-_:Svupply Chain
Management

1.1 WHAT DO WE MEAN BY LOGISTICS?

Logistics has quite a long history, whose origins predate by far the initial at-
tempts to make it “scientific.” Many engincering schoaols were horn becaise
of the need {or building belter military fortifications and weapons. Logistics
[ollowed a paviern common 1o (hal of many Lelds i engincering: Military
applicalions gave an Important impulse to ils development. While relatively
small armies In the past could sustain themselves also by robbing local pop-
ulalions, proper manazement of supplies was required atl laler times o sup-
port larger armies in need for ammunition and a significant amount of food.
Napoleon, who iz acknowledged with the motto *An army marches on ifs
stomach.” s considered an iunovator i this respect, because (whal we now
call) supply chain managemerd, alforded Lis armies a fav greater degree of mo-
bility thar his rivals. Logistics has playved an increasing role in later conllicls,
like the American Civil War (ACW), where Lransporling supplies and Lroops
was accomplished by an arvay of transportation means including supply wag-
ons, rail, ships, and (in the Western Theater) rivers. The role of logistics can
be appreciated by considering how the availability of supplies is of no use if
the supplies cannot be routed to destinavion, whereas clover organization vy
make good enongh vse of scarce resources. A paradox in Coufederate logisties
cduring ACW was that an cconowy strong in agriculture and weak in industrial
power, compared to its Union connterpart, suceceded in maintaining a ow
of weapons and anuuunitions, whereas troops often starved because of lack of
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food.! Indecd, some military academics are reported io say that “amateurs
study tactics, professionals study logistics.”

Military applications continued to play a prominent role in the develop-
ment of scientific logistics in the 20th century.? The quantitative approach
to management problems is wypically associated with Operations Research,
whose origin can be attributed in parn to the need of managing the supply
chain across the Atlantic Ocean during World War TL.? Tlowever, we should
not think that the scientific approach o logistics is that recent. For instance,
the well-known Economic Order Quantity {EOQ} formuta for inventory man-
agement dates back to the early 20th century, since it was published in 19134
furthermore, the manifesto of Taylorisin® was published in 1911, but its roots
can be traced back to a rationalization process in manufacturing, which had
been quite active during the 19th century.

Given this long history, we should not be surprised that the term “Logis-
tics”™ has now a rather wide and often ambiguous meaning. Indeed, scveral
professional and academic organizations have atlempted 1o draw the line,
poiuting out whal we should mean by this term. The U.8. Council of Logis-
tics Management proposed the following definition:

Dusiness logistics 45 the term describing the integration of fwoe or more
antivities for the purpose of plonning, implementing and controlling the
efficient flow of raw materiels, in-process fnventory ond finished goods
from the point of origin to point of consurnpiion. These activities moy
include, bul are not limited to customer service, demand forecasting, dis-
tribution communications, nventory control, matericl handling, order
processing, parts and service support, plani and warchouse sifte selec-
fon, procurement, packaging, return goods handbing, salvage and sermp
disposal, traffic and transporiation and warchousing and storage.

The verim business logistics emphasizes a separation from other fields, such
as wrban transportation, which could be included in a more general notion
of logistics. The definiiion we have reported is nol very recent, as it dates
back 1o 1979, but it includes bolh management issues and material handling
issues, which ave more physical in nature. This book is only concerned with
maragement issues, not with physical activities which raighi be labeled as

'Scer R.K. Krick, The Power of the Land, in: A, Sheehan-Dean (editor)., Struggle for o
Vst Fubure: the American Civd War, Osprey Publishing, Oxford, 2006,

2Thase of ns who are sane enough not to appreciate the grim arts of war too much, may find
sorne consolation in thinking thal the same approaches can be used o ronte huge amonnts
of essential supplies, in a short time span, to areas struck by natural disasters,

3Anather element in the birth of Operations Research was quening theory, initially de-
veloped w model telephone waflic, 1 s worth remembering thar the celebrated simplex
method to sobve linear programming problems was developed in 1947 by George Danteis,
who wotked [or US. Air Force.

48ee: P.W. Harris. How many parts Lo make at once. Foctory: the Mogozing of Manage-
ment, Vol. 10, 1913, pp. 135-136. Reprinted in Operefions Research. 1990, Vol 3B, pp.
947 9.

PEW. laylor. The Principles of Scientific Monagement. Harper & Row, New York, 1911,
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“industrial” logistics, This is certainly nef to say that industrial logisties
has a lesser role, or that there is no intereonnection between hardware and
managerial issues. Sowe management activities have no sense if the underlying
physical process is not properly designed and if certain technologios are not
exploited. Our aim is to define a consistent and relatively hmited scope,
in order to offer a pedagogical lreatment of selecled material at a suitably
deep level. ralher than oflering a superficial handbook covering all possible
Lopics. As we slress below, solid foundations are essential Lo any practitioner,
as general principles have to be twisted and adapted to many diverse awd
peculiar settings. and a superficial Hsting of cookbook recipes s actually of
little wse, if nob counterproductive in case these recipes are applicd inpropoerly.

Apparenlly. the delinition above includes too many things. However, mod-
eru integration trends have given rise 1o Supply Chain Management (SCM)
as an aklmosl all-encompassing discipline. On the supply side of the chain, in-
creasing emphasis is given to supplicr relationships management, piarchasing,
and contract design. On the other end of the speetrm. costomer relikion-
ships managements (CRMY is another example of an issue which is gaining
relevance. Information Technology (IT) had a dramatic impact too, thanks
Lo the rige of tniernel. which made electronic commerce, online auctions [or
products and services, and the sharing of large databases possible. As far as
information systems are concerned, the introduction of Enterprise Resowrce
Planning (ERP} systems has made the case for the interconnection with other
functional areas, such as manufacturing,V accounting, ete. And if ihis does
nol look confsing enough, the list of complications could go on and nclade
other factors:

s The reduced lilespan of producis aud (he need for customisation inply
that the supply chain has to be continuonsly redesigned. Even prodnet
degign may interact with logistics. For instance, design for supply chain
wanagenment has been successully applied by Hewlett-Packard.”

o Globalization has introduced a new array ol risk lactors which irapact
SCM, such has excliange rate risk and, at o higher level, political risk.

o The availability of several transportation modes and the concentration
of production into large sites have a decp impact on transportation
MANAECLLCIL,

fndecd, in many practical settings, wo cannot deal wigh distribution legi=tics without
paving due attention to productiorn. From a methodologioal point of view. many models nd
modeling technignes we illustrate in the book are often included in books on waoulactinring
ranagemeant.

TYper HLLL Len, (L Billinglon, and B. Carter. 1993, Hewlett-Packard Gains Control of
Toventory and Service through Design for Localization. Interfaces. Vol 23, 1. 1 11,
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e Rovenue and yield management® have a prominent role in the air trans-
portation and in the service industry, but they are likely to see an in-
ereased role in distribution too (think of price cuts al the end of Lhe
selling season in many retail chains).

e Environmeunlal issues dictale that we also pay due aliention to reverse
logistics.

All of the above, and more, has sormething to do with Supply Chain Manage-
ment. Trying to cover such a wide spectrum or topics and issues in one book
is u hopeless endeavor, unless one is willing to just compile a list of buzawords.
We believe that students (and practitioners) should have a firm grasp of basic
principles of distribution logistics. Armed with a solid background, they can
tackle new developments with confidence. Quantitative models and methods
play a fundamental role in developing basic skills, and indeed this book is
nore quantitative oriented than others in this arca. However, we did not aim
at writing a high-level research survey for Ph.D). students. We only oulline
problems and solutions, using both toy examples to build intuition and real
cases when appropriate. Moreover, we should never forget thal quantitative
models may be implementod in a computer programn, but they are nltimately
applied by people. People have incentives, possibly anwritlen ones; this ap-
plies both to single individuals and to organizations. Tndeed. distribution
logistics Ly pically crosses borders between organizations, and understanding
meentives and organizational barriers is a prerequisite to successfully apply
any “scientiic” solubion.

1.1.1 Plan of the chapter

Afier insisting on what. we do net include in the book, we would hetter cxplain
what we do include. This chapler lavs down the foundations for the next ones,
according to the following plan.

e A distribution nctwork is characterized by a physical arrangement of
facilities, such as warshouses and transit poinis, on a possibly wide geo-
graphical area. In section 1.2 we illustrate Ly pical structures of distribu-
tion networks. The physical arrangement of facilities docs not tell the
whole story, as goods flow in the network by some transportation means
(e, irucks or rail). Inventory and transportation managenenl strate-
gles contribute to the definition of a distribution network. Furthermore,
information Bows muost be described too.

s When designing a distribution neswork, we should make our decisions
in a way that supports a specific strategy. There is no single “one-

SRevenue and yield management are essentially dynamic pricing policies. They have a
prominent rote in the case of goods which cannot be stored, such as zeats on an aircrafl;
transportalion services can also be priced dynamically, ng well as perishable ftems.
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bhest-way™ strategy that works in all possible settinga. A strategy is
a compromise between the need of achicving a good cowpetitive posi-
tion, according to a sclected profile, and the need of keeping costs low,
Compedilive factors, cost drivers, and possible sirategies are oullined in
section 1.3

o A distribution network typically includes locations in which goods are
gtocked. Commeoen wisdom maintains that inventories are the source of
a long array of evils and should be kept as low as possible. Tn fact,
inventories are a souree of many relevanl costs, but they play specific
roles in achieving a cerlain competitive position. Hence, they must he
properly managed and we should have their functions very clear in mind.
Section 1.4 illustrates the roles of invendories.

o A recurring theme in bhis book iz uncertainty. Demand uncertainty
is the single most relevant complicaling factor in distribution logistics.
Good forecasting procedures may be used to predict Lulure demand,
but they can ouly reduce rather than climinate unceclaioty. Even if
nneertainty cannot be eliminated, it can be managed. Iu section 1.5 we
start outlining a fow ways to deal with uncertainty.

o Goods move on a distribution network, from factorics in which they
are produced, through warehouses and transit points, fo retail stores.
Managing transporialion is another relevanl piece in the overall puz-
zle. Section 1.6 illustrates sowe basic ways Lo define a trangportation
slrategy.

¢ The flow of goods is what is typieally associated to logistics, but the
fow of information s just as inportant. Any decision procedure is
hasedd on some piece of information, but withoul information sharing,
cortain procedures are shoply nol feasible. lnformation sharing may be
difficult. in a [arge finn consisting of several branches, let alone a supply
chain involving ditferent firms. Furthermore, assigning decision rights in
a supply chain involving several actors is not & trivial task. Scetion 1.7
ontlines a few jssues related to information, incentives, and decisions.

o The structure of a network is something that should aot change too
quickly, since the decision to build a facilily may be made considering
a relatively long time horizon, say vears. A recent tendeney is to lease
warchonses, which contribntes 1o shorten the time span of these deci-
sions.”  Nevertheloss, moving all the goods from an old warehouse 1o
a new one is not sowething we want o do on a wonthly basis. On

the coptrary, a change in the inventory management strategy can be

Y Another factor which calls for frequent changes in the supply chain is the reduced life-cycle
of producty.



i) SUPPLY CHAIN MANAGEMENT

Fig. 1.1 Lincar logistic slructure,

achicved on a shorter time span, and transportation must be managed
daily. Hence, different decisions may have different time horizons and
pertain to various hierarchical levels, In section 1.8 we introduce strate-
oic, lactical, and operational decisions. These should be regarded as
loose guidelines, since sometimes it is hard to draw the lne between the
levels, due to tight interactions between diflerent them.

e Therc are sonie recurring expressicns in Distribution Logistics, and more
generally in Operations Managemeni, such as make-lo-stock, make-to-
order, push, and pull. They have raised guite a bit of controversy,
as sometimes they are used ambiguously. Indeed, they do not really
define specific strategics, but they do define attribuies of possibly hybrid
decigion strategics. In section 1.9 we illustrate the meaning of these
terms as features of decision strategies.

¢ Last but not least, to tackle all of the above problems we may take ad-
vantage of modcls and methods. QQuauntitative approaches play a promi-
nent role in the book, which is not to say that they should be applied
with a blind faith in their power. Section 1.10 helps iu classifying quan-
titative models, including those which are quite useful bul are not dealt
with here; the most notable example is discrete event simmlation.

1.2 STRUCTURE OF PRODUCTION/DISTRIBUTION NETWORKS

From a physical poinl of view, a supply chain cousists of possibly several stages
where itans are produced, transformed, asscmbled, packaged, and distributed
to consumers, The simplest structure is illustrated in figure 1.1, where we see
a linear arrangement of nodes. Eacl node in this chain can be more or less
complex. The first node is likely to be a factory, where items are produced:
we deal with this node as a black box, but a manufacturing systern would
consist in turn of several machines, laid out according Lo a certain paltern.
From our distribution point of view, these details are nol quite relevant per
s¢. Howover, the arrangement of the manufacturing system hag a definite
impact on performance measures such as How time, le., the time thai an
order takes Lo go through all of the stages required by its technological evele.
The mamtfactiring flow time is clearly relevant from the supply chain point of
view. Thus, we do not investigate the internal structure of the nodes and treax
thetn as black boxes. Howoever, the performance {cost, lead time, ete.) ol each
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Fig. 1.2 Supply chain siructure with assemnblies,

black box s very relevant to us. The network could be extended 1o Lhe lelt,
aand include the production of raw materials, but any analysis has 1o focus on
a portion of the overall chain, Proceeding to rhe vight in the figure, we may
fid other stages at which material is transformed: we should pay allemion
to Lhe increase in value of the product, which alfects the overall economic
perflormance of the network. After the whole chain of transformations. the
products may flow through other slages, al which malerial is simply stocked in
o warchouse, nntil the retail store is reached. Factories mayv have inventories
too, hoth inhound and outhonned.

Along a lincar chain, we may have transformations and transportations of
ibeans, However, assciubly of componenss into cied itens 18 a comnmon oecenr-
vence. When items from different sonrces arve asseinbled, we get a couverglng
structure like that illusivated in figure 1.2, Readers with a manufacturing
background could be templed Lo imerpret the convergenl network i the [ig-
ure like & bill of materials, 1., a technological representation of how an end
item is obtained by assenbling cowponenis and possibly conplex subsssom-
blies. Actually, what we are representing here is the geographical siructure of
the network. where comuponents can be produced in a continent and asscinbled
in another one. In a convergent network, we clearly see the need for proper
synchronization in the mwaterial How: T we miss even one, posstbly low-cost
couponent, we cannol assemble ghe product we need.,

Finally, figure 1.3 illustrates an arborescent (or divergent) nelworle which
is typical of pure distribotion. Here node 1 could be a large warehouse lo-
caled near a factory producing an item, nodes 2 and 3 might be regional
warchouses, and whe remaining nodes could be retail stores (in a real nelwork,
there would he much more retadl stores than depicted). Tn a pure distribution
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Fig. 1.3 Ture distribution (arborescent) network.

network, the product is always the same.!” Tlowever, whenever tmalerial is

transferred downstream, we commit il to a certain section of the network.
Such an allocation decision is absent in the previous cases, and it must be
made with care when material availability is scarce. One could wonder why
intermediate stages are needed; after all. they are a cost. We will consider the
roles of intermediate stages in depth in chapter 2. Intermediate nodes might
help the company in exploiting cconomies of scale in transportation and/or to
reduce the impact of demand uncertainty. We should note that inlermediate
nodes can be distribution warchouses, but they ean be also simple transit
points with no facility to store inventory; alternative torms for the last casce
are “transshipment nodes™ or “cross-docking platforms.”

The three structures we have illustrated are just basic prototypes. A real-
life supply chain is a hybrid of all of them, with many variations. For instance,
in the distribution network of figure 1.3, material lows downstream according
to a regular pattern, stage by stage. In practice, some retail stores conld be
served directly front node 1. We will see that this depends on the demand

WThe lack of physical transformations does not imply that the cost of items docs not
change: as an example, consider customs duties we may have to pay when crossing certain
horders.
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volutne; when Lhis is large enongh, we do not need intermediate nodes to take
advantage ol economies of scale in transportation. For example, woe might
be in a position to Al & {ull truek leaving the warehouse to visit a given
store. Another variation, with respect o scholastic cases, is the reverse flow
of materials. Tn the provious figures, we sce material flowing downstrean, bul
recycling and the need to colleet waste eall for proper management of reverse
logisticy. The increasing concerns for the environment make such lssues more
and more rvelevant. Finallyv, we may have flows of materials between peer
nodes, i.e. slages which are located at the same level in the network. These
Iateral shipments can be nsed to reallocate material among stores of large refail
chains in case one is experiencing a stockout and another is overstocked.

A network design problem calls for structuring a possibly large supply
chain, locaiing lacililies, deciding their capacity, and optimizing the (rans-
portation of material among them. ‘This is a very difficult task, as woe shall
see in chapter 2. Fortunately, we are often interestod in the partiel redesign
of a network, which makes the task considerably casier. However, the shorter
and sharter life eycle of products calls for the continuous redesign of supply

chains.

1.3 COMPETITION FACTORS, COST DRIVERS, AND STRATEGY

When managing a supply chain. the natural aim is providing the customer
with a suitably good serviee, and doing so at a suitably low cost. By “good
service,” we mean that the costomer shonld get what she wants. when she
wants it. and how she wants it. Other faciors eould be relevant, such as after-
sades service, but even if we focs on the minlial sel of ateributes that make
a good service, we sce that there 1s no single dominant strategy: There is no
possibility of being first in class along all possible dimensions, at & reasonable
cost. What wo nteed 18 a clear view of the dimensions on which we compete,
in order to get priovities straight. In the following seclions we illustrate a
fow examples of atiribntes which define competition factors: then we list a
fow sources of cost that wo st keep under control; hnally, we illusirate how
all of the relevant dimensions can be traded off, by prioritizing competition
Taclors Lo define a stralegy.

1.3.1 Competition factors

4

Say that yon are a enustomer wishing to buy a certain good. Whal are rthe
W . [l . e

attributes that are important to vou? Probably, most people would point out
quality requircments. Of course, quality of the goods is key factor inflnencing

Ditowiett Packard provides an excellent example of using soltware tools based on guanti-
tarive methods Lo desizn supply chiaing in a dyoamic envirenment; sec (2]
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consumers’ choice, but il is itself a complex concepl encompassing nmdtiple
dimensions. The quality of & car can be measurcd through the numboer of
safety fealures, the Lop speed, gas consumnption, acceleration, ete. Morcover,
quality can be measnred throngh the target guality (i.c.. the guality the prod-
net shionld have, according to ity design) and conformance gualily (i.e.. the
ability of the single item to meet the target quality over time). Also. the qual-
ity of the good could be traded off against price, depending on which markel
segment woe waitk to address. Moreover, quality is relevant notl only in terms
of goods, but also in terms of service. Indeed, there are complementary ser-
viees which may contribute to cstablish a reputation. Consumers can return
the merchandise they bought to many mail retailers (as well as to brick and
mortar retailers in countries such as the ULS.A). Other services are more and
more retevant in Limes of increasing envirorunental concerns; we have already
mentioned the role of reverse logistics and the possibility of returning packag-
ing waterials, used products, cte., which contribute to the positive image of
an enviromuentally responsible supplior. After-sales services are specifically
inportant for durable goods whereas installation support is very important
for complex systems sueh ag high-end andio and video systems.

If we think of distribution services per se, fast delivery may be important,
but dependebilily may be even wore. So, waiting for a long Delivery Lead
Time (DLT} may be unpleasing, but a very uncertain and nnreliable DT
may be even more annoying., In fact the possibility of tracking shipments
or to check order status, possibly via Web, is typically offered by couriers,
such as DHL and Fed Ex, by Internct-based scllers, and service ceniers ol
non-durable goods. From the consmmer’s point of view, DUT must be zero
for some products: No one would like Lo wait a few days [or a bottle of milk.
However, the DIT for milk is not zero from the point of view of the retail
store or of other actors along the supply chain. Yet, we will see that a zero
DLT may make the imnanagement. of inventories rmuch easicr. On the one hand
a non-zero DL'T provides us with some advance information that can help us
improve performance (e.g.. reduce inventorics or increase service level). On
the other hand, exploiting ihis information is all but trivial and complicates
modeling substantially.

At the other end of the spectrum, engineered-to-ovder items have a long
DLT: No one would expeet to find a radar system on the shelves. Tn belween,
these extreme cases, there is an array of intermediate possibilitics. DLT is
linked to the structure of the network, the transportation means adopted, and
the inventory levels and their deployment in the network. If large amounts
of goods are held near the customers (say at the stores), DLT is short; it can
also be reduced if quick but costly transportation services are used. So, we
see that there is a tradeoft between DT and different types of cost.

Example 1.1 CHL is an Italian retail chain of information technology prod-
ucts. An important feature ol its strategy is Lthat it does not maintain inven-
tories at rotail stores, which are just used to collect orders and to deliver items
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Lo customers, This resulls in a siguificant reduetion in inventory levels. which

is particalarly relevant lor ilems characterized by very fast ohsolescence and
thus high cost of inventories, 0

Another relevant competitive weapon is assortment, i.e., the variely of prod-
ucts offered. Tor a manufacturer, this means oflering a large cazalogue and the
possibility of customizing an end item according to customers” wishes, lor a
retail store. this means offering a large set of alternative items on its shelves,
In both cases, we see Lhal variety comes at a cost. Also, we can trade off as-
gortment. wilh DLT. Il products are enstomized to order, we need some Lime
for this operatton and custowers shall be willing 1o wait. If von offer a large
assoriment, with zero DLT, you have 1o keep a lon of items in inventory, each
one with a possibly low and hardly predictable demand., However, variety
may be an important and valuable asset to attract customers. Indeed, there
may be a positive feedback, when variety inereases demand, thereby eaging
some of the difficullies associated with low levels of demand.

Another relevant feature of the supply chain is the flexibility, that is the
ability to adapt to changes and exceptional conditions. For exainple, a Aexible
supply chain can fuifill an exiremely lmportant order in an exeeptionally short
time. We can have dillerent kinds of Hexibility according to the variable that
raises the need for a change. We call produet Hexibility the ability to adapt
the product to customers’ needs. For example, the abiliity o configure the
product to customer specifications might be crucial for complex products suel
as [urniture or cars. A company thal carties iuventories of components and
assembles thom to order usually can achieve a greai deal of flexibility with
limited resources (provided customers are willing (o wait while components
are being asserubled}. Think of the large nmmber of dilferent sandwiches
one can prepare with just o few basic components! We call fexvibility to
product innovations the ability to manage the introduction of a new product.
To achicve this kind of flexibility the company might need to buy flexible
production systems and might want to carry components over, that is nse
componeuts aiwd subsystems [rom previous generations of the product. Suci
kind of flexibility s more and more important nowadays given the growing
importance of new products and produet novelty, We call delivery flezibility
the ability to adapl deliveries to customers’ needs. For cxample, the ability 1o
deliver rush orders or manage lugeage of VIP clicnts wilth a tight connection
in a hub-airport wight be crucial. We eall wolume flexibifity the abilivy Lo
inerease/decrease production and distribution quantities on a short notice,
This Aexibility is expecially valned in markels with a sharply scasoual pattern,
such as Clhristimas gifts, ete. This Sexibilily can be gained through botl spare
resources (e, spare capacity), flexible vesources {e.g., teoporary workers)
ot appropriate planning (e.g., we might produce/distribute all products with
# predictable demand before the peak of the scason so that during the peak
wo can use the limited production /distribution capacity 1o manage just the
nneertain part of demand)
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1.3.2 Cost drivers

Keeping costs under control is a fundamental factor in supply chain compe-
tition. We should state guile clearly that cost minimization per se need not
he a winning stralegy; a stralegy is a good tradeoft between the objective of
minimizing costs and the objeclive of maximizing other competitive perfor-
mance melries such as quality, delivery, service, etc. Keeping this in mind,
wo should list the typical cost drivers in supply chain management, in order
to set the stage for decision-making approaches. Belore doing so, we should
classify costs aecording to a couple of dimensions.

s Custs con be linear or nonlincar. Consider an arbitrary activity (c.g.,
how many parts we make or buy). and denote its level by a decision
variable by &, A linear cost [unction is something like f(7) == cz, where
¢ 18 a unit cost. More generally, If we have NV activities indexed by ¢, a
linear cost function has the form f(x) = Z;\_] ciig; note how linearily
implies that costs pertaining to different activities are simply added.
Otherwise, we have to deal with a nonlinear (possibly discontinuous)
cost function. Examples of nonlinear cost, functions are f{(r) = 2%5 m
Flz1.x2) = xyrq. Consider, for instance, purchasing large amounts of
some component; a discount might be offered if the purchased quantity
is above a given threshold. In such a situation, we have an ceonowy
ol scale; diseconomy of scales ocour when sealing an activity level up
increases the related cost more than proportionally. lnteractions among
activities may also result in a nonlinear total cost function.

In practice, costs are alwayvs nonlincar, but sometimes thoy can boe suit-
ably approximated by linear functions, at least for small variarions of
the level of activily (say number of units purchased or produced). When
formulating an optimization model (see appendix B), keeping everything
Hnear is an important cotcern in order to limit the computational el-
fort required for solving the model. Even when assmming a linear cost
[unction is too far from reality, nonlincar costs can he approximated by
piecewise linear functions (sec section 2.3) whereas in the gencral case
they can be fairly different,

We may also recall two important concepis. Consider a generie cost
Mction efz). The value of the first-order derivative ¢'(r)] s called
marginal cost. The marginal cost is constant for a lincar cost fune-
tion, but not in general. The average cost 18 o{®)/x; we may see that
average and marginal cost are the same for a linear cost funetion.

o Coste con be fived or varieble. In accounting, a cost is fixed if there
i nothing we ean do about it in the short term.'? For instance, the

128 rictly speaking, accounting professionals nse “period” and “product” costs.
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cost of a plaoy is fixed [rom the point of view of short-term operations
{consider, e.g., rent, depreciation, or cost of fixed personnel). The direet
produciion cost is variable, since wo can change it through prodaction
decisions on a much shorter time scale. Of course, i ihe long run ail
costs are variable, so the distinction is a matter of time scale. Newver-
theless, such fixed costs do nol {or al least should not) influence current.
decisions; they may contribute 2 constant torm to an objective function

i1 an oplimization problem, but this does not change the optimal soln-
tion. In the short run, these fixed costs are constant, no matter what
the shorl teom decigions are. So in a way thev are stimply rrelevant
for decisions making processes, Sometlmes, the term swrk cosl Is used
to refor Lo a cost which has been paid and no [iwure decision has any
influence on it.

Tit this book, we will use fixed/variable costs with a slightly different
meaning. Tf a cost lunction can be expressed by

o(z) = Fer ife>0,
R Y otherwise,

we refer to £ 18 the fixed cost. Hence, what we mean by “lixed cost™ ig
a cost that docs not depend on the value of a decision variable, provided
it. is strictly positive.!? The typical example of fixed cost In this voin is a
fixed ordering cost, i.c., a cost thal we pay whenever we order, whalever
amomnt we order. Clearly, such costs mighl encourage ordering larger
quantitics, resulting in cconomics of sealed? Tence, fixed cost in thig
sense do influence decisions, unlike fixed costs in the accouming sense

{for the sake of clarity in the remainder of this book we will call these
sunk costs).

Fixed cosls may resull In piecewise constant cost functions, Consider the
cost of transporting an amount @ of some good, and assume that there
is a fixed cosl componeonl. thal we pay for each track we use. Depending
on &, wo may have to use one track or two. This induaces a discontinity

L38omelimes, the term fixed charge is used to avoid ambiguily.

MNotice thiat in Feonomies the term “economies of scale” has a slightly difforent meaning.
sinre they are regarded as a long term phenomenon. When we [sce cconouies ol scale,
the long term average cost decreases a5 the production volume (per unit of time, sav per
vear] increases. When ceonomists say 5t s a long term effect,” they really mean that we

can ohserve such & reduction in the average cost when we compare different plants {or,
more geoerally, infrastrctures) with dilferent capacities. On the contrary, the effeet of Lhe
production verhune oo Che cosls of o glven plant is a short temm effecn. Ag such. economiats
do not consider Lhis to be related to economies of scale. Tn ihis book we use the term
covioinies of scale i a broader sense. Therefore, iu thiz book the econowles of scale lead
wr e reduction of the average unit price and might be due to the dilution of some fixed
costs when the level of activity (zay the production volurne, Lke purchasze quanticy, or any
olber relevant level of activity) increases. We disvegard the distinclion between short rerm
decisions and lang term ones,
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c(x)

Fig. 1.4 Semivariable costs.

in the cost function, which might include a piccewise constani termi.
Soretimes, the terin semi-variable cost is used to vefer to such a case
{see figure 1.4).

We stress again thal we cannot really draw a thick line between the concepts
above: A linear cost (unction cau be a sullable approximation of a nonlinear
one, and a fixed cost may be transformed (at least partially) into a variable one
by suitable arrangements. S0, we should just consider the above classifications
as useful guidelines, which are best illustrated by a fow examples.

We lave scen that o supply chain iy, from a physical point of view, a
network of facililies on which goods are stocked and transported. A first sct
of costs is associated with building and maintaining facilities. These costs are
sunk when we are operating the network, but they arve a resudt of a decision
when wo are designing the network. The cost of a facility ix a possibly complex
fimetion of its type. location. and capacity. A pure transit poing is typically
less expensive than a distribution warehouse. We neaxd to find a suitable
approximation of the cost associated with building and operating a facilily,
and Lhis is certainly noi a sitople linear funetion. Some costs are fixed, such
ad those linkod to the realization ol basic infrastructures to get the factlity
working; other costs could be represenied by a plecewise constant function
depending on capacity, or by general nonlinear functions of the Hows going
through that node in ihe network., TRecent trends tend to make some fixed
costs variable, as wo may lease warehouse space from a provider of logistic
serviees; in a highly uncertain and dynamic setting, this may be an advantage.

Transportation costs present a similar structure, resulting from a mix of
fixed and variable costs. When shipping a staudard container from a certain
poiut of the supply chain to another one, part of the cost is fixed and in-
dependont. of the conlent. lransportation rates may be guite intricate, butl
again we may find a suitably accurate represcutation. If we want to compare
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two bransportation wodes, we are actually interested in fizucing the best so-
Ttion. 1 ervors in the cost evaluabion are o oo lavge, they do nol reverse
the ranking of alternatives. and we make the correct decision anvway.

Nove often than not, there is s tradeoll berween diflerent cost components,
Lot instance, transportation cost can be reduced by selecting o close supplion;
however, thig need not lead o the Towest overall cost boecanse, when we ovder
sotnething from a supplier, several factors come into play beshides transporta-
ol eost:

o ordoering cosis,

o il price charged by the sapplicr, which nway also be affeered by ewrreney
exchange rates,

o duventory holding costs.

Vinlike A rnasportation costs, ordertng costs ave snfernal cosls, Tnrhe sense that
vhey depend on the operations of the bhuver N, whercas Lransportation cost
may depend on either the supplier. or the buyer, or o serviee provider. To the
pasl, each order was associaled with a procedure inehiding some phone cally
or fax messages. These costs were largely independent of 1he amonntl pur-

clined], This is why we Lvpically congider lived ordering costs. e, associaled
with e order bsell and pol with the sonouus erdercd. Bleclvonie coumeree
has eased this burden consideralbly, bl we may also consider receiving, iu-
specting, aud handling incoming goods as componeuts ol ihe ordering cost.
They ean be pavtially caprured by o lixed ordering cosl. Somedhmes, for the
sake of sinplicity, woe agercgate all of the fived cost components, inetuding
Transportation, nto a ixed ordering cost.

It i not wconimon Lo compare o geograplically close supplior agoainst o
distant one who cliarges a lower price. The decision cammd be taken with-
oul speciiving an ordeving stvategy, which is linked to the inventory coutrol
policy. 'The price can also depend on the parehased gnantity, ag gueadity
disconn opportunitios are sometimes offered, Shonld we take Lhose opporin-
nities? Reducing the purehase cosl s eertainly attractive, and the possibilivy
of seenring a known price wight he loo, if we foar an adverse mosvement. in
prices and for exclnge rates. Howoever, ordering wmore materinls also inplies
Lirgey inventory holding costss Toventory holding cosis agoregate diflevend
cost comipotents, To begin withe whonever we pay Tor sowe poods, and o
stay 1w wirehonse [or a possibly long time, we have an opportiainy cost for
the capital tied np in ivventories. which we conld Tave Tnvested ot hierwise.
From a dinaneial point of view, too much capital sitting in iventorvies s bad
news. More so, if we had to borrow woney (o prrchase materials, Apaet from
[ineeiciad Tnsines, ore s ebilory nreans 1ore Insuranes charesos, more niaterial
handling (with the possibility of wsting marterials], barger expenses 1o heat
or to refrigerate e warchouse, cle T the goods are perishable or sobject o
obsolosconee. wo nay also face the need ol serapping o signilicanl aoonnt of
naterial: Ciseo Svsloms was reporied fo take aostagering invenlory wrile-off
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{82.5 billion). All of these considerations lead to the idea that inventories
should be kept low. Actually. inventory management ig all abeut finding the
right tradeoll; we will introduce the well-known Economic Order Quantity for-
mula in section 1.4, Lo illustrate the tradeoff between cost of inventories and
benefits of inventories (i.c., value of the functions performed by inventories).

We close this section by considering costs which may be very hard to quan-
tify, i.c., stockont costs. We have a stockout whenever we run out of stock and
we are not able to satisty demand immediately; this may result in an unsat-
isfied custoruer or the stopping of downstream production. In the lalter case,
the stockout cost may be not too hard to estimate in terms of lost production,
bul when dealing with customers al a retail store, how much does an angry
custorier cost? To begin with, the loss of Image associaled with a stockout
is an elusive concept, because it depends on consumer hbehavior. Tf we have
a stockout and cannot meet an order (rom a customer, will she wait or go
somnewhere else? Assuming she is impatient, and the second case occurs, do
we lose just this order or the customer altogether? This is very hard to tell;
mavhe we will hever know, because she will just purchase a subsiitute itemn
without telling anyone. As a further complication, the stockout cost can be
linked to the oceurrence of the stockout itself, or to the size of the stockout
{e.g., mmmber of customers that could not find the stocked out item). Even if
we cannot quantify a stockout cost, we need to keep close control of the service
level we offer, trading off other costs against this performance measure, We
cover all of these considerations i chapter 5 on inveiory management under
uncertain demand.

1.3.3 Strategy

Alter this cursory look at competition factors and cost drivers in supply chain
management, it should be clear that there is no way to find a single solution
whicli s optimal [rom all of the conceivable points of view. In fact, frms
adopt quite differont strateeies. 'The supply chain for a technologically mature
product with a low profit margin must be efficient and incxpensive. In the
case of an innovalive producl, with high margins and maybe a Hinited Jile,
ihe overall sirategy will be qguite dilterent:

¢ In the retail scctor, the availability of goods on the shelves is essential.
Still, an unsatisfed costumer might have a negligible impact, particu-
larly for goods which have acceptable substitutes. TTowever. a stockoul
for a whole product category (say, milk) or for products which are sub-
jecl to strong brand lovalty (e.g., Coke in the soft drink industry ox
detergents for personal hygiene} may have serions consecguences.

e In the “husiness-to-bnsiness” sector, we may have quite different priori-
ties. Just think of inanaging the stock of spare parts to replace defective
or failed ones in big industrial machining tools. Keeping such machines
idle beeanse of lack of spare parts may be extremely costly; indeed, this
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ig a case whore stockout costs may be easy Lo quantify, ax there are con-
tracts specifying penalties for lack of service, Quanlilving the stockout
cost. of spare parts for life-critieal equipmoents at hospitals is impossi-
ble. but we clearly see that in such a case we need to ensare immediate
availability, cither by suitable stock levels or, if the cost is too high, by

very fast and expoensive transportation.

I order (o define & strategy. we musl associate priorities Lo competition fac-
tors and find cost-eflfective ways Lo achleve o given performance Larget, pos-
sibly trading off performance against cost. Finns in different industries will
probably define quite different strategies. Ii is no swrprise that managing
supply chains for high performance laptop compuiers reguires a different ap-
proach than in the case of soap powder. Howoever, even within the same given
industry, we may obsorve quite different stralegies.

Example 1.2 Personal computers are sold using diflerent distribution ¢han-
nels, appealing to different consumers. Some consurners are gquile sophisti-
cated and want a very specific configuration; they are willing to wall relatively
long lead times to get exactly the stull they want, Others prefor o choice he-
tween A Tew well-defined alternaiives, bul fast delivery and cheap prices are
essential to them. For similar reasons, some cousners do not mind ordeving
on a web site. whoreas other consumers feel much saler buying from maore
traditional channels. because they wanl a personal contact in ease of tronble
with the product. o [act, different meaket scements can be dealt with by
different marketing strategies.’? ]

Example 1.3 1KEA and MO are two dominant players in the Ttalian re-
tail furnitire business. They are bolh healthy and [asl growing companies.
IMowever, they have fairly different strategles.  IKEA Dasically designed a
gelf-gervice enviromment where customer are asked Lo sclect the product they
Tike, take note of the product code, and collect the scleeted iterr(s) at the
warehouse, TKEA customers tend to transport, goods by themselves, TKEA
does not provide transportation services (though a business pariner located
near the counters sells transportalion e

vices). TKEA customers are even
asked Lo design their own kitehen throngh the Tntermet or al do-it-yourself
PC stands in the stores. Moreover, IKEA hns a vory wide number of product
wtevories ranping from beds and chalrs, Lo carpels and lork:. However the
ravge of product designs is rather limdted and is dewninated by 1he Swedish
minimalistic design. The MO strategy s quite different. Though Lhe prices
ave comparable, MC only sells bonitare. In a MO store one cannot find car-
pets, lorks, ele. However, n a MO store one can find farniture with very
diverse desiogns ranging from classic, o wmodern, ethnic, romantic. ote. So

VrGecs VoW, Ranpan aud M. Bell, Deff Cndere. Haraeed Dusiness School Case No, 0-502-1 14,
10}
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the assortment oflered by MO is very wide, {though in a slightly different way:
MC provides fewer product categories, but more styles than IKEA does. Also,
while TKTZA provides little sales assistance and delivery service, MC has a ser-
viee intensive strategy, 'The vast majority of MC eustorers is attended by a
salesperson. A salesperson can spend up to one hour designing the kitchen
for a customer that then might simply walk away. Also, 90% of customers ask
for the delivery of goods at their place {the cost of delivery is just 7% of the
overall price). As we can see. the two companies have very different strategies
(in many perspectives they have opposite strategies). However, they both
are [alrly successful. How can thal be? Actually. the key idea Is that the
two companies appeal to two different segments of consumers and have two
different, value propositions. TKEA appeals mostly to yonngsters (TKEA of-
fers services such as day care for children), who can easily use technologies to
design their own kilchen, can transport and assemble furniiure on their own,
and tend to appreciate the minimalistic Seandinavian style. MO tends to ap-
peal Lo a more mature population that appreciates more traditional furniture
and services such as sales assistance, delivery, and assembly of furniture. [

Perhaps even more surprisingly, the same firm may pursue differcut operations
strafegics in space and/or time. In fact, operations may be diversified by geo-
graphic reglon, hecase alternative markets may require different approaches,
depending on customers habits and cultural factors.

Example 1.4 Buying a car [ollows different palierns on the two sides of the
Atlantic Ocean. In the USA, il is common Lo purchase a car on the spot,
after having a look at what is available at the retailer. o Europe, it is more
common to order a specific configuration, and possibly wait wecks for the
desired model. 0

The level of marked penetration and/or the potential entry of competitors may
also contribute to the definition of a strategy. Finally, time is also essential,
as a product at the beginning of its life cycle is typically not managed like an
almost obsolete one. For example, a stockout late in the life cyele of a product
is almost & desired outconue.

1.4 THE ROLE OF INVENTORIES

Much of whai [ollows in this book deals with inventorics; actually, three chap-
ters (4, 5, and 8) are devoted to Lhis topic. Keeping inventories implies a long
array of costs, including less obvious ones such as an adverse effect on qual-

ity.'® Indeed, given thal many management philosophies are based on the

1B Quality may be adversely affected becanse large amonnt of stucks typicully roguire more
material bandling, which may result on accidental damage. High inventory levels also
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idea of zere inventory, shonld we conld consider inventory managerient 4 sort
of more or less necessary evil?

Example 1.5 An intuitive consideration is thal inventory availability huas a
positive effect on owr ability 1o sabisly demand, What mav be less obvious
is Lhal zometimes 11 ix inventory ilsell that generates demamd; just think of
the alloeation of shelf space at a big retail store. Fiven less obvious. inventory
availability may be used to sense demand. Consider a large book store, Keep-
ing an inventory of all possible titles is clearly out of the question. However,
having some {itles covering some discipline may be essential to check if there
is potential demand for that kind of hook (sce case [11)). Ovherwise, lack of
inventory may imply lack of demand, which may be further motivation for
not keeping stock; a perfect vieious circle.'” Also, some companies keep de-
liberately large inventories if some staple producis to show their dominance
and as an implicit promise of product availabilily, which most cvstomers tend
0 notice. 1

The example above does not imply shat we shonld just increase stock avail-
ability. The message is that inveutory has a purpose, and thal we should
nnclerstand its role and function in order to plan its level at a facility. The
mast complex problem is arguably the deployment of stock ab the right in-
stallation of a large supply chain: on the one hand, we would like to place
stock near customers, but this may be the worst place in terms of value of
stock, as this is where we have the most added value: furthermore, stock uear
custormers has been commitied Lo a given retail region, potentially reducing
flexibility in the allocation of goods. Generally, invenlory reduetion may be
highly beneficial, provided that we eliminate the reasons for keeping it. Tn
order to understand why we might. need sows Inventory, a good starting point
i3 the classical EOQ model.

1.4.1 A classical model: Economic order quantity

Tt this section we outline a sort of urchetypal maodel for inverwory managenent.,
the Economic Order Quantity (EOQ) model. Our purpose is just o illustrate
how fixed ordering costs affeer the need for some stock as well as to lay down
sonie background which will be also used in chaprer 2. Henee, the analysis is
rather superficial, and much more deiail is given in secetion 4.2,

Cousider a distributor selling a good with a rather regular demand pattern.
Taking it Lo the limit, we consider a perfeclly constant demand over time. Lot

inply longer waiting times on the shelves, which have an impact on perishable items, In
wanulacturing, high work in process levels are associated wilh longer flow times; iF guality
is checked at the end of Lhe provess, defects will e detectad later. with a possibily significant
nerease Inoserappedd mtorial,

T hor o similar issue, relatoed Lo phase-in/ phasc-ont of prodnets, see example 3.7 on page
1.
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Fig. 1.5 Time evolution of inventory levels in the EQOQ model.

d the demand per unit time; the specilic time unit is not iImportant, provided
thal we are consistent in specifving the remaining data {e.g., if demand in
meagured in units/davin the holding cost is unit of value  say euro  per
unit, per day). The demand must be salislied from stock, and goods are
ordered [rom a supplier. A natural objective is finding an ordering stralegy
that allows the distributor to satisfy demand at minimum cost. Given that
demand is constant, it i3 also reasonable 1o agsume that the ordered quantity
is always the same. Let @ be the lol size we choose and, without loss of
generality, agsume that we start with & nnits on hand, as shown in lgure 1.5,
We will run out of stock after Q/d time units. Tdeally, we would like to get
a new lot of @ parts exactly when the inventory level drops to zero, as {his
will keep holding cost down. Such s perfeet timing is possible if everything is
certain and deterministic; Lhis means not only demand, bt also the supplier’s
delivery lead time. I[ the lead time is denoted by LT, it is casy to sce that
we should order @ whenever the inventory level'® drops (o a reorder point B
given by ithe demand over the lead time : 12 - - LT. If we repeat this cycle
over and over, the time evolution of the inventory level will be periodic. as
shown in figure 1.5, with cycles repeating every T = @Q/d time units.

Let ¢ be the unil price charged by the supplier for each unit: we assune
that whenever we order €@ units from the supplier, we pay her an armount c@.
In other words, there are no discount opportunities we might take advantage
of by ordering a larger amount. We gee Lhat € is a linearly variable cost. Tn

13T laler rhapters we will see that ordering decisions should not be simply based on on-hoand
inventory.
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the cost ¢, we could also include a variable component of the transportation
cosl. Whenever we order, it is also reagsonable to expect that a fixed cost has
Lo be paid. This may be due to a fixed commponent of the transportation cost;
or it could he a fixed ordering cost due 1o Lhe need of ssuing and tracking
the order. Whatever the case, wo denote this fxed ordering cost by A, which
docs not depend on €. To summarize, whenever we order (2, the total cost of
the order is A | o). This expression sngeests the opportunity of not ordering
too often a small amount. We have an ecotomy of scale if we order a larger
amount, beeange the fixed compotent is distributed on a bager number of
parts.

However, there are good reasons to keep Q@ to a reasonable size. L this very
strnplified setting we do not consider the risk of obsolesconee or perishability,
nor physical space lmitasions in the warchouse. But the least we shonld do
s to conmider an inventory holding cost. The simplest reason for dealing with
such a cost is the oppostunity cost of capital tied up in inventory, There are
many other factors which come into play here, but let us simply say that if
woe koep one part in inventory for & unit period, we face a cost 2. Note that
the dimensions of this unit inventory holding cost are money per part, per
unit time. T we assume that this cost depends linearly on inventory, the Lotal
holding eost. over some time period is k Limes the average inventory level.

Example 1.6 We should eniphasize that using o linear inventory holding
cost, as we will do in most of the bools, can be a rather unsatisfaciory approx-
intalion. To begin with, if we have discount opportunities, we should consider
an explicit dependence £(Q) ¢ clearty the total opportunity cost. does depencd
on the price we pay per iom, and this ereates some dependence between the
inventory holding cost and the average inventory level, which also depends
on €2, Tiven if we assime that linancial costs are more or less linear, other
lactors may have a nontinear effect. For inslance, consider a very perishable
item. whose shelf life s just one day. If we keep inventory levels low, we will
probably scll all of the available stock and no material will be serapped. Thul
entory will
have ta be occasionally disposed of. Tlence, we see thal cogt linearily may be
a debatable assumption. SUll, all of these cousiderations poiut out somae in-
centive to keep a low invoeutory lovel, mayhbe within a range such that a lincar

if wo raise inventory, under demand ineertainty, sonte leftover in

approximation is acceplable. Auyway, U demand is assumed deterinistic, a
lnited =helf Hee wonld siinply imply an upper bound on @), which is oasily
dealt with, Henee, we will stick to linear holding costs in the lollowing,. I

We see that we have two contrasting factors Lo account for in determining the
order quantity . 1o spot the hest compromise, woe should guauntify the toval
cosl per unil dlime (say, one vear) as a hinesion of the decision variable €. Since
inventory level ranges beiween 0 and Q@ according to o linear pattern, we see
that the average inventory level is /2. Henee, the holding cost companent.
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Fig. 1.6 Tuventory holding and fixed cost components in the EOQ model.
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The contribution of the lixed cost coruponent is A times the average nunher

ol orders issued per unit time. Since we have d/(Q orders per unit time, this
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Taking into account. the purchasing cost of vearly demand, Chy = ed, we have

) Ad
CLOE[Q) = Cin + Cor + ("[)u = h-g b — = ed.
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Leaving the last constant component aside, we may draw a qualitalive picture
of total cost in figure 1.6. We see that the objective [unction depends on i
linearly increasing compaonent (i, and a decreasing component Oy, displaying
an ceonomy of scale with respect to . The variable purchase cost plavs no
role really, a5 1t does not. depend on @ under our assumptions (but sce example
1.7 below). Now we may find the optimal solution by equating the fivst-order

derivative of the total cost Lo zero'™:

[oad

"= V'T' (1.1)

AL we point out in appendix B, this fivst-order condition need not be sulficient for opti-
tnlity. and we should also cheek the second-order derivative or, equivalently, show that the
total cost is a convex function of Q. See example B.3 on page 547,
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We have just derived the well-known EOQ {Ecenemic Order Quantily) lor-
mula, which is valid only under a rather long list of limiting assumplions;
nevervheless, il provides us with some useful insights. We see Lhal the EOG)
size inereases with the fixed cost A and decreageg with the inventory holding
cost . A simple caleudation yields the eptinial cost value for the optimal lot
size

Cronf€'y V2Ahd b od. {1.2)

This function shows that the tolal cost is a concave function of demand d;
in other words, there is an economy of scale with respect to the demand a
facility must fuce, and we will sce in chapter 2 what Impact this has on the
design of a logistic network.

Example 1.7 (A remark on relevant vs. drrelevant costs) Txprossion {1.2)
siggests that, unless disconnt opportunities are offered, the unit price ¢ we
puy for the stocked item is irrelevant in determaining the optimal order size.
Of course, 1t is vory relevant for the hottom line, sinee it affects profitahility,
but we should observe that some costs may be irrelevant when making certain
decisions. Actually, a closer look al the Jormula would suggest thal probably ¢
plays some role in determining b, Tndeed, a common way Lo esiimale invenlory
holding cost is to assume some opportunily cost of capital, that s a sorl of
interest rale 4, say 1A%, and sctting A - 2. Nevertheless, the last term od
in (1.2} does look constant aud irrclevant in determining Q. TTowever, this
holds only when we wann to seleet the order guantity @@ for a given supplier.
It we change the problem ax stake, things can change substantially. Suppose
that we want to select a supplier and thal Lhere are two cownpetitors, whosce
characteristics are represented by fixed and variable costs, ¢ and 4, and
co and Az, respectively, When comparing ihe two suppliers, in ters of vhe
Lotal cost as expressed In cquation (1.2), we connot overlook the last cost
terin. Hence, we see that cost elements and parameters may be irrelovant or
nol, fxed or not, and this depends on the deetsion at stake. Indecd, we can
tell whether some kind of cost is relevant firrelevant only with respecet to o
specific decision. 0

Now suppose we wish to reduce the inventory level and/or the corresponding
cost. A look at (1.1} suggests that unless we wish to reduee denand or we
san rednce inventory holding cost {which increases Q% but reduces the overall
cost}, we should reduee the fixed cost A, The fixed cost may depend on the
ordering mechanismny, the transportation cost, and possibly the selup cost. The
selup cost is, within a produciion context, a fixed charge we pay whenever we
start producing an itom, independent of how many parts we make.2 (learly,

2 should nowe that, in a manineturing context, setup cost might ot be as relevant
as the setnp thne, which redncees machine availability, When capacity is searce, we cannol
overlook interaclions among products menufaclured using a shared sei of resources, and
the EOQ madel is not well-suited to this task.
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if there is such a lxed charge, it i3 cconomnical to buy or make a suitably large
number of parts at once, and this is why inventories may be needed,

"This reasoning polnts out a first function of inventories, which is linked to
the need of adapting a relatively continuous and smooth consumption process
to a replenishment mechanism, that on the conlrary is very lumpy due to
purchase, production, or distribution lots. The invenlory we build becanse
of this issue is called cycle stock. We cannot reduce evele stock nnless we
reduce tixed charges, which create Lhe ueed [or a relatively large lots. Indeed,
a mainstay of Japanese manulacturing philosoply has been the reduction of
setup costs.

Howoever, there are other reasons to build up inventory.

L. Stock is needed to decouple supply and demand, when one of thon is
gubject to variability, and the other one iy constrained and cannot follow
such variabilily. In uhe nexi subsection we consider how transportation
or capacity constraints genorate stocks.

2. Stock is needed to hedge againsi demand uncertainty. The role of de-
maid uncertainty is dealt with later in section 1.5.

We should also mention that there are many more factors that resull in the
creation of inventories. Raw material stock is sometime created in anticipation
of unfavorable market conditions, such as increasing prices or uncerlainly in
the supply of a searee commodity. We call this speculative stock.

Morcover, it is natural to think of stock as something sitting in a warehouse,
TTowever, inventory may be moving, as is Lhe case of in-transit or pipeline
stock, I transportation takes a lew hours, in-transit inventory is actually
negligible, but il long-distance transportation by ship is nsed, we may have
a nop-negligible impact. A similar consideration applics to manufacturing
svstems: The longer the flow time, the larger the work in process. We should
tote that while evcle stock depends on the order size, average in-transit stock
only depends on average demand and the transportation delay, as illustrated
by the following example.

Example 1.8 Congider an ltalian firm importing a product from the Far
East. The product is transported by ship, which lakes one month, and the
danand is constant and cqual to 1000 pieces per manth. Tf the firm issues a
replenishment order once per month, each month 1L will issue an order for 1000
units, just when the previons one is being received. At each time instaut, there
g always a ship Lraveling wilh 1000 itemns. If the fiin orders once per vear,
the order size is 12,000 pleces, and during the month following the order (suy,
January}, there will be an in-transit stock of 12,000 items; [or the remaining
cleven months, in-transit inventory is wero, bul ils vearly average is still 1,000
ALty Way. 0

Example 1.9 Lel us considet a company from the Piedmont region thai
produces Barolo wine, Tel us assume thal the company sells 1,000 Hiers per
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year. Barolo wine needs Lo age [or al (he least three vears before i can be sold.
Two of these three yvears need to be spent i oak barrels, Given this demand
and these technological constraines, at any point in time the company has at
the very least 3,000 flers n stock. To cut this invenlory nvestnient either
woe reduce production volume, or change the tedinology in order to reduce
the three year LT (i.e., find a way to wake Barolo wine age more quickly), or
simply decide Lo produce a dilferent kind of wine.

1.4.2 Capacity-induced stack

To the EOQ model we consider a constant and perfeetly predicltable demand.
However, demand need not be constant to be perfectly predictable. In (very
few) lucky cases we may have a time-varying demand which we know, ag s
the case if we make to order with a long delivery lead time. Tdeally. we shonld
be able 1o deliver all of the items just in time, with no need for stocking end
items. As expected, ovale stock mighi be needed if there are fixed charges in
making or buying the itens. However, even if there 18 no fixed charge, we may
have to resort to stock itemns in order to better match demand with capacily.

Example 1.10 Consider an item whose demand is strongly aflected by sea-
somalily. For instance, say thal average demand is 100 per month, but tlie
actual demand is 200 in spring and smnmer, and zero in autumn and winter.
It itemg are produced by the firm, ralher than purchased from an ontside sup-
plier, thore are two extrene choices. It may size its manufacturing capacity
Lo the maxium demnand (200 units per monsh). In this case, there is no
need for inventory, but capaeity utilizarion is just 50%. At the other extreme,
it could size the capacity to 100 ilems per mwonlh, 1n this case ntilization is
100%: bul there is a considerable inventory buildup during the low-demanc
geasor. In this case we speak of seasonal stock. 0

—-

Lu fignre 1.7 we illustrate a sample time cvolution of seasonal stock when
capacity is held constant and eoual to average demand. Tt may also be the
case bhat the wismatch is notb botween constant manufacturing capacity and
tine-varving demand, but between time-varying raw material availability and
comstant, demand; Lhis is the case for many food goods, such as capoed Lloma-
toes and olive oil. Sometimes, one can try to match capacity and demand by
producing itents with opposed seagonalities. For instance, winter and summer
clothing can be produced in the sane plants, In other cases, trausporiation
capacily ig used as a butfer: Apparenily, Tor hall a year kiwi [ruil is imported
from New Zealand to ltaly, and viee versa in the other half. 2!

L o wathematioal programming model illustrated on page 542 of appondix
B. we illustrate how we might plan inventory buildup in order to mateh de-

21Tt remains to be seen whether eating kind rwelve months per vear is worth the resulting
pollution.
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Fig. 1.7 Seasonal stock buildup and depletion.

mand and manufacturing capacity. Clearly, issucs may compound with cach
other: in example B.12 on page 571, we cousider a production planning prob-
lem where hoth capacity limilations and fixed charges call for the creation
ol stock. We should emphasize that besides fixed charges in the form of a
fixed cost, we might have fixed consumption of capacity whenever we starl
procduction. If it takes a few hours to set up a machine Lo make an ilem type,
we have 1o make a fairly large lol not 1o cousume Lhe capacity with sctup
times. These fairly large lots build up some inventories. This is again a form
of cyele stock, even if the motivation is not strictly economical.

in the cxample above, we have considered production capacity, but in distri-
bution logistics siwilar considerations apply to transportation capacity. Cyole
stock may be necessary 1 transporting small orders is nol economical, but in-
venlory might also be required i the number of vehicles is limited and their
capacilies need Lo be fully utilized by full-truekload transportation.

1.5 DEALING WITH UNCERTAINTY

Lu distribution logistics there are many factors which are significantly alfected
by some lorm of uncertainly. For instance, we should extend the EQQ model
to aceount for:

s uncerbainty in demand, which may vary according 1o nol perfecily pre-
dictable pattorns;

» supplicr lead time, which is affected both by transportation time and
by possible material shortages.

Al a different decision level, when tackling a long-period problem, we may
have to face uncertainty in:
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o prices, both in the sense of prices our suppliers charge and prices we
may ask;

o exchange rates, which are relevanlt in an international conlext, on both
Lhe supply and demand side;

e changes in average demand; e.g.. demand might simply fade away he-
cange of new omerging technologies.

Uncertain factors may be different in nature. depending on the length of the
time horizon on which decisions must be made, Purthermore, different Gy pes
of nucertainty may comnpound; for instance, domand uneertainty may he the
resnlt of short-term random variations in demand level, or of more systematic
factors such as the success of a product and its markel penetraiion, which
also depends on the behavior of compelitors.

I fact, wo mnay consider different concepts of ineertainty, The prohahiiistie
concept of uncertainty, which may be modeled by random variables following
a given probability distribufion, is the wost common one. Qther paradigms
have been proposed, but we will essentially stick 1o a more familiar stalistical
framework {see chapter 5). T we kuow the relevant probability distribution,
then wo just have uncertainty in the realization of randow variables. More
often than not. propertics of random variables must be inferred from available
data, assuming they are available and relinble. In such a ease, we have some
uncerlainty as far as the probability distribution itsell, or its parameters. are
concerned.  Nevortheless, if data are awvailable. we are slill u the donain
of probability and statisties and deal with a sorl of “objective”™ unceriainly.
T extreme cases, we deal with a brand new innovative product., and past
information is sinply unavailable, or its relovance might be gquestioned. Tn
that context, we liave to deal with subjective assessrents of uncertainty (see
seclion 3,12},

Whatever the nature of nncertainty, we must come up with some way
to witigate ity effeets. Inihe next two secetions we consider two examples
tocks and proper product design.

Nustrating the role of safety

1.5.1 Setting safety stocks

We have tllustrated Aow much wo should order acceording to the EGC model,
bt we should also clarify when we should order ((or s more detailed discussion
gee seclion 51). I both demand and supplier lead time are constant, it
s casy 1o see thal we should order an anound @ whenever the inveutory
level falls below a reorder point R = o - 1T corresponding Lo the demand
during lead time. In doing so, we should consider not only tle physical {on
hand} inventory, but also arders thal we have already seut buu live not been
delivered vor, and backorders. Under deterministic assnmpiions. ems will
Le delivered exactly when on-hand inventory reaches the zero level. When
nueertainty is involved it cither demand or lead time, or hoth, i g intiitive
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that we should raise the reorder level (in most situations, for a more detailed
discussion see chapter 53). To do so rationally, we need two ingredients:

[. a description of the uncertainty of dernand during lead time:

2. a suitable definition of the quality of service we want o offor our cus-
tomers, in Lerms of our ability to meet demand ilnmediately from stock.??

The uncertainty of demand during lead time depends on how the two ba-
sic uncerlaintics, in demand per unit time and in the lead time itscl, are
compounded. A typical assumption is that it can be modeled by a random
variable ;. with normal distribution, expected valne prr, and standard
deviation o2

As far as the service quality is concerned, we will sec in chapter 5 that differ-
ent measures can be reasonably defined; we could also set np an optimization
maodel, provided we may quantify the cost of a slockout. We consider here
the simplest, not pecessarily the best, alternative, which is to set a constraint
on the probability of a stockeut. This probability, denoted by «, should be
suitably sinmall; correspondingly, we define the quantity 1 — & ag our service
level. Typical values of the gervice level could range between 90% and 99%.
We have a stockont during lead time if demand in that time span exceeds the
reorder point. K. The probability of not having a stockout is

P{iht<R}=1—-0q.

We immediately see that R is the 1 — o gquantile of a. normal distribution with
parameters ger and g.24 As shown in appendix A, calculating the quantile
of an arbitrary normat distribution boils down to finding the corresponding
quantile for a standard normal distribution. Knowing the quantile z;_, for a
standard normal variable, we set

R= Mir T Z1—afir-

The idea is illnstrated in figure L8 The shaded arca, on the right of the
quantile, corresponds Lo the stockout probability a. 1n the determinisiic case,
we simply set B - jes doing so when lead time demand is normally dis-
tributed would result in a 50% service level. Tn order 1o increase the service
level, we add a safety stock given by z1_ 7. Clearly, salely stock increases
ihe overall cost. On the average, we have an additional inveniory of 2. .o0r

2In a make-to-stock systern or retail environment, this is the Mindamental ability. In a
make-to-order, quoting a reliable lead thwe may be more relevant, whereas in asserbly-
to-order. the customer should be allowed to customize her order in an easy and flexible
Way.

23Central limit theorem may justify such an assumption in the case of consumor goods; see
page 470, This hypothesizs should be checked by a suitable statistical procedure {see section
A.9.1).

24Zec delinition A9 on page 456,
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Fig. 1.8 Calentating safoty stock based on lead-time demand uncertainty,

parts, with respect to the EOQ model; hence, if we set the order gquantity
according to the BOG model”” and we disregard variable purehasing cost, the
average total cost (1.2) becomes

V24 hd + [TRCTIN S {1.3)

We should also meution thai in this expression we are not considering stockont
costs, which will be esseniial in chapler 5. Looking at equalion (1.3}, we see
two sonrees of cost: eyele and safety slock. Selting a safely stock is, in somoe
sense, A pessive answer 10 the problem of uncertainly, we simply add some
glack resources 1o reduce the ellects of domand nneertainty, We could oy
to he proactive and prepare a sel of actions to rednee the need for a large
safety stock., Reducing salety stock, without reducing uncertainty is just not
a good oplion, unless we wanl Lo give up service gquality or ignore stockont
cosls, Tlis calls for reducing uncertainty in lead time demand, On the one
hand., lead time should be reduced; in 4 detorministic sebiing, the lead i
might. be irrelevant, hecanse In that ease we have just to anticipate the order
Liming (vet, it could be relevant in terms of in-transit inventory). In an
nncertain setling, while the average lead tiime LT does not enter explicitly
cauation (1.3}, it contributes lo increasing o, . We will see n chapter 5 Clad,
if demands duving different Lime periods are independent randon variables,
then ar, increases wilh the square ool of lead time: o, = o L1, wheie
is the standard deviation of the demand per unil time. We will also see, in
chapler 6, how demand and lead time uncertainty can be compomded.

W will see later, in chapter 5, thal this need nol be the optimal choice. W shonld

seloct Lhe two parameters @ and 7 jowtly, wod perhaps consicder an alternaiive definition
of service lovel, Laking indo aceound the siae of the stockont, and ool ouly s occurrence.
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It is tempting to believe that derand uncertainty is out of our control, and
there is nothing we can do about it. Sometimes, this is true, bt in many
cases demand uncertainly 15 nol exogenous. ln many cases we can simply
reduce demnand variability that creates uncertainty. Dewnand spikes can be
the result of unanticipated promotional sales; indeed, some large retail chaing
have decided to avoid promotional sales altogeilier, adopting an every-day low
prices (EDLP) policy. In obher cases, we may try to improve our forecast-
ing procedures in order to {partially} transform unpredictable variability into
predictable wariability. This is basically the purpose of forecasting techuigues
described n 3.

In complex systems, many other actions can be attempted Lo reduce safety
stock costs. In manofacturing svsteins, we may adont preventive maintenance
policies in order to rediee the occurrence of random machine breakdowns, and
the related need for inventory buffere. Tn a wultiechelon system. we may Lry
to hold inventories in central warchouses where demand is more aggregate and
thus more predictable, rather than at retail stores. In the next section, we
illustrate the general idea of risk pooling by exploiting common components
in asscmbling ond items.

1.5.2 A two-stage decision process: Production planning in an
assemble-to-order environment

When computing safety stocks, wo do not plan orders in advance: We pre-
scribe the structure of a policy (e.g., @ and R), and we let the systom run and
place orders when our policy suggests to do so (c.g., when we hit the reorder
point R}, In practice, the parameters are adjusted periodically. Furthermore,
cmergeney actions are carried ont when needed. All of these adjustments are
carried out when additional informalion is obtained, bul this is oulside this
formal model. The formal model is, in a senae, single-stage: We make soune
decizions and then see what happens. I some other cases, we want to inclade
in a forinal model the adjustments we might make at a later stage. In order
to do so, we must formalize the dynamics ol the decision process, wherehy de-
cisious are made and/or revised when new informarion is obtained. This may
lead to very diflicult stochastic models. We consider here a simple example
of a two-stage model.

Consider an assemble-to-order (AT system. I such a systein, we have
to make (or buy) componenis, which arc then asscmbled into some end item
we sell. Te would be nice to do everything alter we receive a custower ordoer,
but we cannot afford this luxury i the customer is not willing to wait that
much time. Tf the custowmer wants everything immediately, we have to keep a
stock of end items; this may be diffienlt or impossible when end items come
in a wide variety of configurations or when items cannot be stocked becausc
of their cost. A compromise solution is feasible when making components
requires a long lead time, but assembly is relatively fast. We can keep a stock
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of comiponents, which are made or bought before we get enstomer orders. We
assernble only ou order, i, after we collect eustomer demand.  Concrete
cxarnpies of ATO processes are the awtomotive industry, at least in Furope.
and the PC industry, where one can order a customized model and scloct
among a number of leature/options.®

Let us build o sirnple bt instrictive model along with a small numerical
exarnple, under the following assumptions:

I. First, we decide how many units of eaclt component we build, sabject
to mannfacturing capacity constraints. This firsl decision seis the tolal
production cost.

2. Afrer recoiving customer orders, we use components to assemble finishaod
goods. The assembly plan in desighed Lo maxiinize revenues: the cost
rerin in the profit function is fixed by the previons decision (if wo neglect
assernbly cost): if components are not cnough Lo meet, custorer orders,
we lose profit opportunities; if too uany components are available, they
are discarded with a possibly cousiderable loss of money.

The key point, apart from demand uncertainty, is that we have o lmdbed
time window for sales, aller which components are no use. This is a linit
assumptlion, typical of the classical newsvendor model (see seetion 5.2): in
praciice, cormponents might have sowe salvage value, or they eomld be nesed in
later time poriods. In this scetting, wo have to make two decisions in sequence,
in order 1o optimize profit. Litorally, we cannot maximize profit. because it is
a random variable deponding on onr decigions and on nncertain demand, but
We Ly maximize its expected vaine 27

Sinee the main complicating factor is demand nneertainty, one possibility is
to disregard it and just use expecled values of demand in planning production
of componenty. Another possibility is representing demand unceriainly by a
get. of scenarios. We will pursue hoth approaches and compare the decisions
we make.

To set up a small toy example, say that we own a {very) smali firm, pro-
ducing just three end itemns (A, Az, Ay), which are obtuined by asscumbling
components (¢, ¢a, 3. ¢4, ¢5). The components we use for each eud item are
described by o bill of materials, which is flat (Just two levels: end items and
cotiponents). The bill of inaierials is given in the left-hand side of table 1.1
From the bill of materials, we see thal Lhere are two comumon compobents, ¢
and ¢y, while the romaining three are specific and characterize eaciy end iten.

We gssmiime that throe resonrees (My, Mo, Ay are need for production of cow-
ponents. On the right-hand side of the table we also see Lhe il of resources,

264 posibly thore pteasing cxample is any pizzeria offering a wide array of pizzas: the pizan
is tmade on order, hut all of the components are peepared in advance,

27A nore =ophisticated approach wonld involve some consideratioms abont risk, which is
not fully caprured by the expected value.
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Table 1.1 Bill of materials for the Table 1.2 Bill of resonrees, cost of
assemble-to-order example compoenenls, awd available capacity
¢ e 03 s Ch My Ms My Cost
A1 1 1 0 0 o ] 2 | 20
A 1 1 0 1 0 e | 2 2 30
A:; i1 1 0 0 1 [ 2 2 0 10
04 1 2 ] 10
e, 3 2 0 10

Cap. 800 700 600

Table 1.3 Demand scenarios, expected value of demand, and selling price of end items

S 8 5 Fxp Demand Selling Price

A 100 A0 120 90 80
Ay a0 25 60 45 70
Ay 1000 113 60 90 90

i.e., the time required on each resource to manufacture one component. In the
table, we also give the available capacity for cach resource type, and the cost
of each component; this cost might include both direct variable production
costs and material costs, We assine that assembly is not a bottleneck, hence
ils capacily iy disregarded.

Other relevant dala concern end items, demand, and the price at which end
items are sold. They are given in table 1.3, Demand uncertainty is modeled
by a sel of three scenarios (57, Sz, S4). Tf we have inlormation about past
sales, the three scenarios may resull from the discretization of a continuous
probubility distribution (of course, more scenarios are needed in a practical
setting to approximate the distribution); alternatively, they could resull [rom
an interview with three experts. Whatlever the case, we assume that the three
scenarios arc equally likely, ie., each probability is 1/3.2® We also give the
expected vabue of demand, which is obtained by averaging the three scenarios
for cach end itera. The last cohuun displays the price al which end itoms are
sold.?? Also, note that the selling price is larger than 60, the total component

2B When discretizing continuous distributions, we might nse different probabilities to get o
better approximation: see. e.g.. [4, chapter 10] for an application of Gaussian quadrature, In
the case of [orecasts based on subjective judgment by experts, using the same probabilicies
means that we constcder three egqually reliable experts.

22 we do nol wanl Lo disregard assembly cost, we may substitute selling price by contri-
buttionn Lo profit from assebling and selling an iten; this defines the second-stage cost, as
it takes selling price and assembly cost into acconnt, bt not component costs.
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cost, for all of the three end items, but Ay looks more profitable, in a sense,
because its profit margin inclnding component, costs is 90 - 60 = 30, whereas
Az 18 the least profitable; of conrse, this reasoning may be misleading in that
it does not take inlo account resource cousutiption.™

We may tackle the problem of maximizing cxpected profit by the Lincar
Programming (I.P) techuniques deseribed in appendix 3. To build a simple
model as a starting point, we could disregard uncertainly and deal with one
scenario characterized by average demand. We gel the [ollowing model;

5 3
max — Z Chory b Z Py, {1.4)

e i=1

.1 iﬂmﬂf; = Lim, m= 1,23 (1.5}
t—1
\Z{G!J%‘ <~_: L B ],2,:’!,4,5 (I?)
i1

Uik 3’ 0.

Here, subseript ¢ refers to components, subseript § refers to end items, and
subscripl m refers Lo resource fypes. Input dara correspond to those reported
in the tables:

e the component cost O
o the selling price £ for cach end iton;

o the availabie capacity L., for each resource type {(measured in time
units);

o the resource requirenieut (processing time) T, for component i on
LOSOUTCE ¥

e the number (J;; of components ¢ going inlo an end item j {ie., the bill
of materials - BOM);

e the expeclod demand o, which s assined cortain,

The decision variables wre g, the wnnber of components of type ¢ that woe
produce, und ;. the munber of end itens of type § that are asscmbled and
sold: o be maore precise, we pretend thal we will veally sell an amount ;.
hecanse we disregard demiand nneertainty. The model aims at maximizing
profit, as expressed by Lhe objective function (L.4), subject to capacity con-
straduts (1.5). The incgnality (L.6) states that we eannot sell more than what

Mo exsunpde B on page 537,
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is demanded, whereas (1.7} says that we cannot assemble end items if the
required components are nol available, The decision variables are required to
he non-negative. In fact, for the sake of simplicity, we consider a confinuous
LI* tnodel, which allows for fractional quantities; if we insist on requiring that
produced and assembled quantities are integer, it is casy to incorporate this
requirement (see section B.6).

Solving the model. e.g., by the simplex method (sec appendix B}, we get
the following solution (rounded to two decimal digits):

I == 116.67. xg = 116.67,
@y = 26.67. a3 — 0.00, xf = 90.00,
S =96.67, oy =000, o =90.00.

In this very small example, we may easily interpret what this solution tries
to accomplish. We assemble the maximum number of ond items of type As,
which is the most profitable one; this requires in turn the production of a
corresponding number of common components ¢ and ¢y, as well as the specific
component ¢;. Since demand limit is binding for Ajg, there is some capacity
left, which is wsed to produce a limited amount of the specific component
3, which is nceded to assemble end item Ay, plus common components. End
item Ay has the lowest selling price and is disregarded, as well as s its specific
component ¢4, It should be noted that, in general, one should not take for
granted that the production of the highest profit item should be maximized;
the consumption of available resources should be taken into account as well
{sce example B.1 on page 537 for a counterexample).

In this specific case, the sohetion is guite readable, but it is a bit “extreme.”
An expert planmer would immediately see that it is a risky bet on high sales
of the most profilable ilem. The optimal profil, according to this model, is
32353.33, but this is actnally misleading. After planning production of com-
ponents, we dae not know the value of profit, but ounly its distribution {if we
accepl the validity of the demand scenarios). We cannot maximize optimal
profit; what we can do is maximizing it expecied vafue, and this requires a
more sophisticated model that takes demand scenarios into account:

5 3
max — Z Ch; + Z 7 Zl’j-y;- . (1.8)
i—=1 s=1

i1
o

st Y Lo SLm,  m=123, 1.9
i=1
yi <dj, =123 s=1203 (1.160)

M)
SGuy <y i=12,345 s=123, (1.11)
i=1

Y. = 0
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The big change in this model, wilh respect 1o the expecied demand model
[(1.4)-{1.7}], is that demand unceriaiuly is taken into account explicitly. TTere
we consider demand d for item § in seenario s, Accordingly, the quantity as-
setbled is now represented by scenario-dependent decision variables y}: this
is the amount of end itern we assemble and sell, if and when scenario s is real-
ized. Assembly decisions are not taken here and now, when we plan produc-
tiou of components, but they are confingent plans. The scenario-independent
ariables r; are first-stage variables, whercas variables y:; arc sceond-stage
variables. So now we implement the production plan {iLe., first stage deci-
sions ;) and develop a contingency plan for the asserubly operations (i.e.,
scecond stage decisions q;) Only when demand is realived we choose among
the contingency plans (y_} . -y'j- . y?).m We should careflully notice the difference
between a multiperiod model and a multistage model. We illustrate examples
of mulliperiod models in appendix B and in chapter 4. In such models, deci-
sions will be wplemented in later tiime periods, bul they are all taken now.
based on the currently available information. It is possible to revise such
decisions by solving the model again accordiug to a rolling hovizon strategy,
bur this is outside the seope of the model itself. In a multistage model, wo
do not commit Lo one specific decigion for the later stages; the decision that
will actually be implemented depends on the vealization of random variables,
and it will be fixed only when the relevant information will he available in the
fulure, Next-stage variables may also be used Lo “adjust™ previous decisions,
given current contingencies. This interpretation explains why models such as
the one above are called stochastic programming models with reconrse.

Going into details of the model above, the objective function {1.3) congists
of a first-stage (detenninistic) term accounling for the cost of components,
along with o sceond-stage tern, which is the cxpected revenue from selling
ened #tems (nol including component cost): the expecled value is computed by
sunuing Lhe revenues under the three possible decisions, tinies scenario prol-
abilitics #%. The capacily constraint (1.9) is unchanged, because it pertains
to first-stage only. The markel constraint (1.10) is now scenario-dependent,
as it consiclers the stochastic demand of. Finally, constraint (1.11) links the
two stages, stating that assembly 1 constrained by component availability,
for each end item and each scenario. Solving this model, we goet the following
solution:

a7 = 11571, x5 = 115,71,

S Notice that this holds only when the three scenarins are actually the only 1hiree possible
demand scenaring. Tn other cases, we can face a very large nnber of dilferent scenarios
{possibly an indinite number of different scenarios). In Lhis case, the three scenarios are
only meant to model demand nncertainty and make sure that lirst stage decksjons account,
for demand nneertainty, The realived demaoud might differ from all thvee seenarios. Tn this
case, once demand is realized we simply have to write a second model for assembly Jdecisions,
where we need ta meet the realized demand with s limited quaativy ol components that
was fixed througl the above model.
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of = 5286, af =286,  af = 62.86,

it =52.86,  y* =000, 4~ 62.86.
20 = 5000, 42t =286, ¢ =62.86,
7= 5286, 43 =286, 4 = 60.00.

The real outcome of the model is the set of the first-stage decision variables
z;. Observing the component production plan, we immediately see a quali-
tative dillerence with respect to the model disregarding uncertainty: Tt is less
extreme. We do notl produce a large amount of component er, because we do
not place a risky bet on high sales of 45. In fact, scenario three would prove a
digaster for the deterministic solution: In that scenario, sales are lower for Aa,
but we eonld not react becanse we do not have enough specific components for
the other end items. This also implies thal many specific components®? would
be thrown away (according to our assumptions concerning the limited time
window for sales and the lack of any salvage value of unused components).
The stochastic model, instead, increases production of specific component cs,
which is needed to support assembly and sales of Ay; even a small amount of
component ¢y is produced, in ordey to support the least profitable end item
Ay, whicli Lielps in using common components when sales are low for other
end iterns. While there is a big difference in terms of specific components,
we see that as far as common components are concerned, the solutions of the
deterministic and the stochastic solutions are essentially the same. There is
# good reason for this, as common components are a [lexible resource, which
ean be exploited to support different end items. Morcover, the demand for
common components is the sum of the individual deinands for the end items,
and by agegregating demand we often reduce uncertainty. Indeed, this risk
poeling efleel s what we try to cxploit in assemble-to-order systers. In chap-
ter 6 we will see that the same mechanism is exploited in the management of
distribution networks. Howoever, it is also important 1o note that when end
item demands are strongly correlated. the risk pooling effect is considerahly
reduced. In such a case, we should expect that even the produced quantitios
of common components dilfer in the delenninistic and the stochastic model.
Ancther relevapt [actor Is capacity: If this is so tight that we may sell what-
aever we are able to produce, a simple deterministic model conld be a viable
option.

But how do the two solutions compare in terms of profit? The objective
fanction from the solution of the second model is 2885.71; apparently, ihe
stochastic solution is worse than the deterministic solution, whose objective
value was 3233.33. But this comparison makes no sense. We are actually
comparing two different situations rather than two different solutions. The
ahbove finding simply proves thal we would rather face a cortain demand rather
than an uncertain one. The objective function of the first model is neither

#2Tn the more general case even common components conld be thrown away.
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the true profit, which is uncertain, nor its cxpected value. It would be the
optimal profit, if wo knew that the average demand scenario is what will
be realized. Tn the first model |1.4)-(1.7)] we pretend to know the end item
demand, and we get the illusion of higher protits. In order to compure the two
solutions, we should fix the production plans for components suggested by the
two models, and then we should solve a set of second-siage problems, where wo
optimize assembly of end ilems subject to comnponent availability, for different
demand scenarios. More [ormally, given a set of Orst-stage variables x7 for
componenls, we should solve the following second-stage {recourse} problem
for each scemario s:

3
R (x") = max Z}’jyj..
i

u; =0,

where 2%(x*) 1s the optimal revenie we collect under scenario s, given the
first-stage solution x*, and making optimal use of available components to
moet demand. The first-stage solution can come from solving a stochastic or
an expected-value model: whalever the case, its expected revenue is

Z TR (x").

Expected profit for an arbitrary solution can be obiaiued by subtracting its
3 To evaluate the
deterministic solution, we should plug it in this model; in case of scenario 5y,

the optimal assembly and sales plan is

first-stage cost from s second-stage oxpocted rovenue.

yi=2667, =000, 3 =90.00,

and the sawe holds lor Sa. The bad news s that if scenario S; ovours, wo are
in irouble, because the high-risk solulion docs not fit demand very well, The
oplimnal assembly and sales plan would be

gy - 2667, yh - 0.00, gyl . 60.00.

This ig a pretty bad scenario with low sales and corresponding low profit.
We must compite revenie for cach seenario, nmltiply it by its probabhility,

FWe are cvaluating expected profit in-semple, e, by nuing the same sof of seenarios which
are used in the stochastic model; we could nse a muach larger set of ont-of-sample scenarios
to gel o mere reliable estirate, The polnl s that solviug o firge aumber of sall LP
problems may Lake less CTPU thme than salving one large stochastic TP model.
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sum evervthing to get the expected value, and subtract the component cost
from the first stage. Doing so, we may see thal the cxpected profit from
the deterministic solution (2333.33) is much lower than what the objective
function of the deterministic model [(1.4) (1.7)] predicis (3233.33), based on
one average-case scenario.  The percentage improvement of the stochastic
solution with respect to the deterministic one is

2885.71 - 233333 .,
T —— _567%
2343.34

Clearly, wo eannot extrapolate general resulls {rom a small toy example.
Indeed, the advantage of using a stochastic model is striking here. because
specillc components have a large impact. ln a case featuring a lot more com-
ponent comnonality, the resalt would be less impressive. Furthermore, we
have assumed that nnused components are scrapped, which need not be the
case, They could have some salvage value, and we could have a multistage
problem so that they can be used in later stages. Nevertheless, the example
is quile instructive in pointing ont:

s the difference between decision stages and firme periods,

s the role ol risk pooling.

In this case, risk pooling is obtained by using common components and by
deferring assembly decisions. To further Hlustrate the value of deferring de-
cisions in a more specilic distribution setting, some fashion retail chains send
ouly a part of the items to retail stores at the beginning of a season; at a later
stage, after observing sales at cach retail store, the residual stock is sent down-
stresn. Also in this case, the first decision, i.e., the purchase of items from
suppliers, is often constrained by a budget assigned to each buyer in charge
of a specific marketl segment. Uhe sccond decision, inventory allocation, can
be wade by a different type of professional called planner.

A last important. congideration, which applics to all models we describe in
this book o deal with demand uncertainty, is that we have considered the
maximization of expected profit as a suitable objective. We do not consider
profit variability across scenarios, or what happens in extremely bad scenarios
{the averuge smoothes onf single outcomes). This makes sense if we may
repeat the game over and over (for various items or over multiple periods),
s0 that what really matters is the average profit in the long . However, in
the short run we may take too many chances: If a single bad decision eanmot
be recovered, because we immediately go out of business, or get fired, a more
careful approach should be taken to fully account for risks. An allernative
view, for economically minded resders, is that considering expected profit
is equivalent Lo assuming a risk-nentral attitude; risk-averse decision makers
should consider different objective functions.
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1.5.3 Inventory deployment

The previous seetion serves well to iltustrate the role of commonality in order
to reduce the impact of uncertainty. Comimon components mitigate uncer-
Laduty by providing flexibility and by allowing postponement of eritical de-
cisions., This is just one instance of the more general risk pooling concepts
which are widely used in distribution logistics. When woe consider an arbores-
cenl, telwork like the one in lgure 1.3, we should decide if and how much
safety stock we should place al each node. We will see in scetion 2.1.1 that
placing safety slocks upstream may rechice their aggregate level.?? On the
other hand, we should he careful to ensure suitable cusiomer service, which
would require loeating stock downstrean. We see that the inventory deploy-
ment decision is by no way trivial, and as usnal there is no ready answer [or
all possible circumstances. As the following example shows, creative {hinking
may he required in peculiar cases.

Example 1.11 Consider the problem faced by a mamnfacturer of very ex-
pensive spare parts for some industrial equipment®?; the manufacturer itself.
or a firm providing maintenance services in its place, signs a contracl requir-
ing immediate replacement of faulty parts, say within a few hours. Where
should spare parts be loeated, and how many of them are required? The sec-
ond guestion requires possibly nontrivial probabilistic modeling, As far ag the
first. question is concerned, allocating oue part to each customer would cor-
tainly ensure satisfactory custorner service, but it would he extremely costly,
One alternalive could be to place some stock aw a facility which is more or
less localed in a barycenlric position with respeet to customers. [Towever, if
a enstomer 1s far, we should probably arrange for very fast transportation,
mayhe by air. With very fast transporlation, the exuct localion of stock may
be irrelevant. ITence, we could even consider placing spare parts at somoe cus-
tower location, reserving the right to colleet the part for fast shipment to
another custower in need of a spare part. This wonld save some warchouse
cost, bub it reguires o shifl in the paradigm preseribing that the owner of
stock Is the owner of the location where the inventory is placed. The spare
part changes owner only when it is monnted on a machine. 0

The exantple illustrates a simple case of a more general strategy called Ven-
dor Managed Inventory, which is later illustrated in example 1.12 on page
41. For reasons that will be laler explained in chapters 6 and 7. it may be
advantageons to have only one authority in charge of inventory mauagement.,
sinee the interactions of different decision makers having limited inforimation,
and typically misaligrned incentives. may generate unwanied spikes in dentand,
this phencorenon i3 known as the bullwhip {or Forvester] effect. In fact, it

Meee secrion 2.1.1.
Wea [&], page 611,
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s important to keep in mind that managing o complex supply chain is not
just a technical challenge, as human factors and different points of view may
exacerbate difficulties (see chapter 7).

The possibility of pestponing inventory allocation decisions and cxploiting
risk pooling depends on product design Loo. The supply chain of HP DeskJet
printers was successfully reorganized by changing the assembly process.®® in
such a way to delay differentiation of products (c.g., according to destination
country). For example, they asscmble the printer with instruction manuals,
eables, and plugs at the warchouse, rather than at the produclion site. This
may resull int an increase in the direct product cost, but the analysis must be
carried out on a global level, taking into account the shorter and shorter life
cycle of products, whose obsolescence may be very fast (indeed, this is the case
in conswmers’ electronics). While this assembly process might add a few cents
to the direet production cost, customizing products in the central warehouse
might cul inventory investinent and obsolescence cost by willions of euros.
Generally, demand [orecasting is easier whenever we may aggregate items by
[amily. Consider clothing, which may differ in model, size, and color. Tf we
may postpone dyeing items, in order to gain more reliable information about
demand, considerable savings may be obtained. Indeed, a well-known case in
this vein is Benetton, where cutting and dying operalions were swapped in
order to case forecasting.>7

1.6 PHYSICAL FLOWS AND TRANSPORTATION

n section 1.2 we have considered a network as a physical arrangement of facil-
ities. An esseniial feature of any supply chain is the scleetion of a transporta-
tion strategy and the management of physical fows, inbound and outhound
from any node, Large organizations manage transportation by themselves,
whereas in other cases this activity is outsourced; in general, we should de-
cide between alternatives such as rail, ship, air, or trucks.

Restricting cur attention Lo road transportation, we may arrange point-
to-point transportation or route a vehicle to serve multiple destinations. For
instunce, reforring to figure 1.3, we may have one vehicle for cach link from
node 3 to nodes 6,7, and 8; alternatively, the same vehicle may visil Lthe threc
rerall stores sequentially. A decision problem that may occur in the first case
is the delermination of & suitable transportation frequency; in section 2.1.2
we show that a simplified version of the problem, accounting for fixed and
inveniory holding costs, closely resembles the ROQ model. Tn the second
case, we should find a suitable assignment of customers to vehicles, and a

38 This case study is described, e, in [10].
780 8. Signorelli, J.1.. Heskett. Benetlon (A). Harvard University Business School Cage,
1934,
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customer sequenee for cach vehiele, in order to optimize a given perfornance
measure; sich a problom, known as the Vehicle Routing Problens. s deali
with in chaprter 8.

When operaling our own vehicles, we may try to utilize their capacity at
best, according to a full fruckload strategy (e.g., sce the ease 7). Sometimes,
the need Tor fast delivery requires less-than-truckiond (LTL} transportation.
For insiance, [asl mail couriers typically cannot easily exploit full transporta-
tion eapacity (trucks and aircrafts), and they try to aggregale lows by proper
design of the transportation network. In the LTL ease, wo may also consider
the nse of ihird-party transportation, leaving to our business partner the sask
of ageregating flows in order to bettor exploit eapacily.

1.7 INFCRMATION FLOWS AND DECISION RIGHTS

Iy fgures 1.1, 1.2, and 1.2 we have illustrated the {low of goods, but the
inlormation ow is just as Important. I principle, information pertaining Lo
the whole supply chain can be eollected and managed by o unigue decision
maker. This centralized manager, showld be able to come up with globally
optimal decisions. Information Technology {1T) might make all of this a
concrete possibility, but there may he unsurmountable difficulties. To begin
with, an all-encompassing decision model may be way too dithenlt to solve.
A nastier diffienlty is the reliability of information. All large retail stores
nse point-of-sale data acquisition, and we should be able to know exactly how
much stock is available and where, for cach itemn. In practice, such information
need not be 100Y reliable hecause of errors, theft, wrong deliveries on the part
of suppliers, wisplaced invenlory, exceedoed shell-lile, damage due to malerial
handling, cte. :

Iiven leaving the above difficultics agide, there arve deeper difficultics with
a fully ceniralized decision-making archileciure:

o Actors in the supply chain may be unwilling to share jnformation.

® Actors in the supply chain may be unwilling to relinquish decision rights
to others.

Example 1.12 The Vendor Managed Inventory {VMI] approach is a
goad cage to illustrate difficulties in information sharing and allocarion of de-
cision rights. Cousider a supplier, who delivers goods to independently owned
retall stores. Point of Sales (POS}) information can easily be collected and sent
Lo the supplier, who could plan inventory aceordingly. By the same token,
relatlers should send timely information Lo the supplier in ease of planned
promotions; otherwise, nunpredicted demand spikes inay have both immediate
consequences, such as stockouis, and long Lerm ones, such as loss of customery
to competitors, wlich further contribute to the difficulty in forecasiing de-
mand an planning invenwory. In lface, a retailer who reccives arediced anonunt
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of stock, because of a shortage, may be tempted to order more than needed
cduring the next replenishment cycles, in anticipation of rationing strategies
on the part of the supplier. Bat if all of the dananded items are evensually
delivered, a low-demand period will [ollow because the retailer must gel rid
of excessive stock. This contributes to an increase in demand volatility along
the supply chain, as well as to an overall fecling of partner unreliability. These
and other reasons contribute to the generation of the so-called bullwhip ef-
fect, which has beeu well-known since the 1960s (see section 6.3). One way
to overcome this issue would be Lo centralize demand informaltion {rom POSs,
which can be collected by the supplier. While technically possible, this soln-
tion may be thwarted by retailers feeling that the supplier could share this
information with their competitors. An even more radical approach is based
on the idea that the supplier is not only the collector of all information in the
supply chain, but also the only actor in charge of managing stocks. Tn VMI,
goods are stocked at retall stores, but they are managed by the supplier and
change owner only when goods are placed on the shelves. A very well-known
ease in this vein is Barilla,?® u firm that had to work very hard to persuade
retailers to adopt such a policy and give up authority on inventory. a

A general issue raised by VMI is: Assuming that a (maybe partially} cen-
tralized policy reduces the overall costs, who is going to enjoy the benefit?
More generally, il multiple actors (ditferent. firms, or separate branches within
the same firm) control different managerial levers along the supply chain, is
there any guarantec that the overall strategy is optimal? There is no casy
and general answer to such very delicate issues. In chapter 7 we clarify the
relaled issues and outline the design of incentives to improve overall perfor-
mance. Given the complexity of the involved issues, that chapter has more of
a conceptual than operational nature,

1.8 TIME HORIZONS AND HIERARCHICAL LEVELS

In distribution logistics we have to tackle quite difforent problemns in terms of
time horizon, involved uncertainty, and impact of the decisions we make, De-
signing a new network of warchouse facilities, to be operated during the next
few voars, and organizing vchicle routes for the delivery of the next day are
clearly two extreme examples of problems pertaining to dilferent hierarchical
Tewels.

& At the highest hierarchical we have strategic problems. The time hori-
zon may be years or months. The longer the time horizon, the higher
the level of uncertainty, which calls for suitable forecasting procedures

HBee )L Hammond. Barilla SpA (A). Harvard University Business School Case, 1904
Alternatively, the case is described in [15.
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Fig. 1.9 Graphical Wustration of the location problem i example 1.13.

ane scenario analysis. Decisions made at ke siratogic lovel, such as
warchouse capacity, will play the role of constraints at lower levels in
the hierarchy.

e At an intermediate level we have tactical problems. Here, resonree
availability is usually lixed, but the time horizon (say, weeks) is long
cnotigh to require some form of forccasting. An example of tactical
problem is the selection of an inventory wanagement policy: changing
such a decision is definitely casier than redesigning the structure of a
distribution network.

» At an operational level, we have day-lo-day decisions, where uncer-
tainty is negligible, and we have to react io incoming infornnation in a
very short time span.

It is worth noting that the division between the three levels is not sharp at
all. Third-party providers of logistic services allow us to enlarge warchouse
space without building any new facility, and this makes the boundary between
strategic and taclical problems less clear.

Furthermore, the hicrarchical levels are interdependent. Of course higher-
level decisions constrain lower-level management, but the link is two-way.
IMierarchical decomposition is nceded to tackle otherwise intractable problems,
but when making a strategic decigion we must somehow anticipate the effects
on the tactical and operational levels. This must be done by some maodel
simplification. resuluing in a sort of “anticipation” lunclion. We will gee a few
examples in the next chapter, but the next example illustrates how different
decigions cannot always be taken disregarding their interactions.

Example 1.13 Consider a network consisting of three retail stores, located
ot the vertices of an equilaleral triangle, as illusiraled in figure 1.9 The
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position of nodes 1, 2, and 3 iz given, and we should locate a distribution
node {or a production plant) in such a way that the Lotal transportation cost
from the distribution Lo the retail stores is minimized. Asswuning that the
demand on the three retall stores is the same, an intuitive solution would be
placing the distribution center in the baryvcenier of the triangle (node 0 in
the figure; the resulting vehicle routes are drawn as dotted lines). However,
this depends oo the trangporiation mode. If demand is large with respecet to
vehicle capacilies and we transport poinl-lto-point, this solution is reasonable.
However, if demand is low and distances are not too large, it could be much
better to vigit nodes 1, 2, and 3 in sequence with the same vehicle, In such
a case, we conld place the required node at the same location of any rewail
poinl on the perimeter and, in case it saves us some money, we can consider Lo
place it in one of the three vertexes of the triangle (stores). Of eourse, a real-
life problern should also account for fixed cost emnponents in transportation,
enviroumental issues, item perishability, ete. 0

We close this section by stressing again the findamental difference between
time periods and decision stages (sce section 1.5.2). In a long-term decisions,
we may prepare plans which are implemented in suceessive time periods. Thig
may result in dynamic problems. If the decisions are made here-and-now and
are not changed later, we to hawve a multiperiod decision problem, but it is a
single-stage one. We typically reserve the term “mullistage”™ for problems in
which future dedisions are adapted as a function of additional information we
gather and of the progressive resolution of uncertainty.

1.9 DECISION APPROACHES

Supply chain management strategles way differ according to priorities in ol
jectives, informalion availability, and strategy of the firm (see section 1.3).
There is wide array of possibilities, and confusion is sometimes added by
ambiguous use of buzzwords, such as push vs. pull systems. Indeed, the
mamifacturing Hterature has largely contributed to this state of the malier,
hecanse of the confusion among different hierarchical levels, such as demand
management. (also known as master production schedule in a production en-
vironment) and shop-floor control.
The following classification criterion is suggested in [13, chapter 5):

In a push-based supply chain ... production decisions are bazed on long-

term forecasts. (..} In o pull-based supply chain ... production is

demand driven ... rather then. forecost {driven).
We may also substitute “purchasing” or “distribution”™ for “production,™ to
make the definition more general. So the difference between a push and a pull
strategy is the following:

o In a pull system, purchasing, production, or distribution orders are
based on the consumption of a good in the downstreamn operation. For
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example, i a mannfacturing environment, the production of a com-
ponent might he triggered by the consumption of thal component al
an assembly plant. In a distribution environment, the distribution of a
case-pack of canned tomatoes is triggercd by the consumption of canned
Lomatoes at the stores, These policies are somnehow based on minimem
inventory levels and once they are reached the upstream stages start
purchasing, producing or distributing Lhe products.

o In a push system. purchasing, production, or distribution are based on
a plan. which is based on a foreeast of a fatnre demand. For example,
in a production environmen! we mighi decide to produce a component
because our assetnbly plan for next weck foresces the need for sach a
part. Also, in a distribution environment we might distribute a laree
quantity of a given product, because we foresee a peak in demand due
to a promotion.

To be fair we shall say that somehow pull sirategies are based on some sort
of forecast as well, Indeed, while materials consumption triggers purchase.
prodiction, or distribution orders, these are governed by parameters thal are
based on some sort of forecast.

Example 1.14 Now, let us consider a simple EOQ-based policy, where a
replenishment order is issued when we reach the reorder poinl. Is this & pull
policy? From o certain point of view, it certainly is: We issue an order when
inventory is pulled. However, some forecasting procedure is arguably used in
sotting the policy parameiers, which depend on the expecled value of demand
and its standard deviation, We see Lthal even a simple pull approach is based
on a mix of demand forecast and materials consumption. The parameters arc
based on some sort of forecasi. while the replenishiment orders are triggered
by actual demand and materials’ consumption, 0

Example 1.15 Kanban production control can give us another good exam-
ple of a pull system. Kanbans are a means Lo conlrol production at the shop
floor level; they were invented in Japaun and made famous by Tovoia. Kan-
bang are basically a permission Lo start the production. Uhese “permissions”
ta produce are released only when the components are acinally consnmed.
So they are a very eflective means to control the inventory level. H we only
have permissions for 100 units (say we have 100 kanbans and cach gives the
permission Lo produce one unit), we never have wore than 100 units of the
component. at stake. When a unit of the component is conswned in the agsem-
bly operation, we release Lhe permigsion to produce one unit. On the other
hand the manufacturing stage attaches one kanban to each unit manunfactured.
Therefore, while the consiunption of the compaonent releases “permissions™ Lo
produce, production cousmnes them. This process makes sure that the inven-
Lotieg of compotents do not get oul of control. since the manufacturing stage
an produce one nnit if and only if one unit has been consumaed. This makes



46 SUPPLY CHAIN MANAGEMENT

the kanban production control the gold-standard for pull systoins, However,
one could wonder why we decided to have 100 kanbans rather than just 507
On the other hand, one mighi wonder whether 100 kanbans are enough? Ac-
tualiy, these decisions may be made by simple rules of thumb, simulation
models, or even complex algorithms that lie outside the scope of this book
that focuses on logistics. Howoever, one can intuitively understand that the
number of kanbans depends on the rate of consumption of the components,
which in turn depends on the expected future demand for the finished good.
Another relevant [actor is uncertainty, which provides us with an incentive to
raise the mumber of kanhans in order to add some safety stock. 0

Quite often, “pull” is associated with a good and efficient policy, whereas
“push” i associated with obsolete practice.  Actually, in some contexts the
pull stratesy might perform very poorly whereas the push stralegy might be
very effective.

Also, there is nothing like a pure strategy, as rcal-lifc approaches are typ-
ically hybrid mixiures, and these terms should he associated to features of a
solution approach, rather than to a specific choice. 5o the koy issue is not
choosing between one strategy and the other. We rather have to find the right
blend at the various levels, as the two examples below show.

Example 1.16 For example, in many supply chains, wo develop long-medinm
torn plans to allocate resources, plan shifts, give supplicrs advance notice of
expected changes in demand, ete. For example, a company might sigh a con-
tract for the supply of 10,000 cans of Coke a month, based on the expected
demand over the next 3 months. Nevertheless, the actual delivery-orders
might be driven by the actual consumption of Coke at the stores; for exam-
ple, stores might reorder a pallet of Coke when the inventory level of Coke
drops below a given threshold. So we have a long term push strategy, wherehy
we commil to the overall quantity based on some sort of forecast of future
demand. On the olther hand, the short term replenishment process is driven
by the consumption of Coke at the stores and thus can be considered to be
pull. As we can see; push and pull are leatures of the solulion rather than
contrasting alternatives. 0

Example 1.17 In a production environment we might have a master pro-
duction schedule (that is the plan for production of the finished good} where
we plan the production quantities over time, according to current inventory
levels, future demand {either a demand lorecast or Orm orders or a mix of the
Lwo), setup cosls, etc, Thisis actually a plan at the finished good level. So one
would be led to think that companics that nse the Master Production Sched-
ule use a push strategy. Actually, at the shop Hoor level the replenishment of
components to be assembled might be driven by their consumption and thus
might fall under the “pull wmbrella.” The assembly of Aunished products is
based on a schedule, whereas (some) components are produced and replen-
ished as they are consumed by asscrbly operations. This example too shows
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that the push awd the pull logics ean coexist and very often are used by the
BINE COLILPAILY. i

A seeond recurring theme in operations is the Make-to-Stock/Make-Lo-
Order dilenuna, First we should realize that Make-to-Order is not a syn-
onyt of pull syvstem and Make-to-Stock iy not a synonym of push system.
An example will. hopelully, make the point clear.

Example 1.18 Lot us go back to the car indnustry (see example 1.4). Both
in the USA and in Furope the replenishient and production of components is
based on a pull strategy, at the least in the shorl run as the kanban production
control has become a sorl of standard in this industry. Nevertheless, in the
USA most cars are made to stock, while in Kurope they are made to order.
This clearly shows thal push or pull can be associated with either Make-to-
atack or Make-to-Orxder. 0

When one thinks carefully about it, the issue is actually fairly simple,
The flow of components to the assembly line can be based on a pull or a
push sirategy, hut the fact is thal bolh strategies simply disregard whether
a specific customer (say Mr. Brandimarte) is waiting for the hlue car, with
leather seats, and air conditioning. or the car is simply orderved by a retailer (or
a commercial unit) that hopes to sell it sooner or later Lo a generic consumer.

Also, Make-to-8tock and Make-Lo-Order are not actually contrasting alter-
natives, but they should rather be considered as [eatures of o strategy, and
can he combined to design a reasonable solulion. For exarmple, in most good
restaurants dishes are prepared to order, while raw materials are purchased to
stock. Things are fairly eagy for standard raw materials with a long shelf life
such as flour or potatoes. Things are more tricky for very specific and short
shelf life produets sneh as mnllets (a specific kind of fish that is used {or very
gpecific recipes). They are bought if and when we expect thal on the same
day {or the next day) a customer will agk for a very specilic recipe.

Moreover, the assoinble-to-order exeanple of scetion 1.5.2 suggests the pos-
sibility of integrating different strategics. Components may be produced (or
purchased) based on forecasts, whereas final assembly is made only when a
customeoer order is received. As we pointed oul, Uhis is 4 necessary arrange-
ment when the delivery lead time aceepted by the customer is sinaller than
the overall lead time for producing the end iem, but it is impossible Lo stock
end ilewns, because of their cost or their variety. We see that there is an order
deconpling point®® which separutes subsystoms governed by different. policies.
Finally, it is also worth noting thal quite different approaches may be adopted
within the same firm, depending on specific itews (in terms of value, perisha-
hility, ete.) and customers.

WSometimes, the term “push pull boundary™ is used in manufacturing.
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Example 1.19 Cousider for example a marufacturer of top-end watches.
The basic models {maybe still worth a few thousand euros) are available at
the stores. On the contrary, unique ttems such as top grand-complication
items (that is items with an extremely complex mechanical movement that
can account for lunar phases ete.) are wade to customner order as demand is
g0 sparse that it makes no sense to carry them over. Also these extremely
expensive ilems are only bought by collectors that scem to enjoy the time
they have to wait, as il testifies the product is really hard to make and is
specilically made for them. I

1.10 QUANTITATIVE MODELS AND METHODS

I this book we use quantisative models and methods extensively. Applying
a quantitalive approach means setting up a mathematical model and solving
it by some appropriate method. The quantilative fealure could be associated
to some “scientific” or “objective” virtue, but this is & somewhat reductionist
approach. As the saying goes, there is no such a thing like an exact model:
All models are wrong, but some are ugeful. This is why modeling has been
defined as the art of selectively simplifving reality. Choosing the right degree
of simplification is indeed an art, which is subject to often contrasting views
depending on personal taste and opinion. Since building and solving a model
is done with some purpose in mind, different stakeholders may have guite
different ideas about the right modeling approach. Whatever the case, there
are many reasons making simplification necessary:

o Computalional tractubility: As we point out in appendix B, some op-
tinization models may be hard to solve, and we must give up somoe
modeling detail and/or resort 1o suboptimal soluiion methods.

¢ Uncertainty: Tn principle, we may use the machinery of probability the-
ory and statistics {see appendix A} to reprosent uncertainty, but sowe-
times lack of data. or diflicully in the model, provents an exact repre-
sentation. We should also keep in mind that not all of the uncertaintics
can be formalized within the framework of probahility theory.

o Complex dynamics may prevenl elegant analvtical modeling,

o There are oflen conflicting points of view, which cannot be analyzed
objeclively on a purely gquantitative basis.

There are two wide classes of quantitative models:

1. Prescriptive models. Typical examples are optimizalion models, which
arc formulated with the aim of getling a decision divectiy. Tn principle,
decision-making could be automated by gathering dala, inslantiating a
mathematical programming model, and solving it by one of the many
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commercial solvers. o practice, preseriptive madels should just be nsed
ag a decision support ool

[

. Descriptive models. Unlike presceriptive models, modeling tools within
this closs do now alm at generating a decision. They just try to capture
relationships between variables, shedding some light on key features of
the problem at hand, which is then used by the decision waker.

While we will illustrale many quantilative models, we should cmphasize that
usclul deseriptive models may also be gualitasive: their role is rationalizing a
bustitess process and reaching a common wrderstanding, which is not to be
tuken for granted iu large organizations or in coutexts involving several firmy
with differenl views and incenlives.

The descriptive models we cousider in this book are mainly aimed at pre-
dicting someihing. Prominent examples that we will consider are time-series-
baged [orecasling and regression models (see chapter 3]0 We might also con-
sider performmnce evaluaiion wodels. The idea is predicting the performance
of a real system, for a certain configuration and for a given sctting of sowmc
parameters governing decision rules. Lo make this point a bit wore conerete,
let us denote by f{&: w) a performance measure depending on a sct of decision
variables 8, which are under our control, and a set of random variahles, which
are: beyond our control; the dependence on random events is expressed by w.
A perforinauce evalualion model alms at estimating the expecied value of the
selected performance moeasure:

{8y = B, [f(8;w))].
Perlonuance evaluation models may further split into two subelasses:
1. Analvtical models.
2. Shnulasion models,

Analvtical models typically require some simplification. We will see somc ex-
amples in chapler b wheu deriving approximations of expected cost ax a hine-
tion of inventory wanagement policies inder uneertainty. Analytical models
ire ihis domain may require sowe simphifyving assumptions: for instance, we
will assume that backordering is possible, i.c.. customers are pakieni. Tt il
customers are not neccssarily willing to wait, demared can be lost, making
modeling harder. Simulation models, on the conlrary, are extremely flexible
and powertul, at least in principle: however, they vequire much effort in data
athering, and maybe in solusion time, and require a working knowledge of
veneral-purpose programming langnages or more specific shinulation cnviron-
ments, While In olher engineoring-related problems we need conthimous-time
simulalion models, in supply chain modeling we need diserede-evend simula-
tion models, By “discrete-event”™ we mean that the svstem state changes in
correspondence with specific evenis: For instance, the inventory level changes
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abruptly when a supplier delivers an order, or when a customer asks for some
material. Uncertainties are modeled by pseudo-random number gencrators,
i.e., algorithins able Lo emulate random phenomena, such as customer demand.
The simulation program includes event managemeni and decision rules which
allow ns to cnulate the tine evolution of quantities of interest and to csti-
mate required performance measures given the set of parameters 8. There
are graphical deseription languages, which may make the modeling task casy
in simple cases, as they require assembling and linking standard blocks with
a graphical editor; still, nontrivial thinking may be required to fit a complex
gvstem within the bounds of the selected simulation environment.

Becanse of thede reasons, we do not deal with simulalion modeling in the
book, but we want o point out that, as usual, we should not draw a very
{hick line separaling prescriplive and descriplive models. For instance, many
revenie management. and dynamic pricing strategies use regression modeling
{e.g., to capture the link hetween price and demand}, as well as modern op-
timization software tools. urthermore, modem simutation environmentis are
integrated with optimization solvers able to manage simulation experiments
in order Lo automatically search for the best setting ol parameters with ro-
spect to a specilied cost or profit function. Since there is randomness in any
supply chain, we actually want to optimize (say, maximize} the erpected value
of some performance measure:

max H(@)

-0

where © is the feasible set for the controlled parameters 8. The expected
aalue ig, when random variables arve continuously distributed, a possibly high-
dimensional integral. Then, we must resort to some sampling mechanisn,
yvielding an approximation I7(0) &= E,[f(#;w)]. For simple systems, we may
get an analytical approximation, which is suitable for optimization by mathe-
matical prograinming, as we have seen in the stochastic oplimization example
of section 1.5.2. When simulation is needed, we have to resort to different
optimization approaches, Typically, comumercial software relics on some form
of evolutionary computing able Lo deal bolh with noisy estimates of the por-
formance measure and with usually nonconvex optimization problems.

1.11 FOR FURTHER READING

# T this book we will deal with problems which lic at the boundary be-
tween distribution logistics and production plauning. An excellent book
on manufacturing systemns, including production planning and control,
is [3].

» An excellent text covering supply chain management with a wider scope
{and, necessarily, sometimes a more shallow level} is [5]. Among other
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things. the reader will find there some treatment of revenue management
and clectronic comnerce. For a text very rich in references to practical
cases, see also [13).

o We deal with distribution logistics from an operalions menagement por-

apective. but we showld keep in mind that this dimension wust be linked
to a financial perspective; models Inteerating the two sides of the coin
are iHustrated iu [12).

* We have pointed out that there ix no best supply chain management

approach; the strategy must be adapred to Lhe specific firm and markel
at had, a point which is very well llnstrated in 6].

¢ Readers interested in discrete-event simulation will find [9] very cow-

prehensive and readable.

s A lutorial Introduction to stochastic programming models in manufac-

turing can be found in [1]. For a comprehensive imroduction to hoth
models and solution methods, sce, c.g., [3).
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