Data used in Case Study 1

Table S1. Properties of different repair types.
	
	Repair time (h)
	Technicians required
	Value (£ ,000)
	Cost 
(£ ,000)
	Weight of spares (kg)
	Probability of correct diagnosis

	Manual reset
	2
	2
	100
	0
	0
	1

	Grease top-up
	3
	2
	80
	0.5
	20
	1

	Minor repair
	4
	3
	100
	1
	100
	0.8

	Medium repair
	6
	3
	100
	18.5
	400
	0.9

	High priority repair
	5
	3
	120
	25
	500
	0.95

	Annual service
	6
	2
	80
	18.5
	300
	1



Table S2. Shape and scale parameters of the gamma distribution function.
	
	
	Expected repair length (h)

	
	
	2
	3
	4
	5
	6

	
Gamma distribution
	Mean (h)
	2
	3
	4
	5
	6

	
	Shape parameter
	4
	6
	8
	10
	12

	
	Scale Parameter
	0.5
	0.5
	0.5
	0.5
	0.5



Table S3. Properties of vessels used in Case Study 1.
	Vessel number
	Crew capacity
	Speed (km/h)
	Fuel consumption (£'000/km)
	Hire cost (£'000/day)
	Load capacity (kg)

	1
	12
	50
	0.01
	0
	2000

	2
	12
	50
	0.01
	20
	2000

	3
	12
	40
	0.006
	0
	1200

	4
	12
	40
	0.006
	0
	1200

	5
	12
	40
	0.006
	10
	1200





Table S4. Probability of transfer given wave height and type of vessel.
	
	Probability of successful crew transfer in a given wave height

	Vessel
	Hs <1.4m
	1.4≤ Hs <1.6m
	1.6≤ Hs <1.8m
	1.8≤ Hs <2m

	1
	1
	1
	0.75
	0.5

	2
	1
	1
	0.75
	0.5

	3
	1
	0.8
	0.5
	0

	4
	1
	0.8
	0.5
	0

	5
	1
	0.8
	0.5
	0



[image: D:\USERS\mlb08156\Desktop\Journal\Case studies\CS7 Linear Programming\CS2\Vessels.tif]
Figure S1. Proposed policy for Case 2 in Case Study 1.
[image: D:\USERS\mlb08156\Desktop\Case1_with_arrows.png]
Figure S2. Vessel Dispatch plan for Case 1 with arrows indicating vessel movements. 
[image: D:\USERS\mlb08156\Desktop\Journal\Case studies\CS7 Linear Programming\CS4\Vessels.tif]
Figure S3. Proposed policy for Case 4 in Case Study 1.
[image: D:\USERS\mlb08156\Desktop\Journal\Case studies\CS7 Linear Programming\CS5\Vessels.tif]
Figure S4. Proposed policy for Case 5 in Case Study 1.
Table S5. Order of turbine visits for cases 2, 4 and 8.
	
	
	Probability
	Order of visits

	Case 2
	Vessel 1
	9.3%
	T95
	T77
	T89
	T16
	T77
	T89
	T95
	T16

	
	Vessel 2
	60.1%
	T54
	T90
	T54
	T99
	T90
	T99
	
	

	
	Vessel 3
	65.6%
	T60
	T85
	T60
	T33
	T85
	T33
	
	

	
	Vessel 4
	9.7%
	T20
	T29
	T19
	T67
	T19
	T67
	T20
	T29

	
	Vessel 5
	12.2%
	T52
	T43
	T24
	T12
	T12
	T24
	T43
	T52

	Case 4
	Vessel 1
	69.3%
	T60
	T12
	T60
	T54
	T12
	T54
	
	

	
	Vessel 2
	54.3%
	T89
	T90
	T99
	T99
	T90
	T89
	
	

	
	Vessel 3
	44.8%
	T16
	T24
	T33
	T33
	T24
	T16
	
	

	
	Vessel 4
	9.7%
	T20
	T29
	T19
	T67
	T19
	T67
	T20
	T29

	
	Vessel 5
	27.3%
	T77
	T43
	T85
	T85
	T77
	T43
	
	

	Case 5
	Vessel 1
	54.3%
	T89
	T90
	T99
	T99
	T90
	T89
	
	

	
	Vessel 2
	60%
	T12
	T19
	T12
	T60
	T19
	T60
	
	

	
	Vessel 3
	31.9%
	T77
	T67
	T85
	T85
	T67
	T77
	
	

	
	Vessel 4
	44.8%
	T16
	T24
	T33
	T33
	T24
	T16
	
	

	
	Vessel 5
	65.4%
	T43
	T54
	T54
	T43
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Figure S5. Gantt chart for Vessel 3 in Case 1.
















Data used in Case Study 2

Table S6. Repair properties for Case Study 2.
	
	Repair Time (h)
	Technicians Required
	Value (£ ,000)
	Cost 
(£ ,000)
	Load (kg)
	Probability of correct diagnosis

	Half-day repair
	2.5
	2
	100
	1
	100
	1

	Full day repair
	6
	3
	100
	1
	100
	1

	High priority repair
	6.1
	3
	120
	1
	100
	1

	Low priority action
	5.9
	2
	80
	1
	100
	1



Table S7. Properties of vessels used in Case Study 2.
	Vessel number
	Crew capacity
	Speed (km/h)
	Fuel consumption (£'000/km)
	Hire cost (£'000/day)
	Load capacity (kg)

	1
	12
	36
	0.006
	0
	1200

	2
	12
	36
	0.006
	0
	1200

	3
	12
	36
	0.006
	0
	1200

	4
	12
	36
	0.006
	0
	1200



Table S8. Case Study 2 inputs.
	Technicians available
	33

	Time to transfer crew from vessel to turbine (min)
	15

	Time window (h)
	11.5

	Speed correction factor (for turbine–turbine journeys)
	0.667



Description of the inner-problem solution procedure
This section provides an overview of the inner problem solution procedure, which aims to satisfy the following objectives:
a) [bookmark: _GoBack]Minimise the time taken to visit all of the turbines in a cluster. Since clusters that do not meet the user-specified constraints are eliminated, and because the time limit is one of the key constraints in this problem, it is crucial to ensure that the overall time to carry out all of the maintenance actions is minimised. The actual durations of maintenance tasks can differ significantly from estimates. Minimising the policy time maximises the slack time at the end of the day. Sufficient slack time at the end of the day may ensure that all of the maintenance tasks are finished despite some taking more time than expected. 
b) Minimise the cost of fuel. This objective is aligned with a) as generally, less time spent travelling between turbines means reduced fuel costs and more man-hours spent on maintenance tasks.     
c) Minimise the number of technicians required to carry out all of the repairs in a given cluster. This can be achieved by assigning a single team of technicians to maintenance tasks of relatively short duration on multiple turbines. Reducing the amount of technicians required for a given cluster increases the workforce that is available to carry out maintenance on turbines out with the cluster.
Methodology
An approximation algorithm was created to generate the vessel routes for individual clusters of turbines. The proposed approach can be described as a case-based reasoning method with elements of “longest processing time first”[footnoteRef:1]. A set of rules that mimic the logic followed by wind farm operators is used to construct individual vessel routes. The structure of the proposed sub-problem solution procedure is shown in Figure S6.  [1:  Generally, attending tasks with the longest processing time first minimises the overall policy time. While a large proportion of the proposed logic adheres to the “longest processing time first” approach, there are exceptions, which include the logic for Case 7, as described in Figure S13. ] 

[image: D:\USERS\mlb08156\Desktop\Sub-problem outline.png]
Figure S6. Sub-problem solution procedure.
The first step of the algorithm is the categorisation of the input cluster. The logic used to optimise the order of wind turbine visits will depend on the number of turbines to be visited and the expected duration of all of the maintenance tasks. In the proposed approach, if the number of turbines in a cluster is limited to four, the total number of cases is 10, as shown in Table S9. A unique logic algorithm has been developed for each of the 10 cases (each assigned a different case identifier), to determine the order of wind turbine visits; see Figures S8–S17.
Table S9. Categorisation of individual clusters.
	Turbines per cluster (η)
	Individual cases (Case number)

	One-turbine cluster
	One crew visits one turbine (#1)

	Two-turbine cluster
	One crew visits two turbines (#2)
OR
Two crews visit two turbines (#3)

	Three-turbine cluster
	Two crews visit three turbines, crew visiting two turbines is dropped off first (#4)
OR
Two crews visit three turbines, crew visiting one turbine is dropped off first (#5)
OR
Three crews visit three turbines (#6)

	Four-turbine cluster
	Two crews visit four turbines (#7)
OR
Three crews visit four turbines, crew visiting two turbines is dropped off first (#8)
OR
Three crews visit four turbines, crew visiting two turbines is NOT dropped off first (#9)
OR
Four crews visit four turbines (#10)


It is necessary to develop different logic flowcharts for different cases, because in the proposed approach, there is no “one size fits all” strategy to ordering turbine visits. Although different cases may share parts of the logic algorithm, in authors’ opinion, it is more computationally efficient to categorise each cluster as a particular case and apply a set of rules to decide the order of visits than to attempt to create a generalisation that would be valid for all of the cases of clusters. Flowcharts illustrating the algorithm’s decision-making process in each of the cases are shown in the Figures S8–S17. Categorisation of the cluster’s case number is achieved by following the logic outlined in Figure S7. 
[image: D:\USERS\mlb08156\Desktop\flowcharts\Categorise\Categorisation.jpg]
[bookmark: _Ref494114161]Figure S7. Flowchart of case categorisation logic.
Once a cluster has been categorised as one of the 10 cases, the logic defined in the flowchart corresponding to that case is followed to determine the order of turbine visits. Once the order of visits is known, the policy time can be calculated using the following equation:

where tv is the time taken by vessel v, B1 is the sail time from the base to turbine 1, P is the time required for the transfer of crew and equipment/spares to and from the turbine, D1-2 is the travel time from turbine 1 to turbine 2, and I1 is the idle time due to the vessel waiting for technicians to finish repairs at the first turbine to be picked up. If the policy time, or any other user-specified constraints are breached, the policy value is set to 0, eliminating it from further analysis. The procedure for calculating the probability of completing maintenance on all of the turbines in a cluster was shown in Section 3.1 of the main body of the paper. The procedure for calculating the value of an individual cluster was shown in the main body of the paper (Section 3.1.1, Equation 9).
The solution procedure shown in Figure S6 is repeated for all of the input clusters, resulting in a list of feasible clusters and their properties, which is then used in the outer problem solution procedure, as described in the main body of the paper. 
Logic flowcharts for the inner problem 
Note that no logic flowchart is necessary for Case #1; since it contains a single turbine, there is no need to decide the order of visits. 
[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 2\Case 2.jpg]
Figure S8. Logic flowchart for Case #2.

[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 3\Case 3.jpg]
Figure S9. Logic flowchart for Case #3.
[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 4\Case 4.jpg]
Figure S10. Logic flowchart for Case #4.

[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 5\Case 5.jpg]
Figure S11. Logic flowchart for Case #5.
[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 6\Case 6(1).jpg]
Figure S12. Logic flowchart for Case #6.
[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 7\Case 7.jpg]
Figure S13. Logic flowchart for Case #7.

[image: D:\USERS\mlb08156\Desktop\PhD\37October\flowcharts\Case 8\Case 8thesis.jpg]
Figure S14. Logic flowchart for Case #8.
[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 9\Case 9.jpg]
Figure S15. Logic flowchart for Case #9.
[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 10\Case 10 DO.jpg]
Figure S16. Logic flowchart for Case #10: Drop off order.


[image: D:\USERS\mlb08156\Desktop\flowcharts\Case 10\Case 10 PU.jpg]
FigureS17. Logic flowchart for Case #10: Pick up order.
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