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Abstract

We consider the problem of assessing value of demand sharing in a multi-stage supply chain
in which the retailer observes stationary autoregressive moving average demand with Gaussian
white noise (shocks). Similar to previous research, we assume each supply chain player constructs
its best linear forecast of the leadtime demand and uses it to determine the order quantity via
a periodic review myopic order-up-to policy. We demonstrate how a typical supply chain player
can determine the extent of its available information under demand sharing by studying the
properties of the moving average polynomials of adjacent supply chain players. Hence, we
study how a player can determine its available information under demand sharing, and use this
information to forecast leadtime demand. We characterize the value of demand sharing for a
typical supply chain player. Furthermore, we show conditions under which (i) it is equivalent
to no sharing, (ii) it is equivalent to full information shock sharing, and (iii) it is intermediate
in value to the two previously described arrangements. We then show that demand propagates
through a supply chain where any player may share nothing, its demand, or its full-information
shocks with an adjacent upstream player as quasi-ARMA in - quasi-ARMA out. We also provide
a convenient form for the propagation of demand in a supply chain that will lend itself to future

research applications.
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1 Introduction

We consider the problem of assessing value of demand sharing in a multi-stage supply chain in which
the retailer observes covariance-stationary autoregressive moving average demand with Gaussian
white noise (shocks). We assume that all supply chain players use a myopic order-up- to inventory
policy where negative order quantities are allowed, but the probability of negative demand or
negative orders is negligible. It is assumed that the lead time guarantee holds, i.e., if an upstream
player does not have enough stock to fill an order from the adjacent downstream player, then the
upstream player will meet the shortfall from an alternative source, with additional cost representing
the penalty cost to this shortfall. Excess demand at the retailer is backlogged. Similar to previous
research, we assume each supply chain player constructs its best linear forecast of the leadtime
demand and uses it to determine the order quantity via a periodic review myopic order-up-to
policy.

With respect to the information structure, we assume, as others have (c.f. [Lee et al., 2000]
(hereafter LST) that the form and parameters of the model generating a downstream player’s
demand are known to the adjacent upstream player. However the downstream player’s demand
realizations, and shocks that generate all of the player’s information (the downstream player’s
full information shocks), may be private knowledge. When there is no information sharing, the
upstream player receives only an order from the adjacent downstream player. When there is
demand sharing, the downstream player provides its demand in addition to placing its order with
the upstream player. Finally, when there is full information shock sharing, the downstream player

provides its full information shocks in addition to placing its order with the upstream player.



The existing literature either does not distinguish between demand sharing and shock sharing
[Gaur et al., 2005] (hereafter GGS) and [Zhang, 2004] (hereafter Zhang)) or focuses on the value of
full information shock sharing in a supply chain without allowing for the possibility that a player
may share its demand as opposed to its full information shocks [Giloni et al., 2012] (hereafter
GHS). We demonstrate how a typical supply chain player can determine the extent of its available
information under demand sharing by studying the properties of the moving average polynomials of
adjacent supply chain players. We utilize the methods and results described in GHS (2012) where
they demonstrate how a typical supply chain player can determine its available information under
full information shock sharing or possibly under no sharing arrangement. We study how a player
can determine its available information under demand sharing, and use this information to forecast
leadtime demand. Furthermore, we show conditions under which (i) it is equivalent to no sharing,
(ii) it is equivalent to full information shock sharing, and (iii) it is intermediate in value to the two
previously described arrangements.

After characterizing a player’s information set under demand sharing, we then study how de-
mand propagates through a supply chain where any player may share nothing, its demand, or
its full-information shocks with an adjacent upstream player. Specifically, we find that demand
propagates as quasi-ARMA (QUARMA) in - quasi-ARMA out even with the possibility of demand
sharing. We also introduce a convenient mathematical structure for the propagation of demand,
notappearing in previous literature. This is done by studying QUARMA propagation as sums of
polynomials rather than linear combinations of coefficients. This form provides more intuition be-
hind how demand propagates upstream in the supply chain. Furthermore, it allows for the study of
various supply chain dynamics, such as the bullwhip effect and the asymptotic behavior of supply
chains with many stages.

We provide several important contributions to the literature. The first is in characterizing a



player’s information set when the adjacent downstream player shares demand. The second is in
establishing the new result that demand sharing can be intermediate in value. We provide examples
of this by demonstrating what a player’s full information shocks and mean square forecast error
(MSFE) would be under the three aforementioned sharing arrangements. The third is that we show
that under the possibility of either no sharing, demand sharing, or full information shock sharing,
demand propagates upstream the supply chain as quasi-ARMA in - quasi-ARMA out. The fourth
is that we provide a convenient form for the propagation of demand in a supply chain that will lend

itself to future research applications.

2 The Research Problem

2.1 Recovering Shocks from Historical Data

In this paper we represent a player’s information in terms of a white noise series. It is therefore
essential to understand if and when a series of shocks can be recovered from present and past
observations. It is sometimes assumed (incorrectly) that this is always possible. The following
example illustrates this problem for a simple moving average (MA) model.
Example 1. Part 1
Consider the following MA(1) model:
Dy =c+ e — 0161 (1)

Consider trying to solve for €, in terms of present and past values of {D;}. Note that (1) can
be rewritten as
€ =Dy —c+ 0161
or
€t =Dy —c+601(Di—1 — c+ O1612).

Continuing in the same manner we have for any N > 0

N-1 N—-1
e@=cY 0+ > 0D n+0 ey (2)
n=0 n=0
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If |61|< 1 then the last term in (2) will approach 0 and we get the representation:

oo )
e=cy 07+ 07D,
n=0 n=0
which shows that €; can be written as a convergent series of present and past observations {D;}.
Any { D} that satisfies this property is said to be invertible with respect to shocks {€;}. Note that
|01|< 1 if and only if the root of 1 — 61z is outside the unit circle. As we will discuss in Remark 1,
the location of roots is central to a discussion of invertibility.

However, if |61|> 1, we will show in Example 1 Part II that one cannot express the current
shock as a convergent series of present and past observations. The case of |01|> 1 occurs if and
only if the root of 1 — 01z is inside the unit circle. Here the demand series {D.} is said to be
non-invertible with respect to shocks {€}.

If |01|= 1, then it is possible to recover ¢, from present and past values of { D}, however this is
accomplished in a different way than described for the case when |01|< 1. We still say that {D.} is

invertible with respect to shocks {€,} for this case. Refer to GHS for a discussion of invertibility.
The invertibility concepts described in this example extend naturally for an MA(g) model.
Similarly, for an AR(p) model, we say that demand series {D;} is causal with respect to shocks

{e:} if we can write D; as a linear combination of present and past {e}.

Remark 1. A series {D;} is causal and invertible ARMA (p,q) with respect to a series of indepen-

dent Gaussian random variables {e;}, called “shocks”, having mean zero and variance o2 if it can
be written as

Dy =c+ ¢1Di 1+ ¢2Dy o+ ... + GpDyp + € — 01641 — boeg 0 — ... — 044, (3)
where ¢ is a constant and the roots of the polynomials 1 — g1z — ... — ¢p2P and 1 — 012 — ... — 0,29
are outside the unit circle for z € C.

It is often useful to express (3) in terms of the backshift operator, B, where B¢, = €
and B"D; = D;_,. In order to do so, let ¢(B) = 1 — ¢1B — ¢p2B? — ... — $,BP and 0(B) =
1—6,B—0:B%—...—0,B9. Then {D;} in (3) can be expressed as

@(B)Dy = c+0(B)et (4)



For some more intuition behind invertibility and the use of the backshift operator, consider the

following:

Example 1. Part II

We can rewrite the model (1) in terms of the backshift operator as
Dt =c+ (1 — 913)6,5 (5)
which can be rewritten as

1 n 1
- c
1-6,B 1-6,B

Dy (6)

€t =

1
Suppose |01|< 1. Through a formal Taylor series expansion of 105 this can be rewritten as
—bth
oo [ee]
e =—> (01B)"c+ > (6:B)"D;
n=0 n=0
or equivalently
o o0
€t — — 2(913)"0 + Z H?Dt—n
n=0 n=0
and hence we can write ¢ as a linear combination of present and past values {Dy},__. . Thus

here the model in (5) is invertible.

Suppose now that |61|> 1 and consider the term in (6). Doing some manipulations we

1
1-6,B
have that

1 1/B 1/B 1 1
— g = —0 B —
1-6B B '—6; 0,(6,'B1—-1) =00/ )1—91_13_1

1

1
Since |01|> 1, it is obvious that ]0—\> 1 and through a formal Taylor series expansion ofW,
1 - 1 -

we rewrite (6) as

o0 oo

e = (071/B)Y (07" B~ )'e+(=071/B) Y (67" B7H)"D;
n=0 n=0
which can be rewritten as
0 0
e =(67"/B) > (01B)"c+ (=67"/B) > (61B)"D;
or equivalently
0 00
e =(6:/B) Y (61B)"c+ (—6;"/B) S 6" Din
n=-—oo n=0



Here ¢; is expressed through values in the sequence {Dy}52, 1, which are in fact unknown in

practice at time t. Thus the model in (5) is not invertible if |01|< 1.

From this example, we get the intuition behind Remark 1. We can see this by rewriting (4) as

et = =07 (B)c+ ¢(B)~ 1 (B) Dy

q
The polynomial 0(z) =1 — 612 — ... — 0,29, having roots 21, ..., 24, can be factorized as H(l — i).
2
=1 !
Therefore the previous equation is equivalent to
B
€t = —H_I(B)C—F ¢( ) Dt (7)

ﬁ(l — z;lB)
j=1

We can treat the terms in the same way we treated in Example 1 Part II.

1 1
1-— z;lB 1-6B

In doing so, when we express ¢; through observations {D;}, we will require some values in the
sequence {Dp}5°,,, if and only if there is a root z; such that |z;[< 1.
In accordance with GHS, we say that {D,} is QUARM A(p, q, J) with respect to shocks {e;} if

it can be written as
Di=c+¢1Di1+ 2Dy o+ ...+ dpDyp+e—g—bie_g1—boes_go— ... —bgei_j—q  (8)
or, in terms of the backshift operator,
$(B)D; = ¢ + B70(B)e (9)

where ¢(B) and 6(B) are as previously defined. We refer to ¢(z) and 6(z) as the AR and MA
polynomials in the QUARMA representation of {D;} with respect to {¢}. We refer to J as the
QUARMA degree. Note that {D;} which is QUARMA with respect to {¢;} is ARMA with respect
to {B”7¢;}. Asin GHS, if J > 0 in (9), then {D;} is non-invertible with respect to {e;} since, at time

t, there would be no way to recover ¢; from present and past values {D,,}¢ _ The model in (9)

—00*



will be central to our study of demand propagation as we will show that demand {Dy;} of player
k may be QUARMA, with a QUARMA degree J; > 0, even though the retailer observes ARMA
demand. Henceforth {Dy+} and {e+} will refer to player k’s demand series and full information
shock (FIS) series, defined below in Definition 1. Dy and €, will refer to player k’s demand and

shock at time ¢.

2.2 Assumptions

We consider a K-stage supply chain where at discrete equally-spaced time periods, the retailer
(assumed to be at stage 1) faces external demand {D; .}, for a single item. Let {D;.} follow a

covariance stationary ARM A (p, q1) process with p > 0, ¢; > 0:

QS(B)DL,: =d+ 91(B)el,t (10)

where d > 0 is a constant and the roots of ¢(z) and 6 (z) are outside the unit circle to insure that the
retailer’s demand is causal and invertible with respect to {€;;}. Following LST, Zhang and GHS,
we assume that the shocks {€1 +} are Gaussian white noise. Let the replenishment leadtime from the
retailer’s supplier to the retailer be ¢; periods. Excess demand at the retailer is backlogged. Let the
replenishment leadtime from the player at stage k + 1 to stage k be £}, periods. We assume that all
supply chain players use a myopic order-up-to inventory policy where negative order quantities are
allowed, but d is sufficiently large so that the probability of negative demand or negative orders is

negligible. Furthermore, hj and py are player k’s unit holding and shortage (or backorder) costs per

time period. Player k’s required service level is given by ¢ = @_l[pkl_’fhk], where @ is the standard
Normal cdf. It is assumed that for £ > 1 the £; period lead time guarantee holds, i.e., if the player
at stage k+ 1 does not have enough stock to fill an order from the player at stage k, then the player

at stage k + 1 will meet the shortfall from an alternative source, with additional cost representing

the penalty cost to this shortfall. [Gallego and Zipkin, 1999] show how this assumption allows one



to decompose a multi-stage system with no alternative source into single-stage systems and to
approximate the cost of the system.

Hence, at the end of time period ¢, after demand D ; has been observed, the retailer observes
the inventory position and places order Ds; with its supplier. The retailer receives the shipment of
this order at the beginning of period t + ¢1 + 1, where £; > 0. The sequence of events at all supply
chain players is similar. However, it is further assumed that all upstream supply chain players
observe their demand, observe their inventory positions and place their orders instantaneously at
the end of time period t¢.

We assume that all players place their orders based on the best linear forecast of their lead-time
demand. This means that player k’s order will be based on its best linear forecast of the demand it
will observe through time period ¢t + ¢ + 1 (that is ff{l Dy, ¢44). It is assumed that all upstream
supply chain players observe their demand, observe their inventory positions and place their orders
instantaneously at the end of every time period t.

We assume that, at time ¢, along with placing its order, a player may choose to share nothing,
its demand Dy, 4, or its FIS € ;, with an adjacent upstream player. It is assumed that all players are
aware of the retailer’s model and all sharing arrangements that occur downstream. We will show
that this assumption guarantees that all players know the model for their own demand {Dy,+} with
respect to their FIS {¢;;}. The last assumption also guarantees the information structure assumed
by GHS (2012), GGS (2005), LST (2000), Raghunathan (2001), and Zhang (2004), namely that,
for k > 2 the form and parameters of the model generating player k£ — 1’s demand are known to
player k. However player k — 1’s demand realizations and/or full information shocks may not be

observable by player k.



2.3 Information Sets and Full Information Shocks

As mentioned above, each player will forecast lead-time demand based on their information set
at time ¢t. As in GHS, we denote the full information set available to player k as MF. Let
/\/ltDk = 5p{1,Dyt, Dy t—1, Dit—2, ...}, where “5p{}” refers to the “closed linear span”. Then
./\/lf’c is the Hilbert space generated by {1, Dy, Dit—1,Dp¢—2,...} with inner product given by
the covariance. We will at times refer to MP* as the “linear past” of {Dy.+}. Similarly let Mj* =
Sp{1, €k ts €k t—1, €k t—2, - - For the linear past of two time series, for example, {Dy_1,} and {Dy;},
we write My *~P% = 5p{1, Dy_1.4, Dty Di—1.4-1, Dis—1, .. .}.

As an example on how to determine a player’s information set, consider the retailer’s information
set Mj. Since at any time period ¢ the retailer knows the series { D1 ¢}, the retailer can also compute
any linear combination of {1, Dy, D141, D1,¢—2,...}. Since the retailer only observes Dy ¢, we say
that M} = MP'. However, if we recall our assumption that the retailer’s demand is invertible and
causal with respect to the shocks {€; +}, we find that the retailer can recover the series {€; ;} from the
series {D1 .} and vice-versa (see [Brockwell and Davis, 1991], pp 83-88 for a complete discussion of
invertibility and causality). Therefore we can say that /\/ltD1 = M;*. Thus the retailer’s information
set is also M} = MS'. In the presence of information sharing, there are several possible forms for
player k’s information set MF.

Now that we have defined player k’s information set, we can define player k’s full information

shocks as they appear in GHS (2012).

Definition 1. Suppose for k > 0 we can represent player k’s demand series {Dy, .} as a QUARMA
with respect to a series of shocks {ey+}. We say that {ey+} are player k’s Full Information Shocks
(FIS) if MF = M*.

This definition implies two key properties of full information shocks. Player k’s information set

can be used to characterize player k’s full information shocks. Also, player k’s information set can
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be characterized using player k’s full information shocks.

We now introduce an example that we will study throughout the paper. This example will
show how information is gained from various sharing arrangements. Furthermore this example
demonstrates the importance of studying various sharing arrangements because the difference in

value of the arrangements can be significant even for the very simple model provided below.

Example 2. Part 1
Suppose the retailer observes ARMA(2,2) demand given by

1 1 83 289
1+=-B+-B)Dy;=d+(1— —=B+-—DB? 11
(1+ 3B +3 )D1y =d+ ( =5t )€1t (11)

We will assume that £1 =1 and ¢35 = 1.

Note that ¢(z) = 1+ 3z + 32* has roots —0.333333 + 1.374369i and —0.333333 — 1.374369i
which are outside the unit circle and 61(z) =1 — %z + %zQ has roots 1.148789 + 0.508074% and
1.148789—0.508074%¢ which are also outside the unit circle. Therefore the retailer’s demand is causal
and invertible with respect to €1 .

Suppose the retailer shares its shocks with the supplier. Following the propagation described
in GHS (under shock-sharing), with 1 = 1, we find that the supplier observes the following
ARMA(2,2) demand:

1 1 32 20
(1+ 3B+ §BQ)D2,t =d+(1- 3B+ §BQ)G2¢

where €2 = (—9/152)e1. We denote the innovation variance of {ez4} by o2,.

We stop the discussion of this example here for now and will continue it later in Section 3 once

we derive the necessary tools to study it further.

2.4 Demand Propagation from Stage k£ — 1 to k

GHS show that when players can either share nothing or their full information shocks, ARMA
demand at the retailer given in equation (10) propagates up the supply chain such that player k

(with k£ > 1) faces QUARMA (p, i, Ji,) demand with respect to its full information shocks, {ex},

11



ie.,

Dy = d+¢1Dgy1+02Dyg ot +Pp Dyt pter g, —Or1€ki—g,—1— Ok 26k, —2— Ok g, €k t— Ty —qi -
(12)

where 0y, # 0. Note that in equation (12) the most recent Ji, shocks do not appear. As long as

Ji < 00, the QUARMA (p, gk, Ji;) model for player k’s demand with respect to shocks {e+} may

be expressed using the backshift operator B as,
¢(B)Dy; = d + B 0y (B)e, (13)

where 04(B) =1 — Y% 6. ;B7.

A key contribution of this paper is showing that an equation of the form (13) holds when
demand sharing is also allowed throughout the chain. We prove this by mathematical induction on
k in Theorem 3 of Section 5. The inductive hypothesis in the proof is that for a particular k£ > 1

we can express player k — 1’s demand {Dj_;;} in terms of {ex_1,} as
¢(B)Dy-1,; = d + B16,_1(B)eg—1, (14)

Sections 3-4 use (14) to obtain general formulas for player k’s full information shocks {ey;}. The-
orem 3 makes use of the results found in these sections to show that (13) indeed holds even when
players can share their demand.

In Section 3 we will discuss how player k—1 will forecast its demand and place its order to player
k according to a myopic order-up-to-policy sharing either nothing, Dj_; 4, or €1 ;. Section 3 will
discuss how player k receives the order, which we show is QUARMA with respect to player k — 1’s
full information shocks. Note that when describing player k£ —1’s order it is unnecessary to consider
the sharing arrangement between player £ — 1 and player k. Section 4 will discuss how player k
will recover its full information shocks {e+} based on its information set, which may depend on

its sharing arrangement with player £k — 1. These shocks determine the QUARMA representation
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of player k’s demand {Dj,;} with respect to {ex;}. At this stage we have come back to equation
(14) with k replacing k — 1 and demand propagation will continue from player k to player k + 1.
Once we have described the concepts mentioned above, it will be possible to tackle the out-
standing issue of showing that Equation (13) does in fact hold for all & > 1. As mentioned, this
will be covered in detail in Section 5. In Section 6 we will compare the various sharing arrangments
between players k — 1 and k to see if there could be value gained in changing sharing arrangements.
It will turn out that player £ — 1 sharing its demand can lead to the variance of player k’s FIS
being intermediate to the variance of player k’s FIS when player k — 1 shares nothing or its full
information shocks. This would imply that player k’s MSFE will also be intermediate when player
k forecasts one step ahead. We will illustrate this with several examples. In Section 7, we will

summarize the contributions of this paper.

3 Player k£ — 1’s Order to Player £

As mentioned previously, the inductive hypothesis in Theorem 3 is that player £k — 1 > 0 observes

QUARMA demand {Dj_;+} with respect to its full information shocks.
$(B)Dg—14 = d+ B0 1 (B)e 14

We will call this player £ — 1’s “demand equation”. Here we will discuss how player k — 1 goes
about creating its optimal order to player k. Since player k — 1 has already recovered its FIS, it
can forecast its lead-time demand using its demand equation. As in GHS, we call this forecast
and its MSFE my_1; and vi_1;. Using a myopic-order-up-to-policy, player k — 1 determines its
order-up-to-level, Sp_1; = mp_14+ + cx—1 V-1t Then player k — 1 constructs its order to player
k,

Dyt = Dp_14+ Sk—14 — Sk—1,4—1 = Dip—1,4 + mp—14 — Mp—_1,4—1

13



where the last equality holds because each player’s MSFE is time invariant (ie. vg_1: = vg—_1).
Note that both player & — 1’s order as well as player k’s demand is Dy ;. While it is indeed the
case that numerically player k — 1’s order is player £’s demand, it is important to study Dy ; with
respect to the information that is available to player k — 1 and player k separately.

Recall that my_; ¢ and my_1 1 are player k—1’s best linear forecasts, at time ¢t and ¢t — 1, of its
lead-time demand and therefore will be a linear combination of present and past values of {e;_1+}
(see Lemma 1 of GHS). Player k —1’s demand, Dj,_1 4, can also be written as a linear combination
of present and past values of {e;_;.} since these are player k — 1’s FIS. Therefore it stands to
reason that Dy can be expressed as a linear combination of present and past values of {ex_1.}.
As we will see by Proposition 1 and Theorem 1 below, {Dj;} will be QUARMA with respect to
{Cer_1+} where C is some constant when J,_; < co. The case of constant demand (J,_; = 00) is
trivial.

The following proposition gives a useful characterization of the QUARMA model.
Proposition 1. We can represent a series { D} in terms of a shock series {€;} as

#(B)Dy = ¢+ A(B)e (15)

where \(z) is some polynomial in z € C such that we can write A(2) = Ao+A1 2+ 222+ ...+ A4 y20T/
with Agyy # 0 and J = inf{j > 0|\; # 0} # oo if and only if D; is QUARMA with respect to
{Ase}:

¢(B)D; = c+ B’6(B)Ase;

where 0(z) = 277 \(2) /A has a leading coefficient of 1 and no roots at zero.

Proof. First assume that representation (15) holds and write the polynomial A(z) as the product
of two polynomials and a constant term. The first polynomial will have roots only at 0 (if there
are any roots at 0), and the other will have no roots at 0 and a leading coefficient of 1. To do this,
we note that J represents the multiplicity of the 0-root of A(z) and that A\; is the first non-zero

coefficient of A(z). Let 6(2) = 2=/ X' A(2). Therefore (15) can be rewritten as
¢(B)D; = ¢ + B'0(B)Ase, (16)

14



Note the first polynomial is 27 and the second is (z) where either 2/ has all its roots at 0 or
2/ =1, while 6(z) has no roots at 0 and a leading coefficient of 1.
The necessity of (15) follows from the the definition of f(z). By simple arithmetic we can express
A(z) = 2760(2)\; to get A(z) and equation (15) holds. O
At present we are interested in representing player k — 1’s order {Dj;} in terms of player
k — 1's FIS {ez_1.}. It follows from Proposition 1 that if we can find a polynomial A\i(z) =

Mo+ Mz Aoz o Ao g 2Bk with A5 # 0 and Jj, = inf{j > 0|\; # 0} # oo such that
¢(B)Dyy = d + M\e(B)er—14 (17)

then {Dy .} will be QUARMA with respect to {)\kjkek_l,t}. The parameters Jj, and §; are con-
ceptually different from the J; and g appearing in player k’s demand equation since here we are
expressing {Dj;} in terms of {e;_1,}. The following theorem shows how to find A;(z) from the
polynomials appearing in player k — 1’s demand equation. The formula below is the backbone for
many of the concepts discussed in this paper. It is crucial in finding an example of demand sharing
being intermediate in value to no sharing and shock sharing, which we will see once Example 2
is completed in Section 6. Furthermore, it can be also used to study the asymptotic behavior of

supply chains (including the bullwhip effect), which we leave to future research.

Theorem 1. For k > 2, assume that player k — 1 observes demand series {Dy_;.} that is

QUARMA(p, qk—1, Jx—1) with respect to shocks {ep_1+}
¢(B)Dy—14 = d + B 105 _1(B)eg—1, (18)
Then, player k — 1’s order to player k, {Dy .}, will be
¢(B) Dy = d + A(B)eg—1,¢ (19)

where

15



gf)(B)Dk,t = d+ { |:BJk—1 + l{Jk—1>0} [Bma$(0»Jk—1—(Zk—1+1)) _ BJk—l]

+ Ly sy [BT T o 1]] 0,1(B)

lp_1—Jp—1 Lp_1—Jr—1

- 1{ék_12Jk_1}¢(B)[ > o — BTGt N ¢k—1,LBL]}€k—1,t
=0 =0

where Yy_1 1, is the L™ MA(cc) coefficient of Dy_14 with respect to {ek,l,n}i_;k_l.

A proof can be found in the Appendix. The constant term d in (19) is the same as the one
appearing in (18). It can turn out that the sums in the above theorem have an upper limit that
is smaller than its lower limit. If this is the case, the sum is 0 by convention. It is important
that A\;(z) not have any negative powers of z. Indeed, this can be checked to be the case. The
expression for A\g(z) is universal when player k — 1 observes QUARMA demand and places its order
according to the order-up-to policy. Combining this result with Proposition 1 we get that {Dy+}
is QUARMA with respect to {); 7 ex—1,¢}-

We will write the QUARMA representation of { Dy} with respect to {\, ; ex—1:} as
¢(B)Dyy = d+ B0, (B)A, j er-1. (20)

where we use the “tilde” in 6, (z) and Jj, to differentiate that we are expressing {Dp+} in terms of
{€x—1+} rather than {e;,}. We refer to (20) as player k — 1’s order equation.
The expression for Ag(z) in Theorem 1 simplifies greatly when J;_; > ;1 +1 as demonstrated

by the corollary below.

Corollary 1. Consider the assumptions of Theorem 1 with Jix_1 > €1 + 1.
Then, player k — 1’s order to player k, {Dy .}, will be

&(B)Dyy = d+ M(B)ep—1+ (21)
where
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Ap(z) = 217Gt g (2)

Proof. If Jy_1 > fr_1 + 1, then the expression in the conclusion of Theorem 1 simplifies to

Ae(2) = 271051 (2) + 271Gt g, (2) — 2610, (2)

which is simply

Ao(z) = 2=t g, (2)

O

Corollary 1 shows an interesting relationship between player k—1’s demand equation and player
k — 1’s order equation. Specifically, when Jy_; > l5_1 + 1, we have that J, = Jp_q — (lp—1 + 1)
and 0;,(2) = 0p_1(2).

Example 2. Part II

Recall that it was previously determined that the supplier observes demand equation:

1 1 32 20
(1+ =B+ =B*)Dy; =d+ (1— =B+ = Bey, (22)
3 2 3 3
Using Theorem 1 with Jo =0 and fo = 1 we have that
1 13
As(z) = 6 + 57 522

By Proposition 1 this means that the supplier’s order equation is given by:

11 —1
(14 3B+ 5B%)Dsy = d+ (1~ 135 +305%) ey (23)

where 03(z) = 1 — 13z + 3022.

4 The QUARMA representation of {D;;} with respect to {¢;;}

In order to establish the QUARMA representation of player k’s demand, i.e., {Dy;} with respect

to {er+}, we must first establish player k’s FIS {e;;}. As we will see, these will depend on the
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location of roots of 6, in (20) and the sharing arrangement between player k — 1 and k. Consider

player k — 1’s demand and order equations given in (14) and (20):
¢(B)Dj_14 = d+ B’ 10;,_1(B)ex_1,
¢(B)Dyy = d+ B*O0p(B)A, 7 ex1.

Recall that player k’s FIS must satisfy two properties: {Dj:} is QUARMA with respect to
{€x,+} and ME = M. Therefore player k’s FIS depend on player k’s information set. Furthermore
since the QUARMA representation of { Dy} with respect to {e,+} depends on player k’s FIS, it
inherently depends on player k’s information set as well. Thus understanding player k’s information

set is crucial to the study of propagation.

Note that player k’s information set consists of Dy ; and anything shared by player k& — 1.

e If there is no sharing between player k and k — 1, MF = M? k

e If player k — 1 shares its demand then MF = M?'“Dk’l

Dy,e—1

e If player k — 1 shares its shocks then MF = M,

This section will be divided into four subsections as we establish some notation and explore
player k’s FIS under the three possible sharing scenarios. The propositions found in Sections 4.2
and 4.4 are restatements of results found in GHS (2012), where the case of no sharing and shock
sharing has previously been studied. They are presented here to keep this paper self-contained and
because they yield insight into how to find and compare FIS under different sharing arrangements.

Section 4.3 focuses on demand sharing and contains several key results of our paper.

4.1 Notation

Before we can show the form of player £’s FIS under various sharing arrangments we must develop

some notation. A lot of the theory from this point on will involve working with the roots of the

18



polynomials 0),_;(z) and 0y (z). Furthermore, we will need to consider the multiplicity of the roots

in the polynomials. To do this we introduce the following definition:

Definition 2. For any z € C and polynomial P, if z is a root of P we define m(z, P) as the
multiplicity of z in P. If z is not a root of polynomial P we define m(z, P) = 0.

It will soon be useful to factorize ék(z) into factors having all roots on the the unit circle and
all roots not on the unit circle, for this we utilize the following notation:

Consider player £ — 1’s demand and order equations. Suppose the polynomial ék(z) has 7y,

distinct roots z1, ..., z, with respective multiplicities m(z1,0z), . .., m(z,,, 0). Note that 7, < .

k

Then 6;(z) has the factorization:

- 5 -
(=) = [J(1 = )
j=1 J
Define the following;:
¢ I -2 (24)
{7:z51<1}
jouT . _ _ 2 ymlz5,00)
BT = I -y (25)
{4:lz1>1}
GON ._ _ 2 ym(z;.68)
B = [ -y (26)
{ilz41=1}
GOFF  _ _ 2 ymlz5.00)
g o= I1 a- 2y (27)
{d:lz51#1}

If 6), has no roots inside the unit circle, then §,€N = 1. The same convention holds for the others.
It should be clear that ), = é,ﬁN . é,?UT . é,?N by construction.
We will also be interested in identifying any common roots between 0y(z) and 6;_1(z) inside

the unit circle. To do this we define the following:

éll;—c — H (1 - i)min(m(zj-79~k)7m(zj~,9k_1)) (28)

. Z4
{5:lz1<1} J
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The roots of é,i_o will all be inside the unit circle. Furthermore, since the term m(z;, 6x—1) may be
0, é,ﬁfc will only consist of those roots that are common to both 05, and 1. Also, the multiplicity
of each root is the minimum of the multiplicities of the root in 6 and 0x_;. If Or—1(z) and ék(z)
have no common roots inside the unit circle, then éé_c =1.

Finally, define

éé—NC — H (1 - i)m(Zj,ék)fmin(m(z]',ék),m(Zj,Gk,l)) (29)

{5:lz1<1} J

The roots of é,i_N ¢ will all be inside the unit circle. Furthermore a root of 6y, is a root of é,ﬁ_N ¢ if

m(zj,0) > m(z;,0_1) and the multiplicity of each root in é,ﬁ_NC is m(z;, Op) —min(m(z;, Ok ), m (24, k1))

If m(z;,0) < m(z;,0;_1) for all j, then HNI?NC = 1. Note that 6}V = ééfc-é,?]vc by construction.

4.2 FIS Under No Sharing

If there is no sharing between player k and player k — 1, player k’s information set is
M= M.

Therefore player k’s FIS {e;,} must satisfy M;* = MPE.
Proposition 2. If zjkék(z) has no roots inside the unit circle then
o {)\, j,flc—l,t} are player k’s full information shocks.

o Jip =0 and 0(z) = 0(2)
Since A, 7, Ek—1; are player k’s full information shocks, we say e ; = A, J Ek—1t with
¢(B)Dyy = d + B7:01(B)eyy

where J; = 0 and 0 (z) = i (2).
To state player k’s FIS when there is no sharing and 6 (z) has roots inside the unit circle, some

additional notation is required:
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Definition 3. Suppose a polynomial P(z) factorizes as

such that |as|< 1 for 1 < s < h and |as|> 1 forh+1<s <gq.

Define P1(2) as the polynomial

h q
Piz)y=J[~aw) J] (- ai) (30)
s=1 s=h+1 s

where ag is the complex conjugate of a

Proposition 3. Suppose that ék(z) in player k —1°s order equation has h > 0 roots inside the unit

circle. Then

0r(B) _; , , ,
5;2(B) k)\kjkﬁk—l,t} are player k’s full information shocks.

o {
o Jip =0 and Ox(z) = 97;(2)

The polynomial 0;(z) can be factorized as

oz =TJa-2) T[T -5

z
s=h+1 s

where the roots z1, ..., zg, of () are such that |z5|< 1 for 1 < s < hand |z5|> 1 for h+1 < s < G,

and
~ h qk -
o) =T[0-=2 [T a-2)
s=1 s=h+1 §

When {Z:I;EB)

B A €x—1,.} are player k’s full information shocks, we say that

~ B )
€kt = ?];( )Bjk
0:(B)

k,jkek_lvt

which can be rewritten as
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Even if J; = 0, there is no way to recover e,_;; from present and past values of {ej .} since

1
any Laurent series representation of — 3 will involve negative powers in B, as explained by
k
the comments immediately following Example 1 Part II. Thus {e;_1,} cannot be player k’s full
information shocks.

The only scenario not yet covered is that none of the roots of ék(z) are inside the unit circle,
but J; > 0. The following proposition gives the FIS in this case:
Proposition 4. Suppose that ék(z) has no roots inside the unit circle and Ji > 0. Then
° {Bj’“)\kjkﬁk—u} are player k’s FIS
o Ji =0 and 0(2) = Or(2)
Proof. Let
Yoore = BTN, 5 e (31)

Substituting this into (20) we have
¢(B)Dyy = d+ Op(B) k1.

Since HNk(z) has no roots inside the unit circle Proposition 2 states that ~;_1, are player k’s full
information shocks. We say that {e; .} = {Bjk)\k jkfk—Lt}- Furthermore 0 (z) = ék(z) and J, =

0. O

Thus we have found player k’s FIS and how to express {Dy;} in terms of {e+} when there is

no sharing. We now consider Example 2 for the case that the supplier shares nothing with player

3.

Example 2. Part III

Recall that we previously determined that the supplier’s order equation is given by:

11 -1
(14 3B+ §BQ)D3¢ =d+(1-13B + 3032)F62,t

where 03(z) = 1 — 13z + 3022 has roots .1 and 1/3. Since 03(z) has a root inside the unit circle

and J3 = 0, if the retailer shares mothing, we can use Proposition 3 to determine that player 3’s
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full information shocks are
1—132+3022 -1
€34 = —e
ST 1-13/302+ 1/3022 6

The polynomial é;[)(z) =1-13/302+1/3022 is determined by (30). Furthermore player 3’s demand

equation is given by

1 1 13 1
1+-B+-B)D3;,=d+(1——-B+ —B?
(1+ 3 + 5 ) D3 +( 30 + 30 )3t

Also, from [Brockwell and Davis, 1991], pp. 125-127, the variance of the shocks {es} in this case

(no sharing) is given by

1 1 1
2 2 2 2
UES,NS = (L)Q : (%)2 : (6) : 062 = 900£062 (32)

1

4.3 FIS Under Demand Sharing

If player k£ — 1 shares its demand with player k, player k’s information set is
Mf — Mf)kakfl

Therefore player k’s FIS {ex} must satisfy M{* = MPr:Pi—1. Before we can state player k’s full

information shocks under demand sharing we need to develop the following crucial Lemma;:

Lemma 1. Suppose we can represent two sequences {X1.} and {X2:} in terms of a zero-mean

stationary process {n;} as

¢(B)X1; = d+ BT O (B)n (33)
#(B) X2 = d + B209(B) My (34)

where ¢(z) has no roots inside the unit circle, ©1(z) and O2(z) have a leading coefficient of 1 and
no roots at zero, and A is a non-zero constant.

There exist functions ¥(z) and w(z) with one sided Laurent series representations converging in
a disk D that contains the unit circle such that 9(B)¢p(B) X1 +w(B)p(B)Xa: = 9(1)d+w(1)d+mn
if and only if the polynomials 27101 (2) and 27205(2) have no common common roots inside or on

the unit circle.
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Lemma 1 states that we can write 7; as a linear combination of present and past values of
X1, and Xo, if and only if 27101(z) and 27205(z) have no common common roots inside or on
the unit circle. This concept will play a major role when searching for player k’s FIS when there
is knowledge of both {Dj;} and {Dj_1,}. The importance of this lemma will be apparent when

proving the following theorem, which establishes player k’s FIS under demand sharing.

Theorem 2. Suppose that player k — 1 shares its demand series {Dy_1+} with player k

(i) If zjkék(z) and z7¥=10),_1(z) have no common roots inside the unit circle, then
° {)\kjkek,lﬂg} are player k’s FIS.
o Jp = Ji and O4(z) = Oi(2)

(ii) If zjkék(z) has at least one root inside the unit circle in common with z’*10;_1(z), then

0, “(B)

° {ﬁleBmm(Jk’kal)/\kvjkek_u} are player k’s FIS
0, (B)

o Ji = Ji — min(Jy, Je-1) and O(2) = 02U (2)09N (2)0, N (2)0] (2)

The polynomial HN};I_C(,Z) is defined using (28) and (30). Theorem 2 implies that if player k — 1
shares its demand, player k can recover player k — 1’s full information shocks if and only if 2k ék(z)
and z7k-10;_1(z) have no common roots inside the unit circle. One can see this by considering

0 (B)

Bmin(jkv]k—l)
ATI—C
61~ ¢(B)

€kt = €L—1,t

which we can rewrite as
ATI—C
o' “(B)

€1 14 = NiB—mm(jk,Jk—ﬂe

k.t

If zjkék(z) has at least one root inside the unit circle in common with z/#~16;_1(z) then at least

one of the following must be true:

° mm(jk, Jk—1) >0
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1
o ————
e

contains the unit circle

does not have a one-sided Laurent Series representation for z € D where the disk D

This means that it is impossible to write €1 as a linear combination of present and past values

of {er+} and M?’“’Dk*l # M;*'. We will compare the full information shocks we see here and

those obtained when there is no sharing or full information shock sharing later in Section 6. For

now we continue Example 2 for the case that the supplier shares its demand with player 3.

Example 2. Part IV

Recall that we previously determined that the supplier’s order equation is given by:
(1+ §B + §B )Ds; =d+ (1 —13B+30B )Fq’t

where 03(z) = 1— 13z + 3022 has roots 1/10 and 1/3, which are inside the unit circle. From before,
05(z) = 1—32/32+20/32% has roots 1/10 and 3/2. Therefore 0(z) has a root inside the unit circle
in common with 02(z). Here we assume that the supplier shares its FIS with player 3. By Theorem
2(ii) player 8’s full information shocks are

1—-10z

= 1-1/10: /O

€3t

The polynomial é?{fc(z) = 1— 10z is found from (28) and é;lic(z) =1-—1/10z is found using
(30). Furthermore by Theorem 2(ii) we also have that J3 = 0 and f3(z) = 1-05"NC(2). é;)I_C =
(1 —32)(1 —1/10z). Therefore player 3’s demand equation is given by

1.1, B 313,
(1+§B+§B )D37t —d+(1 1OZ+ 102 )63715

Also, following [Brockwell and Davis, 1991], pp. 125-127, we have that the variance of the shocks

{es+} under demand sharing is

1 1
0%, ps = (L)Q(l/ﬁ)%é = 100%022 (35)
10

4.4 FIS Under Full Information Shock Sharing

We close this section by describing player k’s full information shocks when player k£ — 1 shares

its shocks. In this case player k’s information set is Mf = ./\/lf)k’ek_l. Recall that ./\/ltD'“’q“_1 =

25



5p{1, D¢, €514, Dpt—1,€k—14-1,-..}. If we consider player k — 1’s order equation
$(B)Dgy = d+ B*p(B)\, j ek—1.4

and note that ¢(z) has no roots inside the unit circle, we can use the same reasoning as in the
proofs of the previous propositions to conclude that Dy, ; can be written as the linear combination
of present and past {ez_1;}. This means that the space 5p{1l, Dy, €x—1¢, Dpt—1,€k—1¢—1,-..} i8
the same as the space 5p{1, €x_1+, €x—14-1,...}. Therefore ME = /\/ltD’“ﬁ’“*1 = M:k’l.

Consider yp—1 = Ay j €x—1,¢- It is readily seen that MFt = MF! and therefore MF = M*1.
Since the order equation above shows that we can represent {Dj;} as QUARMA with repsect to
{Vk—1.+} we conclude that {/\kjkek,u} are player k’s FIS. Furthemore .J;, = J; and Or(z) = ék(z)
The following proposition restates this result.

Proposition 5. If player k — 1 shares its shocks,

o {A j k1) are player k’s FIS

o J.=J. and Or(z) = ék(z)

Example 2. Part V

Recall that we previously determined that the supplier’s order equation is given by:

1 1 ~1
(1+ SB+ 5BQ)D&,f =d+(1-13B+ 30]32)?6271t

where 03(z) = 1—132+43022 has roots 1/10 and 1/3, which are inside the unit circle. If the supplier

shares its shocks, we can use Proposition 5 to conclude that player 3’s full information shocks are

€31 = (—1/6)ex
and that player 3’s demand equation is

11
(1+ 3B+ §B2)D3,t =d+ (1-13B+30B%)e3,

The variance of €3 in this case is given by

1
o2, 55 = 3*60622 (36)
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We have now recovered player k’s full information shocks and described player k’s demand
equation for every conceivable scenario when player k—1’s demand equation is given by (14). Having
described player k’s demand equation it is possible to continue the propagation forward in the same
way to player k+ 1. The following section summarizes the results in the last three subsections and

uses them to prove that demand does indeed propagate as QUARMA-in QUARMA-out.

5 QUARMA-in-QUARMA-out

In the previous section we found player k’s FIS under no sharing, demand sharing, and full infor-
mation shock sharing when player k£ — 1’s demand follows demand equation (14). In this section
we will use those results to show that indeed player £ — 1’s demand can be modeled as such. We

summarize player k’s FIS from the previous section in the following table:

No Sharing Demand Sharing Full Information
Shock Sharing

Scenario 1 {)\k’jk Ek—l,t} {)‘k,jkek—lﬂf} {)\k’jk Ek—l,t}
. 0c(B) pJ

Scenario 2 {@EEB;BJ’“Ak,JkEmLt} {Ar 7 €e—1,} {Ar g ee—1e}
. 0x(B) pJj 6I-%B L F

Scenario 3 {(;EEB;BJk)\k’jkek_u} {éﬁ,ic((B))Bmm(‘]k’Jk—l))\k’jkEk—l,t} {Ak’jkek—l,t}

Table 1: FIS under various conditions and sharing arrangements.

The scenarios described in Table 1 are as follows:
e Scenario 1:= z/¥16;_1(z) has no roots inside the unit circle
e Scenario 2:= zjkék(z) has no roots in common with 2716, _;(2) inside the unit circle

e Scenario 3:= zjkék(z) has a root in common with z7¢-10;_1(z) inside the unit circle

Note that there are three unique forms for the full information shocks in the above table. We
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will refer to this table when proving the central theorem of this section, stated here.

Theorem 3. Suppose the retailer observes causal and invertible ARMA demand
¢(B)D1y = d+ 601(B)ery

and that any player can share nothing, its demand, or its full information shocks with an adjacent
upstream player. Then for any k > 1 we can express player k’s demand as QUARMA with respect

to player k’s full information shocks:
¢(B)Dyy = d + B*04(B)ey (37)

where O (z) has a leading coefficient 1 and no roots at zero.

The only assumption of the above theorem is that the retailer observes causal and invertible
ARMA demand. As we have done throughout this paper, we assume that players can share nothing,
demand, or full information shocks with adjacent upstream players. The conclusion of the theorem

states that demand will propagate as QUARMA throughout the supply chain.

Proof of Theorem 8. The proof follows by induction. It is true for K = 1 by assumption since we
can take J; = 0. Assume that (37) holds for £ > 1. We need to show that we can find Jiy; and

0r+1(2) such that we can express player k + 1’s demand as
¢(B)Dyy14 = d+ B74105 41 (B)egs,e

As given by Equation (20) in Section 3, with k41 and & replacing k and k — 1, we can write Dy,
as

G(B)Dyy1,p = d+ B 10,1 (B)A 1y g €h (38)

In accordance with Table 1, player k + 1’s full information shocks are one of the following:

(7) Chtlt = Ak+17jk+1€k7t

g Oe1(B) ,j
(Zl) €k4+1t = mB k+1)\k+1,jk+1€k7t
k+1

Oirt (B) in

(Z’LZ) ehity = LBmln(Jk+l’Jk)>\k+ij+lek’,t

0;.°(B)
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For (i), we would write (38) as

$(B)Diyrs = d+ B 051 (B)A\y 5, ehiia
Here we can take Jy11 = Jpp1 and Orp1(z) = ék+1<z) to get the required equation
¢(B)Dyi1 = d+ B0y 1 (B)ex i1
For (ii), we would write (38) as
6.1(B)

¢(B)Dyy1, = d + Bj’““ékH(B)ﬁL
Ox11(B)

—J
Bk e 14

which simplifies as

¢(B)Dyy1 = d + §L+1(B)€k+1,t

We would take Jx+1 =0 and 6y41(2) = é,];+l(z) to get the required equation.

Finally, for (ii7), we would write (38) as

Jet1d HN;LLEC(B) —min(Jeq1,J%)
¢(B)Dyy14 = d+ B* 0,1 (B) == —-B et
0i1 (B)
which simplifies as
O(B) D1y = d+ Bl =minIis JQOUT (B)ILNC (B (B)es (39)

Here we can take Jyy1 = Jyp1 — min(Jyp1, Ji) and O (2) = 5,?+UIT(2')0~£_T_]1VC(Z)§ZTIC(Z)

Thus we have found a suitable Jx11 and 641 in every case and induction is proved. ]

6 Comparison of Various Sharing Arrangements

We present here a discussion of the value of demand sharing within a supply chain in contrast to
full information shock sharing and no sharing. We do this by studying the best linear forecast of
lead-time demand for the three sharing arrangements.

Given player k’s demand equation and Lemma 1 of GHS, the best linear forecast of player k’s

leadtime demand is given by my; = Zi:&cﬂ W i€k tttp+1—i T (U + 1) ptg = D700 Whittp+1€kt—i +
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Ly,
(¢, + 1)pug with an associated Mean Squared Forecast Error M SFE), = aezk szﬂ-, where J?k =

i=0
Var(eg) and wy; are given by
0 1 <0
Vk,i i=0
Wi = (40)
Wkyi—1 + ki 0<i</lp+1
Whyi—1 + ki — Vkji—pp—1 1> L+ 1

where )y, ; is the 4% coefficient in the M A(co) representation of player k’s demand with respect to
its FIS. From this it is clear that player k’s M SF E}. is related to the variance of its full information
shocks, Uzk. The following proposition states the variance of player k’s full information shocks
under the three arrangements of no sharing (a?}m ~s), demand sharing (afk’ pg) and shock sharing
(U?k,ss)-

Proposition 6. Below are the variances of player k’s full information shocks when player k — 1’s

shares its shocks, its demand, or nothing with player k.

(] (Z) O’?]ﬁss = AQ = 0-2

k,J, €k—1
) o (=2emin(m(z; 0)m(z, 0 1)) (2 2
i (ZZ) Uek,DS - H |Z.]| / g Ak‘,jko-ﬂc—l
Jilzi|<1
2 o 1—2m 2i,0K) 2 2
i (ZZZ) O-Ek,NS - H |ZJ| ( / ))\k;,jko-ek—l
Jilzi<1

This Proposition follows immediately from the form of player k’s FIS under the three shar-
ing arrangements and [Brockwell and Davis, 1991], pp. 125-127. The expressions for a?}m ps and
02, Ns are not necessarily in simplest form. For example if min(m(z;, ék), m(z;,0k—1)) = 0 for all

2 42

roots z; of Oy with |z;|< 1 then (ii) would become Uer,DS = )\kvjk A

The following theorem illustrates the relationship of the variances given in Proposition 6. Note

that we are still considering all the assumptions in Section 2.2.
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Theorem 4. Suppose the retailer observes causal and invertible ARMA demand. For any k > 1,

(i) Suppose 0;(z) has at least one root in common with 0x_1(z) inside the unit circle. Suppose

further that there is a root z; of Ox(2) such that |2;|< 1 and m(zj,0;) > m(z;,0,_1). Then Uzk,ss <
2 2

96,,DS < T¢, N5

(ii) Suppose Op(z) has at least one root in common with O_1(z) inside the unit circle. Suppose

further that any root z; of Oy (2) where |2j|< 1 is such that m(z;,01) < m(zj,0k_1). Then azhss <
2 _ 2

T¢x,DS = 9¢;,NS"

(iii) Suppose 0y(z) has no roots in common with Ox_1(z) inside the unit circle.

(a) If 0,(2) has a root inside the unit circle, then azk gg = O'zk pg < O‘?k NS

2 _ 2 _ 2
1,98 = 9¢,,DS = 9, NS

(b) If 0(2) has no roots inside the unit circle, then o
Cases (i) and (ii) exhaust the event that 0)(z) and 0,_1(z) have at least one common root
inside the unit circle. Case (iii) considers what happens when 6;(z) and 6j_;(z) have no common
roots inside the unit circle. It should be further noted that any roots of ék(z) outside or on the

unit circle have no impact on the variance of the full information shocks.

Example 2. Part VI
Recall the variance of player 3’s full information shocks under the three different sharing ar-

rangements given by (32) (35) and (36):

1

ol N = 90036022
0% ps = 100%032
0523,55 = %Ui
We see that indeed
ty55 < 0oy ps < Toy Ns- (41)

Furthermore the differences are stark. The polynomial ég(z) has a root, 1/10, in common with
05(z) inside the unit circle. Furthermore, 03(2) has a root, 1/3, inside the unit circle, such that
1 = m(1/3,03) > m(1/3,02) = 0. Therefore the conditions of (i) hold and thus (41) is to be

expected.

Theorem 4 also leads to the following useful Corollaries:
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Corollary 2. For any player k, the full information shocks {e} will be such that ng,SS < ng,DS <

Jzk,NS :
The proof follows immediately from Theorem 4.

Corollary 3. For any k > 1 where £, = 0 and Jp = 0, ék(z) has at least one root in common
with O),_1(2) inside the unit circle and there is a oot z; of Ox(2) such that |2;]< 1 and m(z;,0;) >

m(zj,0,—1) if and only if

MSFE]C’SS < MSFE]C’DS < MSFE]CJVS

This corollary only applies when player k has to forecast one step ahead. In this case MSFE), =

ng and the corollary follows immediately from Theorem 4.

Next we consider Example 2 and explore player 3’s MSFE for the three sharing arrangements

given various lead-times.

Example 2. Part VII

43

Recall that player 3’s MSFE is given by MSFEs; = 0523 ngl where w3 ;’s are given by (40).
i=0

From Ezxample 2 we have the variance of player 3’s full information shocks under the three different

sharing arrangements given by (32), (35), and (36):

1
cens = 9005500,
1
ol ps = 100%032
1
0'523,55 = %0’32

We can use (40) and player 8’s demand equations under the three sharing scenarios to find ws ;
for i =1,... 0k for any lead-time €. We can hence compute the ratios of the MSFEs that arise
given the different sharing arrangements to the MSFE that arises when nothing is shared, which is

displayed in Figure 1 below.

We see that the MSFE that arises under demand sharing is strictly between the other two. We

continue with an example of intermediate value to demand for k£ > 1 in which jk >Jr_1>0
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Player 3's MSFE

o
S -
«Q _|
o
.
o 3 - /
o
W
7
<
= 34
! —— Demand Sharing
I ---- Shock Sharing
o "
(@]
S -
T T T T T
2 4 6 8 10

lead-time

Figure 1: The ratios of player 3’s MSFE under demand sharing and shock sharing to no sharing

for the model given in Example 2

Example 3. Suppose the retailer has lead time €1 = 0, shares its full information shocks with the

supplier and observes the following ARMA (4,4) model of its demand:
(1+.5B —.2B? — 4B+ 4BYDy; =d+ (1 — 5B+ .3B? — 7B + 1B%)ey, (42)
Using Theorem 1 we can compute

Ao(2) = (1—=.524.322 =722+ 120 + (27 = 1)((1 = .52+ .32% — 723 + .12%)
— (14 .52 — 222 — 423 + 42Y))
= (1—-52+.322 724+ .12Y + (27! = 1) (=2 + .52% — 323 — .32%)
= 11— 524322 7283+ 128 4 1+ 52— 322 — 328 + 2 — 522+ .32 + .37

= 22— 522 — .73+ 42°

33



Thus we have Ay(z) = 2(1 — .5z — 722 4+ .42%). From Proposition 1 we have that 65(z) = (1 — .5z —
722+ .423) and Jo = 1. Furthermore since the retailer shared its shocks, Proposition 5 tells us that

03(2) = 02(2) and Jo = 1 so the supplier observes the following QUARMA (4,1,3) model:
(1+.5B — 2B? — 4B% 4 4B*)Dy; = d+ B(1 — .5B — .7TB? + 4B%)ey, (43)

The roots of 03(z) are 1.4575 + 0.147i,1.4575 — 0.147i, and — 1.165, which are all outside the unit
circle. Assuming that the Supplier has a leadtime ¢o = 1 and continuing the propagation using

Theorem 1 we get,

A3(2) = (14.5z—.222 — 423 + 42" + 271 (1 — 5z — 722 4 423
— (14 .5z — .22% — 42° 4 42%))
= (14.52—.22% — 423 + 42 + 271 (=2 — 527 + .82° — 42%)
= 1+.52—.222 — 423 + 42* —1— 524 822 — 423

= .62%—.82% + .42°

Thus we have that \3(z) = 22(.6 — .8z 4 .422). Again by Proposition 1 we get 03(z) =1 — %z + %22

and J3 = 2. Player 8’s demand model with respect to player 2’s full information shocks would be

42 , 3
(1+.5B — .2B? — 4B% 4+ 4B*")D3; = d + B*(1 — 3B+ 532)(5)ez,t (44)

Note that 0~3(z) has roots 1+0.707i and 1—0.707i which are outside the unit circle, but Js > Js.
This will be central to the intermediate value of demand sharing in this case. For the three sharing

arrangements we have player 3’s FIS and demand equation given by

NS:
3
€31 = 53262,15
and
4 2
(14 .5B —.2B% — 4B + 4B")D3; = d+ (1 — 3B+ §B2)637t
DS:
3
€3t = 5362,t
and

42
(1+.5B — 2B? — 4B% 4 4B*)D3, = d+ B(1 — 3B+ 532)%
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SS:

€3t = 562,t

and

42
(1+.5B — .2B? — 4B% 4+ 4B D3, = d + B*(1 — 3B+ 532)63,t

Note that the variance of player 8’s full information shocks (033 = 9/250622) 1s the same for all three
sharing arrangements. Furthermore 03(z) is also the same. The only difference is in Js3. We can
compute w%ﬂi using (40) for i =0, ...,y for any €, > 0. Thereby we obtain the ratio of the MSFEs
resulting from the three different sharing arrangements to the MSFE that arises when nothing is

shared given in Figure 2 below for lead-times 1,..., 11.

Player 3's MSFE

o
S -
[ee]
g
s S
s
M
%]
<
—— Demand Sharing
N ---- Shock Sharing
o K
QS — t----
o
T T T T T
2 4 6 8 10

lead-time

Figure 2: The ratios of player 3’s MSFE under demand sharing and shock sharing to no sharing

for the model given in Example 3

If the supplier shares its demand, player 3 would have a perfect forecast when forecasting 1-step

ahead. If the supplier shares its FIS, player 3 would have a perfect forecast when forecasting 1
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or 2-steps ahead. Furthermore the resulting MSFE when demand is shared is strictly between the
MSFE when nothing is shared and when shocks are shared for the lead-times considered.

At time t, with no knowledge of the supplier’s demand, player 3 has no way to recover ez or
€2,i—1. However if the supplier shares its demand then player 3 can recover €z ;1. Furthermore, if

the supplier shares its full information shock series then player 8 would know both €x; and €z 1.

Having completed Examples 2 and 3, we see that demand sharing between player kK — 1 and &
can be intermediate in value in the case when J, = 0 as well as in the case of strict-QUARMA

(jk > (). A discussion on how to find such examples is provided in the Appendix.

7 Conclusions and Direction for future research

The major contribution of this paper is that we extended the existing literature by assuming that

there may be one of three possible sharing arrangements between adjacent players:
e no information sharing,
e demand sharing, or
e full information shock sharing.

We demonstrated that the value provided by a demand sharing arrangement can be equivalent
to no sharing, equivalent to full information shock sharing, or intermediate to no sharing and full
information shock sharing. We further characterized when each of these three cases will occur under
demand sharing. We also derive a player’s full information set, its full information shocks, as well
as its best linear forecast under demand sharing and show how demand propagates upstream.

We proved that demand propagates according to QUARMA-in-QUARMA-out in the presence
of either no sharing, demand sharing, or full information shock sharing. We further showed that

demand sharing provides intermediate value to player k when (i) the MA polynomials for player
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k-1’s demand and order have at least one common root inside the unit circle, and (ii) the MA
polynomial for player k-1’s order has at least one additional root inside the unit circle.

Finally, we have provided a simpler methodology for the way in which demand propagates in a
supply chain in the presence of no sharing or shock sharing. Based upon this approach, we have a
convenient way of exploring other features of possibly large supply chains which we leave to future

research.

8 Appendix

0,_1(B)
#(B)

o

= Z wk,qu with 9,1 9 = 1. Such a representation
j=0

exists because ¢(z) is assumed to have all its roots outside the unit circle. We can then write

Proof of Theorem 1. Let ¢y_1(B) =

d
Dy = o) + Ble1ay 1 (B)eg—14 (45)

Note that % is indeed the correct constant term since we know that E[¢(B)Dy—1+] = ¢(1)E[Dg—_1,4].
According to the order-up-to policy, Dy ; = Dp_1 ¢+ mp—1¢ — Mp—1,4—1 Where my_1; and mp_1 41
are the best linear forecasts of leadtime demand at time ¢ and ¢t — 1 respectively.

Because player k—1’s leadtime is £;,_1, the player would have to forecast Dy_1 141, ..., Di—1.t4¢,_,+1-

Using (45) we have, for any nonnegative integer n,

d _
Dy 1440 = % + Bk nLZJk_l(B)Ek_Lt

And consequently, since my_1 ¢ is the best linear forecast of nglﬂ Dy 444
d lp—1+1 00
mrg—1t = @ + Z BJk*lin Z le/}k—l,jek—l,t (46)
n=1 j=maz(0,n—Jg_1)

If b1 +1> Jp_1 we can write (46) as

Jk—1 Lp_1+1 n—Jp_1—1

d -n -n
Mik—1¢ = ¢(1)+{ Z B=17"yy 1 (B)+ Z B [Wl(B)— Z wkl,LBL} }eku
n=1 n=Jg_1+1 L=0
(47)
If b1 +1 < Jip_1 we can write (46) as
Lr—1+1
Mk-1t = o + > By 1 (B)ep1y (48)
n=1
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Combining (47) and (48), and using the convention that if the upper limit is smaller than the

lower limit of a sum, that sum is 0, we have that

d min(Jg_1,lk—1+1) lp_1+1 n—Jg_1—1
Mk—1¢ = ¢(1)+{ Z B—17myy 1 (B)+ Z Bls—amn [Wl(B)— Z T/Jkl,LBL} }Gku
n=1 n=Jg_1+1 L=0
(49)
or equivalently,
d Jr—1—1 Ly 1+1—=Jk 1 n—1
Mp—1,t = ¢(1)+{ > B (B)+ Y, BT [T/Jk—l(B)—Z 1/1k—1,LBL] }Ek—l,t~
n=maz(0,Jx_1—(lr_1+1)) n=1 L=0
(50)

Using the backshift operator, the order-up-to policy dictates that Dy ; = D1+ (1—B)my_14.
By (50) and (18) we have that

Jp_1—1
&(B)Dpr=d + {BJk19k_1(B) + (1-B) Z Bj0k_1(B)
j=maz(0,Jp—1—(Lr—1+1))
Lp_1+1—=Jp 1 j—1
+ 1-B) > B [Hkl(B) —¢(B)Y wkl,LBL} }ekl,t (51)
j=1 L=0
Jp_1—1
Note that (1 — B) > B6;,_1(B)
j=max(0,Jx_1—lr—1+1))
Jp_1—-1 4 Jr—1 '
= Z B6;,_(B) — Z B6;_,(B)
g=max(0,Jp—1—(lr_1+1)) j=maz(1,Jp_1—r—1))
— 1{Jk_1>0} [Bma;v(O,Jk_l—(fk_l—&-l)) _ BJk_l] (52)
Furthermore
L 1+1—Jk 1 ' Ly 1+1=Jk 1 ' Ly 1—Jk—1 '
(1-B) Y B761(B) = > BIG(B)- ). B61(B)
j=1 j=1 J=0
= 1{416712%71}[BJk717(£k71+1) - 1]0k—1(B) (53)

and likewise,
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Ly 1+1—Jk_1 Jj—1

(1-B) >,  BY7Y ¢a.B
=0

j=1
L1 +1—Jp_1 ' j—1 L—1—Jk-1 o J
= > BYY dwwB'— D> BUY 4pauB'
j=1 L=0 =0 L=0
Ly —1—Jk—1 Ly —1—Jk—1 Jj—1
= Blr-1-l—1+1) Z ¢k,1,LBL + Z B~/ Z wk:fl,LBL
L=0 j=1 L=0
lp—1—Jk-1 J
- Z B~ Z Vr—1,.B" — By_1,0B°
j=1 L=0
Lrp—1—Jrp—1 Lly—1—Jk—1
= 1{%—12%_1} [BJk—1—(€k—1+1) Z wk—l,LBL _ Z B_]wk—l,jB] _ wkl,o}
L=0 7=1
b 1—Jp_1 lp1—Jp1
_ l{ék_12Jk_1} |:BJk—1—(€k_1+1) Z ¢k—1,LBL - Z ¢k—17j:| (54)
L=0 7=0

Therefore using (52), (53) and (54), (51) becomes

&(B)Dpy = d+ { [BJkl + 1 50 [Bmax(ovfkq*(@kfﬁrl)) _ Bkal]

+ gy sy BTG 1]]9k_1(B)

Ly—1—Jk—1 Ly 1—Jk—1

+ 1{£k12Jk1}¢(B)[ > oy — BTGt N 1/}k-1,LBL]}€k—1,t
=0 L=0
O

Proof of Proposition 2. Let y_1; =\, J k-1t

We can rewrite player k£ — 1’s order equation as

o d L5 0k(B)
Pee=5m P )

The term % is indeed the correct constant here since we know that E[¢(B)Dy—1 4] = ¢(1)E[Dg—_1 ).

Ve—1,t

Since ¢(B) has no roots inside the unit circle, there exists a one-sided Laurent series expansion
L?(2) of qﬁ(lz) for z € D such that disk D contains the unit circle. Inserting this into the previous
expression,

Dt = s + BHOBYLA (B
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The Laurent series expansion L?(z) has the form

[e.e]
L?(2) = Z U, 2" forz € D

n=0
This shows that, for any ¢, we can write Dy ; as a linear combination of present and past ;1 ie.
Dy+ € 5p{1, Y16, Vk—1t—1, Vk—1,t—2, ---} and therefore MtDk C M?kil.
Furthermore, we can also rewrite player k — 1’s order equation as
#(B) d Je GON

————— Dy — == = B0 (B)Yp—1,

ekOFF(B) GkOFF(l)
where 977 (2) and 09N (2) are defined in 27 and 26. Let {vj_1:} = {09V (B)y_1,} and rewrite

this as
égdl)f(FB()B) ket — 5’,?;ZF(1) = By,
Note that zjkék(z) has no roots inside or on the unit circle, Ji. = 0 and there exists a one-sided
Laurent Series Expansion Lék(z) of égFlF(z) for z € D such that disk D contains the unit circle.
Therefore, for any t, we can write v;,_1; as a linear combination of present and past Dy, ;.

Thus M/** ¢ MP*. Finally, by [Brockwell and Davis, 1991] Proposition 4.4.1 M}*' c
M¥1 . Therefore M*' ¢ MP*.

Thus we have shown that MP* = MJ*'. Since MF = MP* we have that MJ*! = MF. If
we can show that player k’s demand {Dy;} can be written as QUARMA with respect to {y4—1+}
then these will be player £’s FIS. To do this recall that ;1 ; = W’k—li/)‘k,jk- Substituting this into

player k — 1’s order equation we get
¢(B)Dyy = d+ B”0x(B)yj-14

Thus if we take J; = J. = 0 and Or(z) = ék(z) we will get the QUARMA representation of Dy,

with respect to y_1¢. This completes the proof. O

Proof of Proposition 3. Let

0.(B) s
V-1t = ~l;( )B‘]’“
0,(B)

)‘k,jkek—lzt (55)
We can rewrite €;_1; in terms of y;_1; as

éT(B) -
A, s o€p1p = L Iy,
k,J, Ck—1,t Hk(B) Ve—1t
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Substituting this into (20) we have

o GNT(B) _
B)D;, = d+ B0, (B) "Bk,
&(B) Dy ¢ k( )Ok(B) Vh—1,¢

and simplifying
$(B) Dy = d +0L(B)ye-1

The polynomial HNITC(B) has no roots inside the unit circle. Therefore by Proposition 2 we have

0,(B) _ 5
that v;_1 are player k’s full information shocks. Thus we say that {e;;} = él;EB; BJk)\k’jkek_l,t.
k
Furthermore 0y (z) = Hl(z) and J; = 0. O
Proof of Lemma 1. We can rewrite (33) and (34) as
o(B) d T IN ON
— X1, = ——+—+ B0 (B)O7" (B 56
@?UT(B) 1.t @?UT(l) + 1 ( ) 1 ( )77t ( )
¢(B) d Jo o IN ON
-t X5 = ———— + B20," (B)Oy " (B)\ 57
@2OUT(B) 2,8 GQOUT(l) + 2 ( ) 2 ( ) Ug ( )

Where ©1NV, 1N @9UT @9UT QPN and O are polynomials defined in the same way as 0/ (2),
09UT (2) and 69N are defined in (24), (25) and (26).
Consider the polynomials P;(z) = 210N (2)09N (2) and Py(2) = Az20LN(2)09N(2). Sup-
pose P»(z) has ry distinct non-zero roots by, ..., by, .
Define
GCD(Py, Py) := 2™ 2) ﬁ(l - sz)mi"{m(ijpl)vm(bw%)}
j=1

The roots of GCD(Py, P,) are those roots that are common to both P; and P,. Furthermore
the multiplicity of each root is the minimum of the multiplicities of the root in P; and P,. By
construction, the coefficient in front of the lowest power of z of GCD(Py, Ps) is 1.

By the Euclidean Algorithm for polynomials (cf. [Koblitz, 1998] pg 63) we know that there

exist polynomials @(z) and Q2(z) such that

Q1P+ Q2P = GCD(Py, ) (58)
Suppose O (z) has rq o, distinct roots by, ..., by, ,,. Define OIN=C as
T1,0n
oV .= TJa - bi)mfn(m(bj,@?Nxm(bj,@?fv))
j=1 7
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Note that if O¢V(z) and ©9V (2) have no common roots, then @YV ~¢ = 1.
Noting that GCD (27101 (2)09N (2), \2"20IN (2)09N (2)) = 211 2)QI=C(1)@PN=C (2) the
Euclidean Algorithm tells us how to find polynomials Q(z) and Q2(z) such that

21Q1(2)01Y (2) + X272 Q2(2) 05N (2) = 21O ()07 (2) (59)

Therefore multiplying (56) and (57) by Q1(B) and Q2(B) and summing we get

1 1

WMB)CA(B)XM + @20U7T

(B)¢(B)Q2(B)X2,t = O+ B RerC(B)ey Yy, (60)

where C' = @‘1%1,}9(% + 9%2,](%)5) is a constant.
If B OIN (2)09N (2) and B0V (2)09V (2) have no common roots then ©17(2) = 1, 09V =C(2) =

1 (and min(Jy, J2) = 0) in (60) and therefore we can take ¥(z) = Q=) and w(z) = Q2(z) ¢

@?UT(Z) ®2OUT(2)

get
U(B)o(B) X1t + w(2)d(B)Xor = C +my

Furthermore since OPY7(2) and ©9YT () have no roots inside or on the unit circle by construc-
tion, their reciprocals have one-sided Laurent series representations that converge in a disk D that
contains the unit circle. Therefore the constructed ¥(z) and w(z) have one-sided Laurent Series
Representations that converge for all z € D. Note that C = ¥(1)d + w(1)d.

Now suppose that there exist functions ¥(z) and w(z) with one sided Laurent Series Representa-
tions that converge in D such that ¥(B)¢(B) X1 1 +w(B)¢(B) X2+ = C+n where C' = 9(1)d+w(1)d.

From (33) and (34) we can rewrite this as
9(1)d + w(1)d + B 9(B)O1(B)n; + Bw(B)Oy(B)An, = C +
which simplifies to
BU9(B)O1(B)n + B'w(B)Oa( B)A = (61)
Define L(z) := 2719(2)01(2) + 2”2w(2)O2(2)\ — 1. Note that (61) implies that for all u €

[—7, 7], L(e~*) = 0. Consider the Laurent series expansion of L(z) for z € D,

o0
= Y gid" = 210(2)01(2) + 27w (2)02(2)A — 1 (62)
k=—o00
The Laurent Series (62) must have the same coefficients g as the Fourier series expansion

e~ Z gre MF = eT Y (e 1O (e7H) + e w(e ) Og(e A =1 (63)

k=—o00
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Since L(e=™) = 0, g, = 0 for all k in (63) and therefore in (62). This shows that L(z) = 0 for
all z € D.

If ©1(z) and ©2(z) had a common root zy inside or on the unit circle then we would have
L(zp) = —1 in (62) which is a contradiction. O
Proof of Theorem 2. To show (i) suppose zjkék(z) and z7¥-10;_1(z) have no common roots inside
the unit circle. We would like to show that M?’“Dk*l = M;*'. Since ¢(z) has no roots inside the

unit circle we can rewrite (14) and (20) as:

d o
Dy, = ) + Z W1 j€h—1t—j— Ty

=0
d SN
Dy = o0 DR TR AR A
j=0
where {‘I’k—l,j} and {\i/k]} converge exponentially fast to zero. This shows that Mf) koD -

Mekfl
P

To show that M:k’l - /\/ltD'“D’“’1 first suppose that 0;_1(z) and 0, have no common roots on
the unit circle. Since 27+ ék(z) and z7k-10;_1(z) have no common roots inside the unit circle, from
Lemma 1, there exist functions ¥(z) and w(z) with one-sided Laurent series representations such

that
V(B)Dg-1,4 +w(B) Dy = 9(1)d + w(1)d + €14

_ Dy, Dy
Thus M*" C M+

Now suppose that 0,_1(z) and 0 (z) have h > 0 distinct common roots on the unit circle and

ék(z) has 7}, o, distinct roots by, ..., by, ,, on the unit circle. Define ékoN*C as
Tk,on 5
é]?N_C = H (1 — i)mln(m(bj70k71)7m(b]79k))
i=1 7

Thus we can rewrite player kK — 1’s demand and order equations as
¢(B)Dy_14 = d+ B710;_(B)ON O (B)er—14 (64)

$(B) Dy = d+ BOp(B)OYN "C(B)A, j k-1 (65)
where 6} | = ég’f\%c and é;; = ékoﬁ,i’tc. Let vp_14 = Hl?ﬁ_c

(64) and (65) as

(B)ek—14. Note that we can rewrite

¢(B)Dy_14 = d+ B"10;_(B)vg_1
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¢(B)Dyy = d + BJ’CGN,:(B))%’ J Vk—Li

where the last equality comes from the fact that Hg_j\i_c(z) = é,?N ~C(2). Noting that 07_,(z) and
0% (2) have no common roots on or inside the unit circle we can use Lemma 1 to get functions 9(z)
and w(z) with one sided Laurent series representations converging in a disk D that contains the

unit circle such that

19(B)¢(B)Dk_17t + w(B)(ﬁ(B)Dk’t = ﬁ(l)d + w(l)d + Vk—l,t

Therefore M!*~" < MP*P*' Furthermore by [Brockwell and Davis, 1991] Proposition 4.4.1
M MY and thus M € MPFPF1 in this case as well.

Finally let yx—1, = A, J Ek—1t- Noting that /\/ltw“_1 = M;k_l = /\/1,75C and plugging ;1 into

player k’s order equation we get
¢(B)Dyy = d+ B 0(B)y_14

Thus we can write {Dj,;} as QUARMA with respect to {y;—1+} and therefore these are player k’s
full information shocks. Furthemore .J; = J;, and 04 (z) = 0;(z) and the proof of (i) is complete.

To show part (ii) suppose that zjkék(z) and z”/k-10;_1(z) have a common root inside the unit

nl—C i ~ ~ ~.
;T’“I,C((BB)) Bk Jk-1)ery , where %_C is defined in (28) and Q};I_C is defined
k

by (30). Since é};liC(B) has all its roots outside the unit circle, &1, € M;"'. We will show that
MtDlka—l — Mfk—l'
Define #1-¢° .= 01 and 017¢° .= O Then we can rewrite player k — 1’s demand and order
k—1 - é}ifc k : ééfc- play

circle. Let x_14 =

equations as

¢(B)Dy_14 = d+ BT 101" (B)0.~C (B)ex_1.

O(B) Dy = d+ B0~ (B)O O (B)Ay j en-1,

GHI—C o
Replacing €;_1; with eé’cl,c((BB))B*mm(‘]’“"]’f*)ﬁk,u we get
k
¢(B)Dyp_14 = d + BIv=17minUn 0l =C% (BT (B¢, 1, (66)
d)(B)Dk,t —d 4 BJk*min(Jk,kal)élg—Cc (B)éLI_C(B))\k’jkék—l,t (67)

The polynomials Géilcc(z) and é,ﬁfcc(z) have no common roots inside the unit circle by defini-

tion. Therefore the polynomials z‘]kflfmm(jk"lkfl)%:fc(B)é,iI_C(B) and zjk*mm(jk"]’ffl)éi_cc(z)é;il_c(z)
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have no common roots inside the unit circle. Thus by part (i) we have that Ar.j, §k—1. are player
k’s full information shocks. Thus we have the result that €, ; = )\kjk%Bmm(i’“‘]’ﬁl)ek,l’t.
Furthermore 6y(z) = é,ﬁfcc(B)éyfc(B) and Jj, = Jy, — min(Jy, Jy—1). Noting that é,ﬁfcc(B) —
é,?UT(z)égN é,g_N ¢ we get the intended result. O

Proof of Theorem 4. Recall Proposition 6 which states that

2 _ 2 2
UEk,SS - )\k,jko-ek—l (68)
2 _ |—2-min(m z,-,0~ m(z5,0k_ 2 2
o2 pg = H 2] (m(z;,0k),m(25,0% 1)))\16%0%_1 (69)
Jilzl<1
2 _ 1—2m(z;,0,) \2 2
Uek,NS - H |Z]| = k))‘k’jko-ek,l (70)
Jilzil<1

To prove (i) consider (69). Since 6;(z) and 6j_1(z) share a root inside the unit circle, there

is a z; in the product such that m(z;,0;) > 0 and m(z;,60;_1) > 0. Since |zj|< 1 we have that

2 2
0cr,58 < O¢, DS

Now consider (70). There exists z; with |z;|< 1 such that m(z;,0) > m(z;,0,_1) by assumption

and therefore Uzk ps < 0’62k ~ng- Combining this with the previous result and we have that Uzk 55 <

2 2
O-Ek,DS < O-Ek,NS'

To prove (ii) consider (69) again. Since ;(z) and 6_;(z) share a root inside the unit circle,
there is a z; in the product such that m(zj,6;) > 0 and m(z;,0,_1) > 0. Since |z;|< 1 we have
that szis < ng,DS'

Furthermore, by assumption, all roots z; of 6, where |zj|< 1 are such that m(zjﬁk) <
m(zj,0,_1). Therefore for all j, min(m(zj,0),m(zj,0k_1)) = m(zj,0;) and (70) is equivalent
to (69). Therefore ng, Dg = a?)ﬁ ~Ng and the result is proved.

To prove (iii) consider (69) again. If 6 (z) has no roots in common with #;_1(z) inside the unit
circle then min(m(z;,0), m(zj,0,_1)) = 0 for all j. Thus (69) is equivalent to (68) and we have
that Uezk,ss = ng,DS'

For part (a), since §; has a root inside the unit circle, there exists a root z; such that |z;]< 1
and m(z;,0)) > 0. Therefore O'?hNS given by (70) is such that afk’NS > a?k’SS and we have the
result that UEQMSS = 0’€2ij5 < U?k,NS'

For part (b), assuming that ;(z) has no roots inside the unit circle, we note from (70) that

2 _\2 52 2 _ 2 2 2 _
Oc NS = )\k,jko-fk—l and therefore by (68) we get that o7 yg = 07 gg. Therefore 07 o =07 pg =
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Oc¢y,NS* O

Finding Examples of Intermediate Value of Demand Sharing

There are several examples in this paper that illustrate how intermediate value to demand
sharing can arise. Here we present a discussion on how such examples can be found. The main
focus here is finding some k£ > 0 such that player k — 1 sharing its demand will be intermediate in
value to the other two possible sharing arrangements and J;_1 = J, =0 (the non-strict-QUARMA
case) where the retailer observes casual and invertible ARMA demand. In particular we show a
set of conditions for the coefficients of the retailer’s model such that all the requirements hold and
there is intermediate value to player 2 sharing its demand with player 3 where Jo = Js = 0 and
l3=0.

Since we need for J, = J3 = 0, it could be shown that player 2 and player 3 must observe
ARMA(2,2) demand with respect to player 2’s full information shocks in this case. According to
Corollary 3, there will be intermediate value to demand sharing if 63(z) and 65(z) have a root
inside the unit circle in common and 0~3(z) has a root r inside the unit circle such that |r|< 1

m(r,03) > m(r,02). We can therefore express the roots of #2(z) as zp and 22 and the roots of
9~3(z) as zp and Z3 1 where zp is the common root and 231 # 221.

The following Remark lists conditions under which the retailer observes causal and invertible
ARMA and there is intermediate value to player 2 sharing its demand with player 3 where Jy =

J3 = 0.

Remark 2. Suppose the retailer observes ARMA(2,2) demand such that the following conditions
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hold for 01(z) and ¢(z):

P1+¢2<1l,¢2 — g1 <1, —1<¢a<1 (71)
O11+012<1,010 — 011<1, —1<b12<1 (72)
1+ ¢1 = 1/z21 where 221 is a root of 02(z) (73)

1+ ¢1—021] > 1 (74)

[¢2 — 1| < ool (75)

1 +1¢1 2 ?2 ¢1¢1 (76)

Suppose further that the retailer shares the equivalent of its full information shocks with player 2
and that Jo = j3 =0,01=1,0,=1 and ¢35 = 0. Then the retailer’s demand is causal and invertible
with respect to its full information shocks and player 2 sharing its demand will be intermediate to

no sharing or full information shock sharing.

Note that 221 and 621 in (73) and (74) are not free parameters. They will depend on choices of
¢(z) and 601(z). Constraints (71) and (72) are triangle conditions that guarantee that the retailer
observes a causal and invertible ARMA(2,2) model. Constraints (73)-(76) guarantee that we have
intermediate value to demand sharing between player 2 and player 3. The proof of this latter fact
is done by analyzing the relationship of the parameters of the retailers ARMA model on the roots
of 03(z) and 03(z).

The constraints in Remark 2 form the backbone for finding the Examples of intermediate value
of demand sharing. The space defined by these constraints is certainly non-empty as demonstrated

by the Examples in this paper.
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