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ABSTRACT 
  

Many agricultural operations involve the collection or dispersion of material within the field, such as 

harvesting, fertilising or slurry applications. These operations are generally executed by machines with 

a limited load capacitance and therefore they must be able to unload/reload, or be serviced, during an 

operation. In order to plot an optimal route for an autonomous or semi-autonomous vehicle to complete 

the operation, knowledge is needed about the spatial variability of the collection or application rate. 

However when this knowledge is unavailable, such as when the spatial variability has not been mapped 

or when intelligent machines vary the application rate due to real time conditions encountered, a new 

intelligent system is needed. A control system is presented that monitors the capacity change and 

calculates an optimal coverage path in real time, the spatial variability is also mapped in real time to 

enable an operator to monitor the situation or for use in subsequent operations. This system is tested on 

the Lego Operations Test Platform using the micro-tractor as a prelude to full scale testing, utilising a 

colour map to represent the spatial variability. 
  

Keywords:  Field coverage; Route Planning; Lego Test Platform; Real Time Optimisation; Infield 

Operations Management 

1 INTRODUCTION 

The optimisation of field operations aims at reducing the required resources and environmental impact 

in order to increase their profitability and sustainability. Farm Management Information Systems, 

FMIS, aim to collect together data so that operations can be planned ahead (Sørensen et al. 2010). 

However the nature of field operations can often mean that operational parameters may change from 

those collect/estimated by the FMIS so that operational plans need to be modified.  

Research has shown that the in-field logistics of machinery in agricultural field operations can be 

improved to various extents by use of methods from the fields of Operations Research and AI. Jensen 

et al showed how methodology from robotic path planning can be used to optimize the paths driven by 

transport units in grain harvesting (Jensen et al, 2012). Vougioukas et al (2010) showed how the 

coverage of fields in parallel trips can be optimized using optimization methods for the Travelling 

Salesman Problem giving savings in operation time of 8.4-17%. Bochtis & Sørensen (2009) showed 

how the optimisation problem in a variety of different types of operations can be modelled with the use 

of the well-known Vehicle Routing Problem.  

https://www.researchgate.net/publication/257177824_In-field_and_inter-field_path_planning_for_agricultural_transport_units?el=1_x_8&enrichId=rgreq-16039b94-3a5b-4ee3-b804-817d89bcfd62&enrichSource=Y292ZXJQYWdlOzI0NjU0Njk3MjtBUzo5OTM2MzM1NTM2NTM5MUAxNDAwNzAxNDc4Nzg1
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By integrating the data collection and planning tool, and by employing a fast optimisation algorithm, 

operational plans are able to be adapted to the encountered situation to ensure the efficient execution of 

the overall operation. The objective of this work was to design and demonstration of control system 

with re-planning capability.  The control system is detailed in turns of its architecture. Two methods of 

route optimisation methods are tested, in two cases when varying amounts of data are available about 

the environment. Tests are conducted on the Operations Management Test Platform, which is able to 

actuate the route plans and demonstrate the results. 

2 DESIGNED SYSTEM 

The designed system can be divided into three parts; the pre planning system, which is utilised before 

the operation is undertaken, the co-ordination system, which aims to optimise the operation while it is 

executed, and the NXT micro-tractor, which executes the operational plans. 

 
Figure 1: System architecture 

 

Figure 1 shows the outline of the system architecture of both the pre planning system and the co-

ordination system, and on the NXT.  

2.1 Pre planning 

Field, vehicle and operational parameter are used to generate the set of headlands and working rows. 

When driving on the field the machine is only allowed to follow either the headland or one of the 

tracks. This restriction is identical to the Controlled Traffic Farming concept where the amount of soil 

compaction in the field body is to be minimised. Routes are found between the entrance and exit, and 

all of the work rows, driving along the field headland track. The length of each route is stored in a cost 

matrix and, along with the commands to follow each route, compiled into the Path File and passed to 

the co-ordination system. 



Edwards, G., Jensen, M.A.F., ”Real Time Optimisation of Field Coverage Route Planning with Limited 

Capacitance Machinery and Spatial Variability”. International Commission of Agricultural and 

Biological Engineers, Section V. CIOSTA XXXV Conference “From Effective to Intelligent 

Agriculture and Forestry”, Billund, Denmark, 3-5 July 2013.   

 

2.2 Co-ordination system operation 

2.2.1 Global Optimised (GO) Field Coverage Planner 

The purpose of the Field Coverage Planner is to determine the working order of the tracks such that the 

total non-productive distance driven is minimised. The function implemented works in three steps: 1) 

the agricultural problem is transformed into a Vehicle Routing Problem (VRP), 2) a VRP solver finds 

an optimised VRP solution and finally 3) the VRP solution is transformed to a solution suited for the 

execution of the agricultural operation.  

2.2.1.1 Model of capacitated agricultural field operation problem 

The computer-based optimal planning of field operations requires an exact description of the possible 

actions of the machine and the optimality criteria. In the model of grain harvesting, the harvester must 

work the field using the work rows determined at the pre-planning stage. The harvester can only 

offload at a depot located in the corner of the field reachable through two field gates. The tank of the 

combine has a limited capacity. As each track is worked fully, the planning function simply requires 

the accumulated capacity value of it. The minimisation of the total driven distance is chosen as the 

optimality criteria of the planning, as this is closely correlated with the amount of fuel and time spent. 

The planning function needs as input the travel distances between all combinations of pairs of: i) track 

ends and ii) the two field gates. Furthermore it needs the machine capacity (C) and demand of each 

track (d_i). 

As the driving is restricted to follow the headland and tracks, the paths of the machine can be described 

by a few waypoints corresponding to the field gates and endings of the tracks. As such the planning 

function output is a sequence of these waypoints. The output corresponds to a sequence of tours. In 

each tour the machine begins at the depot, works some tracks and ends at the depot to offload. 

2.2.1.2 Online planning 

The capacity demand of each track is not known exactly before the operation is executed. Estimates of 

the demands are used to make an initial plan. However it is likely that the actual demands are different, 

causing the initial plan to be either suboptimal or even unfeasible. To solve this problem, online 

planning is employed, where the planning function is called constantly as new information about the 

track demand is gathered.  

As the online planning approach requires plan updates throughout various stages of the operation, the 

planning function must be able to plan according to various “starting states of the operation”. E.g. it 

must be handled that: i) that some tracks are already worked, ii) the tank is not fully empty and iii) the 

machine is driving on a track.  

2.2.1.3 Casting agricultural problem as well-known Vehicle Routing Problem 

Using a transformation identical to one used in Bochtis & Sørensen (2009) the agricultural problem is 

transformed into a classical Vehicle Routing Problem (Laporte, 2007), denote CVRP. In CVRP a set of 

n customers are given, each with individual demands, and a vehicle with a certain capacity starting at a 

depot. Furthermore a cost matrix describing the travel cost between all the customers and the depot is 

defined. In a feasible route the vehicle starts and ends at the depot and visits a sequence of customers 

whose total demand does not exceed the capacity. The problem is to find a set of feasible routes that 

minimise the total travel cost. 
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The agricultural problem is transformed into the CVRP by representing each track end with a customer 

of demand d_i/2 (this part is identical to the approach in Bochtis & Sørensen (2009)).  

The distance from a customer to the depot is calculated as the shortest travel distance from the 

corresponding track end to either field gate. CVRP solvers typically support the use of fixed edges, 

which enables one to specify that the solution must contain a certain sequence of visiting customers. In 

the transformation, fixed edges between customers correspond to track ends of the same track.  

In online planning it frequently occurs that when calling the planning function, a) some of tracks are 

already worked and b) the machine is working a track or is not at the depot. It is easily handled that 

some of the tracks are worked by not including the corresponding customers in the CVRP. The other 

situation is more difficult as the CVRP assumes that the vehicle always starts at the depot. This is 

handled by introducing a “dummy” customer corresponding to the track end or field gate that the 

machine is currently heading towards. The demand of the dummy customer is set identical to the 

capacity used when the machine has reached that track end or field gate. Furthermore, a fixed edge 

between the depot and the dummy customer is specified. This makes sure that the solution, i.e. a set of 

routes, contains a route where the dummy customer is either the first of the last customer in a sequence. 

Figure 2 summarize how the field coverage planning problem is transformed to a CVRP problem.  

 
Figure 2: Example of how harvest operation is transformed into a Vehicle Routing Problem instance. 

It is straight forward to transform the VRP solution to a sequence of working the tracks (See Figure 3). 
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Figure 3: Shows how the solution to the VRP is transformed into a work plan in the operation. 

 

The standard solver in the open source library VRPH was modified to obey the single fixed edge 

between the dummy customer and the depot (Groer 2008). The standard solver in VRPH uses a 

constructive heuristic to generate a feasible solution, and improvement heuristics to improve the solution 

(for an introduction to the VRP and overview of solvers see Laporte, 2007). The constructive heuristic 

is a variant of the Clark-Wright savings algorithm (CW) (Yellow, 1970) further modified to obey the 

specified fixed edges. The improvement heuristic is a meta-heuristic characterised by allowing the 

search for solutions beyond the first local minimum encountered. This type of meta-heuristic is a 

version of the record-to-record travel algorithm. Groer (2008) reports that the solver produces solutions 

on benchmark problems that are generally within 3% of the best-known solutions. 

2.2.2 Nearest First (NF) Field Coverage Planner 

In order to compare the performance of the optimised field coverage planner with the human operator 

planning abilities, the human operator planning abilities are modelled with a type of greedy algorithm. 

It works iteratively, selecting the next nearest unworked track with a material demand that, once added 

to the current tank level, does not exceed the tank capacity. When the tank is full, a visit to the depot is 

planned. The algorithm continues in this way until the working of all unworked tracks has been 

planned. 

2.2.3 Plan realisation 

The track end sequence produced by the planning methods lists the order of way points (either track 

ends or field gates) the machine must visit. At the end of the current track the track end sequence is 
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queried, ensuring that the most recent results of the online planning are utilised. Commands are sent to 

the machine describing how to navigate from the current track to the next track and then how to work 

the next track. Alternatively if the machine must return to the depot commands are sent to navigate 

from the end of the current track to one of the field gates. Once the commands are sent the next track is 

“locked in” as the current track and cannot be changed.  

3 RESULTS OF TESTING SYSTEM 

A harvesting operation was chosen as the example to be executed during the testing procedure. The 

yield of the field was initially estimated to be equal over the entire area. The system was tested on an 

Operation Test Platform utilising a Lego Mindstorm micro-tractor (Edwards et.al., 2012). The micro-

tractor behaves in much the same way as a full sized automated tractor capable of receiving and 

executing driving commands, and relaying its position and sensor values. A colour sensor was used to 

mimic a yield sensor measuring the amount of material collected by the harvester. Different coloured 

patches were placed within the working area to create spatial variation in the yield that can be observed 

and relayed by the micro-tractor. 

For testing purposes a small test area of 3.5m by 5m was used, this corresponds to an area of 0.34 

hectares when scaled up from the micro-tractors proportions. The working width of the micro-tractor 

was set at 250mm, corresponding to 3.5m. A depot was placed in the corner of the working area where 

the micro-tractor had to return to unload the collected material. Figure 4 (a) shows the headland and the 

working rows, the depot area in the lower left corner can be enter through two gates. 

 

 

Figure 4: (a)Geometric representation of the test area, (b) Graphical representation of yield spatial variability in 

the test field 

 

The yield of each working row was first estimated as proportional to the area which was covered by the 

machine, ie a uniform density across the whole field. Figure 4 (b)shows the actual yield map within the 

test field, with red depicting high yield, yellow average yield and green low yield.  

The field was tested using both the NF method and the GO method, and in the cases where the demand 

was known and when it was estimated. The test runs were duplicated seven times for each method and 

averages were taken. The result are collected in Table 1. 
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Table 1: Results of tests runs 
 Method Overall Path Length (m) 

Demand Estimated NF Method 108.99 

GO Method 101.06 

Demand Known NF Method 106.31 

GO Method 88.13 

 

4 DISCUSSION 

The results show that the GO method out performs the NF method both when the field demand is known 

ahead of time and when it is estimated. When the demand is know the GO method offers a solution that 

is on average 17% shorter than the NF method and when the demand is unknown the GO method is 7% 

shorter. GO is expected to perform better than NF because the method decides what track to work next 

by considering the cost executing all remaining tours (a tour consist of working some tracks and 

returning to the farm for emptying). NF on the other hand decides what track to work next by 

considering what the nearest track is, and it does not consider that the machine has to travel back to the 

farm nor that it needs to work the rest of the tracks. 

The results also show that both methods perform better when the demand is known. This is intuitive as 

when the demand is estimated the plans can vary greatly as the demands change. An example where the 

NF method can suffer badly due to estimated demands is the case where a further away track is chosen 

because the nearest track has an overestimated demand that exceeds the capacity.  Similarly the GO 

method can also be effected due to the estimated demands. It can occur that the GO method plans to 

work a track which is not the nearest (which is a bad move on a short term horizon) either to “pack” 

more tracks into the same tour, thereby reducing the total number of tours which again shortens the 

total length, or to reduce the total length of the current tour. If the actual demand makes the current 

“packing” infeasible and the machine must visit more tracks or unload earlier than expected, the bad 

move made will have been for nothing. Further study investigating the effects of over or under 

estimation of the track demands on both planning methods is needed to fully understand the effects on 

their performance. 

5 CONCLUSION 

Two methods of online planning are presented which both offer real time solutions to the problem of 

machine route planning that is constrained by a capacity limit. The GO method is shown to produce the 

shortest routes within the test field. Both methods produced better results if the yield variation was 

known ahead of time. In practise, however, to determine the spatial variability would involve the crop 

being inspected which could incur costs that out weight any savings gained.  

The test platform allowed the chance to compare the methods operated within the same field and with 

the same spatial variability, an opportunity which would not have been an option with real world field 

testing. Since both methods have been demonstrated and operational saving can be clearly seen, the 

next step would be to conduct prototyping and full scale testing. 
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