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1. Introduction

Various initiatives in the domain of smart farming have been
documented; examples include SmartAgriFood,1 the Dutch
Smart Dairy Framing project,” EU Precision Livestock Farming
(EU-PLF),® and Cow of the Future.* Though particular objec-
tives vary, the overriding objective is that of efficiency. Infor-
mation and Communication Technologies (ICTs) offers great
potential for improving efficiency, effectiveness and produc-
tivity; nonetheless, they remain underutilised in agriculture
[1]. Small changes in production or efficiency can have a
major impact on profitability [2]; from a sustainability per-
spective, this may, counter-intuitively perhaps, result in a
reduction in output. Fundamental to efficiency is the effective
capture, processing, management and visualisation of many
heterogeneous sources of information so as to enable
economically-viable and environment-friendly decision-
making. Enabling such decision-making is problematic, not
only as a consequence of the variety of information available
but also due to the dynamic nature of the many variables nec-
essary for strategic planning and optimal decision making.

Ongoing developments in ICT offers significant potential to
manage information at the farm level. Sensing technologies,
at least in principle, offer farmers the ability to monitor their
farms with an unprecedented level of detail, in a multiplicity
of dimensions and in near real-time. This offers an intriguing
possibility of developing farm-specific models that the individ-
ual farmer can use to plan their activities in response to
changing circumstances, thus enabling the exploration of
the various trade-offs inherent in any decision-making pro-
cess whilst managing the information overload problem. For
the remainder of this paper, developments in modelling are
explored, and the technologies necessary to enable the con-
struction of farm-specific models considered.

2. Sustainable intensification

Reconciling sustainability with productivity, economic factors,
and environmental impactis a formidable challenge; nonethe-
less, maintaining current agricultural practices will have nega-
tive effects on global food production [3]. Three theoretical
limits within which agriculture must operate include [4]:

1. quantity of food that can be produced within a given
climate;

2. quantity of food demanded by a growing economically
changing population, and

3. impact of food production on the environment.

! http://smartagrifood.com/.

2 http://www.smartdairyfarming.nl/nl/.

3 http://www.eu-plf.eu/.

* http://www.usdairy.com/sustainability/for-farmers.

Ultimately, environmental impact depends on how global
agriculture expands in response to rising demand [5]. Agri-
cultural intensification has reduced the carbon footprint per
agricultural product; this process is expected to continue
[6]. Sustainable agriculture seeks to maximize the net bene-
fits that society receives from agricultural production,
demanding amongst others, major changes in livestock pro-
duction practices [7]. Sustainable Intensification, a more
recent and fluid construct, seeks to increase food production
while minimizing pressure on the environment, and is a
specific policy goal for certain institutions [8]. Transition
towards more productive livestock production, in combina-
tion with other climate policies, for example, represents,
potentially, an effective mechanism for delivering desirable
climate and food-availability outcomes [9]. Thus, from a prac-
tical livestock farming perspective, identification of the most
efficient animals and feed systems is a prerequisite for sus-
tainable livestock intensification programs; system modelling
is viewed as a key enabling tool [10].

2.1.  Agricultural domain modelling

Modelling techniques have been harnessed in a wide variety
of agricultural domains (Fig. 1); these include high-
resolution field maps of soil properties [11], pasture growth
rate [12], greenhouse gas emissions [13] amongst others. For
animals, basic activity patterns can be quickly derived
through the use of GPS-enabled collars [14,15]. More sophisti-
cated models by which to infer behaviour may then be con-
structed using a variety of machine learning techniques

Farm Management
Decision Support

Animal
Crop Models Production
Grassland —> for the Economic

Milk ‘ Smart Farm

Environment
Climate
Soil

Emissions
Ecosystem

Fig. 1 - Models have been developed for many dimensions
of the agricultural enterprise. Incorporating pertinent

models whilst managing the trade-offs between complexity
and usability is a key challenge for enabling a Smart Farm.
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Table 1 - Exemplar models for farming enterprises.

Model

Geographic region

Domain

GPFARM (Great Plains Framework for
Agricultural Resource Management)
GRAZPLAN

EcoMod

North America

Australia
Australia &

Whole farm

Grazing enterprises
Pasture management

New Zealand

APSIM (Agricultural Production Systems sIMulator)  Australia Crop modelling

NRC (National Research Council) North America Nutrition (animal factors)

Norfor (Nordic feed evaluation system) Scandinavia Nutrition (animal and feed factors)
TDMI (Total DMI Index) Finland Nutrition — Dry Matter Intake (animal

Biopara-Milk
Karoline

United Kingdom
Scandinavia

and feed factors)

Impact of feed on rumen pH in dairy cows
Whole dairy cow models for nutrition,

milk production, digestion, and CH, emissions

[16,17]. Such an approach has also been adopted in the case of
feeding behaviour [18]. Multivariate continuous sensing for
behaviour and performance monitoring has enabled the con-
struction of models for detecting lameness [19]. In the dairy
sector, models have been developed for milk production fore-
casting [20], predictive feed intake both for Total Mixed Ration
(TMR) [21] and for lactating dairy cows [22,23].

3. Models for the individual farm

Research in farm simulation and modelling has evolved since
the mid-1990s to cover more than one on-farm enterprise;
examples include, GPFARM [24], GRAZPLAN |[25], and EcoMod
[26] (Table 1). In the case of animal models, several important
gaps have been highlighted including the need for a more
mechanistic representation of the control of feed intake [27].
Yet despite the benefits that should accrue from harnessing
sophisticated simulation models, their efficacy for everyday
farm management has proven to be somewhat limited [28].
Reasons for this include, but are not limited to, complexity,
lack of time and a concern that there will be no increase in
profit relative to the effort expended. When considering the
lack of take-up of modelling solutions on the farm, the case
of APSIM [29] is probably archetypical. APSIM is a well-
established platform and has been extensively documented
in the literature; yet it was necessary to simplify it for consul-
tants and farmers, resulting in a product called Yield Prophet
R > In practice, farmers tend to expect a ready-made solution.
However, models do not lend themselves to this; rather they
oblige the farmer, and others, to consider alternate production
strategies. This raises issues of model perception, understand-
ing and interaction, while always seeking to eliminate the
black box effect. As using models may be regarded as an exer-
cise in decision support or as an innovation process, it is nec-
essary that the three main components of such a process in
agricultural production systems, namely, biological processes,
farm management and advisory services, be facilitated [30].
Though the concept of simulation models in agriculture
remains compelling, their uptake nonetheless remains disap-
pointing [31]. Traditionally, models almost invariably focus on
one particular sub-domain; this may limit their effectiveness.
Feed intake models in particular are most valuable when used

> http://www.yieldprophet.com.au/yp/Home.aspx

in conjunction with other models that predict animal
responses in terms of milk yield, body weight change, nutri-
ent use efficiency and gaseous emissions [23].

4. Modelling feed intake

Correlations between animal feed characteristics and intake
have been studied for decades. Intake and digestibility have
been shown to account for the most variation in the produc-
tivity of dairy cows; as such, feed intake models have, and con-
tinue to be, the focus of intense research efforts. NRC
(National Research Council), Norfor (Nordic Feed Evaluation
System), and TDMI (Total DMI Index) are amongst the best
known for predicting Dry Matter Intake (DMI) in dairy cows
fed via TMR; see [21] for an evaluation of each. Relatively sim-
ple models such as NRC that only consider animal character-
istics and milk yield can be surprisingly effective when
compared to more sophisticated models; however, their
potential to incorporate additional factors such as diet charac-
teristics is limited [21]. Low rumen pH has a detrimental effect
on dairy cows; it is influenced by diet, amongst other factors.
Biopara-Milk, is a whole cow model that simulates digestive
processes, predicting performance and circadian pH dynamics
[32]. Halachmi et al. [33] have developed a feed intake model
for individual cows (it can also be used at a macro/herd level),
that incorporates feed behaviour in addition to milk yield and
live weight; however, it presupposes the availability of low-
cost feeding-behaviour sensors. Clearly it is difficult to effec-
tively and accurately sense feeding behaviour in a manner
that is not cost prohibitive and that is tolerant of a demanding
sensing context. Comparing models is difficult; Tedeschi et al.
[34] have concluded that not all models are suitable for pre-
dicting milk production and that simpler systems may be
more tolerant of variation. Furthermore, it was concluded that
the development of mathematical nutrition models is a pre-
requisite to correctly estimating the contribution of ruminants
to Greenhouse Gas Emissions (GHG) emissions.

4.1. Reducing methane emissions

Decreasing methane (CH,4) emissions is necessary both envi-
ronmentally, as CH4 has a strong greenhouse gas effect, and
nutritionally, as CH4 represents a loss of feed energy [35].
The EU currently encourages voluntary compliance with
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methane emission levels in the farm sector but moves are
afoot to include cattle livestock within the Industrial Emis-
sions Directive (IED). Within the EU there are approximately
90 million cattle and they collectively contribute some 41 per-
cent of EU ammonia emissions and 2 percent of methane
emissions. Many factors influence ruminant CH, production,
including level of intake, diet composition, quality of feeds,
energy consumption, animal size, growth rate, level of produc-
tion, and environmental parameters. Broucek [36] suggests
that new approaches for measuring emissions from agricul-
ture are needed so as to establish typical emission ranges for
dairy (and beef) farms, and to measure the effect of manage-
ment factors on these emissions. It should be noted that when
dairy cows are fed the same diet at the same intake, variation
between cows in CH, emissions can be substantial [37]. Efforts
at modelling methane production of farms have been under-
taken. Karoline is a whole dairy cow mechanistic, dynamic
model predicting nutrient supply and milk production; this
model has been recently revised in terms of its digestion and
CH, emissions modules [38,35]. A model that predicts CH,
emissions from an on-farm database, based on intake,
digestibility and NDF, has been proposed in [39]; this model
improves the estimation of the methane emission factor from
both beef and dairy systems. Grainger and Beauchemin [40]
have demonstrated that dietary and farm management
options can be implemented to reduce CH, emissions from
beef and dairy cattle without lowering production.

5. Technology-driven models for the smart
farm

A broad spectrum of computational intelligence techniques
has been harnessed for model development in agriculture.
In the case of cattle behaviour inference, Hidden Markov
Models [41], regression trees [42] and Support Vector Machi-
nes (SVMs) [43] are some examples. Markov Decision Pro-
cesses (MDPs) are frequently used for decision support [44].
Machine Learning algorithms have been harnessed for pre-
dicting conception success in dairy cows [45]. Models based
on fuzzy logic have proven effective in detecting general
abnormal situations and giving forewarning of abnormalities
[46]. A key difficulty with many approaches to inferring beha-
viour activities is the need for a training dataset. Mixture
models supporting unsupervised learning using probability
density functions have demonstrated the viability of real-
time and automatic monitoring of behaviour with high spa-
tial and temporal resolution [17]. In the dairy domain, a com-
parison of modelling techniques for milk production
forecasting identified a non-linear auto-regressive model as
being more accurate than conventional regression modelling
techniques [20]. Though the subject of intense research effort,
nonetheless, there remains a need for analytic models that
are more accurate, robust, and crucially, more reusable [47].
Feeding, in addition to standing and lying behaviour, is an
important indicator of the comfort and psychological status
of cows [48]; it has been demonstrated to be an important
indicator of the onset of oestrus [49]. Rumination time is a
promising predictor of calving [S0] and risk of disease in early
lactation [51]. Acoustic monitoring [52], jaw movement

augmented with sensor data [53], bite counters [54], noseband
pressure sensors [55] and electromyography (EMG) [56] have
all been demonstrated as potential enablers of feed intake
measurement. In housing situations, computer vision-based
systems enable the automatic detection of feeding and stand-
ing behaviours [57]. A precision feeding system (concentrates)
for singular cows, using passive transponders for cow identi-
fication and RFID readers, has been developed [58]. Though
viable, the cost effectiveness of such a system for the average
commercial dairy farm is questionable. Cattle require opti-
mum nutrition and management during their life time,
demanding a coordinated approach between all stakeholders.
Yet despite considerable research into the management and
nutrition of dairy cows, there remains much on-farm variabil-
ity in its application [59].

5.1.  Sensing for the smart farm

Animal modelling, machine learning and feed monitoring are
invariably underpinned by sensors and sensor networks.
Sensing technologies has proven fundamental to precision
agriculture since its earliest days, evolving from ground-
based sensor deployments for speciality crops, for example,
citrus fruit production [60] to UAVs for vineyards [61] to har-
nessing multi-purpose satellite systems to aid cotton farming
[62]. In the case of cattle health, Helwatkar et al. [63] have
identified a number of common diseases in dairy cattle that
can be identified through the use of non-invasive, cheap sen-
sor technologies. More complex sensor platforms exist; cam-
era systems to detect back posture [64], and ingestible pills for
heart rate determination [65] for instance. However, RFID is
one of the most generic and popular technologies in multiple
agri-food domains, including dairy farms [66]. Both Caja et al.
[67] and Rutten et al. [68] have considered the literature in
terms of the documented use of sensors for managing the
health of dairy herds. Sensors that measure arbitrary aspects
of a cow, or summarise sensor data to provide information
(e.g., estrus), are predominant. Cases where sensor informa-
tion is augmented with data from other sources so as to
enable decision-making were non-existent; this reinforces
observations made by other researchers. Pesonen et al. [69]
observed that though there was (and indeed still is) much
information available from sensors and as a result of manual
record keeping, this information is not used as the time
incurred often outweighs the economic benefits.

Sensor networks, particularly Wireless Sensor Networks
(WSNs), have been widely deployed in agriculture [70,71]
and the food industry [72,73]. Application domains include
crop management [74], phenotype measurement [75], rustling
prevention [76] and greenhouse management [77]. Wireless
Sensor and Actuator Networks (WSANSs) are receiving
increased attention in domains such as irrigation control
[78,79]. Mobile sensing [80], usually realised through drones,
is still very much in its infancy. Moosense [81] is a WSN that
incorporates both ground-based and animal-mounted sen-
sors that manages multiple animal parameters including
ambient environment parameters, and nutrient intake (cus-
tomised food auger and fluid kiosk). Gonzdlez et al. [14]
demonstrated the viability of a heterogeneous WSN to pro-



INFORMATION PROCESSING IN AGRICULTURE 4 (2017) I179-187 183

vide data in real-time so as to aid in the understanding of ani-
mal behaviour and enable effective herd management.

5.2.  Enabling the smart farm

The Smart Farm [82] is predicated on large-scale heteroge-
neous sensing. Heterogeneous sensors can measure a range
of modalities, and be instantiated in practice using platforms
from different manufacturers comprising different hardware,
protocols and algorithms. Though of great potential, manag-
ing heterogeneity is challenging. A common approach is that
of middleware which offers sufficient levels of abstractions
such that the heterogeneity in its various dimensions can
be mitigated and effectively managed [83-85]. SIXTH [86], a
distributed, intelligent middleware solution is an exemplar
of this genre of sensor network. Global Sensor Network, an
open-source sensor middleware, has been demonstrated as
an enabler of the smart farm [87]. To ensure interoperability
and scalability, standards such as Sensor Web Enablement
(SWE),° an Open Geospatial Consortium (OGC)’ initiative,
must be adopted; this has been prototyped successfully in
multiple domains including precision farming [88]. Such stan-
dards must co-exist with pre-existing agricultural standardis-
ation activities including agroXML® and ISOAgriNET.’
Deploying technologies on a farm can be problematic [89].
In the case of a cattle monitoring WSN, specific challenges
must be overcome [90]. These include the unforgiving nature
of the environment, namely animals in close proximity and,
in a rural context, mobility, radio interference caused by the
animal itself, data storage limitations and data transmission
difficulties. Energy limitations are an omnipresent problem
[91] often thwarting network longevity; likewise cost becomes
a factor in remote monitoring scenarios [92].

5.3.  The Internet of Things (IoTs)

Internet of Things (IoTs) points to the promise of a framework
through which diverse data from the farm, including sensor
networks, can be captured and managed [93-96]. Likewise, a
Web of Things (WoTs) approach has been demonstrated in an
experimental smart farm in Australia [97]. Both approaches,
IoTs and WoTs, mirror the relationship between the WWW
and the Internet within the context of real-world objects.

Developments in the IoTs and WoTs space cannot be trea-
ted in isolation from that of the Internet itself. Future Internet
(FI) is seen as a mechanism through which a diverse series of
systems and services can be seamlessly integrated within an
arbitrary domain, including that of agriculture [98]. A prereg-
uisite for such systems will be an ability to:

1. gracefully handle ever-increasing and diverse real-time
data streams;

2. handle noisy, incomplete and sometimes contradictory
data;

¢ http://www.opengeospatial.org/ogc/markets-technologies/
swe.

7 http://www.opengeospatial.org.

& http://www.agroxml.de.

° http://www.isoagrinet.org.

3. capture, correlate and conflate data in real-time;

4. dynamically affect network behaviour to opportunistically
alter data capture, data routing or data recording regimes;

5. facilitate orchestrated sensing activity through the ability
of individual network nodes to reason, operate and collab-
orate within a collective, recognising the coexistence of
both individual and collective goals. This demands the
embracing of distributed intelligence and multi-agent
approaches [99-102].

Though IoTs will be an indispensable technology for the
smart farm itself, their use in conjunction with FI offers a basis
for a new generation of Farm Management Information Sys-
tems [103-105] enabling smart farms become active nodes in
Business to Business (B2B) solutions and agricultural value
chains.

6. Future developments

Though many of the technologies for delivering the smart farm
exist, their adoption by individual farmers and agricultural
enterprises depends on a number of additional factors. Fore-
most amongst these are the issues of usability and the identi-
fication of best practice; such issues are also common to the
adoption of smart technologies in other domains. Both farm
and farmer-centric approaches are needed; only in this way
will the smart farm concept prove sustainable going forward.

6.1.  User centricity

User-centered design envisages the end-user being integral to
the design, development and evaluation of innovative tech-
nologies. The rational for this is irrefutable; however, ensur-
ing this happens in practice can prove challenging, resulting
in products that fail to meet needs, and may even be deficient
in terms of usability and functionality. Technologies for the
smart farm are not immune to these kind of problems; effec-
tive solutions to such problems demands a detailed under-
standing of farmers’ needs, interactions and operational
contexts. This difficulty is accentuated when it is considered
that technologies fundamental to the smart farm may be
regarded as disruptive by the farming community; thus con-
ventional acceptance models, for example the Technology
Acceptance Model (TAM) may need revision. Overcoming
such perceptions may indeed pose a grand challenge not just
for those actively involved in farming, but all stakeholders
including agribusiness and government.

Given the indispensable nature of IoTs to the smart farm
enterprise, issues of business cases, sustainability and inno-
vation must be considered if acceptance is to be achieved.
One approach to this may be that of the Living Lab. Such labs
seek to integrate research and innovation processes into real
communities, resulting in open, user-centered innovative
systems. They are characterised by co-creation, active user
involvement, real-life setting, multi-stakeholder participation
and multi-method approaches.’® Uptake in the agri-food

0 http://www.openlivinglabs.eu/.
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domain has been limited to date; however, Wolfert et al. have
utilised the construct in the Dutch arable farming sector [106].

6.2.  Sustainable Decision-making

A key determinant in motivating the adoption of modelling
techniques as an indispensable tool for the management of
the smart farm will be the efficacy of the resultant decision-
making. It has been suggested that the volume and hetero-
geneity of the data will demand a cloud-based analytics
approach to derive meaningful information [107]. Web 2.0
and cloud computing have been successfully harnessed for
livestock management [108]; however, to gain a deeper under-
standing of the contextual relationships between the diverse
elements, an ontological approach is required [109]. This
necessitates an open standards-based approach such as that
proposed by Chen et al. [110], for example. In so far as the
smart farm is viewed as a cyber-physical infrastructure for
precision farming, opportunities for autonomous decision-
making exist. However, to fully exploit the potential of new
technologies, it is necessary to design for Human-in-the-
Loop. Many technologies claim to be human-centric;
nonetheless, in the case of control and decision making, the
human is often regarded as an external element. Reconciling
the desire to reduce the burden on the user, in this case the
farmer, whilst ensuring the effectiveness of any necessary
decision-making present particular challenges. Establishing
best practice principles, through the utilisation of individual
farms as Living Labs for example, offer one avenue through
which these challenges can be addressed going forward.

7. Conclusion

Significant research effort has been expended in the develop-
ment of models in the broad agricultural domain. Applying
models on individual farms has been for the most part spo-
radic despite the potential advantages that could ensue.
Why this is the case may be debated; however, the monolithic
nature of many models, lack of business cases for adopting
such models, as well as the difficulties that arise for individ-
ual farmers in applying such models in practice all contribute.
Benefits that could potentially accrue from smart farming are
multiple; how these might be realised within the dimensions
of productivity, profitability and sustainability remains less
than clear. Technologies underpinning smart farms offer an
opportunity for enabling the construction and application of
farm-specific models. This objective is attainable, and offers a
radical innovation for farming management practice.
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