ABSTRACT

TIPI, EVREN. Forecasting Sales of Slow-moving Items. (Under the direction of Dr. Russell
E. King and Dr. Thom J. Hodgson.)

Inventory management is very difficult if the sales are dow-moving, where demand
appears at random and with many time periods having no demand at al. Even though slow-
moving demand is more common in the service parts business, it is also a difficult problem in
the retail industry.

Exponential smoothing methods and the approach of Croston (1972) and its
modifications are very popular to estimate the sales of slow-moving items. However,
exponential smoothing generally leads to improper stock levels since more weight is placed
on the most recent data, making the forecast highest just after a demand occurrence, and
lowest just before the demand occurs again. Croston proposed an alternative method that
considers not only the demand size but also the inter-arrival time between demands to
overcome this situation. Croston’s method and its modifications adjust the forecast only after
a demand is observed, but this may not be very practical if the inter-arriva times between
demands are very long. In addition, both exponential smoothing and Croston do not work
well if the demand is seasonal.

In this research, we add a seasonality index to the existing exponential smoothing and
Croston’s modification methods. In addition, a correction factor is included that adjusts the
forecast if the forecast error is more than a threshold value. Moreover, in some of our new

models, we also adjust the forecast not only after a demand, like Croston, but also if the time



since the last demand exceeds the average inter-arrival time or two times the average inter-
arrival time depending on the new method.

These forecasting methods are compared using sales forecast accuracy metrics and
inventory control measures. Whether the goa is to have an accurate sales forecast or to
optimize inventory control measures, our methods outperform the existing exponentia

smoothing methods, as well as the approach of Croston and its modifications.
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1 Introduction

Demand forecasting forms the starting point for inventory planning and is one of the
most critical concerns of inventory management. It is even more difficult if the demand is
intermittent, where demand appears at random with many time periods having no demand at
al. In addition, if a demand occurs, it can be more than one unit. Even though intermittent
demand is more common in the service parts business, it is also a challenging problem in the
retail industry.

In practice, single exponential smoothing (SES) is often used to forecast intermittent
demand. However, this method generally leads to improper stock levels since more weight is
placed on the most recent data, making the forecast highest just after a demand occurrence,
and lowest just before the demand occurs again. To overcome this situation, Croston (1972)
proposed an aternative method that considers not only the demand size but also the inter-
arrival time between demands.

Croston’ s method is a benchmark in forecasting intermittent demand; thus, it has been
assessed by several authors in the literature. Willemain et al. (1994) compared Croston’s
method with SES and concluded that Croston’s method is robustly superior to SES. In
addition, Johnston and Boylan (1996) also showed that Croston’s method is aways better
than SES when the average inter-arrival time between demands is greater than 1.25 review
intervals. However, Syntetos and Boylan (2001) showed that the original Croston method is
biased, and they corrected it by multiplying the forecast for the demand per period with 1—

a 12 (Syntetos and Boylan, 2005), where « is the smoothing constant. Levén and Segerstedt



(2004) use the Croston approach of only updating when there is a positive demand, but
instead of updating the forecast of demand and inter-arrival time between arrivals separately,
they updated the forecast for the demand per period directly using the ratio of demand size
and interval. However, later in 2007 Boylan and Syntetos showed that Leven and
Segerstedt’s method is biased.

In addition to Croston’s method and its modifications, there is another promising
class of methods known as bootstrapping that is used to forecast intermittent demand. The
main advantage of bootstrapping is that the mean and variance of the lead time demand
distribution is forecasted directly by repeated sampling from realized demands. The main
disadvantage is that this method is rather complex to implement and understand.
Bootstrapping has been proposed in several papers including Snyder (2002), Smart and
Willemain (2000), Smart (2002), and Willemain et al. (2004). In Willemain et al. (2004), the
data from nine industrial companies were used to show that the bootstrapping method
produces more accurate forecasts of the distribution of demand over afixed lead time than do
SES and Croston’s method.

Even though there have been papers in the literature on modifying the Croston
algorithm, very few of them investigated the “trend” in the data. One of the exceptionsisin
Altay et al. (2008). Wright's modification of Holt's method (WMH) has been adapted to
forecast intermittent demand. In Altay et al.’s study, they have compared the performance of
Syntetos and Boylan’s modification to the Croston method (SB2) and WMH using a

simulated environment as well as a real data set of aircraft parts demand. When testing the



real data set, they observed that SB2 carries lower inventories than WHM at the expense of
service level and that WMH provides superior service levelsin every case with no significant
total cost difference.

Another challenge is to find the appropriate accuracy measure for intermittent
demand. All relative-to-the-series accuracy measures (MAPE (Mean Absolute Percentage
Error) and MdAPE (Median Absolute Percentage Error)) must be excluded, since actual
demand is used in the denominator of the calculation and can be zero in some periods, which
will lead to division by 0. Syntetos and Boylan (2005) put accuracy measures of intermittent
demand into two groups, absolute accuracy measures and accuracy measures relative to
another method. In addition, Hoover (2006) analyzed other accuracy metrics for slow-
moving items such as: denominator-adjusted MAPE, the symmetric MAPE, and ratio of mean
absolute error to mean demand.

In this research, we add a seasonality index to the existing SES and Croston’s
modification methods. In addition, a correction factor (CF) is included that adjusts the
forecast if the forecast error is more than a threshold value. Moreover, Croston’s method or
its modifications adjust the forecast only after a demand, but this may not be very practical if
the inter-arrival times between demands are very high. In our approach, we also adjust the
forecast not only after a demand, but also if the time since the last demand exceeds the
average inter-arrival time or two times the average inter-arrival time, depending on the new

method.



The remainder of this dissertation is organized as follows. In Chapter 2 the literature
review is provided. In Chapter 3 our proposed forecasting methods for slow-moving items
are introduced. Sales forecast accuracy measures used for slow-moving items are presented
in Chapter 4. The experimental structure and sales forecast accuracy results are explained in
Chapters 5 and 6. In addition to sales forecast accuracy metrics, inventory control financial
metrics results are presented in Chapter 7. Conclusions and future work are presented in
Chapter 8. Furthermore, Appendix A has the Mean Error, Mean Absolute Error, Scaled Mean
Absolute Error, and Relative Geometric Root Mean Square Error paired-sample t-test results,
and Appendix B has the Confidence Interval figures of inventory control financial metrics for

CF parameter set combinations.



2 Literature Review

Several techniques for forecasting slow-moving items have been suggested in the

literature. In this chapter we review these approaches.

2.1 Simple Exponential Smoothing

Croston (1972) shows that simple exponential smoothing is not appropriate for
forecasting intermittent demand due to its bias. He uses two models to demonstrate this.

His first model assumes that demand is a deterministic p units that occurs every p
review intervals. If the first demand occurs at time t=1, then the demand at timet, Y;, isgiven

by:

u, if (t—=1)/ p=nonnegative integer,
0, otherwise

forp>1.
If we forecast using the basic SES formula, then the forecast of demand for period

t+1 that is made at the end of period t, Y,', is calculated as:
Y =Y,+tag=aY +(1-a)Y/,,

where, « is the smoothing coefficient 0<a <1, and =Y, -Y,, is the forecast error in

period t. For simplicity, we assume that the forecast lead time or lag is zero meaning that we

forecast the next period’ s demand.



If we update the forecast only when the demand occurs, then the expected vaue of

the estimate is not equal to Ik ;instead, itis:
p

N MO
E(Y‘)_l—(l—a)p'

In his second model, Croston (1972) uses a stochastic model of inter-arrival time and
demand size. The demand sizes are independently distributed from a normal distribution
N(i,0?), and in every review period, the demand independently occurs with probability

1/p. Under these assumptions, the expected demand per unit time period is:

E(Y)=£.
p

Croston showed that if the demand estimates are updated every period with SES, the

mean and variance are as follows:

a -1 o?
p > ,u2+_)-

However, if this method is used for stock replenishment, most of the time the
replenishment will be triggered by a demand which recently occurred in the last review
interval. Thus, the estimates that are made after a demand occurs will have a biased expected

value, whichis:

E(Y')=ula+1-a)/ p).



The biasisequal to a(p—1) times the average demand.

SES is easy to caculate, but the forecasts are biased and sales promotions and the

seasonality of the demand are not taken into account.

2.2 Poisson M ethod

In addition to SES, the Poisson distribution can be used to forecast intermittent
demand (Johnston and Boylan (1996)). A random sample from a Poisson-distributed random

variable with mean A/ can be used to estimate the demand. This method is described below.
A=aY,+[1-a)A,,
Y, < Poisson(7,)
where
Y, isthe forecasted demand for period t+1 that is made at the end of period t,
Y, isthe demand size (actual demand) at the end of period t,
a issmoothing constant, and
A, is an estimate of the expected demand for period t+1 that is made at the end of
period t, and A, is calculated dividing the total demand in the warm-up period by the

number of periodsin the warm-up period.
Similar to SES, the forecasts generated with the Poisson method are easy to calculate,

but sales promotions and the seasonality of the demand are not taken into account. In



addition, since the forecasts are generated using a Poisson distribution, different runs can

produce different forecasts, which might not be desirable.

2.3 Croston’sMethod

Croston (1972) developed the benchmark for forecasting intermittent demand. He
showed that SES is not appropriate for forecasting intermittent demand due to its bias, and
suggested a new method. In his method, separate SES estimates of the average size of
demand and the average time between demands are calcul ated each time a demand occurs. If
there is no demand, then no changes are made to the estimates. His method is described
below.

The following notation is used.

z/: The demand size estimate for period t+1 that is made at the end of period t,
p; : The average inter-arrival time period estimate between the non-zero demands for period

t+1 that is made at the end of period t,

Y : The forecasted demand for period t+1 that is made at the end of period t, and is

—_

calculated by dividing z by p,

Y, : The demand size (actual demand) at the end of period t,

o : The smoothing constant,
g: The time difference between period t and the time of the occurrence of the previous

demand.



Croston’ s method is summarized below:

IFY, = 0 then
Zl’ = Zl,—l
P =P,
q=9g+1

ELSE
Z =2, +alY,~2)
=P +a(d-pLy)
q=1

ENDIF

The forecast is then calculated as:

!

Z

Y,= —'
P

t

Thevalues z,and p, can beinitialized using the historical data of the warm-up period
by averaging the non-zero demand sizes and the inter-arrival times and q is set equal to zero
initially.

According to Croston, using this model the expected estimate of demand per period

z,_EZ) _n
E(Y)=E(&) = Kk
() (p{) E(p) p

Although his method is widely accepted and very well-known, Rao (1973) corrected
the algebraic errors in Croston’'s error estimators. In addition, Syntetos and Boylan (2001)
showed that Croston’s method is positively biased (2001),

ER) = E@)EC) and E(E) > —=—.
()= E@EC) adEC)> ¢



The expected demand per time period for o =1 is:
! Ny 1 1 1 ,
E(2)=E(2)E() = u[——log(—)j and E(p)=E(p) = p.
pt pt p_l p

The maximum biasis attained whena =1 and is equal to:

u(—ilog(i)j—ﬁ.
p-1 p p

If p/ and i,were independent, then E(Y,) would be equal to%. Thus, different
P !

probabilistic assumptions will lead to different results.

Croston’s method is easy to calculate; forecasts are updated only when demand
occurs, which is not desirable in some cases such as the following: if the product suddenly
stops selling, then the forecast should be lowered. In addition, this method is biased, and

sales promotions and seasonality are not taken into account.

2.4 Syntetos and Boylan Methods 1 and 2 (SB1 and SB2)

Syntetos and Boylan (2001) showed that the Croston’s original method is biased and

suggested a method similar to Croston’ s that is unbiased (SB1) such that:

!

1
Y'=Z———andc>100.
A e

Similar to Croston’s method, separate SES estimates of the average size of demand
and 1/ (p/c*™) are caculated each time a demand occurs. If there is no demand, then no

changes are made to the estimates. Theoretically, if cisinfinitely large (¢ >100is sufficient),
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then this estimate is unbiased. This method has very small bias since ¢ cannot be infinite, and
performs better than Croston for o > 0.15 (Syntetos and Boylan, 2001). Syntetos and Boylan
(2005) suggested another similar method to Croston’s which is unbiased (SB2), and the

forecast is calculated as below:

' a,
Y =(1-2)2.
r = 2)IO{

As before, separate SES estimates of the average size of demand and the average time
between demands are calculated each time a demand occurs. If there is no demand, no
changes are made to the estimates.

Using 3,000 observations of rea intermittent demand data from the automotive
industry, Syntetos and Boylan (2005) compared their new method with three other methods:
a smple moving average with 13 periods, SES, and Croston’s method. Their new method
performed better than the three other methods on most of the error measures considered in
their paper. In addition, in Syntetos and Boylan (2006) they used the same data and the same
methods and concluded that SB2 performs better than the others in terms of stock control
performance.

Based on the findings of Syntetos and Boylan, SB2 is unbiased and works better than
Croston on most of the error measures. However, similar to Croston’s method, seasonality or
the impact of the sales promotions are not taken into account; and the forecasts are updated
only when demand occurs, which is not desirable in some cases such as the following: if the

product suddenly stops selling, then the forecast should be lowered.
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2.5 Levén and Segerstedt M ethod (L SM)

Levén and Segerstedt (2004) suggested a new method to forecast intermittent

demand. The new estimateis as follows:

Y=Vl fT )

n n-1

where n is an index counting the periods in which demand occurs, Y, is the measured
demand size during the n™ period in which demand occurs, and T, is the time period in
which the quantity z, isdemanded. Thus, Y. is the forecasted mean demand rate per period
calculated at the end of period T,. Similar to Croston (1972), the forecasts are updated at the

ends of periodsin which demand occurs.

Levén and Segerstedt (2004) used an Erlang distribution to fit the demand data; and
according to their simulation studies where these forecasts are used to manage inventory, the
new method tends to yield fewer inventory shortages than a system based on exponential
smoothing. However, Boylan and Syntetos (2007) showed that the LSM estimator is biased.

The method of Levén and Segerstedt (2004) works better than SES, and is
computationally ssmpler than Croston’s method from a calculation perspective. However, it
is more biased than Croston’s method, and promotions and seasondity are not taken into
account. Similar to the Croston, SB1, and SB2 methods the forecast is updated only after a

demand occurs.
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2.6 Adaptation of Wright’s M odification of Holt’s M ethod

In a recent study by Altay et al. (2008), Wright's modification of Holt's double
exponential  smoothing is adapted to forecast intermittent demand by taking into
consideration the trend. The results indicate that firms focusing on minimizing inventory
levels as a priority should consider forecasting using the SB2 method. If their priority ishigh
customer service, then the modified Holt’s method is superior. The advantage of this method
isthat it has a trend component. However, similar to SES, Croston and SB2, promotions and

seasonality are not taken into account. Furthermore, the forecast is updated only after asale.

2.7 Bootstrapping and Other Methods

There are other methods such as bootstrapping or neural networks that are used to
forecast intermittent demand. Bootstrapping has been proposed in Snyder (2002), Smart and
Willemain (2000), Smart (2002), and Willemain et al. (2004). In Willemain et al. (2004), the
data from nine industrial companies was used to show that the bootstrapping method
produces more accurate forecasts of the distribution of demand over afixed lead time than do
SES and Croston’s method. The main advantage of bootstrapping is that the mean and
variance of the lead time demand distribution are forecasted directly by repeated sampling
from realized demands. The main disadvantage of this method is that it is rather complex to
understand and implement compared with Croston’s method and its modifications, since

bootstrapping requires development of a Markov model and simulated experimentation.
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Hua et al. (2007) developed a new approach for forecasting the intermittent demand
of spare parts. Using data sets of forty different kinds of spare parts from a petrochemical
enterprise in China, they show that their method produces more accurate forecasts of lead
time demand than do SES, Croston's method, and the Markov bootstrapping method.
However, this method is very complex to understand and implement, and promotions and
seasonality are not taken into account.

There have been some other recent papers about forecasting intermittent demand.
Neural networks are used to forecast lumpy demand in Gutierrez et al. (2008). Syntetos et al.
(2009) is thefirst published evidence that judgmenta adjustments to intermittent demand can
be effective. In addition, the issues related to forecasting and inventory management of a
wholesale company that deals with intermittent engineering supplies is addressed in Syntetos
et al. (2010). For abroad review of supply chain forecasting, readers should refer to Fildes et

al. (2008).

2.8 Summary of Main Methodsfor Forecasting Slow-moving Items

Below is a summary of the characteristics of the existing forecasting methods used to

forecast slow-moving items' sales.
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Table 2.8.1 Summary of the existing slow-moving items' forecasting methods

Forecasting Easy to Biased? Has trend Has Forecast Reference
Method Cdculate? component? | Seasonality/ Update
Promotions? | Frequency
SES Y Y N N Every Croston (1972)
period
Croston Y Y N N After asde | Croston (1972)
SB1 Y Y N N Afterasde | Syntetosand
Boylan (2001)
SB2 Y N N N After asale | Syntetosand
Boylan (2005)
LSM Y Y N N After asale Levén and
Segerstedt
(2004)
Bootstrapping N N N N Every Willemain et al.
period (2004).
Adaptation of N N Y N After asde Altay et al.
Wright's (2008)
modification
of Holt’s
method
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3  Forecasting Methods Compared

In this chapter we motivate the need for improved forecasting techniques for items
with slow-moving sales and then describe the features we use to develop four new

approaches.

3.1 Motivation

In order to demonstrate the problems with the existing techniques in the literature, we
evaluate their performance on aggregated weekly U.S. sales across stores over a one-year
period for a dryer (Item A) and a dishwasher (Item B) at Lowe's Home Improvement
Company.

Croston’s method or its modifications adjusts the forecast only after a demand is
observed, but this may not be very practical if the inter-arrival times between demands are
very long. Both the Croston and SB2 methods tend to over-forecast due to not adjusting the
forecast often enough. In addition, neither of the Croston-based methods nor the SES method
take seasonality of the demand into account. As an example, in Figures 3.1.1 and 3.1.2, the
actual sales for each week is plotted along with the forecasts generated using the SES,

Poisson SES, Croston, and SB2 methods.
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3.2 New Features

Based upon the observations from the previous section, we develop three
modifications that are used with the most promising of the existing forecasting techniques
from the literature. These modificationsinclude:

1. More frequent forecast updates,
2. Seasona adjustments, and
3. A correction factor for poor performance.

Each is described bel ow.

3.2.1 Forecast Update Adjustment
In some of our forecasting methods, we adjust the forecast not only after a demand,
but also if the time since the last demand exceeds the average inter-arrival time or two times

the average inter-arrival time, depending on the method.

3.2.2 Seasonal Adjustment

To the best of our knowledge, seasonality is not taken into account to forecast the
sales of slow selling items. Thus, we also add a seasonality index (SI) to the forecast.

The SI methods calculate a forecast using seasonality indices for the promotional
weeks which are, for our data, Memorial Day, July 4™, Labor Day, and Thanksgiving week.
Theindices for those four weeks are calculated using aggregate level country sales by item as

below:
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where Y, is the aggregated store sales of item i in week t. The index for other non-

promotional weeksis set to 1.

3.2.3 Correction Factor

The sales data consists of weekly sales of two appliance items in the stores. The first
item is sold at 1,623 stores, whereas the second item is sold at 1,633 stores. If the forecast is
consistently high or low compared with actual sales for the last x consecutive weeks for an
item-store pair, then the forecasts of the SES, Croston, and SB2 methods are lowered or
increased by a correction factor (CF). The value of CF is updated weekly for each item-store
to be used in the forecasting methods with CF. Below is the notation that is used to calculate
CF of itemi at the k™ store:

Y,

t

' istheforecasted demand for period t+1 at the end of period t of item i at the K"
store;

Y,

.i « Isthe actual demand at the end of period t of itemi at the K™ store;

t.. . isthefirst week that theitemi isreceived at the k" store;
IA; (isthetime between t ;, and thefirst non-zero demand of itemi at the K™ store;
A, is the time between the non-zero demands j and j-1 of item i at the K" store;

CF,

i« Isthe correction factor at the end of period t for the forecasted demand for itemi at

19



the k™" store;
m; isthe counter that is used in the correction factor calculation at the end of period t
foritemi at the K" store;
mis the number used to determine when to assign CF to a value other than 1 and is equal
to 2
t. . isthe number of weeks used to initialize a given forecasting technique for item i at the
K" store;
n . isthe number of weeks with non-zero demands for item i betweentimes t, , +1 and

t, +t, athek" store;

t, isthelast week of dataused for item i at the k™ store, and it is the same for al item

stores;
X isthe number of item-stores of itemi (itis 1,623 for item A and 1,633 for item B.);

LL isthelower limit parameter used in CF calculation, if the aggregated sales of item i
at al storesislessthan or equal to LL times the aggregated forecast of itemi in all
stores, that week is considered a week where sales are overestimated;

UL isthe upper limit parameter used in CF calculation, if the aggregated sales of item i
at al storesis greater than or equal to UL times the aggregated forecast of itemi in
all stores, that week is considered a week where sales are underestimated; and

MCEF is the maximum correction factor.

Below is the method to calculate CF for item i at the k™ store.
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1)

2)

3)

4)

5)

6)

Initialize/set parameters.
a m,, =0,
b) Initiaize the salesforecast al item-stores,

c) t«1l

Update the forecast of all item-stores based on the method sel ected.

] %
If > Y <LLY Y, - then m, =minimum (m, + 1, MCF)

m
&
D4~

=<
v
C
—
N
<

Lk then my =maximum (m;, -1, -MCF)

UL-0.)"™™ME) - if my,, >m
CF =4 (LL+0.)™M™ D) if m,\ <—m
1, ow.

Sett=t+1

Return to step 2) until t > t,.

The main logic used to calculate CF using the formula in step 4) above is making sure that

the forecast is lowered via CF if the sales are overestimated; and forecast isincreased via CF,

if sales are underestimated. Table 3.2.3.1 displays the CF valuesform , , MCF, LL and UL.
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Table 3.2.3.1 CF vaues based on m, MCF, LL and UL

Sales are over
estimated/ Sales
are under estimated m MCF LL =0.8 UL =12
0] 2 2 0.83
0] 2 3 0.83
0] 3 3 0.75
U -2 2 1.23
U -2 3 1.23
U -3 3 1.37

Table 3.2.3.2 gives the values of the parameters required in CF calculation used in the

simulation experiments.

Table 3.2.3.2 Parameter values for CF caculation

Parameter Vaue
UL 1.2
LL 0.8
MCF 2
M 2
ti,k 58

These values are set based upon preliminary investigations that worked well.

3.3 Forecasting M ethods Evaluated

In this dissertation we compare four of the existing techniques in the literature, SES,

Croston, SB2, and SES based on Poisson forecasts with four new techniques formed by
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including some or all the modifications described in Section 3.2. Table 3.3.1 summarizes all

methods investigated.

Table 3.3.1 Summary of the methods to be anayzed

Type |Croston and Modifications Syntetos and Boylan and M odifications SES
Croston (Original) SB2 (Origina) SES (Origina)
Regular Croston S| New SB2 S| New
Croston SI New CF SB2 Sl New CF
Poisson SES
Poisson (Original)

Each of these methods are broken into three subgroups: (i) Croston and
modifications; (ii)) SB2 and modifications; and (iii) SES and modifications. The methods
with the label “New” have a different forecast update frequency. For Croston SI New and
SB2 Sl New, the forecast is also updated if the last time a sale occurred exceeds two times
the average inter-arrival time between the sales. Furthermore, for Croston SI New CF and
SB2 SI New CF, the forecast is also updated if the last time a sale occurred exceeds the
average inter-arrival time between the sales. In addition, all of the new methods include
seasonality indexes to adjust the forecast as discussed in Section 3.2.2, while the methods
with the label CF utilize the correction factor to adjust the forecast as discussed in Section
3.23.

A summary of the calculations of forecasting methods is provided in Table 3.3.2.
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Table 3.3.2 Summary of the new methods' calculations

Forecasting Calculations
Method
Croston SI' | If ;=0 and current interarrival time < average interarrival time, then:
New Z=2z,adp=p,andq=q+1
Elseif Y,=0 and current interarrival time > average interarrival time, then:
! ! Y ! ’ ’ !
Z=z talg—z ) and pi=p+a(d-pn) d=9+1
t
Else
! ! Yt ) ! ! !
=7, +a(s__zt—1 Yand p=p/, +a(q-p4),q=1
t
End if
Yt': %{* t+1°
SB2 S Same If Statement as Croston S| New.
New , a, zZ
Y=a-52s,
2" p
Croston Sl | Same If Statement as Croston S| New.
New CF Yt’=i,* at+lCFt ,
P
SB2 Sl
New CF | Same If Statement as Croston SI New.
’ a ’
Y=0-2 %{SMCE

In al methods, the minimum value of the forecast is 0.001, not O. It isthe company’s

policy to have anon-zero forecast if the products are not seasonal.
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4  SalesForecast Accuracy Measures

Accuracy measures can be broadly categorized in four groups. absolute, relative to a
base, relative to another method, and relative to the series. The following notation is used in
the next sections to explain the various accuracy measures used in this research:

Y/: the estimate made at the end of period t of the demand in period t+1, obtained by any

forecasting method;

Y;: theactual demand in period t;
§: theforecast errorin periodt; and

N:  the number of demand time periods considered for the purpose of comparison.

4.1 Absolute Accuracy M easures

Absolute accuracy measures represent the forecast error in a particular time period

that is expressed in an absolute or squared form.

4.1.1 Mean Square Error
One of the absolute accuracy measures is Mean Square Forecast Error (MSE). It is

defined as:

N

Z(Yt _Ytl—l ? Z(Q)z

MSE = = = (4.1)
N N

25



MSE is the second moment (about the origin) of the error, and thus incorporates both
the variance of the estimator and its bias. However, MSE is scale dependent and tends to
heavily weight outliers. This is a result of the squaring of each term, which weights large
errors more heavily than small ones. Chatfield (1992) stated that since MSE is scale

dependent, it can be disastrous to average MSEs across different series.

4.1.2 Mean Signed Error

Another accuracy measure is Mean Signed Error (ME), defined as:

N

S0-Y) e

ME = = =
N N

(4.2)

ME is very easy to calculate and interpret since the difference between the average
ME given by different forecasting methods indicates how much more or less biased one
method is compared with another one.

The disadvantage of this accuracy measure is that when MEs are averaged, the series
with large numbers may dominate the final result. However, since the ME measure takes into
account the sign of the error, scale differences will not have a great effect on the average ME
value compared with some other absolute accuracy measures such as MSE. In addition, our

data set does not have large numbers; and, in practice, thisis not abig concern.
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4.1.3 Mean Absolute Error and Scaled Mean Absolute Error
Another accuracy measure is Mean Absolute Error (MAE), defined as:

N N
Z|Yt _Yl,—l| Z'et|
— t=1 )

MAE = =L = (4.3)
N N

The Scaled Mean Absolute Error (SVIAE) is caculated by dividing the originally
calculated MAE per method per series by the average demand per unit time period (for the
series under concern) to eliminate scale dependencies. It is defined as:
MAE

. :
Y.
t=1

N

SMAE = (4.4)

4.2 Accuracy Measures Relativeto a Base

U-Satistic, Batting Average, Geometric Mean Relative Absolute Error (GMRAE),
and MdRAE (Median Relative Absolute Error) are some of the accuracy measures relative to
a base, but they are not relevant to slow-moving items since the forecast error produced by

the nalve method can be zero as well.

4.3 Accuracy Measures Relativeto the Series

MAPE (Mean Absolute Percentage Error), MAAPE (Median Absolute Percentage

Error), MAPEFF (Mean Absolute Percentage Error from Forecast), MAPEgm (Symmetric
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Mean Absolute Percentage Error), DAM (Denominator Adjusted MAPE), and Ratio of
MAD/MEAN are some of the accuracy measures relative to the series.

Even though MAPE is an effective way of addressing the scale dependence problem
for fast selling items, it is not applicable to slow-moving items since the actual value can be
zero in some periods and division by O will generate an error. Another option is to use
MAPEgm, which is calculated by dividing the absolute difference of the actual sales and the
forecast by the average of the actual and forecast values. Details are discussed in the next

sections.

4.3.1 Mean Absolute Percentage Error (MAPE)

MAPE is calculated as:

N Yt_Ytl—l N
i >

= 1100% = %100%. (4.5)

<o

MAPE =

MAPE is probably the most widely used scale-independent method to measure
accuracy. It can be used to compare forecast performance across different data sets, since it
allows averaging all MAPE values for amethod across many series.

However, measurements based on percentage errors have the disadvantage of being
infinite or undefined if there are zero values in a series, as is frequent for intermittent data.
Another disadvantage of MAPE is it lacks statistical theory similar to MSE and has been
rejected by Fildes (1992) since the sampling distribution for MAPE measured across seriesis

often badly positively skewed and MAPE is aso sensitive to location in that a change of
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origin in the data affects the MAPE calculations. Moreover, MAPE puts a heavier penalty on
forecasts that are more than the actual demand rather than on those that are less than the
actual demand (Madridakis, 1993). In addition, MAPE is highly prone to right-skewed
asymmetry in actual practice, since the underlying error distributions of these measures have
only positive values and no upper bound. (Smith and Sincich, 1988). This has led to the use
of the “symmetric’ MAPE (MAPEg,m) in the M3-competition (Makridakis & Hibon, 2000).

MAPEgmis discussed in the next section.

4.3.2 Symmetric M ean Absolute Percentage Error (MAPEgm)
MAPEs,, iscalculated as:

N YI N

) e TRVYE Z

MAPE. = (Y ’1+Y‘)/2 100% — 11 (s +Y)/2 100% 46
om = N 0= N 0. (4.6)

The symmetrical MAPE (MAPEgm) was designed to deal with some of the limitations
of MAPE (Makridakis 1993). Like MAPE, MAPEgn is an average of the absolute percent
errors but these errors are computed using a denominator representing the average of the
forecast and observed values. MAPEgy, has an upper limit of 200%, offers a well-designed
range to judge the level of accuracy, and should be influenced less by extreme values. It also
corrects for the computational asymmetry of the forecast error. For example, a forecast equal
to 150 and actual demand of 100 yields a MAPE-computed forecast error of 50%, while a

forecast of 100 and actual demand of 150 yields a MAPE-computed forecast error of 33%.
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However, the average of forecast and actual sales in the denominator of the MAPEg, yields
40% in either situation.

Moreover, if the actual value Y, is zero, the forecast Y, islikely to be close to zero.

In addition, if the forecast is generated by a Poisson distribution, the forecasts can also be
exactly zero. Thus the measurement will still involve division by a number close to zero or
zero. In addition, whenever the actua sale is 0, MAPEg, will have avaue of 2, regardless of

the forecast. Thus, the use of MAPEg, is not recommended.

4.3.3 Mean Absolute Percentage Error from Forecast (MAPEFF)

MAPEFF is calculated as (Pearson and Wallace (1999)):

>

(Yt _Ytl—l) i
=
100%= N 100%.

Similar to MAPEgm,, if the forecast is generated by a Poisson distribution, the

forecasts can also be exactly zero. Thus MAPEFF will still involve division by zero.

4.3.4 Denominator Adjusted M ean Absolute Percentage Error (DAM)

DAM is calculated as (Hoover, 2006):
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where the adjusted denominator value Y, is defined as

~ 4 ifY,=0
Y, = b
Y,, otherwise

4.3.5 Ratio of Mean Absolute Error to MEAN Demand (MAE/MEAN)

MAE/MEAN is calculated as (Hoover, 2006):

N
MAE /MEAN =— N 10006 == N_10006.
\3 2. (%)
t=1 t=1
N N

4.4 Accuracy Measuresfor Comparing Two Methods

Accuracy measures for one method relative to another method are widely used for
comparisons indicating how much better or how many times one method performs better
than the other method. Relative Geometric Root Mean Square Error (RGRMSE) is used for

this purpose.
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4.4.1 Relative Geometric Root M ean Square Error (RGRMSE)

RGRMSE for comparing methods A and B in a particular time seriesis defined as:

(lﬂ[ (Yt - Y/-,\,t—l)z } -

(4.7)

’ 2 2N
Yt _YB,t—l)

In addition, RGRMSE for comparing methods A and B across a range of series

(k=1,..., k) isdefined as:

K

[ﬁ(GRMSEA,k)Zj” (f[(GRMSEA,oj
RGRMSE =~ — =~ : (4.8)

(ﬁ(GRMSEB,k)ZJ” (ﬁ(GRMSEB,k)j

AP

where GRMSE, , , per series for method i is calculated as:
1
N 5 2N
GRMSE , =| [[ (% -Y,)?| .ie{AB}. (4.9)
t=1
Even though this metric is more complex, it is more robust to outliers. This measure
was first suggested by Fildes (1992) and was shown to cancel out the distorting effect of
large errors. However, the disadvantage of this accuracy measure is the value of GRMSE is
zero when, in any period, the forecast is equal to the actual sales, which might occur for the

forecast generated by Poisson methods, and this makes comparison not possible among series

for Poisson generated forecasts.
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4.5 Summary of Chapter 4

Accuracy measures can be broadly categorized in four groups:. absolute, relativeto a
base, relative to another method, and relative to the series. In this chapter, we summarized
these common sales forecast accuracy measures used in the literature. In addition, among
those measures we also identified the accuracy measures that cannot be used to compare
forecasting methods for slow-seller items such as MAPE, GMRAE, and MdRAE.

Among the methods that can be used to compare forecasting methods for slow-seller
items, we will use ME, MAE, SMAE, and GRMSE /RGRMSE as the sales forecast accuracy
measures to compare the existing and new forecasting methods for slow-seller items
throughout the rest of the dissertation. These measures are selected since they are easy to
calculate and interpret and due to the reasons explained in Chapter 4. In addition, these

measures are commonly used in the literature for slow-seller items.
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5 Experimental Structure

We compare 25 forecasting methods using sales data for two slow-selling appliance
items, a dryer and a dishwasher from the home improvement retail industry. The data
consists of 3,256 item-store sales. Unfortunately, 267 of the item-stores do not have enough
history for comparisons; thus they are excluded from the analysis. For the remaining 2,989
item-stores, we define slow moving items as those with average weekly sales less than or

equal to 0.3. Using this definition, 2,504 of the item-stores meet this definition and are used

inthe analysis.

Table 5.1 shows the sales series characteristics.

Table 5.1 Sales series characteristics

Dryer (Item A), Stores with
Average Weekly Sales<=0.3

Dishwasher (Item B), Stores with
Average Weekly Sales <=0.3

Misangﬁax Mean Value Mir?angfﬂax Mean Value
Minimum non-zero demand 1 2 0.94 1 2 0.93
Maximum non-zero demand 1 5 143 1 6 144
Mean non-zero demand 1 2.66 1.04 1 22 1.03
'Variance non-zero demand 0 4.33 0.12 0 25 0.11
Minimum inter-arrival time 0 52 3.6 0 52 3.06
Maximum inter-arrival time 1 52 21.92 1 52 20.19
Mean inter-arrival time 2.33 26 8.59 2.33 26 791
IAverage Demand/week 0 0.3 0.128 0 0.3 0.13

The data used is the sales of 2 appliance items at the retail stores over a 110-week

period. The forecasts are generated only after the first receipt date of the item at the store. In




addition, the historical data is divided into two sections. The first section is used as a warm-
up period, with the remaining is used as experimental data. The sales data of the first 58
weeks after the initial receipt date of the item at the store is used for the warm-up period to
initialize the forecasts. Moreover, the calculation of the accuracy and inventory metrics starts
58 weeks after theinitial receipt date of the item at the store after this warm-up period.

Values of a = 0.05, 0.1, 0.15, and 0.2 are used as smoothing constants. In addition,
similar to Syntetos and Boylan (2005), sales forecast accuracies are calcul ated separately for
two cases. every forecast generated (“all points in time”) and for the weeks right after a
nonzero demand (at “issue points only”).

In addition to sales forecast accuracies, inventory control metrics are compared for

the different methods in Chapter 7.
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6 SalesForecast Accuracy Analysis

In this chapter, the existence of bias for each of the methods is tested using the ME
statistic. In addition, the forecasting methods are compared using the MAE, SMAE, and
RGRMSE accuracy metrics. The results are displayed separately for the two items, A and B
(mentioned in Chapter 3), for smoothing values of « =0.05, 0.1, 0.15, and 0.2. The accuracy
metrics are computed at the end of each week (termed “al points in time”) and aso for the
weeks right after a nonzero demand (termed “issue points only”). In the sections that follow
we rank the methods based on “all points in time” measures as well as the measures at issue
points along the lines of other researchers like Syntetos and Boylan (2005).

We provide figures showing confidence intervals (Cls) of each method and each sales

forecast accuracy measure across al smoothing parameter values.

In equations (6.1), (6.2), and (6.3) below, the value X; is the average sales forecast
accuracy measure (ME, MAE, SMAE, or GRMSE) obtained by a specific forecasting method

across al series (stores) for item i, and is caculated as:

where X, isthe sales forecast accuracy measure (ME, MAE, SMAE, or GRMSE) obtained by
a specific forecasting method for item i at the K" store, and k; is the number of demand

series (stores) for itemi. Note that «; isequal to 1,254 for item A, and 1,250 for item B.
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We define s, as the standard deviation of the sales forecast accuracy measure for

itemi, and is calculated as;

1 =2
S)(i:\/m;(xik_xi) .

Since the number of stores are very much larger than 30 for both items, a 99%

confidence interval for the true mean sales forecast accuracy measure of itemi is given by:

X, + (6.1)

2.581.
Je;
Moreover, the lower limit of the confidence interval of the true mean saes forecast

accuracy measure of itemi is given by:

X, — 258 (6.2)

i
and the upper limit of confidence interval of the true mean sales forecast accuracy measure of
itemi is given by:

X, + 258 (6.3)

N
Since the sample sizes are quite large, the resulting confidence intervals are very tight
making differences in performance between the forecasting methods quite obvious for the
most part. However, in some cases, these confidence intervals overlap. Therefore, in
addition to the confidence intervas, we also provide the results of two-sided t-tests in order
to distinguish differences in two methods performances. Specificaly, we formulate the

following null and aternative hypotheses.
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Ho: The average sales forecast accuracy measure (ME, MAE, SMAE, or GRMSE)

resulting from forecasting method “1” for item i is equal to the average sales forecast

accuracy measure (Absolute ME, MAE, SMAE, or GRMSE) given by method “2” for

itemi.

Hi: The average sales forecast accuracy measure (ME, MAE, SMAE, or GRMSE)

given by method “1” for item i is not equal to the average sales forecast accuracy

measure (Absolute ME, MAE, SMAE, or GRMSE) given by method “2” for item i.

For each performance measure (ME, MAE, SMAE, and GRMSE) two-sided t-test
statistics are calculated for each pair of forecasting methods to be compared in order to test

the hypotheses. In order to define the test statistic, we first define ¢, as the sales forecast
accuracy measure of item i at the K" store using method m. Further, we define P, as the

paired sales forecast accuracy measure difference for item i between methods “1” and “2” for
the k™ store, and is calcul ated as:
Py =& — &iar fOr k=1,...,x; .

Then, the t-test statistic is calculated as:

t= , (6.4)

R
%
J

where:

o
1
Ak
U

T
IR
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-3 (R-RY’, and
K; _1k:1

S

u=0.

The t-test results of these pairwise comparisons are given in Appendix A.1-A.4, and
the explanations of these results are in each sub-section.

We have such large sample sizes and thus can estimate the average percent forecast
error metric with excellent accuracy; and the statistical tests for pairwise comparisons
indicate that virtually any differences in the performance metrics are statistically significant,
though perhaps not practically significant. This alows us to rank the methods based on the
average sales forecast accuracy metric of each method. The best performance for a given
method and metric is selected separately for “all points in time” and at “issue points only”
across the four levels of the smoothing parameter valuea . Then, these values are ranked
separately for “al pointsin time” and at “issue points only” across the methods.

We remove the scale dependency for the ME, MAE and SMAE metrics by dividing by
the mean demand over the testing horizon (i.e., mean ME/mean demand, mean MAE/mean
demand, and mean SMAE/ mean demand), and we use these as the performance measures to

compare the forecasting methods. We demonstrate this using the ME measure below.

We define ME, as the mean error obtained by a specific forecasting method of item

i at the K" storeand ¢, asthe overall average of the mean errors over all stores, i.e.

ME; =ii|\/|5k,

Ki k=1
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where x, is the number of demand series (stores) of item i. Then, let Y, be the actual

demand of item i at the K store in period t, let Yibe the average actual demand over all N

periods, i.e.

and let \=(| be the grand average over al stores, i.e.

Yi.

=<l

13
K k=1
Based on these definitions we then define the mean ME/mean demand for item i as

ME: 6.5)

Y

The sales forecast accuracy and bias analysis using ME are reported in Section 6.1,
the sales forecast accuracy analysis using MAE are given in Section 6.2, the sales forecast
accuracy anaysis using SVMIAE are given in Section 6.3, and the sales forecast accuracy

anaysis using RGRMSE are given in Section 6.4.

6.1 ME Results

Determination of whether each forecasting method is biased or not has been tested
using the ME accuracy measure and confidence intervals on the ME values. The biasis equal
to the difference between the forecast and actual sales and it is equal to the negative of ME.

Thus, a positive ME value indicates that the actual sales are greater than the forecasted
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demand, i.e., sales are underestimated, and a negative ME value indicates that the sales are
overestimated.

The 99% confidence intervas of the ME for each method calculated using equations
(6.2) and (6.3) are presented separately for Items A and B as measured at “al pointsin time’
and at “issue points only” in the Figures 6.1.1, 6.1.2, 6.1.3, and 6.1.4 below. The zero lineis
drawn in black to separate clearly the cases of demand underestimation (above the zero line)
from the cases of demand overestimation (below the zero line). Furthermore, vertical solid
lines are added to the figures to separate the results for different levels of the smoothing
parameter value , and vertical dashed lines are added to the figures to separate the results

for the existing (OLD) forecasting methods versus the new (NEW) methods.

41



alpha=0.2

OoLD

alpha=0.15

alpha=0.1

ME Cl sand Mean Y, Item A, All Pointsin Time
OLD

alpha=0.05

OoLD

Demand underestimated

NEW

1

Demand over estimated

SB29 NewCF
Croston S New CF
B29 New
Croston S New
-_.u._..|||||| ||||| Poisson SES
] SES

23! B2

gl Croston

NEW

OLD

B29 New CF
Croston S New CF
SB29 New
Crogton S New .
|_.”._..|||||| ||||| Poisson SES
SES

o B2

Ci

e Crogton

NEW

Methods

SB29 NewCF
Croston S New CF
B29 New
I N Croston S New

eyl Poisson SES
™ S

—e— Mean Demand

! B2
e Croston

NEW

B29 New CF
Croston S New CF
SB29 New
Crogton S New

K

| Poisson SES
o SES

= B2
=

Crogton

0.14
0.12
0.1
0.08
0.06 ~
0.04
0.02

0.02
0.04
-0.06 -
0.08
0.1
0.12

SHUN

Figure 6.1.1 ME confidence intervals and mean demand of item A, All Pointsin Time

42



Demand under estimated

L 2 H

NEW

-
* o
..
T

alpha=0.2
1
1
1

OoLD

Demand over estimated

SB2S New CF

Croston S New CF
B2 9 New

|Croston S New

I | Poisson SES

SES
B2
Croston

NEW

alpha=0.15

OoLD

IJ.

SB29 New CF
Croston S New CF
SB2S New
1Croston S New
Poisson SES

SES

SB2

Croston

Cl

alpha=0.1
NEW
i
1
1
1
T
1
1
T

OLD

o
<
E

Methods

B2 9 New CF
Croston S New CF
SB29 New
|Croston S New
Poisson SES

SES

—e— Mean Demand

B2 L
Crogton

ME Cl sand Mean Y, Item A, I ssue Points Only

alpha=0.05
NEW
1 &
1
1
1
i
1
: ;i

OLD

SB29 New CF

Croston S New CF
SB2S New
Croston S New

] Poisson SES

SES

B2

Croston

Figure 6.1.2 ME confidence intervals and mean demand of item A, Issue Points Only



alpha=0.2

OLD

alpha=0.15

alpha=0.1

ME Cl sand Mean Y, Item B, All Pointsin Time
OoLD

alpha=0.05

OLD

NEW

NEW

OLD

NEW

NEW

Demand under estimated

Demand over estimated
SB29 New CF
Croston Sl New CF
SB2 9 New
Croston S New
ot | Poisson SES
SES
H B2

H Croston

SB29 New CF
Croston S New CF
B29 New
I T Croston S New .
- Poisson SES
SES

H B2

Cl

) Croston

Methods

SB29 New CF
Croston Sl New CF
SB2 9 New
I N Croston S New
HH Poisson SES

L SES

—e— Mean Demand

e B2
22l Croston

SB29 New CF
Croston Sl New CF
b SB2 9 New

i |I Croston S New

= T Poisson SES
mi SES

B2

e Croston

f

0.14
0.12
0.1
0.08
0.06 -
0.04
0.02

-0.02
-0.04
-0.06 ~
-0.08
-0.1
-0.12

SHUN

Figure 6.1.3 ME confidence intervals and mean demand of item B, All Pointsin Time



Demand under estimated

NEW

alpha=0.2

y
oLD

Demand over estimated

SB2 S New CF

Croston S New CF
SB2 S New

Croston S| New
Poisson SES

SES
B2
Croston

NEW
i

alpha=0.15

OLD

SB2 S New CF
Croston S New CF
SB2 S New
Croston S| New
Poisson SES
SES
SB2
Croston

Cl

NEW

alpha=0.1

ME Cl sand Mean Y, Item B, Issue Points Onl
OLD

Methods

—e— Mean Demand

SB2 S New CF
Croston S New CF
B2 S New
Croston S New
Poisson SES
SES

B2
Croston

NEW

alpha=0.05

OLD

T

1

SB2 S New CF
Croston S New CF
SB2 S New
Croston S| New
Poisson SES
SES
B2
Croston

0.14
0.12
0.1
0.08
0.06

0.04
0.02
0
-0.02

-0.04

-0.06

-0.08

-0.1
-0.12
-0.14
-0.16

suun

-0.18
-0.2
-0.22

-0.24

Figure 6.1.4 ME confidence intervals and mean demand of item B, Issue Points Only

45



A cursory observation of these figures shows the very tight confidence intervals we

aluded to earlier with some methods consistently different than others. Below we provide a

list of other observations that can be made.

First observations about the performance of the existing methods are made.

In al cases the existing methods overestimate the demand.

The Croston and SB2 methods have very similar performance (except for “all
pointsin time” and « =0.15 and 0.2 values; in this case the SB2 method is better
(less biased) than the Croston method), although SB2 generally yields a dlightly
lower forecast than Croston, but this result is not statistically significant.

The SES and Poisson SES methods have similar performance but neither
consistently results in lower forecasts than the other.

The performance of the SES and Poisson SES methods is better (Iess biased) than
Croston and SB2 at “all pointsin time”; while the opposite is true at “issue points

only”, except for o =0.05.

Next we make observations rel ative to the new methods.

In &l cases the new methods Croston SI New CF and SB2 SI New CF
underestimate the demand.

For both items, the Croston SI New and SB2 SI New methods dlightly
underestimate the demand at “all pointsin time” except for o =0.05. For Item A
at “issue points only” these two methods are either unbiased (when o =0.05) or

they dlightly underestimate the demand for the other « values, while for Item B
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they either dightly overestimate the demand (when o =0.05) or are unbiased
otherwise.

The forecasts generated by the Croston SI New and SB2 SI New methods are
higher than the Croston SI New CF and SB2 SI New CF methods. This indicates

that the addition of the correction factor lowers the forecast.

Additional observationsinclude the following.

The new methods consistently produce lower forecasts than the existing methods
for both items at all levels of the smoothing coefficient (« ) both at “all pointsin
time” and at “issue points only”.

For both items, “all pointsintime”, and « =0.05, the Croston SI New and SB2 Sl

New methods perform better than the other methods (since the confidence
intervals are closer to the O line where the bias is zero).

For both items, “all points in time”, and a =0.1, the SES, Poisson SES, Croston
Sl New and SB2 SI New methods perform better than the other methods.

For item A, “dl points in time”’, and o =0.15, the SES, Poisson SES methods
perform better than the other methods. For item B, “al points in time’, and o

=0.15, the SES, Poisson SES, and Croston SI New methods perform better than
the other methods.

For both items, “al points in time”, and « =0.2, the SES and Poisson SES

methods perform better than the other methods.
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For both items, at “issue points only”, and « =0.05, the new methods perform
better than the old methods.

For both items, “issue points only”, and « =0.1, the Croston SI New and SB2 SI
New methods perform better than all other methods.

For item A, at “issue points only”, and « =0.15 and 0.2, no clear distinction on
which methods perform the best can be made since the confidence intervals
overlap. However, for item A, “issue points only”, and « =0.1, 0.15, and 0.2 the
SES and Poisson SES methods perform the worst.

For item B, at “issue points only”, and o =0.15 and 0.2, the Croston SI New
method performs better than the other methods except for SB2 SI New method
with o =0.15 and 0.2 and the Croston SI New CF method with « =0.2. For item
B, “issue points only”, and « =0.1, 0.15, and 0.2 the SES and Poisson SES

methods perform the worst.

In addition to the confidence intervals of the ME, the paired-sample t-test results of

ME in Appendix A.1 calculated using the equation (6.4) are used to determine whether one

method is more biased than the other one. The following statements are based on the

observations of these paired-sample t-test results, and they provide better comparison

information than the confidence intervals when the confidence intervals overlap.

Furthermore, these statements are based on the statistical significant differences, not based on

the practical significances.

First observations about the performance for “all pointsin time” are made.
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For both items and “all pointsin time”, the forecasting methods are ranked from
highest forecast generating method to lowest forecast generating method as:
Croston, SB2, SES / Poisson SES (the SES and Poisson SES methods are not
statistically significantly different), Croston SI New, SB2 SI New, Croston S|

New CF, and SB2 S| New CF methods.

Next we make observations at “issue points only.”

For both items the Croston method yields statisticaly significantly higher
forecasts than all the new methods and the SB2 method. However, the Croston
method yields statistically significantly lower forecast than the SES and Poisson
methods except for a =0.05.

For both items, the SB2 method yields statistically significantly higher forecasts
than al the new methods. However, similar to Croston’s method the SB2 method
yields statistically significantly lower forecast than the SES and Poisson methods
except for item A and « =0.05.

The SES and Poisson SES methods are not statistically significantly different.

The SES and Poisson SES methods yield statistically significantly higher
forecasts than the new methods.

For both items, the new methods yield statistically significantly lower forecast

than the old methods.
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e For both items, the new forecasting methods are ranked from highest forecast

generating method to lowest forecast generating method as. the Croston SI New,

SB2 SI New, Croston SI New CF, and SB2 SI New CF methods.

Since the statistical tests for pairwise comparisons indicate that any differences in the

performance metrics are statistically significant and we can estimate the average ME with

excellent accuracy due to large sample sizes, we focus on ranking the methods using the

lowest absolute value of mean ME/mean demand among all « values for “al pointsin time”

and at “issue points only” separately. The lowest absolute values of each method for “all

pointsin time” and at “issue points only” are highlighted below.

Table 6.1.1 Mean ME/mean demand of item A

Item A, Mean ME/Mean Demand
All Pointsin Time Issue Points Only
Methods a =005 ¢ =0.1/0 =0.15 & =0.2|x =0.05 & =0.1| o =0.15| & =0.2
Existing methods
Croston -75.10% |-61.51%| -54.45% |-51.14%| -72.07% |-54.24%| -44.54% | -39.39%
SB2 -70.72% |-53.44%| -42.87% |-36.03%)] -67.66% |-46.30%)| -33.36% | -24.99%
SES -28.26% |-13.44%| -9.02% | -6.96% | -65.45% |-88.41%|-123.25%|-160.41%
Poisson SES -28.44% |-13.10%| -8.61% | -8.46% | -66.75% |-83.32%|-123.22%|-162.82%
New methods
Croston SI New -6.48% | 16.09% | 21.21% | 21.18% |-11.56%| 9.66% | 12.15% | 9.11%
SB2 S| New -3.82% | 20.28% | 27.12% | 29.06% | -8.65% | 14.40%| 19.08% | 18.65%
Croston Sl New CF| 26.57% | 45.26% | 46.59% |44.82% | 19.13% | 33.32% | 28.66% | 20.73%
SB2 S| New CF 28.41% | 47.99% | 50.59% |50.33% | 21.27% | 36.88% | 34.35% | 29.11%
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For item A and for “al points in time’, al existing methods overestimate the sales. On the
other hand, al new methods underestimate the sales, except for the Croston SI New and SB2
Sl New methods with o =0.05.

In addition, the lowest absolute value of mean ME/mean demand of the existing
methods is achieved with « =0.2, whereas the lowest absolute value of mean ME/mean
demand of the new methods is achieved with o =0.05. Moreover, the SB2 SI New method
had the lowest absolute value of mean ME/mean demand among all methods.

For item A and at “issue points only,” all existing methods overestimate the sales. On
the other hand, al new methods underestimate the sales, except for the Croston SI New and
SB2 SI New methods with o =0.05. The lowest absolute value of mean ME/mean demand of
the Croston and SB2 methods is achieved with o =0.2, whereas the lowest absolute value of
mean ME/mean demand of the SES and Poisson SES methods is achieved with o« =0.05. In
addition, the lowest absolute value of mean ME/mean demand of al new methods is
achieved with o =0.05, except for the Croston SI New method. Moreover, the SB2 SI New
method had the lowest absolute value of mean ME/mean demand among all methods. All

new methods perform better than the old methods at “issue points only.”
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Table 6.1.2 Mean ME/mean demand of item B

Item B, Mean ME/Mean Demand
All Pointsin Time Issue Points Only
Methods o =0.05 & =0.1|a =0.15) @ =0.2| =0.05| & =0.1| & =0.15] & =0.2
Existing methods
Croston -67.98%]-61.34%)| -57.63%|-55.86%] - 70.14% [-59.95% -53.70% | -50.00%
SB2 -63.78%]-53.28%)| -45.81%-40.28%)] -65.88% [-51.94% -42.16% | -34.99%
SES -29.31%|-15.31%| -10.03%| -7.43%) -70.30% |-92.20%)|-123.95%0|-158.72%
Poisson SES -26.67%|-13.92%)| -10.71%)| -7.98%) -70.02% |-92.56%)|-125.55%0|-162.64%
New methods
Croston Sl New -13.06%| 7.69% 13.95%| 15.25%)-23.51% | -4.49% | -0.78% | -2.39%
SB2 SI New -10.24%| 12.30%| 20.40%| 23.72%]-20.42%| 0.74% | 6.79% | 7.86%
Croston S| New CH 24.39%| 41.68%| 43.80%| 42.79%| 11.47% | 24.32%| 20.40% | 13.09%
SB2 Sl New CF 25.13%| 44.60%| 48.01%)| 48.50%| 12.96% |28.11%| 26.38% | 21.80%

For item B and for “al pointsin time,” all existing methods overestimate the sales.
On the other hand, all new methods underestimate the sales, except for the Croston SI New
and SB2 SI New methods with « =0.05. In addition, the lowest absolute value of mean
ME/Mean demand of the existing methods is achieved with o =0.2, whereas the lowest
absolute value of mean ME/Mean demand of the new methods is achieved with « =0.05,
except for the Croston SI New method. Moreover, the SES method had the lowest absolute
value of mean ME/Mean demand among all methods.

For item B and at “issue points only,” al existing methods overestimate the sales. On
the other hand, al new methods underestimate the sales, except for the Croston SI New
method all « values and the SB2 SI New method with o =0.05. The lowest absolute value
of mean ME/mean demand of the Croston and SB2 methods is achieved with « =0.2,

whereas the lowest absolute value of mean ME/mean demand of the SES and Poisson SES
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methods is achieved with « =0.05. Moreover, the SB2 SI New method had the lowest

absolute value of mean ME/mean demand among all methods. All new methods perform

better than the old methods at “issue points only.”

Table 6.1.3 displays the ME rank of methods using the lowest absolute mean

ME/mean demand value among al o« values for “al points in time” and at “issue points

only.”
Table 6.1.3 Ranking of methods based on ME
Rank All Pointsin Time Issue Points Only

Item A Item B Item A Item B
1 SB2 SI New SES SB2 S| New SB2 SI New
2 Croston SI New Croston SI New Croston SI New Croston SI New
3 SES Poisson SES Croston SI New CF | Croston SI New CF
4 Poisson SES SB2 S| New SB2 S| New CF SB2 S| New CF
5 Croston SI New CF | Croston SI New CF Croston SB2
6 SB2 Sl New CF SB2 S| New CF SB2 Croston
7 SB2 SB2 SES Poisson SES
8 Croston Croston Poisson SES SES

6.2 MAE Results

The 99% confidence intervals of the MAE for each method calculated using equations (6.2)

and (6.3) are presented separately for Item A and B as measured at “al pointsintime’ and at

“issue pointsonly” in the Figures 6.2.1, 6.2.2, 6.2.3, and 6.2.4 below.
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Similar to the ME measure, the confidence intervals are very tight, with some
methods consistently different than others. Below we provide alist of other observations that
can be made.

First observations about the performance of the existing methods are made.

e The Croston and SB2 methods have very similar performance athough SB2
generally yields a dightly lower MAE than Croston, but this result is not
statistically significant.

e The SES and Poisson SES methods have similar performance.

e The performance of the SES and Poisson SES methods is better than Croston and
SB2 at “al pointsin time” while the opposite is true at “issue points only”, except
for a =0.05.

Next we make observations relative to the new methods.

e The Croston SI New and SB2 SI New methods have very similar performance,
although the SB2 SI New method generdly yields a dightly lower MAE than the
Croston SI New method, but this result is not statistically significant.

e The Croston S| New CF and SB2 SI New CF methods have very similar
performance, athough the SB2 SI New CF method generdly yields a dlightly
lower MAE than the Croston SI New CF method, but this result is not statistically
significant.

e The Croston SI New CF and SB2 SI New CF methods perform better than the

Croston SI New and SB2 SI New methods for both items and “al pointsin time’
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and at “issue points only” with o =0.05. The new methods have similar
performance for both items and at “issue points only” with « =0.1, 0.15, and 0.2,
although the Croston SI New CF and SB2 SI New CF methods generally yield a
slightly lower MAE than the Croston SI New and SB2 SI New methods, , but this

result is not statistically significant.

Additional observationsinclude the following.

The new methods consistently perform better than the existing methods for both
items at al levels of smoothing coefficient (a ) both at “all pointsin time” and
“issue points only.”

For both items and “all points in time”, and for both items and at “issue points
only” with « =0.05, the Croston SI New CF and SB2 SI New CF methods
perform better than all other methods. In addition, for both items, “all points in
time’ the Croston and SB2 methods perform worse than all other methods.

For both items, at “issue points only” with « =0.1, 0.15, and 0.2, the new methods
have similar performance, and the SES and Poisson SES methods perform the

worst.

In addition to the confidence intervals of the MAE, the paired-sample t-test results of

MAE in Appendix A.2 calculated using the equation (6.4) are used to determine whether one
method is more biased than the other one. The following statements are based on the
observations of these paired-sample t-test results and they provide better comparison

information than the confidence intervals when the confidence intervals overlap.
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Furthermore, these statements are based on the statistical significant differences, not based on

the practical significances.

First observations about the performance for “all pointsin time” are made.

For both items and “all points in time”, the forecasting methods are ranked from
highest MAE to lowest MAE generating method as. Croston, SB2, SES / Poisson
SES (The SES method has lower MAE than the Poisson SES method, but this
results is not statistically significantly different for all o values and items),

Croston Sl New, SB2 S| New, Croston SI New CF, and SB2 S| New CF methods.

Next we make observations at “issue points only”.

For both items the Croston method yields statistically significantly higher value of
MAE than all the new methods and the SB2 method. However, the Croston
method yields statistically significantly lower values of MAE than the SES and
Poisson SES methods for item B except for « =0.05. In addition, the Croston
method yields statistically significantly lower values of MAE than the SES and
Poisson SES methods for item A except for the Poisson SES method and o =0.05.
For both items, the SB2 method yields statistically significantly higher values of
MAE than all the new methods. However, similar to Croston’s method the SB2
method yields statistically significantly lower values of MAE than the SES and
Poisson SES methods for item A except for « =0.05. In addition, the SB2 method
yields statisticaly significantly lower values of MAE than the SES and Poisson

SES methods for item B except for a =0.05 and the Poisson SES method.
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e The SES and Poisson SES methods are not statistically significantly different

except for item A and « =0.2.

e The SES and Poisson SES methods yield statistically significantly higher values

of MAE than the new methods.

e For both items, the new methods perform better than the old methods.

e For both items, the new forecasting methods are ranked from highest MAE

generating method to lowest MAE generating method as. Croston SI New, SB2 Sl

New, Croston SI New CF, and SB2 SI New CF methods.

Since the statistical tests for pairwise comparisons indicate that any differencesin the

performance metrics are statistically significant and we can estimate the average MAE with

excellent accuracy due to large sample sizes, we focus on ranking the methods using the

lowest absolute value of mean MAE/mean demand among all « vaues for “al points in

time” and at “issue points only” separately.

The lowest absolute values of each method for “al points in time” and a “issue

pointsonly” are highlighted below.

Table 6.2.1 Mean MAE/mean demand of item A

Item A, Mean MAE/Mean Demand
All Pointsin Time Issue Points Only
Methods 2 =0.05] ¢ =0.1|a =0.15] @ =0.2| & =0.05| @ =0.1 | =0.15] & =0.2
Existing methods
Croston 227.16%)| 217.67%)| 212.80%210.56%| 232.02%|219.00%| 211.85%|207.94%
SB2 223.98%|211.78%|204.34%|199.50%| 228.83%|213.28%|203.80%|197.60%
SES 191.46%|180.22%| 176.52%| 174.65%|227.08%| 244.78%|271.18%|299.47%
Poisson SES 195.85%|182.15%|179.82%)] 180.68%|235.04%| 246.93%|276.68%|316.28%
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Table 6.2.1 Continued

New methods
Croston S| New 175.319%|159.10%|155.40%|155.33%| 186.16%| 170.77%|168.88%|170.84%
SB2 SI New 173.42%|156.14%|151.24%|149.80%|184.11%| 167.46%|164.05%|164.21%
Croston SI New CF [151.33%]|137.91%|136.84%|137.97%] 164.01%|153.70%| 156.80%| 162.20%
SB2 S| New CF 150.04%|136.02%134.08%|134.18%| 162.52%|151.24%|152.89%|156.43%

For item A and for “dl points in time,” al mean MAE/mean demand values are

greater than 100%. The lowest absolute value of mean MAE/mean demand of all methods is

achieved with o =0.2 except for the Poisson SES method. All new methods are better than

existing methods. Moreover, the SB2 SI New CF method had the lowest absolute value of

mean MAE/mean demand among all methods.

For item A and at “issue points only,” al mean MAE/ mean demand values are

greater than 100%. All new methods are better than existing methods. Moreover, the SB2 SI

New CF method had the lowest absolute vaue of mean MAE/mean demand among all

methods.

Table 6.2.2 Mean MAE/mean demand of item B

Item B, MAE Confidence Interval and Mean MAE/Mean Demand

All Pointsin Time

Issue Points Only

Methods | & =0.05| & =0.1 | @ =0.15| a=0.2

a=0.05| o =01 | =0.15| «=0.2

Existing methods

Croston 221.66% | 217.04% | 214.47% | 213.23% | 223.09% | 215.61% | 210.93% | 208.07%
SB2 218.61%| 211.19%| 205.89% | 201.91% | 220.02% | 209.84% | 202.63% | 197.28%
SES 192.22% 181.72% | 177.67% | 175.64% | 223.55% | 240.96% | 265.65% | 292.63%
Poisson SES [194.24% | 184.05% | 181.07% | 180.81% | 226.73% | 251.67% | 276.87% | 303.71%
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Table 6.2.2 Continued

New methods
Croston SI New 179.56%|164.66%0(160.14%|159.13%| 186.38%|172.69%|169.97%|(171.03%
SB2 S| New 177.57%|161.43%|155.62%|153.21%| 184.22%|169.07%| 164.72%(163.93%
Croston SI New CF |152.33%|140.09%138.54%|139.20%)] 161.04%|152.07%|154.89%(160.10%
SB2 S| New CF 151.98%138.09%|135.65%(135.29%| 160.14%|149.47%]| 150.78%|154.09%

For item B and for “al points in time,” al mean MAE/ mean demand values are

greater than 100%. The lowest absolute value of mean MAE/mean demand of all methods is

achieved with a =0.2. All new methods are better than existing methods. Moreover, the SB2

Sl New CF method had the lowest absolute value of mean MAE/mean demand among all

methods.

For item A and at “issue points only,” mean MAE/mean demand values are greater

than 100%. All new methods are better than the existing methods. Moreover, the SB2 Sl

New CF method had the lowest mean MAE/mean demand value among all methods.

Table 6.2.3 displays the MAE rank of methods using the lowest mean MAE/mean

demand value among all « valuesfor “al pointsintime” and at “issue points only.”

Table 6.2.3 Ranking of methods based on MAE

All Pointsin Time

I ssue Points Only

Rank ltem A ltem B ltem A ltem B
1 SB2 Sl New CF SB2 Sl New CF SB2 Sl New CF SB2 Sl New CF
2 Croston SI New CF Croston SI New CF Croston SI New CF Croston SI New CF
3 SB2 SI New SB2 SI New SB2 SI New SB2 SI New
4 Croston S| New Croston SI New Croston SI New Croston SI New
5 SES SES SB2 SB2
6 Poisson SES Poisson SES Croston Croston
7 SB2 SB2 SES SES
8 Croston Croston Poisson SES Poisson SES
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6.3 SMAE Results
The 99% confidence intervals of the SMAE for each method calculated using equations (6.2)
and (6.3) are presented separately for Item A and B as measured at “al pointsintime’ and at

“issue points only” in the Figures 6.3.1, 6.3.2, 6.3.3, and 6.3.4 below.
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Below we provide a list of other observations that can be made using the confidence

interval figures 6.3.1, 6.3.2, 6.3.3, and 6.3.4.

First observations about the performance of the existing methods are made.

The Croston and SB2 methods have very similar performance although SB2
generally yields adightly lower value of SMIAE than Croston, but this result is not
statistically significant.

The SES and Poisson SES methods have similar performance.

The performance of the SES and Poisson SES methods is better than Croston and
SB2 at “all pointsin time,” while the opposite istrue at “issue points only” and o
= 0.2. In addition, the Croston and SB2 methods generally yield a slightly lower

value of SVIAE than the SES and Poisson SES methods at “issue points only”.

Next we make observations rel ative to the new methods.

The Croston SI New and SB2 SI New methods have very similar performance
although the SB2 SI New method generally yields a dlightly lower value of SMAE
than the Croston SI New method, but thisresult is not statistically significant.

The Croston SI New CF and SB2 SI New CF methods have very similar
performance, athough the SB2 SI New CF method generdly yields a dlightly
lower value of SMAE than the Croston SI New CF method, but this result is not
statistically significant.

The Croston SI New CF and SB2 SI New CF methods perform better than the

Croston SI New and SB2 S| New methods for both items and “all pointsin time.”
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The new methods have similar performance for both items and at “issue points
only,” dthough the Croston SI New CF and SB2 S| New CF methods generally
yield a dightly lower value of SMAE than the Croston S| New and SB2 SI New
methods, but thisresult is not statistically significant.

Additional observationsinclude the following.

e For both items and “al pointsin time,” the forecasting methods are ranked from
highest SVIAE to lowest SMAE generating method as. The Croston/SB2, SES /
Poisson SES, Croston S| New/SB2 Sl New, and Croston SI New CF/ SB2 SI New
CF methods.

e For both items and “all points in time”, and for both items and at “issue points
only” except for o =0.2, the Croston SI New CF and SB2 SI New CF methods
perform better than the old methods. In addition, for both items “al points in
time’ the Croston and SB2 methods perform worse than all other methods.

e For both items, at “issue points only” with a =0.2, the SES and Poisson SES

methods perform the worst.

In addition to the confidence intervals of the SVIAE, the paired-sample t-test results
of SMAE in Appendix A.2 calculated using the equation (6.4) are used to determine whether
one method is more biased than the other one. The following statements are based on the
observations of these paired-sample t-test results and they provide better comparison

information than the confidence intervals when the confidence intervals overlap.
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Furthermore, these statements are based on the statistical significant differences, not based on

the practical significances.

First observations about the performance for “all pointsin time” are made.

For both items and “all pointsin time,” the forecasting methods are ranked from
highest SMAE to lowest SMAE generating method as: Croston, SB2, SES /
Poisson SES (the SES method has lower SMAE than the Poisson SES method, but
this result is not statistically significant), Croston SI New, SB2 Sl New, Croston

Sl New CF, and SB2 SI New CF methods.

Next we make observations at “issue points only.”

For both items the Croston method yields statistically significantly higher values
of SMAE than al the new methods and the SB2 method. However, the Croston
method yields statistically significantly lower values of SVIAE than the SES and
Poisson SES methods for both items except for a =0.05.

For both items, the SB2 method yields statistically significantly higher values of
SMAE than all the new methods. However, similar to Croston’s method the SB2
method yields statistically significantly lower values of SVIAE than the SES and
Poisson SES methods for item A except for « =0.05. In addition, the SB2 method
yields statistically significantly lower values of SVIAE than the SES and Poisson
SES methods for item B except for a =0.05 and Poisson SES method.

The SES and Poisson SES methods are not statisticaly significantly different

except for item A and a =0.2.

71



e The SES and Poisson SES methods yield statistically significantly higher values

of SMAE than the new methods.

e For both items, the new methods perform better than the old methods.

e For both items, the new forecasting methods are ranked from highest value of

SMAE to lowest value as follows: the Croston SI New, SB2 SI New, Croston Sl

New CF, and SB2 S| New CF methods.

Since the statistical tests for pairwise comparisons indicate that any differencesin the

performance metrics are statistically significant, we focus on ranking the methods using the

lowest mean SMAE/mean demand value among al « values for “all pointsin time” and at

“issue points only” separately. The lowest values of each method for “all pointsin time” and

at “issue pointsonly” are highlighted below.

Table 6.3.1 Mean SMAE/mean demand of item A

Item A, Mean SMAE/Mean Demand
All Pointsin Time Issue Points Only
Methods a=005| a=01 | @=015| «=02 |&=0.05] @ =0.1| 0 =0.15] =02
Existing methods
Croston 2011.80% | 1921.25% | 1866.48% | 1834.31% | 736.50% | 705.31% | 690.90% | 685.32%
SB2 1979.90% | 1862.03% | 1781.77% | 1724.58% | 728.08% | 690.05% | 669.08% | 656.79%
SES 1538.84% | 1411.03% | 1371.48% | 1353.11% | 733.04% | 769.22% | 823.31% | 880.53%
Poisson SES 1557.67% | 1414.14% | 1397.72% | 1384.82% | 759.00% | 811.20% | 817.28% | 969.90%
New methods
Croston S| New | 1438.91% | 1259.48% | 1211.11% | 1202.98% | 625.04% | 590.39% | 589.49% | 598.37%
SB2 S| New 1421.32% | 1233.35% | 1175.57% | 1156.45% | 619.39% | 580.85% | 575.24% [ 578.51%
Croston S| New CH 1193.94% | 1044.35% | 1027.38% | 1034.92% | 568.77% | 548.13% | 559.99% | 576.74%
SB2 SI New CF | 1182.51% | 1029.00% | 1005.68% | 1005.27% | 564.54% | 540.72% | 548.00% | 559.07%
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For item A and for “al points in time” the lowest absolute value of mean

SMAE/mean demand of all methods is achieved with « =0.2. All new methods are better

than the existing methods. Moreover, the SB2 SI New CF method had the lowest absolute

value of mean SMAE/mean demand among all methods.

For item A and at “issue points only,” all new methods are better than the existing

methods. Moreover, the SB2 S| New CF method had the lowest absolute value of mean

SMAE/mean demand among all methods.

Table 6.3.2 Mean SMAE/mean demand of item B

I[tem B, Mean SMAE/Mean Demand
All Pointsin Time Issue Points Only
Methods a=005| a=01| a=015| «=02 | =005] @ =0.1|a=015] =02
Existing methods
Croston 1808.26% | 1765.48% | 1737.41% | 1719.87% | 708.68% | 691.81% | 683.21% | 679.62%
SB2 1780.81% | 1712.72% | 1660.38% | 1618.91% | 700.54% | 676.39% | 660.72% | 649.99%
SES 1469.75% | 1361.17% | 1320.81% | 1301.25% | 716.07% | 753.48% | 804.85% | 860.25%
Poisson SES 1483.18% | 1381.73% | 1342.45% | 1316.06% | 732.91% | 792.66% | 819.10% | 896.14%
New methods
Croston S| New 1399.41% | 1251.76% | 1202.81% | 1189.60% | 618.51% | 589.46% | 586.89% | 592.94%
SB2 Sl New 1382.18% | 1224.68% | 1165.88% | 1141.70% | 612.63% [ 579.15% | 571.60% | 571.94%
Croston S| New CF| 1145.88% | 1021.37% | 1001.91% [ 1005.61% | 555.48% | 539.97% | 551.17% | 566.62%
SB2 SI New CF 1142.40% | 1005.82% | 980.07% | 976.16% | 552.84% | 532.13% | 538.56% | 548.25%

For item B and for “all points in time’, the lowest absolute value of mean

SMAE/mean demand of all methods is achieved with o =0.2 except for the Croston SI New

CF method. All new methods are better than the existing methods. Moreover, SB2 SI New

CF method had the lowest absol ute value of mean SMIAE/mean demand among all methods.
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For item B and at “issue points only,” al new methods are better than the existing
methods. Moreover, the SB2 SI New CF method had the lowest absolute value of mean
SMAE/mean demand among al methods.

Table 6.3.3 displays the SMAE rank of methods using the lowest mean SMIAE/mean

demand value among all « valuesfor “all pointsintime” and at “issue points only.”

Table 6.3.3 Ranking of methods based on SMAE

Rank All Pointsin Time Issue Points Only
Item A Item B Item A Item B
1 SB2 SI New CF SB2 Sl New CF SB2 SI New CF SB2 SI New CF
2 Croston SI New CF | Croston SI New CF | Croston SI New CF | Croston SI New CF
3 SB2 SI New SB2 SI New SB2 SI New SB2 SI New
4 Croston S| New Croston SI New Croston S| New Croston SI New
5 SES SES SB2 SB2
6 Poisson SES Poisson SES Croston Croston
7 SB2 SB2 SES SES
8 Croston Croston Poisson SES Poisson SES

6.4 RGRMSE/GRMSE Results

As stated before, RGRMSE cannot be calculated between two methods, if one of
those methods forecasts are generated using Poisson distribution. In addition, GRMSE
values of Poisson generated forecasts will generate the lowest GRMSE values by default, thus

GRMSE values of Poisson SES will not be displayed in the figures below.
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The 99% confidence intervals of the GRMSE for each method calculated using
equations (6.2) and (6.3) are presented separately for Item A and B as measured at “all points

intime” and “at issue pointsonly” in the Figures 6.4.1, 6.4.2, 6.4.3, and 6.4.4 below.
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Figure 6.4.1 GRMSE confidence intervals and mean demand of Item A, All Pointsin Time
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Figure 6.4.2 GRMSE confidence intervals and mean demand of Item A, Issue Points only
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Similar to ME and MAE, the confidence intervals are very tight with some methods

consistently different than others. Below we provide a list of other observations that can be

made.

First observations about the performance of the existing methods are made.

The Croston and SB2 methods have very similar performance except for o =0.02.
In addition, the SB2 method performs better than the Croston method for o

=0.02, and the SB2 method generally yields a slightly lower value of GRMSE
than Croston, but thisresult is not statistically significant.

The performance of the SES method is better than Croston and SB2 at “all points

intime” while the oppositeistrue at “issue points only,” except for o = 0.05.

Next we make observations rel ative to the new methods.

The Croston SI New and SB2 SI New methods have very similar performance,
although the SB2 SI New method generaly yields a dlightly lower vaue of
GRMSE than the Croston SI New method, but this result is not statistically
significant.

The Croston SI New CF and SB2 SI New CF methods have very similar
performance, athough the SB2 SI New CF method generdly yields a dlightly
lower value of GRMSE than the Croston SI New CF method, but this result is not
statistically significant.

The Croston SI New CF and SB2 SI New CF methods perform better than the

Croston SI New and SB2 S| New methods for both items and “all pointsin time,”
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for item A at “issue points only” with « =0.05 and 0.1, and for item B at “issue
points only” except for o =0.2. Furthermore, when the confidence intervals of the
new methods overlap, the Croston SI New CF and SB2 SI New CF methods
generaly yield a dightly lower value of GRMSE than the Croston SI New and

SB2 SI New methods, but thisresult is not statistically significant.

Additional observationsinclude the following.

The new methods consistently perform better than the existing methods for both
items at al levels of smoothing coefficient (a ) both at “all pointsin time” and
“issue points only.”

For both items and “all points in time,” and for both items and at “issue points
only” with a =0.05, 0.1, and for item B and at “issue points only” with o =0.15,
the Croston SI New CF and SB2 SI New CF methods perform better than all other
methods. In addition, for both items and “all pointsin time” the Croston and SB2
methods perform worse than al other methods.

For both items, at “issue points only” with o =0.1, 0.15, and 0.2, the SES method

performs the worst.

In addition to the confidence intervas of the GRMSE, the paired-sample t-test results

of GRMSE in Appendix A.2 caculated using the equation (6.4) are used to determine
whether one method is more biased than the other one. The following statements are based
on the observations of these paired-sample t-test results and they provide better comparison

information than the confidence intervals when the confidence intervals overlap.
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Furthermore, these statements are based on the statistical significant differences, not based on

the practical significances.

First observations about the performance for “all pointsin time” are made.

For both items and “all pointsin time”, the forecasting methods are ranked from
highest value of GRMSE to lowest value as follows: The Croston, SB2, SES,

Croston Sl New, SB2 S| New, Croston SI New CF, and SB2 S| New CF methods.

Next we make observations at “issue points only.”

For both items the Croston method yields statistically significantly higher values
of GRMSE than all the new methods and the SB2 method. However, the Croston
method yields statistically significantly lower values of GRMSE than the SES
method except for a =0.05.

For both items, the SB2 method yields statisticaly significantly higher values of
GRMSE than all the new methods. However, similar to Croston’s method the SB2
method yields statistically significantly lower values of GRMSE than the SES
method except for a =0.05.

The SES method yields statisticaly significantly higher values of GRMSE than
the new methods except for the Croston SI New method “all points in time” and
a=0.2.

For both items, the new methods perform better than the old methods.
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e For both items, the new forecasting methods are ranked from highest value of
GRMSE to lowest value as follows: the Croston SI New, SB2 SI New, Croston Sl

New CF, and SB2 S| New CF methods.

Since the statistical tests for pairwise comparisons indicate that any differences in the
performance metrics are statistically significant, we focus on ranking the methods using the
mean GRMSE among all « values for “al points in time” and at “issue points only”
separately. The lowest values of each method for “all points in time” and at “issue points

only” are highlighted below.

Table 6.4.1 Mean GRMSE of item A

Item A, Mean GRMSE
All Pointsin Time Issue Points Only
Methods a=005| a=01|a=015| a=0.2 |a=0.05| a=0.1] 0 =0.15| & =0.2
Existing methods
Croston 194.78% | 183.89% | 177.30% | 173.56% | 202.10% | 187.46% | 178.64% |173.36%
SB2 191.02% | 176.51% | 166.49% | 159.36% | 198.29% | 180.24% | 168.23% |159.86%
SES 146.89% | 121.13% | 103.76% | 89.22% |197.07%| 216.73%|246.00% |276.79%)
Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
New methods
Croston S| New | 124.65% | 98.41% | 89.34% | 85.24% |140.37%|117.98% [114.30%|116.11%
SB2 SI New 122.12% | 94.36% | 83.86% | 78.30% |137.67%)]113.44%|107.68% |107.17%
Croston S| New CH 90.11% | 66.35% | 59.72% | 56.16% |109.67%| 93.86% [ 97.13% [103.60%
SB2 S| New CF 88.26% | 63.64% | 56.07% | 51.62% |107.58%| 90.27% | 91.55% | 95.68%

For item A and for “all pointsin time,” the lowest absolute value of mean GRMSE of

al methods is achieved with o =0.2. All new methods are better than the existing methods.
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Moreover, the SB2 SI New CF method had the lowest absolute value of mean GRMSE

among all methods.

For item A and at “issue points only,” al new methods are better than the existing
methods. Moreover, the SB2 SI New CF method had the lowest absolute value of mean

GRMSE among all methods.

Table 6.4.2 Mean GRMSE of item B

Item B, Mean GRMSE

All Pointsin Time Issue Points Only
Methods 0 =005 ¢ =010 =015 & =0.2|a =0.05] & =0.1 {0 =0.15 & =0.2
Existing methods
Croston 191.99% | 185.75% | 181.56% | 178.81% | 197.29% | 188.19% | 181.95% [ 177.66%
SB2 188.15% | 178.23% | 170.46% | 164.18% | 193.49% | 180.87% | 171.31% | 163.79%
SES 150.01% | 125.46% | 108.03% | 93.20% | 196.95% | 214.87% | 241.65% | 270.63%
Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
New methods
Croston S| New | 132.45% [ 107.14% [ 96.46% | 90.82% | 147.09% [ 126.21%| 120.57%[ 120.39%
SB2 S| New 129.77% | 102.75% | 90.54% | 83.39% | 144.30% | 121.35% | 113.54% [ 111.08%
Croston S| New CH 92.46% | 70.09% | 62.59% | 58.16% | 111.95% | 97.03% | 99.11% |104.58%
SB2 S| New CE | 92.33% | 67.22% | 58.75% | 53.44% | 110.82% | 93.31% | 93.38% | 96.56%

For item B and for “all pointsin time,” the lowest absolute value of mean GRMSE of
all methods is achieved with o =0.2. All new methods are better than the existing methods.
Moreover, the SB2 SI New CF method has the lowest absolute value of mean GRMSE

among all methods.



For item B and at “issue points only,” al new methods are better than the existing

methods. Moreover, the SB2 SI New CF method had the lowest absolute value of mean

GRMSE among all methods.

Table 6.4.3 displays the GRMSE rank of methods using the lowest mean GRMSE

value among al «a valuesfor “all pointsin time”’ and at “issue points only.”

Table 6.4.3 Ranking of methods based on GRMSE

Rank All Pointsin Time Issue Points Only
Item A Item B Item A Item B
1 SB2 SI New CF SB2 Sl New CF SB2 SI New CF SB2 SI New CF
2 Croston SI New CF | Croston SI New CF | Croston SI New CF | Croston SI New CF
3 SB2 SI New SB2 SI New SB2 SI New SB2 SI New
4 Croston S| New Croston SI New Croston S| New Croston SI New
5 SES SES SB2 SB2
6 SB2 SB2 Croston Croston
7 Croston Croston SES SES

6.5 Results of Sales Forecast Accuracy Metrics and Discussion

In this chapter, the existence of bias for each of the methods is tested using the ME
statistic. In addition, the forecasting methods are compared using the MAE, SMAE, and
RGRMSE accuracy metrics. The accuracy metrics are computed at “all pointsin time” and at
“issue points only,” for the two items, A and B separately, and for smoothing values of «

=0.05, 0.1, 0.15, and 0.2.
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We provide figures showing confidence intervals of each method and each sales
forecast accuracy measure across all smoothing parameter values and use these confidence
intervals to make comparisons between methods. Since the sample sizes are quite large, the
resulting confidence intervals are very tight, making differences in performance between the
forecasting methods quite obvious for the most part. However, in some cases, these
confidence intervals overlap. Therefore, in addition to the confidence intervals, we aso
provide the results of two-sided t-tests in order to distinguish differences in two methods
performances. Due to the very large sample sizes available for this analysis, statistical tests
indicate that any differences in the performance metrics are statistically significant. Thus, to
rank methods, we compare the average performance of the methods for each accuracy metric
based on “all pointsin time” performances as well as the performances at “issue points only.”
The best performance for a given method and metric is selected across the four levels of
smoothing parameter value o for “al pointsin time” and at “issue points only” separately.
We use mean ME/mean demand, mean MAE/mean demand, and mean SMAE/ mean demand,
and mean GRMSE to rank methods.

One observation that needs to be mentioned again is that GRMSE sales forecast
accuracy measure cannot be used to evaluate forecasting methods which generates integer
forecasts, such as the Poisson SES. Thus, GRMSE could not be used to eval uate the Poisson
SES method.

The new methods consistently produce lower forecasts than the existing methods for

both items at all levels of the smoothing coefficient (o) both a “al pointsin time” and at
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“issue points only.” Furthermore, for both items and for “all points in time,” all existing
methods overestimate the sales. On the other hand, all new methods underestimate the sales,
except for the Croston SI New and SB2 SI New methods with o =0.05. Moreover, for item
A the SB2 SI New method has the lowest absolute value of mean ME/mean demand among
all methods and the SES method had the lowest absolute value of mean ME/mean demand
among all the methods.

For both items and at “issue points only,” al existing methods overestimate the sales.
On the other hand, all new methods underestimate the sales, except for the Croston SI New
al aphavaues and SB2 SI New methods with a =0.05. Moreover, the SB2 SI New method
has the lowest absolute value of mean ME/mean demand among all methods. All new
methods perform better than the old methods at “issue points only.”

Based on the MAE, SMAE, and GRMSE accuracy measures used, the new methods
perform better than the old methods. In addition, the SB2 SI New CF method performs the
best among al methods. Furthermore, for both items and “all pointsin time,” the forecasting
methods are ranked from highest values of MAE, SMAE, and GRMSE to lowest values as
follows: The Croston, SB2, SES / Poisson SES (the SES method has lower values than the
Poisson SES method, but this result is not statistically significantly different and GRMSE
cannot be measured for the Poisson SES method), Croston SI New, SB2 SI New, Croston SI

New CF, and SB2 S| New CF methods.
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Furthermore, for both items at “issue points only,” the new forecasting methods are
ranked from highest values of MAE, SMAE, and GRMSE to lowest values as follows:. the
Croston SI New, SB2 SI New, Croston S| New CF, and SB2 S| New CF methods.

In order to determine whether a method performs better than another method, one
cannot only use sales forecast accuracy measures as a criterion since determination of
practical significance can be difficult to determine. Instead, inventory control metrics such as
adjusted margin or GMROI should aso be taken into consideration while making
comparisons, since a better sales forecast accuracy measure might not reflect better inventory

metrics. Thisanalysisis donein Chapter 7.
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7  Inventory Control Analysis

In the previous chapter, the traditional forecasting accuracy measures are considered
in comparing the methods. In this chapter, financial oriented measures such as fill rate,
margin, inventory holding cost, adjusted margin (defined as the margin minus inventory
holding cost), and gross margin return on investment (GMROI) are used to compare the

forecasting a gorithms.

7.1 A Simulation Mode of the Inventory and Replenishment Process

In order to evaluate the forecasting techniques performance in terms of the measures
listed above, we simulate the orders that would be generated from each forecasting technique
and the resulting inventory of an item in a store. In the next subsection, we define the
ordering and replenishment policy for the simulated process. This is followed by a detailed

explanation of the simulation process.

7.1.1 Inventory and Replenishment Policy

An (s, S inventory model is used to determine the smulated order quantities in each
period over the range of data for each item and store combination. We used the inventory
control model of the company to find the best forecasting method based on the inventory
metrics. Let i be the inventory on-hand, o be the inventory on-order, s be the reorder point,
and S be order-up-to level. Then, the order quantity, g, is determined by the following

(Schneider, 1978):
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B S—-i-o0, ifi+o0<s,
a= 0, ifito>s

Since a forecast is used to estimate future demand, the values of s and S may change
over time; therefore let s and S be the reorder point and order-up-to level for period t. Given
the uncertainty of demand, there are a number of ways of computing the values of the
parameters (s and S) of the inventory policy. One approach is to set the value of the reorder
point a period t, s, equal to the total forecast demand over some specified horizon plus a
safety stock estimate; while the order-up-to level at period t, S, is equal to the total forecast
demand over some larger specified horizon plus a safety stock estimate.

In general inventory models, safety stock is conventionally defined as the average
level of the net stock (that is, the inventory on-hand minus backorders) just before a
replenishment arrives (Silver, Pyke and Peterson (1998): p. 234). The safety stock is set to
satisfy a service level requirement, which generally specifies the probability that no stockouts
occur during a replenishment cycle (Silver, Pyke and Peterson (1998): p. 245). Let D be the
demand over the replenishment lead time (L) plus review time (T) periods. The quantity L is
the lead time between the vendor and store. Furthermore, T represents how often the
inventory positions of the stores are reviewed and orders are released. Let the cycle service
level (referred to as CSL in this dissertation) denote the required probability that no stockouts
occur during the replenishment cycle of length T+L time periods. Then, the conventional

method for setting ss;, the safety stock at timet, is to solve the following equation for ss;:
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Prob{D < E[D] +ss} =CY._. (7.1)
Let Fy(x)=Prob{D <x} be the cumulative distribution function (c.d.f.) of D, with expected
vaue p, =E[D] and variance ¢ =E[(D-p,)?]. Then, the conventiona definition of
safety stock isobtained from (7.1) as

s§ = F, (CSL) — 1, = ko, (7.2)
where the safety stock factor k is given by:

IR C) -pp]

k (7.3)
Gp
If D has anormal distribution, then
F5'(CSL) = pp + @ 7(CL )0y, (7.4)

where ®7'(-) is the inverse of the standard norma c.d.f. Therefore when D is a normal
random variable, Equation (7.3) and (7.4) together yield the familiar result

k=d*(C). (7.5)
See, for example, Equation (4) of Syntetos et a. (2010).

In contrast to the conventional definition (7.2) of the safety stock ss, in this
dissertation, we use the method used by the company providing the data which is cd culated
as:

55 =R, (CL)o, =K'op, (7.6)
where op is the standard deviation of demand over the replenishment lead time, and

K = F;}(CSL). (7.7)
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The differences between formulas (7.2) and (7.6) for the safety stock and between
(7.3) and (7.7) for the safety factor warrant some comment. The conventional formula (7.2)
for the safety stock results in a smaller value than (7.6) by the amount p,, the expected
demand over the time interval of length T+L; and thus the safety stock defined by (7.6) is
proportionally much larger than the safety stock defined by (7.2). Similarly the safety factor
(7.3) is a“standardized” version of F;*(CSL), the CSL-100% percentile of the distribution of
D. Therefore the safety factor (7.3) is dimensionless (or unitless); and the safety stock (7.2)
has for its unit of measurement (scale unit) [items demanded] over the time interval of length
T+L periods. By contrast, the safety factor (7.7) is expressed in terms of the measurement
unit [items demanded]; and therefore the safety stock (7.6) is expressed in terms of the
measurement unit [(items demanded)?]. When D is normally distributed, the difference

between the safety factors (7.5) and (7.7) is particularly striking — whereas (7.5) involves

®'(), the inverse of the c.d.f for a normal random variable with mean zero and variance
one, (7.7) involves F.*(-), theinverse of the c.d.f of the random variable D, which has mean
u, and variance . However, it is worth noting that since we are dealing with slow
moving items p, isnear zero, athoughc? = 1.

In this dissertation we adopt Equations (7.6) and (7.7) as the respective definitions of
the safety stock and the safety factor because these definitions are used by the retailer that

supplied the data for items A and B. There is also a lead time variability factor in the
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retailer’s safety stock calculation, however that data was not available to us, thusit could not

be used.

Since the actual demand distribution F () is not known, we use the standard
approach based on the assumption that D has a known distribution with mean p, and

variance ¢ ; and we estimate o2 as (L +T)MSE, where MSE; is the estimated mean square
error of the demand forecast for period t using a given forecasting technique. The safety
factor (k') in equation (7.7) is calculated using a specified cycle service level, CSL, in our
anaysis. Along the lines of Syntetos et al. (2010), we use an exponentially smoothed value
for the mean squared error, i.e.
MSE = y(Y, - Y/ ,)* + (1~ y)MSE 4, (7.8)

where Y, isactual salesin period t, and Y," isthe estimate of demand computed at the end of
period t for the demand in period t+1 using a given forecasting technique, and y is a
smoothing coefficient. Theinitial value MSE, is set to O.

Assuming demand over L+T can be reasonably assumed to follow a Poisson
distribution with meanA(L+T), the value of the safety factor, k'is determined from

Equation (7.7) such that the following istrue.

AL +T))

i—0 j!

71(L+T) < CS—

and

E[A(L +T)] —/I(L+T) > CS_ (79)
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where the ceiling function fx—\ denotes the smallest integer greater than or equal to x for all
real X. The demand rate X at period t, A, , is estimated using the following equation,

X =o(Y)+A-0)A,, (7.10)
where w is a smoothing coefficient. The initial value 4, is calculated dividing the total sales

during the warm up period by the number of weeks in the warm up period.
Then, as in Syntetos (2001), the safety stock value computed in period t for the next

L+T periods, ss, is calculated as follows:
ss =K' J(L+T)MSE | (7.12)
Let Y/, denote the forecast computed in period t-1 for the total expected demand over

the time to the next P periods. Based upon the current company policy, the value of the order
point at period t, s, is equal to the total forecast demand over the next review (T) plus lead
time between vendor and store (L) periods, Y;,, , plus the safety stock estimate at period t,
ss. In addition, the order-up-to level at period t, S, is equal to the total forecast demand over
the lead time (L) plus additional weeks (W), Y, ., , plus the safety stock estimate at period t,
ss. The quantity W is the additional weeks of supply that is being ordered every time an

order isreleased and it is determined by corporate management for each item.

The values of the stocking policy in period t are computed as follows:

S :<Yt:T+L +55t>

(7.12)
§ =max((Y L +53),8 +D,

where
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<X>:{M,if x—LxJzO.S},

| x|, otherwise

and the floor function | x |=[ x]—1 denotes the largest integer not exceeding x for all real

values of x.

7.1.2 Simulation Process

In this section we detail the ssmulation process that is used to evaluate inventory-based
performance measures for each of the candidate forecasting techniques. For each item i and
store k, we divide the historical weekly sales data into two sets H; , andE . The set H,,
represents the range of weeks used to initialize a given forecasting technique with historical
data, while E , includes the range of weeks that are used to evaluate the performance of a
given technique. For an item-store, the first week in the set H,, is the week immediately

after the first receipt of the item in that store. We use the first fifty-eight weeks of data after

the first stocking date of the item in that store to initialize the forecasts, i.e. ‘Hi,k‘ =58. Since

the first receipt date of an item in a store can change, the number of weeksin set E , may be

different for different item-store pairs.
Thefollowingisalist of parameters used in this section.
X; isthetotal number of item-stores used in the simulation for itemi;
ki isacounter for storesfor itemi;

k; i1sthe number of demand series (item-stores) used for item i’ s inventory control
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metric calculations;

Y, istheinitial forecast for itemi at the k™ store;

Al; 1s the demand rate A at period t for itemi at the K" store;

., isthefirst week that the itemi is received at the k" store;

t, isthe last week of dataused and it is the same for all item-stores;

t; . isthe number of weeks used to initialize a given forecasting technique for item i at the

K" store:

H, isthe warm-up period for item i at the k™ store and contains the weeks between
to +landt  +t,;

E, . isthe period that is used to calculate results for item i at the k™ store and contains the
weeks between 't +t +1and t;

IAy;  is the time between the first non-zero demand and | for itemii at the k" store;

IA';, is the time between the non-zero demands j and j-1 for item i at the k" store;

n , isthe number of weeksin _ with non-zero demand for itemii at the K" store;

TAS , isthetota actual salesforitemi at the k" store over the weeks in set E.»

TLS (isthetotal lost salesfor itemi at the k™" store over the weeksiin set E

w, , isthe counter for itemi at the k™" store used for weeksin set =

¢  isthe cost for item i at the K" store ;
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sp, . istheselling price for itemi at the K" store; and
h , istheinventory holding cost for itemi at the k" store.

Thefollowingisalist of output statistics that collected and computed:

TM,  is the total margin for item i at the k™ store over the weeks in set E , where margin

is the revenue less the cost of goods sold,;

TIHC,  is the total inventory holding cost for item i at the k" store over the weeks in
set Ei,k :
FR  isthefill rate for itemi at the k™ store over the weeks in set E.;
YM; , isthe yearly margin for item i at the K" store over the weeks in set E, ieitis

the total margin scaled to an annual amount;

YIHC,  istheyearly inventory holding cost for itemi at the K" store over the weeksin
setE , i.e itisthetotal inventory cost scaled to an annual amount;
YAM; , isthe yearly adjusted margin for itemi at the k™" store over the weeks in set =
i.e. itisthe yearly margin less than yearly inventory holding cost
(YM; , —YIHC, ,);
GMROI, , is the gross margin return on investment for item i at the k™ store over the

weeks in setE ,, i.e. it is the yearly margin divided by the yearly inventory

holding cost (_Vik_):
YIHC,,
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AFR; is the average of the fill rates for item i over al stores that are used to calculate
inventory control metrics,

AYM,; is the average of the yearly margins for item i over al stores that are used to
calculate inventory control metrics;

AYIHC; is the average of the yearly inventory holding costs for item i over all stores that
are used to cd culate inventory control metrics,

AYAM,; is the average of the yearly adjusted margins for item i over all stores that are
used to calculate inventory control metrics; and

AGMROI; isthe average of the GMROI valuesfor item i over al storesthat are
used to calculate inventory control metrics.

The order of eventsin aweek for a given item-store starts after the item isreceived in
the store. The order of events for the ssmulation of agiven itemi isasfollows:

1) Initialize item-store counter for item i to 1,k <1 and initialize item-store counter for
inventory metrics calculations for itemi to 0, k; < 0.
2) Initidize forecast, inventory levels, and inventory metrics for item i at the k™ store,
a) g1
b) 0y, <1

c) Initiaize the salesforecast.

If the forecasting method is SES or Poisson SES, then:
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otherwise:

0005, ifn, =0,
btk |
Z Yj,i,k
j=t il
YO',i,k A r\’k

j=n, !

LA«
=
Nk

otherwise

=

d MSE,, <0
tr‘|,l<'*'t|,k
Z Yk,

e) )\46, ) « =tk

" ti,k
f) t<1
9) w, <0
h) S.«<lands;, <0
)] TASOJ’k « 0, TLSinYk «~0,T™ ik € O, Tl HCO,i,k «0, FRo,i,k «~0OY HCO,i,k «~ 0, YMI HCMk 0,

and GMROI ik € 0

3) Receive the order of size q_, ; made in period t-L, if any; update the on-hand and on-

order inventory variables as follows:
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ik < leezik T Gevike

Ok < Onik ~Ghrik
4) Demand for period t, Y;; , occurs. Demand can be zero, and if the initial on-hand is less

than the demand, the difference is considered lost sales.
The inventory on-hand is determined as follows:
I <= MaX(iy; =Y k0 0).
Lost sales are determined as follows:
IS <= Max(Y;;  —ig;x,0).
Actual sales are determined as follows:
as; < Y18
5) Update the following.

a) Theforecast Y, based on the forecasting technique being evaluated.
b) Compute MSE,; , according to Equation (7.8).
c) Compute k', , according to Equation (7.9).
d) Compute A;, , according to Equation (7.10).
e) Compute ss; , according to Equation (7.11).
f) Compute 5, and § , according to Equation (7.12).
6) Based onthe (s, §) inventory model, place an order for this period, g, ,, and update the

inventory on-order.
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G Sl,i,k _it,i,k _Ot,i,k’ if it,i,k +Ot,i,k < St,i,k
kK 0 , otherwise, ’

Ok < Ok TGk

7) t<«t+1

8) Updatethefollowingif t>t , +t  +1:
a) TAS, « TAS, +as .
b) TLS, <~ TLS  +ls; .

C) ™™, < TM,, +(Sp, —C,)*as, .

d) TIHC,k<—TIHC|k+c|kM R and
’ o 2 52

e W, =w,+1

9) Repeat steps Step 2) through 8) untilt >t .

10) If w, >1, calculate the following for itemi at the K" store:

TAS
PR s s,

™,
b) YM,, < 52.—,

Wk

TIHC ,
¢) YIHC,, < 52.——%
’ Wk

d) YAM,, <YM, , -YIHC,,,
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f) If —2 <03 thenk <k +1
t| _tr,i,k _ti,k +1

11) k « k +1.
12) If k >x, goto (13),
Else, goto (1).

13) Calculate the following only for al item-stores that satisfy the following two

conditions;

§

Yt,i K
=t ik

[ P T

<03andw , >1:

>R
a) AFR « = —,

3w,
b) AWM, « =+

K;

S VIHC

Q) AYIHC « =L

K

> vam,

d) AYAM, <L and

K;
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3 GMROI,

&) AGMROI, « L

K;

where x; isthe total number of storesthat satisfy the two conditions above for item i.

The calculations are done separately for items A and B, and the results of the
calculations in step 13) are used to compare the forecasting methods separately for items A
and B. Table 7.1 gives the values of the parameters required in formulas used in the
simulation experiments. Furthermore, the initial inventory on-hand, iy, is set to one unit for

each item-store.

Table 7.1 Parameter values for ssmulation and justification

Parameter Value Justification

T 1 Company policy

L 2 Company policy

W 1 Company policy

Target CSL 85% Company policy

h 0.19 Company policy

4 0.25 Syntetos et al. (2010)

0] 0.05 Croston (1972)

tx 58 Preliminary calculations

A target CSL of 90% was also considered but those results are not shown since a
target CSL of 85% gave better adjusted margin and GMROI results with average fill rates

greater than 90%.
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For each of the eight methods, the confidence intervals for the average fill rate, inventory
holding cost, margin, adjusted margin, and GMROI are computed using the simulation data

and are displayed individually in the following sections. Before defining the confidence
interval calculation few definitions are required. First, let FR be the average fill rate

obtained by a specific forecasting method and «a vaue across al series of item i. It is

caculated as:

FR = iz FR . where ; isthe number of demand series (stores) carrying item i.
i k=1

Second, let s, bethe standard deviation of the FR of itemi. It is calculated as:

1 Ki -
= [—>(FR, -FR)2.
SFR \/Ki _1;( R,k R)
Then, the 99% confidence interval of fill rate of itemi is given by:

SR SR

e =

In addition, the results of paired sample t-tests are also displayed for fill rate,

FR -258—= <FR <FR +258 (7.13)

inventory holding cost, margin, adjusted margin, and GMROI in Sections 7.3-7.7. As an
example, below are the null hypothesis and the alternative hypothesis for the fill rate
measure:
Ho: The averagefill rate given by method 1 for itemi isequal to the averagefill rate
given by method 2 for itemii.

Hi: The averagefill rate given by method 1 for itemi is not equal to the average fill
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rate given by method 2 for itemi.
The Student’s t-test is used to test the hypothesis since the number of demand series
islarge. In order to define the test statistic t, we first define the following:

FR - Thesimulated mean fill rate of itemi at store k (k=1,..., x; ) using forecasting

method m,

P (. The paired-sample mean fill rate difference of item i for store k (k=1,...,x,)

between methods1and 2,i.e.R, =FR ,, -FR ,,, and
P : The average paired mean fill rate difference, i.e. 5i=i i P k=1,....x,.
Ki k=1

The test statistic is then calculated as follows:

, (7.14)

where:

7.2 Selection of the Correction Factor and Forecast Update Frequency

Before evaluating the inventory performance measures of the methods in generd, in
this section the correction factor parameters used in two of the methods evaluated in this
work (Croston SI New CF and SB2 SI New CF) are evaluated in order to determine the

appropriate values for these parameters in the experimentation that follows in this chapter.
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As stated in Section 3.2.3, the value of the correction factor (CF) for item i and at the k™
store at time period t involves the use of four input parameters: a maximum correction factor
(MCF), an upper limit (UL), alower limit (LL), and an update frequency. The first three of
these inputs (MCF, UL, and LL) are used in the calculation of the correction factor as shown

in the formula below:

UL-0) ™™D if m,, =m

CR; « =1 (LL+0.)™™YD - if m, , <-m

1, otherwise

The update frequency determines how often the forecast is updated.

In the experimentation of Chapter 6, the value of CF used with the Croston SI New
CF and SB2 SI New CF methods was calculated using UL = 1.2, LL = 0.8, and MCF = 2. In
addition, the forecast is updated not only after a demand, but adso if the time after the last
demand exceeds the average inter-arrival time.

In this sub-section the forecasts using the Croston SI New CF and SB2 SI New CF
methods are simulated using UL values of 1.2 and 1.3, LL values of 0.7 and 0.8, MCF values
of 2 and 3, and update frequency values of 1, 2, and 3; therefore a total of 24 parameter set
combinations are compared using the inventory metrics described in the introduction of this
chapter. The parameter set combinations are explicitly listed in Table B.1.1 in Appendix B.1.

The performance of a forecasting method (Croston SI New CF and SB2 SI New CF)
using a given parameter set combination and a specified target cycle service level (target
CSL=85%) is computed for each item (A and B) using the process described in Section 7.1.2.

The five inventory performance metrics of this Chapter (fill rate, margin, inventory holding
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cost, adjusted margin, and GMROI) are used to evaluate the parameter set combination.
Specifically, for each of the two items (A and B) and for each combination of the forecasting
method and parameter set combination, simulations are run over al series (stores) for which
demand datais available. Then, confidence intervals on the mean performance are computed
as illustrated for the fill rate metric below. First, the mean fill rate of item i, using
forecasting method j, parameter set combination m, and forecasting smoothing coefficient (

a,,) valuewhere o, = 0.05n acrossall data series (stores) is calculated as:

- 1&
FRi,j,m,n = _Z I:F‘1),j,m,n,k ’

K =1
where
FR | mnx 1S the observed fill rate from the simulation of item i, using forecasting
method j, parameter set combination m, and forecasting smoothing coefficient (¢,,) value for
series (store) k. The ¢, equals 0.05*n for n=1, 2, 3, and 4.

Then the lower limit of the confidence interval of fill rate of item i, using forecasting

method j, parameter set combination m, and forecasting smoothing coefficient (¢, ) valueis

given by:

and the corresponding upper limit of the confidence interval is given by:

FRujmn + 2,58 7mn

N
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where

SR | is the standard deviation of the observed simulated values over all series, and

is calculated as:

1 & -
SFR’mn :\/ Z(FR,j‘m’n‘k_FRi,],m,n)z .
o K —1io

Note, k; isthe number of storesfor itemi.

The resulting confidence intervals for the inventory metrics (fill rate, margin,
inventory holding cost, adjusted margin, and GMROI) of these 24 parameter set
combinations for Croston SI New CF and SB2 SI New CF methods for items A and B and a
target CSL value of 85% are displayed in Appendices B.2-B.6. It can be observed that these
confidence intervals are overlapping, suggesting no significance difference in performance.
A similar observation can be made about the update frequency. Therefore, for the
experimentation in the sections that follow, we use parameter set 3 since it isrobust and often
leads to the best average performance across all the adjusted margin and GMROI metrics.
This parameter set combination has MCF of 2, UL of 1.2, LL of 0.8, and update frequency of

1 week.

7.3 Fill Rate Results

In this section, we evauate the performance of the forecasting methods in terms of
the mean fill rates computed in the simulations for atarget CSL value of 85% and smoothing

coefficient, a values of 0.05, 0.1, 0.15, and 0.2. The results are presented separately for
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items A and B. In addition, for each method, we identify the a value that generates the
highest fill rate and then make pairwise comparisons using a two sided t-test separately for
items A and B. Finadly an overall ranking of the methods based on statistically significant
differences are displayed in Table 7.3.3.

Confidence intervals of the mean fill rates calculated using the formulasin (7.13) are

displayed in the following figures.
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Fill Rate Cls, Item A, CSL 85%
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Figure 7.3.1 Item A fill rate confidence intervals, target CSL
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Fill Rate Cls, Item B, CSL 85%
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Figure 7.3.2 Item B fill rate confidence intervals, target CSL
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Since all the confidence intervals overlap, t-tests for paired fill rate comparisons are
performed using (7.14) to determine the statistical differences between pairs of methods. For
each method, the @ value that generates the highest average fill rate is used for comparison.
Table 7.3.1 displays the t values for each item sorted from smallest to largest. The values are

bolded that are statistically significant (i.e. test statistic is greater than 2.58 in absolute value).

Table 7.3.1 Paired-sample t-test values of fill rate differences

M ethods Compared M ethods Compared
Method 1- Method 2 Item A Method 1- M ethod 2 ltem B

SB2-Poisson SES -6.84 SB2-Poisson SES -6.41
Croston-Poisson SES -6.4 Croston-Poisson SES -6.21
SES-Poisson SES -4.45 SES-Poisson SES -5.89
SB2-SES -4.37 SB2-SES -15
Croston-SES -3.54 Croston-SES -1.43
Croston SI New-Croston SI New CF -0.53 SB2 Sl New-Croston SI New CF -04
Croston S| New-SB2 SI New CF -0.52 SB2 Sl New-SB2 Sl New CF -0.06
SB2 Sl New-Croston SI New CF -0.48 Croston-SB2 -0.04
SB2 SI New-SB2 SI New CF -0.39 Croston SI New-Croston SI New CF 0.02
Croston S| New-SB2 SI New -0.1 Croston S| New-SB2 SI New CF 0.45
SB2-Croston SI New CF 0.03 Croston SI New CF-SB2 SI New CF 0.61
Croston S| New CF-SB2 S| New CF 0.18 Croston S| New-SB2 SI New 0.7
SB2-SB2 Sl New CF 0.19 Croston-Croston SI New CF 2.55
SB2-SB2 S| New 0.52 SB2-Croston SI New 2.77
SB2-Croston SI New 0.66 Croston-Croston SI New 2.82
Croston-Croston SI New CF 1.28 SB2-Croston SI New CF 2.94
Croston-SB2 1.62 Croston-SB2 S| New CF 3
Croston-SB2 SI New CF 1.67 Croston-SB2 SI New 3.18
Croston-SB2 SI New 2.64 SB2-SB2 SI New 3.21
Croston-Croston SI New 3 SB2-SB2 SI New CF 321
SES-Croston SI New CF 4.22 SES-Croston SI New 3.3
SES-SB2 SI New CF 4.6 SES-Croston SI New CF 3.35
SES-SB2 SI New 4.67 SES-SB2 SI New 3.48
SES-Croston SI New 4.96 SES-SB2 SI New CF 3.7
Poisson SES-Croston S| New CF 7.21 Poisson SES-Croston SI New 6.98
Poisson SES-SB2 SI New CF 7.28 Poisson SES-Croston SI New CF 7.11
Poisson SES-Croston SI New 7.33 Poisson SES-SB2 SI New 7.17
Poisson SES-SB2 S| New 7.37 Poisson SES-SB2 S| New CF 7.28
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For item A, the Croston and SB2 methods are worse than the SES and Poisson SES
methods. In addition, the SES method is worse than the Poisson SES method. There is no
statistical difference between the Croston, SB2, Croston SI New CF, and SB2 S| New CF
methods. Furthermore, there is no statistical difference between any of the new methods. In
addition, there is no statistical difference between the SB2 method, and the Croston SI New
and SB2 SI New methods. The Croston method is better than the Croston SI New and SB2 S
New methods. The SES and Poisson SES methods are better than the new methods.

For item B, the Croston and SB2 methods are worse than the Poisson SES method. In
addition, the SES method is worse than the Poisson SES method. There is no statistical
difference between the Croston, SB2, and SES methods. Furthermore, there is no statistical
difference between any of the new methods. The Croston and SB2 methods are better than
the new methods, except thereis no statistical difference between the Croston and Croston Sl
New CF methods. The SES and Poisson SES methods are better than new methods.

Table 7.3.2 displays the mean fill rates of the existing and new methods for items A
and B based on atarget CSL value of 85%. The best (highest) values for each method and

item are highlighted.
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Table 7.3.2 Mean fill rate

Mean Fill Rate
ltem A ltem B
Methods  |o =0.05/a =0.1a =0.15/a =0.2)a =0.05/0 =0.1|r =0.15|cr =0.2
Existing Methods

Croston 92.80% [92.90%)]| 92.80% [92.90%| 91.90% [91.90%)] 91.80% [91.80%
SB2 92.80% [92.80%)] 92.80% [92.80%| 91.90% (91.80%| 91.80% [91.70%
SES 92.90% [92.90%]| 93.10% [93.10%| 91.90% [91.90%)] 92.00% [92.00%
Poisson SES 93.40% [93.40%| 93.40% [93.40%| 92.40% (92.40%| 92.40% [92.40%
New Methods
Croston SI New | 92.70% [92.70%)| 92.70% [92.80%)| 91.70% [91.70%)] 91.80% [91.70%
SB2 S| New 92.70% [92.80%| 92.80% [92.70%| 91.70% [91.70%| 91.70% [91.70%
Croston SI New CH 92.80% (92.70%]| 92.80% [92.80%| 91.80% [91.70%] 91.70% [91.80%
SB2 S| New CF  [92.80% [92.80%]| 92.80% [92.80%| 91.70% [91.70%)] 91.70% [91.70%

Table 7.3.3 displays the fill rate ranks based on the statisticaly significant
differences; note that pairwise 1% tests were used to rank the methods, not a multiple-
comparisons procedure, and hence that the chance of at least one incorrect ranking is higher

than 1%.

Table 7.3.3 Summary of fill rate ranks based on statistically significant differences

Rank | ItemA Item B
1 Poisson SES Poisson SES
2 SES Croston, SB2, SES
3 Croston, SB2, SB2 S| New CF, Croston, Croston S| New CF

Croston SI New CF
4 SB2, SB2 SI New, Croston S| New SB2 Sl New, Croston SI New, SB2

Sl New CF
5 SB2 Sl New, Croston SI New, SB2 SB2 Sl New, Croston SI New, SB2
S| New CF, Croston SI New CF Sl New CF, Croston SI New CF
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As expected, the Poisson SES method generates forecasts that have a higher fill rate
compared to other methods, since more inventory is held at the stores. Since the forecasts
using the Poisson SES method are integer values (except 0.001 when the forecast is equal to
0), the sand Svalues are higher compared to other methods, and this increases the fill rate.

All 99% confidence intervals on the actual fill rates are above the nominal CSL=85%,
by at least 5%, thisis a clear indication that the safety stock istoo large. In addition, since the
mean fill rate differences between all methods are not greater than 1%, the differences are not

practically significant.

7.4 Margin Results

In this section the forecasting methods are evaluated based on the margin
performance metric. The resulting average margin for each technique is computed in the
simulation for atarget CSL value of 85% at « vaues of 0.05, 0.1, 0.15, and 0.2. The results
are presented separately for items A and B. In addition, the results of pairwise margin
comparisons using a two sided t-test are also presented separately for items A and B. Finally,
aranking of the methods based on margin is presented.

The Cls of the mean margin as calculated using the formulasin (7.13) are displayed

in the following figures.
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Margin Cls, Item A, CSL 85%
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Margin Cls, Item B, CSL 85%
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Since al the confidence intervals overlap, as before t-tests for paired margin
comparisons are performed using (7.14) to determine the statistical differences between pairs
of methods. For each method, the o value that generates the highest average fill rate is used
for comparison. Table 7.4.1 displays the t values for each item sorted from smallest to

largest. The values are bolded that are statistically significant.

Table 7.4.1 Paired-sample t-test values for margin differences

M ethods Compared Iltem A M ethods Compared Item B
Method 1- Method 2 Method 1- M ethod 2

SB2-Poisson SES -6.96 SB2-Poisson SES -6.58
Croston-Poisson SES -6.49 Croston-Poisson SES -6.24
SES-Poisson SES -4.7 SES-Poisson SES -5.93
SB2-SES -4.45 SB2-SES -1.39
Croston-SES -3.77 Croston-SES -1.1
SB2 Sl New-Croston SI New CF -0.25 SB2 Sl New-Croston SI New CF -0.32
SB2 Sl New-SB2 S| New CF -0.25 SB2 S| New-SB2 SI New CF 0
Croston SI New-Croston SI New CF -0.06 Croston SI New-Croston S| New CF 0.2
Croston SI New-SB2 SI New CF -0.06 Croston S| New CF-SB2 S| New CF 0.37
Croston SI New CF-SB2 SI New CF 0 Croston-SB2 0.38
Croston SI New-SB2 S| New 0.19 Croston SI New-SB2 SI New CF 0.74
SB2-Croston SI New CF 0.57 Croston SI New-SB2 S| New 0.89
SB2-SB2 SI New CF 0.57 SB2-Croston SI New 271
SB2-Croston SI New 0.74 Croston-Croston SI New CF 2.74
SB2-SB2 Sl New 0.82 Croston-Croston SI New 2.85
Croston-SB2 1.73 SB2-Croston SI New CF 3.04
Croston-Croston SI New CF 1.96 SB2-SB2 Sl New CF 3.04
Croston-SB2 SI New CF 1.96 SES-Croston SI New 3.04
Croston-SB2 SI New 2.53 Croston-SB2 SI New CF 3.08
Croston-Croston SI New 2.99 SB2-SB2 SI New 3.23
SES-Croston SI New CF 512 Croston-SB2 SI New 3.25
SES-SB2 SI New CF 512 SES-Croston SI New CF 3.34
SES-Croston SI New 517 SES-SB2 SI New 3.49
SES-SB2 SI New 5.18 SES-SB2 SI New CF 3.63
Poisson SES-Croston S| New CF 7.41 Poisson SES-Croston SI New 6.93
Poisson SES-SB2 S| New CF 7.41 Poisson SES-Croston SI New CF 7.11
Poisson SES-Croston SI New 7.53 Poisson SES-SB2 SI New CF 7.14
Poisson SES-SB2 SI New 7.6 Poisson SES-SB2 Sl New 7.19
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For item A, the Croston and SB2 methods are worse than the SES and Poisson SES
methods. In addition, the SES method is worse than the Poisson SES method. Furthermore,
there is no statistical difference between the Croston, SB2 and the new methods, except the
Croston method is better than the Croston SI New method. The SES and Poisson SES
methods are better than the new methods.

For item B, the Croston and SB2 methods are worse than the Poisson SES method. In
addition, the SES method is worse than the Poisson SES method. There is no statistical
difference between the Croston, SB2, and SES methods. Furthermore, there is no statistical
difference between the new methods. The old methods are better than the new methods.

Tables 7.4.2 displays the mean margin of the existing and new methods for items A
and B based on target CSL value of 85%. The best (highest) vaues for each method and item
are highlighted and are used to compare the methods with practica significance if they are

statistically different.

Table 7.4.2 Mean margin

Mean Margin

Item A Item B
Methods | @=005]|a=01]| a=015|a=02|a=005|a=01|a=015|a=02
Existing Methods

Croston 12101 | 12108 | 12094 | 12105 | 12427 | 12431 | 12418 | 12416
SB2 12095 | 1209 | 1209 | 12088 | 1243 | 12413 | 12412 | 1240

SES 12112 | 1212 | 12144 | 12152 | 12426 | 12428 | 12441 | 12438
Poisson SES | 12187 | 12105 | 12103 | 12201 | 12516 | 1252 | 12504 | 12524
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Table 7.4.2 Continued

New Methods
Croston SI New 1208.6 | 12087 | 1208.1 | 12088 | 1240 | 12402 | 1240.8 | 1240.7
SB2 Sl New 1208.6 | 12087 | 12086 | 1208 | 12403 | 12401 | 1239.7 | 12396
Croston Sl New CF 1208.9 | 1207.7 | 1208.4 | 12089 | 12404 | 12401 | 1239.5 | 124056
SB2 Sl New CF 1208.9 | 12082 | 12083 | 12083 | 1240.1 | 1240 | 12403 | 1240.1

Table 7.4.3 displays the margin ranks based on the datistically significant
differences; note that pairwise 1% tests were used to rank the methods, not a multiple-
comparisons procedure, and hence that the chance of at least one incorrect ranking is higher

than 1%. Thisis aso true for inventory holding cost, adjusted margin, and GMROI rankings.

Table 7.4.3 Summary of margin ranks based on statistically significant differences

Rank | ItemA Iltem B
1 Poisson SES Poisson SES
2 SES Croston, SB2, SES
3 Croston, SB2, SB2 SI New CF, SB2 SI New, Croston SI New, Croston

Croston Sl New CF, SB2 S| New Sl New CF, SB2 SI New CF

4 SB2, Croston SI New
5 SB2 Sl New, Croston SI New, SB2
S| New CF, Croston SI New CF

If the difference in performance between the two methods is statistically significant
and the mean margin difference between the two methods is greater than or equal to 50 cents,
then the difference in performance between the methods is also practically significant.

The definition of “practically significant” is subjective and can change based on the

company’s policy and 50 cents might seem low to determine practical significance. However
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50 cents difference at the item-store level corresponds to $1,000 at the item country level
across 2,000 stores. In addition, if the company has 1,000 such slow-seller items, 50 cents per
item per store corresponds to an average difference of $1,000,000 across al stores and items.
The same definition of practical significance is used for inventory holding cost and adjusted
margin.

Table 7.4.4 displays the ranking of the methods for the margin metric based on the

practically significant differences.

Table 7.4.4 Summary of margin ranks based on practically significant differences

Rank | ItemA Iltem B
1 Poisson SES Poisson SES
2 SES Croston, SB2, SES

SB2 SI New, Croston SI New,
Croston SI New CF, SB2 S| New
CF

Croston, SB2, SB2 S| New CF,

3 Croston SI New CF, SB2 SI New

4 SB2, Croston SI New

SB2 SI New, Croston Sl New,
5 SB2 SI New CF, Croston SI New
CF

As expected, the Poisson SES method generates forecasts have a higher margin
compared to other methods, since more inventory is held at the stores. Since the Poisson SES
forecasts are integer values (except 0.001 when the forecast=0), the s and S values are higher

compared to other methods and this increases the margin. In addition, for item A the SES
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method’s margin is practically significantly better than all other methods except for the

Poisson SES method.

7.5 Inventory Holding Cost Results

In the following tables and figures of Section 7.5, the confidence intervals of the
mean inventory holding cost for smoothing coefficient, o vaues of 0.05, 0.1, 0.15, and 0.2
are presented separately for items A and B based on a target CSL value of 85%. In addition,
the results of pairwise inventory holding cost comparisons with two sided t-test of the «
value that generates the highest inventory holding cost are also presented separately for items
A and B. The ranks of the methods based on statistically significant differences are displayed
in Table 7.5.3, and inventory holding cost ranks of the methods based on practicaly
significant differences are displayed in Table 7.5.4.

The confidence intervals of the mean inventory holding cost calculated using

Equation (7.13) are displayed in the following figures.
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Inventory Holding Cost Cls, Item A, CSL 85%
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Inventory Holding Cost Cls, Item B, CSL 85%
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Since al the confidence intervals overlap except for those for the Poisson SES
method, as before t-tests for paired inventory holding cost are performed using (7.14) to
determine the statistical differences between pairs of methods. For each method, the o value
that generates the highest average fill rate is used for comparison. Table 7.5.1 displays the t
values for each item sorted from smallest to largest. The values are bolded that are

statistically significant.

Table 7.5.1 Paired-sample t-test values for inventory holding cost differences

M ethods Compared Item M ethods Compared Item

M ethod 1- Method 2 A M ethod 1- M ethod 2 B
Croston-Poisson SES -32.42 | Croston-Poisson SES -36.57
SB2-Poisson SES -32.07 | SB2-Poisson SES -36.34
SES-Poisson SES -31.66 | SES-Poisson SES -35.57
SB2-SES -5.83 | SB2-SES -3.86
Croston-SES -4,14 | Croston-SES -2.74
Croston S| New CF-SB2 SI New CF -0.12 | Croston SI New CF-SB2 SI New CF -0.38
SB2 SI New-SB2 S| New CF 0.08 | Croston SI New-SB2 SI New -0.09
SB2 SI New-Croston S| New CF 0.16 | Croston-SB2 1.06
Croston SI New-Croston SI New CF 1.46 | Croston SI New-SB2 SI New CF 4.21
Croston S| New-SB2 SI New CF 1.68 | Croston SI New-Croston S| New CF 4.46
Croston SI New-SB2 SI New 251 | SB2 SI New-Croston SI New CF 4.91
Croston-SB2 298 | SB2 Sl New-SB2 SI New CF 4,98
SB2-Croston S| New CF 425 | SB2-SB2 Sl New 7.24
SB2-Croston SI New 4.44 | Croston-SB2 SI New 7.47
SB2-SB2 S| New CF 5.22 | SB2-Croston SI New 7.64
SB2-SB2 SI New 6.04 | Croston-Croston SI New 8.39
Croston-Croston SI New 7.26 | SES-SB2 S| New 9.4
Croston-SB2 SI New CF 7.35 | SES-Croston SI New 9.8
Croston-Croston SI New CF 755 | SB2-SB2 SI New CF 10.08
Croston-SB2 SI New 8.48 | SB2-Croston SI New CF 10.16
SES-Croston SI New 9.06 | Croston-SB2 SI New CF 10.33
SES-SB2 S| New CF 9.23 | Croston-Croston SI New CF 10.49
SES-Croston S| New CF 991 | SES-SB2 Sl New CF 12.2
SES-SB2 SI New 10.3 | SES-Croston SI New CF 12.42
Poisson SES-Croston SI New 32.83 | Poisson SES-SB2 SI New 37.28
Poisson SES-SB2 SI New 33.07 | Poisson SES-Croston SI New 37.36
Poisson SES-SB2 SI New CF 33.12 | Poisson SES-Croston SI New CF 37.94
Poisson SES-Croston S| New CF 33.22 | Poisson SES-SB2 SI New CF 37.99
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For item A, the Croston and SB2 methods have lower inventory holding cost than the
SES and Poisson SES methods. In addition, the SES method has lower inventory holding
cost than the Poisson SES method. Furthermore, there is no statistical difference between the
new methods. The Croston method has higher inventory holding cost than the SB2 method.
The old methods have higher inventory holding cost than the new methods.

For item B, the Croston and SB2 methods have lower inventory holding cost than the
SES and Poisson SES methods. In addition, the SES method has lower inventory holding
cost than the Poisson SES method. Furthermore, there is no statistical difference between the
Croston SI New CF and SB2 SI New CF methods. Moreover, there is no statistical difference
between the Croston SI New and SB2 SI New methods. In addition, the Croston and SB2
methods are not statistically different. Both Croston SI New and SB2 SI New methods have
higher inventory holding cost than Croston SI New CF and SB2 SI New CF methods. The
old methods have higher inventory holding cost than the new methods.

Table 7.5.2 displays the mean inventory holding cost of the existing and new methods
for items A and B based on a CSL of 85%. The lowest values for each method and item are
highlighted below and are used to compare the methods with practical significanceif they are

statistically different.
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Table 7.5.2 Mean inventory holding cost

Mean Inventory Holding Cost
Item A Item B
Methods a=005a =0.1|a =0.15|a =0.2| & =0.05| ¢ =0.1| @ =0.15| =0.2
Existing Methods
Croston 487.0 | 485.0 | 486.3 | 486.4 | 4711 | 4716 | 4729 | 475.6
SB2 485.7 | 482.7 | 4813 481 4704 | 470.3 | 4705 | 471.4
SES 490.2 | 495.0 | 5035 | 510.9 | 4745 | 4854 | 492.7 | 501.3
Poisson SES 7925 | 7985 | 8338 | 8588 | 7465 | 7725 | 796.4 | 8127
New Methods
Croston SI New 4776 | 4745 | 476.3 | 4795 | 4614 | 462.2 | 463.3 | 465.3
SB2 SI New 477.0 | 4726 | 4748 | 4776 | 4615 | 4615 | 461.8 | 463.4
Croston S| New CF | 4723 | 4734 | 4734 | 4779 | 457.0 | 458.7 | 460.5 | 465.1
SB2 S| New CF 4726 | 4725 | 4744 | 4776 | 457.2 | 4575 | 460.2 | 462.7

Table 7.5.3 displays the inventory holding cost ranks based on the statistically

significant differences. The higher the inventory holding cost is, the higher (worse) the rank

is.

Table 7.5.3 Inventory holding cost ranks based on statistically significant differences

Rank [Iitem A Item B
1 g:osgjrg j(')r']\'g"’N%FNSS%ZZS'SI e (Croston SI New CF, SB2 Sl New CF
2 SB2 Croston SI New, SB2 S| New
3 Croston Croston, SB2
4 SES SES
5 Poisson SES Poisson SES
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An overal ranking of the methods is presented in Table 7.5.4 for the inventory

holding cost metric.

Table 7.5.4 Summary of inventory holding cost ranks based on practical significance

Rank |[tem A [tem B
1 ngOS(t:Org ;éygNN%fvSSBBZZS'SI N (Croston SI New CF, SB2 SI New CF
2 SB2 Croston Sl New, SB2 SI New
3 Croston Croston, SB2
4 SES SES
5 Poisson SES Poisson SES

The Poisson SES and SES methods have practically higher inventory holding cost
than all other methods. The new methods have practicaly lower inventory holding cost

compared to old methods.

7.6 Adjusted Mar gin Results

In this section the forecasting methods are evaluated based on the average adjusted
margin metric. Recall adjusted margin is defined as the margin minus the inventory holding
cost. Simulated performance for a target CSL value of 85% using smoothing coefficient, «,
values of 0.05, 0.1, 0.15, and 0.2 are presented separately for items A and B. Results of
pairwise adjusted margin comparisons using two sided t-test are also presented separately for

items A and B. A ranking of the methods for this metric based on statistically significant
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differences are displayed in Table 7.6.3 and adjusted margin ranks of the methods based on
practically significant differences are displayed in Table 7.6.4.
The confidence intervals of the mean adjusted margin calculated using the formulas

in (7.13) are displayed in the following figures.
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Adjusted Margin ClI s, Item B, CSL 85%
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Since al the confidence intervals overlap except for those for the Poisson SES
method, as before t-tests for paired inventory holding cost are performed using (7.14) to
determine the statistical differences between pairs of methods. For each method, the o value
that generates the highest average fill rate is used for comparison. Table 7.6.1 displays the t
values for each item sorted from smallest to largest. The values are bolded that are

statistically significant.

Table 7.6.1 Paired-sample t-test values for adjusted margin differences

M ethods Compared Item A M ethods Compared Item B

M ethod 1- Method 2 Method 1- Method 2
Poisson SES-SB2 SI New CF -31.68 Poisson SES-Croston SI New CF -35.32
Poisson SES-Croston SI New CF -31.62 Poisson SES-SB2 SI New CF -35.3
Poisson SES-SB2 SI New -31.45 Poisson SES-SB2 S| New -34.75
Poisson SES-Croston SI New -31.25 Poisson SES-Croston SI New -34.7
SES-SB2 S| New -7.75 SES-Croston SI New CF -8.95
SES-Croston SI New CF -7.57 SES-SB2 Sl New CF -8.64
SES-SB2 S| New CF -7.37 Croston-Croston SI New CF -7.56
SES-Croston SI New -6.68 Croston-SB2 SI New CF -7.12
Croston-SB2 S| New -6.26 SB2-Croston SI New CF -6.87
Croston-Croston SI New CF -5.64 SES-Croston SI New -6.56
Croston-SB2 S| New CF -5.51 SB2-SB2 S| New CF -6.5
SB2-SB2 S| New -5.24 SES-SB2 S| New -6.44
Croston-Croston SI New -5.16 Croston-Croston SI New -5.09
SB2-Croston S| New -39 Croston-SB2 S| New -5.02
SB2-Croston SI New CF -3.87 SB2-SB2 S| New -4.42
SB2-SB2 S| New CF -3.87 SB2-Croston SI New -4.36
Croston SI New-SB2 SI New -2.24 Croston SI New-Croston S| New CF -4.09
Croston SI New-Croston SI New CF -1.42 SB2 SI New-Croston S| New CF -3.96
Croston-SB2 -1.41 SB2 SI New-SB2 S| New CF -3.6
Croston SI New-SB2 SI New CF -1.27 Croston SI New-SB2 SI New CF -3.56
SB2 SI New-Croston SI New CF -0.25 Croston-SB2 -2.01
SB2 Sl New-SB2 S| New CF -0.06 Croston SI New-SB2 SI New -0.28
Croston S| New CF-SB2 S| New CF 0.51 Croston SI New CF-SB2 SI New CF 0.67
Croston-SES 3.1 Croston-SES 2.32
SB2-SES 3.95 SB2-SES 3.04
SES-Poisson SES 30.47 SES-Poisson SES 33.5
SB2-Poisson SES 30.48 SB2-Poisson SES 34.51
Croston-Poisson SES 31.06 Croston-Poisson SES 34.53
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For item A, the old methods have lower adjusted margin than the new methods. There
is no statistical difference between the new methods. In addition, there is no statistical
difference between the Croston and SB2 methods. The Croston and SB2 methods have
higher adjusted margin than the SES and Poisson SES methods. In addition, SES has higher
adjusted margin than the Poisson SES method.

For item B, the old methods have lower adjusted margin than the new methods. In
addition, the Croston SI New and SB2 SI New methods have lower adjusted margin than the
Croston SI New CF and SB2 SI New CF methods. There is no statistical difference between
the Croston and SB2 methods. Furthermore, there is no statistical difference between the
Croston SI New and SB2 SI New methods. In addition, there is no statistical difference
between the Croston SI New CF and SB2 SI New CF methods. The Croston and SES
methods are statistically indifferent and the Croston method has higher adjusted margin than
the Poisson SES method. The SB2 method has higher adjusted margin than the SES and
Poisson SES methods. In addition, SES has higher adjusted margin than the Poisson SES
method.

Table 7.6.2 displays the mean adjusted margin of the existing and new methods for
items A and B for a target CSL value of 85%. For each method and each item, the best
(highest) values across the smoothing coefficient values evaluated are highlighted and used

to compare the methods.
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Table 7.6.2 Mean adjusted margin

Mean Adjusted margin
Item A Item B
Methods o =008]a =0.1a =015 =02]or =0.05/a =0.1]r =0.15] =0.2
Existing Methods
Croston 7231 [ 7257 7231 | 7241 7715 | 7715 7689 | 766.1
SB2 7238 | 726.3 | 727.7 | 727.8 | 7725 | 771 | 770.7 | 7685
SES 721 | 717 | 7109 | 7042 | 7681 | 757.4 | 7514 | 742.6
Poisson SES 4262 | 421 | 3855 | 3613 | 505.1 | 479.6 | 455.9 | 439.7
New Methods
Croston S| New 731 | 7342 7318 | 7293 | 77186 | 778 | 7775 | 7754
SB2 SI New 7316 | 736.1 | 7338 | 730.4 | 778.7 | 778.7| 7779 | 776.2
Croston S| New CF | 7366 | 734.3 | 7351 | 731 | 7834 | 7814 | 779 | 7754
SB2 SI New CF 736.2 | 735.7 | 7339 | 730.7 | 7829 | 7825 | 780.1 | 7775

Table 7.6.3 displays the adjusted margin ranks based on the statistically significant

differences.

Table 7.6.3 Adjusted margin ranks based on statistically significant differences

Rank | ItemA Item B
1 g;oicr’g Sf(’; nNSeIWN(é\I/:\/’, SS'E"; gl sz/v Croston Sl New CF, SB2 S| New CF
2 SB2, Croston Croston SI New, SB2 SI New
3 SES Croston, SB2
4 Poisson SES Croston , SES
5 Poisson SES

Table 7.6.4 displays the inventory holding cost ranks based on the practicaly

significant differences.
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Table 7.6.4 Summary of adjusted margin ranks based on practical significance

Rank [Iitem A Item B
1 gzosgjrg j(')r']\'g"’N%FNSS%ZZS'SI e (Croston SI New CF, SB2 Sl New CF
2 SB2, Croston Croston Sl New, SB2 SI New
3 SES Croston, SB2
4 |Poisson SES Croston, SES
S Poisson SES

The Poisson SES method has practicaly lower adjusted margin than all other

methods. In addition, the SES method has practically lower adjusted margin than all other

methods, except the Croston method for item B.

The new methods have practically higher adjusted margin compared to old methods.

7.7 GrossMargin Return on Inventory (GMROI) Results

The confidence intervals of the mean GMROI based on atarget CSL vaue of 85% for

smoothing coefficient, «, values of 0.05, 0.1, 0.15, and 0.2 are presented separately for

items A and B. In addition, the results of pairwise GMROI comparisons for the o value that

generates the highest fill rate using two sided t-tests are also presented separately for items A

and B. The ranks of the methods based on statistically significant differences are displayed in

Table 7.7.3 and GMROI ranks of the methods based on practically significant differences are

displayed in Table 7.7.4.

The confidence intervals of the mean GMROI calculated using the formulasin (7.13)

are displayed in the following figures
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Since al the confidence intervals overlap except for those for the Poisson SES
method, as before t-tests for paired GMROI comparisons are performed using (7.14) to
determine the statistical differences between pairs of methods. For each method, the o value
that generates the highest average fill rate is used for comparison. Table 7.7.1 displays the t
values for each item sorted from smallest to largest. The values are bolded that are

statistically significant.

Table 7.7.1 Paired-sample t-test values for GMROI differences

M ethods Compared Item A M ethods Compared Item B

M ethod 1- Method 2 M ethod 1- Method 2
Poisson SES-SB2 SI New -36.57 | Poisson SES-Croston SI New CF -37.22
Poisson SES-SB2 SI New CF -36.36 | Poisson SES-SB2 SI New -36.06
Poisson SES-Croston SI New -36.23 | Poisson SES-SB2 SI New CF -36.06
Poisson SES-Croston SI New CF -35.43 | Poisson SES-Croston SI New -35.77
SES-SB2 Sl New CF -13.2 | SES-Croston S| New CF -13.53
SES-SB2 S| New -12.2 | SES-SB2 SI New CF -12.41
SES-Croston SI New -11.6 | Croston-Croston SI New CF -11.56
SES-Croston SI New CF -11.6 | SB2-Croston S| New CF -10.69
Croston-SB2 SI New CF -10.19 | Croston-SB2 SI New CF -10.49
Croston-Croston SI New CF -9.53 | SB2-SB2 SI New CF -10
Croston-SB2 SI New -9.48 | SES-SB2 SI New -9.91
Croston-Croston SI New -8.8 SES-Croston S| New -94
SB2-SB2 SI New CF -8.47 | Croston-SB2 S| New -8.29
SB2-Croston SI New CF -7.86 | Croston-Croston SI New -8.18
SB2-SB2 SI New -7.8 SB2-SB2 S| New -7.67
SB2-Croston SI New -6.58 | SB2-Croston SI New -6.83
Croston S| New-SB2 SI New CF -4.1 SB2 SI New-Croston SI New CF -4,99
Croston SI New-Croston SI New CF -3.9 SB2 SI New-SB2 S| New CF -4.68
Croston-SB2 -3.16 | Croston SI New-Croston SI New CF -4.66
SB2 SI New-SB2 SI New CF -2.71 | Croston SI New-SB2 S| New CF -4.66
SB2 SI New-Croston SI New CF -2.69 | Croston-SB2 -2.61
Croston SI New-SB2 SI New -2.2 Croston SI New-SB2 SI New -0.61
Croston S| New CF-SB2 SI New CF 0.78 Croston SI New CF-SB2 S| New CF -0.43
Croston-SES 5.42 Croston-SES 3.49
SB2-SES 8.3 SB2-SES 5.13
SES-Poisson SES 35.47 | SB2-Poisson SES 35.33
SB2-Poisson SES 35.6 Croston-Poisson SES 35.57
Croston-Poisson SES 35.65 | SES-Poisson SES 35.69
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For both items, the old methods have lower GMROI than the new methods. The
Croston SI New and SB2 SI New methods have lower GMROI than the Croston SI New CF
and SB2 S| New CF methods. There is no statistical difference between the Croston and SB2
methods. In addition, there is no statistical difference between the Croston SI New and SB2
S| New methods. Furthermore, there is no statistical difference between the Croston SI New
CF and SB2 SI New CF methods.

The Croston and SB2 methods have higher GMROI than the SES and Poisson SES
methods. In addition, SES has higher GMROI than the Poisson SES method.

Tables 7.7.2 displays the mean GMROI from al methods for items A and B based on
CSL of 85%. The best (highest) values for each method and item are highlighted and are used

to compare the methods with practical significanceif they are statistically different.

Table 7.7.2 Mean GMROI
Mean GMROI
ltem A ltem B
Methods a =005/ =0.1]a =015/ a =0.2| @ =0.05| ¢ =0.1] @ =0.15| & =0.2
Existing Methods

Croston
SB2
SES
Poisson SES

New Methods
Croston S| New 2.82 2.8 2.92
SB2 Sl New 283 | 281
Croston S| New CF 283 | 281 204 | 201
SB2 S| New CF 283 | 282 295 | 2.93
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Table 7.7.3 displays the GMROI ranks based on the statistically significant

differences. If the two methods are statistically significant and the maximum mean GMROI

differences between the two methods are greater than or equal to 0.01, the methods are

practically significant. The definition of “practically significant” is subjective and can change

based on the company’ s policy.

Table 7.7.3 Summary of GMROI ranks based on statistically significant differences

Rank

Item A

Item B

1

Croston SI New CF, SB2 SI New CF

Croston SI New CF, SB2 SI New CF

2 Croston SI New, SB2 SI New Croston SI New, SB2 SI New
3 SB2 SB2

4 Croston Croston

5 SES SES

6 Poisson SES Poisson SES

Table 7.7.4 displays the GMROI ranks based on the practically significant

differences.

Table 7.7.4 Summary of GMROI ranks based on practically significant differences

Rank [itemA Item B
1 Croston SI New CF, SB2 SI New CF |Croston S| New CF, SB2 S| New CF
2 Croston SI New, SB2 SI New Croston SI New, SB2 SI New
3 SB2 SB2
4 Croston Croston
5 SES SES
6 Poisson SES Poisson SES
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Poisson SES and SES have practically lower GMROI than all other methods. The new
methods have practically higher GMROI compared to old methods. Croston SI New CF and

SB2 SI New CF methods have practically higher GMROI than al other methods.

7.8 Conclusion of Inventory Control AnalysisMetricsand Discussion

In this chapter fill rate, margin, inventory holding cost, adjusted margin, and GMROI
are used as financial metrics to compare forecasting methods. Comparisons are done using
the confidence intervals of the metrics, the mean metrics, and the results of pairwise metric
comparisons with two sided t-tests for items A and B based on CSL of 85%. Since al the
confidence intervals of metrics overlap, except for the Poisson SES method for some metrics,
t-test values for paired metric comparisons are used to determine the statistical differences
between methods.

For the inventory holding cost, margin, and adjusted margin metrics, if the difference
in performance between the two methods is statistically significant and the mean difference
between the two methods is greater than or equa to 50 cents, then the difference in
performance between the methods is also significant. The definition of “practically
significance” is subjective and can change based on the company’ s policy and 50 cents might
seem low to determine practical significance.

As expected, Poisson SES-generated forecasts have a higher fill rate and margin

compared to other methods, since more inventory is held at the stores. As expected the mean
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fill rates are significantly greater than the CSL value of 85%. Since the mean fill rate
differences between al methods are not greater than 1%, the differences are not practically
significant.

The old methods have practically higher inventory holding cost, and lower adjusted
margin and GMROI than the new methods. In addition, the Poisson SES method has the
highest inventory holding cost, the lowest adjusted margin, and GMROI. The SB2 method
has higher GMROI than the Croston method, and the Croston method has higher GMROI
than the SES method. Even though for item A there is no statistical difference of adjusted
margin between the new methods; for item B the Croston SI New CF and SB2 SI New CF
methods have better adjusted margin than the Croston SI New and SB2 S| New methods;
and this result is aso practically significant. Furthermore, for both items the Croston SI New
CF and SB2 SI New CF methods have better GMROI than the Croston SI New, SB2 SI New
methods; and this result is also practically significant.

To summarize, the new methods generated lower inventory holding cost and higher
adjusted margin and GMROI. Thus, the new methods perform better than the existing
methods. In addition, based on these inventory results, the SB2 SI New CF and Croston Sl
New CF methods are the best to forecast the sales of both items since these methods generate
the highest adjusted margin (except for item A) and GMROI.

Before evauating the inventory performance measures of the methods in generd, in
this section the correction factor parameters used in two of the methods evaluated in this

work (Croston SI New CF and SB2 SI New CF) are evaluated in order to determine the
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appropriate values for these parameters. As stated in Section 3.2.3, the value of the correction
(CF) for item i and at the k™ store at time period t, involves the use of four input parameters:
a maximum correction factor (MCF), an upper limit (UL), a lower limit (LL), and an update
frequency.

The forecasts using with the Croston SI New CF and SB2 SI New CF methods are
simulated using UL values of 1.2 and 1.3, LL values of 0.7 and 0.8, MCF values of 2 and 3,
update frequency values of 1, 2, and 3; therefore a total of 24 parameter set combinations are
compared using the inventory metrics of this chapter.

In addition to the analysis above, before comparing the eight methods using the
inventory control metrics, the CF parameter set combinations of the Croston SI New CF and
SB2 SI New CF methods are determined. To achieve that, as described in Section 7.1.2, the
performance of a forecasting method (Croston SI New CF and SB2 SI New CF) using a
given parameter set combination and a specified target cycle service level (CSL=85%) is
computed for each item (A and B). The five inventory performance metrics of this Chapter
(fill rate, margin, inventory holding cost, adjusted margin, and GMROI) are used to evaluate
the parameter set combinations. Specificaly, for each of the two items (A and B) and for
each combination of the forecasting method and parameter set combination, simulations are
run over al series (stores) for which demand data is available. Then, confidence intervals on
the mean performance are computed. The resulting confidence intervals overlap, and this
suggests no significance difference in performance. A similar observation can be made about

the update frequency. Therefore, for the experimentation, we use parameter set 3 since it
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often leads to the best average performance across al the adjusted margin and GMROI
metrics. This parameter set combination has MCF of 2, UL of 1.2, LL of 0.8, and update

frequency of 1.
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8 Conclusion and Future Work

Inventory management is very difficult if the sales are slow-moving where demand
appears at random and with many time periods having no demand at al. Even though slow-
moving demand is more common in the service parts business, it is also a difficult problem in
the retail industry.

Exponential smoothing methods and the approach of Croston (1972) and its
modifications are very popular to estimate the sales of slow-moving items. However,
exponential smoothing generally leads to improper stock levels since more weight is placed
on the most recent data, making the forecast highest just after a demand occurrence, and
lowest just before the demand occurs again. Croston proposed an aternative method that
considers not only the demand size but also the inter-arrival time between demands to
overcome this situation. Croston’s method and its modifications adjust the forecast only after
a demand is observed, but this may not be very practical if the inter-arrival times between
demands are very long. In addition, both exponential smoothing and Croston do not work
well if the demand is seasonal.

In this research, we add a seasonality index to the existing exponential smoothing and
Croston modification methods. To the best of our knowledge, this is the only research in the
literature that uses seasonality indices to adjust the forecast of slow moving items. In
addition, a correction factor is included that adjusts the forecast if the forecast error is more
than athreshold value. Moreover, in some of our new models, we also adjust the forecast not

only after a demand like Croston, but aso if the time since the last demand exceeds the
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average inter-arrival time or two times the average inter-arrival time depending on the new
method.

The existing and new forecasting methods are compared using sales forecast accuracy
metrics of ME, MAE, SMAE, and GRMSE. The accuracy metrics are computed at “al points
intime’ and at “issue points only,” for the two items, A and B separately, and for smoothing
values of a =0.05, 0.1, 0.15, and 0.2. Due to the very large sample sizes available for this
anaysis, statistical tests indicate that any differences in the performance metrics are
statistically significant. In order to rank methods, we compare the average performance of the
methods for each accuracy metric based on “al pointsin time’ performances as well as the
performances at “issue points only.” The best performance for a given method and metric is
selected across the four levels of smoothing parameter value o for “all pointsin time” and at
issue points separately. We remove the scale dependency for the ME, MAE, and SMAE
metrics by dividing by the mean demand over the testing horizon, i.e. mean ME/mean
demand, mean MAE/mean demand, and mean SMAE/ mean demand. Then, these values are
ranked across the methods.

The mean GRMSE measure is used directly to rank the methods. One observation that
needs to be mentioned again is that GRMSE sales forecast accuracy measure cannot be used
to compare forecasting methods which generates integer forecasts, such as the Poisson SES.
Thus, GRMSE could not be used to evaluate the Poisson SES method.

For both items and for “al points in time,” al existing methods overestimate the

sales. On the other hand, al new methods underestimate the sales, except for the Croston SI
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New and SB2 SI New methods with o =0.05. Moreover, for item A the SB2 SI New method
has the lowest absolute value of mean ME/mean demand among all methods and the SES
method had the lowest absol ute value of mean ME/mean demand among all the methods.

For both items and at “issue points only,” al existing methods overestimate the sales.
On the other hand, all new methods underestimate the sales, except for the Croston SI New
and SB2 SI New methods with « =0.05. Moreover, the SB2 SI New method has the lowest
absolute value of mean ME/mean demand among all methods. All new methods perform
better than the old methods at “issue points only.”

Based on the MAE, SMAE, and GMRSE accuracy measures used, the new methods
perform better than the old methods. In addition, the SB2 SI New CF method performs the
best among all methods.

In order to determine whether a method performs better than another method, one
cannot only use sales forecast accuracy measures as a criterion since determination of
practical significance can be difficult to determine. Instead, inventory control metrics should
also be taken into consideration while making comparisons, since a better sales forecast
accuracy measure might not reflect better inventory metrics. Thus, in addition to saes
forecast accuracy metrics, financialy oriented measures such as fill rate, margin, inventory
holding cost, adjusted margin, and GMROI are used to compare the forecasting algorithms.
These comparisons are done using the confidence intervals of the metrics, the mean metrics,
and the results of pairwise metric comparisons with two sided t-tests for items A and B based

on CSL of 85%. Since all the confidence intervals of metrics overlap except for the Poisson
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SES method, t-test values for paired metric comparisons are used to determine the statistical
differences between methods.

As expected, Poisson SES-generated forecasts have a higher fill rate and margin
compared to other methods, since more inventory is held at the stores. The mean fill rates are
significantly greater than the CSL value of 85%. Since al fill rates are greater than the CSL
value of 85%, and the mean fill rate differences between methods are not greater than 1%,
the differences are not practically significant.

The old methods have practically higher inventory holding cost, and lower adjusted
margin and GMROI than the new methods. In addition, the Poisson SES method has the
highest inventory holding cogt, the lowest adjusted margin, and GMROI. The SB2 method
has higher GMROI than the Croston method, and the Croston method has higher GMROI
than the SES method. Although for item A there is no statistical difference of adjusted
margin between the new methods; for item B the Croston SI New CF and SB2 SI New CF
methods have better adjusted margin than the Croston SI New and SB2 SI New methods; and
this result is also practically significant. Furthermore, for both items the Croston SI New CF
and SB2 S| New CF methods have better GMROI than the Croston SI New, SB2 SI New
methods; and this result is also practically significant.

To summarize, the new methods generated lower inventory holding cost and higher
adjusted margin and GMROI. Thus, the new methods perform better than the existing

methods. In addition, based on these inventory results, the SB2 SI New CF and Croston Si
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New CF methods are the best to forecast the sales of both items since these methods generate
the highest adjusted margin (except for item A) and GMROI.

Finally, the best practice for companies with slow selling items is selecting the best
sales forecast method based on the company goal s using simulation techniques at least twice
ayear, since one method works well might not work well in the future as the company goals
as well as sales behavior can change with time. In addition, similar to what was done in
Chapter 7 for the Croston SI CF New and SB2 CF New methods, the input parameters MCF,
UL, LL, and update frequency should be optimized for each slow-seller item and then these
parameters should be used in comparisons.

In this research, the methods do not have any “trend” or “product life cycle’
component. As part of future work, adjusting the forecast using the “trend” and also taking
the “product life cycle” into consideration will be investigated.

In addition, the outliers are not removed from the data before generating the forecast.
This will also be analyzed as future research. Furthermore, CF and seasonality index
calculations can aso be improved even further by using regional values instead of country
level values.

We used the inventory control model of the company to find the best forecasting
method based on the inventory metrics. As part of future research, the best inventory control
model that gives the best adjusted margin and GMROI will be investigated. As an example,

preliminary calculations showed that the general safety stock model explained in sub-section

149



7.1.1 gave better adjusted margin and GMROI values than the company’s inventory control
model.

In this research, only two appliance items are used to compare the forecasting
methods. As part of future research, additional seasonal/promotiona slow-moving items such
astools, rugs etc. will be used to evaluate the forecasting methods.

Moreover, the inventory modd that is used in this thesisis based on a two-tier vendor
to store direct network. However, in red life, most of the items are being supplied to the
stores with a three-tier network (vendor to regional distribution centers (RDCs) and then to
the stores). In addition to two-tier network analysis, three-tier network will be analyzed as
part of the future research. To the best of our knowledge, this has never been done in
comparing forecasting methods for slow selling items. In three-tier networks, the items are
stocked in the RDCs and they also have a safety stock, aswell as s and Slevels at the RDCs.
Our main assumption will be that vendors do not have any constraints to supply the orders
such as production constraints, unexpected shutdowns, and holidays, etc. The challenge isto
come up with the RDC shipment forecast ss, s, and S levels. RDC shipments can be
estimated using estimated store need using a multi-echelon logic.

Finally, there are a very large number of paired-sample t-tests in Chapter 7 on which
are based several conclusions about the relative performance of the various forecasting
methods with respect to a variety of economic metrics. The problem with this kind of
comparison is that although each paired-sample t-test is performed at the significance level of

1%, the overall “experiment wise” error rate for all these tests taken together is substantialy
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higher than 1%. That is, the probability that there is at least one incorrect conclusion among
all these pairwise comparisons is much greater than 1%. Multiple comparison procedures are
specifically designed to control the overall probability of committing atype | error in making
a large number of such comparisons. In the current situation, it appears that the economic
performance metrics of interest would require the use of nonparametric multiple comparison
procedures (that is, procedures capable of handling nonnormal responses); and this could
require the use of statistical methods for which there is virtually no commercial software of
the quality and widespread acceptance that is comparable. Thus, a more definitive analysis of
the relative economic performance of the various forecasting methods will be part of our

future research.
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Appendix A The Appendix for Chapter 6

Appendix A.1 ME Results

Table A.1.1 Paired-sample t-test values for ME differences, item A

Item A, ME Comparison, t value

All PointsIn Time

I ssue Points Only

Methods Compared . values . Values

Method 1- Method 2 005 | 01 | 015 | 02 | 005 | 01 | 015 | 02
Croston-SB2 -51.80 | -59.71 | -64.00 | -65.90 | -66.14 | -76.70 | -82.80 | -86.43
Croston-SES -26.01 | -27.68 | -28.61 | -29.30 | -5.04 | 2691 |62.24 |85.43
Croston-Poisson SES -19.85 | -21.86 | -21.32 | -19.87 | -1.04 | 565 |13.33 |19.08
Croston-Croston S| New -37.98 | -45.65 | -49.39 | -50.14 | -46.06 | -55.47 | -60.08 | -61.01
Croston-SB2 S| New -38.83 | -47.29 | -52.06 | -54.03 | -47.53 | -58.45 | -65.49 | -70.04
Croston-Croston S| New CF -47.07 | -56.63 | -60.78 | -61.61 | -57.99 | -68.09 | -70.96 | -69.13
Croston-SB2 S| New CF -47.34 | -57.08 | -61.60 | -62.97 | -58.53 | -69.25 | -73.65 | -74.71
SB2-SES -24.47 | -24.34 | -22.90 | -21.06 | -1.74 | 34.74 | 7354 | 97.00
SB2-Poisson SES -18.37 | -18.83 | -16.60 | -13.43 | -0.18 | 7.21 | 1527 |21.32
SB2-Croston S New -37.06 | -43.78 | -46.10 | -45.00 | -44.47 | -52.01 | -53.17 | -48.41
SB2-SB2 S| New -37.98 | -45.65 | -49.39 | -50.14 | -46.07 | -55.46 | -60.05 | -60.99
SB2-Croston S| New CF -46.77 | -56.09 | -59.71 | -59.67 | -57.41 | -66.71 | -67.42 | -61.04
SB2-SB2 Sl New CF -47.07 | -56.62 | -60.77 | -61.60 | -58.00 | -68.09 | -70.96 | -69.13
SES-Poisson SES 012 | 025 | -028 | 1.05 | 026 | -1.01 | 0.00 | 0.38
SES-Croston SI New -27.67 | -34.38 | -35.84 | -34.83 | -77.39 | -106.7 | -115.2 | -116.3
SES-SB2 S| New -30.72 | -38.53 | -41.43 | -42.33 | -81.71 | -111.6 | -120.6 | -122.3
SES-Croston S| New CF -59.93 | -65.26 | -64.54 | -63.07 | -112.5 | -131.2 | -130.9 | -126.5
SES-SB2 S| New CF -60.08 | -65.14 | -64.38 | -63.07 | -112.3 | -131.7 | -133.0 | -130.1
Poisson SES-Croston Sl New -12.95 | -18.52 | -17.89 | -17.34 | -11.03 | -18.24 | -23.25 | -26.70
Poisson SES-SB2 SI New -14.47 | -21.03 | -21.33 | -21.78 | -11.62 | -19.18 | -24.46 | -28.16
Poisson SES-Croston Sl New CF -31.17 | -36.05 | -33.59 | -31.71 | -17.24 | -22.99 | -26.22 | -28.58
Poisson SES-SB2 SI New CF -31.91 | -37.16 | -35.38 | -34.16 | -17.66 | -23.67 | -27.20 | -29.84
Croston SI New-SB2 SI New -52.99 | -53.04 | -53.02 | -53.48 | -64.14 | -66.55 | -68.97 | -71.69
Croston SI New-Croston SI New CF | -51.46 | -50.15 | -46.64 | -44.92 | -55.45 | -46.40 | -35.80 | -27.03
Croston SI New-SB2 SI New CF -52.06 | -51.53 | -49.38 | -49.07 | -56.70 | -50.20 | -44.37 | -42.04
SB2 SI New-Croston SI New CF -50.70 | -48.15 | -42.18 | -37.15 | -53.99 | -41.51 | -23.98 | -5.61
SB2 Sl New-SB2 Sl New CF -51.46 | -50.15 | -46.63 | -44.90 | -55.49 | -46.42 | -35.80 | -27.03
Croston SI New CF-SB2 SI New CF | _49.30 | -47.45 | -48.06 | -49.03 | -63.69 | -66.87 | -70.56 | -73.47
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Table A.1.2 Paired-sample t-test values for ME differences, item B

Item B, ME Comparison, t value

All PointsIn Time

Issue Points Only

M ethods Compared . values . values
Method 1- Method 2 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

Croston-SB2 -66.29 | -72.09 | -74.77 | -75.58 | -83.33 | -90.41 | -94.27 | -96.20
Croston-SES -30.64 | -35.12 | -37.37 | -3825 | 0.17 | 32.02 | 65.22 | 86.86
Croston-Poisson SES -20.74 | -25.19 | -24.69 | -24.62 | -0.02 6.22 | 11.68 | 18.33
Croston-Croston S| New -43.11 | -51.33 | -55.50 | -56.62 | -44.46 | -55.16 | -59.84 | -60.87
Croston-SB2 Sl New -44.69 | -54.03 | -59.51 | -62.02 | -47.09 | -59.97 | -67.78 | -73.01
Croston-Croston S| New CF -60.47 | -71.36 | -75.46 | -75.48 | -67.95 | -79.11 | -81.14 | -78.60
Croston-SB2 Sl New CF -60.46 | -71.91 | -76.26 | -76.75 | -68.87 | -80.95 | -84.78 | -85.37
SB2-SES -28.20 | -30.37 | -29.90 | -28.04 | 4.76 | 41.43 | 77.60 | 99.34
SB2-Poisson SES -18.89 | -21.43 | -18.98 | -17.16 | 0.88 7.76 | 13.58 | 20.78
SB2-Croston Sl New -41.39 | -48.24 | -50.58 | -49.52 | -41.66 | -49.76 | -50.34 | -45.38
SB2-SB2 Sl New -43.11 | -51.33 | -55.50 | -56.62 | -44.46 | -55.16 | -59.83 | -60.85
SB2-Croston Sl New CF -60.01 | -70.68 | -74.26 | -73.40 | -66.85 | -76.92 | -76.30 | -68.70
SB2-SB2 SI New CF -60.01 | -71.36 | -75.45 | -75.48 | -67.84 | -79.11 | -81.13 | -78.59
SES-Poisson SES -1.80 | -1.05 | 0.47 040 | -0.06 | 0.07 0.26 0.65

SES-Croston SI New -22.16 | -28.52 | -29.96 | -28.80 | -63.57 | -96.47 | -109.6 | -114.0
SES-SB2 SI New -25.76 | -33.61 | -36.92 | -38.01 | -68.20 | -102.5 | -116.4 | -121.3
SES-Croston Sl New CF -64.99 | -69.01 | -68.27 | -65.76 | -113.3 | -132.1 | -131.9 | -127.8
SES-SB2 S| New CF -65.06 | -68.88 | -67.98 | -65.76 | -114.5 | -133.1 | -134.5 | -132.1
Poisson SES-Croston SI New -8.18 | -14.14 | -15.18 | -14.09 | -10.02 | -16.96 | -20.39 | -26.01
Poisson SES-SB2 Sl New -9.87 | -17.10 | -19.02 | -19.05 | -10.69 | -17.97 | -21.65 | -27.68
Poisson SES-Croston Sl New CF -30.61 | -36.52 | -33.32 | -31.17 | -17.59 | -22.52 | -23.96 | -28.70
Poisson SES-SB2 Sl New CF -30.99 | -37.90 | -35.24 | -33.79 | -17.91 | -23.23 | -24.94 | -30.09
Croston S| New-SB2 Sl New -65.09 | -60.43 | -57.93 | -57.05 | -77.57 | -74.83 | -74.73 | -75.60
Croston SI New-Croston S| New CF | -62.10 | -58.63 | -53.67 | -50.25 | -63.59 | -52.70 | -41.54 | -31.85
Croston SI New-SB2 SI New CF -62.11 | -60.18 | -56.33 | -54.15 | -64.75 | -56.72 | -49.73 | -45.65
SB2 Sl New-Croston SI New CF -61.08 | -56.38 | -49.21 | -42.82 | -61.66 | -47.63 | -30.48 | -12.47
SB2 Sl New-SB2 Sl New CF -61.16 | -58.63 | -53.66 | -50.24 | -63.04 | -52.70 | -41.54 | -31.85
Croston Sl New CF-SB2 Sl New CF | -28.80 | -51.92 | -50.42 | -50.78 | -32.53 | -73.10 | -74.75 | -76.73
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Appendix A.2 MAE Results

Table A.2.1 Paired-sample t-test values for MAE differences, item A

Item A, MAE Comparison, t value
All PointsIn Time Issue Points Only
, values ., vaues
Methods Compared
Method 1- Method 2 005 | 01 | 015 | 02 | 005 0.1 0.15 0.2

Croston-SB2 54.72 | 65.31 | 71.09 | 73.57 | 47.80 | 55.27 | 59.58 | 62.06
Croston-SES 2550 | 26.85 | 27.19 | 27.11 | 3.77 | -20.31 | -46.91 | -64.61
Croston-Poisson SES 1573 | 18.31 | 17.24 | 15.24 | -0.59 | -5.43 | -10.98 | -16.74
Croston-Croston SI New 37.29 | 43.80 | 46.16 | 45.73 | 34.91 | 41.87 | 45.54 | 46.67
Croston-SB2 Sl New 38.18 | 45.61 | 49.16 | 50.05 | 35.91 | 43.89 | 49.21 | 52.77
Croston-Croston SI New CF 47.28 | 55.94 | 58.67 | 58.18 | 43.24 | 50.77 | 53.36 | 52.60
Croston-SB2 SI New CF 47.65 | 56.74 | 60.17 | 60.58 | 43.58 | 51.49 | 55.05 | 56.17
SB2-SES 24.04 | 23.82 | 22.30 | 20.39 | 1.39 | -26.00 | -55.12 | -72.97
SB2-Poisson SES 14.33 | 15.70 | 13.22 | 995 | -1.22 | -6.56 | -12.39 | -18.36
SB2-Croston S| New 36.35 | 41.82 | 42.75 | 40.64 | 33.83 | 39.50 | 40.80 | 37.99
SB2-SB2 S| New 37.30 | 43.81 | 46.16 | 45.74 | 34.92 | 41.87 | 45.53 | 46.66
SB2-Croston SI New CF 46.90 | 55.07 | 56.93 | 55.29 | 42.88 | 49.92 | 51.09 | 47.26
SB2-SB2 S| New CF 47.29 | 55.96 | 58.67 | 58.18 | 43.25 | 50.77 | 53.36 | 52.60
SES-Poisson SES -295 | -150 | -2.38 | -4.34 | -1.62 | -042 | -0.96 | -2.66
SES-Croston S| New 28.66 | 35.86 | 36.69 | 34.69 | 58.76 | 80.55 | 87.05 | 88.29
SES-SB2 S| New 31.87 | 40.64 | 43.34 | 43.61 | 61.81 | 84.01 | 90.78 | 92.39
SES-Croston SI New CF 67.78 | 76.31 | 74.68 | 71.14 | 83.91 | 98.22 | 98.62 | 95.91
SES-SB2 S| New CF 68.23 | 76.65 | 75.26 | 72.36 | 83.64 | 98.36 | 99.85 | 98.26
Poisson SES-Croston S| New 12.84 | 16.44 | 16.32 | 16.35 | 9.77 | 1494 | 1852 | 22.58
Poisson SES-SB2 Sl New 13.97 | 1853 | 19.04 | 19.85 | 10.19 | 15.60 | 19.36 | 23.60
Poisson SES-Croston S| New CF 27.02 | 31.91 | 29.03 | 28.02 | 14.26 | 18.37 | 20.70 | 23.99
Poisson SES-SB2 S| New CF 27.65 | 33.07 | 30.62 | 30.17 | 1455 | 18.84 | 21.37 | 24.85
Croston S| New-SB2 S| New 61.60 | 64.37 | 64.81 | 65.50 | 45.22 | 46.50 | 48.08 | 49.80
Croston SI New-Croston SI New CF | 56.86 | 54.98 | 51.19 | 50.35 | 40.01 | 33.48 | 26.18 | 20.10
Croston S| New-SB2 SI New CF 57.89 | 57.31 | 55.23 | 56.13 | 40.81 | 36.01 | 31.96 | 30.27
SB2 S| New-Croston SI New CF 55.64 | 51.97 | 45.44 | 41.03 | 39.05 | 30.18 | 18.13 | 543

SB2 S| New-SB2 S| New CF 56.89 | 54.98 | 51.18 | 50.33 | 40.02 | 33.48 | 26.16 | 20.09
Croston S| New CF-SB2 SI New CF | 57.80 | 57.87 | 58.57 | 59.60 | 44.35 | 46.12 | 48.56 | 50.50
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Table A.2.2 Paired-sample t-test values for MAE differences, item B

Item B, Absolute MAE Comparison, t value
All PointsIn Time Issue Points Only
, values ., values
Methods Compared
Method 1- Method 2 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

Croston-SB2 76.31 | 84.56 | 88.68 | 89.94 | 60.15 | 65.18 | 67.87 | 69.12
Croston-SES 2948 | 3231 | 3295 | 3252 | -0.47 | -25.17 | -50.80 | -67.56
Croston-Poisson SES 1558 | 19.06 | 19.12 | 17.63 | -0.77 | -6.88 | -10.71 | -15.56
Croston-Croston SI New 43.04 | 49.86 | 52.40 | 52.10 | 35.01 | 42.68 | 46.33 | 47.36
Croston-SB2 S| New 44.71 | 52.82 | 56.91 | 58.18 | 36.81 | 45.99 | 51.78 | 55.69
Croston-Croston SI New CF 62.28 | 71.51 | 73.47 | 71.75 | 51.67 | 59.65 | 61.37 | 59.75
Croston-SB2 S| New CF 62.29 | 72.76 | 75.62 | 74.96 | 52.17 | 60.80 | 63.69 | 64.18
SB2-SES 27.20 | 28.12 | 26.69 | 24.33 | -3.79 | -32.02 | -59.79 | -76.55
SB2-Poisson SES 13.98 | 15.95 | 14.47 | 11.74 | -1.43 | -7.99 | -12.09 | -17.33
SB2-Croston SI New 41.28 | 46.63 | 47.36 | 45.09 | 33.08 | 38.95 | 39.73 | 36.54
SB2-SB2 S| New 43.04 | 49.86 | 52.40 | 52.10 | 35.01 | 42.68 | 46.33 | 47.36
SB2-Croston S| New CF 61.59 | 70.12 | 70.95 | 67.83 | 50.97 | 58.27 | 58.22 | 53.12
SB2-SB2 S| New CF 61.60 | 71.51 | 73.47 | 71.75 | 51.52 | 59.65 | 61.37 | 59.77
SES-Poisson SES -143 | -1.75 | -2.38 | -3.83 | -069 | -208 | -1.85 | -1.84

SES-Croston SI New 2322 | 2941 | 30.35 | 28.24 | 50.49 | 75.08 | 85.17 | 88.67
SES-SB2 S| New 26.86 | 34.92 | 37.96 | 38.00 | 53.77 | 79.29 | 89.86 | 93.74
SES-Croston S| New CF 74.48 | 80.01 | 77.06 | 71.26 | 86.68 | 100.84 | 101.27 | 98.63
SES-SB2 S| New CF 74.79 | 80.60 | 77.92 | 72.99 | 87.27 | 101.25 | 102.82 | 101.39
Poisson SES-Croston S| New 950 | 1341 | 1391 | 1403 | 8.69 | 1521 | 1747 | 2154
Poisson SES-SB2 S| New 10.79 | 15.65 | 16.87 | 17.76 | 9.16 | 1591 | 18.34 | 22.69
Poisson SES-Croston S| New CF 2745 | 31.09 | 28.32 | 27.43 | 14.18 | 19.19 | 20.02 | 23.46
Poisson SES-SB2 S| New CF 27.67 | 32.33 | 30.00 | 29.60 | 14.37 | 19.68 | 20.70 | 2441
Croston S| New-SB2 S| New 80.36 | 74.24 | 70.55 | 69.49 | 54.07 | 51.86 | 51.77 | 52.34
Croston SI New-Croston SI New CF | 67.81 | 62.48 | 57.08 | 54.28 | 46.06 | 37.73 | 29.57 | 22.48
Croston SI New-SB2 S| New CF 67.87 | 65.13 | 61.16 | 59.93 | 46.59 | 40.41 | 35.13 | 31.96
SB2 S| New-Croston SI New CF 66.19 | 59.13 | 51.31 | 45.35 | 4483 | 34.35 | 22.02 | 9.13

SB2 S| New-SB2 S| New CF 66.29 | 62.47 | 57.07 | 54.26 | 45.48 | 37.74 | 29.57 | 22.48
Croston SI New CF-SB2 SI New CF | 17.01 | 64.52 | 62.03 | 62.33 | 19.66 | 50.05 | 51.41 | 52.93
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Appendix A.3 SMAE Results

Table A.3.1 Paired-sample t-test values for SVMAE differences, item A

Item A, SMAE Comparison, t value
All PointsIn Time Issue Points Only
, values ., vaues

Methods Compared

Method 1- Method 2 005 | 01 | 015 | 02 | 005 0.1 0.15 0.2
Croston-SB2 29.97 | 30.68 | 31.16 | 31.34 | 15.36 | 16.38 | 16.88 | 17.16
Croston-SES 16.06 | 15.74 | 15.43 | 15.14 | 0.49 | -9.07 | -15.76 | -18.22
Croston-Poisson SES 13.73 | 14.81 | 1349 | 12.77 | -098 | -4.35 | -4.85 | -9.35
Croston-Croston SI New 19.73 | 20.73 | 20.70 | 20.19 | 13.36 | 14.91 | 15.61 | 15.75
Croston-SB2 Sl New 20.13 | 21.37 | 21.65 | 21.48 | 13.58 | 15.24 | 16.09 | 16.52
Croston-Croston SI New CF 2426 | 2491 | 24.64 | 24.04 | 14.84 | 1594 | 16.32 | 16.13
Croston-SB2 SI New CF 2445 | 2524 | 25.18 | 24.83 | 14.89 | 16.03 | 16.52 | 16.60
SB2-SES 1552 | 14.77 | 13.95 | 13.11 | -0.73 | -11.12 | -16.99 | -18.81
SB2-Poisson SES 13.13 | 13.80 | 11.89 | 10.62 | -1.35 | -4.96 | -5.69 | -10.07
SB2-Croston S| New 19.31 | 20.04 | 19.66 | 18.71 | 13.11 | 14.48 | 14.79 | 14.04
SB2-SB2 S| New 19.73 | 20.73 | 20.71 | 20.19 | 13.37 | 1492 | 15.61 | 15.75
SB2-Croston SI New CF 24.07 | 24.57 | 24.06 | 2317 | 14.79 | 1583 | 16.01 | 15.23
SB2-SB2 S| New CF 2426 | 2491 | 24.65 | 24.05 | 14.84 | 1594 | 16.32 | 16.13
SES-Poisson SES -1.31 | -0.26 | -2.04 | -254 | -1.19 | -1.84 | 024 | -3.30
SES-Croston S| New 14.72 | 23.47 | 26.46 | 25.63 | 16.91 | 18.72 | 19.38 | 19.62
SES-SB2 S| New 17.76 | 28.93 | 34.72 | 36.83 | 17.24 | 18.87 | 19.45 | 19.67
SES-Croston SI New CF 54.62 | 71.46 | 76.58 | 76.85 | 18.92 | 19.47 | 19.73 | 19.82
SES-SB2 S| New CF 5490 | 72.42 | 79.09 | 81.41 | 18.89 | 19.43 | 19.69 | 19.79
Poisson SES-Croston S| New 7.65 | 11.34 | 13.08 | 1291 | 595 | 8.70 858 | 11.45
Poisson SES-SB2 Sl New 8.81 | 1345 | 15.72 | 16,54 | 6.18 | 9.00 9.05 | 11.85
Poisson SES-Croston S| New CF 2279 | 29.75 | 26.56 | 26.86 | 8.19 | 10.01 | 9.62 | 11.89
Poisson SES-SB2 S| New CF 2339 (3091|2800 | 29.12 | 834 | 1021 | 999 | 12.23
Croston S| New-SB2 S| New 41.23 | 46.00 | 49.72 | 53.45 | 15.00 | 15.59 | 16.03 | 16.33
Croston S| New-Croston SI New CF | 32.39 | 30.24 | 28.98 | 28.90 | 13.75 | 12,51 | 10.74 | 8.58
Croston S| New-SB2 SI New CF 33.01 | 31.64 | 31.50 | 32.78 | 13.94 | 13.26 | 12.79 | 12.46
SB2 S| New-Croston SI New CF 31.71 | 28.66 | 26.02 | 24.10 | 13.51 | 11.39 | 6.97 0.87
SB2 S| New-SB2 S| New CF 3239 | 30.24 | 2898 | 28.90 | 13.75 | 1251 | 10.73 | 857
Croston S| New CF-SB2 SI New CF | 43.77 | 55.46 | 63.75 | 69.94 | 14.90 | 1559 | 15.97 | 16.31
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Table A.3.2 Paired-sample t-test values for SMAE differences, item B

Item B, SMAE Comparison, t value
All PointsIn Time Issue Points Only
, values , vaues

Methods Compared

Method 1- Method 2 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
Croston-SB2 35.92 | 36.51 | 36.99 | 37.38 | 15.80 | 16.27 | 16.47 | 16.58
Croston-SES 17.45 | 17.87 | 18.02 | 18.08 | -1.47 | -11.02 | -16.29 | -18.01
Croston-Poisson SES 13.40 | 15.27 | 15.11 | 1461 | -1.16 | -3.95 | -5.07 | -7.78
Croston-Croston SI New 2223|2341 | 2369 | 23.81 | 13.28 | 14.89 | 1553 | 15.54
Croston-SB2 Sl New 2286 | 24.36 | 25.02 | 25,57 | 13.63 | 15.36 | 16.18 | 16.50
Croston-Croston SI New CF 28.58 | 29.09 | 29.01 | 28.80 | 15.26 | 16.36 | 16.56 | 16.35
Croston-SB2 SI New CF 28.58 | 29.53 | 29.69 | 29.77 | 15.33 | 16.44 | 16.72 | 16.69
SB2-SES 16.65 | 16.56 | 16.10 | 15.48 | -3.17 | -13.03 | -17.23 | -18.42
SB2-Poisson SES 1259 | 13.84 | 13.04 | 12.01 | -1.55 | -454 | -5.88 | -8.68
SB2-Croston SI New 2155 | 2238|2220 | 21.75 | 12.86 | 1421 | 14.34 | 13.24
SB2-SB2 SI New 2223|2341 | 2370 | 23.81 | 13.28 | 14.89 | 1553 | 1554
SB2-Croston SI New CF 28.31 | 28.62 | 28.27 | 27.72 | 15.18 | 16.25 | 16.28 | 15.59
SB2-SB2 S| New CF 28.31 | 29.09 | 29.02 | 28.81 | 15.26 | 16.36 | 16.57 | 16.36
SES-Poisson SES -098 | -1.69 | -1.73 | -1.35 | -0.81 | -1.58 | -0.55 | -1.35
SES-Croston S| New 11.18 | 17.31 | 19.39 | 18.27 | 16.51 | 18.21 | 18.74 | 18.95
SES-SB2 S| New 14.36 | 22.85 | 27.65 | 29.19 | 16.81 | 18.35 | 18.82 | 19.00
SES-Croston SI New CF 55.43 | 67.98 | 74.78 | 76.81 | 18.04 | 18.77 | 19.00 | 19.06
SES-SB2 S| New CF 55.29 | 69.07 | 77.29 | 81.54 | 18.06 | 18.72 | 18.95 | 19.02
Poisson SES-Croston SI New 566 | 940 | 10.10 | 968 | 537 | 754 836 | 10.26
Poisson SES-SB2 Sl New 6.87 | 11.47 | 1294 | 1381 | 563 | 7.87 8.84 | 10.79
Poisson SES-Croston S| New CF 2333 | 26,54 | 25.64 | 2746 | 7.96 | 9.08 951 | 1091
Poisson SES-SB2 S| New CF 2355 | 2757 | 27.18 | 30.12 | 8.06 | 9.29 9.86 | 11.33
Croston S| New-SB2 S| New 44.07 | 46.71 | 49.24 | 50.69 | 15.10 | 14.90 | 14.98 | 15.13
Croston S| New-Croston SI New CF | 33.71 | 31.33 | 29.89 | 28.76 | 14.51 | 13.42 | 11.50 | 9.34
Croston S| New-SB2 Sl New CF 33.68 | 32.66 | 32.21 | 32.17 | 14.63 | 13.88 | 12.89 | 12.16
SB2 S| New-Croston SI New CF 33.03 | 29.83 | 27.17 | 2455 | 14.35 | 12.68 | 8.68 261
SB2 S| New-SB2 S| New CF 33.01 | 31.33 | 29.89 | 28.76 | 1450 | 1342 | 11.50 | 9.34
Croston S| New CF-SB2 SI New CF | 16.46 | 57.57 | 63.62 | 67.38 | 9.64 | 14.67 | 14.96 | 15.33
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Appendix A.4 GRM SE Results

Table A.4.1 Paired-sample t-test values for GRMSE differences, item A

Item A, GRMSE Comparison, t value
All Points In Time Issue Points Only
., values , values

Methods Compared

Method 1- Method 2 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
Croston-SB2 150.39 | 215.03 | 228.72 | 232.42 | 102.99 | 145.43 | 152.34 | 153.80
Croston-SES 15.70 9.17 8.74 9.68 190 | -1841 | -44.65 | -62.71
Croston-Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
Croston-Croston SI New 21.32 8.67 7.62 7.61 2194 | 2471 | 27.87 | 30.00
Croston-SB2 SI New 21.87 8.98 7.99 8.08 2258 | 2556 | 29.33 | 3243
Croston-Croston S| New CF 31.36 | 1355 | 1196 | 11.93 | 3272 | 36.77 | 40.26 | 4232
Croston-SB2 SI New CF 3170 | 1392 | 1246 | 1256 | 33.16 | 3745 | 4159 | 44.74
SB2-SES 15.25 9.03 8.63 9.57 -0.13 | -2353 | -53.45 | -73.74
SB2-Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
SB2-Croston SI New 20.79 853 751 7.50 21.30 | 2384 | 26.30 | 27.22
SB2-SB2 S| New 21.36 8.85 7.89 7.97 2197 | 2475 | 2793 | 30.06
SB2-Croston SI New CF 31.06 | 1347 | 11.89 | 11.86 | 32.30 | 36.10 | 38.83 | 39.52
SB2-SB2 S| New CF 3141 | 1384 | 1239 | 1250 | 32.76 | 36.84 | 4036 | 4244
SES-Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
SES-Croston SI New 16.65 | 17.47 8.84 -0.95 | 29.61 | 27.11 | 26.87 | 27.13
SES-SB2 S| New 18.46 | 20.66 | 13.00 4.25 3040 | 2765 | 27.38 | 27.65
SES-Croston SI New CF 56.44 | 54.93 | 49.85 | 40.88 | 40.13 | 31.09 | 2891 | 28.12
SES-SB2 S| New CF 58.10 | 56.95 | 52.93 | 4556 | 40.63 | 3145 | 29.30 | 2856
Poisson SES-Croston SI New N/A N/A N/A N/A N/A N/A N/A N/A
Poisson SES-SB2 SI New N/A N/A N/A N/A N/A N/A N/A N/A
Poisson SES-Croston Sl New CF N/A N/A N/A N/A N/A N/A N/A N/A
Poisson SES-SB2 Sl New CF N/A N/A N/A N/A N/A N/A N/A N/A
Croston SI New-SB2 S| New 22227 | 231.27 | 213.19 | 18951 | 152.32 | 163.90 | 166.23 | 163.57
Croston SI New-Croston SI New CF | 49.22 | 29.94 | 22.78 | 1882 | 4241 | 2752 | 19.93 | 1594
Croston SI New-SB2 S| New CF 51.13 | 31.60 | 2453 | 21.00 | 4453 | 3044 | 2464 | 23.44
SB2 S| New-Croston Sl New CF 4728 | 2844 | 21.26 | 17.27 | 40.23 | 2440 | 14.73 7.35
SB2 Sl New-SB2 Sl New CF 49.26 | 3019 | 23.12 | 1957 | 4246 | 2755 | 19.96 | 1597
Croston SI New CF-SB2 SI New CF | 254.56 | 231.69 | 178.85 | 153.53 | 157.12 | 178.04 | 174.61 | 166.81

164



Table A.4.2 Paired-sampl e t-test values for GRMSE differences, item B

Item B, GRMSE Comparison, t value
All Points In Time Issue Points Only
., values , values

Methods Compared

Method 1- Method 2 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
Croston-SB2 250.58 | 260.89 | 262.60 | 259.91 | 142.27 | 147.99 | 149.39 | 148.42
Croston-SES 17.38 | 10.82 9.78 10.24 0.23 | -20.96 | -45.66 | -63.13
Croston-Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
Croston-Croston SI New 26.65 | 12.44 8.83 8.09 23.15 | 2406 | 27.60 | 30.10
Croston-SB2 SI New 2753 | 12.85 9.20 8.57 2405 | 2512 | 29.33 | 3281
Croston-Croston S| New CF 3844 | 17.09 | 12.89 | 1249 | 3599 | 38,60 | 41.76 | 44.12
Croston-SB2 SI New CF 3846 | 17.46 | 1337 | 13.09 | 36.95 | 39.38 | 43.18 | 46.56
SB2-SES 16.73 | 10.60 9.65 10.12 | -251 | -27.33 | -55.36 | -74.87
SB2-Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
SB2-Croston SI New 2576 | 12.16 8.67 7.95 2223 | 2295 | 2572 | 26.98
SB2-SB2 S| New 26.67 | 12.58 9.04 8.44 2315 | 2408 | 27.65 | 30.15
SB2-Croston SI New CF 38.00 | 16.96 | 1281 | 1241 | 3545 | 37.82 | 40.26 | 41.29
SB2-SB2 S| New CF 38.03 | 1734 | 1329 | 13.02 | 36.42 | 38,67 | 4188 | 44.25
SES-Poisson SES N/A N/A N/A N/A N/A N/A N/A N/A
SES-Croston SI New 13.63 | 14.11 7.14 -293 | 27.26 | 26.40 | 26.74 | 26.38
SES-SB2 S| New 1578 | 17.77 | 12.32 3.96 2821 | 27.10 | 27.40 | 27.03
SES-Croston SI New CF 64.45 | 6561 | 62.61 | 53.41 | 39.88 | 29.31 | 27.98 | 28.13
SES-SB2 S| New CF 64.56 | 68.24 | 66.69 | 59.40 | 41.17 | 29.72 | 2843 | 28.65
Poisson SES-Croston SI New N/A N/A N/A N/A N/A N/A N/A N/A
Poisson SES-SB2 SI New N/A N/A N/A N/A N/A N/A N/A N/A
Poisson SES-Croston Sl New CF N/A N/A N/A N/A N/A N/A N/A N/A
Poisson SES-SB2 Sl New CF N/A N/A N/A N/A N/A N/A N/A N/A
Croston SI New-SB2 S| New 246.32 | 282.38 | 245.75 | 207.90 | 89.79 | 139.45 | 148.11 | 149.22
Croston SI New-Croston SI New CF | 58.71 | 37.38 | 2825 | 2226 | 4185 | 2885 | 2344 | 19.65
Croston SI New-SB2 S| New CF 58.90 | 39.24 | 30.11 | 24.41 | 4425 | 31.34 | 27.71 | 26.66
SB2 S| New-Croston Sl New CF 56.68 | 35.61 | 26.48 | 2055 | 40.07 | 2621 | 1871 | 1157
SB2 Sl New-SB2 Sl New CF 56.87 | 37.59 | 2849 | 2287 | 4246 | 2890 | 2348 | 19.70
Croston SI New CF-SB2 SI New CF | 6.46 | 282.88 | 211.01 | 168.33 | 12.57 | 162.11 | 168.33 | 154.05
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Appendix B The Appendix for Chapter 7

Appendix B.1 Simulation Parameters of Croston SI New CF and SB2 SI New CF Methods

Table B.1.1 Smulation parameters of Croston SI New CF and SB2 SI New CF methods

Mehod # | (v img | aich | L | UL
1 1 2 0.7 1.2
2 1 2 0.7 13
3 1 2 0.8 1.2
4 1 2 0.8 13
5 1 3 0.7 1.2
6 1 3 0.7 13
7 1 3 0.8 1.2
8 1 3 0.8 13
9 2 2 0.7 1.2

10 2 2 0.7 1.3
11 2 2 0.8 1.2
12 2 2 0.8 1.3
13 2 3 0.7 1.2
14 2 3 0.7 1.3
15 2 3 0.8 1.2
16 2 3 0.8 1.3
17 3 2 0.7 1.2
18 3 2 0.7 13
19 3 2 0.8 1.2
20 3 2 0.8 13
21 3 3 0.7 1.2
22 3 3 0.7 13
23 3 3 0.8 1.2
24 3 3 0.8 13

166



Appendix B.2 The Fill Rate Confidence Interval Figures of Croston SI New CF and SB2 SI New CF Parameter Set Combinations

Item A, CSI 85%p, Croston 5I New CF, Fill Rate Cis of CF Parameter Set Combinations
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Figure B.2.1 Thefill rate confidence intervals of Croston SI New CF parameter set combinations, Item A, target CS.=85%
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Item B, OS5I 85%, Croston SI New CF, Fill Rate CIs of CF Parameter Set Combinations
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Figure B.2.2 Thefill rate confidence intervals of Croston SI New CF parameter set combinations, Item B, target CS.=85%
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Item A, CSI 85%0, SB2 SI New CF, Fill Rate Cfs of CF Parameter Set Combinations
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Figure B.2.3 Thefill rate confidence intervals of SB2 SI New CF parameter set combinations, Item A, target CSL=85%
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Item B, CSL 85%0, SB2 SI Wew CF, Fill Rate CJ1s of CF Parameter Set Combinations
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Figure B.2.4 Thefill rate confidence intervals of SB2 SI New CF parameter set combinations, Item B, target CSL=85%
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Appendix B.3 The Margin Confidence Interval Figures of Croston SI New CF and SB2 SI New CF Parameter Set Combinations

Item A, CSI 85%, Croston SI New CF, Margin CJ7s of CF Parameter Set Combinations
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Figure B.3.1 The margin confidence intervals of Croston SI New CF parameter set combinations, Item A, target CS.=85%
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Item B, CS5L 85%, Croston SI New CF, Margin C7s of CF Parameter Set Combinations
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Figure B.3.2 The margin confidence intervals of Croston SI New CF parameter set combinations, Item B, target CS.=85%

172



Item A, CSL

1300

1275

1250

5 1225

1200

1175

Figure B.3.3 The margin confidence intervals of SB2 SI New CF parameter set combinations, Item A, target CS.=85%

85%%, 5B2 SI New CF, Margin CJs of CF Parameter Set Combinations

5

4

-

§ 9 10 11 12 13 14 15 16

Parameter Set Combination &

= 1

17 18 19 20

:1 ¥

23 24

173



Item B. CSL 85%, SB2 51 New CF, Margin Cfs of CF Parameter Set Combinations
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Figure B.3.4 The margin confidence intervals of SB2 SI New CF parameter set combinations, Item B, target CS.=85%
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Appendix B.4 The Inventory Holding Cost Confidence Interval Figures of Croston SI New CF and SB2 SI New CF Parameter Set
Combinations

Item A, CSI 85%0, Croston SI New CF, Inventory Holding Cost Cfs of CF Parameter Set
Combinations

th
=]
th

i 2 3 4 s 6 T & o 10 11 12 13 14 15 16 17 18 19 2p 21 22 23 24

Parameter Set Combination #

Figure B.4.1 The inventory holding cost confidence intervals of Croston SI New CF parameter set combinations, Item A, target

C9.=85%
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Figure B.4.2 The inventory holding cost confidence intervals of Croston SI New CF parameter set combinations, Item B, target

C9.=85%
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Figure B.4.3 The inventory holding cost confidence intervals of SB2 SI New CF parameter set combinations, Item A, target CSL=85%
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Figure B.4.4 The inventory holding cost confidence intervals of SB2 SI New CF parameter set combinations, Item B, target CS.=85%
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Appendix B.5 The Adjusted Margin Confidence Interval Figures of Croston SI New CF and SB2 SI New CF Parameter Set
Combinations
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Figure B.5.1 The adjusted margin confidence intervals of Croston SI New CF parameter set combinations, Item A, target CSL=85%
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Figure B.5.2 The adjusted margin confidence intervals of Croston SI New CF parameter set combinations, Item B, target CSL=85%
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Figure B.5.3 The adjusted margin confidence intervals of SB2 SI New CF parameter set combinations, Item A, target CS.=85%
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Item B, CSL 85%, SB2 SI New CF, Adjusted Margin Cfs of CF Parameter Set Combinations

500

750

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

(]
=
[T
(]
[F]
LY}
(I
-

Parameter Set Combination #
|

Figure B.5.4 The adjusted margin confidence intervals of SB2 SI New CF parameter set combinations, Item B, target CS.=85%
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Appendix B.6 The GMROI Confidence Interval Figures of Croston S| New CF and SB2 S| New CF Parameter Set Combinations
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Figure B.6.1 The GMROI confidence intervals of Croston SI New CF parameter set combinations, Item A, target CSL=85%
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Item B, CSL 85%0, Croston SI New CF, GMROTI Cls of CF Parameter Set Combinations
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Figure B.6.2 The GMROI confidence intervals of Croston SI New CF parameter set combinations, Item B, target CSL=85%
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Item B, CSL 85%, SB2 SI New CF, GMROTI CIs of CF Parameter Set Combinations
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Figure B.6.4 The GMROI confidence intervals of SB2 SI New CF parameter set combinations, Item B, target CSL=85%
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