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Abstract:  
 
A numerical method for optimization of the cable lengths in trawls with respect to the ratio between the 
estimated trawl drag and the predicted catch efficiency is developed and applied. The trawl cables of 
interest are warps, bridles, headline and footrope. The optimization algorithm applies an ordered 
sequential process changing one cable length at the time. It is assumed in the predictions that the 
catch efficiency of the trawl is proportional with the trawl mouth area. In a case study optimizing a 
bottom trawl used on a research vessel by applying the new method it is predicted that it would be 
possible to reduce the ratio between trawl drag and catch efficiency by up to 46% by optimizing the 
cable lengths. Thus this would enable a considerable reduction in fuel consumption to catch a specific 
amount of fish. Moreover, we predict an increase in the value of the trawl mouth area leading to better 
catching efficiency without increase in otter door drag. 
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► We apply energy efficiency optimization to the redesign of trawl cables. ► The redesign includes 
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1 Introduction1

In the fishing industry, fuel consumption is an issue of paramount importance to2

fishermen and affects a number of environmental effects (such as Carbon dioxide3

emission [Lee]) in the present context of sustainable development.4

Budgeting energy consumption is an important issue in the trawl fishing industry5

since total cost might reach several ten percent of the turnover.6

Fossil energy (fuel) consumed per fish captured is typically considered as a measure7

to such dependence on energy. Fuel consumption normal mean value is around8

0.6 liter/kg [Tye], but could vary anywhere between 0.1 to 3 liter/kg depending on9

species of interest and corresponding fishing techniques.10

From the Norwegian point of view, Schau et al. [Sch] suggest possible ways for11

reducing energy use and greenhouse gas emissions based on changing operational12

strategies, hull forms or the introduction of alternative energy sources.13

An experimental study described by Sala et al. [Sal] evaluates the energy perfor-14

mance of fishing vessels under different operating conditions. It shows that fuel15

savings might reach a level of 15% through reducing navigation speed by half-a-16

knot.17

In another approach, Macdonald et al. [Mac] considered an alternative to trawl-18

ing: jig fishing. Thomsen [Tho] has shown that ships converted from single to pair19

trawling saved 40-45% of fuel. Nonetheless, Rihan [Rih] suggested to get back to20

traditional single rig trawling from twin rigs in order to decrease fuel consumption.21

Trawl is one of the main fishing tools used in Europe and a large number of studies22

have been dedicated to its use in the fishing industry.23
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The improvement of fuel consumption can be achieved by geometrical or physical24

modification of trawls to make them fuel efficient. Using the concept of hydro-25

dynamic resistance Kim et al. [Kima] developed a new analysis of fishing gear26

performance using computer simulation. As an example of gear modifications, he27

analysed decrease of twine diameter or increase of mesh size in order to assess the28

impact of these alterations on fuel consumption. In the same way Ward et al. [War]29

have tested reduction of twine diameter and increase of mesh sizes.30

Trawl energy consumption depends on the drag it exerts and in previous works31

such as the following references [Pria,Khaa,Khab], we focused on panel cutting32

and design for fuel consumption reduction. While this might be satisfactory from33

the designer point of view, fishermen might differ and tend to avoid reworking panel34

design as it is generally considered as a rather tedious task.35

Drawing from our previous work that dealt with an automatic optimization proce-36

dure of trawl panel cuttings as parameters, we changed the focus of our procedure37

using cable lengths as parameters.38

The goal is to minimize the ratio of trawl drag to trawl mouth area. The basic as-39

sumption of the optimization is that the catch efficiency of the trawl is proportional40

with the mouth area of the trawl. Under this assumption can the ratio of trawl drag41

to the mouth area of the trawl be used as a proxy to optimize the ratio between drag42

and the amount of fish caught.43

In principle, the target species must be considered and in particularly their be-44

haviour face the gear such as the escapement over the headline or the herding effect45

by the bridles. Our work accounts simply for fish behaviour by considering a verti-46

cal fish distribution relative to sea floor.47
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We build an objective function (OF) representing the minimization problem of con-48

sumed fuel volume per captured fish mass (kg). It is evaluated from a mechanical49

finite element method (FEM) model adapted to trawls. Our constrained optimiza-50

tion starts from a reference trawl and selects the best result among several others51

modified by the OF minimization process.52

Our previous works were motivated by the reduction of drag that leads to decrease53

of fuel consumption. Because drag is mostly due to netting (see Appendix A for a54

general description), we focused optimization on netting design. If OF were drag, a55

large decrease of the netting surface might occur leading to a reduction of the catch56

efficiency. Consequently we define rather the OF as the ratio between drag and57

trawl mouth area. In addition, we have shown previously that optimization leads58

mostly to an increase of mouth surface rather than drag decrease. This is why we59

focus presently on cable lengths that are expected to have a large effect on mouth60

surface and a small one on drag.61

We show that this tool when applied to trawl cable length design could offer poten-62

tial saving in fuel consumption per kg of fish caught. This finding is based on the63

assumptions that the fuel consumption is related to the drag of the gear and that the64

mass of fish encountering the gear is proportional with the mouth area of the trawl.65

As we found previously with SOT (Successive Optimization Tool), panel cutting66

optimization [Khaa] could lead to a moderate increase in catch volume that can be67

mitigated by decreasing the number of fishing trips.68

Since this study targets redesigning cable trawl, we did not account for vessel or69

door modifications despite the fact substantial alterations in trawl might lead to70

deep changes affecting drag with subsequent alterations of door area.71
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This paper is organized as follows: In section 2 we describe the physical trawl72

along with the numerical method covering the OF, design variables, and constraints.73

Section 3 describes the optimization method, while in section 4 we present the74

results and section 5 carries our discussion and conclusions. Appendix A describes75

trawl drag evaluation. In appendix B we provide details of the trawl used in this76

work and in Appendix C we provide a simple example as an illustration of our77

optimization method.78

2 General description of the work79

2.1 Bottom trawl description80

A trawl used typically in a research vessel [Stu] is displayed in fig. 1 and used81

in this study. The mathematical definition of the trawl and its components follow82

reference [Led] while the actual numerical values of the various geometrical parts83

of the trawl are fully provided in Appendix B for self-contained-ness. The depth84

at which the trawl is generally used is 81 m with warps of 201 m and bridles of85

36.6 m. Usually, the towing speed is 1.51 m/sec.86

2.2 Numerical model87

The mechanical finite element method adapted to fishing net upon which the OF88

is built has been described in detail previously [Prib]. The FEM model consists89

of triangular meshes as displayed in fig. 2 with discretization size of 2 m (used90

in optimization) and verification size of 0.5 m. The meshing consists typically of91

391 triangular elements and 73 nodes per cable (for a 2m discretization step) and92
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5029 triangular elements and 180 nodes per cable (for a 0.5m discretization step).93

The FEM discretization of net and panel along with numbering scheme and as-94

sembly with supporting cables are fully detailed in fig. 3, fig. 4 and fig. 5. Starting95

from the full net displayed in fig. 3 we concentrate on panels 1 and 3 and show the96

sequential FEM processing for illustration. At the end of optimization, results are97

validated with another discretization size of 0.5 m. Three percentage ratios (PR) are98

used in this study: 4%, 2% and 1%. This parameter is employed for the alteration99

of cable length (in the pseudo code described later, ∆l = cablel.length× PR). The100

optimization process leads to three different trawls that the end user (e.g. a fishing101

industry representative) has to choose from on the basis of his own criteria. Opti-102

mization process is controlled by three parameters: the discretization size, the PR103

and the Newton-Raphson convergence threshold parameter. The first one pertains104

to the numerical geometry of the basic element used in the FEM model. PR affects105

the cable length discretization after each iteration. The influence of both parame-106

ters has already been analyzed in ref. [Pria]. In this work we refine the optimization107

result on the basis of tuning the Newton-Raphson parameter (NRP) such that when108

discretization size is 2 m NRP=0.1 N while NRP=0.01 N when discretization size109

is 0.5 m.110

2.3 Objective function and design variables111

In order to define the OF we recall that energy required annually during hauls is112

due to drag (D) and the annual distance covered by hauls (L). If propulsion system113

efficiency (η) is known, as well as fuel work capacity (h f ), fuel volume of the114

trawling operation (Vf ) can be assessed by the following relation:115

Vf =
DL

ηh f
(1)116
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Vf : Fuel volume used per year (m
3),117

D: Gear drag (N),118

L: Towed distance per year (m),119

η: Propulsion efficiency (often close to 0.1),120

h f : Diesel fuel energy equivalence (around 36 GJ/m
3).121

The amount of fish caught by trawl is the intersection of mouth trawl area and fish122

distribution.123

The quantity of fish caught per year is the product of the annual covered distance (L)124

by the intersection surface (Si) and the trawl catching ability (Tc). The fish caught125

per year is:126

F = SiLTc (2)127

F: Fish caught per year (kg),128

Si: Intersection between bottom trawl mouth area and fish distribution, weighted by129

fish distribution (m2),130

L: Towed distance per year (m),131

Tc: Trawl catching efficiency (kg/m
3).132

The ratio between consumed fuel and captured fish is obtained as:133

Vf

F
=
D

Si

1

ηh fTc
(3)134
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Since it is expected that η , h f and Tc parameters are constant, in other words, not135

affected by the optimization process, the OF is simply the ratio D/Si.136

2.4 The mouth surface137

In the numerical model the netting modelled by triangular finite elements [Prib],138

the mouth surface being calculated as the sum of the projection of each element139

over the plane normal to the towing displacement. In fig. 2 we show the general140

aspect of the triangular elements used in the FEM.141

2.5 Constraints142

The optimization is run with a number of constraints given below:143

2.5.1 Headline covering the foot-rope144

For each combination of variables, some care should be exercised. Once the bot-145

tom trawl shape has been calculated, the foot-rope should be at least 3.5 m behind146

headline in order to avoid fish escapement above headline (fig. 6).147

This covering distance (d) is the horizontal length between the foot-rope and head-148

line. In the optimization process, this geometrical constraint is always checked by149

monitoring the minimum covering distance and whenever it is smaller than 3.5 m,150

the corresponding combination is rejected. Note that the 3.5 m value has been ex-151

tracted from the reference trawl simulation.152
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2.5.2 Contact with sea bottom153

For some combination of variables the foot-rope could lose contact with sea bottom154

and consequently the trawl catching efficiency might be reduced. In each case the155

contact is checked and when lost the corresponding combination of variables is156

rejected. The contact is considered lost when the distance between the bottom of157

the foot-rope and the sea bottom is larger than the radius of the foot-rope. We might158

note, in this respect, that none gradient methods such as Powell’s [Rec] enable159

handling OF constraints directly without having to rely on simple inspection.160

2.5.3 Panel sidelength161

During optimization one should respect a set of geometrical constraints originat-162

ing from cable attachment to net panel side. For instance cable length ought to be163

smaller than the corresponding panel side-length depending on the side being con-164

sidered (the connections between panel and cable are given mathematically by a165

connectivity matrix similarly to the connectivity matrix pertaining to panel inner166

nodes). We performed previously an optimization based on panel mesh geometry167

that resulted in a set of bounding lengths limiting the node excursion amplitude in168

each panel during every run.169

3 Optimization method170

The optimization is based on three main points :171

The starting point is the OF definition. It is expected to decrease during the opti-172

mization process. In the present study, the OF is a scalar equal to ratio of trawl drag173

to mouth area intersecting the fish distribution. Basing on previous assumptions,174
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we conclude that OF is proportional to the ratio of fuel quantity and amount of175

captured fish.176

The second issue is the set of variables, which are the cable lengths. We build177

a vector containing all cable length variables. The size of this vector (nb) is the178

number of cables the user chooses to modify.179

The third one is the list of constraints which consist of tests that might lead to reject180

change in cable length. An example of constraint is that the headline must always181

be in front of the foot-rope 2 to avoid fish escapement (see fig. 6), in other words,182

cables # 4, 6, 8 and 10 (see fig. 7) must always be ahead cables # 5, 7, 9, 11 and 12.183

Another constraint is that the foot-rope (cables # 5, 7, 9, 11 and 12 on fig. 7) must184

always be in contact with sea bottom.185

In order to run the optimization, we have to initialize all cable lengths according to186

a reference trawl (fig. 1) given that they are numbered from 1 to nb.187

The optimization method could be best described by the pseudo-code listed in the188

box below.189

In other words, performing such optimization requires that we start from some190

reference values and do the following:191

i) impose small modifications to the variables separately,192

ii) calculate the OF after each modification,193

iii) select variables leading to the best OF while respecting imposed constraints.194

The above three steps are done again starting from new values of the variables until195

no improvement is observed in the OF.196

2 this constraint is realistic for most bottom trawls but not for topless design
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Algorithm 1 Successive Optimization Tool (SOT)

Require: U0 = (u0l )1≤l≤n ∈R
n

1: M←U0

2: r← 1

3: while r 6= 0 do

4: r← 0

5: k← 0

6: index← 0

7: for l← 1 to n do

8: k← k+1

9: Uk←U0

10: ukl ← u
0
l +∆l ⊲Where ∆l is equal to PR×u

0
l

11: if F (Uk)< F (M) then

12: M←Uk

13: index← k

14: r← 1

15: end if

16: k← k+1

17: Uk←U0

18: ukl ← u
0
l −∆l

19: if F (Uk)< F (M) then

20: M←Uk

21: index← k

22: r← 1

23: end if

24: end for

25: U0←M

26: end while

27: returnU0
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This algorithm might be improved in principle by using methods such as Pow-197

ell’s [Rec], however the main persisting difficulty in this type of problem, is to get198

stuck permanently into a local minimum.199

In addition, even if we reach some global minimum, it should be close enough to200

the reference point since we believe that an optimized trawl should not be too much201

distorted geometrically with respect to the reference. This means desired character-202

istics of the reference trawl (in terms of catchability, selectivity etc...) ought to be203

approximately preserved.204

Previously we used an OF given by the drag over the trawl swept width and an205

optimization procedure we called SOT (Successive Optimization Tool) amply de-206

scribed in refs. [Pria,Pric]. We found in the bottom trawl case (ref. [Khaa]), that207

the vertical opening of the optimized trawl was sometimes too small resulting in a208

potential decrease of the amount of fish caught.209

This prompted us to amend the SOT optimizationmethod through the consideration210

of an alternative OF given by the ratio of the drag to the effective swept area.211

It will be shown later that in trawl optimization the number of variables is quite212

large requiring a computationally intensive effort.213

The efficiency of the method depends strongly on the amount of modification of214

the variables. This modification is a percentage of the various trawl cable length.215

Next we provide a detailed example illustrating in detail the optimization process.216
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3.1 Optimization procedure217

In the following, we provide details of a single SOT cycle. Starting from the struc-218

ture displayed on fig. 1, we introduce the following vector whose components are219

the lengths of the variable length cables:220

U0 = [36.6 59.4 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 201].221

Vector component n corresponds to the length of cable # n (accounting for variable222

length cables only). For example, the first value (36.6) is the length of cable # 1223

(bridle) in fig. 1.224

This vector is modified step by step until the best solution minimizing the OF is225

found. The optimization is run according to the pseudo-code given above. The re-226

sults of a single run are illustrated in detail below.227

The 30 successive variable vectors are (numerical values are in m and the modified228

variable is in bold):229

U1 = [36.97 59.4 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 201].230

U2 = [36.23 59.4 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 201].231

U3 = [36.6 58.99 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 201].232

U4 = [36.6 58.81 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 201].233

.234

.235

U28 = [36.6 59.4 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.23 201].236

U29 = [36.6 59.4 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 203.01].237

U30 = [36.6 59.4 59.4 7 7.8 14.9 14.35 1.1 4.94 2.25 0.79 3.12 7.7 7.3 198.99].238

In table 1 we display results of the first and last seven cycles of the optimization239
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procedure. The above vectors correspond simply to the first line of table 1 implying240

that modifications of cable # 2 are mainly responsible for the OF minimization.241

For each vector the shape of the trawl is calculated as well as the OF. That means242

31 OF evaluations:F (U0) for the reference (U0) while the remaining 30 OF evalu-243

ations correspond to the modifications (U1 to U30). From these 30 evaluations, the244

minimum is extracted and corresponds to Un. If F (Un) ≤F (U0), Un is the kept245

design and used as the new reference U0 with F as the OF. The process restarts246

from this reference: 30 modifications are applied and the OF is calculated until247

F (Un)≥F (U0), ∀n ∈ [1,30].248

The final optimized design corresponds to the last U0.249

3.2 Rounded trawl concept250

The use of the optimization tool leads to alterations of cable length. Our software is251

able to trace the OF minimization part for which some cable is responsible. When252

a given cable participation is small, its length modification is not accounted for.253

In summary, the optimization tool suggests some cable alteration, nevertheless the254

user is free to select among the most significant changes in terms of contribution to255

OF minimization. The resulting structure is called the rounded trawl.256

3.3 Potential time and money savings257

The potential time and money savings generated by this optimization are evalu-258

ated on the following assumptions for both bottom trawls previously described: the259

reference and the optimized one.260
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(i) The first hypothesis is that the quantity of fish caught per year with the optimized261

trawl is expected to be same as the reference trawl meaning same intersection vol-262

ume between the swept bottom trawl volume and fish spatial distribution. The trawl263

catching efficiency is expected to be constant between the reference and the opti-264

mized trawls.265

(ii) The second hypothesis is that the efficiency of the engine and propeller equals266

10%, the energy per liter of fuel equals 36 MJ/l and the fuel costs 0.6¤/l. Note that267

these values are acceptable in the year 2012.268

(iii) The third hypothesis is that the duration of trawling of the reference trawl is269

21 h and 36 minutes per day during 260 days. This duration is calculated from usual270

week trip with each haul consisting of 3 h of trawling and 20 minutes of hauling271

operations.272

4 Results273

4.1 Rounded trawl optimization results with respect to reference trawl274

We start with the simulation of the reference trawl. We find that the obtained drag is275

57 kN and the mouth area is 70 m2, while its intersection with the fish distribution276

over 6 m depth is 70 m2 which gives a drag per intersection swept surface equal to277

809 N/m2. The design of the reference trawl is displayed in fig. 1 and the shape is278

in fig. 8.279

Once OF building has been done according to the procedure described in sec-280

tion 3.1, the SOT optimization is run with three PR 4%, 2% and 1%. A slight281

modification in optimized trawls is observed while changing the PR from 4% to282
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1%. We choose the results issued from PR 1%.283

According to table 2 and figure 9 the largest gain reduction is obtained with cables284

# 2, 4 and 12. This triggered us to finalize the optimization process by changing285

the lengths of these cables in the reference trawl only. In the next two tables we286

compare the results of the rounded trawl with the full optimization.287

We provide below two tables (3 and 4) carrying the optimization results and the288

consequences in terms of energy saving. In table 3, the drag, the actual mouth sur-289

face, the intersection area with fish distribution (Si), the OF (drag/Si), the vertical290

opening (VO: vertical opening at middle headline), the horizontal opening (HO:291

mean wing ends spread) and the DO (door opening or distance between doors) are292

given. In contrast, table 4 displays the optimized results versus reference design val-293

ues with their corresponding impact on fuel consumption, fishing trip duration and294

energy saving. Additionally we note an increase in the value ofDO in the optimized295

case signifying an improvement of trawl catching efficiency without simultaneous296

enhancement of otter door drag.297

We obtain a net fuel consumption reduction of 46% and the corresponding 3D298

shape is shown below in fig. 10.299

A slight increase in optimized trawl width is observed (from 24.3 m to 24.6 m) as300

well as in height (from 3.5 m to 6.1 m) leading to an increase of effective mouth301

surface and therefore a decrease in the number of fishing trips.302

From the above results, a numerical issue should be addressed and that is the condi-303

tioning of the optimization problem. This stems from the fact a small change (such304

as 1%) in cable # 2 produces a gain larger than 80% of the total fuel reduction gain305

(see fig. 11). This stems from the fact, this cable controls the headline height as306
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seen in fig. 8 and labeled in fig. 1.307

4.2 Convergence speed308

The typical execution time for the optimization procedure is 3 h 51 mn while a309

total number of evaluated trawls reached 2970. This shows that the computation310

time for each trawl is about 5 s. The machine used is based on an 8 core (Intel311

XeonTME5345 @2.33GHz) architecture with GNU gcc-4 compiler running under312

Linux Ubuntu 8.04. The typical variation of the OF versus iteration is displayed in313

fig. 12.314

4.3 Resulting savings in time and money315

Reduction of fuel consumption as well as economy and savings in terms of distance316

covered, trips and energy expanded are displayed in table 4. Reference trawl is dis-317

played in fig. 8 and the rounded trawl is in fig. 10. Notice that the latter corresponds318

to the rounded case and not the optimized one. Rounded, in this case, means results319

are collected with the principal cables (meaning those giving the largest reduction320

i.e. cables # 2, 4 and 12) and not all cables.321

Considering our general assumptions defined in section 3.3, we infer that total trip322

duration per year with the optimized trawl is decreased by 116 days (-45%). Hence323

the expected economy of fuel cost might reach about 123 k¤per year equivalent to324

a net savings of 46%.325

17



5 Conclusion and discussion326

Optimization based on cable length modification is found to be beneficial for bot-327

tom trawl fuel consumption. In this work, we proceed by changing trawl cable328

lengths while maintaining netting panel geometry in contrast to our previous work.329

In the past, optimization focused solely on panel cutting, but fishermen prefer cable330

length modification over netting panel redesign since it does not entail a number of331

delicate and time consuming operations.332

The application of this tool to design a bottom trawl used in research vessel [Stu]333

leads in the 6 m depth uniform fish distribution to an important fuel saving, the334

largest reduction being obtained with cables # 2, 4 and 12.335

When we finalize the optimization process by rounding the lengths of the latter336

cables, we reach a substantial improvement in terms of energy efficiency savings337

for bottom trawl (about 46%).338

OF depends on spatial fish distribution since it is given by the ratio of drag to ef-339

fective swept area Si. The latter is determined by the intersection of trawl mouth340

surface with the area over which fish population is distributed. Uniform distribu-341

tion over 6 meters depth is assumed in this work. From our results, it appears that342

improvement is mostly due to increase of effective surface (80%) rather than drag343

decrease (2%).344

During optimization, the modification size (PR) cannot be a priori determined. This345

is why the optimization has been carried out using several values as percentages.346

The user has finally to choose among the different results. These range from 4%347

to 1% since a number of geometrical constraints impose several bounds on these348
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modifications. An example of geometrical constraint is that a cable attached to a349

panel cannot be substantially modified, since its length should be smaller than the350

panel side-length to which it is attached.351

Despite the quality of the results we obtain with the chosen set of modifications,352

the issue of being stuck in a local minimum without being able to escape from it353

due to the various geometrical constraints remains. Nevertheless, performing ge-354

ometrically constrained optimization can be done by incorporating a procedure to355

escape from the local minimum. Such procedure might be based, for instance, on356

stochastic methods such as simulated annealing [Rec].357

Another issue related to this work is fish behaviour during trawling. Several factors358

affect fish behaviour such as fish size, species and water temperature. In the case of359

flat-fish, Ryer [Rye] shows that its capture can be viewed as a sequence of behav-360

ioral patterns with respect to the gear. When the fish is in the path of the sweep, its361

behavioural response determines whether the flat-fish is herded, or passes over or362

under the sweep. In contrast to round-fish, flat-fish reaction distance is quite small363

(typically less than 1 m). When herding is initiated, a second behavioural response364

determines whether herding is maintained. In this case fish could reach the foot-365

rope. Generally, the angle of the foot-rope is close to 90◦ in contrast to the bridles366

where the angle is smaller and because the diameter of the foot-rope is usually367

larger than that of the bridle. Fish enters the net after cessation of herding and fa-368

tigue. All these behaviours occur close to sea bottom. In sharp contrast, round-fish369

demonstrates generally greater endurance in the same circumstances.370

In the case of Nephrops, Main and Sangster [Mai] showed that a combination of371

behaviour and trawl design must be considered. They determined that the Nephrops372

during trawling do not swim higher than 1 m from seabed and enter the net only373
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trough the width of the bosom ground-line. When the Nephrops are in the sweep374

path, most of them are overrun by the sweeps and the bridles. Bridles do not have375

any effect on herding neither on catch. Same applies to sweeps.376

While few works on numerical models of fish behaviour in presence of fishing nets377

exist, Kim and Wardle [Kimb] derived one in the case where fish is in front of the378

gears and Herrmann [Her] focused on its behaviour in cod-ends.379

Our work is mainly focused on the optimization process and the modeling of the380

catching process does not account for the detailed fish behaviour as discussed381

above.382

On the other hand, since our work is mainly numerical, we intend, in the future, to383

validate it experimentally by a model scale work in a flume tank through measuring384

the ratio of trawl drag to mouth area for both the reference trawl and the optimized385

one with this method.386

In this work, we have performed optimization based on cable lengths that are geo-387

metrically constrained by being smaller than panel side-length. We have extended388

our previous optimization method dealing with panel mesh geometry where the389

constraint is such that panel side-length must be larger than cable length and a set390

of bounding lengths limiting the node excursion amplitude in each panel during391

every optimization run.392

This contradictory set of geometrical constraints will be handled in our future work393

consisting of full optimization of cables and panels simultaneously in order to394

achieve further reduction of fuel consumption.395

In Table 4 we display drag reduction in the optimized trawl case. This reduction396

might trigger discussions with the fishermen as far as adjusting door surface area or397
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propulsion efficiency are concerned. These parameters are considered constant in398

this work. When these parameters are included in the optimization process, and if399

the relationship between drag and these parameters is known, then a new simulation400

platform can be precisely defined for future studies.401
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6 Appendix A: Trawl drag considerations402

In table 5, the drag distribution between the trawl components are shown for some403

examples of bottom trawl. It can be seen that most of the drag is due to the netting.404

The FEM model described in ref. [Prib] calculates the drag and the swept area of405

trawls taking into account the following forces exerted on the structure:406

• The inner tension in twines:407

Tn = EA
n−n0

n0
(4)408

Tn: Tension in twines (N),409

E: Modulus of twine elasticity (Pa),410

A: Twine section (m2),411

n0: Unstretched length of mesh side (m),412

n: Stretched length of mesh side (m),413

• Drag force exerted on each twine of the net by the towing speed:414

F =
1

2
ρCdDL(Vsinθ)

2 (5)415

T = f
1

2
ρCdDL(Vcosθ)

2 (6)416

F : Normal force (N) to the twine. This expression comes from Landweber417

hypothesis.418

T : Tangential force originating from Richtmeyer hypothesis.419

ρ: Mass density of water (close to 1025 kg/m3),420

Cd : Normal drag coefficient (here 1.2),421

f : Tangential coefficient (here 0.08),422

D: Diameter of the twine (m),423
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L: Length of the twine (m),424

V : Amplitude of the towing speed (m/sec),425

θ : Angle between the twine and the towing speed (radian).426

• The drag on the bottom:427

Fc = µFv (7)428

Fc: Drag on the bottom (N),429

Fv: Vertical force on the bottom (N),430

µ: Friction coefficient (here 0.5).431

7 Appendix B: Details of trawl used in the study432

The trawl drawing with all physical lengths are detailed in fig. 13.433

8 Appendix C: Simple test example for the optimization validation434

In this appendix we apply the SOT method to cable length optimization in the case435

of a simple rectangular panel sujected to a water flow with 0.6 m/sec speed. The436

net we use is displayed in figure 14 with the following dimensions: 0.8 m is the437

warp length, 2 m the headline length, 3 m the bridle length and finally 2 m is the438

foot-rope length. The 2D geometrical aspect is shown in fig. 14 for the reference439

and optimized case whereas the full 3D form is displayed in fig. 15. The selected440

optimization method is the SOT with a PR equal to 2%.441

The net is of ”Aleze PA material 600 MS 22 mm” type with 22 mm twine length442

and 1.75 mm twine diameter. The warps and rope are of the ”PA” type with 6 mm443
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diameter. The foot-rope is sewn to a steel chain having a 2 m length and a 2.25 kg/m444

density.445

In the following table (table 6), we provide the optimization results that illustrate,446

in a simple case, how we start from a given net and extract the results concerning447

drag, swept surface and values of the OF in the case the net is subjected to flow448

with initial direction perpendicular to net plane.449
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Cycle # Best

Cable #

Modification

(m)

OF (N/m2) Reduction per

Cycle (N/m2)

Initial 542.28

1 2 +0.59 427.03 115.25

2 4 +0.07 425.15 1.88

3 4 +0.07 422.18 2.97

4 4 +0.07 421.4 0.78

5 7 +0.14 420.58 0.82

6 6 +0.15 417.76 2.82

7 12 -0.03 417.08 0.68

. . .

93 8 -0.01 400.52 0.06

94 15 +2.01 400.39 0.13

95 8 -0.01 400.36 0.03

96 8 -0.01 400.25 0.11

97 8 -0.01 400.08 0.17

98 15 +2.01 399.77 0.31

99 11 -0.01 399.76 0.01

Table 1

Illustration of the optimization procedure according to run number and best cable with the

corresponding results. The optimization is initialized with a reference variable leading to

an OF value of 542.28 N/m2 (first line). This shows that most of the gain is obtained during

the first cycles.
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Cable # RL (m) OL (m) LM (%) Gain percentage (%)

1 36.6 36.6 0 0.00

2 59.4 59.99 1 80.87

3 59.4 59.4 0 0.00

4 7 7.21 3 3.95

5 7.8 7.18 -8 0.43

6 14.9 15.05 1 1.98

7 14.35 14.49 1 0.58

8 1.1 0.96 -13 0.32

9 4.94 4.4 -11 0.61

10 2.25 2.14 -5 0.24

11 0.79 0.73 -7 0.06

12 3.12 2.34 -25 9.54

13 7.7 7.16 -7 0.01

14 7.3 6.86 -6 0.18

15 201 223.11 11 1.23

Table 2

For each cable, we provide the reference length (RL), optimized length (OL) and length

modification (LM). The gain percentage is the amount of reduction obtained by a given

cable to total gain. The rounded trawl uses only modification of cables # 2, 4 and 12 (bold)

because they lead to the most significant improvement.
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Values
SOT at 1%

Ref Opt Opt vs Ref(%) Rnd Rnd vs Ref(%)

OF (N/m2) 809 414 -49 439 -46

Drag (kN) 57 57 1 56 -2

Mouth Surface (m2) 70 145 107 127 81

Si (m
2) 70 138 97 126 80

VO (m) 3.5 6.6 88 6.1 72

HO (m) 24.3 25.3 4 24.6 1

DO (m) 68.5 73.1 7 70.4 3

Otter door forces (N) 10887 11086 1.8 10956 0.6

Table 3

Optimization considering constant fish distribution over 6 m depth. Main optimization re-

sults are given considering modification size of 1%. These results are: OF value (Drag/Si),
drag of the trawl, mouth area, intersection swept mouth with fish distribution, vertical open-

ing and horizontal opening. The figures are for the reference, optimized and rounded trawls

and the differences between the optimized trawl and the rounded one are compared to the

reference. Otter door forces are defined as the resulting difference between door and warp

and door and bridle respectively.

Reference trawl Rounded trawl

Drag (kN) 57 56

HO (m) 24.3 24.6

Duration (days/y) 260 144

Distance (km/y) 30529 16931

Si (m
2) 70 126

Volume (km3/y) 2.1 2.1

Drag energy (MWh/y) 481 261

Fuel volume (m3/y) 450 244

Fuel cost (¤/y) 269783 146475

Table 4

Duration of the fishing trip per year, distance covered per year as well as drag, drag energy,

horizontal opening, filtered volume, Si and fuel volume and cost for the reference trawl

and the rounded one in which only the principal cables (# 2, 4 and 12) giving the largest

reduction contribution are accounted for. The main results (bold) are a reduction of fuel

cost (46%) and days at sea (45%).
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Cables 7% - 8%

Otter boards 19% - 21%

Netting 60% - 66%

Catch 0% - 10%

Ground rope 4% - 5%

Total 100%

Table 5

Drag distribution between bottom trawl components. These figures originate from model-

ing that shows that most of the drag is due to the netting.

Reference net Optimized net Difference (%)

Drag (N) 236 184 -22

Swept surface (m2) 1.08 1.8 +67

Objective function (N/m2) 218.5 102.2 -53

Table 6

Optimization results and comparison between reference net and optimized net for a 0.6

m/sec speed and 270 cm warp separation.
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Fig. 1. Layout of reference trawl displaying cable number. Due to trawl symmetry, only

half parts of back and belly are presented. The floats on the headline are displayed as well

as the door (Square). The warp is cable # 15, the bridle is # 1, the top leg is # 2 and the

bottom leg is # 3. Due to the large number of netting twines only 1 twine out of 10 is drawn.

Fig. 2. Triangular meshes used in the FEM model. The discretization size is 2 m (shown in

this figure), whereas the verification size is 0.5 m.

Fig. 3. Layout of reference trawl displaying FEM triangulation of the net with panel num-

bering scheme. Mesh discretization size is 2 m. In the following fig. 4 we detail the par-

titioning of panel number 3 and in fig. 5 the connectivity between panels 1 and 3 and

assembly with surrounding cables are displayed.

Fig. 4. Partitioning of panel number 3 into finite elements with numbering scheme. The

mesh discretization size is 2 m on the left and 0.5 m on the right where nodes are displayed.

Fig. 5. Display of panels 1 and 3 showing finite element connectivity and assembly with

surrounding cables.

Fig. 6. Part of the trawl (The netting has been hidden). The warps are on the left, the doors

are the squares. The foot-rope is behind the headline at a distance d.

Fig. 7. Front view shape of reference trawl displaying cable number without ancillary rig-

ging cables nor door structure (see fig. 1). The numbering scheme is symmetric with respect

to a vertical mirror plane situated at the center of the trawl. Only 1 twine out of 10 is drawn.

Fig. 8. Frontview (top) and 3D (bottom) aspects of the reference bottom trawl. We display

a zoom on the netting and only 1 twine out of 10 are drawn. Since the top leg (cable # 2 in

fig. 1) supports the entire fishing net, we expect its length to play a major role as discussed

in the text.

Fig. 9. Percentage length modification (lower panel) and individual percentage (upper

panel) reduction attributed to each cable appearing by its contribution to total economy

gain. Notice that cable # 2 provides the largest part to total gain.
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Fig. 10. Above: Frontview of the trawl rounded through changing the lengths of cables # 2,

4 and 12 only in the reference trawl. Below: 3D aspect of the optimized trawl.

Fig. 11. Display of trawl showing cable length modification (left) and corresponding OF

reduction in percent (right).

Fig. 12. Variation of the OF as a function of iteration number in the SOT case with a PR of

1%.

Fig. 13. Drawing of bottom trawl used on MFV Aalskere (extracted from ref. [Stu]).

Fig. 14. Reference net (left) with dimensions 80×120 in mesh units and optimized result

(right). Cable lengths are indicated. One mesh out of two is displayed.

Fig. 15. 3D sideview of the reference net and the optimized case.
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Fig. 2. Triangular meshes used in the FEM model. The discretization size is 2 m (shown in

this figure), whereas the verification size is 0.5 m.
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Fig. 6. Part of the trawl (The netting has been hidden). The warps are on the left, the doors

are the squares. The foot-rope is behind the headline at a distance d.

Fig. 7. Front view shape of reference trawl displaying cable number without ancillary rig-

ging cables nor door structure (see fig. 1). The numbering scheme is symmetric with respect

to a vertical mirror plane situated at the center of the trawl. Only 1 twine out of 10 is drawn.
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Fig. 8. Frontview (top) and 3D (bottom) aspects of the reference bottom trawl. We display

a zoom on the netting and only 1 twine out of 10 are drawn. Since the top leg (cable # 2 in

fig. 1) supports the entire fishing net, we expect its length to play a major role as discussed

in the text.
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Fig. 10. Above: Frontview of the trawl rounded through changing the lengths of cables # 2,

4 and 12 only in the reference trawl. Below: 3D aspect of the optimized trawl.
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Fig. 14. Reference net (left) with dimensions 80×120 in mesh units and optimized result

(right). Cable lengths are indicated. One mesh out of two is displayed.
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Fig. 15. 3D sideview of the reference net and the optimized case.
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