<]
TUDelft

Delft University of Technology

A centralised model predictive control framework for logistics management of coordinated
supply chains of perishable goods

Hipdlito, Tomas; Nabais, Jodo Lemos; Carmona-Benitez, Rafael; Botto, Miguel Ayala; Negenborn, Rudy R.

DOI
10.1080/23302674.2020.1781953

Publication date
2020

Document Version
Accepted author manuscript

Published in
International Journal of Systems Science: Operations and Logistics

Citation (APA)

Hipdlito, T., Nabais, J. L., Carmona-Benitez, R., Botto, M. A., & Negenborn, R. R. (2020). A centralised
model predictive control framework for logistics management of coordinated supply chains of perishable
goods. International Journal of Systems Science: Operations and Logistics, 9(1), 1-21.
https://doi.org/10.1080/23302674.2020.1781953

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/23302674.2020.1781953
https://doi.org/10.1080/23302674.2020.1781953

ARTICLE TEMPLATE

A Centralized Model Predictive Control Framework for Logistics
Management of Coordinated Supply Chains of Perishable Goods

Tomés Hipdlito*, Joao Lemos Nabais?, Rafaecl Carmona-Benitez¢, Miguel Ayala,
Botto*, Rudy R. Negenborn?

ALAETA, IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal;
PSchool of Business Administration, Instituto Politécnico de Setiibal, Setiibal, Portugal;
®School of Business and Economics, Universidad Andhuac México, México;

dDepartment of Maritime and Transport Technology, Delft University of Technology, The
Netherlands

ARTICLE HISTORY
Compiled February 24, 2020

Abstract

This paper proposes a centralized model predictive control framework to address
logistics management of supply chains of perishable goods. Meeting customer spe-
cific requirements is decisive to gain a competitive advantage in supply chain man-
agement. This fact motivates stakeholders to address solutions that continuously
improve supply chain operations. The solution proposed in this work considers the
supply chain as a dynamical system in a state-space representation where differ-
ent categories of commodities, namely common goods and perishable goods, are
included. Additionally, the dynamical model is able to store information of the com-
plete supply chain regarding the quantity of commodities and the due time associ-
ated to the perishable goods. A centralized controller then collects the supply chain
state information and optimizes the commodity flow based on the model prediction
over a fixed time horizon. The model predictive control solution assigns just-in-time
commodity flows, schedules production according to customer demand (pull system)
and monitors work-in-progress and in-transit commodities. The success of the pro-
posed control approach is demonstrated in a numerical simulation of a three-tier
supply chain following three distinct management policies.

KEYWORDS
State-space representation; Centralized Model Predictive Control; Supply Chain
Management; Logistics Management; Perishable goods

1. Introduction

The Food and Agriculture Organization of the United Nations (FAQO), reported that
one third of the food produced for human consumption is wasted (FAO|2011)). The
majority of food wastage occurs at pre-consumption stages of the supply chain, from
production to retailing (see Figure. While in developing countries the wastage occurs
in the earlier stages of the value chain, namely production and storage, in industrialized
countries the wastage comes mostly from the later stages of the value chain, specifically
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distribution and retailing. The lack of coordination between supply chain stakeholders
was identified as the most relevant contributing factor to supply chain ineffectiveness.

Per capita food losses and waste (kg/year)
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Figure 1. Food wastage, per capita, at pre-consumption and consumption stages of the supply chain, in
different regions of the world (FAO|2011).

Supply Chain Management has attracted intensive research attention over the last
few years and it has been interpreted by various authors, leading to multiple defini-
tions (Jain, Dangayach, Agarwal & Banerjee|[2010). Although there is no unanimous
definition, Supply Chain Management focuses on coordinating material, information
and financial flows, involving all Supply Chain stakeholders - suppliers, manufactur-
ers, logistics service providers, distributors, retailers and customers - in the decision
making process, in order to fulfil customer demand requirements. The goal of Supply
Chain Management is to improve the overall performance of the Supply Chain (see
Figure [2)) (Min & Zhou! 2002} Stadler & Kilger|2008). Additionally, Logistics Manage-
ment (LM) is the component of Supply Chain Management responsible for monitoring
and handling the flows of commodities, logistics services and information from the
origin to the destination (Kukovic, Topolsek, Rosi & Jereb|2014]).

Over the years, Supply Chains have been changing from push to pull perspectives.
Manufacturing quality has reached parity across the board, so meeting customer spe-
cific requirements has emerged as the next critical opportunity for competitive advan-
tage (Jain et al.2010). Today, customers demand products and services to be avail-
able at any time and to be delivered as fast as possible, while meeting high-quality
standards. Consequently, the number of orders are increasing and the quantity per
order reducing, simultaneously, leading supply chain stakeholders to incur in high op-
erational costs. The mismatch between customer requirements and operational costs
imposes additional logistical effort on coordinating operations efficiently in Supply
Chains (Chen, Dong & Xu/2018). The approach proposed in this paper assumes that
all customer demand must be satisfied by available stock of commodities at the re-
tailer (Minner & Transchel|2010).

Many Supply Chains deal with perishable commodities. Nahmias (1982) stated
that perishable goods are commodities with a fixed lifetime, during which they can
be moved across the supply chain or retained in stock and discarded afterwards. For
example, perishability is present in:
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Figure 2. Representation of supply chain dynamics describing the interactions between the stakeholders
(adapted from Min & Zhou| (2002)).

e dairy industry - from the raw milk that enters the factories and has to be pro-
cessed under specific conditions, to the intermediate products, whose properties
are limited in time, and, finally, the different final products, such as cheese
and yoghurt, which are labelled with an expiration date, fixing their shelf-
life (Amorim, Meyr, Almeder & Almada-Lobo/[2013);

e food industry - fish and seafood should be consumed fresh, requiring specific
conservation conditions as their organisms deteriorate quickly (Boziaris & Par-
lapani| 2017)), while other type of food, e.g. bananas, go through ripening and
long transportation processes being exposed to several different temperature and
moisture conditions (Lin, Negenborn, Duinkerken & Lodewijks [2017));

e health industry - blood services are constantly at risk of failing due to shortage of
supply and outdating of samples. In 2006, the national estimate of the percentage
of outdated blood units, in the United States, was 8%, representing more than 1
million of units (Nagurney, Masoumi & Yu|2012; Whitaker, Green, King, Leibeg,
Mathew, Schlumpf & Schreiber|[2007)).

Hence, perishability is critical to efficiently address Supply Chain operations. [Stern-
beck & Kuhn| (2014) acknowledge that research on Supply Chains of perishable goods
lacks integrative approaches which determine delivery plans and target stock levels
for retail shops accounting for the impact of complementary supply chain tasks. Ad-
ditionally, Ivanov, Sokolov & Raguinial (2014) noted that Supply Chain integration
approaches need to be strongly supported by technological information systems. The
authors define Supply Chains as collaborative cyber-physical systems which combine
physical and information subsystems, and processes, which are inter-dependent re-
sulting in coherent management decisions. Some authors developed approaches to im-
prove Supply Chain performance considering integration and multiple tasks simulta-
neously (Eksioglu & Jin|2006; Federgruen, Pastracos & Zipkin/1986; Lee, Chan & Lee
2016; Li2013; Omar & Zulkipli[2016)). However, none of these approaches account for
the whole Supply Chain operation from the upstream to the downstream and ignore
the transformations done on commodities over the Supply Chain.

Traditionally, Supply Chain Management and Logistics Management rely on ad-hoc
heuristics and mathematical programming techniques mostly based on Operational Re-
search (OR) approaches (Li & Marlin/2009; |Papageorgiou 2009). The OR approaches,



typically, model a Supply Chain as a sequence of individual tasks rather than includ-
ing the dynamic interactions between supply chain stakeholders (Amorim et al.|2013)).
Stakeholders should be able to access relevant information in real-time regarding the
entire operational process (e.g. capacity limits, task scheduling, transport availability
and demand prediction) to ensure effective decision making throughout the Supply
Chain (Dreyer, Alfnes, Strandhagen & Kollberg 2009). Thus, in order to replicate
closely the behaviour of real Supply Chains, the integration of their multiple pro-
cesses and the coordination between stakeholders should be explicitly modelled (Rong,
Akkerman & Grunow|2011)).

Concurrently, control-based techniques are suitable to model the dynamic interac-
tions present in multi-player systems and, therefore, they are useful to coordinate LM
of Supply Chains of perishable goods, often subjected to uncertain demand condi-
tions (Mestan, Turkay & Arkun|2006; Pinho, Moreira, Veiga & Boaventura-Cunha;
2015). The approach proposed in this paper develops a centralized Model Predic-
tive Control (MPC) framework to coordinate the LM of integrated Supply Chains
of perishable goods. MPC has been successfully applied in process industry applica-
tions (Wang & Rivera)2009) and in SCM (Alessandri, Gaggero & Tonelli 2011} Fu,
Aghezzat & Keyser|[2014} Maestre, de la Pena & Camacho|2009} [Subramanian, Rawl-
ings, Maravelias, Flores-Cerrillo & Megan [2013). Recent papers have extended the
scope of applicability of this method to Supply Chains of perishable goods (Gaggero
& Tonelli| 2015; Lin et al.2017). In MPC, the control algorithm uses current and
historical measurements of the system behaviour to predict its behaviour at future
time instants. The advantages of using MPC algorithms for optimizing Supply Chain
logistics are: i) optimization of the complete Supply Chain operation, ii) design of
robust formulations, even in the presence of disturbances such as uncertain demand,
iii) integration of functional constraints in the optimization problem regarding limits
of operation, namely, production rates, inventory levels and dispatch capacity, and iv)
implementation of distinct management policies through the manipulation of the cost
function (Pinho et al|2015). The proposed MPC approach operates under a Global
Control Centre. Dreyer et al.| (2009) introduced the concept of Global Control Centre
as a virtual or physical Supply Chain player which intends to coordinate and integrate
the entire operational process in supply networks, by enabling efficient management
of material flows, constrained by infrastructural limitations.

The approach proposed in this paper consists of a Model Predictive Control frame-
work to perform logistics management of Supply Chains of perishable goods. The
control algorithm optimizes Supply Chain operations considering, simultaneously, pro-
duction, distribution and inventory management, and the due time of perishable goods.
These processes are modelled from a flow perspective, meaning production consists in
modifying commodities to produce new ones, distribution concerns the movement of
the goods across the different tiers of the Supply Chain and inventory management
focuses on holding and dispatching inventory accounting for the time until expiration
of perishable goods. The dynamical model of the Supply Chain considers multiple
products and distinguishes the flow of commodities according to their nature, type
and remaining time until expiration. Perishable goods are monitored either by being
perishable or as a result of production. They are assumed to have a known lifetime,
leading inventory management to follow an age-based policy. A first-in-first-out (FIFO)
issuing policy is assumed at the retailer, meaning perishable products are displayed at
shelves by order of arrival. The Model Predictive Control algorithm coordinates the
storage and flows between tiers in order to continuously perform the replenishment
of the safety stock at the retailer, which depend on the intensity of the customer de-



mand. Consequently, this approach is demand-driven, which means the dynamics of
the supply chain operation depends on the intensity of customer demand, a major
feature that is usually neglected in the literature (Jain et al./[2010).

This paper builds on the work of |[Nabais, Negenborn, Carmona-Benitez, Mendonca,
Lourengo & Botto| (2013), which proposes a multi-agent model predictive control ap-
proach to manage demand driven supply chains. This work addresses the logistics
management of Supply Chains in general, not considering the specificities of the com-
modities. Besides, it only addresses the movement of commodities between multiple
tiers, ignoring important Supply Chain processes such as production and inventory
management. The approach proposed in this paper adopts a similar Model Predictive
Control strategy as Nabais et al. (2013]) but applies it to Supply Chains of perishable
goods, tracking their due time over the entire Supply Chain. Besides, it categorizes
commodities according their nature and models Supply Chain processes, namely pro-
duction, distribution and inventory management based on that categorization. The
goal of this paper is to present a systemic framework to perform logistics management
of supply chains of perishable goods. Hence, the contributions of the current paper can
be summarized as follows: 1) the ability to track the due time associated to perishable
goods over the entire Supply Chain, using a state-space representation of the dynam-
ical model of the Supply Chain; ii) it addresses logistics management processes from
a flow perspective: production consists in transforming commodities either to produce
new commodities or to modify the ones that already exist; distribution focuses on the
movement of commodities across the multiple tiers; and inventory management stores
and assigns commodity flow accounting for the due time of perishable goods; and iii)
managerial insights are drawn, concerning the length of the prediction horizon of the
Model Predictive Control algorithm and distinct management goals. This is made us-
ing a demand-driven approach to logistics management, continuously replenishing the
variations in the safety stock of the most downstream tier caused by customer demand.

This paper is organized as follows. In Section [2| a state-space representation de-
scribes the dynamics of Supply Chains of perishable goods. Logistics Management
is formulated using a centralized Model Predictive Control framework in Section
The performance of the proposed approach is tested through numerical simulations
in Section 4] The Logistics Management of a three-tier supply chain is evaluated by
analysing its response to three distinct management policies. In Section [b, conclusions
are drawn and future research topics are indicated. Section 1 of the Appendix contains
a description of the notation used in this paper.

2. Modeling

From a system dynamics point of view, Supply Chains consist of large and complex
networks of nodes, representing physical locations, and links, associated to the move-
ment of commodities between the nodes. Modelling Supply Chains requires a trade-off
between capturing the main dynamics of the system and considering hypothesis and
assumptions to reduce complexity and avoid redundancy.

2.1. Conceptual Approach

The Supply Chain model is conceived taking into consideration two aspects: i) Supply
Chain design, representing the possible paths and processes commodities can follow
from upstream to downstream; and ii) commodity categorization.
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Figure 3. Basic components of the proposed Supply Chain model (Nabais et al.|[2013).

2.1.1. Supply Chain Design

At a macroscopic level, a Supply Chain is characterized by two major proper-
ties (Nabais et al.|2013):

e potential: related to the storage capability in specified areas, namely factories,
distribution centres, warehouses and retail shops, where commodities can be pro-
duced, modified or simply stored. These locations are modelled as centre nodes.
Centre node 7 has an in-degree, ideg(i), and an out-degree, odeg(i), correspond-
ing to the flows of commodities entering and exiting the centre node, respectively
(see Figure [3(a));

e flow: related to production and transport of commodities between physical loca-
tions. The movement of commodities is modelled using connections, which are
composed of a succession of flow nodes each having an in-degree and out-degree
equal to one. Connection j is composed of n., flow nodes and n., + 1 flows (see
Figure , where n., is the number of flow nodes belonging to connection j.
Connections follow a pull-push flow perspective: pulling commodities from the
upstream node of the connection and pushing them to the downstream node.

2.1.2. Commodity Categorization

This paper assumes that commodities in Supply Chains are categorized into two cat-
egories, according to their nature:

e common goods: common goods do not deteriorate over time. The number of
different common goods (e.g. packages, ore, sand) in the Supply Chain is defined
as ng. They are consumed directly at the downstream of the Supply Chain or
used to produce new goods at production connections, either common goods or
perishable goods;

e perishable goods: the economic value of perishable goods is limited in time. The
number of different perishable goods (e.g. bananas, pears, blood) in the Supply
Chain is defined as np. This way, nq¢, is the number of time instants until due



time for perishable good p, right after being available in the Supply Chain. For
each perishable good, the remaining time until due time is considered in dt,,
which is a time-varying property representing the number of time instants until
perishable good p loses its economic value. For the sake of readability, from now
on this property will be mentioned as due time. Perishable goods need to be
available at the retailer before due time.

The total number of commodities, Neomm, in the Supply Chain is given by ncomm =
ng +np. The model stores information regarding the commodity quantity and the due
time, in case of perishable goods. The commodity quantity can be measured discretely,
by units, or continuously, by volume or weight, depending on the type of commodity.
The number of flow classes, ncl.ss, tracked throughout the Supply Chain, is defined as
the sum of the different common goods plus the maximum due time of each perishable
good, i.e.,

np

Nclass = Ng + Z Ndt, - (1)
i=1
2.2. Supply Chain Model

The total number of nodes ny in the model is related to the Supply Chain design and
is given by

Ne
Nt = Nen + Z N,y (2)
=1

where n., is the number of centre nodes and n. is the number of connections.
Apart from the most downstream node, for each node in the Supply Chain a state-
space vector X;(k), i =1,...,ny — 1, is defined as follows

| 2™ ()

where 2 (k) is the quantity of common good g at node i at time instant k, :J:f’dtp(k) is
the amount of perishable good p with remaining due time dt, at node ¢ at time instant

k, and ngqy, is the maximum due time for perishable good p. The quantities z$(k) and



x?’dtp (k) represent the flow classes, thus the length of each state-space vector, X;(k),
is ng, = Nclass- The demand is seen as a disturbance d(k) at the most downstream
node of the supply chain. Mathematically, it is represented as a vector of dimension
Nd = Ncomm- Lhis means that the due time of perishable goods is not tracked at
the most downstream node, usually corresponding to the retail shop, where a FIFO
issuing policy is assumed at the selling shelves. For this reason, the state-space vector
of the most downstream node X, (k) resumes to the quantity of each commodity type
at the node and its dimension is ncomm. In order to quantify the wastage and loss of
perishables in the Supply Chain, the additional state-space vector Xop(k) accounts
for the quantity of perishable goods that become overdue across the Supply Chain,
before reaching the shelves of the retail shop, i.e.,

1'11%(]"3) 2op (k)
X, (k) = : ,Xop(k) = : ; (4)
i () 2o (k)
where ;™™ (k) represents the quantity of commodity of type comm at the most

downstream node n and x3)(k) describes the quantity of perishable good p that
became overdue. It is assumed that perishable goods delivered at the retailer before
due time are sold on time to customers and perishable goods that become overdue
lose their economical value. By merging all these individual state vectors, the overall
state vector x(k) of the entire supply chain is obtained,

%, (k)
XOD(k) ]

The state vector dimension is ny = 7t—1Mclass + Mcomm + Np, corresponding to the
product between the number of flow classes handled at each node and the number
of nodes existing in the Supply Chain, plus the number of commodities at the most
downstream node and the number of perishable goods. For the case there are no
perishable goods in the Supply Chain, the number of flow classes to track reduces to the
number of common goods, n,, and the state-space dimension is simply ny = n¢ng. The
commodity is always accessible through the state vector, whether in the production,
transport or storage stages of the Supply Chain.

Consider u?’dtp(k) as the quantity of perishable good p with remaining due time
dtp, to be pulled from node j at time instant k. For all admissible flows in the Supply
Chain, a control action vector @;(k) is defined, with dimension Ng; = Nelass- All a;(k)
(j = 1,...,n¢), where ng is the number of flows in the Supply Chain, are merged to



form the overall control action vector u(k) with dimension ny = n¢nclass,

M1
U, (k)

np,nd'tn
L U; * (k)

The Supply Chain is fully observable since the output of the model is actually the
state of the system, y(k) = x(k). The model of the Supply Chain can be represented
in a state-space form as follows:

x(k+1) = Ax(k)+ Byu(k)+ Bgd(k), (7)
y(k) = x(k) (8)

where A (dimension ny X ny), By (dimension ny X ny) , Bq (dimension ny X ng) are
the state-space matrices. The Supply Chain state at the next time instant, x(k + 1),
is determined using as a function of the current Supply Chain state x(k) plus
the contribution from the control action u(k) and the demand disturbance d(k). The
control action u(k) corresponds to the flow of commodities between nodes and is
constrained by the available transport resources.

2.3. Model Insight
In this paper Supply Chain design takes into account the following features:

e Supply Chain processes - Supply Chain design is able to split production from
distribution and considers production activities first, regardless the position in
the Supply Chain;

e flow and potential properties - Supply Chain design addresses separately and
sequentially the flow component (connections and flow nodes) and the potential
component (centre nodes);

e flow perspective - Supply Chain design follows the path of the commodities
through the Supply Chain, from the upstream to the downstream.

Based on the aforementioned design criteria, supply chain nodes should be ordered us-
ing the following policy: i) connections related to production are addressed first (flow
nodes are numbered from upstream to downstream); ii) connections related to distri-
bution are addressed second (flow nodes are numbered from upstream to downstream);
and, finally, iii) centre nodes are addressed (centre nodes are numbered from upstream
to downstream). Flows are also numbered sequentially from upstream to downstream.



3. Logistics Management

The proposed approach assumes the existence of a Global Control Centre, which con-
sists of an additional node, external to the Supply Chain, which continuously collects
information regarding the operation of the Supply Chain. The information collected
by the Global Control Centre consists of the commodity quantity and due time of
perishable goods at each node, the current storage capacity of the centre nodes, the
current transport capacity of the connections, and predictions on transport capacity,
storage capacity and customer demand profile in future time instants. Global Control
Centre compiles this data and runs a centralized model predictive control algorithm
to determine the flow assignment to implement in the system, in order to optimize
the Supply Chain overall performance. Then, the flow assignment decisions are com-
municated to the agents responsible for the assignment of commodity flow, located at
the centre nodes. The main advantage of using model predictive control is the ability
to include constraints and predictions about the system behaviour and handle distur-
bances within an unified modelling and optimization framework (Maciejowski|2002]).
At each time sample, the controller gathers information related to the updated state
of the system, predictions on the storage capacity, transport capacity and demand
profile over a defined prediction horizon, Ny, and formulates an optimization problem
considering a control-relevant cost function, which evaluates the performance of the
Supply Chain. The output of the optimization problem is the sequence of future con-
trol actions, which optimizes the supply chain behaviour over the prediction horizon
Np. The predicted control action regarding the first time step is implemented in the
system and the overall system state is updated. At the next time step, the process is
repeated considering the updated state system and the new system predictions.

3.1. Problem Formulation

This paper presents a systemic framework to perform logistics management of supply
chains of perishable goods. The cost function adopted is a linear function which as-
sociates weights q;(k), i = 1,...,n, to the nodes and weights qop(k) to the overdue
perishable goods, over the prediction horizon, N, . The cost function depends on the
current state of the system, control actions and predicted demand, over the prediction
horizon N;,. The weights of the cost function may vary according to the management
policies as different Supply Chain goals require distinct operational behaviour. This
type of cost function is usually used in linear programming and mixed integer lin-
ear programming formulations of Supply Chain optimization problems (Papageorgiou
2009). Thus, the cost function of the MPC algorithm is defined as:

N,—1

J&E) =Y ak+Dx(k+1+1), (9)
=0

where X}, is a vector composed with the state vectors of each time instant k, over the
prediction horizon N,

fp=[xTk+1) ..., xT(k+N,)]". (10)

10



The MPC optimization problem for the logistics management of the Supply Chain can
be formulated as follows:

min  J (X)

Ug

(

st.  x(k+1+10)=Ax(k+1)+Byu(k +1) + Bad(k + 1), (

x(k+1+1) >0, (
u(k+1) >0, (14

Pox(k+14+1) < Xmax, (

Pyuu(k +1) < Upax, (

x(k+1)>Pyuk+1), 1=0,...,N,—1. (

—_
ot
—_ — O D Y

where 11, corresponds to the control action vectors computed for each time instant k,
over the prediction horizon Ny,

i =[uT(k) ..., WT(k+N,—1)]", (18)

where Xpax (n¢7comm X 1) is the maximum storage capacity per node, Wmax (NfNcomm X
1) corresponds to the available transport capacity, according to the supply chain layout,
Py, (nx x ny) is the projection matrix from the control action set U into the state-
space set X, Pyx (NtNcomm X Mx) is the projection matrix from the state-space set X
into the maximum storage capacity set Xpax, Puu (nflcomm X M) is the projection
matrix from the control action set U into the available moving capacity set Upax-
Constraints f are necessary to obtain feasible and meaningful control actions,
which means:

e non-negativity of states and control actions: negative storage at the nodes and
negative flows of commodities are not physically possible. The non-negativity of
states and control actions is imposed by constraints 7;

e maximum storage capacity: each Supply Chain node has to respect its storage
capacity limits. This feature is captured in constraint ;

e maximum control actions: the maximum handling capacity to move commodities
between nodes, limited by resource availability, is represented by constraint ([16));

e flow conservation: not all control actions that satisfy constraints and (|16])
are feasible. The flow of commodities to be moved from a node must never exceed
the amount of commodities stored in that node. Constraint illustrates this
restriction.

4. Numerical Experiments

In this section, the centralized MPC framework is applied to perform Logistics Man-
agement of a Supply Chain composed a manufacturer, a distributor, a retailer and a
global control centre. The Supply Chain handles both common goods and perishable
goods, considering three distinct management policies of increasing complexity. The
three management policies can be described as:

e safety stock policy - it focuses on filling the inventory of the retailer in order to
satisfy customer demand;
e waste minimization policy - it intends, simultaneously, to reduce the quantity

11



of overdue perishable goods in the Supply Chain and fill the inventory of the

retailer;
e just-in-time policy - it intends to make commodities available at the retailer

shelves as fast as possible, while reducing the amount of overdue perishable
goods and filling the inventory of the retailer.

4.1. Case Study Description

4.1.1. Static Configuration

The sampling time considered in the simulation is one day. The Supply Chain is
composed of one manufacturer, one distributor and one retailer, and its activity is
monitored by a global control centre (see Figure [d)). The logistics operations of the

flow of commodities —»
flow of information - - »

] global control center |
I I 7y 7y T

ta— - >
ta— - >

1
|
Y

7 (@D 8 (B0 9

manufacturer distributor retailer

- —— - — — -
<= — - — - —»

production distribution

Figure 4. Supply chain composed of one manufacturer, one distributor, one retailer and a global control
center, handling two common goods and two perishable goods (vertical boxes - centre nodes; circles - flow
nodes; horizontal box - external control node).

Supply Chain consist of:

e production - occurs at the upstream of the Supply Chain and the manufacturer
is responsible for the production flow assignment. Perishable goods are produced
from common goods. There are two production lines with a lead time of 2 days.
They are composed of two flows and one flow node;

e distribution - consists in transporting the commodities from the manufacturer
to the retailer and it is assured by a logistics service provider. Transportation
connections have a lead time of 3 days. Therefore, they are composed of three
flows and two flow nodes;

e inventory management - consists in monitoring the inventory level at the retailer
and replenish it when it goes under the desired safety stock level.

The Supply Chain storage and transport capacity limits are discriminated per com-
modity at each node and connection (Table [If and Table . They are assumed con-
stant over the entire simulation. Besides, four different commodities are supplied to the
market: two common goods, G; and G2, and two perishable goods, P, and P», manu-
factured from the common goods, with a lifetime of 14 days. The commodity quantity
is measured in units. The common goods are, initially, available at the manufacturer.
They are consumed to produce the perishable goods in separate production lines at
the manufacturer, according to a specific ratio (see Table . Once produced and made
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Table 1. Maximum storage capacity, per commodity, at centre nodes (manufacturer, distributor and retailer)

commodities

Gy Go Py P

total

Manufacturer 4200 2000 2000 100 100
Capacity  Distributor 200 50 50 50 50
Retailer 100 25 25 25 25

Table 2. Maximum handling capacity, per commodity, at connections, discriminated by flow nodes and flows

total commodities
Gi G2 P P
node 1 2 0 0 2 0
node 2 3 0 0 0 3
flow nodes node 3 " .y : ) 3
node 4 14 4 5 2 3
node 5 14 4 5 2 3
node 6 14 4 5 2 3
connection 1 1" flow 2 0 : ; 0
2rd flow 2 0 0 2 0
connection 2 1" flow 3 0 ; 0 ;
ond flow 3 0 0 0 3

"

connections vom s 15t flow 14 4 5 2 3
connection ond fow 14 4 5 2 3
3rd flow 14 4 5 2 3
connection 4 1" flow 1 . ; ; ;
2rd flow 14 4 5 2 3
31d flow 14 4 5 2 3

Table 3. Ratio of common goods, G; and G2, consumed to produce perishable goods, P; and P2, and their
maximum due time, Ndty, -

common goods

Ndty,
G1 Gla
. P 1 1 14
perishable goods Py 9 1 14

available at the manufacturer, the perishable goods have 14 days to be delivered at
the retail shop. Once delivered at the retailer, the due time of the perishable goods
is no longer tracked and it is assumed that the retail shop follows a FIFO policy at
the shelves. Common goods are also delivered at the retail shop and sold directly to
the customers. The lead time for common goods to be available at the retail shop is
6 days, while for perishable goods is 8 days, due to the production operation.

The Supply Chain graph, G, relates center nodes, flow nodes and flows (see Figure [4)).
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The Supply Chain graph can be represented by its incidence matrix, D(G):

1 -1 0 0 0 0O 0 0 0 0]
o 0 1 -1 0 0 0 0 0 0
o 0 0 0 1 -1 0 0 0 0
0o 0 0 0 0 1 -1 0 0 0
DG=|0 0 0 0 0 0 0 1 -1 0 (19)
o 0 0 0 0 0 0 0 1 -1
-1 1 -1 1 -1 0 0 0 0 0
o 0 0 0 0 0 1 -1 0 0
Lo 0 0 0 0 0O 0 0 0 1 |

The rows of D(G) represent the nodes of the Supply Chain, while the columns consist
of the flows. For example, row 1 describes flow 1 entering in node 1 and flow 2 exiting
node 1. Matrices A, B, and Bg for this case study are presented in the Appendix.

4.1.2. Dynamic Configuration

The Supply Chain behaviour is simulated over 100 days and customer selling starts 20
days after the beginning of the simulation. At the start of the simulation, there is only
inventory of common goods at the manufacturer, in a sufficiently large quantity to fulfil
the expected demand at the retailer, over the entire simulation period. This means
that all perishable goods must be produced. The demand profiles of the four distinct
commodities were generated using gamma distributions (considering the describing
parameters values: k = 2 and 6 = 1) (Burgin/|{1975). The customer demand profiles are
assumed to be deterministic. Furthermore, it is assumed predictions of the demand
are available and match the demand.

The weights of the cost function of the optimization problem describe the manage-
ment policy, therefore three distinct sets of weights are assigned to the three different
management policies:

e Management Policy 1 (MP 1) — safety stock policy - the weights associated to
the inventory at the retailer depend on the commodity quantity. The inventory
is bounded by a lower limit and an upper limit. If the commodity quantity is
below the lower limit, the weights are highly negative to promote the increase
of commodity quantity; if the commodity quantity is above the lower limit and
below the upper limit, the weights are slightly negative to impel the commodity
quantity to reach the upper limit. In turn, if the commodity quantity is above the
upper limit, the weights are highly positive to penalize the excess of commodity
quantity and decrease it below the upper limit;

e Management Policy (MP 2) — waste minimization policy - the cost function has
two components: one associated to the penalty of overdue perishable goods and
the other related to the safety stock at the retailer described in management
policy 1. The weights associated to overdue perishable goods are higher than
the weights associated to the safety stock since reducing wastage is prioritized
relatively to keeping the safety stock desired level at the retailer;

e Management Policy 3 (MP 3) — just-in-time policy - the cost function has three
components: one associated to the penalty of inventory at the distributor, in-
tending to reduce it to the minimum level possible and the other two accounting
for the safety stock and waste minimization described previously.
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Table 4. Cost function weights associated to the supply chain state considering three distinct management
policies.

Commodities
Gi1 G Py Py
Flow nodes 1 1 1 1
Manufacturer 0 0 0 0
Management Distributor 0 0 0 0
Policy 1 T9 <= LL —-10 —-10 —200 —200

il

Retailer LL <@g <=UL -1 -1 —100 —100
zg > UL 10 10 100 100
Overdue - 0 0
Flow nodes 1 1 1 1
Manufacturer 0 0 0 0
Management Distributor 0 0 0 0
Policy 2 r9 <= LL —-10 —10 —200 —200
Retailer LL <@g <=UL -1 -1 —100 —100
zg9 > UL 10 10 100 100
Overdue - 75 125
Flow nodes 1 1 1 1
Manufacturer 0 0 0 0
Management Distributor 5 5 5 5
Policy 3 r9g <= LL —-10 —-10 —200 —200
Retailer LL<zg<=UL -1 -1 —100 —100
zg9 > UL 10 10 100 100
Overdue - - 75 125

The weights of the cost function are assumed to be constant over the entire simulation.
Besides, the inventory lower limit (LL) at the retailer is 3 units and the upper limit
(UL) is 6 units, for all commodities. The cost function parameters (inventory limits
and weights) are presented in Table

4.2. Numerical Results

The performance of the Supply Chain is evaluated for the three different Management
Policies using the following performance measures:

e overdue perishable goods - the total quantity of perishable goods that became
overdue before being delivered at the retail shop;

e overproduction of perishable goods - the difference between the demand of per-
ishable goods at the retailer and the quantity of perishable goods produced;

e total commodity movements - total amount of commodity movements between
the manufacturer and the retailer;
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distributor inventory usage - total commodity quantity stored at the distributor,
over the entire simulation;

retailer inventory error - difference between the desired safety stock level at the
retailer and the retailer inventory level;

e computation time - the amount of time, in seconds, of the entire simulation;
e commodity movements per due time - amount of commodity movements for each

due time.

Supply Chain logistics management is analysed considering two dimensions:

e prediction horizon, IV, - for each Management Policy, the logistical behaviour of
the Supply Chain is studied by varying the prediction horizon, from 8 time steps,
which correspond to the lead time of the perishable goods, to 15 time steps, which
covers the entire lifetime of perishable goods. The customer demand profile is
the same for all different simulations;

customer demand profile - for each Management Policy, the logistics management
of the Supply Chain is analysed imposing three different demand profiles. The
prediction horizon, Ny, is fixed for all simulations.

4.2.1. Insights in management policies regarding the prediction horizon, Ny

Figure || illustrates the customer demand scenario (Scen 1), discriminated by com-
modity.
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Figure 5. Profile of the customer demand, discriminated by commodity (Scen 1).

Table 5] and table [6] present the values of the performance measures for each predic-
tion horizon sampled and for each Management Policy. Regarding overdue perishable
goods, MP 2 and MP 3 can minimize and, sometimes, eliminate wastage, for higher
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Np. In turn, MP 1 produces high quantities of overdue perishables, which increase with
Np. While MP 2 and MP 3 define the minimization of wastage as a management goal,
resulting in less overdue commodities for higher Ny, MP 1 does not account for it, so
a higher N, produces more overdue commodities. In terms of overproduction, a higher
Ny, leads to an excess of perishable goods for all management policies. Production is
not considered in the cost function, directly, because the MPC algorithm acts based on
the customer demand intensity. However, by looking further ahead, MPC algorithms
with higher N, anticipate the customer demand and assign more production flows.
Total commodity movements and distributor inventory usage also increase with the
growth of N,. Nevertheless, comparing the commodity movements and the distribu-
tor inventory usage for the three management policies, MP 3 performs Supply Chain
operations more efficiently, which was expected due to its just-in-time characteristic.
In turn, higher NV, results in smaller retailer inventory error, meaning the framework
is able to replenish the safety stock at the retailer and keep it close to desired level.
MP 2 is the management policy that manages the safety stock more efficiently, as its
inventory error values are the lowest (negative values mean the real inventory level
was above the desired inventory level). Although, MP 3 performs operations more
efficiently, MP 2 manages better the safety stock at the retailer, which is decisive to
satisfy the customer demand. Concerning dimensionality, a higher N, lead to larger
computation time because it adds additional constraints to the optimization problem.
The computation time of the simulations grow exponentially with IV, as can be seen
in Table [6l

Table [7] details the flows per due time, showing that MP 1 moves many goods
with low due times and allow them to get overdue. In turn, MP 2 and MP 3 handle
perishable goods in a similar way, moving high commodity quantities of perishable
goods with higher due times and low commodity quantities with shorter due times
flows. The difference between MP 2 and MP 3 regarding the number of movements
of common goods, which is lower for MP 3, is associated to the fact that, in MP 3,
common goods are not supposed to be stored at the distributor. Thus, they only move
downstream of the chain to replenish retailer safety stock, otherwise, they are kept at
the manufacturer and do not create inventory at the distributor.

Figure [6] presents the time evolution of inventory at the distributor and the retailer,
simultaneously, considering N, = 12. Regarding inventory usage, at the beginning of
simulation, while there is no customer demand, MP 2 and MP 3 fill the inventory of
the retailer with perishable goods to avoid wastage. When customer demand starts,
the main driver of Supply Chain operation is replenishing the safety stock at the
retailer. MP 1 and MP 2 perform similarly, after customer selling starts because their
main concern is retailer inventory. In turn, besides managing the safety stock, MP
3 intends to minimize the inventory at the distributor, which is demonstrated to be
lower, compared to the other two management policies.

To conclude, the prediction horizon, Ny, is a tuning parameter of the MPC algo-
rithm and the following conclusions can be taken: i) N, should be equal or higher than
the lead time of the whole supply chain, ii) prediction horizons higher than the lifes-
pan of perishable goods do not increase algorithm performance, so prediction horizon
should be set between supply chain lead time and the highest lifespan of perishable
goods iii) decision makers need to find the right trade-off between increasing sup-
ply chain performance and increasing dimensionality, as higher prediction horizons
increase performance at cost of a higher computational effort.
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Table 5. Performance analysis of the distinct management policies for different prediction horizons, Np,
considering quantity of overdue goods, overproduction and the total number of commodity movements

Prediction Overdue Goods Overproduction Total Commodity Movements
Horizon MP1 MP2 MP3 MP1 MP2 MP3 MP1 MP 2 MP 3

N, =38 33 - - 39 - - 4006 - -

Ny =10 33 - - 41 - - 4160 - -

Np =12 36 2 2 42 19 19 4175 4027 3844

Ny, =14 35 0 0 41 21 21 4152 4032 3915

Np =15 41 0 0 44 24 24 4170 4055 4046

Table 6. Performance analysis of the distinct management policies for different prediction horizons, Np,
considering the usage of the distributor inventory, retailer inventory error and the computation time (in seconds)

Prediction Distributor Inventory Retailer Inventory Error Computation time [s]
Horizon MP1 MP2 MP3 MP1 MP2 MP3 MP1 MP2 MP3

N, =38 1370 - - 440 - - 68 - -

Np =10 2274 128 111

N, =12 2466 1934 825 131 52 196 197 203 136

N, =14 2424 2001 871 68 —-10 90 286 281 224

N, =15 2656 1993 1032 108 —14 -9 334 301 271

Table 7. Number of commodity movements per due time in the Supply Chain to measure the risk of perishable
goods to become overdue, considering different prediction horizons, Np.

Prediction Commodities Due Times

Horizon Common Goods dtl dtz dt3 dt4 dt5 dtﬁ dt7 dtg dtg dtm dtll dtlz dt13 dt14
N, =8 1988 6 20 12 19 36 63 78 110 226 247 247 339 322 1029
N, =10 2145 9 14 18 25 43 76 82 116 229 238 246 327 313 1021
MP1 N,=12 2142 7 24 31 59 82 91 113 155 218 242 253 301 265 938
N, =14 2139 15 34 40 62 76 110 147 157 219 238 239 274 228 918
Ny, =15 2139 21 40 71 64 72 102 129 175 215 229 237 273 233 926

N, =38 - -

N, =10 - B
MP2 N,=12 2136 10 10 8 2 4 4 2 28 287 291 294 317 319 970
Ny =14 2142 12 10 8 0 4 6 6 24 285 289 292 314 319 979
N, =15 2132 12 10 8 0 2 6 4 28 286 295 298 321 326 999

N, =38 - S

N, =10 - -
MP3 N,=12 1953 10 10 8 6 4 2 6 28 289 293 302 307 311 970
N, =14 2025 12 10 8 6 4 2 6 28 289 293 299 304 311 976
N, =15 2123 12 10 8 6 4 2 6 28 290 297 306 311 318 997
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Figure 6. Storage evolution at distributor and retailer for the three distinct management policies considering
Np = 12 : Management Policy 1 (up-left), Management Policy 2 (up-right), Management Policy 3 (down-
center).

4.2.2. Insights in management policies regarding customer demand profile

In order to study the resilience of the proposed framework, two more demand scenarios
are considered (see Figure [7)).

Hereupon, logistics management of the case study Supply Chain is performed for the
three management policies, considering a fixed prediction horizon, N, = 12, dealing
with three distinct demand scenarios:

e Scenario 1 (Scen 1) - the demand pattern is irregular, presenting many oscilla-
tions. The maximum demand is 15 units and the minimum 1 unit;

e Scenario 2 (Scen 2) - the demand pattern presents some oscillations but it as-
sumes a constant demand of 8 units between day 40 and day 60. Also, between
day 70 and day 80, there is no customer selling. The maximum demand is 15
and the minimum demand is 0.

e Scenario 3 (Scen 3) - the demand pattern is almost constant. There is a constant
demand of 4 units, 1 of each commodity, with few fluctuations. The maximum
demand is 5 units and the minimum is 3 units.

Table[§land table [9] present the values of the performance measures for each demand
scenario and for each management policy. Concerning wastage, MP 3 is the most effi-
cient management policy, presenting the lowest values of overdue perishable goods and
overproduction. MP 2 also presented low wastage values. Total commodity movements

19



—_
o
1

B G
16 |- I G2
Pl
2 4r P2
=
)
» 12|
£
=
g 10 | |
é |
S °f | ]
[
: ||||||||||||||||| | |
g Of ‘ ‘
j]
a N T
4+
< ‘ | | |
| \ ‘
. i
0 70 100
Tlme [days]
18 -
I G
16 - I G2
i Pl
Z 14+ C__1P2
=]
)
% 12|
<
=
T 10}
:
g8 8r
Gy
o
g 6f
=
g
4k
<
2L
0
0 10

Time [days]

Figure 7. Profile of the customer demand scenario 2 (top) and customer demand demand scenario 3 (bottom),
discriminated by commodity.

and distributor inventory usage measures confirm MP 1 as the least efficient manage-
ment policy and MP 3 as the best policy. However, analysing the retailer inventory
error, regarding the ability to replenish safety stock desired levels, and, consequently
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customer satisfaction, MP 2 is the management policy that presents the lowest re-
tailer error values for demand scenarios 1 and 2. In demand scenario 3, MP 2 produces
excessive inventory. The main objective of the logistics management is to satisfy the
customer and the MP 2 is the management policy that better fulfils customer demand
and, in case of Supply Chain disruption, it responds faster than the other 2 policies due
to the desired safety stock levels. Nevertheless, MP 3 is the management policy that
optimizes more efficiently Supply Chain operations. It is also a riskier management
policy than MP 2, because it is more likely to fail to satisfy the demand if there are
uncertainties in Supply Chain, such as disruptions and delays. Table [L0|illustrates that
MP 3 involves more risk than MP 2, because it moves higher commodity quantities
with lower due times . In terms of dimensionality, high intensity demand profiles result
in longer simulations, according to the values of the computation time, where demand
scenario 1, that is the most intense profile, generate the longer simulations.

Table 8. Performance analysis of the distinct management policies for different customer demand scenarios,
considering quantity of overdue goods, overproduction and the total number of commodity movements

Manag Overdue Goods Overproduction Total Commodity Movements
JTanagement
Policies Scen 1 Scen 2 Scen 3 Scen 1  Scen 2 Scen 3 Scen 1 Scen 2 Scen 3
MP 1 36 54 55 42 51 7 4175 3892 2505
MP 2 2 6 13 19 26 43 4027 3743 2352
MP 3 2 4 8 19 25 41 3844 3571 2241

Table 9. Performance analysis of the distinct management policies for different customer demand scenarios,
considering the usage of the distributor inventory, retailer inventory error and the computation time (in seconds)

M Distributor Inventory Retailer Inventory Error Computation time [s]
anagement
Policies Scen 1 Scen 2 Scen 3 Scen 1 Scen 2 Scen 3 Scen 1 Scen 2 Scen 3
MP 1 2466 2102 1815 131 93 —313 197 167 124
MP 2 1934 1578 1429 52 22 —485 203 148 113
MP 3 825 823 603 196 165 —201 136 161 126

Table 10. Number of commodity movements per due time in the Supply Chain to measure the risk of
perishable goods to become overdue, considering different demand scenarios.

Customer Demand Commodities Due Times

Scenario Common goods dt; dty dtz dty dts dtg dt; dtg dtg dtig dty1  dtio  dtiz dtg

Scen 1 2142 7 24 31 59 82 91 113 155 218 242 253 301 265 938

MP 1 Scen 2 1920 14 26 23 21 16 65 117 157 240 240 254 312 280 953
Scen 3 1181 14 34 39 49 51 59 77 74 110 131 153 206 178 675

Scen 1 2136 10 10 8 2 4 4 2 28 287 291 294 317 319 970

MP 2 Scen 2 1944 18 18 14 2 2 4 2 2 265 274 283 300 305 947
Scen 3 1181 9 12 16 26 20 42 22 36 133 143 177 199 193 558

Scen 1 1953 10 10 8 6 4 2 6 28 289 293 302 307 311 970

MP 3 Scen 2 1784 20 20 16 11 8 4 1 0 262 271 280 289 298 938
Scen 3 1085 12 26 18 46 18 48 22 42 145 153 159 147 179 548
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5. Conclusions and future research

In this paper, a centralized Model Predictive Control framework is proposed to ad-
dress Logistics Management of coordinated Supply Chains of perishable goods. The
proposed framework models the Supply Chain as a dynamical system, capable of
tracking commodity quantity and the due time of perishable goods over the entire
Supply Chain. Furthermore, it addresses simultaneously, production, distribution and
inventory management processes of the Supply Chain. A centralized MPC algorithm,
triggered by a Global Control Centre, optimizes Supply Chain operations in order to
satisfy customer demand, assuming all demand is satisfied by available stock at the
retailer.

The performance of the proposed framework is analysed through the behaviour of
a Supply Chain following three distinct management policies, for different prediction
horizons and customer demand profiles. The numerical experiments revealed that dif-
ferent management goals lead to different logistical decisions. The results obtained
show that the algorithm performed accordingly to the goals set in the cost function
for the distinct management policies. This framework is meant to be a decision support
tool for Supply Chain decision makers and stakeholders.

The proposed approach is innovative in terms of tracking the due time of perishable
goods over the entire supply chain. Furthermore, it is modular, flexible and scalable.
This opens the gate to apply this framework as a decision support tool to help solve
coordination problems of supply chain of perishable goods. The following future devel-
opments are foreseen: i) include uncertainty in the framework by considering uncertain
storage and transport capacities, uncertain and unknown customer demand and fore-
cast modules; and ii) split the Supply Chain system into smaller subsystems, managed
by control agents, and apply a distributed model predictive approach, where the mul-
tiple subsystems and agents communicate and collaborate to achieve Supply Chain
overall goals.

Acknowledgements

This research work is supported by Fundacao para a Ciéncia e Tecnologia, through ID-
MEC, under LAETA, project UIDB/50022/2020, and through MIT Portugal, grant
reference PD/BD/150253/2019, and by the project “Complexity Methods for Pre-
dictive Synchromodality” (project 439.16.120) of the Netherlands Organisation for
Scientific Research (NWO).

References

Alessandri, A., Gaggero, M., & Tonelli, F. (2011). Min-max and predictive control for the
management of distribution in supply chains. IEEE Transactions on Control Systems Tech-
nology, 19, 1075-1089.

Amorim, P., Meyr, H., Almeder, C., & Almada-Lobo, B. (2013). Managing perishability in
production-distribution planning: A discussion and review. Flexible Services and Manufac-
turing Journal, 25, 389-413.

Boziaris, I. S., & Parlapani, F. F. (2017). Specific spoilage organisms (ssos) in fish. In
A. Bevilacqua, M. R. Corbo, & M. Sinigaglia (Eds.), The macrobiological quality of food
(pp. 61-98). Woodhead Publishing Series.

22



Burgin, T. A. (1975). The gamma distribution and inventory control. Operational Research
Quarterly, 26, 507-525.

Chen, J., Dong, M., & Xu, L. (2018). A perishable product shipment consolidation model
considering freshness-keeping effort. Transportation Research Part E: Logistics and Trans-
portation Review: Logistics and Transportation Review, 115, 56—-86.

Dreyer, H. C., Alfnes, E., Strandhagen, J. O., & Kollberg, M. (2009). Global supply chain
control systems: A conceptual framework for the global control centre. Production and
Planning Control, 20, 147-157.

Eksioglu, S. D., & Jin, M. (2006). Cross-facility production and transportation planning prob-
lem with perishable inventory. In M. Gavrilova, O. Gervasi, V. Kumar, C. J. K. Tan,
D. Taniar, A. Lagand, Y. Mun, & H. Choo (Eds.), Computational Science and Its Applica-
tions - ICCSA 2006 (pp. 708-717). Berlin, Heidelberg: Springer Berlin Heidelberg.

FAO (2011). Global food losses and food waste - extent, causes and prevention, . Rome, 2011.

Federgruen, A., Pastracos, G., & Zipkin, P. H. (1986). An allocation and distribution model
for perishable products. Operations Research, 34, 75-82.

Fu, D., Aghezzaf, E., & Keyser, R. (2014). A model predictive control framework for centralised
management of a supply chain dynamical system. Systems Science & Control Engineering:
An Open Access Journal, 2:1, 250-260.

Gaggero, M., & Tonelli, F. (2015). Optimal control of distribution chains for perishable goods.
IFAC-PapersOnLine, 48, 1049-1054.

Ivanov, D., Sokolov, B., & Raguinia, E. A. D. (2014). Integrated dynamic scheduling of material
flows and distributed information services in collaborative cyber-physical supply networks.
International Journal of Systems Science: Operations € Logistics, 1, 18-26.

Jain, J., Dangayach, G. S., Agarwal, G., & Banerjee, S. (2010). Supply chain management:
Literature review and some issues. Journal of Studies on Manufacturing, 1, 11-25.

Kukovic, D., Topolsek, D., Rosi, B., & Jereb, B. (2014). A comparative literature analysis of
definitions for logistics: between general definition and definitions of subcategories. Business
Logistics in Modern Management, 14, 111-122.

Lee, Y., Chan, C. K., & Lee, H. W. J. (2016). Integrated inventory-transportation model by
synchronizing delivery and production cycles. Transportation Research Part E: Logistics
and Transportation Review, 91, 68-89.

Li, X. (2013). An integrated modeling framework for design of logistics networks with expedited
shipment services. Transportation Research Part E: Logistics and Transportation Review,
56, 46-63.

Li, X., & Marlin, T. E. (2009). Robust supply chain performance via model predictive control.
Computers Chemical Engineering, 33, 2134-2143.

Lin, X., Negenborn, R. R., Duinkerken, M. B., & Lodewijks, G. (2017). Quality-aware modeling
and optimal scheduling for perishable good distribution networks: The case of banana logis-
tics. In Computational Logistics: 8th International Conference, Southampton, UK, October
18-20, Proceedings (pp. 483-497).

Maciejowski, J. (2002). Predictive Control with Constraints. Prentice Hall. UK.

Maestre, J. M., de la Penia, D. M., & Camacho, E. F. (2009). Distributed mpc: a supply chain
case study. In Proceedings of the 48h IEEE Conference on Decision and Control (CDC)
held jointly with 28th Chinese Control Conference (pp. 7099-7104).

Mestan, E., Tiirkay, M., & Arkun, Y. (2006). Optimization of operations in supply chain sys-
tems using hybrid systems approach and model predictive control. Industrial & Engineering
Chemistry Research, 45, 6493-6503.

Min, H., & Zhou, G. (2002). Supply chain: Past, present and future. Computers & Industrial
Engineering, 43, 231-249.

Minner, S., & Transchel, S. (2010). Periodic review inventory-control for perishable products
under service-level constraints. OR Spectrum, 32, 979-976.

Nabais, J. L., Negenborn, R. R., Carmona-Benitez, R., Mendonga, L. F., Lourengo, J., &
Botto, M. A. (2013). A multi-agent architecture for supply chains using a predictive pull-
flow perspective. In Proceedings of the 11th Int. Conf. on Practical Application of Agents

23



and Multi-Agent Systems (pp. 94-105). Salamanca, Spain.

Nagurney, A., Masoumi, A. H., & Yu, M. (2012). Supply chain network operations management
of a blood banking system with cost and risk minimization. Computational Management
Science, 9, 205-231.

Nahmias, S. (1982). Perishable inventory theory: A review. Operations Research, 30, 680-708.

Omar, M., & Zulkipli, H. (2016). A single-vendor multi-buyer integrated production-inventory
system with stock-dependent demand. International Journal of Systems Science: Operations
& Logistics, 5, 204-210.

Papageorgiou, L. G. (2009). Supply chain optimisation for the process industries: advances
and opportunities. Computers and Chemical Enginnering, 33, 1931—1938.

Pinho, T. M., Moreira, A. P., Veiga, G., & Boaventura-Cunha, J. (2015). Overview of mpc
applications in supply chains: Potential use and benefits in the management of forest-based
supply chains. Forest Systems, 24.

Rong, A., Akkerman, R., & Grunow, M. (2011). An optimization approach for managing fresh
food quality throughout the supply chain. International Journal of Production Economics,
131, 421-429.

Stadler, H., & Kilger, C. (2008). Supply Chain Management and Advanced Planning: Concepts,
Models, Software and Case Studies. (4th ed.). Berlin, Germany: Springer.

Sternbeck, M. G., & Kuhn, H. (2014). An integrative approach to determine store delivery
patterns in grocery retailing. Transportation Research Part E: Logistics and Transportation
Review, 70, 205-224.

Subramanian, K., Rawlings, J. B., Maravelias, C. T., Flores-Cerrillo, J., & Megan, L. (2013).
Integration of control theory and scheduling methods for supply chain management. Com-
puters and Chemical Engineering, 51, 4-20.

Wang, W., & Rivera, D. E. (2009). Model predictive control for tactical decision-making in
semiconductor manufacturing supply chain management. IEEE Transactions on Control
Systems Technology, 16, 841-855.

Whitaker, B. 1., Green, J., King, M. R., Leibeg, L. L., Mathew, S. M., Schlumpf, K., &
Schreiber, G. B. (2007). The 2007 national blood collection and utilization survey report, .
The United States Department of Health and Human Services.

24



Appendix

.1. Notation

The following table describes the notation adopted in this paper. The symbols are
sorted according to the order they appear in the text:

Symbol Meaning
ideg(i) in-degree of centre node i
odeg(1) out-degree of centre node ¢
N, number of flow nodes belonging to connection j
Ng number of different common goods
Np number of different perishable goods
Nqt, number of time instants until due time for perishable good p
dt Fime—varying property representing the number of time
p instants until perishable good p gets overdue
TNeomm number of different commodities
number of flow classes accounting for the properties of all
Melass commodities
o total number of nodes
Nen number of center nodes
Ne number of connections
xi(k) state-space vector for node i at time instant &
2% (k) quantity of common good ¢ at node ¢ at time instant k
p.dt, quantity of perishable good p with remaining due time dt,
;" (k) at node 7 at time instant k
d(k) disturbance vector at time instant k
nq length of disturbance vector d(k)

continue on next page
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Meaning

Xn, (k) state-space vector for the downstream node ny
Xop(k) state-space vector for overdue perishable goods
peomm (1) commodity quantity of each commodity type comm
t at the downstream node n;
ng(k) quantity of perishable good p that became overdue
x(k) overall state-space vector
Ny length of overall state-space vector x(k)
u?’dtp (k) ?uantity of perishable g(?od p. Wit}.l remaining due time dt,
o be pulled from node j at time instant k
(k) control action for flow j
ng number of links
u(k) overall control action vector
Ny length of overall control action vector u(k)
y(k) output vector
A state-space matrix associated to the state vector x(k)
B, state-space matrix associated to the control action vector u(k)
Bg state-space matrix associated to the disturbance d(k)
Ny prediction horizon of model predictive control algorithm
J (Xk) cost function of the optimization problem
qi(k) cost function weight associated to node ¢
%, vector composed of the state-space vectors, for each time

instant %, over the prediction horizon IV,

continue on next page
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Symbol

Meaning

vector composed of the control actions vectors, for each time

Uk instant k, over the prediction horizon IV,
Xmax maximum storage capacity for all nodes
Umax available transport capacity for all flows
p projection matrix from the control action set I/ into the
xu state-space set X
U control action set
X state-space set
p projection matrix from the state-space set X into the
= maximum storage capacity set Xpax
Xnax maximum storage capacity set
p projection matrix from the control action set I/ into the
uu available moving capacity set Umnax
Unax available moving capacity set

.2. Model Matrices

This section presents the matrices A, B, and Bq for the Supply Chain case study

analysed in Section 4] “Numerical Experiments”.

Matrix Ay accounts for the two common goods, while A is the matrix of each

perishable good with dt, = 14,
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01 0000O0O0O0O0O0OGO0O0 0T
001000000O0O0O0O00O
00010000O0O0O0O0O0O
00001000O0O0O0O0T 0O
000001000000 O00O
00000O0D100O0O0O0O0DO

A_[lO]A_00000001000000

&7 101 P 00000O0DO0O0100O0TO00O
00000O0DO0O0OTLO0OO0O00O0
00000O0DO0OO0OO0OT1O0O00O0
00000O0DO0O0OOOT100
00000O0DO0O0OOOOT1O0
0000O0O0DO0OO0OO0OOO0TO 01
L0 0OO0OO0O0O0O0OOOO0OO0GO0O0 O]

Matrix Ajode is the commodity matrix for all nodes, except the most downstream,
where Acomm is the commodity matrix, not considering the due time of perishable
goods. In turn, App accounts for the overdue perishable goods,

1000

Ag 00 0100 10

Anode = O Ap O Acomm = O O 1 0 AOD = 0 1
0 0 A 0001

The model matrix A is the result of Aqe ® In,—1 plus the influence of the most
downstream node and the overdue perishable goods,

[ Apgge O 0 0 0 0 0 0 0 0
0 Aupqe O 0 0 0 0 0 0 0
0 0 Apqg O 0 0 0 0 0 0
0 0 0 Apge O 0 0 0 0 0
A 0 0 0 0 Apg O 0 0 0 0
0 0 0 0 0 Apqe O 0 0 0
0 0 0 0 0 0 Aypg O 0 0
0 0 0 0 0 0 0 Apg O 0
0 0 0 0 0 0 0 0 Acmm O
L o 0 0 0 0 0 0 0 0 Aop .

The model matrices Byoge1 and Byoge2 regarding production are built as follows:

B _|00 B _[00000000000000O01
&7 10 0 ratiol =g 00000 000O0UO0O0O0GO0UO0O0 1

B-*OOOOOOOOOOOOOOO
Ttz = 0000 000000000000

]
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B, B 0 B, 0 B
Bnodel = |: Og EUOl 0 :| Bnode2 = |: Og 0 EUOZ :|
p p

The matrix accounting for the overdue perishable goods along the Supply Chain
Bop is built from:

1
BODl_[oooooooooooooooo

B _|[0 000000
OP2=119 00 00 00O0O0DO0O0O0O0OO0O0O0

[es}
(e}
[an}
[an}
[es}
[es)}
[en}
[an}
[an}
1

Bop=[ 0 Bop: Bop: |

Bp=[11111111111111]

At the most downstream node, due time of perishable goods is no longer tracked,
only the total amount of perishable goods through matrix Beomm:

A, 0 0
Bcomm - 0 Btp 0
0 0 By

The model matrix B, results from the combination of the incidence matrix, D(G)
of the Supply Chain and the previous matrices B described:
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r1 -1
0 0
0 0
0 0
DG =] 0 0
0 0
-1 1
0 0
| 0 0
i Bnodel 7An0de 0
0 0 Bnoch
0 0 0
0 0 0
. 0 0 0
o 0 0 0
_Bnodel Anode _Bnode2
0 0 0
0 0 0
Bop Bop Bop

0 0 0 0 0 0
1 -1 0 0 0 0
0 0 1 -1 0 0
0 0 0 1 -1 0
0 0 0 0 0 1
0 0 0 0 0 0
-1 1 -1 0 0 0
0 0 0 0 1 -1
0 0 0 0 0 0
0 0 0 0
- Anodc 0 0 0
0 Anode - Anode 0
0 0 Anode _Anode
0 0 0 0
0 0 0 0
Anode _Anode 0 0
0 0 0 Anode
0 0 0 0
Bop Bop Bop Bop

Finally, the model matrix By is described as follows:

By =

(=il ool ool ol

e}

Acomm
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_Anode

Anode
0
0
0

Bop

o CoCOo

0
_Anode
0
0
BCOIIlIIl

Bop
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