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On the Significance of Demand and | nventory Smoothing I nterventionsin
Supply Chain
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Abstract

The aim of this paper is to quantify the benefit of demand and inventory smoothing in contrasting the extreme
volatility and impetuous alteration of the market produced by the current economic recession. To do so we model a
traditional supply chain and we test five settings of order smoothing under two shocks in the market demand, and
we measure the effect in term of internal process benefits. Results highlight how a higher level of smoothing can
generally improve the operational performance of the supply chain.
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1. Introduction

The current economic recession places the produdigtribution system at the antipode to the Tayord
system: extreme volatility and need for profoundngineering in search of robust solutions. The agjlabisis is
generating impetuous changes in market demandvieralesectors all over the world. This context esgmthe
supply chain to tremendous shocks, among whosesqaesce is included one of the most destructivepsyms
affecting distributions systems: the bullwhip eff¢cee et al. 1997). It refers to the tendencytaf variability of
order rates to increase as they pass through thelagrs of a supply chain toward producers and raaterial
suppliers (Disney and Lambrecht 2008). As a resiudt variance of orders increases as demand m@véeechain,
causing significant costs in the system (Holwegle2005).

As reported by Dooley et al. (2010), the impactta# bullwhip effect on the manufacturing sector basn
particularly acute. Between 2007 and 2008, consudearand for manufactured products decreased oageaf
3.2 percent (Dooley et al. 2010). In particulartees; the decrease was more dramatic. Some ratailed many
wholesalers over-responded to the decrease in delmaaggressively cutting demand while losing colndf their
inventory. Some wholesalers and many retailersdaiiebuffer themselves from demand variability hyantory
and order smoothing, purposefully acting to stabilinventory and order levels. The authors concltrd
smoothing of demand and inventory is demonstratedra alternative response to the extreme volatiftyhe
market demand generated by the current economéssem.

From a practical perspective smoothing demand aventory simply happens when we get customers yditile

and often to flatten ordering process. Howevennfiaventory management view point, smoothing of dedhand
inventory corresponds to adopting a peculiar setilefs and procedures in the inventory controlesystcommonly
known as smoothing replenishment policies. They(&r&) policies in which the entire deficit between B&evel

and the available inventory is not recovered inediew period. For each review peridd] the quantityO is

generated to recover only a fraction of the gapvben the target on-hand inventory and the curesm lof on-hand
inventory, and a fraction of the gap between thgetapipeline inventory and the current level gigline inventory.
The amount of the gaps to recover is regulateddmysebn parameters known as proportional controlibis class
of OUT has come to researchers and practitiondgtehtion for its noticeable bullwhip dampening pedjes
(Towill 1982, Mason-Jones et al. 1997, Disney anavill 2003, Disney et al. 2004, Boute et al. 20@hen and
Disney 2007, Strozzi et al. 2007, Chen and Lee 2@®u et al. in 2010), as it can limit the tiever-

reaction/under-reaction for changes in demand (E€l#npt al. in press).
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The aim of this article is to quantify the advochteenefit of demand and inventory smoothing undher t
extreme volatility and the impetuous alterationstttd market produced by the current economic remes3o
perform the study and reproduce the current featafehe market demand we adopt Towill et al's (@08hock
perspective: a useful methodological approachudyshg the bullwhip problem. Using a mathematicaldelling,
the bullwhip shock lens aims at inferring on thef@enance of supply chains for an unexpected atehse change
in market demand. It could be reasonably considarsiiless test to determine the resilience of angsupply chain
structure. More specifically, in our work we simiglaa traditional supply chain and we test fiveisgt of demand
and inventory smoothing under two shocks in madetand. The adopted measurement system assesses the
operational performance or “internal process bésieiin term of bullwhip reduction, inventory stabjil and
operational responsiveness. The results confirmethpirical study of Dooley et al. (2010) and highti how a
higher level of smoothing can generally improve dperational performance of the supply chain.

The paper is organised as follows. In Section 2ntlaghematical formalism of the studied supply chaid of the
smoothing order policy is detailed. Section 3 idtroes the measures adopted to assess the modebnSéc
presents experimental design, numerical analysigi@tussion. Finally, Section 5 presents conchssio

2. Mathematical model
This section is devoted to detail the mathemafmahalism regulating orders and material flow ie ffresented
model. The supply chain is modelled under the foilhg assumptions:

a) K-stage production-distribution serial system.

b) Each echelon in the system has a single succesda single predecessor.

C) Unconstrained production-distribution capacity. §leantity limitations in production, buffering and
transport are considered.

d) Single product. Aggregate production plans arerassi

e) Non negative condition of order quantity. Produdz$ivered cannot be returned to the supplier.

f) Backlog is allowed as a consequence of stock outer@ not fulfilled in time are backlogged and the
backlog is fulfilled as soon as on-hand inventoegdimes available.

0) Unlimited raw material supply. Orders from echelath (Manufacturer) are always entirely fulfilled
in time.

h) The customer demand is known only by echelon i=8gfer). The remaining echelons forecast the
demand by considering the incoming orders from dime@am echelons. All echelons adopt the
exponential smoothing rule to forecast demand.

i) The smoothing order policies strictly follow theder of events used in the Beer Game (Sterman
1989).

Table 1 reports the model notation. The mathemidticenalism of the supply chain model is reportedionv.

Table 1. Notation.

MODEL VARIABLES AND PARAMETERS

0 replenishment order d, customer demand forecast

W work in progress a;  demand smoothing forecasting factor

I Inventory of finished materials A production-distribution lead time

B backlog of orders &  safety stock factor

G units/orders finally delivered B proportional controller

d customer demand P generic echelon’s position in the serial system
STATISTICS

0': variance of the market demand 4, steady state market demand

a; variance of the order quantity 4 steady state value of the inventory level

le variance of the inventory res proportional controller bullwhip angle

M, steady state value of the order rate Fean proportional controller inventory instability angle

INDICES
i echelon in the serial system K  total number of echelons




Equations (1)-(3) define the state variables ofrtfualel (work in progress, inventory and backlod)e Telation
regulating the work in progress variable is sucét,tlior each echelon i, the products sent from kepEi-1
immediately become work in progress (Eqg. (1)).

W) =W(t-D+C_ {1)-C_(t-4), 1)

The inventory is decreased by the quan@y(items sent to the downstream echelon) and inetedy the
quantity C.; sent by the supplier at timeX) (Eq. (2)).
L O=1@t-D+C_ @t-A)-C(t), 2

Eq. (3) describes the backlo@ (t)) as the sum of unfulfilled orders (orders from sbsequent echelon minus

delivered items).
B(=B(t-1)+0, 0-C), 3)

Eq. (4) defines the item delivery from one echetwits successor.
C (t)=min{Q_ () +B(t-1); 1. t-)+C_(t-A)}, 4)

Eq. (5) models the non negativity condition of intery, as it is explained in the following. If
C.(t)=0,,(t)+B(t-1), then the quantity delivered is exactly equal thatvwas ordered from the adjacent
echelon plus the backlogged quantity, which is nepative (see eq. (6) below). Consequently,
L t-D)+C_ (t-4)=0,,t)+B({t-1)=0. If C (t)=1(t-1)+C_(t-A), then the quantity that can be
delivered is the total amount of items in the irteey at timet (sum of inventory at time plus items sent by the
precedent node one lead time before). Therefo(e-1) = 0.

Eq. (5) models the exponential smoothing demaneckst rule, where the valuewfeflects the weight given to
the most recent observatid(t-1).

d, (t) =00 (t-1)+(1-a) ¢ -1), (5)

Eq. (6) models assumption d), the non negativitydition of order quantity.
Q(t)=0, (6)

Eq. (7) defines that the order received in ech&las equal to the customer demand
0. (t)y=d (1), (7)

In order to model the infinite raw material availap assumption, orders from echeldnl are always entirely
fulfilled (Equation (8)), as in Beamon and Chen(2p

C.M=0,(); i=1, 9)

The replenishment order (Eq. (10)) is equal to shen of the exponential demand forecast, plus theotimed
Inventory difference between Target Inventdily and Inventory level;, plus the smoothed difference between
Target Work in Progres§W, and current orders placed but not yet receédCannella and Ciancimino 2009).
This typology of order policy is also known as ARDBPCS, acronym of Automatic Pipeline Variable Ineen
and Order Based Production Control System (Dejoaeknet al. 2003)

O(t) =d, (t) + B(TI (1) =1 (t) + TW (1) ~W(1)), (10)

Target Inventoryfl; (11) is the product of the forecast of the ordeye the subsequent echelon and the local safety
stock factor;.

TI (t) = d, (t)e, , (11)

Target Work in Progress TW, (Eq. (12)) is the product of the forecast of thdesrfrom the subsequent echelon and
the local Lead Time,.

TW, (t) = d, (1), (12)

3. Performance metrics

The supply chain performance is measured via aoBahetrics, whose reduction reflects improved cost
effectiveness of members’ operations as followindjsthe Order Rate Variance Ratio proposed by Céeal.
(2000), (1) the Inventory Variance Ratio, propossdDisney and Towill (2003), (lll) Average Invemyoand Zero
Replenishment (Cannella and Ciancimino, 2009).



3.1 Order Rate Variance Ratio (ORVrR)
This metric (Eq. (13)) was proposed by Chen et(2000) and it is so far the most common bullwhilatexd

measure in the literature (Disney and Lambrech@820It compares the variance of the order oétwith the

variance of market demamj , each of which is divided by their respective mealueu (coefficient of variation).

Therefore, Order Rate Variance Ratio is a quatifim of the instability of orders in the netwoiRannella and
Ciancimino 2009):

2

o,y
ol

Order Rate Variance Ratio. = (13)

3.2 Inventory Variance Ratio (IVrR)
This metric was proposed by Disney and Towill (208@ measure net stock instability, as it quargifibe
fluctuations in actual inventouyl2 against the fluctuations in demaﬂ?(Eq. (14)). An increased inventory variance

results in higher holding and backlog costs, andreiasing average inventory costs per period (Disaeg
Lambrecht, 2008).

2

oy

Inventory Variance Ratio = (14)

oy,

3.3 Average I nventory

Average inventory (Eq. (15)) is the mean of a’sidnventory values over the intervdl The metric is
commonly used in production-distribution systemlgsia in order to provide concise information orventory
investment, see e.g. holding cost modelled as lipnetependent from stock levels in Cachon and Figg600),
Disney and Grubbstrém (2004), Chen and Disney (R@88d@ Reichhart et al. (2008).

Al :%Z () (15)

3.4 Bullwhip Slope

As reported by Cannella and Ciancimino (2009), Defdneere et al. presented in 2004 a study on thardic
behaviour of multi-echelon replenishment rules ifoar-tier supply chain. They adopted the OrdereRéariance
Ratio to assess different bullwhip solution apph=sc In order to compare several supply chain garditions, they
plotted the obtained values using the echelonipaosits independent variable. They observed thepalated curve
and inferred qualitatively on the linear or geonetrature of the trend. The authors state thatcanggric increase
of the Order Rate Variance Ratio interpolating euis/representative of strong bullwhip propagatimoye intense
than in a linear trend. Dejonckheere et al.'s @0€urve is a smart representation of bullwhip ggtion in a
multi-echelon system and serves to concisely coengéferent supply chain configurations (Ciancimiebal. in
press). To extend Dejonckheere et al.’s (2004)riimfg technique to a general case, a statisticalyais of the
curve could be performed for both Order Rate VagaRatio and Inventory Variance Ratio.

We assume a linear propagation of bullwhip. Thisved us to use slopes for the comparison of differe

boundary conditions generated by the various ptapwl controller settings. By defininﬁowrR as the angle of
inclination of the linear regression of Order Rdtiance Ratio in Dejonckheere et al.’s cury@as the position of
i"™ echelon, Bullwhip Slope is formalised in eq. (16).

K K K
K> pORVIR - p> ORVIR  (16)
Bullwhip Sope=tgdyryg =— = R ——

Kip.z-(gp.)z

3.5 Zero-Replenishment

For (S R) order policies, the Zero-Replenishment Phenomeésaefined as the event in which, in a review qeri
R, a tier does not place any order (Cannella andd@igino 2008, Ciancimino and Cannella 2009). Aneordattern
characterised by a significant number of Zero-Reiplement Phenomena is known in literature as spmrad
intermittent or lumpy (Croston 1972, Schulz 198ha€ield and Hayya 2007). In a given time horizdnthe



demand is a positive and stationary signal ancg#rameters of the inventory replenishment rule reranaltered,
the occurrence of the Zero-Replenishment Phenomeowld be indicative of an erroneous excessive dgioaing
of previous orders. The Zero-Replenishment metiq. ((18)) is the total amount of the Zero-Replemisht
Phenomenon occurrences in the observation periddhd metric is used to measure timely and pondezactivity
and scalability of tier's operations.

7R = Z X (t) (17)
1 0,1=0

x (1) = (18)
0 0O,®#0

4. Experimental design, numerical resultsand discussion
To set the numerical values for the experimentssowght for values employed in the related liteatirhe lead
time and demand smoothing forecasting factor, i@l values of the state variables and safetgksfactor refer to
the setting of Sterman’s traditional supply chaiodel (Sterman, 1989).
The numerical experiments are performed underdheviing settings:
- The serial system is composed by three echekmd)( i.e. Retaileri€3), Wholesaleri€2), and Manufacturer
(i=1)
- The initial values of the state variables a(0), I; (0), B; (0)]=[ 4d(0), d(0), 0] Li .
- The lead time levels i5 = 2[Ji .
- The safety stock factor ig= 3[i .
- The demand smoothing forecasting factor varies theevaluesy; = [0.17, 0.33, 0.67]i .

- The proportional controller ar@y £, Sz, fa fs]= [1, 0.8, 0.6, 0.4, 0.2[i .

- Numerical experiments are performed for a time tlefig’52

- The solutions for the initial-value problem are apg@mated through Vensim PLE. The Euler-Cauchy meéth
with order of accuracyt = 0.25 is adopted.

- The assumed demaxi) is a multi step-function demand shock. This demaatterns reproduces two sudden
changes from one state to another, according td'sheck lens” perspective (Towill et al.’s 2007)r fthe
analysis of production-inventory systems. The daimianinitialised at 8 units per time unit, untiletle is a
negative pulse at t=5, decreasing the demand wgdue 4 units per time unit, until there is a positpulse at
t=21, increasing the demand value up to 8.

In the following the numerical experiment output fgesented. The Order Rate Variance Ratio is plotte
according to Dejonckheere et al.’s notation (Figlixdn italic the Bullwhip Slope values for eactt are reported.

100
y (B1) = 40.72x - 25.929

p1
y (B2) = 29.743x - 20.786 /

y (83) = 16.719x - 10152

80

y (B4) = 8.8522x - 4.6564 y
607 v (5= 34208x- 05018 Phte
P - -~
-
e ’

) - _.-AB3

. &
20 1 S

—f.eﬂ—-/—,/,— -----

Retailer Wholesaler Manufacturer

Figure 1. Order Rate Variance Ratio and Bullwhip Slope

The Inventory Variance Ratio and the Average Inegnare reported in Table 2.



Table 2. Inventory Variance Ratio and Average Inventory.

INVENTORY VARIANCE RATIO AVERAGE INVENTORY
Retailer  Wholesaler Manufacturer Retailer = Wholesaler  Manufacturer
B, 10.60 76.14 44.20 22.3 53.0 65.1
B, 8.08 47.92 31.92 21.3 39.3 53.9
B3 6.73 23.80 23.58 20.6 29.7 42.3
B, 6.82 10.29 15.36 20.4 23.4 33.7
Bs 7.91 8.30 8.96 20.3 215 28.4

Zero replenishment is reported in Figure 2.

30+

20+

10+

Manuf.
Whol. Ret. s

Figure 2. Zero Replenishment

The results confirm the empirical study of Dooldyak (2010) and highlight that a higher level afaothing can
generally improve the operational performance ef shpply chain. Bullwhip is not completely avoidethce a
traditional supply chain has a structural tendetcydemand amplification eliminated (Disney et &002), but
smoothing replenishment rules considerable lintis propagation of the noxious phenomenon. As shbwn
Dooley et al (2010) and reasserted in this simutastudy, smoothing of demand and inventory is @pr@priate
response to the extreme volatility of the markehded under the current economic recession.

Firstly, Order Rate Variance Ratio values and BhipnwSlope (Figure 1) values show that bullwhip niagte is
monotonically reduced for increasing order smodathihe curves obtained by plotting the values dfwiip
magnitude over the four echelons (Figure 4) preagmogressive slope reduction from the no-smogtbindition
(B1=1) to the high smoothingB£=0.2). “Low” level of proportional controller refeto a moderate smoothing, that
is, the smoothingS, R) tends towards or correspond to a clasSi&R]. A “high” level reflects an intense smoothing
of the discrepancy between actual and target lesfetset stock and pipeline stock. Inventory VariarRatio and
Average Inventory (Table 2) show the same trent@rder Rate Variance Ratio: fluctuation and averieyels of
inventory decrease for increasing order smootheglk. In particular, we note a considerable radncdf the
Inventory instability for the Wholesaler from 76.1a 8.30 shifting from the no smoothing condititmthe high
smoothing setting.

In general, we observe a monotonous decrementitotie order variability and inventory instabiliéy each level
of the supply chain for increasing order smoothegls. From a managerial viewpoint, the advocatadothing of
demand and inventory converts in a highly bendfi@duction of holding costs for all the levelsthg chain. In
traditional structures, smoothing replenishmengesudre able to reduce bullwhip by 40% and realsmamic
savings of nearly 20% (Chen and Disney 2007).

Zero-Replenishment (Figure 2) indicates a relegaoradic order occurrence in the traditional sumblgin for
low smoothing levels, and a monotonic reductionifimreasing values of the proportional controllearthermore,
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the value of Zero Replenishment for the desigrin the retailer is equal to the optimal theoretigalue and
indicates an high operational scalability and resp@ness.

As reported by Simchi-Levi (2009), in such a chadiimg and volatile environment, supply chain styaes are
expected to reduce cost and cut working capitallendtt the same time maintain or increase sendcel$ and
prepare for future growth. Our results underlingt ttmoothing replenishment rules could be reasgrabisidered
strategies to the actual world’s crisis in thedielf production-inventory control, thanks to thestteeduction and
efficiency increase provided by pondered decisiaking.

5. Conclusion

The aim of this paper was to analyse the advodag¢eefit of the smoothing order under the extrewiatility
and the impetuous alterations of the market denpaoduced by the current economic recession. Welatedifive
levels of order smoothing in a serially linked itgmhal supply chain and we studied the responséwio shocks in
demand, i.e a negative pulse and a positive pAlddeasurement System to assess the supply chairdetased,
based on “internal process benefits” (Order Rateiaviae Ratio, Inventory Variance Ratio, Bullwhipofé,
Average Inventory, and Zero Replenishment phenomeri®esults showed how a higher level of smootluag
generally improve the operational performance @& #upply chain. The present work suggest that, feom
operational view point, an over-reaction to theatitity of the current market demand creates intatof the
inventory and unstable production schedules. Tlptah of a smoothing order rule represents a ptessitrategy
to contrast the operational inefficiencies causgthk present impetuous changes in market demand.

5. Conclusion
Salvatore Cannella would like to express his grdét to Mr. Giuseppe Di Forti and the Credit Unioh o
Caltanissetta Award Programme.
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