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Welch's, Inc., is the world's largest processor of Con-
cord and Niagara grapes with annual sales approach-
ing $600 million. It is the production, distribution, and
marketing arm of the National Grape Cooperative As-
sociation (NGCA), headquartered in Westfield, New
York, The membership of NGCA includes 1,400 grow-
ers who cultivate 41,000 acres of vineyards in western
MNew York, northern Ohio and Pennsylvania, western
Michigan, and south-central Washington.

Welch's operales raw pgrape pm-t?uﬁ:;ing planb; near
the growing areas, These plants provide the juice for
consumer products: bottled and frozen juices, concen-
trated juices, jellies, and jams. Settled, pasteurized juice
from the annual harvest of some 300,000 tons of grapes
is stored in refrigerated tank farms as “single strength”
juice or in various degrees of concentration. Concen-
trated juice conserves storage capacity and lowers in-
terplant shipping costs incurred for purposes of juice
blending,

The grape harvest varies in size for each growing
region each year, depending on spring and summer
weather conditions. The exact size is not known until
the end of the harvest process. Weather and agricul-
tural practice directly affect the rate at which grapes
reach the minimum percentage of water-soluble sol-
ids (ToWSS) consistent with Welch's strict quality stan-
dards. The start date of the harvest process is the date
that grapes within a growing region reach the proper
WSS

The frost-date for a growing region, the end of the
harvest process, occurs within five to seven days of
the first 28°F day for that region. The cold causes tis-
sue damage to the stems, and grapes fall to the ground
when disturbed by the mechanized pickers. The
length of the harvest season is then determined by the
time interval between two randomly occurring
events: the start date and the frost date. Temperature
data gathered from state experiment stations are a
fair representation of temperatures over the growing
region.
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IMPORTANCE OF HARVEST PLANNING

The harvest season is obviously a critical period each
year for Welch's, and considerable resources are de-
voted to planning for that event. The planners must
contend with several difficult issues. Each of the grow-
ers under contract to Welch's would like to limit any
loss due to cold weather, but that expectation must be
tempered by economic realities. Both harvest size and
length of the harvest season are random variables. A
policy that required a 0% harvest every year regard-
less of harvest size and time available would imply a
prohibitive capital investment in equipment for har-
vesting and processing grapes.

Clearly it is imperative to have in place a rational
means of balancing the growers’ desires against the
capital expenditures required. A well-designed plan-
ning tool could also be used to address long-term plan-
ning issues: the impact of proposed new harvest
scheduling methods, expansion or contraction of the
grower base, new plantings within a region, and
changes in yield due to new agricultural practice.

Historically, those issues were addressed by estimat-
ing a fixed length of season to determine the harvest
rate and capital investment requirements. That ap-
proach ignored the risk associated with the variability
in the length of the harvest season and size of the har-
vest in each growing region.

Welch's has a hustory of applying modeling tech-
nigues to solve management problems. In 1994 we
implemented the juice logistics model (JLM) to plan
the proper iming and amount of raw material trans-
fers, and the proper recipes for each manufacturing
plant (see Schuster and Allen [4]). However, the JLM
deals with grape juice only after it is processed. We
need to model the harvest of grapes and determine
the best rate to process fresh grapes intojuice. The vari-
ability of frost dates for a growing area greally influ-
ences the desired processing rate for grapes. Hence,
calculating the correct capital investment plan, and
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FIGURE 1: Histogram of harvest size

processing rate, for harvesting operations becomes an
important goal for Welch's.

The operations management literature lists few ap-
plications of modeling to fruit harvesting operations
in which a quantifiable trade-off exists between capi-
tal investment and the risk of crop loss, Porteus [2, 31,
one of the tew references we found, developed a case
study of the National Cranberry Cooperative. In the
case, he examines a complex study of capital invest-
ment and capacity for the processing of cranberries,
The National Cranberry Cooperative had two main
problems. First, trucks and drivers spent too much time
wailing to unload cranberries during harvest. Second,
overtime costs and absenteeism were out of control,
But although the processing of cranberries shares com-
mon elements with grape processing, Porteus did not
address the risk of crop loss from a frost. The case
mentioned no formal model for evaluating the trade-
off between capital investment and the risk of crop loss.

Iy what follows, we will describe a new method re-
cently instituted at Welch's that recognizes harvest size
and length of the harvest season as unique random

TABLE 1: Current Statistical Properties for Three
Selected Aegions

Coefficient of Coafficiant of
Rizk-Free Variation for Variaton for
Growing Harvast Lemgth of Harvest
Region Rate, Ao Harvest, kiL) Siza, kiH)
Mortheast 2326 0.35 o115
Lenwtor 1667 0.45 0.13
Fennewick 2g22 .41 0.26

variables within each growing region. This new plan-
ning teol permits analysis of the capital expenditure
consequences for any specified policy of the probabil-
ity of harvesting the entire grape crop for a given re-
gion. It has as its basis, historical data on the size and
duration of the harvest. We examine these data next.

HARVEST CHARACTERISTICS

For many years the NGCA has maintained an ex-
tensive database on all aspects of the grape harvest.
This database provides an indispensable foundation
for our efforts to rationalize risk management in har-
vest planning.

Harvest Size

Potential yields per acre are tracked throughout the
srowing season using random sampling of cluster
counts, average berry count (per cluster), and vine
weight. A multiple regression model using these quan-
titative variables and growing region as a qualitative
vanable provides midsummer yield estimates with a
coefficient of determination of 86%. Nevertheless, the
total harvest remains a random variable until the har-
vest is completed. Historical data then provide the
characteristics of the total harvest size of each region.

Figure 1 illustrates the distribution of harvest size, H,
for a typical region. The distribution is mound-shaped
and justifies our assumption that the population distri-
bution is approximately normal, The mean and stan-
dard deviation of this distribution are defined by p(H)
and s (H) for each region and are estimated from his-
torical data. Current estimates of harvest size param-
eters are given intable 1 for three of the growing regions.
I'hese data are given in non-dimensional ratio format
for proprietary reasons. We note in passing that it may
be possible to sharpen these estimates using the mul-
tiple regression predictions just before harvest. This re-
finement has not been implemented as vet.

Length of Harvest Season

The available harvest interval is not recorded as pri-
mary data, but start date and frost date are. The length
of harvest season, L, is determined from these dates: a
typical histogram for L is illustrated in figure 2. Again
we see that the distribution is mound-shaped and we
assume that the population is normally distributed
with parameters p(L) and s (1.). Fstimates of these co-
efficients of variation are provided in table 1.

As a final note, tests indicate that the length of har-
vest season, L, is not correlated with harvest yield and
hence harvest size, H. For example, one of the grow-
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FIGURE 2: Histegram for length of harvest season

ing regions has a correlation coefficient of 0.14 between
yield and length of harvest season based on 22 years
of data. We cannot reject the hypothesis that the popu-
lation correlation coefficient is zerd, with an observed
significance of 53%. That has important consequences
for model development.

RISK MODEL FOR HARVEST PLANNING

In this section we summarize the development of an
improved model for harvest planning. The model pro-
vides the means to balance the costs of capital invest-
ment in process equipment against the risks of crop loss
due to frost. The model determines a mean harvest rate
as a function of the length of the harvest season and the
probability that 100% of the grape crop will be harvested,
The harvest rate requirement, in tum, determines the
equipment requiremnents for harvesting and processing
grapes into juice. The processing rate determines equip-
ment needs for pressing grapes, juice storage, and juice
concentration (to create storage).

To avoid notational clutter, we do not distinguish
the growing areas, but remind the reader that the re-
sulting model must be applied separately to each area.

We will need to define some additional notation:

R = harvest rate in tons per day, a decision variable
T = lime required to harvest the entire crop in days

The time required to harvest the entire crop is re-
lated to the harvest size and harvest rate by

T=H/R (1)
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and we can define the slack time in days, 5, as the dif-
ference between the length of harvest season, L, and
time required to harvest 100%: of the crop. Then,

S5=L-T (2)

Slack time, 5, is a random variable and is the foun-
dation of the required harvest model, If we know its
mean and standard deviation and the shape of its dis-
tribution, we can enforce a policy requirement that the
entire crop be harvested with stated probability,

Ps=zM=p (3

where p might range, for example, from 85% to 98%.
In subsequent work, we will refer to the value of p as
the percent recovery policy.

The estimated expected value of slack can be ex-
pressed, using equations 1 and 2 as

pESY) = Ly = /R (4

Toestimate the standard deviation of the slack time,
we invoke the earlier finding of statistical indepen-
denee bebween length of harvest season and harvest
yield. Under statistical independence, the slack time
variance is simply the sum of the variances of length
of harvest season, L, and the time required to harvest,
T (see, for example DeGroot [1, p. 159]),

Again using equations 1 and 2 we have;

ad{S)=ag¥l) + o¥{H) / B? (3

Finally, we assume that the distribution of slack time,
5, is approximately normal based on empirical evi-
dence of figures 1 and 2. All pieces are now in place to
use equations 3-5 to determine the required harvest
rate, R (tons/day), for specified recovery policy, p, and
known means pil) and g(H) and variances (L) and
a*(H). However, in their present form, equations 3-5
are not casy to work with.

We can obtain an explicit form for the required har-
vest rate, B, if we first define two coefficients of variation

KLY = o(L) / p(L), ¥(H) = g{H} / plH) (&)
and denoie the standard normal variate associabed
with an upper-tailed probability p by ZP. MNow define
the risk-free harvest rate, R, as that harvest rate that
would be used if there were no uncertainty in harvest
size and length of harvest seasons. Then

R, = w(H) / u(L) (7)

Any uncertainty in H or L will cause the required
harvest rate, R, to exceed R, so it is convenient to de-
fine the harvest rate inflation factor, r, as

r=R/R, (8)
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TABLE 2: Harvest Rate Inflation Factors, r

BA% Harves! Recovery Policy (Zp==1.04)
Harvest Size Coafficient of Variation, KiH)

.05 0.10 0.15 8.20 0.25
Langth of D25 1.36 1.37 1.39 1.42 1.46
Harvest Season 0.30 1.46 1.47 1.48 1.52 .55
Coellicient 0.35 1.58 1.59 1.60 .63 1.G6
aof Variation, 0.40 .72 1.73 1.74 1.76 1.79
KIL) 0.45 1,68 189 1.91 192 .85

20% Harvest Recovery Policy (£p = —-1.28)

Harvest Size Coaffictent of Variation, KiH)
0.05 .10 o5 020 025
Langth of 0.25 1.48 1,50 1.52 1.56 1.61
Harvast Season 0.30 1.63 1.64 1.67 1.70 1.74
Cooatficiant .35 1.82 1.83 1,85 1.88 1.82
ol Variation, 0.40 2.05 2.06 2.08 2N 214
KiL) 0.45 2.36 237 2.39 241 2.44

85% Harvos! Recovery Policy (£0 = —1.645)

Harvest Size Coafficient of Vartaon, KiH)
0.05 .10 0.15 .20 0.25
Langth of D.25 | 173 .77 1.82 1.87
Harvast Saason 0.30 1.96 2.00 2.03 2.08 213
Coaflicient 0.358 238 238 2.41 245 249
of Warlation, 0.40 283 2.84 297 .00 3.05
KiL) 0.45 385 31.87 3.89 3.92 356

g% Harvest Recovery Folicy (Zp = —2.05)

Harvest Size Coefficient of Variatian, K{H)
o.05 0.10 0.15 0.20 a.25
Length of 0.25 2086 209 2.14 220 297
Harvest Season 0.30 2,61 263 2.687 273 279
Coetficient 0.35 3.55 357 3.60 365 3
ol Variation, 040 5.58 5.58 5.61 5.66 5,71
KiL) 0.45 1201 12.93 12595 1289 1304

This not enly provides a more general result butalso
has an explicit physical interpretation: the inflation of
the risk-free harvest rate caused by uncertainty.

After some algebra, carried out in the appendix, we
obtain the required harvest rate ratio:

r= {1411 - (1= 223 (1 - Z2RENI /
(1 - Z2 k(L)

In equation 9, we must require that Z"FE{I.J <1to
ensure finite values of r. In addition, the term in square
brackets pust be non-negative. Note that as the two

(9

coefficients of variation become very small, the har-
vest rate inflation factor, r, approaches 1.0 so that the
harvest rate, R, approaches the risk-free rate, R,

Example Application

From table 1, for the Northeast processing plant, we
find that k(L) = 0.35, k(H) = 0.15. Using an 85% recov-
ery policy with Z, =~1.04, we obtain from equation 9,
r=1.6045. Then the physical harvest rate can be found
from equation 8 using table 1: R = r x R = 1.6045(2326)
= 3732 tons per day. This in tum implies specific capi-
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tal investment requirements for harvesting equipment,
grape pressing capacity, and storage and concentra-
tion capacities,

Sensitivity Analysis of Harvest Rate Inflation Factor

The harvest rate inflation factor 1s influenced by three
parameters: the recovery rate policy (as measured by
Z ) and the two coefficients of variation k(L) and KH).
It is important to know how changes in each of these
parameters affect r. Ideally this could be done algebra-
ically, but we have been unable to obtain simple, trans-
parent expressions for purposes of sensitivity analysis.

We take the direct approach of evaluating equation
¥ owver ranges of each of the parameters of interest, For
the recoviery policy we have chosen four values: 85%,
B0%, 95%, and 98%, We varied the coefficient of varia-
tion of the length of harvest season, (L), from 0.25 to
(.45 in steps of .05, The coefficient of vanation of har-
vest size, KH), ranged from 0.05 1o 0.25 in steps of 0,05,

The two-way DATA TABLE function in EXCEL was
used tocompute the dimensionless harvest rate, r, over
the ranges of ML) and k(H) exhibited in table 2 for each
of the four recovery policies. These results demonstrate
that the harvest rate requirements increase with in-
creases in the two coefficients of variation and the per-
cent recovery policy. Whal is perhaps more important
is the extreme influence of increasing variability of the
length of harvest season as measured by k(L). This sug-
gests that resources should be devoted to an attempt
al more accurate predictions of dates of grape matura-
tion and frosk.

USING THE HARVEST MODEL FOR PLANNING

The harvest model was intreduced into the planning
process on a limited basis in 1996, After the model had
been used as an adjunct to existing planning tools, it
became clear that the model provided a much better
representation of the risks associated with the harvest
season. Confidence in the model grew with use, and it
is now fully incorporated into all harvest related plan-
ning activities. In this section we summarize a few of
the recent uses of the new risk model.

FProposed New Harvesting Strategy

Traditionally, two grape varieties, Niagara and Con-
cord, were harvested sequentially in each region. A
“dual-stream” procedure had been proposed; it would
permit delay of the Niagara harvest start date but re-
quire simultaneous harvesting of both varieties. De-
lay of the Niagara harvest date would yield a higher
value crop because of higher % WSS and higher re-
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P(S >= 0)=p

SLACK, §

FIGURE 3: Nermal distribution of §

covery. The dual-stream capability would accomplish
that without extending the total season length, The
price of dual-stream is an increased grape processing
rate and subsequent capital equipment expenditures.

The new risk model was an indispensable aid in
analyzing the cost/benefit trade-offs over a range of
crop recovery policies,

Proposed New Plantings

Five-year estimates of consumer product sales led
to a proposal that new plantings may be required in
certain growing areas. These would lead in turn to pro-
jected increases in harvest rate requirements. The har-
vest risk model provided the foundation for assessing
the costs of new plantings and additional processing
equipment against the return on consumer product
revenues,

Optimal Harvest Recovery Policy

Is there some “best” harvest recovery policy that bal-
ances the cost of capital expenditures against the cost
of lost grapes? The development of the risk model for
grape harvest provided the opportunity to answer that
question.

Reexamination of table 2 reveals that a 98% harvest
recovery will demand prohibitive capital outlays on
processing equipment. At the same time, a recovery
policy below 80% s ruled out as completely unaccept-
able to the growers. During this past year data were
gathered on the harvest losses in dollars as a function
of past recovery percentages. This permitted an incre-
mental cost benefit analysis to be carried out that indi-
cated the "best” percentage recovery policy.
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CONCLUSION

The harvest risk model developed in this article has
served Welcl's in a variety of applications and has be-
come an accepted part of the harvest planning pro-
cess, We expect that this planning tool could easily be
extended to other capital intensive tasks in which the
start time, finish time, or both are random variables.

APPENDIX - DERIVATIONS

Consider the normally distributed random variable
slack time, S, shown in figure 3. For a specified recov-
ery policy, pr, a corresponding value Z_of the standard
normal variate can be determined. For example, if p =
85%, then Z, = =104, Points along line § are related to
points along Z by

Z={5-pi5) / ols)
so we can solve for the value of S at Z_as
S=uS+Z - als5)z0
where we have required that slack time, 5, cannot be
negative,
This last then required that
p8) =-Z - als)
Using equation 4 in the expression above, we get
L) - p(H) / R 2 =2 0(5)

Square both sides of the last expression and substi-
tute for ¢?(5) from equation 5 giving

(L) = ptH) [ RY = Z° [a¥(L) + o'(H) / RY]
P

Gather the left side over R and the right side over R
and cancel the common K.

[Ru(L) - wHIP = Z7 |R* o3(L) + o7(H)]
Expand the left side and gather like powers of K:

(L) - .{1 gHLNRE = 2u(LIu(HIR + (p*(H) - ZF_o*(H))
=0

Factor (L) from the first term and #(H) from the
last term and use definitions from equation &

el - Z’FE{L}I}RZ = 2u3(L)p(HDIR + w*(HN(1 = Z7 o (H))

=0
Divide throughout by u*(H):
(1 - Z2 K [aIRF - 2 ) R + (1 = ZRHH) 2.0
' u(H) p(H)

MNow from equations 7 and 8

r=R/R = Rull}
u(En

so that
(1- ?FFE{I.}‘.I."’ -2r+(l- ZIPF:‘I{HJ]' =1

This is now of the form: ar? + br + ¢, with solution
given by r = [-b + [b* = dac]'”*} / (20), and equation 9
follows. We have discarded the negative sign in front
of the term in square brackets in equation 9 since un-
certainty should never act to decrease the harvest
rate ratio, r.
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