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ABSTRACT:

This paper seeks to better understand how duplicaters may dynamically influence the general
performance in a single-manufacturer multi-distitmusupply chain. We analyze a system where
manufacturer sells her products through two disitdys and the distributors sell the products to
final customers. If a distributor is not able totisey his final customer demand, the unsatisfied
demand will be backlogged and the customer wib @lice the order to the other distributor with
certain probability. When the customer demand tisBad by any of the distributors, the customer
will cancel the duplicated order to the other distitor. Finally, when final customer demand
exceeds available distributors supply, distributoften hedge against shortages by inflating orders
to the manufacturers.

Our results allow us to characterize the supply inhgerformance according to different
probabilities to duplicate orders, different timés build manufacturer’s capacity and the well-
known anchoring and adjustment heuristic to modgributor orders and manufacturer capacity
investment.
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1. INTRODUCTION

Distributor order amplification often takes placdiem supply shortages — due to insufficient
production capacity, uncertain production yieldssapply chain glitches — lead to fierce distrilsuto
competition. The resulting distributor order amiphtion can lead to problems such as excessive



manufacturer capital investment, inventory glutsy tapacity utilization, and poor service, among
others (Armony and Plambeck, 2005; Goncalves, 2D88;et al., 1997a; Sterman, 2000). Lee et al.
(1997a, 1997b) characterize the mechanisms leatdindistributor order amplification. Under
scarce supply, the manufacturer rations the allmeadf available supply to satisfy distributors’
orders, while at the same time distributors ampiifgers in an attempt to secure more units (Lee et
al., 1997a, 1997b). Customers also play an impbrtde in these dynamics. Anupindi and Bassok
(1999) study the stocking decisions of two distrilbs during several periods with stationary
demand and find that in every period, when a custamalizes that his distributor is out of stock,
he may buy from the other distributor. In otheresascustomers could also decide to duplicate the
order to several distributors, in order to increteeprobability to receive the product. Then, when
supply finally normalizes, customers cancel dupdideorders to distributors and return to previous
ordering levels (Lee et al., 1997a, 1997b). As ineed before, such retailer ordering behavior can
pressure manufacturers to make unnecessary investne capacity, build excess inventory,
experience low capacity utilization, leading tayerfinancial losses.

Cisco System’s 2001 US$ 2.2 billion inventory witié (Byrne and Elgin, 2002) provides an
instructive example. In the summer of 2000, Cisegan to experience shortages of several key
components. As delivery delays to customers inegkathey started to place orders with multiple
distributors to improve their chances of receivingir orders. Because Cisco failed to recognize the
magnitude of customers’ order amplification, it mained its ambitious sales forecast and engaged
in strong capacity expansion through long term eant$ with its OEMs. When additional capacity
became available and delivery delays went backdional levels, customers began to cancel
duplicated orders with distributors, leaving Cisgith significant excess capacity, rigid long-term
contracts and a remarkable amount of inventory. dhiynand Plambeck’s (2005) suggest that
Cisco's write-off was caused by estimation errord eannot be blamed entirely on the economic
downturn.

A number of additional examples illustrate the imiant role played by retailers in the dynamics of
order duplications. In the 1980s, the computer stiuperceived a shortage of DRAM chips in
several occasions. Orders surged, not becauserebsed consumption, but because of anticipation
(Li, 1992). Similarly, a surge in orders for HevitEtackard’'s LaserJet printers caused it to ration
the product. HP could not discern whether the aradezre simply phantom orders from resellers
trying to get better allocation of the product difted its constraints on the resupply of the paist

By that time, many resellers cancelled their ordersiP, making it incurring in costs in excess
inventory and unnecessary capacity increases imthiens of dollars (Lee et al., 1997a). Along
the same lines, facing shortages of Pentium llicessors, Intel planned to introduce a new
production plant (Foremski, 1999). Later, due tagéa order cancellations and economic
slowdowns, Intel warned that its revenues woultidabrt of projections and that sales would be
flat (Gaither, 2001).

Despite the fact that distributor order amplificatihas been identified in the literature for alrmest
century, when Mitchell (1924) described the case ddftributors inflating their orders to
manufacturers when competing with other distribaitéar scarce supply, there has been little
research analyzing it systematically. For instarf@erman (1989a, 1989b) studies the individual



decision rules for ordering through the Beer Gaafeaining results that show costly oscillations
and instabilities in the system. Lee et al. (1998897b) show that when supply shortages occur,
they lead the manufacturer to ration the allocatibavailable supply to meet distributors’ orders.
In order to compensate for this strategy, distotsiinflate orders to try to meet final customers’
needs. Gongalves (2003) captures distributors’ roeeplification when competing for scarce
supply using an anchoring and adjustment rule afid &t al. (2013) experimentally test distributor
ordering decisions. However, these studies neittemount for distributors in competition for
resources nor allow for customer order cancellatiém exception to this gap in the literature is th
analytical work of Armony and Plambeck (2005). Thehow that any manufacturer that fails to
account for duplicate orders will overestimate tlegnand rate and the reneging rate, leading to
errors in capacity planning.

In general, the available research does not exfdaihow different factors may independently or in
combination influence distributor order amplificati in single-manufacturer multi-distributor
supply chains, or (b) the impact that such factoay have on the upstream manufacturer demand
estimation or capacity investment. To start addingsthese gaps, this paper builds on Armony and
Plambeck’s (2005) analytical work on the impact cafplicate orders on upstream suppliers’
demand estimation and capacity investment by deirdoa System Dynamics (SD) simulation
model encompassing more realistic (and endogendesision policies for (i) manufacturer’'s
capacity investment, (ii) distributors’ inventory amagement, and (iii) customers’ order
cancellations. Nevertheless, our model has alse stifferences with the one proposed by Armony
and Plambeck (2005). For instance, in their moadien two customers order to the same
distributor, the latter will ship the order accarglito first in first out (FIFO) or priority; whilen our
model this allocation is proportional to the backland orders. A second important difference is
that our model does not consider cancellationgtalleng waiting times.

Our results show that the increase of the amourdrdérs being duplicated affect the extent to
which the manufacturer’s capacity will be amplifi¢tbwever, the time to build capacity can help
to soften the effect of the duplications. This wa, improve our understanding of the endogenous
dynamics leading to distributors’ order amplificati decisions, which directly affect
manufacturer's capacity, providing practical imptions that may be useful for supply chain
managers.

This paper proceeds as follows. Section 2 desctit'eproposed system dynamics model. Section 3
shows our analyses and main results. Section €miesur discussions about the main findings and
future research.

2. MODEL DESCRIPTION

We build upon a model proposed by Armony and Plakl§2005). As Figure 1 shows, the model
considers a supply chain structure composed ofraufaaturer with two distributors facing demand
from customers. Final customer demand is indepeanded deterministic; however, distributor
demand is not, since distributors may compete &mrce supply. If a customer finds that his
distributor is out of stock, he will then duplicatee order with the other distributor in the next



period with a given probability (r). In additionhe distributor may inflate his order to the
manufacturer, according to the expected demand theddesired inventory. As soon as one
distributor supplies the customer with his desmetbunt, the customer cancels the duplicated order
with the other distributor. The manufacturer’'s proion capacity determines her ability to deliver
products to distributors (and, therefore, to cusi@h Finally, the manufacturer's estimation of
demand serves as a basis for her decision on grodwapacity investment.
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Figurel. Supply Chain Structure
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Figure 2 provides an overview of the system dynammiciel built for Distributor 1 (the model for
Distributor 2 has the same structure). The Distdbd (D1) receives orders from Customer 1 (C1)
and from Customer 2 (C2). The demand followed bgt@uer 1 is determined by a step function
(starts in 50units and then in period 4 increasa® 50 to 70 units), while the demand received by
Customer 2 corresponds only to duplicated ordembgknown for Distributor 1), generated with a
probabilityr when Distributor 2 (D2) is out of stock.

If D1 has enough inventories, he will be able tpmy the orders to both customers. Otherwise, he
will ship the available product to customers ingandion to the backlog and orders received from
each one of them. The orders that could not belimaspbpccumulate in the respective backlog (D1
Backlog C1, D1 Backlog C2), i.e. the backlog repras the customers’ orders that are waiting to
be delivered by the distributor.

Our model, however, allows for customer cancelfeiovhich help reduce backlog. Let us consider
the case of Customer 1 when Distributor 1 is néé &b supply the placed orders. The first step is
that C1 will duplicate the missing orders to D2 tfext period with a probability. Then, C1 will
wait until he receives the missing order. If thderwas sent by D2, C1 will immediately cancel
that order to D1. However, if C1 received the orilem D1 (as C1 duplicate the order to D2 only
with a probabilityr), he will only cancel a proportion of the backlmgD2, according to the total
backlog C1 has in D1 and D2.

In the meanwhile, D1 has also to place his orderthé manufacturer. In our model, the orders
placed by D1 follow a heuristic of anchoring andguatiment (Sterman989a, 1989b; Gongalves
2003 considering the supply line, the inventory anel ¢lxpected new orders from C1 and C2.
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Figure2. Overview of model for Distributor 1

The Manufacturer (M) receives orders from D1 andf@@wing a model similar to the one shown
in Figure 2, with the main difference that disttitms are not allowed to make cancellations to M.
The Manufacturer follows a heuristic consideringested new orders and inventory to define her
desired capacity. Then, M will compare this desicagacity with the capacity under construction
and the actual manufacturer capacity (see Figurg¢o3jletermine the capacity gap and the
subsequent capacity to be built. However, if thpacity gap is negative (a signal of a possible
reduction of the demand), it is also possible torel@se manufacturer capacity. For both situations
increase and reduction of capacity, there is alima (time to build capacity) that will delay the
moment in which the capacity will be definitely aslied.
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Figure3. Overview of model for Manufacturer
For further details about the model, Appendix Awbhdhe main equations from Vensim.



3. ANALYSES AND RESULTS

In this section we present the overall resulthefdtudy using the model described above as a basis
of our analysis. Our simulation explores two chamastics previously discussed by Armony and
Plambeck (2005) and Gongalves (2003) affecting lyughain performance: probability of
customer order duplications< 0, 0.3, 0.7 and 1) and supplier capacity acdaisilelay Tk=1 and

4 periods). Table 1 specifies the cases usedsmtper.

Tablel. Cases of study

Cl |C2|C3|C4| C5
P. Duplication (r) 0.0 0.3| 0.7, 1.0f 0.3
Time to build Capacity (Tk) 4 4 4 4 1

We run the model for 33 periods (weeks) using Mfenand overall results show clear effects
regarding the effect of duplications in inventorgdacapacity management. Figure 4 shows
manufacturer capacity as a function of time. Duting first periods the system is in equilibrium,
given that the manufacturer is able to satisfyrittistors’ orders and also distributors are able to
satisfy customers’ demand on time. However, oneesthp in D1 demand increases from 50 to 70,
D1 will face a backlog and D2 will increase his Ipabilities of receiving duplicated orders. The
presence of backlog and possible final customeragieninflations (due to the duplications) lead to
an increase in the demand that the manufactureepes. Over time, the manufacturer builds
capacity to meet the increase in the perceive ddm&apacity continues increasing, even
surpassing final customer demand (120units/wk). Wthe manufacturer capacity is large enough,
she will be able to satisfy her demand but alsbfaidle a reduction in her perceived demand due to
the cancellations that customers will make to tisridutors. At this point, the manufacturer
capacity meets its maximum and capacity investmgns to divestment.
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Figure4. Manufacturer Capacity under different duplicatpobabilities (r) and with Tk=4
Taking in to account the different duplication pabBities, Table 4 shows that the higher the
duplication probability, the worse the pattern éred in manufacturer capacity. For example, the
black-straight line shows the behavior when thebability of duplication is zero. In this case, the
perceived underperformance of the supply chain gmetifically of the manufacturer will be



explained by the specific unsatisfied demand thhfdzed. Case 1 shows a clear instability of the
system; however, this instability will be small andll disappear early over time. On the other
hand, as the probability of duplications increasles,amplitude of the manufacturer capacity also
increases, leading to a highly unstable systemedddmanufacturer capacity will be difficult to
stabilize, in the long term, when there is highbataility of duplications.
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Figure5. Manufacturer’s and Distributors’ Backlog

One of the common alternatives strategies for dgakith changes in demand is trying to change
the average time needed to change capacity. Figimel the general manufacturer capacity when
the time to build capacity is both 1 and 4. As #&snexpected from the literature, the system with
lower Tk presents a sharper and more variable rpadiied the system with higher Tk smooth better
the instabilities of the system. However, havingstemns with high delays could difficult
management due to it would be more difficult to erstind the general dynamics and causalities of
the system.

Extending our analysis to the distributor, whoseiglens are modeled using the anchoring and
adjustment heuristic, Figure6 shows how D1 inventevolves over time under different
duplication probabilities. As a general result, ggn see that in all cases the inventory is higher
than the desired inventory level (60 units). Analgzthe case when there is not possibility of
duplication, we can see that there is a conseeaise in the inventory level and the system
stabilizes in the long term. However, as describefdre for the manufacturer, as the probability of
duplication increases, the distributors’ perceidaminand increases. Hence, distributors place a
higher order to the manufacturer. Once enough toviers are available to satisfy final customer
demand, duplicated orders are canceled and disiritand up with high inventory levels. This
pattern can be specially observed in the case whmee is a 100% of orders’ duplication
probability (dotted line — Figure 6).
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Figure6. Distributor 1 inventory under different duplicatiprobabilities

Distributors’ cancellations allow us to measure #féect of duplications in distributors and
manufacturer performance. Existence of cancellation this system represents a clear
contamination of the information shared. This appto could be extended accounting for
cancellations given for a large waiting time of atisfied customers. Table2 show the average
cancellations that each distributor faced during foases of our simulations. In the first column of
the table, we can see that there are not canoglfaind that the problems described in the previous
paragraphs are due to the existences of short@ghsmns 2 to 4 show an increasing number of
cancellations. This is, the higher the probabitifyan order to be duplicated, the higher the future
orders’ cancellations and the higher the underpadoce of the general supply chain.

Table2. Cancellations to each distributor

C1 Cc2 C3 C4
Distributor1 Mean 0.00] 2.64| 7.09] 83.61
SD 0.00] 4.64| 9.81| 42.26
Distributor2 Mean 0.00/ 0.39] 2.36 4.31
SD 0.00/ 1.33] 4.83 7.19

4. DISCUSSION AND FUTURE RESEARCH

In this paper we extend Armony and Plambeck’s (2@0®&lysis by developing a system dynamic
model which considers a supply chain with a singnufacturer who sells to two distributors
facing demand from final customers. Our analysasifoon the changes in the probability to
duplicate orders and in the time to build capavitth the corresponding effects in distributors’
inventory management and manufacturer’'s capacigsiment.

Our results allow us to better understand the emmgs dynamics leading to distributors’ order
amplification decisions, which directly affect mdéacturer's capacity. For instance, we find that the
increase of the amount of orders being duplicaféetiathe extent to which the manufacturer’s
capacity will be amplified. This result is suppartby the conclusion of Armony and Plambeck



(2005), who state that any manufacturer that oe&Hdoduplicate orders will make mistakes in
planning her capacity, even if the demand is stakivertheless, we also found that the time to
build capacity could help regulate the duplicatiaiect.

A limitation of this study is the consideration afixed probability to duplicate orders. According
to Armony and Plambeck (2005), after a customerexqerienced several times a shortage from
his distributor, he will be more likely to duplieahis orders in the future.

This paper is just a starting point to better ustierd all the dynamics related with duplicated
orders and their effect in general supply chairm. this reason, future research should focus in
better understanding all the dynamics describeé@ ad relaxing some assumptions made. For
example, the system dynamics model should direattyount for the fact that the distributors are
competing for the manufacturer scarce supply. Aisayould be interesting to include another
cancellation type, which is due to the fact cust@r@o not want to wait too much time to be
attended; hence, they prefer to leave the systehouti any purchase. Finally, we would like to test
the model developed in this paper in a controlledrenment (experimentally). This will give us a
better understanding of people behavior, the dyosrand heuristics involved in a competitive
setting.
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Appendix 1. General Model formulation in Vensim

Pl anned Capacity= Max(Capacity Gap, 0)
Capacity Gap=

Desired Capacity-Capacity under Construction-Manufacturer Capacity
Manuf act urer Capacity= | NTEG (

I ncrease in Capacity-Reduction in Capacity, 100)
Reduction in Capacity = max(-Capacity Gap/ Tinme to build Capacity, 0)
Capacity under Construction= | NTEG (+Pl anned Capacity-Increase in
Capacity, 0)
ClL Oders to D2= | F THEN ELSE(C1 Orders del ayed to D2<=0, 0, |IF THEN
ELSE( RANDOM UNI FORM 0, 1, 0. 3) <Duplication\ ,Cl Orders delayed to D2,0) )
Increase in Capacity = Capacity under Construction/Time to build Capacity
M Expected New Orders = SMOOTH3(D1 Orders+D2 Orders, M Tinme to Average
Orders)
Cl Orders to Dl= 50+STEP(20, 3)
C2 Orders to D2 = 50

D1 Adjust for Inventoty = (D1 Desired Inventory-(D1l Inventory-D1
Backlog))/D1 Tinme to adjust inventory
D1 Adjustnent for Supply Line= D1 Supply Line Accounted for*((D1

Desired Supply Line*Dl Expected New Orders)-D1l Supply Line\)

D1 Backl og = D1 Backl og C1+Dl1 Backl og C2

D1 Backl og Cl= I NTEG (D1 Change in Backl og Cl1-Dl Cancellation Cl, 0)

D1 Backl og C2= | NTEG (D1 Change in Backl og C2-Dl1 Cancellation C2, 0)

D1 Cancel lation Cl= m n(D2 Shipping Cl, D1 Backl og Cl)

D1 Cancel l ati on C2=IF THEN ELSE(D2 Change in Backl og C2<0, |F THEN
ELSE(D1 Backl og C2>0, (Dl Backlog C2\ /D2 Backlog C2)* m n(-D2 Change in
Backl og C2,Dl1 Backlog C2),0) , 0)

D1 Change in Backlog Cl= Cl1 Orders to D1-D1 Shipping Cl

D1 Change in Backlog C2 = C2 Orders to D1-Dl1 Shipping C2

D1 Desired Coverage=1

D1 Desired I nventory= D1 Desired Coverage*Dl Expected New Orders

D1 Desired Supply Line=1

D1 Effective Inventory= D1 | nventory-Dl Backl og

D1 Expected New Orders = SMOOTH3(Cl Orders to D1+C2 Orders to D1, D1 Tine
to Average Orders)

D1 I ncom ng Orders= M Shipping 1

D1 I nventory= I NTEG (D1 I ncom ng Orders-Dl Shi pping Cl-D1 Shipping C2,
50)

D1 Max Shipping= Cl Orders to D1+C2 Orders to D1+D1 Backl og Cl1+D1 Backl og
c2

D1 Orders=Dl1 Adjust for |Inventoty+Dl Adjustnent for Supply Line+D1l
Expected New Orders

D1 Orders placed=D1 Orders

D1 Orders Recei ved=M Shi pping 1

D1 Shi pping Cl= I F THEN ELSE(D1 Max Shi ppi ng>D1 | nventory,
D1+D1 Backlog C1)/D1 Max Shipping\)*(Dl Inventory), ClL Ode
Backl og C1)

D1 Shipping C2= | F THEN ELSE(D1 Max Shi ppi ng>D1l I nventory, ((C2 Orders to
D1+D1 Backlog C2)/ D1 Max Shipping\)*(Dl Inventory), C Orders to Di1+D1
Backl og C2)

D1 Supply Line= INTEG (D1 Orders placed-Dl Orders Received, 50)

D1 Supply Line Accounted for= 0.3

D1 Time to adjust inventory = 3

D1 Time to Average Orders=3

Desired Capacity=max(0, M Adj ust for Inventoty+M Expected New O ders)

Dupl i cati on=0

M Adj ust for Inventoty= (M Desired Inventory-(M Inventory-M Backlog))/M
Time to adjust inventory

M Tinme to adjust inventory= 3

M Tinme to Average Orders= 3

Production = Manufacturer Capacity

Time to build Capacity= 4

((CL Oders to
rs to D1+D1



