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Highlights

e An MILP-based fair profit distribution framework is developed for multi-echelon supply

chains.

e Transfer pricing, production, distribution and capacity planning of the supply chains are

considered as the key decisions.

princi-

e Solution approaches are developed using Nash bargaining and lexicographi& ;

ples under proportional and max-min fairness criteria.

e A tailored hierarchical approach developed for approximate m in fajr solutions demon-

strates computational advantage.

e Results from two examples demonstrate the applic of the proposed models and ap-

proaches.
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Abstract

The total profit maximisation of a supply chain network may result in /an uneven and impractical
profit distribution among the members. This work addresses thé fair profit distribution within
a multi-echelon supply chain using transfer prices. A mixed, intéger dinéar programming (MILP)
model framework is proposed for the optimal productionsdistribution and capacity planning of a
supply chain network of an active ingredient (AI), consisting of Al plants, formulation plants and
markets. The transfer prices of the Al from AI plantsito formulation plants, and those of products
from formulation plants to markets are to be'optimised. The proportional and max-min fairness
criteria are adopted to define fair profit“distributions. Considering bargaining powers of supply
chain members, game theoretic solution approaches are developed for fair solutions using Nash
bargaining and lexicographic maximin principles. Especially, a hierarchical approach is developed
to obtain an approximate optimal fair solution efficiently. The applicability and efficiency of the
proposed approaches are’ demonstrated by two examples, including a real world agrochemical supply

chain network.
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1. Introduction

Over the past decades, supply chains have been reshaped into complex networks involving
suppliers, production sites, distribution facilities and markets. The optimisation of supply chains
in the process industry has received extensive attention in the literature (Grossmann, 2005; Shah,
2005; Papageorgiou, 2009; Barbosa-Pévoa, 2012). Many supply chain optimisation models and
approaches just consider one supply chain as a whole (Tsiakis & Papageorgiou, 2008; Sousa et al.,
2011; Longinidis & Georgiadis, 2011; Liu et al., 2012; Cardoso et al., 2013; Munoz et al., 2015;
Gaur et al., 2017). However, in real practice, there are conflicting interestsyof/individual supply
chain members that all aim to pursue the most profit and benefit for themselves, which need to
be taken into account for optimisation. When the total profit of a4 supply=chain is maximised to
enhance its performance, the profit of the whole supply chain is usually distributed to its members
in an uneven way, which could lead to negative impacts; including dissatisfaction of members,
instability of systems and coalition, disadvantage in competitive edge, loss of markets, increasing
costs and reduction in revenue. Thus, a fairer profitadistribution is preferred to maintain stability
and competitiveness of supply chain networks

The fairness issues have been widely investigated in some fields, e.g. welfare economics (Varian,
1975; Fleurbaey, 2008), telecommunications (Jain et al., 1984; Mazumdar et al., 1991), and supply
chain contracting (Cui et al., 2007; Katok & Pavlov, 2013; Ho et al., 2014). The concept, perception
and interpretation of fairnesswary'depending on problems and people involved, and there is no single
fairness criterion applicable.to all problems. In the literature, there are two widely accepted fairness
criteria: proportional fairness /and max-min fairness (Bertsimas et al., 2011), which satisfy a set of
generally agreed axiomsyfor ideal fairness criterion. This paper aims to develop an optimisation
framework for fair profit distribution among supply chain members using transfer prices under these
two fairness criteria.

Transfer [price is generally referred to as the intra-company price that a selling department, di-
vision or subsidiary of a company charges for a product or service supplied to a buying department,
division, or subsidiary of the same company (Abdallah, 1989; Pfeiffer, 1999). However, recently the

terminology has been extended to inter-company payments in decentralised supply chain networks
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(Gjerdrum et al., 2002; Lakhal, 2006). In this work, the considered multi-echelon supply chain
members are regarded as independent profit centres that can determine their transfer prices. The
transfer pricing has been used as an income-shifting mechanism to the subsidiaries in lower tax
countries so as to increase their after-tax profits (O’Connor, 1997; Vidal & Goetschalckx, 2001;
Shunko & Gavirneni, 2007; Miller & de Matta, 2008; Ernst & Young, 2013). In the meantime, it
is also important to determine profit-based incentives for members or divisions involvediin a sup-
ply chain network (Lakhal, 2006; Shunko et al., 2014; Hammami & Frein, 2014;Liu etal., 2015).
Although, in the international trading, transfer pricing is controversial and.inder restriction and
scrutiny from many regulations, rules and guidelines of fiscal agencies and governments to avoid
the manipulation of transfer prices (Mehafdi, 2000), companies usually ‘still have the flexibility to
determine the transfer price level from some range of values within given limits (Vidal & Goetschal-
ckx, 2001). There is a range of acceptable transfer prices, instead of only a single transfer price,
allowed by the Organization for the Economic Cooperationnand Development (OECD) and the
United States (Markham, 2005).

Research studies and papers are emerging on thease of transfer price to distribute profit fairly
in supply chains. Mixed integer nonlinear programming (MINLP) models were developed by Gjer-
drum et al. (2001, 2002), where Nash bargaining approach was used for fair profit distribution in
a multi-enterprise supply chain. .Chen et al. (2003) developed a fuzzy-based decision model for
multiobjective optimisation of the production and distribution planning of a multi-echelon supply
chain network, considering profitimaximisation, customer service level minimisation, and ensuring
fair profit distributionm=Then;}Chen & Lee (2004) extended the above work for the uncertainties of
both demand and“pricé. A cooperative game constructed by Rosenthal (2008) fairly allocated the
net profit using transfer prices, considering both perfect information and asymmetric information
environment. Leng & Parlar (2012) developed a cooperative game to determine optimal transfer
prices for fair profit allocation within a two-echelon supply chain with one upstream division and
multiplesdownstream ones. Yue & You (2014) developed an MINLP model for profit allocation
strategy using material transfer prices and revenue share policies of cellulosic bioethanol supply

chains. Recently, Liu et al. (2016) proposed a mixed integer linear programming (MILP) model
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for optimal fair transfer prices of a two-echelon supply chain. However, this work did not clearly
justify the criterion of fair solutions and consider the different negotiation abilities of the supply
chain members.

In this work, we aim to develop an optimisation-based fair profit distribution framework for inte-
grated production, distribution and capacity planning of multi-echelon supply chains, by extending
the work of Liu et al. (2016). In order to reflect real practice, different bargaining powérsiof supply
chain members are considered. Here, we use two well accepted fairness criteria,proportional and
max-min fairness, to define fair profit distribution. It is beyond the scope of this work to’investigate
the negotiation process of fairness criterion, and examine whether a fairness criterion is accepted by
all members of the supply chain. To find fair solutions under these two fairness criteria, two game
theoretic principles, Nash bargaining and lexicographic maximindprinciples, are adopted to develop
solutions approaches for fair profit distribution. To overcomeé the computational difficulties of large
problem instances, a tailored efficient solution approach based.on the classic lexicographic maximin
approach is developed for max-min fair profit distribution. Overall, the main novel contributions

of this paper can be summarised as follows:

An optimisation model is developed for.production, distribution and capacity planning of

three-echelon supply chain netwerks;

e Two fairness criteria are defined for supply chain profit distribution;

e Bargaining powers of supply chain members are considered under the two fairness criteria;

o MILP-based solutioniapproaches are developed using literature game theoretic principles un-
der the two fairness criteria;

e A tailored’hierarchical solution approach is proposed for max-min fair solutions, with advan-
tage in efficiency for large instances;

e Two examples, including a large real world supply chain network in agrochemical industry,

are investigated.

The rest of this paper is organised as follows. Section 2 provides the problem statement, while

the mathematical formulation of the proposed model is described in Section 3. The definitions of
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fairness criteria and the development of fair solution approaches in Section 4. In Section 5, two
examples are described, followed by the computational results and discussion in Section 6. Finally,

some concluding remarks are drawn in Section 7.

2. Problem Statement

In this work, a three-echelon supply chain network of one active ingredient (AI),inja process
industry, such as pharmaceutical, and chemical industry, is considered, consisting,of AT plants,
formulation plants and markets, as illustrated in Figure 1. At the primary manufacturing stage, one
Al which is the substance biologically or chemically active within the products and is the specific
component responsible for the desired effect of the products, e.g. drugs and-pesticides, considered
in the problem. The considered AI, a low-volume high-value products is produced centrally in
few Al plants, and then shipped to different formulation plamts, where different final products
are produced in secondary manufacture, according to different xecipes, formulation, packaging and
labelling requirements. It is assumed that each formulation’plant can only be able to produce the
products belonging to certain product group$,ydepending on its production capability. At last,
final products are shipped to various markets for sales to customers. Considering the potential
advantages of certain supply chain members torattain higher profits than others, it is assumed that

the involved supply chain membersimay have different bargaining powers.
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Al Plant Formulation Market
Plant

Figure 1: Supply chain network example of an Al

The production, distribution and capacity planning of this three-echelon supply chain network is
addressed in this work. It is assumed thatithe existing capacities of the Al plants and formulation
plants cannot satisfy rapidly increased demand. Thus, capacity increment strategies are to be
optimised, as well as production and distribution planning decisions.

The division of costs among supply chain members can be much different, depending on contracts
and agreements on transpertation’responsibilities. In this work, we consider all trades are on Ex
Works basis (International Chamber of Commerce, 2010), in which all costs and risks involved in
taking the goods from the seller’s premises are the obligation of the buyer or customer (Monczka
et al., 2011)7"Note,that the proposed model in this work can be easily modified to accommodate
other traderesponsibilities. The AI plants are responsible for AI’s raw materials cost, AI production
cost, Al invéntory cost, and capital investment cost. The costs of formulation plants include the
payments to Al plants to purchase the AI, raw materials cost, product formulation cost, inventory
costs of both AT and products, Al transportation cost from Al plants to formulation plants, capital

investment cost, and duties paid for Al importation. Each market pays for the purchase of products
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to formulation plants, product inventory, product transportation from formulation plants, duties
for product importation, and unfulfilled demand.

The revenues of the Al and formulation plants come from the transfer payments from formulation
plants and markets, respectively. Thus, transfer prices of the AI from AI plants to formulation
plants, and those of products from formulation plants to markets, have significant effect§ on the
profit of each member in the supply chain network. The transfer pricing decisions are to‘be optimised
in this problem, based on given discrete penitential price levels and the bargaining®owers,of supply
chain members. Meanwhile, it is assumed that the final selling prices of the’products’at markets
are known.

In this problem, we aim to achieve a fair profit distribution among the supply chain members.
Here, to define a fair profit distribution, we adopt two broadlyaccepted fairness criteria: propor-
tional fairness and max-min fairness. In this work, a propertionally; fair profit distribution is the
one that any profit transfer leads to no increase in total proportional change of profit, while in a
max-min fair profit distribution, any feasible profit_increase of one member reduces the profit of an
equal or less profitable member.

In summary, this optimisation problem can ‘be‘described as follows:

Given are:

e supply chain network of anvAl; consisting of Al plants, formulation plants, and markets;
e products and their products groups;

e capabilities and capacities of Al and formulation plants;

e prodiict demands at markets;

e /unit consumption of Al consumption for each product formulation;

e fixed"and variable costs of Al production, product formulation, and transportation;
e~Aransportation times of Al and products;

e unit raw materials cost, inventory cost, duties of AI and products;

e unit capital cost for capacity expansion at Al and formulation plants;
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e minimum and maximum AI/product production and transportation flows;

lost sales penalty of products;

potential transfer price levels of Al and products;

selling prices of products at markets;

e bargaining powers of supply chain members;
to determine:

e transfer prices of Al and products;

e productions of AT and products;

e distribution flows of AI and products;

e capacity increments of Al and formulation plants;

e inventory levels of Al and products at plants.and markets;
e sales of products at markets;

so as to maximise the total profit of the supply chain network with a fair distribution to its

members, under proportional and max-min fairness .

3. Mathematical Formulation

The proposed optimisation model for the fair profit distribution problem is extended from a
literature supply chain optimisation model (Liu & Papageorgiou, 2013), which only considered total
cost of the whole supply,chain as objective function, and ignored transfer prices between supply
chain members. Tn this work, considering a three-echelon supply chain, consisting of AI plants,
formulation plants, and markets, each member is an individual profit centre, and its profit is aimed
to be optimised to achieve a fair solution distribution through transfer prices. The definitions of all

mathematical symbols used are given in the Nomenclature.



165

3.1. Production Constraints

If the AT is produced at Al plant a during time period ¢, its production amount, P, is restricted
by given minimum (MinP) and maximum (MaxP) production limits, which are determined by

production rates and operating time limits of the machines.
MinPA - W4 < P4 < MaxP} - W24, Va,t (1)

where W7 is a binary variable indicating whether the AT is produced at Al pl&it a inytime period
t.

Similarly, the production amount of product ¢ produced at formulation plant j during time
period t, Pl-];t, is limited by upper and lower bounds (M inPiI; and M- accPiI; ). By using the binary
variable Wi?t (=1 if the product 7 produced at formulation plant 7 during time period t), we have
the following constraints:

MinPL - Wk, < PL < MaxPI\ W

it S Fije S e Vi,g € Gjii€ Iyt (2)

where G refers to the set of product groupsigsthat can be formulated in plant j, and T, ¢ indicates

the set of products belonging to produet, group g.

3.2. Capacity Constraints
The total production/g each Al'and formulation plant is limited by its existing capacity (Cap2

for AI plant a and C’apf for formulation plant j), plus any corresponding capacity increment

(ACap? and ACapf , Tespectively), which are to be optimised.

Pﬁ < C'ap;4 + AC’apf7 Va,t (3)
> D P < Capf + ACap, Vit (4)
9€Gjiel,

10
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Note that some capacity expansion strategies (Liu & Papageorgiou, 2013) can be addressed by

this model with additional constraints.

3.8. Flow Constraints

When there exists a shipment of the AI from Al plant a to formulation plant j during time period

t, i.e. binary variable Y4, = 1, the shipped flow amount (F?

it = aj¢) cannot go beyond i

(M mFa"}) and maximum (M afoj) limits.

MinF} Y, < FA, < MaxF - Y], Va,jt %’ (5)

Similarly, for the transported amount of product ¢ from formulatio j to market k during

time period t, FiI; 1> the following constraints are proposed:

MinF[, Y, <Fh, < MaxF[, - Y ik, g € Gj,i € I, N I, t (6)

?

where binary variable Yifkt is 1 if product idis shipped from formulation plant j to market k

B

during time period t; M axFiI;k and Mi rresponding maximum and minimum limits,

respectively; and Iy represents the set of products sold in market k.

8.4. Inventory Constraints

The inventory consideréd: i is,problem includes Al inventory at both Al plants and formula-

tion plants, and prod witory at both formulation plants and markets, as illustrated in Figure

(2)

@ e ::H"""' @ Products

Al Plant (a) Formulation plant () Market (k)

Figure 2: Illustration of the inventory of the AI and products.

11
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The Al inventory at Al plant a in time period ¢ (IV;44) is equal to the inventory in the previous
time period (I Vaflté 1), plus local Al production amount (PZ), minus total outgoing Al flows to

formulation plants (F (f;t):
IVaI?A = IVal?tAfl Z ajtr (7)

The AI inventory at formulation plant j at the end of each time period (I Vj‘?F ) equals the Al
inventory at the end of the previous time period (I V] 7)), plus arriving ALfows from Al plants

(FA ), minus AI consumption for product production (P.I;kt):

aj,t—Taj 7

VjF fIVAFlJrZ i — O Y, By B Vit ®)

iel, 9€G;

where 7,; refers to the transportation time from Al plant a\to formulation plant j
The inventory of product 4 at formulation plant j by the end of each time period (I VliF ) is

calculated by its inventory at the end of the previgustime period (IV;Z'F it 1), product production

(P,

/) and the total outgoing flows to the markets, (F}f;,) in that time period:

szyt _IVjt 1+ z]t Z ijkt> vjngGjaiejgat (9)

kEK;

where K; indicates the set of markets that sell product i.
Similarly, the inventdryef product i at market k in time period ¢ (I ViﬁM ) is equal to the product
inventory in the preévious time period (IV;% i M ), plus any incoming flows from formulation plants

(Fi}j)k;t*Tjk)’ minus local sales in the same time period (Sixs) :

WM =1V o+ > > Fluern = Sike, ki € It (10)
J€Jg geGs

where 71, refers to the transportation time between formulation plant j and market ; G, indicates

the set of product groups including product i; J,; expresses the set of formulation plants capable

12



for the production of product group g.
The above inventory is limited by corresponding lower and upper bounds, where upper bounds
are often resulted from storage capacities, and lower bounds are usually considered as safety stocks

for demand uncertainty.

MinIVAY < TVAA < MaxIVAA,  Va,t (11)
MinIVAT < IV < MaxIVAY, Vit (12)
MinIVEE < IVEF < MaxIVEF, Vj,g€G;,i €yt (13)
MinIVEM < TVvEM < MaxIVEM Vi€ I, t (14)

3.5. Transfer Price Constraints

Transfer prices of the AI between Al/plamts and formulation plants (T'P2), as well as those of
products between formulation plants-and markets (TPg ), are considered as decision variables. It
is assumed that each AI plant charges the same transfer price to all formulation plants. Similarly,
for each product, each formulation plant sets a single transfer price to all markets. In addition, the
determined transfer pricesido not change throughout the considered planning horizon. Following
the work of Gjerdrum et al. (2001), a set of candidate transfer price levels of the Al and products
are set by eachsmember within the range allowed by the rules and regulations of authorities, which
is reasonable in real practice. Here, only one transfer price level of the Al (TPLfl) can be chosen
by each»ATlplant, if the production occurs there. Similarly, only one transfer price level of each

product (TPLE

”-l) is selected by each formulation plant producing it. In the following constraints,

binary variables Ofl and O; ;1 indicate whether price level [ is selected or not, and E;“l and E;; are

13
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for the production allocation of the Al and products, respectively.

TP} =) TPL} -0}, Va (15)

<

ZO W =EL, VigeGjiel, (18)

TPiP ZTPLMZ Oz]l’ Vj,g € Gj,i €,

ZO;;‘Z =F!, Va
l

185 3.6. Lost Sales Constraints

The lost sales (LS;k:) of product ¢ in market k i e period is the difference between

corresponding demand (D;y;) and sales amount (
LSikt = — Wikt Vk‘,’b € Ikat (19)

3.7. Logical Constraints

If AT plant a is not chosen forAl production, its production amount is always zero.

S wWa<|t|-E}, Va (20)

Similarly m Al plant a to formulation plant j is not allocated for Al shipment, there

is no AI flow on this link in all time periods.

Z ajt <| t | a]) \V/a,j (21)

hen AI plant a is not allocated for Al production, the link from AI plant a to any formulation

14
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plant j is not used for AI shipment.
Y XE<[i|-E} Va (22)
J

If formulation plant j is not allocated for the production of product ¢, there is no production of

product i at formulation plant j. Q
Swh <|t|-EL, VigeGjiel, \, (23)
t

ijt P50

When a link from formulation plant j to market %k is not allocated for the shipment of product

1, the flow of product 4 on this link is zero in all time period t.

Y Vst X[ Vikge I (24)
t

If formulation plant j is not used to produce product 7jthen there is no flow of product ¢ from

formulation plant j to any market k.

XD <IENES, VigeGjicl, (25)
k
3.8. Profit Constraints
The total profit of thé sup ain network is the sum of the profits of Al plants (Pra),
formulation plants ( andymarkets (Pr).
Total Pr = Z Pri 4 Z P’T‘JF + Z Prif (26)
a J k
xt, t fit of each supply chain member is formulated in the following subsections.

15
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3.8.1. Al plants
At an Al plant, its revenue (Re?) is the total transfer payment from formulation plants, i.e., the

AT transfer prices multiplied by corresponding flows between the AI plant and formulation plants:
Ref => >N TP} Fl, Va (27)
t o

Note that Eq. (27) is a nonlinear equation, which is reformulated to be linear QIOW using

auxiliary variables and constraints and Eq. (15):

OF ., < MazFz - O, Va,j,l,t (28)
A )
D OFu=Fj V& (29)
!
Re => > S TPLY- Ffjlt, Va (30)
t g1
The costs of Al plants include raw mat ost (RMCZ), production cost (PCZ), inventory
cost (IVC#), and capital investm (CICA):
A=Y MC}-Pj, Va (31)
t
Q) PCL = FPC} - E}+Y VPCL - P4, Va (32)
¢
CQ IVCE =Y ICHM - IVAA, Va (33)
¢
CICY =erf-CC4 - ACap?, Va (34)

16



The profit of an Al plant (Pr2) is equal to its revenue minus all above costs.
Prt = ReX — RMC# — PCA — IVCA - CICA, Va (35)

w0 3.8.2. Formulation plants
The revenue of a formulation plant (Ref ) include all transfer payments from markets, deter-

mined by product transfer prices and corresponding flows from this formulation plantito markets:

Ref =% > > >, TPL Flu Vi (36)

t geG; k iel,nly

Similar to Eq. (27), the nonlinear Eq. (36) can be linearised asfollows:

nglt < MaxFJ, - O, Vi k,g &Guic IgN 1,1t (37)
Zﬁgklt:Fi?ktv Vj7k7g€G]7Z€jngk7t (38)
1

Ref =% >3 Y. ZTPLZZ-ng, vj (39)

tANk geGyiel Nl 1

The costs incurred at formulation plants include transfer payment cost to Al plants (TPC’JF ),
raw materials cost (RM C’f ), formulation cost (FOC"), inventory cost (IVC["), AT transportation

cost (TRCJF), capital investment cost (C’IC]F) and duties (DUC’JF).

Trcf =Y Y N TPLY -OF.,,, Vi (40)
t a l
RMCJ =3}, ) MOG-Fj. Vi (41)
t geGjicl,

17
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F P P P P .

FOC] = Y Y FFCL-Ef+Y Y Y VFCL-Ph, Vi (42)
9€G; i€l t geGjiel,
el =3 1eM vt TN NI vEE D g (43)
t t geGjiel,
TRCY =Y FTcd - XA +3 N vrch -Fh,, Vi ,\g (44)
a t a

CICS =crf-CCF-ACapl, Vj (45)

pucf =33 DCj-TPL vj (46)
t a 1

Then, the profit of a formulation plant (Prf ) is as
Prf = Ref —TPC] — RMC] — FOC;"%IVGf — TRC| — CIC] — DUCf, Vj  (47)

3.8.3. Markets

viven by the selling prices of product ¢ in market & (V)

The revenue of each market

and corresponding sales amotumnt

Q Rep! =37 " Vig - Sike, Yk (48)
t i€l

The costs'incutred/at each market include transfer payment cost to formulation plants (TPCM),
invento: st (IVCM), product transportation cost (TRCM), duties (DUCH) and lost sales cost
(LSECM).

TP =SSN S STTPLE OF L. vk (49)

t J g9€Gjiel,nl; 1

18
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ey =3 "> 1ciM vt vk (50)

t i€l

TRCk Z Z Z FT Uk ]k+zz Z Z VTCZ]]C szkt7 vk (51)

J 9€G;jiel NIy J 9€Gjielyny

pUCM ZZZ 3 Zchk TPLE,-OF, ., Vk (52)

J 9€G;jiel NIy

LSCY' =" PCiy- LSin, Vk (53)

t i€l

Then, the profit of each market (Pr) is given by Eq. (54)
Prf = ReM —TPCM — IVvCM —TRCM — DUCY — LSCM, VK (54)

Considering the maximisation of the total supply/chain profit, the MILP model (denoted as
MaxTotProf), consisting of Eq. (26) as objectivefunction and Eqgs. (1)—(25), (28)—(35), (37)—(54)
as constraints, is to be solved. To achieve“a fair profit distribution strategy with the maximum

total profit, some solution approaches are developed in the next section.

4. Fair Solution Approaches

In this section, wve first diScuss the two fairness criteria considered in this work, based on
literature fairness schemes. Then, game theoretical solution approaches are developed for fair

solutions under the two fairness criteria.

4.1. Fairness*Criteria

Theresexists extensive literature work on the fairness of allocation problems, mostly in the
fields of economics, social science, and engineering. Although there is no unique fairness criterion

wholly recognised, due to widely distinctive problem characteristics and interpretation of fairness,

19
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most fairness criteria are based on some general theories of justice and equity, including, but not
limited to, Aristotles equity principle, classical utilitarianism, and Rawlsian justice (Sen, 1973;
Young, 1995). In this work, we focus on two widely accepted and extensive studied fairness criteria:
proportional fairness and max-min fairness (Kelly et al., 1998; Bonald et al., 2006; Bertsimas et al.,
2011).

Proportional fairness considers an allocation between multiple players to be fair; if\the total
proportional change of utility is no greater than zero when compared to any otheér, feasible alloca-
tions. This criterion was firstly proposed by Kelly (1997) based on changing rate control for elastic
traffic in computer network services, and was widely studied afterwards/ It can'be regarded as an
extension of Nash solution for a two-person bargaining game (Nashy. 1950), simultaneously satis-
fying four axioms for fairness criterion, including Pareto optimality, symmetry, affine invariance,
and independence of irrelevant alternatives (Conley & Wilkiep1996)3 Considering a proportionally
fair profit distribution in this problem, we take into account the excess profit, i.e. the profit higher
than a specific minimum acceptable profit level, defined bywPr,, — MinPr,,, where Pr,, is the profit
earned by supply chain member n (= Prd, Prf and Pr} when n = a, j and k, respectively),
and MinPr, is the minimum acceptable profit, ofisupply chain member n. A proportionally fair
profit distribution is defined as a profit distribution that any profit transfer does not benefit total

proportional change of excess profit, i.e.:

Pry, — Prof
> ot g S0 (59)
Pr? — MinPr,

n

where Pr?/ is the 6ptinial profit of member n in a proportionally fair profit distribution. A propor-
tionally fair solution can be achieved using the Nash bargaining approach, which will be described
later in this section.

Max-minfaitness is based on the work of Rawlsian justice (Rawls, 1971) and Kalai-Smorodinsky
bargainingsolution (Kalai & Smorodinsky, 1975). An allocation among multiple players is regarded
to be max-min fair, if any increase in the allocation of one player can result in the allocation decrease

of another player with an equal or less allocation. Max-min fairness satisfies the axioms of Pareto
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optimality, symmetry, affine invariance, and monotonicity. Originally proposed for a two-person
game, it is usually operated in a normalised system in which all players have the same maximum
achievable utility. Under max-min fairness, a fair allocation solution is achieved by maximising
the lowest utility first, then the second lowest utility, and so on. The max-min fairness has a
broad and extensive application in the area of networking and telecommunications (Bertsekas &
Gallager, 1987; Luss, 1999). In this work, the scaled profit of each member is considered under
max-min fairness, which is obtained by considering the maximum and minimum‘profit bounds of

each member:
_ Pr, — MinPr,
" MaxPr, — MinPr,’

Pr, Vn (56)

where M ax Pr,, is the maximum profit of supply chain member n. Almax-min fair profit distribution
is the one that any scaled profit increase of one member cause the'scaled’profit decrease of another
member with the same or less scaled profit. Lexicographic‘maximin.approach can be used to obtain
such max-min fair solution, whose details can be foundlater.

Next, we developed solutions approaches for this*fair profit distribution problem, using Nash
bargaining and lexicographic maximin principlesyunder proportional and max-min fairness criteria,

respectively.

4.2. Nash Bargaining Approach

The Nash bargaining appreach'is applied to obtain the proportionally fair solutions. Originated
from the two-player bargaining game, the Nash bargaining solution is defined as the maximiser
of Nash product, i.e/” the product of the two players’ payoffs (Nash, 1950). The Nash bargaining
approach has béen, used to achieve fair solutions in various areas (Gjerdrum et al., 2001, 2002;
Chéron, 2002;~Hamn, et/al., 2005; Hanany & Gerchak, 2008; Zhang et al., 2009; Ma et al., 2012; Yu
et al., 2012; Zhang et al., 2013, 2017a). In our supply chain optimisation problem, a fair Nash
bargaining solution can be obtained by maximising the product of each member’s excess profit.

Thus, taking into account the bargaining powers of the supply chain members, the Nash bargaining
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solution can be obtained by optimising the following objective function:
v = [[(Pr, — MinPr, ) (57)

where «, is the indicator of the bargaining power of member n.
By applying the logarithmic operation, the above nonlinear objective function (Eq..57) can be

rewritten as the following one:
W =" a, - In(Pr, — MinPr,) (58)

Eq. (58) is still a nonlinear function. To linearise it, the separable ‘programming technique
(Gjerdrum et al., 2001) was applied. Then, the continuous strietly convex function In ¥ can be

approximated by a piecewise linear function In U with @ gtid peints, as follows:
o Q
W =>">"ay - g - W(Lrng s MinPry) (59)
n q=1

where Pr,, expresses the profit of supplyschainymember n at grid point ¢, and variables pg > 0 is
a SOS2 variable, allowing vales at only two adjacent grid points to be non-zero, and satisfying the

following constraint:
Q
Z/f«q =1 (60)
g=1

Thus, Pr, can be_expressed as below:
Q
Pr, = Zuq - Prpg, Vn (61)
g=1

Overall, the“developed MILP model, denoted as Nash, includes Eq. (59) as objective function,
and Egs. (1)-(25), (28)—(35), (37)—(54), (60) and (61) as constraints. The solution of the above
MIEP model can be regarded as a close approximation to the optimal Nash bargaining solution

(Gjerdrum et al., 2001), as well as a proportionally fair solution.
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4.8. Lezicographic Mazimin Approach

Lexicographic maximin (or minimax) approach is a game theoretic approach for max-min fair
solutions with wide applications (Klein et al., 1992; Ogryczak, 1997; Ogryczak et al., 2003; Erkut
et al., 2008; Wang et al., 2008; Luss, 2010; Liu & Papageorgiou, 2013; Sawik, 2014; Zhang et al.,

2014, 2017b). A lexicographic maximin problem can be defined as follows:

LeximaxzcoO(f (z)) (62)

where f(z) = {f1(x), fo(x),..., fnv(xz)} is a vector function on the deeision space = € €, and
© : RV — RY is a mapping function that re-rank the components of vector/in a nondecreasing
order, such that O(f(z)) = (61(f(x)),02(f(x)),...,0n(f(x))), where@1(f(z)) < O2(f(x)) <--- <
On(f(x)), and there exists an permutation 7 of set {1,..., Ni} suchithat 0,,(f(z)) = fr(n) ()
Taking bargaining powers into account, the ratio of scaled profit to bargain power of each
member is maximised for this problem. Thus, the lexicographic maximin problem for max-min fair

profit distribution can be described as follows:

Leximax ©(Pr,,/ay,)

s.t. Eqs. (I™25), (28) — (35), (37) — (54) and (56)

4.8.1. Lexicographic Maximisation.Model
According to Ogryczakiet al. (2005), the lexicographic maximin optimisation problem (Eq. 63)

can be transformed into a lexicographic maximisation problem, denoted by LexiMax in this paper,

23



235

240

whose solution process involves solving a series of MILP models iteratively:

1
Leximax {\; = » din, ..., Ay — ¥ > dnn}

st. Ap—dpn < Prpja,, Vp=1,...,N,n
Mp€ER, Vp=1,...,N
dpn >0, Vp=1,...,N,n

Eqs. (1) — (25), (28) — (35), (37) — (54) and (56)

4.8.2. An Alternative Hierarchical Approach

Due to the involvement of multiple iterations and increasing model sizespthé above lexicographic
maximisation approach for large supply chain networks requires _high computational expense to
solve. To overcome the computational difficulties, an efficient tailored hierarchical approach is
developed to obtain an approximate optimal fair solutionmywhich denoted as hLexi. In the proposed
hLexi approach, an aggregated static lexicographic maximin‘problem is solved first as a lexicographic
maximisation problem for fair profit distribution to ¢ébtain the optimal scaled profit of member n,
ﬁz This aggregated model ignores thentime, discretisation and only considers the aggregated
decisions of total productions, flows and sales in-the planning horizon. The details of the developed
aggregated model are presented inthe Appendix.

Next, a detailed dynamic{optimisation model is solved by maximising total profit. This model
is extended from MaxTotProf model by including two additional constraints: Eq. (56) and a
profit ratio limit constraint, in‘which the profit distributions obtained by the aggregated model are
considered as thé limitsyi.e. the relative ratio of the scaled profits of a pair of members, n and n’, is
restricted by theiriratio obtained in the aggregated model, with an allowed deviation J, as follows:
Pr,

2 Prp, Vn,n >n (65)

’

Prio
(1—08) —2  Proy < Pro, < (1+46)-
Pr,, Pr

n

n

The solution procedure of the hierarchical approach hLexi is given below:

Step 1: Solve the proposed aggregated model using lexicographic maximin approach, and
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obtain the optimal scaled profit earned by each member, ﬁ;;

Step 2: Solve a detailed MILP model for total profit maximisation with the fixed values of

*

Pr

n*

Overall, the above three game theoretic approaches were used for the optimal profit distribution
problem. The Nash bargaining approach using separable programming (Nash) is implemented, for
a proportionally fair profit distribution, and the lexicographic maximin approach(throtgh lexico-
graphic maximisation model (LexiMax) and the proposed hierarchical approach, (hLexi) are used

for a max-min fair profit distribution.

5. Examples

In this section, two examples are presented to demonstrate the applicability of the developed fair
decision framework. Example 1 is a small illustrative example to justify the fair profit distributions
obtained by the proposed approaches and the rolesof transfer prices. Example 2 is based on a real
world case study in agrochemical industry to démonstrate applicability of the proposed approaches

at real practice. Here, cu is used as the currency unit and mu as the mass unit.

5.1. Example 1

Example 1 is a supply chain network consisting of one AI plant (A1), two formulation plants
(F1-F2), and four market/regions (M1-M4), as shown in Figure 1. This example considers eight
products (P1-P8), with-the first four in one product group (G1) produced by formulation plant F1
and the last fourdn andther product group (G2) produced by formulation plant F2. The planning
horizon is divided'into ‘6 time periods (T1-T6), with each lasting for 2 months. The unit Al

consumptions of product production are given in Table 1.

Table 1: Unit consumption of the Al in product formulation of Example 1

P1 P2 P3 P4 P5 P6 P7 P8
F1 023 025 022 0.20 - - - -
F2 - - - - 0.18 0.27 0.28 0.13
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In this example, there are 10 discrete potential transfer price levels (L1-L10) of the AI and
each product. The given discrete potential transfer price levels of each product are the same at all
formulation plants. The selling prices of final products at markets are assumed to be constant in

the planning horizon, which are shown in Table 2.

Table 2: Product selling prices (cu/mu) in Example 1.
M1 M2 M3 M4

P1 180 160 170 180
P2 200 180 220 190
P3 240 230 200 210
P4 190 200 170 190
P5 180 210 190 200
P6 220 240 210 210
P7 150 180 200 190
P8 220 200 210 200

5.2. Example 2

Example 2 considers a real world supply chain network in the agrochemical industry, based on
the example in (Liu & Papageorgiou, 2048). It cotisists of one AI plant (A1), eight formulation
plants (F1-F8) and ten market regions (M1-M10). There are 32 products (P1-P32) in 10 product
groups (G1-G10). The planning“horizon is divided into 52 weekly time periods (T1-T52). The

capabilities of the formulation, plants are shown in Table 3.
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Table 3: Capabilities and capacities (mu) of the formulation plants in Example 2.

Formulation plant
F1 F2 F3 F4 F5 F6 F7 F8
- A S

Product group (product)

G1 (P1-P4)
G2 (P5-P6) v v

G3 (P7-P10) v - v

G4 (P11-P14) o - - - - -

G5 (P15-P20) - -
G6 (P21-P22) - - -V - - \,
G7 (P23-P25) o - v v - -

C8 (P26-P27) - - - - Y -

G9 (P28-P30) - - v -
G10 (P31-P32) - - -

*The formlation plant is able to produce corresponding

NN N
NN

Similar to Example 1, there exit 10 transfer price levels (L1-L10) for the AI and each product.
Note each product is sold only in some markets with different selling prices. The annual demand and
selling price of each product in each market is given ures 3 and 4, where the most demanded

products are P2 and P3, while markets M2 an ve the most potential sales.

EM1 EM2 MM3 EM4 MM6 MM7 MM8 WM mMI10

Demand (mu)

L e e
P1L P3 P5 P7 P9 P11 P13 P15 P17 P19 P21 P23 P25 P27 P29 P31
Product

Figure 3: Product demands at each market in Example 2.
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Figure 4: Selling prices of the products at each market in*Ex le

In both Examples 1 and 2, the maximum profit limit of each member‘was achieved by optimising
its own profit only, while the minimum acceptable profi S 0 a certain percentage of the

maximum profit (30% in Example 1 and 10% in Example 2)

Yy

In this section, three game theoretic approaches are applied to the two examples presented

@

model (LexiMax) and hierarchical.lexigographic approach (hLexi). The obtained fair solutions are

6. Computational Results and Discussio

above, including the MILP mode bargaining solution (Nash), lexicographic maximisation

compared with the solution of tProf model for total profit maximisation to demonstrate their

advantages.
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6.1. Example 1

In Example 1, two scenarios with different bargaining powers are investigated to examine the
impact of bargaining powers. The model statistics of different approaches for Example 1 are pre-
sented in Table 4. All approaches have similar numbers of equations and variables, except the
aggregated model at Step 1 of hLexi approach, which has one order of magnitude fewer équations

and variables, and results in much shorter computational time.

Table 4: Model statistics in Example 1

MaxTotProf Nash LexiMax hlexi
No. of equations 2326 2341 2410* 500** /23827 **
No. of continuous variables 1740 1811 1881* 504%% /17H54%+*
No. of discrete variables 307 307 307°% 143%* /307 **

*Last iteration; **Aggregated model at the last iteration of Step 1; ¥**Detailed model at Step 2.

6.1.1. Scenario 1

In Scenario 1, it is assumed that all supply chain members have the same bargaining power.
Without loss of generality, we let «,, = 1. (Fhe obtained profits of all members are shown in
Table 5, which also demonstrates the effeet,of fairmess criterion on profit distribution. The total
profit achieved by MaxTotProf model is the highest. However, the profits of formulation plants are
negative, and the profits of marketsireach the maximum limits, implying that the profit distribution
is very uneven. Meanwhile, for other, game theoretic solution approaches, the obtained total profit
is only 3-4% less than the maximGm total profit, while the profits of all supply chain members
are within the same’scale, varying between 23.0 and 55.0 thousand cu. Comparing the optimal
solutions of Nash and LexiMax approaches, only formulation plant F2 earns more profit in the
lexicographi¢ ‘maximin optimum, than in the Nash optimum, due to its higher maximum profit

bound than others, which is taken into account in scaled profits.
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Table 5: Optimal profits of supply chain members in Scenario 1 of Example 1, in cu.

MaxTotProf Nash LexiMax hLexi

Al 20.9 25.2 23.0 23.0

F1 -4.7 43.0 39.9 39.9

F2 -3.5 38.6 54.2 55.0

M1 59.6 35.0 33.0 33.0

M2 88.2 52.9 48.9 46.2

M3 61.9 37.1 34.7 35.9

M4 44.5 26.7 24.8 247

Total profit (thousand cu) 266.8 258.6 258.6 257.7

CPU (s) 0.3 3.9 78.7 207 (1:2% /1.5%%)

*Step 1; **Step 2.

To further demonstrate the fairness of the obtained profit distributions, they are compared
under two fairness criteria: proportional fairness and max4minifairness. The proportional fairness
is demonstrated by excess profit (Pr, — MinPr,) in“Figure 5, showing that the fluctuations of
excess profits by Nash approach are much smaller than those by MaxTotProf model. The max-min
fairness is illustrated using scaled profit (Pr,)in Figure 6, which demonstrates more fluctuations
of scaled profit by MaxTotProf model. Especially, the minimum scaled profits of all members in

the solutions of LexiMax and hLexi_approaches are significantly higher than that of MaxTotProf

model, and therefore their profit ‘distributions much max-min fairer.
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Figure 5: Proportional fairness: excess profits, Pry,, — MinPry, by MaxTotProf and proaches in Example 1,
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in thousand cu.
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Figure 6: Max%%scaled profits, Pr,, by MaxTotProf, LexiMax and hLexi approaches in Example 1.

In order to measure the fairness of the obtained profit distributions, we introduce the coefficient

20 stan

of varfation airness index (FI) of profit distribution. The coefficient of variation is the ratio of
iation to mean, expressed as a percentage, which has been widely used in the literature
ness measure. Here, a lower value of FI indicates a fairer profit distribution. Table 6 shows

the values of FI of the obtained profit distributions by different approaches. Under proportional
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fairness, FI indicates the coefficient of variation of excess profits, while under max-min fairness,
FI represents the coefficient of variation of scaled profits. In terms of proportional fairness, Nash
approach reduces the FI values to 31.4%, from 185.0% obtained by MaxTotProf model. Meanwhile,
the FI value under max-min fairness obtained by LexiMax approach is two orders of magnitude
lower than that maximising total profit. Such result shows that Nash and LexiMax approaches
can effectively achieve proportionally and max-min fairer solutions, respectively. Cemparing the
profit distributions of LexiMax and hLexi approaches, it can be observed that hlsexi approach can
provide a close approximation to the max-min fair solution with one order of magnitude saving in

computational time.

Table 6: FI of profit distributions in Scenario 1 of Example 1

Proportional fairness Max-min fairness
MaxTotProf Nash MaxTotProf FexiMax, hLexi
185.0% 31.4% 139.6% 1.6% 6.2%

The optimal transfer price levels in the fair solutions,are shown in Figure 7. When maximising
total profit, lower transfer prices are preferrediin order to minimise cost of duties. Thus, transfer
price level M1 is selected for the Al and”all preducts, causing low or negative profits to plant Al
and all formulation plants, and high-proefits to all markets. In the solutions of three game theoretic
approaches, the selected Al tramsfer,price levels becomes higher to increase the profit of Al. In
addition, the product transferiprices are also increased, even to the highest level M10 for some
products, which results| in‘higher profits of formulation plants and lower profits of markets. It
can be noticed that different ‘solution approaches might choose different transfer prices for some
products. Thefresults, demonstrate that the transfer pricing decisions have an important role in

balancing profits ofisupply chain members and achieving a fair profit distribution.
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SC member

Figure 7: Optimal transfer price levels selected by different approaches :: S@of Example 1.

6.1.2. Scenario 2
In Scenario 2, the supply chain members do not have the argaining power. In order to
focus on the effect of bargaining powers, the Al plant is‘assumed to have a lower bargaining power

(aa1 = 0.5) than others (a,241 = 1). Similarly, t of each member is given in Table 7, in

which all three game theoretic approaches obtainiquite.even profit distributions with up to 5% total

profit loss. Comparing Tables 7 with 5, §'9-22% less actual profit in Scenario 2 than in

Scenarios 1, due to its lower bargaini wer, while most other members benefit from their relative
higher bargaining powers, recejwi 11% higher profit. The hLexi approach still provides a
close approximation to th imal max-min fair solution, taking significantly less computational
time, compared to Lexi proach.
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Table 7: Optimal fair profits of supply chain members in Scenario 2 of Example 1, in cu.

Nash LexiMax hLexi
Al 20.9 20.8 18.0
F1 43.3 40.5 38.5

F2 42.4 54.8 53.2
M1 35.7 33.4 35.2

M2 52.9 49.5 51.3 &
M3 37.1 34.7 35.2
M4 26.7 25.0 24.3 \,

Total profit (cu) 259.1 258.7 255.6
CPU (s) 24 1638 2.6 (L4*/1.2%%)
*Step 1; **Step 2. ‘ |

The main driver of the obtained fair profit distribution is transfer pricing strategy, as shown in

Figure 8. Due to lower bargaining power of A1, Al transferdpriceto formulation plants is reduced to

the lowest level, M1, from levels M2 and M3 in Scenari Al receives less transfer payments

s from formulation plants, and therefore earns a lowe t. Moreover, although Nash approach and
the other two lexicographic optimisation-base proaches are under different fairness criteria, all
of them reduce the Al transfer price as f A1’s lower bargaining power.

Al P1 P2 P3 P4 P5 P6 P7 P8
SC member

igure 8: Optimal transfer price levels selected by different approaches in Scenario 2 of Example 1.
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6.2. Example 2

In Example 2, all members are assumed to have the same bargaining power (o, = 1). The
model statistics of Example 2 are presented in Table 8. Compared to Example 1, the model sizes

in Example 2 are tens of times larger, and therefore the models are much more computationally

difficult.
Table 8: Model statistics in Example 2
MaxTotProf  Nash  LexiMax hLexi
No of equations 152439 152478  152895*  3507F* /152819%**
No of continuous variables 114975 115166  137224*  3056*%/115013***
No of discrete variables 15671 15671 15671* 1445%% /156 71***

*Last iteration; **Aggregated model at the last iteration of Step 1; ***Detailedsmodel at Step 2.

6.2.1. Optimal Solutions

The computational results of Example 2 using the.game theoretic approaches are presented in
Table 9. The obtained excess profits and scaled profits are demonstrated and compared in Figures 9
and 10, respectively, and the FI values of profit distributions are given in Table 10. As the same as
Example 1, MaxTotProf model cannot achieve a fair profit distribution, in which all markets earn
negative profits, while only plants have positive profits. Meanwhile, the solution of hLexi approach
is much max-min fairer, as the obtained scaled profits are all positive. Nash approach obtains the
optimal solution within 1.3 hourshwhich has a much proportionally fairer profit distribution, with
one order of magnitude reductionyof FI than MaxTotProf model. Meanwhile, LexiMax approach
fails to find a feasible solution” at the 4th iteration of lexicographic loop within the given CPU
limit, and therefore terminates without any solution returned after over 11-hour computation.
However, the'proposed hierarchical approach, hLexi, finds a solution within about 1.5 hours, taking
a computational effort similar to Nash approach. The obtained solution also significantly reduces
FI value by,one order of magnitude from that by MaxTotProf model. Moreover, total profit of
the two fair solutions are within 3% of the maximum total profit obtained. Thus, the proposed
hierarchical approach successfully obtains a fair solution, regarded as a close approximation to the

optimal lexicographic maximin and max-min fair solution, with high total profit and computational
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efficiency.
Table 9: Optimal profits of supply chain members in Example 2, in cu.
MaxTotProf = Nash  LexiMax hLexi
Al -408.1 590.9 - 2174
F1 599.3 780.6 - 1016.2
F2 1178.5 1430.6 - 1691.8 &
F3 1377.4 987.5 - 1269.6
F4 2175.8 21214 - 2711.9
F5 80.0 1018.4 - 117 \,
F6 1355.7 2263.9 -
F7 644.8 971.7 - 1249.
F8 340.3 1840.0 - 113
M1 766.4 560.4 - 254.6
M2 3153.1 1072.3 - 930.5
M3 753.3 530.5 - 207.3
M4 1649.9 746.7 - 817.7
M5 295.2 393.6 136.4
M6 1228.4 625.7 ?— 498.9
M7 1231.8 48 - 358.9
M8 -33.1 481. - 145.5
M9 577.7 . - 156.9
M10 1359. 487. - 407.9
Total profit (cu) 183 ’17935.9 ¥ 17932.8
CPU (s) 2& 4446.5  40000.0  5447.6 (36.9%*/5410.7***)

*No solution returneds **

8

*Step 2.
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Table 10: FT of profit distributions in Example 2

Proportional fairness Max-min fairness
MaxTotProf Nash MaxTotProf hLexi
132.4% 41.3% 140.1% 11.2%

Similar to Example 1, transfer price plays an important role in distributing profit moreyfairly.
Different from MaxTotProf model, which chooses the lowest transfer price level forthe AI and all
the products, the obtained fair solutions use higher transfer prices. For example, in the max-min
fair solution by hlLexi approach, level M6 is selected as Al transfer price, which'makes A1l earn a
positive profit. Also, higher transfer prices of some products are chosen/at formulation plants, e.g.,
P1 and P31, whose transfer prices are set to level M10 at all threg"formulation plants where they
are produced. To earn a higher profit, F5, F6 and F8 assign transfer price level M10 to over three
quarters of the products they produced, resulting in the mast significant profit increases, compared
to MaxTotProf solution. At the same time, the profit of/F3:decreases, because it charged the lowest
average transfer price, and paid a higher Al transfer,price.

The optimal max-min fair transfer payments,between supply chain members by hLexi approach
are visualised using Circos in Figure 11. Imthis figure, all 19 members of the supply chain network
are arranged circularly, and each one is represented by a colour and the label outside. The coloured
links connect two members and illustrate the transfer payments between them. The links are in
colour of the members who4make- the payments, and the width of each link is proportional to
the transfer payment amount. On'the outside of the ideogram, the cost and revenue from transfer
payments of each member and'their total amount are represented by three tracks, respectively, with
percentage labels. In Figure 11, it can be observed that there are payments from all formulations
to the Al plant, and/the largest payment comes from F4, around a quarter of the total revenue
of Al. JAs to the/payments between formulation plants and markets, not every formulation plant
is paid by all markets, and only four markets (M1, M2, M6 and M7) purchase products from all

formulation plants. The links with the largest payment include M4—F6, M6—F8, and M2—F4.
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Figure 11: Optimal @ ts by hLexi approach in Example 2, in thousand cu.
Figure 12 illustratesdhe'optimal production and flows by hLexi approach using Sankey diagram.
In this Sankey dia; he four layers represent Al plants, formulation plants, products and mar-
kets. Each supply i ember and each product is represented by a block and a colour, and is
labelled outside t ock. The number after label represents the total production (for AT and for-
mulati r sales (for market) of each member, or the total shipped amount of each product.

The links between Al plants between formulation plants represent Al flows, while the links between

ion plants and products, as well as between products and markets, illustrate product flows

a0 between formulation plants and markets, in colour of corresponding products. Comparing Figures
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11 and 12, there are some interesting findings to link the optimal transfer payments and flows. In
Figure 12, there is large Al flow to F4, which is consistent with the high transfer payments from F4
to Al in Figure 11. There are also large product flows between F6 and M4, especially for products
P13, P14, P18 and P20. Such fact explains over 70% of the revenue of F6 from M4, as illustrated in
Figure 11. Similar cases can be found at markets M8 and M9, whose most payments an WS are

to a single formulation plant. In all formulation plants, F4 and F6 earn the highest‘Qieve es
V4

(Figure 11), as a result of their high productions than others (Figure 12), which leadjto r relative
higher profits (Table 9). Meanwhile, M2 and M4 make the largest payment rmulation plants
(Figure 11), mainly because of their higher demands and sales (Figure 12). Similar results can also

be observed in the optimal proportionally fair solution by Nash ap&

\/ ’
gure 12: Optimal production and flows by hLexi approach in Example 2, in mu.
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6.2.2. Sensitivity Analysis

Next, we further investigated the proposed hLexi approach, by analysing the effects of the value
of parameter ¢§, the allowed deviation of pairwise relative profit ratios at Step 2 from those obtained
at Step 1, on profit distribution and computational time. Here, we tested three values of §: 10%,
20% and 30%. Table 11 summarises the max-min fair solutions of Example 2 by hLexi approach
using these three values of §. It is obvious that with a decreasing value of d, the obtained profit
distribution tends to be max-min fairer with smaller FI values. On the one sides/for smaller value
of 6 (10%), due to the constraint (Eq. 65) is tighter, it is more computationally difficult to find
the optimal solution at Step 2. On the other side, when the value of d/is higher (30%), as larger
feasible region is generated by Eq. (65), more computational time.is'meeded to search for the
optimal solution at Step 2. Total profits become higher with increasing values of § in Table 11.
However, for a even higher value of § > 30%, the model at"Step 2 might not be able to find the
optimal solution within given CPU time limit, and then the‘achieved solution could have a lower
total profit and provide less proportionally fair distributien. It can be seen that 20% is able to
achieve a good balance between fairness and cemputational expense. Note that similar results can

be found in Example 1 as well.

Table 11: Sensitivity, analysis on the value of ¢ in Example 2

) 10% 20% 30%
Total profit (thousand cu) 17917.9 17932.8 17941.7
FI of'maxtmin’ fairness 8.9% 11.2% 13.5%
CPU at Step 2 (s) 10476.5  5410.7 6981.7

7. Conclusions

This work addressed the fair profit distribution problem within a three-echelon supply chain
network in the process industry, consisting of Al plants, formulation plants and markets with dif-
ferent bargaining powers. An MILP-based decision framework has been developed for production,
distribution and capacity planning of the supply chain network. To achieve a fair profit distribution

among all supply chain members involved, game theoretic approaches using Nash bargaining and
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lexicographic maximin principles were adopted under two different fairness criteria, proportional
and max-min fairness. Especially, a tailored computationally efficient hierarchical approach has
been proposed for max-min fair solutions. Two examples were examined, and computational re-
sults showed that both Nash bargaining and lexicographic maximin approachs can achieve fairer
profit distribution, compared to what obtained by maximising total profit, in terms of propertional
and max-min fairness, respectively. The effects of bargaining powers of supply chainimembers
on profit distribution were studied. For large instances where the classic iterative lexicographic
maximisation approach is highly time consuming, the proposed hierarchical approach is able to
find good approximate optimal max-min fair profit distributions with much lessicomputational ef-
forts. At last, through sensitivity analysis, the values of an important parameter in the proposed
hierarchical approach was investigated.

As to the future research directions, uncertainties of product demands can be considered and
incorporated into the optimisation. In addition, the compeétition between products in the same
group at markets can be studied. More detailed planning, and scheduling decisions at plants can
also be considered (Liu et al., 2008, 2010a,b, 2012).\/This work can be further extended to global

supply chain networks, considering additional features, e.g., different tax rates and exchange rates.
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Appendix

The aggregated model solved at Step 1 of the proposed hierarchical approach, hLexi, is presented
here./The stati¢ aggregated model determines the aggregated decisions of total production, flow
and sales without considering time discretisation. As only the total mass balance is considered, all

inventory-related equations and variables are not included in this model. The constraints of the
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aggregated model are as follows:

AP;1 < ACap;4 + AACapjj, Ya,t (A1)

S° ST APE < ACap! + AACapE, Vi &z)
9€G; icl, Q

MinAF} - X2 < AF2, < MazAFJS - X2k, Va,j (A.3)
MinAFS, - X[, < AFS,, < MazAF[, - X[, v, niel Ny (A.4)
AP} =>"AFS, Va (A.5)

J
S AR = gi’ APE. vj (A.6)

APE AF[, VjgeGjicl, (A7)
Z AFf) = ASi, Vkji€ly (A.8)
Q J€Jg geG;
Q) TP} = TPLY-04, Va (A.9)
1
TP =% TPLL,-Of, VigeGjicl, (A.10)
l
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Y 04=1, Va (A.11)
1

Y OF =1, VjgeGicl, &2)
l
ALSiy, = ADy, — ASi, Vk,i € I \g (A.13)

Y X4 <lil-E}, Va (A.14)

J
SOXE<Ik|-Ef, Vig ie (A.15)

keK;

ijl < MazA A TVa,j,l (A.16)
$j}, Va, j (A.17)
2 Zl:TPL;;‘, .OAF.,, Va (A.18)

J
RMC#4 = MC# - AP4, Va (A.19)
PC! = FPCY - EX +VPC2 - AP}, Va (A.20)
CICA =crf-CCA-AACap?, Va (A.21)
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Prd = Re — RMC# — PC2 — CIC#, Va (A.22)

a

N OAF, 4 = AFy, VikgeGie N ,\(q (A.24)
l

TPLY ‘WZM’ j (A.25)

ijl

=
o
=y
[
-]
-

(A.26)
(A.27)
Focy =3, S+ D Y VECH- AP, Vi (4.28)

9€Gj iel,
CA XA+ VICL - AFS, Vi (A.29)
CICF =crf-CCF - AACapl, Vj (A.30)
puct =35 DCA - TPLY -OAF,,, Vi (A.31)

a 1

E y Pri = Re] — PUC] — RMC[ — FOC] —TRC — CIC] — DUC{, Vj (A.32)
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Rep! =Y Vi~ AS, Vk (A.33)

i€l

PUCY! =Z Z Z ZTPLZl 'WAPijkly vk .34)
J 9€GjielynIy 1 &

TRCY =35 > Frch X5 +> > > vrck, - AFf, kq (A.35)
J 9€Gjielyniy J 9€Gjiely Ny

puck =33 S S Dck, - TPLE, - OF Pl VE (A.36)
J 9€GjielynI; 1 CE

LSCR' =Y PCiy, - ALSyi\, Vk (A.37)

i€l

PrM = ReM — PUCY — TR ucM —rsc¥, vk (A.38)

aphic maixmisation problem is solved at Step

. 1
Lexi dlnaa)‘N_Nzn:dNn}

&t{. »—dpn < Pry/a,, ¥p=1,...,N,n

A E€R, Vp=1,....N (A.39)
dpn, 20, Vp=1,...,N,n
Egs. (A.1) — (A.38) and (56)

No@ure

Elnaices

a AT plant
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ACap2
ACap¥
ADjy,
Cap!
Cap?
cc
cct
f
jkt
DCZL
DCFE

ijk

ACCEPTED MANUSCRIPT

product group

product

formulation plant

market region

transfer price level &(
supply chain member, including a, j and k

index used in the dual model \(

time period

set of the product group that product i belongs to
set of product groups suitable for formulation plant j
set of products belong to group g

set of products sold in market

set of markets selling product i

aggregated cap of Al plant a

aggregated c ity of formulation plant j

aggregated nd of product i at market k£ in time period j
acity of Al plant a

ity of formulation plant j

unit capital cost for capacity expansion at Al plant a

unit capital cost for capacity expansion at formulation plant j
capital recovery factor

demand of product 7 at market k in time period j

unit duties of the Al from AI plant a to formulation plant j

unit duties of product ¢ from formulation plant j to market k
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FFC[
Fpc#
FTCZ
FTCE,
1044
ICHF
1CEF
ICEPM
MazAF, (f}
MazAF 5 %
MazAPA
MazAPE
M axFaAj

F
Machij,C

MaxIVAA
Maa:]VjAF
MaxIVifF
MaxIVEM
Maz P2
MawPi’;
MaxPr,
MinAF;‘j
MinAng
MinAPf
MinAPf

MinFZ

fixed formulation cost of product i at formulation plant j

fixed production cost of Al at Al plant a

fixed transportation cost of Al from Al plant a to formulation plant j
fixed transportation cost of product 7 from formulation plant j to market k
unit inventory cost of the Al at Al plant a

unit inventory cost of the AI at formulation plant j

unit inventory cost of product ¢ at formulation plant j

unit inventory cost of product ¢ at market k

maximum aggregated Al flow from Al plant a to formulation plant j
maximum aggregated flow of product ¢ from formulatien.plant j to in k
maximum aggregated Al production at Al plant a

maximum aggregated production of preduet ¢ at)formulation plant j
maximum AT flow from Al plant a tedermulation plant j in each time period
maximum flow of product i from _formulation plant j to in k£ in each time
period

maximum inventory ofithe Al at”Al plant a in each time period

maximum inventory of the Al at formulation plant j in each time period
maximum invéntory of product ¢ at formulation plant j in each time period
maximum'inventory of product ¢ at market k in each time period
maximum Al'production at Al plant a in each time period

maximum production of product i at formulation plant j in each time period
maximum profit of supply chain member n

minimum aggregated Al flow from Al plant a to formulation plant j
minimum aggregated flow of product i from formulation plant j to in k
minimum aggregated Al production at Al plant a

minimum aggregated production of product i at formulation plant j

minimum AT flow from Al plant a to formulation plant j in each time period
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. oF
MmFijk

MinIVAA
MinIVjAF
MinlV;EF
MinIVEM
MinPA
MinPf
MinPr,
McoA
McCE
PCy
TPLA
TPLE

a5l

VFC]
VPCA
VTCcA

aj

VTCE,

?,

Qn

/Bij

Tjk

Taj

minimum flow of product ¢ from formulation plant j to in k in each time
period

minimum inventory of the Al at AI plant a in each time period

minimum inventory of the Al at formulation plant j in each time period
minimum inventory of product ¢ at formulation plant j in each time period
minimum inventory of product ¢ at market k in each time period
minimum AT production at Al plant a in each time period

minimum production of product i at formulation plant j in each time period
minimum profit of supply chain member n

unit material cost of Al at Al plant a

unit material cost of product ¢ at formulation,plant j

lost sale penalty of product i at market 'k

transfer price level [ of Al at Al plantsa

transfer price level [ of productyi.at formulation plant j

selling price of product i at market &

unit variable formulation cost of product ¢ at formulation plant j

unit variable production cest of the AI at Al plant a

unit variable transportation cost of the Al from Al plant a to formulation
plant j

unit_wvariable transportation cost of product i from formulation plant j to
market k

bargaining power of supply chain member n

unit Al consumption of product i formulation in formulation plant j
allowed deviation of the relative profit ratio in hLeix approach
transportation time from formulation plant j to market k

transportation time from AI plant a to formulation plant j

Continuous Variables

A
AFA

aggregated flow of AI from AI plant a to formulation plant j

49



AFE,
ALS;
APA
APE
ASix
cicA
cicr
puct
DUCM
ajt
i};kt
FOCY
IvgA
IVAFE
1VEF
Vit
e
oy
oM
LSk
LSCM
OAF,,
OF a1
OTZ’I«M
Py
ijt

pPCc4

aggregated flow of product i from formulation plant j to market k
aggregated lost sales of product i at market k

aggregated production of the AT at Al plant a

aggregated production of product i at formulation plant j

aggregated sales of product ¢ at market k in time period ¢

capital investment cost of Al plant a

capital investment cost of formulation plant j

duties of AI paid by formulation plant j

duties of products paid by market k

flow of AI sent from Al plant a to formulation plant juin.time period ¢
flow of product i sent from formulation plant 'y to market k in time period ¢
formulation cost of formulation plant j

inventory of the Al at Al plant a instime,period ¢

inventory of the Al at formulation plant,;j in time period ¢

inventory of product ¢ at formulation plant j in time period ¢
inventory of product isat market’k in time period ¢

inventory cost of Al plant'a

inventory cost‘of formulation plant j

inventorydcostrof market k

lost sales of preduct i at market k& in time period ¢

lost sales cost of products at market k

auxiliary variable, = O - AF/}
auxiliary variable, = Of;l - AF. i]; i
auxiliary variable, = fl -F (fjt
auxiliary variable, = Of, - F},

production of the AI at AI plant @ in time period ¢
production of product ¢ at formulation plant j in time period ¢

production cost of Al plant a
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Pr, profit of supply chain member n

Pra profit of Al plant a

Prf profit of formulation plant j

prM profit of market k

Rel revenue of Al plant a

Ref revenue of formulation plant j

ReM revenue of market k

RMCA raw materials cost of Al plant a

RM C’JF raw materials cost of formulation plant j

Sikt sales of product ¢ at market k in time period ¢
TPA transfer price of the AI from AI plant a

TPZ-I; transfer price of product ¢ from formulation plant j
TPCJF transfer payment cost of formulation=plant,j
TPCM transfer payment cost of market,k

TRCJF transportation cost paid by .formulation plant j
TRCM transportation cost paid.by market k

Total Pr total profit of the supply chain

AACap? aggregated capacity increment of Al plant a
AAC'apf aggregated capacity increment of formulation plant j
ACap? capaeity incremient of Al plant a

ACap]F gapagcity increment of formulation plant j

Aps dpn, variables in the dual model

Binary Variables

EA 1 if the Al is produced at Al plant a; 0 otherwise

Ei}; 1 if product 7 is produced at formulation plant j; 0 otherwise

Ofl 1 if transfer price level [ is selected for the Al formulated at Al plant a; 0
otherwise

o1



470

480

485

490

or 1 if transfer price level [ is selected for product ¢ formulated at formulation

plant j; 0 otherwise

wa 1 if the AI is produced at AI plant a in time period ¢; 0 otherwise
Wil;t 1 if product 7 is produced at formulation plant j in time period ¢; 0 otherwise
X é 1 if the AI is shipped from Al plant a to formulation plant j; 0 otherwise
X f;k 1 if product ¢ is shipped from formulation plant j to market k; Qdotherwise
K;;‘.t 1 if the AT is shipped from Al plant a to formulation plant j intime period
t; 0 otherwise
Yif Kt 1 if product 7 is shipped from formulation plant j to market &k 'im time period
t; 0 otherwise
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