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Abstract

Integrated management systems (IMS) for pigs offer the prtsspef
optimising meat production and minimising nitrogenous pollution through
closed-loop control of pig nutrition. A system for the control of fegdm
growing pigs was developed and tested. It used real-timeaggtmof weight

by a visual image analysis (VIA) system, automatic feamrtbng and a
mechanistic growth model in a closed loop control system. Optionsatas
used to adapt the model in response to recorded feeding and growth, and
regulate the future feeding to reach the desired growth targets.

One sub-experiment within the trial set weight gain targef)dég and 60 kg
over 70 days using 2 pens for each target. In 3 of the 4 pensdhenkan
weight was within 2 kg of the target. In the fourth, unknown factorsecau
check in the pigs’ growth about 14 days from the end of the trial, having
previously been on target. There was insufficient time for the system &zicorr
for this and they finished 5 kg below target. Another sub-experirhast
provided encouraging but not conclusive results for the control of laack-f
depth.

I ntroduction

Traditionally, weight has been used to measure pig performbecause of the

difficulty of making any other measurements of live animals. He&wnevisual image

analysis (VIA) can measure area and linear dimensions andagstolumes quickly,

frequently and accurately. VIA measuring systems developed IsbeSResearch

Institute, offer near real time objective assessment of #ee shape and hence growth

of individual pigs. Our research has shown that measurements fraoptihiew image

of a growing pig correlate closely to its weight, and indicdked other measured

dimensions enable a good assessment of lean meat and fatnessnadde A

commercial version of the Silsoe VIA system for estimathegweight of pigs is now

available from Osborne (Europe) Ltd.



By using the VIA data in an integrated management systens)(lddmprising
suitable nutrition models and feed control mechanisms, it should bélpdssincrease
the efficiency in the animal performance — feed requiremealecyore accurate
provision of an ideal diet to individual or groups of pigs can then be gednhy
measuring dimensions relating to their actual condition, rather ¢éisimates from
weight or age. The IMS will be used to improve welfare, by eaing the ability to
provide an ideal diet at all times, so allowing better controkafvth, composition and
quality, and reduced environmental pollution.

This paper describes research that was carried out as pgstagramme of work
that had the overall aim of developing a prototype closed-loop, modsdshazal time,
system for the integrated control of pig growth and pollutant eomss{integrated
Management Systems for pig nutrition control and pollution reductionalDdiK
Project, SLP 065). The part of the programme that is reported hetleehaljectives of
demonstrating the performance of a novel growth controller to ackatvgrowth rate
and fat deposition targets, and to simultaneously monitor aerial pollataission

responses to nutritional inputs.

2. Method

2.1. Experimental facilities and data collection

In the trial, 144 male pigs of a commercial breed were reareohninolled environment
facilities in six rooms each containing two pens capable of holding 12 pigs up to 110 kg.
Half of the pigs were delivered at a nominal weight of 30 kg (28—4QGlkegyemainder
at 50 kg (39-57 kq); pigs of different weights were allocated teréifit rooms. Table 1
shows the allocation to pens and trial targets or treatments.1Péngere used to test
the ability to grow pigs to target back fat depths, which is ugetthd industry as an
indicator of carcass fat content. Pens 5-8 were used for weigbtgaNo targets were
set for pens 9-12. These were given fixed diets throughout, using thernigbva
protein feeds without blending in order to promote the development ahsting body
conformation as part of the analysis of the VIA system restlilhese pens, therefore,
were not used in the controller trial, but were included in the maxleladaptation

testing.



Table 1. Allocation of pigs and targetsto pens

Pen Initial weight  Target weight Target fat depth  Treatment
(nominal) (kg) gain (kg) (mm) (protein level)
50 12

50 12

50 16

50 16

30 50

30 50

30 60

30 60

30 Low

10 30 High
11 50 Low
12 50 High
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Each pen contained a feeder that measured the weight of feetatkto each pig
at each visit, identified by radio-frequency transponders in a&gs. tA camera was
mounted about each feeder, supplying images to a VIA systenct{ifdet al., 1999).
This used the same pig identification system as the feederVIPheystem has been
shown to give reliable estimates of the weight of growing pigs fthe plan area and
height. The pigs were fedd libitum diets that varied in crude protein (CP) content
between pens, produced by manually blending two source diets of 140 and 190 g/kg CP.
All the pigs in a pen received the same diet. The automatightvand intake records
were combined with a manual record of the feed blend to provide the fioputse
control system. These were transferred to Silsoe Researduténstt least once per
week for processing.

The pigs were also weighed manually once a week and the nesuéisecorded.

In addition, the P2 back fat depths of the pigs were measured usmagoufid
(Concept/MLV ultrasound scanner with 3.5MHz veterinary external pratbtje start
and end of the trial.

The air extracted from each room by the ventilation systes manitored for
ammonia concentration, allowing the total emissions to be estinf@tedhch pair of
pens. The volume of slurry produced by each pen was measured asdsamaled for

nitrogen content.



2.2. Growth model

The system was based on the model described by Green & Whitt€200&). This
was a mechanistic growth model, which had been validated usitag fiden the
literature and previous trials. Within the system it was useihtalate each pig within
a pen using its recorded feed intake.

In general, the model performed well (see the results below)tdmated to
underpredict the growth rate slightly. The agreement varied betpige and between
pens, presumably due to slight variations in genotype, environment, hiaalth and
behaviour. This was expected and the system included a mechandjustalze model

parameters in response to observations.

2.3. Model adaptation mechanism

The system was designed to allow selected model parameteesdptimised within
defined ranges to minimise the root mean square error of predi®MdSEP). The
optimisation used the nonlinear revised simplex method of Nelder and (V/@&f) in a
modified form that allowed constraints to be imposed. (See AppendiXekis

conducted with other data sets using single parameters or up tan8segtjointly,

found that good adaptation, without biologically unrealistic values, wasnebt by
optimising 2 parameters simultaneously. One of these, referrexithe allness factor,
controlled the efficiency of use of dietary supplied nutrients. Wais allowed to vary
over a range of 0.1-1.9 times its nominal value, where a low vapsesents high
efficiency (good health). The other parameter controlled the maxipmatain retention
rate, and was better determined, so was given a range of 0.7-1.3itinmesninal

value.

2.4. Control optimisation

When the model was required to make a control decision it v&aofitimised for each
individual in the pen using the data up to the present, as described mboveer to
improve its prediction of future growth. It was then used predictiteeiyodel growth
up to the end of the trial. In order to do so, a forecast of feed imtakeequired for
each pig. Modelling voluntary intake is difficult and unreliable,rgake profiles were
derived from results recorded in earlier trials. The profile maomatically adjusted for
each pig based on its recent past intake. The controller then optitmésdietary blend,
and hence the crude protein content, to minimise the RMSEP ovdl fiigsan a pen
from the final target weight or fat depth.



There was a single control variable, the dietary blend, but this sophihciple be
varied each day, giving up to 70 dimensions, each of which would have amaly
effect on the objective function. There were thus two key problemefdanulate the
problem with fewer dimension and to find a suitable method of optimisation.

The method selected to reduce the dimension of the control space wss &
control variable trajectory in the form of a piecewise linkaaction whose gradient
changed at discrete, equally-spaced nodes. The control variabéethee the gradients
of the arcs. Assuming that the ideal control trajectory would bm@oth curve, this
formulation gave a closer approximation than a step function, but ussdrttgenumber
of variables. The slope was constrained to restrict the fathamge of the protein
content. If the slope took the blend for any day outside the range ifOyids simply
assumed to take the limiting value. A small penalty was add#xtobjective function
when this happened, because it improved the efficiency of the egtiom by reducing
the time spent exploring irrelevant regions of the control space.

To determine the number of nodes required, a slightly different fotimulef the
objective function was used. Instead of the difference between tacdinal weight
and a single target, a daily growth profile was specified] #he objective was to
minimise the RMSEP between the predicted weights and the dafj@s helped to
ensure that there was sufficient flexibility in the contraiectory. Tests showed that
the RMSEP between target and prediction reduced as the number of wasles
increased from one to four, but showed insignificant improvement beyondhddes.
This formulation thus reduced the optimisation problem to 4 dimensions.

Several optimisation algorithms were tested, including genetaritdms, quasi-
Newton methods and the nonlinear revised simplex method. Specifyipgottlem as
a genetic algorithm was very simple. Each gradient was coded asl adixder of bits;
8 were sufficient, given the precision of the mixing of the fe@tigs gave an integer in
the range 0-255, which was scaled to the allowed range for the gradierfact that
the variables were inherently bounded meant that there was no needniw
constraints. The algorithm was numerically stable and gave cmsistsults of
moderate precision, but was rather slow, requiring about 400 function evaluations.

As the problem did not have many of the characteristics for waigenetic
algorithm is usually selected, such as discrete or combinatcarébles, a more
conventional method might be expected to give better performancgeiagi-Newton
method was tested: subroutine EO4JYF from the NAG library (Nuaiehigorithms



Group, Oxford, UK). This routine was selected because it allows boondthe
variables to be specified. The behaviour of this algorithm was highilgble: it could
require over 1000 iterations to terminate, and the return status ofieated that the
result found was not certain to be an optimum. The explanation fotigkisn the
model: like many growth models it contains thresholds and bounds on sothe of
internal variables. These can cause plateaux in the outputs and idigtiestin their
derivatives, and hence in the objective function. For a gradient-basttbd these
could result in poor convergence or poor identification of optima.

As a direct search method, the revised simplex method is ggnexale robust
when dealing with non-smooth objective functions than quasi-Newton methods. |
becomes inefficient as the number of variables grows above about Weorhigh
precision is required, but neither of these was the case fagpigation. The standard
form of the algorithm is unconstrained, and there have been sevenaptstto produce
general constrained versions. The complex method (Box, 1965) was warvaaht,
based on the original simplex method, and therefore without the advantagjes of
revised version devised by Nelder and Mead (1966). The modification by
Subrahmanyam (1989) is effective for very complex constraintscdmplicated to
implement. The variant given in Appendix A has been found to work eiédctfor
bounds on the variables and other simple regions. It was found to gnees robust
performance than the quasi-Newton method with acceptable precisiao, leitfaster
than the genetic algorithm, typically converging within 100 iteratiomisich was

equivalent to about 120 function evaluations.

3. Results and discussion

3.1. Growth model and model adaptation

An example of the results for one pig up to the end of the treiasvn in Figure 1. It
shows a close agreement between the model, VIA estimatedtvagid manual weight,
with a small deviation at the end. The RMSEP for this pig compargdthe VIA

weights over the whole run was 3 kg.
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Figure 1. Example of growth model performance: prediction of weight compared
with VIA estimate and manual measur ements

In assessing the system performance, it is the ability tdigbrand control the
liveweight of the pigs that is most important, rather than tedigtion by the model of
the VIA estimate of weight. All of the trial results wetteerefore compared with the
results of manual weighings and P2 back fat assessments matietstfore slaughter.
In the case of the example above, the predicted weight was §&@nkpared with a
measured weight of 94 kg; an error of 2.7 kg, which is consistémtire RMSEP of 3
kg. The RMSEP of the model compared with the final weight, wtiegemean was
taken over all the pigs in the herd, was 8.4 kg. After optimising thdehparameters to
minimise the errors from the VIA estimated weights as das#rin section 2.3, the
RMSEP for the herd was reduced to 5.0 kg, illustrating that the use of the Vfifatest
was an effective method of correcting the model.

The prediction of P2 back fat depth was generally less reliabtethE same pig,
the measured depth was 10 mm and the predicted depth was 12.4 mm. TEP RIS



the herd was 2.7 mm. The optimisation procedure, which was based owlgigint,
increased the prediction for the pig to 12.9 mm and increased the RiSHR herd
to 2.8 mm. This was not unexpected: with no feedback mechanism ftegtt, there
was no reason why the prediction should improve. It should also be notethehat

measurement of fat depth using ultrasound is itself prone to errors.

Table 2. Results of optimising the model at the end of therun
Pen Final RMSEP of RMSEP of RMSEP of RMSEP of fat

number weight before weight after fat depth depth after

of pigs optimisation optimisation before optimisation
(kg) (kg) optimisation  (mm)

(mm)

1 12 5.8 6.4 35 3.7
2 12 8.5 2.5 1.9 2.5
3 12 10.2 4.8 3.3 35
4 12 5.7 3.7 3.5 3.4
5 11 13.7 8.5 3.6 3.8
6 11 9.6 3.5 1.8 1.8
7 12 7.1 6.2 2.6 2.3
8 6 8.5 2.5 2.4 2.7
9 12 7.2 4.0 2.0 2.0
10 12 7.3 3.7 1.6 1.8
11 8 9.1 2.9 2.9 2.9
12 12 5.6 5.8 2.5 2.3
Herd 132 8.4 5.0 2.7 2.8

The results for all pens are given in Table 2. There wdewvacases where the
optimisation increased the RMSEP of weight slightly for a mmmerally when the
agreement was already good. This was due to intermittent, sullstaarestimates of
the weights of some of the pigs by the VIA system, which catisedptimisation to
increase the prediction above the true weights. Better filtefirigese outlying values
would remove the problem. In general, the error in the predictiontadefpth was
slightly increased by optimisation, as expected.

These results confirm that the model gave generally good penficemn and that
optimising the chosen parameters using the VIA weight estimates capable of
improving the prediction of weight. However, they all depend on optimisation at the end
of the run. In the trials, these optimisations were performeddat decision point, with
the data available at that time. A similar analysis to dbeve was performed by
truncating the VIA record at day 39 and predicting the final itelgased on actual
intakes until the end of the trial. The results are shown in Tablée.results again



show that optimisation reduced the RMSEP of weight, although bykesmamount, as
would be expected. The effects on the prediction of fat deptHsaresleghtly less than
when optimisation is performed using the full data set. These gesuifirm that the
desired effect was obtained by this method of model adaptation.

Table 3. Results of the model at the end of run after optimising at day 39

Pen Final RMSEP of RMSEP of RMSEP of fat RMSEP of fat
number weight before  weight after depth before  depth after
of pigs optimisation optimisation optimisation  optimisation

(kg) (kg) (mm) (mm)
1 12 5.8 10.8 3.5 3.0
2 12 8.5 3.0 1.9 2.4
3 12 10.2 4.8 3.3 3.5
4 12 5.7 3.7 3.5 3.4
5 11 13.7 8.5 3.6 3.8
6 11 9.6 3.6 1.8 1.8
7 12 7.1 9.1 2.6 2.2
8 6 8.5 2.2 2.4 2.7
9 12 7.2 4.2 2.0 2.0
10 12 7.3 3.9 1.6 1.8
11 8 9.1 8.2 2.9 2.9
12 12 5.6 6.5 2.5 2.3
Herd 132 8.4 6.3 2.7 2.7

3.2. Operation as an offline growth and nutrition control system

Table 4 shows the final result of the controlled growth pens. Qlizer pen 7,
which will be discussed below, the mean weight gain was within @& khe target in
each pen, and the back fat depth was within 1 mm of the lowet.targehigher target
in pens 3 and 4 proved to be beyond the capability of the system gweange of
possible diets andd libitum feeding, but these pens achieved the highest back fat depth
in the trial.

The pigs in pen 7 grew at a rate very close to the targebtart 8 weeks, then
suffered an interruption in their growth, for reasons that cannot benuiatel.
Although they then started to recover, there was insufficierg fon the controller to
return them to the target. They were weighed on day 54, at abdimnééhe problem
occurred; at this point the mean deviation from the target wake2(8tandard error

1.7), which was similar in magnitude to the other pens.



Table 4. Resultsof trial 2: mean deviation from target (standard error)

Pen Mean deviation of Mean deviation
weight gain from of fat depth

target, kg from target, mm

1 -0.9 (0.53)

2 0.2 (0.60)

3 -2.1 (0.72)

4 -2.4 (0.68)

5 2.1 (2.4)

6 2.3(0.9)

7 -5.8 (1.5)*

8 2.0 (2.4)

*-2.3 kg at day 54

5. Conclusions
The present study has shown that pig growth model optimisation cperioemed in
real time using VIA data, and that weight gain in pigs candrgralled through an
integrated management system using ad libitum feeding eamibe of diet CP content.
Some control of fat depth was also possible.

Approximation of the control trajectory by a piecewise linear tionadescribed by
the gradients at a small set of points was an effective method for reductigéresion
of the control space.

Given the dimension of the problem and the nature of the model, a coedtrai
version of the revised simplex method was found to be an effective andt robus

optimisation algorithm.
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Appendix 1. A constrained variant of therevised smplex method

Imposing a simple barrier constraint on the revised simplex methadis setting the

objective at an infeasible point to a high value, tends to causeémipkes to contract

when it encounters the barrier, which reduces its ability tcclséhe problem space. If
the true optimum lies on or close to the barrier, the simplex tsaybe reflected away
from it. It has to approach the minimum from one side and may cont@rgepoint
slightly further from the barrier. It would be more efficient, desbk likely to converge
to the wrong point, if part of the simplex were allowed to etterinfeasible region, so
that it could straddle the minimum. This motivated Parsons (1992)coge the
following variant.

Let the coordinates of the vertices of the simplexxband the corresponding
function values bg;, 1<i <n. Assume that they are ordered so thatyi.;. If the new
point x lies in the infeasible region, set its valueypHy,.1)/2. It will then become the
new maximum point for the simplex, allowing it to cross the bartut it will be
forced out at the next iteration, either by a feasible pointnothar infeasible one,
ensuring that only one infeasible point is in the simplex at arg. fithere is a potential
problem if the initial simplex contains multiple infeasible pqimbsthe starting position
and scale need to be chosen with care.

In tests this was found to perform better overall than a varfetyimple methods.

Except when the constraints were very complex, it also outperfdimedore complex



method proposed by Subrahmanyam (1989), particularly when combined heith t

unlimited expansion variant described by Parkinson and Hutchinson (1972).



