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Abstract

We explore the value of information sharing for smoothing the dynamics of supply
chains when some echelons do not collaborate. To this end, we study seven infor-
mation sharing structures in a four-echelon supply chain using a system dynam-
ics approach. We find that the overall propagation of the bullwhip effect in supply
chains decreases as the number of echelons sharing information grows, but it is not
dependent on their position. Nonetheless, the performance of the echelons strongly
relies on the degree of downstream collaboration; therefore, information sharing in
the lower nodes has a higher impact on the overall supply chain costs. We also inves-
tigate the benefits of adding new members to the collaborative strategy in different
lead-time scenarios. Finally, we provide managerial recommendations for decentral-
ised supply chains.
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1 Introduction
1.1 Background

Decentralised Supply Chains (SCs) are large and complex systems formed by a set of
competitive organisations that are managed independently, which are characterised by
dynamic structures and asymmetric information (Hearnshaw and Wilson 2013; Long
and Zhang 2014; Mokhtar et al. 2019). The lack of coordination of such systems fosters
the generation of harmful inefficiencies in the SC, causing significant financial losses
that lead to suboptimal performance (El Ouardighi and Erickson 2014; Klug 2017).
This occurs due to two major phenomena: double marginalisation and the bullwhip
effect (Zhang and Chen 2013; Rached et al. 2016). This research is mainly concerned
with the latter, which refers to the tendency of orders to become more variable as they
move up the SC (Lee et al. 1997; Rong et al. 2008; Chen et al. 2000; Trapero et al.
2012; Wang and Disney 2016; Oiha et al. 2019). This variability is well-known to cre-
ate SC waste in various fronts, which often results in high holding requirements, long
lead times, poor customer service and lost sales, increased capacity-related and trans-
portation costs, and added uncertainties (Metters 1997; Disney and Lambrecht 2008).

Coordination strategies have proved to be effective for enhancing the dynamics and
improving the performance of SCs (see e.g. Cannella et al. 2016; Klug 2016; Ponte
et al. 2016). Such strategies are generally built on Information Sharing (IS) (Cannella
et al. 2015; Li et al. 2017; Wang et al. 2019). IS can be defined as the practice of mak-
ing strategic (e.g. long-term forecasts and marketing strategies), tactical (e.g. plans and
trends), and/or operational (e.g. orders and demand information) information available
to SC partners (Dominguez et al. 2014; Kembro and Selviaridis 2015). This may hap-
pen in one dimension of the SC, i.e. vertically or horizontally, or in both (Huang et al.
2017).

In line with the previous discussion, it is well known that IS enables a mitigation of
the bullwhip effect (e.g. Chatfield et al. 2004; Lee 2010; Wang et al. 2016; Jeong and
Hong 2019). This occurs as IS helps SC managers better match supply with demand by
bridging downstream retailing and upstream production (Lee and Whang 2000; Qian
et al. 2012). This results in a wide range of operational improvements. For example, IS
allows for a huge reduction of the inventory levels in the SC (Lee and Whang 2000).
Cachon and Fisher (1997) quantified that, by implementing information technologies,
Campbell Soup’s SC reduced the retailer’s mean inventory by 66%. IS also makes fore-
casts more accurate (Kembro and Selviaridis 2015), reducing the occurrence of stock-
outs (Li and Zhang 2015) and increasing the efficiency of production planning mecha-
nisms (Kembro and Nislund 2014). In addition, IS promotes the creation of long-term,
stable relationships between SC partners (Ciancimino et al. 2012).

1.2 Problem statement
Despite the aforementioned benefits, meaningful barriers hinder the implemen-

tation of IS strategies in practice (Fawcett 2011; Kembro and Nislund 2014; Viet
et al. 2018). These barriers include the risk of information leakage, the lack of trust
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between SC partners, the necessary investments in information technologies, the
wide variety of existing technologies, the existence of different types of information
that can be shared, the distortion of information, and the unbalanced distribution of
gains between SC partners (see e.g. Ali et al. 2017; Gunasekaran et al. 2017; Huang
et al. 2016; Jeong and Leon 2012; Kembro et al. 2014; Kong et al. 2013; Rached
et al. 2015; Shnaiderman and Ouardighi 2014; Soosay and Hyland 2015, among
others).

These barriers, together with the decentralisation and globalisation of modern
SCs, make it difficult to achieve a full IS among all SC members (Qian et al. 2012;
Fawcett et al. 2015; Dominguez et al. 2018a). Thus, this assumption is often not
realistic (Huang and Wang 2017). As a consequence, partial IS is a prevalent sce-
nario in real-world SCs (Shnaiderman and Ouardighi 2014; Xu et al. 2015; Zhou
et al. 2009). For instance, some retailers do not find incentives to share data with
suppliers (GMA 2009; Shang et al. 2016). However, the literature that investigates
scenarios with partial IS is scarce, with most papers that study the benefits of IS
for bullwhip reduction assuming that all SC members collaborate (Holmstrém et al.
2016), the. In the light of these considerations, studying the dynamics of SCs in this
context, where the full IS among all SC members cannot be achieved, represents a
challenge for researchers and may bring potential benefits for industry. This would
allow us to get insights on how much bullwhip can be reduced using IS when the
classic full collaboration structure cannot be arranged.

In this work, we investigate partial IS when the information is accurately, timely,
and vertically shared, but only among some echelons of the SC. That is, we assume
that some SC members are willing to participate in the IS-based collaborative strat-
egy but others refuse their involvement. SC performance under this typology of par-
tial IS has been briefly analysed in the literature. Lau et al. (2004) explore the effects
of different levels of IS in a three-echelon SC by measuring operating costs, inven-
tory holding, and backlog level at the different echelons. Costantino et al. (2014)
model a set of four-echelon SC with different combination of IS under determinis-
tic lead times, reasserting the importance of collaboration for mitigating the bull-
whip effect. Ganesh et al. (2014a) investigate the impact of full IS and two partial IS
modes (namely, upstream IS and downstream IS) on inventory holding and shortage
costs of a multi-echelon serial SC. Under the same SC setup, Ganesh et al. (2014b)
consider the impact of product substitution. Dominguez et al. (2018a) study differ-
ent partial IS configurations among four retailers and one wholesaler, by looking
at their impact on the dynamic performance of the SC. Dominguez et al. (2018b)
extend the previous work by suggesting an innovative strategy to implement partial
IS in multi-retailer SCs, named as Order VAriance Prioritization (OVAP). This is
shown to outperform the benchmark method by 27.2% and 7.8% in terms of bull-
whip effect and average inventory respectively.

These prior works arguably shed some light on the dynamics generated by par-
tial IS in multi-echelon SCs. Our focus in this work is different and aims to com-
plement previous findings. Specifically, we mainly differ from those studies by Lau
et al. (2004) and Ganesh et al. (2014a, b) in the fact that we explore the bullwhip
effect in the SC, i.e. the dynamics of orders, while they focus on inventory perfor-
mance. In addition, we consider common features of real-world SCs that have not
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been considered by previous studies in this field, such as Costantino et al. (2014),
including variable lead times and a dynamic safety stock factor (i.e. depending on
the stock-out risk of each period). On the other hand, Dominguez et al. (2018a, b)
considers different IS strategies between a group of retailers and a wholesaler. In
this work, we extend the scope of the IS strategies to the wider SC, by investigat-
ing the potential involvement of four echelons. In this sense, we make an effort to
capture the multi-echelon effects of partial IS. This emerges as an important avenue
for research from the perspective of Chatfield’s (2013) study, who highlights that
decomposing SC problems by looking at the relationship between two consecutive
echelons often underestimates the bullwhip effect.

1.3 Objective and contributions

As per the previous discussion, we highlight the need for a more comprehensive
understanding of the efficiency of partial IS strategies in multi-echelon SCs in terms
of dealing with the bullwhip effect. This will be investigated in this work. To this
end, we explore the dynamic behaviour and compare the performance of a four-ech-
elon serial SCs under seven partial IS structures. Each one is defined by a different
combination of echelons involved in the collaboration, ranging from no IS to full IS.

Due to the nature of the investigated problem, we adopt computer simulation
as the methodological approach, since it has the advantage of being able to han-
dle complex problem settings with situational behaviour changes in the system over
time (see e.g. Chatfield et al. 2004; Kleijnen 2005; Ponte et al. 2017; Dominguez
et al. 2019; Oliveira et al. 2019). Specifically, the SC structures have been mod-
elled via systems dynamics (see e.g. Sterman 2000; Kleijnen 2005; Ciancimino et al.
2012; Hussain et al. 2016). This approach allows us to easily introduce stochasticity
in demands and lead times in an effort to model relevant features of real-world SCs.
To provide comprehensive findings, we use a full factorial experimental design (see
e.g. Evers and Wan 2012). The, the bullwhip behaviour of the IS structures is stud-
ied via statistical techniques through two common indicators: the Order Rate Vari-
ance Ratio (ORVrR) (Chen et al. 2000) and the Bullwhip Slope (BwSI) (Cannella
et al. 2013). Together, they provide a rich picture of the operational performance of
both the overall SC and its members.

All in all, this work contributes to the research stream exploring partial IS in SCs
by:

1. Addressing the impact of different partial IS structures across echelons in a decen-
tralised multi-echelon SC on the bullwhip effect both at the system (SC) level and
at the echelon (organisation) level, thus offering a different perspective than prior
research.

2. Assessing the interactions between stochastic lead times, both in mean and in
variance, and the different partial IS structures, thus evaluating how lead times
affect the efficiency of partial IS strategies in multi-echelon SCs.

The main results of this work can be summarised as follows:
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1. At the system (SC) level,

a. The overall propagation of the bullwhip effect in SCs is very sensitive to the
number of echelons participating in the IS-based collaborative strategy, but,
interestingly, it does not depend on the position of this echelons in the SC.

b. Downstream IS collaborative solutions have a positive effect on more SC
echelons than upstream IS collaborative solutions; therefore, the total SC
costs will tend to be lower in the former case than in the latter case.

2. At the echelon (organisation) level, the bullwhip reduction heavily relies on the
number of downstream collaborative echelons that share information. However,
again, it does not depend on which of them are involved in the collaborative
strategy.

3. Lead times show a strong interaction with the performance of the different par-
tial IS structures in terms of bullwhip effect reduction, especially at upstream
echelons of the SC. The impact of the average lead times proves to be more
significant than the one of lead-time variability.

The rest of the paper has been organised as follows. Section 2 presents the seven
partial IS structures under evaluation. The modelling assumptions and mathematical
formulations are described in Sect. 3. Section 4 discusses the design of experiments
and the performance metrics. Section 5 reports the simulation results, the statistical
analysis, and the relevant findings. Section 6 provides the managerial implications
of the study. Finally, Sect. 7 conclusions and suggests avenues for future research.

2 Partial information sharing structures

To study the impact of different partial IS structures, we model a set of serially-
linked SCs, each one characterised by the echelons involved in the collabora-
tive strategy. The modelled SCs are identical and composed of four echelons, i.e.
Manufacturer (i=1), Distributor (i=2), Wholesaler (i=23), and Retailer (i=4), who
meets the consumer (i=5) demand. This SC is probably the most common multi-
echelon structure for investigating the dynamics of SCs in the literature (see e.g.
Sterman 1989; Van Ackere 1993; Mason-Jones et al. 1997; Sterman 2000; Chatfield
et al. 2004; Dejonckheere et al. 2004; Paik and Bagchi 2007; Croson and Dono-
hue 2005; Wright and Yuan 2008). Note that we employ a monolithic model of a
four-echelon SC to avoid any significant under-estimation of the bullwhip effect due
to the commonly adopted decomposability assumption (Chatfield 2013). Also, this
SC structure is well known to be able to capture the dynamics of real-life SCs, as
demonstrated by the well-known Beer Game (Jarmain 1963; Macdonald et al. 2013;
Croson and Donohue 2005).

The notation used is reported in Table 1. Importantly, = denotes the degree of
SC collaboration, which is defined as the number of echelons that share information
(Ganesh et al. 2014a, b). This parameter allows us to classify the different SCs under
analysis. As in Lau et al. (2004), we assume that each echelon is willing to share its
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local information only to its immediate upstream echelon. In fact, according to the
empirical study by Kembro and Selviaridis (2015), there are important obstacles to
IS beyond dyadic SC relationships, such as the disaggregation of demand informa-
tion, the risk of misinterpretation by SC partners, and the risk of making decisions
based on incomplete information. Under this assumption, we model all possible
combinations of collaborative echelons, from the lowest (i.e. 7=0) to the highest
degree (i.e. T=3). This results in a set of seven partial IS structures, which are dis-
played in Table 2. This table provide a graphic representation and a short description
of the transmission of information in each partial IS structure, together with their
degree of collaboration.

It is important to notice that, for SCs with 7> 1, the information is transmitted
across several echelons, thus making the relevant information available to echelons
that are not directly linked to the source. For instance, on the R-W-D IS structure,

Table 1 Notation

Indexes

i Echelon

t Time period

Variables

I(t) Inventory of finished products in echelon i at time ¢
o) Replenishment quantity ordered by echelon i at time ¢
ai(t) Forecast of the orders made by echelon i at time ¢
W) Work-in-progress in echelon i at time ¢

TI(t) Target inventory in echelon i at time ¢

TW(1) Target work-in-progress in echelon i at time ¢

By(1) Backlog in echelon i at time ¢

Ci(0 Products sent by echelon i at time ¢

A1) (Production or distribution) lead time in echelon i at time ¢

Parameters and statistics

&

Safety stock factor in echelon i

Bi Proportional controller of the order-up-to replenishment rule in echelon i
a; Exponential smoothing constant in echelon i
T Degree of SC collaboration (i.e. number of collaborative echelons)
Di Echelon’s position in the SC
K Total number of echelons in the SC
[ The lowest collaborative echelon in the SC
Subset of the echelons receiving information on downstream order fore-
cast
55 Consumer demand variance
ol Order variance
o} Inventory variance
gi Lead-time variance
I Mean lead times
My Mean consumer demand
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the Retailer shares its order forecast with the Wholesaler, who at the same time
shares the Retailer’s forecast with the Distributor.

3 Modelling assumptions and mathematical formalization

To compare the different IS structures, we model the four-echelon SCs by using
various assumptions that have been largely used in the SC dynamics literature (see
Sterman et al. 1989; Towill 1982; Van Ackere et al. 1993; Sterman 2000; Beamon
and Chen 2001; Dejonckheere et al. 2004; Machuca and Barajas 2004; Disney and
Lambrecht 2008; Hussain and Drake 2011; Chatfield and Pritchard 2013; Cannella
et al. 2015; among many others). Specifically, these assumptions are the following:

e Backlogging is allowed (e.g. Sterman 1989; Hussain et al. 2016) When stock-out
occurs in an echelon (i.e. on-hand inventory decreases to 0), new orders cannot
be fulfilled in time and are backlogged. The backlog will be satisfied as soon as
on-hand inventory becomes available.

e Returns are forbidden Products cannot move upstream in the SC. Forbidding
returns to suppliers is a reasonable assumption in many practical settings that,
when ignored, can result in a bullwhip effect overestimation (Chatfield and
Pritchard 2013).

e Unconstrained capacities No quantity limitations in production, transportation,
storage, or sourcing processes are considered in this work (Beamon and Chen
2001).

e First-order delay representation of lead times Variable lead times are modelled
in the form of a first-order delay; see Sterman’s (2000) framework for continu-
ous-time modelling of lead times. This is likely the most common dynamic lead-
time modelling approach (Wikner 2003).

e Exponential smoothing forecasting Each echelon forecasts according to an expo-
nential smoothing method, as it is popular with practitioners and provides rea-
sonably good results with some real-world time series (Makridakis et al. 1982;
Disney and Lambrecht 2008).

e Proportional order-up-to replenishment rule The periodic-review, order-up-to
family of replenishment rules is very common in practice, since retailers gener-
ally replenish inventories frequently and manufacturers tend to produce to satisfy
demand (Boute et al. 2009). Specifically, we use the proportional order-up-to
model (see e.g. Gaalman 2006), which incorporates a controller that regulates
the gap between the target and the actual inventory to be recovered. We select
this model as it is able to achieve a good trade-off between production smooth-
ness and inventory performance (Disney and Lambrecht 2008; Ponte et al. 2017).

e Normally distributed demand and lead times We consider two sources of stochastic-
ity in our model: consumer demand, and lead times. Both are assumed to be inde-
pendent and identically distributed (i.i.d.) random variables following normal dis-
tributions. The assumption of normal demand is common in the literature, as this
distribution models reasonably well the purchasing behaviour of many independent
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customers (e.g. Chatfield et al. 2013). The assumption of normal lead times has also
been adopted by several authors (e.g. Park and Kyung 2014).

We adopt the System Dynamics modelling approach (see e.g. Guertler and Spinler
2015, Spiegler et al. 2016, Li et al. 2017, among others), using Vensim software (Ster-
man 2000) to implement the SC model. In the following paragraphs, we formalise the
mathematical model in a discrete form. First, we look at the balance equations of the
state variables, i.e. inventory, work-in-progress, and backlog. Equation (1) focuses on
the on-hand inventory. The inventory of echelon i at time ¢, /;(f), increases due to the
receipts of echelon i at time #, which are expressed as the ratio of the work-in-progress
W;(t — 1) to the lead time 4,(¢) (see Wikner 2003), and decreased by quantity sent to the
echelon i+1 at time ¢, C,(%).

Wit —1)

Il-(t) = Il-(t - 1) + [W

]—qm;vur (1)

Analogously, Eq. (2) provides the work-in-progress balance. The work-in-progress
of echelon i at time ¢, W,(%), is increased by the quantity sent by its supplier, echelon i-1,
at time ¢, C;_, (¢), and decreased by echelon i’s receipts at time ¢, i.e. the product that has
just been received.

@

[Wi(f_ 1)] .
W@ =Wie-1D)+C_,t-1) - Vit

A,(0)

Equation (3) expresses the backlog of echelon i at time ¢, B;(t), as the backlog of this
echelon at the end of the period #-1, B;(t — 1), plus the new orders received from the
subsequent echelon, i+ 7/, at time ¢, O, (?), minus the items delivered to this echelon at
period ¢, C;(?).

Bi(t) = Bi(t — 1) + 0, (1) — C(1); Vi,t 3)

The quantities sent between the different echelons are expressed through Eq. (4).
The products sent from echelon i at time ¢, C;(¢), to the next echelon, i+ 1, are the mini-
mum value between: (i) the sum of echelon i+ 1's order at time ¢, O, (), and echelon
i’s backlog at time #-1, B;(# — 1), representing the demand that needs to be satisfied
by echelon i at period #; and (ii) the position of the inventory at the end of the period
t-1, I;(t — 1), and the receipts at time ¢, representing the maximum demand that can be
satisfied.

. Wit-1) .
Ci(H= mln{OiH(I) +B,¢t-1,I,¢t-1+ [ﬂ—(t)] }; Vit 4)

Importantly, Eq. (5) models the assumption of infinite raw material availability.
Therefore, orders issued by the factory, i.e. echelon i=1 are always entirely fulfilled.

C(n=0,,®:;i=0 ®)
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Equations (6) and (7) formalise the proportional order-up-to ordering rule. Equa-
tion (6) is adopted by those echelons that only receive the order placed by their adja-
cent downstream partner as external information, i.e. i & @, where @ is the subset of
echelons receiving information on downstream order forecasts. The order issued by
echelon i at time ¢, O,(?), is Lhe sum of three components: (i) the forecast of the order
from echelon i +1 at time ¢, O, (¢), (i) the difference between the target and the actual
on-hand inventory of echelon i at time ¢, adjusted by echelon i’s proportional control-
ler, i.e. f; [TI () - I,»(t)], and (ii7) the difference between the target and the actual work-
in-progress of echelon i at time ¢, adjusted by echelon i’s proportional controller, i.e.
b; [TW,»(t) — W,»(t)]. The logical operator “max” models the non-negative condition of
orders that forbids returns in the SC.

0,(t) = max{0,, (1) + ; [T1:(1) = L] + B [TW (1) — W,(1)].0}; Vi .t (6)

Equation (7) provides the proportional order-up-to rule for those echelons that
benefit from up-to-date information not only on the order placed by their customer,
but also on the orders received by this echelon, i.e. i € . For instance, in the R-W
IS structure, @ = {3}, while in the W-D-M IS structure, ¢ = {1,2}; see Table 2. The
difference between Eqgs. (6) and (7) is in the first term, as now the forecast 59(0 is
used, where 8 denotes the lowest collaborative echelon in the SC. Following with
the previous example, in the R-W IS structure, § = 4, while in the W-D-M IS struc-
ture, @ = 3. In this fashion, 0‘9 () refers to the forecast made by the lowest collabora-
tive echelon; therefore 1n the R-W IS structure, 09 (D)= 05 (?), and in the W-D-M
IS structure, 09 (D= 04(t) In this sense, the forecast is transmitted along the col-
laborative echelons.

0,(1) = max{0,, (1) + B|TL (D — I(0)] + B;[TW, () — W,()].0}; Vi€E .t (7)

Equation (8) models the simple exponential smoothing, where the constant «;
defines the weight of the most recent obseryation. The former presents the forecasts
of the orders made by echelon i at time ¢, 0, i(1), as the weighted average of the last
order issued by this echelon, O;(z — 1), and the previous forecast, 0, (= 1).

0,(t) = ,0,() + (1 — a)O,(t — 1); Vi1 (8)

We now focus on the target inventory and the target work-in-progress. The target
inventory at echelon i at time ¢, T1,(¢), is expressed as the product of the forecast of
the order from echelon i+ 1 at time ¢, O, (¢), and the local safety stock factor ¢;, as

per Eq. (9).
TI (1) = £,0,,,(t); Vit )

The target work-in-progress at echelon i at time ¢, TW(1), is computed as the
product of the forecast of the order from the echelon i+ 1 at time ¢, O,,,(¢), and the
lead time of echelon i at time ¢, 4,(¢), according to Eq. (10).

TW (1) = A(0)0,,,(1); Vit (10)
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Finally, we denote by y, and o, the mean and standard deviation of the normally
distributed consumer demand, i.e. O5(t) — N(u,, ;). Similarly, we denote by
and o, the mean and standard deviations of the normally distributed lead times,
i.e. A(t) = N(u,,0,%), Vi, t. Both variables have been constrained to non-negative
values.

4 Design of experiments and performance metrics

Herein we describe the experimental design. The main experimental factor is the
IS structure of the SC. We consider seven levels for this factor, corresponding to
the IS structures defined in Table 2. Moreover, we include the mean and variability
of lead times in the design of experiments. We aim to analyse how they affect the
dynamics of IS, as it is well known that lead times enormously contribute to the
bullwhip effect, and hence strongly impact on SC performance (e.g. Chatfield et al.
2004; Kim et al. 2006; Cannella et al. 2017; Ponte et al. 2018).

We select two levels for each factor. For the mean, we use p; = {2,5}. Note
that u, =2 is a standard value that has been widely used in SC dynamics studies,
including the Beer Game (e.g. Sterman et al. 1989), and u, = 5 represents a signifi-
cantly longer lead time, illustrating a more geographically dispersed SC (e.g. Hol-
weg et al. 2005). Meanwhile, the variability is considered in relative terms to the
mean via the coefficient of variation. In this case, we use cv, = 0, /u; = {0.2,0.4}.
Here, cv; = 0.2 represents a scenario with a relatively low lead-time variability,
and cv,; = 0.4 considers the case where lead-time uncertainty is significantly larger
(e.g. Chatfield and Pritchard 2013). All in all, we explore different scenarios related
both to the geographical dispersion of the SC members (mean of lead times) and the
uncertainty in the transportation system (variability of lead times).

We use a full-factorial design, which leads us to explore 28 (7 X2 X?2) scenarios,
each one defined by a different combination of the three factors. We perform 50 rep-
lications in each scenario, obtaining a total of 1,400 simulation runs. Each run has
a time length of 1,000 periods, where the results of the first 200 periods, a warm-up
area, are removed to minimise the impact of the initial state of the SC.

To set the numerical values for the rest of SC parameters, we build on the prob-
lem-specific literature. These values are described below.

e The mean customer demand is p,; = 100, and the standard deviation is 6, = 20.
This results in a coefficient of variation of c¢v; = 0,/pu,; = 0.20, which as per
Dejonckheere et al. (2004) is within the typical range of variation of retail time
series.

e The safety stock factor is €; = 3,Vi, and the exponential smoothing constant is
a; = 0.3,Vi. We have taken this setting from the influential work by Sterman
(1989), which has been used in many relevant SC analyses (e.g. Machuca and
Barajas 2004; Wright and Yuan 2008).

e The proportional controller §; needs be regulated within the interval [0,1]. Low
values generally help managers reduce the bullwhip effect; however, excessively
low regulations are often problematic from the perspective of inventory perfor-
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mance; e.g. see Fig. 1 in Ponte et al. (2017). Taking this into consideration, we
establish g; = 0.3, Vi.

We note that the initial values of the state variables have been defined as fol-
lows. For the inventory, we employ /;(t) = €;4, = 300, Vi. For the work-in-progress,
W;(t) = p,u,; = 300, Vi. For the backlog, B;(t) = 0. This configuration has emerged
from assuming that the SC starts in a steady state.

Adopting the above-described setting for all SCs facilitates the development of a
‘ceteris paribus’ comparison of the different IS structures, and allows us to analyse
this comparison under different operational conditions. Also, this allows to contrast
our results against two largely studied, well-known SC structures, i.e. the traditional
SC and the collaborative SC with full information.

In order to assess the impact of the different IS strategies on SC performance
at the system level, we use the Bullwhip Slope metric, BwSI (see Cannella et al.
2013). This concisely provides a global understanding of the fluctuation of orders
in the whole SC. To compute BwSI, we first obtain the Order Rate Variance Ratio
(ORVrR), which allows us to assess the performance at the echelon level. The
ORVrR (Chen et al. 2000) is by far the most widely used indicator to measure the
bullwhip effect, and can be calculated for each echelon. It is defined as the ratio of
the variance of orders at echelon i, aoiz, to that of consumer demand, ¢,2, as per
Eq. (11) (Miragliotta, 2006). This metric provides information of potential unneces-
sary costs for the SC nodes, such as lost capacity or opportunity costs and overtime
working and subcontracting costs (Disney and Lambrecht 2008).

To calculate BwSI, we plot the individual values of ORVrR in a Cartesian diagram
using the echelon’s position p; as the independent variable. This interpolated curve
is referred in the literature to as the Dejonckheere et al.’s (2004) curve. Essentially,
BwSI is the tangent of the inclination angle of the linear regression of this curve,
as per Eq. (12). At the system level, BwSI measures the magnitude of the bullwhip
propagation across the SC, i.e., how significant the amplification of the variance
of orders across the SC echelons is, and allows for a concise and holistic compari-
son between different SCs (Cannella and Ciancimino 2010). High values of BwSI
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Fig. 1 Bullwhip reduction in the SC for different degrees of collaboration (z)
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indicate a fast propagation of the bullwhip effect in the SC, whereas low values indi-
cate a smooth propagation. Therefore, a BwSI reduction leads to an improved cost
effectiveness of members’ operations. Both metrics, ORVrR and BwSI, are suitable
to compare the dynamics of the different IS structures (Cannella et al. 2013).

o 2

ORVIR, = —=; Vi (11)
04

K K K
KY._ piORVIR, = ¥." ;Y. ORVIR,,

2
KZ,{;P,'Z - (Zf(:lpz)

BwSI = (12)

5 Results

The results of the simulation runs have been statistically analysed by means of an
ANOVA for each dependent variable (i.e. ORVrR; and BwSI), through which we
tested the significance of the experimental factors and their interactions. Since the
impact of the lead times and their variability on the bullwhip phenomenon has been
widely analysed in literature, we focus on the effects of the different IS structures
(i.e. the IS_structure factor) and on how the mean and variability of lead times influ-
ence the performance of such IS structures (i.e. the interactions of IS_structure with
u, and cv,) First, we discuss the results by looking at the overall propagation of the
bullwhip effect in SCs, illustrated by BwSI. Second, we continue by analysing the
individual performance of each echelon, characterised by ORVrR,.

5.1 Impact of the partial IS structure on the overall propagation of the bullwhip
effect (BwsSl)

We use the SPSS software to perform the ANOVA on BwS! and to analyse the main
effects of the factors and their interactions. Table 3 shows the ANOVA results.
Importantly, the main effects of the experimental factors and their interactions are
significant with a 95% confidence level (p<0.05) and, thus, they have relevant
effects on BwSI. Table 3 also shows the average BwSI estimations for each IS struc-
ture. Given that some of these values are very similar, we ranked the partial IS struc-
tures with a higher precision and create clusters with similar performance by carry-
ing out an additional test based on Tukey’s grouping method with 95% significance.

Tukey’s method ranks the IS structures in four different clusters. IS structures
that belong to cluster #1 show the best performance (lowest BwSI) while those
that belong to cluster #4 present the worst performance (highest BwSI). Inter-
estingly, the Full IS structure (with z=3) falls into cluster #1, those IS struc-
tures with =2 belong to cluster #2, those with =1 belong to cluster #3, and
the Traditional scenario (z7=0) is in cluster #4. This test indicates that there are
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Table 3 ANOVA, estimations, and Tukey’s clustering for BwS!

Source DF SS MS F p
Adjusted model 27 20,074.822 743.51 837.67 <0.001
IS_structure 6 1,558.48 259.75 292.64 <0.001
[T 1 14,561.75 14,561.75 16,405.85 <0.001
cvy, 1 1,859.33 1,859.33 2,094.70 <0.001
IS_structure*p, 6 748.95 124.82 140.63 <0.001
IS_structure*cv, 6 79.05 13.18 14.84 <0.001
TR 1 1,230.79 1,230.79 1,386.65 <0.001
IS_structure FullIS RW-DIS W-D-MIS R-WIS W-DIS D-MIS Traditional
Tukey’s Clustering ~ #1 #2 #2 #3 #3 #3 #4

BwSl estimations 2.87 4.05 4.26 5.96 5.64 5.99 7.20

no significant differences in terms of BwS! between the partial IS structures with
equal number of collaborative echelons.

To assess the benefits provided by the incorporation of new echelons into the
IS strategy, we can use Eq. (13). This measures the bullwhip reduction for each
degree of collaboration in relative terms to the traditional scenario, yg,;. Figure 1
plots yp,s for 7=1{0,1,2,3}, suggesting a linear relationship between yp, ¢ and 7
(coefficient of determination, R?=0.997). Interestingly, under the conditions of
our experiments, we obtained a bullwhip reduction of 20% (approx.) for each new
echelon involved in the IS strategy. Figure 1 represents the average of yp, for
those scenarios with the same 7.

BwSI,_y — BwSI,

Tpusi(7) = BwSI_,

(13)

These results offer a new perspective on SC performance under partial IS,
extending those obtained previously in literature. Lau et al. (2004) found that
sharing information between downstream echelons is more beneficial for the
SC than that between upstream echelons, since the former generally hold larger
inventories than the latter (due to the higher ratio of unit backlog cost to unit
holding cost). Ganesh et al. (2014a) derived the value of IS for any single firm
as an increasing concave function of the degree of collaboration, considering
inventory holding and backlog costs. The results obtained in this paper comple-
ment those previous findings by showing that, when the value of IS is measured
through the lens of the bullwhip effect of the entire SC,

1. The benefits of IS in terms of bullwhip reduction increase linearly with the number

of echelons involved. Each new echelon sharing information reduces the propaga-
tion of the bullwhip effect by approximately 20% over the traditional scenario.
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2. These benefits are independent of the position of the echelons that collaborate in
the supply chain. Therefore, IS at upstream and downstream levels of the SC have
the same value for smoothing the overall bullwhip propagation in SCs.

Now we analyse the impact of the lead times on the BwSI of the different partial
IS structures. Table 3 shows significant interactions between the two lead-time fac-
tors and the IS structures. The interaction with the mean, yu,, has been found to have
a higher explanatory power (F=140.632) than that of the coefficient of variation,
cv, (F=14.843). To analyse the interactions, Fig. 2 displays the interaction plots,
showing both average values and 95% confidence intervals (CI).

On the left side of Fig. 2, an important interaction between IS_structure and
1, can be observed (notice that the curves are clearly not parallel). This suggests
that high lead times make the SC more sensitive to the partial IS structure adopted,
which is in line with the results obtained by Lau et al. (2004) for inventory costs. In
other words, the effect of increasing the number of collaborative echelons is higher,
in absolute terms, for SCs with higher lead times. As an example, BwS! in the tradi-
tional SC with longer lead times mean (5 periods) decreases from 12.5 to an average
of 10.46 when 7=1, and to an average of 7.5 when z=2. The BwSI in the traditional
SC with shorter lead times (2 periods) is significantly lower than in the previous
case and, even though the relative improvement obtained by the partial IS may be
even stronger than in the previous case, the absolute reduction of the BwS! is lower.
For example, the BwS! in the traditional SC with short lead times mean decreases
from 2 to an average of 1.4 when 7=1, and to an average of 0.8 when 7=2.

On the right side of Fig. 2, we show the interaction between IS_structure and cv,
~As anticipated by the F ratio, this interaction is less important, as it can be seen by
certain level of parallelism in the lines. In other words, the reduction of the BwSI
obtained by a partial IS structure depends to a lesser extent on the variability of
lead times. As an example, BwSI in the traditional SC with high lead times vari-
ability (c.v.=0.4) decreases from 9 to an average of 7.3 when one echelon shares

14 —8— Lead times mean =2 —&— Lead times c.v. = 0.2
—— Lead times mean =5 % —— Lead times c.v. = 04
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Fig.2 Impact of the interactions IS_structure*u; and IS_structure*cv, on BwSI
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information, while in the case of low variability (c.v.=0.2), BwSI decreases from 5.2
to an average of 4.2.

The impact of lead times on the performance of partial IS for reducing the propa-
gation of the bullwhip effect in SCs can be summarised as follows:

3. The effects of partial IS on the propagation of the bullwhip effect in SCs sig-
nificantly depends on the mean of the relevant lead times: SCs with higher lead
times are more sensitive, in absolute terms of BwSI, to the degree of collaboration
among echelons.

4. The effects of partial IS on the propagation of the bullwhip effect in SCs depends
to a lesser extent on the variability of the lead times: SCs with more variable lead
times are more sensitive, in absolute terms of BwSI, to the degree of collaboration
among echelons.

5.2 Impact of the partial IS structure on the performance of the echelons
(ORVrRi)

We now analyse the impact of the IS structures on the bullwhip effect suffered by
each SC echelon using ORVrR;. The ANOVA results are shown in Table 4 and
ORVrR,; estimations are provided in Table 5. ANOVA shows that the IS structure
has a significant impact on ORVrR; at all SC nodes, with the expected exception of
the lowest echelon (Retailer). Table 5 shows that moving from one IS structure to
another significantly impacts ORVrR,;. Considering the F ratios in Table 4, we see
that this impact monotonously decreases as we move downstream in the SC, which
is confirmed by the estimations of Table 5 (F ratios show a quasi-linear decrease,
coefficient of determination R?>=0.989).

To explain the results and analyse in detail each IS structure, we also use Tukey’s
grouping with 95% significance; see Table 5. Interestingly, the Manufacturer shows
exactly the same number of clusters for ORVrR; as before, while other echelons
have a lower number of clusters. The Distributor has three clusters. The same per-
formance is obtained for full IS (r=3) and for R-W-D IS (r=2), while W-D-M IS
(r=2) belongs to the same cluster as R-W IS and W-D IS (z=1). Furthermore, D-M
IS (r=1) performs like the traditional scenario (z=0). The Wholesaler includes
two clusters. It achieves the best performance for full IS, R-W-D IS and R-W IS,
while the other structures belong to the low-performing cluster. Finally, as discussed
before, there is only one cluster for the Retailer.

Since the degree of collaborationzcannot explain precisely the echelon’s perfor-
mance, we now define the degree of downstream collaboration z, i.e. the number of
downstream echelons that share information. Looking at the Distributor in Table 5,
it can be noticed that the IS strategies in the top-performing clusters (full IS, R-W-D
IS) have 7=2, while the strategies in the second cluster (W-D-M IS, R-W IS, W-D
IS) have =1, and those strategies in the third cluster (D-M IS, Traditional) have
7=0. Therefore, the benefits obtained from IS at the Distributor echelon are related
to the degree of downstream collaboration. The same rationale applies for the Manu-
facturer (note that here 7=7), the Wholesaler, and the Retailer (where 7=0). This
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Table 4 ANOVA for ORVrR;

Source DF SS MS F p

Order rate variance ratio: manufacturer

Adjusted model 27 273,415.94 10,126.52 1,198.78 <0.001
IS_structure 6 13,990.25 2,331.71 276.03 <0.001
I 1 192,624.16 192,624.16 22,802.97 <0.001
v, 1 37,037.74 37,037.74 4,384.55 <0.001
IS_structure *u, 6 6,614.79 1,102.47 130.51 <0.001
IS_structure *cv, 6 724.23 120.71 14.29 <0.001
u¥ev, 1 22,086.94 22,086.94 2,614.67 <0.001
Order rate variance ratio: distributor

Adjusted model 27 87,219.91 3,230.37 1,298.95 <0.001
IS_structure 6 2,882.67 480.44 193.19 <0.001
M 1 60,932.19 60,932.19 24,501.11 <0.001
v, 1 13,876.88 13,876.88 5,579.96 <0.001
IS_structure *u, 6 1,591.00 265.17 106.63 <0.001
IS_structure *cv, 6 114.53 19.09 7.67 <0.001
u¥ev, 1 7,774.96 7,774.96 3,126.35 <0.001
Order rate variance ratio: wholesaler

Adjusted model 27 20,431.34 756.72 3,171.01 <0.001
IS_structure 6 100.86 16.81 70.44 <0.001
U, 1 12,111.04 12,111.04 50,751.14 <0.001
v, 1 5,441.36 5,441.36 22,801.93 <0.001
IS_structure ¥, 6 48.43 8.07 33.82 <0.001
IS_structure*cv, 6 7.33 1.22 5.12 <0.001
u¥ev, 1 2,718.65 2,718.65 11,392.47 <0.001
Order rate variance ratio: retailer

Adjusted model 27 12,697.33 470.27 5,369.37 <0.001
IS_structure 6 1.48 25 2.81 0.010
M 1 6,764.66 6,764.66 77,236.10 <0.001
v, 1 4,019.16 4,019.16 45,889.10 <0.001
IS_structure ¥, 6 1.42 .24 2.70 0.013
IS_structure *cv, 6 1.05 18 2.00 0.063
u¥ev, 1 1,908.51 1,908.51 21,790.59 <0.001
Table 5 Estimations and Tukey’s clustering for ORVrR;

IS_structure Full IS R-W-DIS W-D-MIS R-WIS W-D IS D-M IS Traditional
Manufacturer 12.64 (1) 16.67 (2) 16.71(2) 22.16(3) 21.37(3) 21.55(33) 25.74(4)
Distributor 8.46 (1) 8.48 (1) 11.28 (2) 11.21(2) 11(2) 13.53(3) 13.16 (3)
Wholesaler 5.01 (1) 5.06 (1) 5.8(2) 5.13 (1) 5.82(2) 5.69 (2) 573 (2)
Retailer 424 (1) 429 (1) 4.32 (1) 4.32 (1) 4.3 (1) 421 (1) 4.23 (1)
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result suggests that a given echelon in the SC obtains identical benefits from IS
structures with the same zregardless of which echelons share information.

For example, we consider the Manufacturer and IS structures with 7=2, i.e.
R-W-D IS and W-D-M IS. This node is equally benefitted from both structures
despite the fact that they involve different SC echelons. Therefore, this node benefits
from the same bullwhip reduction if the information is shared from the Retailer to
the Distributor via the Wholesaler than if it is shared from the Wholesaler to the
Manufacturer itself via the Distributor. Note that both IS structures are conceptu-
ally different. The former involves up-to-date information on market demand and
keeps the Manufacturer out of the IS, while the latter is based on information on the
orders issued by the Retailer (hence market demand is not known) that is used by the
Manufacturer (who here participates in the IS strategy).

From this perspective, it is relevant to note that the benefits of IS are transmitted
upstream in SCs. Therefore, despite we observed before that the overall propagation
of the bullwhip effect does not depend on the position of the nodes that collaborate
in the SC, if we consider the joint cost performance of all the SC echelons, it is
better to adopt a downstream IS structure. This occurs because more echelons will
benefit from IS, and thus the intermediate echelons will benefit from a significant
reduction in the operational costs; for instance, comparing R-W-D IS to W-D-M IS,
the ORVYR; at the Wholesaler and at the Distributor is lower in the former structure
than in the latter. This observation is aligned with the previously discussed conclu-
sions by Lau et al. (2004).

Using the same rationale as before, we now estimate the improvement of partial
IS structures in terms of ORVrR reduction, y,py.x. Using the traditional scenario as a
reference, as per Eq. (14). Figure 3 plots y,py,x for the set of all partial IS structures
with the same degree of downstream collaboration (z) and for each echelon of the
SC. Again, y gy, is averaged for the scenarios with the same 7.

ORVFR s_y — ORVIR
ORVIR  _

yORVrR(T/) = (14)

Like Fig. 1 for 7, Fig. 3 suggests a quasi-linear increase of y gy, as 7 grows,
which is in line with the F ratios in Table 4. Nonetheless, the curve for each echelon
is constrained by the number of downstream echelons it has (i.e. the maximum 7).
Interestingly, while the benefits in terms of inventory cost reduction have been found
to follow an increasing concave function of the degree of collaboration (Ganesh
et al. 2014a) (that is, the ‘marginal’ benefits decrease as collaboration increases),
from a bullwhip reduction perspective we have observed a linear relationship (that
is, the benefits in relative terms are identical as 7’ increases).

Furthermore, it is interesting to note that, in relative terms (i.e. Eq. 14), all eche-
lons upstream of a certain 7 partial IS structure obtain identical benefit, e.g. both the
manufacturer and the distributor reduce the bullwhip effect around 36% for 7 =2.
However, since the bullwhip effect is higher in the echelons upstream, the most
upstream SC echelons always experience a higher absolute performance improve-
ment, e.g. the bullwhip effect at the manufacturer, ORVrR;=25.74, decreases to an
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average of ORVrR;=16.79 for 7'=2, while in the case of the distributor, the bull-
whip effect ORVrR,=13.16, decreases to an average of ORVrR,=8.47.
The previous discussion leads us to the following findings:

5. The benefits in terms of bullwhip reduction obtained by a given echelon of the SC
from a partial IS structure

e Monotonously increase as the degree of downstream collaboration grows.
e Do not depend on which downstream echelons share information.
e Are higher for the upstream echelons of the SC.

6. Downstream partial IS structures are more advantageous for the SC than
upstream partial IS structures from the perspective that the former have a posi-
tive impact on a higher number of echelons, which will benefit from a significant
cost reduction in their operations.

To illustrate and clarify the key findings of our work, we now analyse one of
the simulated scenarios in more detail. Figure 4 shows ORVrR; for the traditional
(no IS), R-W IS (downstream collaboration), and D-M (upstream collaboration) IS
structures, when ;=5 and cv,=0.4. In line with prior discussions, ORVrR decreases
at the Wholesaler with R-W IS, since this node uses the forecast shared by the
Retailer. This also benefits the upstream echelons (i.e. Distributor and Manufac-
turer), which all show ORVrR s below the Traditional structure. However, D-M IS
only benefits the Manufacturer, which shows the same ORVrR as in the case of R-W
IS. Note that, from the perspective of the Manufacturer, both structures have the
same degree of downstream collaboration (i.e. 7 =1); however, from the perspec-
tive of the other Wholesaler and the Distributor, the R-W IS structure entails 7 =1
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Fig.4 ORVIR, for the Traditional, R-W IS and D-M IS structures, when y;=5 and cv,=0.4

while the D-M structure entails 7 =0. This confirms what we discussed before: the
benefits obtained by an echelon depend on 7, but not on which nodes are sharing
information. Nevertheless, downstream IS is more beneficial for the SC since more
echelons benefit from lower bullwhip effect.

At this point, it is reasonable to wonder why both IS structures show a similar
propagation of the bullwhip effect (BwSI=13.75 for R-W and BwSI=13.97 for
D-M), despite the fact that more echelons operate with a lower variability when
collaboration takes place downstream in the SC. The reason behind this finding is
that the stage variance amplification that occurs between two consecutive echelons
reduces in a similar proportion due to IS regardless of the echelons involved.

Let SVAmp, = o'l.2 / aizﬂ denote the stage variance amplification between echelons
i and i+ 1, where SVAmp? refers to the value of SVAmp; when in the traditional sce-
nario. We find that: (a) if echelon i+ 1 is not sharing information with echelon i,
SVAmp,; ~ SVAmp? regardless of whether or not the other SC nodes share informa-
tion; and (b) SVAmp, ~ SSVAmpl.*, with 6 < 1, if echelons i+ 1 shares information
with echelon i, also regardless of whether or not the other SC nodes are collabo-
rating. And more importantly, in the context of our study, 6 is independent of the
echelons who are sharing information; that is, the proportional reduction of SVAmp,
caused by IS is similar for all SC echelons. To illustrate this observation, Fig. 5
shows SVAmp; for the different nodes in the scenario considered in Fig. 4 (note,
SVAmp, has been exclude since the Retailer does not benefit from IS). For the R-W
IS structure, SVAmp; < SVAmp3, and SVAmp,; ~ SVAmp? for i={1,2}; and for the
D-M IS structure, SVAmp, < SVAmpj, and SVAmp; ~ SVAmp? for i={2,3}. Moreo-
ver, SVAmp, /SVAmp? ~ & is approximately equal for i=3 in the R-W structure and
i=1in the D-M structure.

Finally, we analyse how lead times affect the impact of the IS structures on the
bullwhip effect from a single-echelon perspective. Figure 6 plots the average val-
ues and 95% CIs of the relevant interactions (these are excluded for the Retailer
and Wholesaler due to their lower significance). The interaction between IS_struc-
ture and yu, has a significant impact for the upstream echelons, showing a decreas-
ing trend as we move downstream (see F ratios in Table 4). Note that the effect of
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Fig.5 SVAmp; for the Traditional, R-W IS and D-M IS structures, when y,=5 and cv,=0.4

increasing the degree of collaboration on echelon’s performance is highly influenced
by u, at upstream echelons (Manufacturer and Distributor), e.g. the bullwhip effect
at the manufacturer, ORVrR;=45, decreases to an average of ORVrR;=37.8 for
7'=1and 1,=5, while in the case of shorter lead times (y,=2), the bullwhip effect at
the manufacturer decreases from ORVrR;=5.2 to an average of ORVrR;=4.2. Sim-
ilarly, the interaction between IS_structure and cv, is significant for the upstream
echelons of the SC but, nevertheless, this interaction is of lower intensity than the
previous one, i.e. the bullwhip effect reduces in similar magnitudes under partial IS
for different values of cv,.
We summarise these findings as follows:

7. The echelon’s bullwhip reduction obtained by a partial IS structure is more sig-
nificant for higher lead times. This effect diminishes as we move downstream in
the SC.

8. The echelon’s bullwhip reduction obtained by a partial IS structure slightly
depends on lead times variability. This effect diminishes as we move downstream
in the SC.

6 Managerial implications

Over the last two decades, a considerable amount of evidence has suggested that
bullwhip costs play a pivotal role in many organisations (Wang and Disney 2016).
It is thus essential for managers of decentralised SCs to understand how they can
benefit from different types of IS schemes, especially since it has been generally rec-
ognised the high difficulty to reach full collaboration among all SC members. In the
light of our results, herein we provide SC managers with some recommendations on
how to implement and benefit from partial IS strategies.

The implementation of a full IS structure naturally leads to the highest bull-
whip reduction while, as expected, the worst SC dynamics are obtained without
IS mechanisms. Between both extremes, the bullwhip effect significantly reduces
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Fig.6 Impact of the interactions between IS_structure and [u,, cv;] on ORVIR,;

as the number of collaborative echelons grows. As it might be hard to involve
all echelons of real-world SCs at first due to different barriers, a potential solu-
tion to start implementing IS practices may be focused on a dyadic relationship.
In addition, since the overall propagation of the bullwhip effect is independent
of “who” the echelons involved are, it would be reasonable to start with mem-
bers with higher willingness to share information and/or where the collection and
sharing of data is easier and less costly. This should strongly depend on the indus-
try under consideration (Chae et al. 2018). In any case, this first stage will have a
positive impact on the dynamics of the SC, allowing to reduce the propagation of
the bullwhip effect in the SC by ~ 20%. This should provide SC decision makers
with confidence to enlarge the coalition by extending IS to other echelons, since
the benefits obtained are proportional to the number of collaborative echelons.
While the overall bullwhip reduction does not depend on the echelons that
share information, the benefits perceived by each node are significantly affected
by the position of these echelons in the SC. Specifically, an organisation at a given
echelon will experience higher bullwhip reduction as more downstream eche-
lons participate in IS. However, again, this is independent of which downstream
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echelons share information. In the light of this, managers of a specific organisa-
tion may be tempted to start by focusing on those echelons that are more prone
to collaborate. Nonetheless, it should be highlighted that the benefits obtained
by the addition of new downstream echelons to the IS strategy are equally dis-
tributed among the relevant upstream echelons. From this perspective, it may be
worth to start the design and implementation of IS-based collaborative strategies
for SCs by looking at the downstream echelons. Managers at upstream echelons
of the SC have powerful reasons to motivate lower echelons to share information,
creating the need for aligning incentives in the wider SC.

That is, with the aim of obtaining benefits over all echelons of the SC, a suitable
strategy may be to start by implementing IS from the retailers, which would report
significant benefits to the rest of echelons. This can be seen in Fig. 7, where the
echelons’ bullwhip reduction (ygy,z) 18 plotted for IS structures with =1 and 7=2.
Note that the benefit of a full IS structure is also plotted in both figures for bench-
marking purposes. It can be seen how involving the Retailers in IS (R-W IS for z=1
and R-W-D for 7=2) reports benefits for a higher number of SC members than any
other partial IS structure.

However, as the Retailer does not directly benefit from sharing information with
other SC members from the perspective of order variability—nonetheless, smooth-
ing the upstream flow of materials should eventually result in benefits for the
Retailer, e.g. through less stock-outs in the SC—, upstream members in the SC need
to share the economic gains derived from the IS strategies (see e.g. Lau et al. 2004;
Ganesh et al. 2014a; Audy 2012). Essentially, this means that upstream SC mem-
bers must compensate the downstream ones for the operational advantage the for-
mer obtain thanks to the information provided by the latter. One potential solution
for aligning incentives could be based on the implementation of a structured reward
scheme (e.g. reduction of product prices, improvement of contract agreements and/
or fixed revenues, etc.). To successfully implement a win—win strategy and encour-
age companies to become more collaborative, the benefits, costs and risks of IS must
be shared among the maximum number of members. By targeting the retailer as the
first member for IS, all upstream members will benefit from collaboration and thus
the distribution of benefits, costs and risks can be more effectively done.

The analysis of production and distribution lead times and their impact on the
efficiency of partial IS structures also led to meaningful managerial insights. From
a systemic point of view, SCs characterised by long and variable lead times expe-
rience a more intensive bullwhip reduction by adding new collaborative members
than those with short and stable lead times. Consequently, the above-mentioned
recommendations may be particularly useful for managers of SCs operating under
prominent geographical dispersion and/or uncertain lead times.

7 Conclusions and future research
It is well known that IS promotes the reduction of the bullwhip effect along SCs.

However, within a decentralised SC it is difficult to implement full IS strategies
among all SC members due to a number of barriers. It then becomes crucial to
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understand the effectiveness of sharing demand data where the full collaboration
in SCs cannot be achieved. This is the focus of the present study, where we model
a set of partial IS structures under stochastic lead times and demand using system
dynamics, and analyse SC performance in terms of bullwhip effect both at the
system and the echelon levels.

Our main findings are:

e The reduction of the propagation of the bullwhip effect in SCs is proportional
to the degree of collaboration (i.e. the number of echelons sharing informa-
tion), but it is independent of the position of the nodes involved in IS. Each
echelon sharing information may reduce the bullwhip effect by up to 20% with
respect to the traditional SC.

e The reduction of the bullwhip effect for each echelon is proportional to the
degree of downstream collaboration (i.e. the number of downstream echelons
sharing information), and it is also independent of the downstream echelons
involved. Each downstream echelon sharing information may reduce the bull-
whip effect faced by upstream echelons by up to 15-20%. Therefore, upstream
echelons (which generally suffer more severely from the consequences of the
bullwhip effect) are the most benefited from IS.
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e Downstream partial IS structures benefit a higher number of echelons than
upstream partial IS structures. Hence, the former structures provoke a larger
reduction of the overall SC costs.

e The impact of the partial IS on the bullwhip effect, both at the SC and the
echelon levels, strongly depends on the mean lead times. In this sense, IS
becomes more beneficial under long lead times. This is particularly important
at the upstream members of the SC.

e The impact of the partial IS structure on the bullwhip effect depends to a
lesser extent on the variability of lead times. Nonetheless, IS is more favour-
able under highly uncertain lead times.

From these findings, we have derived relevant managerial implications on how
to implement IS in a decentralised SC. A good strategy may be to start by involv-
ing just one echelon, and then continue with involving the rest of echelons at a
later step, given that the SC performance improvement increases as the degree of
collaboration grows. Specifically, involving retailers first might be the best alter-
native, as in this situation a higher number of echelons in the SC experience a
decrease in their order variability. In this fashion, the costs associated with the
required compensation to the retailers can be shared among a higher number of
members who benefit from bullwhip reduction.

Finally, several limitations to our study can be found, which are mainly related
to the assumptions made and define interesting avenues for future research. An
important consideration is the i.i.d. nature of the demand. Exploring partial IS in
SCs that face different demand characteristics, including seasonality and trend,
may lead to different findings. In these cases, sharing consumer demand informa-
tion may be more valuable, thus downstream echelons may play a more important
role in IS. Another important assumption is the unlimited capacity. A capacity
constraint would increase the nonlinear behaviour of the SC, which may generate
different dynamic behaviours and findings. Also, the present research has focused
on serial SCs. Thus, the results of this work can be extended by analysing the per-
formance of the partial IS structures in more complex SCs, including divergent
and convergent effects as well as the emerging closed-loop structures for circular
economic models.

Furthermore, we have considered the exchange of only one source of informa-
tion (demand forecasts). Future work could analyse partial IS scenarios where
different types of information are exchanged among the participant members.
Finally, we have assumed that the information is transmitted without errors. How-
ever, this is not always true in practice (Kwak and Gavirneni 2015), as errors may
occur when the information is transmitted from one echelon to another. Depend-
ing on the frequency and magnitude of errors, partial IS structures with a lower
degree of collaboration may provide better SC performance than others with a
higher involvement. Therefore, further research needs to address the performance
of different partial IS structures under the presence of errors in information
transmission.
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