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Abstract
Wool prices depend on the woal’ s quality. The wool’s quaity depends on avariety of
factors, akey factor being the diameter of the wool fibres. Thinner fibres fed more
pleasant to the touch, and are more highly vaued. Merino NZ's best and thinnest wool
commeands prices in the tens of thousands of dollars— per kilogram!

NZ PAC, asubsidiary of Merino NZ, classfies every fleece of Merino wool for each
grower. Employees use sophisticated scanning devices to measure the wool’ s attributes.
The mogt important attribute is the average fibre diameter. NZ PAC uses a mechanica
sorting machine to sort each grower’ swool into 16 bins. The problem isto choose
attributes for each bin to maximise return for each grower. Usudly, smdl quantities of
wool with different diameters must be combined into asingle lot to satisfy aminimum
lot size congraint. The price of the lot depends on the average diameter of thewoal in
the lot. Fleeces can be combined into lotsin different ways, resulting in different
average diameters and qudity, and therefore different market prices. This paper presents
models to assign attributes to bins to maximise the revenue. The first model isanorn+
linear assignment problem, with blending congraints. The second is alarge integer
program with blending congraints. Thiswork is being implemented by NZ PAC, and is
expected to help increase revenue for growers.

1 Introduction

Merino New Zealand, Ltd., markets merino wool for New Zedland growers. Each
grower owns and sdlls his own wool. One grower’ s production for ayear is caled aclip.
The amount of money a grower receives for his clip depends on the wool’ s qudity.

Unitil recently, the growers themselves classified fleeces subjectively. In 1999, Merino
NZ built a production facility caled NZ Product Advancement Centre (NZ PAC), to
classfy wool with objective measurements. Each grower gtill owns and sellshisown
wool, but the wool can now be classified by NZ PAC.

NZ PAC uses sophisticated devicesto classify wool based on each fleece's
attributes. The most important attributes are the length and diameter of the wooal fibres.
The devices can accurately measure the length and diameter of each fleece. After
measurement, the wool is sorted into lots and offered to the market for sale. Each lot
must weigh at least 100 kilograms. The fleeces are then sorted mechanically. The
sorting machine has only 16 bins, and a degper sort would be difficult for production
reasons. Also, since each grower owns and sdlls his own wool, each grower’ swool must
be kept separate.



When alot is offered for sde, an independent |aboratory tests the average diameter and
length of the fibres. NZ PAC’s measurements usudly agree with the independent
|aboratory. The average diameter and average length of the fibres are the primary
determinants of market price.

Currently, wool is classified by length into categories such as Long, Medium, and
Short. Diameter is classified in 0.1 microns. Typica diameters are between 13 and 20
microns. The 13-micron wool can command pricesin the tens of thousands of dollars
per kilogram. At the other end, 20-micron wool may be sold for $10/kilogram or less.

Figure 1 shows atypicd relationship between market price and diameter. It was
necessary to produce aregresson of market price to fibre diameter, snce some market
price datawas missing, and because of differencesin the timing of sales.
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Figure 1. Therelationship of market price to fleece fibre diameter. The g)redi cted price

function is price = 100,000/(21.91 — 21.60 d + 1.36472 d).

Fleeces of different diameters can be mixed to produce alot of a given average
diameter. A reasonable gpproach to maximising revenue isto sall every fleece at the
highest price for its atributes. Since thinner fibres are more va uable, the grower can
earn more money if the thin fibres sold in alot with asmaller diameter. Theided, then,
would be to sell every fleece according to its true average diameter. However, buyers
want each lot to weigh at least 100 kilograms. Furthermore, the NZ PAC sorting
machine has only 16 bins. Also, each grower’s wool must be kept separate. For these
reasons, alot is necessarily a blend of fleeces with different diameters.

The problem, then, isto assign fleeces to bins of the sorting machine, and to select
attributes for bins, to maximise revenue for each grower. The weight by diameter and
classfor each grower’ s clip are forecasted based on the weight by diameter and class for
the grower’s clip from the previous year.

The literature has just one paper that described the use of optimisation to blend
wool. This paper was in the 1986 Proceedings of NZ Operations Research Society,
“Computer Blending of Woal,” by Denis Maddever, Garth Carnaby, and Alec Ford [1].
They developed modelsto purchase wool at auction, and blend the wool for input to a
carpet factory. They included congtraints on attributes including colour, length, bulk,



diameter, and vegetable matter. They used adynamic mode, with subscripts for month,
to hep minimise the holding cogt of the wool, which suggests they must have used
inventory variables, though thisis not explicit. Under “Future Extensons,” they

reported work on non-linear functions related to colour and diameter. They used
MINQOS, acommercia non-linear math solver, and reported solver times of severd
hours. It ppears their modd would not fit NZ PAC' s problem, because their mode
chooses wool for asingle blend, while the NZ PAC problem is sdlecting wooal for a sort
into 16 bins. However, the work does seem to overlap. They aso reported cregting a
database of market prices for input to their modd.

This project has developed two models to assign attributes to bins on the PAC
machineg, to improve returns. The first modd, “One-class bin solver,” isasmplified
non-linear model that assumes just one class of wool (such as Long, Medium, Short, or
Colour). The second mode isamixed integer linear program that solves the problem
for up to four classes.

The inputs for both models are market prices for each diameter and class (which can
come from the regresson model or actual market data), and the average and standard
deviation of fleece diameter, and tota weight, for each class (Long, Medium, Short, and
Colour). A normal distribution was assumed, so quantities of wool could be assumed to
be in categories, such asLong 15.0to 15.1, Long 15.1 to 15.2, etc. Theoreticaly,
negative or infinitely thick diameters could exi<, but the formulas truncate these.

The desired output isalist of bin splits. A solit isarange of fleece diametersfor one
classthat is assgned to one bin. For example, one split might be Long 15.0 to 15.7,
which meansthat dl fleeces with those attributes would go into one bin.

2 Non-linear modd formulation: One-class bin solver

“One-classhin solver” isasmplified bin assgnment modd to find bin splits for one
class. The modd uses the market price as calculated by the regresson model, though in
principle it could use any market price function (depending on the solver).

Indices
b=hin1,..., 16.
i = fleece diameter category, usudly 1, ..., 30.
Inputs
Q = quantity (kilograms) of wool in diameter category i.
p(d) = aprice formulathat depends on diameter d, found with regression.
L = minimum lot sze, usudly 100 kg.
di = average diameter of diameter category i.
Decision variables
dp = average diameter in bin b.
Yib = kilograms of diameter category i to putinbin b.
Model
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This moded was solved with What' sSBet, a commercia solver. This modd did not
perform well. It was easy to find solutions by hand that were better than solutions found
the non-linear solver.

3 Mixed integer linear programming formulation: BinOptimiser

BinOptimiser is an optimisation model to select aclassfor each of the 16 bins on the
PAC machine, to maximise expected return. Unlike the model “One-class bin solver,”
BinOptimiser solves the problem for four different classes.

The solved modd gives assgnments of fleeces (by category) to bins, and
assgnments of market price to bins. If the modd’ s recommendations are followed, the
actud average fibre diameter in the bin should match the modd.

Indices
b=hin1,..., 16.
i, ] =fleece diameter category.
s, t = dlass, such as Long, Medium, Short, Colour, ordered 1,...5, from highest
to lowest qudity.
Inputs
ds = the diameter for class sand diameter category |i.
Ls = minimum lot Sze (usudly 100 kg) for dass s and diameter category .
ps = market price, $100kg, for class s and diameter category i.
Qs = quantity (kilograms) of wool of class s and diameter category i.
Decision variables
wyg = 1if abinisassgned dass s and diameter category i, else 0.
Xstj = the per cent of wool with class s and diameter i that isassigned to abin
with dasst and diameter .
Mode
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8.wy=1lorOfordlt,j.

Congraint 2 will be satisfied as an equality in an optima solution, so it may be
written as an equadity without loss. Also, one class (cdled Tender) may be given itsown
bin, so theright-hand side of 16 could be 15.

Congraint set 3 requires that afleeceis assgned to a market category only if abin
has been opened for it.

Condraint set 4 requires that average diameter in the bin must be less than or equa
to the assigned diameter for the bin. If price decreases with increasing diameter, this
congtraint should be satisfied as an equdity in an optima solution.

Congdraint &t 5 isthe minimum lot size condraint.

Condtraint set 6 requires that no more than 100% of the wool can be put into abin. If
prices are pogitive, this condraint will be satisfied as equdity in an optima solution.

Careistaken to define as few of the Xsj variables as needed. For example, Short
fleeces are never put in abin of Long, so those variables are assumed to be zero, and the
variables are not defined.

The typica number of variables is about 6,500, with 500 congraints, asmall model.
However, it is surprisingly hard to solve. Solution times are variable, but generdly in
tens of hours on a277MHz Pentium 11, though it finds agood solution in just afew
minutes. Another solver such as CPlex may do better than What' SBest.

Additiond congraints can be added to tighten the mode!:

9. Xsitj £ Wyj, for each class s, t, and diameter categoriesi, j. No wool goesin abinif
the bin is not open.

Adding these congraints will not hurt the true integer optima solution, but it will
reduce the (infeasible) upper bound from the continuous modd. This reduces the
number of branches that the solver has to search. Note that congtraint set 9 dominates
condraint set 3. Whileit istrue that condtraint set 9 tightens the mode, each linear
program in the branch and bound takes longer to solve. Congtraint set 9 increasesthe
number of congtraints from 500 to about 8,000. Even though the search region is
smdller, each search takes longer, so the effect is to make the whole search take longer.

It is easy to use BinOptimiser to find good feasble solutions quickly, sincethisis
only an ordinary continuous linear program, with the wy; varigbles fixed. By assigning
attributes to the bins by hand, the modd will find the splits dmost ingtantly. For
example, Bin 1 could be assigned to Long 17.4, Bin 2to Long 18.8, and Bin 3to
Medium 17.4, etc. The mode will quickly find which splits will best satisfy those
assgnments. Thissolvesin just afew seconds, and gives avdid solution quickly.

4 The solution

It was expected that an optima solution would have an uninterrupted range of splitsina
sgngle bin. For example, Long wool of diameter 17.0 to 17.5 micronswould goin bin 1,
Long wool of diameter 17.6 to 18.0 micronsin bin 2, etc. Thiswas not the case. For
example, for fleecesthat are Long 17.0-17.5, hdf may goinalLong 17.4 bin, and half in
aMedium 17.2 bin. Another example: Long 18.0 fleeces and Long 18.5 fleeces may be
assigned to aLong 18.3 bin; but fleeces Long 18.1 to Long 18.4 are assigned to a



Medium 18.2 bin. In effect, the splits were split! This may make the solution hard to
implement.

The modd sometimes put vauable fleecesin lower vadue bins. Thisis partly dueto
the 100-kg lot Sze condraint, but not completely. The smal quantities do not justify a
bin. The high-vaue fleece s smdl diameter dightly lowers the average diameter for the
lower quality wool. So diameter and volume are both important. More bins should be
used for classes with larger quantities, such as Medium. More revenue may obtained
with Long in 2 bins and Medium in 6 bins, than the other way round, because thereis
more Medium wool.

Sengtivity analyss suggests that the 100-kg lot Size congraint lowers the objective
vaue only alittle, less than 1% for the sample data. The 100-kg congtraint does not hurt
the mode much, because the sample clip had alarge total weight, so the 100-kg
condraints are easy to satisfy. Even without the condraint, many bins have more than
100 kg.

It was expected that NZ PAC should be able to improve revenues somewhat by
combining growers clipsto avoid the 100-kg congraint. However, combining wool
from different growers may not dways improve revenue. Sorting two clips separately is
like having 32 bins for one combined clip, which resultsin afiner sort.

The vaue of combining clips depends on each clip’s average and standard deviation
of diameter. If two dlips are large and have sgnificantly different average diameters,
they should be sorted separatdy. A smdl dlip should probably be combined with
another clip that has gpproximately the same average diameter. The 100-kg congtraint
will lower the vdue for smdler dips by alarger percentage than for large clips.

5 Conclusion

This project developed two models to help assign fleeces to bins. The most important
modd is BinOptimiser. This modd uses What' SBest, a commercia solver, to find good
assgnments of wool to hins.
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