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Abstract

Typical Fruit Industry Supply Chains are highly interconnected networks conformed by farms, packaging plants, cold storage facilities and concentrated juice plants along with clients and third party raw material and services suppliers. The operational planning of such a chain should seek to respond to the before-the-season established product delivery commitments rather than to react in the face of “on-line” customer demand as in classic chains. In this contribution the operational planning of a typical fruit industry supply chain is addressed by means of a Model Predictive Control based scheme which is a model based control strategy that shows attractive features for multivariable, highly interacting, uncertain systems. This methodology naturally allows addressing the meaningful uncertainty in the system parameters and the possibility of supply chain disruption episodes.
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1. Introduction

Fruit Industry Supply Chains (FISC) are interconnected networks conformed by production nodes (farms), processing plants (fruit packaging and concentrated juice plants), and storage facilities, along with clients and third party raw material and services suppliers. Although Supply Chain optimization is a mature field, very few contributions on FISC modeling with management purposes have appeared so far in the open literature.

In Masini et al. (2007) [1] a tactical multiperiod LP planning model for FISC management was proposed. For given processing and storage capacities and estimations of own fruit production (quantity and quality), the model returns the adequate allocation of packed fruit and concentrated juice along with the required third party raw material, storage and transportation to maximize profit in the following season. In Ortmann (2005) [2] models to optimize the fruit business with emphasis in foreign markets were proposed. The resulting single period LP models were designed to maximize the fruit flow and to minimize the transportation costs while identifying bottlenecks within the network, rather than to provide a planning tool for the system’s managers. 

The above-described contributions address the “tactical/strategic” levels of the decision-making process in centralized FISCs. However, such models are not appropriate as operational decision support tools, which need be able to capture the real dynamic behavior of the system to effectively aid in the operational instance of the FISC. FISCs possess particular operational features as compared with typical chains, that makes necessary to devise tailored tools for their management. For example, opposite to typical supply chains, which are commonly pull systems (demand driven), FISCs are push systems (seasonal raw material availability driven). Therefore, the major source of uncertainty is the amount and quality of the fruit entering the system each period, rather than the final product demand, since most products are pre-allocated before the season. Therefore, the operational planning of the FISC should seek to satisfy the already established product delivery commitments rather than to respond to “on-line” customer demand. 

A sound approach for operational optimization of supply chains is to conceptualize them as dynamic systems and to apply “classic” knowledge of control theory to operate them (Perea-Lopez et al., 2001 [3]). Among many approaches, Model Predictive Control (MPC) frameworks have been proposed for supply chain operational management (Bose and Pekny, 2000 [4], Perea Lopez et al., 2003 [5], Mestan et al., 2006 [6]).

In the present contribution a MPC scheme is proposed for the operational management of a FISC, which naturally permits to deal with input uncertainty, as well as unexpected events, which can disrupt the system operations. This article is structured as follows. In section 2 a description of a typical FISC along with the required features of the corresponding operational planning model is provided. In section 3 the basics of the proposed MPC scheme are outlined. In section 4 experimental results for typical operative scenarios are discussed. A Conclusions and Future Work Section closes the article.

2. FISC System

2.1. FISC description

A typical  FISC (Fig. 1) is conformed by Own Farms (OF), Third Party Fruit Suppliers (TPS), Storage Facilities, Packaging Plants (PP), Concentrated Juice Plants (CJP) and clients, among other minor processing nodes. A very detailed description of the FISC infrastructure and business can be found in [1].
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Fig. 1: FISC scheme

In farms, fruit of different varieties are grown and harvested according to particular harvests periods. Apples and pears are considered in this work. Each day of the harvesting period, OFs produce a certain amount of fruit of each variety. From the company’s point of view, the production of its farms can be processed in its own PPs (X1) and CJPs (X2). The production and quality distribution per variety in each farm can be described by average and standard deviation values based of historic industry data. A production cost per variety can be associated to each farm, which comprise growing and labor expenses.

In PPs (Blanco et al., 2005 [7]) fresh fruit is received and stored (NPFS) previous washing, classification and packing. Each PP can also receive fresh fruit from TPS (X3). PPs produce waste fruit (damaged or too imperfect non-tradable fruit) devoted to juice production CJPs (X7), and packed fruit (X8), which is cold stored (PFS) previous delivery. PPs possess a maximum processing capacity and a related operating cost, which considers labor, energy and maintenance expenses. 

In CJPs, juice of the different types of fruit is produced. CJPs possess Fruit Reception Sites (FRS) where waste fruit is stored before processing. FRSs receive waste fruit from OFs (X2), TPSs (X4) and PPs (X7) The produced juice is stored in adequate storage facilities in the same plant (CJS) until delivery. CJPs possess a maximum processing capacity and a certain operating cost.

For any FISC there exist two major markets for packed fruit: regional (RPFC) and overseas (OPFC). Concentrated juice only possesses the overseas market (OCJC). Two types of “demands” are considered. A “fixed” demand is conformed by the amounts of packed fruit and juice agreed with the different clients before the fruit season. For such compromises there is a specific time delivery schedule. An “eventual” demand represents the possibility of allocating the excess of goods at a lower price in any period (X15 and X16). 

Products are delivered by trucks to the regional market and by ship to the overseas market. Products to the overseas market can be stored in port storage facilities (PPFS and PCJS). Each product has a particular selling price in each market. The selling of the different products constitutes the main income of the system. 

Storage Facilities (NPFS, PFS, FRS, PPFS and PCJS) posses a maximum storage capacity and an associated cost related to the energy required to refrigerate the fruit. There exist significant transportation within the system. Fruit is transported by trucks between the different nodes of the chain. Transportation costs depend on the distances between the facilities and the type of transportation: refrigerated or not.

2.1. FISC model

The complete mass balance model for the described network can be found in [1]. Since the model in [1] has “tactical” purposes, an LP approach with a weekly time discretization was adopted in that study.

For the “operational” purposes of the present model, much more detail is required for meaningful decision-making. A daily discretization of the timeline is considered in order to take account of short-term uncertainty and potential disruption episodes. A major improvement regarding the model in [1] is the consideration of the “multi-product nature” of PPs and CJPs, meaning that either apples or pears can be processed in a particular period or that the plant is completely shutdown. The flows within the system are discretized since the transportation of goods between the nodes is done by trucks, which can perform a finite integer number of travels per day. Binary variables are introduced to model the integer decisions, leading to a MILP formulation.

The overall purpose of an operational planning model is to maximize the net profit of the system in the face of uncertainty in fruit production, third party fruit availability and costs and potential chain disruption events such as unexpected out-of-service of processing plants and storage chambers, reduction in transportation capacity, etc. The total profit is defined as the total income per product sales minus the sum of fruit production and purchase costs, storage cost, transportation and operation costs and “client dissatisfaction” costs. This last term is a penalization for delivering less amount of product than agreed in the “fixed demand” schedule.

3. Model Predictive Strategy

In order to address the above-described operating scenario, an MPC based scheme is adopted. MPC is a model based control strategy that shows attractive features for multivariable, highly interacting, nonlinear, uncertain systems. It was originally devised for chemical process control and later extended to many other areas due to intrinsic advantages regarding more classic control strategies. 

The MPC control implementation philosophy can be summarized as follows: for a given state and input variables (disturbances) in the present time, compute the profile of the manipulated variables along the considered time horizon in order to optimize the specified objective function while satisfying the system constraints. In order to do so, some estimation of the future values for the disturbances should be assumed. Since there exist a large degree of uncertainty in such estimations, it is not sound to implement the whole control profile. Rather, only the first element is actually implemented, and the whole control action is reevaluated in the next period with updated data. Such a “rolling horizon” control strategy permits to “walk through the timeline” [4] to predict how the system should evolve with the current and estimated future inputs and manipulations in order to achieve the desired objective.

In order to implement a MPC strategy to optimize the operations of the FISC, the system has to be conceptualized as a dynamic entity in terms of states, input and outputs [5]. Some inputs will constitute “disturbances” to the model and some others “manipulated variables” for control purposes. A subset of the output variables will be “controlled outputs” whose values will be desired to follow some predefined trajectory or assume particular values in certain periods of the control horizon. For the FISC system, the state variables are the inventories of the different goods in the storage facilities: fresh fruit (NPFS), packed fruit (PFS, PPFS) and concentrated juice (CJS, PCJS). The manipulated variables are the flows of all the streams of the system (Fig. 1). The FISC is considered to be a “centralized” system [6]. For the MPC implementation, the overall profit of the business is maximized in each time period for a certain planning horizon, subject to the mass balance model of system. 

4. Results and Discussion

To demonstrate the performance of the proposed approach a FISC that comprehends one item of each instance in Fig. 1 is considered. Model data (plant and storage capacities, costs, distances, production averages and deviations, harvesting periods, etc.) can be found in [1]. Although several varieties of pears and apples exist, for the sake of simplicity, in the present model all varieties of each fruit are lumped into “apples” and “pears”. As well, although many different types of packed fruit are produced for the different markets, only “regional” and “overseas” packed fruit is considered in this model. 

In the MPC strategy, the described model is run in each day of the timeline for the whole planning horizon. Data is updated at every period since most of the parameters of the process are randomly generated from an average and a standard deviation value. A 100 days planning horizon was used. Results are reported for the first 25 runs of the predictive scheme. Within the planning horizon, five different scheduled delivery dates for the fixed demand were imposed, each with different agreed amounts of goods.  Eventual sales (X15, X16) were allowed in any period of the horizon. A couple of scenarios were studied to illustrate a particular aspect of the system business.

Scenario 1
In the first case it was considered that a rather large amount of third party fruit (X3 and X4) is available along the whole planning horizon. In order to maximize benefits, the company purchase fruit from TPS to produce packed fruit and concentrated juice (Fig 2a). Dissatisfied amounts of products (packed fruit and juice) for the fixed demand schedule are produced only in certain products in the scheduled delivery dates (Fig. 2b). Notice that within the first 25 periods reported there are only two scheduled delivery dates in days 15 and 20. In this scenario, large deliveries to the “eventual” market can be observed of both varieties of packed fruit (X15) in several days of the considered period (Fig 2c). 

Scenario 2
In the second scenario it was considered that TPS fruit availability is dramatically reduced (75%) from periods 30 to 70 of the planning horizon. It can be seen that the profiles of third party raw material purchase (Fig. 3a) and the dissatisfied fixed demand (Fig. 3b)  present no meaningful discrepancies regarding the previous case for the first 25 periods. However a significant reduction in packed fruit eventual sales is observed, both in number and amount (Fig. 3c). Notoriously pear is not delivered at all to the eventual market. This is in fact an expected result since the model forsees the lack of fruit in the future and keep the available not selling it in the eventual maket to respond to scheduled deliveries far in the timeline which represent a better income.

5. Conclusions and Future Work

In the present contribution a MPC scheme which implements a detailed MILP model was proposed to address the operational planning of a FISC. The approach was devised as a computer aided decision tool for the system manager to account for short-term uncertainty and disruption episodes of the system while including medium/large term forecasts of meaningful parametes such as raw material production, resources availability and costs. The analyzed case study suggests that very different decisions should be adopted regarding the particular foreseable scenario, which is a consequence of the high interconnection between the nodes and the restrictive constraints on the resources (raw material, storage and processing capacity, transportantion, etc.).

For the studied instance (only one facility per node in Fig. 1) very large planning periods can be considered since the model is not very computationally expensive. For the case of the 100 days planning period adopted, only a few minutes of CPU time were required. Experiments indicate that even a “whole season” planning period model (365 days) can be solved in reasonable time. However, larger instances of the FISC (several OFs, PPs, CJPs, final products, etc.) will become rapidly intractable for such planning horizons. For such cases a different strategy should be adopted to produce detailed decision making advice for the present and immediate time periods while foreseeing delivery commitments far in the time line. Future work will address such scenario.
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	Fig. 2: Scenario 1. a) third party purchase, 

b) dissatisfied fixed demand, c) packed fruit eventual sales.
	Fig. 3: Scenario 2. a) third party purchase,     b) dissatisfied fixed demand, c) packed fruit eventual sales.
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