
Doctoral theses at NTNU, 2017:14

Doctoral theses at N
TN

U, 2017:14

Kristoffer Rist Skøien

Kristoffer Rist Skøien

Feed Distribution in Large Scale Sea
Cage Aquaculture
Experiments, modelling and simulation

ISBN 978-82-326-2114-9 (printed version)
ISBN 978-82-326-2115-6 (electronic version)

ISSN 1503-8181

NT
NU

N
or

w
eg

ia
n 

Un
iv

er
si

ty
 o

f
Sc

ie
nc

e 
an

d 
Te

ch
no

lo
gy

Fa
cu

lty
 o

f I
nf

or
m

at
io

n 
Te

ch
no

lo
gy

,
M

at
he

m
at

ic
s 

an
d 

El
ec

tr
ic

al
 E

ng
in

ee
rin

g
De

pa
rt

m
en

t o
f E

ng
in

ee
rin

g 
Cy

be
rn

et
ic

s



Kristoffer Rist Skøien

Feed Distribution in Large Scale Sea 
Cage Aquaculture

Experiments, modelling and 
simulation

Thesis for the degree of Philosophiae Doctor

Oslo, January 2017

Norwegian University of Science and Technology
Faculty of Information Technology,
Mathematics and Electrical Engineering
Department of Engineering Cybernetics



NTNU
Norwegian University of Science and Technology

Thesis for the degree of Philosophiae Doctor

Faculty of Information Technology, 
Mathematics and Electrical Engineering 
Department of Engineering Cybernetics

© Kristoffer Rist Skøien

ISBN 978-82-326-2114-9 (printed version)
ISBN 978-82-326-2115-6 (electronic version)
ISSN 1503-8181

ITK Report 2017-2-W

Doctoral theses at NTNU, 2017:14

Printed by Skipnes Kommunikasjon as



To my beloved Kristina





Summary

The objective of this thesis was to gain new insight into the process of feeding in
large scale sea cage aquaculture and investigate novel methods of feeding in order
to increase profitability, welfare and minimize environmental impact.

Compared to livestock farming, Atlantic salmon (Salmo salar) farming is a
young industry which has experienced an almost exponential growth rate and the
product continues to be in high demand. A single cage in Norway may contain
more than a 1000 tonnes of fish in the form of 200.000 individuals. Such a figure is
difficult to comprehend, but one may draw a parallel to the equivalent of 1600 cows
inside a single cage. Feeding of fish kept in sea cages is a complicated endeavour
compared to land based farming for a number of reasons. Thousands of individuals
co-exist in a single three-dimensional dynamic space, observation is restricted to
surface inspections or a submerged camera with limited field of view, feed can
not be given to a specific fish and the location of feed is difficult to predict as a
consequence of currents and fish induced turbulence. In addition, feed which is
not consumed from the time it is distributed over the surface to it passes through
the cage represents a direct economic loss and acts as an unnecessary nutrient
discharge to the environment. Over 10.000 kg of feed may be administered to a
single cage towards the end of a production cycle and is the single largest cost in
Norwegian salmon farming. Even though the process of feeding is a complicated
one, the systems used to distribute feed are simple. Significant effort has been made
in determining the ration size, meal frequency and at what time of day Atlantic
salmon should be fed.

This thesis looks into the temporal feed availability on a meal to meal basis and
goes into depth with respect to the spatial availability of feed within the sea cage.
Many studies on a smaller scale indicate that spatially and temporally restrictive
feeding may lead to unequal feed accessibility, loss of growth potential and elevated
levels of aggression. With respect to controlling the spatial distribution of feed, it
has been shown that current methods cover a small area of the cage surface. In
addition, existing methods have limited ability to increase the feed distribution
without exhibiting other detrimental effects such as increased pellet breakage.
There is also no way of controlling where feed is placed as a consequence of wind
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Summary

or currents. Experimental results are presented to better understand the dynamics
of a feed spreader, a model has been developed and the performance of different
spreader designs investigated. Further experimental results for settling rate and
diffusion of pellets are presented and have been used to parametrize a full sea cage
model. This model enables simulation of environmental factors, feeding methods
and fish to predict the effect on central production parameters. Finally, using these
two models, different feeding regimes are simulated and the consequent effects on
spatiotemporal feed distribution, feed intake and feed loss are commented upon.

It is likely that by increased use of environmental measurements run through
feed distribution models and having more adaptable methods of feed placement,
one can in the future minimize the environmental impact whilst maintaining high
growth rates and good fish welfare.
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technical specifics.
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Chapter 1

Introduction

1.1 Atlantic salmon farming in the bigger picture

Agriculture has been practised since 10.000 – 8000 years B.C. (Costa-Pierce, 2008,
p.5) and farmed animals have for thousands of years been the primary source
of human protein consumption (Vigne, 2011, review by). Today, mainly through
pig, chicken and cattle production but also sheep, goat and buffalo (FAO, 2014b).
Common for all these species is that farming is done on dry land where processes
such as maintaining enclosures, feeding, monitoring and slaughtering are less
complex compared to farming fish in an aquatic environment. The earliest evidence
of fish aquaculture is from Egypt (Costa-Pierce, 2008, p.8) dating back to 2000
years B.C. With a comparatively brief 60–year history, the amount of farmed
Atlantic salmon worldwide is very limited compared to pig, chicken and cattle, but
the picture is opposite from a Norwegian perspective (Figure 1.1, 1.2).

With world population on the rise and increased standard of living, the demand
for protein is higher than ever. High pollution, global warming and scarcity of
resources means that finding sustainable food options is more important than before.
This combined with a general elevated awareness and focus on the environment
(Ellingsen et al., 2009) drives science to look for new methods of protein production.

Increased use of the oceans may be a possible alternative to expanding land-
based animal farming as they offer vast areas of unused space. However, simply
continuing to harvest fish from the oceans is not possible as the percentage of
overexploited marine fish stock increased from about 10 to 28.8 % from 1974 to
2011 (FAO, 2014a, p.37). In addition, the percentage of fully exploited marine fish
stocks was 61.3 % in 2011, which implies that there is no more room for increasing
catch rates in these regions and the stocks may even be at risk of declining (FAO,
2014a, p.37). Thus, increased capture of wild fish is not a viable option for meeting
the protein demand in many parts of the world. While production from wild
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Figure 1.1: The worldwide and Norwegian production of meat from pig, chicken
and cattle. Data obtained from FAO (2016b).
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Figure 1.2: Production of farmed Atlantic salmon. Worldwide and a selection of
nations based on Oppedal et al. (2011). Data obtained from FAO (2016a).

fisheries has remained stable for some time, aquaculture is one of the most rapidly
expanding sectors of animal food production (FAO, 2014a, p.iii). Fish farming can
be advantageous as it may reduce pressure on wild stocks, as most of the feed
constituents in Norway are of plant origin. However, a percentage of the feed still
originates from wild marine sources (Chapter 1.3). Farming also enables selective
breeding programmes and provide some influence over the growth environment.
Increased food production may also come from feeding farmed fish low quality
fish materials, as well as fish by-products and unconventional constituents such as
plankton and seaweed.
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1.1. Atlantic salmon farming in the bigger picture

Worldwide, different species of carp are by far the most common cultured fish,
followed by various species of tilapias, cichlids, goldfish, cyprinids and catfishes
(FAO, 2012). Atlantic salmon is the most frequently cultured diadromous species
and its popularity continues to increase in the world market (FAO, 2014a, p.21).
Farming of caged fish was pioneered in Norway at the end of the 1950s and was
targeted towards rainbow trout and Atlantic salmon (Grøttum and Beveridge,
2007). The percentage of salmon’s share in world fish trade is now 14 % by value
and has risen sharply over the last decades which is mostly attributed to increased
production of trout and salmon in northern Europe and the Americas (FAO, 2014a,
p.58). The rise in popularity combined with a price that is higher compared to
most farmed freshwater finfish (FAO, 2014a, p.23) makes Atlantic salmon a popular
choice for farmers.

Although a popular commodity, Atlantic salmon farming is not without chal-
lenges or controversy. Escapes from fish farms has been a major topic of debate
and remains a vigorously discussed issue. Escaped salmon may act as vectors,
transferring diseases and parasites to wild stock (Hansen, 2006; Grøttum and
Beveridge, 2007). Interbreeding may reduce fitness of wild salmon (McGinnity
et al., 2003) and high presence of farmed salmon also makes evaluation of wild
stocks difficult (Hansen, 2006).

The Norwegian industry has also been plagued with parasites and diseases
such as sea-lice, pancreas disease (PD), infectious salmon anaemia (ISA) and more
recently amoebic gill disease (AGD). Some of these may also negatively affect wild
fish stocks. These challenges are attacked with vigour by the industry, government
and scientists. The industry has seemingly grown more transparent in the latter
years, opening up for increased collaboration and discussion. The government has
also increased their efforts, not just by introducing rules and legislations, but also
by stimulating development and use of new technology through green concessions.
In addition, in 2015 the Norwegian directorate of fisheries introduced development
concessions ("utviklingstillatelser") which are free but demand considerable levels
of innovation.

There are several positive aspects of Atlantic salmon farming. With respect
to eco-friendliness, a Swiss report (Buchspies et al., 2011) indicated that for
greenhouse gasses alone, farmed Norwegian salmon had slightly higher emission
compared with poultry and pork, but much lower compared to lamb, beef and
veal production. However, when factoring in nutrient emissions and copper oxide
used in anti-fouling agents the emissions are much higher. Feed was by far the
most significant contributor to the overall CO2 production related to production
of farmed salmon (Buchspies et al., 2011) as well as energetic input and general
emissions (Pelletier and Tyedmers, 2007). Another study by González et al. (2011)
showed that the amount of greenhouse gases (kg CO2 eq./kg food) for Norwegian
salmon was comparative to Swedish chicken, lower than pork and much lower
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1. Introduction

than mutton, lamb and beef. However, the sources in González et al. (2011) were
numerous and also factored in transport costs to Sweden. There are many ways of
calculating and comparing the environmental impact of different sources of protein
against each other making it difficult to draw definitive conclusions. In addition,
the diet composition of Atlantic salmon feed has changed dramatically over the
last 30 years (Ytrestøyl et al., 2014). Just from 2010-13 there has been a sizeable
migration from marine constituents to e.g. vegetable oils, making salmon farming
less dependent on use of wild catches for feed production. This does render older
studies less valuable for comparison. Overall, it seems that farmed Atlantic salmon
may be a viable alternative to several other sources of animal protein with respect
to greenhouse gas emissions.

Farming of Atlantic salmon is also a major employer and contributor to the
Norwegian economy. In 2015 there were 974 concessions in Norway for salmonids
(Atlantic salmon and trout species) of which 86 were research and development
concessions (Norwegian Directorate of Fisheries, 2016a). Over 4300 people were
directly employed in the grow-out production of these salmonids in 2014 (Norwegian
Directorate of Fisheries, 2016b) and a further 1400+ in the production of juveniles
(Norwegian Directorate of Fisheries, 2015b). These numbers do not account for
the vast number of people involved in transport, equipment production, research
and other numerous affiliated traits. The value of slaughtered Norwegian Atlantic
salmon was over 44 billion NOK in 2015 (Norwegian Directorate of Fisheries, 2016c,
prelim.) corresponding to about 4600 million Euro (31. Dec 2015 exchange rate).

Being a renewable resource, the potential for Atlantic salmon farming is vast
given that the challenges associated with all steps of the production process can
be properly addressed and solved.

1.2 Growth of farmed Atlantic salmon

The life of an Atlantic salmon starts out as an egg and when hatched the fish
is known as an alevin. Being anadromous, the alevins can only survive in fresh
water and the first stages of growth are conducted in indoor fresh water tanks.
The eggs develop from alevins into fry, parr and finally smolts over the course of
10–16 months at which point they weigh 60–100 g (FHL and EFF, 2011). During
this period a wide range of feeds may be presented to the fish, adapted to their
current developmental stage (Skretting, 2012). It is in the parr-smolt transition
(smoltification) that the physiological, behavioural and morphological changes
which adapt the fish to life in a salt water environment take place (Hoar, 1963).

After the juvenile tank-based period, the post-smolts are transferred to sea
cages where the marine grow-out phase takes place. During the course of 14–22
months at sea, the fish reach their slaughter weight of 4–6 kg (FHL and EFF,
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1.3. The feed pellets

2011) and are then transported to shore for slaughtering, processing and packaging.
A salmon farm typically consist of a central barge which handles feeding and
monitoring of 4-16 sea cages (Figure 1.3). Feed is delivered to the barge by ship
and loaded into onboard silos. An array of blowers generate compressed air which
is first cooled through submerged piping before entering the area below the silos.
A series of feeding screws, doser valves and selectors enable several combinations
of silos which may contain differently sized or formulated feeds to be routed to
the individual sea cages where a feed spreader distributes the feed across the
surface (Chapter 3). The blowers provide an airflow of 15–30 m/s which transports
the pellets through floating pipes that may be up to 800 m long (Aarseth et al.,
2006) to the sea cages. The cages themselves consist of a floating collar commonly
made of plastic or steel which keeps the cage afloat and provides a surface for
walking the circumference for inspection and maintenance. Rectangular cages tend
to have 20–40 m sides and be 20 to 35 m in depth, while circular cages may have
circumferences of 90–157 m and can be up to 48 m deep (Oppedal et al., 2011).
In Tasmania, even larger circular cages are in use with circumferences up to 240
m. A farm site is often located in the relative shelter of a fjord, which provides
some protection from the harsh coastal weather whilst providing sufficient water
exchange to allow removal of waste materials and good supply of oxygenated water.
Alternatively, and with increasing popularity, a farming site may be situated in
more exposed coastal waters but close to shore to facilitate rapid transport of fish,
personnel and equipment.

According to Norwegian legislation, a single cage may not hold more than
25 kg/m3 of fish and a maximum of 200.000 individuals (Norwegian Ministry of
Fisheries and Coastal Affairs, 2008).

1.3 The feed pellets

There has been a major shift in how feed was manufactured from when farming
first began until the start of the 1980s (Grøttum and Beveridge, 2007). Before
this, pellets were often made on site consisting of minced sardines and other
low cost fish blended with vitamins, minerals and wheat flour (Grøttum and
Beveridge, 2007) typically resulting in feeds with low feed conversion ratio (FCR)
and poor water stability. This further evolved from about 1985 to the early 1990s
to commercially made dry feeds, and was from 1993 replaced by extruded feed
(Grøttum and Beveridge, 2007). Modern feed production has seen a marked shift
away from marine constituents. In 1990, about 90 % of Norwegian salmon feed
were of marine origin, compared to just 30 % in 2013 (Ytrestøyl et al., 2015). In
2013, the Norwegian feed composition was 18.3 % marine protein, 10.9 % marine
oils, 36.7 % plant protein, 19.2 % plant oil and the remainder starch and micro

5



1. Introduction

ingredients (Ytrestøyl et al., 2015). The density of pellets is carefully adapted to
achieve a pellet which does not float, and on the other hand sinks slowly such that
it remains within the sea cage for as long as possible. Usually, pellets settle at a
rate of 6 to 20 cm/s (Paper E).

1.4 Feeding and feed loss

Correct feeding during the marine phase is of critical importance as it is strongly
linked to profitability, fish welfare and nutrient discharge. Given an average weight
of 5 kg/fish during the final stage of grow-out and with a feed ration of 1 % body
weight per day (Oehme et al., 2012) equates to 10 tonnes of feed supplied to each
cage every day. On a site level this may equate to as much as 160 tonnes per
day. Feed makes up about 50 % of the total farming costs of Atlantic salmon and
rainbow trout in Norway (Norwegian Directorate of Fisheries, 2015c; Aas et al.,
2011) and some claim up to two-thirds of the total cost. Feed is also the most
important contributor to emissions and resource consumption in sea cage salmonid
culturing at the farm-gate (Pelletier et al., 2009). Other life cycle assessment
studies and environmental analyses of Canadian (Ayer and Tyedmers, 2009) and
Norwegian farming (Ellingsen et al., 2009; Buchspies et al., 2011) supports this
finding.

With such amounts of feed being distributed on a daily basis just from a single
location, utilizing the feed to its maximum potential is of paramount importance.
This implies that all feed delivered to the barge should ideally end up being digested
by the fish. However, along the way feed may be lost in the form of breakage in
the pneumatic transport system (Aarseth, 2004; Aarseth et al., 2006) ending up as
dust or feed fragments when entering the sea cage. Dust will be carried away by the
wind and causes release of nutrients into the water (Aas et al., 2011). Neither dust
or undersized particles have any value as feed (Aas et al., 2011) and are regarded
as feed loss.

Not only dust and fragments are lost, but intact pellets may also pass through
the sea cage without being consumed. The total feed loss from Norwegian commer-
cial farms is a cumbersome figure to obtain. Uglem et al. (2014) and Taranger et al.
(2012) claim that there are no publications on feed loss from commercial farming
available. The literature uses a variety of sources when citing feed losses. Table 1.1
summarizes some of the sources which have been widely cited with respect to feed
loss. In addition, feed loss of 10 % have been suggested from an anonymous source
within the aquaculture industry in 2012.

From Table 1.1: Otterå et al. (2009), Gjøsæter et al. (2008), Cromey et al.
(2002) and Milewski (2001) gives numbers on feed loss without providing a clear
source of the material. Further, Brooks and Mahnken (2003) states that ≤ 5 % feed
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1.4. Feeding and feed loss

Table 1.1: Feed loss in fish farming

Source Description Feed loss Based on
(Otterå et al.,
2009)

Norwegian
Salmonids

5 % Assumption

(Gjøsæter
et al., 2008)

Norwegian
farming

7 % Assumption

(Brooks and
Mahnken,
2003)

Salmon in
net-pens

≤ 5 % Review

(Cromey
et al., 2002)

Marine cage farms < 5 % No clear source

(Goulão
et al., 2001)

Gilt-head bream
Sparus aurata

8.3 % Experiment,
bottles (poorly
described)

(Milewski,
2001)

Canadian salmon
aquaculture

15 % (Claimed
to be low)

No clear source

(Findlay and
Watling,
1994)

Salmon net-pen
aquaculture,
Maine, USA

11 % and 5 %.
The latter
suggested as
representative

Experiment,
sediment traps

(Seymour and
Bergheim,
1991)

Norwegian
Atlantic salmon

1/3 Estimate
based on FCR

(Thorpe
et al., 1990)

500 g Atlantic
salmon in sea
cage

1.4 % by hand,
40.5 % from
localized feeder

Experiment,
x-ray markers

loss is probable based on a literature review and Seymour and Bergheim (1991)
gives 1/3 feed loss as a plausible figure based on FCR numbers. The remaining
entries in Table 1.1 are experimental. However, Goulão et al. (2001) is based on
Gilt-head bream (Sparus aurata) in Spain and may not be seen as relevant. Goulão
et al. (2001) used a series of collector bottles along the sides and bottom of the sea
cage but provides no details as to what feeding regime was used or how the final
feed loss was calculated. Findlay and Watling (1994) used sediment traps under
salmon sea cages and detected 11.0 and 5 % feed wastage. However, the authors
claimed this to be a high figure and recommended a middle value of 5 % feed
wastage especially for hand-fed farms. Thorpe et al. (1990) used x-ray opaque balls
to detect the amount of feed eaten by one year old Atlantic salmon in a 8×8×4
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m sea cage. 1.4 % feed loss was observed from hand feeding and 40.5 % from a
sharply localized automated feeder.

In summary, to the author’s knowledge there are no recent experiments from
large scale aquaculture using modern production methods that accurately quantify
the feed loss from a sea cage. However, there are other indicators of feed loss as well.
An experiment across nine farms in three different Norwegian regions (Dempster
et al., 2011) showed that aggregations of wild fish in the vicinity of a single farm
might be as high as 10.2 mt only considering four species. Aggregations of just
Saithe (Pollachius virens) were calculated to consume 1.4 % of the total feed
distributed at a farm based on stomach contents (Dempster et al., 2011), and this
may even be a low estimate. Since there are no publications suggesting that wild
fish eat faecal matter from farms (Taranger et al., 2012) it is likely that waste feed
is their primary reason for being in such close proximity to a farm (Tuya et al.,
2006). Waste feed may alter the body fat composition of wild fish (Fernandez-Jover
et al., 2011) and contribute to increased farm emissions.

FCR describes the amount of feed delivered divided by the round weight gain of
the fish. FCR is often stated as biological FCR (bFCR) or economical FCR (eFCR).
The former is only based on the actual ingested amount of feed, while the latter
is based on the total amount of feed used, and thus takes into account escapees,
mortalities and feed loss (Ytrestøyl et al., 2015). A two-month experimental study
of Atlantic salmon pre-smolts in cages yielded FCR’s as low as 0.89 ± 0.06 and
0.77 ± 0.04 (SEM), the latter using an on-demand feeding method (Noble et al.,
2008). This study did not mention any waste pellet collection, and hence waste
feed may be part of this FCR. Another experiment on post-smolts in tanks with
waste pellet recovery yielded a bFCR of 0.80 for the control feed and 0.77 for
an experimental feed (Øverland et al., 2009). As a final example, a 12-month
tank experiment from 0.3 kg initial fish weight to 4 kg with waste feed collection
observed a bFCR < 0.8 at many intervals during the experiment (Torstensen et al.,
2008). Even though a given optimal bFCR is determined, this may be impossible to
achieve in practice as the fish’s feed conversion efficiency is linked to both their size
and water temperature (Handeland et al., 2008). On the other hand, Norwegian
reports state the eFCR. Based on reported numbers from 88 farming companies
(Norwegian Directorate of Fisheries, 2015a) from 2014, Norwegian salmon and trout
farms had an average eFCR of 1.22 ± 0.21. This is considerably higher than the
experimental bFCRs indicated above, but the values are not directly comparable as
mortalities, escapees and feed loss is difficult to quantify. Regardless, the variations
between companies are also substantial, ranging from an eFCR of 0.67 to 1.73. This
may indicate differences in escapes, onset of diseases, different diet compositions,
mortality or feeding practices. As these factors are all part of the eFCR figure, it is
impossible to attribute the differences to feeding or feed loss, but there is a large
potential for improvement and likely that optimized feeding can reduce overall
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1.4. Feeding and feed loss

eFCR.
Feed loss should be kept to a minimum as it may significantly affect total

waste output (Cho and Bureau, 2001), be a considerable source of economic loss
for the farmer and is a waste of valuable resources (Alfredsen et al., 2007). Even
though there seems to have been a significant improvement in feed utilization, the
introduction of new knowledge and technologies may assist in further reducing the
feed loss.

Marine, plant ingredients,
 starch and microingredients

Production:  Weighing, mixing, grinding,
 extrution, shaping, drying, coating, packaging

Transport to barge by ship and offloading

Feed loss from 
pneumatic attrition

Unconsumed 
feed

Consumed 
feed

Figure 1.3: Life cycle of feed. Feed loss which occurs during the manufacturing or
transport process is not considered in this thesis. Barge image: Creative Commons
license, CC-BY-NC-ND, with permission from AKVA group.

The life cycle of feed pellets is illustrated in Figure 1.3. The pellets are produced
at large factories near the coast where the ingredients go through a process of
weighing, mixing, grinding, extrusion, shaping, drying, coating and packaging.
Ships then distribute the feed to farm sites along the coast. Arriving on site, the
feed is offloaded to the barge into one or more silos and distributed to the cages
using the aforementioned feeding system. At the center of the sea cage is a rotary
pneumatic spreader (Chapter 3) responsible for distributing the feed over the water
surface of the cage. This kind of rotary floating design is commonly used both in
Norway but also at other salmon farms around the world, although other methods
of feed distribution are also being used. Despite that feed breakage and creation
of dust occurs between the stages of production and offloading into the barge, it
is regarded as outside the scope of this study, and we assume that all pellets are
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intact as they are fed into the airstream. Figure 1.3 depicts the first stage of feed
loss which is the breakage and attrition that occurs during the pneumatic transport
and in the spreader itself. Intact pellets and larger fragments pass through the cage
and are mostly consumed. Some feed loss occurs through the sides and bottom of
the sea cage where it is either eaten by wild fish, carried away by currents or settle
on the sea floor.

1.5 Spatiotemporal feed distribution

The arguably most complex and important part of the feeding process takes place
inside the sea cage where interactions between individual fish, the environment and
feed occurs. Numerous studies have been undertaken in order to gain insight into
the complex effects of feeding on salmonid behaviour (crowding, stress, swimming
speed and depth), inter-fish behaviour (aggression, dominance, defending of food
supply, hierarchies, attacks) and other factors such as growth (total growth and
growth variation), feed utilization and feed loss. Salmonid behaviour during feeding
is a convoluted combination of biotic factors (e.g. predation risk, competition levels
and hunger) as well as environmental factors (e.g. light, temperature, current)
(Juell, 1995). It is known that suboptimal feed intake is related to both reduced
and inefficient growth in Atlantic salmon (Einen et al., 1999), and the spatial
and temporal feed distribution as well as the amount of feed delivered is key in
determining feed availability (Juell, 1995). Feed availability is a deciding factor with
respect to efficient production (Juell, 1995), and feed should be spatiotemporally
unrestricted so the fish may forage according to their own desired manner and
preferences (Talbot et al., 1999). Similar conclusions were reached by Olla et al.
(1992), and low food availability may also increase size differences and elevate
aggression levels. A sharply localized feed delivery renders the food supply defensible
by dominant individuals (Juell, 1995) which may lead to dominance hierarchies
and high levels of agonistic behaviour, especially when underfed (Olla et al., 1992).
Feeding suboptimally can lead to increased discharge of nutrients (Einen et al.,
1995) as well as heightened aggression levels and higher variability in growth (Davis
and Olla, 1987; Talbot, 1993; Thorpe and Cho, 1995). Another study (Noble et al.,
2008) found no variations in growth as a result of restricted ration size, but still
observed reduced overall growth and more fin damage. On the other hand, Ryer and
Olla (1996) witnessed larger variations in growth as a result of a spatiotemporally
localized feed delivery regime as opposed to distributed. Fish of inhomogeneous
size are not desirable as the price point for a certain size may be higher, differently
sized fish in the same cage may require differently sized pellets and size differences
may thus be amplified.

Many salmonid studies, which have mostly been conducted in smaller scales
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than full sized sea cages, show strong links between aggression and access to feed
(Fenderson et al., 1968; Symons, 1971; Jobling, 1985; Talbot et al., 1999; Noble
et al., 2007a,b; Rasmussen et al., 2007; Noble et al., 2008), summarized by Talbot
(1993), Ruzzante (1994), Attia et al. (2012) and Brännäs et al. (2005). Aggression
should indubitably be avoided as it is a serious welfare issue and is known to play
a role in increased fin damage and mortality (López-Olmeda et al., 2012).

Another study by Aas et al. (2015) did not show increased levels of fin damage
or growth variations as a result of a spatiotemporally localized versus distributed
feeding regime in a tank. However, the weight gain of the fish in Aas et al. (2015)
was too limited to draw definite conclusions regarding growth, and the differences
in spatial distribution may have been too subtle to detect any variations. Harwood
et al. (2003) performed a study in a stream where dominance relationships between
fish were determined before they were released into the wild. No correlation was
observed between status and growth which was attributed to good spatiotemporal
availability of feed, interspecific interactions, different habitats or predators being
present. Fish do show a range of behavioural responses in order to adapt to a
given feeding system (Talbot, 1993; Thorpe and Cho, 1995; Talbot et al., 1999;
López-Olmeda et al., 2012) which may render them more robust to suboptimal
feeding regimes.

The effect of a given feeding regime in full scale salmonid sea cage aquacul-
ture on central production indicators such as feed loss, aggression, dominance,
hierarchies, satiation, total growth, growth variation and feed loss is still far from
completely understood. No full scale experiments investigating this subject have
been conducted, which is likely due to the enormous economical and potential
welfare risks that are involved. However, a thorough full scale publicly available
study of the consequences of a given feeding regime may prove highly valuable to
the industry.

Despite the absence of full scale studies, smaller scale experiments, reviews
and simulations indicate that maximizing the spatial and temporal feed delivery
promotes growth and keeps agonistic behaviour to a minimum (Thorpe et al., 1990;
Ryer and Olla, 1991; Olla et al., 1992; Thomassen and Lekang, 1993; Juell, 1995;
Thorpe and Cho, 1995; Kadri et al., 1996; Ryer and Olla, 1996; Alver et al., 2004;
Attia et al., 2012).

1.6 Objectives

The Norwegian salmon farming industry has seen major technological advances
since it first begun in the late 1950s. Increased awareness, regulations, research,
openness and cooperation has shifted Norwegian salmon farming away from a
state of free-for-all into a more streamlined, efficient and environmentally concious
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industry. However, as stated above, there are still major unsolved challenges with
respect to diseases and parasites, escapes, welfare and feeding.

This thesis focuses on the optimization of feeding through use of tools from
the cybernetic toolbox. The mechanics of feed delivery have progressed from
hand-feeding individual cages based on observed surface activity to the feeding
systems outlined above. Despite these technological advancements, controlling and
distributing feed is still a fairly low-tech operation. As argued in the previous
sections, it is likely that the ration size, spatial and temporal delivery of feed is of
importance. However, the industry has focused on ration size, meal frequency and
duration, not short-term (within meal) temporality or spatial distribution.

Feeding table

T (t)

Water temperature

Sunlight info

Est. biomass
Wtotal(t)

L(t)

Feed rate F (t)

Pellet detector

Camera

Manual override

O2 sensor
Operator

Airspeed uair

Controller
Feed characteristics

Figure 1.4: Conceptual sketch of feeding system. Artificial lights may as well be a
control input which is not depicted here.

Figure 1.4 presents a conceptual sketch of a feeding system. Based on a total
biomass estimate as well as feed forward measurements of daylight and water
temperature, the feeding system uses a feed table to calculate the daily ration.
This information is fed into a controller which may use additional information
from an O2 sensor and/or a pellet loss detector to adjust feeding if the dissolved
oxygen level becomes too low or pellet loss is above a certain threshold. More
intelligent systems may use an acoustic sensor to detect pellet loss or the swimming
depth of fish as this is often correlated with their satiation level (Fernö et al.,
1995). A cage is often equipped with an upwards-facing camera relocatable in the
dominant current direction and depth. This allows inspection of a limited cage
volume and provides some observability of the fish’s activity level, swimming depth
and feed loss. An operator is able to override or adjust the parameters of the
feeding system based on visual feedback from the surface, the submerged camera,
data from alternative sensors and personal knowledge. Some sites rely solely on
the operator to control feeding.

Many variations exist of the logic depicted in Figure 1.4, but there are two
properties which are common for almost all feeding systems. Firstly, the number
of control inputs are highly restricted. Considering that the spatiotemporal feed
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distribution may be of significant importance, it is odd that all spreaders are fixed in
place with no means of controlling the feed distribution across the surface according
to the position of the fish, wind and water current. Paper E showed that different
densities and sizes of pellets affects settling rates and spatial distribution. However,
switching between pellet types in order to achieve a given spatiotemporal feed
distribution is cumbersome, and size and nutritional requirements take precedence
during day-to-day farming. The feeding rate does give the ability to influence the
temporality of feed within the sea cage, but has presumably no or little effect on
the spatial distribution. Using a conventional rotary spreader the airspeed may
be increased to enlarge the pellet coverage across the surface area (Oehme et al.,
2012, G). However, this must be done with caution as it increases pellet breakage
(Aarseth, 2004; Aarseth et al., 2006), and still provides no way of placing pellets
at a given location. The other common trait of farming systems is that neither the
feeding system or farmer possesses a full picture of the ongoing dynamics within
the sea cage. A camera only provides a limited field of view into the process, and
sensors often provide point readings only. Acoustic sensors may provide a 2D or
3D view into the process, but have yet to be frequently used in sea cage farming.
Even if a vast number of sensors were introduced, the farmer would still to a large
extent be left with the daunting task of analysing all the sensor data, interpreting
their relevance and making the optimal decisions.

As a result, Atlantic salmon farming is often to a large extent performed using
straightforward methods with considerable subjective involvement. Although this
may often produce satisfactory results in terms of FCR and growth rate, it is likely
that the limited and often cluttered sensor information from the process complicates
decision-making. Control inputs are usually restricted to feed amount, meal timing,
airspeed and submerged lights, which may prove insufficient in terms of adapting
feed placement with respect to the position of the fish, wind and currents (Paper I).
A more advanced and automated option exists, precision livestock farming (PLF)
which Wathes et al. (2008) defined as "the management of livestock production
using the principles and technology of process engineering". Through the use of
sensors and models such as model predictive control (MPC), inputs to the biological
process such as light, heat, ventilation and feeding can be automatically controlled.
Although measurements may be difficult to obtain and many of the variables in
sea cage farming are uncontrollable, several elements of the PLF concept may be
successfully applied.

The findings presented in this thesis will contribute to our understanding of
the farming process. Through modelling and simulation, different methods of feed
distribution can be simulated and the effect on central production parameters
may be estimated and investigated. In the end, some of the presented results may
represent components in an online MPC/PLF system using only a few sensors
together with numerical models to predict the state of a vast number of parameters
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inside the sea cage. The results could then be presented in an intuitive manner to
the farmer, aiding in decision making and providing control inputs to the feeding
system with respect to not only feed amount but also feed placement. In this way,
the appropriate amount of feed may be presented to the fish in a spatiotemporally
optimal way, potentially resulting in increased welfare, promoting rapid growth
and keeping feed loss to a minimum.
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Chapter 2

Scope and contributions

2.1 Main contributions

This section outlines the main contributions of this thesis.

2.1.1 Contributions in relation to Chapter 3, The feed spreader

• An attitude measuring system (AMS 1.0) was developed and used to measure
the motion of a pneumatic rotary spreader during operation without feed
(Paper A). This experiment (4) provided new insight into the behaviour of
the rotary spreader, and attitude data from this experiment was used in
subsequent simulations.

• A robotic and extrinsic ballistic spreader model was developed and presented
in Paper C. Based on the CF90 Double rotary spreader (AKVA group, Bryne,
Norway) this model enables simulations of different spreader configurations,
airspeeds and pellet types and the consequent effects on the 2D surface
distribution.

• This model was further developed and the effect of wind was added in
Paper F. As part of this publication, a new experiment was undertaken
using Styrofoam boxes to collect pellets across the surface (Experiment 5) to
parameterize the model.

• In Paper G a quadcopter was used to record the 2D pellet distribution
from a pneumatic spreader (Experiment 8). This experiment also featured
a completely new version of the attitude measurement system (AMS 2.0),
making it the first study to record both the attitude and surface distribution
from a spreader at the same time. This paper also presented computer vision
(CV) algorithms to detect the spreader position and rotation within the image
and determine the position of pellet impacts in relation to the spreader.
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• Paper I is the final publication related to the spreader and is a simulation
study, investigating the effects of different spreader configurations on the
surface distribution. The model was parametrized and validated based on the
results from Paper G. This study compared the effects of different airspeeds,
having an optimal initial pellet trajectory and introduced the concept of a
motorized spreader in order to maximize the spatial surface coverage whilst
keeping pellet breakage to a minimum.

2.1.2 Contributions in relation to Chapter 4, Pellet detection

• In order to count pellets in subsequent experiments, a physical submersible
pellet detector was constructed along with a computer vision solution to
accurately track and count pellets passing through a control volume (Paper
B). A small scale experiment (3) was conducted using different pellets to
determine the performance of the pellet detector. Using a Kalman filter for
pellet tracking, the detector was able to accurately quantify the number of
passing pellets as well as possessing means of separating feed pellets from
fecal particles. This device may be used for pellet counting in tank based
aquaculture, count any kind of dilute particulate flow in pipes or may be
deployed in sea cages to quantify the number of pellets passing through a
limited volume. It may also be used to accurately determine the settling rate
of passing particles.

2.1.3 Contributions in relation to Chapter 5, Sea cage dynamics

• A sizeable experimental study was carried out in Paper E where the diffusion
and settling rate of 12 different pellet types (four sizes, three densities) was
determined. (Experiment 1 and 2 respectively). This was the first study
to determine the natural diffusion of pellets in stationary water which is a
central parameter in all sea cage and deposition models. The results can be
used to parametrize models involving the diffusion of pellets.

• Paper D presents a significant expansion to the original sea cage model by
Alver et al. (2004). This paper revolves around a new 3D model description,
takes into account factors such as fish behaviour, appetite, pellet diffusion,
advection and environmental factors such as water temperature and dissolved
O2. This model enables simulation of different stocking densities, fish sizes,
currents, feed types and the consequent effects on spatial feed availability,
satiation and feed loss. Results from Paper E was used to determine pellet
settling rate and diffusion in the model.

• Paper I unifies all the listed contributions by merging the spreader and
subsurface model. Different spreader configurations were simulated, such as

16



2.1. Main contributions

the default spreader, a motorized design and a relocatable spreader as well as
point feeding and the other extreme, a perfectly homogeneous feed coverage
across the entire surface. The consequent results on central production
parameters such as aggression indicators, satiation and feed loss are discussed.
This study gives new insight into the effect of different feeding regimes on
growth, welfare and feed loss.
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2.2 List of publications

The underlying work of this thesis has resulted in the following publications, listed
by type and chronologically sorted by date of publication. See Figure 2.1 for a
graphical overview.

Journals

Paper D: (Alver et al., 2016) Alver, M. O., Skøien, K. R., Føre, M., Aas, T. S.,
Oehme, M., and Alfredsen, J. A. Modelling of surface and 3D pellet distribu-
tion in Atlantic salmon (Salmo salar L.) cages. Aquacultural Engineering,
72-73:20–29, 2016. ISSN 0144-8609. doi: http://dx.doi.org/10.1016/j.aquaeng.
2016.03.003

Paper E: (Skøien et al., 2016a) Skøien, K. R., Aas, T. S., Alver, M. O., Ro-
marheim, O. H., and Alfredsen, J. A. Intrinsic settling rate and spatial
diffusion properties of extruded fish feed pellets. Aquacultural Engineering,
74:30–37, 2016a. ISSN 0144-8609. doi: http://dx.doi.org/10.1016/j.aquaeng.
2016.05.001

Paper G: (Skøien et al., 2016e) Skøien, K. R., Alver, M. O., Zolich, A. P., and
Alfredsen, J. A. Feed spreaders in sea cage aquaculture - Motion characteri-
zation and measurement of spatial pellet distribution using an unmanned
aerial vehicle. Computers and Electronics in Agriculture, 129:27 – 36, 2016e.
ISSN 0168-1699. doi: http://dx.doi.org/10.1016/j.compag.2016.08.020

Paper H: (Skøien et al., 2016b) Skøien, K. R., Alver, M. O., and Alfredsen, J. A.
Modelling and simulation of rotary feed spreaders with application to sea
cage aquaculture - a study of common and alternative designs (manuscript).
2016b

Paper I: (Skøien et al., 2016c) Skøien, K. R., Alver, M. O., and Alfredsen, J. A.
Optimizing feed delivery in salmon sea cage culture for growth and fish
welfare - a simulation study (manuscript). 2016c

International conferences

Paper A: (Skøien and Alfredsen, 2014) Skøien, K. R. and Alfredsen, J. A. Feeding
of large-scale fish farms: Motion characterization of a pneumatic rotor feed
spreader. In Oceans - St. John’s, 2014, pages 1–7, Sept 2014. doi: http:
//dx.doi.org/10.1109/OCEANS.2014.7003103

Paper B: (Skøien et al., 2014a) Skøien, K. R., Alver, M. O., and Alfredsen, J. A.
A computer vision approach for detection and quantification of feed particles
in marine fish farms. In 2014 IEEE International Conference on Image
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Processing (ICIP), pages 1648–1652, Oct 2014a. doi: http://dx.doi.org/10.
1109/ICIP.2014.7025330

Paper C: (Skøien et al., 2015) Skøien, K. R., Alver, M. O., and Alfredsen, J. A.
Modelling spatial surface pellet distribution from rotary pneumatic feed
spreaders. In 23th Mediterranean Conference on Control and Automation
(MED), pages 883–888, June 2015. doi: http://dx.doi.org/10.1109/MED.
2015.7158857

Paper F: (Skøien et al., 2016d) Skøien, K. R., Alver, M. O., Lundregan, S., Frank,
K., and Alfredsen, J. A. Effects of wind on surface feed distribution in
sea cage aquaculture: A simulation study (in press). In European Control
Conference ECC16, 2016d

Related publications, reports, posters and presentations not
considered for inclusion in this thesis

(Skøien et al., 2013b) Skøien, K. R., Alver, M. O., Føre, M., Solvang-Garten, T.,
Aas, T. S., and Åsgård, T. E. Modelling and measurement of feed concentrations
in salmon cages – tools for optimization of feeding. Abstract and presentation.
Presented at European Aquaculture Society (EAS 2013), 2013b

(Skøien et al., 2013c) Skøien, K. R., Alver, M. O., Føre, M., Solvang-Garten, T.,
Aas, T. S., Åsgård, T. E., and Alfredsen, J. A. Pellet distribution modelling: a tool
for improved feed delivery in sea cages. Technical report, International Aquafeed,
2013c

(Skøien et al., 2013a) Skøien, K. R., Alver, M. O., Føre, M., Solvang-Garten,
T., Aas, T. S., Åsgård, T., and Alfredsen, J. A. Modellbasert pelletplassering i
stormerd - neste skritt? Presentation. In TEKMAR, 2013a

(Skøien et al., 2014b) Skøien, K. R., Alver, M. O., Føre, M., and Alfredsen, J. A.
Modellbasert fôrdistribusjon i oppdrett. Fiskeri og havbruk (Addition to Teknisk
Ukeblad), page 14, 2014b

(Aas et al., 2015) Aas, T. S., Ytrestøyl, T., Åsgård, T. E., Skøien, K. R., Alver,
M. O., and Alfredsen, J. A. Feed intake in Atlantic salmon fed with two different
spreading patterns of feed. Technical report, Nofima, 2015

(Zolich et al., 2016) Zolich, A., Alfredsen, J. A., Johansen, T. A., and Skøien, K. R.
A communication bridge between underwater sensors and unmanned vehicles using
a surface wireless sensor network – design and validation. In OCEANS 2016 -
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Shanghai, pages 1–9, April 2016. doi: http://dx.doi.org/10.1109/OCEANSAP.2016.
7485493

Presentations at Centre for Research-based Innovation in Aquaculture Technology
(CREATE) annual meeting 2013 and 2014.

Poster presentation at the Department of Engineering Cybernetics 60-year anniver-
sary, 2014.

2.3 List of experiments

Table 2.1 presents an overview and brief description of the experiments performed
as part of or related to this thesis as outlined in Chapter 2.1. Experiment 6 has not
yet been published, but preliminary results from the high speed camera mounted at
the outlet pipe of the spreader have been used to parametrize the spreader model
(Paper H). Data from Experiment 7 is still being analysed, and the results used to
create and test a fully automatic method of quantifying the surface pattern from
a spreader using an unmanned aerial vehicle (UAV). Remaining experiments are
elaborated upon in their respective chapters.
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2.3. List of experiments

Table 2.1: Overview of experiments

Description Time Publi-
ca-
tion

Responsible

1 Determining the diffusion of 12
different pellet types in a tank of
stationary water. Nofima,
Sunndalsøra.

June
13

E Skøien K. R.

2 Measuring the settling rate of the 12
different pellet types. NTNU,
Trondheim

Oct.
13

E Skøien K. R

3 Tuning and testing the pellet
detector with laboratory made
pellets. NTNU, Trondheim.

Jan.
14

B Skøien K. R.

4 First spreader attitude
measurements at Korsneset, Halsa.

June
14

A Skøien K. R.

5 Measuring the 2D surface coverage
of a feed sprader using two rows of
Styrofoam boxes at Rataran, Frøya.

Aug.
14

F Lundregan S.

6 Using a high speed camera on the
outlet pipe of the spreader to
determine pellet speed and angle.
Korsneset, Halsa.

Aug.
15

TBP Lien, A. M.

7 Using both Styrofoam boxes and a
quadcopter to verify and develop a
fully automatic pellet detection
method using an AUV. Korsneset,
Halsa.

Aug.
15

TBP Lien, A. M.

8 Second spreader attitude
measurement and quadcopter
filming pellet impacts, Korsneset,
Halsa.

Nov.
15

G Skøien K. R.

TBP: To be published
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2. Scope and contributions

2.4 Relation between publications

Paper A
Skøien and Alfredsen
(2014)
Conference, Published
"Feeding of large-scale fish
farms: Motion character-
ization of a pneumatic
rotor feed spreader."

Paper B
Skøien et al. (2014a)
Conference, Published
"A computer vision ap-
proach for detection and
quantification of feed
particles in marine fish
farms"

Paper C
Skøien et al. (2015)
Conference, Published
"Modelling spatial surface
pellet distribution from
rotary pneumatic feed
spreaders"

Paper E
Skøien et al. (2016a)
Journal, Published
"Intrinsic settling rate and
spatial diffusion proper-
ties of extruded fish feed
pellets"

Paper F
Skøien et al. (2016d)
Conference, In press
"Effects of wind on sur-
face feed distribution in
sea cage aquaculture: A
simulation study"

Paper D
Alver et al. (2016)
Journal, Published
"Modelling of surface and
3D pellet distribution in
Atlantic salmon (Salmo
salar L.) cages"

Paper H
Skøien et al. (2016b)
Journal, Manuscript
"Modelling and simulation
of rotary feed spreaders
with application to sea
cage aquaculture - a study
of common and alterna-
tive designs"

Paper I
Skøien et al. (2016c)
Journal, Manuscript
"Optimizing feed deliv-
ery in salmon sea cage
culture for growth and
fish welfare - a simulation
study"

Paper G
Skøien et al. (2016e)
Journal, Published
"Feed spreaders in sea
cage aquaculture - Motion
characterization and mea-
surement of spatial pellet
distribution using an
unmanned aerial vehicle"

Figure 2.1: Causality of publications
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2.5. Thesis outline

2.5 Thesis outline

• Chapter 1 gives a general introduction to fish farming. It also highlights
some of the present day challenges with respect to feeding based on existing
literature.

• Chapter 2 states the scope of this thesis as well as listing the included
publications.

• Chapter 3 presents experimental results where the behaviour of a rotary
spreader was investigated with respect to attitude and pellet throw. This
chapter further presents the robotic and ballistic spreader model, model
verification and simulation results.
Publications related to this chapter: A, C, F, G, H.

• Chapter 4 summarizes the hardware and computer vision solution for
tracking and counting feed pellets.
Publications related to this chapter: B.

• Chapter 5 describes the three dimensional sea cage model which involves
the fish and feed. This chapter also includes the experiments conducted
to determine the settling rate and diffusion of several pellet types. Finally,
the spreader model is combined with the sea cage model and the results
discussed.
Publications related to this chapter: D, E, I.

• Chapter 6 concludes this thesis and states possible further work.

• Chapter 7 lists all the published, submitted and manuscript material in-
cluded in this thesis.

23





Chapter 3

The feed spreader

3.1 Background

Figure 3.1 depicts a CF90 Double (AKVA group, Bryne, Norway) rotary spreader
inside a sea cage. This type of floating design is commonly used both in Norway
and other countries although many variations exist. The basic principle is based
on a floatation device, a connection to the feed pipe and a ball bearing allowing
the center and outlet pipe of the spreader to turn. The airflow combined with
the spiral shape and angled cut of the outlet pipe produces a torque around
the vertical axis, causing the spreader to rotate. Both the rotation and pellet
throw are driven by the same airflow. The CF90 Double features a submerged
counterweight to maintain an upright position, whilst other designs may use a
larger hexagonal shaped base for stability. Rotary spreaders are not the only means
of feed distribution. Some spreaders may be be suspended upside-down over the
sea cage and certain locations use a "spoon" spreader where there is no rotation
but rather a flat spout distributing the feed across the surface in a Chinese fan
shape. Some use completely different methods all together, such as submerged
feeding where water is used as the conveying medium with floating feed which
enter the cage at the bottom.

The pneumatic rotary spreader was chosen as the topic of study for three main
reasons: Its widespread use, the fact that very limited work had been conducted
on such a crucial part of the farming system and the appearance of a study by
Oehme et al. (2012) which raised questions with respect to the performance of such
a design. Oehme et al. (2012) used two rows of Styrofoam boxes with the spreader
in the centre, arranged in a single line to determine the spatial feed distribution.
Across two different spreaders, outlet pipe tilt configurations and airspeeds, the
experiment showed that the spreaders portrayed an annular distribution pattern,
concentrated to one side, covering just 6.1 to 26.8 % of the surface area with
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3. The feed spreader

Figure 3.1: A rotary spreader in a sea cage attached to the floating collar. The
spreader is typically located inside the hamster wheel, seen in the top left.

respect to a 157 m circumference sea cage (H). Even at 30 m/s airspeed pellets
covered just 1/3 of the cage diameter. Surface coverage was greatest at the highest
airspeed, but this presents problems such as increased pellet breakage (Aarseth,
2004; Aarseth et al., 2006) elevated energy expenditure and cooling demands (H).
The surface feed distribution pattern generated by the spreader seeds the spatial
sub-surface distribution, and the effects of surface coverage are discussed in detail
in Chapter 5.

This chapter first presents experimental results from both attitude measure-
ments of the spreader, high speed camera recordings of pellets exiting the outlet
pipe as well as surface distribution measurements. Results from these empirical
studies provided new insight into spreader behaviour, performance and contributed
with valuable data for parametrization of a spreader model (Chapter 3.5). An alter-
native method of determining the surface distribution using an UAV is presented
in Chapter 3.4.2 (Paper G). This chapter further explains the fundamentals of the
spreader model which is introduced in Chapter 3.5 and presents simulation results
from existing as well as alternative designs.

3.1.1 Objectives

It is clear that our understanding of rotary spreaders is limited. Through modelling
and simulation it is possible to investigate alternative designs and the consequent
effect on production parameters. It was desirable to measure the attitude of
a spreader during operation to better understand spreader behaviour and these
measurements could be used as simulation input for kinematic models or verification
data for kinetic models.

The second objective was to develop a spreader model, parametrize it and verify
the results. Through the use of models, researchers and equipment producers may
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3.2. Reference systems

vary different aspects of the design and investigate the resulting feed distribution
pattern. The spatial surface feed pattern is not especially important or explanatory
on its own, but the relation to relevant production parameters are discussed in
Chapter 5.

3.2 Reference systems

Figure 3.2 illustrates the reference systems and notation which have been used
in this thesis and the publications. All systems are right-handed and chosen in
accordance with Fossen (2011). The base frame {Oa} = (xa,ya,za) is located at
the center of the sea cage at the position of the spreader, considered stationary,
inertial and defined in accordance with the North-East-Down (NED) definition.
That is xa points towards true north, ya points east and za down into the center
of the earth perpendicular to the xa, ya water plane. For simplicity, the feed pipe
is considered to always point directly north, away from the spreader. {Ob} =

CG

Counterweight

xb

zb

zc

xc
Ball bearing

Center pipeOutlet pipe

θab (pitch)

CF = CO

Pneumatic feed pipe

xa

za

ψbc(yaw)

φab (roll)

upel

u

Figure 3.2: Feed spreader and systems of reference.

(xb,yb,zb) is the center of origin (CO) body reference system attached at the center
of the water plane area (center of flotation, CF ) which is the point the spreader
rolls and pitches about (Fossen, 2011). To simplify, the water plane area of the
feed pipe is not considered and hence the (CF ) = (CO). Finally, {Oc} = (xc,yc,zc)
is fixed to the lower end of the center pipe which rotates. Θa

b =
[
φab θab ψab

]T
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3. The feed spreader

∈ S3 is the roll, pitch and yaw of {Ob} with respect to {Oa} given in Euler angles.
Similarly, the attitude between {Ob} and {Oc} is given as Θb

c =
[
φbc θbc ψbc

]T
∈ S3. The spreader position is given by a vector from Oa to Ob in the {Oa} frame
oab =

[
xab yab zab

]T ∈ R3. In accordance with Paper C the translation and rotation
of this system can be represented by

∗oab =
[
0 0 0

]T (3.1a)

Θa
b =

[
φab θab 0

]T ∈ S2 (3.1b)

Θb
c =

[
0 0 ψbc

]T ∈ S (3.1c)

where ∗ denotes a constant variable. The spreader translation and base yaw can be
neglected due to moorings and wave effects averaging out over time. For future
reference, at ψbc = 0 which is the current position of the center pipe in Figure
3.2 the spreader is in a "U" configuration. This is easily distinguishable by the
"U"-shaped path pellets have to traverse through the spreader. On the other hand,
when the outlet pipe is rotated away from the feed pipe at ψbc = −180° = 180° will
be known as an "S" configuration.

3.3 Attitude measurement

3.3.1 Attitude measurement system 1.0

Figure 3.3 shows the first version of the attitude measurement system used to
characterize the spreader motion in Experiment 4. The device consisted of a self
contained attitude and heading reference system (AHRS), storing attitude data to
a microSD card with a custom made power supply device with wireless control.
The wireless solution enabled activation and stopping of the device from distances
over a kilometre away, making synchronization between the feeding- and logging
system simple. Experiments were conducted at 15, 20, 25 and 30 m/s airspeed
in triplicates. Figure 3.5 shows the roll, pitch and yaw of the spreader at 15 m/s
airspeed from a single replicate.

The sensor was mounted to the center pipe of the spreader, hence the obtained
Euler angles were on the form Θa

s where s denotes the sensor. From assumptions in
Paper A, it was stated that the sensor described the center pipe attitude Θa

s = Θa
c .

Since the only degree of freedom (DOF) between {Ob} and {Oc} is ψbc, Θa
c was

used to describe φab , θ
a
b and ψbc.

In Figure 3.5: from t=0 to t=20 the internal Kalman filter of the sensor
stabilizes. Further, from t=20 to t=60 the yaw is fairly stable, and the effect of
waves on the roll and pitch can be clearly seen. At t=60 the blower starts which
rapidly produces a fairly constant angular velocity in ψbc. This again affects the
roll and pitch which portray a sinusodial pattern overlaid with wave induced noise.
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3.3. Attitude measurement

Figure 3.3: Attitude measurement sys-
tem (AMS) 1.0 mounted to the center
pipe of the spreader.

Figure 3.4: Attitude measurement sys-
tem (AMS) 2.0 mounted to the base
of the spreader with an additional
rotary encoder.
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Figure 3.5: Spreader attitude, roll, pitch and yaw at 15 m/s airspeed, obtained
from the attitude measurement system 1.0. The blower was started at t=60 s. ©
2014 IEEE based on A.

3.3.2 Attitude measurement system 2.0

It was decided to perform another attitude measurement experiment for two reasons.
First and foremost, for the purpose of model parametrization and validation it
would be beneficial to have both attitude as well as pellet distribution data from
the same experiment. Secondly, as the first AMS system was mounted on the
center pipe of the spreader, the system was sensitive to centripetal accelerations
about ψbc, but also due to the distance from CO to the sensor of about 1 metre,
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Figure 3.6: Attitude data from AMS 2.0 from G given as a function of center pipe
yaw. Roll φab (ψ

b
c) given in blue and pitch θab (ψbc) in red. ±1 SD error bars at 90°

intervals. Experiments performed in triplicate, N denotes total number of samples.

centripetal accelerations from ψab and θab could also have some impact on the results.
In A, some attitude drift could be observed in cases with high angular velocity. It
was therefore decided to construct a AMS 2.0 which should be situated closer to
CO and mounted to the body of the spreader with an external rotary encoder to
measure ψbc.

Figure 3.4 shows the AMS 2.0 mounted to the spreader. The waterproof rotary
encoder with a 1:1 belt drive is visible in the top left and the AHRS (MTi-G, Xsens,
Enschede, the Netherlands) enclosed in a waterproof housing at the lower right
side. The AMS 2.0 was used as part of Experiment 8 and used to obtain spreader
attitude both without and with feed in the system. Main results are presented in
Figure 3.6.

3.3.3 Results

From Figure 3.6 it is evident that the spreader sat quite stably in the water almost
at a perfectly vertical attitude. There seems to be a significant shift in mean roll
between the without feed and with feed experiments, but this was attributed to
between day variations. Wind and currents may easily affect the long feed pipe
and produce a torque which manifests itself as a roll offset. This effect was not
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3.4. Surface pellet distribution measurements

witnessed in pitch which was stable through all experiments. Based on results from
both AMS 1.0 and 2.0, G stated that general average attitude values may be given
by −5° 6 φ̄ab 6 5° and −2.2° 6 θ̄ab 6 1°.

3.4 Surface pellet distribution measurements

3.4.1 Expanding on earlier empirical results

In order to verify the surface distribution results from a spreader model, ex-
perimental data had to be obtained. The first experiment which quantified the
surface distribution pattern from a rotary spreader was performed by Oehme et al.
(2012). Although this experiment was comprehensive and described in detail, it
did not specify the orientation of the boxes in relation to the spreader. In addition,
Oehme et al. (2012) only captured pellets along a single line giving limited spatial
information.

In a project led by SINTEF and S. Lundregan, a new experiment (5) was
conducted where the Styrofoam box setup was expanded to two rows, effectively
capturing pellets in a cross formation with known orientation. The experiment
used two different spreaders, 16 and 20 m/s airspeed and two tilt configurations of
the outlet pipe. The experiment confirmed and expanded upon the results from
Oehme et al. (2012) with the surface distribution often being more concentrated
and close to the spreader on one side, whilst being more distant and distributed
on the opposite side. The data from this experiment are still not published in full,
but a limited part of the experiment was presented and used to parametrize and
validate the spreader model in Paper F.

3.4.2 Determining surface pellet distribution using an UAV

Although the Styrofoam box method used by Oehme et al. (2012) and F is a
straightforward and accurate method of determining surface pellet distribution, it
does have several drawbacks. Since most of the pellets land outside the boxes, the
spatial resolution is severely limited. The box method is also fairly expensive, it is
cumbersome to maintain proper alignment with the spreader, personnel must be
inside the cage at almost all times and photographing the contents and emptying
boxes after each replicate is a laborious task.

In order to investigate the possibility of using an UAV to observe pellet impacts
across the cage surface, Experiment 8 was undertaken. The AMS 2.0 was also
included in this experiment to obtain matching attitude and surface data. Using
a quadrotor UAV (Phantom 2 Vision+, DJI, Shenzhen, China) pellet impacts
were recorded from an altitude of 30–36 m using a three axis gimbal stabilized
1080×1920 pixel camera. 20, 25 and 29 m/s airspeed was used, key feeding system
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3. The feed spreader

parameters recorded at the barge, feeding was performed at 10 kg/min and all
experiments performed in triplicate.

After applying some basic calibration and thresholding image preprocessing
techniques (G) the spreader position was determined from the mooring ropes,
visible in Figure 3.7. {Ou} = (xu,yu) in Figure 3.7 denotes the planar camera
coordinates from the UAV given in pixels. Using a Canny edge detector (Canny,
1986) and Hough transform (Hough and Paul, 1962), parametric line descriptors
were extracted from the image, the results low pass filtered and the intersection of
the two lines most probably representing mooring ropes determined analytically.
Spreader and pellet impact positions were transformed from {Ou} to {Oa} through
a process detailed in Paper G. The two lines with highest probability of being
mooring ropes are indicated with solid red lines in Figure 3.7 and the detected
spreader position marked with a red cross. The dotted red line shows the direction
of +xa, and the yellow dotted cross is the area in which pellet impacts were recorded
in accordance with previous Styrofoam box experiments (Paper F). All yellow lines
have been low pass filtered to smooth the position and rotation estimates of the
spreader.

yu [pixels]

xu [pixels]

xa [m]

ya [m]

Figure 3.7: Aerial view of sea cage from the UAV. The spreader is located in the
center of the image next to a support dinghy used for the experiment. The three
mooring ropes are readily visible, and the two superimposed red lines are the
results from the CV algorithm. The dotted red line is the direction of the feed pipe
in the current image and the yellow dotted line is identical but low pass filtered.
The yellow cross is indicative of Styrofoam box placement in earlier experiments.

32



3.4. Surface pellet distribution measurements

x
a
 (along) [m]

 -16  -12  -8  -4  0  4  8  12  16  

P
e
lle

ts
 n

o
rm

a
liz

e
d
 [
%

]

0

1

2

3

4

5

y
a
 (across) [m]

 -16  -12  -8  -4  0  4  8  12  16  
0

1

2

3

4

520 m/s
25 m/s
29 m/s

Figure 3.8: Surface pellet distribution extracted from UAV images (G) at 20, 25
and 29 m/s airspeed. Pellets were sampled from a cross-shaped area in accordance
with the Styrofoam box method used in F.

3.4.3 Results and discussion

Figure 3.8 presents the surface pellet distributions obtained from the UAV videos
and the proposed CV method. The results are similar to what was observed by
Oehme et al. (2012) and Paper F in Experiment 5. As airspeed increases, the
average pellet throw is longer and larger coverage is obtained with more uniform
distribution. Especially along xa, the annular distribution is skewed to one side as
was observed in previous experiments.

Overall, the proposed UAV and CV solution showed promising results, and
the process of collecting data in the field was significantly simplified. Especially
the ability to run one replicate right after another saved a great deal of time and
effort as there was no photographing or emptying of boxes involved. However, two
significant improvements could be made to the proposed solution. Firstly, the lack
of a visual reference system in the water plane complicated computation of UAV
altitude. The height was calculated back from the vertical supports between the
floating collar and handrail of the sea cage which is visible in the upper part of
Figure 3.7. No method has yet been developed to track these vertical supports
through the video sequence, hence, altitude was based on the first frame of each
recording where the supports were manually identified. GPS based altitude was
considered too inaccurate for the problem at hand as static offsets were observed.
However, the flight logs showed that the UAV maintained a very constant altitude
throughout each flight. For future experiments, a floating reference system such as a
chequerboard is highly recommended. Secondly, the detection of pellet impacts was
performed manually which was a time consuming process. Thus, manual detection
was restricted to the dotted cross shaped area in Figure 3.7. Attempts were made
to automate this procedure, but waves caused a highly dynamic background of
light and dark areas as well as sea gulls heavily occluding the water surface at
times. Efforts are being made to resolve the latter issue based on the results from
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3. The feed spreader

Experiment 7. Experiment 7 also featured use of Styrofoam boxes together with
the UAV enabling the results to be compared to a ground truth dataset.

3.4.4 High speed recording

The final piece of empirical data was obtained in Experiment 6 where a high speed
camera was attached to the outlet pipe of the spreader (Frank K., 2016, pers.
comm.). The recordings captured both the speed of pellets as well as information
regarding the exit angle from the spreader. Experiments were conducted across
different airspeeds with the spreader in both "U" and "S" configuration. A full
analysis and subsequent publication of this experiment will likely be completed by
the end of 2016. Preliminary results are presented in Paper H and were used to
parametrize the spreader model presented in Chapter 3.5.

3.5 The spreader model

3.5.1 Model development

A robotic (forward kinematic) and ballistic spreader model was first introduced in
C where several parameters were tuned based on the experimental results from
Oehme et al. (2012). Based on empirical attitude data from Experiment 4 as well
as a given airspeed, the model was able to simulate a 2D surface pellet distribution
pattern. The model was further refined with the introduction of wind in the
equations, and additional joints were added to represent the angular variability at
the origin of the ballistic trajectory (Paper F). This extension also included a more
accurate description of the ballistic model, an adjustment to the pellet speed as a
function of ψbc ("U" and "S" configuration) as well as the inclusion of a dynamic
drag coefficient. This publication also featured Experiment 5 where two rows of
Styrofoam boxes were used to further parametrize the model. The final version is
presented in H where the high speed (Chapter 3.4.4, Experiment 6) recordings were
used to further tune the model, and the resulting surface distribution simulation
results compared to the empirical data from the UAV (Chapter 3.4.2). Using the
Jacobian, this version also considered the linear velocity components of the outlet
pipe.

3.5.2 Model overview

This section briefly introduces the model. Comprehensive descriptions are available
from Paper C, F and H.

The model is founded on a forward kinematic description of the spreader based
on the Denavit-Hartenberg (DH) convention, determining the outlet opening (the
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3.5. The spreader model

ballistic origin) in relation to {Oa}. From Spong et al. (2006); Siciliano et al.
(2009) the spreader base was given as {O0} = {Oa} to the last joint (n) {On} to
separate between the forward kinematic model with numeric super- and subscripts
and general reference systems with Latin alphabetical notation. The rotation and
translation of {On} with respect to {O0} in the {O0} frame can be derived by
(Spong et al., 2006):

H =

[
R0
n o0n

01×3 1

]
(3.2)

R0
n is a 3× 3 rotation matrix and o0n is a translation vector. Let q be a vector of

joint variables
q =

[
q1 · · · qn

]T (3.3)

where qi = θi represents a revolute joint or alternatively qi = di for a prismatic
joint (Siciliano et al., 2009). The system can be represented by a transformation
matrix T

H = T 0
n (q) =

n∏

i=1

Ai−1
i (qi) (3.4)

For each joint

Ai−1
i (qi) =

[
Ri−1
i (qi) oi−1

i (qi)
01×3 1

]
(3.5)

From Paper H, the ballistic origin vector can be obtained by

ξ =
[
ξx ξy ξz

]T
= on−2

n = o0n − o0n−2 (3.6)

since the last two joints describe the variability in the origin of the ballistic path. ξ
is finally normalized ξ̂ = ξ/||ξ|| (C), multiplied by the pellet speed u at the outlet
pipe and linear velocities added to obtain the final velocity components (H)

v =
[
vx vy vz

]T
= ξ̂u+ ȯ0n (3.7)

The extrinsic ballistic trajectory model of pellets is more involved and may
be obtained from Paper H, as well as the modelled speed reduction from pellets
entering the spreader (upel) to exiting the spreader (u) as a consequence of the
retarding effect of the "S" configuration as opposed to "U".

Figure 3.9 presents a visualization of the proposed spreader model. The static
joints denoted θcnt, θcur are based on the CF90 Double rotary spreader, and
the static but manually adjustable twist θtwi = 0 gives the ability to alter the
angle which pellets exit the spreader during assembly (named "tilt" in Oehme
et al. (2012)). θw,vert and θw,horz models the angular origin variability, and the
parameterization based on Experiment 6 (Paper H).
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φab and θab

ψbc

θcnt

θtwiθcur

x0 = xa

z0 = za

y0 = ya

ξ̂u

θw,vert and θw,horz

Figure 3.9: The spreader model visualized by the RVC Toolbox (Corke, 2011). In
this depicted configuration, φab = 0, θab = 0 and ψbc = 0 identical to Figure 3.2. In
this figure there are no linear accelerations, hence the origin vector v = ξ̂u. The
red line shows the ballistic trajectory of a pellet.

3.6 Results and discussion

In Paper H the concept of a motorized spreader was introduced. This involved
straightening the last bend of the spreader (θcur = 0) so the airflow no longer
contributes to the rotation, and instead driving the rotary action using a separate
pneumatic or hydraulic motor. The non-motorized baseline scenario where ψ̇bc was
39.5 RPM, 20 m/s airspeed, yielded a mean throw length of 5.5 ± 1.1 m and a
surface coverage of 14 %. Increasing the angular velocity using the aforementioned
motor configuration to 80 and 160 RPM yielded coverage and average throw lengths
of 20.4 %, 7.5 ± 1.2 m and 27.4 %, 9.6 ± 1.4 m respectively with respect to a
157 m circumference sea cage (Paper H). Simulation results are shown in Figure
3.10. This whilst maintaining a low airspeed of 20 m/s. This paper also introduced
an optimal ballistic spreader, where the center pipe bend (θcnt = 45°) to increase
the pellet throw length. This simulated design alteration also showed improved
performance compared to the baseline scenario, both for surface coverage and
average throw length (Paper H).

Figure 3.11 and 3.12 show two simulated scenarios from the spreader model
with 0 and 10 m/s wind along +xa respectively. The angular velocity was set to
ψ̇bc = 55.7 RPM based on a 25 m/s airspeed scenario and upel = 12.5 m/s.

Model performance was verified to a certain degree in Paper H. Figure 3.13
presents a comparison between the spreader model and the experimental surface
coverage obtained from the UAV (G). Three different airspeeds were used, 20, 25
and 29 m/s, which corresponded to 39, 55 and 75 RPM angular velocity respectively.

36



3.6. Results and discussion
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Figure 3.11: Simulated surface distribu-
tion at 0 m/s wind
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Figure 3.12: Simulated surface distribu-
tion at 10 m/s wind along +xa.

In addition, verification was also attempted at an extreme roll angle of -16.4°. This
angle was obtained in Experiment 8 by using a rope to pull the spreader down.
Since a full model of the pneumatic transport process does not exist, the pellet
speed into the spreader (upel) was tuned to minimize the difference between the
simulations and empirical results. For the attitude, AMS 2.0 data from G was
used as input for the simulations, describing the roll and pitch of the spreader
represented by the spherical joint at the base of the spreader model.

Since attitude data was used and upel was tuned, the results may not act as
a full model validation. However, the good correspondence (Figure 3.13) does
indicate that the forward kinematic model, the retardation model as a function of
ψbc, the outlet initial trajectory angle model and ballistic model performed well
and are able to replicate the dynamics of the physical system. For the extreme roll
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3. The feed spreader

offset scenario, the model showed reduced performance. This may have been due
to the fact that data could only be collected from a single replicate and the large
roll inducing unknown effects which are not considered by the model (H).
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Figure 3.13: Model validation, figure from H. The blue lines are the experimental
results sampled from a cross pattern in accordance with the Styrofoam box method,
and red indicates the simulated results. 39, 55, 72 and 78 is the angular velocity of
the spreader [RPM]. In TILT the spreader was forced to a roll offset of -16.4°.

There are some aspects of the model which would benefit from further develop-
ment. A full fluid model of the pneumatic pellet transport process from barge to
spreader would have added significant versatility. Based on the airspeed and pres-
sure which is measured at the barge, pellet type and feed pipe length, such a model
could be able to predict the actual pellet speed at the spreader. However, modelling
such a multiparticle transport system may become highly complex (Klinzing et al.,
2010) as factors such as both horizontal and vertical transport must be considered,
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3.6. Results and discussion

as well as drag, friction, compressibility, collisions and electrostatics to obtain the
desired accuracy (Paper H). A full kinetic model would also give the ability to
simulate without the need of AHRS data, enabled significant alterations to the
basic design and still produced valid results. Development of a kinetic model has
been started, and the results will be validated against the attitude data from AMS
2.0.
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Chapter 4

Pellet detection

4.1 Background

The concept of detecting feed loss as a means to control feeding is not a novel one.
It is based on fish congregating at the location of the spreader when feed is first
introduced and at this point most of the feed is consumed. As satiation gradually
sets in, fish will lose interest in the pellets and feed loss increases.

Foster et al. (1995) presented a downwards facing camera with algorithms
for pellet detection, classification and counting. Overall, Forster (1995) stated
that their solution had an accuracy of ±10 %. Another method was suggested
by Parsonage (2001) and further analysed in Parsonage and Petrell (2003) using
algorithms on recordings from upwards facing cameras which are often already
present in sea cages. Such a solution can use existing cameras and the operator
is able to observe the behaviour of the fish without introducing more equipment
into the sea cage. Static validation experiments in Parsonage (2001) showed that
the solution both over- and underestimated the actual number of pellets (size>30
pixels) with an average detection rate of 84 %.

Pellet loss is usually observed manually through a submerged camera and
used to reduce or stop feeding. This is a tedious process which also lends itself
susceptible to subjective evaluation based on a very limited view of the sea cage.
This is however highly prioritized as it is of significant importance to reduce
feed loss and thus profitability. Arguably, this monotonous assignment could be
automated to free personnel for other tasks.

4.1.1 Objectives and chapter contents

It was desirable to investigate if a more accurate system could be constructed
based on a submerged camera, modern hardware and computer vision algorithms.
The system had to be compact enough to fit inside a tank in order to perform
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4. Pellet detection

Experiment 1 and 2 (Chapter 5), and the accuracy needed to be far superior
compared to the previously cited solutions. As opposed to Parsonage (2001) and
Forster (1995) which were dependent on daylight, the system had to be operable
both indoors, outdoors, in dark and bright conditions.

4.2 Materials and methods

This section outlines the hardware and software solutions in brief as a detailed
description is available from Paper B.

4.2.1 Hardware

Based on the sketch in Figure 4.1 a fully enclosed submersible pellet detector
was constructed (Figure 4.2). The detector consists of a 1288×964 pixel gigabit

Figure 4.1: 3D sketch of pellet detec-
tor

Figure 4.2: Finished pellet detector.

Ethernet camera (FL3-GE-13S2C-CS, Point Grey Research, Inc., BC, Canada)
enclosed in a custom made waterproof housing aimed at a uniformly lit translucent
background (Paper B). A funnel determines the horizontal detection area and
guides pellets into the detection volume. An umbilical transfers power and data to
a topside computer which is capable of counting from one detector in real time or
record images from five detectors simultaneously for post processing.

4.2.2 Software

The system was implemented in C++ using OpenCV (Bradski, 2000). Since
the funnel releases pellets at a uniform distance away from the camera along the
principal axis (z) and the motion in z is bounded in one direction by the translucent
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4.3. Results and discussion

Occlusion Actual Algorithm result
Counted Percent

None 52 52 100 %
Low 173 176 101.7 %
High 158 154 97.5 %

Table 4.1: The number of counted pellets by the detector and the actual number
of pellets which passed through the control volume from Paper E.

Pellet type Real Classified as Percent6L 12H
6L 62 56 6 90.3 %
12H 105 9 96 91.4 %

Table 4.2: Algorithm classification of pellet type based on settling rate only. Taken
across all levels of occlusion. 6L pellet type used to simulate faecal particles. From
Paper E.

plastic background, the pellet position sk,n and velocity vk,n was considered planar.
Hence sk,n =

[
sk,x sk,y

]T ∈ R2, vk,n =
[
vk,x vk,y

]T ∈ R2 where k is a given
frame and n the current blob (an object detected in the image as a potential pellet).
Due to the uniform and constant lighting, fixed global thresholding was used to
convert the image to binary before border following was used (Suzuki and Abe,
1985) to extract blob contours. Blobs were then filtered by size and a Kalman filter
initiated to predict the position of a blob in frame k + 1. Predicted position (ŝk,n)
and measured positions (sk,n) were matched using the Kuhn-Munkres algorithm
(Kuhn, 1955; Munkres, 1957) and thus iteratively tracked through the field of view.
Blobs with an average settling rate above a certain threshold were classified as
pellets and the ones below were filtered out as debris/faecal particles.

4.3 Results and discussion

In Experiment 3 (B) both 6 and 12 mm diameter pellets with low and high density,
6L, 6H, 12L and 12H was used to determine the performance of the proposed
solution. Table 4.1 lists the number of pellets passing through the control volume
of the pellet detector and the number of counted pellets. Occlusion for a given
pellet drop (replicate) was classified into three levels. None – no occlusions in the
pellet drop, Low – one or two instances of pellet pairs occluding one another during
the drop and high – three or more occluding pairs.

From Table 4.1 the pellet detector counted the number of pellets perfectly when
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4. Pellet detection

there were no occlusions. At Low occlusion level the detector slightly overestimated
the number of pellets due to pellets leaving and then re-entering the field of view
or pellets occluding one another for a period of time and then separating. At
High level of occlusion the solution underestimated the actual number which was
caused by pellets remaining occluded through the field of view. Table 4.2 provides
insight into the algorithms ability to separate faecal particles from actual pellets.
6L pellets with a settling rate of 5.3 ± 1.2 cm/s was used to simulate faecal matter
due to the slow settling rate and 12H (16.6 ± 1.6 cm/s) was used as feed pellets.
Across all occlusion levels, the algorithm correctly separated 90.3 % or more of 6L
and 12H pellets based on settling rate alone.

4.4 Summary

The proposed pellet detector functioned as desired and showed superior accuracy
compared to previous solutions (Forster, 1995; Parsonage, 2001). The detector is
able to operate under all exterior lighting conditions and the detection area may be
adjusted according to funnel size. However, the pellet detector has a comparatively
small detection volume compared to the theoretically unlimited reach of both
Forster (1995) and Parsonage (2001). Although the detector was intended as a tool
for conducting Experiment 1 and 2, it may well be used in sea cages or tank systems.
In sea cages the detector will have to be equipped with a large funnel in order
to cover a significant section of the sea cage or multiple detectors will have to be
used. This will result in increased drag forces on the structure and more equipment
inside the cage which may contribute to more difficult inspections and maintenance
operations. Rotating sonar solutions which are currently under development may
not be as accurate as the detector but have the ability to cover large volumes with
a single device. It is likely that such compact single unit solutions will be more
appropriate for sea cage use. The pellet detector may on the other hand be more
suitable in tank-based aquaculture, counting particles leaving a tank or during
pellet manufacturing where accurate measurements of settling rate from a large
number of pellets may be required.
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Chapter 5

Sea cage dynamics

5.1 Background

In order to make a statement regarding the performance of different spreader
designs and methods of feed distribution, the interaction between feed, fish and the
environment must be considered. Determining the effect of a given 2D surface feed
coverage pattern (Chapter 3) on production parameters such as feed loss and fish
satiation is central to this chapter. In order to do this, an existing feed distribution
and fish behaviour model was used (Alver et al., 2004), which was improved and
expanded (Paper D). The combined use of the spreader and feed distribution model
allows researchers to simulate various spreader designs and obtain estimates on
the influence on key production parameters.

5.1.1 Objectives and chapter contents

This chapter focuses on experimental results and theoretical modelling of events
that transpire beneath the surface of the sea cage. The objectives of this chapter was
to improve the performance of the feed distribution model (Alver et al., 2004) by
using new empirical results on pellet motion from Paper E, elaborating the model
further and expanding it from 2D to 3D (Paper D). Further, the spreader model
(Chapter 3.5) are connected to the feed distribution model (Paper D), allowing
different spreader designs to be simulated and the consequent effects on central
production parameters investigated. Finally, new methods of feed distribution and
spreader configurations are simulated and compared to existing methods and their
relative performance discussed (Paper I).
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5. Sea cage dynamics

5.2 Pellet diffusion and settling rate

5.2.1 Introduction

When modelling the subsurface feeding dynamics of a sea cage the motion of pellets
is an essential component. The diffusion of pellets determine how the concentration
of feed naturally dilute within the water column which again affects the spatial
availability to the fish. The diffusion factor may also affect temporal availability
as an extensively distributed feed cloud may be carried out of the sea cage more
rapidly compared to a more dense cloud in the center of the sea cage. The settling
rate (uv) is also vital as it influences the temporal feed availability and differences
in settling rate affects the spatial opportunity for the fish to feed along the vertical
axis.

Ample data exists on the settling rate of feed pellets. Studies by (Findlay and
Watling, 1994; Chen et al., 1999; Cromey et al., 2002; Sutherland et al., 2006;
Cromey et al., 2009) all determined the settling rate of various fish feeds. In
addition, uv is measured at production as it is vital to avoid floating pellets which
would only make the feed available at the surface, as well as too rapidly settling
pellets as this would reduce the temporal availability, sinking quickly through the
cage.

Diffusion on the other hand seems to be empirically unexplored. This implies
that sea cage and waste deposition models such as Gillibrand and Turrell (1997);
Cromey et al. (2002); Alver et al. (2004); Cromey et al. (2009) based their diffusion
coefficients on various sources and educated estimates and not experimentally
derived data obtained from representative feeds. Paper E classified the diffusion of
12 different feed types (3, 6, 9, 12 mm diameter, low (L), medium (M ) and high
density (H )), and in addition, the settling rate was measured based on a large
number of pellets in order to obtain comprehensive matching data for the purpose
of modelling and simulation.

5.2.2 Materials and methods

The 12 experimental feeds were specially made for the experiment at Nofima Feed
Technology Centre, Bergen. Diet formulation was chosen to represent the average
Norwegian feed composition in 2010 (Ytrestøyl et al., 2011). Dry ingredients were
mixed and divided into four equal batches and extruded with 2.5, 4.5, 7.2 and 10.0
mm diameter die plate holes (E), and the cutting speed was set to produce pellets
with a diameter:height ratio of approximately 1:1. After drying, the four batches
were coated with different amounts of oil to obtain three different densities.

The horizontal distribution experiment (1) was conducted at Nofima, Sunndal-
søra, using five randomized replicate drops of 40 pellets for each feed released from
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5.2. Pellet diffusion and settling rate

a single point into a 2.30 m deep tank of sea water. Pellets settled on a 1×1 m grid
and was photographed for each drop. Image analysis was carried out in MATLAB
(2014) and statistical analyses made in (SPSS, 2015).

The settling rate experiment (2) was conducted in an indoor tank at NTNU,
Trondheim. Due to the large number of pellets, the batch for each replicate were
weighed as opposed to counted. 10 randomized drops for each of the 12 pellet types
was conducted, and using the pellet detector described in Chapter 4, the number
of frames it took pellets to reach a depth of 2.30 m was recorded and the settling
rate and settling rate variability calculated.

5.2.3 Results and discussion

Table 5.1 presents the mean distance from the center of mass for all five replicates
of each pellet type. The distance was found to be strongly correlated with pellet
size. In Table 5.1 the mean distance increases monotonically with pellet size with
the exception of 6H which diffused slightly less compared to 3L. Using the square
root transformed distance, significant differences in diffusion were found (Welch’s
F(11,667.228) = 39.859, p < .0005). This was followed by a Games-Howell post-hoc
test (E), and no significant differences were found between pellets of the same size.
This result showed that pellet size had a significant influence on pellet diffusion
and density is of comparatively little importance.

Table 5.1: Pellet diffusion. Mean distance from centre of mass (distance ± SD
[mm]). N is the number of pellets included in the analysis. Table from Paper E.

Pellet type Mean distance [mm] N
3H 61 ± 43 200
3M 61 ± 48 198
3L 70 ± 40 191
6H 68 ± 40 197
6M 80 ± 57 146
6L 89 ± 57 48
9H 92 ± 48 198
9M 93 ± 49 197
9L 95 ± 64 167
12H 130 ± 70 189
12M 140 ± 76 190
12L 119 ± 61 145

The settling rate results from E are presented in Table 5.2. As expected, there
was a positive correlation between settling rate and density for all pellet sizes.
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5. Sea cage dynamics

This was also the case for size, as there was an increasing trend in settling rate
with larger pellets. However, during production, only bulk density was measured
and hence there may have been differences in specific density between pellets of
the same density class (H, M, L). A full analysis of significant differences and

Table 5.2: Pellet settling rate (mean ± SD) for all feed types, and number of pellets
N . Table from Paper E.

Pellet type Settling rate (uv) N

3H 9.9 ± 0.5 506
3M 7.7 ± 0.8 435
3L 5.6 ± 1.0 376
6H 12.3 ± 0.9 329
6M 8.1 ± 1.8 250
6L 6.2 ± 1.7 84
9H 14.0 ± 2.0 254
9M 12.8 ± 2.3 214
9L 9.7 ± 2.1 186
12H 17.0 ± 2.9 192
12M 14.2 ± 2.5 186
12L 11.3 ± 2.5 177

a comprehensive discussion is available in E. These new diffusion results enable
researchers to parametrize models based on empirical results. The data in Table
5.1 was used to determine the diffusion factor κ in Paper D which is central in
determining the diffusion and thus the motion of pellets through the sea cage.

5.3 Expanded sea cage model

5.3.1 Model components

To unify the results described so far and derive the effects of different feed dis-
tribution patterns on production parameters, a sea cage model was introduced.
The first version of this model was presented by Alver et al. (2004) where fish
and feed existed in a two dimensional (x, z) grid. A considerable extension to this
model was presented in D where the grid describing the sea cage was expanded
from two to three dimensions, allowing cage shapes to be more accurately repre-
sented. The model takes a 2D surface pattern of feed and calculates the resulting
spatiotemporal feed concentration through the sea cage where fish and feed exist
in a matrix of equally sized cubical cells. The main equation governing the settling
rate, diffusion and advection of pellets as well as added feed and feed ingestion is
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given by Equation 5.1 (D).

∂c

∂t
+ vx

∂c

∂x
+ vy

∂c

∂y
+ (vz + uv)

∂c

∂z
+ κ

(
∂2

∂2x
c+

∂2

∂2y
c+

∂2

∂2z
c

)
= u− fI (5.1)

The feed concentration in a given cell is given by c(x, y, z, t), vx(x, y, z, t), vy(x, y, z,
t), vz(x, y, z, t) are the velocity components of the water current in xa, ya and za
respectively. a denotes the inertial base frame situated at the surface in the water
plane centroid of the sea cage as described in Chapter 3.5. A mask determines
the size of the sea cage and cells outside this boundary are set to have a feed
concentration of 0. uv is the settling rate of pellets and κ the feed diffusion
factor, both described earlier and based on the results from Paper E. u(x, y, z, t)
represents the added feed which is typically given by a feed spreader model.
This may alternatively be given by a point source or a perfectly homogeneous
distribution across the entire surface for the purpose of reference. Finally, fI
denotes the fish ingestion rate and is modelled as groups of super-individuals, each
representing a number of fish which gives a heterogeneous weight distribution
across the population (D). Each group has a different feed ingestion rate which
is determined by a combination of pellet weight, maximum ingestion rate based
on handling and search time, spatial feed distribution, stomach fullness (appetite)
and a hierarchical component.

5.3.2 Results and discussion

First, κ was tuned and mean uv selected from E based on the type of feed pellet
used in the simulation. The same value for κ was used both for the vertical and
horizontal diffusion which produced Gaussian distributed settling rates that closely
matched the experimental results (D). The model was configured to replicate the
experimental conditions in Talbot et al. (1999) where feed wastage was monitored
in a sea cage measuring 12×12×10 m containing 17.4 tonnes of Atlantic salmon.
Using submerged cones for gathering waste and an air-lift collector system, the
amount of uneaten feed was determined. Figure 5.1 compares these experimental
results with simulations from Alver et al. (2004) and the new model D.

The model was able to predict the main dynamics of pellet distribution as
well as feed consumption and loss in a sea cage. Figure 5.1 also indicates that the
new model more closely represents the experimental results, which is most easily
observable for feed loss during the first seven minutes. Alver et al. (2004) predicted
some feed loss just one minute into the meal. On the other hand, D indicated
almost no feed loss 0–7 min after first feeding which is more logical, though not
entirely quantitatively in accordance with Talbot et al. (1999).
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Figure 5.1: Figure based on D comparing the expanded 3D model and the earlier
2D model (Alver et al., 2004) with experimental results from Talbot et al. (1999).
The left Figure indicates total feed intake and the right Figure total feed waste.

Overall, the model shows good performance and features an enhancement to
the previous 2D version which was attributed to an improved computation of feed
ingestion and better estimates of the diffusivity parameter (κ).

5.4 Effects of existing and new methods of feed
distribution

With the spreader and sea cage model tuned and verified to a certain extent, Paper
I combined the models and investigated different spreader configurations on central
parameters such as feed intake, feed loss and aggression. This section presents the
preliminary results from this study.

5.4.1 Materials and methods

The spreader model was initialized using the physical attributes of the CF90 Double
spreader with a perfectly vertical attitude as was deemed realistic by Paper G.
A 20 m/s airspeed scenario which corresponded to an actual pellet speed of 9.1
m/s arriving at the base of the spreader was used for the simulations (H). The
sea cage model was initialized according to a typical situation encountered during
a production cycle in Atlantic salmon sea cage farming. A circular sea cage was
used, 157 m diameter (Oppedal et al., 2011) with a cylindrical depth of 40 m
and total cone depth of 50 m containing 200.000 fish. Model resolution was set
to ∆x = 1, ∆y = 1, ∆z = 1 m, the fish weight was 1.2 ± 0.32 kg scaled up from
actual measurements from a farm (0.845 ± 0.224 kg, N=160) distributed across
seven groups of super individuals with an initial appetite of 100 % (zero stomach
content). A 9 mm pellet size was used which was suitable according to fish size
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5.4. Effects of existing and new methods of feed distribution

(Skretting, 2012) with a settling rate of 12.6 cm/s (E) and weight of 0.66 g/pellet
(Oehme et al., 2012). Feed was temporally equally distributed over the course of
120 minutes, and a total of 1.1 % of the biomass was delivered which totalled 2.64
tonnes.

Five main scenarios were defined and simulated, as can be viewed in Paper I.
S1 and S2 acted as opposing references by distributing all the feed into a single cell
and covering close to 85 % of the surface with a uniform distribution respectively.
S1 was also run with 0.1 and 0.2 m/s current in the +xa direction. Further, S3
is the standard spreader model running at ψ̇bc = 40 RPM. S4 used the standard
spreader model further, but used the concept of a motorized spreader with an
angular velocity of 80 and 160 RPM. S5 (Figure 5.2) was identical to S3, however,
a 0.1 m/s current in +xa was introduced. S5 was further simulated by moving
the spreader 5 and 10 m into the direction of current. The consequent feed loss,
appetite, volume coverage and global Shannon entropy (GSE) was determined,
and Table 5.3 presents the results from Paper I. The Table lists the scenario and
the total feed loss throughout the simulation. Min appetite lists the minimum
appetite of the sum of all seven fish groups and at what time this occurred. Max
diff. appetite gives the largest appetite gap between the group of smallest and
largest fish and time of occurrence. Although the model does not model aggression
explicitly, a large difference in satiation is an indication of fish groups not having
equal feed access which may lead to aggressive behaviour as indicated in Chapter
1.5. The coverage is simply a measure of how many cells contained one or more
pellets (c(x, y, z, tsteady) ≥ 0.66 g feed). This metric as well as GSE was obtained
without any fish present and taken at time tsteady when the model reached a steady
state. The coverage does not take into account the actual number of pellets in
each cell. E.g. one pellet in every N − 1 cells and the final cell containing a large
number of pellets will still yield a coverage of 100 %. Hence, GSE (Kam et al.,
2013) was introduced which takes the specific contents of each cell into account.
A value of zero means that all feed exists within a single cell, and 1 indicates a
perfectly homogeneous spatial distribution.

5.4.2 Results and discussion

S1 yielded the poorest overall results. Feed loss was significantly higher compared
to all other scenarios, as well was the min appetite and max diff. appetite. Not
surprisingly, adding all the feed in a single cell or at a single location also leads to
the lowest volume coverage and GSE. When a current of 0.1 m/s was introduced in
S1,0.1m/s all metrics improved. The added water flow distributed the feed better and
more fish gain access. Interestingly, when this current was further increased to 0.2
m/s all metrics were poorer, most likely due to feed escaping through the cage wall
before being consumed. The baseline spreader S3 and motorized spreader scenarios
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5. Sea cage dynamics

Table 5.3: The scenarios and corresponding results. The total feed loss, minimum
average appetite across fish groups, the largest difference in appetite between group
1 and 7 given in percent points, percentage of cells within the sea cage containing
more than 0.66 g feed (one pellet) and the global Shannon entropy of the spatial
feed distribution. The two latter metrics were obtained from simulations without
fish present in the sea cage. Table from Paper I.

Scenario Feed loss Min appetite Max diff. appetite Coverage GSE
[%] [%] [pp] [%] [0,1]

S1 31.0 6.6 (@125 min) 83.2 (@40 min) 0.7 0.38
S1,0.1m/s 22.9 4.4 (@123 min) 78.6 (@36 min) 2.6 0.56
S1,0.2m/s 32.8 6.7 (@122 min) 83.0 (@47 min) 1.6 0.52
S2 7.2 1.9 (@125 min) 25.4 (@36 min) 85.1 0.99
S3 7.6 1.9 (@124 min) 59.9 (@34 min) 14.3 0.78
S4,80RPM 7.2 1.9 (@125 min) 52.1 (@34 min) 20.4 0.82
S4,160RPM 7.2 1.9 (@125 min) 45.3 (@34 min) 26.8 0.85
S5,0m 8.7 2.0 (@123 min) 56.0 (@34 min) 18.1 0.81
S5,5m 8.1 2.0 (@124 min) 56.1 (@34 min) 21.5 0.83
S5,10m 7.8 1.9 (@124 min) 56.1 (@34 min) 24.4 0.84

S4,80RPM, S4,160RPM had a surface coverage of 16, 23 and 31 % respectively. The
feed loss was almost unaffected by the the increased surface coverage as was also
the case for min appetite. Max diff. appetite however was reduced from 59.9 pp to
45.3 pp indicating that the fish were able to forage in a more equal and unrestricted
manner. Finally, moving the spreader into the current in S5,0m–S5,10m reduced feed
loss from 8.7 to 7.8 %. The volume coverage and GSE also increased and remaining
metrics remained essentially unaltered.

The results indicated that increasing the spatial surface distribution may allow
fish to feed in a more equal manner, possibly reducing aggression, fin damage and
mortality. Further, having a spreader which is able to translate along the dominant
current direction may reduce feed loss. At first, a reduction from 8.7 to 7.8 %
may seem small. However, when considering that 10 tonnes of feed at a value of
11.83 NOK/kg (Norwegian Directorate of Fisheries, 2015c) worth almost 120.000
NOK is introduced into a single cage every day, a small reduction in feed loss
quickly amounts to considerable savings. Further economic advantages may also
arise from equal feed access. Fish may end up being more uniformly sized which is
advantageous in markets where certain sized fish are favourably priced.

A simple fish model was used as outlined in D. More advanced models of fish
behaviour and growth have been made such as Føre et al. (2009, 2016) and will
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5.4. Effects of existing and new methods of feed distribution
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Figure 5.2: Figure based on I. Side and top view of the model running a simulation
of scenario S5,0m. The surface distribution was exported from the spreader model
and this particular scenario had no fish.
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5. Sea cage dynamics

be incorporated into this model with time. The models have been parametrized
and validated from a selection of empirical results. However, there are no full scale
experiments which have been undertaken with respect to the effects of localized
versus distributed feeding on feed loss and growth leaving this to be desired. Yet,
the correspondence with Talbot et al. (1999) does indicate that the quantitative
results from the model are reasonable. For the scenarios outlined in this chapter, the
fish size, pellet properties and surface feed distribution are dissimilar to the verified
scenario. Hence, the numbers may not be exact, but still the large differences in
feed loss, appetite and volume coverage for the different scenarios are believed to
be viable qualitative indicators when comparing one feeding regime to another.
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Chapter 6

Concluding remarks

6.1 Contributions and implications

This thesis has produced results and has implications related to several topics
of feeding in large scale sea cage aquaculture. Subjects such as feed spreader
design and placement, spreader performance evaluation, feed loss monitoring, pellet
behaviour and pellet distribution modelling are linked to spatiotemporal feed
distribution which again is related to welfare, feed loss and pollution. The tools
presented in this thesis may be used to optimize the feed distribution for improved
feed consumption and feed utilization. Some of the tools may also be used to aid
the farmer in making more informed decisions with respect to feeding based on
an intuitive presentation of sensory data and model predictions. In addition, the
tools may also take part as a larger, more autonomous system which will become
increasingly important as new farm sites become larger and more exposed far from
shore.

The attitude measurements made on the rotary spreader indicated that roll
offsets may easily arise from torques which are generated when the spreader is
mounted and by forces from the feed pipe. Pitch on the other hand seems to be less
susceptible to offsets. This instability is by some claimed to be an intended design
feature to increase the pellet distribution. At low airspeeds, the mass of the center
and outlet pipe forced the spreader down which resulted in a less favourable ballistic
path and reduced surface coverage. At higher speeds, more complex inertial and
hydrodynamical forces come into play, making these operational situations difficult
to analyse and almost impossible to generalize across different spreader designs.
Regardless of this, the mean roll and pitch are always close to vertical (Figure
3.6) implying that this instability has a limited influence on the overall surface
distribution pattern. The presented empirical results were used for simulation input
and may be used later for verification of a full kinetic feed spreader model.
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6. Concluding remarks

The proposed spreader model may serve as a tool for researchers and equipment
producers to test alternative designs and determine the consequent effects on
spatial feed distribution. However, significant deviations from the classic rotary
spreader design the model was based upon will have implications on attitude and
the angular velocity. This purely kinematic model will become inaccurate if the
design strays too far away from what it was based upon. The model does give
the ability to experiment with different pellet sizes, wind fields, attitudes, angular
velocities, minor alterations to bends/pipe lengths and even motorized spreaders.
The model performed in accordance with empirical results and showed that a higher
airspeed produced a larger and more uniform pellet distribution. However, this may
be undesirable as it causes increased pellet attrition Aarseth (2004); Aarseth et al.
(2006) and hence this loss may cancel the beneficial effects of increased spatial
distribution. A motorized spreader design was also explored which was able to
throw pellets much further even at low airspeeds. Such a design may be realizable
through a pneumatic or hydraulic motor and be able to provide increased surface
coverage whilst keeping attrition to a minimum.

The pellet detector was able to provide accurate measurements of passing
pellets as well as good separation between feed and faecal matter. The device and
computer vision algorithm may be applied to a wide range of scenarios where the
number of passing particles has to be quantified.

Experimental results from pellet diffusion and settling rate provided new insight
into the behaviour of pellets in still water. The results may be of relevance to all
sea cage and deposition models which include feed pellets in one form or another.
This new data will hopefully lead to more accurate simulation results.

The extended sea cage model provides researchers with a valuable tool where
different configurations of fish, feed distributions, pellets and environmental factors
can be simulated. This tool is first envisioned as an off-line system where e.g.
various feeding regimes can be simulated to determine implications on uniform feed
intake, growth and feed loss. Finally, the combined spreader and sea cage model
was used to simulate different methods of feed distribution. Results indicated that
a large distribution of feed across the surface was beneficial for equal feed access
and feeding into the current reduced feed loss.

6.2 Suggestions for future work

With respect to the spreader model, developing a full kinetic model would have
greatly improved the model’s ability to simulate a wider range of spreader designs.
In addition, a model of the pneumatic transport process would have made it possible
to predict pellet speed at the spreader as a function of feed pipe parameters, pressure
and airspeed at the barge. This would have provided researchers and equipment
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6.2. Suggestions for future work

producers with a more versatile spreader performance evaluation tool.
The classical rotary spreader has drawbacks such as limited surface coverage

and the inability to adapt to changing winds and current. Equipment producers are
urged to investigate alternative designs which are able to increase surface coverage
without the use of higher conveying airspeed. This may be achieved by a motorized
spreader design, air injection after the last bend in the spreader or alternative
designs all together. The notion of a relocatable spreader should also be explored.
Having the ability to translate the spreader along the dominant current axis may
contribute to pellets residing within the sea cage for longer, increasing both the
spatial and temporal availability. More advanced solutions may also be envisioned
which are able to place pellets in a certain area or sector of the sea cage. This
may be beneficial when smolts are first introduced to the sea cage as they may
congregate into the current at one location and need to be accustomed to the new
feeding regime. Placing feed at a particular location may also be beneficial for
larger salmon which tend to aggregate towards the net wall in high water currents
(Johansson et al., 2014).

A full scale experiment of localized versus distributed feeding and the consequent
effects on growth, injuries and preferably also feed loss is highly desired. The
results from such a study would provide some conclusion to the ongoing discussion
regarding the benefits of localized versus distributed feeding, and the results may
be highly valuable as reference and for further validation of models such as D.

There is also much left to be done with respect to the modelling of dynamics
within the sea cage. Føre et al. (2016) took a step forward with integrating both
pellet motion (Paper E) through models of feed distribution (Alver et al., 2004,
D), fish behaviour (Føre et al., 2009, 2013) and an energetic model. However,
there are still many aspects which are yet to be included such as cage deformation
(Klebert et al., 2015), diseases (Føre et al., 2016), full integration with the spreader
model (C, F, H), use of water currents based on local or regional ocean models and
perhaps a more elaborate treatment and further inclusion of environmental drivers
(Oppedal et al., 2011). With time, an elaborate model may act as an offline tool,
simulating a priori scenarios determining the optimal feed distribution method
with respect to cage size, fish and location. Ultimately, the simulation tool may
be part of an on-line system, providing the farmer with real-time visualization of
feed and fish. Such a system could be able to gather information from available
sensors, simulate ahead of time and provide the farmer with suggestions for optimal
feeding. The system may also be able to position feed optimally with respect to
wind, currents and fish placement given that the control inputs are available. This
will contribute in moving the industry a step closer to precision livestock farming.

The most challenging part may be to raise interest in such a tool in the industry.
Salmon farming in Norway has been a highly profitable business and many tend
to use the existing methods because they work "well enough". Atlantic salmon
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6. Concluding remarks

farming in its simplest form is not very complicated, however, doing it well has
proven much more challenging. The industry, equipment producers, scientists and
the government have undoubtedly made significant progress in terms of cooperation
and stimulated research through common discussion arenas, specialized concessions,
government grants and regulations. As Norwegian salmon farming is under heavy
criticism, making an extra effort at solving the related challenges will hopefully
lead to the business being profitable, humane and environmentally friendly long
after the age of fossil fuel extraction.
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Chapter 7

Original Publications

This chapter contains seven published papers and two manuscripts.
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Abstract—This study presents a wireless attitude head-
ing and reference system (AHRS) adapted for use in
marine environments where it was used to characterize
the motion of a pneumatic rotary feed spreader rep-
resentative of designs commonly utilized in large-scale
salmon aquaculture. The attitude of the spreader affects
the distribution of feed pellets over the cage surface and
may have significant influence on the feeding efficiency
of fish. Measurement and analysis of the motion were
performed over a range of different airspeeds. The results
suggested that an angular momentum originating from the
connection between the spreader and the feed supply pipe
may cause a substantial roll offset. At low airspeeds the
yaw angle of the outlet pipe appeared to be most influential
on the roll and pitch of the spreader. At higher airspeeds
the rotational velocity became increasingly influential. The
roll and pitch of the spreader may explain the non-uniform
surface pellet distribution observed in a separate study.

Keywords—Aquaculture; Sea Cage; Fish Farming; Fish
Feeding; Pneumatic Rotary Feed Spreaders; Modelling;
Wireless Inertial Measurement Unit

I. INTRODUCTION

Facilitated by new technology, marine fish farming
has experienced rapid growth over the last few decades,
and the worldwide production of Atlantic salmon ex-
ceeded 2 million tonnes in 2012 [1]. Larger production
volumes have led to a more industrialized approach to
fish farming and there is currently increased attention
towards optimization of the processes and operations
involved. One of the major issues is fish feeding and the
question of how to distribute feed optimally in space and
time within the highly dynamic environment of the sea
cage. The cost of pelleted fish feed typically amounts
to about 50 % of all farming expenditures of salmon
and rainbow trout [2], and with feed loss estimated to
5-7 % [3], [4] there is a substantial economic incentive

in improving the feeding process. Moreover, escaping
feed can attract wild fish to the cage that may in turn
facilitate transmission of diseases between cages and
sites [5]. Introduction of wasted salmon feed in the diet
of wild fish may also alter their body fat composition
[6]. The spatiotemporal distribution of feed within the
sea cage is also an important factor, which influences
the growth and living environment of the fish. The result
of a suboptimal distribution of feed may cause a feed
intake that results in inefficient and reduced growth [7],
and the availability of feed has been shown to influence
the aggressiveness of fish [8], [9], [10], [11], [12], [13].
Based on the aforementioned studies, it is likely that
an optimal distribution of fish feed is one that makes
feed equally available to all individuals whilst ensuring
that no feed is lost. Before inquiring further into how
optimal feed distribution can be achieved, more must
be known about the performance of current methods of
feed distribution.

In salmon farming, feed is brought to the farming
site by boat and offloaded into silos on a feed barge
which typically handles feed distribution to 4-16 sea
cages. An array of blowers propels compressed air
through submerged piping to reduce the temperature
before entering the silo room where controlled quan-
tities of pelletized feed are released into the airflow.
Through a system of pneumatic valves, feed is trans-
ported through floating plastic tubes to the individual
sea cages. Feed pellets are commonly distributed across
the surface using a floating pneumatically driven rotary
spreader located near the center of the sea cage (Figure
1). The entire system can be operated from a control
room on the feed barge or sometimes remotely from a
central control hub which manages several sites.

To facilitate analysis of current and alternative meth-
ods of feeding, a mathematical model of the spatiotem-
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poral feed distribution inside a sea cage has been
developed taking into account physical pellet properties,
the feed spread pattern across the cage surface, wind,
water current and turbulence, motion of the fish and
feeding behavior [14], [15]. The model is used as an
evaluation tool in developing new and better methods
of feed delivery in large-scale marine fish farms.

II. PROBLEM STATEMENT

The feed spread pattern across the cage surface (feed
footprint) must be known in order for the model to
make correct calculations of the spatiotemporal feed
distribution inside the cage. So far this has been based
on data from [16] where the feed footprint of two
different rotary feed spreaders were measured directly
using collection boxes on the water surface. It is how-
ever desirable to expand the current model to include a
model of a rotary feed spreader. To validate a spreader
model, the inertial forces acting upon the system must
be known. In this study we present a compact long-
range wireless inertial measurement unit that is spe-
cially designed for attachment to a rotary feed spreader
for use in marine environments. Based on data from
this device, a preliminary analysis of the motion of a
rotary feed spreader is performed. The results will be
essential in modelling spreader dynamics and facilitate
experimentation with current and alternative methods of
feed distribution in sea cages.

III. MATERIALS AND METHODS

A. Pneumatic Rotary Feed Spreader

In this experiment the ”CF90 Double” (Figure 1)
rotor spreader (Akvasmart, AKVAGroup, Bryne, Nor-
way) was used. This is a representative design for feed
spreaders commonly utilized in salmon aquaculture. The
spreader design consists of a 90◦ bend where the feed
enters and is transported up to the bearing assembly
allowing the center pipe to rotate. A shaft extending into
the water with a counterweight at the end maintains the
spreader in an upright position and counteracts the roll
and pitch of the spreader.

The following notation is defined according to [17].
The body reference frame {b} is fixed with respect to
the main structure of the spreader with its center of ori-
gin in the center of the vertical shaft at the water surface.
As illustrated in Figure 1, the Xb-axis is defined positive
along the feed pipe from the spreader, Yb to the right
with respect to Xb (out of the paper towards the reader)
and Zb down into the water. The rotations about these
axes or the attitude of the spreader body is described
by the Euler angles Θnb = [φb θb ψb]

T , roll, pitch
and yaw respectively with respect to the North-East-
Down (NED) inertial reference frame. For simplicity
we assume that the feed pipe from the spreader is
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Fig. 1: The ”CF90 Double” rotor spreader (AKVAgroup,
Bryne, Norway). Air and feed is transported through a
pipe (not shown) connected to the flange on the right.
The spreader floats on a buoy and is kept upright by the
submerged counterweight. A bearing assembly allows
for the rotational motion of the center pipe, which is
defined as the entire rotating pipe structure including
the outlet pipe. At the end of the center pipe is the
adjustable outlet pipe used to alter the pellet trajectory.
The axes of the reference frames {b} at the water level
and {c} at the center pipe are depicted in the figure.
This figure is licensed under a Creative Commons BY-
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always directed towards true north. The stiffness of the
feed pipe combined with three rope moorings of the
spreader to the floating collar of the sea cage restrict the
spreaders yaw motion, making ψb = 0. The reference
frame {c} is defined at the bottom of the center pipe
with axes in identical directions to {b}. The only degree
of freedom between {c} and {b} is ψc. The rotation
between these coordinate systems can thus be described
by Rb

c (Θbc) where Θbc = [0 0 ψc]
T . In this study

it is of interest to obtain φb and θb and the yaw angle
of the center pipe (ψc) not the spreader (ψb). Due to
the mooring of the spreader it is assumed that there is
no horizontal translational motion, and considering the
calm weather during the experiment the effects of waves
are omitted making the body-fixed linear velocity zero
vb
b/n = [0 0 0]

T . To reduce the effect of centripetal
acceleration, the accelerometers of the attitude heading
and reference system (AHRS) were mounted as close
to the Zc axis as possible, making r ≈ 0, and hence
the centripetal acceleration as = rψ̇c

2 ≈ 0. The center
of mass was also located close to the rotational axis
reducing the effect of the added mass on the moment
of inertia about the Zc axis Izz . The effect of centripetal
acceleration on the measurements caused by the limited
rotations φb and θb are unknown.

B. The Measurement Device

The main components of the system are illustrated
in Figure 2. The device runs off a 2.2 Ah 3.7 V
(1S) lithium polymer battery connected to a LiPower
- Boost Converter (SparkFun Electronics, CO, USA)
supplying the system with 5 V whilst providing battery
undervoltage protection. At the core of the measurement
device is an Arduino Pro equipped with an ATmega328p
microcontroller (Atmel, CA, USA) running at 8 MHz
with onboard 3.3 V regulator. A voltage divider con-
nected to an internal ADC provides voltage readings
from the battery. Two MOSFET switches (TPS2023,
Texas Instruments, TX, USA) controls the power sup-
ply to the AHRS and radio unit. The radio unit is
a 433 MHz transparent frequency shift key (FSK)
transceiver produced by 3D Robotics Inc. (CA, USA)
based on the HM-TRP module (Hope Microelectronics
Ltd., Shenzhen, China) configured for 100 mW 4800
BAUD transmission. The AHRS is a 3-Space Data-
logging (YEI Technology, OH, USA) featuring a triaxial
gyroscope, accelerometer and magnetometer. It contains
a Kalman filter for orientation estimation, real-time
clock and MicroSD card for data storage. This device
is in itself a fully contained AHRS. During deployment
in the sea cage it is difficult to access the sensor. It
must be able to operate in standby for days or weeks
interrupted by short bursts of logging. These factors
called for the described system, which provides long-
range remote control and extended standbytime. Via

a command set the measurement device can trough a
state machine alter its mode of operation between sleep,
standby or logging for data capture. While sleeping
the microcontroller and wireless link are periodically
awakened to enable reception of commands. The AHRS
is configured to run at 100 samples/s, sufficient for
capturing the dynamics of the spreader, which has a
rotational (angular) frequency ψ̇c < 4π rad/s or 120
RPM. Upon receiving a logging command the AHRS
performs logging for 120 seconds storing both the final
orientation and raw data to the SD card. The hardware
was encased in IP67 certified housings and mounted to
the center pipe. This yielded a total added mass of 1176
g.

C. Experiment

The experiment was carried out at the facilities of
AquaCulture Engineering - ”ACE” (Trondheim, Nor-
way) at Korsneset (63.1428◦ N, 8.2208◦ E). The rotor
spreader was hoisted into a sea-cage and connected
to a 90 mm outer diameter polyethylene high-density
(PEHD) pipe to the existing Akvasmart (AKVAGroup,
Bryne, Norway) feeding system. The length of the
feed pipe was approximately 225 m. The airspeed and
pressure are sampled with inbuilt sensors at the barge
before entering the feed dosing valve where feed is
normally added. The airflow exits the barge through a
selector valve before entering the PEHD feed pipe to
the individual sea cages.

The airspeeds used in this experiment were 15, 20,
25 and 30 m/s corresponding to the blower running
at 31, 49, 69 and 88 % power respectively. These
values cover the speed settings commonly used in sea
cage farming [16]. The experiments were conducted
with two methods: ”Hot start” (H): The blower was
set to the desired power and left to stabilize for 60
seconds before logging was performed for 120 s. ”Cold
start” (C): The logging was started without any airflow
and after 60 seconds the blower was started at the
desired power letting the spreader spin up while logging
commenced for a further 60 seconds. The experiments
were conducted in the following order during the course
of 120 minutes with the labels (reflecting airspeed):
30H, 25H, 20H, 15H, 15C, 20C, 25C, 30C, each in
triplicate.

IV. RESULTS

Prior to conducting the experiments, the center pipe
of the spreader was fixed at a yaw angle that corresponds
to the outlet pipe pointing along the feed pipe. Yaw
readings from this fixed position yielded a ∆ψb giving
the yaw of the spreader with respect to North. This was
used to rotate the results so that ψc = 0◦ corresponds
to the outlet pipe pointing along the feed pipe. The yaw
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Fig. 3: Roll, pitch and yaw as a function of time from
a single 15C replicate. The blower was started at t =
60 s. This figure is licensed under a Creative Commons
BY-NC-SA license.

position of the outlet pipe in figure 1 thus corresponds
ψc = 180◦ = −180◦. Figure 3 shows φb(t), θb(t) and
ψc(t) from a single replicate cold start at 15 m/s with
the angles rotated into the coordinate systems specified
earlier. All rotations are described by YXZ angles. From
zero to approximately 20 s the Kalman filter stabilizes,
which is most clearly observed from the values of φb(t)
and θb(t). The center pipe rotates freely under the
influence of wind and waves, which is observable by
the fluctuations in ψc(t). The rotation of ψc(t) from
180◦ to −180◦ is visible as vertical lines in Figure 3 as
a wrap-around. At t = 60 s the blower is started, and
the yaw shows a transient response before stabilizing at
about 14.6 RPM. After a few seconds, the effect of the
center pipe’s rotation is manifested in φb(t) and θb(t)
resembling a sinusoidal behaviour. The angular velocity
was determined to be 14.6, 41.7, 60.8 and 79 RPM for
15, 20, 25 and 30 m/s airspeed respectively.

To get a clearer picture of the variation of the
spreader attitude, the center pipe yaw angle was dis-
cretized into 360 one degree bins, and for each AHRS
sample the roll and tilt readings were added to their
respective yaw bins. This yielded an average of N/360
samples in each bin. The contents of each bin were
averaged to obtain the results. φb(ψc) and θb(ψc) at
different airspeeds are presented in Figure 4. The clock-
wise rotation of the spreader corresponds to a left-to-
right motion in Figure 4. ±1 SD error bars are depicted
at 90◦ intervals.

The number of samples in each of the graphs in
figure 4 differs due to the following reasons: Due to
the Kalman filter of the AHRS requiring some time
to converge, a visual assessment was made of φb(t)

and θb(t) to determine the time needed for the attitude
estimation to stabilize. 20 s proved sufficient for the
Kalman filter to converge. In addition considering the
60 seconds before the blower was started during cold
starts, the first 80 seconds of each log was discarded.
The first 80 seconds was also discarded during hot start
as the time needed for the Kalman filter to stabilize in
these conditions varied markedly. A few seconds was
removed at the end of certain logs due to a small number
of corrupted samples. One 15H, one 15C and one 30C
log had to be discarded due to a SD card malfunction.
All logs from 30H were discarded as there was evidence
of drift in φb(t) and θb(t). This was possibly due to the
effects of centripetal acceleration, however, this remains
unknown as the internal configuration of the AHRS is
proprietary.

V. DISCUSSION

As a reference for the discussion an ”ideal” spreader
is introduced. The ideal portrays zero roll and pitch
angles and has a constant rotational velocity. The result-
ing feed distribution across the surface from an ideal
spreader forms a perfect circle with a uniform feed
distribution.

At 15 m/s (Figure 4a) the pitch of the spreader fluc-
tuates around −0.6◦, which is close to zero as expected.
The roll of the spreader has a mean value of φ̄b = 3.5◦,
which corresponds well to the visual observations made
during the experiment. This deviation from the vertical
ideal orientation is probably caused by a substantial
moment from the feed pipe causing the spreader to sit
on the water with a non-zero roll angle. This moment is
likely to originate from the mounting procedure between
the spreader and feed pipe. A positive roll offset is
visible throughout the experiment with φ̄b = 3.5◦, 3.7◦,
2.1◦ and 1.2◦ for 15, 20, 25 and 30 m/s respectively.
From Figure 4a the roll of the spreader corresponds
quite well with the yaw angle of the center pipe. At
ψc = −90◦ the mass of the center pipe causes the
spreader to reduce its roll angle and increase the roll
accordingly at ψc = 90◦. There is a phase lag of
about 39◦ between the outlet pipe pointing towards
ψc = −90◦ or ψc = 90◦ and the roll angle being
at its maximum. This phase lag is far less evident
for the pitch angle where maximum pitch corresponds
well with ψc = −180◦ = 180◦ and accordingly the
minimum pitch at ψc = 0◦. This difference in phase
lag is probably due to the differences in inertia (I)
along Xb and Yb seemingly with Ixx > Iyy due to the
rotational resistance of the feed pipe. This assumption
is further strengthened at 20 m/s (Figure 4b) where
φb is less influenced by ψc whilst θb still is highly
influenced by ψc. In Figure 4b a phase lag of about
63◦ between θb and ψc has also appeared. At 25 and
30 m/s (Figure 4c, 4d) φb and θb are almost independent
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(d) Airspeed = 30 m/s

Fig. 4: The roll and tilt of the spreader as a function of
yaw at different airspeeds. This figure is licensed under
a Creative Commons BY-NC-SA license.

of ψc. Inspecting the average roll and pitch φ̄b and
θ̄b from low to high airspeed, φ̄b = 3.5◦, 3.7◦, 2.1◦

and 1.2◦ at 15, 20, 25 and 30 m/s respectively, while
θ̄b = −0.6◦, 0.5◦, 2◦ and 4.2◦ at the same airspeeds, φ̄b
generally decreasing with airspeed whilst θ̄b increases.
This effect is possibly due to precession related to the
gyroscopic effects of the rotating center pipe, which
requires further investigation. A reduction in the roll and
pitch of the spreader bringing the results closer to ideal
would probably be observed if a heavier counterweight
was mounted and/or a longer shaft leading from the
bearing assembly to the counterweight.

To the authors knowledge there are no ballistic
models that describe the pellet dispersion across the
surface as a function of spreader attitude. To estimate
the effects of roll and pitch on the pellet throw a basic
ballistic analysis was performed using Equation 1.

d =
vp cosα

g

(
vp sinα+

√
(vp sinα)2 + 2gy0

)
(1)

d is the distance a pellet is thrown from the spreader,
α is the angle of the outlet pipe with respect to the
water surface, vp is the speed of the pellet, which is
defined as vp = 0.55 ∗ vair as the pellets have a lower
speed than the transport airflow [18]. Further, g = 9.81
m/s2 and the height of the outlet pipe above the water
assumed constant y0 = 1.168 m. At 15 m/s we consider
the spreader roll at ψc = −90◦ and ψc = 90◦, which
are 0.9◦ and 5.7◦ respectively, disregarding the pitch
that is close to zero at these yaw angles. Taking into
account the top bend of the spreader which is angled
20◦ up from the water, α = 20.9◦ at ψc = −90◦

and α = 14.3◦ at ψc = 90◦. According to Equation
1 this yields a throw of 6.7 and 5.9 m respectively.
At 30 m/s we consider θb to be constant at 4.2◦ and
disregard the fairly constant φb at 1.2◦. Performing a
similar analysis at ψc = 0 and ψc = 180 = −180 yields
α = 24.2◦ and α = 15.8◦ respectively. From Equation
1 the corresponding throw lengths are 23.1 and 17.9 m.
Through this estimate the effect of the spreader attitude
on pellet throw becomes more apparent. The roll and
pitch of the spreader affected the throw, which caused
it to deviate from the ideal where pellets would have
been thrown equally long at any yaw angle. At lower
airspeeds the roll and pitch of the spreader was highly
influenced by the yaw angle resulting in the pellet throw
length differing by 0.8 m in the given calculation. At
higher airspeeds roll and pitch angles are less influenced
by yaw, but the tilt of the spreader causes pellets to be
thrown further when ψc = 0 and shorter (shot down
into the water) when the outlet pipe is in the opposite
direction.

Comparing these results without feed pellets in the
airstream to [16] where feed was involved is not trivial.
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Including feed in this study would probably reduce the
airspeed and hence the angular velocity of the spreader.
Due to the feeding system releasing feed in batches,
the system would also likely behave in a more jerky
fashion when the continuous airflow is periodically
interrupted. [16] does not detail in what direction the
pellet collection boxes were placed with respect to the
feed pipe making it impossible to determine if the pellet
distributions are a function of pitch, roll or a combi-
nation. However, the study does state that the boxes
were placed in the direction with the largest visible
difference in pellet distribution. Basing the comparison
from ”spreader A - RS-90C” (Akvasmart, AKVAgroup,
Bryne, Norway) in [16], which is the spreader most
similar to the one used in this study, with tilt up,
does yield some possibilities to the link between feed
distribution and spreader attitude. Although the two
spreader models bear resemblance, the results form
[16] show a considerably higher angular velocity for
a similar spreader at identical airspeeds with 20, 25
and 30 m/s yielding 71, 98 and 110 RPM respectively.
This is likely due to the feed pipe in the present
experiment being longer (225 vs. 96 m). We assume
that the airspeed and hence the attitude of the spreader
are most similar in the case of 30 m/s in this study,
corresponding to 79 RPM, and 20 m/s corresponding
to 71 RPM in [16]. At 30 m/s (Figure 4d) especially
the pitch in this study portrayed a certain deviation
from the vertical ideal, which might manifest itself to a
sharp/dense (shooting down into the water) distribution
on one side of the spreader whilst dispersing the feed
over a greater area when the outlet pipe is pointed
skywards on the opposite side as is reported in [16].
The estimated throw of 23.1 and 17.9 m at 30 m/s in the
present study are much greater than the observed values
in [16]. This is likely due to the airspeed at the spreader
being significantly lower than at the feed barge and
Equation 1 not considering the nonlinear damping due
to air resistance. However, the pellets in the dispersed
direction will be airborne for longer probably causing
increased dispersion. The physical behavior of the rotor
spreader does show reasonable correspondence with the
results in [16] and may explain the witnessed effects in
the ”dense” and ”dispersed” direction.

Further investigation must be made into whether
feed influences the attitude of the spreader, and a more
comprehensive experiment must be conducted where the
feed distribution pattern as well as the attitude of the
spreader can be observed jointly. In addition, a more
accurate ballistic model should be developed to account
for drag, and more accurate estimates of the airspeed
at the outlet pipe should be obtained. Depending on
the yaw angle, pellets must navigate through different
bend configurations from the body of the spreader to the
center pipe. The effect of bend configurations must be
clarified and analyzed together with the spreader attitude

to determine the effect on pellet distribution.

VI. CONCLUSION

This study presents an addition to an existing AHRS
unit for determining the attitude of pneumatic rotary
feed spreaders in aquaculture. The device has been used
to characterize the behavior of a spreader at different
airspeeds in a normal working environment. The results
show that the roll and pitch of the feed spreader are
influenced by airspeed. Due to the connected feed pipe,
it appears that the moment of inertia around the roll axis
is greater than around pitch. At low angular speed both
the roll and pitch are influenced by the yaw angle of
the outlet pipe. At higher speeds, it appears that the roll
and pitch angles are mainly governed by the angular
velocity and not the angular position, which is possibly
due to precession and/or other gyroscopic effects. When
mounting the spreader to the feed pipe, care should be
exerted so there are no moments present about the roll
axis. This will likely result in the spreader standing more
vertically and provide a more uniform feed distribution
across the surface. A heavier counterweight and/or an
elongated shaft from the bearing assembly down to
the counterweight would probably aid in stabilizing the
spreader. A basic ballistic analysis based on the spreader
attitude show that the roll and pitch may account for
the uneven distribution patterns observed in a separate
study.
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ABSTRACT

In the realm of marine fish farming, there is increased focus on
employing numerical models and tools to optimize production. A
model describing the distribution of pelleted fish feed in time and
space within a sea cage, a process which is essential for proper fish
growth and welfare, has been established, but proper data for model
validation have been scarce. A device based on computer vision
which is able to accurately quantify the feed density within a speci-
fied volume of the sea cage as a function of time was thus developed.
This paper describes the physical design of the device, as well as the
application and combination of well-established algorithms to reli-
ably detect and quantify feed pellets. Results from tests using real-
istic feed densities showed that the device was capable of detecting
and quantifying with an error of 1.3 %.

Index Terms— Subsea particle quantification, fish feed pellets,
Kalman filtering, Hungarian method

1. INTRODUCTION

Marine fish farming is a rapidly expanding industry with worldwide
production totaling more than 3.4 million tonnes in 2010 [1]. The
bulk of the fish growth is commonly undertaken in large sea cages
where the fish are typically fed a diet of pelletized feed particles,
and the food is made available to the fish by spreading the sinking
feed pellets over the cage surface. The feed pellets have a cylin-
drical shape with a diameter adapted to the fish size, typically 4-13
mm, and the amount of feed released into one sea cage can amount
to several tonnes per day. About 50 % of the costs related to farm-
ing of salmon and rainbow trout are spent on feed [2]. Feed loss is
estimated at 5-7 % [3, 4], representing a considerable financial loss
for the fish farmer as well as a source of negative environmental im-
pacts. To better understand the spatiotemporal distribution of feed, a
numerical model describing the transport of feed trough large scale
sea cages was developed [5, 6]. The model enables simulation and
analysis of the efficiency of different feeding strategies while taking
into account factors influencing pellet distribution such as physical
pellet properties, spreading patterns, water current, turbulence, fish
motion and feeding behavior. The primary motivation for develop-
ing the computer vision system presented in the current study was
to generate high quality measurements of pellet density and flux at
specified locations within a sea cage, which could subsequently be
used to validate the feed distribution model and improve model pre-
dictions. Solutions involving computer vision to inspect subsurface

The research is funded by the Centre for Research-based Innovation in
Aquaculture Technology (CREATE), SINTEF Sealab, NO-7465, Trondheim,
Norway.

pellet distribution have been investigated previously [7, 8]. How-
ever, these approaches are less suitable to accurately determine the
number of pellets passing through a known volume of the sea cage.
This is due to their susceptibility to disturbance caused by interfer-
ing/occluding fish, and unrestricted detection volume. This paper
presents a design for subsea image acquisition in sea cages and an
algorithm based on Kalman filtering and bipartite weighted graph
cost minimization for accurate pellet quantification.

2. HARDWARE

Unlike [7, 8] which depend on natural subsurface light as the source
of illumination, the pellet detector presented here uses artificial light-
ing to obtain high contrast pellet images. The detector is illustrated
in Figure 1. A 3 × 4 grid of 12 white LEDs (Seoul Semiconduc-
tors W42180, 6500 K 85 lm 3.8 W) mounted behind a translucent
light diffusing plate provides a uniform backlight for the detector. A
1288×964 pixel gigabit Ethernet camera (Point Grey Research, Inc.
FL3-GE-13S2C-CS), further reduced with 2×2 pixel binning for in-
creased framerate, is set up to capture 8-bit grayscale images at 56
FPS, and transmits them to a topside computer for processing. The
camera is equipped with an adjustable lens (Tamron M13VM308,
focus, 3-8 mm, f/1.0-close). The aperture is set as small as possi-
ble for greater depth of field, while maintaining adequate light for
the camera to obtain sufficiently exposed images at the given frame
rate. The diffuser is mounted perpendicular to the principal axis of
the camera at a distance of 0.2 m, covering the entire field of view.
A funnel guides sinking pellets into the detection volume in front of
the camera which is otherwise enclosed on the top and either side.
This arrangement prevents influence from fish, it ensures that feed
pellets only enter through the top funnel, and it reduces horizontal
pellet motion from water currents. The latter may force pellets out
of the image along one of the vertical edges, reducing the number
of images a pellet is tracked throughout, and thereby negatively in-
fluencing the accuracy of the sinking velocity estimation. This con-
figuration renders the camera unaffected by and independent from
natural light and allows operation with short shutter times for proper
capture of fast sinking pellets.

3. ALGORITHM

The configuration described above provides a stream of images
showing pellets as dark objects against a bright background ”raining
through” the detection volume. Pellets typically have a wobbling
motion due to irregularities in their geometry, and, although there
is a general vertical path of motion through the detection volume,
small deviations e.g. in entry angle cause some pellets to have
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Fig. 1. The pellet detector. The camera is encapsulated in a wa-
terproof housing and directed towards a light diffusing plate. The
surrounding cover and top funnel are removed for clarity.

slightly slanting paths. Generally, several pellets will be present in
the detection volume at the same time which give rise to situations
where pellets collide or occlude each other in varying degree as
their paths are crossing. Moreover, foreign objects of varying size,
shape and motion such as fish feces may be present in the detection
volume. The purpose of the algorithm is to filter out foreign objects
based on size and sinking velocity and count the exact number of
pellets passing through the detection volume. Based on this, the
pellet distribution as function of time can be established, which is
the primary output of the algorithm. The position of every pellet is
tracked as it sinks through the detection volume, associating each
pellet with a set of parameters contained in an instance of a ”Blob
class” such as ID, Kalman parameters and positional history. This
allows for a velocity estimation to be derived based on the positions
of a tracked pellet trough the images. Tracking is achieved through
prediction of a pellet’s position from the current image to the next,
then the position of each pellet in the next image is matched to the
predicted positions through graph theory and minimization of total
Euclidean distance.

The derivation of the algorithm uses the following notation and
definitions. A segmented pellet will be referred to as a blob in con-
text of the algorithm. Symbols s, v and a denote position, velocity
and acceleration of a blob respectively. The position of a blob is rep-
resented by the position s of its centroid. Subscripts x and y are used
to indicate components along the horizontal and vertical image axis
respectively. I is the identity matrix, while Ik denotes the current
image k. ŝ−n,k+1 should be read as the a priori estimate of the posi-
tion of blob n, in image k + 1. Vectors and matrices are in bold, the
latter indicated with capital letters. Vectors of process and measure-
ment noise are given by w and v. N is the number of blobs, and O
the number of predicted blob positions in the image. All calculations
are done with reference to the camera coordinate system.

After a new image Ik is acquired, the image is blurred using a
13×13 normalized box filter to remove imperfections in the particle
surface, and then thresholded using a fixed value. Due to the constant
uniform light and ample contrast, a global threshold at a fixed value
gives sufficient separation between background and pellet. Alterna-

tive thresholding methods were tested, such as Otsu’s method [9]
and local adaptive thresholding [10] based on [11], but were deemed
unnecessary. Contours of blobs are then extracted using the Open
CV [12] implementation of border following as specified by [13].
The image is divided into two separate areas where the entry zone
(Figure 2 (a)) is defined to be the upper 90 % of the area. In this area,
blobs enter, are associated with an instance of the Pellet class, and
are tracked. The remaining 10 % of the image is designated as the
exit-zone. Here the average sinking velocity is calculated, and it is
determined whether the blobs should be classified as pellets or feces.
Due to the high frame rate, all blobs will reside within the exit-zone
for a number of frames before leaving the field of view.

The algorithm determines the position of blobs and their surface
area from the contour utilizing the Open CV [12] implementation
of Green’s theorem [14, pp.485] to establish if blobs pass a certain
minimum size requirement. Because of the funnel mounted above
the detector, all pellets enter the field of view at approximately the
same distance from the camera along the principal axis, making pel-
lets of similar size occupy roughly the same pixel area. If a blob
resides in the entry-zone and is above the minimum size limit, an
associated instance of the ”Blob Class” will be created.

3.1. Prediction

We assume that no water current is present within the enclosed de-
tection volume and model the horizontal acceleration by a random
variable ax(t) = wx(t). wx(t) is a vector containing white Gaus-
sian noise (N (0, σ2

x)) similar to the method in [15]. Feed pellets in
water tend to reach terminal sinking velocity after a few centimeters
when hydrodynamic drag cancel out gravitational pull. It is therefore
assumed that all pellets have constant velocity upon entering the de-
tectors field of view with their vertical acceleration also modelled by
Gaussian white noise (N (0, σ2

y)) ay(t) = wy(t). Unlike [15], these
two vectors have different variance (σ2

x, σ2
y), as we presume that the

horizontal (current induced) noise, and vertical (drag induced) noise
have different characteristics. Given these conditions, the following
equation from [15] holds for the pellet motion: s̈x(t) = v̇x(t) =
ax(t) = wx(t), and s̈y(t) = v̇y(t) = ay(t) = wy(t). Simi-
larly, for the measurement noise v(t) we also assume influence by
white Gaussian noise identical in both directions given by the vec-
tors vx(t) and vy(t). Position measurements can be expressed as
yx(t) = sx(t) + vx(t), and yy(t) = sy(t) + vy(t). The complete
system can be described with a regular continuous time-invariant
state-space model with no control input:

ẋ(t) = Ax(t) + w(t) (1a)
y(t) = Hx(t) + v(t) (1b)

Where the system matrix A and output matrix H are given by

A =




0 0 1 0
0 0 0 1
0 0 0 0
0 0 0 0


 (2) H =

[
1 0 0 0
0 1 0 0

]
(3)

with the state vector x

x(t) =
[
sx(t) sy(t) vx(t) vy(t)

]T (4)

and the system and measurement noise terms respectively

w(t) =
[
0 0 wx(t) wy(t)

]T (5a)

v(t) =
[
vx(t) vy(t)

]T (5b)
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Fig. 2. Illustration of the prediction, matching, correction process.
Back circles indicate pellets travelling trough the field of view, and
the dotted circles are predicted positions.

According to [15] and [16, pp.220], the continuous system in
(1a) can be discretized into the following system



sk+1,x

sk+1,y

vk+1,x

vk+1,y




︸ ︷︷ ︸
xk+1

=




1 0 ∆t 0
0 1 0 ∆t
0 0 1 0
0 0 0 1




︸ ︷︷ ︸
A



sk,x
sk,y
vk,x
vk,y




︸ ︷︷ ︸
xk

+ wk︸︷︷︸
noise

(6)

Here ∆t = 1 since the algorithm is operating on a frame by
frame basis. Initial estimates are given to the Kalman filter,
x̂−
0 =

[
s0,x s0,y v0,x v0,y

]
, where the two first are the initial

position of the new blob, and v0,x and v0,y are the initial horizon-
tal and vertical velocities experimentally predetermined based on
measurements of the pellets in this study. In this implementation,
v0,x = 0 since the detection volume is protected from horizontal
water currents and v0,y is determined from an average sinking rate
of 6 mm low density and 12 mm high density pellets, as 5.9 pix-
els/frame. The filter was experimentally initialized with Q = I ·0.1,
R = I · 0.1, and P−

0 = I, which are the Kalman process noise,
measurement error and estimation error covariance matrices respec-
tively. The system should be tuned for the specific application and
imaging system. Measurement error may arise from pellets fluc-
tuating to and from the camera along the principal axis, making
the vertical velocity appear different. Also, the imaging process
is not perfectly linear (pinhole model), albeit this can be corrected
through camera calibration. These factors have been deemed of less
importance in this setting, as the quantity of pellets and not their
position within the image is the desired output from the algorithm.
The reader is referred to [15] for theory regarding Kalman filter
initialization, and [17, 18] for further filter details.

3.2. Matching and Correction

All blobs identified in image Ik+1 must be matched to their pre-
dicted positions from the previous image Ik, ensuring that a given

prediction ŝ−o is corrected with the corresponding blob sn. This is
recognized as a complete weighted bipartite graph problem G =
(U, V,E), |U | = N , |V | = O being the number of vertices in each
of the disjoined sets and the number of edges |E| = |U ||V |. The
edge weights are given by the Euclidean distance between ŝ−1...O and
s1...N . A cost matrix C ∈ RN×O holds all the distances. A result-
ing integer match matrix M ∈ ZN×O holds ones in positions where
there is a matched pair of ŝ−o and sn. We want to minimize problem
(7), which is based on [19]

min
M

N∑

n=1

O∑

o=1

C(n, o)M(n, o) (7a)

s.t.
N∑

n=1

M(n, o) = 1 ∀o ∈ O (7b)

O∑

o=1

M(n, o) = 1 ∀n ∈ N (7c)

M(n, o) ∈ {0, 1} ∀n ∈ N, o ∈ O (7d)
C(n, o)M(n, o) ≤ dmax ∀n ∈ N, o ∈ O (7e)

In term (7e), dmax is a upper bound on the distance between the pre-
dicted position from Ik, and the measured blob position in Ik+1. If
any value in C(n, o) > dmax, this weight is set to η, which is simply
a distance sufficiently large to never occur naturally. This gives the
particular combination of ŝ−o and sn a very low probability of being
part of the optimal match. dmax = 60 pixels in this implementation.
Figure 2 (c) illustrates the possible matches, where the whole lines
indicate the optimal match and the dotted lines optional matches.
The optimization problem is solved by the Kuhn-Munkres algorithm
[20, 21], also known as the Hungarian method implemented by [22].
Given that all position predictions are accurate, there should be a
very short distance between ŝ−1...O,k+1 and the corresponding blob’s
measured position s1...N,k+1. Now we consider three different op-
tions determined by the number of blobs N in the image and the
number of predicted blob positions O. If N = O there is an equal
number of ŝ−o,k+1 and sn,k+1. This however, does not imply that all
predictions will be corrected. E.g. a new blob may enter, and the pre-
diction of another blob at a different position may still reside within
in the entry-zone. N < O indicates that one or more blobs are miss-
ing, which might be due to pellets leaving the field of view or being
occluded by another pellet. The Khun-Munkres implementation by
[22] requires N ≥ O, hence O −N false blobs or are added with a
distance η to all predicted positions, making them the least favorable
candidates for correction. Given that a pellet leaves the field of view
along one of the vertical edges of the image, this prediction without
correction will continue until the Kalman filter predicts that the blob
is in the exit-zone, even though out of view. This means that a blob
only has to be visible in a single frame for it to pass the size filter and
be quantified. Finally, N > O may be an indication of a new pellet
entering the field of view, and the Kalman filter will be initialized for
this blob in the next image. This could also be due to separation of
two pellets which have been occluding one another.

After the optimization, any match to false blobs will be removed.
If C(n, o)M(n, o) = η ∀n ∈ N, o ∈ O then M(n, o) = 0. In such
case, some of the predictions will go uncorrected this iteration, and
their position will be predicted for Ik+2 as well. When a visible
blob reaches the exit-zone, or the predicted position of a blob which
is outside the field of view reaches the exit-zone, a final check is per-
formed on the sinking velocity. At this final stage, the average sink-
ing speed is calculated in terms of pixels/frame from the stored po-
sition history. This prevents objects outside the desired speed range
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being classified as pellets. Depending on the result, counters for pel-
lets or foreign particles are incremented accordingly.

4. RESULTS

The proposed solution was implemented in C++ and OpenCV [12].
A small-scale experiment was conducted to assess the algorithm’s
ability to quantify pellets, and separate pellets from feces and other
foreign objects. The particle detector was placed in a tank, and a
batch of feed pellets were released into to the water directly above
the detector. The feed pellets had physical properties representa-
tive of the average salmon feed used in Norway [23]. Both 6 ± 0.1
mm and 12 ± 0.2 mm diameter pellets with high (H) and low (L)
density were used for the experiment. The sinking velocity for the
four pellet types: 6L: 5.3 ± 1.2 cm/s, 6H: 11.8 ± 0.9 cm/s, 12L:
9.7 ± 1.7 cm/s 12H: 16.6 ± 1.6 cm/s, (measurements made by
the manufacturer, N = 20). To mimic foreign particles in the water,
such as feces from the fish, we took the following approach: Feces
from salmon with a weight of 0.7-1.0 kg has a sinking velocity of
5.3 ± 0.8 cm/s [24], and larger salmon with a mean weight of 3.39
kg had a fecal sinking rate of 3.2± 1.1 cm/s [3]. These results sug-
gest that sinking velocity may be a factor which enables separation
of pellets and fecal matter depending on fish size and diet. To deter-
mine the ability to separate pellets from feces, the 6L pellets are cho-
sen to mimic feces in the classification experiment since they have
a settling rate almost identical to the feces of smaller salmon. The
low density pellets were released in batches of 10 and 20 at a time,
while high density pellets in batches of 8 and 15 to simulate differ-
ent quantities of pellets in water. A high number of pellets results in
increased occlusion. All tests were performed with five replicates in
random order, and the algorithm was tuned based on a separate set.
Three occlusion levels are defined corresponding to the number of
partially or fully occluded pellets in the replicate. None: No occlu-
sion for the duration of the replicate. Low: One or two pellet pairs
occlude one another at some point during the replicate. High: Three
or more occlusions. Realistically, only None and low occlusion are
likely to occur in practice as pellets may be consumed by fish before
reaching the sensor and due to pellets diffusing in water, greatly re-
ducing concentration with increased depth. High must be regarded
as a stress test, and does not represent normal operating conditions.
Where the algorithm miscounted the number of pellets the reason
was determined, and three sources of error defined. The signs in-
dicate whether the error contributes to an over- or underestimation
of the total count. (1−) Occlusion: A pellet remaining occluded or
too close to one or several other pellets throughout the field of view.
(2+) Join-Separate: Two pellets are detected and each initialized
with an instance of the Blob Class with Kalman prediction. Then
the blobs merge into one, making the algorithm capable of updating
the predicted position of only one of them, while the estimated posi-
tion of the remaining occluded pellet is predicted and not corrected
for a number of frames. The Kalman predictions are not perfect, and
the center of mass of the predicted blob drifts away from the multi-
blob cluster. Later, the two blobs separate, causing the algorithm to
create an additional instance of the Blob Class. (3+) Re-entering:
A pellet leaving of the field of view trough one of the vertical edges
and later re-entering, which may result in a double count. The pellet-
fecal sinking velocity separation limit was experimentally set to 5.4
pixels/frame. The results are presented in Table 1 and 2.

Occl. Real Algorithm result Error type
Counted Percent 1− 2+ 3+

None 52 52 100 % - - -
Low 173 176 101.7 % - 2 1
High 158 154 97.5 % 5 1 -

Table 1. The number of miscounts and type of error with the level
of occlusion being none, low and high.

Pellet type Real Classified as Percent6L 12H
6L 62 56 6 90.3 %

12H 105 9 96 91.4 %

Table 2. Classification of pellet type based on sinkrate across all
levels of occlusion. The 6L pellets used to simulate feces.

5. DISCUSSION

The results from Table 1 indicates that the pellet detection algorithm
is capable of accurately quantifying the number of feed pellets at dif-
ferent occlusion levels, sink rates and sizes. The combination of the
None and Low pellet density/overlap experiments were deemed as
realistic conditions. This combination, disregarding fecal separation
gave an overestimation of 1.3 %, N=225, 3 positive miscounts. This
is an improvement compared to the solution suggested by [8] with
a counting accuracy of ±10% (disregarding fecal separation in both
solutions). Comparing the results with [7] is not trivial, as it is more
focused towards raising an alarm when a given number of pellets are
present in the water column rather than quantifying passing pellets.
It must however be mentioned that the two previous pellet detectors
use an entirely different approach without controlled illumination
and with the camera’s field of view being substantially larger. In ad-
dition, the solution presented here cannot be affected by interfering
fish. In the High occlusion experiments, the number of pellets are
underestimated with 97.5 % of the pellets counted (N=158). It must
be noted that errors of both positive and negative nature occurred
(Table 1). The main source of error in the High experiments is due
to pellets overlapping throughout their entire presence while sinking
trough the field of view, causing an underestimate. No quantifica-
tion errors occurred as a result of pellet debris or other waterborne
particles during the experiments. With regard to fecal separation, the
algorithm is accurate to 90.3 % and 91.4 % in classifying low and
high density pellets respectively (Table 2). According to the feed
manufacturer, the 6L and 12H pellets have sufficiently large differ-
ence in sinking velocity that given a normal distribution, no overlap
should occur within tree standard deviations of the mean velocity.
However, observations suggest that the variations in sinking velocity
are much larger in this experiment. This might be caused by the rel-
atively short length of the field of view, or that such a high number
of pellets is released into the water simultaneously.

6. CONCLUSION

A high accuracy pellet detector and algorithm has been presented
based on well-established theory. The approach provides a level of
accuracy that is beyond previous studies, with an error level of 1.3 %
using realistic pellet densities and without foreign particles. The pel-
let detector will serve as a valuable tool for determining spatiotem-
poral pellet densities within and beneath marine sea cages and data
generation for validation of feed distribution models.
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Modelling Spatial Surface Pellet Distribution From Rotary Pneumatic
Feed Spreaders

Kristoffer Rist Skøien1, Morten Omholt Alver1,2, and Jo Arve Alfredsen1

Abstract— This paper presents a combined robotic and exter-
nal ballistic model to predict the feed pellet distribution pattern
across the water surface generated by a pneumatic rotary feed
spreader commonly used in sea cage aquaculture. Results from
experimental studies have been used to parameterize and vali-
date the model. The model can be applied to evaluate spreader
performance under varying operational conditions as well as
exploring alternative spreader designs and configurations in
order to optimize pellet distribution and feed utilization with
respect to fish growth and welfare.

Index Terms— Robotics, Ballistics, Aquaculture, Feed Distri-
bution, Rotor Spreader

I. INTRODUCTION

In salmon (Salmo salar) sea cage farming, feed is usually
distributed to the fish using a pneumatic rotary feed spreader
positioned on the surface close to the center of the cage.
The pelletized feed is stored in large silos on a barge and
transported through flexible tubing to the individual sea cages
using compressed air. The distance from the barge to a given
cage can be up to 800 m [1]. In 2014, nearly 1.7 million
tons of feed worth about e 2000 million were administered
in this manner in Norwegian salmon and trout aquaculture
[2]. A representative rotor spreader is depicted in Figure
1. It usually consists of a flotation device (buoy) and a
submerged counterweight maintaining the upright position
of the spreader. A ball-bearing separates the base from the
center/outlet pipe on the top allowing it to rotate freely. The
spreader is itself not actively controlled, the rotary motion
is driven by the airflow due to the spiral shape of the
outlet pipe. This configuration leads to feed being thrown
and spread in an annular pattern across the water surface
[3]. See [4, pp.293] for a more comprehensive description
of the feeding system. This system is low-cost and low-
maintenance due to the absence of electronic components
and few moving parts. However, questions have been raised
with respect to the performance of such a design. A study
by [3] quantified the spatial feed distribution of two different
rotary feed spreaders given various tilting of the outlet pipe,
airspeeds and pellet size, by placing Styrofoam boxes on
the water surface radially along one axis. The boxes were

1Faculty of Information Technology, Mathematics and Electrical
Engineering, department of Engineering Cybernetics, Norwegian
University of Science and Technology NTNU, Trondheim, NO-7491,
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Fig. 1. Model of the ”CF90 Double” pneumatic rotor spreader (AKVA-
group, Bryne, Norway). The center of buoyancy (CB) coincides with the
origin (OB). The base frame {a}, body fixed {b} and the center pipe fixed
reference frame {c} are depicted in the figure. This figure is licensed under
a Creative Commons BY-NC-SA license.

placed along the axis of the largest observed difference in
feed distribution with an equal number of boxes on each
side of the spreader. Results showed that the spreaders had
an annular distribution pattern that covered from 18.2 to 79.8
% of the cage surface given a circular cage with radius 14.5
m (660.5 m2). However, with the largest sea cages being up
to 25 m in radius [5] surface area is almost tripled, giving a
surface coverage of just 6.1 to 26.8 %. The annular pattern
is also skewed towards one side, referred to by [3] as the
dense and the dispersed direction. Based on these findings
[6] created a basic set of equations to determine the surface
feed distribution based on airspeed and tilt. An example from
these equations are depicted in Figure 2 where the asymmetry
of the surface distribution pattern is apparent.

A. Optimal Feed Distribution

The surface feed distribution will seed the spatiotemporal
distribution in the water column which in turn may affect
how well the fish can access feed, as well as feed loss
through the cage wall. Feed loss is estimated to be 5-7 %
[7], [8], giving poor utilization of precious resources, and
with about 50 % of all costs in salmon and trout farming
being feed [9] this feed loss will accumulate to a significant
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Fig. 2. Example of surface feed distribution from [6]. This result is based
on 20 m/s airspeed, a spatial model resolution of 0.2 m with the outlet pipe
tilted up.

negative economic impact for the farmer. Suboptimal feed
intake is related to inefficient and reduced growth in Atlantic
salmon [10]. Little is known about the effect of feed access
on fish growth and welfare in large scale sea cages, but in
smaller tanks, aggressive behavior related to feed access has
been shown [11], [12], [13], [14], [15], [16]. Spatial feed
distribution influences equal feed access [17], and the way
feed is delivered may lead to monopolization causing uneven
feed rations [18] and increased size variability among the fish
[19].

These findings suggest that the spatiotemporal feed dis-
tribution influences important economic, environmental and
welfare issues in large scale fish farming and motivate a
further investigation and potential optimization of the feed
delivery system. A full sea cage and fish model has been
developed [20], [21] giving valuable insight into the complex
farming process. Simulations from these studies were later
based on the experimentally derived surface feed distribu-
tions from [3].

The current study describes the spreader as a robotic
manipulator and this is combined with a ballistic model in
order to predict surface feed distribution patterns based on
different spreader attitudes. Simulations have been run with
the joint angles of the robot being based on experiments
from [22] which was obtained by using an Attitude Heading
and Reference System (AHRS) attached to a rotary spreader.
The results have been compared against the experimentally
derived surface feed distribution produced by a similar
spreader [3]. The model proposed in the current study
enables simulations of different rotor spreaders and feed
configurations. These results may later be used in the full
cage model [20], [21], giving insight into the effects of
spreader design on feed loss, fish growth and welfare in sea
cages.

II. SPREADER MODEL

A. Spreader Description

The reference frames are based on [23], [24], [25] and
defined as follows. The translative and rotational motion
of the spreader is characterized with respect to the North-
East-Down (NED) coordinate system (base frame) {Oa} =
(xa, ya, za) (often denoted {n}) positioned at the center of
the sea cage and considered inertial. xa points towards true
North, ya points East and za Down from the xa, ya water
plane. For simplicity, the pneumatic feed pipe is defined to
always point towards true north from the spreader. The body-
fixed reference frame {Ob} = (xb, yb, zb), and its origin
(Ob) is fixed at the center of the counterweight leg at the
water level (Figure 1). The orientation of the spreader body
with respect to the base frame is given by the Euler angles
Θab =

[
φb θb ψb

]T ∈ S3 which is the roll, pitch and
yaw respectively using the YXZ rotation sequence. xb is
defined positive along the pneumatic pipe directed away from
the spreader, yb positive to starboard, and zb downwards
as defined in [23]. The center pipe-fixed reference frame
{Oc} = (xc, yc, zc) is situated on top of the ball-bearing
and rotates with the center pipe. The only degree of freedom
between {Ob} and {Oc} is Θbc =

[
0 0 ψc

]T
When the

outlet pipe points in the direction of the feed pipe, there
is no rotation between {Ob} and {Oc}, ψc = 0. In this
model, it is assumed that only the buoy lies in the water
surface, and the feed pipe is not part of the model. Thus,
the centroid of the water plane area Awp which the spreader
rolls and pitches about [23] is the center of flotation (CF),
and is here defined as CO = CF = Ob. The position vector
oab =

[
xab yab zab

]T ∈ R3 gives the distance from Oa to
Ob in the {Oa} frame. Accordingly, the full position and
orientation of the spreader body is given by the six degrees
of freedom (6 DOF)

η =
[
oab Θab

]T ∈ R3 × S3 (1)

Since the spreader is moored to the floating collar of the sea
cage, the spreader will be stationary with respect to the rest of
the cage and the fish. The cage has some limited translational
motion, often most prominent at the turn of the tides, but this
will not affect the position of the spreader to the fish. Hence,
the spreader is stationary in the horizontal plane xab = 0
and yab = 0. Waves will affect the vertical translation of
the spreader, but it is assumed that this effect will average
out over time. The effects of waves are omitted in this
study, zab = 0. The moorings also prohibit the spreader body
from rotating around the zb-axis. Due to the aforementioned
properties, the position of {Ob} is given by

oab =
[
0 0 0

]T
(2)

And the rotations described by the following equations using
the YXZ rotation sequence

Θab =
[
φb θb 0

]T
(3a)

Θbc =
[
0 0 ψc

]T
(3b)
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This attitude description of the spreader will be useful when
applying the experimentally derived attitudes from [22].

B. Forward Kinematics

To determine the position of the outlet opening (end
effector) from a given attitude, robotics conventions and
forward kinematics are used. In order to adhere to common
robotics literature [24], [25], the base frame is given by
{O0}, and

{Oa} = (xa, ya, za) = {O0} = (x0, y0, z0) (4)

The position of the outlet opening On with respect to
the base frame in the base coordinate system is given by
o0n =

[
x0n y0n z0n

]T
. The spreader is modelled as a robotic

manipulator using the Denavit-Hartenberg (DH) convention
[25], [24], viewing the spreader as a series of n joints and
n+1 links. First, an initial joint aligns z1 according to the DH
convention. The pitch and roll of the spreader is modelled
as a spherical wrist with 2 DOF, the yaw rotation of the
center pipe acts as a separate revolute joint. The bend of
the outlet pipe is modeled as a static revolute joint (Figure
3). Finally, there is a translation from the top bend to the
opening of the outlet pipe making n = 5 for the spreader. The
pitch rotation is performed prior to roll to make it simpler
to run simulations on the attitudes from [22] which are
described by YXZ angles. The translation and rotation of the
spout opening relative to {O0} is given by a homogeneous
transformation matrix [24]

H =

[
R0
n o0n

01×3 1

]
(5)

where R0
n is a 3×3 rotation matrix. H can be described by

a series of joints

H = T 0
n(q) =

n∏

i=1

Ai−1
i (qi) (6)

T is a transformation matrix, and the general joint variables
q =

[
q1 · · · qn

]T
qi = θi and qi = di for revolute

and prismatic joints respectively [25]. The homogeneous
transformation matrix [24] for each joint is given by

Ai−1
i (qi) =

[
Ri−1
i (qi) oi−1i (qi)
01×3 1

]
(7)

The complete attitude of the spreader as a function of the
joint variables is given by

H = A0
1(0)A1

2(π/2+θb)A
2
3(π/2+φb)A

3
4(π/2−ψc)A4

5(0)
(8)

From H , o0n and o0n−1 is obtained, which is the translation
of the outlet pipe opening and top bend of the spreader
respectively. o0n is the origin of the ballistic trajectory, and

ξ =
[
ξx ξy ξz

]T
= on−1n = o0n − o0n−1 (9)

is the vector along the outlet pipe. This vector is normalized
by ξ̂ = ξ/||ξ||.

Fig. 3. Visualization of the robot model for φb = 0, θb = 0 and ψc = π/4.
The unit vector ξ̂ points away from the outlet pipe and the beginning of
a pellet trajectory is shown. The shadow cast by the spreader is visible on
the water surface. Visualized by the Robotics Toolbox [26].

III. EXTERNAL BALLISTIC MODEL

The speed of pellets u at the outlet pipe of the spreader
in relation to the airspeed is given by

u = ((0.55uair − 2) +N (0, σ2
u))ku (10)

consisting of an experimentally derived part, Gaussian white
noise and an attenuation parameter ku. The first term is based
on [27] for a 6 mm particle. The airspeed uair was measured
using an inbuilt measuring unit at the feed barge. σu = 1.86
is an estimate based on airspeed of 20 and 25 m/s from [27].
It must be noted that there are few data points in [27] as well
as the data being slightly bimodal. The speed measurements
in [27] are based on a least square fit from experiments with
a specific feeding system, and is not concerned with speed
reduction caused by bends in the spreader itself or the vertical
transport of pellets from sea level to the outlet pipe. ku =
0.33 is an estimated attenuation parameter which accounts
for these obstacles in order to achieve better fit with the
results from [3]. In order to obtain the individual velocity
components at the outlet pipe in the {O0} frame, a velocity
vector is introduced by u = ||v|| and the components given
by

v =
[
vx vy vz

]T
= ξ̂u (11)

Hence, v is the velocity vector at the outlet pipe in R3 with
respect to the base frame. The drag due to air resistance on
general form is given in Equation 12 based on [28]

Fd = −1

2
Cd∞ρairAu

2 (12)

The unbounded fluid drag coefficient Cd∞ is obtained by
approximating the cylindrical shape of the pellet to a sphere.
A is the frontal area of the pellet and Cd∞ is a function of
the Reynolds number [28]

Re =
ρairuD

µair
(13)
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where the density ρair = 1.2 kg/m3 and viscosity µair =
1.8 ∗ 10−5 Ns/m2 at 20◦C according to [28]. In order to
determine Re, the maximum and minimum speed of the
pellet must be known. The airspeed from the feed barge
is minimum 15 m/s to avoid pipe clogging, and maximum
30 m/s due to performance restrictions and heat generation.
Based on Equation 10 and given ±2σu, 0.9 < u < 6.2
m/s. This yields 516 < Re < 3717. In this range, the drag
coefficient of a sphere is fairly stable [29], hence a fixed
value is used, Cd∞ = 0.5. Equation 12 can be rewritten using
Newton’s second law, and based on [30] and trivial geometric
relations written as the decomposed external ballistic forces

Fx =− κvx||v|| ⇒ dvx
dt

=
−κ
m
vx||v|| (14a)

Fy =− κvy||v|| ⇒ dvy
dt

=
−κ
m
vy||v|| (14b)

Fz =− κvz||v||+mg ⇒ dvz
dt

=
−κ
m
vz||v||+g (14c)

Where κ = 1
2Cd∞ρairA . Futher, three differential equations

are defined to describe the relation between pellet position
and velocity

dsx
dt

= vx (15a)

dsy
dt

= vy (15b)

dsz
dt

= vz (15c)

These six equations are solved for each pellet using MAT-
LAB [31] and the ode45 solver. For each pellet the forward
kinematics was calculated and the differential equations
initialized with v(0) = v and s(0) = o0n The solver
was terminated when the pellet reached the water surface,
sz(t) >= 0 and this t stored as total flight time T . As
the pellets are significantly smaller than any of the pipes
along the pneumatic path, some random motion is likely to
occur during the transport process. At the outlet pipe, pellets
exit at moderately different angles and the trajectory may
be influenced by wind and collisions between pellets. To
account for variability that occurs in the trajectory, noise is
added at the end of each pellet impact point with σs = 0.25.

sx,imp = sx(T ) +N (0, Tσ2
s) (16a)

sy,imp = sy(T ) +N (0, Tσ2
s) (16b)

IV. SIMULATION

In [3] experiments were run with mtot = 10 kg of
feed per replicate. To obtain comparable results, simulations
were based on a 9 mm pellet with specific weight mp =
0.64 ± 0.0 g/pellet [3]. As one pellet is released for each
degree of ψc in the model, the total number of revolutions
was determined by mtot/(mp360) ≈ 43 or 15480 pellets per
simulation. The angular velocity of the spout in the pellet
distribution experiment [3] was considerably higher for the
same airspeeds compared to the AHRS experiments in [22].

This was probably due to the difference in pipe length (96
and 225 m respectively). In order to compare the most similar
scenarios, the 20 m/s 71 RPM distribution [3] and 30 m/s 79
RPM AHRS data [22] was compared. In order to drive the
motion of the spreader in the simulations the experimental
results from [22] was used, which was obtained using 30 m/s
airspeed. In the experiment [22], an AHRS was attached to
the center pipe of the spreader, giving the attitude

Θ̆ac =
[
φ̆c θ̆c ψ̆c

]T
(17)

Where˘denotes a measured variable. Since the only degree
of freedom between {Oc} and {Ob} is ψc, and ψb = 0
the experimentally derived attitudes are used for simulation
purposes by stating that φb = φ̆c, θb = θ̆c and ψc = ψ̆c

The motion of the spreader at 30 m/s airspeed from [22]
is presented in Figure 4.
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Fig. 4. The average roll φb(ψc) lower/blue and pitch θb(ψc) upper/red
from [22]. YXZ convention, experimentally obtained by an AHRS mounted
at the center pipe of the spreader. ±1 SD bars depicted at 90° intervals.
(CC BY-NC-SA).

From Figure 4 it is apparent that the spreader portrays a
fairly constant offset in both φb and θb, independent of ψc.
Based on these values, it is expected that φb will have little
contribution to the pellet distribution pattern. θb however,
shows that the spreader leans away/back from the feed pipe
in −x0 direction. This will probably result in pellets to a
certain extent being ”shot down” into the water when the
outlet pipe points away from the feed pipe, and launched
further upwards resulting in a more distributed pattern in the
opposite direction.

V. RESULTS

In Figure 5, 15480 pellets were run with the attitude of
the spreader driven based on the original AHRS data from
[22]. In Figure 6 and 7 the amplitude of φb and θb has
been doubled and quadrupled respectively to examine the
distribution pattern at more aggressive attitudes. The spreader
is positioned at x01 = 0, y01 = 0, the grid is 8 × 8 m
divided in 0.25 × 0.25 m bins and the spreader outlet pipe is
tilted up 35° at the fifth joint. The color map range is fixed
c = {0, 1, · · · , 55} in order to make the figures comparable
and clear.

VI. DISCUSSION

As can be observed from the surface plots in Figure 5-
7, there is a substantial difference in how the pellets cover
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Fig. 5. Simulation result based on 30 m/s airspeed original AHRS data
from [22] (CC BY-NC-SA)
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Fig. 6. Simulation result based on 30 m/s airspeed AHRS data from [22].
Roll and pitch amplitudes have been scaled by a factor 2. (CC BY-NC-SA)
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Fig. 7. Simulation result based on 30 m/s airspeed AHRS data from [22].
Roll and pitch amplitudes have been scaled by a factor 4. (CC BY-NC-SA)

the surface area of the sea cage. Comparing Figure 5 to the
experimentally derived surface data from [3] reveals good
correspondence. The radial distance from center corresponds

well, although this is heavily dependent on the speed of
the pellets at the outlet. As mentioned, ku has been tuned
based on the experiments in [3] so this correspondence is
expected. The observations in [3] was based on a single line
of Styrofoam boxes on the water surface placed along the
direction across the spreader where the largest difference
in distribution was observed. Imagining such a line in
Figure 5 and comparing this to ”Spreader A”, with the ”9
mm1” feed, tilt up and 20 m/s airspeed in [3] yields good
correspondence. In the dense direction the pellets are more
concentrated compared to the dispersed direction. This in
turn corresponds well with the AHRS data from [22] which
suggested that such a distribution was likely to occur. Further,
in Figure 6, the roll and pitch amplitudes from Figure 4 have
been doubled to investigate the effects on the spatial pellet
distribution. In Figure 6, the concentration of pellets in the
dense direction has increased further and the distribution is
greater the in the opposite direction due to a more favorable
outlet angle over the x0, y0 plane. This trend continues in
Figure 7 where the amplitudes have been quadrupled. The
effect of positive roll also becomes more apparent as can be
seen from the dense direction which is now concentrated
further along the positive y0 direction. It is likely that a
notably skewed distribution such as in Figure 7 will manifest
itself as highly variable spatiotemporal feed concentrations
within the sea cage. Simulations have also been run with
σs = 0 in Equation 16 which yields visually very similar
results to σs = 0.25.

Further work must be performed to determine the effects
of pipe length, pellet size and the slip velocity [32] related
to the vertical transport from sea level to the outlet pipe of
the spreader on pellet speed. This will enable simulation of
various transport configurations.

A. Limitations

As argued in [22], the empirical attitude data was obtained
by fixing an Attitude Heading and Reference system (AHRS)
to the center pipe of the spreader, close to the zc axis
of rotation. Some noise might be introduced due to the
centripetal acceleration of the center pipe, as well as the
AHRS being mounted at some distance above CF. The
experimental data has been applied directly to the robot
model which is a simplification due to the AHRS providing
attitudes as from a single rigid rotating body, not joints at
separate locations. The proposed model does not consider
the Coriolis effect. The final pellet velocity at the spout
is calculated as a function of variables v = f(q, u). The
linear velocity ṗ and angular velocity ω of the spout will
also contribute to v but this is not yet incorporated in the
model. However, based on the data from [22], the variations
in φb and θb are fairly small and slow, resulting in little
contribution to v. For simulations based on larger amplitudes
such as in Figure 6 and 7, these effects will be of increased
importance. However, ψc changes rapidly. Viewing the spout
rotation in isolation, the 2D tangential velocity at the outlet
pipe opening is given by voutlet,⊥ = r dψc

dt . Due to the
angled cut of the outlet pipe this tangential pellet velocity is
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effectively arrested, and the pellet velocity is based on only
q and u which is the radial component of the airspeed.

Further development and more extensive verification must
be performed to ensure accurate model performance across
various configurations of the spreader.

VII. CONCLUSION

In this study, a robotic and ballistic model has been devel-
oped in order to predict surface pellet distribution patterns
from pneumatic rotary feed spreaders. The model has been
parameterized based on a representative spreader design and
relevant literature. Results suggest that the spreader has an
annular distribution pattern which corresponds well with
other empirical studies. The proposed model may be used
to evaluate alternative spreader designs in order to optimize
feed distribution to in turn maximize feed availability to the
fish and reduce feed loss.
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a  b  s  t  r  a  c  t

Feed  represents  the  greatest  single  cost  factor  in  the  production  of Atlantic  salmon  (Salmo  salar  L.).  Focus-
ing on  the problem  of  maximising  the  available  feed  for  the  fish  while  minimising  the  feed  waste,  a
mathematical  model  of the  feeding  process  has  been  developed.  The  model  covers  the  feed  spreader
delivering  the  feed,  water  currents,  pellet  sinking  speed  and  turbulent  diffusion,  fish  appetite  as  a  func-
tion  of temperature,  gut  fullness  and  population  structure,  and  is  intended  as a tool  both  for  optimising
general  feeding  strategies,  and to support  the  daily  handling  of  the feeding  process.  The  process  of  hor-
izontal  and  vertical  diffusion  of feed  pellets  in  the  model  has  been  parametrised  and  validated  through
two low  level  validation  experiments.  Furthermore,  global  distribution  patterns  simulated  by  the  model
were  verified  by  comparisons  with  experimental  data  from  the  literature.

©  2016  Elsevier  B.V.  All rights  reserved.

1. Introduction

Feed represents the most important cost factor in the production
of Atlantic salmon, representing about 50% of the total produc-
tion cost from hatched eggs to marketable fish meat (Directorate
of Fisheries, Norway, 2011), and is also the primary driver of fish
growth. One of the key challenges in the salmon industry is there-
fore to maximise the feed intake of the fish, while at the same time
minimising the amount of wasted feed. Farmers may  approach this
problem in several different ways, but the most common method
today is to visually monitor the fish and the feed using underwa-
ter cameras. Feeding can then be reduced or stopped when either
behavioural cues indicate a reduction in appetite, or uneaten pellets
are seen to sink towards the bottom of the cage. The efficiency of
this method depends strongly on how well the system operator is
able to interpret such signs and act accordingly. Consequently, the
skills of individual operators may  have a significant direct impact
on fish growth and feed utilisation at fish farms.

∗ Corresponding author at: SINTEF Fisheries and Aquaculture, PO Box 4762 Slup-
pen,  NO-7465 Trondheim, Norway.

E-mail address: morten.alver@sintef.no (M.O. Alver).

The success of a feeding operation depends on a number of
physical and biological factors. The feed delivery system plays an
important role, as it determines how well the feed is dispersed
over the cage surface, and how far from the cage edges the feed is
delivered. Different feeder types produce different surface dispersal
patterns, and Oehme et al. (2012) documented how the patterns
produced by a single feeder type depend on the physical config-
urations of the feeder. In addition, environmental effects such as
wind and waves, may  affect the actual surface pellet dispersal after
it leaves the nozzle of the feeder. Below the surface, sinking rate
and transport of feed due to water current are the primary factors,
along with the feeding behaviour of the fish.

In situations with high water temperatures and low current
speeds, dissolved oxygen may  become a limiting factor for the fish
(Oppedal et al., 2011), with low levels causing reduced appetite
(Remen et al., 2012). When aware of possible hypoxic conditions,
feed distribution can be adjusted accordingly. Furthermore, the
cages themselves restrict water flow and cause reduced current
speeds within and downstream of each cage (Fredheim, 2005), and
biofouling may  reduce the permeability of the cage netting, lead-
ing to stronger effects on the current speeds (Gansel et al., 2010).
Such perturbations of current patterns in and around cages may
directly impact the spatial underwater distribution of pellets, and
influence water exchange to and from a cage. This may again have

http://dx.doi.org/10.1016/j.aquaeng.2016.03.003
0144-8609/© 2016 Elsevier B.V. All rights reserved.
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consequences for the oxygen supply within a cage, especially when
several cages are placed together (Loland, 1993; Johansson et al.,
2007; Gansel et al., 2011).

In the face of such a wide range of influencing factors, we believe
that the best way to approach this problem is via a mathematical
model. An earlier effort has been made to address this by modelling
the transport of pellets in a two dimensional grid (Alver et al., 2004).
The 2D model performs well, but is not well suited for represent-
ing the circular cages that have now become the industry standard
in large scale production of salmon. Detailed representations of
feed dispersal patterns over the cage surface are also difficult to
represent in 2D.

In this work, the model developed by Alver et al. (2004) was
generalised to three dimensions, and a new feed input module
designed to realistically represent the feed distribution over the
cage surface. Some of the basic properties of the model have been
validated through experimental work (see Skøien et al., submitted
for publication), and the ability of the model in predicting dispersal
patterns on a cage scale were verified using experimental data from
literature.

2. Materials and methods

The model equations are presented in the following sections. All
model parameters, state variables and inputs are listed in Table 2.

2.1. Pellet transport in 3D

The continuous model formulation given in Eqs. (1)–(4) in Alver
et al. (2004) is generalised to 3D by adding the relevant terms for
the third dimension. After expanding the diffusion term, assuming
omnidirectional diffusion, the full equation in 3D can be written as
follows:

∂c

∂t
+ vx

∂c

∂x
+ vy

∂c

∂y
+ (vz + uv)

∂c

∂z
+ �

(
∂

2

∂
2
x
c + ∂

2

∂
2
y
c + ∂

2

∂
2
z
c

)
= u − fI (1)

where c(x, y, z, t) is the local feed concentration, x, y and z are the
spatial coordinates along the two horizontal axes and the vertical
axis, respectively, vx(x, y, z, t), vy(x, y, z, t) and vz(x, y, z, t) are the
three components of the local water current, uv is the sinking speed
of the feed pellets, � is the diffusivity, u(x, y, z, t) is the feed addition
and fI(x, y, z, t) is the local ingestion rate of the fish.

The model is then discretized along the three spatial dimensions
using the same method as in Alver et al. (2004). The variable ci,j,k,
where i ∈ {1, . . .,  imax}, j ∈ {1, . . .,  jmax} and k ∈ {1, . . .,  kmax} rep-
resent the indexes along the two horizontal dimensions and the
vertical dimension, respectively, represents the amount of feed in
cell (i, j, k).

The equation for c is as follows:

ċi,j,k = fA(i,j,k) + fD(i,j,k) + ui,j,k − fI(i,j,k) (2)

where fA denotes the change due to advection, fD the change due
to diffusion, u the feed supply rate into cell (i, j, k) and fI the rate of
feed ingestion in the cell. The advection term is derived in the same
way as for the two dimensional model, except that we  must now
allow for both positive and negative currents along all dimensions:

fA(i,j,k) = |vx(i,j,k)|
ci∗,j,k
�x

+ |vy(i,j,k)|
ci,j∗,k
�y

+ |(vz(i,j,k) + uv)| ci,j,k∗
�z

−
(

|vx(i,j,k)|
1
�x

+ |vy(i,j,k)|
1
�y

+ |(vz(i,j,k) + uv)| 1
�z

)
ci,j,k

(3)

where the indexes marked by * represent a step in the opposite of
the transport direction along each dimension:

i∗ = i − sgn vx(i,j,k)

j∗ = j − sgn vy(i,j,k)

k∗ = k − sgn (vz(i,j,k) + uv)

For cells along the surface, bottom and horizontal edges of the grid,
some of the terms above will be outside the grid. The feed content in
such outside cells is set to the ambient value, which for feed pellets
equals 0.

To adapt the diffusion we simply need to add a term for the third
dimension:

fD(i,j,k) = �

(
ci+1,j,k − 2ci,j,k + ci−1,j,k

�x2
+ ci,j+1,k − 2ci,j,k + ci,j−1,k

�y2

+ ci,j,k+1 − 2ci,j,k + ci,j,k−1

�z2

)
(4)

Again, some of these terms will be outside of the grid for cells along
the edges. All such cells are assumed to hold the ambient value (0
for feed pellets), except for cells above the surface (k = 0), which are
assumed to have the same value as the cell at k = 1. The latter rule
sets a diffusion rate of zero through the surface.

2.2. Cage shape

The discretised model is most easily implemented in a computer
as a cubic array of cells. To represent the actual shape of the cage, a
second cubic array of binary values is defined, where 1 denotes a cell
inside the cage, and 0 denotes a cell outside. The transport equation
is integrated on the entire cubic array, but only cells inside the cage
are taken into account when calculating ingestion rates and feed
waste.

To represent a standard salmon cage we use a circular cylinder
with radius R and height Dc above a conical section with its base
matching the cylinder and its tip pointing downwards and reach-
ing a total depth of Dtot. The height of the conical section is thus
Dtot − Dc. Cells that have their centre within this cylindro-conical
shape are considered part of the cage.

2.3. Modelling the feed input

The surface distribution of the feed pellets delivered to the cage
can have a significant effect on feed wastage. A higher dispersion of
feed over the surface leads to lower local concentrations of feed, and
in the model this will to some degree be reflected in a more even
distribution of the feed between the size classes of fish. Depending
on the current speed and direction, the surface distribution of feed
can also affect the likelihood of feed pellets to drift out before they
can be eaten.

The actual spread pattern of pellets given by a pneumatic feed-
ing system with a rotor spreader was  investigated by Oehme et al.
(2012). A number of boxes were arranged diagonally across a square
cage with the spreader placed in the cage centre, and the relative
number of pellets landing in each box was  calculated for a number
of different spreader settings and various pellet sizes. In this set-up,
each box covers a certain sector of the annular area representing
an interval of distances from the spreader. The boxes closest to the
feeder thus cover a larger angular sector compared to the boxes
that are placed further away. After correcting for these differences,
a probability distribution can be drawn for the distance travelled
by each individual pellet. Oehme et al. (2012) found that the distri-
bution of distance travelled by single pellets resembled a skewed
normal distribution rather than being uniform for the entire range
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of distances. The mean and standard deviation of this distribution
was found to vary with the angle relative to the forward direction
of the spreader, as well as with the air speed and tilt of the spreader
nozzle (with the nozzle pointing horizontally or downwards). Pellet
size was found not to have a significant effect on the distribution.

To model this spread pattern we introduce a parameterised
probability distribution which is a function of airspeed (vair), dis-
tance to the spreader (d), and angle relative to the forward direction
of the spreader ( ):

P(vair , d,  ) = 1

X2
√

2�
exp

(
− (d′ − X1)2

2X2
2

)
(5)

which is a normal distribution with mean value (X1) and standard
deviation (X2) determined by air speed and direction according to
the following equations:

X1 = (p1 + p2vair)p1,tilt

(
1 −  

180

)
+ (p3 + vairp4)p2,tilt

 

180
(6)

X2 = (p1 + p2vair)p5p1,tilt

(
1 −  

180

)
+ (p3 + vairp4)p6p2,tilt

 

180
(7)

where

p1,tilt =
{

1 : for tilt up

p7 : for tilt down
(8)

p2,tilt =
{

1 : for tilt up

p8 : for tilt down
(9)

Parameters p1–p8 describe the distribution patterns in the forward
(  = 0) and backward (  = 180) directions of the spreader, while
  ∈ [0, 180] is used to determine a weighted average between the
forward and backward patterns, thereby interpolating these for any
angle in between.

To produce a skewed distribution the variable d′ is set equal to
the distance d (from the spreader) to the power of a parameter p9:

d′ = dp9 (10)

This leads to a probability distribution parameterized by p1–p9
which describes distribution for a single type of spreader at all
angles and distances for both tilt states. We then use a standard
optimization function (fminsearch in MATLAB) to find the values
of those parameters that gives distributions that are closest to the
observations in a least squares sense (Table 1).

The optimised spread patterns match the measured patterns
closely (Fig. 1). Spread patterns calculated over a 2D surface are ring
shaped, with a more skewed pattern when the spreader is tilted up
compared to when it is tilted down (Fig. 2).

2.4. Feed ingestion

Feed ingestion by fish is calculated in the same way  as in Alver
et al. (2004), which largely followed the model outlined by Olsen
and Balchen (1992). A fish population consisting of N individual
fish is modelled as a set of super-individuals, with each super-
individual representing a number of fish (Nm for super-individual
m)  with identical individual body weights (Wm). This produces
a heterogeneous population with a certain weight distribution,
which resembles the situation in production sea-cages, and allows
for the modelling of interactions and differences between the dif-
ferent size classes. Since we are looking at a time scale of minutes
and hours, we assume that the body weight is constant. The only

variable associated with the fish groups is thus the stomach content,
denoted Vm for group m,  which is modelled by Eq. (11):

V̇m = wfm − a1T
a2Vm (11)

where wfm is the ingestion rate, and the second term represents the
stomach evacuation rate. T is water temperature, and a1 and a2 are
constants. The feed intake rate of fish in group m is calculated as a
product of a number of factors:

wfm = Pww0pcpamphm (12)

where Pw is the weight of each pellet, and the remaining factors
will be defined below.
w0 represents the maximum ingestion rate as limited by the

handling and search time per pellet:

w0 =
(
Th + kTsNPw

cT

)−1

(13)

where Th is the handling time per pellet for the fish, kTs is a constant,
and the symbol cT denotes the total amount of feed in the cage.

The appetite factor, pam, depends on the relative stomach full-
ness of the fish:

pam =

⎧
⎪⎨
⎪⎩

0.50 − 0.57(Vrm − 0.3)
Vrm − 0.2

if Vrm > 0.3

0.50 + 0.67(0.3 − Vrm)
0.4 − Vrm

if Vrm ≤ 0.3

(14)

where the relative stomach fullness Vrm is calculated based on a
model of maximum stomach volume of coho salmon (Oncorhynchus
kisutch) developed by Burley and Vigg (1989):

Vrm = Vm

0.0007W1.3796
m

(15)

To the authors’ knowledge, no data on stomach size of Atlantic
salmon has been published. Such data would be useful to improve
the accuracy of this part of the model.

pc is called the confusion factor,  and represents confusion caused
by the increased local density of fish in the areas where feed is
highly concentrated. Under the assumption that the fish choose
to distribute themselves similarly to the feed, we formulated an
expression for pc that depends on how well the feed is dispersed
within the cage (�):

pc = �b1 (16)

The parameter b1 is a constant, and � ∈ [0, 1], with a value of 0
meaning that all feed is concentrated within a single cell and a
value of 1 meaning that all cells have the same amount of feed.
Alver et al. (2004) calculated � based on the sum of the squared
relative feed contents of all cells. However, this calculation does not
scale well when the cage size is increased. A better approach is to
consider the potential concentrations of fish is the cage. Under the
assumption that the fish distribute themselves in the same pattern
as the feed distribution, the feed distribution will dictate the fish
densities throughout the water volume. If these densities exceed
a certain threshold for a large proportion of the population, we
consider the feed to be poorly distributed, and the model should
use a low � value.

To formulate this mathematically, we first determine the rel-
ative feed content of all cells within the cage, ci,j,k/cT for cell (i, j,
k), where cT is the total amount of feed in the cage. If the fish dis-
tribute similarly to the feed, the biomass of fish in cell (i, j, k) is
Wi,j,k = Wtotal · ci,j,k/cT. The density of fish (FDi,j,k) can then be calcu-
lated (in kg m−3) for each cell by the expression Wi,j,k/(�x�y�z).
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Fig. 1. Comparison between measured (solid lines) and modelled (*) pellet distributions from spreader. The x axes denote meters forward and backward from the spreader.
The  three columns show comparisons for air speed 20, 25 and 30 m s−1, respectively. The two  upper rows show results for tilt up, and the two lower columns for tilt down.
The  measurements represent tests with three different feeds (A, C and D), but no significant effect of feed type was found by Oehme et al. (2012).
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Fig. 2. Examples of modelled surface spread patterns from spreader type 1 with tilt up and down. The shades indicate different relative densities of pellets, and the total
amount of feed is the same in both cases. The feeder is located at the point marked with an o, and faces to the right in the figure. Air speed was  set to 25 m s−1, and the model
resolution is 0.1 m.
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Table 1
Optimised parameter values for spreader model.

p1 p2 p3 p4 p5 p6 p7 p8 p9

Spreader 1 1.4145 0.0101 0.0602 1.0645 0.0297 0.0873 0.8645 1.0270 0.3608
Spreader 2 0.7373 0.1302 0.0971 1.5705 0.1351 0.1489 0.7823 0.5950 0.7912

Table 2
Summary of state variables, parameters, controlled variables and disturbances (uncontrollable inputs).

Symbol Value Unit Type Description

a1 5.2591 × 10−6 Parameter Parameter for gut evacuation rate
a2 0.7639 Parameter Parameter for gut evacuation rate
b1 0.4 Parameter Parameter for confusion factor
b2 0.5 Parameter Parameter for hierarchy factor
ci,j,k g State variable Amount of feed in cell (i, j, k)
�x 1  m Parameter Cell size in x direction
�y  1 m Parameter Cell size in y direction
�z  1 m Parameter Cell size in z direction (vertical)
Dc m Parameter Depth of cylindrical part of cage
Dtot m Parameter Total depth of cage
imax Parameter Number of cells in x direction
jmax Parameter Number of cells in y direction
kmax Parameter Number of cells in z direction
�  0.01 m2 s−1 Parameter Diffusivity constant
�ref 1.2 × 10−4 Parameter � value for reference pellet diameter
kTs 1 Parameter Parameter for maximum feed intake rate
mmax 7 Parameter Number of fish size groups
N  State variable Total number of fish
Nm State variable Number of fish in group m
Ps 3–12 mm Parameter Feed pellet diameter
Ps,ref 6 mm Parameter Reference feed pellet diameter
Pw 0.22 g Parameter Weight per feed pellet
R  m Parameter Radius of cage
T ◦C Disturbance Water temperature
Th 12 s Parameter Handling time per pellet
�  0.2 Parameter Calibration factor for �
U  1 BLs−1 Parameter Swimming speed of fish
uv 0.1 m s−1 Parameter Sinking speed of pellets
Vm g State variable Stomach content of fish in group m
Wm g State variable Average weight of fish in group m

We  then define the function f(FD), giving a local � value based
on the density in a cell:

f (FD) =

⎧
⎪⎪⎨
⎪⎪⎩

1 : for FD < FDtresh

1 − FD − FDtresh
Dtresh

: for FDtresh < FD < 2 · FDtresh

0 : for FD > 2 · FDtresh

(17)

where FDtresh determines the maximum fish density that does not
lead to a reduction in �.

The � factor is an average of local values, weighted by the den-
sity:

� =
∑

i,j,k

Wi,j,kf (FDi,j,k)
Wtotal

(18)

This gives a � value that relates to the actual density of the fish, and
which retains its meaning for different cage scales and population
sizes.

phm is called the hierarchy factor, and represents the ability of
larger fish to gain preferential access to food compared to smaller
fish:

phm =
(
Wm

Wmax

)fafd
(19)

where Wmax is the body weight of the largest fish, and:

fa = 1
Wtotal

mmax∑

m=1

NmpamWm (20)

fd = �−b2 (21)

where Wtotal is the total biomass of fish in the cage, and b2 is a
constant. The factor fa is a weighted average of the appetite of the
fish, where the appetite of the largest fish is given the most weight.
For the group of largest fish, phm = 1, and for the remaining groups
it is less than 1. As the fish get more satiated, and their appetite is
reduced, phm will approach 1 for all groups, causing a weakening
of the hierarchical effect. The factor fd serves to weaken the effect
the more evenly the feed is distributed, since a concentration of
feed makes it more easily monopolised by dominant individuals
(Alarärä et al., 2001).

The total feed intake for the entire population can be calculated
as:

wfT =
mmax∑

m=1

Nmwfm (22)

As in Alver et al. (2004), the relative distribution of feed intake is
assumed to be equal to the relative feed distribution. Therefore, the
ingestion rate in cell (i, j, k) can be calculated as follows:

fI(i,j,k) = ci,j,k
cT
wfT (23)

2.5. Model validation

Skøien et al. (submitted for publication) conducted a series
of experiments where the horizontal (x–y plane) and vertical (z)
spread of pellets in still water without fish was investigated. The
data obtained from these experiments was  used to validate these
aspects in our model.
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2.5.1. Experiment setup
The experimental feeds used by Skøien et al. (submitted for

publication) were produced at Nofima Feed Technology Centre,
Bergen. To cover the sizes and densities commonly used in Atlantic
salmon farming, cylindrically shaped pellets were produced with
3, 6, 9 and 12 mm diameter with low, medium and high density
for a total of 12 different pellet types. The production process is
described in detail in (Skøien et al., submitted for publication).

The horizontal diffusion experiment was conducted at Nofima,
Sunndalsøra, in a 7 m diameter 2.3 m deep tank of still seawater.
Batches of 40 pellets were uniformly dropped using a quick release
mechanism and guided trough a 80 mm diameter vertical pipe to
the surface of the water. After impact, the pellets diffused naturally
in the water and settled on a 1 m × 1 m target grid on the bottom of
the tank. The resulting positions were photographed using a digi-
tal camera (FL3-GE-13S2C-CS, Point Grey Research, Inc., Richmond,
Canada) equipped with an adjustable lens (focus, 3–8 mm,  f/1.0-
close) (M13VM308, Tamron Co., Ltd, Saitama-city, Japan). Position
relative to the drop point was found for all pellets through image
processing techniques. This procedure was conducted in random
order for all 12 feeds with five replicates for each feed.

The vertical distribution experiment was conducted in a sepa-
rate cylindrical tank, 0.79 m diameter and 2.76 m deep using the
same feed types, release mechanism, guide pipe and water den-
sity as in the diffusion experiment. Images of passing pellets were
captured using the same camera system, encapsulated in a water-
tight housing and aimed horizontally at a depth of 2.3 m.  This pellet
detector is further detailed in Skøien et al. (2014). Ten replicate
drops were conducted for each pellet type, with 3, 20, 70 and 230 ml
pellets in each batch for pellet sizes of 3, 6, 9 and 12 mm pel-
lets respectively. This schedule was designed to ensure that each
drop contained a sufficient amount of pellets for statistical analy-
ses, while at the same time keeping the number of pellets in each
captured image frame low enough to avoid adverse effects such as
overlapping and clumping of pellets. A total of 3189 pellets were
used in the analysis.

2.5.2. Model setup
The model was configured to simulate comparable scenarios for

both experimental setups. For horizontal diffusion, a model resolu-
tion of 20 mm  was used. The model was run for 120 s with constant
feeding rate in a single point at the centre of the surface. At the end
of the simulation, the distribution of feed in the layer at 2.28–2.3 m
below the surface was recorded.

Each cell by the tank bottom was placed at a certain distance
from the centre of the pellet drop, and had a certain amount of feed.
The distances were organised in bin intervals of 25 mm,  and the
total amount of feed in each bin interval was plotted as a function
of distance.

The vertical distribution experiment Skøien et al. (submitted for
publication) showed how the pellets distribute in apparent sinking
speed estimated by the time from the drop until they passed a cer-
tain level monitored by the pellet detector. The concept of varying
sinking speeds is not directly transferable to the model, but an anal-
ogous test can be run by adding a single pulse of feed to the model,
and observing the vertical spread of pellets around the level of the
pellet sensor. The vertical spread of real pellets dropped at the same
time can be interpreted as a variation in sinking speeds, and we  can
interpret the spread predicted by the model in the same way.

The model was set up with 50 mm resolution and run for 40 s
with feeding in a single point at the centre of the surface, in the
first time step only. The feed distribution was stored every sec-
ond, and then the vertical distribution was analysed at the time
when the vertical centre of mass of the feed most closely matched
the 2.3 m depth where the pellet sensor was placed in the physi-
cal experiments. The feed present in cell i vertically from the drop

point downwards represents feed that has travelled on average at
a speed of d/t, where d = i�y  is the distance travelled. The apparent
speed distribution can therefore be plotted as the relative amounts
of feed along the vertical axis, with d/t on the x axis.

2.6. Full model dynamics

In Alver et al. (2004) the 2D-version of the pellet model was  val-
idated using an experimental dataset obtained from Talbot et al.
(1999). The validation was conducted with respect to the feed
intake of the fish and the feed waste exiting the cage, and the
model was  found able to predict both these quantities over time.
To ensure that the updated 3D-version of the model presented in
this manuscript retained these properties, we conducted a veri-
fication study where the model was used to simulate the same
setup as used in the original validation (see Alver et al., 2004, for
a detailed description of the simulation setup). Although Talbot
et al. (1999) did not present data on the 3D-distribution of pellets
within the cages, we  also ran a simulation of a modified version of
the experimental setup. This simulation was  intended to illustrate
all aspects of our model, and was therefore set up with the new
spreader model for surface distribution of pellets in a circular net
cage, and water current which perturbed the underwater distribu-
tion of feed. Otherwise, the experimental parameters (e.g. feeding
rates, fish population settings) matched those presented by Talbot
et al. (1999).

3. Results

3.1. Model validation

Measurement results from Skøien et al. (submitted for
publication) are used to validate the model’s advection and dif-
fusion properties. The measurements showed a significant positive
relationship between pellet size and the mean radial distance from
all pellets to the centre of mass. However, the differences in dif-
fusion across pellet density were not significant. In contrast, the
vertical distribution results implied a significant increase in sink-
ing rate with both pellet size and density. Increased sinking rates
with larger pellet size corresponds well with previous experimen-
tal findings (Findlay and Watling, 1994; Chen et al., 1999; Cromey
et al., 2002; Sutherland et al., 2006).

3.1.1. Horizontal diffusion
Fig. 3 describes the comparison between model estimates of

horizontal distribution for all 12 pellet types with the experimen-
tal results from Skøien et al. (submitted for publication). When run
with a constant � (diffusion coefficient) value, the model predicted a
relationship between pellet size and horizontal diffusion that con-
tradicted the observed relationship (hatched lines in Fig. 3). The
model overestimated the displacement for 3 and 6 mm pellets, and
underestimated displacement for 12 mm pellets, indicating that
the diffusivity constant � must be dependent on pellet size. This
observation is strengthened by the positive relationship between
pellet size and sinking rate identified by Skøien et al. (submitted for
publication) as we assumed the same � for vertical and horizontal
diffusion in our model (Eq. (4)).

Recognising this, we introduced the following relation where
the � value is set as a function of pellet diameter in mm:

� = �ref (� + (Ps/Ps,ref )
2) (24)

We chose a reference pellet size of Ps,ref = 9 mm,  while the
parameters �ref and � were tuned based on the experimental
results, giving the relation shown in Fig. 4. Repeating the model
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Fig. 3. Horizontal displacement in experiment (histograms) compared to model run with constant � value (hatched lines), and with size dependent � values (solid lines).
Each  row shows a single pellet size (3, 6, 9 and 12 mm),  and each column shows a single pellet density (high, medium and low).
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simulations we now got a highly improved match between the
modelled and measured distributions (solid lines in Fig. 3).

3.1.2. Vertical distribution
As vertical diffusion is modelled using the same � as horizontal

distribution (Eq. (4)), we ran vertical pellet drop tests for all pellet
sizes using the � obtained in Eq. (24). The vertical spread of pellets
as predicted by our model compared well with the observation data
from the physical experiments (Fig. 5).

3.2. Full model dynamics

3.2.1. Verification against original model and experimental data
Simulation output matched well with the experimental data

from Talbot et al. (1999), indicating that the model was  able to

predict the main dynamics behind pellet distribution, feed con-
sumption and feed wastage in a sea-cage. Furthermore, the results
from the present model (Fig. 6) compared better with the experi-
mental results than did the 2D-version model of Alver et al. (2004),
implying that the modifications described in this paper improved
the general performance of the model in estimating feed consump-
tion and wastage.

3.2.2. 3D distribution of pellets in the cage volume
As described in Talbot et al. (1999), the feeding scheme lasted

15 min, with a gradual decline in feed delivery towards the end
of the period. This was reflected in the 3D-visualisation of simu-
lation output as the feed density at the surface (annular rings on
the surface) stayed high at 1, 5, 10 and 13 min  into the simula-
tion, was lower at 14 min  and almost zero at 15 min (Fig. 7). Feed
occurring near the bottom of the the conical section of the cage in
Fig. 7 represents feed that will be lost from the cage. By comparing
Fig. 7 with the results presented in Fig. 6 it is apparent that the 3D-
distribution followed the same pattern as the verification case. Feed
loss stayed low during the first 8 min  of the simulation (Fig. 6), a pat-
tern which corresponds well to the 3D-distributions at 1 and 5 min
(Fig. 7). Between 8 and 13 min, the data from Talbot et al. (1999)
showed an increase in feed loss, which was  also apparent in the 3D-
distributions at 10 and 13 min. From 13 to 15 min, feed delivery was
gradually reduced, leading to lowered feed loss in the experiments
(Fig. 6). Again, this effect was seen in the 3D-distributions, in that
the surface feed concentrations were gradually reduced between
13 and 15 min  into the simulation (Fig. 7). Feed intensities near the
bottom of the cage were also found to be lower at 14 and 15 min,
which reflects the pattern towards the end of the interval in Fig. 6.
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Fig. 5. Comparison of measured and modelled sinking speed distribution.
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Fig. 6. Measured feed waste and estimated feed intake from salmon cage (Talbot et al., 1999, circles), compared to the output of the original pellet model (Alver et al., 2004,
hatched  lines) and the present model (solid lines).

The effects of water current was also visible (Fig. 7) in that the
underwater distribution displayed on the slice plane that is par-
allel with the current was skewed towards the centre of the cage
rather than propagating more directly towards the bottom.

4. Discussion

4.1. Model validation

The good match between simulation results and experimen-
tal data indicates that our model was able to capture the main
mechanisms behind horizontal and vertical diffusion of pellets
in water. Considering that we used identical size dependent val-
ues of � to regulate horizontal and vertical diffusion processes,

this also implies that our approach to modelling pellet diffu-
sion (Eq. (4)) represents a realistic approximation. The pellet
sizes (3, 6, 9 and 12 mm)  tested by Skøien et al. (submitted for
publication) cover the main range of pellet sizes used in commer-
cial salmon aquaculture today. As the model replicated diffusion
patterns for all these sizes, it is therefore likely that the model
will be able to reflect the horizontal and vertical diffusion effects
occurring during feed distribution in commercial rearing situa-
tions.

A limitation of the experimental setup is that it does not account
for the effect of the fish on the turbulent diffusion in a commercial
rearing cage. The diffusivity parameter � may actually be some-
what higher in this setting, but it is difficult to conduct controlled
experiments that take this into account.
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Fig. 7. Illustration of how pellets are distributed in the 3D volume of a cage at six different times during a simulated 15 min feeding trial. The simulated feeding trial is based
on  the feeding scheme applied in Talbot et al. (1999), but is modified to also include the new feed spreader model and water current. Different colours denote different feed
pellet  densities (red = high, up to 24 pellets m−3; blue = low), and the thick dashed lines illustrate the outline of the circular net cage used in the simulation. (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web version of the article.)

4.2. Verification of full model dynamics

The test of the model’s prediction of the pellet consumption and
wastage observed by Talbot et al. (1999) compared with the original
2D version of the model (Alver et al., 2004) verifies that the present
model provides realistic full model dynamics. The most striking
difference between the two models is in the initial 6 min  of the
feeding period, where the original model predicted an above-zero
feed wastage rate, and the present model predicts no feed wastage.
The data shows some variation in this period, but overall indicates a
much lower wastage rate than that predicted by the original model.
The general improvement in fit compared to the original model may
partly be ascribed to the modification made in the expression used
to compute feed ingestion, and partly to the improved estimate of
the diffusivity parameter.

The 3D-visualisation of the pellet distribution at the surface
and underwater demonstrated that the sub-modules in the model
produced the desired effect on the model output, with the annu-
lar distribution pattern on the surface resembling those patterns
observed by Oehme et al. (2012). Although feed consumption by
the fish had an impact on the underwater densities for the earlier
times (1–10 min) in Fig. 7, feed intake was very low for the final
3 min  in the simulation experiment (Fig. 6). The reduction in pellet
density with water depth seen at 13, 14 and 15 min  was  therefore
mainly caused by the horizontal and vertical diffusion processes,
and illustrates the effect of these in a 3D-volume. Since the model
was found able to reproduce the feed waste observed by Talbot
et al. (1999) with high precision, these observations suggest that
the underwater 3D-distribution as predicted by the model bears
resemblance with how pellets would distribute themselves in a
physical experiment. This is, however, hard to fully verify and vali-
date using experimental data as it would be difficult to produce a
dataset which illustrates the underwater 3D distribution of pellets
with sufficient resolution to compare with the outputs from our
model.

4.3. Industrial applications and future work

Based on the validation and verification exercises conducted in
this study, it is likely that our model would be able to provide

realistic predictions of how pellets distribute themselves in the
sub-surface 3D volume of a sea cage when released at the surface.
Furthermore, the introduction of the parametrised model of pellet
spreader distribution patterns provides the model with a more real-
istic pellet dispersal on the surface. We  can therefore reasonably
assume that our model would be able to provide realistic estimates
of the feed transport occurring between feeder and fish in full-scale
production cages under normal conditions.

It is likely that the spatial distribution patterns of feed pellets
during feeding has an impact on the ability of the fish in capturing
and ingesting the pellets, and thus also implicitly their growth rate.
Different feeding strategies will lead to different underwater feed
distribution patterns, but due to the difficulty in observing these
patterns directly it is not easy to a priori evaluate which feeding
strategy will result in the best growth rates at a particular site. Our
model could represent an asset for such site-specific evaluations in
that it could be used to estimate the distribution patterns produced
by a series of different feeding strategies given the prevailing envi-
ronmental conditions at the site. These predictions could then be
used as a basis on which to determine which strategy or strategies
are best suited to that particular site.

The model could also represent a foundation on which an oper-
ational tool for assisting feeding operations in sea cages could
be based. By using inputs from the feeding system (feeder type,
feeding schedule, pellet type), monitoring systems (current speed,
pellet detectors), and information on the fish population (number
of fish, size distribution) at the site, the model could provide a real-
time estimate for the farmer on pellet distribution, ingestion and
wastage. These estimates could then used as a basis for decision
support in controlling and adjusting the feeding process.

The datasets used to design the surface feed distributions pro-
duced by rotor spreaders (Oehme et al., 2012) were obtained under
calm weather conditions, so they do not reflect how different wind
speeds impact the surface distribution patterns. This feature was
consequently not taken into account in our model. This could rep-
resent a source for inaccuracy in the surface spread in pellets as
estimated by our model in cases where wind significantly affects
the spreader operation. Correcting the model with respect to the
effects of wind could probably be realised by adding a bias to the
surface distribution pattern. Ensuring that this solution produces
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accurate estimates would require datasets containing both the hor-
izontal distribution patterns and the wind conditions during the
experiment. The advection effects which describe the transfer of
pellets between cells in the model due to water currents has not
been validated, and may  thus represent an uncertainty with regard
to the general performance of the model. The advection term (Eq.
(3)) is based on the assumption that pellets affected by water cur-
rent are given a bias in movement speed equal to the current speed.
Considering the small volume and weight of individual pellets, this
may  be a sound assumption. Under the influence of rapidly vary-
ing currents, there may  be transient deviations in the effect of the
current on pellet speed, but this is not likely to be an important
factor. Testing and validating such features is a challenging task, as
it would require experimental setups in which both current speed
and pellet movement rate are precisely monitored.

5. Conclusion

The work presented in this paper has improved the realism and
applicability of the pellet distribution model in several ways. The
3D representation of the pellet field makes it possible to simulate
realistic cage geometries, the surface distribution model provides
representative input for the feeding equipment used in the salmon
industry, and the low level adjustments and validation of the pel-
let diffusion rate ensures that the model accurately describes the
dynamics of pellets over a variety of sizes. The full dynamics of the
model shows improved fit with measurement data compared to
the original model.

As a result, the present model provides a more accurate and
suitable tool for understanding the feeding process and the factors
determining the level of feed wastage. In combination with mea-
surements and monitoring systems, the model can form part of a
decision support system for optimising the feeding process.
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a  b  s  t  r  a  c  t

Spatial  and  temporal  feed  distribution  in sea  cages  are  important  factors  for the  farmer,  fish  and envi-
ronment  due  to the  strong  relation  to growth,  feed  loss,  pollution  and  welfare.  This  study  presents  a  set
of experimentally  derived  diffusion  parameters  and  settling  rates  obtained  in  still  water  from  four  sizes
and three  densities  of  extruded  fish  feed  pellets  commonly  used in  aquaculture.  It  was  found  that  pellet
size  is positively  correlated  with  increased  diffusion  and  that  pellet  density  plays  a less important  role.
Both  the  size  and  density  of  pellets  had  a significant  impact  on  the  settling  rate.  Results  are  compared
to values  obtained  during  feed  production  as  well  as other  relevant  studies.  The  findings  suggest  that
parameters  related  to  hydrodynamic  behaviour  of  groups  of  feed  pellets  may  vary  across  different  pellet
types. The  results  may  be  applied  to  refine  and parameterize  pellet  motion  in sea  cage feeding  models,
improving  estimates  of  fish  behaviour,  growth  and  feed  loss.

©  2016  Elsevier  B.V.  All rights  reserved.

1. Introduction

Salmon (Salmo salar) farming is rapidly expanding across the
world with global production of just 297 tonnes in 1970 com-
pared to over 2,087,000 tonnes in 2013 (FAO, 2015). Production
has moved from moderately sized cages owned by small compa-
nies to a consolidated industry with large production sites over the
last decades. Cages are usually rectangular with 20–40 m sides and
20–35 m depth, or circular with a circumference of 90–157 m up to
48 m depth (Oppedal et al., 2011). In Norway, a single cage may  hold
up to 200,000 fish yielding a biomass of 1000 tonnes at an typical
average slaughter weight of 5 kg. A daily feed ration of 1% (Oehme
et al., 2012) corresponds to 10 tons of feed per cage per day. The
expenditure on feed amounts to roughly 50% of all costs in Norwe-
gian salmon and trout farming (Norwegian Directorate of Fisheries,
2013). With the feed loss from commercial farms estimated to
around 7% (Gjøsæter et al., 2008), wasted feed is a substantial eco-
nomic loss for the farmer as well as poor utilization of marine and
plant resources (Alfredsen et al., 2007). Feed loss may  in addition

∗ Corresponding author at: Department of Engineering Cybernetics, Norwegian
University of Science and Technology (NTNU), NO-7491 Trondheim, Norway.

E-mail address: kristoffer.rist.skoien@itk.ntnu.no (K.R. Skøien).

have a negative impact on the surrounding marine environment.
Wild fish are drawn close to the cage enabling transmission of dis-
eases between farm sites (Dempster et al., 2009) and large amounts
of wasted feed in their diet can cause changes in their filet quality
(Fernandez-Jover et al., 2007).

Feed waste is one concern, but the spatiotemporal distribution
of pellets within the cage is also an important parameter for the fish.
Giving easy feed access for the fish by utilizing the cage volume is
desirable and is likely to promote rapid growth. The spatial and
temporal distribution of pellets and ration size are key factors con-
cerning feed availability (Juell, 1995) and these factors should not
be confined so the fish may  forage in an unrestricted manner (Talbot
et al., 1999). The spatial distribution of pellets has a considerable
influence on equal feed access (Attia et al., 2012) and localized feed
delivery permits resource monopolization by dominant or com-
petitive individuals, restricting feed access to subordinates (Juell,
1995; Ryer and Olla, 1996) causing greater size variation across the
population (Johansen and Jobling, 1998). Suboptimal feed intake
leads to both reduced and inefficient growth in Atlantic salmon
(Einen et al., 1999). Aggressive behaviour and fin damage related
to feed access have been demonstrated in a range of Salmonidae
(Brännäs et al., 2005; Fenderson et al., 1968; Jobling, 1985; Noble
et al., 2007, 2007, 2008; Rasmussen et al., 2007; Symons, 1971;
Talbot et al., 1999) and summarized by Attia et al. (2012), Ruzzante

http://dx.doi.org/10.1016/j.aquaeng.2016.05.001
0144-8609/© 2016 Elsevier B.V. All rights reserved.
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(1994) and Talbot (1993), and this aggression is in turn related to
injuries and mortality (López-Olmeda et al., 2012). Optimizing the
spatiotemporal pellet distribution could thus result in considerable
economic, environmental and welfare benefits.

To achieve these goals more knowledge must be obtained on the
interaction between the feed, fish and the environment, on which
models may  be created to enable simulation and optimization of
feed delivery.

In Norwegian salmon farming, feed is presented to the fish in
the form of cylindrical pellets where the diameter is adapted to
the size of the fish, normally from 3 to 12 mm  diameter (Skretting,
2012) during the ongrowth in the sea. Feed pellets are commonly
produced using an extrusion process. The extrusion system has a
preconditioner which mixes water and steam into the dry ingredi-
ents in order to obtain a uniformly moisturized and preheated mix
for the extruder barrel (Sørensen, 2012). This barrel housing may
contain one or two rotating screws which mixes and transports the
feed. The heated mix  obtains its final pellet shape by being forced
through a die plate and cut to length by a rotating knife (Sørensen,
2012). The pellets are dried and oil is finally added to increase the
energetic content and obtain the desired density of the pellets. On
farms feed is conveyed from large silos onboard a barge using com-
pressed air to propel pellets through a pipe to a rotary pneumatic
spreader located on the surface in the centre of the sea cage. Pellet
transport, spreader rotation and pellet throw is driven by the same
airflow.

For reference, the term settling rate refers to the intrinsic sink-
ing speed of pellets, diffusion describes how random motion causes
pellets on average to move from an area of high concentration to
low concentration and advection is the motion of pellets caused by
the bulk motion of the surrounding water. Above surface, Oehme
et al. (2012) performed the first experiment which characterized
the spatial pellet distribution from a rotary spreader by collecting
pellets in Styrofoam boxes on the surface. Numerical models of the
spreader have also been derived to investigate effects of different
designs and wind (Skoien et al., 2015, 2016). For the pellet distribu-
tion below the surface an initial numerical model was  developed by
Alver et al. (2004) and has since been extended with a fish behaviour
and foraging model (Føre et al., 2009). The combined model has
been further developed and takes into account a range of factors
such as the pellet distribution pattern across the surface, pellet size
and settling rate, feeding rate, water flow and temperature. It also
accounts for the fish properties with respect to motion, biomass and
size distribution, appetite/satiation, foraging pattern and behaviour
(Alver et al., 2016).

In Alver et al. (2004, 2016) the pellet concentration of a sea
cage was modelled using the transport equation to describe the
spatiotemporal dynamics of its distribution.
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According to Alver et al. (2016), c(x, y, z, t) is the feed concentration
in the coordinate system given by the horizontal plane x, y, the
vertical axis z and time respectively. vx(x, y, z, t), vy(x, y, z, t) and
vz(x, y, z, t) are the individual orthogonal components of the water
flow, uv is the settling rate of the pellets, � is the diffusion factor,
u(x, y, z, t) is the added feed and fI(x, y, z, t) the ingestion rate of the
fish at a given position and time. In the present experiments, there
is no water flow or fish. Eq. (1) can thus be simplified to Eq. (2).
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It is not the intention of the present study to give a detailed
account of the model as a comprehensive description can be
obtained from Alver et al. (2004, 2016). Both � and uv which are
parameters of essential importance have been determined based
on the findings in the current study.

Limited research has been conducted with regards to character-
izing the intrinsic diffusion properties of extruded fish feed pellets.
This results in a range of sea cage and deposition models such as
(Alver et al., 2004; Cromey et al., 2002, 2009; Gillibrand and Turrell,
1997) being based on alternative data as opposed to experimentally
derived parameters from representative feeds. There has, however,
been performed extensive research in determining the vertical sett-
ling rate uv for various fish feeds (Chen et al., 1999; Cromey et al.,
2002, 2009; Findlay and Watling, 1994; Sutherland et al., 2006).
There may  be several factors and interactions influencing diffusion.
Heavier pellets may  diffuse less simply because they will be sus-
pended in the water column for a shorter period of time compared
to a lighter pellet. However, a stronger relationship may  be gov-
erned by a relation between size and increased diffusion due to
greater settling rate and thus a higher level of erratic motion. It is
also likely that density as well as size affects the settling rate due
to the non-linear relationship between surface area/mass across
different sized pellets.

The contribution of this study is a description of the pellet
settling rate and diffusion process obtained through experiments
involving a range of pellet types with different characteristics.
These results may  be of importance in determining central parame-
ters in any feeding model involving pellets. The horizontal diffusion
and vertical settling rate characteristics have been derived from
the same pellets giving added benefit of matched data describing
the motion of a pellet along all three axes. The results have been
applied to the model described by Alver et al. (2016) to improve
the estimation of the spatial and temporal pellet distribution.

2. Materials and methods

The work described in this study has been conducted as two
separate experiments denoted the diffusion experiment and the
settling rate experiment. The former quantifies the natural diffu-
sion of pellets in the horizontal x, y plane released from a single
point until they settle on the bottom. The latter is an extensive
investigation of the settling rate and the vertical (z-axis) distribu-
tion of pellets dropped from an altitude, similar to being distributed
by a rotary spreader. The diffusion and settling rate experiment are
described in Sections 2.2 and 2.3 respectively.

2.1. Pellet properties

The experimental pellet types were produced at Nofima Feed
Technology Centre, Bergen, Norway. Four different pellet sizes of {3,
6, 9, 12}  mm diameter and cylindrical shape were produced to cover
a wide range commonly used in Atlantic salmon farming. Each of
the four pellet sizes were coated with three different amounts of oil
to obtain pellets of low, medium and high density {L, M,  H}, giving
a total of twelve different pellet types. Each type is denoted by its
pellet size and density, e.g. 9M denotes a 9 mm pellet of medium
density. The diet formulation was  similar to the average Norwegian
salmon feed in 2010 (Ytrestøyl et al., 2011). One basal mix  of the
dry feed ingredients was made and divided into four batches prior
to extrusion. The four batches were processed with similar condi-
tions in a Wenger TX52 extruder (Wenger, KS, USA), but with die
plate holes of 2.5, 4.5, 7.2 and 10.0 mm diameter. The cutting knife
speed was, however, adjusted for each production to ensure pellets
with a length:diameter ratio of approximately 1:1. The pellets were
dried to 92% dry matter in a hot air dual layer carousel dryer (Paul
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2.30 m

2.12 m

Release mechanism

Water surface

Cam era

Bridge

$x$
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Fig. 1. The setup for the horizontal distribution experiment. Guide pipe attached
vertically to a bridge crossing the tank. On top of the pipe is the quick release mech-
anism and the camera is mounted on the opposite end, barely breaching the water
surface. The aluminium sheet is placed on the bottom of the tank. The origin of the
global coordinate system is defined at the principal point of the camera, relocated
in  the figure for clarity.

Klöckner, Nistertal, Germany). Then each of the diets were coated
in an experimental vacuum coater (Pegasus PG-10VC LAB, Dinnis-
sen B.V., The Netherlands) with an oil blend of 43% rape seed oil
and 57% fish oil. The low density diets were added an amount of oil
giving slow sinking pellets, the high density diets were added the
maximum amount of oil and the intermediate density diets were
added an oil level halfway between the other two.

Pellet settling rate was measured at production based on 20
pellets released in a standing transparent cylinder (15 cm diam-
eter, 1.7 m high) filled with 32 ppt NaCl salt water holding 20 ◦C.
The measurement was started when the pellet was 5 cm below the
water surface and the settling rate was calculated from the time
it took a pellet to sink 1 m (Table 1). Bulk density was  measured
by weighing loosely poured coated pellets in a 1000 ml  measuring
cylinder (Table 1). Due to the differences in stacking efficiency, par-
ticle densities can not be directly compared. Diameter and length
of the pellets were measured with an electronic caliper (Table 1)
based on 20 pellets from each pellet size.

2.2. Horizontal distribution

The horizontal diffusion experiment was conducted at Nofima,
Sunndalsøra, Norway, in a 7 m diameter octagonal 100 m3 indoor
seawater tank (Fig. 1). The x and y axes are horizontal and points
towards the edges of the tank, and z points downwards. The tank
bottom sloped slightly from the edge towards the drain located at
the centre of the tank. Water flow was measured at 0.2, 1.2 and
2.2 m depth in both x and y direction with a propeller anemome-
ter (0.00 m/s, handheld flow meter HFA and vane wheel, Höntzsch,
Waiblingen, Germany) performed prior to experiments to ensure
that the water mass was stationary. Although the water was  sta-
tionary, surface particles displayed some minor motion which was
attributed to the airflow from the ventilation system. The salinity
was measured to 31.7 ppt (Cond 330i with a TetraCon conductivity
measuring cell, WTW  – Wissenschaftlich-Technische Werkstätten
GmbH, Weilheim, Germany). With T = 12 ◦C, the water density was
calculated to 1024 kg/m3 Pond and Pickard (1983, pp. 310).

Fig. 2. Analysis of one drop of 6H pellets superimposed on the cropped original
image. All 40 pellets have settled in this drop. Circles indicate the manually marked
pellet positions, the large asterisk is the centre of mass, and the small asterisk is
centre of pipe projected down onto the target. Two of the pellets are far from the
centre of mass probably due to surface drift before sinking.

The pellets were placed in a 70 mm diameter vertical pipe
equipped with a quick release mechanism (Fig. 1). The pellets were
concurrently released and guided to the water surface by an 80 mm
diameter pipe ending at the surface. This resulted in a total distance
from release position to water surface of 2.12 m. Disregarding fric-
tion against the pipe wall and aerodynamic resistance, this yields
a free-fall time of 0.657 s from release to water impact at a rate
of 6.45 m/s  obtained from basic equations of motion. From the
surface, pellets travelled 2.30 m through the water column before
settling on a 1.00 × 1.00 m sheet of aluminium with a 50 × 50 mm
grid on the bottom of the tank. A digital camera (FL3-GE-13S2C-
CS, Point Grey Research, Inc., Richmond, Canada) equipped with an
adjustable lens (M13VM308, Tamron Co., Ltd, Saitama-city, Japan)
encapsulated in a waterproof housing was  mounted at the end of
the 80 mm  pipe, capturing an image of the settled pellets at the end
of each drop. Five replicate drops of 40 pellets each were conducted
for each of the 12 pellet types, giving a total of 60 drops conducted
in randomized order. There were some observations of pellets that
remained afloat for an indefinite period of time or sunk later, long
after the main bulk of pellets. This effect was  mostly pronounced
in the low density pellets. A drop was  deemed finished and a pic-
ture captured as soon as there were no pellets sinking through the
water column. The target grid was  brushed clean of pellets after
each image capture and the position of the target in relation to the
pipe was  verified by a laser cross and realigned if necessary. The
water was left to settle for at least two minutes before the next
drop was performed.

The images and pellet positions were analyzed using openCV
(Bradski, 2000; MATLAB, 2014; SPSS, 2015). The position of each
pellet was  manually identified in the image obtained from each
drop. The procedure of mapping from camera pixel coordinates

(R2) p =
[

u v
]T

to the world coordinate frame on the bottom (b)

of the tank (R2) q =
[

xb yb

]T
was performed by establishing the

homography matrix H and calculating the transformation using the
augmented vectors q̃ = H−1p̃. H was obtained from a calibration
image from which nine central grid points were extracted and H
calculated by using the MATLAB toolbox from Corke (2011) yielding
a residual of 0.89. An image example can be seen in Fig. 2.

For the purpose of statistical analysis it is assumed that there
is an isotropic bivariate distribution around the centre of mass for
the group of settled pellets. The centre of mass on the bottom of the
tank was defined as zero x̄b = 0 and ȳb = 0 for each drop. Comparing
the centre of mass to the pipe centre projected onto the bottom
reference grid verifies that centre of mass was  located close to pipe
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Table  1
Settling rate mean ± SD [cm/s] measured in a vertical cylinder at production (N = 20, 20 ◦C water, 32 ppm NaCl), bulk density at production, mean ± SD [g/l] (N = 3 replicate
measurements for 3 and 6 mm,  N = 4 for 9 and 12 mm),  oil content [%]. Diameter and length, mean ± SD [mm]  of pelleted feed at production (N = 20).

3 mm 6 mm 9 mm 12 mm

Settling rate
H 10.2 ± 0.5 11.8 ± 0.9 14.7 ± 0.8 16.6 ± 1.6
M  8.1 ± 0.6 6.4 ± 1.5 10.7 ± 2.5 12.4 ± 2.4
L  5.9 ± 1.2 5.3 ± 1.2 7.8 ± 1.5 9.7 ± 1.7

Bulk  density
H 706 ± 7 671 ± 15 673 ± 7 637 ± 17
M  645 ± 5 596 ± 16 623 ± 3 597 ± 5
L  583 ± 4 556 ± 19 582 ± 11 567 ± 9

Oil  content
H 21.0 28.0 30.0 32.0
M  13.0 22.5 25.0 27.5
L  5.0 17.0 20.0 23.0

Diameter 3.0 ± 0.1 6.0 ± 0.1 9.4 ± 0.2 12.8 ± 0.2

Length  3.8 ± 0.5 6.4 ± 0.4 9.0 ± 0.4 12.6 ± 0.7

centre, as is expected when there is no water flow present. The
radial distance rb from x̄b, ȳb to each pellet was calculated for each
drop. The vector rb contains measured radial distances of pellets
of a single type which has a Rayleigh distribution, assuming that
all the xb and yb distances has zero mean, are normally distributed,
independent and with equal variance (Forbes et al., 2011).

In the captured images it was evident that some pellets came
to rest far from the centre of mass of the main cluster, as in Fig. 2.
This observation was attributed to odd low-density, oddly shaped
or pellets that got an air bubble attached to their surface. The lat-
ter made certain pellets float for a period of time exposing them
to the previously mentioned slight surface motion caused by the
ventilation system. To counter this effect, the image was captured
as soon as there were no sinking pellets in the water column. How-
ever, some pellets affected by surface motion were unavoidably
part of the captured image. To further limit this adverse effect, out-
liers were removed by visually inspecting the histogram of rb and
comparing it to a Rayleigh probability density function fitted to the
data by the MATLAB command fitdist. This procedure defined
50 pellets (2.4%) as outliers of a total 2116 and removed them from
the analysis. Small and low density pellets appeared more prone to
have outliers.

For significance testing a one-way ANOVA was applied to the
data set. Two-way ANOVA was not used since the particle den-
sity may  be unequal for pellets of different size. rb was  square root
transformed for all the pellet types and scaled so the minimum
value is anchored at unity as according to (Osborne, 2002). 21 out-
liers were detected by box plot inspection (data points greater than
1.5 box-lengths from the edge). However, there were no extreme
outliers and all outliers were situated close to the box. Some of
these outliers may  have been caused by one of the aforementioned
reasons but they were kept in the data set as there was no clear
radial separation from the remainder of the data. Normality was
assessed using the Shapiro–Wilk test and found to be violated for
3H, 3M, 6M and 9L (p < .05). Since the group size for these four pel-
let types are large, (200, 198, 146 and 167 respectively), a Q–Q plot
analysis was carried out as well which indicated fairly normally dis-
tributed values. The overall histogram shapes of

√
rb looks similarly

shaped, mostly with a slightly positive skewness. However, due to
the robustness of ANOVA the analysis was still performed using
this method. Assumption of homogeneity of variances was  not sat-
isfied which was assessed by Levine’s test (p < 0.0005), hence, the
remainder of the analysis was performed with a Welch ANOVA.

2.3. Settling rate

The vertical settling rate experiment was conducted in a cylin-
drical indoor tank 2.76 m high, 0.79 m diameter filled with fresh
water. Sea salt was added and the salinity and temperature

measured using a CTD probe (SonTek CastAway, CA, USA). Salin-
ity and temperature readings were taken across the entire depth
of the tank at three different times during the experiment. Salinity
varied from 28.9 to 33.2 ppt (average 32.0 ppt), generally increas-
ing with depth. Temperature ranged from 17.2 to 17.9 ◦C (average
17.6 ◦C). Using the average readings the water density was calcu-
lated to 1023 kg/m3. The vertical guide pipe and release mechanism
were the same as in the horizontal diffusion experiment described
in Section 2.2. A camera and lens configuration as described in
Section 2.2 was enclosed in a watertight housing and mounted hor-
izontally, capturing images of passing pellets at a depth of 2.30 m.
This device was  positioned at the bottom of the tank and aimed
towards a uniformly backlit surface where the camera captured
high contrast images of pellets traversing the field of view. To guide
pellets into the field of view, a 135 mm  high funnel was  attached
to the rig giving a detection area of approximately 0.1 m2, equiv-
alent to 17% of the cross sectional area of the tank. This device is
further detailed in Skøien et al. (2014). The camera was  configured
to output images of 640 × 480 pixels, 8 bit grayscale at 56 frames
per second. Images were continuously transferred through an Eth-
ernet and power umbilical and stored with a timestamp on a local
computer.

Ten replicates of each pellet type were dropped in randomized
order. Due to the large number of pellets, the individual pellet con-
tainers were measured by volume and 3, 20, 70 and 230 ml  of 3, 6,
9 and 12 mm pellets respectively were used. The volumes were
experimentally determined to provide a high number of pellets
passing the sensor while keeping manual quantification manage-
able. The release process was  identical to the one in the diffusion
experiment but there was  no pause between drops as there was no
need to introduce foreign objects into the body of water for cleaning
purposes. The duration of the recorded video for a given pellet type
was determined based on the settling rate measured at production
(Table 1). Assuming a normally distributed settling rate, a drop was
deemed finished when four standard deviations above the mean
was reached. On the rare occasion that pellets were still present in
the live video stream after this period of time, the recording was
extended until pellets could no longer be observed.

The recorded video and corresponding timestamps were ana-
lyzed utilizing a C++ and OpenCV (Bradski, 2000) implementation.
The software traversed the video stream frame by frame with an
operator signaling when a pellet passed a fictive horizontal line in
the image corresponding to a depth of 2.30 m,  identical to the dif-
fusion experiment. From this the settling rate was  calculated for
each pellet and the results analyzed across all replicates of the 12
pellet types.

A  one-way ANOVA was used for significance testing using
the transformed data set using reflect and log10 (log10(max(data)
+ 1-data). Some outliers were present in the data but these could
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Table  2
Number of pellets settling on the tank floor including pellets later classified as out-
liers for each pellet type. Numbers in parenthesis indicates average per replicate.
<40 indicates the presence of positively buoyant pellets, >40 indicates breakage or
other debris present in the image.

3 mm 6 mm 9 mm 12 mm

H 206 (41.2) 200 (40.0) 198 (39.6) 193 (38.6)
M  202 (40.4) 152 (30.4) 198 (39.6) 193 (38.6)
L  196 (39.2) 49 (9.8) 172 (34.4) 157 (31.4)

Table 3
Average distance from centre of mass, mean ± SD [mm]. Number of pellets analyzed
with outliers removed. The rightmost column indicates pellet types between which
significant differences could not be established at p < 0.05 in relation to all other
types based on results of Games–Howell analysis from the transformed data:

√
rb .

Pellet type Mean distance [cm] (r̄b) N No. Sig. difference

3H 61 ± 43 200 3M, 3L, 6H
3M 61 ± 48 198 3H, 3L, 6H
3L 70 ± 40 191 3H, 3M, 6H, 6M, 6L,
6H 68 ± 40 197 3H, 3M, 3L, 6M
6M 80 ± 57 146 3L, 6H, 6L, 9H, 9M,  9L
6L 89 ± 57 48 3L, 6H, 6M, 9H, 9M, 9L, 12L
9H  92 ± 48 198 6M, 6L, 9M, 9L
9M 93 ± 49 197 6M, 6L, 9H, 9L
9L  95 ± 64 167 6M, 6L, 9H, 9M
12H 130 ± 70 189 12M, 12L
12M 140 ± 76 190 12H, 12L
12L 119 ± 61 145 6L, 12H, 12M

not be attributed to either data entry or measurement errors and
were hence included in the study. Assessment of normality was per-
formed using the Shapiro–Wilk test and found that 5 pellet types
did violate the assumption of normality at p < 0.05. However, the
ANOVA is not highly sensitive to normality deviations (McDonald,
2014). Inspection of the histograms indicated reasonable normal-
ity with mostly positive skew and some types slightly negative
skewed. As stated by McDonald (2009), the one-way ANOVA is
more powerful compared to the non-parametric Kruskal–Wallis
test and ANOVA should be used except when the data is severely
non-normal. Homogeneity of variances was tested using Levine’s
test and found violated at p < 0.0005, thus Welch ANOVA was  used
for the analysis.

3. Results

3.1. Production measurements

Table 1 presents the measurements obtained from Nofima Feed
Technology Centre, Bergen, Norway, during feed production. These
results will act as a reference for the main experiments in this study
and will not be discussed in detail.

3.2. Horizontal diffusion

The number of pellets settling on the bottom and becoming part
of the captured images are presented in Table 2. The average num-
ber of pellets sinking and settling on the bottom for each type was
between 30.4 (76% of the 40 pellets) and 41.2 (103%), except from 6L
at 9.8 (25.5%). Across all sizes the number of pellets settling on the
tank floor was positively correlated with density. In some cases the
number of counted pellets exceeded 40 which was due to breakage
and difficulty in separating intact pellets from fragments during the
analysis. This issue was only evident the 3 mm pellet types.

As seen in Table 3, across pellet types the average radial distri-
bution increased with size across all densities with one exception
of 6H at 68 cm which is slightly less than 3L at 70 cm.
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Fig. 3. Number of pellets in each annulus for each of the twelve pellet types. Each
annulus and central circle are of equal area, and the number of pellets have been
normalized. Distance from centre of mass in mm.

Table 4
The average and ±SD settling rate [cm/s] for all types and number of pellets analyzed.
The rightmost column indicates difference in settling rate compared to the values
measured at production.

Pellet type Settling rate (uv) N Diff. from prod.

3H 9.9 ± 0.5 506 −2%
3M  7.7 ± 0.8 435 −5%
3L  5.6 ± 1.0 376 −6%
6H  12.3 ± 0.9 329 4%
6M  8.1 ± 1.8 250 +27%
6L  6.2 ± 1.7 84 +18%
9H  14.0 ± 2.0 254 −5%
9M  12.8 ± 2.3 214 +20%
9L  9.7 ± 2.1 186 +24%
12H  17.0 ± 2.9 192 +2%
12M 14.2 ± 2.5 186 +14%
12L 11.3 ± 2.5 177 +16%

The statistical analysis stated that there were significant
differences across

√
rb for the 12 pellet types, Welch’s F(11,

667.228) = 39.859, p < .0005. This result was  followed up with a
Games–Howell post-hoc test and the results are presented in
Table 3.

To illustrate the diffusion of pellets, the radial distance rb from
each pellet to the centre of mass for the respective drop was con-
catenated across all five replicates. A circle with a radius of 380 mm
was divided into 43 annuli with an additional circular central sec-
tion all with equal area. Fig. 3 illustrates the normalized number
of pellets in each annulus and central circle for each of the twelve
pellet types.

From Fig. 3 and Table 3, diffusion was positively correlated with
pellet size with the one exception of 6H which diffused slightly less
compared to 3L.  The 12 mm pellets stand out in the analysis as they
in general diffused significantly more than the rest of the pellet
types, with the exception of 12L which is not significantly different
from 6L.  Within the same sized pellets there is a tendency towards
increased diffusion with reduced density with the exception of 12L.

3.3. Settling rate

The average settling rates from the experiment are presented in
Table 4 and corresponding normalized histograms are presented
in Fig. 4. The settling rates ranged from 5.6 cm/s for 3L to 17.0 cm/s
for 12H. Across all pellet types, increased density was  positively
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Fig. 4. Settling rate for each pellet type [cm/s], normalized count. Histograms plot-
ted with 0.5 cm/s bin width.

correlated with settling rate. For pellets of identical density, there
was also a positive correlation between size and settling rate.
Upon inspection of Fig. 4 it seems that smaller pellets tend to set-
tle as a uniform cluster whereas larger ones have a greater span
in their settling rate. This observation is also evident from the
standard deviations in Table 4. Comparing the settling rates from
the experiment to those measured at production yields generally
good correspondence. 3H, 3M,  3L,  6H, 9H and 12H all deviate no
more than 6% from the production values. The remaining pellet
types however have a faster settling compared to the production
values, ranging from +14% to +27%.

Significant differences were detected between the transformed
settling rates, Welch’s F(11, 916.393) = 1394, p < 0.0005. Multiple
comparisons were performed using the Games–Howell post-hoc
test and found significant differences between all pellet types
p < 0.016, with the exception from two pairs, 3H and 9L as well as
9H and 12M.

4. Discussion

As seen in Table 3 and the accompanying ANOVA analysis there
was significant differences in the root radial diffusion

√
rb between

pellet types. There were no significant differences in
√

rb between
pellets of the same size (p > 0.05). Hence, it appears that pellet
density is not a significant factor in determining diffusion. Since
specific pellet density measurements were unavailable, the rela-
tion between this result with respect to specific density is unknown.
However, between sizes the results differed greatly. These results
suggest that modelling of pellet diffusion cannot be accurately rep-
resented by a generalization across all sizes and densities. However,
within a given pellet size the distribution variability was limited,
which may  lead to satisfactory simulation results without consid-
ering the density of a given pellet type. This simplifies modelling
as the pellet size is often readily available but the density may  be
more cumbersome to obtain. Note that the fat content described
in Table 1 is not a descriptor for the specific density of a pellet. A
larger pellet may  expand more in percentage compared to a small
pellet leaving more room for oil.

The conversion from image/pixel coordinates p to the world
coordinate frame q was  performed using the homography trans-
form (Corke, 2011) based on 9 image points. This approach does
not account for lens distortion but the fact that the field of view
was narrow and the pellets settled close to the centre of the image
greatly reduced any distortional effects. Visual inspection of the

captured images showed minor distortion, which combined with
the low residual value of the homography computation, gives satis-
fying credibility to the classification of the real life pellet positions.
The r̄b in Table 3 may  be used by modellers to verify that pellets
originating from a point source in still water has the appropriate
average Euclidean radial diffusion at 2.30 m depth. This may  be
achieved by adjusting the diffusion parameter, such as � in Eq. (1).
These values have already been incorporated in a sea cage model
(Alver et al., 2016) for improved simulation accuracy. These param-
eters will likely become increasingly relevant when simulations are
run under realistic conditions with a horizontal water flow field,
especially for low density pellets. The slow settling rate will expose
the pellets for a prolonged period of time before being eaten by fish
or escaping the cage.

The obtained settling rates generally corresponded well with
the values measured at production time. Interestingly, the smallest
pellet types 3H,  3M, 3L as well as all the high density types 6H,  9H
and 12H deviated no more than 6% either negatively or positively
from the settling rate measured at production. For the medium and
low density 6, 9 and 12 mm  types, the smallest deviation from pro-
duction values was 14% for 12M and the largest deviation was 27%
for 6M.  The largest differences occurred among the larger pellet
types, 6M,  6L,  9M and 9L which showed positive deviations from
the production measured settling rate, and 12M and 12L portrayed
a smaller positive difference. This effect was not clearly understood.
Factors which might contribute are (1) The fact that the entire cross-
sectional area of the tank was not measured. Faster pellets may  have
travelled in the centre of the pellet cloud in the horizontal plane,
resulting in a larger proportion of the faster pellets being measured.
(2) The batch of pellets being released from altitude might give
heavier pellets a boost compared to lighter ones. The simultaneous
release of pellets was probably more realistic than single pellets
measured in isolation when comparing it to a feed spreader which
releases pellets in batches at 1–2 m above sea level. This though
might explain the positive skew compared to the manufacturing
results and the effect may  be somewhat reduced if the tank was
deeper.

The camera rig could not detect pellets across the entire cross
sectional area of the cylindrical tank due to its limited field of view.
The funnel on the camera rig accounts for the comparatively low N
(Table 4) of pellet types with high diffusion as fewer of them passed
the detection area. 6L had a very low pellet count of 84 which is
attributed to both a high diffusion factor as well as this particular
pellet type being very buoyant with many floating pellets as was
also observed in the diffusion experiment. The funnel height was
only 135 mm and quite steep, which in comparison to the total
settling distance is likely too modest to influence the settling rate
measurements in a noticeable manner. However, such a delaying
effect would manifest itself as a decrease in settling rate but the
results were generally faster than the settling rates measured at
production.

Inspecting the standard deviations in settling rates from Table 4
also reveals that the vertical spread of pellets increased with size.
There is only one exception for ±1.0 cm/s for 3L and ±0.9 cm/s for
6H. This observation corresponds well with the diffusion experi-
ment as larger pellets tended to diffuse more vertically as well as
horizontally. This could be due to a positive correlation of chaotic
motion and pellet size, or possibly that larger pellets have greater
surface area which renders them susceptible to air bubbles attach-
ing to the surface. A larger pellet may  in turn capture either a small
or a large volume of air, increasing the range of buoyancy.

Fig. 5 compares the results from the present study with pro-
duction measurements as well as various feeds from Chen et al.
(1999), Findlay and Watling (1994) and Sutherland et al. (2006).
The agreement is quite good although the pellet types used in this
study seem to have an overall slower settling rate. This effect may
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Fig. 5. Comparing settling rate and measured diameter. Comparison of experimental results, factory production measurements and studies by Chen et al. (1999), Findlay
and  Watling (1994) and Sutherland et al. (2006).

have been caused by the nutritional composition of the feed as well
as the present pellets having a diameter/length ratio of approxi-
mately 1:1. Inspecting the results of Sutherland et al. (2006) which
are overall faster, had a much lower diameter/length ratio. Pellets
which are longer, more cylindrically shaped as opposed to the com-
paratively spherical ones used in this study may  have a more stable
orientation in the water column which may  result in a faster sett-
ling rate. It should be noted that in Sutherland et al. (2006) their
own comparison of settling rate against other pellet types showed
that their pellets did indeed settle comparatively fast.

The pairwise significance analysis on the transformed data
resulted in all pellet types having significantly different settling rate
at p < 0.05 with the exception of the two pairs, 3H and 9L as well
as 9H and 12M. Inspecting Table 4, other pellet types also showed
very similar settling rates such as 3M and 6M. This may  suggest
that the data transformation increased the type I error rate and the
significance analysis should be interpreted with caution.

For the modeller a recommendation would be to choose a suit-
able diffusion parameter from Table 3 based on the appropriate
pellet size. As stated, no significant differences could be detected
between identically sized pellet types so an average or median
value might suffice. With respect to the settling rate, this value is
often obtainable from the producer and should be used if available.
Otherwise, a suitable settling rate from Table 1 or Table 4 could be
chosen. The former table was taken from N = 20 at production and
seems to settle slightly slower, but generally correspond well with
other studies as presented in Table 5. The latter was taken from
a much larger data set and released in a manner which is likely
more realistic in relation to rotary spreaders in sea cage produc-
tion. These results show an overall faster settling rate and these may
have been more in line with the production measurements had the
tank been deeper, possibly due to a faster settling rate at the shal-
lowest section of the water column. From a pneumatic spreader,
pellets will have a horizontal velocity component which has not
been considered in this study. However, it is likely that this hor-
izontal component will be quickly eliminated upon water impact
and the intrinsic settling rate becoming the dominant velocity com-
ponent in still water.

5. Conclusion

This study has examined the horizontal diffusion and settling
rate based on experiments with four sizes and three densities of
extruded salmon pellets under stationary water conditions. For
horizontal diffusion only the pellet size had a significant impact
on the radial distance from the centre of mass while both the size
and density affected the settling rate. The results have been used to
refine and parameterize a sea cage model (Alver et al., 2016) where
pellet motion plays an essential role. These results allow for spa-
tiotemporal pellet distribution and water flow induced motion to
be more accurately modelled by hydrodynamics and equations of
motion based on the presented experimentally derived parameters.
These findings will expectedly yield improved model estimates of
pellet motion within a sea cage, fish behaviour and feed loss.

Acknowledgments

Appreciation is extended to M.S. Klinge and R.E. Myrmel at
Nofima for producing the experimental pellets, P.I. Snildal and T.
Haugen at the Department of Engineering Cybernetics workshop
at The Norwegian University of Science and Technology (NTNU)
and F. Nerland at Nofima for assisting with the experiment. This
research has been funded by the Centre for Research-based Inno-
vation in Aquaculture Technology (CREATE) (Research Council of
Norway, Grant number: 174842), SINTEF Sealab, NO-7645 Trond-
heim, Norway.

References

Alfredsen, J., Holand, B., Solvang-Garten, T., Uglem, I., 2007. Feeding activity and
opercular pressure transients in Atlantic salmon (Salmo salar L.): application to
feeding management in fish farming. In: Almeida, P., Quintella, B., Costa, M.,
Moore, A. (Eds.), Developments in Fish Telemetry. Developments in
Hydrobiology, vol. 195. Springer, Netherlands, pp. 199–207, http://dx.doi.org/
10.1007/978-1-4020-6237-7 19.

Alver, M.O., Alfredsen, J.A., Sigholt, T., 2004. Dynamic modelling of pellet
distribution in Atlantic salmon (Salmo salar L.) cages. Aquacult. Eng. 31 (1–2),
51–72, URL http://www.sciencedirect.com/science/article/pii/
S0144860904000056.

Paper E

107



K.R. Skøien et al. / Aquacultural Engineering 74 (2016) 30–37 37

Alver, M.O., Skøien, K.R., Føre, M.,  Aas, T.S., Oehme, M.,  Alfredsen, J.A., 2016.
Modelling of surface and 3D pellet distribution in Atlantic salmon (Salmo salar
L.)  cages. Aquacult. Eng. 72-73, 20–29, URL http://www.sciencedirect.com/
science/article/pii/S0144860916300462.

Attia, J., Millot, S., Di-Poï, C., Bégout, M.-L., Noble, C., Sanchez-Vazquez, F., Terova,
G.,  Saroglia, M.,  Damsgård, B., 2012. Demand feeding and welfare in farmed
fish. Fish Physiol. Biochem. 38, 107–118, http://dx.doi.org/10.1007/s10695-
011-9538-4.

Bradski, G., 2000. The OpenCV Library. Dr. Dobb’s Journal of Software Tools.
Brännäs, E., Berglund, U., Eriksson, L.-O., 2005. Time learning and anticipatory

activity in groups of Arctic charr. Ethology 111 (7), 681–692, http://dx.doi.org/
10.1111/j. 1439-0310.2005.01094.x.

Chen, Y.-S., Beveridge, M.C., Telfer, T.C., 1999. Physical characteristics of
commercial pelleted Atlantic salmon feeds and consideration of implications
for modeling of waste dispersion through sedimentation. Aquacult. Int. 7,
89–100, http://dx.doi.org/10.1023/A:1009249721787.

Corke, P.I., 2011. Robotics, Vision & Control: Fundamental Algorithms in Matlab.
Springer.

Cromey, C.J., Nickell, T.D., Black, K.D., 2002. DEPOMOD-modelling the deposition
and biological effects of waste solids from marine cage farms. Aquaculture 214
(1–4),  211–239, URL http://www.sciencedirect.com/science/article/pii/
S004484860200368X.

Cromey, C.J., Nickell, T.D., Treasurer, J., Black, K.D., Inall, M.,  2009. Modelling the
impact of cod (Gadus morhua L.) farming in the marine environment – codmod.
Aquaculture 289 (1–2), 42–53, URL http://www.sciencedirect.com/science/
article/pii/S004484860800999X.

Dempster, T., Uglem, I., Sanchez-Jerez, P., Fernandez-Jover, D., Bayle-Sempere, J.,
Nilsen, R., Bjørn, P., et al., 2009. Coastal salmon farms attract large and
persistent aggregations of wild fish: an ecosystem effect. Mar. Ecol. Prog. Ser.
385 (1), 14.

Einen, O., Mørkøre, T., Rørå, A.M.B., Thomassen, M.S., 1999. Feed ration prior to
slaughter – a potential tool for managing product quality of Atlantic salmon
(Salmo salar). Aquaculture 178 (1–2), 149–169, URL http://www.sciencedirect.
com/science/article/pii/S004484869900126X.

FAO, 2015. Available from: http://www.fao.org/fishery/statistics/global-
aquaculture-production/en. URL http://www.fao.org/figis/servlet/
SQServlet?file=/work/FIGIS/prod/webapps/figis/temp/hqp
241118031620595200.xml&outtype=html.

Fenderson, O., Everhart, W.,  Muth, K., 1968. Comparative agonistic and feeding
behavior of hatchery-reared and wild salmon in aquaria. J. Fish. Board Can. 25
(1), 1–14.

Fernandez-Jover, D., Jimenez, J.A.L., Sanchez-Jerez, P., Bayle-Sempere, J.,
Casalduero, F.G., Lopez, F.J.M., Dempster, T., 2007. Changes in body condition
and fatty acid composition of wild Mediterranean horse mackerel (Trachurus
mediterraneus,  steindachner, 1868) associated to sea cage fish farms. Mar.
Environ. Res. 63 (1), 1–18.

Findlay, R.H., Watling, L., 1994. Toward a process level model to predict the effects
of  salmon net-pen aquaculture on the benthos. In: Hargrave, B.T. (Ed.),
Modelling Benthic Impacts of Organic Enrichment from Marine Aquaculture.
Can. Tech. Rep. Fish. Aquat. Sci., 1949: xi + 125 p.

Forbes, C., Evans, M.,  Hastings, N., Peacock, B., 2011. Statistical Distributions. John
Wiley & Sons.

Føre, M., Dempster, T., Alfredsen, J.A., Johansen, V., Johansson, D., 2009. Modelling
of Atlantic salmon (Salmo salar L.) behaviour in sea-cages: a lagrangian
approach. Aquaculture 288 (3–4), 196–204, URL http://www.sciencedirect.
com/science/article/pii/S0044848608008533.

Gillibrand, P., Turrell, W.,  1997. Simulating the dispersion and settling of
particulate material and associated substances from salmon farms. Tech. rep.,
Marine Laboratory, Aberdeen, Report No. 3/97, Victoria Road, Aberdeen AB11
9DB, UK.

Gjøsæter, J., Otterå, H., Slinde, E., Nedreaas, K., Ervik, A., 2008. Effekter av spillfôr på
marine organismer. Kyst og Havbruk, 52–55 (in Norwegian).

Jobling, M.,  1985. Physiological and social constraints on growth of fish with
special reference to Arctic charr, Salvelinus alpinus L. Aquaculture 44 (2),
83–90, URL http://www.sciencedirect.com/science/article/pii/
0044848685900110.

Johansen, S., Jobling, M.,  1998. The influence of feeding regime on growth and
slaughter traits of cage-reared Atlantic salmon. Aquacult. Int. 6 (1), 1–17.

Juell, J.-E., 1995. The behaviour of Atlantic salmon in relation to efficient
cage-rearing. Rev. Fish Biol. Fish. 5, 320–335, http://dx.doi.org/10.1007/
BF00043005.

López-Olmeda, J., Noble, C., Sánchez-Vázquez, F., 2012. Does feeding time affect
fish  welfare? Fish Physiol. Biochem. 38 (1), 143–152, http://dx.doi.org/10.
1007/s10695-011-9523-y.

MATLAB, 2014. version 8.4.0.150421 (R2014b). The MathWorks Inc., Natick,
Massachusetts.

McDonald, J.H., 2009. Handbook of Biological Statistics, vol. 2. Sparky House
Publishing, Baltimore, MD.

McDonald, J.H., 2014. Handbook of Biological Statistics. Sparky House Publishing,
Baltimore, MD,  URL http://www.biostathandbook.com/kruskalwallis.html.

Noble, C., Kadri, S., Mitchell, D.F., Huntingford, F.A., 2007. Influence of feeding
regime on intraspecific competition, fin damage and growth in 1+ Atlantic
salmon parr (Salmo salar L.) held in freshwater production cages. Aquacult. Res.
38  (11), 1137–1143, http://dx.doi.org/10.1111/j.1365-2109.2007.01777.x.

Noble, C., Kadri, S., Mitchell, D.F., Huntingford, F.A., 2008. Growth, production and
fin  damage in cage-held 0+ Atlantic salmon pre-smolts (Salmo salar L.) fed
either (a) on-demand, or (b) to a fixed satiation–restriction regime: data from a
commercial farm. Aquaculture 275 (1), 163–168, URL http://www.
sciencedirect.com/science/article/pii/S0044848608000069.

Noble, C., Mizusawa, K., Suzuki, K., Tabata, M.,  2007. The effect of differing
self-feeding regimes on the growth, behaviour and fin damage of rainbow
trout held in groups. Aquaculture 264 (1–4), 214–222, URL http://www.
sciencedirect.com/science/article/pii/S0044848606009276.

Norwegian Directorate of Fisheries, 2013. Lønnsomhetsundersøkelse for
matfiskproduksjon, URL http://www.fiskeridir.no/statistikk/akvakultur/
loennsomhet/matfiskproduksjon-laks-og-regnbueoerret.

Oehme, M.,  Aas, T.S., Sørensen, M., Lygren, I., Åsgård, T., 2012. Feed pellet
distribution in a sea cage using pneumatic feeding system with rotor spreader.
Aquacult. Eng. 51, 44–52, URL http://www.sciencedirect.com/science/article/
pii/S0144860912000568.

Oppedal, F., Dempster, T., Stien, L.H., 2011. Environmental drivers of Atlantic
salmon behaviour in sea-cages: a review. Aquaculture 311 (1–4), 1–18, URL
http://www.sciencedirect.com/science/article/pii/S0044848610007933.

Osborne, J., 2002. Notes on the use of data transformations. Pract. Assess. Res. Eval.
8  (6).

Pond, S., Pickard, G.L., 1983. Introductory Dynamical Oceanography, 2nd ed.
Butterworth-Heinemann, Oxford, ISBN 0-7506-2496-5.

Rasmussen, R.S., Larsen, F.H., Jensen, S., 2007. Fin condition and growth among
rainbow trout reared at different sizes, densities and feeding frequencies in
high-temperature re-circulated water. Aquacult. Int. 15, 97–107, http://dx.doi.
org/10.1007/s10499-006-9070-1.

Ruzzante, D.E., 1994. Domestication effects on aggressive and schooling behavior
in  fish. Aquaculture 120, 1–24, URL http://www.sciencedirect.com/science/
article/pii/0044848694902178.

Ryer, C.H., Olla, B.L., 1996. Growth depensation and aggression in laboratory reared
coho salmon: the effect of food distribution and ration size. J. Fish Biol. 48 (4),
686–694, http://dx.doi.org/10.1111/j.1095-8649.1996.tb01464.x.

Skøien, K.R., Alver, M.O., Alfredsen, J.A., 2014. A computer vision approach for
detection and quantification of feed particles in marine fish farms. In: IEEE
International Conference on Image Processing (ICIP), October 2014, pp.
1648–1652.

Skøien, K.R., Alver, M.O., Alfredsen, J.A., 2015. Modelling spatial surface pellet
distribution from rotary pneumatic feed spreaders. In: Proceedings of the 23rd
Mediterranean Conference on Control and Automation.

Skøien, K.R., Alver, M.O., Lundregan, S., Frank, K., Alfredsen, J.A., 2016. Effects of
wind on surface feed distribution in sea cage aquaculture: a simulation study.
In: European Control Conference ECC16.

Skretting, 2012. Fôr. Tech. rep., Skretting (in Norwegian).
Sørensen, M.,  2012. A review of the effects of ingredient composition and

processing conditions on the physical qualities of extruded high-energy fish
feed as measured by prevailing methods. Aquacult. Nutr. 18 (3), 233–248,
http://dx.doi.org/10.1111/j.1365-2095.2011.00924.x.

SPSS, 2015. IBM SPSS Statistics for Mac, Version 23.0. Released 2015. IBM Corp.,
Armonk, NY.

Sutherland, T., Amos, C., Ridley, C., Droppo, I., Petersen, S., 2006. The settling
behaviour and benthic transport of fish feed pellets under steady flows.
Estuaries Coasts 29 (5), 810–819, URL http://eprints.soton.ac.uk/44121/.

Symons, P.E.K., 1971. Behavioural adjustment of population density to available
food  by juvenile Atlantic salmon. J. Anim. Ecol. 40 (3), 569–587, URL http://
www.jstor.org/stable/3438.

Talbot, C., 1993. Some biological and physical constraints to the design of feeding
regimes for salmonids in intensive cultivation. In: Reinertsen, H., Dahle, A.A.,
Jùrgensen, L., Tvinnereim, K. (Eds.), Fish Farming Technology. Balkema,
Rotterdam, pp. 19–26.

Talbot, C., Corneillie, S., Korsøen, Ø., 1999. Pattern of feed intake in four species of
fish  under commercial farming conditions: implications for feeding
management. Aquacult. Res. 30 (7), 509–518, http://dx.doi.org/10.1046/j.
1365-2109.1999.00369.x.

Ytrestøyl, T., Aas, T., Berge, G., Hatlen, B., Sørensen, M.,  Ruyter, B., Thomassen, M.,
Hognes, E., Ziegler, F., Sund, V., et al., 2011. Resource utilisation and
eco-efficiency of Norwegian salmon farming in 2010. Nofima Rep. 53 (2011),
65.

Paper E

108



Paper F

Paper F Effects of wind on surface feed distribution
in sea cage aquaculture: A simulation study
(in press)

(Skøien et al., 2016d)
Skøien, K. R., Alver, M. O., Lundregan, S., Frank, K., and Alfredsen, J. A. Effects
of wind on surface feed distribution in sea cage aquaculture: A simulation study
(in press). In European Control Conference ECC16, 2016d

©2016 IEEE. Reprinted, with permission, from Skøien, K. R., Alver, M. O.,
Lundregan, S., Frank, K., and Alfredsen, J. A., Effects of wind on surface feed dis-
tribution in sea cage aquaculture: A simulation study, Control Conference (ECC),
2016 European, June 2016.
©EUROPEAN CONTROL ASSOCIATION (EUCA)

Errata:
• On p. 4, Figure 3: all "%" signs

...should have been:
RMSE*100

109





Effects of Wind on Surface Feed Distribution in Sea Cage Aquaculture:
A Simulation Study

Kristoffer Rist Skøien1,∗, Morten Omholt Alver1,2, Sarah Lundregan2, Kevin Frank2 and Jo Arve Alfredsen1

Abstract— This study examines the simulated effects of wind
on the spatial surface distribution of pelletized feed from rotary
pneumatic spreaders which are used extensively in sea cage
aquaculture. A robotic model of the spreader and external
ballistic description of the pellet trajectories have been extended
to include wind forces, and the spatial distribution is compared
for different sized pellets in various wind fields. The results
show that overall effects of wind on spatial pellet distribution
is limited, however, there is a negative correlation between wind
and surface coverage.

I. INTRODUCTION

Global production of farmed Atlantic salmon (Salmo salar)
has expanded from 297 to more than 2,087,000 tonnes from
1970 to 2013 [1]. Norway and Chile are major producers but
production is also substantial in Australia, the Faroe Islands,
Great Britain and North America [2]. The final and most
extensive phase of the farming process is undertaken in the
marine environment employing floating rectangular or circu-
lar sea cages where the latter usually have a circumference
of 90-157 m and a depth of up to 48 m [2]. The current trend
in salmon aquaculture points towards even larger production
volumes. In Tasmania, cages up to 240 m circumference are
in use and larger facilities located at more exposed sites
are emerging as a new farming alternative. A single cage
unit in Norway may currently hold a maximum of 200,000
individuals at a stocking density of 25 kg/m2 [3]. The daily
feed ration is often approximated to 1% of the biomass
[4] and with a slaughter weight of 5 kg up to 10 tonnes
feed/day will be administered to a single sea cage towards
the end of the production cycle. At Norwegian salmon and
trout farms close to 1.7 million tonnes of feed was used
in 2014 worth close to e200 million [5] which represents
around 50% of the total farming costs [6]. 7% of the feed
are estimated to be lost into the surroundings [7] giving a
substantial economic loss for the farmer and poor use of
valuable resources [8]. Feed in the form of 3-12 mm diameter
pellets [9] is stored on a local barge where compressed air
is used to convey the pellets through pipes to the individual
sea cages. Pellets are distributed across the water surface by
a floating rotary pneumatic spreader (Fig. 1) situated in the
center of the sea cage where the rotation and throw of pellets

1Faculty of Information Technology, Mathematics and Electrical Engi-
neering, department of Engineering Cybernetics, Norwegian University of
Science and Technology NTNU, Trondheim, NO-7491, Norway

2SINTEF Fisheries and Aquaculture, Trondheim, NO-7465, Norway
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This research has been funded by the Centre for Research-based Inno-

vation in Aquaculture Technology (CREATE), SINTEF Sealab, Trondheim,
NO-7465, Norway.

are both driven by the airflow. Questions have been raised
with respect to whether such a method of feed distribution
is satisfying concerning equal feed access for all individuals,
feed loss and aggression levels within the sea cage. The
spatial surface distribution from the rotary spreader provides
the initial positions from which currents, turbulence and sink
rate further transport and diffuse the pellets within the water
column, and thereby contributes fundamentally to the pellet
dispersion within the cage. Feed access is determined by
the spatio-temporal feed distribution and ration size [10] and
suboptimal feeding is related to both reduced and inefficient
growth in Atlantic salmon [10]. The surface distribution
from two spreaders was quantified empirically by [4] which
showed that the spatial distribution was annular in nature and
skewed towards one side. One might assume that wind will
significantly increase the surface coverage, but that might not
be the case as argued by this study. A robotic and ballistic
description of a pneumatic spreader has been constructed
[11] to enable simulation of different spreader configurations
and the effects on the spatial feed distribution.

This study expands the spreader model [11] with a more
comprehensive robotic model, a refined description of the
ballistic transport of pellets as well as including the effects
of wind in the equations. Results with different wind speeds
and the subsequent effects on the surface distribution are
presented.

II. SPREADER MODEL

A. Reference Frames

This section is based on [11] and provides a summary
of the robotic and ballistic spreader model as well as the
extensions presented in this study. The reference frames in
the model are based on [12], [13], [14] and are all right-
hand systems. The base frame (frame of origin) is situated
in the center of the sea cage, considered inertial and defined
according to North-East-Down (NED) and given by {Oa} =
(xa, ya, za). xa points North, ya East and za Down into the
sea normal to the xa, ya water surface plane. The body-
fixed frame of the spreader is given by {Ob} = (xb, yb, zb)
and is fixed at the center of the buoy in the water plane
(Fig. 1). xb is directed towards the pneumatic feed pipe
away from the spreader, yb to the right seen from above
and zb down towards the counterweight. Finally, the center
pipe fixed frame {Oc} = (xc, yc, zc) is located above the ball
bearing on the rotating part of the spreader. The roll, pitch
and yaw of the spreader {Ob} with respect to the base frame
{Oa} is given by the Euler angles Θab =

[
φb θb ψb

]T
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Fig. 1. Model of a pneumatic rotary feed spreader based on the ”CF90
Double” (AKVA group, Bryne, Norway). A 450 mm radius center pipe and
600 mm outlet pipe was used in the experiment and the model. The base
frame {Oa} has been relocated for clarity, {Ob} is fixed at the center of
buoyancy and {Oc} fixed to the center pipe. This figure is licensed under
a Creative Commons BY-NC-SA license.

∈ S3. Since the spreader is moored by three ropes at roughly
120° intervals to the sea cage it can not translate in the xa, ya
plane and yaw rotation is restricted. The pseudo-sinusodial
motion of the spreader caused by waves is expected to
average out over time [11]. Consequently, ψb = 0 and the
position vector Oa to Ob in the {Oa} frame is given by
oab =

[
xab yab zab

]T
=
[
0ab 0ab 0ab

]T ∈ R3. The only
degree of freedom between {Ob} and {Oc} is the rotation
of the ball bearing, hence the rotation between the two can
be described by Θbc =

[
0 0 ψc

]T ∈ S3.

B. Kinematic Model

To determine the position and attitude of the outlet pipe
opening where the pellets begin their ballistic trajectory as a
function of the attitude given by

[
φb θb ψc

]T
, a robotic

description and the Denavit-Hartenberg (DH) convention
[13], [14] was used in [11]. The same model is applied
here with some extensions. The spreader is modelled as a
robotic manipulator with n joints and n+ 1 links. Adhering
to established robotic conventions [13], [14] the joints and
links are sequentially numbered starting from the base frame
which is given by

{Oa} = (xa, ya, za) = {O0} = (x0, y0, z0) (1)

[11] to the outlet pipe opening (end effector) {On}.
{Oa}...{Oc} is used for the physical system and
{O0}...{On} used for the robotic description. The first joint
aligns z1 in order to adhere to the DH convention followed
by two joints describing the roll and pitch of the spreader
analogous to a 2 degrees of freedom (DOF) spherical wrist.
This is followed by the center pipe yaw, the static center pipe

bend of the spreader, a joint allowing rotation of the outlet
pipe to alter the angle pellets are thrown with respect to the
water and the final bend before the outlet pipe opening. As
opposed to [11], in this study the stochastic angle which the
pellets exit the outlet pipe is modelled as another 2 DOF
spherical joint at the end of the outlet pipe allowing angular
variation to be added to the attitude of the origin of the
ballistic trajectory. This horizontal and vertical variance is
added by

θw,vert = N (0, σ2
out)upel (2a)

θw,horz = N (0, σ2
out)upel (2b)

The rotation and translation from {O0} to {On} is given
by

H =

[
R0
n o0n

01×3 1

]
(3)

which is a homogeneous transformation matrix [13], R0
n is

a rotation matrix and o0n =
[
x0n y0n z0n

]T
is the vector

giving the position of {On} relative to {O0}. H is given by
a series of joints

H = T 0
n(q) =

n∏

i=1

Ai−1
i (qi) =

n∏

i=1

[
Ri−1
i (qi) oi−1i (qi)
01×3 1

]

(4)
q =

[
q1 · · · qn

]T
is the joint variables given by either

qi = θi or qi = di if the joint is revolute or prismatic
respectively. The full description as a function of the afore-
mentioned joint variables is given by

H = A0
1(q1)...A10

11(q11) (5)

This description is not minimal as it includes two addi-
tional joints for visualization purposes and hence does not
strictly adhere to the DH convention. Based on [11] the
vector describing the ballistic origin of the pellets is defined
as

ξ =
[
ξx ξy ξz

]T
= on−2n = o0n − o0n−2 (6)

which is then normalized giving the vector ξ̂.

III. EXTERNAL BALLISTIC MODEL

The external ballistic description is based on [11] and
modified with the inclusion of wind as well as a more
accurate and dynamic description of the drag coefficient.
Let u be the speed of a given pellet upon exiting the outlet
pipe of the spreader. The two bends of the spreader will
negatively affect the pellet speed as solids get separated from
the transport fluid [15] and collide with the bend wall. We
assume that most pellets will slide along the outer edge of
the bend as they pass through the spreader. The first bend
which changes the pellet direction from horizontal to vertical
will negatively affect all pellets. If the following bend (the
outlet pipe) points in the direction of the feed pipe (ψc = 0)
or in fact the range ψc = [3π/2, π/2] (clockwise) pellets will
experience a continuous sweeping bend. On the other hand,
at ψc = (π/2, 3π/2) there will be an additional impact point
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likely resulting in reduced speed which will be most extreme
at ψc = π. This effect is modelled by Eq. 7:

u =

{
upel + cos(ψc) ∗ kψ +N (0, σ2

pel) if π
2 < ψc <

3π
2

upel +N (0, σ2
pel) else

(7)
where upel is the speed of the pellet in the vertical section of
the spreader before passing the ball bearing, cos(ψc) ∗ kψ is
a simplified description of the speed reduction experienced
as a function of ψc and kψ is a tuning parameter. N (0, σ2

pel)
represents a Gaussian term to account for the variance of
the pellet speed. The velocity components in R3 are simply
obtained by

v =
[
vx vy vz

]T
= ξ̂u (8)

as in [11]. A wind field is introduced and considered spatio-
temporally constant with no component in za:

w =
[
wx wy 0

]T
(9)

The relative velocity of a pellet to the wind may be expressed
by

∆v =| ∆v |=| v −w | (10)

The pellets are modelled as a point mass with weight m and
area A. From [16] the drag force can be expressed as:

Fd = −1

2
Cd∞ρairAproj∆v

2 (11)

The air density is set to ρair = 1.2 kg/m3, viscosity
µair = 1.8∗10−5 Ns/m2 [16], Aproj is the projected (frontal)
area and Cd∞ is the drag coefficient in an unbounded fluid.
Cd∞ = f(Re) and

Re =
ρair∆vdsph

µair
(12)

where dsph is the diameter of a sphere which is volume
equivalent to the pellet. In [11] pellets were treated as
spherical particles. However, pellets are of a cylindrical shape
characterized by their diameter dp and height hp and the
standard drag curves does not describe these non-spherical
particles well [15]. To describe the sphericity of a particle,
a shape factor is introduced [17].

ψsph := Asph/A (13)

ψsph is given as the surface area of the volume equivalent
sphere divided by the pellet surface area and is the most
commonly used shape factor descriptor [15]. For pelleted
fish feed dp ≈ hp → ψsph = 0.874. In [11] Cd∞ was
fixed as there was no wind present, hence Re remains fairly
constant through the ballistic path of a pellet and a suitable
fixed value of Cd∞ could be used. With the introduction
of wind however, Re may vary substantially and a dynamic
description must be obtained. The description by [18] was
used to obtain the dynamic value of Cd∞ because of its low

complexity and correspondence with empirical results [19].

Cd∞ =
24

Re
(1 + (8.716exp(−4.0655ψsph))

R
(0.0964+0.5565ψsph)
e +

73.69Reexp(−5.0748ψsph)

Re + 5.378exp(6.2122ψsph)

(14)

Invoking Newton’s second law and using [20] the motion of
a pellet can be described on vector form

d∆v

dt
= − κ

m
Cd∞(∆v, ψsph) ‖ ∆v ‖ ∆v + g (15)

κ = 1
2ρairAproj and g =

[
0 0 g

]T
, g = 9.81 m/s2. Since

w is constant this can be expressed as

dvx
dt

= − κ
m
Cd∞(∆vx, ψsph)∆vx||∆v|| (16a)

dvy
dt

= − κ
m
Cd∞(∆vy, ψsph)∆vy||∆v|| (16b)

dvz
dt

= − κ
m
Cd∞(∆vz, ψsph)∆vz||∆v||+g (16c)

dsx
dt

= vx (16d)

dsy
dt

= vy (16e)

dsz
dt

= vz (16f)

Finally, to the describe the variability in the ballistic trajec-
tories the following description from [11] was used

sx,imp = sx(T ) +N (0, σ2
s)T (17a)

sy,imp = sy(T ) +N (0, σ2
s)T (17b)

where sx,imp and sy,imp are the impact points in the 2D
water plane and T is the total flight time from t = 0 until
sz(t) >= 0.

IV. EXPERIMENT

For the purpose of tuning and model validation, an ex-
periment was undertaken in July 2014 at Rataren (Frøya,
Norway). The CF90 Double spreader (AKVA group, Bryne,
Norway) was used for the experiment connected to the feed
barge via 450 m pipe transporting 9 mm pellets (Skretting
Biostar; Optiline Premium XL, 2500 50A). Styrofoam boxes
measuring 40 × 80 cm clamped together on the long side
were placed in a cross pattern at 90° intervals away from
the spreader with 26 boxes in each direction. As there was a
0.75 m gap between the spreader and innermost boxes, the
distance from the center to the end of each row of boxes
totaled 11.15 m. The first row of boxes was placed as close
as possible to the feed pipe in the +xa direction. Hence, the
next three clockwise rows captured a 80 cm wide area in
+ya, −xa and −ya. Three replicates were conducted at 20
m/s conveying airspeed. For all replicates the spreader was
allowed to spin up using only air before feeding commenced
for one minute at 20 kg/min which led to the total capture
of 8287 pellets. Wind speed was low for the three replicates
and measured to be 0.92, 1.14 and 1.47 m/s. The full details
of this experiment have not been elaborated upon in this
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study, but the experimental results from the three 20 m/s
airspeed replicates have been used to tune the parameters of
the model.

V. SIMULATION CONFIGURATION

To visualize the effects of pellet size and wind the simu-
lations were run across two different pellet sizes according
to Tab. I with four different wind conditions. Across all

TABLE I
EIGHT SIMULATION SCENARIOS USING TWO PELLET SIZES AND FOUR

DIFFERENT WIND VELOCITIES IN THE +xa DIRECTION. ∗THE 9 MM 0
M/S SCENARIO WAS USED TO TUNE THE MODEL BASED ON

EXPERIMENTAL DATA.

Dia. [mm] Weight [g] Proj. Area [mm2] Wind [m/s]
9 mm 0.64 81 0∗ 5 10 15
6 mm 0.19 36 0 5 10 15

simulations the homogeneous wind field only acted along
+xa. The scenario 9 mm 0 m/s was used to tune the param-
eters upel, σpel, kψ , σout and σs based on the results from
the experimental study. The model was run with the xa, ya
surface plane discretized into 5 × 5 cm bins. The contents
of bins corresponding to the position of the Styrofoam boxes
in the experiment have been summed hence the pellet count
in each virtual 40 × 80 cm box is the sum of 8 × 16
bins which is the base of the following plots. For surface
coverage calculations, any pellets present in a 40 × 40 cm
area is classified as covered. The results were obtained with
the parameters: upel = 6.8 m/s, σpel = 0.7 m/s, kψ = 1.1,
σout = 1.5° and σs = 1.25 m. The 9 mm simulations were
run with dp = hp = 0.9 mm and m = 0.64 g. 6 mm pellet
simulations were run with identical model parameters except
dp = hp = 6 mm and m = 0.19 g.

The proposed model was implemented in MATLAB and
each ballistic trajectory calculated using ODE45 with 360
pellets released for each revolution of ψc. A total of 240
revolutions → N = 86.400 pellets were run for each of the
simulated scenarios.

VI. RESULTS

Fig. 2 presents the manually tuned model and the corre-
sponding experiment.
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Fig. 2. Comparison of the manually tuned model with no wind present
and the experimental results. Normalized concentration of pellets in virtual
boxes. CC-BY-SA

Tab II presents the percentage of the surface area contain-
ing pellets in the different simulation scenarios providing
insight into the effects of wind on overall pellet distribution.
This measure is however quite crude as it is a binary

representation of each bin and hence do not take into account
the actual number of pellets in a given bin. A secondary
measure of spatial uniformity in the form of global Shannon
entropy (GSE) [21] given by

pi = ni/

Nbin∑

i=1

ni = ni/N (18)

GSE = −
[Nbin∑

i=1

pilog2(pi)
]
/log2(Nbin) (19)

is also presented in Tab. II. A coarser grid has been selected
for this statistic with a total of Nbin = 256 bins and ni is
the number of pellets in a given bin. Given complete spatial
randomness GSE = 1 and a small value of GSE indicates a
low level of uniformity [21].

TABLE II
SIMULATED SURFACE COVERAGE WITH RESPECT TO A 157 M

CIRCUMFERENCE SEA CAGE AND CENTER OF MASS FOR THE SURFACE

DISTRIBUTION.

Dia. [mm] Wind [m/s] 0 5 10 15

9 mm
Surface cover. [%] 14.3 14.3 13.0 12.4

GSE .570 .569 .548 .543
Cnt. mass +xa [m] 0.37 1.17 2.20 3.64

6 mm
Surface cover. [%] 13.1 13.1 11.8 11.2

GSE .556 .555 .534 .520
Cnt. mass +xa [m] 0.33 1.37 2.67 4.45

Fig. 3 and 4 presents the normalized concentration of
pellets in the virtual boxes in the along and across directions.
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Fig. 3. Comparison of simulated effects on 9 mm pellets at 0, 5, 10 and
15 m/s wind speed. CC-BY-SA
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Fig. 4. Comparison of simulated effects on 6 mm pellets at 0, 5, 10 and
15 m/s wind speed. CC-BY-SA

Fig. 5 and 6 presents a heat map of the surface distribution
of 9 mm pellets at 0 and 10 m/s wind respectively.

VII. DISCUSSION

A. Results

As can be observed in Fig. 2 the simulated results and
experimental data correspond well which is to be expected as
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Fig. 5. Surface distribution of 86400 9 mm pellets, 5 × 5 cm grid. No
wind present. xa and ya indicated by a red and green arrow respectively.
CC-BY-SA
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Fig. 6. Surface distribution of 86400 9 mm pellets, 5 × 5 cm grid. 10 m/s
wind in the +xa direction. xa and ya indicated by a red and green arrow
respectively. CC-BY-SA

the parameters of the model in this wind simulation study has
been tuned based on this scenario. Automated tuning through
for instance least squares minimization between simulated
and experimental surface coverage might be an option but
cumbersome due to the high number of pellets, the stochastic
nature of several model parameters and the likelihood of
multiple local minima. The main cause of the observed
difference in Fig. 2 is probably due to the model being
run with a perfectly vertical spreader. This configuration
was chosen in order to generalize the results making them
applicable to the most realistic or average scenario of a
vertical spreader. However, the spreader is sensitive to the
mounting of the feed pipe which may cause a torque and
accordingly lead to an rotational offset most prominent in
roll. There has probably been a roll offset in the experiments
which may explain the different concentrations of pellets in
the ”across” boxes in Fig. 2. Taking experimental results
during strong winds into account would have been greatly
beneficial but such data is challenging to obtain.

The surface coverage and the respective wind speed can

be seen in Tab. II. As stronger wind speeds are applied in the
9 mm scenario it is evident from Fig. 3 that wind leads to
decreased concentrations and shorter throw upwind from the
spreader and accordingly longer average throw lengths and
increased concentrations downwind as should be expected.
There is a minor decreasing trend in the corresponding
surface coverage and GSE from 0 wind to 15 m/s (Tab. II).
It seems that stronger wind decreases the spatial distribution
upwind and increases it downwind as well as the net spatial
distribution being negatively correlated with wind speed. In
the across direction (Fig. 3), increased wind reduces the
throw length into the virtual boxes. This result is as expected
as pellets thrown in the across directions will curve towards
+xa. For the 6 mm simulations in Fig. 4 identical effects
can be seen. The 6 mm pellets are carried further in +xa
relative to the 9 mm pellets as is expected due to the large
change in m relative to Aproj .

Accurately describing upel in such a multi-particle system
is complex [15] due to gas expansion along the pneumatic
transport pipe, multi-particle interactions, electrostatic ef-
fects and the combination of horizontal and vertical pellet
transport. The parameter σout has been manually tuned in
this study. However, experimental work has been undertaken
mounting a high speed camera to the outlet pipe of the
spreader providing new insight into the behavior of pellets
exiting the spout as a function of ψc. This data is still being
analyzed and will lead to a more accurate description of
pellet behavior at the outlet pipe opening.

The Jacobian has not been considered in dis study since
q̇psi is the only non-zero element in q̇. This rotation causes
a tangential velocity component at the outlet pipe opening.
However, since the rotation is driven by the airflow due to the
angled cut of the outlet pipe, it is assumed that the airflow
will cancel this velocity component.

The simulations cover an array of wind speeds spanning
what may be commonly experienced at a Norwegian fish
farm. For increasing wind speed across both pellet sizes the
surface coverage shows an overall decreasing trend. Due to
the annular surface feed pattern created by the spreader, wind
does not seem to assist in providing any increased spatial
distribution of feed. Evenly distributing feed is believed to
be beneficial for the fish in the form of reduced aggression
levels and growth promotion [22], [23], [24], [25], [26], [27],
[28], [29]. Simulation results from [30] increases this belief,
albeit up to a certain point where a too extensive spread
pattern combined with strong currents may lead to feed loss
through the cage wall.

The results from this study indicate that wind has a limited
influence on the surface pellet distribution compared to the
overall area of the sea cage. In addition, winds up to 15
m/s generally lead to a decrease in spatial distribution but
also seems to result in higher local concentrations of feed
pellets. This suggests that design of spreaders may not rely
on wind to further increase the feed distribution. Finally, it is
evident that wind may shift the center of pellet mass by over
4 meters. The spreader tends to be mounted in the center of
the cage, so any surface translation of pellets will lead to
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feed being thrown closer to the cage wall, increasing the
likelihood of feed loss in high currents.

B. Further work
Analysing the results of the high speed camera at the outlet

pipe will provide new insight into the pellet velocity and the
angles from which pellets exit the spreader. A more thorough
investigation should also be performed with respect to the
external ballistic properties of feed pellets. The roughness of
the pellet should be determined more accurately as this will
affect the drag, and a more accurate model of wind diffusion
should be implemented. Further investigation into the effects
from these simulations on fish behaviour, subsurface feed
distribution and feed loss are planned. The results from the
current model will be used to seed the surface distribution
in a full sea cage model [30], [31] and the effects of wind
and spreader configurations can be investigated in depth.

VIII. CONCLUSION
In this study, a pneumatic rotary feed spreader model

has been extended by implementing a new representation
of how pellets leave the spreader, taking into account the
sphericity factor and providing a new manner of calculating
the drag coefficient. The present study also provides verifica-
tion through an experiment performed with a rotary spreader
identical to the one the model is based upon. Simulations
of various pellet sizes in wind fields have been performed
and elaborated upon. The results indicate that wind has a
limited effect on surface coverage, however, increasing wind
is negatively correlated with coverage. The center of mass
of the pellet cloud may be shifted by over four meters at 15
m/s winds depending on the pellet size.
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a b s t r a c t

Pneumatic rotary feed spreaders represent essential equipment in the feeding system of present day
industrial-scale sea cage aquaculture. This study presents experimentally obtained attitude measure-
ments and corresponding surface distribution patterns of pellets in order to characterize the dynamic
behavior and performance of such spreaders. Spreader attitude and direction were measured by employ-
ing an attitude and heading reference system along with a rotary encoder. In addition, an unmanned aer-
ial vehicle (UAV) was used to record pellet surface impacts from the air, and the position and direction of
the spreader was obtained by applying computer vision methods to the recorded video. The proposed
UAV method was fast to deploy, requires minimal equipment installation and presents a viable alterna-
tive to the approach of collecting pellets manually using Styrofoam boxes as reported in earlier studies.
The findings from this study may be used as a base for further development and refinement with respect
to using an UAV to observe the performance and spatial pellet distribution from various feed spreaders
used in aquaculture. Such a tool may be valuable for farmers and equipment producers which may easily
evaluate the performance of various spreader designs. In addition, the results serve as valuable input for
parametrization and validation of mathematical feed spreader models.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Atlantic salmon (Salmo salar) farming has over the last few dec-
ades grown to become a major source of food and the business has
become a significant employer and contributor to the national
income of several countries (Oppedal et al., 2011). Annual global
production has been able to increase to over 2,087,000 tonnes
(FAO, 2015) due to continuous knowledge-based improvements
and optimizations of the farming process. After an initial hatching
and growth period which takes place in indoor tanks, the salmon
smolts are transferred to floating sea cages where the main part
of the grow-out phase takes place. These cages are typically cylin-
drical with a diameter of 29–50 m and depth down to 48 m
(Oppedal et al., 2011). However, 76 m diameter cages are currently
in use in Tasmania, and efforts are being directed towards develop-
ment of even larger structures for deployment in more exposed

coastal and offshore locations. According to Norwegian legislation,
one cage may hold a maximum of 200,000 individuals and the
stocking density is limited to 25 kg/m3 (Norwegian Ministry of
Fisheries and Coastal Affairs, 2008). Given a slaughter weight of
5 kg/fish and a daily feed ration of 1% (Oehme et al., 2012), 10 ton-
nes of feed per day may be distributed in a single cage with each
farming site typically consisting of 4–16 cages. Feed constitutes
close to 50% of all farming costs (Norwegian Directorate of
Fisheries, 2015) and about 1.7 million tonnes of feed were used
at Norwegian salmon and Trout farms in 2014, worth close to
€2000 million (Norwegian Directorate of Fisheries, 2014). Substan-
tial economic incentives thus exist with respect to optimization of
feed utilization.

Feed pellets are cylindrical, 3–12 mm in diameter with a speci-
fic density that is slightly higher than salt water allowing the pel-
lets to sink at 6–20 cm/s. For the majority of the growth phase, a
centrally located pneumatic rotary spreader (Fig. 1) handles the
feed distribution across the water surface. Feed is transported to
the site by ship and offloaded into silos on a local barge which

http://dx.doi.org/10.1016/j.compag.2016.08.020
0168-1699/� 2016 Elsevier B.V. All rights reserved.
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typically handles feed delivery and monitoring of an array of sea
cages. A set of blowers supply compressed air which propels pel-
lets along feed pipes to the individual sea cages. The outlet pipe
of the spreader has a spiral shape and is cut at an angle which
causes the airflow to create a torque about the vertical (zc) axis,
inducing the rotation of the center and outlet pipe. The airflow is
the driving force for both the rotation as well as the feed throw
and pellets are expected to leave the spreader at about 6.6–
9.4 m/s (Kevin Frank, pers. comm.) depending on airspeed,
spreader configuration and length of the feed pipe. As a result
the spreader creates an annular feed distribution pattern across
the surface (Oehme et al., 2012; Skøien et al., 2016).

The spatiotemporal feed distribution within the sea cages is an
important factor as it links to fish welfare, aggression, growth rate
and feed loss. In Atlantic salmon, suboptimal feed intake is related
to inefficient and reduced growth (Einen et al., 1999). Confinement
of spatial and temporal availability or the amount of feed should
not occur so fish may forage unrestrictedly (Talbot et al., 1999)
and these factors also affect growth variation and aggression
(Olla et al., 1992). The feed availability is a central factor in achiev-
ing efficient production (Juell, 1995) and a highly localized delivery
of feed may lead to monopolization by dominant individuals (Juell,
1995).

Summaries by Ruzzante (1994), Attia et al. (2012) and Talbot
(1993) discusses relations between agonistic behavior and feeding
in salmonids, and it is likely that large distribution of feed will
reduce agonistic behavior and positively affect growth (Thorpe
et al., 1990; Ryer and Olla, 1991; Olla et al., 1992; Thomassen
and Lekang, 1993; Thorpe and Cho, 1995; Ryer and Olla, 1996;
Kadri et al., 1996; Attia et al., 2012). However, one should keep
in mind that salmonids do well at adapting to different feeding
regimes (Talbot, 1993; Thorpe and Cho, 1995; Talbot et al., 1999;
López-Olmeda et al., 2012). Feed loss from commercial farms have
been estimated to 7% (Gjøsæter et al., 2008) which results in poor
resource utilization (Thorpe and Cho, 1995; Alfredsen et al., 2007).

These studies warrant the belief that spatiotemporal feed distri-
bution is an important topic that should be studied closely and
optimized. To investigate the complicated joint effects of fish phys-
iology, behavior, feed distribution and environmental factors, a
range of sea cage and fish models have been created (Alver et al.,

2004; Føre et al., 2009; Alver et al., 2016). The feed distribution
from the spreader seeds the initial surface distribution used in
these models and is thus of importance. Oehme et al. (2012)
showed that the surface feed distribution from a rotary spreader
only covered a limited percentage of the surface area and was
skewed to one side. This result warranted a further inquiry into
the behavior and performance of the spreader itself. Measurements
of spreader attitude has been made in Skøien and Alfredsen (2014)
and physical models of its behavior has been created in Skøien
et al. (2015, 2016).

Experiments obtaining the spatial surface pellet distribution
from a rotary feed spreader have been conducted earlier by
Oehme et al. (2012) and Skøien et al. (2016). Both studies
employed Styrofoam boxes floating on the water surface to capture
pellets and subsequently deducing the surface spread pattern from
a section of the surface area. Oehme et al. (2012) used two rows of
boxes attached to each other on the long side on each side of the
spreader, forming a single line. In Skøien et al. (2016) this arrange-
ment was expanded to four rows, effectively capturing pellets in a
cross formation. The experimental setup proved able to accurately
quantify the pellet distribution in the area covered by each box,
however, with limited spatial resolution. The majority of pellets
land outside the boxes leaving a substantial area of the surface
unmapped. This method is also expensive and laborious due to
the time it takes to count or photograph the contents of each box
and empty them for each replicate run of an experiment. The posi-
tion of the boxes are difficult to maintain in high winds and
requires personnel inside the sea cage at almost all times.

This study presents an alternative method of determining sur-
face pellet distribution using an unmanned aerial vehicle (UAV)
and also provides attitude data obtained from a representative
rotary pneumatic spreader (CF90 Double, AKVA group, Bryne, Nor-
way) across different operating conditions. The results are then
compared and discussed in relation with previously obtained atti-
tude measurements from Skøien and Alfredsen (2014). In addition,
a novel method of obtaining the surface pellet distribution is pre-
sented, using an UAV to observe the surface of the sea cage. Both
experiments were run simultaneously to obtain corresponding
data for later use in simulations, model parametrisation and verifi-
cation of spreader models. The spreader models may in turn be

Fig. 1. The spreader with reference system definitions and with the measurement system (MS) mounted. Figure based on Skøien et al. (2016). In this figure the center pipe
points in the direction of the feed pipe, wb

c ¼ 0 or known as a ‘‘U” configuration due to the single U-bend the pellets experience through the spreader.
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used together with sea cage models which enable simulation of
different spreader configurations and the causal effect on parame-
ters such as growth rate and feed loss which might be a valuable
tool for farmers, farming equipment designers and the research
community.

2. Materials and methods

2.1. Definitions

This section presents the reference frames which are used to
describe the relative position and orientation between the sea
cage, spreader and UAV. The definitions are identical to Skøien
et al. (2015, 2016) based on Fossen (2011) and all systems are
right-handed. See Table 3 for the definition of commonly used
symbols. The rotation and translation of the spreader is deter-
mined with respect to a North-East-Down (NED) reference frame
which is considered inertial, positioned in the sea cage at the loca-
tion of the spreader and given by fOag ¼ ðxa; ya; zaÞ (Fig. 3). xa is
directed towards true north, ya towards east, and za points down
towards the earth center from the water surface plane spanned
by xa; ya. The body fixed reference frame is given as
fObg ¼ ðxb; yb; zbÞ and is fixed to the main body of the spreader
(Fig. 1). xb points towards the feed pipe, yb is directed to starboard
when looking in the þxb direction and finally zb is positive down
toward the submerged counterweight. Not considering the feed
pipe leading to the spreader, the origin Ob of fObg is fixed at the
center of the water plane area (Awp) of the spreader. This is the
point which the spreader rolls and pitches about (Fossen, 2011).
Hence, the center of origin (CO) equals the center of flotation
(CF), and CO = CF = Ob. fOcg ¼ ðxc; yc; zcÞ denotes the center pipe
reference system, fixed just above the ball bearing which allows
the center and outlet pipe to rotate. The spreader attitude which
is described between fOag and fObg is given by

Ha
b ¼ /a

b hab wa
b

� �T 2 S3 or the roll, pitch and yaw. Likewise, the

attitude between fObg and fOcg is given by Hb
c ¼ /b

c hbc wb
c

� �T
2 S3. Further, the position of the spreader is given by the vector

from Oa to Ob in the fOag frame given by oa
b ¼ xab yab zab

� �T 2 R3.
As stated in Skøien et al. (2015) the 6 degrees of freedom (DOF)

describing the rotation and translation of the spreader is given by

g ¼ oa
b Ha

b

� �T 2 R3 � S3 ð1Þ

The spreader is moored to the floating collar of the sea cage by
ropes, which ensures that no translational motion can occur with
respect to the sea cage. Hence xab ¼ yab ¼ 0. In addition, the effect
of waves on the vertical translation averages out over time and it
is stated that zab ¼ 0. The same ropes also restrict the rotation of
the spreader meaning that wa

b will be constant. Hence we define
wa

b ¼ 0. Finally, the center pipe of the spreader has only 1 DOF in

relation to the main body which is described by wb
c . This reduces

the system to

�oa
b ¼ 0 0 0½ �T ð2aÞ

Ha
b ¼ /a

b hab 0
� �T ð2bÞ

Hb
c ¼ 0 0 wb

c

� �T ð2cÞ

according to Skøien et al. (2015) which are three central parameters
obtained in this study. � indicates a constant variable. To provide a
visual reference for the camera on the UAV, the floating collar of the
sea cage was used. A separate reference frame is located on the sea
cage in the water plane denoted fOcageg (Fig. 3). Since the plane
spanned by xa; ya and xcage; ycage are identical, their relation can be
described by

�oa
cage ¼ �xacage

�yacage 0
� �T ð3aÞ

�Ha
cage ¼ 0 0 �wa

cage

� �T ð3bÞ

2.2. Hardware for attitude measurement

To obtain the attitude of the spreader, a custom measurement
system (MS) was constructed (Fig. 2). At the heart of the system
is a self contained attitude and heading reference system (AHRS)
(MTi-G, Xsens, Enschede, the Netherlands) providing Kalman fil-
tered estimates of the Euler angles between the inertial system
and the sensor Ha

m (X-Y-Z rotation sequence) as well as GPS time.
In addition to GPS, the sensor fusion algorithms draw upon mea-
surements from a total of 3 ⁄ 3 orthogonal accelerometers, gyro-
scopes and magnetometers. A 3D magnetic field mapping was
performed prior to the experiment to compensate for any static
offsets caused by the spreader. In order to reduce the effect of cen-
tripetal acceleration, the MS was mounted as close to the buoy as
possible. Since the AHRS is mounted close to the CO and the
dynamics of the spreader are slow (<2 Hz), this will limit the effect
of centripetal acceleration on the attitude estimation. Thus
Ha

m � Ha
b but it is assumed that Ha

m ¼ Ha
b. The latter will be used

for simplicity.
To obtain the angular position of the center pipe (wb

c ) an abso-
lute rotary encoder was used (VERT-X 2831-736-221-102, Contelec
AG, Biel, Switzerland) attached via a 1:1 synchronous belt from the
center pipe of the spreader. The encoder has an internal 12 bit res-
olution which is converted to an analog output in the range
0:1Ub ¼ Ulow 6 Uout 6 Uhigh ¼ 0:9Ub, corresponding to

0� < wb
c 6 360�. Ub = 5 V supply voltage. The angle is given by

wb
c ¼ Uout � Ulowð Þ � 360�= Uhigh � Ulow

� � ð4Þ
Due to noise issues, Ub could not be supplied directly from USB
power. In order to provide a low noise power supply, a data acqui-
sition (DAQ) unit (USB-6009, National Instruments, Austin, TX, USA)
was used. Uout was connected to both external analog inputs of the
AHRS as well as to the DAQ as a backup. The GPS antenna was
mounted 0.8 m above the water surface on a metal plane to reduce
the likelihood of adverse multipath issues. Power was supplied via a
USB hub from a computer in a small dinghy situated along side the
spreader which had access to additional power via a 12 V lead bat-
tery and a 230 V inverter.

Let without feed denote the experiments run with only air and
with feed describe the experiments where feed was introduced into
the airstream as would be done during normal operation. For the
without feed experiments AHRS log analysis started at least 15 s
after the spreader started to rotate to ensure stable operational
conditions. Similarly for the experiments with feed, the spreader
was allowed to spin up before feed was added to the airflow and
hence analysis started when feed first appeared at the spreader.
In order to gain insight into the effect of the position of the outlet
pipe on the spreader’s attitude, /a

bðwb
c Þ and habðwb

c Þwas derived, or in
other words, the roll and pitch as a function of the angular position
of the outlet pipe. This was done by rounding of integer degrees
wb

c ðtÞ 2 ð0;360� 2 R! wb
c ðtÞ 2 ½1;360� 2 Zþ and then traversing

wb
c ðtÞ; t ¼ ½tstart; tend� for each replicate, storing the corresponding

/a
b and hab which were averaged.

2.3. Aerial platform and image analysis

A Phantom 2 Vision+ (DJI, Shenzhen, China) quadcopter UAV
was used for aerial observation of the feed distribution patterns
in the experiment. This UAV was equipped with a three-axis gim-
bal stabilized 140� field of view (FOV) 1080 ⁄ 1920 pixel camera
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recording at 30 FPS. The orientation of the UAV camera (denoted
‘‘u”, Fig. 3) in relation to the spreader and the sea cage origin is

given by Hcage
u ¼ /cage

u hcageu wcage
u

� �T 2 S3 which can be described
by a rotation matrix Rcage

u Fossen (2011) and the position given by

ocage
u ¼ xcageu ycageu zcageu

� �T 2 R3. These parameters are important
as the orientation and translation of the camera relative to the
water surface and spreader must be known to obtain the world
coordinates of pellets from the image coordinates. The problem
is simplified by assuming /cage

u ¼ 0 and hcageu ¼ 0 which is handled

by the UAV gimbal, always keeping the camera perpendicular to
the water surface. Due to the short time frame of each recording,
the spreader and sea cage are considered inertial and the position
of the UAV is kept constant by the on board navigation system.
Hence, the translation may be considered constant �ocage

u but
unknown. In order to quantify the position of pellets in the image
in relation to the spreader, the homography matrix between the
image coordinates ðxu; yuÞ 2 R2. and the water surface plane
ðxa; yaÞ 2 R2 must be determined. A set of 18 chequerboard

Fig. 2. Overview of the measurement system (MS). The encoder was attached to the center pipe of the spreader using a 1:1 synchronous belt. The AHRS captured the spreader
attitude and also stored encoder data via external analog inputs. The DAQ acted as a power supply for the encoder and as redundant data storage. The waterproof laptop and
power supply system was situated in a dinghy beside the spreader.

Fig. 3. Aerial footage from the UAV. The spreader is located centrally in the image with the buoy and outlet pipe which is pointing left barely visible. The three mooring ropes
tying the spreader to the floating collar are readily visible. Two pellet impacts are distinguishable just to the right of the spreader. A support dinghy was situated close to the
spreader and due to the proximity almost no pellets ended up inside. The red lines were obtained from the Hough transform and the position of the spreader was analytically
determined. The yellow cross indicates the position of the virtual Styrofoam boxes and pellet impacts were only determined within this area. Three reference frames are
indicated in the image. fOug is the image coordinate frame given in pixels, fOcageg is the cage coordinate frame and fOag the inertial base frame. The average wind vector is
indicated, contributing to a positive shift of pellet impacts along xa and ya. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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calibration images at 1–3 m distance were extracted from a video
sequence and run through the MATLAB (2014) camera calibration
procedure, yielding the internal camera parameters at a mean error
of 0.34 pixels. The chequerboard calibration distance should ideally
be representative of the altitude of the UAV during the experiment
which were in the order of 30–36 m, but basic tests yielded length
errors of maximum 1.3%. All images were undistorted using the
obtained camera parameters. �ocage

u and �Rcage
u was determined by

the MATLAB command extrinsics which takes the camera
parameters, and a set of points in the image frame xu; yu and world
cage frame xcage; ycage as inputs. Corresponding points were
obtained by calculating the position of the vertical beams between
the floating collar and handrail of the sea cage (Fig. 3). There were
60 vertical beams assumed equally spaced along the circumference
of 50 m diameter circle and four of these were used for the calcu-
lations. These four points in the image coordinate frame were man-
ually marked in the first image of each experiment to correspond
with the vertical beams.

From the recordings it was determined that pellet impacts
remained visible on the water surface for 10.4 images on average.
To reduce the storage requirement and computational load, every
fifth frame from the original recording was undistorted and stored
in 8-bit grayscale format.

In order to determine the position of the spreader the three
clearly visible mooring ropes were used as a reference (Fig. 3). To
detect the ropes, images were run through a Canny edge detector
(Canny, 1986) before K number of lines L ¼ L1;L2; . . . ;LK½ � were
extracted using the Hough transform (Hough and Paul, 1962). L
is sorted by length so L1 is the longest line in L. Each line is a can-
didate for a mooring rope and is described by a six scalar element
structure

Lk ¼ xu;k;end1 yu;k;end1
� �

; xu;k;end2 yu;k;end2
� �

;wu;k;qu;k

n o
ð5Þ

where ½xu; yu� 2 N2 represents the two end points of the line in the
image coordinate frame and wu;k 2 Z;qu;k 2 N are part of a paramet-
ric line representation given by

q ¼ x cosðwÞ þ y sinðwÞ ð6Þ
on general form. To obtain the position and yaw of the spreader, the
two lines that most probably represent the mooring ropes named
Lleft;Lright must be extracted from the candidate lines L. As can be
seen in Fig. 3, the top rope is also attached to the dinghy and is
not necessarily directed straight towards the spreader. Hence, only
the left and right mooring rope was used as descriptors. Lleft and
Lright are found and extracted by Algorithm 1.

Algorithm 1. Traverse Hough lines by length and extract the
longest lines which are candidates for the left and right mooring
rope

maxLinesToTraverse 7
Lleft;Lright  £
for k ¼ 1 to minðK;maxLinesToTraverseÞ do
if wu;k 2 Aleft && Lleft ¼¼£ then
Lleft  Lk

else if wu;k 2 Aright && Lright ¼¼£ then
Lright  Lk

end if
end for

In Algorithm 1Aleft andAright are sets of valid angles for the lines
to be classified as mooring ropes. The two angle sets were manu-
ally determined from images. The values were set to filter out spu-

rious lines with very different orientation to the mooring ropes
whilst allowing for some UAV yaw rotation. Let �wu;left;fix and
�wu;right;fix be the fixed angle of the left and right mooring rope
respectively in relation to a vertical image line, manually deter-
mined from the video. Then,

fAleft 2 Zj�wu;left;fix � a 6 Aleft 6 �wu;left;fix þ ag ð7aÞ
fAright 2 Zj�wu;left;fix � a 6 Aright 6 �wu;right;fix þ ag ð7bÞ
where a ¼ 20�. This method gives valid info for none, one or both
Lleft ;Lright depending on the results of the Hough transform and line
angles. The position of the spreader in the image frame is calculated
by inserting wu;left;wu;right;qu;left;qu;right into two line equations (6) and
solving analytically for the position ½xu;spread yu;spread�. This is con-
verted to world coordinates with respect to the sea cage using the
MATLAB function pointsToWorld:

xcage ycage
� � ¼ f �ocageu ; �Rcage

u ; xu yu½ �� � ð8Þ
The heading of the spreader in fOcageg is computed by converting
the end points of Lleft and Lright to the fOcageg frame according to
Eq. (8) and applying Eq. (9)

wcage;spread ¼ mean �wcage;left;fix þ atan
xcage;left;end1 � xcage;left;end2
ycage;left;end2 � ycage;left;end1

 !
;

 

�wcage;right;fix þ atan
xcage;right;end1 � xcage;right;end2
ycage;right;end2 � ycage;right;end1

 !!
ð9Þ

The two fixed parameters are manually determined and represent
the angle between the left and right mooring rope respectively
and the feed pipe. In order to make the solution more robust against
missing data and smooth out the position and angle, an averaging
sliding window filter on the simplified form

�� ¼ 1
N

Pi
i�N�i was used where i is the current image in the video

sequence and � symbolizes xcage;spread; ycage;spread and wcage;spread.
N ¼ 24 frames = 6 s (every fifth frame stored). In case the algo-
rithm is unable to compute the current position or angle of the
spreader, an empty value is added to the filter.

Through these calculations the position and rotation of the
spreader has been determined in the fOcageg frame. However, this
frame is only used as an intermediate in order to map from pixels
to world coordinates whilst the position of pellets in relation to the
spreader is the desired metric. By definition:

xa;spread :¼ 0; ya;spread :¼ 0;wa;spread :¼ 0 ð10Þ
When a pellet impacts the water it is observed in the fOug frame
which has now been converted to world coordinates in fOcageg
and must finally be rotated and translated into fOag. This is per-
formed by taking the pellet impact position xu;imp; yu;imp, applying
Eq. (8) and converting from fOcageg to fOag using polar coordinates:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxcage;imp � �xcage;spreaderÞ2 þ ðycage;imp � �ycage;spreaderÞ2

q
ð11Þ

a ¼ atan
ycage;imp � �ycage;spreader
xcage;imp � �xcage;spreader

� �
ð12Þ

and factoring in the angle of the spreader

xa;imp ¼ r cos a� �wcage;spread þ p=2
� � ð13aÞ

ya;imp ¼ r sin a� �wcage;spread þ p=2
� � ð13bÞ

which is the world position of a pellet impact in relation to the
spreader.

The determination of pellet impacts in the image was per-
formed manually in this study. A sequence of 300 frames (50 s,
every fifth frame stored from the UAV) from each replicate was
used and pellet impacts manually marked in the image.

K.R. Skøien et al. / Computers and Electronics in Agriculture 129 (2016) 27–36 31

Paper G

123



2.4. Experiment

The experiment was carried out at a fish farm in Halsa (Møre og
Romsdal, Norway) from 3rd to 6th November 2015. The spreader
was mounted in a 50 m diameter sea cage, moored via three ropes
to the floating collar and connected via a 423 m long 90 mm diam-
eter feed pipe to the local feed barge. A bend radius of 450 mm on
the center pipe and 600 mm outlet pipe was mounted to the base
of the spreader. The airflow was driven by a 30 kW Omega CB131 C
compressor (Kaeser Compressors, Inc., Fredericksburg, VA, USA),
capable of shifting 10.85 m3/min at a maximum pressure differ-
ence of 1 bar. 9 mm feed pellets (Optiline S L 2500-50A, Skretting,
Stavanger, Norway) was introduced into the airflow from silos via a
feed doser valve (AKVA group, Bryne, Norway) before being sent to
the sea cage. Continuous temperature, pressure and airspeed mon-

itoring was available from sensors mounted at the barge. The feed-
ing system was calibrated without feed to enable mapping from
the applied power to a given airspeed. It was found that 100%,
81% and 60% corresponded to 29, 25 and 20 m/s airspeed respec-
tively. Three replicates were run at each power setting in random-
ized order withwithout feed experiments run on November 5th and
experiments with feed and UAV on November 6th. The spreader
was allowed to spin up using only air before feed was added and
run at 10 kg/min. To investigate the spreader behavior and feed
distribution at extreme attitudes, an additional experiment was
undertaken where the spreader was forced down (rolled) to an
extreme angle. Average and maximum wind speed was recorded
on all experiments involving feed using an anemometer
(Windmaster 2, Kaindl, Rohrbach, Germany).

3. Results

3.1. Spreader attitude

The experimental results include data on the attitude of the
spreader as well as the position of the outlet pipe at three different
airspeeds for the feeder running without feed and with feed. The
average roll, pitch and rotational speed of the outlet pipe are given
in Table 1. /a

bðwb
c Þ and habðwb

c Þ are given in Figs. 4 and 5.

3.2. Pellet distribution

Fig. 6 shows the manually plotted pellet positions from all three
replicates at 20 m/s airspeed. This Figure is mainly intended as a

Table 1
The average roll and pitch of the spreader and angular velocity of the outlet pipe for
the different experiments. All values �1 SD. Results given without feed and with feed.

Airspeed
[m/s]

Roll �/a
b

[deg]
Pitch �hab
[deg]

Angular velocity
�_wb
c ¼ �xb

c [RPM]

Wo. feed
20 �0.7 ± 1.9 �2.2 ± 0.8 36.0 ± 1.9
25 �0.9 ± 1.1 �2.2 ± 0.3 63.4 ± 0.9
29 �1.1 ± 0.7 �2.2 ± 0.4 77.3 ± 1.2

With feed
20 �3.1 ± 0.9 �1.8 ± 1.0 39.5 ± 1.7
25 �3.5 ± 1.3 �1.8 ± 0.5 55.7 ± 3.2
29 �2.5 ± 1.0 �1.9 ± 0.5 72.5 ± 2.7

29 tilt �16.4 ± 0.4 �0.9 ± 0.6 78.6 ± 2.8

Fig. 4. The spreader roll /a
bðwb

c Þ (blue) and pitch habðwb
c Þ (red). The error bars depict �1 SD at 90� intervals. N denotes the total number of samples from all three replicates. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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visual reference to better comprehend the following plots and dis-
cussion. Fig. 7 presents the normalized pellet count in all replicates
present in 40 � 80 cm boxes placed in a cross pattern as indicated
in Fig. 3. Fig. 8 presents the experiment where the spreader was

tilted to an extreme roll angle. The average throw and center of
mass calculations are presented in Table 2.

4. Discussion

From Table 1 the average angular velocity ( �xb
c ) increases mono-

tonically as a function of airspeed. �xb
c is generally higher for exper-

iments without feed with the exception of 20 m/s where �xb
c is

slightly higher with feed in the system. �xb
c is comparable to the

results without feed from Skøien and Alfredsen (2014), where 15,
20, 25 and 30 m/s corresponded to 14.6, 41.7, 60.8 and 79 RPM
respectively.

�/a
b is closer to zero, i.e. the spreader is in a more upright position

during the without feed experiments. This effect is most likely not
related to feed being present but rather daily variations in water
currents and weather. Unfortunately, thewithout feed andwith feed
experiments had to be conducted on two separate days. This in
turn allowed for changes in wind and currents to translate and
rotate the feed pipe which would easily affect the attitude of the
spreader, especially roll. �hab is quite constant with no more than
0:4� variation across all independent variables.

Inspecting Fig. 4 allows for a more detailed understanding of
the effect of wb

c on the spreader attitude. The �/a
b shift from about

�0.9 to �3.5 for the with feed experiments may be easily observed
in these plots as well and �hab is quite stable across all experiments.
It is expected that the center pipe pointing in a certain direction
will force the spreader down due to the mass of the center and out-
let pipe. In other words wb

c ¼ 0� !minðhabÞ;wb
c ¼ 90� !maxð/a

bÞ;
wb

c ¼ 180� ¼ �180� !maxðhabÞ and wb
c ¼ �90� !minð/a

bÞ. This
effect was observed during compressor start where xb

c was low.
However, as xb

c increased, the inertia of the spreader and feed pipe

caused a phase shift between wb
c and the observed attitude. At

20 m/s (Fig. 4) /a
b and hab are close to in phase which is not the case

for the rest of the experiments. This might be due to differences in
inertia around xb and yb as well as the feed pipe and spreader hav-
ing certain harmonic frequencies. At 20 m/s minðhabÞ occurs at
about 17� and 65� without feed and with feed respectively. This cor-
responds very well with the experiments performed in Skøien and
Alfredsen (2014) and is reasonable. At higher airspeeds this phase
shift was enlarged, and minðhabÞ lags about 93�–173� behind wb

c .
However, the differences in hab amplitude were small. minð/a

bÞ on
the other hand was fairly constant across all experiments at
120�–129� shift. The phase shift effect was confirmed by video
recordings of the spreader during the experiment. In summary,
comparing these results to the previously obtained AHRS data from
Skøien and Alfredsen (2014) yields good agreement. habðwb

c Þ corre-
sponds well at 20 m/s between the studies. The phase shift is larger

Fig. 5. The spreader roll /a
bðwb

c Þ (blue) and pitch habðwb
c Þ (red) when the spreader was

forced to an extreme roll using an additional rope. The error bars depict �1 SD at
90� intervals. N denotes the total number of samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. Manually plotted pellet impacts from all replicates at 20 m/s airspeed. The
number of pellets is higher in this image compared to Fig. 7 since the virtual
Styrofoam box mask has not yet been applied.

Fig. 7. Normalized pellet distribution in the virtual 40 � 80 cm boxes at 20, 25 and 29 m/s airspeed based on 2605, 1732 and 1939 pellets respectively.

K.R. Skøien et al. / Computers and Electronics in Agriculture 129 (2016) 27–36 33

Paper G

125



overall for /a
b. �/a

b varies greatly in these experiments. Although
�3:5� 6 �/a

b 6 �0:7� individual replicates showed a wider spec-
trum. Hence, it seems that �/a

b is highly variable, likely due to linear
forces and torques exerted on the spreader from the feed pipe. �/a

b

may also be affected by the mounting of the spreader as it is usu-
ally hauled on board a service vessel to connect the feed pipe.
When hoisted back into the sea cage, this will likely manifest itself
as a roll offset. A notable difference between this study and (Skøien
and Alfredsen, 2014) is that the positive shift in �hab with increasing
xb

c can not be observed here. It is likely that the centripetal accel-
eration exerted on the AHRS due to being mounted to the rotating
center pipe may have caused this positive shift with increased
angular velocity in the previous study. The dynamics of the sprea-
der are still not fully understood and comparisons of results are
difficult due to noise and possible attitude drift. Overall, variations
in roll (/a

b) seem to be highly influenced by the torque of the feed
pipe and the pitch (hab) tends to be fairly stable.

The 29 m/s experiment must be treated separately from the
remainder of the discussion as an external force was applied to
alter the attitude of the spreader. The effect of the additional rope
used to force the spreader into a negative roll offset is apparent in
Table 1. �/a

b was �16.4�, a significant difference from the remaining

experiments. The angular velocity of the spreader increased
slightly during this experiment for which there was no apparent
explanation as all the other variables were unaltered.

Based on the current study and observations from Skøien and
Alfredsen (2014) it is probable that for simulations, values in the
range of �5� 6 �/a

b 6 5� and �2:2� 6 �hab 6 1� may be used to
describe the attitude of this type of pneumatic rotary feed sprea-
der. Attitude offsets will likely affect the spatial pellet distribution
and create an unsymmetrical pattern across the surface. This may
in turn lead to high concentrations of pellets in one area and thus
increased crowding of fish during feeding which may negatively
influence growth, feed loss and welfare.

The 2D surface plot at 20 m/s airspeed in the fOag frame can be
viewed in Fig. 6. Naturally, the pellet distribution covers an annular
(doughnut-shaped) area but the quantified area was restricted to a
cross section to be in line with previous studies and decrease the
amount of manual plotting. The surface plots results in Figs. 6
and 7 presents an annular surface distribution similar to what
was observed in experiments by Oehme et al. (2012) and Skøien
et al. (2016). The average pellet throw increased as a function of
airspeed (Table 2) from 5.3 through 7.3 and 8.5 m for 20, 25 and
29 m/s airspeed respectively as expected. The standard deviation
of throw length also increased with airspeed which is plausible
as there might be more randomness in the motion of a pellet and
increased headroom for variability.

The surface pellet cloud center of mass results is more elaborate
as there are three factors affecting this metric. Firstly, the attitude
of the spreader will affect where pellets land. The attitude will
cause a translation of the outlet pipe, directly affecting the throw
length in relation to Ob. Inversely, the outlet pipe pointing down
will lead to a shorter ballistic path with pellets being shot down
into the water. On the other hand, with the outlet pipe pointing
upwards, pellets will have a more favourable ballistic angle and
will be thrown further. Secondly, the configuration of the spreader
itself affects the pellet speed and hence the length of throw. When
the outlet pipe points in the direction of the feed pipe (wb

c ¼ 0) pel-
lets will experience a long sweeping ‘‘U” bend before being
released. Oppositely at wb

c ¼ 180� pellets will experience a 90� bend
at the bottom of the spreader before impacting the center pipe
bend and experience another change of direction (‘‘S” configura-
tion). The latter is known to reduce the overall pellet speed and
will result in shorter throw. In addition, it must be considered that
a pellet experiencing the most significant speed reduction at
wb

c ¼ 180� will not land exactly on the �xa axis. It takes some time
for the pellet to reach the outlet opening of the spreader and by
then some rotation has occurred. Lastly, the curvature of the outlet
pipe of 36� means that the trajectory of pellets projected down in
the water plane can not be represented by a straight line away
from xa ¼ 0; ya ¼ 0 (Oa). This outlet pipe curve is not visible in

Fig. 8. Normalized pellet distribution in the virtual 40 � 80 cm boxes at 29 m/s airspeed with the spreader forced into a negative roll. Based on 701 pellets.

Table 2
Airspeed, average pellet throw length from spreader and center of mass.

Airspeed Avg. throw [m] Cnt. mass xa [m] Cnt. of mass ya [m]

20 m/s 5.3 ± 1.2 0.27 0.30
25 m/s 7.3 ± 1.9 0.84 0.55
29 m/s 8.5 ± 2.2 0.22 0.59
29 m/s tilt 8.8 ± 2.5 0.04 0.49

Table 3
Commonly used symbols.

Description Symbol Unit

A given frame (a) consisting of three orthogonal unit
vectors (xa; ya; za)

fOag –

The origin (center) of a frame Oa –
Rotation about the x-axis (roll) / deg
Rotation about the y-axis (pitch) h deg
Rotation about the z-axis (yaw) w deg
Angular velocity of the outlet pipe _wb

c ¼ xb
c

deg/s or
RPM

Rotation of fObg with respect to fOag given as a Euler

angle vector: /a
b hab wa

b

� �T Ha
b deg

Translation of Ob with respect to Oa expressed in fOag
given as a distance vector: xab yab zab

� �T oab m

A line represented in a six-scalar element structure
according to Eq. (5)

L
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Fig. 1 as it curves out towards �ya. However, it is believed that the
tangential velocity component from the spreader rotation largely
cancels out the effect of the curved shape of the outlet pipe as dis-
cussed in Skøien et al. (2015, 2016). This assumption appears rea-
sonable when observing pellet trajectories from UAV videos and
hence the water plane projected trajectories may be approximated
by a straight line away from Oa.

The center of mass was calculated from the normalized pellet
count across all boxes. During the experiment it was observed that
the spreader releases pellets in a fairly continuous stream, ran-
domly interrupted by a batch of clustered pellets. If many of these
batches land in the same region, the resulting center of mass calcu-
lation will obviously be shifted towards that area. For all experi-
ments except 29 m/s tilt the number of replicates and
revolutions of the spreader were high, so the effect of batch pellets
are assumed negligible. However, for the 29 m/s tilt only one repli-
cate could be performed due to unforeseen events at the farming
site. This gives some uncertainty with respect to the results from
this single experiment.

Wind was low for all replicates with an average value of 0.6–
2.3 m/s and directed towards þxa;þya, 40� to the right of þxa.
Hence, the wind contributed to a positive shift in pellet impacts
along both xa and ya. With this in mind, the pellet cloud center of
mass along xa and ya was positive across all replicates. The wind
may have contributed to this result but the exact amount is
unknown and it is likely to be very limited. For ya this result is rea-
sonable since roll (�/a

b) in Table 1 was negative for all replicates
resulting in a more favourable ballistic trajectory in the þya direc-
tion. Oppositely, the pitch (�hab) was also negative in all experiments
suggesting that the center of mass should be located in �xa.
Observing Table 2 the result was the opposite. The reason for this
is believed to be the aforementioned spreader bend configuration.
Since �hab is fairly small, the effect of ‘‘U” vs. ‘‘S” will be more influ-
ential and hence the throw will be longer in þxa due to the higher
pellet speed. Since the balance between these two factors is
unknown the results must be interpreted with caution. The
29 m/s tilt experiment must again be treated separately. Pellet
cloud center of mass according to Table 2 is close to 0 as expected
along the xa direction. However, the center of mass along ya was
only 0.49 m. Due to the more favourable ballistic angle in þya this
result is not intuitive. Investigating Fig. 8 it is indeed evident that
the throw was longer in þya compared to �ya but there are more
pellets closer to the spreader in �ya. This effect may be attributed
to the aforementioned batch pellet release, or that the spreader
spent more time with the outlet pipe pointing in the general �ya
direction due to the negative roll offset caused by the external
force and the weight of the outlet pipe.

Using an UAV to observe the surface pellet distribution appears
to be a viable alternative to collecting pellets in boxes as was done
in Oehme et al. (2012) and Skøien et al. (2016). The method was
significantly faster to deploy, easier to maintain and has much
higher spatial resolution. Pellet impacts were easily observable
on the surface in calm weather conditions. Smaller pellets and
fragments may have gone undetected in the proposed method as
these impacts are difficult to observe. The advantage of being able
to observe the entire annular impact region has not been fully uti-
lized in this study. Manual plotting of pellet impacts was time con-
suming and hence only a cross-shaped area of the surface was
classified. Automatic detection of pellet impacts would have been
a significant benefit to the solution. However, with the manually
marked impacts from a section of the image now available, a refer-
ence exists which may be used later to validate an automatic
detection algorithm.

The assumption of regarding the translation �ocageu and rotation
�Rcage

u as constant does not completely hold as the UAV is affected

by wind. Although the GPS position was recorded for both the
spreader and UAV, this measurement was far too inaccurate for
use in this study. However, in this experimental configuration,
positioning of pellets relative to the spreader is possible without
direct knowledge of the rotation and translation: /cage

u ¼ 0 and
hcageu ¼ 0 are kept constant by the UAV camera gimbal. Since xa; ya
and xcage; ycage exists in the same water surface plane, the camera
will be perpendicular to this plane as well. The UAV may translate
and rotate (xcageu ; ycageu and wcage

u ) and these values are unknown. This
renders direct relative mapping from the camera fOug to the real
world fOcageg or fOag impossible. However, we are only concerned
with the relation of pellet impacts relative to the position of the
spreader and by extracting the spreader position and rotation in
the image, relative calculations may still be performed. Hence,
xcageu ; ycageu and wcage

u may remain unknown. The UAV altitude (zcageu )
is calculated back from the extrinsics command based on four
points from the sea cage. Since this calculation is only performed
on the first frame from each replicate it is assumed that the alti-
tude of the UAV is constant for the 50 s of video used. No altitude
drift could be observed in the videos or the flight logs. The initial
calibration in relation to the cage was based on the vertical sup-
ports connecting the floating collar to the handrail being equidis-
tant along the circumference of the sea cage. Upon closer
inspection, this is not perfectly true as there was a joint in the
sea cage. However, the cage is believed to be the best visual refer-
ence available in the videos. Having a large floating calibration pat-
tern attached to the spreader would have rendered it possible to
get a more accurate reference as well as continuous updates for
each frame.

5. Conclusion

This study has presented measurements characterizing the
dynamic motion of a pneumatic rotary feed spreader which are fre-
quently used in sea cage aquaculture. The results indicate that the
spreader pitch is generally stable but roll on the other hand varies
more, possibly due to forces and torques from the feed pipe. An
UAV has been used to observe and determine the surface pellet dis-
tribution from the same spreader. Well established computer
vision methods have been used in order to resolve the position
and rotation of the spreader within the image as well as pellet
impacts relative to the position of the spreader. The UAV approach
seems to be a viable alternative compared to placing Styrofoam
boxes on the surface to collect pellets as has been reported in pre-
vious studies. The proposed method is considerably faster to
deploy and to operate whilst requiring a minimal amount of per-
sonnel. The results from the present study may be used to analyze
pellet distributions from other spreaders and act as a foundation
for further expansion with an automated pellet impact detection
implementation. The results may also be used to parametrize
and verify pneumatic spreader models in order to obtain more
accurate and realistic results. This study has elevated the under-
standing of how a feed spreader behaves and the results may aid
in design of new and alternative methods of feed distribution in
sea cage aquaculture.
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Abstract

Rotary feed spreaders are extensively used in large scale fish aquaculture and are
tasked with distributing pelletized feed in a spatially uniform manner over the water
surface. Questions have been raised with respect to the performance of classical
spreader designs regarding the size and uniformity of the covered area as well as
their inability to adapt to changing environmental conditions. This study presents
a robotic model of rotary spreaders with experimental validations. Classical rotary
spreaders are simulated as well as two alternative designs in the form of a spreader
releasing pellets at an optimal initial ballistic angle and a motorized version to
increase throw length and provide a more spatially homogeneous surface feed
distribution. The alternative designs both yielded improved surface coverage
without the need of higher conveying airspeed which may lead to increased pellet
attrition. In addition, the motorized design may be used to position pellets at a
given location within the sea cage, such as into the wind and current so that pellets
can reside inside the sea cage for a prolonged period of time. The model may
be of interest to researchers and equipment manufacturers who desire to explore
performance of a given spreader design.
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1. Introduction

Continuous improvement and optimization of farming systems and technology
have been instrumental in the formidable increase of Atlantic salmon (Salmo salar)
production, growing from 294 tonnes in 1970 to over 2,087,000 tonnes in 2013
(FAO, 2015). Production of Atlantic salmon is mostly undertaken in Norway and5

Chile, but Australia, the Faroe Islands, Great Britain and North America are also
significant producers (Oppedal et al., 2011). The salmon are typically farmed in
rectangular or square floating sea cages with 20-40 m sides, 20 to 35 m deep, or
in circular cages with a circumference of 90-157 m up to 48 m deep (Oppedal
et al., 2011). 240 m circumference cages are currently in use in Tasmania and the10

tendency to move towards more exposed farming locations has increased interest
for even larger structures. In Norway, a single cage may be populated by up
to 200,000 individuals at a maximum stocking density of 25 kg/m3 (Norwegian
Ministry of Fisheries and Coastal Affairs, 2008). Given a slaughter weight of 5 kg
the biomass in one sea cage may be 1000 tonnes which at a daily feed ration of 115

% body weight (Oehme et al., 2012) results in 10 tonnes feed a day per cage. In
2014, almost 1.7 million tonnes of feed were administered at Norwegian salmon
and trout farms at a total value of about e2000 million (Norwegian Directorate
of Fisheries, 2014). Feed loss is a cumbersome figure to obtain, but between 5 %
from recent publications and up to 15 % from earlier sources are indicated (Brooks20

and Mahnken, 2003; Cromey et al., 2002; Gjøsæter et al., 2008; Milewski, 2001;
Otterå et al., 2009). This is poor utilization of resources (Alfredsen et al., 2007;
Thorpe and Cho, 1995) and as feed compromises about 50 % of all farming costs
(Norwegian Directorate of Fisheries, 2013) this over time becomes a significant
financial loss for the farmer.25

Feed is administered in the form of extruded pellets, 3-12 mm in diameter
(Skretting, 2012) stored in a local barge which handles feed distribution to all
cages on site, typically 4-16. A blower compresses air which is cooled through
submerged piping before feed is added to the air stream through a feed doser
valve and routed to the individual cages. Floating flexible piping runs from the30

barge to the sea cages which can be up to 800 m long (Aarseth et al., 2006)
before terminating at the spreader. In Norway, the most common method of feed
distribution at the cage surface is by use of a pneumatic rotary spreader. A typical
design is depicted in Figure 1 which illustrates the CF90 Double rotary spreader
(AKVA Group, Bryne, Norway) which will be referred to as CF90. A flotation35
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device such as a ring or buoy keeps the spreader afloat and this particular design
features a submerged counterweight to maintain an upright attitude. A ball bearing
allows the center pipe to rotate with respect to the body of the spreader. The rotary
motion is achieved through the spiral shape of the outlet pipe and the airflow drives
this rotation as well as the pellet throw.40

The behaviour of salmon during feeding is a complex combination of envi-
ronmental and biotic factors such as light, temperature, hunger level, competition
and predation risk (Juell, 1995). A suboptimal intake of feed is linked to reduced
and inefficient growth in Atlantic salmon (Einen et al., 1999). The amount as
well as spatial and temporal availability of feed should not be confined, so the45

fish can forage in their unrestricted, desired manner (Talbot et al., 1999) and the
availability of feed is a crucial factor in order to achieve efficient production (Juell,
1995). Key factors in determining food availability is the spatial and temporal
distribution as well as ration size (Juell, 1995). These factors also affect variation
in growth and level of aggression (Olla et al., 1992). Highly localized delivery of50

feed permits dominant individuals to monopolize the food supply, restricting feed
access to subordinate individuals (review by Juell (1995)). Olla et al. (1992) states
and identical argument, but emphasized that this occurs at underfeeding. A subop-
timal feeding method may lead to increased nutrient discharge with respect to the
produced biomass and reduced growth (Einen et al., 1995), increased aggression55

and growth depensation (variation) (Davis and Olla, 1987; Talbot, 1993; Thorpe
and Cho, 1995). On the other hand, no growth depensation was found in a separate
study (Noble et al., 2008), but still witnessed reduced growth and increased fin
damage, especially in smaller fish as a result of restricted ration size. Ryer and
Olla (1996) found increased growth depensation as a result of localized delivery of60

food as opposed to spatially and temporally distributed food.
Limited knowledge exists on the relation between feed access, growth and

welfare in full scale sea-cages. However, several studies of salmonids mostly
conducted on a smaller scale have shown aggressive behavior related to feed access
(Brännäs et al., 2005; Fenderson et al., 1968; Jobling, 1985; Noble et al., 2007a,b,65

2008; Rasmussen et al., 2007; Symons, 1971; Talbot et al., 1999) and general
summary by (Attia et al., 2012; Ruzzante, 1994; Talbot, 1993), and aggression is
linked to increased injury and mortality (López-Olmeda et al., 2012).

On the other hand, some studies have shown no effect of spatial distribution on
aggressiveness or growth (Aas et al., 2015) and fish do show an array of behavioral70

responses in order to adapt to different feeding regimes (López-Olmeda et al.,
2012; Talbot, 1993; Talbot et al., 1999; Thorpe and Cho, 1995).

In summary, although empirical results on Atlantic salmon in large scale sea
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cages are limited, it is likely that maximizing the spatial distribution of feed will
promote growth and minimize tendencies of agonistic behaviour (Attia et al.,75

2012; Juell, 1995; Kadri et al., 1996; Olla et al., 1992; Ryer and Olla, 1991,
1996; Thomassen and Lekang, 1993; Thorpe et al., 1990; Thorpe and Cho, 1995).
Simulation results from (Alver et al., 2004) also suggest that a distributed feed
delivery method is preferred over localized delivery. However, an extensive
distribution pattern from a spreader may cause feed to end up outside the cage, or80

escape the cage before being eaten due to currents (Alver et al., 2004).
As shown by Oehme et al. (2012), high conveying airspeed increases the pellet

distribution across the surface and the throw length. Nontheless, even at 30 m/s
conveying airspeed the pellets are usually concentrated within 8 m of the spreader.
In relation to a 50 m diameter sea cage this equates to less than a third of the85

diameter and a surface coverage of just 6.1 to 26.8 % over the 1960 m2 cage
surface area. Simply increasing the airspeed by running the blower at higher
power or using a high performance blower does itself present challenges such as
increased energy expenditure and increased demand of cooling. Higher airspeed in
pneumatic conveying is also linked to increased levels of pellet attrition (Aarseth90

et al., 2006; Aarseth, 2004). Low airspeed and increased feed amount reduces the
creation of fine particles of feeds of low quality (Aas et al., 2011). Small particles
and dust are not desired as they have no value as feed (Aas et al., 2011).

Based on the previous argumentation, it is likely that the optimal spatial feed
distribution is one that covers the surface of the sea cage in calm conditions, is95

reduced or moved to compensate for high winds or currents and ensures that
breakage is kept to a minimum. It is unlikely that the current basic design and static
placement of feed spreaders are able to facilitate such an increased and adaptable
spatial distribution. By introducing the concept of a motorized spreader, the throw
length may be increased without the need for higher conveying airspeed.100

In order to experiment with new spreader designs a model was developed by
Skøien et al. (2016a, 2015). The model uses a robotic description of the spreader
combined with an extrinsic ballistic model to predict the surface distribution
pattern. Such a model enables experimentation of different spreader configurations,
transport airspeeds as well as the influence of wind. This study expands the105

model presented in Skøien et al. (2016a, 2015) with new experimental results.
Specifically, new attitude data combined with aerial footage of the spreader in
action (Skøien et al., 2016b) has been used for model verification. In addition,
preliminary results from a high speed camera mounted on the spreader outlet pipe
has been used to more accurately describe the effect of the spreader’s curved110

pipes. This study compares the performance of the updated spreader model to
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experimentally obtained surface pellet distributions. In addition, the concept of two
alternative spreader configurations are introduced. In the first configuration the
model is altered to represent a spreader with a 45° initial angle of pellet throw. The
second configuration features a motorized design where the rotation of the spreader115

is driven independently from the conveying air. By increasing the rotational
velocity of the spreader, the speed of the pellets are increased at the very end
of the pneumatic transport path without the need for higher airspeed which may
lead to increased attrition. Model performance and the two alternative spreader
configurations are compared and discussed.120

The results may be of interest to the research community as well as equipment
manufacturers as a tool to evaluate alternative spreader designs and the resulting
surface pellet distribution pattern. Simulations from the presented model may be
used to seed the initial pellet distribution in sea cage models (Alver et al., 2016,
2004; Føre et al., 2016) to evaluate the impact of spreader performance on central125

factors such as growth, aggression indicators and feed loss.

2. Materials and methods

2.1. Definitions
The CF90 model definitions and reference frames are based on (Fossen, 2011;

Siciliano et al., 2009; Skøien et al., 2016a, 2015; Spong et al., 2006) and are
illustrated in Figure 1. The translational and rotational spreader motion as well as all
subsequent plots are given with respect to the inertial North-East-Down (NED) base
frame {Oa} = (xa, ya, za) located at the centroid of the sea cage surface area. x0 is
directed towards North, y0 East and z0 points Down into the water, normal to the x0,
y0 water plane. With respect to the pellet distribution, x0 is defined as along since
this vector runs along the feed pipe and y0 across. For the kinematic spreader model,
the base frame is defined as {O0} = (x0, y0, z0) = {Oa}. The Latin subscripts
are used in relation to attitude measurements and the sea cage, and numerical
subscripts for the robotic model. The body reference frame {Ob} = (xb, yb, zb) is
fixed to the main body of the spreader located at the water level. xb is directed
along the feed pipe away from the spreader, yb is positive to starboard when viewed
from above and zb positive down (Fossen, 2011; Skøien et al., 2016a, 2015). The
attitude of the spreader body with respect to the base frame is given by the Euler
angles Θa

b =
[
φab θab ψab

]T ∈ S3, using the X-Y-Z rotation sequence. Finally, the
center pipe reference frame {Oc} = (xc, yc, zc) is located above the ball bearing
which allows for the rotational motion of the spreader. There is only one degree
of freedom between {Ob} and {Oc}: Θb

c =
[
0 0 ψbc

]T . ψbc = 0 when the outlet
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CG

Counterweight

xb

zb

zc

xc
Ball bearing

Center pipe

Outlet pipe

ψbc(yaw)

CF = CO

Pneumatic feed pipe

xa

za

upel

u

Figure 1: Model of the CF90 Double rotary spreader (AKVA group, Bryne, Norway). Figure based
on (Skøien et al., 2016a). The spreader floats on the buoy and is kept upright by a submerged
counterweight. The feed pipe from the barge is connected to the blue flange on the left. A ball
bearing allows the center pipe to rotate and the spiral shape of the outlet pipe directs the airflow
which results in a rotary motion. In this image, ψbc = 0 which yields a characteristic "U" shape of
the pellet path through the spreader. This figure is licensed under a Creative Commons CC-BY-SA
license.

pipe points in the direction of the feed pipe as in Figure 1. This angular position is
also denoted "U" due to the shape of the spreader where pellets follow an almost
continuous bend. Consequently, ψbc = 180° or −180° is called "S". It is assumed
that only the buoy is in contact with the water surface, accordingly, the centroid
of the water plane area which is the point about which roll and pitch occurs is the
center of flotation (CF) (Fossen, 2011; Skøien et al., 2015) CF = CO = Ob. The
vector oab =

[
xab yab zab

]T ∈ R3 quantifies the distance Oa to Ob in the {Oa}
frame. The position and attitude of the spreader body is given by

η =
[
oab Θa

b

]T ∈ R3 × S3 (1)

However, this can be simplified due to the spreader being tied to the floating collar,
fixing its position in the plane with respect to the cage and the fish, xab = 0 and130
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yab = 0, and also prohibiting rotation of the body ψab = 0. Waves cause the spreader
to move up and down in the water but over time this effect will be averaged out
Skøien et al. (2015), zab = 0. Accordingly, the translation and attitude is defined as
(Skøien et al., 2015):

oab =
[
0 0 0

]T (2a)

Θa
b =

[
φab θab 0

]T (2b)

Θb
c =

[
0 0 ψbc

]T (2c)

2.2. Forward kinematics135

In order to determine where pellets impact the water, the ballistic path must be
calculated and hence the position and orientation of the ballistic origin which is
the outlet pipe opening On must be known. n denotes the last spreader joint. To
determine the position and orientation of On with respect to the origin {O0} =
{Oa}, forward kinematics and the Denavit-Hartenberg (DH) convention was used140

(Siciliano et al., 2009; Spong et al., 2006). The model was based on the description
in Skøien et al. (2016a) which was a series of joints and links to represent the
robotic configuration of the spreader. Briefly described, the roll (φab ) and pitch (θab )
of the spreader is modelled as a 2 degrees of freedom (DOF) spherical joint at the
water surface, a 1 DOF revolute joint represents the ball bearing (ψbc) followed by145

a sequence of revolute joints which represents the center pipe bend (θcnt), outlet
pipe twist (θtwi - not used in this study) and the outlet pipe curve (θcur) which
alters the direction of airflow to create the rotary motion. At the very end of the
outlet pipe is another spherical joint consisting of two revolute joints controlled by
θw,vert and θw,horz representing the angular variability in the initial pellet trajectory.150

The lengths and angles are based on the CF90 spreader and the full set of DH
parameters are given in Table 3 and 4. The robotic spreader model is depicted in
Figure 2.

The rotation and translation of {On} relative to {O0} is given by the transfor-
mation matrix (Spong et al., 2006)

H =

[
R0
n o0n

01×3 1

]
(3)

R0
n being a 3× 3 rotation matrix. H is given by the series of joints

H = T 0
n (q) =

n∏

i=1

Ai−1
i (qi) (4)
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φab and θab

ψbc

θcnt

θtwi
θcur

x0

z0

y0

ξ̂u

θw,vert and θw,horz

Figure 2: The 3D rendered spreader model based on the DH parameters in Table 3. The spreader
attitude in this image is identical to Figure 1, with φab = 0, θab = 0 and ψbc = 0. The blue
arrow shows the initial pellet velocity vector and a simulated curved pellet trajectory in red below.
Visualization by the RVC Toolbox (Corke, 2011).

T is a transformation matrix, q =
[
q1 · · · qn

]T are the joint variables, either
defined by qi = θi for revolute joints or qi = di for prismatic joints (Siciliano et al.,
2009). For each joint, the homogeneous transformation matrix is given by

Ai−1
i (qi) =

[
Ri−1
i (qi) oi−1i (qi)
01×3 1

]
(5)

ai, αi, di and θi represents the link length, link twist, link offset and joint angle
respectively (Spong et al., 2006) and given in Table 3.155

FromH , o0n and o0n−2 are given which are the position of the end pipe opening
and the joint before angular variability is introduced. From this it follows that o0n
is the origin of the ballistic trajectory and

ξ =
[
ξx ξy ξz

]T
= on−2n = o0n − o0n−2 (6)

gives the vector between these two points. n− 2 and n are used since the last two
joints are non-physical, describing the variability in pellet angles when exiting the
outlet pipe (Equation 8). ξ̂ = ξ/||ξ|| yields the normalized attitude of the ballistic
path origin, based on Skøien et al. (2015).

In this study, the differential kinematics of the spreader has been derived in
order to facilitate simulation of motorized spreaders. This concept is based on an
electrical, pneumatic or hydraulic motor attached to or part of the rotating joint
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where the ball bearing is located, which drives the rotation of the center pipe. The
mapping from joint velocities q̇ to the linear velocity ȯ0n and angular velocity ω̇0

n

of the outlet pipe is done via the Jacobian J ∈ R6×n (Siciliano et al., 2009)
[
ȯ0n
ω0
n

]
= J(q)q̇ (7)

With respect to the robotic configuration there are two notable alterations160

compared to Skøien et al. (2015) and Skøien et al. (2016a). Firstly, with respect to
the angle of spiral shaped outlet pipe seen from above θcur. This angle is barely
visible in Figure 2 and this bend rotates the airstream left which gives the rotation
of the spreader. θcur was not present in either Skøien et al. (2015) or Skøien
et al. (2016a) since the resulting curved path of the pellets given by this twist was165

assumed canceled by the tangential velocity of the outlet opening. Hence, pellets
were thrown almost perfectly radially away from the spreader in relation to the
water plane. However, with the introduction of a motorized spreader this twist
must be taken into account.

Secondly, the two last joints of the robotic model which describes the variability
of the exit angle of pellets from the spreader are given by Equation 8(a,b) and the
parameters θ̄out,vert and σout,vert which were previously unknown.

θw,vert = N (θ̄out,vert, σ
2
out,vert) (8a)

θw,horz = N (θ̄out,horz, σ
2
out,horz) (8b)

This gives the vertical and horizontal angular variability modelled as a Gaussian170

distribution.
Estimates of the angular variability was obtained from an experiment to be

published by (Kevin Frank, 2016, pers. comm.). A high speed camera was mounted
on the outlet pipe of the CF90 spreader, enabling observation of the speed and
angle of individual pellets. A 600 mm radius central pipe was used in this study as175

opposed to the model which uses a 450 mm radius pipe. Kevin Frank(2016, pers.
comm.) used a 317 m feed pipe from the barge to the spreader and all experiments
were performed in triplicate at 16 and 20 m/s airspeed with the spreader in both
"S" and "U" configuration. A one second recording at 1000 frames per second was
performed for each of the replicates. The preliminary results are stated in Table 1.180

Since experimental attitude and surface distribution data was obtained at 20,
25 and 29 m/s in Skøien et al. (2016b), the 20 m/s results were mainly used from
Table 1. As can be observed from the pellet angle, at higher speeds the average
angle becomes smaller. Since no data exists at airspeeds higher than 20 m/s, θw,vert
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Table 1: Preliminary results from (Kevin Frank, 2016, pers. comm.). Average pellet speed and
angle ±1 SD from the CF90 spreader. Three replicates of 1 second each at 1000 FPS from each
configuration and airspeed.

Config. Airspeed [m/s] Speed (u) [m/s] Angle (θw,vert) [°] N
CF90 S 16 6.60 ± 0.62 -3.59 ± 8.30 830
CF90 U 16 7.29 ± 0.91 -8.10 ± 6.00 491
CF90 S 20 8.45 ± 0.81 -1.67 ± 7.76 1359
CF90 U 20 9.36 ± 0.98 -4.57 ± 7.60 339

was defined by θ̄out,vert = −3.1° and σout,vert = 7.7°. The high speed camera185

could only observe the vertical exit angle and the magnitude of the horizontal
variability component is still unknown. It is, however, likely that in the horizontal
plane θw,horz = 0 and σout,horz was set at 4°. There is uncertainty in σout,horz, but
this parameter is of far less importance due to the rotation of the spreader having a
more dominant effect in the horizontal plane.190

2.3. External ballistic model
Essential to the ballistic model is the speed u pellets have upon exiting the

spreader. Although some data exists on average values for of u from the barge to
spreader (Oehme et al., 2012), the airspeed and thus pellet speed at the spreader
may vary significantly due to fluid expansion along the feed pipe (Aarseth et al.,195

2006; Klinzing et al., 2010). u can be obtained through modelling based on the
operational parameters at the barge which are often well known, but calculations
may become severely involved in such a multiparticle system (Klinzing et al.,
2010). Factors such as drag, gravity, friction, compressibility, particle collisions
and electrostatics may have to be considered in order to achieve an accurate200

model. In this study, the pellet speed is obtained by fitting model parameters to
empirical results. Such an approach yield a comparatively simple and satisfactory
approximation given that the remainder of the model is correct but limits the ability
of the model to describe systems with widely different configurations accurately.
The model in Equation 9 is used to determine the pellet speed at the outlet pipe.205

This based on Skøien et al. (2016a) was built upon the assumption that pellets
will experience a continuous sweeping bend when ψbc = 0° or "U" configuration,
whilst at ψbc = 180° ("S") the pellets will experience an extra impact and an abrupt
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alteration to their velocity component which reduces the speed.

u =

{
upel ∗ −cos(2 ∗ ψbc) ∗ (1−kψ)

2
+ 1− (1−kψ)

2
+N (0, σ2

pel) if π
2
< ψbc <

3π
2

upel +N (0, σ2
pel) else

(9)
upel denotes the base speed of pellets right before entering the spreader (Figure210

1). The need for such a description as Equation 9 is warranted based on the
results in Table 1. The speed in the "S" configuration is 90.5 % and 90.3 % of
"U" for 16 and 20 m/s respectively. Since 20 m/s is closest to the experimental
attitude and surface distribution data, kψ = 8.45/9.36 = 0.903. The normally
distributed variability term was set based on the average value at 20 m/s in Table215

1, σpel = 0.90.
The scalar pellet speed must be converted into velocity components in R3. This

is based on Skøien et al. (2015), but extended with the velocity of the outlet pipe
opening ȯ0n. The individual components were calculated by

v =
[
vx vy vz

]T
= ξ̂u+ ȯ0n (10)

In Skøien et al. (2016a) wind components (w) and the relative velocity of a
pellet in relation to the wind was introduced by

w =
[
wx wy 0

]T (11)
∆v =‖ ∆v ‖=‖ v −w ‖ (12)

Wind is used in this study only to replicate experimental conditions, and a detailed
description of the effect of wind on surface pellet distribution can be obtained
from Skøien et al. (2016a). The basic force of aerodynamic drag in a stationary
unbounded fluid is given by White (2011)

Fd = −1

2
Cd∞ρairAproj∆v

2 (13)

Aproj is the frontal or projected area of the pellet, ρair = 1.2 kg/m3 which is the air
density and the kinematic viscosity µair = 1.8 ∗ 10−5 Ns/m2 as also stated in Table
4. The drag coefficient Cd∞ is given by a non-linear function of the Reynolds
number Re White (2011)

Cd∞ = f(Re) (14)
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often obtained via empirically established charts.

Re =
ρair∆vdsph

µair
(15)

dsph denotes the diameter of a sphere which is volume equivalent to the pellet. In
Skøien et al. (2015) the motion of the pellet was considered in a stationary fluid.
However, in this extended model the effects of wind has been included and the
wind velocity components may be large compared to u. Because of this, Equation
13 must be altered (Skøien et al., 2016a). In order to obtain a more accurate and
dynamic description of the drag coefficient, a sphereicity parameter was introduced
(Haider and Levenspiel, 1989; Wadell, 1934) which is the most commonly used
shape factor (Klinzing et al., 2010).

ψsph := Asph/A ≈ 0.874 (16)

based on a pellet with a diameter:height ratio of 1. And as in (Skøien et al., 2016a)
based on (Haider and Levenspiel, 1989) the drag is described by Equation 17 which
is of fairly low complexity and corresponds well with empirical studies (Chhabra
et al., 1999).

Cd∞ =
24

Re

(1 + (8.716exp(−4.0655ψsph))

R
(0.0964+0.5565ψsph)
e +

73.69Reexp(−5.0748ψsph)

Re + 5.378exp(6.2122ψsph)

(17)

Equation 17 can then be used in Equation 13 which when taking into account the
wind (Ray and Fröhlich, 2015) gives

Fd = −1

2
Cd∞ρairAproj ‖ ∆v ‖ ∆v (18)

Using Newton’s second law the acceleration of the pellet can be written as

d∆v

dt
= − κ

m
Cd∞(∆v, ψsph) ‖ ∆v ‖ ∆v + g (19)

on vectorial form, where κ = 1
2
ρairAproj and g =

[
0 0 g

]T , g = 9.81 m/s2.
With w being a constant vector, Equation 18 can be rewritten on component form
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(Equations 20a-20c) and the position-velocity description given by Equations 20d -
20f.

dvx
dt

= − κ
m
Cd∞(∆vx, ψsph)∆vx||∆v|| (20a)

dvy
dt

= − κ
m
Cd∞(∆vy, ψsph)∆vy||∆v|| (20b)

dvz
dt

= − κ
m
Cd∞(∆vz, ψsph)∆vz||∆v||+g (20c)

dsx
dt

= vx (20d)

dsy
dt

= vy (20e)

dsz
dt

= vz (20f)

It is assumed that during the flight along the ballistic path, the pellets will be
subject to some random motion not yet described in the model. To capture this
stochastic behavior, a random factor is added upon water impact as defined in
Skøien et al. (2015):

sx,imp = sx(T ) +N (0, σ2
s)T (21a)

sy,imp = sy(T ) +N (0, σ2
s)T (21b)

sx,imp, sy,imp is the final impact point on the water surface, and T denotes the total
time of flight which runs from t = 0 to pellet impact sz(t) >= 0. The model was
implemented in MATLAB (2014) and Equations 20a-20f solved using ode45. 360
ballistic simulations were run for one revolution of the spreader.220

2.4. Experimental determination of surface coverage and spreader attitude
Oehme et al. (2012) conducted the first study which empirically obtained the

surface distribution of two different rotary spreaders with varying twist (θtwi)
configuration and airspeed. Pellets were collected on the surface using Styrofoam
boxes placed in a single line with the spreader in the centre. The study revealed a225

non-uniform annular surface distribution where increased airspeed resulted in a
more uniform pattern and longer throw. These results could be used to parameterize
the model, however, this approach has three limitations. Firstly, the two spreaders
used in Oehme et al. (2012) are similar but not identical to the CF90 which the
model is based upon. Secondly, Oehme et al. (2012) only used a single row of230
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boxes to collect pellets giving limited information on the two dimensional surface
distribution. Finally, the box row placement was not explicitly specified with
respect to the orientation of the spreader. A second study was conducted as part
of Skøien et al. (2016a) where two box rows were used, effectively capturing
pellets in a cross formation. This study used the same CF90 spreader the model is235

based upon and the orientation of the boxes are known in relation to the spreader.
However, attitude data is unavailable from Skøien et al. (2016a), which would
result in the attitude and surface data originating from different experiments. The
current model is parameterized from the findings in Skøien et al. (2016b) where an
unmanned aerial vehicle (UAV) observed the surface pellet distribution, while the240

spreader attitude was recorded using an Attitude and Heading Reference System
(AHRS).

2.5. Simulations
The simulations in this study have been named as follows: SIMxx denotes the

simulations that were run with attitude data from Skøien et al. (2016b) and the245

resulting surface distribution compared to the empirical results from the same study.
xx denotes the RPM of the spreader, also obtained from Skøien et al. (2016b).
Table 2 compares the simulated and experimental results by root mean square
error, and a visual comparison is presented in Figure 3. SIM78TILT is identical
to the above, with the exception that this simulation is based on the attitude data250

from Skøien et al. (2016b) where the spreader was offset at an extreme roll angle.
This scenario sheds light on model performance when beyond normal operating
conditions and these simulations conclude the part where experimental attitude
and surface distribution data was used.

With the current definition of the robotic and ballistic model, the only difference255

in model inputs between different airspeeds was the spreader attitude and the initial
speed of the pellets upel. Data for the spreader attitude and rotational speed was
taken from Skøien et al. (2016b). upel was found by minimizing the difference
between the experimentally determined surface distributions and the simulation
results. Simulations with 172800 pellets or 480 revolutions of the spreader was260

run for all scenarios in this study and the results have been compared to the
surface distributions in Skøien et al. (2016b) and presented in Table 2. Since the
experimental results were presented the in the form of virtual boxes on the water
surface, pellet counts were drawn from simulated boxes in the xa, ya plane, 0.8 m
wide × 0.4 m deep identical to the previous experiments. Simulations were run265

with a water plane bin size of 5× 5 cm. Consequently, the number of pellets in
each simulated box was summarized across 8 × 16 bins. The wind field was set

14

Paper H

144



based to the average windspeeds in the experiments form Skøien et al. (2016a),
resulting in 1.3 m/s in +xa and 1.1 m/s in +ya.

In SIMxxB an optimal ballistic spreader (45° initial angle over the horizontal270

plane) was introduced. The center pipe bend has been configured to θcnt = 45° as
opposed to the original design where θcnt = 20° providing an optimal initial pellet
trajectory. The aim of this configuration was to determine if such a minor alteration
to the design may improve the spatial pellet distribution. Attitude data was not
used for this simulation, no wind, and the spreader was fixed in a perfectly vertical275

position. Three simulations were run denoted SIM39B, SIM55B and SIM72B with
otherwise identical configuration to their SIMxx counterparts. Results are presented
in Table 2 and Figure 4.

In the final scenarios a motorized spreader is envisioned where the rotation is
driven by an external force. SIM39CAL simulates a perfectly vertical spreader as a280

baseline for the following motorized simulations. This simulation is identical to
SIM39, but run without attitude data i.e. the spreader was set perfectly vertical and
the wind was set to zero. SIMxxM presents the results for the motorized spreader.
In these simulations the final bend of the outlet pipe has been straightened so
pellets will be thrown radially out from the spreader base over the water plane.285

The rotation in these studies was driven at a constant angular velocity by a fictive
external motor, which enables control of ψbc and ψ̇bc effectively decoupling the
influence of airspeed on the rotational velocity of the spreader. All experiments
were run at a fixed pellet velocity into the spreader upel = 9.13 m/s, identical to
SIM39. The results are presented in Table 2 and Figure 5.290

3. Results

Table 2 lists the results from all simulations. The table presents the angular
velocity of the spreader, airspeed measured at the barge and upel. The airspeed is
heavily dependent on the feeding system and is meant as an indication. Surface
coverage is based on a 50 m diameter sea cage, and 0.4 × 0.4 bins where a bin is295

classified as covered as long as the number of pellets are >= 1. This is a crude
measurement, so the Global Shannon Entropy (GSE) is presented as well (Kam
et al., 2013). This metric also takes into account the number of pellets present in
each bin, and a value of 1 indicates a perfectly homogeneous spatial distribution.
GSE was also based on a 50 m diameter sea cage divided into 256 surface bins.300

This is followed by the mean throw length from the spreader and the root mean
squared error between the virtual boxes of the simulations and experimental results
from Skøien et al. (2016b) where applicable.
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Figure 3 compares the simulations and experimental results from the SIM39,
SIM55, SIM72 and SIM78TILT scenario. Figure 4 compares the three simulations305

SIM39B, SIM55B and SIM72B with the optimal ballistic trajectory. Finally, Figure
5 shows the results from the motorized spreader SIM39M, SIM80M and SIM160M.
Surface distribution heatmaps are depicted in Figure 6 corresponding to SIM39M
and SIM160M.

Table 2: The angular velocity, airspeed at barge, pellet speed into the spreader, surface coverage,
global Shannon entropy (GSE), average throw length and the resulting root mean square error
summed across the four virtual box rows.

Name Angular vel. Airspeed Pel.speed Surf. coverage GSE Mean throw RMSE
ψ̇bc [RPM] [m/s] upel [m/s] [%] [0-1] [m]

Standard configuration with experimental data
SIM39 39.5 20 9.1 13.9 .567 5.5 ± 1.1 .0034
SIM55 55.7 25 12.5 22.7 .665 7.5 ± 1.6 .0050
SIM72 72.5 29 14.4 28.5 .709 8.6 ± 1.8 .0039
SIM78TILT 78.6 29 17.5 37.1 .753 10.0 ± 3.2 .0064

Optimal initial ballistic trajectory
SIM39B 39.5 20 9.1 18.6 .628 6.6 ± 1.3 -
SIM55B 55.7 25 12.5 28.1 .706 9.4 ± 1.5 -
SIM72 B 72.5 29 14.4 33.5 .739 10.6 ± 1.6 -

Motorized spreader
SIM39CAL 39.5 20 9.1 14.0 .571 5.5±1.1 -
SIM39M 39.5 20 9.1 18.1 .624 6.7±1.2 -
SIM80M 80.0 20 9.1 20.4 .645 7.5±1.2 -
SIM160M 160.0 20 9.1 27.4 .706 9.6±1.4 -

4. Discussion310

4.1. Model performance
The predictive ability of the model is good at SIM39 with an RMSE of only

.0034. Figure 3 at SIM39 also shows good correspondence in all four directions.
However, this is expected as the high speed data for the pellet speed and angles
are obtained from experiments during similar operating conditions. The peak315

along +ya is not properly captured by the model. This experimental pellet peak
is odd since the spreader had a slight negative roll during the experiments in
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Figure 3: Experimental results from Skøien et al. (2016b) compared to simulation results from this
study. Plots are taken from virtual 40 × 80 cm Styrofoam boxes placed in a cross formation along
the xa and ya axis of the sea cage. Plots have been normalized across all boxes.

along (x
a
) [m] Optimal angle

-20  -16  -12  -8  -4  0  4  8  12  16  20

P
e

lle
ts

 n
o

rm
a

liz
e

d
 [

%
]

0

1

2

3

4

5

across (y
a
) [m] Optimal angle

-20  -16  -12  -8  -4  0  4  8  12  16  20
0

1

2

3

4

5 SIM39B
SIM55B

SIM72B

Figure 4: Experimental results using a center pipe bend angle of 45°. Plots are taken from virtual
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Figure 6: 2D simulated spatial surface distributions using a motorized spreader based on a 5×5
cm bin grid and the heatmap corresponds to the actual number of pellets in a given bin. Motorized
spreader at 39.5 RPM (SIM39M) on the left side and motorized spreader at 160 RPM (SIM160M)
on the right.
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Skøien et al. (2016b) which suggests that pellets should me more concentrated
and a peak more likely to occur in −ya. This peak may thus be attributed to the
spreader releasing pellets in batches/lumps, which is often observed, and several320

of these batches landing around the 4.8 m mark along +ya in the experiment. In
SIM55 the correspondence is still decent, but most notably, the simulated throw
is overestimated along −xa. This effect is also evident in SIM72. Since no high
speed experimental footage exist at high airspeeds, it is not possible to know the
exact pellet behaviour at such speeds. This effect may be attributed to the erratic325

pellet motion through the spreader increasing as a non linear function with airspeed,
and thus the pellet speed out from the spreader (u) being lower than anticipated at
high airspeeds.

In the tilted simulation SIM78TILT the spreader had an average roll offset of
-16.4°. The RMSE at .0064 is the highest of all the simulated scenarios. This is330

expected, being quite far from normal operating conditions from which some of the
experimental data was obtained. Along ya the prediction is overall good (Figure 3)
with the throw along +ya being about four meters longer compared to −ya. This
indicates that the model is able to capture the effect roll has on pellet trajectory.
On the other hand, along xa the prediction is less accurate. This may indeed be335

a simple tuning issue as upel was tuned to minimize the difference between the
experimental and simulated box distributions for each of the scenarios. Hence, a
lower upel would have caused a better fit along xa and reduced the correspondence
along ya. This overall discrepancy may be related to a number of effects. Firstly,
the model releases one pellet for each degree of ψbc. In the experiment, due to340

the negative roll offset and the weight of the center and outlet pipe, the spreader
probably spent more time pointing in the general −yb direction compared to +yb.
This would likely result in more pellets being released in the former direction.
Secondly, the number of data points from Skøien et al. (2016b) was limited for
the roll offset experiment. Only one replicate could be conducted and since the345

spreader at times released pellets in batches (Skøien et al., 2016b) this might have
skewed the results. Finally, the large roll offset may introduce new undefined
effects or alter existing parameters in an unknown manner. For instance, the speed
of pellets being shot down may be greater than pellets being shot upwards in the
+ya direction.350

4.2. Optimal ballistic configuration
In the SIMxxB simulations, a center pipe bend of 45° provided an optimal

initial pellet trajectory. From Table 2 the surface coverage, GSE and mean throw
all increased compared to the standard configuration. The mean throw length

19

Paper H

149



increased by 1.1, 1.9 and 2.0 m for SIM39B, SIM55B and SIM72B respectively.355

This result indicates that longer throw may be achieved simply by altering the angle
of the spreader center pipe from 20° to 45°. However, such a design alteration
will increase the maximum altitude of the pellet trajectory. This increases the
possibility of pellets colliding with the bird net and pellets being eaten by birds if
they stray outside the bird net at some point along their trajectory. The increased360

elevation and flight time of pellets would also leave them more susceptible to wind.
Such caveats may be avoided by reducing the airspeed in high winds or making
the spreader lower. In case of a lower spreader, care must be taken to avoid sharp
bends which may lead to an increase in attrition (Aarseth, 2004).

4.3. Motorized spreader365

The results from the motorized spreader (Table 2) also shows a monotonically
increasing pellet coverage and throw length with increased angular velocity. The
initial simulation SIM39CAL is based on SIM39 but with a perfectly vertical
spreader and no wind. As expected, the results from these two simulations are
almost identical. In SIM39M all variables were equivalent to SIM39CAL but the370

spreader was motorized. This alteration was simulated by straightening the last
bend (θend = 0) and hence the force of the air is no longer used to drive the spreader
rotation. In addition an imaginary motor drives ψ̇bc at 39.5 RPM, identical to
SIM39CAL. These alterations alone provide an increase in surface coverage from
14.0% to 18.1% and the mean throw length was 1.2 m longer. This increasing375

trend continues when an external motor drives the rotation at 80 and 160 RPM
where the latter provides a longer mean throw and comparable surface coverage
and GSE to SIM72 whilst maintaining the same low airspeed. This result indicates
that a motorized spreader may indeed outperform the classical design with respect
to spatial feed distribution even at low airspeeds.380

Transporting the pellets at low speed will likely lead to decreased attrition and
chipping (Aarseth et al., 2006; Aarseth, 2004; Aas et al., 2011) resulting in reduced
feed loss.

Although not part of this study, a motorized spreader may also yield benefits in
conditions such as high wind, high water flow and when the spreader is not centred385

in the sea cage. The motor enables guiding of feed towards single static point or to
a section of the sea cage. Pellets may be directed into the wind or current which
may lead to pellets residing for a longer period of time within the water column
of the sea cage, increasing the temporal availability to the fish. Directing the feed
into the current may be beneficial at high current sites where the fish may abandon390
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their usual circular schooling pattern and congregate towards the net facing into
the current (Johansson et al., 2014).

4.4. Summary
Overall the model shows good performance and corresponds well with em-

pirical results. For further work it is recommended to develop a full pneumatic395

transport model. This would greatly increase the versatility of the model, as based
on the pellet characteristics, conveying airspeed, pressure and pipe length one
would be able to obtain the pellet speed (upel) at the end of the pipe. The cur-
rent solution is tuned based on upel and this value is heavily dependent on the
pneumatic transport system. The natural next step is development of a full kinetic400

model, taking into account such factors as the mass of the spreader, non-linear
hydrodynamic drag on the counterweight, inertia of the spreader and feed pipe and
ball bearing friction. The presented model performs best for certain and small devi-
ations from the standard configuration. However, a full kinetic model would allow
for simulation of an even wider array of designs and render the model independent405

of experimentally obtained attitude data.

5. Conclusions

This study has presented a parametrized and refined model of a pneumatic
rotary feed spreader which are commonly used in sea cage aquaculture. New
experimental results has been taken into account, the model has been altered and410

the performance evaluated. The model performs well under normal operating
conditions. In addition, two experimental spreader designs have been evaluated.
Firstly, the pellets were given an optimal initial ballistic angle by altering the center
pipe bend of the spreader. Secondly, a motorized spreader design was evaluated
based on an external force driving the rotation of the spreader. Both designs show415

promising simulation results with improved spatial pellet coverage compared to
the standard spreader configuration. The proposed models allows researchers and
equipment manufacturers to simulate alternative spreader designs and evaluate
their performance.
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Table 3: Denavit-Hartenberg parameters based on Skøien et al. (2015) and expanded. This is a
verbose representation as links subscripted with # are added to visually position joints at the same
physical position as the spreader itself. Links marked with ? are not physically present, but a means
to represent variability in the angle of which pellets leave the outlet pipe.

Link ai αi di θi
1 0 π/2 0 π/2
2 0 −π/2 0 −π/2 + φab
3 0 −π/2 0 −π/2 + θab
4# 0 0 lCO BB −π/2
5 0 π/2 lBB CNT π/2− ψbc
6# lCNT TWI 0 0 θcnt
7 0 π/2 0 π/2
8 0 π/2 lTWI CUR π/2 + θtwi
9 lCUR NOI π/2 0 π/2 + θcur
10? 0 −π/2 0 θw,vert
11? lNOI OUT 0 0 θw,horz

Appendix420

Denavit-Hartenberg model description
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Table 4: Simulation parameters. EXP indicates value obtained from the experimental results found
in Skøien et al. (2016b), "-" denotes dimensionless or non-existent.

Description Symbol Unit Value

Sp
re

ad
er

co
nf

ig
ur

at
io

n

CO to ball bearing lCO BB cm 51
Ball bearing to center bend lBB CNT cm 38
Center bend to outlet pipe twist lCNT TWI cm 43
Outlet pipe twist to outlet pipe curve lTWI CUR cm 26
Outlet pipe curve to noise lCUR NOI cm 14
Noise to outlet opening (leverage) lNOI OUT cm ≈ 0
Angle main bend θcnt ° variable (20 or 45)
Angle twist θtwi ° 0
Angle outlet θcur ° variable (0 or 35.7)
Mean horizontal pellet angle θ̄out,vert ° -3.1
Horizontal SD pellet angle σout,vert ° 7.7
Mean vertical pellet angle θ̄out,horz ° 0
Vertical SD pellet angle σout,horz ° 4

B
al

lis
tic

pr
op

er
tie

s

Air density ρair kg/m3 1.2
Air viscosity µair Ns/m 1.8*10−5

Gravitational acceleration g m/s2 9.81
Pellet diameter dp mm 9
Pellet height hp mm 9
Pellet mass mp g 0.64
Wind x-direction wx m/s EXP or 0
Wind y-direction wy m/s EXP or 0
Impact variability σs m 0.8
Pellet speed variability σpel m/s 0.9
Yaw speed effect kψ - 0.903

O
th

er

Roll φab ° EXP or 0
Pitch θab ° EXP or 0
Outlet yaw ψbc ° variable (-179 to 180)
Outlet yaw rate ψ̇bc or ωbc RPM EXP or variable (39.5 to 160)
Cage diameter ocage m 50
Surface grid resolution - cm 5
Pellets pr simulation - - 172800 (480 revolutions)
Base pellet speed upel m/s tuned (9.1 to 17.5)
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Abstract

This study investigates the influence of spatial feed distribution across the surface of a

sea cage on central production parameters such as feed loss, growth and welfare using

two different models. A model of the feed spreader produced a two dimensional sur-

face pattern which seeded the second model of the sea cage which takes into account

central factors such as feed diffusion, advection, fish crowding and appetite. Feed de-

livery ranging from sharply localized distributions to large uniform surface coverage

has been simulated as well as various spreader configurations. The results indicate that

feed should be distributed over a large surface area and that a dynamically positioned

feed spreader may produce favorable results compared to a spreader in a fixed position.

Results can be used by farmers, equipment producers and researchers interested in de-

veloping technology and feeding regimes to improve feed utilization and fish welfare.

Keywords: Atlantic salmon (Salmo salar), aquaculture, modelling, feed distribution

1. Introduction

1.1. Salmonid farming

Farming of Atlantic salmon (Salmo salar) begun in Norway in the 1960’s and may

still be considered in its infancy compared to cattle, sheep, pig and chicken farming

(Føre, 2011). On a global basis, production of farmed Atlantic salmon has increased5

dramatically from 294 metric tonnes in 1970 to over 2.3 million tonnes in 2014 (FAO,
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2016). Norway and Chile are major producers while Australia, the Faroe Islands,

Great Britain and North America also feature a substantial contribution (Oppedal et al.,

2011). In Norway, farmed salmon are first cultivated in indoor tanks and post smolts

are transferred to floating fish farms for the major ongrowth period of up to 18 months.10

A sea cage is typically circular with a circumference of 90-157 m and up to 48 m

deep (Oppedal et al., 2011) but even larger 240 m circumference cages are in use in

Tasmania. Farms are often located in a fjord which offers some protection from the

harsh coastal environment whilst providing sufficient water currents for maintaining

the required level of dissolved oxygen and waste dispersal. Farms are also to some15

degree placed in open waters, but close to the coast to facilitate simple transport of

feed, personnel, materials and fish. Efforts are directed towards development of even

larger structures intended for more exposed farming outside the relative protection of

fjords. Present Norwegian legislation allows for up to 200.000 individuals in a single

cage at 25 kg/m3 stocking density (Norwegian Ministry of Fisheries and Coastal Af-20

fairs, 2008). Feeding is of essential importance in the sea cage. Feed should ideally

be equally available to all individuals, each fish should be able to eat until satiated,

there should be no competition for feed and no feed should escape the cage. Given an

average weight of 5 kg/fish prior to slaughter and a daily feed ration of 1 % (Oehme

et al., 2012) 10 tonnes of feed is supplied per cage each day. Close to 1.7 million25

tonnes of feed was administered at Norwegian trout and salmon farms in 2014 costing

up towards e2000 million (Norwegian Directorate of Fisheries, 2014a,b). The cost of

feed amounts to about 50 % or more of the total farming costs (Norwegian Directorate

of Fisheries, 2013) and a feed loss of 5 % to up to 15 % has been suggested (Brooks

and Mahnken, 2003; Cromey et al., 2002; Gjøsæter et al., 2008; Milewski, 2001; Ot-30

terå et al., 2009) implying a substantial financial loss and poor utilization of nutritional

resources (Alfredsen et al., 2007; Thorpe and Cho, 1995).

The feed itself is delivered in the form of firm extruded pellets 3-12 mm in diameter

(Skretting, 2012) adapted to the present size of the fish. Feed is transported to site and

offloaded into a local floating barge which handles feed distribution and monitoring of35

4-16 sea cages. A pneumatic transport system transports feed to the sea cages. An

array of blowers compresses ambient air and feed is introduced to the airflow through a

2
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doser valve before being transported through floating pipes up to 800 m long (Aarseth

et al., 2006) to the individual sea cages.

Located in the center of the sea cage is a pneumatic rotor feed spreader which40

purpose is to spread the feed over a large portion of the surface area (Figure 1). The

design of this device varies. A common arrangement consists of a floating bouy or ring,

sometimes with a submerged counterweight for stabilization and a ball bearing which

allows the center pipe of the spreader to rotate. A spiral shaped outlet pipe redirects the

air causing the spreader to rotate. Both the pellet transport, the spreader rotation and45

pellet throw are all driven by the same airflow.

As shown by experimental results from Oehme et al. (2012) and Skøien et al.

(2016d), such a design produces an annular (donut shaped) pellet distribution covering

a limited area of the sea cage surface. Oehme et al. (2012) investigated the performance

of two rotor spreaders collecting pellets in Styrofoam boxes across the surface with one50

row of boxes on either side of the spreader. Looking at these two box rows together

yielded a surface coverage of 20.5 to 66.5 %, that is boxes which contained >0 pellets.

However, Oehme et al. (2012) used a 14.5 m radius cage as a reference and in rela-

tion to a standard 50 m diameter cage the surface coverage ranged from 6.9 to 22.4 %

across all pellet types, airspeeds and outlet tilt configurations. Simulation results from55

Skøien et al. (2016b) based on empirical results from Skøien et al. (2016d) showed a

surface coverage of 13.9 % to 28.5% depending on airspeed. The latter result was in

relation to a 5×5 cm grid where a cell was considered covered if only one pellet landed

in that cell. It addition, the skewness of the surface pattern must be considered as well

as the fact that the number of pellets in a covered cell varies considerably. In summary,60

it seems that many spreaders may cover a limited annular section of the surface area,

possibly also with the concentration skewed to one side. These results raise interest

as to whether such a method of feed distribution is adequate in relation to feed loss,

welfare and growth. The present study sheds new light on this topic as several different

spreader configurations are simulated and key parameters are extracted from a sea cage65

model (Alver et al., 2016, 2004).
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1.2. Feeding and behaviour

The behaviour of salmonids during feeding is influenced by the environment such

as temperature and light as well as biotic factors (e.g. predation risk, hunger level

and competition) (Juell, 1995). Einen et al. (1999) states that suboptimal feed intake70

is related to both reduced as well as inefficient growth and feed availability is crucial

for efficient production (Juell, 1995). Feed should be both spatially and temporally

available so the fish may forage as they desire in an unrestricted manner (Talbot et al.,

1999). Ration size and the method of which feed is introduced to the fish is related to

monopolization of the food supply and growth depensation (i.e. variation) (Olla et al.,75

1992). A highly localized feed delivery renders the food supply defensible by domi-

nant individuals, giving a smaller ration size to subordinates (review by) Juell (1995),

especially in cases of underfeeding (Olla et al., 1992). Feeding suboptimally can cause

elevated levels of nutrient discharge as well as reduced growth (Einen et al., 1995)

in addition to increased levels of aggression and growth depensation (Davis and Olla,80

1987; Talbot, 1993; Thorpe and Cho, 1995). Noble et al. (2008) found no significant

growth depensation but reduced growth and elevated levels of fin damage when the fish

was administered a restricted ration. Ryer and Olla (1996) on the other hand witnessed

depensation when comparing a localized feed delivery to temporally and spatially dis-

tributed feeding.85

In full scale sea cages, the effect of spatially and temporally restrictive feeding ver-

sus distributed feeding on growth, growth variation, feed loss and aggression is largely

unknown. This is likely related to the vast economical and welfare risks in conducting

such a large scale experiment. Smaller scale studies has on the other hand demonstrated

a relation between feed access and aggression (Brännäs et al., 2005; Fenderson et al.,90

1968; Jobling, 1985; Noble et al., 2007a,b, 2008; Rasmussen et al., 2007; Symons,

1971; Talbot et al., 1999), summarized by (Attia et al., 2012; Ruzzante, 1994; Tal-

bot, 1993). Injury and mortality is also linked to aggressive behaviour (López-Olmeda

et al., 2012). A study by Aas et al. (2015) investigated a spatially localized versus a

distributed feed pattern on tank reared Atlantic salmon and found no differences in ag-95

gressiveness or growth. However, the duration of the study was too short to show any

definite growth differences. The fish does show a great deal of adaptability to the feed-
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ing regime they are presented with (López-Olmeda et al., 2012; Talbot, 1993; Talbot

et al., 1999; Thorpe and Cho, 1995).

Overall, it seems plausible that maximizing the spatial feed distribution within the100

sea cage will keep agonistic behaviour to a minimum and promote rapid and efficient

growth (Attia et al., 2012; Juell, 1995; Kadri et al., 1996; Olla et al., 1992; Ryer and

Olla, 1991, 1996; Thomassen and Lekang, 1993; Thorpe et al., 1990; Thorpe and Cho,

1995).

1.3. Scope105

This study is focused towards gaining additional insight into the effect of the spreader

and the spatial surface distribution on growth, feed loss and aggression indicators. The

two dimensional surface distribution is of importance as this seeds the three dimen-

sional shape of the pellet cloud within the water column. This study simulates different

2D feed distributions, investigates and discusses the causal effect on central production110

parameters. The results may be of importance to farmers, equipment producers and

researchers looking for methods of optimizing the farming process with respect to feed

loss, growth and welfare.

2. Materials and Methods

2.1. Models115

The present study combines two models to obtain the overall results. The first

model is denotedM1 (Skøien et al., 2015, 2016b,c) and describes the spatial distribu-

tion of pellets across the water surface from a rotor feed spreader. The model is based

on a robotic description of the spreader combined with an extrinsic ballistic model to

calculate the trajectory of pellets through the air. M1 is based upon the CF90 Dou-120

ble rotor pneumatic spreader by AKVA group (Bryne, Norway) and this fundamental

design is widely used in sea cage aquaculture. M1 is capable of simulating different

airspeeds, spreader attitudes, bend configurations, wind and spreaders where the rota-

tional motion is driven independently from the airflow. Different configurations ofM1

produce a 2D surface distribution pattern which is given as input to the sea cage model125
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M2 . M2 (Alver et al., 2016, 2004) simulates the sub-surface mechanisms of pellet

feeding in sea cages and takes into account the sinking speed, advection and diffusion

of pellets in the water column (Skøien et al., 2016a), currents and the feeding behaviour

of Atlantic salmon such as foraging behaviour and feed ingestion. M2 gives insight

into the spatiotemporal feed distribution within the sea cage, fish growth, aggression130

levels and feed loss. These two models will not be extensively detailed in this study

as specific descriptions may be found in Skøien et al. (2015, 2016b,c) and Alver et al.

(2004, 2016). Figure 1 illustrates the respective domains ofM1 andM2 .

vx

vv

Dx

Dz

ci,j,k

Dtot Dc

M1

M2

xa
za

{Oa}

Figure 1: Overview of a sea cage and the two models. The dotted semicircle indicates the domain ofM1

which encompasses the spreader and an extrinsic ballistic model.M2 operates from the water surface down.

Fish and feed exist in a three dimensional quadratic grid and the feed concentration in a cell is represented by

ci,j,k . Current is given by vx, pellet settling rate by vv . Dtot andDc represents the depth of the cylindrical

section and total depth of the cage respectively.

The combination ofM1 andM2 enable simulation of a range of spreader config-

urations and external environmental properties and the corresponding effect on central135
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production parameters such as growth and feed loss.

2.2. Physical representation

The origin of M1 and M2 is given by the reference frame {Oa} = (xa, ya, za)

and is considered stationary, inertial and situated at the centroid of the sea cage at the

water surface. {Oa} is defined according to the North-East-Down (NED) coordinate140

system, where xa is directed towards North, ya towards East and za Down normal to

the water plane xa, ya (Fossen, 2011; Skøien et al., 2015). The reference system of

the spreader is given by {Ob} = (xb, yb, zb) and fixes at the water level. Since the

spreader is moored to the sea cage during typical production and we assume that the

vertical motion caused by waves averages out over time, the position of the spreader145

with relation to the sea cage is fixed. Hence, there is no translation between {Oa} and

{Ob}.
The attitude of the spreader is given by Θa

b =
[
φab θab 0

]
where φab and θab

describes the roll and pitch of the spreader respectively and ψab = 0 due the moorings

restricting rotation of the spreader body. Since the only degree of freedom between the150

body and outlet pipe is the rotation of the ball bearing, the final degree of freedom is

described by Θb
c =

[
0 0 ψbc

]
which is the angular position of the outlet pipe. For

simplicity when referring to positions inside the sea cage, non-subscripted x, y, z will

be used.

Taking into account the spreader attitude, airspeed, aerodynamic drag and the pellet155

characteristics, a normalized 2D surface distribution is obtained from M1 denoted

D. D is considered temporally constant as the dynamics of the feed spreader with

a angular velocity (ψ̇bc = ωbc) of roughly 40 to 110 RPM for airspeeds >= 20 m/s

(Oehme et al., 2012; Skøien and Alfredsen, 2014; Skøien et al., 2016d) is notably faster

compared to the feeding dynamics of the fish. Salmonids may ingest 2 pellets/fish/min160

(Talbot, 1993) and maybe more at first feeding, down to 0.7 - 1.4 depending on fish

size towards the end of a feeding period (Talbot et al., 1999). At 60 RPM a new batch

of pellets will impact the same section of surface each second. This combined with

variability in the ballistic pellet path and turbulent water caused by the erratic fish

motion during feeding will likely render the temporal spreader dynamics insignificant.165
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Hence, D is only a spatial descriptor held constant throughout a simulation in M2 .

The spatial resolution of M1 is ∆xa,∆ya = 1/20 m which is then adapted to the

resolution ofM2 , ∆x,∆y,∆z = 1 m and run to obtain the final results.

The feed transportation, feed ingestion and loss is simulated from t0 to tend. This

process is mainly governed by Equation 1

∂c

∂t
+ vx

∂c

∂x
+ vy

∂c

∂y
+ (vz + uv)

∂c

∂z
+ κ

(
∂2

∂2x
c+

∂2

∂2y
c+

∂2

∂2z
c

)
= u− fI (1)

(Alver et al., 2016). c(x, y, z, t) is the feed concentration in a given cell, the local water

current speed is given by vx(x, y, z, t), vy(x, y, z, t), vz(x, y, z, t). The sinking speed170

of pellets is given by uv and κ is a constant describing the pellet diffusivity based on

Skøien et al. (2016a). The added feed u(x, y, z, t) is based on the surface distribution

D multiplied by a given amount of feed over a certain time. Finally, fI denotes the

fish ingestion rate.

2.3. Model Configuration175

In both M1 and M2 there is a vast number of possible configurations available

to customize the simulation. A list of parameter values are presented in Table 3 and

the variables set according to the scenario given in Table 1. In this study the primary

objective is to investigate the effect on central production parameters due to different

spreader configurations and spreader positioning.180

The physical robotic spreader description inM1 was based on CF90 Double spreader

but altered according to the given scenario. According to Skøien et al. (2016d) the mean

roll and pitch of a spreader may be described by−5° 6 φ̄ab 6 5° and−2.2° 6 θ̄ab 6 1°.

To represent the most generic scenario, both the roll and pitch were set to zero for all

simulations, i.e. the spreader was perfectly vertical. The airspeed was based on a 20185

m/s airspeed scenario from Skøien et al. (2016b) which corresponded to an actual pellet

speed at the spreader of 9.1 m/s. Further details regardingM1 may be obtained from

Skøien et al. (2016b).

With respect toM2 , a selection of the most central parameters are discussed in this

section. The physical properties of the sea cage was based on common production pa-190

rameters, 50 m diameter (157 m circumference) (Oppedal et al., 2011) with Dc = 40
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m deep cylindrical section before narrowing in an inverted cone shape to a depth of

Dtot = 50 m. The model resolution was set to ∆x = ∆y = ∆z = 1 m. The cage was

populated with N = 200, 000 fish, which is the highest allowed number of individuals

in Norway (Norwegian Ministry of Fisheries and Coastal Affairs, 2008). The fish pop-195

ulation is assumed to have a normal distribution of body weights. The population was

divided into 7 groups with different weights and fish counts, approximating the normal

distribution. Fish positions are not explicitly modelled, but feed intake for each group

is calculated taking into account the current appetite of each group, the availability

of feed, the spatial distribution of feed and the competition between fish groups. The200

feeding regime and surface distribution of the feed will affect the distribution of feed

intake between the groups. The average weight was set to 1.2 ± 0.32 kg to represent a

typical weight during a production cycle. The standard deviation was based on actual

measurements from a Norwegian fish farm (0.845 ± 0.224 kg, N = 160) scaled by a

linear factor to represent the standard deviation at 1.2 kg. The pellet diameter was set205

to 9 mm based on the fish size as suggested by Skretting (2012) and the diffusivity

parameter κ = 1.44 ∗ 10−4 according to Alver et al. (2016) based on the experimen-

tal results from Skøien et al. (2016a). Further, the sinkrate is set to uv = 12.8 cm/s

(Skøien et al., 2016a) and the mass mp = 0.64 g/pellet (Oehme et al., 2012). The meal

duration was set from t0 to tfstop = 120 minutes during which 2.64 tonnes of feed210

corresponding to 1.1 % of the total biomass was delivered uniformly in time. The total

simulation time tend = 150 min and all individuals were initialized with zero stomach

content. Remaining parameters may be obtained from Alver et al. (2016) and have

been left unaltered.

2.4. Scenarios215

In order to investigate the effect from different surface distributions D on feed loss

and spatial feed distribution, a range of scenarios was defined. Each scenario is iden-

tified by S subscripted with the given scenario identifier and additional information if

applicable according to Table 1.

S1: This scenario does not use M1 but establishes a baseline by distributing all the220

feed into a single cell, corresponding to 1 m2 or 0.05 % of the total surface area.
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S2: Similar to S1 except here the feed was uniformly distributed into the cage in the

form of a disk covering close to 85 % of the total surface area. This represents a near

ideal spatial homogeneous distribution.

S3: M1 is introduced based on the standard CF90 Double spreader. S3 represents225

the most realistic feed distribution pattern with respect to production at a farm. This

scenario is based on a pneumatic rotor spreader running at 40 RPM stationary located

at the center of the sea cage. This surface distribution has been verified with empirical

results (Skøien et al., 2016b) and represents an airspeed of 20 m/s. This configuration

is realistic but the accuracy dependent on the length of the feed pipe as well as the230

configuration of the feeding system. 20 m/s airspeed is in the normal but lower range

of airspeeds used at large scale farms. Farms running their feeding systems at higher

airspeeds may produce a surface feed pattern closer to S4,80RPM.

S4 is a continuation based on S3 where the effect of a spreader with longer throw was

investigated. This was obtained through the concept of a motorized spreader where the235

rotation of the center pipe ψbc is driven by some external force such as a pneumatic or

hydraulic motor. The idea of a motorized design originates from Skøien et al. (2016b).

Such a solution decouples the spreader rotation from the transport airflow and hence

the transport air is only used to transport and throw pellets. The added centripetal ac-

celeration also contributes to a longer pellet throw. Such a design may allow for longer240

throw without increased pellet attrition and breakage. The increased throw may also be

compared to an ordinary rotor spreader being run at higher airspeeds.

S5: Feeding into the current. The scenario is similar to S3 but a current of 0.1 m/s in +x

direction is introduced inM2 . This velocity is well within what has been measured in-

side a cage in an exposed location Johansson et al. (2014). NS9415 (Standards Norway,245

2009) classifies a midcurrent of 0.1 m/s between current class c "Substantial exposure"

and d "High exposure". This scenario investigates the effect of moving the spreader

further up in the direction of current and the consequent simulation results at several

spreader positions. The second subscript denotes the number of meters the spreader

was moved into the current.250

The complete list of scenarios and corresponding parameters are given in Table 1,

and the central nomenclature given in Table 3. Table 3 gives the mean radius of pellets
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Table 1: The scenarios as defined in Section 2.4 and corresponding metrics of the surface coverage. The av-

erage pellet impact distance from the spreader, percentage of cells containing≥ 1 pellet and global Shannon

entropy (GSE) of the spatial surface feed distribution.

Scenario Config. summary Mean radius Surface coverage Surface GSE

[m] [%] [0,1]

S1 Feed in single cell - ≈ 0 0

S1,0.1m/s 0.1 m/s current - ≈ 0 0

S1,0.2m/s 0.2 m/s current - ≈ 0 0

S2 Uniform distribution - 85 0.98

S3 Standard spreader 40 RPM 5.5 16 0.66

S4,80RPM Motorized 80 RPM 7.5 23 0.72

S4,160RPM Motorized 160 RPM 9.6 31 0.77

S5,0m Spreader in center 5.5 16 0.66

S5,5m Spreader moved 5 m 5.5 16 0.66

S5,10m Spreader moved 10 m 5.5 16 0.66

where the spreader has been used and the percentage of surface area containing any

pellets with respect to a 1 × 1 m grid. This parameter is simple to comprehend, but

coarse as it does not take into account the number of pellets in each cell. Hence, the255

global Shannon entropy (GSE) is introduced (Kam et al., 2013) where a value of 1

equals perfect spatial uniformity and 0 is all feed exist is a singe cell.

3. Results

Table 2 presents the results from the simulated scenarios. The Table shows the feed

loss at the end of the simulation calculated as the supplied feed minus total ingested260

feed. This metric was obtained at tend ensuring that all feed had left the cage. Table

2 further lists the minimum appetite and at what time this occurred. The maximum

difference in appetite was defined as max|∆appetite(t)|∀t, which in practice is the

largest difference in appetite between the smallest and largest fish group given in per-
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Table 2: The scenario and corresponding results. The total feed loss, minimum average appetite across fish

groups, the largest difference in appetite between group 1 and 7 given in percent points, percentage of cells

within the sea cage containing more than 0.66 g feed (one pellet) and the global Shannon entropy of the

spatial feed distribution. The two latter metrics were obtained from simulations without fish present in the

sea cage.

Scenario Feed loss Min appetite Max diff. appetite Vol. coverage Vol. GSE

[%] [%] [pp] [%] [0,1]

S1 31.0 6.6 (@125 min) 83.2 (@40 min) 0.7 0.38

S1,0.1m/s 22.9 4.4 (@123 min) 78.6 (@36 min) 2.6 0.56

S1,0.2m/s 32.8 6.7 (@122 min) 83.0 (@47 min) 1.6 0.52

S2 7.2 1.9 (@125 min) 25.4 (@36 min) 85.1 0.99

S3 7.6 1.9 (@124 min) 59.9 (@34 min) 14.3 0.78

S4,80RPM 7.2 1.9 (@125 min) 52.1 (@34 min) 20.4 0.82

S4,160RPM 7.2 1.9 (@125 min) 45.3 (@34 min) 26.8 0.85

S5,0m 8.7 2.0 (@123 min) 56.0 (@34 min) 18.1 0.81

S5,5m 8.1 2.0 (@124 min) 56.1 (@34 min) 21.5 0.83

S5,10m 7.8 1.9 (@124 min) 56.1 (@34 min) 24.4 0.84

centage points [pp] at any time during the simulation. This metric gives insight into the265

largest difference in satiation between fish groups, and if sizeable, indicates that feed

is not ingested uniformly. In addition, though not modelled explicitly, this variable

may indicate occurrence of crowding and agonistic behaviour as a high concentration

of feed in one place leads to confusion in the model and larger individuals consume a

a disproportionate share of the food supply. The second to last metric in Table 2 gives270

the number of cells containing more than 0.66 g feed corresponding to one pellet and

the GSE for the entire cage volume.

Figure 2 shows the distribution of feed inside the sea cage with no fish present in

scenario S5,0m. The 0.1 m/s current clearly affects the pellet cloud forcing almost all

the feed out through the side of the cage instead of the bottom.275

Figure 3 illustrates the appetite of all seven fish groups through the duration of a
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Figure 2: Simulation of scenario S5,0m with no fish and continuous feeding. The surface distribution from

the spreader was exported fromM1 .

feeding session. In the localized delivery scenario (Figure 3a, S1) the largest group

feeds first, restricting feed access for the smaller fish which are forced to await their

turn at the dense localized feed cloud. On the other hand, in Figure 3b when the feed is

distributed over a large section of the surface area (S2) the fish groups feed in a more280

uniform manner and obtain an overall higher level of satiation.

4. Discussion

4.1. Spatially localized and spatially distributed feeding

There was as expected a significant difference between S1 and S2 in terms of all

metrics in Table 2. These two scenarios represent the extremes with a fully localized285

and a almost maximally distributed feeding pattern across the surface. Most notably,

the number of sea cage cells containing pellets increased from 0.7 to 85.1 %. Such

a high concentration of feed makes it difficult for the fish to obtain pellets due to the

amount of crowding and the feed loss reflects this. 31.0 % feed loss was recorded

during the spatially concentrated delivery as opposed to only 7.2 % when feed was290

distributed across almost the entire surface. The min. appetite decreased from 6.6 % to
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(b) Distributed feeding (S2)

Figure 3: The appetite of the seven fish groups with time. The hatched area indicates the 120 minutes during

which feed was administered.

1.9 % indicating that the fish experienced a higher degree of satiation. There is a large

gap in the max diff. appetite which was reduced from 83.2 to 25.4 pp during S2. This

indicates that large fish may have dominated the food supply at the beginning when

feed is delivered in the spatially restricted fashion. Later in the feeding process as the295

larger fish become satiated and lose interest in the feed, the smaller fish gain increased

access to the food (Figure 3). Hence, it seems that there may be large differences in

satiation during feeding but at the end of the feeding period the difference in appetite

has diminished. Although appetite is not directly related to aggression it may serve

as an indicator. Looking at the differences between S1 and S2, the former localized300

delivery method indicates that differences in appetite are large during the course of a

meal. More advanced behavioural models must be included before any links to agonis-

tic behaviour can be made, but large differences in satiation may indicate heightened

levels of aggression. More clearly, such a large difference in satiation may lead to size

differences which increases the need for size grading during production and makes it305

difficult to produce the fish size which is of highest value to the market. This prob-

lem can possibly be overcome by overfeeding which again will cause increased feed
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loss. Across all metrics, the results signal that a sharply localized feed delivery method

is discouraged. This result also highlights the importance of the spatial surface dis-

tribution as it seeds the 3D distribution within the sea cage. However, the modelled310

scenario is somewhat idealized, as only the natural diffusion of pellets is included. The

fish induce their own currents and it remains unclear how this affects water velocities,

turbulence and flow patterns (review by Klebert et al. (2013)) which are likely to further

add to the subsurface feed diffusion but this is not yet incorporated inM2 .

4.2. Spatially localized feeding with water current315

In order to investigate a more realistic scenario, a 0.1 and 0.2 m/s current in +x

was added to S1 denoted S1,0.1 m/s and S1,0.2m/s respectively. As can be seen from

Table 2 the feed loss and appetite is reduced from S1 to S1,0.1m/s due to a higher degree

of spatiotemporal feed availability. The added current aids in spreading the pellets,

covering the cage volume more efficiently. As a result, the volume coverage and GSE320

also increases. Interestingly, in S1,0.2m/s all metrics are inferior to S1,0.1m/s. Although

diffusion increased, feed loss through the cage wall becomes a dominant factor. Fish

are unable to catch the pellets before they escape through the cage wall. This effect is

likely to further increase with stronger currents which may be experienced at exposed

sites (Johansson et al., 2014).325

4.3. Using a rotor feed spreader

S3 yields a feed loss of 7.6 % which is very similar to the approximated feed loss

of 7 % from commercial farms by Gjøsæter et al. (2008) and the 5 % to 15 % loss

suggested earlier. The overall feed loss increased from 7.2 % to 7.6 % compared to the

highly distributed S2 and min appetite remained unaltered. This limited difference is330

somewhat unexpected as the volume coverage is vastly contrasted, 85.1 % compared

to just 14.3 % for S3. Even though the feed is made available to the fish through

a relatively small volume, is seems to be enough for the fish to catch most of the

pellets. This indicates that the distribution pattern from an ordinary rotor spreader is

sufficient to satiate the fish at a slightly higher feed loss compared to S2. However,335

there is a large difference in max diff. appetite which increased from 25.4 to 59.9
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pp from S2 to S3 indicating that although feed loss is limited, there may be strong

hierarchical effects inside the sea cage. At 34 minutes the largest difference in appetite

occurs between the smallest and largest group. Although the exact implications of this

difference is unknown, it is possible that this indicates increased levels of aggressive340

bouts as the feed supply appears to be defensible by dominant individuals. Viewing

this from another perspective, is seems that feed loss and/or FCR is not a satisfying

indicator of welfare inside the sea cage. Although all fish forage until satiated at the end

of feeding, the transition period shows large differences which cannot be discovered by

inspecting feed loss or FCR at the end of a production cycle. This result highlights the345

importance of inspecting the fish for large size differences, wounds and fin damage as

part of the on-site assessment of a given feeding method.

4.4. Feed spreader with increased spatial surface distribution

According to Table 1, S4,80RPM and S4,160RPM respectively produced a feed pattern

that covered 23 % and 31 % of the surface compared to the base scenario S3 at 16350

%. This in turn yielded an increased cage volume coverage of 20.4 % and 26.8 %

for S4,80RPM and S4,160RPM respectively opposed to just 14.3 % for the base scenario.

Interestingly, the feed loss is almost unaffected by this increased spatial distribution

and the min appetite remains unchanged. This again indicates that the fish were able

to reach full satiation despite the difference in distribution. However, the max diff.355

appetite decreases monotonically with the increased spatial distribution. As was seen

in S1 and S3 the concentrated feed restricts access to subordinate individuals possibly

raising aggression levels and injuries.

4.5. Movable feed spreader

Finally, across S5,xm the concept of a movable spreader was introduced. As ex-360

pected, the feed loss and min appetite was higher in this scenario with a 0.1 m/s current

compared to S3 where the water was stationary. Some feed escaped through the cage

side before being eaten. On the other hand, the max diff. appetite is lower in S5,0m

compared to S3 since the water current distributed the pellets over a larger volume.

Moving the spreader into the current 5 or 10 m leads to a monotonically decreasing365
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trend in both feed loss and min appetite. Although the reduction in feed loss seems

limited in Table 2, given that 8.7 % loss is the baseline value, a reduction to 7.8 %

equates to a 10.8% reduction in feed loss. The new spreader location ensures that pel-

lets remain for longer within the sea cage before becoming inaccessible to the fish on

the down-current side of the sea cage.370

4.6. Summary

The highly localized feed delivery method (S1) gave the least favorable results

across all metrics. This indicates that feed should not be delivered in a spatially lo-

calized manner. A spatially large distribution is likely to promote growth and keep

agonistic behaviour to a minimum (Attia et al., 2012; Juell, 1995; Kadri et al., 1996;375

Olla et al., 1992; Ryer and Olla, 1991, 1996; Thomassen and Lekang, 1993; Thorpe

et al., 1990; Thorpe and Cho, 1995). The maximum spatial distribution (S2) yielded

the best scores across all measured result parameters. However, producing such a large

uniform feed pattern is an engineering challenge which may be too difficult or expen-

sive to implement on floating fish farms. The added pellet transport and diffusion by380

currents and fish may also render S2 less desirable as pellets entering the water near

the cage wall may easily be lost. The standard spreader (S3) gave good results despite

the significantly reduced volume coverage compared to S2. However, the max diff. ap-

petite is large but gradually reduced through the increased surface coverage of S4,80RPM

and S4,160RPM. This suggests that a spreader should cover a large surface area. Sim-385

ply raising the conveying airspeed increases the surface coverage (Oehme et al., 2012;

Skøien et al., 2016d) but increases pellet attrition and breakage (Aarseth, 2004; Aarseth

et al., 2006). The dust may be carried away by the wind and small particles have no

value as feed (Aas et al., 2011). A motorized spreader may overcome these challenges

as stated by Skøien et al. (2016b). S5,0m is identical to S3 and should be viewed as a390

more realistic scenario as a current of 0.1 m/s is present. Moving the spreader further

up into the current shows promising results as it offers an improvement in feed loss

and min appetite whilst max diff. appetite is almost unaltered. Realization of such a

system should be fairly simple and low cost as a single winch may handle the posi-

tioning of the spreader along the axis of dominant water flow. Such winch solutions395
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exist and are already in place in many locations to position underwater camera systems.

The positioning may be fully automated based on current measurements and/or known

tidal variations. Such a solution can be even more valuable at high-current locations

where the fish congregate towards the current (Johansson et al., 2014) and a traditional

stationary spreader may deliver feed behind the fish which are facing in the opposite400

direction.

4.7. Further work

Several elements of bothM1 andM2 have been verified against empirical results

(Skøien et al., 2016b; Alver et al., 2004, 2016). However, the results would greatly

benefit from a full scale experiment where different feeding methods are tested over405

time and consequent effects on feed loss, growth and injuries recorded. More complex

behaviour models of fish may also be included inM2 such as Føre et al. (2009) and

work has begun on this topic. A more advanced model may also take into account

the positioning of fish in high currents (Johansson et al., 2014), and cage deformation

(Klebert et al., 2015).410

5. Conclusions

This study has presented the combined results of two models, one describing the

behaviour of a rotor feed spreader and the other focused on the subsurface dynamics

of a sea cage. The results indicate that the spatial feed distribution over the surface

has a powerful influence on the volumetric coverage of feed inside the sea cage, feed415

loss, growth and appetite. It is possible that the disproportionate amount of attained

food witnessed in some of the scenarios indicate presence of crowding and aggressive

behaviour. Single point feeding is discouraged based on the simulated results as it

resulted in high feed loss and substantial differences in appetite throughout the feeding

session. A spatially large uniform coverage of feed across the cage surface yielded the420

best results, but may be difficult to achieve in practice and may result in additional feed

loss in high currents. A spreader covering a large surface area combined with dynamic

positioning within the sea cage is a feasible solution in practice and likely to produce

good results.

18

Paper I

180



Appendix425

5.1. Central simulation parameters
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Table 3: Central simulation parameters. Symbols are for the most part based on the original description of

the models (Alver et al., 2016, 2004; Skøien et al., 2015, 2016d,b). Detailed descriptions of the individual

model configurations may also be obtained from here.

Description Symbol Unit Value

Spreader model (M1 )

Pellet speed at spreader upel m/s 9.1

Angular spreader speed ψ̇bc deg/s or RPM variable (40, 80, 160 RPM)

Subsea model (M2 )

Depth of cylindrical cage section Dc m 40

Total cage depth Dtot m 50

Cell size x ∆x m 1

Cell size y ∆y m 1

Cell size z ∆z m 1

Diffusion constant for 9 mm pellet κ m2/s 1.44*10−4

Number of fish size groups mmax - 7

Total number of fish in cage N - 200 000

Pellet diameter Dp mm 9

Individual pellet weight mp g 0.66

Cage radius R 25 m

Water temperature T ° C 14

Pellet settling rate uv cm/s 12.8

Current x direction vx m/s variable (0, 0.1, 0.2)

Current y direction vy m/s 0

Current z direction vz m/s 0

Average fish weight Wfish kg 1.2 ± 0.318

- Denotes dimensionless
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