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Abstract

The paper concerns an application of engineeringutation theory concepts to modelling and effecivemtrol
of logistic system$\owadays an achievement of inventory keeping sostenefit trade-off becomes extremely important.
This is, however, a complex task with respect teertain demand and lead times. These uncertaimésalt in such
problems as high storage costs, varying inventemels (bullwhip effect) and deterioration of goodike paper shows
a brief review of contributions made in this ardastudy with special focus on Model Predictive Colnt

ZASTOSOWANIE METOD TEORII REGULACJI W LOGISTYCE — P  ODEJSCIE KLASYCZNE
| STEROWANIE PREDYKCYJNE

Streszczenie

Artykut przedstawia krétki przegl zastosowé metod teorii regulacji do modelowania i sterowarsgstemow
logistycznych. Poniewasiggniecie takiego poziomu zapasow, aby zredukokaszty ich magazynowania i jednogre
zachowd ciggtos¢ poday nie jest zadaniem tatwym, uzasadnione jest s@siewdo tego celu obecnie dobrze
rozwinietych metod teorii sterowania. Artykut przedstawiwiezly przegid literatury dotyczcy tej tematyki
ze szczegblnym uwedhieniem bardzo skutecznych metod sterowania pegfhdgo.

1. INTRODUCTION

In recent times an importance of well designeddiicg operation has increased and the need ofticgyisystems’
continuous improvement appeared. In response tonéeel many papers have been devoted to this issiemany
techniques like convex programming [19], genetgoathms [39], heuristic methods [37] or simulatif81] have been
applied to improve warehouse operation. This p&parses on engineering control theory applicatiomventory system
modelling, which although is not a new field of@asch, relatively little researchers dedicatedrtheirk to this matter.
The control theory, however, offers wide range atlmematical techniques facilitating modelling apdtcol of inventory-
production systems, which makes it worth to focas o

2. LOGISTICS PROBLEM IN CONTROL THEORY DOMAIN

The concept of applying control theory to a logistystem consists of conversion of the problentheaontrol theory
domain, solving it there and then converting it lbb&éo the logistics domain. In this section, the raggh of mapping
an inventory replenishment problem to a controbtiidramework is considered. To illustrate the ni@med conversion.

Fig. 1 shows an example of the same system presenteiditferent frameworks namely: operational reskaand
control theory. The same system elements are ldlagld understood in different ways in each domain.

Therefore the target inventory level in the contiloéory domain is understood as a reference sighal,order
quantities are modelled as the plant input, theectirinventory level represents the system outpdtia the controlled
variable. The lead time (transportation time) ipresented as a system time delay, the inventorgl [Buctuations
are understood as system output oscillations, megflenent decision point is considered as a selectadroller,
while customer demand is considered a system Hetge. Once the logistic system is converted toctherol theory
framework, several control theory techniques caagpied to control the behaviour of the systemenuired manner
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Fig. 1. Conversion of operational research framekviar control theory framework

3. CONTROL THEORY METHODS IN LOGISTICS

The origins of application of regulation theorythe field of logistic systems control can be idéeti in 1950s when
Simon [44] applied servomechanism algorithm forpsrting replenishment policy in continuous singteduct inventory
control system. The representation of inventoryuiess, like inventory level or order quantity, ic@ntrol theory domain,
as system’s signals, straight away brought a sotistadvantage in realistic inventory system mibgl The mentioned
advantage was the inventory system modelling withgtraightforward consideration of system dynanmid¢e discrete-
time model with application of servomechanism tlyesas presented by Vassian [47feav years later. The control
engineering attributedike state space representation of the inventgsyesn, transfer function describing dynamics of the
stock levels, reference inventory signal and feekbdaop have appeared in the mentioned papers iamedato support
replenishment decisions. This showed the poteptialer of application of control theory techniquesriventory system
modelling.

The next milestone in this field was done by Fdaeef20], who paid particular attention to flucturat behaviour of
inventory levels of supply chain’s calls, laterledlbullwhip effect, caused, among others, by lta lags. Since that
time several papers have been contributing to ptednalyse, measure and avoid a bullwhip effeatgua control
engineering approach. First block diagram repredgiam of inventory and order based production amngystem
(IOBPCS) model and its dynamic analysis was doreaity 1980s by Towill [45]. Since that time a &trgnventory level
has been modelled as input to the system and dresten reference signal, the order quantity has bemsidered as a
manipulated variable and actual inventory level Ibesn considered as an output of the system aatktr@s a controlled
variable. The controlled variable has been fed b&ethbsequently such an approach to inventory systeatelling was
applied by many researchers [2, 3, 7, 22, 23, 8442, 43, 48, 50, 51].

The I0BPCS model subsequently was extended andoiregrby adding more system’s components. Besides tw
already existing block diagram parts, the targe¢intory level and feedback loop, the lead timeyled@amand forecasting
policy and work in progress (WIP) feedback loop énappeared. Among IOBPCS contributions we can rdiffiate
continuous and periodic inventory level review agmhes [23]. More details about IOBPCS family a@BPCS’
components description have been presented in [33].

Several different control theory attributes whiclerer used to model and analyse inventory-producsigstems’
features can be found in literature over the lastade. Important contribution to this scope of gthds been done at
Cardiff University with respect to control of bulip effect [9, 10, 11, 12, 13, 14, 15, 16, 17, 33, 41, 52]. In
considered papers the researchers aimed at smg@thiordering policy and inventory levels and pnése suitability of
utilisation of control theory tools in terms of pemting the bullwhip system oscillations.

The example applications of control theory attrdslto inventory systems which can be found in diere are as
follow. Autoregressive moving average (ARMA) systestnucture has been used by several researchemifferent
purposes. Gaalman [22] and Gaalman and Disneylj2éfi ARMA system structure to model uncertain comgnt of
demand. Aggelogiannaki, Doganis and Sarimveis Hbjvever, used ARMA structure to model inventoryifos and
recursive least square (RLS) estimation in termdermhand forecasting. State space representatiaarrinhas been used
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for instance by Gaalman [22] for demand modellmgRodrigues and Boukas [42] for stock accumulatepresentation.
A simple differential equation has been used bybiwk and Bartoszewicz [26, 28] as a stock bal@uetion. Transfer
function has been commonly applied by differeneagshers. For instance Dejonckheere et. al. [1puddd it for order-
up-to policy establishing in respect to bullwhifieet prevention, Hoberg, Bradle and Thonemann f@#hulated transfer
function of inventory system for evaluation of oridg signal stability with respect to different ttime delay values, Lin.
et al. [36] presented combined closed-loop tranfection representing material balance and infaionaflow of whole
supply chain network. The controllability and ohssdaility tests of supply chain system can be foimgaper of Lalwani,
Disney and Towill [33]. Dejonckheere et al. [10] Idtroduced damping factor for smoothing orderipolnd spectral
analysis to obtain demand patterns and frequersporese of the sinusoid demand. Gaalman and Di@ighave applied
proportional controller in the inventory feedbaokp and described process of tuning it, to prebehtvhip effect, while
Grubbstrém and Wikner [23] and Samanta and Al-Ard#8] applied PID controller and combined it witlzzy logic to
maintain the stock at target level. Also estimatieohniques can be identified in inventory managentigerature. The
RLS method and Kalman filter, have been used byefagiannaki and Sarimveis [2] and AggelogiannalagBnis and
Sarimveis [1] for lead time identification and bya&man [22] and Gaalman and Disney [21] for demfmndcasting
respectively. A contribution to non-zero lead timedelling and compensation in periodic review systéhas recently
been reported by Ignaciuk and Bartoszewicz in 29, 30]. In these papers the lead time delay has lbaken into
account in then-th order state matrix and the optimal control @tthas been found by minimisation of quadratic
performance index.

4. MODEL PREDICTIVE APPROACH

Besides classical control techniques, which hawnbmentioned in previous section, the Model Pradic€ontrol
(MPC) has been used as an optimisation tool byrabwesearchers. MPC is a moving horizon contrebtlg technique,
aiming at finding a current and future control antin desired optimisation horizon, by on-line apsation of desired
problem. Then the model applies the first contidlom only. The system dynamics is updated in esarhpling instant.
Perea-Lopez, Ydstie and Grossmann [40] developelynamic decision framework for multi-product, métthelon
supply chain. The supply chain model includes plavdarehouses, distribution centres and retinal l$ev€he MPC
technique was applied to maximise the profit byuctin of negative impact of unknown demand considas a system
disturbance. The demand prediction is assumed tkenben in advance and used by model. Nevertheteesdemand
error is regularly updated based on past and dumérmation. Upstream orders are inputs of patéc echelon, while
shipments represent echelon output. The orderdransferred from upstream echelon to downstream whde the
shipment is moving the opposite direction. Nodesamsumed to handle as many products as the wysitErsis allowed
to handle. The model allows for consideration ofngngroducts by splitting each node to one prodiisidns. The
received orders from the downstream nodes are adated during the day and shipped the day aftdessrthe inventory
level is too low to satisfy the customer’s requiesnts. Any kind of transportation, like shipmentrfralownstream to
upstream nodes, delivery from external suppliershipment of goods to the end customers is dotieea¢nd of the day
when the all day orders are already accumulatetheimodel it is represented as additional terntivlisually is equal to
zero besides the circumstances when the time islegu particular value representing the end of tlas. The
transportation times and their costs between naglesknown with certainty. The authors consider tfiferent raw
materials supply possibilities: the quick respoasd costly one and the slow response and econaricTde availability
of raw sources is assumed to be infinite. The mobg@ctive function is related to overall net pt@fnd contains all cost
and gross profits in the supply chain related twdpction process, storage, transportation and katbe considered paper
two optimal decision making approaches are examitinedcentralised and the decentralised one. Thétseshowed that
the centralised scenario leads the supply chairethyofit to be higher than is case of decenseadi scenario.

Braun et al. [7] developed decision support systamsingle product, six-node and three-echelon petidn-inventory
system. The discrete MPC aims at finding the ogtionder quantities (system input) for reduced irteey levels. The
demand (disturbance) prediction is assumed to bevikrin advance and it is updated based on real mépattern. The
reference signal of the model is assumed to bel ¢égube predicted demand pattern increased byysafeck level. The
estimated order pattern (the predicted system jriputsed as a predicted demand pattern (distuehdoc downstream
echelon. The actual disturbance is again updatsddoan current value. Goods posted to customeurderstood as
system outputs. The authors proposed semi-dedsetladecision making system. The separate modedigirne
controllers are used for each of echelons so ket &re shared between nodes included in partiealaelon. The forecast
information is used by the downstream nodes. Taesportation times between nodes are assumed kadven with
certainty. The more time consuming routes are ahosdy when necessary. It is achieved by settiegainget order value
as zero and application of different penaltiesdiffierent ordering routes in case the orders pldoegarticular route are
greater than zero. The daily shipment capacitiesanstrained as well. The backorders are considerthe model. The
time unit in the developed model is equal to ong ednich enables modelling of lead time as a systetay. The model
has been tested for different knowledge sharinatesgies. It was shown that sharing the forecastedadd among all
nodes and suppression of real demand pattern &fibiah to the company in respect to achieve smeodrder patterns,
lower inventory levels and prevent inventory lefhettuations.

Wang, Rivera and Kempf [49] presented effectivene§sMPC algorithm in strategic decision making in
semiconductor manufacturing with respect to systmden changes. In this case the MPC is only amegie of
comprehensive decision policy for single produttgke line and multi echelon manufacturing supphaio, where fluid
analogy is applied to illustrate flow of materialdere work in progress in respect to manufactugimgcesses is
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understood as flow of fluid in pipe, while storameas accumulating goods between manufacturingegses are treated
as tanks. In respect to control engineering reptasien of developed model the inventory levels aneerstood as a
system output and controlled variables, the ordeestreated as system first input (manipulatedabée) and demand is
treated as a second input (disturbance signaler8keonstraints, represented as linear equatarestaken into account
while optimal decision making. Those are: productend storage capacities, magnitude of starts,niove levels,
manipulated variable constraints, control variatdestraints, work in progress capacity. The ainM&C application in
this case is to maintain inventory level at desisetl point and satisfy customer’s requirementdhatsame time. Some
uncertainties are taken into account in the mo#lellandom breakdowns or mistakes of machines waffgct the lead
time and storage levels. Therefore, the lead tisneeiver known with certainty. To optimise the pretthn scheduling
different speeds of assembling machines are comsldand used in the model. The demand predictionsed and
assumed to be similar to average of real demandrpafhe actual demand is regularly updated.

Tzafestas, Kapsiotis and Kyriannakis [46] presertedMPC application for production planning for Itrproduct
manufacturing system. The aim of the work was toimise total cost of production and advertisinglsat the sale and
inventory are maintained at desired levels. Saleeprare assumed to be fixed. In this case theuptmsh rate and
advertising effort are manipulated variables (sysieputs) while inventory and sale levels are systeitputs (controlled
variables). The demand (system disturbance) isralted by advertising parameter, which allows fenthnd prediction.
The control variables have been constrained inntbeel. The paper presents the general idea of ékelabed model
only. The applied case study is not explained taitteand the structure of studied system is nes@nted. The simulation
results show that after some time the model tuneghieve satisfying outcomes.

Li and Marlin [35] presented the MPC decision fravoek for minimisation of total supply chain costsriespect to
storage cost, manufacturing cost, transportatich @od penalty backorders cost and at the sametdisegtisfy customers’
requirements. Manufacturing rate, of semi-finish@wducts, plant running time and transportatioregaare model
manipulated variables. Final product manufacturatg, lead time and demand are assumed to be aim;avhich require
correlated uncertainty description. In simulatiovo tscenarios were examined: the case when demead,time and
manufacturing rate are predicted correctly andctse when the prediction is not exact. The moddbpas very well in
the first case while in the second case the baeksrdccur. The reason of this is that the models¢a reduce inventory
level to minimise costs and the inventory leveh@ always enough for the customers’ requiremedtmsideration of
additional safety stock level increased total cbstsprevented backorders at the same time.

Aggelogiannaki, Doganis and Sarimveis [1] develop¢BC framework for optimisation of order quantitiés
production system with consideration of system dyica. Besides unknown demand the model unexpe&haviour is
related to machine breakdowns or run out of mdterkdaptive Finite Impulse Response (FIR) modeal been applied to
approximate the production system’s dynamics. Tiitewd of FIR system is a production volume whil&Rystem input
is an order quantity. RLS algorithm, as an on-ksémation technique has been used to estimatarieidRel coefficients,
which are changing over time. Inventory balanceatigu is represented by autoregressive with exogengput model
(ARX), where demand represents system disturbaneentory level is system output and controlledialsle and orders
volume is system input and manipulated variablee MPC framework employs the objective function whaims at
maintaining target inventory level. In the numekieaample the authors compare the adaptive MPCdvark with
Estimated Pipeline Inventory and Order Based PribmlucControl System (EPIOBPCS) of Disney and Toi%b] and
with non-adaptive MPC. It was noticed that the didepMPC is able to respond faster than EPIOBPGSas0 avoids
oscillations which occur in case of non-adaptive @AH herefore application of adaptive MPC has besstified as an
advantage.

5. CONCLUSIONS

The aim of this brief review was to provide thedeawith a concise overview of selected applicaiof control
theory methods, in particular model predictive aggh to the inventory-production systems. This apph enables to
achieve significant improvement of the supply chparformance via application of already existingllvknown and
usually not very complicated control theory teclus. The modelling of inventory problem in conttieéory domain
enables straightforward consideration of systemadyins and uncertainties. As a consequence theilootidn done in
application of control theory to inventory modegjinonstitute an advantage in developing more téatizols in inventory
optimisation over the contribution in applicatiohacmmmon and untaught static optimisation technéqiée 38, 18, 34, 8,
25, 32, 4, 5]. The application of systematicallidaed control action in replenishment systemilsrgit very common
and still not many researchers devoted their workhis matter. Therefore there is still a suffitieoom for future
improvements.
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