., the five subsystems that constitute System 1 are interrelated horizontally). SMU = Safety Management Unit; MLAO = Metro Line-A Operations and MLA-SMU = Metro Line A-SMU; MLBO = Metro Line-B Operations and MLB-SMU = Metro Line B-SMU; MLCO = Metro Line-C Operations and MLC-SMU = Metro Line C-SMU; MLDO = Metro Line-D Operations and MLD-SMU = Metro Line D-SMU; MLEO = Metro Line-E Operations and MLE-SMU = Metro Line E-SMU; MLFO = Metro Line-F Operations and MLF-SMU = Metro Line F- SMU; MLGO = Metro Line-G Operations and MLG-SMU = Metro Line G-SMU; MLIO = Metro Line-I Operations and MLI-SMU = Metro Line I-SMU. 
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Figure 8. Operational failure propagation (red color arrows) at Recursion 2 and 3. The figure should be seen in the context of Figure 3 and Figure 7, i.e., the five subsystems that constitute System 1 are interrelated horizontally. SMU = Safety Management Unit; MLAO = Metro Line-A Operations and MLA-SMU = Metro Line A-SMU; MLBO = Metro Line-B Operations and MLB-SMU = Metro Line B-SMU; MLCO = Metro Line-C Operations and MLC-SMU = Metro Line C-SMU; MLDO = Metro Line-D Operations and MLD-SMU = Metro Line D-SMU; MLEO = Metro Line-E Operations and MLE-SMU = Metro Line E-SMU; MLFO = Metro Line-F Operations and MLF-SMU = Metro Line F-SMU; MLGO = Metro Line-G Operations and MLG-SMU = Metro Line G-SMU; MLIO = Metro Line-I Operations and MLI-SMU = Metro Line I-SMU. 
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Figure 9. A ‘structural organization’ (i.e., Systems 1–5) of the BRT (Bus Rapid Transit) transport system-at Recursion 2 and 3 (Figure 4). The five subsystems that constitute System 1 are interrelated horizontally. (The figure should be seen in the context of Figure 3 and Figure 4). SMU = Safety Management Unit; BRT-LAO = BRT-Line A Operations and BRT LA-SMU = BRT Line A-SMU; BRT-LBO = BRT-Line B Operations and BRT LB-SMU = BRT Line B-SMU; BRT-LCO = BRT-Line C Operations and BRT LC-SMU = BRT Line C-SMU; BRT-LDO = BRT-Line D Operations and BRT LD-SMU = BRT Line D-SMU; BRT-LEO = BRT-Line E Operations and BRT LE-SMU = BRT Line E-SMU; BRT-LFO = BRT-Line F Operations and BRT LF-SMU = BRT Line F-SMU. 
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Figure 10. Failure propagation (red color arrows): operational (circle) and managerial (square box) at Recursion 2 and 3. (The figure should be seen in the context of Figure 3 and Figure 9, i.e., the five subsystems that constitute System 1 are interrelated horizontally). SMU = Safety Management Unit; BRT-LAO = BRT-Line A Operations and BRT LA-SMU = BRT Line A-SMU; BRT-LBO = BRT-Line B Operations and BRT LB-SMU = BRT Line B-SMU; BRT-LCO = BRT-Line C Operations and BRT LC-SMU = BRT Line C-SMU; BRT-LDO = BRT-Line D Operations and BRT LD-SMU = BRT Line D-SMU; BRT-LEO = BRT-Line E Operations and BRT LE-SMU = BRT Line E-SMU; BRT-LFO = BRT-Line F Operations and BRT LF-SMU = BRT Line F-SMU. 
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Table 1. ‘Operational’ interdependencies for the case of Mexico City’s transport system (Figure 5).
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S=‘Strong’ interdependency; W= ‘Weak’ interdependency.
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