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Abstract

:

The authors discuss currently conducted research aimed at improving the planning and performance of search and rescue (SAR) operations at sea. The focus is on the selection of surface units in areas of high traffic density. A large number of ships in the area of distress can make the process of selection of best suited vessels longer. An analysis of features which may render a vessel unsuitable for the job, depending on the area and type of operation, has been conducted. Criteria of assessment and selection of ships have been described, preceded by an expert analysis. The selection process has been made using Multi-Criteria Decision Analysis (MCDA). The authors propose to apply officially available data from the Automatic Identification System (AIS)—a sensor for the ECDIS and other electronic chart systems—in the analysis of the availability of ships. Algorithms filtering available units have been built and applied in a simulation, using real AIS data, of one of the most common types of SAR operations. The method is proposed as an enhancement of decision support systems in maritime rescue services.
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1. Introduction


A proper and effective Search and Rescue (SAR) operation is a highly complex process involving the collection and assessment of information, smart planning, taking into consideration the resources on hand, implementation of procedures, and efficient coordination. Insufficient action taken in these respects can delay the operation, impair its effectiveness, and lead to wrong decisions. Typically, a SAR operation is organised and coordinated by a Rescue Coordination Centre (RCC). The SAR mission coordinator has advanced search-and-rescue units at their disposal, such as watercraft and aircraft stationed at bases, harbours, and airports. Particular countries are responsible for search and rescue operations within their respective Search and Rescue Regions (SRR), and support operations in other areas as part of international cooperation. In some situations, it would take too long for search and rescue services to reach the distress position or professional SAR resources are insufficient. In such a case, the SAR coordinator can request civil units in the vicinity of the distress position, such as merchant, passenger or fishing vessels, pleasure boats or specialised vessels carrying out offshore works, to render assistance. Until the arrival of professional SAR units, the importance of help provided by such non-rescue ships cannot be overrated. They can undertake search relatively quickly, and thus greatly increase the chances of rescuing survivors. This is especially important where the major threat to survivors’ life is hypothermia.



A Rescue Coordination Centre (RCC) deploys forces and resources for a given operation on the basis of an assessment of usefulness. The selection of well-suited vessels may not be so obvious if there are many vessels of various parameters within a given SRR. Vessels’ suitability and potential to perform tasks in a SAR operation depends on their operational parameters and structure. Coordination of an action performed by a large number of ships is challenging and the risk of, e.g., collision is higher than when fewer vessels participate in the operation. It is the coordinator’s responsibility to select a proper number of vessels suited to carry out an effective SAR operation.



To boost effectiveness of a SAR operation, the authors propose to use the commonly applied Automatic Identification System (AIS) and the Multi-Criteria Decision Analysis (MCDA) methods. With their support, a database of ships in a given area can be created and ships’ features can be compared to select the most suitable vessels for a particular search and rescue operation (Figure 1).



The MCDA methods enable the arrangement of a number of solutions under analysis (in this case, ships) according to predefined criteria. A ranking of vessels can be created sorted by the number of criteria met. What is more, the analysis can be repeated to provide updated data on an ongoing basis. The method is aimed to speed up the selection process and support the coordinator in the demanding task of organisation and coordination of a SAR operation, as well as improve effectiveness of the operation. Additionally, it can become a vital part of a more complex decision support system used by maritime rescue services.



Literature Overview (State of the Art)


Coordination of SAR operations and the inherent necessity of selecting the most suitable vessels for the job is a challenge all over the world. Nonetheless, the multi-criteria approach to the selection of vessels has not been discussed in the literature so far. Planning and coordination of a SAR operation uses numerous criteria, and, on many occasions, the coordinator has a decision support system at their disposal. The selection of vessels for a SAR operation involves acquisition of information about vessels in the vicinity of the distress position and proper communications based on the established procedures and professional experience of coordinators of various levels of a SAR operation [1].



A vast majority of the publications (90%) deal with the planning and conduct of the search activity, i.e., describe results of research into aspects other than those investigated by the authors of this paper. Various approaches to the job of optimal deployment and selection of ships for a SAR operation are discussed by Cameron et al. [2], Azofra et al. [3], Malyszko et al. [4], and Pelot et al. [5]. Lubcke et al. [6] and Shabani et al. [7] focus on optimisation of a SAR operation. Modern challenges and technological advancements in communications systems applied in maritime rescue are analysed by Vlacic et al. [8], Lazaro et al. [9], Gozlan et al. [10], and Yan et al. [11]. Wang et al. [12] describe an innovative approach to missing data filling through multiple imputation. The possibilities of using SAR and AIS to search for and detect vessels are presented in [13,14]. Ship detection using SAR and AIS was discussed in [15]. A novel approach to how to integrate AIS and Synergic Aperture Radar signals and data for vessel traffic and monitoring is presented in [14,16].





2. Materials and Methods


The research is based on data from national automatic identification systems, namely, AIS PL, AIS DE, AIS DK, and AIS SE. The data are saved and made available for retrieval in various standards; therefore, pre-decoding and pre-processing is required as well as filtering out of vessels registered at the same time in multiple systems.



2.1. AIS Data


The AIS uses the VHF (Very High Frequency) radio band. The range of a shipborne system operating within this band varies approximately from 20 to even 60 Nm, depending on the height of antennas and the propagation conditions. Apart from ship’s navigational equipment, aids to navigation both onshore and at sea use the AIS. Objects identified in the AIS can be monitored globally by satellite systems for commercial (e.g., www.exactearth.com, assessed on 3 May 2021) as well as security, military, and other purposes. Domestically, a national AIS system can be used by, e.g., the Vessel Traffic Service (VTS) stations in areas under their surveillance. Moreover, maritime authorities of coastal countries register the AIS data via a network of receivers deployed along the coast and in ports.



The AIS data can be used by both the On-Scene Coordinator onboard the ship and the SAR Mission Coordinator in a shore-based Maritime Rescue Coordination Centre (MRCC). Onboard the ship, data from the AIS are made available through a standard AIS receiver as alphanumerical data, possibly with a mini chart, and through state-of-the-art radars and ARPA systems. Shore-based MRCCs equipped with specialised software and access to global or regional AIS data can analyse the data and pre-select optimal ships for a SAR operation. The data used in the research are from the first quarter of 2021.



The AIS data transmitted by ships and other objects are encoded in the NMEA (National Marine Electronics Association) 0183/2000 standard. The NMEA 0183 Interface Standard, used worldwide across many industry segments, is intended to support one-way serial data transmission from a single talker to one or more listeners (nmea.org). Example data registered in the AIS-PL are shown in Figure 2.



As an example, the first line in Figure 2 is to be read as follows:



!—opening mark,



AIVDM—transceiver AIS, encoding standard VDM (VHF Data link Message),



1—number of sequences,



1—AIS channel 1,



4—additional bits,



B—Ais class B,



The following sequence of characters—compressed sequence of data (containing detailed data (inter alia: identification, position, course, speed, ship size),



0*1C—check sum.



In the AIS, data are transmitted from various sources and at different frequencies. In order to select data exclusively from floating surface units, multi-stage filtering was applied to discard data from base stations, aids to navigation, and ships moored in harbors.




2.2. Research Area


The research was carried out based on real-life data. The area under analysis is characterised by dense traffic of all types of ships. A square area of 48 × 48 Nm was selected for the research, where Search and Rescue Regions of Denmark, Germany, Poland, and Sweden have their borders. The data under analysis were recorded at various times of the year, various days of the week, and various times of the day, characterised by different traffic images. The area under analysis has the highest traffic density in the Baltic Sea. Routes to and from major ports of the Baltic Sea as well as the main transit routes cross here. The area has multiple Traffic Separation Schemes (TSS) and is monitored by the AISs of the mentioned countries. A chart of the area under analysis is shown in Figure 3.



Part of the text information in the data has been substituted with codes commonly used in sea navigation. Table 1 shows the coding for the ship’s navigational status, Table 2—the type of ship.



The data were decoded and pre-filtered to discard data from base stations, moored vessels, aids to navigation, AIS-SART transponders, vessels of a length overall smaller than 24 m (considering that their crews may not be qualified for participation in a SAR operation, as well as that they may not be equipped with proper means of communications, lifesaving, and rescue equipment). Example data used in the case study described in this paper, decoded and pre-filtered, are shown in Table 3.



where:




	
MMSI—Maritime Mobile Service Identity



	
Lat—latitude



	
Lon—longitude



	
Status—navigational status



	
SOG—speed over ground (knots)



	
COG—course over ground (deg)



	
Type—type of ship



	
L—ship length (m)



	
T—ship draught (m)



	
B—ship breadth (m)








The preselected vessels are shown in Figure 4, marked in blue. The simulated distress position φ = 54.95°N, λ = 013.95°E is marked in red.




2.3. Vessel Selection Algorithm


Once downloaded and decoded, the AIS data were subject to analysis. The authors used one of the MCDA methods—Promethee II (Preference Ranking Organization METHod for Enrichment of Evaluations and its descriptive complement geometrical analysis for interactive aid).



The method uses the outranking relation of alternatives (here, vessels) based on various criteria, sorted in decreasing order, by the preference of the decision maker. The preference function is diluted with the criteria and their weights. The method was elaborated in 1984 by J. Brans [18]. The arguments of each function are differences in the assessment of each pair of alternatives. The function can have a value within the range of zero and one. Values close to zero mean that the preference within a given pair of alternatives is weak or there is no preference at all, whereas values close to one mean that the preference of one of the alternatives is strong. The method uses aggregated preference indices to calculate the outranking flows (domination). A flow can be positive or negative within the range of zero and one. The final result is the net flow of results of the pairwise comparisons. The result of calculations is presented as a partial ranking (Promethee I) or complete ranking (Promethee II).



The Promethee methodology consists of the following steps: building of outranking relations, determination of the preference index, calculation of outranking flows for all variants, determination of the final ranking.



2.3.1. Building of Outranking Relations


An outranking relation is based on a defined set of alternatives (a1, a2, a3 … am), a set of criteria (i1, i2, i3,.. in), weights giving the relative importance of the criteria, and values of the criterion functions. An outranking relation is built on the basis of a preference index  π , determined with formula (1):


  π  (  a , b  )  =  1 π    ∑   i = 1  n   π i   H i   (  a , b  )  ,   w i t h   π =   ∑   i = 1  n   π i   



(1)




where:



  π  (  a , b  )  —  the decision maker’s multi-criteria preference index for alternative a relative to alternative b taking into account all the criteria



   H i   (  a , b  )   —preference function for the ith criterion



i—set of criteria for the evaluation of variants




2.3.2. Determination of the Preference Index


A multi-criteria preference index   π ( a , b  ) is used to assess the dominance of variant a over variant  b . The index provides an arrangement of relations between alternatives in a way to enable a comparison to be made within pairs of alternatives, taking into account all the criteria. To determine the index, the preference functions must be determined first. Six types of preference relations are used for this purpose:




	
type 1—usual,



	
type 2—U-shape,



	
type 3—V-shape,



	
type 4—level,



	
type 5—linear,



	
type 6—Gaussian.








Depending on the type of preference function, various evaluation thresholds are in use:




	
indifference threshold (q) (the incomparability threshold)—the largest deviation which is considered by the decision maker as negligible. It determines a range of values where no outranging occurs and the minimum function value is 0 (zero);



	
preference threshold (p)—the smallest deviation which is considered by the decision maker as sufficient to generate a complete preference. It is the limit value which, if exceeded, generates the maximum value 1 (one) of the preference function;



	
Gaussian threshold (σ)—corresponds to the inflection point of the Gaussian curve. It is a deviation of a value between Q and P. More difficult to be determined; the use of the arithmetic mean of the sum of the indifference threshold and the preference threshold   σ =  1 2   (  q + p  )    is recommended.








Below is a discussion of the usual and linear functions which were used in the simulation.



Type 1—usual preference function



The usual function represents a strong preference and does not have any threshold values (Figure 5.). It corresponds to a situation where for a given criterion, both alternatives (a and b) are considered as equal, i.e., the evaluation values are equal gi(a) = gi(b). If the condition is not met, there is a strong preference of one variant over the other. The function can have one of two values—0 or 1.



Type 5—linear preference function



For this function, the indifference threshold q and the preference threshold p must be determined (Figure 6). For a criterion under analysis, the function value increases linearly for the difference in the evaluation of alternatives gi(a)—gi(b); however, the range of the increase is limited by the thresholds. If the difference does not go beyond the indifference threshold q, there is no preference (the function has the value of 0), whereas if the difference goes beyond the preference threshold p, the preference is strong (the function has the value of 1).




2.3.3. Outranking Flows for the Alternatives


Step three consists in the calculation of the value of flows. There are three parameters of the outranking flow: the leaving flow (positive), the entering flow (negative), and the net flow.



The leaving flow Phi+    φ +   ( a )    determines the preference of a given variant over others. The positive preference flow measures how much an alternative a is preferred to the other ones. It is a global measurement of the strengths of alternative a. The larger leaving flow, the better the alternative.


   φ +   ( a )  =   ∑   b ϵ A   π  (  a , b  )   



(2)







The entering flow Phi-    φ −   ( a )    determines the preference of all other variants over a given variant. The negative preference flow measures how much the other alternatives are preferred to alternative a. It is a global measurement of the weaknesses of alternative a. The smaller entering flow the better the alternative.


   φ −   ( a )  =   ∑   b ϵ A   π  (  b , a  )   



(3)







The net preference flow Phi   φ  ( a )    is the balance between the positive and negative preference flows. It thus takes into account and aggregates both the strengths and the weaknesses of the alternative into a single score. Net flow can be positive or negative. The larger the net flow, the better the alternative.


  φ  ( a )  =  φ +   ( a )  +  φ −   ( a )   



(4)








2.3.4. Building of the Ranking


The ranking of variants (alternatives) is built based on the net flow. Where   φ  ( a )  > φ  ( b )   , variant a is better, preferred over variant b.





2.4. Expert Assessment (Assessment Criteria)


The usefulness of a given vessel in a SAR operation is assessed based on a suitable set of criteria. The criteria meet the coordinator’s expectations concerning the capabilities of vessels necessary to do a certain type of task. The authors developed a set of five criteria, namely, navigational status, time to distress position (transit time), type of vessel, size, and draught. The criteria are measured in various units, i.e., they are expressed qualitatively or quantitatively. Time to distress (transit time) and size are expressed in, respectively, time units and metres, i.e., they represent quantitative criteria, whilst type of vessel and navigational status are expressed qualitatively, by means of a description corresponding to a certain assessment result. Draught, although expressed in metres, is assessed qualitatively at two levels, where the limits of ranges are determined by the coordinator based on the depth of water in a given area. Typically, assessment of criteria expressed in various units of measurement is difficult; however, the MCDA methods solve the problem. Below is a description of the methodology of assessment for particular criteria. Table 4 shows an overview.



Navigational status describes the vessel’s temporary situation and indirectly shows whether she can give a quick reaction. There are nine navigational statuses in the AIS, as shown in Figure 3. Status 0—‘underway using engine’, or 8—‘underway sailing’ means that the vessel is able to continue making way using engine or sails. Status 1—‘at anchor’, and 5—‘moored’ means that she will not be able to get underway immediately, as first she has to spend time heaving up anchor or unmooring. Similarly, status 7—‘engaged in fishing’ implies that the fishing gear deployed may prevent the vessel from steering a desired course. Vessels showing status 2—‘not under command’, 3—‘restricted manoeuvrability’, 4—‘constrained by her draught’, and 6—‘aground’ will be assessed as unable to take part in a SAR operation. The classification shown in Table 4 has been adopted to assess vessels using the ‘navigational status’ criterion.



The criterion of draught, expressed in metres, is significant in areas with shallow waters or underwater obstructions. If the coordinator is aware of the specifics of the area (depth, shallows, underwater hazards), he can eliminate ships with excessive draught during the assessment. This criterion is assessed qualitatively Yes/No (1/0), where vessels get 1 point if they are able to navigate in a given area. It should be stressed here that navigation is conducted, supervised, and monitored by the officer of the watch onboard the vessel. However, the criterion of draught is supposed to support the coordinator in the selection of ships and filter out those which most likely will not be able to participate in the operation.



The criterion of size in fact uses the vessel’s length overall (LOA), which is typically correlated with the height of the superstructure. The higher the superstructure is, the better the visual surveillance of the area. This feature is especially appreciated in a search for small objects, such as a survivor in water. This criterion is maximised and assessed quantitatively.



The criterion of time to distress position (transit time) is expressed in time units. This value is determined based on two parameters—speed and distance to the distress position (derived from the vessel’s position). Time to distress position is not equivalent to the estimated time of arrival in the distress position, as it does not take into account such factors as navigational situation or other actions necessary to start navigation (such as heaving up the anchor). The criterion is significant, as it gives us an idea whether the vessel is able to undertake action. Vessels are assessed quantitatively, and the criterion is minimised.



The criterion of the type of vessel provides information about how the vessel is operated. Merchant vessels are the most suitable for the job, as they usually meet the SOLAS and STCW requirements concerning the navigational, communications, and rescue equipment, as well as training of the crew. According to decision makers, with merchant vessels participating in a SAR operation, risk is minimised at maximised effectiveness. With passenger vessels risk is higher considering the presence of many people. The least useful are fishing vessels and pleasure yachts. Most of them do not meet the STCW standards in terms of equipment and qualifications of the crew. Communications problems can be expected (they use shorter range communications equipment) as well as language problems (in some parts of the world). Compared to merchant vessels, the assessment of small vessels in terms of suitability for participation in a SAR operation is poorer. It must be noted here, however, that exceptions may apply.





3. Results


Case Study—Search for a Missing Person


To illustrate how the AIS data can be used, a scenario has been developed and a simulation with the MCDA performed. The authors’ method includes these six steps:




	(1)

	
Diagnose the problem (define the decision maker and profile of the SAR operation).




	(2)

	
Define the set of alternatives (available Search and Rescue Units, SRU).




	(3)

	
Define a consistent set of criteria (and establish the method of assessment).




	(4)

	
Model the decision maker’s preferences (determine their expectations).




	(5)

	
Carry out the calculation experiment (select the method and carry out the testing).




	(6)

	
Summarize (analyze the results and draw a conclusion).









Step 1 consists in the collecting of data on the distress. The most important information includes the type of object in distress and its position, type of assistance required, and the prevailing hydrographical and meteorological conditions. The designation of the coordinator (decision maker) depends on the location of distress. For the purposes of the simulation, the profile of the SAR operation has been determined—searching for a single person in the water. The SAR operation profile is an essential part of the proposed method, as it establishes the relation between the type of distress and the type of assistance required. Weights of particular criteria will vary, depending on the type of operation to be carried out. For each type of operation, the coordinator may be looking for vessels offering different capabilities. For example, when searching for a single person in the water, time to distress and precision of search are of utmost importance. When looking for lifeboats with many survivors, the technical ability to recover many persons is vital. The SAR operation profile is significant at step 4: Model the decision maker’s preferences. In the case under analysis, an area of the Baltic Sea in the Danish SRR was selected, and the distress position 54.95°N 013.95°E as well as the date of the incident 16 March 2021 were established.



Step 2 consists in the establishment of a set of alternatives (decision variants), i.e., ships (SRUs) available in the selected area. The set of alternatives is built through the acquisition of information about vessels in the vicinity of the distress position. They must meet the prerequisite of participating in the SAR operation, i.e., have the status of readiness (including, without limitation, being technically fit and presenting an acceptable risk related to being used in the operation). For this purpose, the AIS was used. A set of 40 vessels which were in the area on the day of simulation under analysis was created (Table 3). This step is discussed in more detail in Section 2.1 and Section 2.2.



The basis for assessment when using the multi-criteria decision support method is the determination of a proper set of criteria (Step 3). Here, the criteria represent features of SRUs sought by the decision maker. The set of criteria includes five features: navigational status, time to distress position (transit time), type of vessel, size of vessel, and draught. The criteria are discussed in Section 2.3.



Step 4 consists in the modelling of the decision maker’s preferences and includes determination of the decision maker’s expectations as preferences concerning the SRUs and the criteria. Modelling of the decision maker’s preferences was carried out with expert studies. The studies took the form of consultation and brainstorming. The expert group consisted of 5 people, including the authors. The preferences are expressed as weights of the criteria and sensitivity to a change in the criteria. The parameters established for the situation under analysis are shown in Figure 7. Weights of the criteria, determined by experts, vary between 10% and 30%. The experts considered navigational status and time to distress position (transit time) to be equally important and the most relevant in the set of criteria. Searching for and recovering a person from the water requires a quick response because of the risk of hypothermia and drowning. Therefore, vessels which are able to proceed immediately to the scene of the incident and those which can get there fastest are most desirable to the co-ordinator. Type of vessel and size of vessel were considered to have less influence on the possibility to reach success but are still important. The draught of the vessel was ranked last because it has no influence on the outcome of the action, but on the ability to participate in the action. The usual preference function was defined for the criteria of navigational status, type of vessel, and draught, whilst the linear preference function was defined for the time to distress (transit time) and size of vessel. It is usually recommended that qualitative criteria have a usual function and quantitative criteria have a linear function. This was also chosen in this case. Only the draught criterion will be evaluated in a different way to take into account the current conditions in the search area., The following thresholds (indifference and preference) were established for the linear function: transit time criterion (0.25 h and 1 h), vessel size criterion (40 m and 200 m). This means that in the first case (usual function), the alternative with a higher value will automatically receive 1 point. In the other case (linear function): where the difference between the assessment of two alternatives is below the indifference threshold, both alternatives will receive the same score (they are equally good for the decision maker, i.e., a difference in the time to distress (transit time) of less than 0.25 h is considered negligible by the decision maker). If the difference between the assessment of two alternatives is between the two thresholds, the better alternative will receive a value, in proportion, between 0 and 1. Once the difference goes beyond the preference threshold, the better alternative will automatically receive 1 point. Thresholds for time were determined based on the specifics of the simulated search area. Thresholds for vessel size were established on the basis of an analysis of average vessel parameters.



Step 5 consists in the selection of appropriate calculation methods and information processing (testing). The case under analysis uses the Promethee II method. The data acquired in steps 1–4 were implemented into the algorithm. In the case under analysis, the Visual Promethee software was used for this simulation. The database for the scenario was filled in with the data on each SRU for each of the criteria. Here, the data were entered manually. Ultimately, in more advanced decision support systems for SAR operations, the data can be entered automatically. The results were analysed in the subsequent step.



Step 6 consists in an analysis of the results and their sensitivity, to be able to establish reliability of the result. The results enable us to create a ranking of alternatives (vessels, from the best to the worst, according to the Phi net value). The following ranking was obtained in the scenario under analysis (Figure 8): Vessel 03 ranked the highest (Phi = 0.314), Vessel 35 ranked the lowest (Phi = −0.7807). What is interesting, results for vessels at the top of the list do not vary much. It means that the coordinator is able to isolate a group of vessels which can perform search and rescue tasks equally well. Otherwise, the coordinator can decide to choose the vessel at the very top of the list. The ranking is supposed to support the coordinator. An additional single-criterion analysis can help us determine which vessels can be useful in a given SAR operation.



All things considered, the data provided by the AIS are limited and do not provide exhaustive information on ships. Therefore, in the next step, the coordinator can decide to contact selected vessels to establish details. Nevertheless, the ranking will facilitate the task and speed up the decision-making process, and, first and foremost, provide a pre-selection according to the coordinator’s preferences.



An alternative manner to present the data is offered by the Promethee Network. This tool enables a quick data analysis taking into account the Phi net flows (sorted vertically—the final result of a multi-criteria analysis) as well as the partial rankings Phi+ and Phi–, which have an impact on the horizontal arrangement. The alternatives closer to the left edge of the network have smaller negative values, i.e., have been assessed higher in the single-criterion assessment than those located to the right. For example, Vessel 29 has a relatively high net flow, similarly to Vessel 28 (both of them are high on the vertical axis of the graph); however, Vessel 29 is to the right of Vessel 28, which means that it is assessed worse than Vessel 28 according to one of the criteria. A closer analysis of the data for both vessels reveals that it is the criterion of draught. Using the network, the decision maker can easily create a group of optimal vessels by selecting those located in the top left-hand corner (Figure 9: for example, a bounded by Vessel 03 and Vessel 36, skipping Vessels 29, 09, and 30).



As mentioned before, data available from the AIS are limited and do not cover all vessel parameters which may be useful in a SAR operation. Therefore, the coordinator will most probably verify and complete their information about a vessel via radiotelephony. However, by applying a multi-criteria analysis, we can easily pre-select vessels which best meet our needs. Some other modern methods are described in [20,21,22,23].



To summarise the case study, the following can be pointed out:




	
the action profile was defined (search for one person in the water);



	
the search area was determined;



	
a group of alternatives was defined (information about the ships was obtained from the AIS system, the data were decoded, several parameters of the ships were obtained; the parameters are used to assess the suitability of the ship for the search and rescue operation;



	
a set of criteria and a method of evaluation was defined; modelling of the decision maker’s preferences was carried out; the criteria have weights, evaluation limits, and evaluation thresholds;



	
a multi-criteria decision analysis computational experiment was conducted (Promethee II method was performed);



	
the results were analysed in the form of a table and a network;



	
a way of the final selection of ships for action was suggested.










4. Discussion and Conclusions


The authors propose a way to optimise the planning and coordination of SAR operations with the use of AIS data through boosting the effectiveness of selection of non-rescue vessels to participate in SAR operations. A detailed analysis of vessels is made with the use of the MCDA methods, which enable us to examine vessels based on multiple criteria simultaneously. One of the advantages of the method is the ability to sort a set of vessels under analysis by the decision maker’s preference. Such a method of analysis provides tools for rapid isolation of ships which meet the decision maker’s requirements. The authors make an assumption that the proposed method will become part of the systems supporting captains (coordinators) in the decision-making process in emergencies.



The use of the AIS data is relatively inexpensive, as it is based on systems and equipment which are already in place. The data analysis is rapid and comprehensive. The feature of data filtering enables the exclusion of vessels which do not meet the basic criteria (e.g., vessels with a draught which is too big for the area of the operation). The AIS is easily accessible in areas offering Internet access, without the need to have one’s own transmitter. A downside to the method is that the quality or quantity of incoming data cannot be controlled. A small percentage of the data have coding errors, what may impair rapid data analysis.



The application of the MCDA method requires the involvement of the decision-maker (experts). Their opinion on the details of the action and their preference for ships are essential. Defining the right criteria and modelling the decision maker’s preferences significantly affect the results. During the preparation of the study, several computational simulations were performed for different action profiles. In this paper one case study (search for missing person) is presented. The action profile defines the relationship between the type of danger and the type of assistance required. For each action profile, the decision maker’s preferences have to be modelled. This is because different types of operations require different resources. A given ship may be very useful in a particular action and not very suitable for another. The role of the decision maker (RCC coordinator) is to select the most suitable units for the action. He or she must rely on the information received, his or her own judgement and experience. This task is very stressful. It is easy to make mistakes or unnecessarily prolong the decision time. The situation of selecting non-rescue vessels for action is not an everyday problem in the RCC. However, to support the coordinator, the authors propose the introduction of a decision support system. One of its modules could be the selection of units in order to choose optimal ships. In this way, it will be possible to improve the effectiveness of the action.



The method is especially useful in areas of high traffic density, where ships are of various types, with different equipped and carrying out different tasks. Likely, many of them will be less suitable than others to carry out a SAR operation. In many areas, especially upon the open oceans, vessel traffic may be scarce and no comparison between vessels may be needed when conducting a SAR operation. Nevertheless, the data gathered even in such circumstances can be used later to build ship databases and determine their possible effectiveness in a SAR operation.
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Figure 1. Algorithm for the selection of vessels for a SAR operation (authors’ own work). 
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Figure 2. Extract from original AIS data registered by a shore-based station in the AIS-PL. 
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Figure 3. Area under analysis (authors’ own work). 
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Figure 4. Positions of pre-selected ships, charted (own work). 
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Figure 5. The ordinary preference function—the Promethee method [3,4]. 
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Figure 6. Linear preference function—the Promethee method [18,19]. 
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Figure 7. Visual Promethee software dialogue window: criterion weight, preference function, preference threshold for the defined set of criteria (own work on the basis of the Visual Promethee software). 
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Figure 8. Net flows—a ranking of alternatives (own work on the basis of the Visual Promethee software). 
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Figure 9. Promethee network (own work on the basis of the Visual Promethee software). 
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Table 1. Original AIS (NMEA) navigational status of ships and substituting codes.
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Original Status

	
Code






	
Navigational status

	
Underway using engine

	
0




	
At anchor

	
1




	
Not under command

	
2




	
Restricted manoeuvrability

	
3




	
Constrained by her draught

	
4




	
Moored

	
5




	
Aground

	
6




	
Engaged in fishing

	
7




	
Underway sailing

	
8








Source: [17].
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Table 2. Original ship type and substituting codes used in AIS (NMEA).
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	Ship Type
	Code





	Cargo
	70



	Tanker
	80



	Passenger
	60



	Fishing
	36



	HSC
	40



	Military
	35



	Other
	90



	Pilot
	50



	Pleasure
	37



	SAR
	51



	Tug
	52



	Reserved
	38



	Port tender
	53



	Dredging
	33



	Law enforcement
	55



	Anti-pollution
	54



	Undefined
	0



	WIG
	20



	Diving
	34



	Towing
	31



	Towing long/wide
	32



	Spare 1
	56



	Spare 2
	57



	No party of conflict
	0







Source: [17].
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Table 3. Database (of vessels) based on the AIS data, pre-filtered and decoded (authors’ own work).
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	Time
	MMSI
	Lon

(deg)
	Lat

(deg)
	Status
	SOG

(kn)
	COG

(deg)
	Type
	L

(m)
	T

(m)
	B

(m)





	16:23:39
	354749000
	13.53027
	55.250415
	0
	7.4
	277
	70
	87
	4.7
	12



	16:23:41
	219026000
	14.018038
	55.221572
	0
	18.1
	273.8
	60
	158
	5
	25



	16:23:47
	209864000
	13.89797
	55.070782
	0
	13.8
	351.6
	60
	170
	6
	28



	16:23:41
	255806278
	13.368748
	54.932587
	0
	8.5
	248.9
	70
	106
	6.1
	14



	16:23:41
	255805829
	14.136443
	55.224405
	0
	9.5
	273.5
	70
	108
	6.2
	18



	16:23:41
	212733000
	14.3345
	55.255333
	0
	12.7
	220
	70
	169
	9.3
	27



	16:23:42
	245772000
	13.31946
	55.258518
	0
	11.8
	271.8
	70
	109
	6.5
	16



	16:23:42
	305299000
	13.490572
	54.945675
	0
	17.3
	250.1
	70
	133
	8.5
	22



	16:23:43
	310133000
	14.128607
	55.091383
	0
	17.3
	219.7
	70
	216
	10.6
	32



	16:23:44
	246670000
	13.697983
	55.246633
	0
	9.3
	271
	70
	114
	6.6
	14



	16:23:44
	563038100
	13.70044
	54.990885
	0
	12.3
	249.9
	70
	117
	8.4
	18



	16:23:45
	257943000
	14.042183
	55.23825
	0
	9.9
	272
	70
	83
	5
	13



	16:23:46
	246499000
	13.586062
	54.977923
	0
	10.5
	250.6
	70
	80
	4.3
	12



	16:23:47
	232005533
	13.466733
	55.24384
	0
	11.5
	274.1
	70
	90
	3.7
	15



	16:24:25
	305565000
	13.759495
	55.174777
	0
	8.9
	94.9
	70
	89
	3.9
	16



	16:24:27
	244768000
	14.450947
	55.247852
	0
	11.2
	41.4
	70
	111
	5.2
	14



	16:24:27
	304201000
	14.470047
	55.278752
	0
	9.3
	41.1
	70
	91
	3.9
	16



	16:24:31
	246779000
	14.44577
	55.25248
	0
	10.2
	41.3
	70
	90
	5.5
	14



	16:24:32
	215432000
	13.986732
	55.16847
	0
	10.8
	89
	70
	105
	4.3
	16



	16:24:34
	246447000
	14.365483
	55.17445
	0
	14.4
	38.2
	70
	108
	4.7
	16



	16:24:35
	229010000
	14.22193
	55.158955
	0
	11.7
	91.7
	70
	190
	6.4
	29



	16:24:35
	235059765
	14.247938
	55.171805
	0
	10.7
	91.3
	70
	90
	5.6
	15



	16:24:36
	374821000
	13.97153
	55.160907
	0
	12.8
	90
	70
	229
	7.2
	32



	16:24:37
	236701000
	13.594433
	54.70415
	0
	11.3
	150.8
	70
	100
	4.5
	17



	16:24:37
	244860325
	14.468125
	55.260863
	0
	11.1
	35.1
	70
	135
	4.7
	16



	16:23:38
	235068963
	14.132533
	55.154607
	0
	13.2
	194.4
	80
	144
	6.4
	23



	16:23:40
	266266000
	14.331673
	55.266745
	0
	11.6
	219.2
	80
	130
	5.9
	20



	16:23:46
	255806060
	13.97053
	55.04576
	0
	11.7
	248.9
	80
	118
	6.5
	16



	16:23:46
	248851000
	14.02153
	55.051862
	0
	12.1
	248.7
	80
	250
	11.4
	44



	16:23:48
	218057000
	13.937052
	55.084075
	0
	9.1
	246.6
	80
	188
	10.9
	32



	16:23:49
	266266000
	14.33107
	55.266327
	0
	11.6
	218.8
	80
	130
	5.9
	20



	16:24:21
	218292000
	14.176533
	55.15934
	0
	11.6
	97
	80
	200
	6.2
	32



	16:24:16
	205465000
	13.323733
	54.761521
	0
	10.7
	95.4
	70
	87
	5.1
	12



	16:23:55
	219001678
	14.406083
	54.782175
	7
	5.6
	11.6
	36
	24
	2.4
	6



	16:23:51
	236111849
	14.415112
	54.74221
	7
	5.7
	9.3
	36
	22
	1.8
	6



	16:24:32
	311033600
	14.01603
	54.70768
	0
	10.2
	125
	70
	186
	6.6
	25



	16:23:59
	319402000
	13.50012
	54.715667
	0
	11.7
	131.5
	80
	96
	4.7
	16



	16:24:31
	209543000
	13.72166
	54.583302
	0
	13.6
	151.1
	70
	168
	9.5
	26



	16:24:20
	305426000
	13.8921
	54.416111
	0
	12.8
	330.3
	70
	176
	10.4
	26



	16:23:53
	249616000
	14.54721
	54.87681
	0
	12.8
	103
	80
	92
	5.2
	14
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Table 4. Assessment using the ‘navigational status’ criterion [own work].
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	Status
	Assessment





	0, 8
	Level 1



	1, 5, 7
	Level 2



	2, 3, 4, 6
	Level 3
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