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Controlled-traffic farming (CTF) is a management system that can eliminate soil
compaction by wheels within the cropped area. According to the principles of CTF,
permanent parallel wheel tracks are created within the field area. The benefits of CTF, in
terms of productivity and sustainability, have been the subject of intensive research for
a number of decades. This has led to the establishment of CTF in various regions around
the world. CTF also has drawbacks that include the need to purchase specialised
machinery, the loss of cropped area due to dedicated wheel tracks and the cost of creating
and maintaining permanent traffic lanes within the fields. Furthermore, field efficiency is
affected by CTF due to significant increases in idle time of in-field transport and the way
the fields are traversed in material handling operations. During fertilisation, when tramline
length and the driving distance needed to apply one tanker load of fertiliser are not
coordinated, CTF does not allow for random turns and requires the tanker to drive empty
along the traffic path. The inherent characteristics of the CTF system, as well as the fact
that cooperatively owned machines are used to carry out the operations, makes existing
models inadequate for evaluating field efficiency.
In this paper, the development of a discrete-event model for the prediction of travelled
distances of a machine operating in material handling operations using the concept of CTF
is presented. The model is based on the mathematical formulation of the discrete events
regarding the motion of the machine when performing the fieldwork pattern. To evaluate
the model two slurry application experiments were designed. The experiments involved
registering the position and monitoring the application status of the slurry applicator.
Validation showed that the model could adequately predict the motion pattern of
machinery operating in CTF. Prediction errors of total distance travelled, were 0.24% and
1.41% for the 2 experimental setups. The current model structure captures the interrela-
tionships between the mutual influencing parameters of motion sequence and configu-
rations of the CTF layout. This model has the potential to be used for autonomous vehicles.
© 2009 IAgrE. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

aq number of passes on the lower headland

ay number of passes on the upper headland

C capacity of the machine’s tanker

index? distance travelled by the AU during the route n (index1=n), or the total operation (index1=¢J), at the part

operations: index2=r—t: driving from the RU to the field track, index2=tu: headland turnings,
index2=t—r: driving from the field track to the RU, index2=ef: effective distance, index2=ne: non-
working distance

Ef field efficiency (based on distance travelled)

ﬁ vector corresponds to track ie T that is identical to E(xg, yi)if the AU traverses the track upwards, while it

. is identical to u'(x,,y;) if the machine traverses the track downwards

ex' vector corresponds to the track ie T that is identical to u'(x,,y,,)if the AU traverses the track upwards,

. while it is identical to d'(x},y}) if the machine traverses the track downwards

d'(xy,y4) vector of the coordinates of the lower ending of field track ie T

f_”> vector of the coordinates of the location that the AU completes the application during route n

k" number of the tracks that the machine traversed during route n (k" = p(r}l) —p()

Linin(i — J) the function that gives the minimum length of a manoeuvre between tracks i and j (see Eq. 13)

lindex length of the upper (lun) or the lower headland (l4n) (see Eq. 5)

ra vector of the coordinates of the location that the AU starts the application during route n

p(+): T->T bijective function which for every field track,ie T, returns the order in which the AU covers the ith field
track

q volume of the material which has to be applied per square meter of the field surface (m%m?

Tmin minimum turning radius of the AU (m)

T, set of the field track indices

u' (X, yi) vector of the coordinates of the upper ending of the field track ie T

w effective operating width (m)

B(+): T—[-1,1] function thatisequal to 1if the machine operates in track i while directed to the “upper” headland, and is

otherwise equal to —1(see Eq. 3)
function that is given by the equation: (i) = (—1)P¥*!
operator that returns the distance between the two points belonging to the same track, given the vectors

number of the routes that are required for a complete covering of the main field (without the headland area)

AR x RZ->R
of their coordinates
=
(el e2,e3) vector regarding the information for the RU, £feT, ele R, ¢ie[-1,1]
A
X number of the routes that are required for a complete field covering (including the headland area)
T number of the field tracks where the AU ends the application during the route n

Abbreviations

number of the field tracks where the AU starts the application during the route n

AU Application Unit
CTF Controlled Traffic Farming
RU Refilling Unit
1. Introduction have been introduced to accurately follow the tracks and to

increase system efficiency (Harbuck et al., 2006; Batte and

Controlled-traffic farming (CTF) (also known as the Tramline
Farming System), is a management system that can
completely eliminate soil wheel compaction within the crop-
ped area (Chamen et al., 2003). CTF restricts soil compaction to
the wheel tracks, thus providing a loose rooting zone (Hamza
and Anderson, 2005). According to the CTF principles,
permanent parallel wheel tracks are created within the field
area. This involves modifications to the applied machinery,
which also affects the overall economy (Chamen and Audsley,
1993). The main modification of CTF is matching the wheel
distance widths of the implemented machinery to allow the
tyres to run exclusively on the permanent wheel tracks. In
recent years, navigation aids such us auto-steering systems

Ehsani, 2006).

The benefits of CTF in terms of productivity and sustain-
ability have been investigated and documented through
intensive research for a number of decades (e.g., Taylor, 1983;
Tullberg et al., 2007). The yield potential of various crops when

CTFisused has been documented by Ghan-etal{2006); Tullberg Q2

etal (2001), Douglas et al. (1995) and Chamen et al. (1992). Energy
savings have also been described as an important benefit of
CTF (McPhee et al., 1995). Eliminating wheel damage on the
cropped area of arable land leads to substantial cultivation
energy savings, ranging from 37 to 70% (Chamen et al. 1992).
In addition to the benefits of increased yield and
reduced energy use, Reicosky et al. (1999) reported reduced

(2009), doi:10.1016/j.biosystemseng.2009.02.006
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loss of carbon dioxide and water in CTF trials. Unger (1996)
showed that by restricting all traffic to specified zones, the
implementation of CTF reduced the potential for devel-
oping adverse physical soil conditions under irrigated
conditions.

CTF does have drawbacks, which include the need to
purchase specialised machinery, the loss of cropped area due
to dedicated wheel tracks and the cost of creating and main-
taining permanent traffic lanes within the fields (Lagué et al.,
2003). Furthermore, constraining the paths for traversing the
field may decrease field efficiency. In the case of field fertil-
isation, the traffic lane length determines the amount of non-
productive in-field transport, and this is minimised with full
coordination between the length of the tramlines and the
driving distance needed to apply one tanker load. When
coordination between tramline length and driving distance is
not attained, CTF does not permit random turnings and
requires the machine to drive empty along the traffic path.
The non-working travel distance can increase even more
when the refilling unit is not located in the direction that the
machine is travelling when the tank empties, because the
machine must execute an 180° turn upon reaching the head-
land and drive back along the track towards the opposite
headland to refill the tank. In addition, there are cases were
the machine has to travel over a part of a track without
applying fertiliser, in order to reach the position where the
previous application was terminated. As a result, imple-
menting CTF for material handling operations such as har-
vesting and fertilising can affect field efficiency by
significantly increasing non-productive in-field transport.
This causes decisions regarding the operation of the
machinery system to become critical.

The evaluation and prediction of agricultural machinery
performance are important aspects for machinery manage-
ment. By specifying and quantifying the operational perfor-
mance of farm machinery, it is possible to select and plan the
use of equipment in any given environment. Modelling
approaches have included simulation models that comprise
operations decomposition (e.g., Achten, 1997; Sgrensen, 2003;
Sgrensen and Nielsen, 2005). Such models cover current
working methods, specific conditions and the associated task
times pertaining to derived norms. In addition, databases are

continuously being updated as a result of new data, improved
modelling techniques, new operations methods, and so on.
However, the inherent features of the CTF system, including
the notion that material handling operations are usually
carried out by cooperative machines, make the existing
models inadequate for evaluating field efficiency. Conse-
quently, new models have to be developed for estimating the
efficiency of CTF operations involving in-field transport. Such
models can provide a tool for comparing CTF and conven-
tional unconstrained traffic farming, in order to evaluate the
reduction of field efficiency alongside environmental and
potential economical benefits of CTF implementation.

The objective of this paper was to model the material
handling operations using controlled traffic as part of the
machinery management system on the farm. The model was
based on the mathematical formulation of the discrete events
regarding the motion of the machine when traversing the
fieldwork pattern. To evaluate the model, two slurry applica-
tion experiments were designed. They involved registering
the position and monitoring the application status of the
slurry applicator.

2. The mathematical model
2.1.  Preliminary notifications

The presented model of material handling operations regards
the machinery system that uses an in-field operating machine
application unit~AU) cooperating with an out-of-the field
transport unitrefilling unit{RU). A 2-dimensional coordinate
system (x, y) is assigned to the field, where the y-axis is parallel
to the in-field moving direction of the AU (Fig. 1). The head-
land that is located in the positive direction of the y-axis will
be denoted as the “upper” headland, while the one that is
located in the negative direction will be denoted as the
“lower” headland. Similarly, when the AU is moving parallel
in the positive direction of to the y-axis, it is considered to be
moving “upwards’’, while moving in the opposite direction it
is considered to be moving “downwards” (Fig. 1).

The exclusive headland pattern used involves a given field
covered by a set of parallel tracks (or trips) that begins at one

y ? driving upwards

I
I

driving downwards

_—
ascending track numbering

>
X

Fig. 1 - Assignment of a coordinate system at each field, and notifications concerning the AU operating motion and the track

numbering with regard to this system.

(2009), doi:10.1016/j.biosystemseng.2009.02.006
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headland of the field and ends at the opposite headland. Let
T={1,2,3,...} be the ordered set of field track indices where the
value of the track indices increases towards the positive direc-
tion of the x-axis (Fig. 1). The intersection of a track with the
upper headland willbe denoted the “upper” ending of the track,
while the other ending will be denoted the “lower” ending.

A “route” is designated as the work operation composed of
the part operations carried out by the AU: filling the tanker
from the RU, driving from the RU to the position where the
application is resumed, applying the dedicated material to the
field and driving to the location of the RU (Fig. 2). In case the
RU being stationary, the route consists of a closed cycle. Let us
consider the general case where the machine is initiating the
nth in the sequence route. Symbol 7} will denote the field track
where the AU begins the application as part of route n, 17 will
denote the number of the field track where the machine ends
the application and k" will denote the number of tracks that
the machine traversed during route n.

2.2. Definitions of vectors and functions

2.2.1, Coordinates vectors

Letu'(x},y.), d'(x},yy), ie T be the vectors of the coordinates of
the upper and the lower endings of each field track, respec-
tively. We define the function 8(+) : T—[-1, 1], which equals 1
if the AU is moving upwards while operating in track i, and
equals™1 if is moving downwards. The mathematical defi-
nition of the function ¢ will be given later by the use of
a recursive relation. We define the vectors ex', en', ieT as:

;E{E 8i) =1

, and ;E{ﬂ’ i) =-1 ()
&, pli) = -1

d, gli)=1

These vectors determine the location of the “entry” and “exit”
for each field track in terms of the AU’s motion. Finally, let o
and f_’l> denote the vectors of the coordinates of the location
that the AU initiates and completes the application of a load
during the nth in sequence route of the operation.

2.2.2. Refilling unit vector
Regarding the location where refilling of the AU tank takes

place, the following cases are recognized:

A. The RU is located in one of the headlands of the field.

B. The RU is located outside the field and the AU can reach it
only after reaching a particular headland location (e.g., one
of the field corners).

C. The RU is located outside the field and the AU can reach it
by moving freely after reaching the headland.

We define the vector ?(e?, eh,¢3), where ¢]eT, Je R and
e3e[—1,1]. The element ¢} equals the track number where the
RU is located in case A, while in case B it equals the index of
the track from where the AU has to leave the field area. When
the RU is moving to get close to the AU, the element ¢} equals
the track number where the machine ends the application
(e1=17) while the other two elements both equal zero.
Element ¢} equals the out of field distance that the AU has to
travel to reach the RU. Element ¢} equals 1 if the transport unit
is located at the “upper” side of the field and equals -1 if it is
located at its “lower” side.

2.2.3. Function p
The bijective function p(+)T—T, which was introduced by
Bochtis (2008) is used for the mathematical description of
the headland pattern. Its definition determines that, for
every field track,ieT, the function value p (i) returns the
order in which the machine covers the ith field track. The
inverse functionp=!(+) : T—Tgives the traversal sequence of
the field tracks by the machine. Hence, the traversal
sequence for the entire field is given by the permutation
o =< p1(1),p1(2), ... p L(ITI) >.

By using the function definition, the following can be
stated:

o
Il

_
it {enpl(l), n=1

—
i vn#1

-

i =exp (T

rézp*j(l)

7 =p(ITI)

2.2.4. Function B

When the AU resumes the application at the point that it was
stopped during the previous route, the direction of its motion
on the track (r}'*l = 1)) might not remain the same. This
happens when the tank is getting empty and the AU is moving
in the direction of the location of the RU. In this case, the
formula isﬂ(r}l)-sg‘ =1.

- -
o‘ hd

5 Iﬂﬂ Application Unit

B Refilling Unit

I effective distance

i transport
| |

" headland turnings
|

~1---1----------“‘

L]
i

Fig. 2 — A completed route during the material handling operation.

(2009), doi:10.1016/j.biosystemseng.2009.02.006
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In the case where there are no changes in the field pattern
during the operation, the predetermined direction of the AU in
each track is given by the function:

y(+) = (~1P0 2)

Using the vy(+) function, the 8(+) function that gives the actual
direction of the AU during the traversal of the track i that
belongs to the nth route, will be given by:

o) = () T[[8(5%) 3] ®)

Where the product incorporates the total changes occurring to
the predetermined direction of the AU.

2.2.5. Distance operator
Let A: R? x R”Z—>R be the operator that returns the distance
between the two points belonging to the same track, given the
vectors of their coordinates. The length of track i is then equal
to A(u', d'). In the case of the CTF, where the tracks are strait
lines, operator A returns the Euclidian distance between the
two points. Because not all tracks have the same length,
headlands do not constitute rectilinear segments. By tg}){ig_g
this into account, instead of using A(u',w) or A(d',d)
(depending on the headland) for the length of the headland
path that connects the two tracks i and j, a better approxi-
mation is given by the summations
k=max(ij)-1 .,
A(dlzﬂ7 dk) @)
k=min(ij) k=min(i,j)
for the upper and the lower headland respectively. The lengths
of the upper and lower headlands, respectively, are given by:

I — I —
L =w+ Y AW W) or ln—w+ Y A(d d) ()
k=1 k=1

where w (m) is the effective operating width.

2.2.6. Routes

The number of times that the tank on the AU is loaded, as well
as the number of routes that it has to perform in order to
complete the operation in the field body is given by

7| SN
A—[%‘J-;A(uﬂdlﬂ ©)
where C (m®) is the capacity of the tank of the AU, and
q(m3-m~2) is the volume of the material that has to be applied
per square meter of the field area and the symbol [] denotes
the ceiling function.

By taking into account Eq. 5, the total effective distance
during the whole operation can be written as

da=2(a, +agw+ > [a (@) + @@ i) + agea (@ 1))
i=1

)

where a, and a4 are the number of passes that the AU has to
perform in order to complete the application at the upper and
at the lower headland, respectively.

Thus, the total number of routes (including operatingin the
headlands) is given by

r-[1.q ®

By taking into account that the material quantity needed for
the remaining field area that is assigned to the final route, is
not in accordance with a full load, the effective distance that
the AU travels during a route is written as

q%, n+A
n _ _
di = {A(Jmﬂexpw))’ n=2a ©)

2.3. Non-working travelled distances

2.3.1. From the RU to the resuming position

The path that connects the RU and the on-the-track position
where the AU resumes the application potentially includes
three parts. The AU has to move from the refilling location to
the headland (¢§1), and next through the headland from the
end of the track ¢ to the end of the track r}‘*l (or rg‘)ﬂld finally
to the position where the application can resume (0" or f*~1).
This distance is equal to

n1ia(d® o)+
& : 2

n
Tt k

gla(ut o)+ X

2.3.2. During the application
The effective distance that the AU has to travel in the course of
a route is given by

o n=
n _ N
di = A(F, expfl(”TH)), n=2 (12)

The distance that the AU travels during the effective part of
a route consists of the effective distance as well as of the non-
working distance during the headland turnings (except of the
case that the effective distance is less than the length of the
track). From the definition of the function p(-) as well as its
inverse function, the k" field tracks that the machine traverses
during the route n (k" = p(¢}) — p(z;)) can be written as follows:
pt Fo

™) +0
ptp(s) +1
pp(e) + k1]

Note that in order to comply with the common structure, for
all elements of the sequence, the first element ! must be
rewritten as p~'[p(<!) + 0]. During the effective part of the
route, the AU has to perform k" — 1 headland turns. Using the
previous formulation, the total non-working distance during
these turns is given by

k-1

di = > Lon(p ' [p(5) +1 =P [p(%) + (- 1)]) (12)

where L(i—j):N—R returns the theoretical travelling
distance for the transition of the AU from field track i to field
track j and is given by (Bochtis, 2008):

L Xmin(i _j)7 ‘1 —}| < 2rmin/w
Lmin = {Hmin(i 0 i1 2w (13)

(2009), doi:10.1016/j.biosystemseng.2009.02.006
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= 2.3.3. From the field track to the RU
§ | Field "dT p(i) e di : ;
ks u,d, ieT The total effective distance during a route, can also be written
E Operation 0.4 > Y() as
S 1,1 ., pip@)ee-2 -
E Al we ih;;h =80 ext)+ Y a(uld)+a(end f) (15)
S : () ]
S | RU attitude
S R . .
The term A(en”,f") gives the distance that the AU travels on
A the last track of the route n. The remaining distance that it has
-4 _f or Rzl _] L5 to travel on the current track in order to reach the headland is
< | I given by
2 |
prer On n ,tn Tn — Tn |
E I S ’( o? f) | — - — pp(eh)+k"-2] SN
g | [ g =a(ul,dl)—dp+a@ex?)+ Y a(u.d) (6
o .
g l l l | 1) 1)
3| e n n n Ny n
g, —1¢g” _’| d,y sy, d,, || B €T = : Regarding the travel of the AU from the end of the last track
D o e sy s e iw g m e B St b s @ s of route n to the RU, there are two possible cases:
end updated [ (A). The AU is directed to the position of the RU at the
in?o]:;:?on y time the interruption occurs (8(tf)+e5 = 1). In this case, the
o [for n=a:n’ zdne AU has to traverse the headland from the end of track r}‘ to
Efr——- i 13_1 " E, the end of track ¢}, and then has to cover the path from this
g || epea procedure | 4 z i point to the RU position (¢}). The total travelled distance is
£ | end 1 shown by

Fig. 3 - Basic architecture of the model.

where rp,in is the minimum turning radius of the machine and
Xe{T,Q}. The symbols Q, IT and T refer to the most common
manoeuvres for an agricultural machine operating in a head-
land pattern, namely, the loop (or forward turn), the double
round corner turn and the reverse (or switch-back-turn),
respectively (Hunt, 2001). The minimum length for any of these
turn types can be computed by the following expressions, that
were derived based on the kinematic equations of motion for
a non-holonomic vehicle (Bochtis and Vougioukas, 2008):

: s 2 min i—j|e
Qmin(i = j) = Tanin {37T _ asin™! (M)]
4rmin

Tmin([1 = JI) = Tmin(2 + 7) + [1 — jlw (14)
Homin (|t = JI) = [1 = jl*w + (7 — 2)I'min

SamplingDate
Longitude
Latitude
Altitude
Speed

True course

) Terminal}%f g

dn, + &b + >
dtﬂr ~

an, + &3+

(B). The AU is directed in the opposite direction to the
position of the RU (8(t})-e5 = —1). In this case, the AU has to
perform the following sequence of motions; travelling to the
end of the current track (), executing a headland turn,
travelling along the selected track to the opposite headland,
travelling on the headland in order to reach the end of track ¢/
and finally travelling to the position of the RU for a distance ¢}.

When the AU reaches the end of track r}l, in order to
perform a smooth turn (II-turn), the distance between the two
tracks should be greater or equal to 2rmi,/w. By considering

Database Server

&)

S ) I

= ( Internet 0
\
Onloff J
signal @JB
Activity sensor %
On/off application Workplace
web

Fig. 4 - System setup of the test design.
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this, the number of the track that the AU enters after the turn
is the following:

v=g s (2] o) (18)

Where the positive sign is referring to the case ¢} > ¢f, while
the negative sign denotes the inverse case. The manoeuvring
length is given by IT(| 2y, /w] + 1).

Next the total distance in this case is given by:

A+ I(|Zme]+ 1) + AW, @) + e+ >
dtﬂv =
Tl

dn + 17 (12mn) 4 1) + A (W, @) + el + >

2.3.4. During the headland turns

The headlands are modelled as hypothetical “fields”, where
there is a “relaxation” of the constrained traffic during the
transport. The number of field tracks for these fields is a, and
aq for the upper and the lower headland, respectively. The
assumed fieldwork pattern is a continuous pattern
(¢ =(1,2,...ay)). The lengths of the tracks are assumed to be
the same for all tracks and are given by Eq. 4.

Operation A | in field transport

so0 | overall operation
+ transport

450 + reffiling
400
350
300 +
250
200 +
150 |
100

utrN-B212500 (m)

b . 5 . . .
100 150 200 250 300 350 400 450

UtmE-461400 (m)

Operation A / routes 4,56
L overall operation
G + Eoute g
Aok oute
50 Route B

400 ¢
350
300
260
200
150
100

utmN-6212500 (m)

a0t L L L ) L | L
100 150 200 250 300 350 400 450
utmE-461400 (m)

Itis also assumed that the AU continues the application on
the headlands area after the application on the main field
body. Under this assumption, the tank capacity for the first
route has to be equal to the remaining load after the last route
in the main field body, which is equal to

C:n/t =Cme — déqu (20)

where djf has been defined in Eq. 9.
In the case of the RU beinglocated in the opposite headland
from the one where the AU operates, the AU must travel to the

(19)

other headland following the track of the main field that is
given by

i" =arg miTn [A (ﬁ, E))] (21)
2.3.5.  Total non-effective distance

When the AU reaches the RU, it might have to execute
a sequence of manoeuvres in order to be in a “refilling”

QOperation A [ routes 1,23

| overall operation |
20 + Route 1
450+ ¢ Route2 4
Route 3

utmN-6212500 (m)
w
8

50 ¢ . , . ‘ . A
10 150 200 250 300 350 400 450
UtmE-461400 {m)

Operation A | routes 7,89
| overall operation
e + Soute 'é'
450+ + Route
50 Route 9

utmiN-6212500 (m)

b, ; - : ; i
100 150 200 250 300 350 400 450
utmE-461400 (m)

Fig. 5 - The GPS recordings for operation A.
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positioning. The distance corresponding to this manoeuvring
is a stochastic quantity due to its dependence on factors such
as the driver skills and available space. Let g, denote this
distance. The non-effective distance during a route is given by
dp = dy, +di_ +di_;+ 5, while, the total non-effective
distance for the whole operation is given by

V=2

A

e =y iy + > d, (22)
n=1 n=1

Where the second term of the left part corresponds to the non-

effective distance travelled during application in the

headlands.

2.4. Field efficiency

For a quantitative estimation of the field efficiency of the
simulated operation, information regarding the average
velocities of the AU during the different parts of its motion
(e.g., headland travelling, empty travelling, full load travelling,
headland turning, applying) is needed as input for the model.
However, for a more objective estimation of the efficiency of
the system, the model is limited to simulating the distance
based field efficiency that is given by the relation between the
effective travelling distance (the distance that the AU travels
while operating) and the total distance travelled by the AU:
def

Ef - dgf + dpe <23)

The field efficiency gives the key summarised output from the
model. The principal architectural elements of the model
leading to the operational efficiency notion are shown in Fig. 3.
The a priori information includes the dimensions of the field,
the material to be applied and the predicted machine perfor-
mance. Based on this information, the route generation is
carried out using the developed model covering the whole
operation and providing for the estimation of the field effi-
ciency based on distance travelled.

3. Experimental verification of the model
3.1. Materials and methods

For the evaluation and validation of the model, two field
operations were monitored and analysed. The operations
were assumed to be slurry applications carried out by
a machinery system that includes an AU and a number of RU.
A Massey Ferguson 4840 tractor was used, pulling a tank with
14.6 m* capacity as the AU. A Massey Ferguson 6180 tractor
pulling a tank with 14.6 m> capacity was used as the RU.

Modifications of the machinery for CTF were based on
a standardised basic working and track width. By using the
combine harvester on the farm as the baseline, the basic
working width was set at 6 m with a basic track width of
2.75m. The track width of the combine harvester could be
reduced from the normal 3.00 m using narrow tyres, while the
track width of the large tractor carrying the heavy implements
could be increased to 2.45 m. The remaining machinery items
had a track width of 2.75 m.

~

Recording the operations involved logging of the position
and the application status of the slurry applicator. As the data
acquisition tool for the slurry applicator, a module comprising
a TC65 Siemens Terminal® (Germany, Siemens AG) with
a built in modem was connected to the implement computer
for data extraction. This terminal encompasses a Java™ soft-
ware development platform with a wide range of standard
interfaces plus General Packet Radio Service (GPRS) class 12
functionality. Finally, a sensor was mounted on a switch
indicating the on/off status of the trailing hoses. The sensor
comprised a standard wheel sensor (2 nodded reed sensor),
that is activated by a magnet. The sensor was mounted on the
regulating lever, so that the magnet was activated when no
slurry was applied. The customised sensor together with the_

GPS sensor, a Holux GR-213 (Denmark, Amitech.dk) capable of Q3

delivering a NMEA 0183 GGA string via a RS-232-compatible
serial port, were connected to the terminal unit for wireless
data transmission to a dedicated server configuration (Fig. 4;
Sgrensen-and Thomsen, 2006).

The AU was constrained to in-field operation with the
loading of the tanker from the separate RU at the field head-
land. The RU was relocated to one of the field headlands in
order for refilling to be carried out without headland travel or
for the AU to travel outside of the field.

To implement the model, a program was developed using
the MATLAB® technical programming language.

3.2 Operation A

3.2.1. Experimental operation

The area of the field was approximately 4.9 ha (20 parallel field
tracks) andfiine routes in total were performed by the AU in
order to complete the slurry application (including the appli-
cation on the headland area) (Fig. 5). During the operation, the
RU reached the field from the south field headland except for
the last refilling that took place on the north field headland.

Table 1 - Measured data for operation A

Route?® Effective Transport Turning
distance (m) distance (m) distance (m)

1 978.25 591.05 74.59
2 801.57 784.72 43.84
3 940.36 684.14 44.68
4 1,031.90 588.48 80.07
5 933.37 276.83 30.63
6 916.27 231.34 63.08
7 879.61 579.77 197.38
8 870.12 456.15 56.65
9 899.2 700.38 320.34
Total 8,250.65 4,892.86 911.26
Total travelled distance (m) 14,054.77

Non-working travelled distance (m) 5,804.12

Field efficiency (distance based) (%) 58.70

a Route 1: 20, 17, 19 (partial), Route 2: 16, 19 (partial), 15 (partial),
Route 3: 14, 18, 15 (partial), Route 4: 13, 12, 11 (partial), Route 5: 10,
11 (partial), 12, Route 6: 8, 6, 7 (partial), Route 7: 5, 7 (partial), 1
(partial), Route 8: 2, 4, 3 (partial), Route 9: 3 (partial), headlands.

(2009), doi:10.1016/j.biosystemseng.2009.02.006
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Table 2 - Simulated data for operation A

Route® Effective Transport Turning
distance (m)  distance (m) distance (m)
1 910 258.32 54.62
2 910 644.03 140.62
3 910 697.28 143.12
4 910 730.03 55.02
5 910 619.15 54.62
6 910 648.10 93.15
7 910 344.03 55.02
8 910 339.03 54.62
9 916 737.15 226.0
Total 8,196 5016.12 876.79
Total travelled distance (m) 14,088.91
Non-working travelled distance (m) 5,892.91
Field efficiency (distance based) (%) 58.17

a Route 1: 20, 17, 19 (partial), Route 2: 19 (partial), 16, 18 (partial),
Route 3: 18 (partial), 15, 12, Route 4: 14, 11, 13 (partial), Route 5: 13
(partial), 10, 7, Route 6: 7 (partial), 9, 6, Route 7: 8, 5, 2 (partial), Route
8: 2 (partial), 4, 1 (partial), Route 9: 1 (partial), 3, headlands.

Table 1 presents the measured data from the operation in
terms of distances travelled.

3.2.2. Simulated operation A
The fieldwork pattern simulated by the model was formed by
blocks consisting of five tracks in order to satisfy the preferred

Operation B | in-field transport
600 [ -

overall operation
850 - transport g
reffiling / Z "

500 +
450 +
400 +
350 +
300 ¢

utmN-6212500 (m)

250} FE
200 - TR ]

50 100 150 200 250 300
UtmE-461400 (m)

OperationB | routes456
600 . ’

overall operation
Route 4

550+ +
500 +
450
400 ¢
350 ¢
300 ¢
250 ¢

utmN-6212500 (m)

200 r

50 100 150 200 250 300

150 -

UtmE-461400 (m)

approach of the driver. This pattern results in the following
track sequence:s =([1, 4, 2, 5, 3], [6, 9, 7, 10, §],...). Consid-
ering that the application was started from the north-east
corner of the field (from track 20) this sequence is modified as
o =1(20, 17, 19, 16, 18], [15, 12, 14, 11, 13, ...). The refilling
unit vectors for all the routes, except the last route, were given
by ?j ?gg, 0,-1)Vne{1,..,A — 1}. The vector for the last route
was e’ > e*(1),0,1). The simulated output data from the model
are depicted in Table 2.

3.3.  Operation B

3.3.1. Experimental operation

The field area was approximately 4.77 ha (23 parallel field
tracks) and 10 routes in total were performed by the AU in
order to complete the slurry application on the field (including
the headland area) (Fig. 6). For each refilling event, the RU
reached the field from the north field headland. Table 3
presents the measured data from the operation.

3.3.2.  Simulated operation B

During the field operation, the AU initiated the slurry appli-
cation with the remaining load after the completing the
application from the previous operation. For this reason, the
effective distance of the first route was about 133 m. In order
to include this event into the model, the tanker capacity for
the first route was set at 2.16 m? instead of 14.6 m>.

Operation B [ routes 12,3

600 -
overall operation
550 + Route1 1
+ Route 2

500 8
£ 450 + ]
o
o
o 400 | 1
& 0t 1
Z
£ 300 J
E

250 1

200 + 1

150 1 L 1 L 1 1

50 100 150 200 250 300
utmE-461400 {m)
OperationB | routes 78910
600 T T . - :
overall operation
850+ + Route7
+ Route 8

500 Route 9
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~— 450 +
o
S
W 400 ¢
@ 3801
=z
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-
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Fig. 6 — The GPS recordings for operation B.
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Table 3 - Measured data for operation B

Table 4 - Simulated data for operation B

Route? Effective Transport  Turning Route? Effective Transport  Turning
distance (m)  distance (m) distance (m) distance (m)  distance (m) distance (m)
1 133.39 541.32 0 1 133 532.54 0
2 972.41 290.51 58.75 2 910 309.47 57.5
3 924.11 351.92 60.07 3 910 343.31 71.61
4 957.37 323.86 55.77 4 910 380.31 65.01
5 950.37 334.75 57.79 5 910 316.31 45.54
6 934.31 350.48 59.87 6 910 366.75 71.61
7 914.00 345.42 138.3 7 910 359.07 72.01
8 868.74 443.73 52.26 8 910 342.31 71.61
9 679.03 436.15 77.54 9 910 361.43 90.9
10 436.51 99.54 67.87 10 378 341.00 94.29
Total 7,770.24 3,517.68 628.22 Total 7,791 3,652.50 640.08

Total travelled distance (m) 11.916‘14@
Non-working travelled distance (m) 4.145.90

Field efficiency (distance based) (%) 65.21

Total travelled distance (m) 12.083.58
Non-working travelled distance (m) 4.292.58
Field efficiency (distance based) (%) 64.48

a Route 1: 22 (partial), Route 2: 23, 22 (partial), 20, 21 (partial), Route
3: 19, 17, 21 (partial), 18 (partial), Route 4: 16, 14, 18 (partial), 15
(partial), Route 5: 13, 11, 15 (partial), 12 (partial), Route 6: 10, 8, 12
(partial), 9 (partial), Route 7: 7, 1, 9 (partial), 6 (partial), Route 8: 5, 3, 6
(partial), 4 (partial), Route 9: 2, lower headland (3 passes), Route 10:
4 (partial), upper headland (3 passes).

a Route 1: 22 (partial), Route 2: 23, 20, 22 (partial), 21 (partial), Route
3: 21 (partial), 18, 16, 19 (partial), Route 4: 19 (partial), 17, 14, 12
(partial), Route 5: 12 (partial), 15, 13, 10 (partial), Route 6: 10,
(partial), 8, 11, Route 7: 9, 6, 4 (partial), Route 8: 4 (partial), 7, 5, 2
(partial), Route 9: 2 (partial), 1, Route 10: lower headland (3 passes),
upper headland (3 passes).

The simulated fieldwork pattern was formed by blocks
consisting of four tracks resulting in the following track
sequence: ¢ =([2,4,1,3],[6,8,5,7],[10,12,9,11],...).
ering that the application started from the north-east corner
of the field (from track 23) this sequence is modified as
o =([22,20,23,21],[18,16,19,17],[14,12,15,13],...). The simu-
lated refilling locations were determined by the refilling unit

Consid-

The main reason for this deviation between the measured and
the predicted values arises from the preferences of the oper-
ator. The operator did not comply with the standard fieldwork
pattern, but changed the track sequence as well as the way
that the RU was accessed. As an example, in the case of
operation A the track sequence followed by the operator and
as depicted by the model was:

Actual : 20»17—-19—-R—16—-19—-15—-R—13—-12—-11—-R—10—...
Simulated : 2017—-19—-R—>19—-16—-18—-R—18—-15—-12—-R—14—...

vectors e_")—>e_">(rg.,0, 1) Vne{1,.,2}. The data from the simu-
lated output are presented in Table 4.

A comparison between the experimentally measured data
and the simulated data shows that the model can simulate
with sufficient accuracy the motion of an AU operating in CTF.
As shown in Table 5, in predicting the total travelled distance,
the error is 0.24% for operation A and 1.41% for operation B.
The expected factor for field efficiency is the transport
distance, since it contributes to 34.81% (operation A) and
29.52% (operation B) of the total travelled distance. In contrast,
the headland turnings, which constitute the dominant factor
in the operation of conventional farming (Sgrensen, 2003),
according to the measured data only contribute to 6.48% and
5.27% of the total travelled distance. Therefore, the error in
prediction of the non-working distance during headland
turnings is of less importance that the prediction of the
transport distances.

4, Discussion

The errors in predicting transport distance for the two oper-
ations, as shown in Table 5, are 2.52% and 3.83%, respectively.

For most routes, there is no agreement between the actual and
the simulated operation regarding the track from where the
AU approaches the RU, as well as the first track that it reached
after refilling. However, this change in fieldwork pattern
caused deviations only on the portion of transport that con-
cerned travelling in the headland. Consequently, the affect of
the fieldwork pattern uncertainty on the model robustness is
negligible.

An important point is that since the model itself includes
the motion sequence generation for the operating machine, it
can potentially constitute a part of the motion planning for an
autonomous machine. The accurately positioned and
permanent tracks in CTF provide advantageous conditions for
implementing automatic systems and robotics.

Furthermore, the mathematical formulation of the opera-
tion captures the interrelationships and the interplay between
features of the whole procedure. There were cases during the
actual operation when the driver entered a new track with
very low remaining load quantity that was only sufficient for
application on a small part of the track. Consequently, the AU
drove empty for a long distance on the current track,
increasing the idle-transport time of the operation. In
contrast, the driver could have avoided this if the decision was

(2009), doi:10.1016/j.biosystemseng.2009.02.006
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Table 5 - Comparison between the data from the experimental and the simulated operation.

Operation A Operation B
Measured Simulated Error (%) Measured Simulated Error (%)
Total travelled distance (m) 14,054.77 14,088.91 0.24 11,916.14 12,083.58 141
Effective Distance (m) 8,250.65 8,196 0.66 7,770.24 7,791.00 0.27
Non-working distance (m) 5,804.12 5,892.91 1.53 4,145.90 4,292.58 3.54
Transport distance (m) 4,892.86 5,016.12 2.52 3,517.68 3,652.50 3.83
Turning distance (m) 911.26 876.79 3.93 628.22 640.08 1.89
Field efficiency (distance) (%) 58.7 57.52 2.01 65.21 64.48 1.12

made to end the current route and drive to the RU. On the
other hand, decisions like this may increase the number of the
routes. The optimisation of this decision involves the opti-
misation of the material quantity that the AU applies at each
route in order to minimise the total idle-transport distance
and improve field efficiency. The mathematical model pre-
sented here can provide the basis for solving this determin-
istic optimisation problem. This is considered a subject for
future research.

5. Conclusions

Detailed studies of driving patterns and sequence of motions
for material handling operations using CTF in arable farming
have formed the basis for the aggregation and development
of a discrete-event model for predicting travelled distances.
The validation of this model shows that this model can
adequately predict the motion pattern of an AU operating in
CTF. The error prediction, in terms of the total travelled
distance, was 0.24%~1.41% for the 2 experimental setups. The
key factor that influences field efficiency is the transport
distance since it contributes between 29.52%~and 34.81% of
the total travelled distance. In the case of conventional
farming, headland turnings constitute the determining factor
for operational efficiency but, in this case, they only
contribute between 5.27% and 6.48% of the total travelled
distance.

The use of the developed model includes partial compar-
ative studies of the change in the field efficiency between
conventional farming and controlled traffic for various spec-
ifications of field size, field dimensions, wheel track layout,
and so on. However, another potential use of the model
includes motion generation for autonomous agricultural
vehicles.

The current model structure provides significant knowl-
edge on the interrelationships between mutual influencing
parameters in the motion sequence and configurations of the
CTF layout. Further researching into the model may include
deterministic optimisations procedures for maximising the
field efficiency for CTF farming operations.

Uncited reference

Chamen, ZOO;

REFERENCES

Achten ] (1997). Models, Methods and Databases for Labour and
Machinery in Agriculture. Comparison of task time models for
field work of Denmark, Germany, The Netherlands and
Finland. IMAG-DLO Wageningen The Netherlands. CIGR-
Working Group 17

Batte M T; Ehsan M R (2006). The economics of precision
guidance with auto-boom control for farmer-owned
agricultural sprayers. Computers and Electronics in
Agriculture, 53(1), 28-44.

Bochtis D (2008). Planning and Control of a Fleet of Agricultural
Machines for Optimal Management of Field Operations. Ph.D.
Thesis. AUTh, Faculty of Agriculture, Department of
Agricultural Engineering, Greece.

Bochtis D D; Vougioukas S G (2008). Minimising the non-working
distance travelled by machines operating in a headland field
pattern. Biosystems Engineering, 101(1), 1-12.

Chamen T; Alakukku L; Pires S; Sommer C; Spoor G; Tijink F;
Weisskopf P (2003). Prevention strategies for field traffic-
induced subsoil compaction: a review Part 2: equipment and
field practices. Soil and Tillage Research, 73, 161-174.

Chamen W C T; Audsley E (1993). A study of the comparative
economics of conventional and zero traffic systems for arable
crops. Soil and Tillage Research, 25, 369-390.

Chamen W C T; Vermeulen G D; Campbell D J; Sommer C (1992).
Reduction of traffic-induced soil compaction: a synthesis. Soil
and Tillage Research, 24, 303-318.

Bedfordshire, MK45 2AU

Douglas J T; Crawford C E; Campbell D J (1995). Traffic systems
and soil aerator effects on grassland for silage production.
Journal of Agricultural Engineering Research, 60, 261-270.

Hamza M A; Anderson W K (2005). Soil compaction in cropping
systems. A review of the nature, causes and possible
solutions. Soil and Tillage Research, 82, 121-145.

Harbuck T L; Fulton ] P; McDonald T P; Brodbeck C J (2006).
Evaluation of GPS autoguidance systems over varying time
periods. Paper number 061042, 2006 ASABE Annual Meeting

Hunt D (2001). Farm power and machinery management (tenth
ed.). Iowa State Press, Ames, lowa.

Lagué D; Agnew J; Khelifi M (2003). Theoretical Evaluation on the
Feasibility of Controlled-Traffic Farming (CTF) Using Wide-
Span Implement Carriers (WSIC) for Canadian Agriculture. In:
Proc. CSAE/SCGR 2003 Meeting, Montréal, Québec.

McPhee ] E; Braunack M V; Garside A L; Reid D J; Hilton D J
(1995). Controlled traffic for irrigated double cropping in
a semi-arid tropical environment: part 2, tillage operations
and energy use. Journal of Agricultural Engineering Research,
60(3), 183-189.

(2009), doi:10.1016/j.biosystemseng.2009.02.006

Please cite this article in press as: Bochtis, D.D. et al., Modelling of material handling operations using..., Biosystems Engineering

1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254


Original text:
Inserted Text
idle 

Original text:
Inserted Text
 and 

Original text:
Inserted Text
-

Original text:
Inserted Text
-

DIBO
Cross-Out

DIBO
Sticky Note
The reference has been removed


1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266 Q4

YBENG1196_proof m 16 March 2009 m 12/12

12 BIOSYSTEMS ENGINEERING XXX (2009) I-12

Reicosky D C; Reeves D W; Prior S A; Runion G B; Rogers H H;
Raper R L (1999). Effects of residue management and
controlled traffic on carbon dioxide and water loss. Soil and
Tillage Research, 52, 153-165.

Sgrensen C G; Nielsen V (2005). Operational analyses and model
comparison of machinery systems for reduced tillage.
Biosystems Engineering, 92(2), 143-155.

Serensen C G (2003). A model of field machinery capability and
logistics: the case of manure application. Agricultural
Engineering International: The CIGR Journal of Agricultural
Engineering Scientific Research and Development. ISSN: 1682-
1130, Vol 5. ISSN:-1682-1130-

Taylor J H (1983). Benefits of permanent traffic lanes in
a controlled traffic crop production system. Soil and Tillage
Research, 3(4), 385-395.

Tullberg J N; Yule D F; McGarry D (2007). Controlled traffic
farming - from research to adoption in Australia. Soil and
Tillage Research, 97(2), 272-281.

Tullberg J N; Ziebarth P J; Yuxia L (2001). Tillage and traffic
effects on runoff. Australian Journal of Soil Research, 39,
249-257.

Unger P W (1996). Soil bulk density, penetration resistance, and
hydraulic conductivity under controlled traffic conditions. Soil
and Tillage Research, 37, 67-75.

(2009), doi:10.1016/j.biosystemseng.2009.02.006

Please cite this article in press as: Bochtis, D.D. et al., Modelling of material handling operations using..., Biosystems Engineering

1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278


DIBO
Cross-Out


	Modelling of material handling operations using controlled traffic
	Introduction
	The mathematical model
	Preliminary notifications
	Definitions of vectors and functions
	Coordinates vectors
	Refilling unit vector
	Function p
	Function beta
	Distance operator
	Routes

	Non Non-working travelled distances
	From the RU to the resuming position
	During the application
	From the field track to the RU
	During the headland turns
	Total non non-effective distance

	Field efficiency

	Experimental verification of the model
	Materials and methods
	Operation A
	Experimental operation
	Simulated operation A

	Operation B
	Experimental operation
	Simulated operation B


	Discussion
	Conclusions
	Uncited reference
	References


